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I provide a pedagogical introduction to supersymmetry. The level of discussion is aimed at
readers who are familiar with the Standard Model and quantum field theory, but who have
had little or no prior exposure to supersymmetry. Topics covered include: motivations for
supersymmetry, the construction of supersymmetric Lagrangians, supersymmetry-breaking
interactions, the Minimal Supersymmetric Standard Model (MSSM), R-parity and its con-
sequences, the origins of supersymmetry breaking, the mass spectrum of the MSSM, decays
of supersymmetric particles, experimental signals for supersymmetry, and some extensions
of the minimal framework.
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1 Introduction

The Standard Model of high-energy physics, augmented by neutrino masses, provides a remarkably
successful description of presently known phenomena. The experimental frontier has advanced into the
TeV range with no unambiguous hints of additional structure. Still, it seems clear that the Standard
Model is a work in progress and will have to be extended to describe physics at higher energies.
Certainly, a new framework will be required at the reduced Planck scale Mp = (87TGNeWton)_1/ 2 =
2.4 x 10'® GeV, where quantum gravitational effects become important. Based only on a proper
respect for the power of Nature to surprise us, it seems nearly as obvious that new physics exists in the
16 orders of magnitude in energy between the presently explored territory near the electroweak scale,
My, and the Planck scale.

The mere fact that the ratio Mp /My is so huge is already a powerful clue to the character of
physics beyond the Standard Model, because of the infamous “hierarchy problem” [I]. This is not
really a difficulty with the Standard Model itself, but rather a disturbing sensitivity of the Higgs
potential to new physics in almost any imaginable extension of the Standard Model. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical potential

V =m3|H|* + \H|*. (1.1)
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Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m%{, due to (a) a Dirac
fermion f, and (b) a scalar S.

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This will occur if A > 0 and m?, < 0, resulting in (H) = y/—m?2/2). Since we
know experimentally that (H) is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m%, is very roughly of order —(100 GeV)2. The problem is that m%{
receives enormous quantum corrections from the virtual effects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure [[Th we have a correction to m%, from a loop containing a Dirac fermion
f with mass my. If the Higgs field couples to f with a term in the Lagrangian —A;H ff, then the
Feynman diagram in Figure [[Th yields a correction

2
Am?3 = — Ay + ... (1.2)

Here Ayy is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to mfc, which grow at most logarithmically with Ayy (and
actually differ for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f; for quarks, eq. (L2) should be multiplied by 3 to account for color. The
largest correction comes when f is the top quark with Ay =~ 1. The problem is that if Ayy is of order
Mp, say, then this quantum correction to m%l is some 30 orders of magnitude larger than the required
value of m%, ~ —(100 GeV)2. This is only directly a problem for corrections to the Higgs scalar boson
squared mass, because quantum corrections to fermion and gauge boson masses do not have the direct
quadratic sensitivity to Ayy found in eq. (C2). However, the quarks and leptons and the electroweak
gauge bosons ZY, W* of the Standard Model all obtain masses from (H), so that the entire mass
spectrum of the Standard Model is directly or indirectly sensitive to the cutoff Ayy.

One could imagine that the solution is to simply pick a Ayy that is not too large. But then one
still must concoct some new physics at the scale Ayy that not only alters the propagators in the loop,
but actually cuts off the loop integral. This is not easy to do in a theory whose Lagrangian does not
contain more than two derivatives, and higher-derivative theories generally suffer from a failure of either
unitarity or causality [2]. In string theories, loop integrals are nevertheless cut off at high Euclidean
momentum p by factors e=P /Ay However, then Ayy is a string scale that is usually’ thought to be
not very far below Mp. Furthermore, there are contributions similar to eq. (L2) from the virtual effects
of any arbitrarily heavy particles that might exist, and these involve the masses of the heavy particles,
not just the cutoff.

For example, suppose there exists a heavy complex scalar particle S with mass mg that couples to
the Higgs with a Lagrangian term —\g|H|?|S|?. Then the Feynman diagram in Figure [CIb gives a
correction

A
Am?, = ﬁ {A%V —2m% In(Ayv/ms) + .. } . (1.3)

fSome recent attacks on the hierarchy problem, not reviewed here, are based on the proposition that the ultimate
cutoff scale is actually close to the electroweak scale, rather than the apparent Planck scale.




Figure 1.2: Two-loop corrections to the Higgs squared mass parameter involving a heavy fermion F
that couples only indirectly to the Standard Model Higgs through gauge interactions.

If one rejects the possibility of a physical interpretation of Ayy and uses dimensional regularization
on the loop integral instead of a momentum cutoff, then there will be no A%V piece. However, even
then the term proportional to m% cannot be eliminated without the physically unjustifiable tuning of
a counter-term specifically for that purpose. So m%, is sensitive to the masses of the heaviest particles
that H couples to; if mg is very large, its effects on the Standard Model do not decouple, but instead
make it difficult to understand why m?% is so small.

This problem arises even if there is no direct coupling between the Standard Model Higgs boson
and the unknown heavy particles. For example, suppose there exists a heavy fermion F' that, unlike
the quarks and leptons of the Standard Model, has vector-like quantum numbers and therefore gets a
large mass mp without coupling to the Higgs field. [In other words, an arbitrarily large mass term of
the form mpFF is not forbidden by any symmetry, including weak isospin SU(2)1.] In that case, no
diagram like Figure [Tk exists for F. Nevertheless there will be a correction to m%l as long as F' shares
some gauge interactions with the Standard Model Higgs field; these may be the familiar electroweak
interactions, or some unknown gauge forces that are broken at a very high energy scale inaccessible to
experiment. In either case, the two-loop Feynman diagrams in Figure yield a correction

2

2
16#2) [U’A%V +24m% n(Ayy/mp) + .. } ; (1.4)

Am%{ = CHTF( g

where Cy and Tr are group theory factorst of order 1, and ¢ is the appropriate gauge coupling. The
coefficient a depends on the method used to cut off the momentum integrals. It does not arise at all if one
uses dimensional regularization, but the m% contribution is always present with the given coefficient.
The numerical factor (g2/1672)% may be quite small (of order 107> for electroweak interactions), but
the important point is that these contributions to Am%] are sensitive both to the largest masses and
to the ultraviolet cutoff in the theory, presumably of order Mp. The “natural” squared mass of a
fundamental Higgs scalar, including quantum corrections, therefore seems to be more like M]?, than the
experimentally favored value! Even very indirect contributions from Feynman diagrams with three or
more loops can give unacceptably large contributions to Am%]. The argument above applies not just
for heavy particles, but for arbitrary high-scale physical phenomena such as condensates or additional
compactified dimensions.

It could be that there is no fundamental Higgs boson, as in technicolor models, top-quark condensate
models, and models in which the Higgs boson is composite. Or it could be that the ultimate ultraviolet
cutoff scale is much lower than the Planck scale. These ideas are certainly worth exploring, although
they often present difficulties in their simplest forms. But, if the Higgs boson is a fundamental particle,
and there really is physics far above the electroweak scale, then we have two remaining options: either we
must make the rather bizarre assumption that there do not exist any high-mass particles or effects that
couple (even indirectly or extremely weakly) to the Higgs scalar field, or else some striking cancellation
is needed between the various contributions to Am?.

fSpecifically, Cy is the quadratic Casimir invariant of H, and T is the Dynkin index of F in a normalization such
that TF = 1 for a Dirac fermion (or two Weyl fermions) in a fundamental representation of SU(n).



The systematic cancellation of the dangerous contributions to Am? can only be brought about by
the type of conspiracy that is better known to physicists as a symmetry. Comparing eqs. (C2) and
([C3)) strongly suggests that the new symmetry ought to relate fermions and bosons, because of the
relative minus sign between fermion loop and boson loop contributions to Am%{. (Note that Ag must
be positive if the scalar potential is to be bounded from below.) If each of the quarks and leptons of the
Standard Model is accompanied by two complex scalars with Ag = |\ f]2, then the A%V contributions of
Figures [[Th and [CTb will neatly cancel [3]. Clearly, more restrictions on the theory will be necessary to
ensure that this success persists to higher orders, so that, for example, the contributions in Figure
and eq. ([CZ]) from a very heavy fermion are canceled by the two-loop effects of some very heavy
bosons. Fortunately, the cancellation of all such contributions to scalar masses is not only possible,
but is actually unavoidable, once we merely assume that there exists a symmetry relating fermions and
bosons, called a supersymmetry.

A supersymmetry transformation turns a bosonic state into a fermionic state, and vice versa. The
operator () that generates such transformations must be an anticommuting spinor, with

Q|Boson) = |Fermion), Q@|Fermion) = |Boson). (1.5)

Spinors are intrinsically complex objects, so @' (the hermitian conjugate of Q) is also a symmetry
generator. Because @ and Q' are fermionic operators, they carry spin angular momentum 1/2, so it is
clear that supersymmetry must be a spacetime symmetry. The possible forms for such symmetries in
an interacting quantum field theory are highly restricted by the Haag-Lopuszanski-Sohnius extension
of the Coleman-Mandula theorem []. For realistic theories that, like the Standard Model, have chiral
fermions (i.e., fermions whose left- and right-handed pieces transform differently under the gauge group)
and thus the possibility of parity-violating interactions, this theorem implies that the generators (Q and
Q' must satisfy an algebra of anticommutation and commutation relations with the schematic form

{Q,Q"}y = P, (1.6)
{Q.Q} ={Q",Q"} =0, :
[P*, Q] = [P*, Q"] =0, (1.8)

where P* is the four-momentum generator of spacetime translations. Here we have ruthlessly sup-
pressed the spinor indices on @ and QT: after developing some notation we will, in section B derive
the precise version of eqs. ([LH)-(CH) with indices restored. In the meantime, we simply note that the
appearance of P* on the right-hand side of eq. ([CH]) is unsurprising, since it transforms under Lorentz
boosts and rotations as a spin-1 object while @ and Q' on the left-hand side each transform as spin-1,/2
objects.

The single-particle states of a supersymmetric theory fall into irreducible representations of the
supersymmetry algebra, called supermultiplets. Each supermultiplet contains both fermion and boson
states, which are commonly known as superpartners of each other. By definition, if |2) and |Q) are
members of the same supermultiplet, then |Q') is proportional to some combination of @ and QF
operators acting on |€2), up to a spacetime translation or rotation. The squared-mass operator —p?
commutes with the operators @, QF, and with all spacetime rotation and translation operators, so
it follows immediately that particles inhabiting the same irreducible supermultiplet must have equal
eigenvalues of —P?, and therefore equal masses.

The supersymmetry generators @, Q' also commute with the generators of gauge transformations.
Therefore particles in the same supermultiplet must also be in the same representation of the gauge
group, and so must have the same electric charges, weak isospin, and color degrees of freedom.

Each supermultiplet contains an equal number of fermion and boson degrees of freedom. To prove
this, consider the operator (—1)?* where s is the spin angular momentum. By the spin-statistics
theorem, this operator has eigenvalue +1 acting on a bosonic state and eigenvalue —1 acting on a



fermionic state. Any fermionic operator will turn a bosonic state into a fermionic state and vice versa.
Therefore (—1)2* must anticommute with every fermionic operator in the theory, and in particular
with @ and Q. Now, within a given supermultiplet, consider the subspace of states |i) with the same
eigenvalue p# of the four-momentum operator P*. In view of eq. (LX), any combination of @ or QT
acting on |¢) must give another state |i') with the same four-momentum eigenvalue. Therefore one has
a completeness relation Y, |i)(i| = 1 within this subspace of states. Now one can take a trace over all
such states of the operator (—1)2*P* (including each spin helicity state separately):

DIGD@ P = (-1 QQ') +Z ~1)2Q'Qli)

| = i«l( #QQ'i) +ZZ ~1)*Q15) (1l
B é”( yrQQl +Zy!@ 1*QT))
= Xijm(— )*QQH) —;m(— )*QQ'j)

= 0. (1.9)

The first equality follows from the supersymmetry algebra relation eq. (ICHl); the second and third from
use of the completeness relation; and the fourth from the fact that (—1)2* must anticommute with
Q. Now >,(i|(—1)2$P*|i) = pt Tr[(—1)%] is just proportional to the number of bosonic degrees of
freedom np minus the number of fermionic degrees of freedom n g in the trace, so that

ng=ng (1.10)

must hold for a given p* # 0 in each supermultiplet.

The simplest possibility for a supermultiplet consistent with eq. ((CI0) has a single Weyl fermion
(with two spin helicity states, so np = 2) and two real scalars (each with ng = 1). It is natural to
assemble the two real scalar degrees of freedom into a complex scalar field; as we will see below this
provides for convenient formulations of the supersymmetry algebra, Feynman rules, supersymmetry-
violating effects, etc. This combination of a two-component Weyl fermion and a complex scalar field
is called a chiral or matter or scalar supermultiplet.

The next-simplest possibility for a supermultiplet contains a spin-1 vector boson. If the theory is to
be renormalizable, this must be a gauge boson that is massless, at least before the gauge symmetry is
spontaneously broken. A massless spin-1 boson has two helicity states, so the number of bosonic degrees
of freedom is np = 2. Its superpartner is therefore a massless spin-1/2 Weyl fermion, again with two
helicity states, so nyp = 2. (If one tried to use a massless spin-3/2 fermion instead, the theory would not
be renormalizable.) Gauge bosons must transform as the adjoint representation of the gauge group, so
their fermionic partners, called gauginos, must also. Since the adjoint representation of a gauge group
is always its own conjugate, the gaugino fermions must have the same gauge transformation properties
for left-handed and for right-handed components. Such a combination of spin-1/2 gauginos and spin-1
gauge bosons is called a gauge or vector supermultiplet.

If we include gravity, then the spin-2 graviton (with 2 helicity states, so ng = 2) has a spin-3/2
superpartner called the gravitino. The gravitino would be massless if supersymmetry were unbroken,
and so it has np = 2 helicity states.

There are other possible combinations of particles with spins that can satisfy eq. (LI0). However,
these are always reducible to combinations® of chiral and gauge supermultiplets if they have renormal-

$For example, if a gauge symmetry were to spontaneously break without breaking supersymmetry, then a massless
vector supermultiplet would “eat” a chiral supermultiplet, resulting in a massive vector supermultiplet with physical
degrees of freedom consisting of a massive vector (ng = 3), a massive Dirac fermion formed from the gaugino and the
chiral fermion (np = 4), and a real scalar (np = 1).



izable interactions, except in certain theories with “extended” supersymmetry. Theories with extended
supersymmetry have more than one distinct copy of the supersymmetry generators Q, @'. Such models
are mathematically amusing, but evidently do not have any phenomenological prospects. The reason
is that extended supersymmetry in four-dimensional field theories cannot allow for chiral fermions or
parity violation as observed in the Standard Model. So we will not discuss such possibilities further,
although extended supersymmetry in higher-dimensional field theories might describe the real world
if the extra dimensions are compactified in an appropriate way, and extended supersymmetry in four
dimensions provides interesting toy models. The ordinary, non-extended, phenomenologically viable
type of supersymmetric model is sometimes called N = 1 supersymmetry, with N referring to the
number of supersymmetries (the number of distinct copies of @, Q).

In a supersymmetric extension of the Standard Model [B]-[7], each of the known fundamental par-
ticles is therefore in either a chiral or gauge supermultiplet, and must have a superpartner with spin
differing by 1/2 unit. The first step in understanding the exciting phenomenological consequences of
this prediction is to decide exactly how the known particles fit into supermultiplets, and to give them
appropriate names. A crucial observation here is that only chiral supermultiplets can contain fermions
whose left-handed parts transform differently under the gauge group than their right-handed parts. All
of the Standard Model fermions (the known quarks and leptons) have this property, so they must be
members of chiral supermultiplets.Y The names for the spin-0 partners of the quarks and leptons are
constructed by prepending an “s”, for scalar. So, generically they are called squarks and sleptons (short
for “scalar quark” and “scalar lepton”), or sometimes sfermions. The left-handed and right-handed
pieces of the quarks and leptons are separate two-component Weyl fermions with different gauge trans-
formation properties in the Standard Model, so each must have its own complex scalar partner. The
symbols for the squarks and sleptons are the same as for the corresponding fermion, but with a tilde
(7) used to denote the superpartner of a Standard Model particle. For example, the superpartners
of the left-handed and right-handed parts of the electron Dirac field are called left- and right-handed
selectrons, and are denoted €7, and egr. It is important to keep in mind that the “handedness” here
does not refer to the helicity of the selectrons (they are spin-0 particles) but to that of their super-
partners. A similar nomenclature applies for smuons and staus: jif, g, 71, Tr- The Standard Model
neutrinos (neglecting their very small masses) are always left-handed, so the sneutrinos are denoted
generically by v, with a possible subscript indicating which lepton flavor they carry: v, v, V7. Finally,
a complete list of the squarks is ¢y, qg with ¢ = u,d, s,c,b,t. The gauge interactions of each of these
squark and slepton fields are the same as for the corresponding Standard Model fermions; for instance,
the left-handed squarks u;, and dy, couple to the W boson, while g and dg do not.

It seems clear that the Higgs scalar boson must reside in a chiral supermultiplet, since it has spin
0. Actually, it turns out that just one chiral supermultiplet is not enough. One reason for this is
that if there were only one Higgs chiral supermultiplet, the electroweak gauge symmetry would suffer
a gauge anomaly, and would be inconsistent as a quantum theory. This is because the conditions for
cancellation of gauge anomalies include Tr[T?Y] = Tr[Y3] = 0, where T3 and Y are the third component
of weak isospin and the weak hypercharge, respectively, in a normalization where the ordinary electric
charge is Qrv = 13 + Y. The traces run over all of the left-handed Weyl fermionic degrees of freedom
in the theory. In the Standard Model, these conditions are already satisfied, somewhat miraculously,
by the known quarks and leptons. Now, a fermionic partner of a Higgs chiral supermultiplet must
be a weak isodoublet with weak hypercharge Y = 1/2 or Y = —1/2. In either case alone, such a
fermion will make a non-zero contribution to the traces and spoil the anomaly cancellation. This
can be avoided if there are two Higgs supermultiplets, one with each of ¥ = +1/2, so that the total
contribution to the anomaly traces from the two fermionic members of the Higgs chiral supermultiplets
vanishes by cancellation. As we will see in section Bl both of these are also necessary for another

TIn particular, one cannot attempt to make a spin-1 /2 neutrino be the superpartner of the spin-1 photon; the neutrino
is in a doublet, and the photon is neutral, under weak isospin.



Names spin 0 spin 1/2 | SU3)c, SU(2)r, U(1)y

squarks, quarks | Q | (ar dp) | (up dg) (3,2, %)
(x3 families) u g, u}; (3,1, -2)
d & di, (3,1, 4

sleptons, leptons | L (v er) (v er) (1,2, —3)
(x3 families) e €R e% (1,1, 1)

Higgs, higgsinos | H, | (H HY) | (H} HY) (1,2, +1)

Hy | (HY Hy) | (HY Hy) (1,2, -3)

Table 1.1: Chiral supermultiplets in the Minimal Supersymmetric Standard Model. The spin-0 fields
are complex scalars, and the spin-1/2 fields are left-handed two-component Weyl fermions.

completely different reason: because of the structure of supersymmetric theories, only a Y = 1/2 Higgs
chiral supermultiplet can have the Yukawa couplings necessary to give masses to charge +2/3 up-type
quarks (up, charm, top), and only a Y = —1/2 Higgs can have the Yukawa couplings necessary to give
masses to charge —1/3 down-type quarks (down, strange, bottom) and to the charged leptons. We
will call the SU(2)-doublet complex scalar fields with Y = 1/2 and Y = —1/2 by the names H,, and
Hy, respectively.! The weak isospin components of H, with T3 = (1/2, —1/2) have electric charges
1, 0 respectively, and are denoted (H;}, H?). Similarly, the SU(2)r-doublet complex scalar Hy has
Ts = (1/2, —1/2) components (HJ, H; ). The neutral scalar that corresponds to the physical Standard
Model Higgs boson is in a linear combination of H? and Hg; we will discuss this further in section [Z11
The generic nomenclature for a spin-1/2 superpartner is to append “-ino” to the name of the Standard
Model particle, so the fermionic partners of the Higgs scalars are called higgsinos. They are denoted
by ﬁu, H, for the S U(2)r-doublet left-handed Weyl spinor fields, with weak isospin components ﬁj ,
];NIS and HY, H d-

We have now found all of the chiral supermultiplets of a minimal phenomenologically viable exten-
sion of the Standard Model. They are summarized in Table [Tl classified according to their transfor-
mation properties under the Standard Model gauge group SU(3)c x SU(2)r x U(1)y, which combines
ur,dy, and v, ey, degrees of freedom into SU(2)z, doublets. Here we follow a standard convention, that
all chiral supermultiplets are defined in terms of left-handed Weyl spinors, so that the conjugates of
the right-handed quarks and leptons (and their superpartners) appear in Table [[Jl This protocol for
defining chiral supermultiplets turns out to be very useful for constructing supersymmetric Lagrangi-
ans, as we will see in section Bl It is also useful to have a symbol for each of the chiral supermultiplets
as a whole; these are indicated in the second column of Table [LT Thus, for example, @) stands for
the SU(2)-doublet chiral supermultiplet containing @y, uy, (with weak isospin component T3 = 1/2),
and dr,, dy, (with T3 = —1/2), while @ stands for the SU(2)-singlet supermultiplet containing @}, uk.
There are three families for each of the quark and lepton supermultiplets, Table [LTllists the first-family
representatives. A family index i = 1, 2,3 can be affixed to the chiral supermultiplet names (Q;, @;, .. .)
when needed, for example (€1,@2,€3) = (€,77, 7). The bar on %, d, € fields is part of the name, and does
not denote any kind of conjugation.

The Higgs chiral supermultiplet Hy (containing Hg, H, ﬁg, H ;) has exactly the same Standard
Model gauge quantum numbers as the left-handed sleptons and leptons L;, for example (7, €1, v,
er,). Naively, one might therefore suppose that we could have been more economical in our assignment

TOther notations in the literature have Hi, Hs or H7ﬁ instead of H,, Hs. The notation used here has the virtue of
making it easy to remember which Higgs VEVs gives masses to which type of quarks.



Names spin 1/2 | spinl | SUB)¢, SU2)L, U(1)y
gluino, gluon g g (8,1,0)
winos, W bosons | W= WO | w* wo (1,3,0)
bino, B boson BO B (1,1,0)

Table 1.2: Gauge supermultiplets in the Minimal Supersymmetric Standard Model.

by taking a neutrino and a Higgs scalar to be superpartners, instead of putting them in separate
supermultiplets. This would amount to the proposal that the Higgs boson and a sneutrino should be the
same particle. This attempt played a key role in some of the first attempts to connect supersymmetry to
phenomenology [B], but it is now known to not work. Even ignoring the anomaly cancellation problem
mentioned above, many insoluble phenomenological problems would result, including lepton-number
non-conservation and a mass for at least one of the neutrinos in gross violation of experimental bounds.
Therefore, all of the superpartners of Standard Model particles are really new particles, and cannot be
identified with some other Standard Model state.

The vector bosons of the Standard Model clearly must reside in gauge supermultiplets. Their
fermionic superpartners are generically referred to as gauginos. The SU(3)¢c color gauge interactions
of QCD are mediated by the gluon, whose spin-1/2 color-octet supersymmetric partner is the gluino. As
usual, a tilde is used to denote the supersymmetric partner of a Standard Model state, so the symbols
for the gluon and gluino are g and g respectively. The electroweak gauge symmetry SU(2) x U(1)y is
associated with spin-1 gauge bosons W+, W9 W~ and B°, with spin-1/2 superpartners W+, W0 W~
and B0 called winos and bino. After electroweak symmetry breaking, the W0, BY gauge eigenstates
mix to glve mass eigenstates Z° and . The corresponding gaugino mixtures of WO and BO are called
zino (ZY) and photino (7); if supersymmetry were unbroken, they would be mass eigenstates with
masses myz and 0. Table summarizes the gauge supermultiplets of a minimal supersymmetric
extension of the Standard Model.

The chiral and gauge supermultiplets in Tables [LT] and make up the particle content of the
Minimal Supersymmetric Standard Model (MSSM). The most obvious and interesting feature of this
theory is that none of the superpartners of the Standard Model particles has been discovered as of
this writing. If supersymmetry were unbroken, then there would have to be selectrons €7, and €g with
masses exactly equal to m, = 0.511... MeV. A similar statement applies to each of the other sleptons
and squarks, and there would also have to be a massless gluino and photino. These particles would have
been extraordinarily easy to detect long ago. Clearly, therefore, supersymmetry is a broken symmetry
in the vacuum state chosen by Nature.

An important clue as to the nature of supersymmetry breaking can be obtained by returning
to the motivation provided by the hierarchy problem. Supersymmetry forced us to introduce two
complex scalar fields for each Standard Model Dirac fermion, which is just what is needed to enable a
cancellation of the quadratically divergent (Afy,) pieces of eqs. (LZ) and ([Z3). This sort of cancellation
also requires that the associated dimensionless couplings should be related (for example Ag = |As|?).
The necessary relationships between couplings indeed occur in unbroken supersymmetry, as we will
see in section Bl In fact, unbroken supersymmetry guarantees that the quadratic divergences in scalar
squared masses must vanish to all orders in perturbation theory.! Now, if broken supersymmetry is still
to provide a solution to the hierarchy problem even in the presence of supersymmetry breaking, then

fA simple way to understand this is to recall that unbroken supersymmetry requires the degeneracy of scalar and
fermion masses. Radiative corrections to fermion masses are known to diverge at most logarithmically in any renormal-
izable field theory, so the same must be true for scalar masses in unbroken supersymmetry.



the relationships between dimensionless couplings that hold in an unbroken supersymmetric theory
must be maintained. Otherwise, there would be quadratically divergent radiative corrections to the
Higgs scalar masses of the form

1
Am? = 3 = M AEy + - (1.11)

We are therefore led to consider “soft” supersymmetry breaking. This means that the effective La-
grangian of the MSSM can be written in the form

L = Lsusy + Leoft, (1.12)

where Lgyugy contains all of the gauge and Yukawa interactions and preserves supersymmetry invari-
ance, and Lgg violates supersymmetry but contains only mass terms and coupling parameters with
positive mass dimension. Without further justification, soft supersymmetry breaking might seem like
a rather arbitrary requirement. Fortunately, we will see in section [l that theoretical models for super-
symmetry breaking do indeed yield effective Lagrangians with just such terms for Lgg. If the largest
mass scale associated with the soft terms is denoted mgop, then the additional non-supersymmetric
corrections to the Higgs scalar squared mass must vanish in the mgyy — 0 limit, so by dimensional
analysis they cannot be proportional to A%V. More generally, these models maintain the cancellation
of quadratically divergent terms in the radiative corrections of all scalar masses, to all orders in per-
turbation theory. The corrections also cannot go like Am%{ ~ Mmgopy AUy, because in general the loop
momentum integrals always diverge either quadratically or logarithmically, not linearly, as Ayy — oo.
So they must be of the form

Am% = mgoft IH(AUV/mSOft) + ... (1,13)

A
1672
Here X is schematic for various dimensionless couplings, and the ellipses stand both for terms that
are independent of Ayy and for higher loop corrections (which depend on Ayy through powers of
logarithms).

Because the mass splittings between the known Standard Model particles and their superpartners
are just determined by the parameters mgog, appearing in Leog, €q. ([CI3) tells us that the superpartner
masses cannot be too huge. Otherwise, we would lose our successful cure for the hierarchy problem,
since the mgoft corrections to the Higgs scalar squared mass parameter would be unnaturally large
compared to the square of the electroweak breaking scale of 174 GeV. The top and bottom squarks
and the winos and bino give especially large contributions to Am%]u and Am%]d, but the gluino mass
and all the other squark and slepton masses also feed in indirectly, through radiative corrections to the
top and bottom squark masses. Furthermore, in most viable models of supersymmetry breaking that
are not unduly contrived, the superpartner masses do not differ from each other by more than about
an order of magnitude. Using Ayy ~ Mp and A ~ 1 in eq. (LI3)), one finds that mg.g, and therefore
the masses of at least the lightest few superpartners, should be at the most about 1 TeV or so, in
order for the MSSM scalar potential to provide a Higgs VEV resulting in my, mz = 80.4, 91.2 GeV
without miraculous cancellations. This is the best reason for the optimism among many theorists that
supersymmetry will be discovered at the Fermilab Tevatron or the CERN Large Hadron Collider, and
can be studied at a future eTe™ linear collider.

However, it should be noted that the hierarchy problem was not the historical motivation for the
development of supersymmetry in the early 1970’s. The supersymmetry algebra and supersymmetric
field theories were originally concocted independently in various disguises [§]-[I1] bearing little resem-
blance to the MSSM. It is quite impressive that a theory developed for quite different reasons, including
purely aesthetic ones, can later be found to provide a solution for the hierarchy problem.
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One might also wonder whether there is any good reason why all of the superpartners of the
Standard Model particles should be heavy enough to have avoided discovery so far. There is. All
of the particles in the MSSM that have been found so far have something in common; they would
necessarily be massless in the absence of electroweak symmetry breaking. In particular, the masses of
the W, Z0 bosons and all quarks and leptons are equal to dimensionless coupling constants times the
Higgs VEV ~ 174 GeV, while the photon and gluon are required to be massless by electromagnetic
and QCD gauge invariance. Conversely, all of the undiscovered particles in the MSSM have exactly
the opposite property; each of them can have a Lagrangian mass term in the absence of electroweak
symmetry breaking. For the squarks, sleptons, and Higgs scalars this follows from a general property
of complex scalar fields that a mass term m?|¢|? is always allowed by all gauge symmetries. For the
higgsinos and gauginos, it follows from the fact that they are fermions in a real representation of the
gauge group. So, from the point of view of the MSSM, the discovery of the top quark in 1995 marked a
quite natural milestone; the already-discovered particles are precisely those that had to be light, based
on the principle of electroweak gauge symmetry. There is a single exception: one neutral Higgs scalar
boson should be lighter than about 135 GeV if the minimal version of supersymmetry is correct, for
reasons to be discussed in section [[Jl In non-minimal models that do not have extreme fine tuning of
parameters, and that remain perturbative up to the scale of apparent gauge coupling unification, the
lightest Higgs scalar boson can have a mass up to about 150 GeV.

An important feature of the MSSM is that the superpartners listed in Tables [CTl and are not
necessarily the mass eigenstates of the theory. This is because after electroweak symmetry breaking and
supersymmetry breaking effects are included, there can be mixing between the electroweak gauginos
and the higgsinos, and within the various sets of squarks and sleptons and Higgs scalars that have the
same electric charge. The lone exception is the gluino, which is a color octet fermion and therefore does
not have the appropriate quantum numbers to mix with any other particle. The masses and mixings of
the superpartners are obviously of paramount importance to experimentalists. It is perhaps slightly less
obvious that these phenomenological issues are all quite directly related to one central question that
is also the focus of much of the theoretical work in supersymmetry: “How is supersymmetry broken?”
The reason for this is that most of what we do not already know about the MSSM has to do with
Lsort- The structure of supersymmetric Lagrangians allows little arbitrariness, as we will see in section
Bl In fact, all of the dimensionless couplings and all but one mass term in the supersymmetric part of
the MSSM Lagrangian correspond directly to parameters in the ordinary Standard Model that have
already been measured by experiment. For example, we will find out that the supersymmetric coupling
of a gluino to a squark and a quark is determined by the QCD coupling constant «g. In contrast, the
supersymmetry-breaking part of the Lagrangian contains many unknown parameters and, apparently,
a considerable amount of arbitrariness. Each of the mass splittings between Standard Model particles
and their superpartners correspond to terms in the MSSM Lagrangian that are purely supersymmetry-
breaking in their origin and effect. These soft supersymmetry-breaking terms can also introduce a large
number of mixing angles and CP-violating phases not found in the Standard Model. Fortunately, as
we will see in section B4l there is already strong evidence that the supersymmetry-breaking terms in
the MSSM are actually not arbitrary at all. Furthermore, the additional parameters will be measured
and constrained as the superpartners are detected. From a theoretical perspective, the challenge is to
explain all of these parameters with a predictive model for supersymmetry breaking.

The rest of the discussion is organized as follows. Section Bl provides a list of important nota-
tions. In section Bl we will learn how to construct Lagrangians for supersymmetric field theories. Soft
supersymmetry-breaking couplings are described in section Fl In section B, we will apply the preceding
general results to the special case of the MSSM, introduce the concept of R-parity, and emphasize the
importance of the structure of the soft terms. Section [l outlines some considerations for understanding
the origin of supersymmetry breaking, and the consequences of various proposals. In section [, we
will study the mass and mixing angle patterns of the new particles predicted by the MSSM. Their
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decay modes are considered in section B and some of the qualitative features of experimental signals
for supersymmetry are reviewed in section @l Section [0 describes some sample variations on the stan-
dard MSSM picture. The discussion will be lacking in historical accuracy or perspective; the reader is
encouraged to consult the many outstanding books [12]-[24], review articles [25]-[48] and the reprint
volume [49], which contain a much more consistent guide to the original literature.

2 Interlude: Notations and Conventions

This section specifies my notations and conventions. Four-vector indices are represented by letters
from the middle of the Greek alphabet u,v,p,... = 0,1,2,3. The contravariant four-vector position
and momentum of a particle are

= (t, @), " = (E, p), (2.1)

while the four-vector derivative is

9, = (8)0t, V). (2.2)
The spacetime metric is
N = diag(—1,+1,+1,+1), (2.3)
so that p? = —m? for an on-shell particle of mass m.

It is overwhelmingly convenient to employ two-component Weyl spinor notation for fermions, rather
than four-component Dirac or Majorana spinors. The Lagrangian of the Standard Model (and any
supersymmetric extension of it) violates parity; each Dirac fermion has left-handed and right-handed
parts with completely different electroweak gauge interactions. If one used four-component spinor
notation instead, then there would be clumsy left- and right-handed projection operators

Pr=(1-15)/2, Pr=(1+75)/2 (2.4)

all over the place. The two-component Weyl fermion notation has the advantage of treating fermionic
degrees of freedom with different gauge quantum numbers separately from the start, as Nature intended
for us to do. But an even better reason for using two-component notation here is that in supersymmetric
models the minimal building blocks of matter are chiral supermultiplets, each of which contains a
single two-component Weyl fermion. Since two-component fermion notation may be unfamiliar to
some readers, I now specify my conventions by showing how they correspond to the four-component
spinor language. A four-component Dirac fermion ¥, with mass M is described by the Lagrangian

EDiraC = _i@D’Y“aM\I/D - MWD\I/D . (25)

For our purposes it is convenient to use the specific representation of the 4x4 gamma matrices given

in 2x2 blocks by
(0 o, (-1 0

where



In this representation, a four-component Dirac spinor is written in terms of 2 two-component, complex,
anticommuting objects &, and (x")% = x'% with two distinct types of spinor indices o = 1,2 and

& =1,2:
v, = < )ffd> . (2.8)

It follows that

T=uh ()= € (2.9)

Undotted (dotted) indices from the beginning of the Greek alphabet are used for the first (last) two
components of a Dirac spinor. The field ¢ is called a “left-handed Weyl spinor” and xT is a “right-handed
Weyl spinor”. The names fit, because

& 0
P, = ( <), Prto= (1) - (2.10)
The Hermitian conjugate of any left-handed Weyl spinor is a right-handed Weyl spinor:

v = (W) = (1), (2.11)

and vice versa:

(M) =y, (2.12)

Therefore, any particular fermionic degrees of freedom can be described equally well using a left-handed
Weyl spinor (with an undotted index) or by a right-handed one (with a dotted index). By convention,
all names of fermion fields are chosen so that left-handed Weyl spinors do not carry daggers and
right-handed Weyl spinors do carry daggers, as in eq. ([Z3).

The heights of the dotted and undotted spinor indices are important; for example, comparing
eqs. (Z0)-([EZ1), we observe that the matrices (6#),4 and (34)%* defined by eq. (1) carry indices with
the heights as indicated. The spinor indices are raised and lowered using the antisymmetric symbol
€2 = —2l — ¢y = —€9 = 1, €11 = €20 = ell = 22 = 0, according to

fa = Eaﬁfﬁy ga = eaﬁgﬁa XL = EQBXTﬁa XTd = Edﬁxg . (2’13)

This is consistent since eagem S €8a = 07, and edBeBV — B¢ ba = 5:;
As a convention, repeated spinor indices contracted like
a or e (2.14)
can be suppressed. In particular,

EX = E%a = E%upX” = —XPeapt® = XPesal®™ = X €5 = x¢ (2.15)

with, conveniently, no minus sign in the end. [A minus sign appeared in eq. (ZIH) from exchanging
the order of anticommuting spinors, but it disappeared due to the antisymmetry of the e symbol.]
Likewise, ¢TxT and x'¢T are equivalent abbreviations for XLST‘j‘ = SLXT‘j‘, and in fact this is the complex
conjugate of &y:

eyt =xT¢t = (&)™ (2.16)
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In a similar way, one can check that
oty = —xot¢h = (x157¢)* = —(¢oxT)* (2.17)

stands for 5(2(6“)‘5‘0‘)(@, etc. The anti-commuting spinors here are taken to be classical fields; for
quantum fields the complex conjugation in the last two equations would be replaced by Hermitian
conjugation in the Hilbert space operator sense.

Some other identities that will be useful below include:

Eota’x = xo'ate = (XTavot e = (€Tt a X1, (2.18)

and the Fierz rearrangement identity:

Xa (€1) = —&a (X)) — Mo (XE), (2.19)
and the reduction identities
Taa Fﬁﬁ = —20367, (2.20)
[o"5” + 05" % = —2n 60, (2.21)
[Gho” + 50" s = 265, (2.22)
gtova? = —naP — PPt 4+ ntPEY 4+ i PN, (2.23)
otavof = —nof — nPot + nfPo” — it P oy, (2.24)

where €¥P* is the totally antisymmetric tensor with €923 = +1.
With these conventions, the Dirac Lagrangian eq. [(ZH) can now be rewritten:

Lpirae = —i€'5"9,€ —ix'709,x — M(éx + £1xT) (2.25)

where we have dropped a total derivative piece iGM(XTE“X), which does not affect the action.
A four-component Majorana spinor can be obtained from the Dirac spinor of eq. (Z9) by imposing
the constraint x = &, so that

= (). Tu= (e ). (226)
The four-component spinor form of the Lagrangian for a Majorana fermion with mass M,

LMajorana = —%EMW%‘PM - %M@M‘PM (2.27)
can therefore be rewritten as

Lxtajorana = ~i€170,6 — M (g6 + £16") (2.28)

in the more economical two-component Weyl spinor representation. Note that even though &, is
anticommuting, £¢ and its complex conjugate £7¢7 do not vanish, because of the suppressed e symbol,

see eq. ([ZTH). Explicitly, £ = e*7€5€, = &a&1 — €162 = 26261
More generally, any theory involving spin-1/2 fermions can always be written down in terms of a
collection of left-handed Weyl spinors ; with

L = —ip"e o+ ... (2.29)

where the ellipses represent possible mass terms, gauge interactions, and Yukawa interactions with
scalar fields. Here the index ¢ runs over the appropriate gauge and flavor indices of the fermions;
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it is raised or lowered by Hermitian conjugation. Gauge interactions are obtained by promoting the
ordinary derivative to a gauge-covariant derivative:

L = —iplG Db+ ... (2.30)
with
Dyt = Ouhi —iga ALT 0, (2.31)

where g, is the gauge coupling corresponding to the Hermitian Lie algebra generator T with vector
field AY.

There is a different v; for the left-handed piece and for the hermitian conjugate of the right-handed
piece of a Dirac fermion. Given any expression involving bilinears of four-component spinors

U, = (§T> : (2.32)
labeled by a flavor or gauge-representation index 4, one can translate into two-component Weyl spinor
language (or vice versa) using the dictionary:
TiPLY; = xi€j, T PR = €], (2:33)
Tl PL; = )57, Uiy PR = xi0x | (2.34)
etc.

Let us now see how the Standard Model quarks and leptons are described in this notation. The
complete list of left-handed Weyl spinors can be given names corresponding to the chiral supermultiplets

in Table [Tk
U c t
o = () () (1)
u; = u, ¢ i, (2.36)
di = d, 35,0 (2.37)
wo= () () (%), 239
e n T
e = e @, T. (2.39)

Here ¢ = 1,2, 3 is a family index. The bars on these fields are part of the names of the fields, and do
not denote any kind of conjugation. Rather, the unbarred fields are the left-handed pieces of a Dirac
spinor, while the barred fields are the names given to the conjugates of the right-handed piece of a
Dirac spinor. For example, e is the same thing as e;, in Table [T, and € is the same as e}z. Together

they form a Dirac spinor:
e\ _ [er
<§T> B <€R) ’ (2.40)

and similarly for all of the other quark and charged lepton Dirac spinors. (The neutrinos of the Standard
Model are not part of a Dirac spinor, at least in the approximation that they are massless.) The fields @;
and L; are weak isodoublets, which always go together when one is constructing interactions invariant
under the full Standard Model gauge group SU(3)c x SU(2)r, x U(1)y. Suppressing all color and weak
isospin indices, the kinetic and gauge part of the Standard Model fermion Lagrangian density is then

£ = —iQY"s"D,Q; — iu"s"D,u; —id 7" D,d; — iL'a"D, L; — ie""5" D,z (2.41)
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with the family index ¢ summed over, and D, the appropriate Standard Model covariant derivative.
For example,

DM(V;> = [au—igwg(fa/z)—ig’YLBM] (’;) (2.42)
Dy = [0,—idY:B,]e (2.43)

with 7% (a = 1,2, 3) equal to the Pauli matrices, Y7 = —1/2 and Yz = +1. The gauge eigenstate weak
bosons are related to the mass eigenstates by

WE = (WpFiW2)/V2, (2.44)
Z, _ cosfBy —sinBy Wg’
<Au) N ( sinfy,  cos Oy ) ( B, )’ (2.45)

Similar expressions hold for the other quark and lepton gauge eigenstates, with Yo = 1/6, Yy =
—2/3, and Y5 = 1/3. The quarks also have a term in the covariant derivative corresponding to gluon
interactions proportional to g3 (with a,g = g2 /47) with generators T = \%/2 for (), and in the complex
conjugate representation T = —(\%)*/2 for W and d, where A are the Gell-Mann matrices.

3 Supersymmetric Lagrangians

In this section we will describe the construction of supersymmetric Lagrangians. Our aim is to arrive
at a recipe that will allow us to write down the allowed interactions and mass terms of a general
supersymmetric theory, so that later we can apply the results to the special case of the MSSM. We will
not use the superfield [50] language, which is often more elegant and efficient for those who know it,
but might seem rather cabalistic to some. Our approach is therefore intended to be complementary to
the superspace and superfield derivations given in other works. We begin by considering the simplest
example of a supersymmetric theory in four dimensions.

3.1 The simplest supersymmetric model: a free chiral supermultiplet

The minimum fermion content of a field theory in four dimensions consists of a single left-handed two-
component Weyl fermion . Since this is an intrinsically complex object, it seems sensible to choose as
its superpartner a complex scalar field ¢. The simplest action we can write down for these fields just
consists of kinetic energy terms for each:

S = /d433 (ﬁscalar + Lfermion)a (31)
£scalar = _&ugb* “Qb, £fermion = _Z.Q/)Tﬁ‘ua,uw- (32)

This is called the massless, non-interacting Wess-Zumino model [I0], and it corresponds to a single
chiral supermultiplet as discussed in the Introduction.

A supersymmetry transformation should turn the scalar boson field ¢ into something involving the
fermion field v,. The simplest possibility for the transformation of the scalar field is

3¢ = e, 5¢* = €'yt (3.3)

where €* is an infinitesimal, anticommuting, two-component Weyl fermion object parameterizing the
supersymmetry transformation. Until section B3, we will be discussing global supersymmetry, which
means that €* is a constant, satisfying 9,e* = 0. Since ¢ has dimensions of [mass]g/ 2 and ¢ has
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dimensions of [mass|, it must be that e has dimensions of [mass| /2. Using eq. ([B3), we find that the
scalar part of the Lagrangian transforms as

5£scalar = —63“7!) 8,LL¢* - ETaHTpT a,u¢ (34)

We would like for this to be canceled by dL¢ermion, at least up to a total derivative, so that the action
will be invariant under the supersymmetry transformation. Comparing eq. (B2l with Leermion, We see
that for this to have any chance of happening, 67 should be linear in € and in ¢, and should contain
one spacetime derivative. Up to a multiplicative constant, there is only one possibility to try:

Sbe = i(ot €M)y Duth, Sl = —i(ea™)s D" (3.5)
With this guess, one immediately obtains
6 Lermion = —€0"T 1) ,0* + ¢15 o€l 9,0,0 . (3.6)

This can be put in a slightly more useful form by employing the Pauli matrix identities eqs. (Z2Z1I),
(Z22) and using the fact that partial derivatives commute (9,0, = 0,0,,). Equation (B8) then becomes

5£fermion = 63”¢ 8u¢* + ETauwT 8u¢
~0, (60”6“1[) 86" + ep Do + et a“gzs) . (3.7)

The first two terms here just cancel against dLgca1ar, While the remaining contribution is a total deriva-
tive. So we arrive at

08 = /d4$ (5£scalar + 5£fermion) = 07 (38)

justifying our guess of the numerical multiplicative factor made in eq. (B3).

We are not quite finished in showing that the theory described by eq. B is supersymmetric. We
must also show that the supersymmetry algebra closes; in other words, that the commutator of two
supersymmetry transformations parameterized by two different spinors €1 and €5 is another symmetry
of the theory. Using eq. (BH) in eq. (B3), one finds

(0ey0e; — 06,0ey) = 0ey (B, ) — 06y (3, 0) = i(er0% el — exat'el) B,,0. (3.9)

This is a remarkable result; in words, we have found that the commutator of two supersymmetry trans-
formations gives us back the derivative of the original field. Since 0, corresponds to the generator of
spacetime translations P, eq. (B3) implies the form of the supersymmetry algebra that was foreshad-
owed in eq. (CH) of the Introduction. (We will make this statement more explicit before the end of
this section.)

All of this will be for nothing if we do not find the same result for the fermion . Using eq. B3]

in eq. (BH), we get
(Bey0e; — 0y 0 )V = i(07€)) 0 28,00 — (M €}) o €18,,0. (3.10)

This can be put into a more useful form by applying the Fierz identity eq. [(ZI9) with x = a“e];, £ = e,

n = 0y, and again with x = O'”EE, § = €1, 1 = Oy, followed in each case by an application of the
identity eq. (ZI7). The result is

(0ey0e; — ey 0cy )0 = i(ela“e; — 620”61) Optha — i€1q 6;5”6“1[) + 1€24 615”6“1[). (3.11)
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The last two terms in (BTI)) vanish on-shell; that is, if the equation of motion 39,1 = 0 following
from the action is enforced. The remaining piece is exactly the same spacetime translation that we
found for the scalar field.

The fact that the supersymmetry algebra only closes on-shell (when the classical equations of motion
are satisfied) might be somewhat worrisome, since we would like the symmetry to hold even quantum
mechanically. This can be fixed by a trick. We invent a new complex scalar field F', which does not
have a kinetic term. Such fields are called auziliary, and they are really just book-keeping devices that
allow the symmetry algebra to close off-shell. The Lagrangian density for F' and its complex conjugate
is simply

Lauxiliary =F'F. (312)

The dimensions of F are [mass]?, unlike an ordinary scalar field, which has dimensions of [mass].
Equation (BI2) implies the not-very-exciting equations of motion F' = F* = 0. However, we can use
the auxiliary fields to our advantage by including them in the supersymmetry transformation rules. In
view of eq. (BI0I), a plausible thing to do is to make F' transform into a multiple of the equation of
motion for :

OF =ie'a"d,, SF* = —id,iate. (3.13)

Once again we have chosen the overall factor on the right-hand sides by virtue of foresight. Now the
auxiliary part of the Lagrangian density transforms as

0 L auxiliary = i€/ 00,00 F* — 0,5 e F, (3.14)

which vanishes on-shell, but not for arbitrary off-shell field configurations. Now, by adding an extra
term to the transformation law for ¢ and 91:

Sthe = i(0"€") o Dt + €a F, Sl = —i(eo™) s 80" + €l F*, (3.15)

one obtains an additional contribution to dLgermion, Which just cancels with §Lauxiliary, up to a total
derivative term. So our “modified” theory with £ = Lgcalar + Ltermion + Lauxiliary 1S still invariant
under supersymmetry transformations. Proceeding as before, one now obtains for each of the fields

X =¢,¢%, ¢, ¢, F, F*,
(0ey0¢; — 0e,06y) X = i(ela“eg — ega“ei) O X (3.16)

using eqs. [B3), BI3), and BI0), but now without resorting to any of the equations of motion. So
we have succeeded in showing that supersymmetry is a valid symmetry of the Lagrangian off-shell.

In retrospect, one can see why we needed to introduce the auxiliary field F' in order to get the
supersymmetry algebra to work off-shell. On-shell, the complex scalar field ¢ has two real propagating
degrees of freedom, matching the two spin polarization states of 1. Off-shell, however, the Weyl fermion
1 is a complex two-component object, so it has four real degrees of freedom. (Going on-shell eliminates
half of the propagating degrees of freedom for v, because the Lagrangian is linear in time derivatives,
so that the canonical momenta can be reexpressed in terms of the configuration variables without time
derivatives and are not independent phase space coordinates.) To make the numbers of bosonic and
fermionic degrees of freedom match off-shell as well as on-shell, we had to introduce two more real
scalar degrees of freedom in the complex field F', which are eliminated when one goes on-shell. This
counting is summarized in Table BJJl The auxiliary field formulation is especially useful when discussing
spontaneous supersymmetry breaking, as we will see in section Bl

Invariance of the action under a symmetry transformation always implies the existence of a con-
served current, and supersymmetry is no exception. The supercurrent J¥ is an anticommuting four-
vector. It also carries a spinor index, as befits the current associated with a symmetry with fermionic

18



oY | F
on-shell (np=nrp=2) 2|20
off-shell (np=np=4) |2 |4 ]| 2

Table 3.1: Counting of real degrees of freedom in the Wess-Zumino model.

generators [51]. By the usual Noether procedure, one finds for the supercurrent (and its hermitian
conjugate) in terms of the variations of the fields X = ¢, ¢*, 4, T, F, F*:

5L
eJl gt = 6X —— — KM, (3.17)
X 55

where K* is an object whose divergence is the variation of the Lagrangian density under the super-
symmetry transformation, 0L = 9,K*. Note that K* is not unique; one can always replace K" by
KH#+k#, where k# is any vector satisfying 0,k* = 0, for example k* = 0*0,a” — 0,0"a*. A little work
reveals that, up to the ambiguity just mentioned,

Jh = (0"T"P)a 049", I = ($15te") s 0,0. (3.18)
The supercurrent and its hermitian conjugate are separately conserved:
At =0, A I =0, (3.19)

as can be verified by use of the equations of motion. From these currents one constructs the conserved
charges

Qu = V2 / B3 0, QL =2 / Pz I, (3.20)

which are the generators of supersymmetry transformations. (The factor of v/2 normalization is in-
cluded to agree with an arbitrary historical convention.) As quantum mechanical operators, they
satisfy

€Q+ QT x| = —iv2ox (3.21)

for any field X, up to terms that vanish on-shell. This can be verified explicitly by using the canonical
equal-time commutation and anticommutation relations

[6(Z), 7(§)] = [¢"(@), 7 ()] = 16 (& — ), (3.22)
{$a(@), 0L} = (00)ac 0¥ (@ — 7) (3.23)

derived from the free field theory Lagrangian eq. B1]). Here 7 = Jp¢* and 7* = Jy¢ are the momenta
conjugate to ¢ and ¢* respectively.
Using eq. (BZ1]), the content of eq. (BI6]) can be expressed in terms of canonical commutators as

(00 +dQ1, [1Q +QT, X]| - [aQ + €@, [Q + €07, X]| =
2(620’”61 - ela“eg) 10,X, (3.24)

up to terms that vanish on-shell. The spacetime momentum operator is P* = (H, 15), where H is the
Hamiltonian and P is the three-momentum operator, given in terms of the canonical variables by

H — / B [rtm + (V") - (Vo) +inle - Vo] (3.25)
P - — / 3 (w0 + 7V + itz T) . (3.26)
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It generates spacetime translations on the fields X according to
[P*, X] =ioMX. (3.27)
Rearranging the terms in eq. (B24]) using the Jacobi identity, we therefore have
[[EQQ + EEQT, 1@+ EJ{QT], X} = 2(620u61 — elaue;) [P*, X], (3.28)
for any X, up to terms that vanish on-shell, so it must be that
[€2Q + GEQT, @+ EJ{QT] = 2(620M6J{ - elaueg) P (3.29)
Now by expanding out eq. (B:29), one obtains the precise form of the supersymmetry algebra relations

{Qaa QL} = QO'ZdPH, (3.30)
{Qa, Q) =0, {Ql.Qly =0, (3.31)

as promised in the Introduction. [The commutator in eq. [B29) turns into anticommutators in
eqs. (B30) and B3T) in the process of extracting the anticommuting spinors €; and es.] The results

[Qa, P =0, QL. P =0 (3.32)

follow immediately from eq. (B27) and the fact that the supersymmetry transformations are global
(independent of position in spacetime). This demonstration of the supersymmetry algebra in terms of
the canonical generators Q and Q' requires the use of the Hamiltonian equations of motion, but the
symmetry itself is valid off-shell at the level of the Lagrangian, as we have already shown.

3.2 Interactions of chiral supermultiplets

In a realistic theory like the MSSM, there are many chiral supermultiplets, with both gauge and non-
gauge interactions. In this subsection, our task is to construct the most general possible theory of
masses and non-gauge interactions for particles that live in chiral supermultiplets. In the MSSM these
are the quarks, squarks, leptons, sleptons, Higgs scalars and higgsino fermions. We will find that the
form of the non-gauge couplings, including mass terms, is highly restricted by the requirement that
the action is invariant under supersymmetry transformations. (Gauge interactions will be dealt with
in the following subsections.)

Our starting point is the Lagrangian density for a collection of free chiral supermultiplets labeled
by an index ¢, which runs over all gauge and flavor degrees of freedom. Since we will want to construct
an interacting theory with supersymmetry closing off-shell, each supermultiplet contains a complex
scalar ¢; and a left-handed Weyl fermion ); as physical degrees of freedom, plus a complex auxiliary
field F;, which does not propagate. The results of the previous subsection tell us that the free part of
the Lagrangian is

Liee = —0"¢"0,¢; — iV 9,1 + FFF;, (3.33)

where we sum over repeated indices i (not to be confused with the suppressed spinor indices), with
the convention that fields ¢; and 1; always carry lowered indices, while their conjugates always carry
raised indices. It is invariant under the supersymmetry transformation

Si = e, 36 = ey, (3.34)
§(Vi)a = i(cte) o uti + €aFi, (1) s = —i(e0")q 0ud™ + e F, (3.35)
§F; = i€l a1 0,1, JF™ = —ig,piiate. (3.36)

20



We will now find the most general set of renormalizable interactions for these fields that is consistent
with supersymmetry. We do this working in the field theory before integrating out the auxiliary fields.
To begin, note that in order to be renormalizable by power counting, each term must have field content
with total mass dimension < 4. So, the only candidate terms are:

1. .. . y
Lint = (—§W”1/Jiwj +W'F; + x”E-Fj) +cc. —U, (3.37)

where W#_ W 2 and U are polynomials in the scalar fields ¢;, ¢**, with degrees 1, 2, 0, and 4,
respectively. [Terms of the form F*'F; are already included in eq. (B33), with the coefficient fixed by
the transformation rules (B34)-(B36l).]

We must now require that L, is invariant under the supersymmetry transformations, since Lee Was
already invariant by itself. This immediately requires that the candidate term U (¢;, $**) must vanish. If
there were such a term, then under a supersymmetry transformation eq. (B34)) it would transform into
another function of the scalar fields only, multiplied by e; or ¢/, and with no spacetime derivatives
or F;, F* fields. It is easy to see from eqs. ([34)-B31) that nothing of this form can possibly be
canceled by the supersymmetry transformation of any other term in the Lagrangian. Similarly, the
dimensionless coupling 2% must be zero, because its supersymmetry transformation likewise cannot
possibly be canceled by any other term. So, we are left with

1. .
Lint = (—gwwl/}ﬂbj + WZFZ) + c.c. (3.38)

as the only possibilities. At this point, we are not assuming that W% and W? are related to each other
in any way. However, soon we will find out that they are related, which is why we have chosen to use
the same letter for them. Notice that eq. (215 tells us that W% is symmetric under i < j.

It is easiest to divide the variation of Ly into several parts, which must cancel separately. First,
we consider the part that contains four spinors:

16W4 16W4
~2 00, (er) (Withy) — 2 50k

(€Mp™) (W) | + c.c. (3.39)

6£int ’4—spin0r =

The term proportional to (ey)y)(1;1);) cannot cancel against any other term. Fortunately, however, the
Fierz identity eq. (ZI9) implies

(e) (Yvn) + (ey) (V) + (ep) (inpy) = 0, (3.40)

so this contribution to 6Ly vanishes identically if and only if JW% /8¢y, is totally symmetric under
interchange of 7, j, k. There is no such identity available for the term proportional to (eTi/JTk)(wiwj).
Since that term cannot cancel with any other, requiring it to be absent just tells us that W% cannot
contain ¢**. In other words, W% is analytic (or holomorphic) in the complex fields ¢y.

Combining what we have learned so far, we can write

W = MY 4 4k, (3.41)

where M is a symmetric mass matrix for the fermion fields, and y** is a Yukawa coupling of a scalar
¢, and two fermions v;7); that must be totally symmetric under interchange of 7, j, k. It is therefore
possible, and it turns out to be convenient, to write

52
= w
0id0;

]

(3.42)
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where we have introduced a useful object
L L ik
W =5 MYij + 5y ¢idj bk, (3.43)

called the superpotential. This is not a scalar potential in the ordinary sense; in fact, it is not even
real. It is instead an analytic function of the scalar fields ¢; treated as complex variables.

Continuing on our vaunted quest, we next consider the parts of 6Lyt that contain a spacetime
derivative:

0Lintlo = (—iWijauqu piotel —iW? 8u1/)i0’“eT) + c.c. (3.44)

Here we have used the identity eq. (ZIT) on the second term, which came from (§F;)W*. Now we
can use eq. ([BZ2) to observe that

ii oW
Therefore, eq. (B:44]) will be a total derivative if
W g 1 .
Wi — S0 = Mg + §y”k¢j¢k, (3.46)

which explains why we chose its name as we did. The remaining terms in §Li,; are all linear in F; or
F* and it is easy to show that they cancel, given the results for W% and W% that we have already
found.

Actually, we can include a linear term in the superpotential without disturbing the validity of the
previous discussion at all:

) 1 . 1 ..
W = Ligi + S M7 165 + 2y 610 (347)

Here L' are parameters with dimensions of [mass]?, which affect only the scalar potential part of the
Lagrangian. Such linear terms are only allowed when ¢; is a gauge singlet, and there are no such gauge
singlet chiral supermultiplets in the MSSM with minimal field content. I will therefore omit this term
from the remaining discussion of this section. However, this type of term does play an important role
in the discussion of spontaneous supersymmetry breaking, as we will see in section

To recap, we have found that the most general non-gauge interactions for chiral supermultiplets
are determined by a single analytic function of the complex scalar fields, the superpotential W. The
auxiliary fields F; and F*' can be eliminated using their classical equations of motion. The part of
Liree + Ling that contains the auxiliary fields is F;F* + W'F; + WiF *i leading to the equations of
motion

Fy = -W7, F*= W', (3.48)

Thus the auxiliary fields are expressible algebraically (without any derivatives) in terms of the scalar
fields.
After making the replacement! eq. (B28)) in Lgee + Lint, We obtain the Lagrangian density

L= —0"6" i — 1T — 5 (Wiys; + Wiwtiel?) — Wiy, (3.49)

fSince F; and F** appear only quadratically in the action, the result of instead doing a functional integral over them
at the quantum level has precisely the same effect.
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Now that the non-propagating fields F;, F*! have been eliminated, it follows from eq. (B49) that the
scalar potential for the theory is just given in terms of the superpotential by

Vg, ") = W’fW;: = F**F, =
MEMB G764 LMy, 606 6%+ S ME 60500 + 1y T8 (3.50)

This scalar potential is automatically bounded from below; in fact, since it is a sum of squares of
absolute values (of the W), it is always non-negative. If we substitute the general form for the
superpotential eq. (BZ3) into eq. (849), we obtain for the full Lagrangian density

L= —01670u00 — V(6,07) — Va0 — S My — 2 Myhiph
1 .. 1 L
— 5y s — Syt (3.51)

Now we can compare the masses of the fermions and scalars by looking at the linearized equations
of motion:

Moupi = MjHMMe,; + (3.52)
T = —M*W+ it 0Tt = — MUy + ... (3.53)

One can eliminate v in terms of 1T and vice versa in eq. [£&3), obtaining [after use of the identities

eqs. (2210 and Z22)]:
M Oyab; = M MFiep; 4. Db = T ME MR (3.54)

Therefore, the fermions and the bosons satisfy the same wave equation with exactly the same squared-
mass matrix with real non-negative eigenvalues, namely (M?);” = MM ki Tt follows that diagonalizing
this matrix by redefining the fields with a unitary matrix gives a collection of chiral supermultiplets,
each of which contains a mass-degenerate complex scalar and Weyl fermion, in agreement with the
general argument in the Introduction.

3.3 Lagrangians for gauge supermultiplets

The propagating degrees of freedom in a gauge supermultiplet are a massless gauge boson field Af, and
a two-component Weyl fermion gaugino A%. The index a here runs over the adjoint representation of
the gauge group (a = 1,...,8 for SU(3)¢ color gluons and gluinos; a = 1, 2,3 for SU(2);, weak isospin;
a =1 for U(1)y weak hypercharge). The gauge transformations of the vector supermultiplet fields are

Ogange Al = 0, A" + gf**° AL A, (3.55)
Sgange A" = gf NN, (3.56)

where A% is an infinitesimal gauge transformation parameter, ¢ is the gauge coupling, and f*° are the
totally antisymmetric structure constants that define the gauge group. The special case of an Abelian
group is obtained by just setting f®¢ = 0; the correspondlng gauglno is a gauge singlet in that case.
The conventions are such that for QED, A* = (V, A) where V' and A are the usual electric © potential
and vector potential, with electric and magnetic fields given by E=-VV —8Aand B=V x A.
The on-shell degrees of freedom for Aj and A7 amount to two bosonic and two fermionic helicity
states (for each a), as required by supersymmetry. However, off-shell \% consists of two complex, or
four real, fermionic degrees of freedom, while A% only has three real bosonic degrees of freedom; one
degree of freedom is removed by the inhomogeneous gauge transformation eq. (B53). So, we will need
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A, | A| D
on-shell (np=np=2)| 2 |20
off-shell (np=np=4)| 3 |41

Table 3.2: Counting of real degrees of freedom for each gauge supermultiplet.

one real bosonic auxiliary field, traditionally called D%, in order for supersymmetry to be consistent
off-shell. This field also transforms as an adjoint of the gauge group [i.e., like eq. (BBH]) with A\* replaced
by D% and satisfies (D%)* = D®. Like the chiral auxiliary fields F;, the gauge auxiliary field D® has
dimensions of [mass]? and no kinetic term, so it can be eliminated on-shell using its algebraic equation
of motion. The counting of degrees of freedom is summarized in Table

Therefore, the Lagrangian density for a gauge supermultiplet ought to be

1 1
ﬁgauge = _ZFSVFMVG — Z’)\TGEMD“)\@ + §DaDa, (357)
where
Ff, = 0,A% — 0,A% + gf** A A (3.58)

is the usual Yang-Mills field strength, and
DyA® = 9\ + gf e AL (3.59)

is the covariant derivative of the gaugino field. To check that eq. ([B5T) is really supersymmetric,
one must specify the supersymmetry transformations of the fields. The forms of these follow from
the requirements that they should be linear in the infinitesimal parameters ¢, el with dimensions of
[mass]_l/ 2. that 0Aj, is real, and that D should be real and proportional to the field equations for
the gaugino, in analogy with the role of the auxiliary field F' in the chiral supermultiplet case. Thus
one can guess, up to multiplicative factors, that!

a 1 — \a a—
0AY, = 7 (ETUu/\ + Af aue) , (3.60)
a i —V a 1 a
5)\Oc = 2—\/§(O'MO' E)a FMV + Eea D 5 (361)
§D% — % (eTaﬂDuA“ - Du/\T“E“e) . (3.62)

The factors of v/2 are chosen so that the action obtained by integrating Lgauge 1s indeed invariant, and
the phase of A® is chosen for future convenience in treating the MSSM.
It is now a little bit tedious, but straightforward, to also check that

(0ey0e; — 06, 0ey) X = i(elo’“e; - EQUuEI)DuX (3.63)

for X equal to any of the gauge-covariant fields Fjj,, A%, e De as well as for arbitrary covariant
derivatives acting on them. This ensures that the supersymmetry algebra eqs. (B30)-(B31]) is realized

TThe supersymmetry transformations eqs. (80)-(@6E2) are non-linear for non-Abelian gauge symmetries, since there
are gauge fields in the covariant derivatives acting on the gaugino fields and in the field strength F,. By adding even
more auxiliary fields besides D, one can make the supersymmetry transformations linear in the fields. The version here,
in which those extra auxiliary fields have been removed by gauge transformations, is called “Wess-Zumino gauge” [52].
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on gauge-invariant combinations of fields in gauge supermultiplets, as they were on the chiral supermul-
tiplets [compare eq. [BI6])]. This check requires the use of identities eqs. [(ZI8), (ZZ0) and Z23)). If
we had not included the auxiliary field D%, then the supersymmetry algebra eq. (B63]) would hold only
after using the equations of motion for A\* and Af*. The auxiliary fields satisfies a trivial equation of
motion D¢ = 0, but this is modified if one couples the gauge supermultiplets to chiral supermultiplets,
as we now do.

3.4 Supersymmetric gauge interactions

Finally we are ready to consider a general Lagrangian density for a supersymmetric theory with both
chiral and gauge supermultiplets. Suppose that the chiral supermultiplets transform under the gauge
group in a representation with hermitian matrices (T“)ij satisfying [T%,T%) = ife°T°. [For example,
if the gauge group is SU(2), then f®¢ = €% and the T are 1/2 times the Pauli matrices for a
chiral supermultiplet transforming in the fundamental representation.] Since supersymmetry and gauge
transformations commute, the scalar, fermion, and auxiliary fields must be in the same representation
of the gauge group, so

6gaugeXi = igAa(TaX)i (364)
for X; = ¢, ¢, F;. To have a gauge-invariant Lagrangian, we now need to replace the ordinary
derivatives in eq. (B33) with covariant derivatives:

i — Dudi = 0udi —igAj(T"¢); (3.65)
0u¢™ — Dud™ = 90" +igAy (6™ T")’ (3.66)
Obi —  Duthy = Ot — ig Ay (T9);. (3.67)

Naively, this simple procedure achieves the goal of coupling the vector bosons in the gauge supermul-
tiplet to the scalars and fermions in the chiral supermultiplets. However, we also have to consider
whether there are any other interactions allowed by gauge invariance and involving the gaugino and
D*? fields, which might have to be included to make a supersymmetric Lagrangian. Since AZ couples
to ¢; and 1;, it makes sense that A* and D® should as well.

In fact, there are three such possible interaction terms that are renormalizable (of field mass di-
mension < 4), namely

(¢* TN, Me(piTeg), and (¢*T¢)D°. (3.68)

Now one can add them, with unknown dimensionless coupling coefficients, to the Lagrangians for
the chiral and gauge supermultiplets, and demand that the whole mess be real and invariant under
supersymmetry, up to a total derivative. Not surprisingly, this is possible only if the supersymmetry
transformation laws for the matter fields are modified to include gauge-covariant rather than ordinary
derivatives. Also, it is necessary to include one strategically chosen extra term in JFj, so:

0 = ey (3.69)
Sia = i(0"€" ) Dy + eaFy (3.70)
0F; = i Dyih; + V29(T¢); €' A1, (3.71)

After some algebra one can now fix the coefficients for the terms in eq. (B68]), with the result that the
full Lagrangian density for a renormalizable supersymmetric theory is

L = ﬁchiral + £gaugo
—V2g(¢" TN — V29N (01 T?¢) + g(¢"T?¢) D" (3.72)
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Here Lcpiral means the chiral supermultiplet Lagrangian found in section le.g., eq. (B4 or (BEI)],
but with ordinary derivatives replaced everywhere by gauge-covariant derivatives, and Lgayge Was given
in eq. BX1). To prove that eq. (BXZ2) is invariant under the supersymmetry transformations, one must
use the identity

WH(T%); = 0. (3.73)

This is precisely the condition that must be satisfied anyway in order for the superpotential, and thus
Leniral, to be gauge invariant, since the left side is proportional to dgauge W -

The second line in eq. [B72) consists of interactions whose strengths are fixed to be gauge couplings
by the requirements of supersymmetry, even though they are not gauge interactions from the point of
view of an ordinary field theory. The first two terms are a direct coupling of gauginos to matter fields;
this can be thought of as the “supersymmetrization” of the usual gauge boson couplings to matter
fields. The last term combines with the D*D/2 term in Lgayge to provide an equation of motion

D = —g(¢"T°¢). (3.74)

Thus, like the auxiliary fields F; and F**, the D® are expressible purely algebraically in terms of the
scalar fields. Replacing the auxiliary fields in eq. (BXZ2) using eq. (BZ4), one finds that the complete
scalar potential is (recall that £ contains —V):

*\ *1 T, l amna _ * 7 1 2/ ka1 \2
V(p,¢*)=F FZ+2;DD = W;W —|—2za:ga(¢T¢). (3.75)

The two types of terms in this expression are called “F-term” and “D-term” contributions, respectively.
In the second term in eq. (BZA]), we have now written an explicit sum >, to cover the case that the
gauge group has several distinct factors with different gauge couplings g,. [For instance, in the MSSM
the three factors SU(3)c, SU(2)r and U(1)y have different gauge couplings g3, g and ¢'.] Since
V(g, ") is a sum of squares, it is always greater than or equal to zero for every field configuration. It
is an interesting and unique feature of supersymmetric theories that the scalar potential is completely
determined by the other interactions in the theory. The F-terms are fixed by Yukawa couplings and
fermion mass terms, and the D-terms are fixed by the gauge interactions.
By using Noether’s procedure [see eq. (BI1)], one finds the conserved supercurrent

JE = (0V5";)a Dy¢™ — i(aPpT)y Wi

1 y l

Pt )\ ta a _ _°_ o 4T (M \Te

+2\/§(0 oot N1 Fy, \/igaqﬁ T%% (A1), (3.76)
generalizing the expression given in eq. (BI8]) for the Wess-Zumino model. This result will be useful
when we discuss certain aspects of spontaneous supersymmetry breaking in section

3.5 Summary: How to build a supersymmetric model

In a renormalizable supersymmetric field theory, the interactions and masses of all particles are deter-
mined just by their gauge transformation properties and by the superpotential W. By construction, we
found that W had to be an analytic function of the complex scalar fields ¢;, which are always defined
to transform under supersymmetry into left-handed Weyl fermions. We should mention that in an
equivalent language, W is said to be a function of chiral superfields [00]. A superfield is a single object
that contains as components all of the bosonic, fermionic, and auxiliary fields within the corresponding
supermultiplet, for example ®; D (¢;, v, F;). (This is analogous to the way in which one often describes
a weak isospin doublet or color triplet by a multicomponent field.) The gauge quantum numbers and
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Figure 3.1: The dimensionless non-gauge interaction vertices in a supersymmetric theory: (a) scalar-
fermion-fermion Yukawa interaction y“*, (b) the complex conjugate interaction interaction Yijk, and

(c) quartic scalar interaction y*“my}, .

the mass dimension of a chiral superfield are the same as that of its scalar component. In the superfield
formulation, one writes instead of eq. (BZ41)

. 1 .. 1 ..
W= LZ<I>Z-+§MW<1>Z-<I>j+éylﬂ’f@i@j@k, (3.77)

which implies exactly the same physics. The derivation of all of our preceding results can be obtained
somewhat more elegantly using superfield methods, which have the advantage of making invariance
under supersymmetry transformations manifest by defining the Lagrangian in terms of integrals over
a “superspace” with fermionic as well as ordinary commuting coordinates. We have avoided this extra
layer of notation on purpose, in favor of the more pedestrian, but more familiar and accessible, compo-
nent field approach. The latter is at least more appropriate for making contact with phenomenology in
a universe with supersymmetry breaking. The only (occasional) use we will make of superfield notation
is the purely cosmetic one of following the common practice of specifying superpotentials like eq. (BZZ7)
rather than ([BZ7). The specification of the superpotential is really a code for the terms that it implies
in the Lagrangian, so the reader may feel free to think of the superpotential either as a function of the
scalar fields ¢; or as the same function of the superfields ®;.

Given the supermultiplet content of the theory, the form of the superpotential is restricted by the
requirement of gauge invariance [see eq. (BZ3))]. In any given theory, only a subset of the parameters
L, M and 3" are allowed to be non-zero. The parameter L is only allowed if ®; is a gauge singlet.
(There are no such chiral supermultiplets in the MSSM with the minimal field content.) The entries
of the mass matrix M% can only be non-zero for i and j such that the supermultiplets ®; and D,
transform under the gauge group in representations that are conjugates of each other. (In the MSSM
there is only one such term, as we will see.) Likewise, the Yukawa couplings 4*/* can only be non-zero
when ®;, ®;, and ®;, transform in representations that can combine to form a singlet.

The interactions implied by the superpotential eq. B77) (with L’ = 0) were listed in eqs. (B50),
(E35T), and are shown' in Figures Bl and Those in Figure Bl are all determined by the dimen-
sionless parameters 4%, The Yukawa interaction in Figure BIh corresponds to the next-to-last term
in eq. (BRI). For each particular Yukawa coupling of ¢;1;1, with strength y%, there must be equal
couplings of ¢;;1, and ¢r1;);, since y"7* is completely symmetric under interchange of any two of
its indices as shown in section The arrows on the fermion and scalar lines point in the direction
for propagation of ¢ and v and opposite the direction of propagation of ¢* and . Thus there is also
a vertex corresponding to the one in Figure BIh but with all arrows reversed, corresponding to the
complex conjugate [the last term in eq. (BX])]. It is shown in Figure BIb. There is also a dimension-
less coupling for gbigquS*qu*l, with strength yij”y,’;ln, as required by supersymmetry [see the last term in
eq. (BR)]. The relationship between the Yukawa interactions in Figures BIh,b and the scalar interac-

THere, the auxiliary fields have been eliminated using their equations of motion (“integrated out”). One could instead
give Feynman rules that include the auxiliary fields, or directly in terms of superfields on superspace, although this is
usually less useful in practical phenomenological applications.
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Figure 3.2: Supersymmetric dimensionful couplings: (a) (scalar)® interaction vertex M}, y/*" and (b)
the conjugate interaction M™y%, . (c) fermion mass term M" and (d) conjugate fermion mass term

M, and (e) scalar squared-mass term M M*J.
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Figure 3.3: Supersymmetric gauge interaction vertices.

tion of Figure Bk is exactly of the special type needed to cancel the quadratic divergences in quantum
corrections to scalar masses, as discussed in the Introduction [compare Figure [Tl and eq. (CII)].
Figure B2 shows the only interactions corresponding to renormalizable and supersymmetric vertices
with coupling dimensions of [mass] and [mass]?. First, there are (scalar)® couplings in Figure BZh,b,
which are entirely determined by the superpotential mass parameters M% and Yukawa couplings y“/¥,
as indicated by the second and third terms in eq. (B50). The propagators of the fermions and scalars
in the theory are constructed in the usual way using the fermion mass M?% and scalar squared mass
M ki The fermion mass terms M% and M;; each lead to a chirality-changing insertion in the
fermion propagator; note the directions of the arrows in Figure BZk,d. There is no such arrow-reversal
for a scalar propagator in a theory with exact supersymmetry; as depicted in Figure B2k, if one treats
the scalar squared-mass term as an insertion in the propagator, the arrow direction is preserved.
Figure shows the gauge interactions in a supersymmetric theory. Figures B.3h,b,c occur only
when the gauge group is non-Abelian, for example for SU(3)¢ color and SU(2);, weak isospin in the
MSSM. Figures B3k and are the interactions of gauge bosons, which derive from the first term
in eq. BRD). In the MSSM these are exactly the same as the well-known QCD gluon and electroweak
gauge boson vertices of the Standard Model. (We do not show the interactions of ghost fields, which
are necessary only for consistent loop amplitudes.) Figures B3k,d,e,f are just the standard interactions
between gauge bosons and fermion and scalar fields that must occur in any gauge theory because of the
form of the covariant derivative; they come from eqs. (B59) and (B65)-(B61) inserted in the kinetic
part of the Lagrangian. Figure B3k shows the coupling of a gaugino to a gauge boson; the gaugino line
in a Feynman diagram is traditionally drawn as a solid fermion line superimposed on a wavy line. In
Figure B3 we have the coupling of a gaugino to a chiral fermion and a complex scalar [the first term
in the second line of eq. (BXZ2)]. One can think of this as the “supersymmetrization” of Figure B3k or
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B3f; any of these three vertices may be obtained from any other (up to a factor of v/2) by replacing two
of the particles by their supersymmetric partners. There is also an interaction in Figure B3h which is
just like Figure B3l but with all arrows reversed, corresponding to the complex conjugate term in the
Lagrangian [the second term in the second line in eq. (BZ2)]. Finally in Figure we have a scalar
quartic interaction vertex [the last term in eq. (BZ70)], which is also determined by the gauge coupling.

The results of this section can be used as a recipe for constructing the supersymmetric interactions
for any model. In the case of the MSSM, we already know the gauge group, particle content and the
gauge transformation properties, so it only remains to decide on the superpotential. This we will do
in section Bl

4 Soft supersymmetry breaking interactions

A realistic phenomenological model must contain supersymmetry breaking. From a theoretical per-
spective, we expect that supersymmetry, if it exists at all, should be an exact symmetry that is broken
spontaneously. In other words, the underlying model should have a Lagrangian density that is invari-
ant under supersymmetry, but a vacuum state that is not. In this way, supersymmetry is hidden at
low energies in a manner analogous to the fate of the electroweak symmetry in the ordinary Standard
Model.

Many models of spontaneous symmetry breaking have indeed been proposed and we will mention
the basic ideas of some of them in section [ These always involve extending the MSSM to include
new particles and interactions at very high mass scales, and there is no consensus on exactly how this
should be done. However, from a practical point of view, it is extremely useful to simply parameterize
our ignorance of these issues by just introducing extra terms that break supersymmetry explicitly
in the effective MSSM Lagrangian. As was argued in the Introduction, the supersymmetry-breaking
couplings should be soft (of positive mass dimension) in order to be able to naturally maintain a
hierarchy between the electroweak scale and the Planck (or any other very large) mass scale. This
means in particular that dimensionless supersymmetry-breaking couplings should be absent.

The possible soft supersymmetry-breaking terms in the Lagrangian of a general theory are

1 Iy 1, ’ o
Lo = = (MaANN 4 20 056500 + 096i6;+ 101 ) +ce. - (m2)jo "0, (41
1 *7
Comaybesoft = —5¢} 6" ¢;0% +c.c. (42)

They consist of gaugino masses M, for each gauge group, scalar squared-mass terms (mz)i and b¥,
and (scalar)® couplings a'* and czk, and “tadpole” couplings t*. The last of these can only occur if
¢; is a gauge singlet, and so is absent from the MSSM. One might wonder why we have not included
possible soft mass terms for the chiral supermultiplet fermions, like £ = ;mij Vi + c.c. Including
such terms would be redundant they can always be absorbed into a redefinition of the superpotential
and the terms (m?)} and Ak

It has been Shown rlgorously that a softly broken supersymmetric theory with Lgo as given by
eq. () is indeed free of quadratic divergences in quantum corrections to scalar masses, to all orders in
perturbation theory [53]. The situation is slightly more subtle if one tries to include the non-analytic
(scalar) couplings in L aybe soft- 1f any of the chiral supermultiplets in the theory are singlets under all
gauge symmetries, then non-zero 07 terms can lead to quadratic divergences, despite the fact that they
are formally soft. Now, this constraint need not apply to the MSSM, which does not have any gauge-
singlet chiral supermultiplets. Nevertheless, the possibility of c7 * terms is nearly always neglected. The
real reason for this is that it is extremely difficult to construct any model of spontaneous supersymmetry
breaking in which the cj are not negligibly small. There are also possible fermion mass mixing terms
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Figure 4.1: Soft supersymmetry-breaking terms: (a) Gaugino mass M,; (b) non-analytic scalar squared
mass (m?)’; (c) analytic scalar squared mass b”/; and (d) scalar cubic coupling a*/ k.

between gauginos and any chiral supermultiplets that happen to be in the adjoint representation of
a simple factor of the gauge group [b4]. Since this does not occur in the MSSM with minimal field
content, I have neglected that possibility here for simplicity. Equation (I]) is therefore usually taken
to be the general form of the soft supersymmetry-breaking Lagrangian. (See, however, refs. [54]-[6].)

Supersymmetry is indeed broken by L., because it involves only scalars and gauginos and not
their respective superpartners. In fact, the soft terms in Lqp are capable of giving masses to all of
the scalars and gauginos in a theory, even if the gauge bosons and fermions in chiral supermultiplets
are massless (or relatively light). The gaugino masses M, are always allowed by gauge symmetry. The
(m2)§- terms are allowed for 7,5 such that ¢;, ¢’* transform in complex conjugate representations of
each other under all gauge symmetries; in particular this is true of course when i = j, so every scalar
is eligible to get a mass in this way if supersymmetry is broken. The remaining soft terms may or may
not be allowed by the symmetries. The a™*, b%, and ¢' terms have the same form as the y“*, M,
and L’ terms in the superpotential [compare eq. (BT to eq. (B47) or eq. (BZ7)], so they will each be
allowed by gauge invariance if and only if a corresponding superpotential term is allowed.

The Feynman diagram interactions corresponding to the allowed soft terms in eq. ([EJl) are shown
in Figure 21l For each of the interactions in Figures BTk, c,d there is another with all arrows reversed,
corresponding to the complex conjugate term in the Lagrangian. We will apply these general results
to the specific case of the MSSM in the next section.

5 The Minimal Supersymmetric Standard Model

In sections Bl and Bl we have found a general recipe for constructing Lagrangians for softly broken
supersymmetric theories. We are now ready to apply these general results to the MSSM. The particle
content for the MSSM was described in the Introduction. In this section we will complete the model
by specifying the superpotential and the soft supersymmetry-breaking terms.

5.1 The superpotential and supersymmetric interactions
The superpotential for the MSSM is
Wassm = TyuQH, — dyaQHg — €yeLHg + pH Hy . (5.1)

The objects H,, Hy, Q, L, T, d, € appearing here are chiral superfields corresponding to the chiral
supermultiplets in Table [Tl (Alternatively, they can be just thought of as the corresponding scalar
fields, as was done in section Bl but we prefer not to put the tildes on @, L, @, d, € in order to
reduce clutter.) The dimensionless Yukawa coupling parameters yy,yd,Ye are 3x3 matrices in family
space. All of the gauge [SU(3)¢ color and SU(2);, weak isospin] and family indices in eq. (&) are
suppressed. The “u term”, as it is traditionally called, can be written out as p(Hy)a(Hg) geaﬁ , where
€ is used to tie together SU(2)y, weak isospin indices a, 8 = 1,2 in a gauge-invariant way. Likewise,
the term Ty QH, can be written out as u'® (yu)ij Qjaa (Hu)geaﬁ, where ¢ = 1,2, 3 is a family index,
and a = 1,2,3 is a color index which is lowered (raised) in the 3 (3) representation of SU(3)¢.
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Figure 5.1: The top-quark Yukawa coupling (a) and its “supersymmetrizations” (b), (c), all of
strength y;.

The p term in eq. (BJI) is the supersymmetric version of the Higgs boson mass in the Standard
Model. It is unique, because terms H,, H,, or H}jHy are forbidden in the superpotential, which must be
analytic in the chiral superfields (or equivalently in the scalar fields) treated as complex variables, as
shown in section B2l We can also see from the form of eq. (B1I) why both H,, and H, are needed in order
to give Yukawa couplings, and thus masses, to all of the quarks and leptons. Since the superpotential
must be analytic, the u@Q)H, Yukawa terms cannot be replaced by something like u@Q)H . Similarly,
the dQHy and eLH, terms cannot be replaced by something like dQH; and eLH}. The analogous
Yukawa couplings would be allowed in a general non-supersymmetric two Higgs doublet model, but are
forbidden by the structure of supersymmetry. So we need both H, and H,, even without invoking the
argument based on anomaly cancellation mentioned in the Introduction.

The Yukawa matrices determine the current masses and CKM mixing angles of the ordinary quarks
and leptons, after the neutral scalar components of H,, and Hy get VEVs. Since the top quark, bottom
quark and tau lepton are the heaviest fermions in the Standard Model, it is often useful to make an
approximation that only the (3,3) family components of each of yy, yq and ye are important:

00 0 0 0 0 00 0
ya= [0 0 0], ya~ |0 0 0|, yex~ |0 0 0 |. (5.2)
0 0 wy 0 0 w 0 0 yr

In this limit, only the third family and Higgs fields contribute to the MSSM superpotential. It is
instructive to write the superpotential in terms of the separate Sl{ (2)r weak isospin components
[Qg = (tb), L3 = (VTT), Hu = (H{f HS), Hd = (Hg Hd_), Us = Z, d3 = b, €3 = 7], SO:

Wassm =~ y(TtH) — T H,) — yp(btH; — bbHY) — y, (Fv.Hy — 7rHY)
+u(Hf Hy — HyHg). (5.3)

The minus signs inside the parentheses appear because of the antisymmetry of the ¢*? symbol used to
tie up the SU(2),, indices. The other minus signs in eq. () were chosen so that the terms y,ft HY,
ybEng, and yT?THg, which will become the top, bottom and tau masses when H? and Hg get VEVs,
each have overall positive signs in eq. (B3]).

Since the Yukawa interactions 3% in a general supersymmetric theory must be completely sym-
metric under interchange of i, j, k, we know that y,, yq and ye imply not only Higgs-quark-quark and
Higgs-lepton-lepton couplings as in the Standard Model, but also squark-Higgsino-quark and slepton-
Higgsino-lepton interactions. To illustrate this, Figures B.Ih,b,c show some of the interactions involving
the top-quark Yukawa coupling y;. Figure Bh is the Standard Model-like coupling of the top quark
to the neutral complex scalar Higgs boson, which follows from the first term in eq. (B3]). For variety,
we have used t;, and t}} in place of their synonyms t and ¢ (see the discussion near the end of section
B). In Figure BEIb, we have the coupling of the left-handed top squark t7, to the neutral higgsino field
ﬁg and right-handed top quark, while in Figure B.Jk the right-handed top anti-squark field (known
either as ¢ or Z*R depending on taste) couples to ];NIS and t;. For each of the three interactions, there is
another with H? — H; and t; — —by (with tildes where appropriate), corresponding to the second
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Figure 5.2: Some of the (scalar)? interactions with strength proportional to y2.
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Figure 5.3: Couplings of the gluino, wino, and bino to MSSM (scalar, fermion) pairs.

part of the first term in eq. (3]). All of these interactions are required by supersymmetry to have
the same strength y;. These couplings are dimensionless and can be modified by the introduction of
soft supersymmetry breaking only through finite (and small) radiative corrections, so this equality of
interaction strengths is also a prediction of softly broken supersymmetry. A useful mnemonic is that
each of Figures BIh,b,c can be obtained from any of the others by changing two of the particles into
their superpartners.

There are also scalar quartic interactions with strength proportional to y?, as can be seen from
Figure Bk or the last term in eq. (850). Three of them are shown in Figure Using eq. (B350) and
eq. (E3), one can see that there are five more, which can be obtained by replacing tr, — br and /or
H? — H in each vertex. This illustrates the remarkable economy of supersymmetry; there are many
interactions determined by only a single parameter. In a similar way, the existence of all the other
quark and lepton Yukawa couplings in the superpotential eq. (BJ]) leads not only to Higgs-quark-quark
and Higgs-lepton-lepton Lagrangian terms as in the ordinary Standard Model, but also to squark-
higgsino-quark and slepton-higgsino-lepton terms, and scalar quartic couplings [(squark)?, (slepton)?,
(squark)?(slepton)?, (squark)?(Higgs)?, and (slepton)?(Higgs)?]. If needed, these can all be obtained
in terms of the Yukawa matrices yy, y4, and ye as outlined above.

However, the dimensionless interactions determined by the superpotential are usually not the most
important ones of direct interest for phenomenology. This is because the Yukawa couplings are already
known to be very small, except for those of the third family (top, bottom, tau). Instead, production
and decay processes for superpartners in the MSSM are typically dominated by the supersymmetric
interactions of gauge-coupling strength, as we will explore in more detail in sections § and @ The
couplings of the Standard Model gauge bosons (photon, W*, Z% and gluons) to the MSSM particles
are determined completely by the gauge invariance of the kinetic terms in the Lagrangian. The gauginos
also couple to (squark, quark) and (slepton, lepton) and (Higgs, higgsino) pairs as illustrated in the
general case in Figure B3, h and the first two terms in the second line in eq. (BZZ2). For instance, each
of the squark-quark-gluino couplings is given by v/2g3(¢T%qg + c.c.) where T* = X\%/2 (a = 1...8) are
the matrix generators for SU(3)c. The Feynman diagram for this interaction is shown in Figure B3h.
In Figures B3b,c we show in a similar way the couplings of (squark, quark), (lepton, slepton) and
(Higgs, higgsino) pairs to the winos and bino, with strengths proportional to the electroweak gauge
couplings g and ¢’ respectively. For each of these diagrams, there is another with all arrows reversed.
Note that the winos only couple to the left-handed squarks and sleptons, and the (lepton, slepton)
and (Higgs, higgsino) pairs of course do not couple to the gluino. The bino coupling to each (scalar,
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fermion) pair is also proportional to the weak hypercharge Y as given 1 in Table [CT The interactions
shown in Figure provide, for example, for decays ¢ — qg and ¢ — W¢' and ¢ — Eﬂ, when the final
states are kinematically allowed to be on-shell. However, a complication is that the W and B states
are not mass eigenstates, because of splitting and mixing due to electroweak symmetry breaking, as
we will see in section

There are also various scalar quartic interactions in the MSSM that are uniquely determined by
gauge invariance and supersymmetry, according to the last term in eq. ([B7H), as illustrated in Fig-
ure B3i. Among them are (Higgs)? terms proportional to g2 and ¢’ in the scalar potential. These are
the direct generalization of the last term in the Standard Model Higgs potential, eq. (LT]), to the case
of the MSSM. We will have occasion to identify them explicitly when we discuss the minimization of
the MSSM Higgs potential in section [Z11

The dimensionful couplings in the supersymmetric part of the MSSM Lagrangian are all dependent
on p. Using the general result of eq. (BA1l), p provides for higgsino fermion mass terms

- Ehiggsino mass — /‘(ﬁ:ﬁd_ — HYHY) + c.c., (5.4)

as well as Higgs squared-mass terms in the scalar potential

- Esupersymmetric Higgs mass = |/‘|2(|H2|2 + |HJ|2 + |H3|2 + |Hd_|2)' (5.5)
Since eq. (B3 is non-negative with a minimum at HY = HY = 0, we cannot understand electroweak
symmetry breaking without including a negative supersymmetry-breaking squared-mass soft term for
the Higgs scalars. An explicit treatment of the Higgs scalar potential will therefore have to wait
until we have introduced the soft terms for the MSSM. However, we can already see a puzzle: we
expect that p should be roughly of order 10? or 103 GeV, in order to allow a Higgs VEV of order
174 GeV without too much miraculous cancellation between |u|? and the negative soft squared-mass
terms that we have not written down yet. But why should |u|? be so small compared to, say, Mg,
and in particular why should it be roughly of the same order as mgoft(.’ The scalar potential of the
MSSM seems to depend on two types of dimensionful parameters that are conceptually quite distinct,
namely the supersymmetry-respecting mass p and the supersymmetry-breaking soft mass terms. Yet
the observed value for the electroweak breaking scale suggests that without miraculous cancellations,
both of these apparently unrelated mass scales should be within an order of magnitude or so of 100
GeV. This puzzle is called “the pu problem”. Several different solutions to the u problem have been
proposed, involving extensions of the MSSM of varying intricacy. They all work in roughly the same
way; the u term is required or assumed to be absent at tree-level before symmetry breaking, and then
it arises from the VEV(s) of some new field(s). These VEVs are in turn determined by minimizing a
potential that depends on soft supersymmetry-breaking terms. In this way, the value of the effective
parameter u is no longer conceptually distinct from the mechanism of supersymmetry breaking; if we
can explain why mg.s << Mp, we will also be able to understand why g is of the same order. In section
@2 we will study one such mechanism. Some other attractive solutions for the p problem are proposed
in refs. [57]-[29]. From the point of view of the MSSM, however, we can just treat p as an independent
parameter.

The p-term and the Yukawa couplings in the superpotential eq. (E]) combine to yield (scalar)?
couplings [see the second and third terms on the right-hand side of eq. (BE0)] of the form

%= ~pr0x | 3o TrrOx | = ~7r0%
supersymmetric (scalar)? p(uywtiHy" +dyadH,” +eyecH,

+lUyodH;* + dyquH}* +eyvH ™) + c.c. (5.6)

Figure B4l shows some of these couplings, proportional to p*y:, *ys, and p*y, respectively. These play
an important role in determining the mixing of top squarks, bottom squarks, and tau sleptons, as we
will see in section [C4l
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Figure 5.4: Some of the supersymmetric (scalar)® couplings proportional to u*y;, u*yp, and p*yr. When
HY and HY get VEVs, these contribute to (a) t1,,tg mixing, (b) bz, br mixing, and (c) 77, 7g mixing.
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5.2 R-parity (also known as matter parity) and its consequences

The superpotential eq. (1)) is minimal in the sense that it is sufficient to produce a phenomenologically
viable model. However, there are other terms that one can write that are gauge-invariant and analytic
in the chiral superfields, but are not included in the MSSM because they violate either baryon number
(B) or total lepton number (L). The most general gauge-invariant and renormalizable superpotential
would include not only eq. (BI), but also the terms

1 .. . — )

WarL=1 = gAkaiLjéwkaindk+u“LiHu (5.7)
1 .. —

Wap=1 = 5)\Hwkﬁidjdk (5.8)

where family indices i = 1,2,3 have been restored. The chiral supermultiplets carry baryon number
assignments B = +1/3 for Q;; B = —1/3 for ;, d;; and B = 0 for all others. The total lepton number
assignments are L = +1 for L;, L = —1 for g;, and L = 0 for all others. Therefore, the terms in eq. (&)
violate total lepton number by 1 unit (as well as the individual lepton flavors) and those in eq. (BS)
violate baryon number by 1 unit.

The possible existence of such terms might seem rather disturbing, since corresponding B- and
L-violating processes have not been seen experimentally. The most obvious experimental constraint
comes from the non-observation of proton decay, which would violate both B and L by 1 unit. If both
N and ) couplings were present and unsuppressed, then the lifetime of the proton would be extremely
short. For example, Feynman diagrams like the one in Figure B would lead to p™ — e*7® (shown) or
et K or utn0 or pt K9 or vt or vK 7 ete. depending on which components of A’ and A\ are largest.
As a rough estimate based on dimensional analysis, for example,

Fp—>e+7r0 ~ mgroton Z ’)‘llli)‘ﬂlli‘2/m%7 (59)
1=2,3

which would be a tiny fraction of a second if the couplings were of order unity and the squarks have
masses of order 1 TeV. In contrast, the decay time of the proton into lepton+meson final states is

TIn this diagram and others below, the arrows on propagators are often omitted for simplicity, and external fermion
label refer to physical particle states rather than 2-component fermion fields.

#The coupling A" must be antisymmetric in its last two flavor indices, since the color indices are combined antisym-
metrically. That is why the squark in Figure can be s or b, but not d, for u,d quarks in the proton.
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known experimentally to be in excess of 1032 years. Therefore, at least one of X% or X"1* for each of
1=1,2; j =1,2; k= 2,3 must be extremely small. Many other processes also give strong constraints
on the violation of lepton and baryon numbers [60}, 61].

One could simply try to take B and L conservation as a postulate in the MSSM. However, this
is clearly a step backward from the situation in the Standard Model, where the conservation of these
quantum numbers is not assumed, but is rather a pleasantly “accidental” consequence of the fact
that there are no possible renormalizable Lagrangian terms that violate B or L. Furthermore, there
is a quite general obstacle to treating B and L as fundamental symmetries of Nature, since they are
known to be necessarily violated by non-perturbative electroweak effects [62] (even though those effects
are calculably negligible for experiments at ordinary energies). Therefore, in the MSSM one adds a
new symmetry, which has the effect of eliminating the possibility of B and L violating terms in the
renormalizable superpotential, while allowing the good terms in eq. (BI). This new symmetry is called
“R-parity” [7] or equivalently “matter parity” [63].

Matter parity is a multiplicatively conserved quantum number defined as

Py = (—1)3B-1) (5.10)

for each particle in the theory. It is easy to check that the quark and lepton supermultiplets all
have Py; = —1, while the Higgs supermultiplets H, and H; have Py; = +1. The gauge bosons and
gauginos of course do not carry baryon number or lepton number, so they are assigned matter parity
Py = +1. The symmetry principle to be enforced is that a candidate term in the Lagrangian (or in
the superpotential) is allowed only if the product of Py for all of the fields in it is +1. It is easy to see
that each of the terms in eqs. (7)) and (B.§)) is thus forbidden, while the good and necessary terms in
eq. (BJ) are allowed. This discrete symmetry commutes with supersymmetry, as all members of a given
supermultiplet have the same matter parity. The advantage of matter parity is that it can in principle
be an ezxact and fundamental symmetry, which B and L themselves cannot, since they are known to be
violated by non-perturbative electroweak effects. So even with exact matter parity conservation in the
MSSM, one expects that baryon number and total lepton number violation can occur in tiny amounts,
due to non-renormalizable terms in the Lagrangian. However, the MSSM does not have renormalizable
interactions that violate B or L, with the standard assumption of matter parity conservation.

It is often useful to recast matter parity in terms of R-parity, defined for each particle as

Pp = (_1)3(B—L)+2s (5.11)

where s is the spin of the particle. Now, matter parity conservation and R-parity conservation are
precisely equivalent, since the product of (—1)2% for the particles involved in any interaction vertex in
a theory that conserves angular momentum is always equal to +1. However, particles within the same
supermultiplet do not have the same R-parity. In general, symmetries with the property that fields
within the same supermultiplet have different transformations are called R symmetries; they do not
commute with supersymmetry. Continuous U(1) R symmetries are often encountered in the model-
building literature; they should not be confused with R-parity, which is a discrete Z, symmetry. In fact,
the matter parity version of R-parity makes clear that there is really nothing intrinsically “R” about
it; in other words it secretly does commute with supersymmetry, so its name is somewhat suboptimal.
Nevertheless, the R-parity assignment is very useful for phenomenology because all of the Standard
Model particles and the Higgs bosons have even R-parity (Pr = +1), while all of the squarks, sleptons,
gauginos, and higgsinos have odd R-parity (Pg = —1).

The R-parity odd particles are known as “supersymmetric particles” or “sparticles” for short, and
they are distinguished by a tilde (see Tables[[Tland ). If R-parity is exactly conserved, then there can
be no mixing between the sparticles and the Pr = 41 particles. Furthermore, every interaction vertex
in the theory contains an even number of P = —1 sparticles. This has three extremely important
phenomenological consequences:
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e The lightest sparticle with Pr = —1, called the “lightest supersymmetric particle” or LSP, must
be absolutely stable. If the LSP is electrically neutral, it interacts only weakly with ordinary
matter, and so can make an attractive candidate [64] for the non-baryonic dark matter that
seems to be required by cosmology.

e Each sparticle other than the LSP must eventually decay into a state that contains an odd number
of LSPs (usually just one).

e In collider experiments, sparticles can only be produced in even numbers (usually two-at-a-time).

We define the MSSM to conserve R-parity or equivalently matter parity. While this decision seems
to be well-motivated phenomenologically by proton decay constraints and the hope that the LSP will
provide a good dark matter candidate, it might appear somewhat artificial from a theoretical point of
view. After all, the MSSM would not suffer any internal inconsistency if we did not impose matter
parity conservation. Furthermore, it is fair to ask why matter parity should be exactly conserved,
given that the discrete symmetries in the Standard Model (ordinary parity P, charge conjugation C,
time reversal T', etc.) are all known to be inexact symmetries. Fortunately, it is sensible to formulate
matter parity as a discrete symmetry that is exactly conserved. In general, exactly conserved, or
“gauged” discrete symmetries [65] can exist provided that they satisfy certain anomaly cancellation
conditions [66] (much like continuous gauged symmetries). One particularly attractive way this could
occur is if B—L is a continuous gauge symmetry that is spontaneously broken at some very high energy
scale. A continuous U(1)p_r, forbids the renormalizable terms that violate B and L [67, 68], but this
gauge symmetry must be spontaneously broken, since there is no corresponding massless vector boson.
However, if gauged U(1)g_1, is only broken by scalar VEVs (or other order parameters) that carry
even integer values of 3(B—L), then Pj; will automatically survive as an exactly conserved discrete
remnant subgroup [68]. A variety of extensions of the MSSM in which exact R-parity conservation is
guaranteed in just this way have been proposed (see for example [68, [69]).

It may also be possible to have gauged discrete symmetries that do not owe their exact conservation
to an underlying continuous gauged symmetry, but rather to some other structure such as can occur
in string theory. It is also possible that R-parity is broken, or is replaced by some alternative discrete
symmetry. We will briefly consider these as variations on the MSSM in section [0l

5.3 Soft supersymmetry breaking in the MSSM

To complete the description of the MSSM, we need to specify the soft supersymmetry breaking terms.
In section B, we learned how to write down the most general set of such terms in any supersymmetric
theory. Applying this recipe to the MSSM, we have:

1 s NN .
cMssM -3 (Mggg + MyWW + M,BB + c.c.)
— (ﬁau @Hu — éad @Hd —zae. LH, + c.c.)
- ~ ~ ~ - - ~ ~t - ~
ol m2Q Q-L'm?L— ﬂm%ﬂT - dm%d — EmééT
—myy, HyH, — mi; HyHyg — (bH,Hy + c.c.) . (5.12)

In eq. (BI2)), M3, M, and M; are the gluino, wino, and bino mass terms. Here, and from now on,
we suppress the adjoint representation gauge indices on the wino and gluino fields, and the gauge
indices on all of the chiral supermultiplet fields. The second line in eq. (BI2) contains the (scalar)?
couplings [of the type a¥* in eq. @II)]. Each of ay, a4, ae is a complex 3 x 3 matrix in family space,
with dimensions of [mass]. They are in one-to-one correspondence with the Yukawa couplings of the
superpotential. The third line of eq. (EI2) consists of squark and slepton mass terms of the (m?)? type
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Figure 5.6: Some of the diagrams that contribute to the process u~ — e~ 7 in models with lepton
flavor-violating soft supersymmetry breaking parameters (indicated by x). Diagrams (a), (b), and (c)
contribute to constraints on the off-diagonal elements of m2, m%, and ae, respectively.

in eq. (@J)). Each of sz, m2, m%, m?, m2 is a 3 x 3 matrix in family space that can have complex
entries, but they must be hermitian so that the Lagrangian is real. (To avoid clutter, we do not put

tildes on the Q in sz, etc.) Finally, in the last line of eq. (BIZ) we have supersymmetry-breaking
contributions to the Higgs potential; m%Iu and m%{d are squared-mass terms of the (mz)i type, while b

is the only squared-mass term of the type ¥ in eq. (1)) that can occur in the MSSM.} As argued in
the Introduction, we expect

M17 M27 M37 all7 ad7 Ae ™ mSOft7 (513)

2 2 2 2 2 2 2 2
mg, my,, Mg, M3, mg, My, M, b ~ Mgy, (5.14)

with a characteristic mass scale mgqg that is not much larger than 1000 GeV. The expression eq. (12
is the most general soft supersymmetry-breaking Lagrangian of the form eq. (J]) that is compatible
with gauge invariance and matter parity conservation in the MSSM.

Unlike the supersymmetry-preserving part of the Lagrangian, the above ElsfﬁSM introduces many
new parameters that were not present in the ordinary Standard Model. A careful count [70] reveals
that there are 105 masses, phases and mixing angles in the MSSM Lagrangian that cannot be rotated
away by redefining the phases and flavor basis for the quark and lepton supermultiplets, and that
have no counterpart in the ordinary Standard Model. Thus, in principle, supersymmetry breaking (as
opposed to supersymmetry itself) appears to introduce a tremendous arbitrariness in the Lagrangian.

5.4 Hints of an Organizing Principle

Fortunately, there is already good experimental evidence that some powerful organizing principle must
govern the soft supersymmetry breaking Lagrangian. This is because most of the new parameters in
eq. (BEI2) imply flavor mixing or CP violating processes of the types that are severely restricted by
experiment [71]-[96].

For example, suppose that m% is not diagonal in the basis (€g, fir, Tr) of sleptons whose superpart-
ners are the right-handed parts of the Standard Model mass eigenstates e, i, 7. In that case, slepton
mixing occurs, so the individual lepton numbers will not be conserved, even for processes that only
involve the sleptons as virtual particles. A particularly strong limit on this possibility comes from the
experimental bound on the process y — ey, which could arise from the one-loop diagram shown in
Figure BBh. The symbol “x” on the slepton line represents an insertion coming from —(m2)sfiker
in Eé\ngtSM, and the slepton-bino vertices are determined by the weak hypercharge gauge coupling [see
Figures B3,h and eq. BX2)]. The result of calculating this diagram gives [73, [76], approximately,

§The parameter called b here is often seen elsewhere as By or m?, or m3.
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(a) (b) (c)
Figure 5.7: Some of the diagrams that contribute to K « i’ mixing in models with strangeness-
violating soft supersymmetry breaking parameters (indicated by x). These diagrams contribute to
constraints on the off-diagonal elements of (a) m%, (b) the combination of m% and ma, and (c) aq.

15 for mp < Mg

2 2 4
Mg, | 1 - .
Br(j— ey) — ugeR 00 GeV 10-6 x 5.6 for mp 0.5mjz_, (5.15)
ms m; 1.4 for ms = m;
R R B ZR’

0.13 for mp = QmZR,

where it is assumed for simplicity that both ér and jip are nearly mass eigenstates with almost degen-
erate squared masses ml%R, that m%ﬁRéR = (m2)2; = [(m2)12]* can be treated as a perturbation, and

that the bino B is nearly a mass eigenstate. This result is to be compared to the present experimental
upper limit Br(y — €7)exp < 1.2x 107! from [97]. So, if the right-handed slepton squared-mass matrix
mg were “random”, with all entries of comparable size, then the prediction for Br(u — ey) would be
too large even if the sleptons and bino masses were at 1 TeV. For lighter superpartners, the constraint
on iR, €r squared-mass mixing becomes correspondingly more severe. There are also contributions to
p — ey that depend on the off-diagonal elements of the left-handed slepton squared-mass matrix m%,
coming from the diagram shown in fig. Bl involving the charged wino and the sneutrinos, as well as
diagrams just like fig. BBk but with left-handed sleptons and either B or WO exchanged. Therefore,
the slepton squared-mass matrices must not have significant mixings for €z, iy, either.

Furthermore, after the Higgs scalars get VEVs, the ae matrix could imply squared-mass terms that

mix left-handed and right-handed sleptons with different lepton flavors. For example, Els\ngtSM contains

eaeLH, + c.c. which implies terms —(H)(ae)12€53/r — (HY)(ae)21/iker + c.c. These also contribute
to p — e, as illustrated in fig. BBk. So the magnitudes of (ae)12 and (ae)21 are also constrained
by experiment to be small, but in a way that is more strongly dependent on other model parameters
[76]. Similarly, (ae)is, (2e)s1 and (ae)23,(ae)32 are constrained, although more weakly [77], by the
experimental limits on Br(r — e7y) and Br(r — py).

There are also important experimental constraints on the squark squared-mass matrices. The
strongest of these come from the neutral kaon system. The effective Hamiltonian for K° « e mixing
gets contributions from the diagrams in Figure B, among others, if EgngtSM contains terms that mix
down squarks and strange squarks. The gluino-squark-quark vertices in Figure BT are all fixed by
supersymmetry to be of QCD interaction strength. (There are similar diagrams in which the bino and
winos are exchanged, which can be important depending on the relative sizes of the gaugino masses.)
For example, suppose that there is a non-zero right-handed down-squark squared-mass mixing (m%)m in
the basis corresponding to the quark mass eigenstates. Assuming that the supersymmetric correction
to Amg = mg, — mg, following from fig. Bl and others does not exceed, in absolute value, the

experimental value 3.5 x 107'2 MeV, ref. [86] obtains:

0.02 for mg = 0.5mg,
0.05 for mg = myg, (5.16)
0.11 for mg = 2my.

2 500 GeV

mg

a1 (e,
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Here nearly degenerate squarks with mass mg are assumed for simplicity, with mz* in = (m%)gl treated
R
as a perturbation. The same limit applies when mg* dn is replaced by mg i = (mé)gl, in a basis
R L
corresponding to the down-type quark mass eigenstates. An even more striking limit applies to the
combination of both types of flavor mixing when they are comparable in size, from diagrams including

fig. Bb. The numerical constraint is [R6]:
\Re[m%*d m%*d IR& m 0.0008 for mg = 0.5mg,
SRAR  SLAL q
< \tsimav ) X . G = Mg 5.17
2 (500 GeV) 0.0010 for mg = myg, ( )
e 0.0013 for mg = qu.

An off-diagonal contribution from agq would cause flavor mixing between left-handed and right-handed
squarks, just as discussed above for sleptons, resulting in a strong constraint from diagrams like fig. B7c.
More generally, limits on Amyg and € and €' /e appearing in the neutral kaon effective Hamiltonian
severely restrict the amounts of JL R, SL,rR squark mixings (separately and in various combinations),
and associated CP-violating complex phases, that one can tolerate in the soft squared masses.

Weaker, but still interesting, constraints come from the DO,EO system, which limits the amounts

2

of u, ¢ mixings from mZ, m2Q and ay. The Bdo,Fg and Bg,Fg systems similarly limit the amounts of

CZZ and 5,5 squark mixings from soft supersymmetry-breaking sources. More constraints follow from
rare AF = 1 meson decays, notably those involving the parton-level processes b — sy and b — sf™4~
and ¢ — wl™¢~ and s — dete” and s — dvi, all of which can be mediated by flavor mixing in
soft supersymmetry breaking. There are also strict constraints on CP-violating phases in the gaugino
masses and (scalar)? soft couplings following from limits on the electric dipole moments of the neutron
and electron [74]. Detailed limits can be found in the literature [71]-[96], but the essential lesson from
experiment is that the soft supersymmetry-breaking Lagrangian cannot be arbitrary or random.

All of these potentially dangerous flavor-changing and CP-violating effects in the MSSM can be
evaded if one assumes (or can explain!) that supersymmetry breaking is suitably “universal”. Con-
sider an idealized limit in which the squark and slepton squared-mass matrices are flavor-blind, each
proportional to the 3 x 3 identity matrix in family space:

mg =mpl, mi=mil, md=mil, mf=mjl, mI=m:l (5.18)
Then all squark and slepton mixing angles are rendered trivial, because squarks and sleptons with the
same electroweak quantum numbers will be degenerate in mass and can be rotated into each other at
will. Supersymmetric contributions to flavor-changing neutral current processes will therefore be very
small in such an idealized limit, up to mixing induced by ay, aq, ae. Making the further assumption
that the (scalar)® couplings are each proportional to the corresponding Yukawa coupling matrix,

ay = Auo Yus aqg = Aqpyad, ae = Aco Ye, (5.19)

will ensure that only the squarks and sleptons of the third family can have large (scalar)® couplings.
Finally, one can avoid disastrously large CP-violating effects by assuming that the soft parameters
do not introduce new complex phases. This is automatic for m%{u and m%{d, and for m2Q, m%, ete. if
eq. (BIX)) is assumed; if they were not real numbers, the Lagrangian would not be real. One can also
fix p in the superpotential and b in eq. (BI2)) to be real, by appropriate phase rotations of fermion and

scalar components of the H,, and H, supermultiplets. If one then assumes that
arg(My), arg(Myz), arg(Ms), arg(Ayo), arg(Aqo), arg(Ae) = 0 orm, (5.20)

then the only CP-violating phase in the theory will be the usual CKM phase found in the ordinary
Yukawa couplings. Together, the conditions eqs. (BI8)-(20) make up a rather weak version of what is
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often called the hypothesis of soft supersymmetry-breaking universality. The MSSM with these flavor-
and CP-preserving relations imposed has far fewer parameters than the most general case. Besides the
usual Standard Model gauge and Yukawa coupling parameters, there are 3 independent real gaugino
masses, only 5 real squark and slepton squared mass parameters, 3 real scalar cubic coupling parameters,
and 4 Higgs mass parameters (one of which can be traded for the known electroweak breaking scale).

It must be mentioned in passing that there are two other possible types of explanations for the sup-
pression of flavor violation in the MSSM, which could replace the universality hypothesis of eqs. (EI8)-
(E20). One might refer to them as “irrelevancy” and “alignment” of the soft masses. The “irrelevancy”
idea is that the sparticles masses are extremely heavy, so that their contributions to flavor-changing and
CP-violating diagrams like Figures B7h,b are suppressed, as can be seen for example in eqs. (BIH)-
(BEIT). In practice, however, the degree of suppression needed typically requires mgog much larger
than 1 TeV for at least some of the scalar masses; this seems to go directly against the motivation for
supersymmetry as a cure for the hierarchy problem as discussed in the Introduction. Nevertheless, it
has been argued that this is a sensible possibility [98, @9]. The “alignment” idea is that the squark
squared-mass matrices do not have the flavor-blindness indicated in eq. (EI8), but are arranged in
flavor space to be aligned with the relevant Yukawa matrices in just such a way as to avoid large flavor-
changing effects [55] [[00]. The alignment models typically require rather special flavor symmetries. In
any case, we will not discuss these possibilities further.

The soft-breaking universality relations eqs. (EIR)-([E20), or stronger (more special) versions of
them, can be presumed to be the result of some specific model for the origin of supersymmetry breaking,
although there is considerable disagreement among theorists as to what the specific model should
actually be. In any case, they are indicative of an assumed underlying simplicity or symmetry of the
Lagrangian at some very high energy scale QQg. If we used this Lagrangian to compute masses and
cross-sections and decay rates for experiments at ordinary energies near the electroweak scale, the
results would involve large logarithms of order In(Qo/mz) coming from loop diagrams. As is usual
in quantum field theory, the large logarithms can be conveniently resummed using renormalization
group (RG) equations, by treating the couplings and masses appearing in the Lagrangian as running
parameters. Therefore, eqs. (BI8)-(E20) should be interpreted as boundary conditions on the running
soft parameters at the scale g, which is likely very far removed from direct experimental probes. We
must then RG-evolve all of the soft parameters, the superpotential parameters, and the gauge couplings
down to the electroweak scale or comparable scales where humans perform experiments.

At the electroweak scale, eqs. (EI8) and (EI9) will no longer hold, even if they were exactly true
at the input scale ()y. However, to a good approximation, key flavor- and CP-conserving properties
remain. This is because, as we will see in section below, RG corrections due to gauge interactions
will respect the form of eqs. (BI8) and (&I9), while RG corrections due to Yukawa interactions are
quite small except for couplings involving the top, bottom, and tau flavors. Therefore, the (scalar)?
couplings and scalar squared-mass mixings should be quite negligible for the squarks and sleptons
of the first two families. Furthermore, RG evolution does not introduce new CP-violating phases.
Therefore, if universality can be arranged to hold at the input scale, supersymmetric contributions to
flavor-changing and CP-violating observables can be acceptably small in comparison to present limits
(although quite possibly measurable in future experiments).

One good reason to be optimistic that such a program can succeed is the celebrated apparent
unification of gauge couplings in the MSSM [I01]. The 1-loop RG equations for the Standard Model

gauge couplings g1, g2, g3 are

1 41/10, —19/6, —7) Standard Model
d bads, (b1, b2,b3) = / / ) (5.21)

By = e = T
At 167 (33/5, 1, —3) MSSM

where t = In(Q/Qo), with @ the RG scale. The MSSM coefficients are larger because of the extra
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Figure 5.8: RG evolution of the
inverse gauge couplings a;'(Q)

in the Standard Model (dashed -1
lines) and the MSSM (solid lines).

In the MSSM case, the sparti-

cle mass thresholds are varied be-

tween 250 GeV and 1 TeV, and
as(my) between 0.113 and 0.123.
Two-loop effects are included.

O\E . | . | . | . | . | . | . | . \:
2 4 6 8 10 12 14 16 18

Log,,(Q/1 GeV)

MSSM particles in loops. The normalization for g; here is chosen to agree with the canonical covariant
derivative for grand unification of the gauge group SU(3)c x SU(2)r x U(1)y into SU(5) or SO(10).
Thus in terms of the conventional electroweak gauge couplings g and ¢’ with e = gsin 8y = ¢’ cos Oy,
one has go = g and g1 = /5/3¢’. The quantities o, = g2/4m have the nice property that their
reciprocals run linearly with RG scale at one-loop order:

%a;l = —5—; (a=1,2,3) (5.22)

Figure compares the RG evolution of the !, including two-loop effects, in the Standard Model

(dashed lines) and the MSSM (solid lines). Unlike the Standard Model, the MSSM includes just the
right particle content to ensure that the gauge couplings can unify, at a scale My ~ 2 x 10 GeV.
While the apparent unification of gauge couplings at My might be just an accident, it may also be
taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below Mp. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

5.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 — 2e. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2¢, but can be multiplied by factors
up to 1/€"” in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
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corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly different scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [[02]. In the DRED method, all momentum integrals
are still performed in d = 4 — 2e dimensions, but the vector index u on the gauge boson fields Ay
now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than
the usual DREG with modified minimal subtraction (MS). In particular, the boundary conditions at
the input scale should presumably be applied in a supersymmetry-preserving scheme like DR. One
loop 3-functions are always the same in these two schemes, but it is important to realize that the MS
scheme does violate supersymmetry, so that DR is preferred’ from that point of view. (The NSVZ
scheme [T07] also respects supersymmetry and has some very useful properties, but with a less obvious
connection to calculations of physical observables. It is also possible, but not always very practical, to
work consistently within the MS scheme, as long as one translates all DR couplings and masses into
their MS counterparts [T08]-[110].)

A general and powerful result known as the supersymmetric non-renormalization theorem [I11]
governs the form of the renormalization group equations for supersymmetric theories. This theorem
implies that the logarithmically divergent contributions to a particular process can always be written
in terms of wave-function renormalizations, without any coupling vertex renormalization.t It can be
proved most easily using superfield techniques. For the parameters appearing in the superpotential
eq. (B4D), the implication is that

d

By = 2yt =y oy (5.23)
d .. . . o
Baris = MY =, M™ ol M, (5.24)
d 7 i Tn
Bri = EL = v L" (5.25)

where the 7;: are anomalous dimension matrices associated with the superfields, which generally have to
be calculated in a perturbative loop expansion. [Recall ¢ = In(Q/Qy), where @ is the renormalization
scale, and Qg is a reference scale.] The anomalous dimensions and RG equations for softly broken
supersymmetry are now known up to 3-loop order, with some partial 4-loop results; they have been
given in refs. [IT2]-[I17]. There are also relations, good to all orders in perturbation theory, that give
the RG equations for soft supersymmetry couplings in terms of those for the supersymmetric couplings
[TO7, [TT18]. Here we will only use the 1-loop approximation, for simplicity.
In general, at 1-loop order,

. 171, o
Vi = 162 §y’m"yjmn—29a0a(z)5; , (5.26)

where C, (i) are the quadratic Casimir group theory invariants for the superfield ®;, defined in terms
of the Lie algebra generators T% by

(T9T)7 = Cy (i) (5.27)

TEven the DRED scheme may not provide a supersymmetric regulator, because of either ambiguities or inconsistencies
(depending on the precise method) appearing at five-loop order at the latest [I03]. Fortunately, this does not seem to
cause practical difficulties [104] [T05]. See also ref. [I06] for an interesting proposal that avoids doing violence to the
number of spacetime dimensions.

 Actually, there is vertex renormalization working in a supersymmetric gauge theory in which auxiliary fields have been
integrated out, but the sum of divergent contributions for a process always has the form of wave-function renormalization.
This is related to the fact that the anomalous dimensions of the superfields differ, by gauge-fixing dependent terms, from
the anomalous dimensions of the fermion and boson component fields [31].
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with gauge couplings g,. Explicitly, for the MSSM supermultiplets:

, 4/3 for ®; = Q,7,d,
C3(i) = (5.28)
0 for ®; = L,e, H,, Hy,
3/4 for &, =Q,L,H,, Hy,
Co(i) = { / Q_ ‘ (5.29)
0 for &; =u,d, €,
Cy(i) = 3Y;?/5 for each ®; with weak hypercharge V;. (5.30)
For the one-loop renormalization of gauge couplings, one has in general
d 1 3 .
Bae = 290 = T30 [Z 1,(i) — 3C.(G). (5.31)

where C,(G) is the quadratic Casimir invariant of the group [0 for U(1), and N for SU(N)], and I,() is
the Dynkin index of the chiral supermultiplet ¢; [normalized to 1/2 for each fundamental representation
of SU(N) and to 3Y;?/5 for U(1)y]. Equation (EZI]) is a special case of this.

The 1-loop renormalization group equations for the general soft supersymmetry breaking La-
grangian parameters appearing in eq. ([l) are:

d 1
Bar, = Mo = 15592 |2 La(n) — 6Ca(G)| M, (5.32)
n
— d ijk 1 1 zyp kmn ijp amnP ijk
ﬁaijk = Ea = 1672 2 ypmny Ty ypmn + 9 C ( )(4May —2a )
+(i = k) + (1 < k), (5.33)
d 1 1. . 1 .
ﬁb” = _b” = 16w 162 [ » pmny]mn + 2y”pypmnbmn Mlpypmn a™™
+92C, (1) (AM MY — 269 | + (i < §), 5.34
a
d; 1 | p imn, * p ip mn
By = _t = 152 39 Ymnpt! + 0" Yrop LF + M Py b , (5.35)
_d 2\J 1 1 DA (0n 2\ ] 1qu* 2\n x gpr(,2\q
ﬁ(mZ)z = E(m )7, - 167 a2 yzpqy (m )n + §y ypqn(m )z + 2yipqy (m )T
Falpga™ — SgEC ()M 8] + 26T Te(Tom?)|. (5.36)

Applying the above results to the special case of the MSSM, we will use the approximation that
only the third-family Yukawa couplings are significant, as in eq. (i22)). Then the Higgs and third-family
superfield anomalous dimensions are diagonal matrices, and from eq. (B26]) they are, at 1-loop order:

H, = 16% :3y?yt - ggi - 1—?)()9%] : (5.37)
VH, = 16;2 :3y§yb +Yryr — ggg 1%9?] (5.38)
Qs = # :y?yt + Yy — gg?f — ;QS - %gﬂ : (5.39)
Yo, = 16% :2y§yt — gg?, — %9?] , (5.40)
Va, = 16% :2y?§yb - ggg - 1—2595} : (5.41)
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1 3, 3,
= g — 2 g — — 42
Vs 162 {yTy 592 1091}, (5.42)
1 . 6
Yes = 1gn2 {2yTyT - 391] : (5.43)

[The first and second family anomalous dimensions in the approximation of eq. (2) follow by setting
Yt, Yp, and y, to 0 in the above.] Putting these into eqs. (B23)), ([Z4]) gives the running of the
superpotential parameters with renormalization scale:

_d oy T , 16 , o 13,
By, = 7Y = Tenz UiVt Uk — 595 — 392 — 1—591}7 (5.44)
_ d U [, « * * 16 2 2 7 2
By, = 7 = T6:2 _Gybyb T Y Yt T Y Yr — 393 — 395 — 1—591}7 (5.45)
d Yr [, « * 9
Bue = U = ooz | Wiyr +3uiw — 363 — 2o, (5.46)
_ d _ BT, « * * 2 3 2
Bu= i = o3 |3Yie+3Yiu + yryr — 395 — 391] (5.47)

The one-loop RG equations for the gauge couplings gi, g2, and g3 were already listed in eq. (BZ1). The
presence of soft supersymmetry breaking does not affect eqs. (Z1) and (B44)-(BAT). As a result of
the supersymmetric non-renormalization theorem, the G-functions for each supersymmetric parameter
are proportional to the parameter itself. One consequence of this is that once we have a theory that
can explain why g is of order 102 or 10% GeV at tree-level, we do not have to worry about i being made
very large by radiative corrections involving the masses of some very heavy unknown particles; all such
RG corrections to p will be directly proportional to p itself and to some combinations of dimensionless
couplings.

The one-loop RG equations for the three gaugino mass parameters in the MSSM are determined
by the same quantities b¥5SM that appear in the gauge coupling RG eqs. ([E21I):

d 1
M, = —
dt 872

for a = 1,2,3. Tt follows that the three ratios M, /g2 are each constant (RG scale independent) up to
small two-loop corrections. Since the gauge couplings are observed to unify at Q = My = 2 x 1016
GeV, it is a popular assumption that the gaugino masses also unify® near that scale, with a value called
my 2. If so, then it follows that

ﬂMa = baggMa (ba = 33/57 L, _3) (548)

My _ My _ My _myp

N R
at any RG scale, up to small (and known) two-loop effects and possibly much larger (and not so
known) threshold effects near My;. Here gy is the unified gauge coupling at @ = Mp. The hypothesis
of eq. (B49) is particularly powerful because the gaugino mass parameters feed strongly into the RG
equations for all of the other soft terms, as we are about to see.

Next we consider the 1-loop RG equations for the analytic soft parameters ay, aq, a.. In models
obeying eq. (BI9), these matrices start off proportional to the corresponding Yukawa couplings at the
input scale. The RG evolution respects this property. With the approximation of eq. (B2), one can
therefore also write, at any RG scale,

0 0 O 0 0 O 0 0 O
ay~|0 0 0], ag~|0 0 0], a.~|0 0 0], (5.50)
0 0 a 0 0 ap 0 0 a;

$In GUT models, it is automatic that the gauge couplings and gaugino masses are unified at all scales Q > My, because
in the unified theory the gauginos all live in the same representation of the unified gauge group. In many superstring
models, this can also be a good approximation.

(5.49)
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which definesY running parameters a;, ay, and a,. In this approximation, the RG equations for these
parameters and b are

167°—a; = a [18% Yt + Uit — =95 — 395 — —gﬂ + 2apyp Y1

dt 3 15
32 26
+yt {§9§M3 + 695 M) + 1—59%M1}7 (5.51)
167r2£ab = ap [18ybyb + Yy + YLy — 3932, — 3g§ — 1—595} + 2a:Y; Yp + 20:Y, Y
32 14
+yb[_9?2,M3 + 695 M) + —Q%Ml], (5.52)
3 15
167r2£a7 = a; [12317@/7 + 3yiys — 395 — 39%} + 6apyy yr + Y- [695M2 - EQ%MJ, (5.53)
d * * % 3
167r2£ = b{3yt Ye + 3YpYp + Y Yr — 3g§ — gg%]
* " " 6
+ [Gatyt + 6apy; + 2a,y" + 693 My + gg%Ml}. (5.54)

The p-function for each of these soft parameters is not proportional to the parameter itself, because
couplings that violate supersymmetry are not protected by the supersymmetric non-renormalization
theorem. So, even if a;, ap, a, and b vanish at the input scale, the RG corrections proportional to
gaugino masses appearing in eqs. ([21l)- (b)) ensure that they will not vanish at the electroweak scale.

Next let us consider the RG equations for the scalar squared masses in the MSSM. In the approx-
imation of egs. (B2Z) and (&20), the squarks and sleptons of the first two families have only gauge
interactions. This means that if the scalar squared masses satisfy a boundary condition like eq. (BIF])
at an input RG scale, then when renormalized to any other RG scale, they will still be almost diagonal,
with the approximate form

mél O 0 m%l 0 O
my~| 0 m 0 |, mi~ | 0 m2 0 (5.55)
0 0 md, 0 0 mg

etc. The first and second family squarks and sleptons with given gauge quantum numbers remain
very nearly degenerate, but the third-family squarks and sleptons feel the effects of the larger Yukawa
couplings and so their squared masses get renormalized differently. The one-loop RG equations for the
first and second family squark and slepton squared masses are

d , 6
167 Ggma. = = 3 8CuDGLIM. + 2igts (5.56)

for each scalar ¢;, where the ), is over the three gauge groups U(1l)y, SU(2)r and SU(3)c, with
Casimir invariants Cy (i) as in egs. (28)-(BE30), and M, are the corresponding running gaugino mass
parameters. Also,

S = Tr[ijgﬁj] =mj, — m%,d + Tr[m2Q —m? —2m2 + m% +m2]. (5.57)

An important feature of eq. (00 is that the terms on the right-hand sides proportional to gaugino
squared masses are negative, soll the scalar squared-mass parameters grow as they are RG-evolved from

TRescaled soft parameters A: = at/y:, Ay = ap/yp, and A- = a-/y, are commonly used in the literature. We do not
follow this notation, because it cannot be generalized beyond the approximation of eqs. (B2), (&2) without introducing
horrible complications such as non-polynomial RG equations, and because a:, a, and a. are the couplings that actually
appear in the Lagrangian anyway.

IThe contributions proportional to S are relatively small in most known realistic models.
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the input scale down to the electroweak scale. Even if the scalars have zero or very small masses at
the input scale, they can obtain large positive squared masses at the electroweak scale, thanks to the
effects of the gaugino masses.

The RG equations for the squared-mass parameters of the Higgs scalars and third-family squarks
and sleptons get the same gauge contributions as in eq. (B256l), but they also have contributions due
to the large Yukawa (y.5-) and soft (asp ) couplings. At one-loop order, these only appear in three
combinations:

Xi = 2yl (my, +md, +ma,) + 2lal?, (5.58)
Xo = 2ul (my, +még+m2)+2yaby2 (5.59)
X: = 2y |*(myy, + mi, +mZ,) + 2lar|*. (5.60)

In terms of these quantities, the RG equations for the soft Higgs squared-mass parameters m%,u and
2

my, are
2d 2 2 2 6 2 2
167 ", = 3X: — 695| Ma|” — ggl\Mﬂ + ng (5.61)
5 d 6
167 am%{d = 3Xp + X, — 693| My|* — gg%\Mﬂz — —915 (5.62)

Note that X;, Xp, and X, are generally positive, so their effect is to decrease the Higgs masses as one
evolves the RG equations down from the input scale to the electroweak scale. If y, is the largest of
the Yukawa couplings, as suggested by the experimental fact that the top quark is heavy, then X; will
typically be much larger than X and X;. This can cause the RG-evolved m%[u to run negative near
the electroweak scale, helping to destabilize the point H,, = H; = 0 and so provoking a Higgs VEV (for
a linear combination of H, and H, as we will see in section [[l), which is just what we want.” Thus
a large top Yukawa coupling favors the breakdown of the electroweak symmetry breaking because it
induces negative radiative corrections to the Higgs squared mass.

The third-family squark and slepton squared-mass parameters also get contributions that depend
on Xy, Xp and X,. Their RG equations are given by

d 32 9

1671'2%771223 = Xt+Xb—_g§’M3‘2—Gg§’Mg‘2——g%’M1’2_|_ 915 (563)
d 32 32

167‘(2%771%3 = 2Xt - _g§’M3‘2 g%’M1‘2 . _g%s (564)
d 3 8

167725"%3 = 2Xp - 393\M3’2 91\M1!2 + g 28, (5.65)
d

167 Zmi, = Xr —6g3[Maf* — —91\M1!2 - 5915, (5.66)
d 24

t67 gomd, = 2X; — TGl + oS (5.67)

In eqs. (EB1)-(BE6T), the terms proportional to |M3|?, | Ma|?, |M;]?, and S are just the same ones as in
eq. ([5:)]3]) Note that the terms proportional to X; and X, appear with smaller numerical coefficients

in the mQ 59 m2_, m2 RG equations than they did for the Higgs scalars, and they do not appear at all

us’ d
in the m? 7, and m— RG equations. Furthermore, the third-family squark squared masses get a large

positive contrlbutlon proportional to |Mjz|? from the RG evolution, which the Higgs scalars do not get.

TOne should think of “m Hu” as a parameter unto itself, and not as the square of some mythical real number my, . So
there is nothing strange about having m%u < 0. However, strictly speaking m%u < 0 is neither necessary nor sufficient
for electroweak symmetry breaking; see section [l
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These facts make it plausible that the Higgs scalars in the MSSM get VEVs, while the squarks and
sleptons, having large positive squared mass, do not.

An examination of the RG equations (BL1)-(04), (BE56), and (B6I)-(BE6T) reveals that if the
gaugino mass parameters M7, Mo, and Mgz are non-zero at the input scale, then all of the other soft
terms will be generated too. This implies that models in which gaugino masses dominate over all other
effects in the soft supersymmetry breaking Lagrangian at the input scale can be viable. On the other
hand, if the gaugino masses were to vanish at tree-level, then they would not get any contributions
to their masses at one-loop order; in that case the gauginos would be extremely light and the model
would not be phenomenologically acceptable.

Viable models for the origin of supersymmetry breaking typically make predictions for the MSSM
soft terms that are refinements of eqs. (I8)-([E20). These predictions can then be used as boundary
conditions for the RG equations listed above. In the next section we will study the ideas that go into
making such predictions, before turning to their implications for the MSSM spectrum in section [

6 Origins of supersymmetry breaking

6.1 General considerations for spontaneous supersymmetry breaking

In the MSSM, supersymmetry breaking is simply introduced explicitly. However, we have seen that
the soft parameters cannot be arbitrary. In order to understand how patterns like egs. (I8), (E19)
and (Z0) can emerge, it is necessary to consider models in which supersymmetry is spontaneously
broken. By definition, this means that the vacuum state |0) is not invariant under supersymmetry
transformations, so Q,]0) # 0 and QL!0> # 0. Now, in global supersymmetry, the Hamiltonian
operator H is related to the supersymmetry generators through the algebra eq. ([B30):

H = P"= 1(@iQ] + Q11 + @20} + Q). (61)

If supersymmetry is unbroken in the vacuum state, it follows that H|0) = 0 and the vacuum has zero
energy. Conversely, if supersymmetry is spontaneously broken in the vacuum state, then the vacuum
must have positive energy, since

1
(0110) = 5 (IQTO}P + Q110 + 1QI0) > + 11Q2[0)]*) > 0 (6.2)

if the Hilbert space is to have positive norm. If spacetime-dependent effects and fermion condensates
can be neglected, then (0|H|0) = (0|V'|0), where V is the scalar potential in eq. (BZH). Therefore,
supersymmetry will be spontaneously broken if F; and/or D® does not vanish in the ground state. If
any state exists in which all F; and D® vanish, then it will have zero energy, implying that supersym-
metry cannot be spontaneously broken in the true ground state. So, the way to achieve spontaneous
supersymmetry breaking is to look for models in which the equations F; = 0 and D® = 0 cannot be
simultaneously satisfied for any values of the fields.

The spontaneous breaking of a global symmetry always implies a massless Nambu-Goldstone mode
with the same quantum numbers as the broken symmetry generator. In the case of global supersym-
metry, the broken generator is the fermionic charge @, so the Nambu-Goldstone particle ought to be
a massless neutral Weyl fermion, called the goldstino. To prove it, consider a general supersymmetric
model with both gauge and chiral supermultiplets as in section Bl The fermionic degrees of freedom
consist of gauginos (A%) and chiral fermions (¢;). After some of the scalar fields in the theory obtain
VEVs, the fermion mass matrix has the form:

_ 0 V2a((¢%)T?):
mr = (ﬁga«wm)j (W) ) (6:3)
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in the (A%, v;) basis. [The off-diagonal entries in this matrix come from the first term in the second
line of eq. (BX2), and the lower right entry can be seen in eq. (B229).] Now observe that mp annihilates

the vector
o= (7")

The first row of mp annihilates G by virtue of the requirement eq. B3] that the superpotential is
gauge invariant, and the second row does so because of the condition (0V/d¢;) = 0, which must be
satisfied at a minimum of the scalar potential. Equation (£4]) is therefore proportional to the goldstino
wavefunction; it is non-trivial if and only if at least one of the auxiliary fields has a VEV, breaking
supersymmetry. So we have proved that if global supersymmetry is spontaneously broken, then there
must be a massless goldstino, and that its components among the various fermions in the theory are
just proportional to the corresponding auxiliary field VEVs.

There is also a useful sum rule that governs the tree-level squared masses of particles in theories
with spontaneously broken supersymmetry. For a general theory of the type discussed in section Bl the
squared masses of the real scalar degrees of freedom are the eigenvalues of the matrix

L ( AW L (T, (6T +TEDY] W W+ g2(196):(T%); ) .
; WKV 4 g2(6*T™) (T AW 4+ Z(T0)(6* T + T D7) )
since the quadratic part of the tree-level potential is
V = (¢ ¢;)m} (q‘f) (6.6)

Here Wik = §3W/6¢;66;6¢%, and the scalar fields on the right-hand side of eq. () are understood
to be replaced by their VEVs. It follows that the sum of the real scalar squared-mass eigenvalues is

Tr(m3) = 2WiW™* 4+ 262 (C (i) ¢; + Tr(T*) D, (6.7)

with the Casimir invariants Cy (i) defined by eq. (B27). Meanwhile, the squared masses of the two-
component fermions are given by the eigenvalues of

29a96(¢*T*T"9) V2g(T°¢) W™
m;mF = *a\k * * ik 2 a *a\e ) (68)
V294 (¢*T*) W W+ 2g5(T)(7T)
so the sum of the two-component fermion squared masses is
Tr(mfmp) = Wi W™ + 4920, (i)™ ¢:. (6.9)
Finally, the vector squared masses are:
my, = g2(¢"{T% T"}¢), (6.10)
SO
Tr(m?) = 292C,(i)¢™ b (6.11)

It follows that the supertrace of the tree-level squared-mass eigenvalues, defined in general by a weighted
sum over all particles with spin j:
STr(m?) = 3 (~1)7(2j + 1)Tx(m?), (6.12)
J
satisfies the sum rule
STr(m?) = Tr(m3) — 2Tr(m}my) 4+ 3Tr(m¥) = 252 Tr(T%)D* = 0. (6.13)

The last equality assumes that the traces of the U(1) charges over the chiral superfields are 0. This
holds for U(1)y in the MSSM, and more generally for any non-anomalous gauge symmetry. The sum
rule eq. (EI3) is often a useful check on models of spontaneous supersymmetry breaking.

48



6.2 Fayet-Iliopoulos (D-term) supersymmetry breaking

Supersymmetry breaking with a non-zero D-term VEV can occur through the Fayet-Iliopoulos mech-
anism [IT9)]. If the gauge symmetry includes a U(1) factor, then one can introduce a term linear in the
corresponding auxiliary field of the gauge supermultiplet:

EFayet—Iliopoulos = —kD (614)

where & is a constant with dimensions of [mass]?. This term is gauge-invariant and supersymmetric by
itself. [Note that for a U(1) gauge symmetry, the supersymmetry transformation D in eq. (B62) is a
total derivative.] If we include it in the Lagrangian, then D may be forced to get a non-zero VEV. To
see this, consider the relevant part of the scalar potential from eqs. (B57) and BZ2):

1
V =kD — 5D2 — gDy ailol*. (6.15)
7

Here the g; are the charges of the scalar fields ¢; under the U (1) gauge group in question. The presence
of the Fayet-Iliopoulos term modifies the equation of motion eq. (B4 to

D=H—ngz'\¢i\2- (6.16)

Now suppose that the scalar fields ¢; that are charged under the U(1) all have non-zero superpotential
masses m;. (Gauge invariance then requires that they come in pairs with opposite charges.) Then the
potential will have the form

|
V=3 Imilloil + (5 = 9> ailoil)*. (6.17)

Since this cannot vanish, supersymmetry must be broken; one can check that the minimum always
occurs for non-zero D. For the simplest case in which |m;|?> > gg;x for each i, the minimum is
realized for all ¢; = 0 and D = k, with the U(1) gauge symmetry unbroken. As further evidence that
supersymmetry has indeed been spontaneously broken, note that the scalars then have squared masses
|m4|? — gqir, while their fermion partners have squared masses |m;|?. The gaugino remains massless,
as can be understood from the fact that it is the goldstino, as argued on general grounds in section

For non-Abelian gauge groups, the analog of eq. (E14]) would not be gauge-invariant and is therefore
not allowed, so only U(1) D-terms can drive spontaneous symmetry breaking. In the MSSM, one might
imagine that the D term for U(1)y has a Fayet-Iliopoulos term as the principal source of supersymmetry
breaking. Unfortunately, this cannot work, because the squarks and sleptons do not have superpotential
mass terms. So, at least some of them would just get non-zero VEVs in order to make eq. (616
vanish. That would break color and/or electromagnetism, but not supersymmetry. Therefore, a Fayet-
Iliopoulos term for U(1)y must be subdominant compared to other sources of supersymmetry breaking
in the MSSM, if not absent altogether. One could instead attempt to trigger supersymmetry breaking
with a Fayet-Iliopoulos term for some other U(1) gauge symmetry, which is as yet unknown because it
is spontaneously broken at a very high mass scale or because it does not couple to the Standard Model
particles. However, if this is the dominant source for supersymmetry breaking, it proves difficult to
give appropriate masses to all of the MSSM particles, especially the gauginos. In any case, we will not
discuss D-term breaking as the ultimate origin of supersymmetry violation any further (although it
may not be ruled out [120]).

6.3 O’Raifeartaigh (F-term) supersymmetry breaking

Models where spontaneous supersymmetry breaking is ultimately due to a non-zero F-term VEV,
called O’Raifeartaigh models [I21], have brighter phenomenological prospects. The idea is to pick a
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set of chiral supermultiplets ®; D (¢;,;, F;) and a superpotential W in such a way that the equations
F; = —W*/§¢*" = 0 have no simultaneous solution. Then V = Y, |F;|> will have to be positive at its
minimum, ensuring that supersymmetry is broken.

The simplest example that does this has three chiral supermultiplets with

W = —k®; + mPy®s + %@@3. (6.18)

Note that W contains a linear term, with & having dimensions of [mass]?. Such a term is allowed if
the corresponding chiral supermultiplet is a gauge singlet. In fact, a linear term is necessary to achieve
F-term breaking at tree-level in renormalizable theories,’ since otherwise setting all ¢; = 0 will always
give a supersymmetric global minimum with all F; = 0. Without loss of generality, we can choose k,
m, and y to be real and positive (by a phase rotation of the fields). The scalar potential following from

eq. (ETF) is
V=R + R+ B2 (6.19)
Fi=k=305.  Fy=-mgj  Fy=-ms;—yoi¢;. (6.20)

Clearly, F; = 0 and F; = 0 are not compatible, so supersymmetry must indeed be broken. If m? > yk
(which we assume from now on), then the absolute minimum of the potential is at ¢o = ¢35 = 0 with ¢,
undetermined, so F; = k and V = k? at the minimum. The fact that ¢; is undetermined is an example
of a “flat direction” in the scalar potential; this is a common feature of supersymmetric models.?

If we presciently choose to expand V around ¢; = 0, the mass spectrum of the theory consists of 6
real scalars with tree-level squared masses

2

0, 0, m?, m? m?%—yk, m®+yk. (6.21)

Meanwhile, there are 3 Weyl fermions with squared masses
0, m*, m?. (6.22)

The non-degeneracy of scalars and fermions is a clear sign that supersymmetry has been spontaneously
broken. [Note that the sum rule eq. (613]) is indeed satisfied by these squared masses.] The 0 eigenvalues
in eqs. (B21) and (E2Z2) correspond to the complex scalar ¢; and its fermionic partner 1. However, ¢;
and 11 have different reasons for being massless. The masslessness of ¢; corresponds to the existence
of the flat direction, since any value of ¢; gives the same energy at tree-level. This flat direction is an
accidental feature of the classical scalar potential, and in this case it is removed (“lifted”) by quantum
corrections. This can be seen by computing the Coleman-Weinberg one-loop effective potential [123].
A little calculation reveals that the global minimum is indeed fixed at ¢; = ¢o = ¢35 = 0, with the
complex scalar ¢ receiving a small positive-definite squared mass equal to

1 1 147
2 _ 2, 2 2
Mg, = 1gm3¥ M ln(l—r)—1+§(7’+1/7’)ln(1_r)], (6.23)
where r = yk/m?. [Equation {EZ3)) reduces to mil = y*k?/487%m? in the limit yk < m?2.] In contrast,
the Weyl fermion 17 remains exactly massless, because it is the goldstino, as predicted in section

The O’Raifeartaigh superpotential determines the mass scale of supersymmetry breaking /F; in
terms of a dimensionful parameter k put in by hand. This appears somewhat artificial, since k will

TNon-polynomial superpotential terms, for example arising from non-perturbative effects, can avoid this requirement.

¥More generally, “flat directions” are non-compact lines and surfaces in the space of scalar fields along which the scalar
potential vanishes. The classical scalar potential of the MSSM would have many flat directions if supersymmetry were
not broken [T22].
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have to be tiny compared to M3 in order to give the right order of magnitude for the MSSM soft terms.
We would like to have a mechanism that can instead generate such scales naturally. This can be done
in models of dynamical supersymmetry breaking, in which the small (compared to Mp) mass scales
associated with supersymmetry breaking arise by dimensional transmutation. In other words, they
generally feature a new asymptotically free non-Abelian gauge symmetry with a gauge coupling g that
is perturbative at Mp and gets strong in the infrared at some smaller scale A ~ =87 /blgg Mp, where
go is the running gauge coupling at Mp with negative beta function —|b|g®/1672. Just as in QCD,
it is perfectly natural for A to be many orders of magnitude below the Planck scale. Supersymmetry
breaking may then be best described in terms of the effective dynamics of the strongly coupled theory.
One possibility is that the auxiliary F' field for a composite chiral supermultiplet (built out of the
fundamental fields, which transform under the new strongly coupled gauge group) obtains a VEV.
Constructing non-perturbative models that actually break supersymmetry in an acceptable way is a
non-trivial business; for more information see ref. [I24]. For our purposes below, we can simply assume
that an F-term has obtained a VEV.

6.4 The need for a separate supersymmetry-breaking sector

It is now clear that spontaneous supersymmetry breaking (dynamical or not) requires us to extend the
MSSM. The ultimate supersymmetry-breaking order parameter cannot belong to any of the MSSM
supermultiplets; a D-term VEV for U(1)y does not lead to an acceptable spectrum, and there is no
candidate gauge singlet whose F-term could develop a VEV. Therefore one must ask what effects are
responsible for spontaneous supersymmetry breaking, and how supersymmetry breakdown is “com-
municated” to the MSSM particles. It is very difficult to achieve the latter in a phenomenologically
viable way working only with renormalizable interactions at tree-level, even if the model is extended to
involve new supermultiplets including gauge singlets. First, on general grounds it would be problematic
to give masses to the MSSM gauginos, because the results of section Bl inform us that renormalizable
supersymmetry never has any (scalar)-(gaugino)-(gaugino) couplings that could turn into gaugino mass
terms when the scalar gets a VEV. Second, at least some of the MSSM squarks and sleptons would
have to be unacceptably light, and should have been discovered already. This can be understood from
the existence of sum rules that can be obtained in the same way as eq. (EI3]) when the restrictions
imposed by flavor symmetries are taken into account. For example, in the limit in which lepton flavors
are conserved, the selectron mass eigenstates €; and éy could in general be mixtures of é; and ég.
But if they do not mix with other scalars, then part of the sum rule decouples from the rest, and one
obtains:

mgl + m%z = 2m2, (6.24)
which is of course ruled out by experiment. Similar sum rules follow for each of the fermions of the
Standard Model, at tree-level and in the limits in which the corresponding flavors are conserved. In
principle, the sum rules can be evaded by introducing flavor-violating mixings, but it is very difficult to
see how to make a viable model in this way. Even ignoring these problems, there is no obvious reason
why the resulting MSSM soft supersymmetry-breaking terms in this type of model should satisfy
flavor-blindness conditions like egs. (BI8) or (EI9).

For these reasons, we expect that the MSSM soft terms arise indirectly or radiatively, rather than
from tree-level renormalizable couplings to the supersymmetry-breaking order parameters. Supersym-
metry breaking evidently occurs in a “hidden sector” of particles that have no (or only very small)
direct couplings to the “visible sector” chiral supermultiplets of the MSSM. However, the two sectors
do share some interactions that are responsible for mediating supersymmetry breaking from the hidden
sector to the visible sector, resulting in the MSSM soft terms. (See Figure Bl) In this scenario, the
tree-level squared mass sum rules need not hold, even approximately, for the physical masses of the
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(Hidden sector) | Interactions (Visible sector)

Figure 6.1: The presumed schematic structure for supersymmetry breaking.

visible sector fields, so that a phenomenologically viable superpartner mass spectrum is, in principle,
achievable. As a bonus, if the mediating interactions are flavor-blind, then the soft terms appearing in
the MSSM will automatically obey conditions like egs. (EI8), (E19) and (&20).

There have been two main competing proposals for what the mediating interactions might be.
The first (and historically the more popular) is that they are gravitational. More precisely, they are
associated with the new physics, including gravity, that enters near the Planck scale. In this “gravity-
mediated”, or Planck-scale-mediated supersymmetry breaking (PMSB) scenario, if supersymmetry is
broken in the hidden sector by a VEV (F), then the soft terms in the visible sector should be roughly

Mgoft, ~~ <F>/MP7 (625)

by dimensional analysis. This is because we know that mg.g must vanish in the limit (F) — 0 where
supersymmetry is unbroken, and also in the limit Mp — oo (corresponding to GNewton — 0) in which
gravity becomes irrelevant. For mgop of order a few hundred GeV, one would therefore expect that
the scale associated with the origin of supersymmetry breaking in the hidden sector should be roughly

(F) ~ 10' or 10'* GeV. Another possibility is that the supersymmetry breaking order parameter is
a gaugino condensate (0|A?X°|0) = §%PA3 #£ 0. If the composite field A*\? is part of an auxiliary field F
for some (perhaps composite) chiral superfield, then by dimensional analysis we expect supersymmetry
breaking soft terms of order

Moy ~ A3/ ME, (6.26)

with, effectively, (F) ~ A3/Mp. In that case, the scale associated with dynamical supersymmetry
breaking should be more like A ~ 10'3 GeV.

A second possibility is that the flavor-blind mediating interactions for supersymmetry breaking are
the ordinary electroweak and QCD gauge interactions. In this gauge-mediated supersymmetry breaking
(GMSB) scenario, the MSSM soft terms come from loop diagrams involving some messenger particles.
The messengers are new chiral supermultiplets that couple to a supersymmetry-breaking VEV (F),
and also have SU(3)¢ x SU(2)r, x U(1)y interactions, which provide the necessary connection to the
MSSM. Then, using dimensional analysis, one estimates for the MSSM soft terms

ag (F)
41 Mness

Mgoft ™~ (627)
where the o, /47 is a loop factor for Feynman diagrams involving gauge interactions, and Myegss is a
characteristic scale of the masses of the messenger fields. So if My,ess and /(F) are roughly comparable,
then the scale of supersymmetry breaking can be as low as about \/(F) ~ 10* GeV (much lower than
in the gravity-mediated case!) to give mgo of the right order of magnitude.

6.5 The goldstino and the gravitino

As shown in section [B], the spontaneous breaking of global supersymmetry implies the existence of a
massless Weyl fermion, the goldstino. The goldstino is the fermionic component of the supermultiplet
whose auxiliary field obtains a VEV.
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Figure 6.2: Goldstino/gravitino G interactions with superpartner pairs (¢,v) and (A, A).

We can derive an important property of the goldstino by considering the form of the conserved
supercurrent eq. ([B0). SuppN()se for simplicity that the only non-vanishing auxiliary field VEV is (F)
with goldstino superpartner G. Then the supercurrent conservation equation tells us that

0=, JH = i(F)(0",GT) o + it + . .. (6.28)

where j# is the part of the supercurrent that involves all of the other supermultiplets, and the ellipses
represent other contributions of the goldstino supermultiplet to 9, J¥, which we can ignore. [The first
term in eq. (BE28) comes from the second term in eq. (BZ0), using the equation of motion F; = —W}*
for the goldstino’s auxiliary field.] This equation of motion for the goldstino field allows us to write an
effective Lagrangian

Lgoldstino = —iG159,G — Ga.j" +c.c.), (6.29)

.
(F)
which describes the interactions of the goldstino with all of the other fermion-boson pairs [125)]. In par-
ticular, since j# = (0¥ ;)0 0, ™ + o EPJ“AT“Fﬁp /2V/2+ ..., there are goldstino-scalar-chiral fermion
and goldstino-gaugino-gauge boson vertices as shown in Figure Since this derivation depends
only on supercurrent conservation, eq. (.29) holds independently of the details of how supersymmetry
breaking is communicated from (F') to the MSSM sector fields (¢;,v;) and (A%, A%). It may appear
strange at first that the interaction couplings in eq. (E29) get larger in the limit (F') goes to zero.
However, the interaction term é@u j* contains two derivatives, which turn out to always give a kine-
matic factor proportional to the squared-mass difference of the superpartners when they are on-shell,
ie. mi — m?p and mi —m? for Figures BZh and respectively. These can be non-zero only by virtue
of supersymmetry breaking, so they must also vanish as (F) — 0, and the interaction is well-defined in
that limit. Nevertheless, for fixed values of mi — mi and m3 — m?, the interaction term in eq. (E29)
can be phenomenologically important if (F') is not too large [125]-[128].

The above remarks apply to the breaking of global supersymmetry. However, taking into account
gravity, supersymmetry must be promoted to a local symmetry. This means that the spinor parameter
€%, which first appeared in section Bl is no longer a constant, but can vary from point to point in
spacetime. The resulting locally supersymmetric theory is called supergravity [129, 30]. It necessarily
unifies the spacetime symmetries of ordinary general relativity with local supersymmetry transforma-
tions. In supergravity, the spin-2 graviton has a spin-3/2 fermion superpartner called the gravitino,
which we will denote fﬁfj The gravitino has odd R-parity (Pr = —1), as can be seen from the definition
eq. (I)). It carries both a vector index (1) and a spinor index («), and transforms inhomogeneously
under local supersymmetry transformations:

SUS = Due + ... (6.30)

Thus the gravitino should be thought of as the “gauge” field of local supersymmetry transformations
[compare eq. ([B5H)]. As long as supersymmetry is unbroken, the graviton and the gravitino are

fMore generally, if supersymmetry is spontaneously broken by VEVs for several auxiliary fields F; and D?, then one
should make the replacement (F) — (>, (Fi)* + & ZG<D“)2)1/2 everywhere in the following.
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both massless, each with two spin helicity states. Once supersymmetry is spontaneously broken, the
gravitino acquires a mass by absorbing (“eating”) the goldstino, which becomes its longitudinal (helicity
+1/2) components. This is called the super-Higgs mechanism, and it is analogous to the ordinary Higgs
mechanism for gauge theories, by which the W and Z° gauge bosons in the Standard Model gain mass
by absorbing the Nambu-Goldstone bosons associated with the spontaneously broken electroweak gauge
invariance. The massive spin-3/2 gravitino now has four helicity states, of which two were originally
assigned to the would-be goldstino. The gravitino mass is traditionally called m3/;, and in the case of
F-term breaking it can be estimated as [I31]

mzss ~ (F)/Mp, (6.31)

This follows simply from dimensional analysis, since mg/, must vanish in the limits that supersymmetry
is restored ((F') — 0) and that gravity is turned off (Mp — o0). Equation (G31]) implies very different
expectations for the mass of the gravitino in gravity-mediated and in gauge-mediated models, because
they usually make very different predictions for (F').

In the Planck-scale-mediated supersymmetry breaking case, the gravitino mass is comparable to
the masses of the MSSM sparticles [compare eqs. (£23]) and (@3T)]. Therefore mg/, is expected to be
at least of order 100 GeV or so. Its interactions will be of gravitational strength, so the gravitino will
not play any role in collider physics, but it can be important in cosmology [I32]. If it is the LSP, then
it is stable and its primordial density could easily exceed the critical density, causing the universe to
become matter-dominated too early. Even if it is not the LSP, the gravitino can cause problems unless
its density is diluted by inflation at late times, or it decays sufficiently rapidly.

In contrast, gauge-mediated supersymmetry breaking models predict that the gravitino is much
lighter than the MSSM sparticles as long as Mess < Mp. This can be seen by comparing eqs. (627])
and (G3T). The gravitino is almost certainly the LSP in this case, and all of the MSSM sparticles will
eventually decay into final states that include it. Naively, one might expect that these decays are ex-
tremely slow. However, this is not necessarily true, because the gravitino inherits the non-gravitational
interactions of the goldstino it has absorbed. This means that the gravitino, or more precisely its
longitudinal (goldstino) components, can play an important role in collider physics experiments. The
mass of the gravitino can generally be ignored for kinematic purposes, as can its transverse (helicity
+3/2) components, which really do have only gravitational interactions. Therefore in collider phe-
nomenology discussions one may interchangeably use the same symbol G for the goldstino and for
the gravitino of which it is the longitudinal (helicity +1/2) part. By using the effective Lagrangian
eq. (E29), one can compute that the decay rate of any sparticle X into its Standard Model partner X
plus a goldstino/gravitino G is

~ ~ > 4

I'(X - XG) = 167&%2 (1= mi/m%) . (6.32)

This corresponds to either Figure B2k or B.2b, with ()N( , X) = (¢,v) or (A, A) respectively. One factor

(1-m%/ 7n§~()2 came from the derivatives in the interaction term in eq. (G29]) evaluated for on-shell final

states, and another such factor comes from the kinematic phase space integral with mg/,, < mg,mx.

If the supermultiplet containing the goldstino and (F) has canonically normalized kinetic terms,
and the tree-level vacuum energy is required to vanish, then the estimate eq. (E31]) is sharpened to

my = (F)/vV3Mp. (6.33)

In that case, one can rewrite eq. (E32) as

5

e AN X (12 2 )
N(X = XG) = ez, (1= mi/m%), (6.34)
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and this is how the formula is sometimes presented, although it is less general since it assumes eq. ([633]).
The decay width is larger for smaller (F'), or equivalently for smaller msg /2, if the other masses are
fixed. If X is a mixture of superpartners of different Standard Model particles X, then each partial
width in eq. (E32) should be multiplied by a suppression factor equal to the square of the cosine of
the appropriate mixing angle. If mg is of order 100 GeV or more, and /(F) < few x105 GeV

[corresponding to ms/o less than roughly 1 keV according to eq. (G33)], then the decay X - XG
can occur quickly enough to be observed in a modern collider detector. This implies some interesting
phenomenological signatures, which we will discuss further in sections and

We now turn to a more systematic analysis of the way in which the MSSM soft terms arise.

6.6 Planck-scale-mediated supersymmetry breaking models

Consider the class of models defined by the feature that the spontaneous supersymmetry-breaking
sector connects with our MSSM only (or dominantly) through gravitational-strength interactions [I33]
134]. This means that the supergravity effective Lagrangian contains non-renormalizable terms that
communicate between the two sectors and are suppressed by powers of the Planck mass Mp. These
will include

1 1 1 .. 1 ..
- ___—_F(Z a)\a)\a - gk s =g ; ) .
LNR Mp (2f +6y ¢¢J¢k+2ﬂ ¢¢] +c.c
1 ERX) *j
__1% FF* ki (6.35)

where F' is the auxiliary field for a chiral supermultiplet in the hidden sector, and ¢; and A\* are
the scalar and gaugino fields in the MSSM, and f¢, vy"“*, and k‘; are dimensionless constants. By
themselves, the terms in eq. (G30]) are not supersymmetric, but it is possible to show that they are
part of a non-renormalizable supersymmetric Lagrangian (see Appendix) that contains other terms that
we may ignore. Now if one assumes that /{F) ~ 10'° or 10!! GeV, then Lyg will give us nothing other
than a Lagrangian of the form Ly in eq. ), with MSSM soft terms of order mgg ~ (F)/Mp = a
few hundred GeV.

Note that couplings of the form Lpaybe sot in eq. ([E2) do not arise from eq. ([B30). They actually
are expected to occur, but the largest term from which they could come is:

1

L= Vi

FF*xgkqﬁ*iqﬁj(bk + c.c., (6.36)

so in this model framework they are of order (F)2/M3 ~ m2. ;. /Mp, and therefore negligible.

The parameters f,, k;, y"7% and 1'% in Lxg are to be determined by the underlying theory. This is a
difficult enterprise in general, but a dramatic simplification occurs if one assumes a “minimal” form for
the normalization of kinetic terms and gauge interactions in the full, non-renormalizable supergravity
Lagrangian (see Appendix). In that case, there is a common f, = f for the three gauginos; k; = ké; is
the same for all scalars; and the other couplings are proportional to the corresponding superpotential
parameters, so that y'7* = ay"* and ¢/ = Bu" with universal dimensionless constants a and 3. Then

the soft terms in Eé\ngtSM are all determined by just four parameters:
(F) 2 _ KB (F) (F)
= _ = k A = -_— B = . .
m1/2 fMP7 mg M}Q) ) aMP ) 0 5MP (6 37)
In terms of these, the parameters appearing in eq. (EI2) are:
M3 = My = M = mi/2, (6.38)
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sz =m2 = m% —mf =mZ=m21, my, = m%]d = mg, (6.39)
ay = Aoyu,  aa=Aoyd, e = Ao¥e (6.40)
b= BQ/L, (6.41)

at a renormalization scale ) ~ Mp. It is a matter of some controversy whether the assumptions going
into this parameterization are well-motivated on purely theoretical grounds,’ but from a phenomeno-
logical perspective they are clearly very nice. This framework successfully evades the most dangerous
types of flavor changing and CP violation as discussed in section B4l In particular, eqs. (B39) and
(EA0) are just stronger versions of eqs. (BI8) and (BI9), respectively. If my /9, Ag and By all have the
same complex phase, then eq. (B20) will also be satisfied.

Equations (G38)-(@EZ1) also have the virtue of being highly predictive. [Of course, eq. ([EZ)) is
content-free unless one can relate By to the other parameters in some non-trivial way.] As discussed in
sections and 4] and B3, they should be applied as RG boundary conditions at the scale Mp. The RG
evolution of the soft parameters down to the electroweak scale will then allow us to predict the entire
MSSM spectrum in terms of just five parameters m; s, m2, Ao, By, and g (plus the already-measured
gauge and Yukawa couplings of the MSSM). A popular approximation is to start this RG running from
the unification scale My ~ 2 x 106 GeV instead of Mp. The reason for this is more practical than
principled; the apparent unification of gauge couplings gives us a strong hint that we know something
about how the RG equations behave up to My, but unfortunately gives us little guidance about what
to expect at scales between My and Mp. The errors made in neglecting these effects are proportional
to a loop suppression factor times In(Mp/My). These corrections hopefully can be partly absorbed
into a redefinition of m3, m; /2, Ao and By at My, but in many cases can lead to other important
effects [I35]. The framework described in the above few paragraphs has been the subject of the bulk
of phenomenological studies of supersymmetry. It is sometimes referred to as the minimal supergravity
(MSUGRA) or supergravity-inspired scenario for the soft terms. A few examples of the many useful
numerical RG studies of the MSSM spectrum that have been performed in this framework can be found
in ref. [136].

Particular models of gravity-mediated supersymmetry breaking can be even more predictive, relat-
ing some of the parameters m; s, m3, Ag and By to each other and to the mass of the gravitino mg /2-
For example, three popular kinds of models for the soft terms are:

e Dilaton-dominated: [[37] m3 = mg/z, myy = —Ag = \/§m3/2.
e Polonyi: [[38] mi = mg/z, Ap=(3— \/g)mg/g, my /o = O(mg)s).
e “No-scale”: [[39] my/p > mq, Ao, M3/

Dilaton domination arises in a particular limit of superstring theory. While it appears to be highly
predictive, it can easily be generalized in other limits [I40]. The Polonyi model has the advantage of
being the simplest possible model for supersymmetry breaking in the hidden sector, but it is rather
ad hoc and does not seem to have a special place in grander schemes like superstrings. The “no-
scale” limit may appear in a low-energy limit of superstrings in which the gravitino mass scale is
undetermined at tree-level (hence the name). It implies that the gaugino masses dominate over other
sources of supersymmetry breaking near Mp. As we saw in section B3, RG evolution feeds m; /5 into
the squark, slepton, and Higgs squared-mass parameters with sufficient magnitude to give acceptable
phenomenology at the electroweak scale. More recent versions of the no-scale scenario, however, also
can give significant Ag and m3 at Mp. In many cases By can also be predicted in terms of the other
parameters, but this is quite sensitive to model assumptions. For phenomenological studies, my o,

TThe familiar flavor blindness of gravity expressed in Einstein’s equivalence principle does not, by itself, tell us anything
about the form of eq. (E3H), and in particular need not imply egs. ([E38)-EZ0). (See Appendix.)
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m%, Ap and By are usually just taken to be imperfect but convenient independent parameters of our
ignorance of the supersymmetry breaking mechanism.

6.7 Gauge-mediated supersymmetry breaking models

In gauge-mediated supersymmetry breaking (GMSB) models [T41], [T42], the ordinary gauge interactions,
rather than gravity, are responsible for the appearance of soft supersymmetry breaking in the MSSM.
The basic idea is to introduce some new chiral supermultiplets, called messengers, that couple to the
ultimate source of supersymmetry breaking, and also couple indirectly to the (s)quarks and (s)leptons
and Higgs(inos) of the MSSM through the ordinary SU(3)c x SU(2);, x U(1)y gauge boson and
gaugino interactions. There is still gravitational communication between the MSSM and the source
of supersymmetry breaking, of course, but that effect is now relatively unimportant compared to the
gauge interaction effects.

In contrast to Planck-scale mediation, GMSB can be understood entirely in terms of loop effects in
a renormalizable framework. In the simplest such model, the messenger fields are a set of left-handed
chiral supermultiplets g, g, ¢, ¢ transforming under SU(3)c x SU(2)r x U(1)y as

_ 1 1 - 1

1)7 GN(-?D,]_,—), EN(1727_)7 0~ (1727_

. . : ). (6.42)

q~ (37 17 -
These supermultiplets contain messenger quarks 14,7 and scalar quarks ¢,q and messenger leptons
thy, 1y and scalar leptons £, £. All of these particles must get very large masses so as not to have been
discovered already. Assume they do so by coupling to a gauge-singlet chiral supermultiplet S through
a superpotential:

Wmcss = y2S€Z + y35qq- (643)

The scalar component of S and its auxiliary (F-term) component are each supposed to acquire VEVs,
denoted (S) and (Fs) respectively. This can be accomplished either by putting S into an O’Raifear-
taigh-type model [I41], or by a dynamical mechanism [142]. Exactly how this happens is an interesting
and important question, without a clear answer at present. Here, we will simply parameterize our
ignorance of the precise mechanism of supersymmetry breaking by asserting that S participates in
another part of the superpotential, call it Wireaking, Which provides for the necessary spontaneous
breaking of supersymmetry.

Let us now consider the mass spectrum of the messenger fermions and bosons. The fermionic
messenger fields pair up to get mass terms:

L = —y2(S)heby — y3(S)bgrbg + c.c. (6.44)

as in eq. ([BB1). Meanwhile, their scalar messenger partners £, and ¢,7 have a scalar potential given
by (neglecting D-term contributions, which do not affect the following discussion):

2 2 2

5 2

é”mess I{r I{r 6 15
mess breakin .

4

5Wmess
dq

0Winess
0q

2
5Wmess
- |

ol

.

.

-

as in eq. (B00). Now, suppose that, at the minimum of the potential,

() # 0, (6.46)
<5Wbreaking/5s> = —<F§> ?é 0, (647)
(0Winess/0S) = 0. (6.48)

o7



Figure 6.3: Contributions to the MSSM gaugino masses §7 f/f/, g Il‘ ‘\\
in gauge-mediated supersymmetry breaking models come
from one-loop graphs involving virtual messenger parti- \ /
cles.

(S)

Replacing S and Fs by their VEVs, one finds quadratic mass terms in the potential for the messenger
scalar leptons:

Vo= AP+ 107) + lys(S) P(lal? + [al?)
— (92{ )00 + ys(Fs)qg + c.c.)
+ quartic terms. (6.49)

The first line in eq. (E49) represents supersymmetric mass terms that go along with eq. (G44), while
the second line consists of soft supersymmetry-breaking masses. The complex scalar messengers ¢, ¢
thus obtain a squared-mass matrix equal to:

2 (S)P —y5(F%)
<—y2<Fs> \y§<5>sy2) (6.50)

with squared mass eigenvalues |y2(S)|? + |y2(Fs)|. In just the same way, the scalars ¢,q get squared
masses |y (S)? % |ys(F)!.

So far, we have found that the effect of supersymmetry breaking is to split each messenger super-
multiplet pair apart:

E’Z : m%ermions = |y2<5>|2 ? mgcalars = |y2<S>|2 :l: |y2<FS>| ? (651)
q?ﬁ : m%ermions = |y3<5>|2 Y mgcalars = |y3<s>|2 :l: |y3<FS>| * (652)

The supersymmetry violation apparent in this messenger spectrum for (Fg) # 0 is communicated to
the MSSM sparticles through radiative corrections. The MSSM gauginos obtain masses from the 1-loop
Feynman diagram shown in Figure The scalar and fermion lines in the loop are messenger fields.
Recall that the interaction vertices in Figure B3 are of gauge coupling strength even though they do not
involve gauge bosons; compare Figure B3g. In this way, gauge-mediation provides that ¢, ¢ messenger
loops give masses to the gluino and the bino, and ¢,/ messenger loops give masses to the wino and
bino fields. Computing the 1-loop diagrams, one finds [I42] that the resulting MSSM gaugino masses
are given by

Qq

M, = —
47

A, (a=1,2,3), (6.53)
in the normalization for «, discussed in section .4l where we have introduced a mass parameter
A = (Fs)/(S). (6.54)

(Note that if (Fg) were 0, then A = 0 and the messenger scalars would be degenerate with their
fermionic superpartners and there would be no contribution to the MSSM gaugino masses.) In contrast,
the corresponding MSSM gauge bosons cannot get a corresponding mass shift, since they are protected
by gauge invariance. So supersymmetry breaking has been successfully communicated to the MSSM
(“visible sector”). To a good approximation, eq. (23] holds for the running gaugino masses at an RG
scale Qg corresponding to the average characteristic mass of the heavy messenger particles, roughly of
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Figure 6.4: MSSM scalar squared masses in gauge-mediated supersymmetry breaking models arise in
leading order from these two-loop Feynman graphs. The heavy dashed lines are messenger scalars, the
solid lines are messenger fermions, the wavy lines are ordinary Standard Model gauge bosons, and the
solid lines with wavy lines superimposed are the MSSM gauginos.

order Myess ~ y1(S) for I = 2,3. The running mass parameters can then be RG-evolved down to the
electroweak scale to predict the physical masses to be measured by future experiments.

The scalars of the MSSM do not get any radiative corrections to their masses at one-loop order.
The leading contribution to their masses comes from the two-loop graphs shown in Figure B4 with
the messenger fermions (heavy solid lines) and messenger scalars (heavy dashed lines) and ordinary
gauge bosons and gauginos running around the loops. By computing these graphs, one finds that each
MSSM scalar ¢; gets a squared mass given by:

m2, = 242 [(%’;)2@(1') + (%)202(2‘) + (%)201(1')] , (6.55)

with the quadratic Casimir invariants C, (i) as in eqs. (B21)-(B30). The squared masses in eq. (G53)
are positive (fortunately!).

The terms ay, a4, ae arise first at two-loop order, and are suppressed by an extra factor of «, /47
compared to the gaugino masses. So, to a very good approximation one has, at the messenger scale,

ay =ag =ae =0, (6.56)

a significantly stronger condition than eq. (BI9). Again, eqgs. ([E50) and (E26) should be applied at
an RG scale equal to the average mass of the messenger fields running in the loops. However, evolving
the RG equations down to the electroweak scale generates non-zero ay, a4, and ae proportional to the
corresponding Yukawa matrices and the non-zero gaugino masses, as indicated in section These
will only be large for the third-family squarks and sleptons, in the approximation of eq. (&2). The
parameter b may also be taken to vanish near the messenger scale, but this is quite model-dependent,
and in any case b will be non-zero when it is RG-evolved to the electroweak scale. In practice, b can be
fixed in terms of the other parameters by the requirement of correct electroweak symmetry breaking,
as discussed below in section [l

Because the gaugino masses arise at one-loop order and the scalar squared-mass contributions
appear at two-loop order, both eq. (E23]) and (E53]) correspond to the estimate eq. (2Z1) for mgof, with
Mmess ~ y1(S). Equations (E53) and (E53) hold in the limit of small (Fs)/y;(S)?, corresponding to
mass splittings within each messenger supermultiplet that are small compared to the overall messenger
mass scale. The sub-leading corrections in an expansion in (Fs)/y;(S)? turn out [I43] to be quite small
unless there are very large messenger mass splittings.

The model we have described so far is often called the minimal model of gauge-mediated supersym-
metry breaking. Let us now generalize it to a more complicated messenger sector. Suppose that ¢,q
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and ¢, ¢ are replaced by a collection of messengers ®;, ®; with a superpotential

Whess = Zylsq)l$l- (657)
I

The bar is used to indicate that the left-handed chiral superfields ®; transform as the complex conjugate
representations of the left-handed chiral superfields ®;. Together they are said to form a “vector-like”
(real) representation of the Standard Model gauge group. As before, the fermionic components of each
pair ®; and ®; pair up to get squared masses |y;(S)|> and their scalar partners mix to get squared
masses |y7(S)|? % |y;(Fs)|. The MSSM gaugino mass parameters induced are now

M, = ﬁAZJ:na(I) (a=1,2,3) (6.58)

where n,(I) is the Dynkin index for each ®;+®;, in a normalization where n3 = 1 for a 3+3 of SU(3)¢
and ng = 1 for a pair of doublets of SU(2)r. For U(1)y, one has n; = 6Y2/5 for each messenger pair
with weak hypercharges Y. In computing n; one must remember to add up the contributions for each
component of an SU(3)¢ or SU(2)z multiplet. So, for example, (n1,ne,ng) = (2/5,0,1) for ¢ + g and
(n1,m2,n3) = (3/5,1,0) for £+ £. Thus the total is 3_;(n1,n2,n3) = (1,1,1) for the minimal model, so
that eq. (E58) is in agreement with eq. (E53)). On general group-theoretic grounds, ny and nz must
be integers, and nq is always an integer multiple of 1/5 if fractional electric charges are confined.
The MSSM scalar masses in this generalized gauge mediation framework are now:

m?, = 20 [(%’;)203(2');713(1) + <%)2C’2(i)2n2(1) + (%)201(2');7@1(1)1 (6.59)

1

In writing eqs. (E58) and (ERJ) as simple sums, we have implicitly assumed that the messengers are
all approximately equal in mass, with

Miness ~ y[<5> (660)

Equation (09) is still not a bad approximation if the y; are not very different from each other, because
the dependence of the MSSM mass spectrum on the y; is only logarithmic (due to RG running) for fixed
A. However, if large hierarchies in the messenger masses are present, then the additive contributions
to the gaugino masses and scalar squared masses from each individual messenger multiplet I should
really instead be incorporated at the mass scale of that messenger multiplet. Then RG evolution is
used to run these various contributions down to the electroweak or TeV scale; the individual messenger
contributions to scalar and gaugino masses as indicated above can be thought of as threshold corrections
to this RG running.

Messengers with masses far below the GUT scale will affect the running of gauge couplings and
might therefore be expected to ruin the apparent unification shown in Figure However, if the
messengers come in complete multiplets of the SU(5) global symmetry! that contains the Standard
Model gauge group, and are not very different in mass, then approximate unification of gauge couplings
will still occur when they are extrapolated up to the same scale My (but with a larger unified value
for the gauge couplings at that scale). For this reason, a popular class of models is obtained by taking
the messengers to consist of Nj copies of the 5+ 5 of SU(5), resulting in

I I I

TThis SU(5) may or may not be promoted to a local gauge symmetry at the GUT scale. For our present purposes,
it is used only as a classification scheme, since the global SU(5) symmetry is only approximate in the effective theory at
the (much lower) messenger mass scale where gauge mediation takes place.
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Figure 6.5: The separation of the supersymmetry-
breaking sector from the MSSM sector could take
place along a hidden spatial dimension, as in the
simple example shown here. The branes are 4-
dimensional parallel spacetime hypersurfaces in a 5-
dimensional spacetime.

“the bulk”

MSSM brane Hidden brane

(we live here) (F)#0
Equations (GE8) and (GEJ) then reduce to

Qg
M, = 22AN;, 62
dr P (6.62)

3 a2
2 2 . a

oINS ) () 6.63
e ° az::l (@) (47T> (6.63)

since now there are N5 copies of the minimal messenger sector particles running around the loops. For
example, the minimal model in eq. (E42) corresponds to N5 = 1. A single copy of 10 + 10 of SU(5)
has Dynkin indices >_; nq(I) = 3, and so can be substituted for 3 copies of 5+ 5. (Other combinations
of messenger multiplets can also preserve the apparent unification of gauge couplings.) Note that the
gaugino masses scale like N5, while the scalar masses scale like v/N5. This means that sleptons and
squarks will tend to be lighter relative to the gauginos for larger values of Ny in non-minimal models.
However, if N5 is too large, then the running gauge couplings will diverge before they can unify at My .
For messenger masses of order 106 GeV or less, for example, one needs Ny < 4.

There are many other possible generalizations of the basic gauge-mediation scenario as described
above. An important general expectation in these models is that the strongly interacting sparticles
(squarks, gluino) should be heavier than weakly interacting sparticles (sleptons, bino, winos), simply
because of the hierarchy of gauge couplings ag > ao > 1. The common feature that makes all of these
models attractive is that the masses of the squarks and sleptons depend only on their gauge quantum
numbers, leading automatically to the degeneracy of squark and slepton masses needed for suppression
of flavor-changing effects. But the most distinctive phenomenological prediction of gauge-mediated
models may be the fact that the gravitino is the LSP. This can have crucial consequences for both
cosmology and collider physics, as we will discuss further in sections and @

6.8 Extra-dimensional and anomaly-mediated supersymmetry breaking

It is also possible to take the partitioning of the MSSM and supersymmetry breaking sectors shown
in fig. seriously as geography. This can be accomplished by assuming that there are extra spatial
dimensions of the Kaluza-Klein or warped type [144], so that a physical distance separates the visible
and hidden' sectors. This general idea opens up numerous possibilities, which are hard to classify in a
detailed way. For example, string theory suggests six such extra dimensions, with a staggeringly huge
number of possible solutions.

Many of the more recently popular models used to explore this extra-dimensional mediated su-
persymmetry breaking (the acronym XMSB is tempting) use just one single hidden extra dimen-
sion with the MSSM chiral supermultiplets confined to one 4-dimensional spacetime brane and the
supersymmetry-breaking sector confined to a parallel brane a distance Rs away, separated by a 5-
dimensional bulk, as in fig. B8 Using this as an illustration, the dangerous flavor-violating terms
proportional to 3% and k:; in eq. (B335 are suppressed by factors like e %55 where Rj is the size of

TThe name “sequestered” is often used instead of “hidden” in this context.
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the 5th dimension and M5 is the 5-dimensional fundamental (Planck) scale, and it is assumed that the
MSSM chiral supermultiplets are confined to their brane. Therefore, it should be enough to require
that RsMs > 1, in other words that the size of the 5th dimension (or, more generally, the volume
of the compactified space) is relatively large in units of the fundamental length scale. Thus the sup-
pression of flavor-violating effects does not require any fine-tuning or extreme hierarchies, because it is
exponential.

One possibility is that the gauge supermultiplets of the MSSM propagate in the bulk, and so mediate
supersymmetry breaking [I45]-[T48]. This mediation is direct for gauginos, with

(£)

M, ~ ———-,
M5(Rs5Ms)

(6.64)
but is loop-suppressed for the soft terms involving scalars. This implies that in the simplest version of
the idea, often called “gaugino mediation”, soft supersymmetry breaking is dominated by the gaugino
masses. The phenomenology is therefore quite similar to that of the “no-scale” boundary conditions
mentioned in subsection in the context of PMSB models. Scalar squared masses and the scalar
cubic couplings come from renormalization group running down to the electroweak scale. It is useful to
keep in mind that gaugino mass dominance is really the essential feature that defeats flavor violation,
so it may well turn out to be more robust than any particular model that provides it.

It is also possible that the gauge supermultiplet fields are also confined to the MSSM brane, so
that the transmission of supersymmetry breaking is due entirely to supergravity effects. This leads
to anomaly-mediated supersymmetry breaking (AMSB) [149], so-named because the resulting MSSM
soft terms can be understood in terms of the anomalous violation of a local superconformal invariance,
an extension of scale invariance. In one formulation of supergravity [130], Newton’s constant (or
equivalently, the Planck mass scale) is set by the VEV of a scalar field ¢ that is part of a non-
dynamical chiral supermultiplet (called the “conformal compensator”). As a gauge fixing, this field
obtains a VEV of (¢) = 1, spontaneously breaking the local superconformal invariance. Now, in
the presence of spontaneous supersymmetry breaking (F') # 0, for example on the hidden brane, the
auxiliary field component also obtains a non-zero VEV, with

(Fp) ~ % ~ M3g/3. (6.65)

The non-dynamical conformal compensator field ¢ is taken to be dimensionless, so that Fjy has dimen-
sions of [mass].

In the classical limit, there is still no supersymmetry breaking in the MSSM sector, due to the
exponential suppression provided by the extra dimensions.t However, there is an anomalous violation
of superconformal (scale) invariance manifested in the running of the couplings. This causes super-
symmetry breaking to show up in the MSSM by virtue of the non-zero beta functions and anomalous
dimensions of the MSSM brane couplings and fields. The resulting soft terms are [I49] (using Fy to
denote its VEV from now on):

M, = FyB4./9a; (6.66)
, 1 d ;, 1 oyt o’
LAV 22— = 2 A ) J
(m ),7 = B |F¢| dt’yj B |F¢| [ﬁga aga + (/Bykmn aykmn + C.C.) s (667)
a?% = —FyBun, (6.68)

. . 7/ . . .
where ‘the anoma10u§ dlmen510n§ v} are nf)rmahzed as in egs. (E26) and (E37)-EZ3). As in the GMSB
scenario of the previous subsection, gaugino masses arise at one-loop order, but scalar squared masses

fAMSB can also be realized without invoking extra dimensions. The suppression of flavor-violating MSSM soft terms
can instead be achieved using a strongly-coupled conformal field theory near an infrared-stable fixed point [I50].
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arise at two-loop order. Also, these results are approximately flavor-blind for the first two families,
because the non-trivial flavor structure derives only from the MSSM Yukawa couplings.

There are several unique features of the AMSB scenario. First, there is no need to specify at which
renormalization scale eqs. (E60)-([EEGR) should be applied as boundary conditions. This is because
they hold at every renormalization scale, exactly, to all orders in perturbation theory. In other words,
eqs. (G.60)-(E68]) are not just boundary conditions for the renormalization group equations of the soft
parameters, but solutions as well. (These AMSB renormalization group trajectories can also be found
from this renormalization group invariance property alone [I51], without reference to the supergravity
derivation.) In fact, even if there are heavy supermultiplets in the theory that have to be decoupled,
the boundary conditions hold both above and below the arbitrary decoupling scale. This remarkable
insensitivity to ultraviolet physics in AMSB ensures the absence of flavor violation in the low-energy
MSSM soft terms. Another interesting prediction is that the gravitino mass mg/, in these models is
actually much larger than the scale mg.g of the MSSM soft terms, since the latter are loop-suppressed
compared to eq. (GG0).

There is only one unknown parameter, Fy, among the MSSM soft terms in AMSB. Unfortunately,
this exemplary falsifiability is marred by the fact that it is already falsified. The dominant contributions
to the first-family squark and slepton squared masses are:

o _ sl g
m = gep (895 +.-.) (6.69)
Fsl> (3 4 99
mg, = —7(16;?2)2 <§g§+@gi‘) (6.70)
> ___|Fl* 198 ,
méR = — (167‘(‘2)2 2—591 (671)

The squarks have large positive squared masses, but the sleptons have negative squared masses, so
the AMSB model in its simplest form is not viable. These signs come directly from those of the
beta functions of the strong and electroweak gauge interactions, as can be seen from the right side of
eq. (657).

The characteristic ultraviolet insensitivity to physics at high mass scales also makes it somewhat
non-trivial to modify the theory to escape this tachyonic slepton problem by deviating from the AMSB
trajectory. There can be large deviations from AMSB provided by supergravity [152], but then in
general the flavor-blindness is also forfeit. One way to modify AMSB is to introduce additional su-
permultiplets that contain supersymmetry-breaking mass splittings that are large compared to their
average mass [I53]. Another way is to combine AMSB with gaugino mediation [I54]. Some other pro-
posals can be found in [I55]. Finally, there is a popular, if perhaps somewhat less motivated, approach
in which a common parameter m% is added to all of the scalar squared masses at some scale, and chosen
large enough to allow the sleptons to have positive squared masses above LEP bounds. This allows the
phenomenology to be studied in a framework conveniently parameterized by just:

Fy, m§, tan B, arg(u), (6.72)

with || and b determined by requiring correct electroweak symmetry breaking as described in the next
section. (Some sources use Mg/ or Maux to denote Fy.) The MSSM gaugino masses at the leading
non-trivial order are unaffected by the ad hoc addition of m3:

Fy 33 ,

1 1672 5 0 (6 73)
Fy o
Fy oo
= — .
M Tl (6.75)
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This implies that |Ma| < |M;]| < |Mjs|, so the lightest neutralino is actually mostly wino, with a
lightest chargmo that is only of order 200 MeV heavier, depending on the values of p and tan 5. The
decay C’l — Nynt produces a very soft pion, implying unique and difficult signatures in colliders
[T56] - [T60].

Another large general class of models breaks supersymmetry using the geometric or topological
properties of the extra dimensions. In the Scherk-Schwarz mechanism [I61], the symmetry is broken
by assuming different boundary conditions for the fermion and boson fields on the compactified space.
In supersymmetric models where the size of the extra dimension is parameterized by a modulus (a
massless or nearly massless excitation) called a radion, the F-term component of the radion chiral
supermultiplet can obtain a VEV, which becomes a source for supersymmetry breaking in the MSSM.
These two ideas turn out to be often related. Some of the variety of models proposed along these lines
can be found in [I62]. These mechanisms can also be combined with gaugino-mediation and AMSB. It
seems likely that the possibilities are not yet fully explored.

7 The mass spectrum of the MSSM

7.1 Electroweak symmetry breaking and the Higgs bosons

In the MSSM, the description of electroweak symmetry breaking is slightly complicated by the fact
that there are two complex Higgs doublets H, = (H, ', H?) and Hq = (HY, H}) rather than just one
in the ordinary Standard Model. The classical scalar potential for the Higgs scalar fields in the MSSM
is given by

Vo= (P +mE ) (HLP? + [H 1) + (uf* +mE, ) Hg? + |Hy )
+b(HSH; — HOHY) + c.c)]

F5(? ) HOP + HIP — P — [y P2 4+ S| B+ HOH P (1)
The terms proportional to |u|?> come from F-terms [see eq. (BH)]. The terms proportional to g2 and
g% are the D-term contributions, obtained from the general formula eq. (B277) after some rearranging.
Finally, the terms proportional to m%{u, m%{d and b are just a rewriting of the last three terms of
eq. (BEI2). The full scalar potential of the theory also includes many terms involving the squark and
slepton fields that we can ignore here, since they do not get VEVs because they have large positive
squared masses.

We now have to demand that the minimum of this potential should break electroweak symmetry
down to electromagnetism SU(2); x U(1l)y — U(1)gm, in accord with experiment. We can use the
freedom to make gauge transformations to simplify this analysis. First, the freedom to make SU(2)r,
gauge transformations allows us to rotate away a possible VEV for one of the weak isospin components
of one of the scalar fields, so without loss of generality we can take H; = 0 at the minimum of the
potential. Then one finds that a minimum of the potential satisfying OV/9H,” = 0 must also have
H; = 0. This is good, because it means that at the minimum of the potential electromagnetism
is necessarily unbroken, since the charged components of the Higgs scalars cannot get VEVs. After
setting H;f = H; = 0, we are left to consider the scalar potential

Vo= (lul+my ) HP + (| +mi,) | HIP — (b HYHY + c.c.)

1
+5 (g + ) ([H [ — [Hgl*)?. (7.2)

The only term in this potential that depends on the phases of the fields is the b-term. Therefore, a
redefinition of the phase of H, or H; can absorb any phase in b, so we can take b to be real and positive.
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Then it is clear that a minimum of the potential V requires that HJHY is also real and positive, so (H2)
and (H9) must have opposite phases. We can therefore use a U(1)y gauge transformation to make them
both be real and positive without loss of generality, since H, and Hg have opposite weak hypercharges
(£1/2). Tt follows that CP cannot be spontaneously broken by the Higgs scalar potential, since the
VEVs and b can be simultaneously chosen real, as a convention. This means that the Higgs scalar mass
eigenstates can be assigned well-defined eigenvalues of CP, at least at tree-level. (CP-violating phases
in other couplings can induce loop-suppressed CP violation in the Higgs sector, but do not change the
fact that b, (HO), and (Hy) can always be chosen real and positive.)

In order for the MSSM scalar potential to be viable, we must first make sure that the potential is
bounded from below for arbitrarily large values of the scalar fields, so that V' will really have a minimum.
(Recall from the discussion in sections and B4l that scalar potentials in purely supersymmetric
theories are automatically non-negative and so clearly bounded from below. But, now that we have
introduced supersymmetry breaking, we must be careful.) The scalar quartic interactions in V' will
stabilize the potential for almost all arbitrarily large values of H? and Hg. However, for the special
directions in field space |H)| = |HY|, the quartic contributions to V [the second line in eq. ([ZZ)] are
identically zero. Such directions in field space are called D-flat directions, because along them the part
of the scalar potential coming from D-terms vanishes. In order for the potential to be bounded from
below, we need the quadratic part of the scalar potential to be positive along the D-flat directions.
This requirement amounts to

2b < 2ul* + miy, +mi,. (7.3)

Note that the b-term always favors electroweak symmetry breaking. Requiring that one linear
combination of H? and Hg has a negative squared mass near H) = HJ = 0 gives

0% > (|uf® +mip, ) (|l +mi,). (7.4)

If this inequality is not satisfied, then H) = H} = 0 will be a stable minimum of the potential (or there
will be no stable minimum at all), and electroweak symmetry breaking will not occur.

Interestingly, if m, = m%{d then the constraints eqs. ([(L3) and ([ZZ]) cannot both be satisfied. In
models derived from the minimal supergravity or gauge-mediated boundary conditions, m%{u = m%{d is
supposed to hold at tree level at the input scale, but the X; contribution to the RG equation for m%{u
[eq. (E6T))] naturally pushes it to negative or small values m%]u < m%]d at the electroweak scale. Unless
this effect is significant, the parameter space in which the electroweak symmetry is broken would
be quite small. So in these models electroweak symmetry breaking is actually driven by quantum
corrections; this mechanism is therefore known as radiative electroweak symmetry breaking. Note that
although a negative value for |u|? + m%Iu will help eq. ([Z4]) to be satisfied, it is not strictly necessary.
Furthermore, even if quu < 0, there may be no electroweak symmetry breaking if |u| is too large or if
b is too small. Still, the large negative contributions to m%{u from the RG equation are an important
factor in ensuring that electroweak symmetry breaking can occur in models with simple boundary
conditions for the soft terms. The realization that this works most naturally with a large top-quark
Yukawa coupling provides additional motivation for these models [163] [134].

Having established the conditions necessary for HY and Hg to get non-zero VEVs, we can now
require that they are compatible with the observed phenomenology of electroweak symmetry breaking,
SU2) xU(1)y — U(1)gm. Let us write

va = (Hy), va = (Hg). (7.5)
These VEVs are related to the known mass of the Z° boson and the electroweak gauge couplings:

v2 403 =v? =2m% /(g% + ¢'*) ~ (174 GeV)>. (7.6)
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The ratio of the VEVs is traditionally written as
tan 3 = vy, /vg. (7.7)

The value of tan 3 is not fixed by present experiments, but it depends on the Lagrangian parameters
of the MSSM in a calculable way. Since v, = vsin 3 and vy = v cos 3 were taken to be real and positive
by convention, we have 0 < 3 < m/2, a requirement that will be sharpened below. Now one can write
down the conditions 9V/OHY = 0V/OH] = 0 under which the potential eq. (ZZ) will have a minimum

satisfying eqs. ([LZ0) and ([Z7):

my, + |ul* — beot B — (m%/2) cos(28) = 0, (7.8)
m¥, + |ul? — btan 8+ (m%/2) cos(28) = 0. (7.9)

It is easy to check that these equations indeed satisfy the necessary conditions eqs. ([C3)) and ([ZFI).
They allow us to eliminate two of the Lagrangian parameters b and |u| in favor of tan (3, but do not
determine the phase of u. Taking |u|?, b, m%,u and m%{d as input parameters, and m2Z and tan 3 as
output parameters obtained by solving these two equations, one obtains:

2b
sin(2 = , 7.10
2 2
miy, —m
m3 = M —my, — m%{d —2|u? (7.11)
1 — sin?(2p)

(Note that sin(20) is always positive. If m%{u < m%{d, as is usually assumed, then cos(2(3) is negative;
otherwise it is positive.)

As an aside, egs. (LI0) and ([ZII) highlight the “u problem” already mentioned in section Bl
Without miraculous cancellations, all of the input parameters ought to be within an order of magnitude
or two of m2Z However, in the MSSM, p is a supersymmetry-respecting parameter appearing in
the superpotential, while b, m%,u, m%{d are supersymmetry-breaking parameters. This has lead to a
widespread belief that the MSSM must be extended at very high energies to include a mechanism that
relates the effective value of y to the supersymmetry-breaking mechanism in some way; see section
and refs. [57]-[59] for examples.

Even if the value of p is set by soft supersymmetry breaking, the cancellation needed by eq. ([ZIIl)
is often remarkable when evaluated in specific model frameworks, after constraints from direct searches
for the Higgs bosons and superpartners are taken into account. For example, expanding for large tan (3,

eq. (CII) becomes

m% = —2(m¥, + |ul?) + m¥, —mi,) + O(1/ tan" B). (7.12)

tan? (3 (
Typical viable solutions for the MSSM have —m%{u and |u|? each much larger than mQZ, so that signif-
icant cancellation is needed. In particular, large top squark squared masses, needed to avoid having
the Higgs boson mass turn out too small [see eq. (20 below| compared to the direct search limits
from LEP, will feed into m%Iu. The cancellation needed in the minimal model may therefore be at the
several per cent level. It is impossible to objectively characterize whether this should be considered
worrisome, but it could be taken as a weak hint in favor of non-minimal models.

The discussion above is based on the tree-level potential, and involves running renormalized La-
grangian parameters, which depend on the choice of renormalization scale. In practice, one must
include radiative corrections at one-loop order, at least, in order to get numerically stable results. To
do this, one can compute the loop corrections AV to the effective potential Veg(vy,vq) =V + AV as a
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function of the VEVs. The impact of this is that the equations governing the VEVs of the full effective
potential are obtained by simply replacing

2 o 1 O(AV) 2 2 1 0(AV)

1
M, T, 2, Ovy My = M H, 2uq Ovg (7.13)

in egs. (ILR)-([ZI), treating v, and vy as real variables in the differentiation. The result for AV has now
been obtained through two-loop order in the MSSM [164]. The most important corrections come from
the one-loop diagrams involving the top squarks and top quark, and experience shows that the validity
of the tree-level approximation and the convergence of perturbation theory are therefore improved by
choosing a renormalization scale roughly of order the average of the top squark masses.

The Higgs scalar fields in the MSSM consist of two complex SU(2)r-doublet, or eight real, scalar
degrees of freedom. When the electroweak symmetry is broken, three of them are the would-be Nambu-
Goldstone bosons GY, G*, which become the longitudinal modes of the Z° and W+ massive vector
bosons. The remaining five Higgs scalar mass eigenstates consist of two CP-even neutral scalars h°
and H, one CP-odd neutral scalar A, and a charge +1 scalar H* and its conjugate charge —1 scalar
H~. (Here we define G~ = G™ and H~ = H'*. Also, by convention, h° is lighter than H".) The
gauge-eigenstate fields can be expressed in terms of the mass eigenstate fields as:

(%) - (ZZ)*%Ra<Z%>+%RﬁO(%) (7.14)

H G*
(i) = 7o (iz+) (7.15)
where the orthogonal rotation matrices
R, = < cos & sma>’ (7.16)
—sina  cosa
[ sinfy  cosf _( sinfB4  cosfB+
Fgo = (—cosﬂo sinﬂo> ’ Rp, = <—COS/8:|: sinfy )’ (7.17)
are chosen so that the quadratic part of the potential has diagonal squared-masses:
L o9 o2, 1 o 02, 1 oo 02, 1 oo 02
V = gmho(h ) + §mHo(H ) + §mGo(G ) +§on(A )
+mie |G+ ma [H 2+ .. (7.18)

Then, provided that v, vy minimize the tree-level potential,’ one finds that 8y = S+ = 3, and méo =
méi =0, and

mho = 2b/sin(28) = 2[uf* +m3;, +mi, (7.19)

1 )
mquo = 5( ?40 + m2Z F \/(mio — m2Z)2 + 4m2Zm?40 81112(26)), (7.20)
mie = mio +miy. (7.21)

The mixing angle « is determined, at tree-level, by
sin2a M3 +mio tan 200 m2o + m% (7.22)
sin 23 2 ’ tan 23 2 |7 ’

2 2
M0 — Mo mio — my
It is often more useful to expand around VEVSs vy, vq that do not minimize the tree-level potential, for example to
minimize the loop-corrected effective potential instead. In that case, 3, 8o, and B+ are all slightly different.
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Figure 7.1: A contour map of the Higgs potential, for a typical case with tan 3 ~ —cota ~ 10.
The minimum of the potential is marked by 4+, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H?/ Hg ~ 10, correspond to the mass eigenstate A", while
the orthogonal steeper direction corresponds to the mass eigenstate HY.
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Figure 7.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to mio in the limit of heavy top squarks.

and is traditionally chosen to be negative; it follows that —7/2 < a < 0 (provided m 40 > mz). The
Feynman rules for couplings of the mass eigenstate Higgs scalars to the Standard Model quarks and
leptons and the electroweak vector bosons, as well as to the various sparticles, have been worked out
in detail in ref. [165, [166].

The masses of A%, H® and H* can in principle be arbitrarily large since they all grow with b/ sin(243).
In contrast, the mass of k" is bounded above. From eq. (2Z0), one finds at tree-level [T67]:

mpo < myg|cos(20)] (7.23)

This corresponds to a shallow direction in the scalar potential, along the direction (H? —wv,, Hg —vq) X
(cos a, — sin o). The existence of this shallow direction can be traced to the fact that the quartic Higgs
couplings are given by the square of the electroweak gauge couplings, via the D-term. A contour map
of the potential, for a typical case with tan 8 ~ — cot a ~ 10, is shown in figure [CTl If the tree-level
inequality (ZZ3]) were robust, the lightest Higgs boson of the MSSM would have been discovered at
LEP2. However, the tree-level formula for the squared mass of h° is subject to quantum corrections
that are relatively drastic. The largest such contributions typically come from top and stop loops, as
shown? in fig. In the simple limit of top squarks that have a small mixing in the gauge eigenstate
basis and with masses mg, mg, much greater than the top quark mass m;, one finds a large positive
one-loop radiative correction to eq. (Z20):

3
A(mi) = 2 cos?a y2m?In (m;l my, /m?) . (7.24)

This shows that mpo can exceed the LEP bounds.

In general, one-loop 1-particle-reducible tadpole diagrams should also be included. However, they just cancel against
tree-level tadpoles, and so both can be omitted, if the VEVs v, and vg are taken at the minimum of the loop-corrected
effective potential (see previous footnote).
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Figure 7.3: Integrating out the top quark and top squarks yields large positive contributions to the
quartic Higgs coupling in the low-energy effective theory, especially from these one-loop diagrams.

An alternative way to understand the size of the radiative correction to the h° mass is to consider
an effective theory in which the heavy top squarks and top quark have been integrated out. The quartic
Higgs couplings in the low-energy effective theory get large positive contributions from the the one-loop
diagrams of fig. This increases the steepness of the Higgs potential, and can be used to obtain the
same result for the enhanced h? mass.

An interesting case, often referred to as the “decoupling limit”, occurs when m 40 > myz. Then
myo can saturate the upper bounds just mentioned, with mio ~ m2Z cos?(23)+ loop corrections. The
particles A%, H°, and H* will be much heavier and nearly degenerate, forming an isospin doublet that
decouples from sufficiently low-energy experiments. The angle « is very nearly 8 — /2, and h° has the
same couplings to quarks and leptons and electroweak gauge bosons as would the physical Higgs boson
of the ordinary Standard Model without supersymmetry. Indeed, model-building experiences have
shown that it is not uncommon for h° to behave in a way nearly indistinguishable from a Standard
Model-like Higgs boson, even if m 40 is not too huge. However, it should be kept in mind that the
couplings of h? might turn out to deviate significantly from those of a Standard Model Higgs boson.

Top-squark mixing (to be discussed in section [[]) can result in a further large positive contribution
to mio. At one-loop order, and working in the decoupling limit for simplicity, eq. (ZZ4]) generalizes to:

3
2 2 2 25 9 2 2 2.2(, 2 2 2 /2
myo = mi cos”(203) + 12 Sin B yi [mt In (mglmng/mt) + ¢isi(mg, —m; ) In(mg /m3 )

—i—cgs?{(mi — m%1)2 — %(m?2 — m?l) ln(mtg2 /mtgl)}/mf] (7.25)

Here c; and s; are the cosine and sine of a top squark mixing angle 6;, defined more specifically below
following eq. ([ZZI)). For fixed top-squark masses, the maximum possible h° mass occurs for rather
large top squark mixing, ¢Zs? = m;/ [mg2 + mtg1 — 2(7711%2 — m%l) / ln(m?2 / mtgl)] or 1/4, whichever is less.
It follows that the quantity in square brackets in eq. [CZH) is always less than m? [ln(mtg2 /m?) + 3].
The LEP constraints on the MSSM Higgs sector make the case of large top-squark mixing noteworthy.
Including these and other important corrections [I68]-[I77], one can obtain only a weaker, but still

very interesting, bound
mpo S 135 GeV (7.26)

in the MSSM. This assumes that all of the sparticles that can contribute to mio in loops have masses
that do not exceed 1 TeV. By adding extra supermultiplets to the MSSM, this bound can be made even
weaker. However, assuming that none of the MSSM sparticles have masses exceeding 1 TeV and that
all of the couplings in the theory remain perturbative up to the unification scale, one still has [I7§]

mpo < 150 GeV. (7.27)

This bound is also weakened if, for example, the top squarks are heavier than 1 TeV, but the upper
bound rises only logarithmically with the soft masses, as can be seen from eq. ([Z24]). Thus it is a fairly
robust prediction of supersymmetry at the electroweak scale that at least one of the Higgs scalar bosons
must be light. (However, if one is willing to extend the MSSM in a completely general way above the
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electroweak scale, none of these bounds need apply.) For a given set of model parameters, it is always
important to take into account the complete set of one-loop corrections and even the dominant two-loop
effects in order to get reasonably accurate predictions for the Higgs masses and mixings [168]-[I77].

In the MSSM, the masses and CKM mixing angles of the quarks and leptons are determined not
only by the Yukawa couplings of the superpotential but also the parameter tan 3. This is because the
top, charm and up quark mass matrix is proportional to v, = vsin 3 and the bottom, strange, and
down quarks and the charge leptons get masses proportional to vy = v cos 8. At tree-level,

my = yvsin B, my = ypv cos 3, m; = y,v cos f. (7.28)

These relations hold for the running masses rather than the physical pole masses, which are significantly
larger for ¢,b [I79]. Including those corrections, one can relate the Yukawa couplings to tan 8 and
the known fermion masses and CKM mixing angles. It is now clear why we have not neglected
and y,, even though my, m, < my. To a first approximation, y,/y; = (mp/my)tan § and y,/y; =
(m,/my) tan 3, so that y, and y, cannot be neglected if tan 4 is much larger than 1. In fact, there are
good theoretical motivations for considering models with large tan 5. For example, models based on
the GUT gauge group SO(10) can unify the running top, bottom and tau Yukawa couplings at the
unification scale; this requires tan 3 to be very roughly of order m;/m;, [180) [I&T].

Note that if one tries to make sin 8 too small, y; will be nonperturbatively large. Requiring that
y; does not blow up above the electroweak scale, one finds that tan 5 2 1.2 or so, depending on the
mass of the top quark, the QCD coupling, and other details. In principle, there is also a constraint on
cos 3 if one requires that y, and y, do not become nonperturbatively large. This gives a rough upper
bound of tan 8 < 65. However, this is complicated somewhat by the fact that the bottom quark mass
gets significant one-loop non-QCD corrections in the large tan 5 limit [I8T]. One can obtain a stronger
upper bound on tan 3 in some models where m%{u = m%{d at the input scale, by requiring that y; does
not significantly exceed y;. [Otherwise, X}, would be larger than X; in eqgs. (B61l) and (B62), so one
would expect m%{d < m%Iu at the electroweak scale, and the minimum of the potential would have
(H%) > (H?). This would be a contradiction with the supposition that tan 3 is large.] The parameter
tan 0 also directly impacts the masses and mixings of the MSSM sparticles, as we will see below.

7.2 Neutralinos and charginos

The higgsinos and electroweak gauginos mix with each other because of the effects of electroweak
symmetry breaking. The neutral higgsinos (H. and H3) and the neutral gauginos (B, W) combine
to form four mass eigenstates called neutralinos. The charged higgsinos (ﬁ[j and H 4 ) and winos (WJF
and W‘) mix to form two mass eigenstates with charge +1 called charginos. We will denote! the
neutralino and chargino mass eigenstates by N; (1=1,2,3,4) and ézi (i = 1,2). By convention, these

are labeled in ascending order, so that my, < mg, < mg < mg and mg < mg, - The lightest

neutralino, Nl, is usually assumed to be the LSP, unless there is a lighter gravitino or unless R-parity
is not conserved, because it is the only MSSM particle that can make a good dark matter candidate.
In this subsection, we will describe the mass spectrum and mixing of the neutralinos and charginos in
the MSSM.

In the gauge-eigenstate basis ¢¥° = (E , Wo, H 0. ﬁg), the neutralino mass part of the Lagrangian is

Lo oyr 0
Lpeutralino mass = _§(¢ )" Mgy~ +cc., (7.29)

fOther common notations use x© or Z; for neutralinos, and )Ngli or Wii for charginos.
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where

M, 0 —g'va/V2  gvu/V2
N 0 M, gua/V2  —gu,/V?2
N —dva/V2 gua/V2 0 —p
glvu/\/i _gvu/\/§ —H 0

The entries My and Ms in this matrix come directly from the MSSM soft Lagrangian [see eq. (B12)],
while the entries —p are the supersymmetric higgsino mass terms [see eq. (])]. The terms proportional
to g, ¢ are the result of Higgs-higgsino-gaugino couplings [see eq. (B772) and Figure B3, h], with the
Higgs scalars replaced by their VEVs [eqs. (Z6), ([Z7)]. This can also be written as

(7.30)

M1 0 —Cgswmz SgSw mz
M- —
Mﬁ _ 0 2 cgew my Sgew myz (7.31)
—Cg Sw Mz CgCw Mz 0 — U
sgswmyz  —Sgcwmg —u 0

Here we have introduced abbreviations sg = sin 3, ¢g = cos 3, sy = sinfy, and ¢y = cosfyy. The
mass matrix M5 can be diagonalized by a unitary matrix IN to obtain mass eigenstates:

N; = Ny, (7.32)
so that
mg 00 0
N*M;N"! = 8 mé% m(j% 8 (7.33)
0 0 0 mg

has real positive entries on the diagonal. These are the magnitudes of the eigenvalues of M & or

equivalently the square roots of the eigenvalues of M}ZM 5 The indices (i,4) on Njj are (mass, gauge)
eigenstate labels. The mass eigenvalues and the mixing matrix N;; can be given in closed form in
terms of the parameters M, Ms, p and tan 3, by solving quartic equations, but the results are very
complicated and not illuminating.

In general, the parameters Mi, My, and p in the equations above can have arbitrary complex
phases. A redefinition of the phases of B and W always allows us to choose a convention in which M;
and M, are both real and positive. The phase of p within that convention is then really a physical
parameter and cannot be rotated away. [We have already used up the freedom to redefine the phases
of the Higgs fields, since we have picked b and (H?) and (H3) to be real and positive, to guarantee
that the off-diagonal entries in eq. ([Z3]) proportional to my are real.] However, if u is not real, then
there can be potentially disastrous CP-violating effects in low-energy physics, including electric dipole
moments for both the electron and the neutron. Therefore, it is usual [although not strictly mandatory,
because of the possibility of nontrivial cancellations involving the phases of the (scalar)® couplings and
the gluino mass| to assume that p is real in the same set of phase conventions that make M, Ms, b,
(H?) and (HY) real and positive. The sign of p is still undetermined by this constraint.

In models that satisfy eq. (B249]), one has the nice prediction

5
M~ tan? Oy My ~ 0.50M; (7.34)

at the electroweak scale. If so, then the neutralino masses and mixing angles depend on only three
unknown parameters. This assumption is sufficiently theoretically compelling that it has been made
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in most phenomenological studies; nevertheless it should be recognized as an assumption, to be tested
someday by experiment.

There is a not-unlikely limit in which electroweak symmetry breaking effects can be viewed as a
small perturbation on the neutralino mass matrix. If

mz < |pt M, |p+ Mo, (7.35)

then the neutralino mass eigenstates are very nearly a “bino-like” Ny ~ E; a “wino-like” Ny ~ W/O;
and “higgsino-like” N3, Ny ~ (H) + HY)/+/2, with mass eigenvalues:

B m% sy, (M) + usin20)

mg = M 12— M2 (7.36)
9 .
_ miy (M + psin 2[3)

mg, = Mz — 12— M2 (7.37)

) . 2 2

mi (I —sin206)(u + Micyy + Masyy)

ms ,mys = + R 738
Ny TNy 1l 2(p+ M) (u+ Mo) ( )

2(T +sin283)(u — Myck, — Mys?
l + my (I + sin20)(p 16y 25iy) + ... (7.39)

2(p — My)(p — Ma)

where we have taken M; and M> real and positive by convention, and assumed p is real with sign
I = +1. The subscript labels of the mass eigenstates may need to be rearranged depending on the
numerical values of the parameters; in particular the above labeling of N; and Ny assumes M; <
My < |p|. This limit, leading to a bino-like neutralino LSP, often emerges from minimal supergravity
boundary conditions on the soft parameters, which tend to require it in order to get correct electroweak
symmetry breaking.

_The chargino spectrum can be analyzed in a similar way. In the gauge-eigenstate basis Pt =
W+, Hr, W—, H 7 ), the chargino mass terms in the Lagrangian are

L = —%(ﬂ)i)TM5¢i + c.c. (7.40)

chargino mass —

where, in 2 x 2 block form,

0 XT) , (7.41)

M5:(X0

with

M2 guy ) ( M2 \/585 mw )
X = = . 7.42
(gvd I V2ecgmw [ (7:42)

The mass eigenstates are related to the gauge eigenstates by two unitary 2x2 matrices U and V

according to
CHY (W Cr\ _ (W~
(). (@)-o(E)
Note that the mixing matrix for the positively charged left-handed fermions is different from that for
the negatively charged left-handed fermions. They are chosen so that
me, 0 > , (7.44)

0 mx~

U*XV~! = (
Ca
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with positive real entries my . Because these are only 2x2 matrices, it is not hard to solve for the
masses explicitly:

1 2 9 9
oM, §[|M2| + ] * + 2myy,

T (IMa]? + |f2 + 2m3, )2 — 4uMy — miy sin 26]2] (7.45)

These are the (doubly degenerate) eigenvalues of the 4 x 4 matrix M%Ma, or equivalently the eigen-

values of XX, since

m=

mZ 0
VXXV~ = U*XXUT = < 001 ) ) . (7.46)
Ca

(But, they are not the squares of the eigenvalues of X.) In the limit of eq. (Z33]) with real My and y,
the chargino mass eigenstates consist of a wino-like CljE and and a higgsino-like Czi, with masses

mi, (M + psin23)

me, = My - U (7.47)
2 .
miyy I (p + Masin 2[3)
maz = ‘,U‘ + qu — M22 (748)

Here again the labeling assumes My < ||, and I is the sign of . Amusingly, Cy is nearly degenerate
with the neutralino N in the approximation shown, but that is not an exact result. Their higgsino-like
colleagues N3, N4 and Cy have masses of order |ge|. The case of M; ~ 0.5M3 < |u| is not uncommonly
found in viable models following from the boundary conditions in section B, and it has been elevated
to the status of a benchmark framework in many phenomenological studies. However it cannot be
overemphasized that such expectations are not mandatory.

The Feynman rules involving neutralinos and charginos may be inferred in terms of N, U and V
from the MSSM Lagrangian as discussed above; they are collected in refs. [25], [I65]. In practice, the
masses and mixing angles for the neutralinos and charginos are best computed numerically. Note that
the discussion above yields the tree-level masses. Loop corrections to these masses can be significant,
and have been found systematically at one-loop order in ref. [I82].

7.3 The gluino

The gluino is a color octet fermion, so it cannot mix with any other particle in the MSSM, even if
R-parity is violated. In this regard, it is unique among all of the MSSM sparticles. In models with
minimal supergravity or gauge-mediated boundary conditions, the gluino mass parameter M3 is related
to the bino and wino mass parameters M; and My by eq. (49), so

M3 = % sin2 HW M2 = §% COS2 9W M1 (749)
« 5«
at any RG scale, up to small two-loop corrections. This implies a rough prediction
Mg : My : My ~6:2:1 (7.50)

near the TeV scale. It is therefore reasonable to suspect that the gluino is considerably heavier than the
lighter neutralinos and charginos (even in many models where the gaugino mass unification condition
is not imposed).

For more precise estimates, one must take into account the fact that Ms is really a running mass
parameter with an implicit dependence on the RG scale (). Because the gluino is a strongly interacting
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particle, M3 runs rather quickly with @ [see eq. (E4S))]. A more useful quantity physically is the RG
scale-independent mass mg at which the renormalized gluino propagator has a pole. Including one-loop
corrections to the gluino propagator due to gluon exchange and quark-squark loops, one finds that the
pole mass is given in terms of the running mass in the DR scheme by [T09]

mg = My(Q)(1+ 7215+ 6 In(Q/Ms) + 3~ Ag)) (7.51)
where
1
A; = /0 dxa;ln[a;mz/Mg +(1— x)mg/Mg —z(1 —x) — ie]. (7.52)

The sum in eq. ([Z5]) is over all 12 squark-quark supermultiplets, and we have neglected small effects
due to squark mixing. [As a check, requiring mj to be independent of @ in eq. (Z2]l) reproduces the
one-loop RG equation for M3(Q) in eq. (48).] The correction terms proportional to as in eq. (Z2I)
can be quite significant, because the gluino is strongly interacting, with a large group theory factor [the
15 in eq. ([[CR)] due to its color octet nature, and because it couples to all of the squark-quark pairs.
The leading two-loop corrections to the gluino pole mass have also been found [I83], and typically
increase the prediction by another 1 or 2%.

7.4 The squarks and sleptons

In principle, any scalars with the same electric charge, R-parity, and color quantum numbers can
mix with each other. This means that with completely arbitrary soft terms, the mass eigenstates of
the squarks and sleptons of the MSSM should be obtained by diagonalizing three 6 x 6 squared-mass
matrices for up-type squarks (%, ¢r, tr, Ug, Cr, tr), down-type squarks (JL, 5., br, dg, Sr, ER), and
charged sleptons (€, fir, Tz, €r, iR, TR), and one 3 x 3 matrix for sneutrinos (Ve, v, 7). Fortunately,
the general hypothesis of flavor-blind soft parameters egs. (I8) and ([EI9) predicts that most of these
mixing angles are very small. The third-family squarks and sleptons can have very different masses
compared to their first- and second-family counterparts, because of the effects of large Yukawa (y;,
Yb, Yr) and soft (as, ap, a;) couplings in the RG equations (BG3)-(6T). Furthermore, they can have
substantial mixing in pairs (fz, tg), (br, br) and (77, 7g). In contrast, the first- and second-family
squarks and sleptons have negligible Yukawa couplings, so they end up in 7 very nearly degenerate,
unmixed pairs (€r, fir), (Ve,Vu), (€r, 1), (Ur,¢r), (dr,Sr), (ur,cL), (dr,51). As we have already
discussed in section B4l this avoids the problem of disastrously large virtual sparticle contributions to
flavor-changing processes.

Let us first consider the spectrum of first- and second-family squarks and sleptons. In many models,
including both minimal supergravity [eq. (G3%)] and gauge-mediated [eq. ([E55])] boundary conditions,
their running squared masses can be conveniently parameterized, to a good approximation, as:

1

miy, = my, = mf+ K + Ky + 5. K1, (7.53)
4

m%l = m%z = m(2) + K3 + §K17 (7.54)
1

m2 =m2 = mj+ K3 + 5K, (7.55)
1

m2L1 - m%z = m(2) + Ko + ZKI, (7.56)

m2 =m2, = md + K. (7.57)

A key point is that the same K3, Ky and K; appear everywhere in eqs. (CA3)-([ZRD), since all of
the chiral supermultiplets couple to the same gauginos with the same gauge couplings. The different
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coefficients in front of K7 just correspond to the various values of weak hypercharge squared for each
scalar.

In minimal supergravity models, m3 is the same common scalar squared mass appearing in eq. ([G39).
It can be very small, as in the “no-scale” limit, but it could also be the dominant source of the scalar
masses. The contributions K3, Ko and K; are due to the RG running’ proportional to the gaugino
masses. Explicitly, they are found at one loop order by solving eq. (B56):

3/5 InQo
K@ =131 px o [Vt 0 MLOP (a=1.2.3) (7.58)
4/3 T

Here @ is the input RG scale at which the minimal supergravity boundary condition eq. (E39) is
applied, and @ should be taken to be evaluated near the squark and slepton mass under consideration,
presumably less than about 1 TeV. The running parameters g,(Q) and M,(Q) obey egs. (BZIl) and
(BZ9)). If the input scale is approximated by the apparent scale of gauge coupling unification @y =
My ~ 2 x 10'® GeV, one finds that numerically

K1 =015m3,,  Kom05miy, Kz~ (45t06.5)m7,. (7.59)

for @ near the electroweak scale. Here my /o is the common gaugino mass parameter at the unification
scale. Note that K3 > Ky > Kj; this is a direct consequence of the relative sizes of the gauge
couplings g3, g2, and g;. The large uncertainty in K3 is due in part to the experimental uncertainty in
the QCD coupling constant, and in part to the uncertainty in where to choose @), since K3 runs rather
quickly below 1 TeV. If the gauge couplings and gaugino masses are unified between My and Mp, as
would occur in a GUT model, then the effect of RG running for My < (Q < Mp can be absorbed into
a redefinition of m3. Otherwise, it adds a further uncertainty roughly proportional to In(Mp/My),
compared to the larger contributions in eq. (CA8]), which go roughly like In(My /1 TeV).

In gauge-mediated models, the same parameterization eqs. (C53)-[C57) holds, but m3 is always
0. At the input scale QQy, each MSSM scalar gets contributions to its squared mass that depend only
on its gauge interactions, as in eq. (E5H). It is not hard to see that in general these contribute in
exactly the same pattern as K, Ko, and K3 in eq. (C13)-[Z5Z). The subsequent evolution of the
scalar squared masses down to the electroweak scale again just yields more contributions to the K7,
K>, and K3 parameters. It is somewhat more difficult to give meaningful numerical estimates for these
parameters in gauge-mediated models than in the minimal supergravity models without knowing the
messenger mass scale(s) and the multiplicities of the messenger fields. However, in the gauge-mediated
case one quite generally expects that the numerical values of the ratios K3/Ks, K3/K; and Ko/K;
should be even larger than in eq. (Z2J). There are two reasons for this. First, the running squark
squared masses start off larger than slepton squared masses already at the input scale in gauge-mediated
models, rather than having a common value m(z). Furthermore, in the gauge-mediated case, the input
scale Q) is typically much lower than Mp or My, so that the RG evolution gives relatively more weight
to RG scales closer to the electroweak scale, where the hierarchies g3 > go > g1 and M3 > My > M,
are already in effect.

In general, one therefore expects that the squarks should be considerably heavier than the sleptons,
with the effect being more pronounced in gauge-mediated supersymmetry breaking models than in
minimal supergravity models. For any specific choice of model, this effect can be easily quantified
with a numerical RG computation. The hierarchy mgsquark > Mslepton tends to hold even in models
that do not fit neatly into any of the categories outlined in section [, because the RG contributions
to squark masses from the gluino are always present and usually quite large, since QCD has a larger
gauge coupling than the electroweak interactions.

fThe quantity S defined in eq. (BEXD) vanishes for both minimal supergravity and gauge-mediated boundary conditions,
and remains small under RG evolution.
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Regardless of the type of model, there is also a “hyperfine” splitting in the squark and slepton
mass spectrum produced by electroweak symmetry breaking. Each squark and slepton ¢ will get a
contribution Ay to its squared mass, coming from the SU(2)r and U(1)y D-term quartic interactions
[see the last term in eq. [BH)] of the form (squark)?(Higgs)? and (slepton)?(Higgs)?, when the neutral
Higgs scalars HO and Hg get VEVs. They are model-independent for a given value of tan 3:

Ay = (Tspg” — Yg™) (05 — i) = (Tsp — Qg sin® Ouy) cos(23) m3, (7.60)

where T34, Yy, and Qg4 are the third component of weak isospin, the weak hypercharge, and the
electric charge of the left handed chiral supermultiplet to which ¢ belongs. For example, Ag,
(3 — 2 sin? Gyy) cos(26) m% and Aj = (=3 + % sin? O) cos(28) m% and Ag,, = (3 sin® Oy ) cos(23) m%.
These D-term contributions are typically smaller than the m% and Ky, K5, K3 contributions, but
should not be neglected. They split apart the components of the SU(2)-doublet sleptons and squarks.

Including them, the first-family squark and slepton masses are now given by:

mi = m3+K3+K2+36K1+A (7.61)
ma, = my+ Kz + Kz + 36K1+AuL, (7.62)
m2, = mg+ K3 + %Kl + Adpg, (7.63)
m? = md+ K ;Kl A (7.64)
mZ, = my + Ko + %Kl + Ag,, (7.65)
mg = mg + Ko + %K1 + Ag, (7.66)
mg, = mp + K1 + A, (7.67)

with identical formulas for the second-family squarks and sleptons. The mass splittings for the left-
handed squarks and sleptons are governed by model-independent sum rules

mgL —m2 = m?zL - m2 = ¢>(v2 —v2)/2 = —cos(26) m¥y. (7.68)

In the allowed range tan 8 > 1, it follows that mgs, > m;, and m 4, > Mg, with the magnitude of the
splittings constrained by electroweak symmetry breaking.

Let us next consider the masses of the top squarks, for which there are several non-negligible
contributions. First, there are squared-mass terms for Z*LtNL and Z*RtNR that are just equal to még +Ag,
and m— + Adp,
contrlbutlons equal to m? for each of t LtL and t tr. These come from F-terms in the scalar potential
of the form y; HO*HOtLtL and nyO*HOthR (See Figures BE2b and B.2k), with the Higgs fields replaced
by their VEVs. (Of course, similar contributions are present for all of the squarks and sleptons, but
they are too small to worry about except in the case of the top squarks.) Third, there are contributions
to the scalar potential from F-terms of the form —p*y,ttH, % +c.c.; see eqs. (B8] and Figure 52k, These
become —p* vy, cos 8 fEfL +c.c. when H 0 is replaced by its VEV. Finally, there are contributions to the

respectively, just as for the first- and second-family squarks. Second, there are

scalar potential from the soft (scalar)? couplings atthH + c.c. [see the first term of the second line of
eq. (B12), and eq. (E50)], which become av sin Bt + c.c. when HY is replaced by its VEV. Putting
these all together, we have a squared-mass matrix for the top squarks, which in the gauge-eigenstate
basis (t1, tg) is given by

In—— lr,
Lstop masses = — ({1 k) m%’ (gR) (7.69)
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where

(7.70)

2 < mé?, +mi 4+ Ag, v(afsinf — py; cosﬁ))
t )

m: = -
v(agsin 8 — p*y; cos ) m2, +mi + Ay

This hermitian matrix can be diagonalized by a unitary matrix to give mass eigenstates:

(3= (5 =) (), )
tg S§ Cy t R
Here mtg1 < mi are the eigenvalues of eq. (LZ0), and |c;|*> + |s;|*> = 1. If the off-diagonal elements
of eq. (L) are real, then ¢; and s; are the cosine and sine of a stop mixing angle 6;, which can be
chosen in the range 0 < 6; < m. Because of the large RG effects proportional to X; in eq. (B63) and
eq. (64, at the electroweak scale one finds that m%3 < m% 4» and both of these quantities are usually
significantly smaller than the squark squared masses for the first two families. The diagonal terms m?
in eq. ([CZM) tend to mitigate this effect somewhat, but the off-diagonal entries will typically induce
a significant mixing, which always reduces the lighter top-squark squared-mass eigenvalue. Therefore,
models often predict that ¢; is the lightest squark of all, and that it is predominantly .

A very similar analysis can be performed for the bottom squarks and charged tau sleptons, which

in their respective gauge-eigenstate bases (EL, ER) and (7r, Tr) have squared-mass matrices:

2 méa + AJL v(aj cos B — pypsin 3)
my = ( B — p*yysin 3) 2 LA ; (7.72)
v(ap COS W Yp SIn m33 dn
2 . .
2 _ my, + Qe v(ak cos B — pyr smﬂ))
ik <v(aT cos 3 — p*y, sin ) m§3 + Agp : (7.73)

These can be diagonalized to give mass eigenstates 51,52 and 71, T2 in exact analogy with eq. ([CZ1]).
The magnitude and importance of mixing in the sbottom and stau sectors depends on how big
tan 3 is. If tan 3 is not too large (in practice, this usually means less than about 10 or so, depending
on the situation under study), the sbottoms and staus do not get a very large effect from the mixing
terms and the RG effects due to X; and X;, because yp,y, < y; from eq. ([L28). In that case the
mass eigenstates are very nearly the same as the gauge eigenstates by, br, 71, and 7g. The latter
three, and v, will be nearly degenerate with their first- and second-family counterparts with the same
SU(3)c x SU(2)r x U(1)y quantum numbers. However, even in the case of small tan (3, b, will feel the
effects of the large top Yukawa coupling because it is part of the doublet containing 7. In particular,
from eq. (B3] we see that X; acts to decrease még as it is RG-evolved down from the input scale to

the electroweak scale. Therefore the mass of by, can be significantly less than the masses of dy, and 3.
For larger values of tan /3, the mixing in eqs. (L12) and ([[CZ3) can be quite significant, because yp,
yr and ayp, a; are non-negligible. Just as in the case of the top squarks, the lighter sbottom and stau
mass eigenstates (denoted by and 71) can be significantly lighter than their first- and second-family
counterparts. Furthermore, v, can be significantly lighter than the nearly degenerate v, v,.

The requirement that the third-family squarks and sleptons should all have positive squared masses
implies limits on the magnitudes of a; sin 8—puy; cos 8 and a; cos f—pyp sin 3 and and a} cos f—py, sin 3.
If they are too large, then the smaller eigenvalue of eq. (LZ0), (C72) or ([ZZ3]) will be driven negative,
implying that a squark or charged slepton gets a VEV, breaking SU(3)¢c or electromagnetism. Since
this is clearly unacceptable, one can put bounds on the (scalar)® couplings, or equivalently on the
parameter Ag in minimal supergravity models. Even if all of the squared-mass eigenvalues are positive,
the presence of large (scalar)? couplings can yield global minima of the scalar potential, with non-zero
squark and/or charged slepton VEVs, which are disconnected from the vacuum that conserves SU(3)¢
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Names Spin | Pr | Gauge Figenstates | Mass Eigenstates
Higgs bosons | 0 | +1| H? HY H} H; RO HO A° H*
Uy g dr dg (same)
squarks 0 -1 SL SR CL CR (same)
tr tr br br t 1o by by
€L €R Ve (same)
sleptons 0 -1 AL R Uy (same)
TL TR Vr TL T2 Uy
neutralinos 1/2 | -1 BY WO ﬁg I;Tg N; Ny N3 N,
charginos 1/2 | -1 W+ Hf Hy CE Cf
gluino 1/2 | -1 g (same)
éfﬁggg) (?1,/3) —1 G (same)

Table 7.1: The undiscovered particles in the Minimal Supersymmetric Standard Model (with sfermion
mixing for the first two families assumed to be negligible).

and electromagnetism [I84]. However, it is not always immediately clear whether the mere existence
of such disconnected global minima should really disqualify a set of model parameters, because the
tunneling rate from our “good” vacuum to the “bad” vacua can easily be longer than the age of the
universe [I85].

7.5 Summary: the MSSM sparticle spectrum

In the MSSM there are 32 distinct masses corresponding to undiscovered particles, not including the
gravitino. In this section we have explained how the masses and mixing angles for these particles can
be computed, given an underlying model for the soft terms at some input scale. Assuming only that
the mixing of first- and second-family squarks and sleptons is negligible, the mass eigenstates of the
MSSM are listed in Table [T A complete set of Feynman rules for the interactions of these particles
with each other and with the Standard Model quarks, leptons, and gauge bosons can be found in
refs. [25], [165]. Specific models for the soft terms typically predict the masses and the mixing angles
angles for the MSSM in terms of far fewer parameters. For example, in the minimal supergravity
models, the only parameters not already measured by experiment are mZ, m; s2» Ao, p, and b. In
gauge-mediated supersymmetry breaking models, the free parameters include at least the scale A,
the typical messenger mass scale Mess, the integer number N5 of copies of the minimal messengers,
the goldstino decay constant (F'), and the Higgs mass parameters p and b. After RG evolving the soft
terms down to the electroweak scale, one can demand that the scalar potential gives correct electroweak
symmetry breaking. This allows us to trade |u| and b (or By) for one parameter tan (3, as in eqs. ([L3)-
([ZF)). So, to a reasonable approximation, the entire mass spectrum in minimal supergravity models is
determined by only five unknown parameters: m3, m; /2, Ao, tan 3, and Arg(p), while in the simplest
gauge-mediated supersymmetry breaking models one can pick parameters A, Myess, N5, (F), tan 3,
and Arg(u). Both frameworks are highly predictive. Of course, it is easy to imagine that the essential
physics of supersymmetry breaking is not captured by either of these two scenarios in their minimal
forms. For example, the anomaly mediated contributions could play a role, perhaps in concert with
the gauge-mediation or Planck-scale mediation mechanisms.
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Figure 7.4: RG evolution of scalar and gaugino mass parameters in the MSSM with typical minimal
supergravity-inspired boundary conditions imposed at Qg = 2.5 x 10'6 GeV. The parameter u? + m%{u
runs negative, provoking electroweak symmetry breaking.

Figure [C4] shows the RG running of scalar and gaugino masses in a typical model based on the
minimal supergravity boundary conditions imposed at Qg = 2.5 x 10'6 GeV. [The parameter values
used for this illustration were mo = 80 GeV, my,, = 250 GeV, Ag = —500 GeV, tan 3 = 10, and
sign()= +.] The running gaugino masses are solid lines labeled by My, Ms, and Ms3. The dot-dashed
lines labeled H, and H, are the running values of the quantities (u? + m%{u)l/ 2 and (p? + m%{d)l/ 2
which appear in the Higgs potential. The other lines are the running squark and slepton masses,

with dashed lines for the square roots of the third family parameters m%a, méB, m%g, mQLg, and m%B

(from top to bottom), and solid lines for the first and second family sfermions. Note that p? + m%{u
runs negative because of the effects of the large top Yukawa coupling as discussed above, providing for
electroweak symmetry breaking. At the electroweak scale, the values of the Lagrangian soft parameters
can be used to extract the physical masses, cross-sections, and decay widths of the particles, and other
observables such as dark matter abundances and rare process rates. There are a variety of publicly
available programs that do these tasks, including radiative corrections; see for example [I86]-[195], [I'C7].

Figure shows deliberately qualitative sketches of sample MSSM mass spectrum obtained from
three different types of models assumptions. The first is the output from a minimal supergravity-
inspired model with relatively low m% compared to m% /2 (in fact the same model parameters as used

for fig. [[4l). This model features a near-decoupling limit for the Higgs sector, and a bino-like Ny
LSP, nearly degenerate wino-like Ng,él, and higgsino-like Ng,ﬁ;l,ég. The gluino is the heaviest
superpartner. The squarks are all much heavier than the sleptons, and the lightest sfermion is a stau.
Variations in the model parameters have important and predictable effects. For example, taking larger
m2 in minimal supergravity models will tend to squeeze together the spectrum of squarks and sleptons
and move them all higher compared to the neutralinos, charginos and gluino. Taking larger values of
tan 0 with other model parameters held fixed will usually tend to lower by and 7; masses compared to
those of the other sparticles.

The second sample sketch in fig. [[His obtained from a typical minimal GMSB model, with boundary
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Figure 7.5: Three sample schematic mass spectra for the undiscovered particles in the MSSM, for (a)
minimal supergravity with m3 < m%/z, (b) minimal GMSB with N5 = 1, and (¢) AMSB with an extra
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conditions as in eq. (B2 [with N5 = 1, A = 150 TeV, tan3 = 15, and sign(u)= + at a scale
Qo = Mpess = 300 TeV for the illustration]. Here we see that the hierarchy between strongly interacting
sparticles and weakly interacting ones is quite large. Changing the messenger scale or A does not reduce
the relative splitting between squark and slepton masses, because there is no analog of the universal mg
contribution here. Increasing the number of messenger fields tends to decrease the squark and slepton
masses relative to the gaugino masses, but still keeps the hierarchy between squark and slepton masses
intact. In the model shown, the NLSP is a bino-like neutralino, but for larger number of messenger
fields it could be either a stau, or else co-NLSPs 7, €y, i1, depending on the choice of tan 3.

The third sample sketch in fig. is obtained from an AMSB model with an additional universal
scalar mass my = 450 TeV added at Qg = 2 x 10'6 GeV to rescue the sleptons, and with mg/y = 60
TeV, tan 5 = 10, and sign(u)= + for the illustration. Here the most striking feature is that the LSP is
a wino-like neutralino, with mg —mg, only about 160 MeV.

It would be a mistake to rely too heavily on specific scenarios for the MSSM mass and mixing
spectrum, and the above illustrations are only a tiny fraction of the available possibilities. However,
it is also useful to keep in mind some general lessons that often recur in various different models.
Indeed, there has emerged a sort of folklore concerning likely features of the MSSM spectrum, partly
based on theoretical bias and partly on the constraints inherent in most known viable softly-broken
supersymmetric theories. We remark on these features mainly because they represent the prevailing
prejudices among supersymmetry theorists, which is certainly a useful thing to know even if one wisely
decides to remain skeptical. For example, it is perhaps not unlikely that:

e The LSP is the lightest neutralino ]Vl, unless the gravitino is lighter or R-parity is not conserved.
If My < Ma, ||, then Ny is likely to be bino-like, with a mass roughly 0.5 times the masses of N,
and C in many well-motivated models. If, instead, |u| < Mj, Ms, then the LSP Nj has a large
higgsino content and Ns and C; are not much heavier. And, if My < My, |u|, then the LSP will
be a wino-like neutralino, with a chargino only very slightly heavier.

e The gluino will be much heavier than the lighter neutralinos and charginos. This is certainly
true in the case of the “standard” gaugino mass relation eq. (549); more generally, the running
gluino mass parameter grows relatively quickly as it is RG-evolved into the infrared because the
QCD coupling is larger than the electroweak gauge couplings. So even if there are big corrections
to the gaugino mass boundary conditions eqs. ([E38) or (E53)), the gluino mass parameter Mj is
likely to come out larger than M; and Mos.

e The squarks of the first and second families are nearly degenerate and much heavier than the
sleptons. This is because each squark mass gets the same large positive-definite radiative cor-
rections from loops involving the gluino. The left-handed squarks g, JL, s and c¢g, are likely
to be heavier than their right-handed counterparts ug, JR, Sr and cg, because of the effect

parameterized by K» in eqs. ([LGI)-([ZED).

e The squarks of the first two families cannot be lighter than about 0.8 times the mass of the gluino
in minimal supergravity models, and about 0.6 times the mass of the gluino in the simplest gauge-
mediated models as discussed in section 7 if the number of messenger squark pairs is N5 < 4.
In the minimal supergravity case this is because the gluino mass feeds into the squark masses
through RG evolution; in the gauge-mediated case it is because the gluino and squark masses are

tied together by eqs. (E08) and ([ELY).

e The lighter stop ¢; and the lighter sbottom by are probably the lightest squarks. This is because
stop and sbottom mixing effects and the effects of X; and X, in egs. (EB3)-(E60) both tend to
decrease the lighter stop and sbottom masses.
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e The lightest charged slepton is probably a stau 7i. The mass difference mg, — ms is likely to
be significant if tan 3 is large, because of the effects of a large tau Yukawa coupling. For smaller
tan 8, 7 is predominantly 7r and it is not so much lighter than €g, fig.

e The left-handed charged sleptons €7, and i, are likely to be heavier than their right-handed
counterparts e and fgr. This is because of the effect of Ky in eq. (LZE0). (Note also that

Az, — Ag, is positive but very small because of the numerical accident sin? Oy ~ 1 /4.)

e The lightest neutral Higgs boson h° should be lighter than about 150 GeV, and may be much
lighter than the other Higgs scalar mass eigenstates A, H*, HY.

The most important point is that by measuring the masses and mixing angles of the MSSM particles
we will be able to gain a great deal of information that can rule out or bolster evidence for competing
proposals for the origin and mediation of supersymmetry breaking.

8 Sparticle decays

This section contains a brief qualitative overview of the decay patterns of sparticles in the MSSM,
assuming that R-parity is conserved. We will consider in turn the possible decays of neutralinos,
charginos, sleptons, squarks, and the gluino. If, as is most often assumed, the lightest neutralino Ny is
the LSP, then all decay chains will end up with it in the final state. Section discusses the alternative
possibility that the gravitino/goldstino G is the LSP. For the sake of simplicity of notation, we will
often not distinguish between particle and antiparticle names and labels in this section, with context
and consistency (dictated by charge and color conservation) resolving any ambiguities.

8.1 Decays of neutralinos and charginos

Let us first consider the possible two-body decays. Each neutralino and chargino contains at least a
small admixture of the electroweak gauginos B WO or Wi, as we saw in section So N; and C;
inherit couplings of weak interaction strength to (scalar, fermion) pairs, as shown in Figure BE3b,c.
If sleptons or squarks are sufficiently light, a neutralino or chargino can therefore decay into lep-
ton+slepton or quark+squark. To the extent that sleptons are probably lighter than squarks, the
lepton+slepton final states are favored. A neutralino or chargino may also decay into any lighter
neutralino or chargino plus a Higgs scalar or an electroweak gauge boson, because they inherit the
gaugino-higgsino-Higgs (see Figure B3b,c) and SU(2)1, gaugino-gaugino-vector boson (see Figure B3k)
couplings of their components. So, the possible two-body decay modes for neutralinos and charginos
in the MSSM are:

NZ’—>ZN]', Wéj, hONj, KZ, Vlj, [AON]', HON]', H:té]:-F, qcﬂ, (81)
5’2‘—>Wj\7j, ZC~'1, hoél, EIA], I/Z [Aoél, Hoél, Hij\vfj, qa], (82)

using a generic notation v, ¢, g for neutrinos, charged leptons, and quarks. The final states in brackets
are the more kinematically implausible ones. (Since h® is required to be light, it is the most likely of the
Higgs scalars to appear in these decays. This could even be the best way to discover the Higgs.) For
the heavier neutralinos and chargino (N3, N4 and Cs), one or more of the two-body decays in eqs. (&)
and (B2 is likely to be kinematically allowed. Also, if the decays of neutralinos and charginos with a
significant higgsino content into third-family quark-squark pairs are open, they can be greatly enhanced
by the top-quark Yukawa coupling, following from the interactions shown in fig. BTlb,c.

It may be that all of these two-body modes are kinematically forbidden for a given chargino or
neutralino, especially for Cy and N, decays. In that case, they have three-body decays

N; — ffN;, Ni— ff'C;, Ci— ff'N;, and Cy — ffCi, (8.3)
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Figure 8.1: Feynman diagrams for neutralino and chargino decays with N; in the final state. The
intermediate scalar or vector boson in each case can be either on-shell (so that actually there is a
sequence of two-body decays) or off-shell, depending on the sparticle mass spectrum.

through the same (but now off-shell) gauge bosons, Higgs scalars, sleptons, and squarks that appeared
in the two-body decays eqs. (81l and ([8Z). Here f is generic notation for a lepton or quark, with f
and f’ distinct members of the same SU(2), multiplet (and of course one of the f or f’ in each of these
decays must actually be an antifermion). The chargino and neutralino decay widths into the various
final states can be found in refs. [196]-[1985].

The Feynman diagrams for the neutralino and chargino decays with Nj in the final state that seem
most likely to be important are shown in figure Bl In many situations, the decays

éit — E:tl/f\}l, Ng — £+€_N1 (84)

can be particularly important for phenomenology, because the leptons in the final state often will result
in clean signals. These decays are more likely if the intermediate sleptons are relatively light, even if
they cannot be on-shell. Unfortunately, the enhanced mixing of staus, common in models, can often
result in larger branching fractions for both Ny and C; into final states with taus, rather than electrons
or muons. This is one reason why tau identification may be a crucial limiting factor in attempts to
discover and study supersymmetry.

In other situations, decays without isolated leptons in the final state are more useful, so that one
will not need to contend with background events with missing energy coming from leptonic W boson
decays in Standard Model processes. Then the decays of interest are the ones with quark partons in
the final state, leading to

Cy — jjNy, Ny — jjNy, (8.5)

where j means a jet. If the second of these decays goes through an on-shell (or nearly so) h°, then
these will usually be b-jets.

8.2 Slepton decays

Sleptons can have two-body decays into a lepton and a chargino or neutralino, because of their gaugino
admixture, as may be seen directly from the couplings in Figures BE3b,c. Therefore, the two-body
decays

can be of weak interaction strength. In particular, the direct decays

{— (N, and U — vN; (8.7)
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are (almost’) always kinematically allowed if Nj is the LSP. However, if the sleptons are sufficiently
heavy, then the two-body decays

Z—> 1/51, E—> ENQ, v — VNQ, and v — 56'1 (8.8)

can be important. The right-handed sleptons do not have a coupling to the SU(2). gauginos, so
they typically prefer the direct decay fr — (Ny, if N; is bino-like. In contrast, the left-handed
sleptons may prefer to decay as in eq. (B3) rather than the direct decays to the LSP as in eq. (81,
if the former is kinematically open and if Ci and N, are mostly wino. This is because the slepton-
lepton-wino interactions in Figure are proportional to the SU(2)y gauge coupling g, whereas the
slepton-lepton-bino interactions in Figure B3k are proportional to the much smaller U(1)y coupling
¢'. Formulas for these decay widths can be found in ref. [197].

8.3 Squark decays

If the decay ¢ — ¢g is kinematically allowed, it will always dominate, because the quark-squark-gluino
vertex in Figure B3k has QCD strength. Otherwise, the squarks can decay into a quark plus neutralino
or chargino: § — ¢N; or ¢'C;. The direct decay to the LSP § — ¢NN; is always kinematically favored,
and for right-handed squarks it can dominate because N is mostly bino. However, the left-handed
squarks may strongly prefer to decay into heavier charginos or neutralinos instead, for example ¢ — q]vg
or ¢ 61, because the relevant squark-quark-wino couplings are much bigger than the squark-quark-bino
couplings. Squark decays to higgsino-like charginos and neutralinos are less important, except in the
cases of stops and sbottoms, which have sizable Yukawa couplings. The gluino, chargino or neutralino
resulting from the squark decay will in turn decay, and so on, until a final state containing Nj is reached.
This results in numerous and complicated decay chain possibilities called cascade decays [199).

It is possible that the decays t; — t§ and t; — tN; are both kinematically forbidden. If so, then
the lighter top squark may decay only into charginos, by t; — bCy. If even this decay is kinematically
closed, then it has only the flavor-suppressed decay to a charm quark, t; — ch, and the four-body
decay t; — bff' N;. These decays can be very slow [200], so that the lightest stop can be quasi-stable
on the time scale relevant for collider physics, and can hadronize into bound states.

8.4 Gluino decays

The decay of the gluino can only proceed through a squark, either on-shell or virtual. If two-body
decays g — qq are open, they will dominate, again because the relevant gluino-quark-squark coupling
in Figure[b.3h has QCD strength. Since the top and bottom squarks can easily be much lighter than all
of the other squarks, it is quite possible that § — tt; and/or g — bby are the only available two-body
decay mode(s) for the gluino, in which case they will dominate over all others. If instead all of the
squarks are heavier than the gluino, the gluino will decay only through off-shell squarks, so g — qq]\Nfi
and ¢¢'C;. The squarks, neutralinos and charginos in these final states will then decay as discussed
above, so there can be many competing gluino decay chains. Some of the possibilities are shown in
fig. The cascade decays can have final-state branching fractions that are individually small and
quite sensitive to the model parameters.

The simplest gluino decays, including the ones shown in fig. B2, can have 0, 1, or 2 charged leptons
(in addition to two or more hadronic jets) in the final state. An important feature is that when there
is exactly one charged lepton, it can have either charge with exactly equal probability. This follows
from the fact that the gluino is a Majorana fermion, and does not “know” about electric charge; for
each diagram with a given lepton charge, there is always an equal one with every particle replaced by
its antiparticle.

tAn exception occurs if the mass difference mz — mg, is less than m..
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Figure 8.2: Some of the many possible examples of gluino cascade decays ending with a neutralino

LSP in the final state. The squarks appearing in these diagrams may be either on-shell or off-shell,
depending on the mass spectrum of the theory.

8.5 Decays to the gravitino/goldstino

Most phenomenological studies of supersymmetry assume explicitly or implicitly that the lightest neu-
tralino is the LSP. This is typically the case in gravity-mediated models for the soft terms. However,
in gauge-mediated models (and in “no-scale” models), the LSP is instead the gravitino. As we saw in
section [B.0] a very light gravitino may be relevant for collider phenomenology, because it contains as its
longitudinal component the goldstino, which has a non-gravitational coupling to all sparticle-particle
pairs (X X). The decay rate found in eq. ([632)) for X — XG is usually not fast enough to compete
with the other decays of sparticles X as mentioned above, except in the case that X is the next-to-
lightest supersymmetric particle (NLSP). Since the NLSP has no competing decays, it should always
decay into its superpartner and the LSP gravitino.

In principle, any of the MSSM superpartners could be the NLSP in models with a light goldstino,
but most models with gauge mediation of supersymmetry breaking have either a neutralino or a charged
lepton playing this role. The argument for this can be seen immediately from eqs. ([E58) and ([E53);
since ay < o, as, those superpartners with only U(1)y interactions will tend to get the smallest
masses. The gauge-eigenstate sparticles with this property are the bino and the right-handed sleptons
€R, LR, TR, SO the appropriate corresponding mass eigenstates should be plausible candidates for the
NLSP.

First suppose that N; is the NLSP in light goldstino models. Since Nj contains an admixture of
the photino (the linear combination of bino and neutral wino whose superpartner is the photon), from
eq. (632) it decays into photon + goldstino/gravitino with a partial width

S my, N\ (V)
(N G) =2x10"° < Ny > V. 8.9
(N1 =9G) = 2310700 (1556ev ) \TooTev ) © (89)
Here k1, = |Nyicosbfy + Nigsin 9W|2 is the “photino content” of Nl, in terms of the neutralino

mixing matrix N;; defined by eq. ([LZ33)). We have normalized my, and V(F) to (very roughly)
minimum expected values in gauge-mediated models. This width is much smaller than for a typical
flavor-unsuppressed weak interaction decay, but it is still large enough to allow N to decay before it
has left a collider detector, if \/(F) is less than a few thousand TeV in gauge-mediated models, or
equivalently if mg /5 is less than a keV or so when eq. ([E31)) holds. In fact, from eq. (8H), the mean
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decay length of an N; with energy F in the lab frame is

4
1 mygo \7? (F)
d=19.9x107% — (E?/m% —1)1/2 <i) SR AN 8.10

A0 By =D (T0cev)  \t00Tev ) (8.10)

which could be anything from sub-micron to multi-kilometer, depending on the scale of supersymmetry
breaking \/(F). (In other models that have a gravitino LSP, including certain “no-scale” models [2{I],
the same formulas apply with (F) — v/3mg /2Mp.)

Of course, N is not a pure photino, but contains also admixtures of the superpartner of the Z boson
and the neutral Higgs scalars. So, one can also have [127] Ny — Zé, hoé, Aoé, or Hoé, with decay
widths given in ref. [I28]. Of these decays, the last two are unlikely to be kinematically allowed, and
only the Ny — 7C~¥ mode is guaranteed to be kinematically allowed for a gravitino LSP. Furthermore,
even if they are open, the decays Ni — ZG and Ny — hOG are sub ject to strong kinematic suppressions
proportional to (1 —m?% /m%l)4 and (1 — m?, /m%l)ﬂ‘, respectively, in view of eq. ([@32). Still, these

decays may play an important role in phenomenology if (F') is not too large, N; has a sizable zino or
higgsino content, and m N, is significantly greater than mz or myo.

A charged slepton makes another likely candidate for the NLSP. Actually, more than one slepton
can act effectively as the NLSP, even though one of them is slightly lighter, if they are sufficiently close
in mass so that each has no kinematically allowed decays except to the goldstino. In GMSB models,
the squared masses obtained by €gr, fir and Tr are equal because of the flavor-blindness of the gauge
couplings. However, this is not the whole story, because one must take into account mixing with ey,
i, and 7, and renormalization group running. These effects are very small for er and pr because
of the tiny electron and muon Yukawa couplings, so we can quite generally treat them as degenerate,
unmixed mass eigenstates. In contrast, 7z usually has a quite significant mixing with 77, proportional
to the tau Yukawa coupling. This means that the lighter stau mass eigenstate 7| is pushed lower in
mass than er or ir, by an amount that depends most strongly on tan 3. If tan 3 is not too large
then the stau mixing effect leaves the slepton mass eigenstates €g, g, and 7 degenerate to within
less than m, ~ 1.8 GeV, so they act effectively as co-NLSPs. In particular, this means that even
though the stau is slightly lighter, the three-body slepton decays e — eTiNqE and i — ut j are
not kinematically allowed; the only allowed decays for the three lightest sleptons are eg — eG and
LR — ,uG and 71 — 7G. This situation is called the “slepton co-NLSP” scenario.

For larger values of tan 3, the lighter stau eigenstate 71 is more than 1.8 GeV lighter than €r and
nr and N1 This means that the decays N1 — 771 and €g — er71 and i — p7T71 are open. Then 7y
is the sole NLSP, with all other MSSM supersymmetric particles having kinematically allowed decays
into it. This is called the “stau NLSP” scenario.

In any case, a slepton NLSP can decay like (— (G according to eq. (E32)), with a width and decay
length just given by eqs. ([89) and (&I0) with the replacements x1, — 1 and mg — my So, as for

the neutralino NLSP case, the decay ¢ — (G can be either fast or very slow, depending on the scale of
supersymmetry breaking.

If \/(F) is larger than roughly 10® TeV (or the gravitino is heavier than a keV or so), then the
NLSP is so long-lived that it will usually escape a typical collider detector. If N is the NLSP, then,
it might as well be the LSP from the point of view of collider physics. However, the decay of N, into
the gravitino is still important for cosmology, since an unstable N7 is clearly not a good dark matter
candidate while the gravitino LSP conceivably could be. On the other hand, if the NLSP is a long-
lived charged slepton, then one can see its tracks (or possibly decay kinks) inside a collider detector
[127]. The presence of a massive charged NLSP can be established by measuring an anomalously long
time-of-flight or high ionization rate for a track in the detector.
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9 Experimental signals for supersymmetry

So far, the experimental study of supersymmetry has unfortunately been confined to setting limits.
As we have already remarked in section 4] there can be indirect signals for supersymmetry from
processes that are rare or forbidden in the Standard Model but have contributions from sparticle loops.
These include 4 — ey, b — s7v, neutral meson mixing, electric dipole moments for the neutron and the
electron, etc. There are also virtual sparticle effects on Standard Model predictions like Ry, (the fraction
of hadronic Z decays with bb pairs) [202] and the anomalous magnetic moment of the muon [203], which
already exclude some otherwise viable models. Extensions of the MSSM (GUT and otherwise) can quite
easily predict proton decay and neutron-antineutron oscillations at low but observable rates, even if
R-parity is exactly conserved. However, it would be impossible to ascribe a positive result for any
of these processes to supersymmetry in an unambiguous way. There is no substitute for the direct
detection of sparticles and verification of their quantum numbers and interactions. In this section we
will give an incomplete and qualitative review of some of the possible signals for direct detection of
supersymmetry. The reader is encouraged to consult references below for reviews that cover the subject
more systematically.

9.1 Signals at hadron colliders

The effort to discovery supersymmetry should come to fruition at hadron colliders operating in the
present and near future. At this writing, the CDF and D{) detectors at the Fermilab Tevatron pp collider
with /s = 1.96 TeV are looking for evidence of sparticles and Higgs bosons. Within the next few years,
the CERN Large Hadron Collider (LHC) will continue the search at /s = 14 TeV. If supersymmetry
is the solution to the hierarchy problem discussed in the Introduction, then the Tevatron may [204],
and the LHC almost certainly will [205]-[209)], find direct evidence for it.

At hadron colliders, sparticles can be produced in pairs from parton collisions of electroweak
strength:

q — CfC;,

qq — Zj‘tz_, v, ud — Zz_ljg du — ENLVZ, (9.2)

as shown in fig. @1l and reactions of QCD strength:

99 — 99, 4d;, (9.3)
99 — 9%, (9.4)
9 — 99, 4d;, (9.5)
a9 —  id;, (9.6)

as shown in figs. and The reactions in (@) and @2) get contributions from electroweak
vector bosons in the s-channel, and those in ([@I]) also have t-channel squark-exchange contributions
that are of lesser importance in most models. The processes in ([@3))- (@0l get contributions from the
t-channel exchange of an appropriate squark or gluino, and ([@3)) and (3) also have gluon s-channel
contributions. In a crude first approximation, for the hard parton collisions needed to make heavy
particles, one may think of the Tevatron as a quark-antiquark collider, and the LHC as a gluon-gluon
and gluon-quark collider. However, the signals are always an inclusive combination of the results of
parton collisions of all types, and often cannot be neatly separated.

At the Tevatron collider, the chargino and neutralino production processes (mediated primarily
by valence quark annihilation into virtual weak bosons) tend to have the larger cross-sections, unless
the squarks or gluino are rather light (less than 300 GeV or so). In a typical model where C, and
Ny are mostly SU (2)r gauginos and N; is mostly bino, the largest production cross-sections in @1

87



d N
Vs

! V. Z b

q 0

u | (o
dp|
— | ~—
u | Cj
q : N;
dL,R !
— | ~
g ! N,
dy, |
d | N;
q 7 v
q o*

Figure 9.1: Feynman diagrams for electroweak production of sparticles at hadron colliders from quark-
antiquark annihilation. The charginos and neutralinos in the t-channel diagrams only couple because
of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines superimposed
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Figure 9.2: Feynman diagrams for gluino and squark production at hadron colliders from gluon-gluon
and gluon-quark fusion.
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Figure 9.3: Feynman diagrams for gluino and squark production at hadron colliders from strong quark-
antiquark annihilation and quark-quark scattering.

belong to the C~’1+ C~’1_ and C; Ny channels, because they have significant couplings to v, Z and W bosons,
respectively, and because of kinematics. At the LHC, the situation is typically reversed, with production
of gluinos and squarks by gluon-gluon and gluon-quark fusion usually dominating, unless the gluino and
squarks are heavier than 1 TeV or so. At both colliders, one can also have associated production of a
chargino or neutralino together with a squark or gluino, but most models predict that the cross-sections
(of mixed electroweak and QCD strength) are much lower than for the ones in (@I))-(4l). Slepton pair
production as in (@2) may be rather small at the Tevatron, but might be observable there or at the
LHC [21I0]. Cross-sections for sparticle production at hadron colliders can be found in refs. [211], and
have been incorporated in computer programs including [I86],[212]-[217].

The decays of the produced sparticles result in final states with two neutralino LSPs, which escape
the detector. The LSPs carry away at least 2mg of missing energy, but at hadron colliders only
the component of the missing energy that is manlflest in momenta transverse to the colliding beams
(denoted Fr) is observable. So, in general the observable signals for supersymmetry at hadron colliders
are n leptons + m jets + I, where either n or m might be 0. There are important Standard Model
backgrounds to many of these signals, especially from processes involving production of W and Z
bosons that decay to neutrinos, which provide the Fp. Therefore it is important to identify specific
signals for which the backgrounds can be reduced. Of course, this depends on which sparticles are
being produced and how they decay.

The classic Fr signal for supersymmetry at hadron colliders is events with jets and F7 but no
energetic isolated leptons. The latter requirement reduces backgrounds from Standard Model processes
with leptonic W decays, and is obviously most effective if the relevant sparticle decays have sizable
branching fractions into channels with no leptons in the final state. One must choose the Fr cut high
enough to reduce backgrounds from detector mismeasurements of jet energies. The jets+F signature
is one of the main signals currently being searched for at the Tevatron, and is also a favorite possibility
for the first evidence for supersymmetry to be found at the LHC. It can get contributions from every
type of sparticle pair production, except sleptons.

The trilepton signal [2I§] is another possible discovery mode, featuring three leptons plus Fp, and
possibly hadronic jets. At the Tevatron, this would most likely come about from electroweak CiN,
production followed by the decays indicated in eq. [84]), in which case high-py hadronic activity should
be absent in the event. A typical Feynman diagram for such an event is shown in fig. It could
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Figure 9.4: A complete Feynman diagram for
a clean (no high-pr hadronic jets) trilepton
event at a hadron collider, from production
of an on-shell neutralino and a chargino, with
subsequent leptonic decays, leading in this
case to utu~et + Fr.

w

also come from §g, 4§, or ¢q production, with one of the gluinos or squarks decaying through a C;
and the other through a N,. This is the more likely origin at the LHC. In that case, there will be
very high-pr jets from the decays, in addition to the three leptons and Fp. These signatures rely on
the N, having a significant branching fraction for the three-body decay to leptons in eq. (B4)). The
competing two-body decay modes Ng — hoﬁl and Ng — Zﬁl are sometimes called “spoiler” modes,
since if they are kinematically allowed they can dominate, spoiling the trilepton signal, especially at the
Tevatron. This is because if the No decay is through an on-shell A", then the final state will very likely
include bottom-quark jets rather than isolated leptons, while if the decay is through an on-shell Z, then
there can still be two leptons but there are Standard Model backgrounds with unfortunately similar
kinematics from processes involving Z — ¢*¢~. Although the trilepton signal is lost, other leptons +
jets + Fr signals may be observable above Standard Model backgrounds, especially if bottom quark
jets can be tagged with high efficiency. In fact, supersymmetric events with h? — bb following from
N2 — hONl could be the easiest way to discover h? at the LHC.

Another possibility with controllable backgrounds, the same-charge dilepton signal [219], can oc-
cur if the gluino decays with a significant branching fraction to hadrons plus a chargino, which can
subsequently decay into a final state with a charged lepton, a neutrino, and Ni. Since the gluino
doesn’t know anything about electric charge, the single charged lepton produced from each gluino
decay can have either sign with equal probability, as discussed in section This means that gluino
pair production or gluino-squark production will often lead to events with two leptons with the same
charge (but possibly different flavors) plus jets and Fr. This signal can also arise from squark pair
production, for example if the squarks decay like ¢ — ¢g. The same-charge dilepton signal has small
physics backgrounds from the Standard Model both at the Tevatron and the LHC. The reason is that
the largest background sources for isolated lepton pairs, namely W W, Drell-Yan and tf production,
can only yield opposite-charge dileptons.

Despite the backgrounds just mentioned, opposite-charge dilepton signals, for example from slepton
pair production with subsequent decays £ — Kﬁl, can also give an observable signal, especially at the
LHC. Another important possibility for the LHC, but probably not the Tevatron, is the single lepton
plus jets plus Fp signal [205]. It has large Standard Model backgrounds from processes with W — fv.
However, at the LHC it also can have an extremely large rate from various sparticle production modes,
and may give the best discovery signal. One should also be aware of interesting signals that can appear
for particular ranges of parameters. For example, in a model studied in ref. [22()] the only two-body
decay channel for the gluino is g — bbl, with subsequent decays by — bNy and Ny — (T0~Nj or
Ny — qul In that case, gluino pair production gives a spectacular signal of four bottom jets plus up
to four leptons plus Fr. In general, production of relatively light ¢; and by can give hadron collider
signals rich in bottom jets, either through direct production or cascade decays.

After the evidence for the existence of supersymmetry is acquired, the LHC data can be used to
measure sparticle masses by analyzing the kinematics of the decays. With a neutralino LSP always
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mass distribution from events with N2 U — Nl

No cuts or detector effects are included. The endpoint is at
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My My
escaping the detector, there are no true invariant mass peaks possible. However, various combinations
of masses can be measured using kinematic edges and other reconstruction techniques. For example,
if the decay of the second-lightest neutralino occurs in two stages through a real slepton, Ny — 00 —
¢t¢= Ny, then the resulting dilepton invariant mass distribution is as shown in fig. B It features
a sharp edge, allowing a precision measurement of the corresponding combination of N, E, and N
masses [221], 222, 206]. There are significant backgrounds to this analysis, for example coming from
¢t production. However, since the signal from N» has same-flavor leptons, while the background has
contributions from different flavors. Therefore the edge can be enhanced by plotting the combination
lete™] + [utpu~] — [etu™] — [uTe™], subtracting the background.

Heavier sparticle mass combinations can also be reconstructed at the LHC [206, 208], [223]-[228]
using other kinematic distributions. For example, consider the gluino decay chain g — q¢* — qqN»
with Ny — £0* — (T~ Nj as above. By selecting events close to the dilepton mass edge as determined
in the previous paragraph, one can reconstruct a peak in the invariant mass of the j j€+€ system,
which correlates well with the gluino mass. As another example, the decay gz, — gN2 with Ny — hON;
can be analyzed by selecting events near the peak from k" — bb. There will then be a broad jbb
invariant mass distribution, with a maximum value that can be related to m Nyr M, and mg, , if myo
is known. There are many other similar opportunities, depending on the specific sparticle spectrum.
These techniques generally will determine the sparticle mass differences much more accurately than
the individual masses; the mass of the unobserved LSP will be constrained but not precisely measured.

In all of the signals listed above, the final state leptons might be predominantly tau, and so a
significant fraction will be realized as hadronic 7 jets. This is because most models predict that 7y is
lighter than the selectrons and smuons, Similarly, supersymmetric events may have a preference for
bottom jets, sometimes through decays involving top quarks because t; is relatively light, and sometimes
because by is expected to be lighter than the squarks of the first two families, and sometimes for both
reasons. Other things being equal, the larger tan ( is, the stronger the preference for hadronic 7 and b
jets will be in supersymmetric events.

The Higgs scalar bosons of the MSSM are also the target of searches at the Tevatron and the
LHC. At the Tevatron, the searches for h? (see [229] and references in it) in most cases have the same
signatures as for the Standard Model Higgs boson, but perhaps different rates. They include:

qq — Zh® — vibb (9.7)
qq — WhY — ¢vbb (9.8)
qg — Wh > Www® (9.9)
g9 — B0 = WW® = rtur—p (9.10)

The largest cross-section for Higgs production is expected to be from the one-loop gluon fusion process
gg — hY, mediated by one-loop diagrams with ¢, b, t~172, 5172 circulating in the loop, but the corresponding
backgrounds are also immense. At present, the discovery prospects for all of these searches seem to
be quite limited by luminosity. Other Tevatron searches take advantage of possible enhancements of
the MSSM Higgs couplings to bottom quarks and tau leptons compared to the Standard Model ones.
These include looking for pp — ¢° + X (including contributions from gluon fusion and radiation from
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bottom quark lines) where ¢ = h% H? A%, followed by ¢ — 7F7~. This searches will have some reach
only when tan 3 is large and m 40 is not far above myz. There is also a search for the charged Higgs
boson appearing in top decays, t — bH™ (which must compete with the Standard Model top-quark
decay), followed by H* — 77 v,. Detailed information on these searches can be found in [229].

At the LHC, studies indicate (see for example [230]-]233]) that at least one of the MSSM Higgs
scalar bosons is very likely to be discovered throughout the parameter space, at least in the limit of
no new CP violation in the supersymmetry-breaking couplings. The process gg — h° has a very large
cross-section and so can lead to discovery through the decays:

RO — 4y (9.11)
W — ZZ% — et - (9.12)
B — Ww™ = ol i, (9.13)

The decay to photons is again a one-loop process, and therefore rare, but the backgrounds can be
measured from the data away from the Higgs peak. Both the vy and ZZ® may allow precision
determinations of the mass, at the per cent level or better. Another possible LHC discovery mode
comes from electroweak vector boson fusion, W+W = — h? and ZZ — h®. Here the W and Z bosons
are radiated off of the initial-state quark lines, leaving two very forward jets, which can be used as tags
for the process. So the signature is

pp — K55 — 77755 or WW ) (9.14)

where the light flavor jets j are forward, and the h° decay products are required to be in the central
region of the detector. The large top Yukawa coupling together with the high LHC energy also allows
a possible signal from radiating off of a top-quark line:

pp — tth® — tibb. (9.15)

The signatures mentioned in the previous paragraph are also found in the Standard Model. The
special features of supersymmetry allow more discovery signals, including radiation of h° off of a
bottom-quark line:

pp — bbh? — b, (9.16)

relying on a possible enhancement of the coupling of h? to both bottom quarks and muons, compared
to the Standard Model. The heavier neutral Higgs scalars can also be searched for in decays

A%/ HY — 7t bb, i, (9.17)
HY — nOn0, (9.18)
A — Zh® — ¢t bb, (9.19)

with prospects that vary considerably depending on the parameters of the model. The charged Higgs
boson may also appear at the LHC in top-quark decays, as mentioned above for the Tevatron, if
mpg+ < my. If instead myg+ > my, then one can look for

bg — tH™, gg — tbH ™, (9.20)

followed by the decay H~ — 7~ 7 in each case. More details on the prospects for Higgs scalar discovery
at the LHC can be found in [230]-[233].

The rest of this subsection briefly considers the possibility that the LSP is the goldstino/gravitino,
in which case the sparticle discovery signals discussed above can be significantly improved. If the
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NLSP is a neutralino with a prompt decay, then Ni — ’yé will yield events with two energetic, isolated
photons plus Fr from the escaping gravitinos, rather than just Fr. So at a hadron collider the signal is
vy + X + Fr where X is any collection of leptons plus jets. The Standard Model backgrounds relevant
for such events are quite small. If the Ny decay length is long enough, then it may be measurable
because the photons will not point back to the event vertex. This would be particularly useful, as it
would give an indication of the supersymmetry-breaking scale \/(F'); see eq. (E32) and the discussion
in subsection If the Ny decay is outside of the detector, then one just has the usual leptons + jets
+ Fr signals as discussed above in the neutralino LSP scenario. N N

In the case that the NLSP is a charged slepton, then the decay £ — (G can provide two extra
leptons in each event, compared to the signals with a neutralino LSP. If the 7 is sufficiently lighter
than the other charged sleptons €gr, ip and so is effectively the sole NLSP, then events will always
have a pair of taus. If the slepton NLSP is long-lived, one can look for events with a pair of very
heavy charged particle tracks or a long time-of-flight in the detector. Since slepton pair production
usually has a much smaller cross-section than the other processes in (@I))-(@8l), this will typically
be accompanied by leptons and/or jets from the same event vertex, which may be of crucial help in
identifying candidate events. It is also quite possible that the decay length of ¢ — (G is measurable
within the detector, seen as a macroscopic kink in the charged particle track. This would again be a
way to measure the scale of supersymmetry breaking through eq. (632).

9.2 Signals at eTe™ colliders

At eTe™ colliders, all sparticles (except the gluino) can be produced in tree-level reactions:
ete” — CFCy, NiNj, 070, wb*, 47", (9.21)

as shown in figs. The important interactions for sparticle production are just the gaugino-
fermion-scalar couplings shown in Figures B.3b,c and the ordinary vector boson interactions. The cross-
sections are therefore determined just by the electroweak gauge couplings and the sparticle mixings.
They were calculated in ref. [I97], and are available in computer programs [I86], [212]-[215], [234].
All of the processes in eq. [LZI]) get contributions from the s-channel exchange of the Z boson and
for charged sparticle pairs, the photon. In the cases of C C’ NNj, eReR, ej{eL, é:feR, and .U
production, there are also t-channel diagrams exchanging a V1rtual sneutrino, selectron, neutrahno,
neutralino, neutralino, and chargino, respectively. The t-channel contributions are significant if the
exchanged sparticle is not too heavy. For example, the production of wino-like C~’1+ CN’l_ pairs typically
suffers a destructive interference between the s-channel graphs with v, Z exchange and the t-channel
graphs with 7, exchange, if the sneutrino is not too heavy. In the case of sleptons, the pair production
of smuons and staus proceeds only through s-channel diagrams, while selectron production also has a
contribution from the ¢-channel exchanges of the neutralinos, as shown in Figure For this reason,
selectron production may be significantly larger than smuon or stau production at eTe™ colliders.
The pair-produced sparticles decay as discussed in section B If the LSP is the lightest neutralino,
it will always escape the detector because it has no strong or electromagnetic interactions. Every event
will have two LSPs leaving the detector, so there will be at least 2mg, of missing energy (#). For

example, in the case of C~’1+ CN’l_ production, the possible signals include a pair of acollinear leptons and
F, or one lepton and a pair of jets plus F, or multiple jets plus F. The relative importance of these
signals depends on the branching fraction of the chargino into the competing final states, Cy — vy
and qq’Nl In the case of slepton pair production, the signal should be two energetic, acollinear,
same-flavor leptons plus F. There is a potentially large Standard Model background for the acollinear
leptons plus ¥ and the lepton plus jets plus ¥ signals, coming from W*W ™ production with one or
both of the W bosons decaying leptonically. However, these and other Standard Model backgrounds
can be kept under control with angular cuts, and beam polarization if available. It is not difficult to
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Figure 9.6: Diagrams for chargino pair production at e™e™ colliders.

Figure 9.7: Diagrams for neutralino pair production at eTe™ colliders.
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Figure 9.8: Diagrams for charged slepton pair production at eTe™ colliders.

+

a
Y
VRN
’ \

/ \
/ \
/ \
N
a
Qe
S
1
|
|
|
|
|
|
!
*

e ~ T

Figure 9.10: Diagram for squark production at e*e™ colliders.
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Figure 9.11: Diagrams for neutral Higgs scalar boson production at e™e™ colliders.
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construct the other possible signatures for sparticle pairs, which can become quite complicated for the
heavier charginos, neutralinos and squarks.

The MSSM neutral Higgs bosons can also be produced at eTe™ colliders, with the principal processes
of interest at low energies

ete™ = 7, ete™ — h0AY (9.22)

shown in fig. @TIl At tree-level, the first of these has a cross-section given by the corresponding
Standard Model cross-section multiplied by a factor of sin?(3—«), which approaches 1 in the decoupling
limit of m 40 > my discussed in section [l The other process is complementary, since (up to kinematic
factors) its cross-section is the same but multiplied by cos?(3 — «), which is significant if m 40 is not
large. If \/s is high enough [note the mass relation eq. ([ZZI])], one can also have

ete” - H H™, (9.23)
with a cross-section that is fixed, at tree-level, in terms of m g+, and
ete” - HZ, ete™ — HYAY, (9.24)

with cross-sections proportional to cos?(8 — a) and sin?(3 — a) respectively. Also, at sufficiently high
/s, the process

e~ — v h’ (9.25)

e
following from WTW ™ fusion provides the best way to study the Higgs boson decays, which can differ
substantially from those in the Standard Model [165, [166].

The CERN LEP e*e™ collider conducted searches until November 2000, with various center of mass
energies up to 209 GeV, yielding no firm evidence for sparticle or Higgs production. The resulting limits
[235] on the charged sparticle masses are of order roughly half of the beam energy, minus taxes paid
for detection and identification efficiencies, backgrounds, and the suppression of cross-sections near
threshold. The bounds become weaker if the mass difference between the sparticle in question and the
LSP (or another sparticle that the produced one decays into) is less than a few GeV, because then the
available visible energy can be too small for efficient detection and identification.

For example, LEP established limits mg, > 99 GeV and mj, > 95 GeV at 95% CL, provided that
mg, —mg, > 10 GeV, and that the branching fraction for {gr — eﬁl is 100% in each case. The limit
for staus is weaker, and depends somewhat more strongly on the neutralino LSP mass.

The LEP chargino mass bound is approximately me, < 103 GeV for mass differences me —mpy, >3
GeV, assuming that the chargino decays predominantly through a virtual W, or with similar branching
fractions. However, this bound reduces to about me, < 92 GeV for 100 MeV < me, —myg, <3 GeV.
For small positive mass differences 0 < meg, —mg, < 100 MeV, the limit is again about meg, < 103
GeV, because the chargino is long-lived enough to have a displaced decay vertex or leave a track as it
moves through the detector. These limits assume that the sneutrino is heavier than about 200 GeV, so
that it does not significantly reduce the production cross-section by interference of the s- and ¢-channel
diagrams in fig. If the sneutrino lighter, then the bound reduces, especially if me, —my is positive

but small, so that the decay Ci — ¢ dominates but releases very little visible energy. More details on
these and many other limits from the LEP runs can be found at [235] and [236].

The LEP runs also have put a lower mass limit of 114 GeV on a Standard Model Higgs boson. If
the MSSM parameter space is close to the decoupling limit m 40 > m, this bound is valid also for h°.
However, the bound can be weakened considerably if the decoupling limit is badly violated, to about
mpo < 92 GeV if there is no new CP violation in the soft supersymmetry breaking Lagrangian [237],
and it is weakened further if the MSSM is extended to include new singlet Higgs and higgsino states.
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Figure 9.12: The theoretical shape of the lepton energy dis- Events/GeV

tribution from events with eTe~ — ¢ti— — ¢t/~N;N; at
a future linear collider. No cuts or initial state radiation or
beamstrahlung or detector effects are included. The endpoints
are Emax min = %(1 - m?vl /m%)[l +(1- 4m§/3)1/2], allowing

precision reconstruction of both ¢ and N7 masses. - >
Emin Emax EZ

If supersymmetry is the solution to the hierarchy problem, then the LHC should be able to establish
strong evidence for it, and probably measure some of the sparticle mass differences, as discussed in
the previous subsection. However, many important questions will remain. Various competing theories
can also produce missing energy signatures. The overall mass scale of sparticles may not be known as
well as one might like. Sparticle production will be inclusive and overlapping and might be difficult
to disentangle. A future linear ete™ collider with /s > 500 GeV [238]-[242] should be able to resolve
these issues, and establish more firmly that supersymmetry is indeed responsible, to the exclusion of
other ideas. In particular, the couplings, spins, gauge quantum numbers, and absolute masses of the
sparticles will all be measurable.

At a linear collider, the processes in eq. (LZI]) can all be probed close to their kinematic limits,
given sufficient integrated luminosity. (In the case of sneutrino pair production, this assumes that some
of the decays are visible, rather than just v — Vﬁl.) Establishing the properties of the particles can
be done by making use of polarized beams and the relatively clean ej e~ collider environment. For
example, consider the production and decay of sleptons in eTe™ — (T4~ with £ — ¢N;. The resulting
leptons will have (up to significant but calculable effects of initial-state radiation, beamstrahlung, cuts,
and detector efficiencies and resolutions) a flat energy distribution as shown in fig. T2 By measuring
the endpoints of this distribution, one can precisely and uniquely determine both my and m N, There

is a large WTW~ — (*¢'"v,p background, but this can be brought under control using angular
cuts, since the positively (negatively) charged leptons from the background tend to go preferentially
along the same direction as the positron (electron) beam. Also, since the background has uncorrelated
lepton flavors, it can be subtracted. Changing the polarization of the electron beam will even further
reduce the background, and will also allow controlled variation of the production of right-handed and
left-handed sleptons, to get at the electroweak quantum numbers.

More generally, inclusive sparticle production at a given fixed eTe™ collision energy will result in a
superposition of various sharp kinematic edges in lepton and jet energies, and distinctive distributions
in dilepton and dijet energies and invariant masses. By varying the beam polarization and changing
the beam energy, these observables give information about the couplings and masses of the sparticles.
For example, in the ideal limit of a right-handed polarized electron beam, the reaction

epet — CHOT (9.26)

is suppressed if Cy is pure wino, because in the first diagram of fig. B8 the right-handed electron
only couples to the U(1)y gauge boson linear combination of v, Z while the wino only couples to the
orthogonal SU(2)1, gauge boson linear combination, and in the second diagram the electron-sneutrino-
chargino coupling involves purely left-handed electrons. So, the polarized beam cross-section can be
used to determine the charged wino mixing with the charged Higgsino. Even more precise information
about the sparticle masses can be obtained by varying the beam energy in small discrete steps very
close to thresholds, an option without rival at hadron colliders. The rise of the production cross-section
above threshold provides information about the spin and “handedness”, because the production cross-
sections for ENEZ}_% and ZJLFZZ are p-wave and therefore rise like 3% above threshold, where 3 is the velocity
of one of the produced sparticles. In contrast, the rates for éféﬁ and for chargino and neutralino pair
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production are s-wave, and therefore should rise like § just above threshold. By measuring the angular
distributions of the final state leptons and jets with respect to the beam axis, the spins of the sparticles
can be inferred. These will provide crucial tests that the new physics that has been discovered is indeed
supersyminetry.

A sample of the many detailed studies along these lines can be found in refs. [238]-[242]. In
general, a future eTe™ collider will provide an excellent way of testing softly-broken supersymmetry
and measuring the model parameters, if it has enough energy. Furthermore, the processes ete™ —
0z, hA°, H°Z, H°A°, H+H~, and hPv.7, should be able to definitively test the Higgs sector of
supersymmetry at a linear collider.

The situation may be qualitatively better if the gravitino is the LSP as in gauge-mediated models,
because of the decays mentioned in section B0 If the lightest neutralino is the NLSP and the decay
Nl — ’yG occurs within the detector, then even the process eTe™ — N1N1 leads to a dramatic signal
of two energetic photons plus missing energy [I26]-[I28]. There are significant backgrounds to the
v~ signal, but they are easily removed by cuts. Each of the other sparticle pair-production modes
eq. (@ZI) will lead to the same signals as in the neutralino LSP case, but now with two additional
energetic photons, which should make the experimentalists’ tasks quite easy. If the decay length for
N; — ’yé is much larger than the size of a detector, then the signals revert back to those found in the
neutralino LSP scenario. In an intermediate regime for the Ny — 7C~¥ decay length, one may see events
with one or both photons displaced from the event vertex by a macroscopic distance. N

If the NLSP is a charged slepton ¢, then ete™ — ¢4~ followed by prompt decays ¢ — (G will
yield two energetic same-flavor leptons in every event, and with a different energy distribution than
the acollinear leptons that would follow from either C;"Cy or £+~ production in the neutralino LSP
scenario. Pair production of non-NLSP sparticles will yield unmistakable signals, which are the same
as those found in the neutralino NLSP case but with two additional energetic leptons (not necessarily
of the same flavor). An even more striking possibility is that the NLSP is a slepton that decays very
slowly [127]. If the slepton NLSP is so long-lived that it decays outside the detector, then slepton
pair production will lead to events featuring a pair of charged particle tracks with high ionization
rates that betray their very large mass. If the sleptons decay within the detector, then one can look
for large-angle kinks in the charged particle tracks, or a macroscopic impact parameter. The pair
production of any of the other heavy charged sparticles will also yield heavy charged particle tracks or
decay kinks, plus leptons and/or jets, but no ¥ unless the decay chains happen to include neutrinos. It
may also be possible to identify the presence of a heavy charged NLSP by measuring its anomalously
long time-of-flight through the detector.

In both the neutralino and slepton NLSP scenarios, a measurement of the decay length to G
would provide a great opportunity to measure the supersymmetry-breaking scale /(F'), as discussed
in subsection

9.3 Dark matter and its detection

Evidence from experimental cosmology has now solidified to the point that, with some plausible as-
sumptions, the cold dark matter density is known to be [243] 230

Qpwmh? ~ 0.11. (9.27)

with statistical errors of order 5%, and systematic errors that are less clear. Here Qpy is the average
energy density in non-baryonic dark matter divided by the total critical density that would lead to a
spatially flat homogeneous universe, and h is the Hubble constant in units of 100 km sec™" Mpc™!,
observed to be h% ~ 0.5 with an error of order 10%. This translates into a cold dark matter density

ppM ~ 1.2 x 1075 GeV /em?, (9.28)
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Figure 9.13: Contributions to the annihilation cross-section for neutralino dark matter LSPs from (a)

t-channel slepton and squark exchange, (b) near-resonant annihilation through a Higgs boson (s-wave
for A, and p-wave for R, H®), and (c) t-channel chargino exchange.

averaged over very large distance scales.

One of the nice features of supersymmetry with exact R-parity conservation is that a stable elec-
trically neutral LSP might be this cold dark matter. There are three obvious candidates: the lightest
sneutrino, the gravitino, and the lightest neutralino. The possibility of a sneutrino LSP making up the
dark matter with a cosmologically interesting density has been largely ruled out by direct searches [244]
(see however [245]). If the gravitino is the LSP, as in many gauge-mediated supersymmetry breaking
models, then gravitinos from reheating after inflation [246] or from other sparticle decays [247] might
be the dark matter, but they would be impossible to detect directly even if they have the right cos-
mological density today. They interact too weakly. The most attractive prospects for direct detection
of supersymmetric dark matter, therefore, are based on the idea that the lightest neutralino Ny is the
LSP [64], 248.

In the early universe, sparticles existed in thermal equilibrium with the ordinary Standard Model
particles. As the universe cooled and expanded, the heavier sparticles could no longer be produced,
and they eventually annihilated or decayed into neutralino LSPs. Some of the LSPs pair-annihilated
into final states not containing sparticles. If there are other sparticles that are only slightly heavier,
then they existed in thermal equilibrium in comparable numbers to the LSP, and their co-annihilations
are also important in determining the resulting dark matter density [249, 250]. Eventually, as the
density decreased, the annihilation rate became small compared to the cosmological expansion, and
the Ny experienced “freeze out”, with a density today determined by this small rate and the subsequent
dilution due to the expansion of the universe.

In order to get the observed dark matter density today, the thermal-averaged effective annihilation
cross-section times the relative speed v of the LSPs should be about [248]

(ov) ~ 1pb ~ a?/(150 GeV)?, (9.29)

so a neutralino LSP naturally has, very roughly, the correct (electroweak) interaction strength and
mass. More detailed and precise estimates can be obtained with publicly available computer programs
[T94, [195], so that the predictions of specific candidate models of supersymmetry breaking can be
compared to eq. ([Z7). Some of the diagrams that are typically important for neutralino LSP pair
annihilation are shown in fig. Depending on the mass of Ny, various other processes including
NiNy —ZZ, ZhO, hORO or even WEHT, ZA°, hOA°, ROHO HOA® HOHO A°A° or H*H~ may also
have been important. Some of the diagrams that can lead to co-annihilation of the LSPs with slightly
heavier sparticles are shown in figs. and

If N; is mostly higgsino or mostly wino, then the the annihilation diagram fig. and the co-
annihilation mechanisms provided by fig. @14l are typically much too efficient [251], 2521 253] to provide
the full required cold dark matter density, unless the LSP is very heavy, of order 1 TeV or more. This
is often considered to be somewhat at odds with the idea that supersymmetry is the solution to the
hierarchy problem. However, for lighter higgsino-like or wino-like LSPs, non-thermal mechanisms can
be invoked to provide the right dark matter abundance [I59), 254].
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Figure 9.14: Some contributions to the co-annihilation of dark matter N; LSPs with slightly heavier

Ns and Cy. All three diagrams are particularly important if the LSP is higgsino-like, and the last two
diagrams are important if the LSP is wino-like.
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Figure 9.15: Some contributions to the co-annihilation of dark matter N; LSPs with slightly heavier
sfermions, which in popular models are most plausibly staus (or perhaps top squarks).

A recurring feature of many models of supersymmetry breaking is that the lightest neutralino is
mostly bino. It turns out that in much of the parameter space not already ruled out by LEP with a
bino-like Nl, the predicted relic density is too high, either because the LSP couplings are too small, or
the sparticles are too heavy, or both, leading to an annihilation cross-section that is too low. To avoid
this, there must be significant contributions to (ov). The possibilities can be classified qualitatively in
terms of the diagrams that contribute most strongly to the annihilation.

First, if at least one sfermion is not too heavy, the diagram of fig. is effective in reducing
the dark matter density. In models with a bino-like Nl, the most important such contribution usually
comes from €g, ip, and 71 slepton exchange. The region of parameter space where this works out right
is often referred to by the jargon “bulk region”, because it corresponded to the main allowed region
with dark matter density less than the critical density, before Qpyh? was accurately known and before
the highest energy LEP searches had happened. However, the diagram of fig. is subject to a
p-wave suppression, and so sleptons that are light enough to reduce the relic density sufficiently are,
in many models, also light enough to be excluded by LEP, or correspond to light Higgs bosons that
are excluded by LEP, or have difficulties with other indirect constraints. In the minimal supergravity
inspired framework described in section [G.0] the remaining viable bulk region usually takes mg and
my o less than about 100 GeV and 250 GeV respectively, depending on other parameters.

A second way of annihilating excess bino-like LSPs to the correct density is obtained if 2myg =
m 40, OF Mpo, or mgo, as shown in fig. @I3b, so that the cross-section is near a resonance pole. An
AV resonance annihilation will be s-wave, and so more efficient than a p-wave h® or H? resonance.
Therefore, the most commonly found realization involves annihilation through A°. Because the Abb
coupling is proportional to mytan 3, this usually entails large values of tan 5 [255]. (Annihilation
through h° is also possible [256].) The region of parameter space where this happens is often called
the “A-funnel” or “Higgs funnel” or “Higgs resonance region”.

A third effective annihilation mechanism is obtained if N; mixes to obtains a significant higgsino or
wino admixture. Then both fig. and the co-annihilation diagrams of fig. can be important
[252]. In the “focus point” region of parameter space, where |u| is not too large, an LSP with a
significant higgsino content can yield the correct relic abundance even for very heavy squarks and
sleptons [257]. (This is motivated by focusing properties of the renormalization group equations, which
allow || < m3 in minimal supergravity inspired models [258, 259].) It is also possible to arrange for
just enough wino content in the LSP to do the job [260], by choosing M;/Ms appropriately.
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A fourth possibility, the “sfermion co-annihilation region” of parameter space, is obtained if there
is a sfermion that happens to be less than a few GeV heavier than the LSP [249]. In many model
frameworks, this is most naturally the lightest stau [261], but it could also be the lightest top squark
[262]. A significant density of this sfermion will then coexist with the LSP around the freeze-out time,
and so annihilations involving the sfermion with itself or with the LSP, including those of the type
shown in fig. @T0 will further dilute the number of sparticles and so the eventual dark matter density.

However, it is important to keep in mind that a set of MSSM Lagrangian parameters that fails
to predict the correct relic dark matter abundance by the standard thermal mechanisms is not ruled
out as a model for collider physics. This is because simple extensions can completely change the relic
abundance prediction without changing the predictions for colliders much or at all. For example, if the
model predicts a neutralino dark matter abundance that is too small, one need only assume another
sector (even a completely disconnected one) with a stable neutral particle, or that the dark matter is
supplied by some non-thermal mechanism such as out-of-equilibrium decays of heavy particles. If the
predicted neutralino dark matter abundance appears to be too large, one can assume that R-parity
is slightly broken, so that the offending LSP decays before nucleosynthesis; this would require some
other unspecified dark matter candidate. Or, the dark matter LSP might be some particle that the
lightest neutralino decays into. One possibility is a gravitino LSP [247]. Another example is obtained
by extending the model to solve the strong CP problem with an invisible axion, which can allow
the LSP to be a very weakly-interacting axino [263] (the fermionic supersymmetric partner of the
axion). In such cases, the dark matter density after the lightest neutralino decays would be reduced
compared to its naively predicted value by a factor of mygp/m 5y provided that other sources for the
LSP relic density are absent. A correct density for neutralino LSPs can also be obtained by assuming
that they are produced non-thermally in reheating of the universe after neutralino freeze-out but before
nucleosynthesis [264]. Finally, in the absence of a compelling explanation for the apparent cosmological
constant, it seems possible that the standard model of cosmology will still need to be modified in ways
not yet imagined.

If neutralino LSPs really make up the cold dark matter, then their local mass density in our
neighborhood ought to be of order 0.3 GeV/cm? [much larger than the density averaged over the
largest scales, eq. ([I28)] in order to explain the dynamics of our own galaxy. LSP neutralinos could be
detectable directly through their weak interactions with ordinary matter, or indirectly by their ongoing
annihilations. However, the halo is subject to significant uncertainties in overall size, velocity, and
clumpiness, so even if the Lagrangian parameters were known exactly, the signal rates would be quite
indefinite, possibly even by orders of magnitude.

The direct detection of Ny depends on their elastic scattering off of heavy nuclei in a detector. At
the parton level, N can interact with a quark by virtual exchange of squarks in the s-channel, or Higgs
scalars or a Z boson in the t-channel. It can also scatter off of gluons through one-loop diagrams. The
scattering mediated by neutral Higgs scalars is suppressed by tiny Yukawa couplings, but is coherent
for the quarks and so can actually be the dominant contribution for nuclei with larger atomic weights,
if the squarks are heavy. The energy transferred to the nucleus in these elastic collisions is typically of
order tens of keV per event. There are important backgrounds from natural radioactivity and cosmic
rays, which can be reduced by shielding and pulse-shape analysis. A wide variety of current or future
experiments are sensitive to some, but not all, of the parameter space of the MSSM that predicts a
dark matter abundance in the range of eq. (@21).

Another, more indirect, way to detect neutralino LSPs is through ongoing annihilations. This can
occur in regions of space where the density is greatly enhanced. If the LSPs lose energy by repeated
elastic scattering with ordinary matter, they can eventually become concentrated inside massive as-
tronomical bodies like the Sun or the Earth. In that case, the annihilation of neutralino pairs into
final states leading to neutrinos is the most important process, since no other particles can escape
from the center of the object where the annihilation is going on. In particular, muon neutrinos and
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antineutrinos from ]\Nflﬁl — WTW~ or ZZ, (or possibly ]\Nflﬁl — 7777 or v, although these are p-
wave suppressed) will travel large distances, and can be detected in neutrino telescopes. The neutrinos
undergo a charged-current weak interaction in the earth, water, or ice under or within the detector,
leading to energetic upward-going muons pointing back to the center of the Sun or Earth.

Another possibility is that neutralino LSP annihilation in the galactic center (or the halo) could
result in high-energy photons from cascade decays of the heavy Standard Model particles that are
produced. These photons could be detected in air Cerenkov telescopes or in space-based detectors.
There are also interesting possible signatures from neutralino LSP annihilation in the galactic halo
producing detectable quantities of high-energy positrons or antiprotons.

More information on these possibilities, and the various experiments that can exploit them, can be
found from refs. [248] and papers referred to in them.

10 Some miscellaneous variations

In this section I will briefly outline a few favorite variations on the basic picture of the MSSM that has
been outlined above. First, the possibility of R-parity violation is considered in section [[ILIl Another
obvious way to extend the MSSM is to introduce new chiral supermultiplets, corresponding to scalars
and fermions that are all sufficiently heavy to have avoided discovery so far. This requires that the
new chiral supermultiplets must form a real representation of the Standard Model gauge group. The
simplest such possibility is that the new particles live in just one gauge-singlet chiral supermultiplet;
this is discussed in section One can also extend the MSSM by introducing new gauge interactions
that are spontaneously broken at high energies. The possibilities here include GUT models like SU(5)
and SO(10) and Eg, which unify the Standard Model gauge interactions, with important implications
for rare processes like proton decay and pu — ey. Superstring models also usually enlarge the Standard
Model gauge group at high energies. One or more Abelian subgroups could survive to the TeV scale,
leading to a Z’ massive vector boson. There is a vast literature on these possibilities, but we will
concentrate instead on the implications of just adding a single U(1) factor that is assumed to be
spontaneously broken at energies beyond the reach of any foreseeable collider, in section

10.1 Models with R-parity violation

So far it has been assumed that R-parity (or equivalently matter parity) is an exact symmetry of the
MSSM. This assumption precludes renormalizable proton decay and predicts that the LSP should be
stable, but despite these virtues R-parity is not inevitable. Because of the threat of proton decay,
one expects that if R-parity is violated, then in the renormalizable Lagrangian either B-violating or
L-violating couplings are allowed, but not both, as explained in section There are also upper
bounds on the individual R-parity violating couplings [G1].

One proposal is that matter parity can be replaced by an alternative discrete symmetry that still
manages to forbid proton decay at the level of the renormalizable Lagrangian. The Zs and Z3 possibil-
ities have been cataloged in ref. [265], where it was found that provided no new particles are added to
the MSSM, that the discrete symmetry is family-independent, and that it can be defined at the level
of the superpotential, there is only one other candidate besides matter parity. That other possibility
is a Z3 discrete symmetry [265], which was originally called “baryon parity” but is more appropriately
referred to as “baryon triality”. The baryon triality of any particle with baryon number B and weak
hypercharge Y is defined to be

ZP = exp (27mi[B — 2Y]/3) . (10.1)

This is always a cube root of unity, since B—2Y is an integer for every MSSM particle. The symmetry
principle to be enforced is that the product of the baryon trialities of the particles in any term in the
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Lagrangian (or superpotential) must be 1. This symmetry conserves baryon number at the renormaliz-
able level while allowing lepton number violation; in other words, it allows the superpotential terms in
eq. (B1) but forbids those in eq. (B8). In fact, baryon triality conservation has the remarkable property
that it absolutely forbids proton decay [266]. The reason for this is simply that baryon triality requires
that B can only be violated in multiples of 3 units (even in non-renormalizable interactions), while any
kind of proton decay would have to violate B by 1 unit. So it is eminently falsifiable. Similarly, baryon
triality conservation predicts that experimental searches for neutron-antineutron oscillations will be
negative, since they would violate baryon number by 2 units. However, baryon triality conservation
does allow the LSP to decay. If one adds some new chiral supermultiplets to the MSSM (corresponding
to particles that are presumably very heavy), one can concoct a variety of new candidate discrete
symmetries besides matter parity and baryon triality. Some of these will allow B violation in the
superpotential, while forbidding the lepton number violating superpotential terms in eq. (E7).

Another idea is that matter parity is an exact symmetry of the underlying superpotential, but it is
spontaneously broken by the VEV of a scalar with P = —1. One possibility is that an MSSM sneutrino
gets a VEV [267], since sneutrinos are scalars carrying L=1. However, there are strong bounds [268)]
on SU(2)r-doublet sneutrino VEVs (V) < my coming from the requirement that the corresponding
neutrinos do not have large masses. It is somewhat difficult to understand why such a small VEV should
occur, since the scalar potential that produces it must include soft sneutrino squared-mass terms of
order mgoft. One can get around this by instead introducing a new gauge-singlet chiral supermultiplet
with L=—1. The scalar component can get a large VEV, which can induce L-violating terms (and in
general B-violating terms also) in the low-energy effective superpotential of the MSSM [268].

In any case, if R-parity is violated, then the collider searches for supersymmetry can be completely
altered. The new couplings imply single-sparticle production mechanisms at colliders, besides the
usual sparticle pair production processes. First, one can have s-channel single sfermion production.
At electron-positron colliders, the A couplings in eq. (&) give rise to eTe™ — . At the Tevatron and
LHC, single sneutrino or charged slepton production, gg — v or ¢ are mediated by N couplings, and
single squark production gg — ¢ is mediated by A’ couplings in eq. (EX). At the HERA ep collider,
if ) couplings are present, squarks are essentially scalar leptoquarks, and can be produced in the s
channel through etq — ¢'.

Second, one can have t-channel exchange of sfermions, providing for gaugino production in asso-
ciation with a standard model fermion. At electron-positron colliders, one has ete™ — ;¢ mediated
by 7, in the t-channel, and eTe™ — ]\Nfiu mediated by selectrons in the t-channel, if the appropri-
ate A couplings are present. At the Tevatron and the LHC, one can look for the partonic processes
qq — (]VZ or é, or g) + (£ or v), mediated by ¢-channel squark exchange if A couplings are present. If
instead \” couplings are present, then qq — (NZ or @ or §) + ¢, again with squarks exchanged in the
t-channel, provides a possible production mechanism.

Next consider sparticle decays. In many cases, the R-parity violating couplings are already con-
strained by experiment, or expected from more particular theoretical models, to be smaller than elec-
troweak gauge couplings [61]. If so, then the heavier sparticles will usually decay to final states con-
taining the LSP, as in section B However, now the LSP can also decay; if it is a neutralino, as most
often assumed, then it will decay into three Standard Model fermions. The collider signals to be found
depend on the type of R-parity violation.

Lepton number violating terms of the type A as in eq. (&) will lead to final states from Ny decay
with two oppositely charged, and possibly different flavor, leptons and a neutrino, as in Figure [0 Th,b.
Couplings of the X type will cause Ni to decay to a pair of jets and either a charged lepton or a neutrino,
as shown in Figure [[[LTk,d,e. Signals with L-violating LSP decays will therefore always include charged
leptons or large missing energy, or both.

On the other hand, if terms of the form \” in eq. (.]) are present instead, then there are B-violating
decays Ny, — qq'q" from diagrams like the one shown in Figure [LIf. In that case, supersymmetric
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Figure 10.1: Decays of the Ni LSP in models with R-parity violation, with lepton number not conserved
(a)-(e) [see eq. (0)], and baryon number not conserved (f) [see eq. (E5])].

events will always have lots of hadronic activity, and will only have physics missing energy signatures
when the other parts of the decay chains happen to include neutrinos.

There are other possibilities, too. The decaying LSP need not be Ny. Sparticles that are not the
LSP can, in principle, decay directly to Standard Models quarks and leptons, if the R-parity violating
couplings are large enough. The t-channel exchange of sfermions can produce a pair of Standard
Model fermions, leading to indirect sparticle signatures. Or, if the R-parity violating couplings are
sufficiently small, then the LSP will usually decay outside of collider detectors, and the model will
be difficult or impossible to distinguish from the R-parity conserving case. Complete surveys of the
present experimental constraints and future prospects can be found in [h’]].

10.2 The next-to-minimal supersymmetric standard model

The simplest possible extension of the particle content of the MSSM is obtained by adding a new gauge-
singlet chiral supermultiplet with even matter parity. The resulting model [269]-[273] is often called
the next-to-minimal supersymmetric standard model or NMSSM or (M+1)SSM. The most general
renormalizable superpotential for this field content is

1 1
Wxmssm = Wassm + ASH, Hy + gﬁSg + §u552, (10.2)

where S stands for both the new chiral supermultiplet and its scalar component. There could also be
a term linear in S in Wxmssm, but in global supersymmetry it can always be removed by redefining S
by a constant shift. The soft supersymmetry-breaking Lagrangian is

1 1
LNMSSM - pMESM (4 SH, Hy — gaﬁs?’ + 51)552 + 1S +c.c.) — mi|S|2 (10.3)

The tadpole coupling ¢ could be subject to dangerous quadratic divergences in supergravity [274] unless
it is highly suppressed or forbidden by some additional symmetry at very high energies.

One of the virtues of the NMSSM is that it can provide a solution to the u problem mentioned in
sections Elland [l To understand this, suppose we set! g = 1 = 0 so that there are no mass terms or
dimensionful parameters in the superpotential at all, and also set the corresponding terms bg =b =0
and t = 0 in the supersymmetry-breaking Lagrangian. If A, k, a), and a, are chosen auspiciously, then
phenomenologically acceptable VEVs will be induced for S, H), and H 3 . By doing phase rotations on

TThe even more economical case with only ¢ ~ m2 ;, and A and ay nonzero is also viable and interesting [273].
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these fields, all three of s = (S) and v, = vsin 8 = (H?) and vy = vcos 8 = (HJ) can be made real
and positive. In this convention, ay + Ak*s and a, + 3A\*kv,v4/s will also be real and positive.

However, in general, this theory could have unacceptably large CP violation. This can be avoided
by assuming that A, k, a) and a, are all real in the same convention that makes s, v,, and vy real and
positive; this is natural if the mediation mechanism for supersymmetry breaking does not introduce
new CP violating phases, and is assumed in the following. To have a stable minimum with respect to
variations in the scalar field phases, it is required that ay+ A ks > 0 and a,(ay+Aks)+3Aka v,vg/s > 0.
(An obvious sufficient, but not necessary, way to achieve these two conditions is to assume that Ax > 0
and a, > 0 and ay > 0.)

An effective p-term for H,H,; will arise from eq. ([L2), with

Uoff = AS. (10.4)

It is determined by the dimensionless couplings and the soft terms of order mg.y, instead of being a free
parameter conceptually independent of supersymmetry breaking. With the conventions chosen here,
the sign of peg (or more generally its phase) is the same as that of \. Instead of eqs. (L), [L3), the
minimization conditions for the Higgs potential are now:

m%]u + A%(s2 + v? cos® B) — (ay + Aks)scot f — (m%/2) cos(26) = O, (10.5)
m%{d + M\ (s% + v?sin? B) — (a4 Aks)stan 3 + (m%/2) cos(28) = 0, (10.6)
m% 4+ N0? + 2k%5% — aes — (KA +ay/258)v*sin(28) = 0 (10.7)

The effects of radiative corrections AV (vy,v4,5) to the effective potential are included by replacing
m% — m% + [0(AV)/9s]/2s, in addition to eq. [CIJ).

The absence of dimensionful terms in Wymssm, and the corresponding terms in Vsl(\)IfI}J/ISSM, can be
enforced by introducing a new symmetry. The simplest way is to notice that the new superpotential
and Lagrangian will be invariant under a Zs discrete symmetry, under which every field in a chiral
supermultiplet transforms as ® — €2>™/3®, and all gauge and gaugino fields are inert. Imposing
this symmetry indeed eliminates u, g, b, bg, and t. However, if this symmetry were exact, then
because it must be spontaneously broken by the VEVs of S, H, and H;, domain walls are expected
to be produced in the electroweak symmetry breaking phase transition in the early universe [272].
These would dominate the cosmological energy density, and would cause unobserved anisotropies in
the microwave background radiation. Several ways of avoiding this problem have been proposed,
including late inflation after the domain walls are formed, embedding the discrete symmetry into a
continuous gauged symmetry at very high energies, or allowing either higher-dimensional terms in the
Lagrangian or a very small y term to explicitly break the discrete symmetry.

The NMSSM contains, besides the particles of the MSSM, a real P = +1 scalar, a real Pp = +1
pseudo-scalar, and a Pp = —1 Weyl fermion “singlino”. These fields have no gauge couplings of their
own, so they can only interact with Standard Model particles by mixing with the neutral MSSM fields
with the same spin and charge. The real scalar mixes with the MSSM particles h° and H°, and the
pseudo-scalar mixes with A%. One of the effects of replacing the p term by the dynamical field S is to
raise the upper bound on the lightest Higgs mass, to:

mio < my cos?(2) + Av?sin?(28) + (loop corrections), (10.8)

where the new A2 term comes from the |Fg|? contribution to the potential. One can put an upper
bound A < 0.8 if one requires that A not have a Landau pole in its RG running below the GUT
mass scale. With that assumption, the lightest Higgs scalar mass must still be below about 150 GeV,
provided that the particles that contribute in loops to the Higgs mass are lighter than 1 TeV or so.
Also, the neutral Higgs scalars have reduced couplings to the electroweak gauge bosons, compared to
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those in the Standard Model, because of the mixing with the singlets. This can make discovery more
challenging and interesting.

The odd R-parity singlino S mixes with the four MSSM neutralinos, so there are really five neu-
tralinos now. The singlino could be the LSP, depending on the parameters of the model, and so could
be the dark matter [271]. The neutralino mass matrix in the ¢)° = (E, wo, ﬁg, ﬁg, 5) gauge-eigenstate
basis is:

My 0 —gva/V2 g /V2 0
0 My gua/V2  —guu/V2 0
M; = | —gva/V2  gva/V2 0 Y —Avy |- (10.9)
g /V2  —guy/V2 —As 0 —Avg
0 0 — Ay — Ay 2Ks

[Compare eq. ([Z30).] For small v/s and Av/ks, mixing effects of the singlet Higgs and singlino are small,
and they nearly decouple. In that case, the phenomenology of the NMSSM is almost indistinguishable
from that of the MSSM. For larger A, the mixing is important and the experimental signals for sparticles
and the Higgs scalars can be altered in important ways [270]-273], [192].

10.3 Extra D-term contributions to scalar masses

Another way to generalize the MSSM is to include additional gauge interactions. The simplest possible
gauge extension introduces just one new Abelian gauge symmetry; call it U(1)x. If it is broken at
a very high mass scale, then the corresponding vector gauge boson and gaugino fermion will both be
heavy and will decouple from physics at the TeV scale and below. However, as long as the MSSM fields
carry U(1)x charges, the breaking of U(1)x at an arbitrarily high energy scale can still leave a telltale
imprint on the soft terms of the MSSM [275)].

To see how this works, let us consider the scalar potential for a model in which U(1)x is broken.
Suppose that the MSSM scalar fields, denoted generically by ¢;, carry U(1)x charges z;. We also
introduce a pair of chiral supermultiplets Sy and S_ with U(1)x charges normalized to +1 and —1
respectively. These fields are singlets under the Standard Model gauge group SU(3)c xSU(2), xU(1)y,
so that when they get VEVs, they will just accomplish the breaking of U(1) x. An obvious guess for the
superpotential containing Sy and S_ is W = M S, S_, where M is a supersymmetric mass. However,
unless M vanishes or is very small, it will yield positive-semidefinite quadratic terms in the scalar
potential of the form V = |M|?(|S,|> + |S_|?), which will force the minimum to be at Sy = S_ = 0.
Since we want S, and S_ to obtain VEVs, this is unacceptable. Therefore we assume that M is 0
(or very small) and that the leading contribution to the superpotential comes instead from a non-
renormalizable term, say:

A 22
W = MSJFS_. (10.10)
(Non-renormalizable terms in the superpotential obey the same rules found in section B2 in particular,
they must be analytic in the chiral superfields. See the Appendix for more details on non-renormalizable
Lagrangians in supersymmetric theories.) The equations of motion for the auxiliary fields are then
F§, = —-0W/0S; = —(A/Mp)S+S? and Fi = —0W/0S_ = —(\/Mp)S_5S2, and the corresponding
contribution to the scalar potential is

AP
Vi = |Fs, >+ |Fs_|* = Mg(’5+’4’5_’2 + 1S4 [21S- ). (10.11)
In addition, there are supersymmetry-breaking terms that must be taken into account:
Vi = m2[S4 2+ m? |S_|? - ( 5252 +c.c.). (10.12)
2Mp
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The terms with m?% and m? are soft squared masses for S; and S_. They could come from a minimal
supergravity framework at the Planck scale, but in general they will be renormalized differently, due to
different interactions for S, and S_, which we have not bothered to write down in eq. (I because
they involve fields that will not get VEVs. The last term is a “soft” term analogous to the a terms
in the second line of eq. ([l), with a of order mgo. The coupling a/2Mp is actually dimensionless,
but should be treated as soft because of its origin and its tiny magnitude. Such terms arise from the
supergravity Lagrangian in an exactly analogous way to the usual soft terms. Usually one can just
ignore them, but this one plays a crucial role in the gauge symmetry breaking mechanism. The scalar
potential for terms containing S; and S_ is:

1 2
V = 3% (1S4 = IS-[* + D ailénl?)” + Vir + Viogs. (10.13)

The first term involves the square of the U(1)x D-term [see eqs. (BXA) and (B7H)], and gx is the U(1)x
gauge coupling. The scalar potential eq. ([{ILI3)) has a nearly D-flat direction, because the D-term part
vanishes for ¢; = 0 and any [S4| = |S_|. Without loss of generality, we can take a and A to both be
real and positive for purposes of minimizing the scalar potential. As long as a? — 62 (mi +m?2) >0,
there is a minimum of the potential very near the flat direction:

(84)% ~ (S)% & [a+ /a2 — 6X2(m2 +m2)| Mp/6)° (10.14)

(with (¢;) = 0), so (S1) ~ (S_) ~ O(vVmsotMp). This is also a global minimum of the potential if
a? — 8\?(m% + m%) > 0. Note that m% +m?2 < 0 is a sufficient, but not necessary, condition. The
VE contribution is what stabilizes the scalar potential at very large field strengths. The VEVs of S
and S_ will typically be of order 10'Y GeV or so. Therefore the U(1)x gauge boson and gaugino, with
masses of order gx (S4), will play no role in collider physics.

However, there is also necessarily a small deviation from (S) = (S_), as long as m2 # m%. At
the minimum of the potential with 9V/9Sy = 0V /0S_ = 0, the leading order difference in the VEVs
is given by

(51)? = (5-)? = ~(Dx)/9x =~ (m% —m%)/26%, (10.15)

assuming that (S;) and (S_) are much larger than their difference. After integrating out S, and S_
by replacing them using their equations of motion expanded around the minimum of the potential, one
finds that the MSSM scalars ¢; each receive a squared-mass correction

Am? = —z;9x(Dx), (10.16)

in addition to the usual soft terms from other sources. The D-term corrections eq. (LT can be
roughly of the order of mgoft at most, since they are all proportional to m2 —m%_. The result eq. (016
does not actually depend on the choice of the non-renormalizable superpotential, as long as it produces
the required symmetry breaking with large VEVs; this is a general feature. The most important feature
of eq. (LI is that each MSSM scalar squared mass obtains a correction just proportional to its charge
x; under the spontaneously broken gauge group, with a universal factor gx (Dx). In a sense, the soft
supersymmetry-breaking terms mi and m? have been recycled into a non-zero D-term for U(1)x,
which then leaves its “fingerprint” on the spectrum of MSSM scalar masses. From the point of view
of TeV scale physics, the quantity gx(Dx) can simply be taken to parameterize our ignorance of how
U(1)x got broken. Typically, the charges x; are rational numbers and do not all have the same sign,
so that a particular candidate U(1)x can leave a quite distinctive pattern of mass splittings on the

squark and slepton spectrum. As long as the charges are family-independent, the squarks and sleptons
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with the same electroweak quantum numbers remain degenerate, maintaining the natural suppression
of flavor-mixing effects.

The additional gauge symmetry U(1)x in the above discussion can stand alone, or may perhaps be
embedded in a larger non-Abelian gauge group. If the gauge group for the underlying theory at the
Planck scale contains more than one new U (1) factor, then each can make a contribution like eq. ([1H]).
Additional U(1) gauge groups are quite common in superstring models, suggesting optimism about the
existence of corresponding D-term corrections. Once one merely assumes the existence of additional
U(1) gauge groups at very high energies, it is unnatural to assume that such D-term contributions to
the MSSM scalar masses should vanish, unless there is an exact symmetry that enforces m%_ =m?2. The
only question is whether or not the magnitude of the D-term contributions is significant compared to
the usual minimal supergravity and RG contributions. So efforts to understand the sparticle spectrum
of the MSSM may need to take into account the possibility of D-terms from additional gauge groups.

11 Concluding remarks

In this primer, I have attempted to convey some of the more essential features of supersymmetry as it
is understood so far. One of the most amazing qualities of supersymmetry is that so much is known
about it already, despite the present lack of direct experimental data. Even the terms and stakes of
many of the important outstanding questions, especially the paramount issue “How is supersymmetry
broken?”  are already rather clear. That this can be so is a testament to the unreasonably predictive
quality of the symmetry itself.

We have seen that sensible and economical models for supersymmetry at the TeV scale can be used
as convenient templates for experimental searches. Two of the simplest and most popular possibilities
are the “minimal supergravity” scenario with new parameters m%, my 2, Ao, tan 8 and Arg(p), and
the “gauge-mediated” scenario with new parameters A, Myess, N5, (F'), tan 3, and Arg(u). However,
one should not lose sight of the fact that the only indispensable idea of supersymmetry is simply that
of a symmetry between fermions and bosons. Nature may or may not be kind enough to realize this
beautiful idea within one of the specific frameworks that have already been explored well by theorists.

The experimental verification of supersymmetry will not be an end, but rather a revolution in high
energy physics. It seems likely to present us with questions and challenges that we can only guess
at presently. The measurement of sparticle masses, production cross-sections, and decay modes will
rule out some models for supersymmetry breaking and lend credence to others. We will be able to
test the principle of R-parity conservation, the idea that supersymmetry has something to do with
the dark matter, and possibly make connections to other aspects of cosmology including baryogenesis
and inflation. Other fundamental questions, like the origin of the u parameter and the rather peculiar
hierarchical structure of the Yukawa couplings may be brought into sharper focus with the discovery
of the MSSM spectrum. Understanding the precise connection of supersymmetry to the electroweak
scale will surely open the window to even deeper levels of fundamental physics.

Appendix: Non-renormalizable supersymmetric Lagrangians

In section Bl we discussed only renormalizable supersymmetric Lagrangians. However, like all known
theories that include general relativity, supergravity is non-renormalizable as a quantum field theory.
It is therefore clear that non-renormalizable interactions must be present in any low-energy effective
description of the MSSM. Fortunately, these can be neglected for most phenomenological purposes,
because non-renormalizable interactions have couplings of negative mass dimension, proportional to
powers of 1/Mp (or perhaps 1/Ayy, where Ayy is some other cutoff scale associated with new physics).
This means that their effects at energy scales FE ordinarily accessible to experiment are typically
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suppressed by powers of E/Mp (or by powers of E/Ayvy). For energies E < 1 TeV, the consequences
of non-renormalizable interactions are therefore usually far too small to be interesting.

Still, there are several reasons why one might be interested in non-renormalizable contributions to
supersymmetric Lagrangians. First, some very rare processes (like proton decay) can only be described
using an effective MSSM Lagrangian that includes non-renormalizable terms. Second, one may be
interested in understanding physics at very high energy scales where the suppression associated with
non-renormalizable terms is not enough to stop them from being important. For example, this could be
the case in the study of the very early universe, or in understanding how additional gauge symmetries
get broken. Third, the non-renormalizable interactions may play a crucial role in understanding how
supersymmetry breaking is transmitted to the MSSM. Finally, it is sometimes useful to treat strongly
coupled supersymmetric gauge theories using non-renormalizable effective Lagrangians, in the same
way that chiral effective Lagrangians are used to study hadron physics in QCD. Unfortunately, we will
not be able to treat these subjects in any sort of systematic way. Instead, we will merely sketch a
few of the key elements that go into defining a non-renormalizable supersymmetric Lagrangian. More
detailed treatments may be found for example in refs. [12, 6], I8, 20, 26l 28, 29].

Let us consider a supersymmetric theory containing gauge and chiral supermultiplets whose La-
grangian may contain terms that are non-renormalizable. This includes supergravity as a special case,
but applies more generally. It turns out that the part of the Lagrangian containing terms with up to
two spacetime derivatives is completely determined by specifying three functions of the complex scalar
fields (or more formally, of the chiral superfields). They are:

e The superpotential W (¢;), which we have already encountered in the case of renormalizable
supersymmetric Lagrangians. It must be an analytic function of the superfields treated as complex
variables; in other words it depends only on the ¢; and not on the ¢*. It must be invariant under
the gauge symmetries of the theory, and has dimensions of [mass]?.

e The Kihler potential K(¢;,¢**). Unlike the superpotential, the Kihler potential is a function of
both ¢; and ¢**. It is gauge-invariant, real, and has dimensions of [mass]?. In the special case
of renormalizable theories, we did not have to discuss the Kéhler potential explicitly, because at
tree-level it is always K = ¢*¢; (with i summed over as usual).

e The gauge kinetic function fup(p;). Like the superpotential, it is an analytic function of the ¢;
treated as complex variables. It is dimensionless and symmetric under interchange of its two
indices a, b, which run over the adjoint representations of the gauge groups of the model. In the
special case of renormalizable supersymmetric Lagrangians, it is just a constant (independent of
the ¢;), and is equal to the identity matrix divided by the gauge coupling squared: fu, = 6ap/g>.
More generally, it also determines the non-renormalizable couplings of the gauge supermultiplets.

The whole Lagrangian with up to two derivatives can now be written down in terms of these. This
is a non-trivial consequence of supersymmetry, because many different individual couplings in the
Lagrangian are determined by the same three functions.

For example, in supergravity models, the part of the scalar potential that does not depend on the
gauge kinetic function can be found as follows. First, one may define the real, dimensionless Kdhler
function:

G = K/ME +In(W/M3) + In(W*/M3). (A1)

(Just to maximize the confusion, G is also sometimes referred to as the Kéhler potential. Also, many
references use units with Mp = 1, which simplifies the expressions but can slightly obscure the corre-
spondence with the global supersymmetry limit of large Mp.) From G, one can construct its deriva-
tives with respect to the scalar fields and their complex conjugates: G* = 6G/d¢;; G; = 6G /5¢**; and
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Gg = 0°G/5¢*'6¢;. As in section B2, raised (lowered) indices i correspond to derivatives with respect
to ¢; (¢*'). Note that Gf = KZ] /M3, which is sometimes called the Kihler metric, does not depend on
the superpotential. The inverse of this matrix is denoted (G_l)g, or equivalently MA(K _1)g , so that
(GHkGI = (G_l)in = 5? . In terms of these objects, the generalization of the F-term contribu-
tion to the scalar potential in ordinary renormalizable global supersymmetry turns out to be, after a

complicated derivation [129, [130]:

Vi = Mg eC[GHGTG; - 3] (A.2)
in supergravity. It can be rewritten as
Vp = KIFjF* — 3eK/MBWw W™ /M3, (A.3)
where
Fi = —M3 e (GTY]Gy = —ePME (K1 (W) + WK /M3), (A.4)

with K* = §K/6¢; and K; = 6K/5¢*). The F; are order parameters for supersymmetry breaking in
supergravity (generalizing the auxiliary fields in the renormalizable global supersymmetry case). In
other words, local supersymmetry will be broken if one or more of the F; obtain a VEV. The gravitino
then absorbs the would-be goldstino and obtains a squared mass

m3jy = (KiFF™)/3M3. (A.5)

Now, assuming a minimal Kihler potential K = ¢*'¢;, then KZJ = (K_l)g = 5{, so that ex-
panding eqs. (A3) and (AZ) to lowest order in 1/Mp just reproduces the results F; = —W} and
V = F;F* = WiW}, which were found in section for renormalizable global supersymmetric theo-
ries [see eqs. (BAS)-BA0)]. Equation (A also reproduces the expression for the gravitino mass that
was quoted in eq. (G3TI).

The scalar potential eq. [(A2) does not include the D-term contributions from gauge interactions,
which are given by

1 o~
Vb = SRelfg' DaDy), (A.6)
where
D* = —GH (T ¢; = =6 (T); /Gy = =K' (T)P 5 = —¢™ (T%)' K, (A7)

are real order parameters of supersymmetry breaking, with the last three equalities following from the
gauge invariance of W and K. The full scalar potential is

V=Vr+Vp, (A.8)

and it depends on W and K only through the combination G in eq. ([Al). There are many other
contributions to the supergravity Lagrangian, which also turn out to depend only on G and f,;, and
can be found in ref. [T29, [130]. This allows one to consistently redefine W and K so that there are no
purely holomorphic or purely anti-holomorphic terms appearing in the latter.

Note that in the tree-level global supersymmetry case fu = d4p/92 and K = ¢*', eq. (AH) repro-
duces the result of section B4l for the renormalizable global supersymmetry D-term scalar potential,
with D@ = D@ /g® being the D-term order parameter for supersymmetry breaking.

Unlike in the case of global supersymmetry, the scalar potential in supergravity is not necessarily
non-negative, because of the —3 term in eq. ((A22). Therefore, in principle, one can have supersymmetry
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breaking with a positive, negative, or zero vacuum energy. Recent developments in experimental
cosmology [243] imply a positive vacuum energy associated with the acceleration of the scale factor of
the observable universe,

observed __ A
vac -
8T GNewton

~ (2.3 x 10712 GeV)?, (A.9)

but this is also certainly tiny compared to the scales associated with supersymmetry breaking. There-
fore, it is tempting to simply assume that the vacuum energy is 0 within the approximations pertinent
for working out the supergravity effects on particle physics at high energies. However, it is notoriously
unclear why the terms in the scalar potential in a supersymmetry-breaking vacuum should conspire to
give (V) &~ 0 at the minimum. A naive estimate, without miraculous cancellations, would give instead
(V') of order |{F)|?, so at least roughly (10'© GeV)* for Planck-scale mediated supersymmetry breaking,
or (10* GeV)? for Gauge-mediated supersymmetry breaking. Furthermore, while pyae = (V') classically,
the former is a very large-distance scale measured quantity, while the latter is associated with effective
field theories at length scales comparable to and shorter than those familiar to high energy physics. So,
in the absence of a compelling explanation for the tiny value of pyac, it is not at all clear that (V) ~ 0
is really the right condition to impose [276]. Nevertheless, with (V) = 0 imposed as a constraint,
eqs. [(A3)-(AF) tell us that (KiFF*Y) = 3MEel@ = 3elKV/ME| (W) |2 /M2, and an equivalent formula
for the gravitino mass is therefore mgz,, = G2 Mp.

An instructive special case arises if we assume a minimal K&hler potential and divide the fields ¢;
into a visible sector including the MSSM fields ¢;, and a hidden sector containing a field X that breaks
supersymmetry for us (and other fields that we need not treat explicitly). In other words, suppose that
the superpotential and the Kéahler potential have the form

W = ins(‘Pi) + Whid(X), (A.lO)
K = o+ X*X. (A.11)

Now let us further assume that the dynamics of the hidden sector fields provides non-zero VEVs
(X)=zMp,  (Whia) =wM3,  (6Whia/6X) =w'Mp, (A.12)

which define a dimensionless quantity x, and w, w’ with dimensions of [mass|. Requiring (V) = 0 yields
lw' + z*w|? = 3|w|?, and

majy = |(Fx)|/V3Mp = el*/2Juw]. (A.13)

Now we suppose that it is valid to expand the scalar potential in powers of the dimensionless quantities
w/Mp, w'/Mp, p;/Mp, etc., keeping only terms that depend on the visible sector fields ¢;. It is not a
difficult exercise to show that in leading order the result is:
Vo= (Wh)i(Wa) +m3 e
telol/2 {w*gp,-(ins)i + (" w™ + |zPw* — 3w*) Weis + c.c.} . (A.14)
A tricky point here is that we have rescaled the visible sector superpotential Wi — e~1® /2 Wiis every-
where, in order that the first term in eq. ((A14) is the usual, properly normalized, F-term contribution
in global supersymmetry. The next term is a universal soft scalar squared mass of the form eq. (E39)
with
2 2 2 2
mg = [(Fx)|"/3Mp = mzo- (A.15)

T"We do this only to follow popular example; as just noted we cannot endorse this imposition.
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The second line of eq. [AId) just gives soft (scalar)® and (scalar)? analytic couplings of the form

eqs. ([E40) and [EAT), with

1
Ay = —a*(Fx)/Mp, By = (

FEwTy ") (Fx) /Mp (A.16)

since @;(Whyis)® is equal to 3W.is for the cubic part of Wi, and to 2W.s for the quadratic part. [If the
complex phases of z, w, w’ can be rotated away, then eq. (AI6) implies By = Ay — ms /2, but there
are many effects that can ruin this prediction.] The Polonyi model mentioned in section is just the
special case of this exercise in which Wy;q is assumed to be linear in X.

However, there is no particular reason why W and K must have the simple form eq. (AI0) and
eq. (AI0). In general, the superpotential can be expanded like

1 .. -
W = Wien + —— w0 "¢, by, + RN G i B (A.17)

—w
Mp M3
where W, is the renormalizable superpotential with terms up to ¢2. Similarly, the Kéhler potential
can be expanded like

K = ¢io"+ Mp( K bidio* +c.c.)

1 - -
W(k,?n@@gb*k(b*" + kIR G hidpd™ +cc) + ..., (A.18)
P

where terms in K that are analytic in ¢ (and ¢*) are assumed to have been absorbed into W (and
W*), as explained above. The form of the first term is dictated by the requirement of canonical kinetic
terms for the chiral supermultiplet fields. If one now plugs eqs. (A7) and ([(AIR)) with arbitrary hidden
sector fields and VEVs into eq. [A2)), one obtains a general form like eq. (630]) for the soft terms. It is
only when special assumptions are made [like eqs. [(AI0), (ATI))] that one gets the phenomenologically
desirable results in eqs. (E31)-(EAT). Thus supergravity by itself does not guarantee universality of
the soft terms. Furthermore, there is no guarantee that expansions in 1/Mp of the form given above
are valid or appropriate. In superstring models, the dilaton and moduli fields have Kéhler potential
terms proportional to M3In[(¢ + ¢*)/Mp]. (The moduli are massless fields that do not appear in the
tree-level perturbative superpotential. The dilaton is a special modulus field whose VEV determines
the gauge couplings in the theory.)

Gaugino masses arise from non-renormalizable terms through a non-minimal gauge kinetic function
fab- Expanding it in powers of 1/Mp as

far = da|1/92 + figs/Mp + ..., (A.19)
it is possible to show that the gaugino mass induced by supersymmetry breaking is
mxa = Re[fi(F;)/2Mp. (A.20)

The assumption of universal gaugino masses therefore follows if the dimensionless quantities f! are the
same for each of the three MSSM gauge groups; this is automatic in certain GUT and superstring-
inspired models, but not in general.

Finally, let us mention how gaugino condensates can provide supersymmetry breaking in super-
gravity models. This again requires that the gauge kinetic function has a non-trivial dependence on
the scalar fields, as in eq. ((AJ9). Then eq. ([(AZ) is modified to
1 —1\J ¥ ayb
(K )gﬁ)\ N+ (A.21)
Now if there is a gaugino condensate (A\?A?) = §*’A?® and ((K‘l)gﬁfab/8¢j> ~ 1/Mp, then [(F})| ~
A3 /Mp. Then as above, the non-vanishing F-term gives rise to soft parameters of order mgg ~
(F;)|/Mp ~ A3/M3, as in eq. (GZ0).

Fy = —MEe“? (GG -
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