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Introduction

In the experimental search for supersym-
metry (SUSY) the lightest supersymmet-
ric particle (LSP) will play a crucial role
since the heavier supersymmetric particles
will decay into it.

In SUSY models with R-parity conserva-
tion, the lightest supersymmetric parti-
cle is absolutely stable. In most of the
supersymmetric models the lightest neu-
tralino (%), a admixture of gauginos and
higgsinos, is the LSP.

From the point of view of experimental
discovery of supersymmetry at colliders,
the LSP is the final product of the cascade
decay of a SUSY particle.

We will assume that the LSP is the light-
est neutralino, and that it escapes the col-
lider experiments undetected. The cas-
cade chain will typically also contain other
neutralinos ()’(‘?, j = 2,3,4) as well as

charginos ()27:;&, i=1,2).



e The charginos are an admixture of charged
gauginos and charged higgsinos. The
composition and mass of the neutrali-
nos and charginos will play a key role in
the search for supersymmetric particles.
These properties determine also the time-
scale of their decays.

e Although most of the phenomenological
studies involving neutralinos and charginos
have been performed with universal gaug-
ino masses at the grand unification scale,
there is no compelling theoretical reason
for such a choice.

e Gaugino masses follow from higher di-
mensional interaction terms which involve
gauginos and auxiliary parts of chiral su-
perfields in a given supersymmetric model.

e If the auxiliary field of one of the GUT
nonsinglet chiral superfields obtains a vac-
uum expectation value (VEV), then the
gaugino masses are not universal at the
grand unification scale.



e Moreover, nonuniversal soft supersymme-
try gaugino masses are a necessary feature
in some of the supersymmetric models,
e.g. in anomaly mediated supersymmetry
breaking models the gaugino masses are
not unified.

e The phenomenology of supersymmetric
models depends crucially on the compo-
sition of neutralinos and charginos. EXx-
perimental signals for supersymmetry can
change with changes in the composition of
neutralinos and charginos that may arise
because of the changes in the boundary
conditions at the GUT scale.

e In particular, the study of the implications
of the nonuniversal gaugino masses for the
phenomenology of neutral Higgs bosons is
important.

e The cascade decays of the SUSY parti-
cles may be a major source of the Higgs
bosons. This method of producing the
Higgs bosons does not depend on the
value of tang.



e This method of producing Higgs bosons
may help to cover a larger parameter space
as compared to the more conventional
methods.

e [ he gauginos also play an important role
in the decays of Higgs bosons when they
are kinematically allowed to decay to the
second lightest neutralino pair, which in
turn may decay to the lightest neutralinos
and two leptons.

e Such a signal seems to be relatively
easy to discover at the LHC. The Higgs
boson production via cascade decays
and their detection has been studied in
CMS detector simulations at LHC in the
case of minimal supersymmetric standard
model (MSSM) with universal gaugino
masses.

e Here we discuss the lightest neutralino
properties when the gaugino masses are
nonuniversal.



Gaugino Masses in GUTS

The masses and the compositions of neu-
tralinos and charginos are determined by
the soft SUSY breaking gaugino masses
My, M»>, and M3, the Higgs mixing pa-
rameter u, and tang.

In the simplest SUSY models M1 = M, =
M4 at the GUT scale. However, in SUSY
models with an underlying GUT gauge
group, the gaugino masses need not be
equal at the GUT scale.

We will consider the nonuniversality of
gaugino masses as it arises in the sim-
plest of the SUSY GUTS, namely super-
symmetric SU(5) grand unified theory.

In SUSY GUTS, non-universal gaugino
masses are generated by a non-singlet
chiral superfield o™ that appears in the
gauge kinetic function f(<$) which is func-
tion of the chiral singlet (%) and non-
singlet (") superfields in the theory.

-



e If the auxiliary part F¢ of a chiral super-
field & in f(®d) gets a VEV, then gaugino
masses arise from the coupling of f(P)
with the field strength superfield W%:

Lok = [ POfa(@IW W +hc,
P

fap(P) = f0(¢8)5ab+z,fn(¢8)M

P

_|_...,

e Here fp(®®) and fr(P?%) are functions of
gauge singlet superfields $°, and Mp is
some large scale. When Fg gets a VEV
(Fg), this interaction gives rise to gaugino
masses (A\%? are gaugino fields):

(Fd)ab yarb
L D Y A“A" =+ h.c.

g.k.
P

e Since the gauginos belong to the adjoint
representation of SU(5), & and Fg can
belong to any of the representations
appearing in the symmetric product of
the two 24 dimensional representations
of SU(5):

(24 ® 24) 5ymm = 1 © 24 © 75 & 200.



e In the minimal case & and Fg are as-
sumed to be in the singlet representa-
tion of SU(5), which implies equal gaugino
masses at the GUT scale.

e However, ¢ can belong to any of the non-
singlet representations 24, 75, and 200
of SU(5), in which case these gaugino
masses are unequal but related to one an-
other via the representation invariants.

e Because of the renormalization group
(RG) evolution we have at any scale (at
the one-loop level)

5 Qo M1(GUT)
Ml — 5 ’
3cos2 0y \ a1 (GUT)
84 MQ(GUT)
M2 — . D )
SN HW ag(GUT)
M T
M3z = a3 3(GUT) :
a3(GUT)



For the 24 dimensional representation

My 1 (5 Q
Mz~ 2as <§c052 9W> ’
MQ . 3 8
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For the 75 dimensional representation
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After RG evolution, at EW scale, M1 < M»
for the singlet representation, |M1| < |M>|
for the 24 and 75 representation, and
My > M»> for 200 dimensional represen-
tation. Two-loop effects increase the
Ml/Mg—ratio.
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e The ratios of the gaugino masses:

Fe | MY MS M§ | ME"™" M2 MEW

1 1 1 0.14 0.29 1
24 | -0.5 -1.5 -0.07 -0.43 1
75 -5 3 -0.72 0.87 1
200 | 10 2 1.44 0.58 1

= e

e The main component of the lightest
neutralino in different representations of
SU(5)
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e For singlet rep., the dominant component
is always the bino. This is also true for
the 24 dimensional rep.

e For the 75 dimensional representation, we
have several possibilities. For the value of
the soft parameter mg = 1 TeV, one has
a bino LSP for small values of M»>, a wino
LSP for slightly larger values of M», and a
higgsino LSP for M> 2 300 GeV, all for a
value of tan 3 2 10. There exists a band of
discontinuity in the (M5, tan 3)-parameter
space. For these values of parameters the
lighter chargino mass becomes too light.
The lower end of the M> range is restricted
in this case by the experimental limit on
the gluino mass.

e For the 200 dimensional representation
the LSP is either a wino or a higgsino,
depending on the values of M»> and tan .
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e An upper bound on the mass of the light-
est neutralino (x%):

1
Mg < o (M7 + M3+ M;
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e T he upper bound on the mass of the sec-
ond lightest neutralino (%9):
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For the four different representations of
SU(5), we have the sum rules

M2, = QZM%—ZM;?
2
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Implications for Higgs Physics

e It is possible that for heavy Higgs bosons
HO9, A9 and H=* the decays to supersym-
metric particles are important or even
dominant.

e T he decay of heavy Higgs bosons to the
second lightest neutralinos (%3) is promis-
ing because of the clear four lepton signal:

79,49 5 958,
X9 = XTI, l=e,p

e The decay 3 — x{ITI~ depends on the
parameters M», M1, u, and tan 8, and also
on the slepton masses my. Hence it de-
pends on the SU(5) representation that is
used in the gauge kinetic function.

e As long as the direct decay of ¥3 into
%} + Z0 is suppressed and the sleptons are
heavier than the 558, three body decays of
X5 into charged leptons and %% will be sig-
nificant.
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e We show the branching ratio of the three
body decay for different representation of
SU(5) as a function of tan g:
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e Due to the choice of M, value, X3 for the
singlet representation is predominantly a
wino, and %Y is a bino-dominated state.
The decay of %39 into 9 and a Z9 is kine-
matically disallowed.

e \We see from the figure that for higher val-
ues of tan B this branching ratio decreases
since the branching ratio ¥§ — %3717~ in-
creases with tan 8 due to a larger Yukawa
coupling.
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e For the values of parameters chosen, the
lightest neutralino mass is below the ex-
perimental lower limit for the 24 dimen-
sional representation.
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e For the 75 representation X2 IS Wino-
dominated and %Y is bino-dominated as in
the singlet case. However, the mass dif-
ference between the 528 and the )2? IS much
smaller compared to the singlet case. In
the low tan g region the branching ratio
for these two different representations are
very close though the branching ratio for
the 75 representation is slightly larger.
This is due to the fact that BR(%S — %%¢9)
Is slightly larger in the singlet case as com-
pared to the case of 75 dimensional rep-
resentation. The leptonic branching ratio
IS then almost equally distributed among
the available channels. However, for Iarge
tan 3 the branching ratio in the §{7tr
channel is larger for the 75 case than
for the singlet case. For large tan g this
makes the branching ratio in the x%I71~
channel smaller for the case of 75 dimen-
sional representation. We also note that
in the case of 75 dimensional representa-
tion the partial decay width of ¥§ — x{vv
is larger than the partial decay width of
%9 — X371~ in the large tan g region. On
the other hand, in the singlet case the par-
tial decay width of ¥9 — X1W is always
smaller than that of §3 — ¥,
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e Decay of heavy Higgs bosons into a pair
of neutralinos: H9, A — %9%5

e [ he decay widths and branching ratios de-
pend on the ratio of M7 and M>, and other
MSSM parameters.

e The coupling of the heavy Higgs
bosons HO A9 to a pair of neutralinos is
given by (Pr, Pr are projection operators):

H%X; @ —ig(ALPL+ AgrPr),
AO)’Z?)'Z? . — g(BLPL — BRPR)
A = Q5 cosa—Sjsina,
Arp = Qj;cosa— Sisina,
B = Qjsing — S} cosp,
Br = Qj;sinf —S;;cosp.
1 1
Qi = 3lZia(Zj2 — Zintanbw) + Zj3(Ziz — Zin tan 6w)]e;,
1
S = E[Zm(zjz — Zjptanbw) + Zja(Ziz2 — Zix tan Oy )le;.
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e Dependence of branching ratios
BR(H?,A° — %3%8) on my, for a
particular choice of MSSM parameters.
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e For my4 < 350GeV, the branching ratio of
the decay of A is larger than that of the
decay of the heavy Higgs scalar HO9 for
the reps. 1 and 75. This is due to the
fact that for HO the total decay width is
large due to the increase in the number
of available channels to the SM particles,
which leads to a smaller branching ratio to
sparticles.

e In the case of 200 dimensional rep. the
threshold opens up for heavier my, and
once again the branching ratio of AO is
larger than that of HO.
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e Signal Cross Section and the total event
rate in the four lepton channel at the LHC
with /s = 14 TeV for the 1 and 75 reps.

o(PP--> 4l + X) (fb) o(PP--> 4l + X) (fb)

30+ Representation 1~ - 30+ Representation 75 -

N N

1 1 1 | 1 1 1 1
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
m, (GeV) m, (GeV)

e For the singlet representation, we see that
for tanpB up to = 10, and my4 ~ 250-350
GeV the total 4l cross section can reach up
to 10 fb, which corresponds to 1000 signal
events (without any cuts) for integrated
luminosity of 100fb—1.

e For the 75 dimensional rep., a much
smaller region in the (m 4, tan B) plane can
be probed in this case with the same num-
ber of events.
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The four lepton signal is very small for
large values of tan g due to the suppres-
sion of the branching ratio B.R.(H9/A°% —

9%9).

There are two types of backgrounds,
namely, the SM processes, and SUSY pro-
cesses. The main SM background comes
from Z9Z9 and tf production.

The tt background can be eliminated to
a large extent by requiring four isolated
leptons with p/" > 10 GeV. Demanding a
missing transverse energy of 20 GeV and
an explicit Z° veto can reduce the back-
ground from z9z9.

The background from SUSY processes
can come from squark/gluino produc-
tion or sneutrino pair production. The
events coming from squark/gluino produc-
tion can be eliminated by requiring soft
jets with Ep < 100 GeV and EJ*$$ < 130
GeV.
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e The background coming from sneutrino
pair production is more difficult to handle.
However, it could possibly be distinguished
due to the fact that it has larger E*$ and
larger p'f compared to the signal.

e After using all these cuts the percentage
of four lepton signal surviving is approxi-
mately about 60%.
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e Higgs production in the cascade

d,d — X3 — hxy.

e If squarks and gluinos are light enough to
be produced (pp — q¢’,93,gq), then their
production cross section will be large at a

hadron collider.

e [ hus, the decay chain

§5,5—33+X — xnH?, A% + x
— X+ X

will be an important source to look for
Higgs bosons at LHC in the final state bbbb

+ X.

e It was found that for suitable values of
the parameters, the signal for all of the
neutral Higgs bosons was clearly above the
background. Discovery potential for AC
and HO extended to 200 GeV, independent
of the values of tang.
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e [ he cross section as a function of the
gluino mass for the 1 and 24 dimensional
rep.

e Parameters: tang = 10,my4 = 200 GeV,
p = 4500 GeV, mz; = 600 GeV and
my = 350 GeV as input values. In this case
only decay through the light Higgs boson
hO is kinematically possible. The mass dif-
ference of the two lightest neutralinos is
too small to produce heavier Higgs bosons
HO and AO.

e For 24 dimensional rep. the composition
and masses of the neutralinos are different
from the universal case. Now all the Higgs
channels are available. We see that the
CP-even neutral Higgs HO9-channel gives
the largest cross section. As gluino mass
increases, the decay branching ratio of
X9 — h, HO, A0 + %9 decreases.
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Summary

e We have studied the consequences of
gaugino mass nonuniversality in SUSY
GUTS for the neutralino masses and mass
relations, as well as particular Higgs pro-
duction and decay processes.

e Upper bounds for masses of neutralinos.
Sum rules for neutralino and Chargino
masses. These have significant depen-
dence on the representation of the under-

lying gauge group.

e The decay of the second lightest neu-
tralino to two leptons and the lightest neu-
tralino very much depends on the mass dif-
ference between the lightets and the sec-
ond lightest neutralino, which in turn de-
pends on the representation. This is also
true for the production of Higgs bosons
in the decay of the second lightest neu-
tralino.

e Implications of nonuniversality for the
Higgs phenomenolgy.
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