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Why Study 
SUSY models 

• Beautiful Symmetry 

• Gauge coupling Unification

• New particles that can be searched for at LHC

• Dark matter candidate with R parity

• Can be consistent with low energy measurements. 

• Signature missing energy( dark matter) with lots of 
jets and leptons in the final state.  
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SUSY search and 
measurement 

Now and future 
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Channel definition

• Depending on the SUSY mass hierarchy, different production 

processes favoured (              )

• Signal regions optimised to maximise sensitivity to different 

production processes

g̃g̃, g̃q̃, q̃q̃
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Results

• No discrepancy with respect to SM predictions.

• The result is interpreted as a 95% CL exclusion limit on effective cross sections 

using a  profile likelihood ratio approach following the CLs prescriptions.

• Analysis giving best expected limit used in each point.

12

excluded !x 

acc (fb)
24 30 477 32 17

Saturday, July 23, 2011

In my view, this is  THE BEST way to presenting data 

upper limit of each 
 search channel 
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LHC SUSY search 
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Figure 2: 95% C.L. exclusion limits in the (mg̃, mq̃) plane together with exist-
ing limits [4]. Comparison with existing limits is illustrative only as some are
derived in the context of MSUGRA/CMSSM or may not assume mχ̃0

1
= 0.

ing the exact LO ME for up to 2 → 5 partons. The normalisa-
tion of these samples was fixed by a scaling designed to achieve
a match to data in control regions obtained by reversing the ∆φ
requirements. After this scaling, both sets of simulations were
in agreement within the experimental uncertainties, and there-
fore only PYTHIA QCD simulations are used further in this anal-
ysis. The resulting QCD simulation was found to be consistent
with a data-driven QCD estimate in which high Emiss

T events
were generated from data by smearing low Emiss

T events on a
jet-by-jet basis with measured jet energy resolution functions.
This latter technique has no MC dependencies; it provides a
completely independent determination of the QCD background
using only quantities measured from the data. Additional con-
trol regions having reversed Emiss

T /meff requirements were used
as further checks on the normalisation.

Supersymmetric events were generated with HERWIG++ [19]
v2.4.2. These samples were normalised using NLO cross sec-
tions determined by PROSPINO [20] v2.1.

All non-PYTHIA samples used HERWIG++ or HERWIG-6.510
[21] to simulate parton showering and fragmentation, while
JIMMY [22] v4.31 was used to generate the underlying event.
All samples were produced using an ATLAS ‘tune’ [23] and a
full detector simulation [24].

6. Systematic Uncertainties
The primary sources of systematic uncertainties in the back-

ground estimates are: the jet energy scale (JES), the jet energy
resolution (JER), the luminosity determination, the MC mod-
elling, the lepton efficiencies, the extrapolation from control
regions into signal regions, and the finite statistics of the MC
samples and control regions. The uncertainty on the luminos-
ity determination is estimated to be 11% [25]. The JES un-
certainty has been measured from the complete 2010 data set
using the techniques described in Ref. [7] and, though pT and η
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Figure 3: 95% C.L. exclusion limits in the tan β = 3, A0 = 0 and µ > 0 slice
of MSUGRA/CMSSM, together with existing limits [3, 4] with the different
model assumptions given in the legend.

dependent, is around 7%. The JER measured in data [26] was
applied to all MC simulated jets and was propagated to %Pmiss

T .
The difference between the re-calibrated and nominal MC is
taken as the systematic uncertainty due to this effect. The un-
certainty on the estimated top background is dominated by the
JES uncertainty. Systematic uncertainties associated with mis-
identification of leptons, jet energy scale inter-calibration, the
rate of leptonic b-decays and the non-Gaussian tail of the jet re-
sponse function have also been incorporated where appropriate.

Systematic uncertainties on the SUSY signal were estimated
by variation of the factorisation and renormalisation scales in
PROSPINO between half and twice their default values and by
considering the PDF uncertainties provided by CTEQ6. Un-
certainties were calculated for individual production processes
(e.g. q̃q̃, g̃g̃, etc.).

7. Results, Interpretation and Limits
The number of observed data events and the number of SM

events expected to enter each of the signal regions are shown in
Table 2. The background model is found to be in good agree-
ment with the data, and the distributions of meff , mT2 and Emiss

T
are shown in Figure 1.

An interpretation of the results is presented in Figure 2 as a
95% confidence exclusion region in the (mg̃,mq̃)-plane for the
simplified set of models with mχ̃0

1
= 0 for which the analysis

was optimised. In these models the gluino mass and the masses
of the squarks of the first two generations are set to the values
shown in the figure. All other supersymmetric particles, includ-
ing the squarks of the third generation, are decoupled by being
given masses of 5 TeV. ISASUSY from ISAJET [27] v7.80 was
used to calculate the decay tables, and to guarantee consistent
electroweak symmetry breaking. The SUSY Les Houches Ac-
cord files for the models used may be found online [28]. The
results are also interpreted in the tan β = 3, A0 = 0, µ > 0 slice

4

Signal region A Signal region B Signal region C Signal region D
QCD 7 +8

−7[u+j] 0.6 +0.7
−0.6[u+j] 9 +10

−9 [u+j] 0.2 +0.4
−0.2[u+j]

W+jets 50 ± 11[u] +14
−10[j] ± 5[L] 4.4 ± 3.2[u] +1.5

−0.8[j] ± 0.5[L] 35 ± 9[u] +10
− 8[j] ± 4[L] 1.1 ± 0.7[u] +0.2

−0.3[j] ± 0.1[L]
Z+jets 52 ± 21[u] +15

−11[j] ± 6[L] 4.1 ± 2.9[u] +2.1
−0.8[j] ± 0.5[L] 27 ± 12[u] +10

− 6[j] ± 3[L] 0.8 ± 0.7[u] +0.6
−0.0[j] ± 0.1[L]

tt̄ and t 10 ± 0[u] + 3
− 2[j] ± 1[L] 0.9 ± 0.1[u] +0.4

−0.3[j] ± 0.1[L] 17 ± 1[u] + 6
− 4[j] ± 2[L] 0.3 ± 0.1[u] +0.2

−0.1[j] ± 0.0[L]
Total SM 118 ± 25[u] +32

−23[j] ± 12[L] 10.0 ± 4.3[u] +4.0
−1.9[j] ± 1.0[L] 88 ± 18[u] +26

−18[j] ± 9[L] 2.5 ± 1.0[u] +1.0
−0.4[j] ± 0.2[L]

Data 87 11 66 2

Table 2: Expected and observed numbers of events in the four signal regions. Uncertainties shown are due to “MC statistics, statistics in control regions, other
sources of uncorrelated systematic uncertainty, and also the jet energy resolution and lepton efficiencies” [u], the jet energy scale [j], and the luminosity [L].

E
n

tr
ie

s
 /

 1
0

0
 G

e
V

-110

1

10

210

310

410

510

0 500 1000 1500 2000 2500 3000

-110

1

10

210

310

410

510

0 500 1000 1500 2000 2500 3000

-110

1

10

210

310

410

510

E
n

tr
ie

s
 /

 1
0

0
 G

e
V

-110

1

10

210

310

410

510  = 7 TeV)sData 2010 (

SM Total

QCD multijet

W+jets

Z+jets

 and single toptt
SM + SUSY reference point

-1
L dt ~ 35 pb!

Signal region A
 2 jets)"(

ATLAS

 [GeV] effm

0 500 1000 1500 2000 2500 3000

D
A

T
A

/S
M

0
0.5

1
1.5

2
2.5

 [GeV] effm

0 500 1000 1500 2000 2500 3000

D
A

T
A

/S
M

0
0.5

1
1.5

2
2.5

E
n

tr
ie

s
 /

 1
0

0
 G

e
V

-110

1

10

210

310

410

0 500 1000 1500 2000 2500 3000

-110

1

10

210

310

410

0 500 1000 1500 2000 2500 3000

-110

1

10

210

310

410

E
n

tr
ie

s
 /

 1
0

0
 G

e
V

-110

1

10

210

310

410
 = 7 TeV)sData 2010 (

SM Total

QCD multijet

W+jets

Z+jets

 and single toptt
SM + SUSY reference point

-1
L dt ~ 35 pb!

Signal regions C & D
 3 jets)"(

ATLAS

 [GeV] effm

0 500 1000 1500 2000 2500 3000

D
A

T
A

/S
M

0
0.5

1
1.5

2
2.5

 [GeV] effm

0 500 1000 1500 2000 2500 3000

D
A

T
A

/S
M

0
0.5

1
1.5

2
2.5

E
n

tr
ie

s
 /

 4
0

 G
e

V

-110

1

10

210

310

410

510

0 200 400 600 800 1000

-110

1

10

210

310

410

510

0 200 400 600 800 1000

-110

1

10

210

310

410

510

E
n

tr
ie

s
 /

 4
0

 G
e

V

-110

1

10

210

310

410

510
 = 7 TeV)sData 2010 (

SM Total

QCD multijet

W+jets

Z+jets

 and single toptt
SM + SUSY reference point

-1
L dt ~ 35 pb!

Signal region B

ATLAS

 [GeV] T2m

0 200 400 600 800 1000

D
A

T
A

/S
M

0
0.5

1
1.5

2
2.5

 [GeV] T2m

0 200 400 600 800 1000

D
A

T
A

/S
M

0
0.5

1
1.5

2
2.5

E
n

tr
ie

s
 /

 5
0

 G
e

V

-110

1

10

210

310

410

510

610

0 200 400 600 800 1000

-110

1

10

210

310

410

510

610

0 200 400 600 800 1000

-110

1

10

210

310

410

510

610

E
n

tr
ie

s
 /

 5
0

 G
e

V

-110

1

10

210

310

410

510

610
 = 7 TeV)sData 2010 (

SM Total

QCD multijet

W+jets

Z+jets

 and single toptt

SM + SUSY ref. point

-1
L dt ~ 35 pb!

ATLAS

 [GeV] miss
TE

0 200 400 600 800 1000

D
A

T
A

/S
M

0
0.5

1
1.5

2
2.5

 [GeV] miss
TE

0 200 400 600 800 1000

D
A

T
A

/S
M

0
0.5

1
1.5

2
2.5

Figure 1: The distributions of meff (separately for the ≥ 2 and ≥ 3 jet regions) and mT2 are shown for data and for the expected SM contributions after application
of all selection criteria – cuts on the variables themselves are indicated by the red arrows. Also shown is the Emiss

T distribution after the ≥2 jet preselection cuts
only. For comparison, each plot includes a curve showing the expectation for an MSUGRA/CMSSM reference point with m0 = 200 GeV, m1/2 = 190 GeV, A0 = 0,
tan β = 3 and µ > 0. This reference point is also indicated by the star on Figure 3. Below each plot may be seen the ratio of the data to the SM expectation. Black
vertical bars show the statistical uncertainty from the data, while the yellow band shows the size of the Standard Model MC uncertainty.
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 14TeV projection SUGRA!Parameter"#$%

S.Asai 2003!JPS meeting

• 7TeV run excluded 
significant parameter space 

• production at 14TeV would 
be 1 pb or less. significantly 
limits statistics at 14TeV run 
already. 

Expected after 
7TeV run 
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25  

Sparticle Detection & Reconstruction 

Mass precision for a favorable benchmark point at the LHC 
                           LCC1~ SPS1a~ point B’  

Lightest neutralino ! Dark Matter? 

Fit SUSY  model parameters to the 
measured SUSY particle masses to  

extract "#h2  $ O(10%) for LCC1 

hep-ph/0508198 

100 fb-1, 14 TeV 

GeV 

m0=100 GeV 

m1/2= 250 GeV 

A0=-100 
tan% = 10 

sign(µ)=+ 

D. Miller et al 

$Use shapes 

2 lepton edge 

This point and much more of 
the CMSSM space is ruled out 
What can LHC still say on DM?   
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SUSY mass determination 
using jets+ 2 lepton channel  

• production cross section is determined  by squark gluino mass 

• Branching ration into the second lightest neutralino 30% , lepton 
branch 6~20%→ total 2~6%.   

• 30fb-1 x 1pb =30000-> 600 events(2% branch )  are not enough 
to determine EW SUSY particles masses precisely

• Need full use of hadronic channels to determine SUSY scale 
when it is  discovered. 

2011年9月10日土曜日



Combinatorial background in 
hadronic channel 

2) ISR; Which jet comes 
from ISR?

ETmiss

A 

B

A1

A2

B1

B2

1) jets are 
from A or B? 

USE MT2~mass of 
parents  
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Combinatorial background in 
hadronic channel 

2) ISR; Which jet comes 
from ISR?

ETmiss

A 

B

A1

A2

B1

B2

1) jets are 
from A or B? 

USE MT2~mass of 
parents  

Take minimum for 
jet combination 

use part of the jets 
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mgl=558GeV mul=825 GeV

7TeV  100fb-1

MT2min

MT2 

the final state†. In this paper, we will concentrate on the case that each mother particle
decays into the same set of daughter particles, since such symmetric decay typically has
higher event rate while showing the non-trivial structure which will be discussed in the
following. Fig. 1 shows an example of such process in which mother superparticles were
pair-produced and each of them decays into one neutralino LSP (χ̃0

1) and some visible
particles. While the invisible part of each decay consists of only one particle (neutralino
LSP), the visible part might contain one or more visible particle(s) in general.

Figure 1: Kinematic situation for mT2 where pmiss
T denotes the total missing transverse

momentum.

With two invisible LSPs in the final state, each LSP momentum can not be determined
although the total missing transverse momentum pmiss

T can be measured experimentally.
Furthermore, the LSP mass might not be known in advance. In such situation, one can
introduce a trial LSP mass mχ, and define the mT2 variable as follows [10, 11]:

mT2(p
vis(1)
T , m(1)

vis, p
vis(2)
T , m(2)

vis, mχ) ≡ min
{pχ(1)

T +p
χ(2)
T =−p

vis(1)
T −p

vis(2)
T }

[

max{m(1)
T , m(2)

T }
]

, (5)

where the minimization is performed over trial LSP momenta p
χ(i)
T constrained as

p
χ(1)
T + p

χ(2)
T = pmiss

T ,

†In Ref.[11], mT2 has been further generalized to the case involving more missing particles than two.

3

Reconstruction of (squark /gluino mass -LSP mass) may be  possible 

MT2 for multijet final state = 
minimization for all jet combination

MT2min=ISR removal ~remove one jet 
from the minimization  (among 5 
leading jets )

MT2 and mass reconstruction 

input gluino mass 

 Nojiri  Sakurai 2010
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How about spin measurements 
• in Jet +2 lepton channel spin effect in the inv. mass distribution, 

able to distinguish  SUSY vs “Same spin partner” models (such 
as LHT, UED) 

•  jet channel: there are jet ID problem, but jets from  two body 
decay of quark partner is easy to identify because of the PT

• If the interaction of quark partner is chiral, there are visible spin 
effect   

are

e+e− → µ̃+
R µ̃−

R → (µ+χ̃0
1)(µ

−χ̃0
1) → µ+µ− "E, (2)

e+e− → µ+
R1µ

−
R1 → (µ+γ1)(µ

−γ1) → µ+µ− "E. (3)

Both generate the same experimental signatures µ+µ− "E with large missing energy.

Figure 1: The definition of the polar angles θ∗± of the visible particle f± momentum in the rest
frame of the decaying particle F± and of the correlated azimuthal angle φ between two decay planes
formed in the correlated production-decay process X → F−F+ → (f−χ)(f+χ) in the rest frame of
the X = {e+e−} system, corresponding to the e+e− c.m. frame for the processes considered in this
report. Here, X = {e+e−} denotes any single- or multiple-particle intermediate state formed in
e+e− annihilation. Note that φ is invariant under the Lorentz boost along the F± flight direction.

The characteristic observables for measuring spin of the particles F± through the process (1)
are the angular distributions of the final-state particles f± in the F± decays, encoding the helic-
ities of the F± states. We denote the polar angles of the particles f± in the rest frames of the
F± particles by θ∗±, and the azimuthal angles by φ∗

± with respect to the production plane defined
by the e− and F− momentum directions, respectively. Then the angle φ with its range [0, 2π]
between the two decay planes (see Fig. 1) is the azimuthal angle defined by the angle difference
φ ≡ φ∗

+ − φ∗
− (mod 2π) invariant under any Lorentz boost along the F± flight direction.

If we label the F± helicities by λ± and λ′
±, the joint production-decay distribution reads:

W (Ecm;Θ; θ∗±,φ∗
±) =

j
∑

λ±,λ′
±=−j

Pλ−λ+

λ′
−λ′

+

(Ecm,Θ)D−
λ−λ′

−
(θ∗−,φ∗

−)D+
λ+λ′

+

(θ∗+,φ∗
+), (4)

where Ecm is the e+e− c.m. energy and Θ is the production angle of F− with respect to the e−

direction, and j is the spin of the particle F±. The production density matrix P is defined in terms
of the helicity amplitudes T of the process e+e− → F+F− for unpolarized beams by

Pλ−λ+

λ′
−λ′

+

=
∑

σ±=±1/2

Tσ−σ+;λ−λ+
T ∗

σ−σ+;λ′
−λ′

+
, (5)

where σ± is the e± helicity, and each F± decay density matrix D± has a simple azimuthal-angle
dependence of a pure kinematical origin as

D±
λ±λ′

±
(θ∗±,φ∗

±) = D±
λ±λ′

±
(θ∗±) e∓i(λ±−λ′

±)φ∗
± , (6)

3

Azimuthal angle correlation  
(1/2,1/2) and (-1/2,-1/2) 
amplitude is same order  

polarization
(1/2 1/2) or (-1/2 -1/2)

is dominant   
F

f

F

f

Buckley et al 2008 
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 leading objects and new particle 
decays  

gluon partner 
(if any ) 

quark partner 

LPS

gluon partner 

dierect decay 
quark  partner 
(subdominant ) 

LPS

3 body 
decay   

quark partner 

2body 
decay 

EASY to 
identify 

SUSY  quark partner=spin 0 
UED/LHT=Spin 1/2 
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Interactions of the same spin 
partner model  

• Heavy gauge boson(spin1)  and quark partners(spin 1/2) have Z2=-1 

• Haven’t specify Higgs sector: Gauge invariance of the amplitude 
must be carefully checked. 

• in UED like model:  5th component of gauge boson is the 
goldstone boson. 

•  split UED/ a three site model allow mass splitting of the partners

•  big difference in the distributions

TWO JETS AND MISSING ET SIGNATURE TO DETERMINE THE
SPINS OF THE NEW PARTICLES IN EARLY STAGE OF THE

DISCOVERY

THE AUTHORS: JING SHU AND MIHOKO M. NOJIRI

0.1. Introduction. In models with parity strucutre that makes the lightest parity odd
particle stable dark matter, the signature of new physics is missing momentum with mul-
tiple jets/leptons. One of the representative models is MSSM with R partity. In MSSM, a
scalar quark may be produced with other sparticles and they decay spherically because it
is spin 0 particle. For a event contains two squark decay, two hard jets are produced with
missing energy and softer jets and leptons. We propose a toy model that has the same
signature but quark partners have non-zero spin. We demonstrate the spin dependence in
the distribution maybe measured at the LHC.

1. Simplified Models and parton level distributions

Our toy model is consisted by quark and lepton partners (spin 1/2), and gauge boson
partners(spin 0). Gauge couplings of the gauge boson partners are same to the corre-
sponding standard mode ones. Quark partner and gauge boson partner masses are free.
We assume the lightest partner is Bp, a partner of the SM U(1)Y gauge boson, and assume
all partner has parity −1, therefore Bp is stable. Namely

Lint =
∫

dx4
[
gsG

µa
H Q̄T aγµq + gWµa

H Q̄LT aγµPLqL

+g′Bµ
H(YLQ̄LγµPLqL + YLQ̄RγµPRqR) + (Lepton part) + h.c

]

(1)

Symmetry breaking sector may be introduced, but in this note, we ignore them in the
numerical calculation in the following sections.

Little Higgs models with T parity or Universal Extra dimention models have the feature
of our simplified model. These models have partner of the SM particles with same spin
with parity structure which makes the lightest parity odd particle stable. In the minimal
UED model, masses of the partners are very close to each other, although some extension
of the model allows split mass spectrum. In the Little Higgs model, gluon partner my not
be introduced. The nature of our toy model may be implemented into some three site
model, which will be discussed in the next subsections.

1
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Production process at 
LHC  and decay

Diagrams by MadGraph  u u -> a1 u a1 u  
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pp→ UR UR → u u BH BH
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Amplitude Tips 
• Production and chiral interaction 

2 THE AUTHORS: JING SHU AND MIHOKO M. NOJIRI

By Lifting the mass constraints, we can compare the decay distribution with MSSM
model with arbitrary mass spectrum. In MSSM, quark partners(squarks) are scalar, there-
fore the their decays are spherical. On the other hand, in our simplified model, quark
partners have spin 1/2, moreover, the interactions are chiral.

2. Cross section and Angular correlation of the jets

Production

iM =
ig′2δaa′δbb′(−gµν + qµqν

m2
B

)

q2 − m2
B

ū(pf )γµPRu(pf )ū(p′f )γνu(p′i) + cross diagram(2)

From gµν term we have more or less spin conserving contribution for hi = h̄i = 1/2 and
for λf = 0

(3) 4ig2 δaa′δbb′

q2 − m2
A

pi

[
2pfδhf ,1/2 − (−)h̄f+1/2(Ef − pf )

]

On the other hand, term coming from qµqν/m2
B flip the helicity because after using equation

of motion we obtain

(4)
−ig′2δaa′δbb′m

2
Q

(q2 − m2
B)m2

B

ū(p′f )PRu(pi)ū(p′f )PRu(p′i)

Therefore the amplitude is given as

−ig2
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Therefore in the limit of betaf = 0 the part of amplitude is dominated by (1/2,1/2) and
(-1/2, -1/2) and if mB is small compared with mQ, the (-1/2, -1/2) is dominant.

the decay of Q has the helicity dependence. The amplitude is dominated by L component
and quark is right handed polarized. Therefore if quark helicity is 1/2 then the decay
distribution is given by

The production cross section of the quark partner could be very large. There are two
reasons for this. First, the production cross section of spin 1/2 particle is larger than that of
spin 0 particle because of the helicity structure. The other reason is the enhanced helicity
zero component of partner gauge boson wave function. It dominates the amplitude when
mass difference between a quark partner and a gauge boson partner is large. For example,
when we take mUR = 600 GeV, mGp = 700 GeV, mBp = 100 GeV , the production cross
section of pp → QRQR is 5.8 pb while it is 2.7 pb for mBp = 200 GeV. This shows Bp

exchange contribution is important.
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By Lifting the mass constraints, we can compare the decay distribution with MSSM
model with arbitrary mass spectrum. In MSSM, quark partners(squarks) are scalar, there-
fore the their decays are spherical. On the other hand, in our simplified model, quark
partners have spin 1/2, moreover, the interactions are chiral.
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distribution is given by

The production cross section of the quark partner could be very large. There are two
reasons for this. First, the production cross section of spin 1/2 particle is larger than that of
spin 0 particle because of the helicity structure. The other reason is the enhanced helicity
zero component of partner gauge boson wave function. It dominates the amplitude when
mass difference between a quark partner and a gauge boson partner is large. For example,
when we take mUR = 600 GeV, mGp = 700 GeV, mBp = 100 GeV , the production cross
section of pp → QRQR is 5.8 pb while it is 2.7 pb for mBp = 200 GeV. This shows Bp

exchange contribution is important.

helicity conserving in the 
β→∞　limit 

helicity (1/2,1/2) 

close to each other, because they are degenerate in leading order and mass splitting in the
same level particle arise from radiative correction. In paper ... a boundary condition at
the center of the 5 th dimension is introduced so that quark partner can have much bigger
mass compared with gauge partners. In the Little Higgs model, gluon partner need not
to be introduced. The nature of our toy model may be implemented into some three site
model, which will be discussed in the next subsections.

We calculate the amplitude numerically using Madgraph. Parameter card of the model
is calculated by BRIDGE. When we calculate fully spin correlated event distribution we
calculate amplitude till final state partons and interface it into pythia for hadronization.
Event distributions without spin correlation in this paper is generated by generating the
quark partner using Madgraph then force them to decay by using the decay table calculated
by BRIGE. We interface the event into AcerDet for detector simulation.

2 Cross section and Angular correlation of the jets

Production
The production and decay distribution of fermionic quark partner is quite different

from that of scalar quark in supersymmetric model. The amplitude for pp → QQ would
be written as follows

iM(uu → URUR) =
ig′2Y 2

u δaa′δbb′

(
−gµν + qµqν

m2
BH

)

q2 − m2
B

ūhf
(pf )γµPRuhi(pi)ūh′

f
(p′f )γνPRuh′

i
(p′i)

+cross diagram + gluon exchange contribution (2)

Here we only show BH exchange contribution and the extension to the full amplitude is
trivial. From gµν term of the propagator, we obtain a an amplitude is the CM frame which
is non zero for hi = h′

i = 1/2 (hi and h′
i is initial state helicities) and for λf ≡ hf −h′

f = 0,

MTT = 4ig2Y 2
u

δaa′δbb′

q2 − m2
BH

δhi,
1
2
δλf

pi

[
2δhf , 12

pf − (−)h̄f+ 1
2 (Ef − pf )

]
. (3)

On the other hand, terms coming from qµqν/m2
B part of BH propagator are expressed after

using equation of motion as follows

MLL =
−ig′2δaa′ δbb′m

2
Q

(q2 − m2
B)m2

B

ūhf
(pf )PR uhu(pi) ūh′

f
(p′f )PR uh′

i
(p′i). (4)

The explicit form of amplitude in the center of mass frame is

MLL = −ig2
m2

Q

m2
B

δaa′δbb′

q2 − m2
B

δhi,
1
2
δλf ,0δλi,0

2
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Decay and polarization 

• Polarized particle decay non-spherically 

h=1/2 particle+ chiral vertex  →  quark distribution is ∝ 1+cos θ 
(The distribution is same for QL decay into qLχ)

If number of particle is larger than number of antiparticle(LHC)  
effect remains. 

Note :h=0 massive gauge boson dominates in the decay. 

2 THE AUTHORS: JING SHU AND MIHOKO M. NOJIRI

By Lifting the mass constraints, we can compare the decay distribution with MSSM
model with arbitrary mass spectrum. In MSSM, quark partners(squarks) are scalar, there-
fore the their decays are spherical. On the other hand, in our simplified model, quark
partners have spin 1/2, moreover, the interactions are chiral.
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From gµν term we have more or less spin conserving contribution for hi = h̄i = 1/2 and
for λf = 0
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[
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On the other hand, term coming from qµqν/m2
B flip the helicity because after using equation

of motion we obtain

(4)
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Therefore the amplitude is given as
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(
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2m + 2P (h̄f = −1/2)pfδλf0

)]
(5)

Therefore in the limit of betaf = 0 the part of amplitude is dominated by (1/2,1/2) and
(-1/2, -1/2) and if mB is small compared with mQ, the (-1/2, -1/2) is dominant.

the decay of Q has the helicity dependence. The amplitude is dominated by L component
and quark is right handed polarized. Therefore if quark helicity is 1/2 then the decay
amplitude is given by

(6) iM ∝ ε∗µενTr
[
γµPR % pfγνPR

1+ % nγ5

2
(% pi + mQ)

1+ % nγ5

2

]
=

2kB · pfmQ

m2
B

(EB − kB//)

The production cross section of the quark partner could be very large. There are two
reasons for this. First, the production cross section of spin 1/2 particle is larger than that of
spin 0 particle because of the helicity structure. The other reason is the enhanced helicity
zero component of partner gauge boson wave function. It dominates the amplitude when
mass difference between a quark partner and a gauge boson partner is large. For example,
when we take mUR = 600 GeV, mGp = 700 GeV, mBp = 100 GeV , the production cross

projection to the helicity state chiral vertex 
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 Azimuthal Angle 
Correlations 

• Amplitude of spin j particle pair production and decay 

are

e+e− → µ̃+
R µ̃−

R → (µ+χ̃0
1)(µ

−χ̃0
1) → µ+µ− "E, (2)

e+e− → µ+
R1µ

−
R1 → (µ+γ1)(µ

−γ1) → µ+µ− "E. (3)

Both generate the same experimental signatures µ+µ− "E with large missing energy.

Figure 1: The definition of the polar angles θ∗± of the visible particle f± momentum in the rest
frame of the decaying particle F± and of the correlated azimuthal angle φ between two decay planes
formed in the correlated production-decay process X → F−F+ → (f−χ)(f+χ) in the rest frame of
the X = {e+e−} system, corresponding to the e+e− c.m. frame for the processes considered in this
report. Here, X = {e+e−} denotes any single- or multiple-particle intermediate state formed in
e+e− annihilation. Note that φ is invariant under the Lorentz boost along the F± flight direction.

The characteristic observables for measuring spin of the particles F± through the process (1)
are the angular distributions of the final-state particles f± in the F± decays, encoding the helic-
ities of the F± states. We denote the polar angles of the particles f± in the rest frames of the
F± particles by θ∗±, and the azimuthal angles by φ∗

± with respect to the production plane defined
by the e− and F− momentum directions, respectively. Then the angle φ with its range [0, 2π]
between the two decay planes (see Fig. 1) is the azimuthal angle defined by the angle difference
φ ≡ φ∗

+ − φ∗
− (mod 2π) invariant under any Lorentz boost along the F± flight direction.

If we label the F± helicities by λ± and λ′
±, the joint production-decay distribution reads:

W (Ecm;Θ; θ∗±,φ∗
±) =

j
∑

λ±,λ′
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Pλ−λ+

λ′
−λ′

+

(Ecm,Θ)D−
λ−λ′

−
(θ∗−,φ∗

−)D+
λ+λ′

+

(θ∗+,φ∗
+), (4)

where Ecm is the e+e− c.m. energy and Θ is the production angle of F− with respect to the e−

direction, and j is the spin of the particle F±. The production density matrix P is defined in terms
of the helicity amplitudes T of the process e+e− → F+F− for unpolarized beams by

Pλ−λ+

λ′
−λ′

+

=
∑

σ±=±1/2

Tσ−σ+;λ−λ+
T ∗

σ−σ+;λ′
−λ′

+
, (5)

where σ± is the e± helicity, and each F± decay density matrix D± has a simple azimuthal-angle
dependence of a pure kinematical origin as

D±
λ±λ′

±
(θ∗±,φ∗

±) = D±
λ±λ′

±
(θ∗±) e∓i(λ±−λ′

±)φ∗
± , (6)
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reflecting an overall rigid rotation of the decay plane around the parent particle momentum.

Integrating the joint production-decay distribution W in Eq. (4) over the production angle
Θ, the decay angles θ∗± and φ∗

+ with the azimuthal angle φ fixed, we can derive the correlated
azimuthal-angle distribution between the two decay planes as

dC

dφ
=

∫

W (Ecm;Θ; θ∗±,φ∗
±) d cos Θ d cos θ∗−d cos θ∗+ dφ∗

+. (7)

We note from Eqs. (4) and (6) that the dependence on φ∗
+ is of the form exp[−iφ∗

+(λ−−λ′
−−λ++λ′

+)]
so that the integral over φ∗

+ leaves only those terms in Eq. (4) satisfying the relation λ+ − λ′
+ =

λ− − λ′
− ≡ Λ in the range [−2j, 2j]. If the distribution is further integrated over the angle φ, only

the incoherent terms with λ± = λ′
± survive. Thus, any non-trivial azimuthal-angle distribution

indicates the presence of quantum interference between the different helicity amplitudes.

In weakly-interacting and CP-invariant theories with negligible particle-width and loop effects,
the general form of the normalized azimuthal-angle correlation for the production and decay of a
spin-j particle pair† is

1

C

dC

dφ
=

1

2π
[1 + A1 cos(φ) + · · · + A2j cos(2jφ)] . (8)

Each coefficient can be worked out from the standard rules of constructing matrix elements. How-
ever, it is guaranteed on a general footing [8] that the highest non-vanishing coefficient is always
A2j . This is because the production of a charged pair F± in e+e− collisions gets a non-zero spin-1
photon-exchange contribution to the production amplitudes, Tσ−σ+;±j±j. However this term tends
to be suppressed by ∼ m2

F±/E2
cm at high energies because of a final-state helicity flip. Thus, the

spin j can be determined by identifying the highest cos(2jφ) mode at a c.m. energy not far away
from the production threshold, if the production amplitudes contributing to the coefficient A2j are
not so suppressed and the decays F± → f±χ do not have too small polarization analyzing powers.

The correlated azimuthal angle distribution for the smuon-pair process (2) is flat, as it must
be, and the distribution for the KK muon-pair process (3) is given by

1

C

dC

dφ

[

µ+
R1µ

−
R1

]

=
1

2π






1 −

π2 m2
µ±

R1

8(E2
cm + 2m2

µ±
R1

)





1 − 2m2
γ1

/m2
µ±

R1

1 + 2m2
γ1

/m2
µ±

R1





2

cos φ






. (9)

It is apparent from the expression (9) that (a) the coefficient of the highest cosφ mode is maximal
in magnitude at the production threshold and it decreases rapidly with increasing energy in con-
formity to the general rule as outlined above, and (b) it is very sensitive to the values of the µR1

and γ1 masses, leading to the restriction that the magnitude of the coefficient A1 of the highest
cos φ mode cannot be larger than π2/48 % 0.206.

As well known [7, 8], there exists a two-fold discrete ambiguity in completely reconstructing the
F± four-momenta and thus the azimuthal angles φ± in the process (1) in the laboratory frame,

†Even in the CP-noninvariant case, all the sine terms are washed out by taking the average over two possible
azimuthal angles, which is unavoidable due to a two-fold ambiguity in reconstructing the F± momentum as described
in the following.
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are the angular distributions of the final-state particles f± in the F± decays, encoding the helic-
ities of the F± states. We denote the polar angles of the particles f± in the rest frames of the
F± particles by θ∗±, and the azimuthal angles by φ∗
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by the e− and F− momentum directions, respectively. Then the angle φ with its range [0, 2π]
between the two decay planes (see Fig. 1) is the azimuthal angle defined by the angle difference
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− (mod 2π) invariant under any Lorentz boost along the F± flight direction.

If we label the F± helicities by λ± and λ′
±, the joint production-decay distribution reads:
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where Ecm is the e+e− c.m. energy and Θ is the production angle of F− with respect to the e−

direction, and j is the spin of the particle F±. The production density matrix P is defined in terms
of the helicity amplitudes T of the process e+e− → F+F− for unpolarized beams by
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+

=
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where σ± is the e± helicity, and each F± decay density matrix D± has a simple azimuthal-angle
dependence of a pure kinematical origin as

D±
λ±λ′

±
(θ∗±,φ∗

±) = D±
λ±λ′

±
(θ∗±) e∓i(λ±−λ′

±)φ∗
± , (6)

3

If  spin= 0 no azimuthal angle correlation correlation. 
If a helicity state dominates no azimuthal angle correlation

→ independent information  

decay matrix amplitude till decay 

spin dependent phase
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parton level distribution 
• mBH=100 GeV/200GeV  mQ=600GeV mG=700GeV 

mBH=200 GeV 

mBH=100 GeV 

both (1/2,1/2) 
 (-1/2, -1/2) are 

large  

(1/2,1/2) 
dominates  
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How to see it 
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schimatical figure of 
distributions 

Figure 3: Distributions of ETmiss/Meff for pp → URpURp → uRuRApAp spherical de-
cay(left) mBp = 100 GeV(center) mBp = 200 GeV(right)

Figure 4: Schematical description of the events distribution. 1) the case where quarks go
in the direction where the parent UR ’s go. 2) the distributions where two u quark tend to
go back to back direction in φ∗.ForURpURp → uRuRApAp process

3 Jet level distribution

We now discuss the effect of spin correlation at the LHC experiments. In Fig 3., we show the
distribution of ETmiss/Meff for pp → URUR followed by non-polarized decay of UR though
pythia (left) and pp(→ URUR) → uRuR for mBH = 100 GeV(middle) and mBH = 200 GeV
(left) using Madgraph.

Meff is correlated with typical CM energy of the correlation and ETmiss express typical
neutralino momentum. The distribution of un-polarized events are clearly different from
the distributions where spin correlation is fully taken into account. The spin correlated
events tend to have less missing energy for fixed collision energy. The typical decay dis-
tribution is shown in Fig 4 (right) and Fig.4(left). The left figure shows the distribution
where average polarization is right handed, represented by mBH = 200 GeV case in our
example. In the figure, quark tend to go in the direction where parent UR goes, therefore
the energy of u is higher than BH . When pT of UR is high, the momentum of BH is more

5

q goes direction of   Q q goes to back to back 
or 

mBH=100 GeV mBH =200 GeV 
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The jet level distribution
for pp→URUR channel

No spin 
(Madgraph 2 by 2
 →pythia/bridge )

Madgraph 
2 by 4  

200GeV

100GeV

Nojiri, J. Shu to appear
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MT2 and reconstruction of 
a-angle in jet level  

• MT2 

• MT2 assisted reconstruction:The process give  transverse test LSP 
momentum p(1), p(2)  of that gives MT2. calculate pz momentum that 
gives correct mQ, and mχ

• calculate φ for the momentum.  

Small phi tend to fail 

TWO JETS AND MISSING ET SIGNATURE TO DETERMINE THE SPINS OF THE NEW PARTICLES IN EARLY STAGE OF THE DISCOVERY3

Figure 1. Distributions of ETmiss/Meff for pp → URpURp → uRuRApAp

spherical decay(left) mBp = 100 GeV(center) mBp = 200 GeV(right)

In the t channel production of qq → QpQp, the quark partner is polarized because of
the chiral nature of GpURu or GpULu vertex. Due to the chirality conservation, the q from
Qp decay goes in the direction of Qp momentum. In Fig 1., we show the distribution of
ETmiss/Meff for pp → URUR followed by non-polarized decay of UR though pythia (left)
and pp(→ URUR) → uRuR for mBp = 100 GeV(middle) and mBp = 200 GeV (left) using
Madgraph. The net polarization increases as mBp increases because t-channel exchange
of Bp depolarizes UR though the exchange of h = 0 component of Bp. In the limit that
mBp exchange is removed, the net UR polarization is maximum, but in the same limit
UR → BpuR produces no visible jet. The other feature of the decay distribution will be
discussed in a future publications.

The polarization effect is opposite for anti-quark partners, but the production cross
section is small, so that the net effect would not disappear. Fro the QL → WpqL decay, Wp

decay may produce additional jets but the jets from QL decay would be more prominent if
mass difference between quark partner and gauge boson partner is large enough, therefore
the jets can be selected with appropriate cut. The distribution of scalar partners (spin 0
) in SUSY should be very close to that of non-polarized decay. Namely our result implies
the difference between fermion partner (under chiral interaction) and scalar partner may
be detectable from the event distributions with 2 high pT jets with missing momentum.

(6) MT2 = min
pT
1 +pT

2 =pTmiss

[
max

(
mT2(p

(1)
vis , p

T
1 ), mT2(p

(2)
vis , p

T
2 )

)]

2.1. MC generation. The model file of Madgraph will be provided upon request. (Mi-
hoko M. Nojiri, nojiri@post.kek.jp). The generator which adopt phase space decays are
not appropriate for the study.
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mass difference between quark partner and gauge boson partner is large enough, therefore
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(6) MT2 = min
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1 +pT

2 =pTmiss
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(1)
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T
1 ), mT2(p

(2)
vis , p

T
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(7) (pi + p(i)
vis)

2 = m2
Q, (p(i))2 = m2

BH

3. MC generation

The model file of Madgraph will be provided upon request. (Mihoko M. Nojiri, no-
jiri@post.kek.jp). The generator which adopt phase space decays are not appropriate for
the study.

No spin 

With spin
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Lessons  and some info 
•  “phase space decay”  for leading objects  fails to reproduce 

physics processes even in such simple case. ( Some phase sphace 
generators are not useful) 

• Moortgat-Pick et al : distribution of production cross 
section in forward region is also different 

• “Consistent treatment”: Production in T channel and decay are 
correlated.  

• Full amplitude generator (Madgrap and  Herwig++)  work. No 
Pythia.  

• Working on little higgs model with T parity (no gluon partner, 
heavy wino like object) 
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テキスト

おまけ(ATLAS distribution) Meff =  
ETmiss+ two highest pT jet 
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two high pT jets in SUSY events  
• Inclusive MT2 distribution for 

Mgl~600 GeV 

• divide events into two using 
Lund distance and calculate 
MT2  from two visible 
system 

• Selection:  Events at least  2 jets 
with pT>200GeV

• msq<mgl: large branch sharp 
edge. The mode with 2 high pT 
jet stands! 

Figure 14: The jet level MT2 distributions at Points 1 (black dotted), 3 (black solid), 4 (blue
oslid) and 5 (red dashed) for the events with at least two jets with pT > 200GeV. The sharp edge
at Point 1 is mostly consisted by the events with n50 ≤4. The distribution at Point 2 is similar to
that at Point 1 and is not shown.

MT2 distribution under the 2 jet cut might also be useful for determination of ordering of
squark and gluino masses. We observe a sharp endpoint at the true squark mass (600GeV)
at Point 1. Although the number of the events after the 2 jet cuts is rather small, such
structure also exists at Point 3. This is due to the squark decay into electroweak inos with
significant branching ratio at this point. We will discuss about mixed use of Mmod

T2 (min)
and MT2(min) at Points 3 and 3’ in the next subsection.

Alternatively, one can use hemisphere mass mv to estimate fraction of the events that
have gone though q̃ → jχ decays. Red (Blue) distributions in Fig. 15 (1) − (5) show
the jet level mv distributions for Points 1 − 5 (1’ − 5’), respectively. Here m(1)

v and
m(2)

v are superposed in the distributions. The shape of the distributions are very different
between mg̃ > mq̃ and mq̃ > mg̃ cases. In mg̃ > mq̃ region (See Figs. 15 (1) and (2).),
the distributions have a sharp peak at mv = 0, and the fraction of the other events are
small. On the other hand, in mq̃ > mg̃ (See Figs. 15 (3), (4) and (5).), the distributions
have another peak around mg̃/2, which is the contributions from g̃ → χ̃jj mode. The
fraction of the events with mv ∼ 0 becomes small. This suggests that the shape can give us
information of the ordering of gluino and squark masses. We can also study the hemisphere
mass after removing the jet imin, m(1)

v (imin) and m(2)
v (imin), where MT2(min) = MT2(imin).

The fractions of the events with min(m(1)
v (imin),m(2)

v (imin)) < 50GeV are 73%, 45% and
35% at Points 1, 3 and 5, respectively.

Based on the discussions above, we decide to use Mmod
T2 (min) for Points 1’, 2’, 1 and

2, and MT2(min) for 3’ − 5’ and 3 − 5 to determine the gluino masses. The jet level

– 20 –

Out from 60000 
events at 14TeV  

Msq>Mgl  
subdomminant 
squark 2 body 

decay 

Msq>>Mgl 

Mgl>Msq

Nojiri, Sakurai 
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under mixed SUSY 
production 

• In SUGRA like mass spectrum  (msq, mgl>>mχ）jets from 

sq→q χ is prominent . 

Figure 7: Left: the pT distribution of ISR for g̃g̃j process at Point 5 (solid), the highest
pT decay products at Point 5(thick dotted) and Point 3’ (thin dotted). Right: ratio of the
pT of the third and first pT partons from gluino decays at Point 1 (solid) Point 5 (thick
dashed) and Point 3’(thin dashed) for the same process. The distributions are scaled
from 20000 g̃g̃j matched events to 1000 events at each point.

rized in Table 3. Here we show the ratio of the number of events, N(inclusive g̃g̃j or

g̃q̃j sample)/N(exclusive g̃g̃ or g̃q̃ sample) calculated by Madgraph/Madevent [58] with

Pythia parton shower [59]. Here, the “exclusive sample” is generated from g̃-g̃ or g̃-q̃

process with parton shower, but if parton shower is resolved, namely if a cluster of the

partons is isolated from the initial state with more than a certain kT distance, the event

is rejected. On the other hand the “inclusive sample” means the events generated from

pp → g̃g̃j or g̃q̃j matrix elements with full parton showers, where j denotes gluon or

quark. Again, if the event does not have a resolved parton cluster, the event is rejected.

Altogether, there is no overlap between exclusive and inclusive samples. The parton level

distribution of the “matched sample” is therefore the sum of the events of the inclusive

sample and exclusive sample. The kT cut off scale is chosen so that there are no discon-

tinuity in the total distribution.2 As it has already discussed in Ref. [27], the fraction of

the inclusive events in g̃g̃j matched samples is always higher than that in g̃q̃j matched

samples. This is because the difference in colour factors between g̃ and q̃.

In Fig. 7 (left) we show the pT distribution of the ISR parton at Point 5 (a solid line).

The pT is 200GeV in average. The pT distributions of the ISR are roughly the same for

all model points in this paper. On the other hand, the pT distributions of the partons

from squark/gluino decay are rather model parameter dependent.

In the same figure we show the pT distributions of the highest pT partons from g̃ decays

for the g̃g̃j matched sample at Point 5 (thick dotted) and at Point 3’ (thin dashed). The

gluino dominantly decays through three body final state g̃ → jjχ̃i at Point 5. At Point

3’ the mass spectrum corresponds to type C in Fig. 5, where mg̃ > (mt̃1 + mt). In this

2The kT cut depends on the shower algorithm. We use pythia pT ordered shower. The kT cut is
60GeV and the pythia shower scale is 100GeV.
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gluino→squark→χ
 is dominant  

テキスト gluino → jj χ is dominant 

Nojiri  & Sakurai 

gluino→ tbχ, ttχ

( pT of the 3rd jet) /pT of the 1st jet  
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