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Figure 6.1: The tree level coupling between three gauge bosons B (left), and the one-loop
fermion contribution to the same process (right).

6.3 Gauge terms

The pure gauge terms with supersymmetric field strengths are also fairly easy to write down:

__ _ 1.
Ly = 00 Tr[CAC 4] + 60 Te[WAWA] + 5eeBABA, (6.3)
where we have used the Dynkin indices of the gauge group representations
1 1 1
T(R)L =Tr |:20'1 . 20'1] = 57

and

1 1 1
T(R)C =Tr |:2>\1 . 2)\1:| = 57

in the normalization of the terms, and where the field strengths are given as:

1_ - 1

Cy = —EDDe’CDAeC, C =", (6.4)
1_ 1

Wa = —ZDDe’WDAeW, WziaiW’, (6.5)
1 - 1

By = —;DDD4B, B:§BO. (6.6)

6.4 The MSSM superpotential

With the gauge structure of the Standard Model in place we are ready to write down all
possible terms in the superpotential. First, we notice that there can be no tadpole terms
(terms with only one superfield), since there are no superfields that are singlets (zero charge)
under all Standard Model gauge groups. The only alternative would be if we introduced
right-handed neutrino superfields N;.

For the possible mass terms m®;®; we first check the abelian gauge group U(1)y, where
the requirement reduces to the relatively simple sum of hypercharges Y; +Y; = 0. In Table
[6.1] we see that the only possible contributions from the superfields that contain the Standard
Model fermions are particle-anti-particle combinations such as l;zl;g, but these come from
superfields with different handedness and cannot be used together.

The exception is a mass term with the two Higgs superfields that have opposite hyper-
charge Y = £1. In order to also be invariant under SU(2); we have to write this superpo-
tential term ad®]

Winass = pHLioo Hy, (6.7)

8This is immediately invariant under SU(3)¢ since the Higgs fields have no colour charge.



6.4. THE MSSM SUPERPOTENTIAL 71

Superfield | I, |E| @ |©l|Di| I |E| @ |w|D
Fermion vir, Lir, | Lir | wir,dir | wir | dir | #ir, g | ip | Girdir | @ir | diL
Hypercharge -1 -2 3 3| -2 1 2 -1 —-4] 2

Table 6.1: The MSSM superfields with Standard Model fermion content and their hyper-
charges Y.

where p is the superpotential mass parameter. This is invariant under SU(2), because, with

. oL k _ial  Tywk
the supergauge transformations Hy — e 927*W" H; and HI — H e 929 W"  we get
u u b
. 0o TWF . iglo, Wk
ngng — HuTe’gka 09927 W
Ll kol k .
= ngze%g”kw e 29 W L = HlioyHy,
since a,{ag = —090). Usually we ignore the SU(2)y, specific structure and write terms like

this as uH, Hy, confusing the hell out of anyone that is not used to this convention since we
really do mean Eq. (6.7). Notice that if we write (6.7)) in terms of component fields we get

Wnass = HgiU2Hd = HzJ[Hd_ - HSHz(i)7

which we should have been able to guess because the Lagrangian must also conserve electric
charge.

If you have paid very close attention to the argument above you may have noticed that
there is one more possibility, namely

Whass = H/zLZHu = /Jf{iLzTiUQH = /J’;(VlHS - lZHzJLr)’

where 1/ is some other mass parameter in the superpotential. This is clearly an allowable
term (and we will return to it below), however, it also raises a very interesting question:
Could we have L; = H;? Could the lepton superfields L; play the role of Higgs superfields,
thus reducing the field content needed to describe the SM particles in a supersymmetric
theory? While not immediately forbidden, this suggestions unfortunately leads to problems
with anomaly cancelation, processes with large lepton flavour violation (LFV) and much too
massive neutrinos, and has been abandoned.

We have now found all possible mass terms in the superpotential. What about the Yukawa
terms? The hypercharge requirement here is Y; +Y; +Y; = 0. From our table of hypercharges
only the following terms are found to be viable:

Wyikawa = ¥§;LiHaEj + yQiHuUj + yQiHaDj + NijiLiLj Ey, + ;. LiQ; Dy, + A3.Ui D; Dy,

where we have named and indexed the Yukawa couplings in a hopefully natural Wayﬂ For all
these terms we can simultaneously keep SU (2), invariance with the icy construction implicitly
inserted between any superfield doublets. Note that because of the SU(2);, invariance, we
must have ¢ # j for A, since i = j gives LiL;Ey, = (vil; — L) By, = 0.

9For some particular opinion of what is natural.
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For SU(3)c to be conserved, we need to have colour singlets. Some of these terms are
colour singlets by construction since they do not contain any coloured fields. The terms with
only two quark superfields contain left-handed Weyl spinors for quarks and anti-quarks, which
are SU(3)c singlets if the superfields come in colour—anti-colour pairs. In representation
language they are in the 3 and 3 representations of SU(3)c. Written with colour indices
explicit we have e.g. L;Q;Dj = LiiJQQ?Dg, where a is the colour index. The final term
U;D;Dy, is a colour singlet once we demand that it is totally anti-symmetric in the colour
indices: UiDjDk = eachfD?Dz. The anti-symmetry property of the Levi-Civita tensor €gp.
means that we must have j # k in A7,
Our complete superpotential is then:

W = pH Hg+ piLiHy + y5LiHE; + yQiHu U + Qi HyD;
+)\ijkLiLjEk + )‘;jkLinDk + A;,]k;UzD]Dk (6.8)

The parameter p, potentially complex, is a brand new parameter appearing in the superpoten-
tial, with no corresponding parameter existing in the Standard Model Lagrangian. However,
the Yukawa couplings y here are exactly the same as the Standard Model Yukawa couplings
since, they will be required to give mass to the Standard Model fermions after electroweak
symmetry breaking when the Higgs fields get a vev, see Section The fate of the other
parameters will be discussed in the next section.

6.5 R-parity

The superpotential terms LH,,, LLE and LQD that we have written down in all violate
lepton number conservation, and U DD violates baryon number conservation. Such terms do
not exist in the Standard Model, although there is no symmetry forbidding their existence
there, instead a combination of what fields exist and the gauge symmetries that limit their
interactions means that there are no such tree-level interactions. We call this an accidental
symmetry of the Standard Model.

Allowing such terms in the MSSM would lead to, among other phenomenological problems,
processes like proton decay, for example through p — et 7 as shown in Fig. which breaks
both baryon number and lepton number. We can estimate the resulting proton life-time by
noting that the exchange of a scalar particle (in this example a strange squark §) creates an
effective dimension-6 four-fermion interaction Lagrangian term Aadeu with coupling

)\/ )\//
A= 2272 (6.9)

ms
where the sparticle mass mz comes from the scalar propagator in the diagram. The resulting
matrix element for the total proton decay process must then be proportional to |A|?, which
has mass dimension M ~*. Since decay width has mass dimension M, the phase space part of
the calculation must provide something of mass dimension M®°. The only mass scale involved
in the problem is the proton mass m,,, thus we approximate the phase space integration part
of the proton decay width by mg. We then have

5
m

Lpsetno ~ |>\|2m2 = |X112>\/1,12|2m72 (6.10)
S
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Figure 6.2: Possible Feynman diagram for proton decay with R-parity violating couplings
112 and Aqp,.

The current measured lower limit on the lifetime from watching a lot of protons not decay
iS T) yetp0 > 1.6+ 103 y [11], or, converting to seconds, 7, ,o+p0 > m-107 s/y x 1.6- 103 y =
5.0 - 104! s, which gives a limit on the width

_h_6.582-107%° GeV s
oot = 2 < =55 Jout5

~1.3-107% GeV,
so that we have the following very strict limit on the combination of the two couplings

N
Mi2AT12| < 1.3-107%7 (%) - (6.11)
Such strict limits can be found on most of the lepton and baryon number couplings using
the measured properties of the Standard Model particles, with some exceptions for coupling
involving the second and third generation fermions.

To avoid all such lepton and baryon number couplings Fayet (1975) [12] introduced the
conservation of R-partity.

Definition: R-parity is a multiplicatively conserved quantum number given by

R = (_1)2s+3B+L

where s is a particle’s spin, B its baryon number and L its lepton number.

For all Standard Model particles, including all the scalar Higgs bosons, this gives R = 1, while
the superpartners all have R = —1. One usually defines the MSSM as conserving R-parity.
For the MSSM this excludes the terms LH,,, LLE, LQD and UDD from the superpotential
leaving us with the R-partiy conserving superpotential

W = pHyHg+y5LiHaE; + yi5QiHuU;j + yiQiHyD;. (6.12)

The consequence of this somewhat ad hoc definition is that in all interactions the total
number of incoming and outgoing supersymmetric particles must be an even number 2n, so
that the total R-number is (—1)2" = 1. This leads to the following very important phe-
nomenological consequences:

10A1l the superpotential Yukawa terms lead to component field terms of the form A;e;4p%. If the scalar A;
here is not a Higgs boson, then it is a superpartner and if none of the fermions come from a Higgs superfield
so that they are also a superpartner the term breaks R-parity conservation. The superpotential mass terms
have component field terms of the form ;;. If one of the fermions here comes from a Higgs superfield, then
it is a superpartner, and if the other does not, the term breaks R-parity.
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1. All sparticles must be produced in pairs (ignoring the very low probability of producing
four or more).

2. Sparticles must annihilate in pairs.

3. The lightest supersymmetric particle (LSP) is absolutely stable, and every other
sparticle must decay down to the LSP (possibly in multiple steps).

6.6 SUSY breaking terms

We can use our previous arguments on gauge invariance that we used when discussing the
superpotential on the general soft-breaking terms in Eq. (5.8)) to determine which terms are
allowed. Terms

— _ MOOIIT WA
AT(R) W Wal,

are allowed because they have the same gauge structure as the field strength terms. In
component fields these are for the MSSM:

1 -~ 1 o~ 1
—iMlBB - §M2WGWG - §M3§a§a +c.c
where the M; are potentially complex-valued. This gives six new parameters. Terms
1 __
—6aijk(9999‘1)7;(1)j‘1)k,

are allowed when corresponding terms exist in the superpotential (are gauge invariant and
not disallowed by R-parity). In component fields the allowed terms are
—afjﬂiﬂdé;fR — a%QiHuﬂ;R - aijinde + c.c.

where the H here refers to scalar parts of the Higgs superfields. The couplings a;; are all
potentially complex valued, so this gives us 54 new parameters. The terms

~ 5D 0000%;;,
are only allowed for corresponding terms in the superpotential, i.e. —bH,Hy + c.c., where b
is potentially complex valued, which gives us 2 new parameters Tadpole terms
—t;00009;,
are not allowed, as there are no tadpoles in the superpotential. Mass terms
—m?,00009] @,

are allowed because they have the same gauge structure as kinetic terms. In component fields
they are:

—(mE)PLIL; — (m§)?ERéin — (mD)2QIQ; — (mi)uigir — (m&)?dipd;r

—m3, HiH, —m% H)H,, (6.13)

"The coupling b is sometimes written By where B is a unitless constant that indicates how different the
coupling is from the corresponding coupling in the superpotential.
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