
I. THE SSM LAGRANGIAN

Our starting point is the SM Lagrangian:

LSM = −1

4

3∑
(a)=1

(
(F b

mnF
mn b)(a)

)
−DmhD

mh̄

+
3∑
I=1

(
−iq̄IL 6 DqIL − iūIR 6 DuIR − id̄IR 6 DdIR − il̄IL 6 DlIL − iēIR 6 DeIR

)
(1)

−
3∑

I,J=1

(
(Yu)IJ h̄q

I
Lu

J
R + (Yd)IJhq

I
Ld

J
R + (Yl)IJhl

I
Le

J
R + h.c.

)
− V (h, h̄),

where 6 D = σmDm, the index (a) labels the three different factors in the gauge group, and

the indices I, J = 1, 2, 3 label the three families of chiral quarks and leptons. The Higgs

potential is given by

V (h, h̄) = µ2hh̄+ λ(hh̄)2. (2)

In order to have a bounded potential, λ > 0 has to hold. For µ2 < 0 the electroweak gauge

group SU(2)L × U(1)Y is spontaneously broken down to U(1)EM. The minimum of the

potential is at 〈hh̄〉 = −µ2

2λ
.

Exercise: Give explicitly all the covariant derivatives in (1).

We now turn to the supersymmetric extension of the SM. The idea is to promote the

Lagrangian (1) to a supersymmetric Lagrangian. The Lagrangian of the supersymmetric

SM (SSM) has to be of the form

L(Ai, ψi, vam, λ
a) = −1

4
F a
mnF

mna − iλ̄aσ̄mDmλ
a −DmA

iDmĀi − iψ̄iσ̄mDmψ
i (3)

+ i
√

2g(ĀiT aijψ
jλa − λ̄aT aijAiψ̄j)−

1

2
Wijψ

iψj − 1

2
W̄ijψ̄

iψ̄j − V (A, Ā),

where

V (A, Ā) = WiW̄i +
1

2
g2(ĀiT aijA

j)(ĀiT aijA
j), (4)

with an appropriate superpotential W . It has to be chosen so that the non-supersymmetric

SM Lagrangian (1) is contained. This is achieved by

W =
∑
I,J

(
(Yu)IJhuq̃

I
Lũ

J
R + (Yd)IJhdq̃

I
Ld̃

J
R + (Ye)IJhdl̃

I
Lẽ

J
R

)
+ µhuhd. (5)

Once W is specified, also the scalar potential is fixed. Of particular importance is the

scalar potential of the Higgs fields, since it controls the electroweak symmetry breaking.
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Using (4) and (5), one derives the Higgs potential for the two neutral Higgs fields h0
d, h

0
u, by

setting all other scalars to zero:

V (h0
d, h

0
u) = |µ|2

(
|h0
d|2 + |h0

u|2
)

+
1

8

(
g2
1 + g2

2

) (
|h0
u|2 − |h0

d|2
)2
. (6)

The quartic couplings are not independent parameters. Instead, they are determined by the

gauge couplings g1 and g2.

Exercise: Derive (6) from (4) and (5).

In the last section we learned that the potential of any supersymmetric theory is positive

semi-definite. The Higgs potential of Eq. (6) is no exception, as can be seen explicitly:

|µ|2 cannot be negative. Thus the minimum of V necessarily sits at 〈h0
d〉 = 〈h0

u〉 = 0. This

corresponds to a vacuum with unbroken SU(2)L × U(1)Y . Therefore, the supersymmetric

version of the SM as defined so far cannot accommodate a vacuum with spontaneously

broken electroweak symmetry. A second phenomenological problem is the presence of all

the new supersymmetric states which have the same mass as their superpartners but are not

observed in Nature. As we said before, supersymmetry has to appear in its broken phase

and, as we will see, the electroweak symmetry breaking is closely tied to the breakdown of

supersymmetry.

The Yukawa terms in the superpotential of Eq. (5) induce not only the Yukawa inter-

actions of the SM, but many more Lagrangian interaction terms. In particular, Yu, Yd and

Ye imply not only Higgs-quark-quark and Higgs-lepton-lepton couplings, but also squark-

higgsino-quark and slepton-higgsino-lepton interactions. For example, there are tL− t̄R−H0
u,

t̃L− t̄R− H̃0
u and tL− t̃†R− H̃0

u couplings. All of these interactions are required by supersym-

metry to have the same strength yt. 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 su-

persymmetry. A useful mnemonic is that each of the three related Yukawa interactions can

be obtained from any of the others by changing two of the particles into their superpartners.

There are also scalar quartic with strength proportional to Yukawa-coupling-squared. For

example, if we again focus our attention on vertices involving only t̃L, t̃R and H0
u, there are

three of those: t̃L − t̃†L − t̃R − t̃
†
R, t̃L − t̃†L − H0

u − H0†
u , and t̃R − t̃†R − H0

u − H0†
u , and they

all have strength that is |yt|2. This illustrates the remarkable economy of supersymmetry:

there are many interactions determined by only a single parameter. In a similar way, the
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existence of all the other quark and lepton couplings in the superpotential (5) leads not only

to Higgs-quark-quark and Higgs-lepton-lepton Lagrangian terms, as in the SM, but also to

squark-higgsino-quark, slepton-higgsino-lepton, (squark)4, (slepton)4, (squark)2(slepton)2,

(squark)2(Higgs)2, and (slepton)2(Higgs)2 couplings.

The dimensionless interactions determined by the superpotential are often not the most

important ones of direct interest to phenomenology. This is because the Yukawa couplings

are known to be very small, except those of the third generation. Instead, production and

decay processes for sparticles are typically dominated by the supersymmetric interactions

with gauge-coupling strength. The couplings of the SM gauge bosons (photon, W±, Z0 and

gluons) to the SSM particles are completely determined 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. For example, each of the squark-quark-gluino couplings is given

by
√

2g3(q̃T
aqg̃+h.c.) where T a = λa/2 (a = 1, . . . , 8) are the generators of SU(3). Of course,

(lepton,slepton) and (Higgs,higgsino) pairs do not couple to gluinos, and right-handed quarks

and squarks do not couple to the winos.

As we saw above, there are also various scalar quartic interactions that are determined

by the gauge invariance and supersymmetry, among them the (Higgs)4 terms proportional

to g2 and g′2 of Eq. (6).

The µ-term and the Yukawa couplings in the superpotential (5) combine to yield (scalar)3

couplings of the form

Lssm
φ3 = µ∗

(
ũcYuQ̃H

∗
d + d̃cYdQ̃H

∗
u + ẽcYeL̃H

∗
u + h.c.

)
. (7)

These terms play an important role in determining the mixing of top squarks, bottom squarks

and tau sleptons.

II. R-PARITY AND ITS CONSEQUENCES

The superpotential of Eq. (5) is minimal in the sense that it is sufficient to produce

a phenomenologically viable model, and, in particular, it contains all the SM interactions

of (1). However, there are other terms that one can write that are gauge-invariant, and

analytic in the chiral superfields. The most general gauge-invariant and renormalizable
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superpotential includes not only Eq. (5) but also the terms

WRPV =
1

2
λijkLiLje

c
k + λ′ijkLiQjd

c
k +

1

2
λ′′ijku

c
id
c
jd
c
k + µiLiHu. (8)

These terms violate lepton and baryon number. The chiral superfields carry baryon number

B = +1/3 for Q, B = −1/3 for uc and dc, and B = 0 for all other fields. They carry lepton

number L = +1 for L, L = −1 for ec and L = 0 for all other fields. Therefore, the λ-, λ′-

and µi-terms violate lepton number by one unit (and conserve baryon number), while the

λ′′-terms violate baryon number by one unit (and conserve lepton number). Unlike the SM,

baryon and lepton number are not accidental symmetries of the generic SSM.

The possible existence of such terms is rather disturbing, since the corresponding B- and

L-violating processes have not been experimentally observed. The most obvious experimen-

tal constraint comes from the non-observation of proton decay, which would violate both

B and L by one unit. If both λ′ and λ′′ couplings were present and unsuppressed, then

the lifetime of the proton would be extremely short. For example, a tree level diagram

of s̃c-mediated s-channel transition d + u → e+ + ū would lead to p → e+π0 (and similar

diagrams would lead to p → e+K0, µ+π0, νπ+, νK+, etc.). Note that the coupling λ′′ must

be antisymmetric in its last two flavor indices, since the color indices are contracted anti-

symmetrically. This is why the squark mediating d + u→ e+ + ū can be s̃ or b̃, but not d̃.

As a rough estimate based on dimensional analysis, we obtain

Γ(p→ e+π0) ∼ m5
p

∑
i=2,3

|λ′11iλ
′′
11i|2

m4
d̃i

, (9)

which would be a tiny fraction of a second if the couplings were 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 known experimentally to be longer than 1032 years. Therefore, at least one of

λ′ijk or λ′′ijk for each of i, j = 1, 2 and k = 2, 3 must be extremely small:

|λ′11iλ
′′
11i| ∼< 10−26. (10)

Many other processes also give constraints on on the violation of lepton and baryon

number. For example, the µi terms give mass to one of the light neutrinos. If, for at least

one of the µi. we have µi ∼ µ ∼> 100 GeV , then this would give m(ν3) = O(mZ). Given

mν < 1 eV , we must have

µi ∼<
√
mνµ ∼ 3× 10−6mZ . (11)
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One could simply try to impose B and L conservation on the SSM. However, this is clearly

a step backwards from the situation in the SM, where the conservation of these quantum

numbers is not imposed, but rather an accidental consequence of gauge symmetry, particle

content and renormalizability. Furthermore, there is a quite general obstacle to treating B

and L as fundamental symmetries of Nature, since they are necessarily violated by non-

perturbative electroweak effects. (These effects conserve, however B−L.) 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. (5). This new symmetry is called “R-parity” or equivalently “matter parity”.

Matter parity is a multiplicatively conserved quantum number defined as

PM = (−1)3(B−L) (12)

for each particle in the theory. Quark and lepton supermultiplets all have PM = −1, while

the Higgs supermultiplets have PM = +1. The gauge bosons and gauginos of course do not

carry baryon or lepton number, so they are assigned PM = +1. A term in the superpotential

is allowed only if the product of PM for all the fields in it is +1. It is easy to check that each

term in (8) is thus forbidden, while all the terms in (5) are allowed. The 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 exact and

fundamental symmetry, which each of B and L by itself cannot. With exact matter parity,

baryon and lepton number become accidental symmetries and are, therefore, expected to be

violated by nonrenormalizable operators.

It is often useful to recast matter parity in terms of another discrete symmetry, R-parity,

defined for each particle as

PR = (−1)3(B−L)+2s, (13)

where s is the spin of the particle. Now, matter parity conservation and R-parity con-

servation are precisely equivalent, since the product of (−1)2s 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 dif-

ferent 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

5



should not be confused with R parity, which is a discrete Z2 symmetry. In fact, the matter

parity version of R-parity makes it clear that there is really nothing intrinsically “R” about

it; in other words, it secretly does commute with supersymmetry, so its name is somewhat a

misnomer. Nevertheless, the R-parity assignment is very useful for phenomenology because

all of the SM particles and the Higgs bosons have even R-parity (PR = +1), while all the

squarks, sleptons, gauginos and higgsinos have odd R-parity (PR = −1).

The R-parity odd particles are known as “supersymmetric particles” or “sparticles” for

short, and they are distinguished by a tilde. If R-parity is exactly conserved, then there

can be no mixing between the sparticles and the PR = +1 particles. Furthermore, every

interaction vertex in the theory contains an even number of PR = −1 sparticles. This has

three extremely important phenomenological consequences:

• The lightest sparticle with PR = −1, called the “lightest supersymmetric particle” or

LSP, must be absolutely stable.

• Each sparticle other than the LSP must eventually decay into a state that contains an

odd number of LSPs (usually just one).

• 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 the proton decay (and other)

constraints and by the hope that the LSP will provide a good dark matter candidate, it

might appear somewhat artificial from the theoretical point of view. After all, the MSSM

would not suffer any internal inconsistency if we did not impose R-parity conservation. It

is important to realize, however, that it is sensible to formulate matter parity as a discrete

symmetry that is exactly conserved if it is a “gauged” discrete symmetry, which can be the

case if is satisfies certainly anomaly cancelation conditions. In particular, it could be that

U(1)B−L is an exact symmetry of the Lagrangian at high energies, that is spontaneously

broken by a VEV of a scalar that carries an even integer value of 3(B − L). Then PM

survives as an exactly conserved discrete subgroup.
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III. THE LSP

If R-parity is conserved, the lightest supersymmetric particle (often denoted by the ‘LSP’)

is absolutely stable. This conclusion has an important implication for the relation of super-

symmetry to cosmology. If a supersymmetric particle is stable for a time longer than the age

of the Universe, and if this particle is electrically neutral, that particle is a good candidate

for the cosmic dark matter. We later discuss the properties of models in which the LSP is

the dark matter particle.

However, this is not the only possibility. Over times much longer than those of par-

ticle physics experiments – minutes, years, or billions of years – we need to consider the

possibility that the lightest SM superpartners will decay to a particle with only couplings

of gravitational strength. Complete supersymmetric models of Nature must include a su-

perpartner of the graviton, a spin-3
2

particle called the gravitino. In a model with exact

supersymmetry, the gravitino is massless. But in a model with spontaneously broken super-

symmetry, the gravitino acquires a mass through an analogue of the Higgs mechanism. If

the supersymmetry breaking is induced by one dominant F -term, the value of this mass is

m3/2 =
8π

3

〈F 〉
mPl

. (14)

This expression is of the same order of magnitude as the expression for SM superpartner

masses that we will encounter later. In string theory and other unified models, there may

be additional SM singlet fields with couplings of gravitational strength, called moduli, that

might also be light enough that long-lived SM superpartners could decay to them.

Supersymmetric models with R-parity conservation and dark matter, then, divide into

two classes, according to the identity of the lightest supersymmetric particle – the LSP. On

one hand, the LSP could be a SM superpartner. Cosmology requires that this particle is

neutral. Several candidates are available, including the fermionic partners of the photon,

Z0, and neutral Higgs bosons, and the scalar partner of one of the neutrinos. In all cases,

these particles will be weakly interacting; when they are produced at high-energy collidres,

they should not make signals in a particle detector. On the other hand, the LSP could be

the gravitino or another particle with only gravitational couplings. In that case, the lightest

SM superpartner could be a charged particle. Whether this particle is visible or neutral and
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weakly interacting, its decay should be included in the phenomenology of the model.
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