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ABSTRACT: We study the LHC signature of the minimal supersymmetric standard model
with non-universal sfermion masses. In the model, soft masses of gauginos and the 3rd
generation of 10 of SU(5) are around the weak scale, while other sfermion soft mass is
universal and around a few TeV. Such sfermion mass spectrum is motivated not only from
flavor, CP and naturalness constraints but also from FEg grand unified model with non-
Abelian horizontal (flavor) symmetry. The characteristic signature of the model at the
LHC is the dominance of the events with 4 b partons in the final state together with high
rate of mildly boosted top quark arising from gluino decay. The prominent high pr jet
also arises from squark decay. We show it is possible to find the characteristic signature
in the early stage of the LHC. The discrimination of our scenario from some CMSSM
model points with similar signature may be possible with large integrated luminosity. The
result of sparticle mass measurement using exclusive channel with the help of hemisphere
analysis, and inclusive measurement of gluino and squark masses using Mpo and Mj%m in
some representative model points are presented.
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1 Introduction

Supersymmetry (SUSY) is one of the most promising candidates for physics beyond the
Standard Model (SM). The minimal supersymmetric standard model (MSSM) has some
attractive features, for instance improvement of the gauge coupling unification, the radia-
tive electroweak symmetry breaking, and providing a dark matter candidate as the lightest
superparticle (LSP) [1-3]. Moreover, one of the most attractive features of the MSSM is
the stabilization of the weak scale in the case that the SUSY breaking parameters and
the higgsino mass parameter (u) are around the weak scale. The signatures of the su-
persymmetry may be discovered and some properties of the MSSM will be revealed at
ATLAS and CMS experiments at the CERN Large Hadron Collider (LHC). The LHC sig-
natures of various SUSY models, such as minimal supergravity (mSUGRA) model [4-7],
gauge mediated SUSY breaking (GMSB) model [8-10], anomaly mediated SUSY break-
ing (AMSB) model [11-15], mixed modulas anomaly mediation (MMAM) model [16, 17],

have been studied.



The sparticle mass measurement is an important physics target at the LHC. Various
methods have been developed for sparticle mass determination from event kinematics [4-
7,18-35]. Endpoint methods of the various leptonic exclusive channels is known to be
very successful [4-7, 18, 19]. By combining the measured endpoints of the invariant mass
distributions of the jets and leptons from relatively clean and long cascade decay channels
involving neutralinos (YY) and sleptons (7), one can determine not only the masses of
the squark and gluino, but also the masses of neutralinos and sleptons arising from their
cascade decays. Recently, progress has been made in the use of Mpo distributions for the
sparticle mass measurement [27-35]. It has been pointed out that the endpoint of the Mpy
distributions as a function of the test LSP mass () may exhibit a kink, which indicates the
initially produced sparticle mass and the true LSP mass simultaneously [29-31]. Moreover
if we define the M7y and the sub-system My [33, 34] inclusively, we can roughly measure
the squark and gluino masses even in the very early stage at the LHC [32, 33, 36].

The purpose of this paper is investigating the LHC signature of SUSY models with
non-universal sfermion masses. Most of the SUSY models that have been studied so far
have universality of sfermion soft masses in the flavor space except for some literature [37—
39]. Introduction of the sfermion non-universality may induce unacceptably large flavor
changing neutral currents (FCNCs) and electric dipole moments (EDMs) [40-43]. However,
the sfermion non-universality may be partially introduced for the 3rd generation sfermions
because constraints from the 3rd generation FCNCs are not so severe [44-46] (See also
refs. [47-49]). If soft masses of gluino and right and left-handed stops are around the weak
scale while the other sfermion masses are around a few TeV, some of FCNC and EDM
constraints are relaxed with keeping weak scale stabilization. In grand unified theories
(GUTs) such as SU(5) GUT, both the left and right-handed stops are involved in the 3rd
generation of 10-plet of SU(5). In this paper, we consider a minimal non-univeral models
in which only the 3rd generation sfermions involved in 10 have a different soft mass (mso)
from the other universal soft sfermion mass (mg) at the cutoff scale. The non-universal
sfermion mass scenario is motivated both on phenomenological and theoretical grounds.
There are models that predict the non-universal structure adopted in this paper along with
realistic fermion masses and mixing matrices [50, 51].

This paper is organized as follows. In section 2, we introduce a non-universal sfermion
mass scenario and explain motivations. We identify the motivated region of parameter
space from some phenomenological constraints. In section 3, we investigate the LHC sig-
nature at some representative model points. The charactaristic signature of the model is
the 4 b partons in the final state and mildly boosted top quark with high rate for gluino
gluino production. The prominent high pr jet also arises for squark gluino co-production.
We demonstrate that it is possible to find the characteristic signature of the model through
particle level Monte Carlo Simulation with detector smearing. In section 4, we search con-
strained MSSM (CMSSM) parameter space [52], where all scalar fields have common SUSY
breaking mass at the cutoff scale, and find a model point whose signature is similar to that of
our scenario. We propose a key measurement to discriminate our scenario from the CMSSM
model point. In section 5, we discuss sparticle mass measurement in our scenario. We study
leptonic exclusive analysis, the top reconstruction from gluino decay, and measurement of



the tb endpoint. We also study inclusive Mpo and MFQm distributions [32, 33, 36] and
demonstrate that gluino and the first two generation squark masses can be measured in a
stage of the LHC such as [ Ldt =5 — 20 fb~1. Section 6 is devoted to the conclusion.

2 Modified universal sfermion mass scenario

In supersymmetric models there is no quadratic divergence in the Higgs sector. Therefore
the naturalness problem in the SM is significantly relaxed. However the supersymmetry
is softly broken and the scale of the quantum correction to the Higgs mass is of the order
of the soft SUSY breaking parameters. If the SUSY breaking scale is much lager than the
weak scale, unnatural tuning among the soft masses and higgsino mass, u, is required.
Let us look this issue more closely. In the MSSM, the condition for the electroweak
symmetry breaking (EWSB) is given as
2

m_%:_‘M‘Q_mZ (A)—Am2 +O mHu,d (2 1)
2 Hu Hu tan? 3 )’ ’

where quu (A) is a soft mass of the up-type Higgs boson at the cutoff scale A, and Am%{u
is a quantum correction to the m%{u at the weak scale, which is roughly given as

6]Y;|? A?
Am3; ~ — ! mtgln <—2 , (2.2)

(47)? ms

where Y} is the top Yukawa coupling and mj is the averaged stop mass. The Am%{u is large
if mgz is much larger than the weak scale. In that case, a relatively large cancellation is
required among the terms in the right hand side of eq. (2.1).

Unlike stop masses, the other squark and slepton masses do not affect the Higgs potetial
because their Yukawa couplings are small unless the bottom Yukawa coupling is as large
as the top Yukawa coupling. As long as both left and right-handed stop masses are around
the weak scale, we can take their masses much larger than the weak scale. In SU(5) GUT,
two stops are unified into a single 10-plet field at the GUT scale. We consider a model in
which a soft mass of the 3rd generation of 10 (103) is independent of the other universal
sfermion soft masses at the GUT scale. We parameterize sfermion soft mass matrices at
the cutoff scale as follows:

mio = mg , omE = mg . (2.3)

Here, 10 = (Q,U¢, E¢), 5 = (D¢ L). In this paper, we take the cutoff A to be the

unification scale of the three gauge couplings (A ~ 2 x 1016 GeV).

In the super-CKM basis, sfermion mass matrices for 10 sector are given as m% =

V]jm%OVf (f = ur,dr,ur,er) at the cutoffs scale. Here V; are unitary matrices that

diagonalize the Yukawa matrices as qu; Y Vi, = 3% The mixing induced by V} should
be sufficiently small to avoid large FCNCs. Thus in addition to eq. (2.3), we assume [47-49],

Vur)ijs (Vag)iis Vaur)ig, (Ver)ii S (Vexm)ig, (@ # 7). (2.4)



In Eg SUSY GUT models with SU(2) x U(1) horizontal symmetry H, eqs. (2.3)
and (2.4) are derived along with realistic fermion masses and mixing matrices [50, 51].
In the models, all the 5-plets of three families and the first two generations of 10-plets
(10; and 103) are involved in a SU(2)y doublet, ¥(27,2), = (¥, ¥y), while 103 and
MSSM Higgs fields are involved in SU(2)y singlets, ¥(27,1)3 and ®(27, 1), respectively.!
The Yukawa terms for ¥(27,2), are forbidden by SUSY and the horizontal symmetry of
the superpotential. On the other hand, a term W > W¥(27,1)30(27,1)3P(27,1) is al-
lowed. Thus, the Yukawa coupling for 103 can be of order one, which is identified as the
top Yukawa coupling.

Other Yukawa couplings arise though the higher dimensional operators after breaking
the horizontal symmetry. They are suppressed by factor ((F')/A)", where (F') is a breaking
scale of H and n is some integer. Thus, the Yukawa hierarchy in 10 sector is larger than
that in 5 residing in ¥(27,2). This explains why the mass hierarchy of the up-quark sector
(Q,U° C 10) is the largest and the lepton flavor mixing (L C 5) is larger than the quark
flavor mixing.

The model predicts the non-universal sfermion masses eq. (2.3) at the leading order.
The renormalizable sfermion soft mass terms can be written as

o = mgd(27,2)16(27, 2)0 + mi|$(27, 1), (2.5)

where ¢ represents the scalar components of the superfield . Again, the model has not
only a partial (1st-2nd) universality of 10-plet sfermions but also a full (1st-3rd) universal-
ity of 5-plet sfermions. The full universality of 5 sfermions is crucial to satisfy the FCNC
and EDM constraints because the unitary matrices that diagonalize the Yukawa matri-
ces for Bs are expected to have large off-diagonal entries like the MNS (Maki-Nakagawa
Sakita) matrix.

In the following, we identify a region of parameter space where both the naturalness and
the FCNC constraints are satisfied. In this model, the condition eq. (2.1) can be expressed
numerically in terms of the fundamental parameters defined at the cutoff scale as [53]

m7 o —1.9|u(A)|* = 1.2m3; (A) + 1.5m3 +5.9m7 ;5 + -+ . (2.6)

The term proportional to my / arises through the stop mass dependence of the RGE. The
large cancellation is not required in the right hand side of eq. (2.6) as long as parameters
M M, , m3o and my o are around the Z boson mass scale. Therefore we study the region
of the parameter space where

mi/e S 300GeV,  map, mp,(A) S 500GeV. (2.7)

In this case, u is typically 200 to 500 GeV.

The other sfermion masses are given by mg. If mg is also around the Z boson mass
scale, FCNCs and EDMs severely constrain the flavor off-diagonal terms of the sfermion
mass matrices and CP violating phases of the various SUSY breaking parameters. Such

'The numbers in the parenthesis denote representations under Fg x SU(2)
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Figure 1. The allowed region on (m;,; — mg) plane. The other parameters are taken mgp =
mu, (A) = mp,(A) =300GeV, Ay = —600GeV, tan § = 10, sgn(p) = +.

constraints are sometimes problematic to construct explicit models, because various sources
that violate the universality are expected.? On the other hand, if mg is much larger than
the weak scale, the constraints can be relaxed.?

However, there is upper bound on mg. A large mass splitting between the first two
generations and the 3rd generation sfermions tends to make the 3rd generation sfermion
mass squared negative through the 2-loop RG effects, and cause the color and charge
breaking (CCB) [55]. In addition, large tan 3 (tan 3 = (H,)/(Hg)) potentially cause the
CCB problem in our scenario. The 103 couple to the 53 through the bottom Yukawa
coupling, Y. The negative correction to (m%)gg is roughly given as

’Yb’2 A2
A(m%):gg ~ — (47r)2m%R hl W—Q . (28)
br

Note my, = mo at the cutoff scale. This contribution would be as large as the 2-loop RG
effect unless Y}, is sufficiently small. Small tan § (tan 3 ~ 10) is also preferable in Fg SUSY
GUT model with horizontal symmetry. In the models the bottom Yukawa coupling, which
is originated from the Yukawa couplings for ¥(27,2), is suppressed because it is forbidden
under the horizontal symmetry.

In figure 1, we show the allowed region on (my/, — mg) plane. Here, the low energy

particle spectra are calculated using ISAJET7.75 [56]. We fix the other parameters as

2 The RG effect or the effect of the gravity mediation is one of the sources to produce the non-universality.
In models with the horizontal symmetry, the effect of the horizontal symmetry breaking is also the source
to produce the non-universality.

3 The constraint from the up-quark (C)EDM is still severe because some contributions do not decouple
with increading mo. A spontaneous CP violation mechanism may solve this issue [49].
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Figure 2. The allowed region on (1m; /5 —Ag) plane. The other parameters are taken as mo = 1 TeV,
mao = mu, (A) = mp,(A) =300GeV, tan § = 10 and sgn(u) = +.

mgo = mpy, (A) = mpy,(A) = 300GeV, Ay = —600 GeV, tan 3 = 10 and sgn(u) = +, where
Ap is the universal trilinear coupling. In the black region the lighter mass eigenstate of
stops, £1, is unacceptably light due to the 1 and 2-loop RG effects. We find that mg cannot
exceed 2TeV in the region where mggp, m; /2 S 300 GeV and —Ag 2 600 GeV. Thus, in this
paper we study the parameter region where?

mo ~ 1 —2TeV, tan 3 = 10. (2.9)

In the following, we call the scenario characterized by eqgs. (2.3), (2.7) and (2.9) modified
universal sfermion mass (MUSM) scenario.

The mass of the lightest CP-even Higgs boson, myp, tends to be lighter than LEP II
SM Higgs mass bound myg,, > 114.4GeV [57]. To push up mj above the bound, the
quantum correction to the Higgs quartic coupling is crucial [59]. This typically requires
large stop masses or a trilinear coupling. Since large mso and my/, are not preferable in
view of the naturalness, we search an allowed region in the direction of large |Ay|. Figure 2
shows the allowed region on (m; /72— Ap) plane. The red region is excluded by the condition
myp, > 114 GeV. We find that the Higgs mass bound requires |Ag| = 400 — 600 GeV in the
region where msg, my /5 ~ 200—300 GeV. The two black dashed lines represent p = 300 GeV
and 500 GeV at the stop mass scale. The p value is not sensitive to Ay compared with its
dependence on my /; in figure 2. This means the weak scale mp, is not so sensitive to Ao,
and we can take large value of Ay without making naturalness worse. However a large | Ag|
may also cause the CCB problem, because it may lead one of the stop masses squared to
be negative. In the black region of figure 2, the lighter stop becomes unacceptably light,
mz, < 95GeV [58], due to the large [Ag| value.

4This scenario however cannot explain the anomaly of the muon g — 2 [54], because i and 7, are heavy
due to the large mo.
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Values
Parameters A AH1 AH2 B U
mo | 1000 | 1400 | 1700 1000 1000
mso | 300 300 300 200 1000
mij | 270 270 270 200 270
Ag | —600 | —600 | —600 0 —1600
tan3 | 10 10 10 10 20
m# (A) | (300)% | (300)* | (300)% | —(216.0)* | (1000)?
mg,(A) | 300 300 300 196.7 1000

Table 1. The parameters of each model point. The unit of mass parameters is GeV .

Masses (GeV)
Particles A AH1 | AH2 B U
q 1150 | 1500 | 1780 | 1080 | 1145
t 321 | 262 | 187 | 296 | 281
by 540 | 499 | 456 | 400 | 856
il 697 | 711 | 721 | 537 | 706
Y0 110 | 111 | 111 | 77 | 114

Table 2. The masses of some sparticles at each model point.

To perform Monte Carlo simulation studies we choose a representative parameter set,
Point A with mg = 1000 GeV, mzg = 300 GeV and my o = 270 GeV. The other parameters



are listed in table 1. In order to see the mg dependence of the collider signature, we also
choose model points AH1 and AH2 with mg = 1400 and 1700 GeV, respectively. These
model points are shown in figures 1, 2 and table 1. Point U shown in table 1 is a CMSSM
model point which will be investigated in section 4. The masses of some sparticles are
shown in table 2.

If Higgs masses can be non-universal, there is another allowed region where the heav-
iest CP-even Higgs boson, H, becomes the SM-like Higgs boson [60, 61]. This scenario is
referred as a light Higgs scenario or an inverted hierarchy scemario. This can be realized
if the CP-odd Higgs boson mass, m,, satisfies m4 ~ 100 GeV, which also prefers small
|i|. Because of the small m4 and u parameter, the thermal relic density of the X tends
to be the same or small compared with the observed dark matter density [62, 63]. In
this scenario all Higgs bosons, h, H, A, H*, have small masses around the weak scale,
therefore they would contribute to various rare B decay processes. Actually, constraints
from Br(B} — 7v.) [64] and Br(Bs; — ptp~) [65] exclude tan 3 > 15 region [66]. And
Br(b — sv) requires sign(y) = + and small masses of both #; and Xi [61], so that the
charged Higgs-top quark contribution can cancel with the chargino-stop contribution.
The prediction of Br(b — sv) however depends on the off-diagonal entries of V,,,,, V,,, and
Vi, in eq. (2.4) [48].

In figure 3, we show the allowed region on (m; /5 — Ap) plane. Here we fix mg = 1TeV,
mag = 200 GeV, tan g = 10, p = 250 GeV and m4 = 105 GeV. The heavier Higgs boson
in the MSSM is the SM like in this case, and LEP II bound should be applied to H. The
red region of figure 3 is excluded by the condition mpy > 114 GeV. The allowed region is
widely extended to the small Ay region compared with the normal case. We choose Point

B defined in table 1 as a representative parameter point.

3 The characteristic signatures of MUSM

3.1 The number of b jets

In MUSM scenario, mq is much larger than my /. Then, the gluino 2-body decay mode
into the first two generation squarks, g — ¢q, is closed. On the other hand, in a wide
parameter region ¢; and 51 are lighter than gluino due to the RG running and left-right
mixing effects even if m3p 2 my/. Then, g — t1t and glb modes entirely dominate the
gluino decay. Since a gluino is a flavor singlet, the gluino decay chain contains at least
2 b jets (b-b pairs). Therefore g-g and ¢-g(¢) production events have 4 b partons. This
characteristic feature can be observed at the LHC by counting the number of b tagged jets.

To simulate the LHC signature at the model points selected in section 2, we calculate
the low energy particle spectra and the sparticle decay branching ratios by ISAJET. The
SUSY events are generated by the parton shower Monte Carlo HERWIG [67, 68], and the
detector resolutions are simulated by AcerDET [69]. We assume the collider center of mass
energy is y/s = 14TeV. Throughout this paper, we adopt the following SUSY cuts to
reduce the SM background:

« NIGTZ4, Nigg =1,



Point A Point AH1 Point AH2

[
o
o
T
N
N
a
T

= N
~N O
o o
T T

[y
o
T

Events/1fb™
N N
8 2
T T
Events/1fb™
|
Events/1fb™
W
8
T
|

o

o

T
o N
S v
T
N
o
=]
T

o
]
T

~

3
T

sy
o)
T
sy
o
T

N
w
LA AR LR LA LN LAY LR LRI AR LA
(ol
o
T

o bl T I T I T P o Eulh T I T I AT OEI 1 T P T I
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Number of b—tagged jets Number of b—tagged jets Number of b—tagged jets
Point B SPS1a SPS2
:‘3 %00 £ — :135000 L :13 160
L) 2 N S o b
*2 700 | *24000 C *2 120 F
[ E [ [
> 600 > > E
oo E 3000 F w 1o
E 80
400 | F 3
w00 E 2000 [ 60 |
: 40 |
200 £ 1000 [
100 C i
o Bl b bbbl o b by ety ) Foyg 2 1 I AT I T P T P o O
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Number of b—tagged jets Number of b—tagged jets Number of b—tagged jets

Figure 4. The distribution of the number of b tagged jets per 1fb~! at each model point. The b
tagging efficiency is assumed to be 60 %.

o Mg =" 1| + Er > 500 GeV

o P > max{200GeV,0.2Mg},
where pgf) is the transverse momentum of i-th jet (pgf) > p(Tj ) for i < j) and Nggt(swo) is the
number of jets with py > 50(100) GeV and |n| < 3.

The distribution of the number of b jets at each model point is shown in figure 4. Here
we count the b tagged jets with pr(b) > 50 GeV and |n(b)| < 2.5, and require no isolated
lepton in the event. The number of SUSY events corresponds to 1 fb~! of the integrated
luminosity. We assume the b tagging efficiency is 60 %. To compare the distributions with
those of the benchmark model points with universal sfermion masses, the distributions
for the SPSla and SPS2 model points [70] are also shown in figure 4. The peak of the
distributions is at zero at SPSla and SPS2, while zero b tagged events are suppressed at
Point A, AH1 and B.

The suppression of no-b jet SUSY events indicates the following mass relation:

mg > mg > Mg, () + My ) or  mg>=>my (1) +myp) > My, (3.1)
Indeed in the distributions of mSUGRA benchmark points SPS1a—SPS9, this feature is
not seen (See appendix B). Even at SPS2, where (mg, mg, mg,, mgl) = (796, 1560, 963,
1301) GeV and the gluino branching ratio into 2b + X is about 70%, the peak is at zero.



Production Production Ratios (%)
Processes | A | AH1 | AH2 B U
Gi| 32 | 50 | 55 | 47 | 36
Gi| 43 | 22 | 9 | 38 | 45
il 7 | 2 1 3 9
tty | 9 14 | 19 5 5
biby | 2 5 9 3 0
others 7 6 7 4 5
Total Events | 1484 | 984 | 1096 | 3468 | 1677

Table 3. The number of SUSY events after standard SUSY cut at [ Ldt =1 fb~!. Here we use
the same character for a particle and the antiparticles.

An exceptional case is Point AH2. At this point, the distribution peaks at zero,
although the mass relation eq. (3.1) is satisfied. At this point the t, is as light as top
quark, mg = 187 GeV, due to the large mg value (mg = 1700 GeV), and the 2-body decay
modes t; — be and t; — XUt are closed. Then the flavor violating 2-body decay mode
t; — XJc dominates the #; decay [71]. In such case, the distribution of the number of b jets
are not helpful for the model discriminations. It has been shown in [72] that such a light
stop may be detected at the LHC in v + Fp or j + Fp channel.

3.2 The highest pr jet

In MUSM scenario, there is large mass splitting between mg and my /5, mgp, but mq is
bounded above by the CCB constraint. The 1st and 2nd generation squarks, ¢, may be
produced enough to be seen at the LHC. The number of SUSY events after the standard
SUSY cuts at [ Ldt =1 fb~! are listed in table 3.

The SUSY production is dominated by g-¢g and ¢-g production processes at Points A,
AH1 and B. On the other hand, the fraction of g-g(q) production is relatively small (10 %)
at Point AH2, due to the very large mq value (mg = 1700 GeV). The fractions of ¢-t and b-b
productions are also small at all model points. These events hardly survive the standard
SUSY cut due to the small masses of ¢; and 51.

Once a heavy squark is produced, it decays mainly into g+¢. The quark jet is expected
to have relatively large transverse momentum since the mass difference between ¢ and ¢ is
large. The order of the transverse momentum is around mg/2. This quark jet tends to be
the highest pr jet in the event.

We show the pr distribution of the highest pr jet at each model point in figure 5. Here
we require that the rapidity of the highest pr jet is less than 1.5 (|n(j')| < 1.5) and the jet
is not b tagged. The number of the generated events corresponds to [ Ldt =1 fb=1. In the
figures the yellow histograms represent the contribution of §-g and -t productions, while
the shaded histograms represent that of g-¢ and ¢-¢ productions. The pr distribution
of squark productions tends to be harder than that of gluino pair production. This is
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Figure 5. The pr distribution of the non-b tagged highest pr jet in the event at each model points.

the contribution of the hard jet from the heavy squark decay. Indeed, as mg increases
(mg = 1400, 1700 GeV at Points AH1 and AH2), the peak of the shaded distribution
moves to the high energy side. At the same time, the number of the events coming from
squark production decreases significantly.

The difference between the yellow and shaded distribution indicates
mg — myg > max{mg — Mz Gy~ M) M Gy m%)} ) (3.2)

under the mass relation eq. (3.1).

In order to see the contributions from gluino pair production separately, we can use the
distribution of the b tagged jets. If the highest jet is a b jet, the jet is not originated from the
first two generation squark decay. The contribution from the heavy squark decay can be re-
moved by requiring that the highest pr jet is a b jet. In figure 6, we show the pr distribution
of the b tagged highest pr jet. The heavy squark contributions (the shaded histograms) are
significantly suppressed in the figures. The difference between the distributions of non-b
tagged jets and b tagged jets suggests the large mass splitting between ¢ and q.

For comparison, we have done the same analysis for the benchmark model points
SPS1a—SPS9 (See appendix B). There is no clear difference between the “b tagged” and
“non-b tagged” distributions except at SPS2. At SPS2 the universal scalar mass, mg =
1450 GeV, is much larger than the universal gaugino mass, m;,, = 300 GeV. So the decay
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Figure 6. The pr distribution of the b tagged highest pr jet in the event at each model points.

of the 1st generation squarks produce the hard jet, while the gluino 3-body decays cannot
produce hard b jets.

4 “Look alike” in CMSSM

(1)
distributions do not eliminate the possibility of the universal (CMSSM type) boundary

The characteristic signatures of MUSM scenario in the number of b tagged jets and the p.

condition of soft masses at the cutoff scale, though they are good indication of MUSM
scenario. In this section we study a region of parameter space in CMSSM whose signature
is similar to that of MUSM scenario, and seek for the outstanding observable that is useful
to distinguish MUSM scenario from the CMSSM parameter region.

If one takes mg > my /o in CMSSM, the pg} ) distributions of b tagged and non-b tagged
jets is similar to that of MUSM scenario as we have seen at SPS2. When one fixes mg and
my /9, CMSSM still has the other 2 free parameters Ag and tan 8. We scan (tan 3 — Ay)
parameter space with fixing mo = 1TeV, m; , = 270 GeV and sign(u) = + in figure 7. In
a gray region, ¢ — t1t mode is open and it entirely dominates the gluino decay. Therefore
there will be 4 b partons in the final state as in MUSM scenario. We choose such a model
point U as a representative parameter point. The parameters are listed in table 1 and the
sparticle masses are listed in table 2
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Figure 8. The distributions of the number of b jets (Left) and the pr of the highest pr jet for
non-b tagged(Center) and b tagged(Right) jets at point U.

We show the number of b tagged jets and the p(Tl) distributions at Point U in fig-

ure 8. The distributions are similar to those of MUSM scenario. This means the analysis
presented in the previous section cannot discriminate MUSM scenario from the gray re-
gion in CMSSM, though the soft masses are universal at the cutoff scale. Therefore more
information is required to distinguish these two scenarios.

There are some differences in gluino decay branching ratios. In CMSSM case, the
gluino decay can be dominated only by § — ¢t mode. If one takes a large tan 8 along with
a large |Ap|, g — blb mode is open as shown in figure 7. However ¢; is much lighter than
by in this region, and Br(j — byb) cannot be significant. On the other hand, Br(j — blb)
can be as large as Br(g — tlt) in MUSM scenario, unless ¢; is extremely lighter than b1
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due to the large |Ag| effect. Therefore we can regard a sizable Br(g — by b) as an indication
of MUSM scenario.

Distinction of g — bib decay from § — ¢t decay is not so easy at these model points.
A difficulty comes from similarity of final states of these two decay modes. The main decay
chains of #; and 51 are as follows.

1 — xEb— AW - (a) by — LW o (d)
— Xit - (b) — Xit— AW -+ (e)
— X5t — X320t - (e) — X9b — X924 ()@

Here we ignore by — X (b mode because the branchmg ratio is tiny due to the hypercharge
and U(1)y gauge coupling suppress1on if by ~ by, and the ¥ X1 is bino-like. In MUSM scenario
or in the gray region of CMSSM, Xi — lv(7l) and ¥ X2 — 1l(7v) modes are not open due to
a large mg. Therefore we assume Xl — X{W and Xy — X{Z modes are open and dominate
Xli and X3 decay. Except for the decay modes (c) and (f), § — tt and § — b1b have the
same final state 2W + 2b + X3.

The decay modes (¢) and (f) are useful although their branching ratios are less than
10% in a wide parameter region. The final states of the gluino decay via the decay modes
(c) and (f) are 2W +2b+ Z + X} and 2b + Z + XV, respectively. If one of the W bosons
decays into jets, the number of associate jets is differ by 2 between these modes.

We show the distributions of the number of the jets with pp > 50 GeV and |n| < 2.5,
(INJ°%5) in events with a Z — [, candidate at Point A and U in figure 9. We require there
are opposite sign same flavor (OSSF) lepton pairs with pp > 15GeV and |n| < 3 whose
invariant mass satisfy |m; — mz| < 5 GeV.? To reduce an additional Z boson source from
7 — X3¢ — X1Zq, we adopt g-g selection cuts:

e The highest pr jet is b tagged,
o p\Y) <300 GeV.

The shaded histograms in these figures represent the contribution from the g-g and g¢-
¢ production events. The contamination from the squark decay ¢ — X9¢ — X1Zq is
negligible after the g-g selection cuts.

At Point A the peak is at NI = 4, while the peak is at N = 6 at Point U. This
suggests that the Z boson comes from by decay at Point A, while it comes from ¢; decay at
Point U. By this analysis, we can discriminate MUSM scenario from the CMSSM parameter
region, though a large integrated luminosity may be required.%

Tf X3 — X1Z mode is not open, the distribution of two lepton invariant mass would show kinematical
edge induced by 3 — X31;"I; mode as shown in section 5.1.2. In this case, we should require m{;¢* —m; <
10 GeV instead of [m; —mz| < 5GeV.

®Note in the region above a green line in figure 7, the decay mode (c) in eq. (4.1) is closed. In this
region, Z boson does not come from g decay in CMSSM, so the discrimination from this region is easy.
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Figure 9. The distributions of the number of jets in the event with Z — l:rl; at Point A and U.

5 The sparticle mass measurement

5.1 Exclusive analyses

5.1.1 Conditions to have OSSF lepton pair signature in MUSM scanario

SUSY particle masses may be determined by measuring the kinematical endpoints of spar-
ticle decay products. Especially, the distribution of the events with OSSF leptons coming
from Y9 — Zilf — ~(1)l;tl;F are useful [4-7, 18, 19]. However, there are several reasons for
this channel may not be available in MUSM scenario.

In this scenario gluino entirely decays into the 3rd generation squarks, ¢; and 51. From
a phase space consideration Br(t; — X1 b) > 2Br(t; — X9t) and Br(t; — X\t) > Br(t; —
X9t), where the factor 2 in the first relation comes from the Dirac nature of the chargino.
Thus, t; — X1 band t1 — X}t dominate the stop decay. If the gluino decay is dominated by
g — tit mode, X9 does not appear with sufficiently high rate in the gluino cascade decays.

In this scenario the 51 branching ratio into X3 may also be small, though gluino can
decay into glb. Assuming Y, = 0, Y = /V[v/g and 51 = ZL, the tree level formulae of the
b — X9b and by — W decay widths are given by [73]

2 2 2
~ g my mso
I'(by — Y9b) ~ LN [m— > 5.1
1
2, 2.2 2
~ - g Mg, 3/2 agmy m3
(b tW) ~ —2L)\ = 1 , 5.2
O =00 = SN o o) (G () 02

where 7 = mtgl/m%l, Tw = m%,V/m%l and A(z,y) = 1+ 22 +y? — 2(z + y + xy) and

ar = (A — pcot B). In eq. (5.2) I'(by — £;W) has a enhancement factor (m3/m?,). Thus,
by decays dominantly into ¢; W unless it is kinematically suppressed.

In MUSM scenario, the first two generation sfermions are much heavier than the second
lightest neutralino. Therefore the 2-body decay mode of X9 into the first two generation
sleptons Y9 — fl}lf is kinematically forbidden. The OSSF leptons may arise from the
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3-body decay mode Y5 — %?liilf from the off-shell Z boson exchange. If the 2-body decay
mode Y9 — X{Z is open, it dominates the Y3 decay.

In summary, the sparticle mass measurement using the exclusive analysis with OSSF
leptons may work if following conditions are satisfied:

(i) g — t1t mode does not dominate the gluino decay.
(i) by — ;W mode is kinematically suppressed. (5.3)
(iii) X9 — X1Z mode is kinematically forbidden.

The three conditions can be satisfied when the mass differences my —mg, and mgy — Mg

are small, and it can be realized for small m,, and |Ag|. If all conditions are satisfied, a
gluino cascade chain,

g — bib® — MW@ — W2 (5.4)

can have enough branching fraction. Here subscripts of the b quarks in eq. (5.4) are used
to distinguish two b quarks appear subsequently.

The low energy mass spectra and the decay branching ratios of various sparticles at
Points A and B are shown in table 4 in appendix A. At Point A, the three conditions in
eq. (5.3) are not satisfied. On the other hand, at point B all of the three conditions are sat-
isfied due to the very low SUSY breaking scales, my/, = mgo = 200 GeV and Ap = 0 GeV.

5.1.2 The exclusive analysis using ) — )}’gljl; channel at Point B

At Point B, SUSY events contain the cascade decay chain (5.4). The OSSF lepton pair
from the decay chain is relatively clean signal [4-7, 18, 19]. The background distributions
of fake OSSF leptons can be estimated by distributions of OSOF leptons. The kinematical
maximum of the two lepton invariant mass coming from Y9 — X(l]l;rl; at Point B is given by

meZﬁ = Mgy — Mg = 61 GeV. (5.5)

The distribution is shown in figure 10. Throughout this section, leptons are required to
satisfy pr > 15GeV and |n| < 3.

For the decay chain (5.4), the invariant mass distributions mgy, m+;- 1), M+~ ) and
My MAY determine sparticle masses. Their kinematical maxima at Point B are given as

m% m2,
mm™ = mg (1 - m£> (1 - mi;) = 336 GeV, (5.6)
g b1
" "R
mEE, 0 = mg <1 - m21> (1 - m—21> = 296 GeV, (5.7)
s 5 ig
mZi‘erb(Q) = my, — mgo = 322GeV, (5.8)
m¥E,, = mg — mgo = 460 GeV. (5.9)

Since there are typically 4 b partons in the SUSY events, the invariant mass distri-
butions suffer from the combinatorial background. To reduce the background, we adopt
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Figure 10. The invariant mass distributions of I;'I;. The background distributions estimated
from OSOF leptons are subtracted. The number of events corresponds to [ Ldt =10 fb~?.

hemisphere method [76, 77]. The method divides jets and leptons from cascade decay
chains into two groups called hemispheres whose entries are much likely to originate from
the same mother particle. The groups are defined by hemisphere momenta,

pheml Zp ) phem1 Zp ’ (510)

(1

where p;

2)

and p,” are jet or lepton momenta that satisfy

APhomicPi) < D2t ). Do 7)) < dpoiop”)- (5.1D)

Here the function d is defined by

() ) Bl
d(Prémi> Pk) = (Eheml |phem1| Cos Hlk)()——l—E) (5.12)
hemi k

()
hemi

satisfy pp > 50 GeV and || < 2.5 to reduce the contamination of soft jets. To find the two

where 60;;, is an angle between p and pg. We require that jets involved in hemisphere
groups of jets and leptons that satisfy eq. (5.10), we first choose the highest pp jet and the
jet with the largest pr AR as py(seed) and py(seed), where AR = /A¢? + An? is the angle
difference between the jet and the highest jet. Next we group jets into two groups under
the condition d(p(l)(seed) (1)) < d(p(2) (seed),pgl)) etc.. Then axis momenta are defined
as pM(ax) = Zpl p?(ax) = Zp . For the axis momenta, new groups are defined
so that d(p™) (ax), pg )) < d(p(Q)(ax),pz( )) etc.. The procedure is iterated several times so
that assignment converges.

Although the probability that hemisphere correctly reconstructs original cascade chains
is not so high, this method has an advantage for endpoint analyses. In the algorithm, two
objects whose momentum directions are roughly the same each other tend to be in the same
hemisphere due to egs. (5.11) and (5.12). Because of this property, any invariant mass dis-
tribution of jets and leptons in the same hemisphere tends to be lower than that in the
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Figure 11. The invariant mass distributions of bb (Left), bl l; (Center) and ;17 bb (Right).
The background distributions estimated from OSOF leptons are subtracted. The corresponding
luminosities are [ L£dt =50, 40 and 50 fb~! for the left, center and right distributions.

different hemispheres. Therefore wrong combinations whose invariant mass exceed the sig-
nal endpoint are removed with high probability if we take jet pairs in the same hemisphere.

We show the invariant mass distributions of bb, ljl; b and l;rl;bb in figure 11. Here all
b jets and leptons are required to be in the same hemisphere. If there are more than one

or two b jet candidates, we take high pr b jets. We also require My < m?‘f}’f to reduce

background OSSF leptons from Z boson decay. The distributions have endpomts near the
theoretical expected values shown in eq. (5.6) to (5.9). However bb distribution does not
show expected sharp edge structure due to the hemisphere selection.

At this stage, we have 4 measured values mﬁal‘x, mp™™, m?f;’i . and m?fzx W for 4 un-
)

known sparticle masses mso, Mg, My, and mg. By solving 4 equations, (5. 5) (5.6), (5.8)
and (5.9), we can get all sparticle masses appeared in the decay chain (5.4) in the stage

around 50 fb~1 at Point B.

In addition, we can check our results by selecting the events near my endpoint. The
two lepton system from the 3- body decay X3 — X! l+l must be at rest in the Y9 rest
frame when My = m39%. The X X9 momentum can be estimated from a velocity of the
two lepton system for the events with - <m ?*11 , if mgg s known [4, 19]. Using
the observed X3y mass from 4 endpoint measurements, (5.5), (5.6), (5.8) and (5.9), we can
calculate the invariant mass distribution of 9 + b from estimated Y9 momentum. For the
decay chain (5.4), the peak of the M9p(2) distribution gives the 51 mass. We show the mzop
distribution in figure 12 (Left). Here we use events that satisfy 0 GeV < mgf’;? =My <
10 GeV. Here we use all b tagged jets and leptons as the candidates because only a few
events survive under the requirement that all b jets and leptons are in the same hemisphere.

The distribution has a peak near the correct b; mass, my = 400 GeV.

By using events around the 51 peak, we can subsequently estimate the gl momentum,
and calculate the invariant mass of bib. For the decay chain (5.4), the g mass can be
measured from the peak of the Mg ) distribution. We show the my distribution in the
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right figure in figure 12. Here we use events that satisfy |m§§zk — ngb| < 15GeV. The
2
distribution has a peak near the correct g mass, mg = 537 GeV.

5.1.3 Top reconstruction and the tb endpoint at Point A

The sparticle mass measurement is challenging for the class of the points A, AH1, AH2.
The gluino entirely decays into t~1 and 51, and decay modes of the t~1 and 31 are dominated
by (a), (b) and (d), (e) in eq. (4.1), respectively. All these cascade chains have the same
decay products 2b+2W + X!, and a gluino pair system leads to 4b+4W + F7.7 Therefore,
any exclusive analysis using jets suffers from a large combinatorial background. The gluino
decay products contain a top quark with high probability. If the top quark is detected with a
significant rate in SUSY events, it indicates the existence of the light 3rd generation squarks.

The lighter stop mass is relatively light at Point A, mz = 321 GeV, and the phase space
of the decay is not small, mg— (m;;1 +my) ~ 200 GeV. The top quark from the gluino decay,
g — tit, is boosted, and the top decay products, b + 27, tend to go in the same direction.
The jets that goes in the same direction are efficiently picked up by the hemisphere method.
In the analysis therefore we require all b + 2j are in the same hemisphere.

Since there are a large number of jets in SUSY events, the combinatorial background

for W reconstruction still remains after the restriction. In order to estimate the back-

"This event topology is essentially the same as in the focus point like region [74]. However in our
scenario the branching ratio to the 4b +4W + F1 final states is very large because gluino can decay to the
3rd generation squarks in 2-body way.
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Figure 13. Left; The invariant mass distribution of the jet pairs that give the closest value to
m;; = mw — 20 GeV for sideband region I, m;; = my for W mass region, m;; = mw + 20 GeV for
sideband region II. Center; The invariant mass distributions of jjb, where the jet pair is in the W
mass region. The shaded region represents the estimated background distribution from the fake W
jet pairs. The background is estimated from events in the sideband region I and II by rescaling the
momenta and normalizing the number of events events. Right; The jjb invariant mass distribution
after the background subtraction.

ground distribution from fake jet pairs whose invariant mass is ~ myy, we apply sideband
subtractions [19, 75]. We first define the W mass region and sideband regions as follows,

|mjj - mw| <10 GeV
|mj; — (mw —20GeV)| < 10 GeV
|mj; — (mw +20GeV)| < 10 GeV

(W mass region),
(W sideband region I),

(W sideband region II). (5.13)
If the event contains several jet pairs in the same region, we choose the jet pair whose
invariant mass is the closest to my for W mass region and to my F 20 GeV for sideband
region I (II), respectively.® In figure 13 (left) we show the selected two jets invariant mass
distributions. The number of events in W mass region is clearly bigger than those in the
sideband regions.

The central figure shows the j7b invariant mass distributions, where the two jets are the
closest jet pair to myy. Here the open histogram shows the distribution of the events in W
mass region. On the other hand, the shaded distribution shows the background estimated
from the sideband events. Namely, the jet pair momentum in region I (II) is rescaled
by a factor (mw /(mw F 20 GeV)) before calculating mj;p, and the two distributions are
averaged. The right figure shows the W + b invariant mass distribution after subtracting
the sideband distribution. It has a clear peak at the top mass, which indicates that the
SUSY events contain top quarks with a significant rate.

Because we find very prominent top quarks, it is natural to think ¢b distribution also
show the clear kinematical structure. At pont A, the dominant gluino cascade decay chain
is g — tit — bet with 47% of the branching ratio. The my, distribution should have an

8The events may be double counted in the different regions.
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Figure 14. The Wbj invariant mass distribution after the W sideband subtraction. The left (right)
figure is a result of parton (jet) level analysis.

edge. The kinematical maximum of the tb invariant mass is given as

2 —m2, 1/2
max 1 X
mp* = <mf + Tl [(m% —mZ —m;) + \/(mg - mgl —m?)2 — 4m§1m?J>
= 475GeV . (5.14)

However searching the endpoint in a tagged tb distribution is not successful. This is be-
cause there are typically 4 b partons in the final state. When an event has 2 tagged b jets in
the final state and one of the jjb system has a mass consistent with top mass, the probabil-
ity that the other b jets is coming from the same gluino cascade decay chain is only 1/3. In
addition, the probability that both the two b tagged jets are satisfy the hemisphere cut pp >
50 GeV and |n| < 2.5 is not large. One would also loose events by requiring m(bW) ~ m;.

Instead, we study the Wbj distirbution. The W is selected by the sideband method,
while one of the other two jets in the same hemisphere is tagged as b. The other jet is the
highest jet in the hemisphere except for the used jets. When there are more than one b
tagged jets in a hemisphere, we take the highest pr b jet.

We show the Wbj invariant mass distributions after the W sideband subtraction in fig-
ure 14. The left figure shows the result of a parton level analysis. Here the parton momenta
from cascade decays are taken from HERWIG event record and they are processed by the
same hemishpere algorithm. We assume 60% tagging efficiency for b quark. The total dis-
tribution has a clear endpoint of the cascade decay, § — 1t — X?Ebt, expected at 475 GeV.
The contribution of the events where at least one gluino decays though the decay chain (a)
is shown by a dashed line in the figure. A dotted line represents the contribution from the
events that contains subdominant decay chain (d), which does not show such structure at ~

475 GeV. The other gluino decay modes do not give statistically significant contributions.
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The jet level distribution is shown in figure 14 (right). The distribution is smeared due
to the jet energy resolution. Note that this is a distribution of 4 jet system, where two of
the jets are from b parton. Nevertheless, the endpoint structure is still visible. We fit the
fitting function used in ref. [75] to the distribution. The fitted endpoint is at 468 £ 7 GeV,
which is consistent with the theoretically expected value 475 GeV. The significant edge
proves the existence of the decay § — 1t — S(Vftb.

5.2 Inclusive M7y and Mj%‘n distributions

Recently, it is realized that Mrpo variable is useful to determine the squark and gluino
masses at the LHC [32, 33]. The My, variable is defined for a system of sparticle pair pro-

duction and decay, namely the system with two visible objects p‘j’lf and pr5

LSPl +pLSP2

vis and missing

momentum arising from 2 LSPs p_. = as a function of an arbltrary test LSP

mass m,, as follows:

1 mi 2 1 mi
Mro(my) =  min  [max{m{ (p¥, pi®), m'? (p¥5, p®)}], (5.15)

miss miss
PT Py =Pr

miss

mlss and p75°, under the constraint

The minimization is taken for the test LSP momenta, p7

(@)

n’llSS miss —
T T Pry =P The transverse mass, my’, is deﬁned as

[miy) (P PR = (mi)? + m + 2B R - pfi - pE), (5.16)
where m}™ is the invariant mass of the “visible object”, (m}®)? = (p})? and Ep; =
,/p%m + m2 . The kinematical upper bound of the transverse mass mg) is given by the

miss LSPi

mother particle mass if p** = p>** and m, = mso. Because of this property the kine-

matical upper bound of the Mo variable is given by
MTZ(mgg?) < max{mi, ma}, (5.17)

where my and mo are masses of the initially produced sparticles. Thus, the endpoint of
the Mpo distribution relates to the heavy squark mass in our scenario as:

M5 (mgo) ~ mg. (5.18)

Squark and gluino production events often produce O(10) jets in the final state. The

VIS

central question for the application of M7y analysis is how to define the p}? in such

cases. The “inclusive Mpo” is defined so that pVIS is taken as a hemisphere momentum in
q. (5.10). In addition, a sub-sytem Mrps9 is introduced in refs. [33, 34] which is defined as
an inclusive M7 but the highest pr jet is removed before hemisphere reconstruction. As
discussed in the previous section, a quark jet from the decay ¢ — qg or ¢ — ¢, tends to be
the highest pr jet if mg > my, which is also the case for our scenario (See eq. (3.2)). The
sub-system after removing the highest jet tends to be g-g or g-x; system for g-¢ production
events. Thus the endpoint of the subsystem Mps should be the gluino mass.
More systematical approach to observe the gluino mass is using the minimum M7ys.

The minimum Myzo (MPi") is defined by

Mmln _ . Msub 1
i2s5 [ @], (5.19)
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Figure 15. The inclusive Mpo distributions at Points A, B, AH1 and AH2. The result of the
endpoint fit are M3 = 1199 + 23 and 1051 & 16 GeV for Point A and B, respectively. The first
two generation squark masses are mg ~ 1150 and 1080 GeV for Points A and B, respectively.

where M:Sp‘éb(z) is a generalized sub-system Mpy defined by removing the i-th high pr jet
before hemisphere reconstruction. The MMM has been defined in ref. [36] for the leading 5
jets of the events pp — gg — 4j +2x{ to reduce an effect of the initial state radiation (ISR)
to a g-g system. Namely, if a gluino pair is produced via a g¢ — ggj process, this jet may
have a large pr compared with some of jets from a sparticle cascade decay. By using M}nﬁn
one can effectively reduces the contamination from the ISR jet in g-g production events.

In this paper, we use Mj%m to reduce the additional jet from ¢ — ¢g in g-¢ events as
well as the effect of the ISR jet in g-g events. Note that for our model points, a gluino decay
may lead 6 jets in the final state, therefore the chance that those jets are soft compared
with the ISR is not small. The endpoint of the M%gn is given by the gluino mass:

(ME" (i)™ ~ . (5.20)

We show the inclusive Mps distributions of our sample model points in figure 15. Here
we choose m, = 100GeV, and pgg = pl(lle)mi and pgg = pl(i)mi for the Mpo calculation.’
In addition to the standard SUSY cut, we require no isolated lepton, ;ft > 50 GeV and
|pet| < 2.5 for the jet involved in a hemisphere. We also require Ngg%s > 1 for Points A

and B, and Nigt)s(ﬁoo) > 1 for Point AH1 (AH2) to select ¢-g(q) production events. We can

optimize this cut from the difference of the p(T1 ) distributions for b tagged and non-b tagged
jets (See figures 5 and 6). The cross sections of squark productions are small for Points
AH1 and AH2 (See table 3). We use events correspond to 20 fb~! for Points AH1 and
AH2, while 5 fb~! for Points A and B.

The Mo distributions at Point A and B have endpoints near the squark mass: mg ~
1150 and 1080 for Points A and B, respectively. We fit the distributions by a simple
fitting function

f(m) = ©(m — M73h)[ar(m — ME5) + 0] + O(MF5' —m)[az(M75' —m) +b],  (5.21)

to see if the endpoints are recovered correctly. We obtain Mr}gd = 1199 + 23 and 1051 £+

16 GeV for Points A and B, respectively. They are roughly consistent with the input
squark masses.

9We require p* (seed) and p?(seed) remain in the different hemispheres when we calculate Mo and Mi®.
The condition seems important to keep the events near the endpoint of Mzi™,
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endpoint fit are M3 = 1530431 and 1798421 GeV for Points AH1 and AH2, respectively. The first
two generation squark masses are mg ~ 1500 and 1780 GeV for Points AH1 and AH2, respectively.

For Points AH1 and AH2 (especially for AH2), there are a few events in the regions
where Mo < mg. At these model points, a half of the heavy squark mass is larger than the
gluino mass, mg/2 2 my. It is therefore expected that a gluino from the squark decay ¢ —
gq is boosted and goes in the opposite direction from the direction of the quark jet ¢. In that
case, decay products of the g and the quark jet ¢ are not likely to be in the same hemisphere.

To reconstruct the heavy squark mass, we should separate the final states of g-¢ — g-
g-q events into three parts, two groups of decay products of the gluinos and the quark jet
q. We adopt the same technique as that used in the sub-system Mps. Namely, we remove
the highest pr jet in the event, and the rest of jets and leptons are grouped into the each
hemisphere. Next we assign the highest pr jet into one of the hemispheres and calculate
Mro. This gives two Mypo values, M:%) and M%), depending on which hemisphere the
quark jet is assigned. Finally, we choose the smaller Mj(fQ), Mpo = min{Mgg, Mj(?)}.

The distributions of the Mo calculated from such procedure at Points AH1 and AH2
are shown in figure 16. Here we adopt the same cuts as in figure 15. The distributions have
robust endpoint structures near the correct squark masses: 1500 and 1780 GeV for Points
AH1 and AH2, respectively. We fit the distributions by the fitting function in eq. (5.21).
The results are Mjegd = 1530431 and 1798 +21 GeV for Points AH1 and AH2, respectively.
They are consistent with the input squark masses.

Next, we show the M%gn distributions for Points A and B in figure 17.1° Here, we re-
quire Ng%%s = 0 to reduce the ¢-¢(g) production events. The numbers of events corresponds
to [ £ =5 fb~! for each model points. We fit the f(z) in eq. (5.21) to the MM distribu-
tions. We obtain (MIM)ed = 715 4 14 and 524 + 8 GeV at Points A and B, respectively.
They are roughly consistent with input gluino masses: mg = 697 and 544 GeV for Points

1%We do not show the distributions for Points AH1 and AH2 because their gluino mass are almost the
same as that of Point A.
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A and B, respectively.
If one assume GUT relation among the gaugino masses and gaugino dominance of the
Xf, one can roughly estimate the Xli mass from the gluino mass. Since the tb endpoint is

a function of mg, m_+ and my, , one can get the information of my, from the the measured

X1
gluino mass and the ¢tb endpoint.

6 Summary and conclusion

In this paper, we investigate the LHC signature of modified universal sfermion mass
(MUSM) scenario. In the scenario the sfermion mass matrices can be parametrized as
in eq. (2.3) at the GUT scale. In this paper, we concentrate the region where mg > msp,
my 2, mp,, i based on the considerations of naturalness and flavor and CP constraints.

In this scenario, gluino decays entirely into the 3rd generation squarks. The SUSY
events typically have 4 b partons. The fraction of the SUSY events without b tagged jets
is suppressed even if the b tagging efficiency is 60%. This is a feature of models with the
mass relation eq. (3.1).

The 1st and 2nd generation squarks are much heavier than gluino and the 3rd genera-
tion squarks in this scenario. The mass of the heavy squarks mg cannot be arbitrarily large
from CCB constraint. The heavy squarks can be observed at the LHC if mg <1 —2TeV.
A quark jet from the decay ¢ — gq tends to have large pr (pr < mg/2), and they will be
tagged as the excess of the non-b tagged jets in the high pp range relative to the b tagged
jets. The excess indicates the mass relation eq. (3.2).

The signature similar to that of MUSM scenario may be observed at some CMSSM
points with |Ag| > mgy > my /5. For MUSM scenario, gluino decay modes are g — tit and
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g — Zlb, while gluino decay is dominated by § — #1¢ mode for the CMSSM region . This
difference may be seen in the X3 — X{Z channel. If a XJ is originated from the 51 decay,
the number of associated jets is 2 (bb). On the other hand if X3 is originated from the 4
decay, it is 6 (bb + 2W (j4)) when both of the W bosons decay into jets. We demonstrate
that we can discriminate these scenarios by investigating the number of jets in the event
with 2 leptons with m; ~ m.

In MUSM scenario, the events contain many jets arising from gluino decays. The mass
reconstructions of the SUSY particles are challenging due to the combinatorial background.
However, we find that successful reconstructions are possible. The conventional endpoint
analysis with OSSF lepton pair from a cascade decay chain ( 5.4) is useful if m; /o and [Ao|
are small enough to satisfy conditions ( 5.3). We demonstrate that all sparticle masses
arising from the decay chain ( 5.4) can be measured at the LHC in such case. On the other
hand, if my /5 or |Ap| is large enough, we have to use events without leptons for the exclusive
analysis. We have succeeded to reduce the combinatorial background by searching for jet
pair consistent with W in the same hemisphere. Especially we can efficiently reconstruct
the top quark arising from gluino decays into scalar top. Moreover we demonstrate that the
endpoint in the Wbj distribution can be seen even in the jet level analysis, which indicated
the tb endpoint of the § — 1t — bet mode.

The inclusive M7y and M%gn distribution is also useful for the mass determination
of gluino and the heavy squarks. The squark mass can be measured from the endpoint
of the My distribution. Moreover we reconstruct the g-g and/or g-y; “sub-system” by
removing the i-th high pr jet before hemisphere reconstruction and calculating subsystem
My called M$4P(i). The gluino mass can be measured from the endpoint of the MI® (=
min?_; [M5%°(i)]) distribution. By combining the measured gluino mass and tb endpoint,
one can get the information of the stop mass only from the analysis using jets. Such
inclusive analyses may tell us both the mass scales of squarks and gluino in the early stage
of the LHC such as [ £ ~5—20 fb~1.
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A Masses and branching ratios
B Comparison with SPS benchmark points

For comparison of MUSM scenario with other scenarios with universal sfermion masses,
we show the distribution of number of b tagged jet and the p(Tl) distributions at several
benchmark model points called snowmass points and slopes (SPS) [70]. Here, the same cut

as in section 3 is adopted. The number of generated events correspond to [ Ldt =1 fh1.
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Table 4. Left; Mass spectra of sparticles and Higgs bosons for our model points in GeV. Right;
Branching ratios of sparticles for our model points. Here, u and d denote both the first and the
second generation up and down type quarks, respectively
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