
Discovery and measurement 
of Supersymmetry at LHC 

• Discovery of Supersymmetry 

• Parameter measurements

• +connection to the cosmology 

• Fulll reconstructions

• jets at LHC



DM and collider signature

• “SUSY signature”        “Models with new 
colored particles decaying into a stable 
neutral particle--LSP”

• “New physics” are migrated into SUSY 
category. 

• Universal extra dimension  lightest of first level 
KK is stable. .

• Little Higgs model with T parity. T parity in the 
model, T odd sector has stable particle (BH) 

• Signal:                                                           

High PT jets (pT1>100GeV, pT2,3,4>50GeV)               

pTl>20GeV,  ST>0.2                                       

ETmiss> max(100GeV, 0.2Meff )

t̃, b̃

Lepton partners 

Dark matter 
LSP, LKK, LOT

colored partner 
squark, gluino, 

g1, q1, extra quarks

gauge partners 

assume mass difference is large



Background and discovery

•  The typical number of SUSY events 
are 105 for 10 fb-1, while BG rate is 
109-8 for W, Z and ttbar productions.  
10-4 rejection of SM process is 
required.  

• Understanding  of the distribution is 
the key issue. For discovery

• PT distribution of the jets, Meff 
distribution. (theoretical 
complexities) 

• Etmiss distributions
(Experimental complexities) 
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signal and background separation 
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Figure 6: ETmiss versus Meff distributions for the T−T̄− production at the LHC for point

III (left figure), and the tt̄ background (right figure). Normalizations in both figures are

arbitrary.

kinematical region with good separation between signal and background. We restrict

Meff to a certain large value, so that we see the bump of the signal event in the ETmiss

distribution. In Fig.8, we show the signal and background ETmiss distributions for

points I to IV (top four figures). Each plot corresponds to the integrated luminosity
∫

dtL = 50 fb−1. We restrict Meff to 2mT
−

− 200 GeV < Meff < 2mT
−

for mT
−

= 600

and 700 GeV, and 2mT
−

− 300 GeV < Meff < 2mT
−

for mT
−

= 800 and 900 GeV, so

that ETmiss becomes maximal and the signal rate is still reasonably high. Here the

top mass cut, mmin(jjj) < 200 GeV, is required for at least one of the hemispheres,

which reduces the background by factor of 5 and the signal by factor of 3 compared

to the case where no cut is applied on mmin(jjj). In the bottom four figures in

Fig.8, we further require that the events have no isolated leptons. The isolated

lepton is produced by the leptonic decay of the top quark. The tt̄ background is

reduced by a factor of two by this cut, with no significant reduction of signal events.

Each distribution shows the clear excess of events over the (exponentially decreasing)

background.

The excess is less prominent for smaller Meff bins. We show the ETmiss distribution

for point II with 1000 GeV < Meff <1200 GeV in Fig.9 (left two figures). While

the number of the signal increases by factor of two, the tt̄ background increases

more than factor of three. On the other hand, if one increases Meff , the number of

the signal reduces rather quickly, and we find that the events in this region do not

contribute much to the discovery of the T− quark. See Fig.9 (right figure) for the
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Figure 7: T−T̄− production which gives the largest ETmiss (left figure), and background

tt̄ production with neutrino emissions.

mT
−

Mmin
eff Ecut

Tmiss Signal/BG Signal/BG Signal/BG

(GeV) (GeV) (GeV) (0-lepton with top cut) (with top cut)

600 1000 400 842/106 1053/313 3336/1304

700 1200 450 263/54 332/114 1284/582

800 1300 500 208/28 249/57 874/417

900 1500 550 93/7 105/16 397/203

Table 4: The signal to background ratio at the sample points I to IV. We take a region

with Mmin
eff < Meff < 2mT

−

and ETmiss > Ecut
Tmiss. The ratio is best if one requires the top

cut and vetoes isolated leptons.

distribution with 1400 GeV < Meff <1600 GeV. Note that the events in the region

Meff ! 2mT
−

arise from highly boosted T− quarks, therefore the fraction ETmiss/Meff

decreases, making the signal distribution less prominent over the background.

The numbers of the signal and background events in the signal region are shown

in Table 4. Here we take the same signal region as that of Fig.8. The signal to

background ratio with the top cut is more than 3 for all sample points. Thus, it is

clearly shown that the signal dominates in the region where ETmiss ∼ 0.5Meff .

5.2 Statistical significance for the T− quark discovery

As shown in Fig.8, the tt̄ background reduces rather quickly at large ETmiss. Near

the end of the distribution of ETmiss, the distribution is dominated by the signal in

Fig. 8. On the other hand, the signal distribution decreases quickly after its peak.

We therefore fit the decrease of total distribution near the maximum value ∼ 0.5Meff

18

jets

jets

t

!

!

t!

(T T production) (t t production)
! !

T T
!

A AH H

jets jets

!

Figure 7: T−T̄− production which gives the largest ETmiss (left figure), and background

tt̄ production with neutrino emissions.

mT
−

Mmin
eff Ecut

Tmiss Signal/BG Signal/BG Signal/BG

(GeV) (GeV) (GeV) (0-lepton with top cut) (with top cut)

600 1000 400 842/106 1053/313 3336/1304

700 1200 450 263/54 332/114 1284/582

800 1300 500 208/28 249/57 874/417

900 1500 550 93/7 105/16 397/203

Table 4: The signal to background ratio at the sample points I to IV. We take a region

with Mmin
eff < Meff < 2mT

−

and ETmiss > Ecut
Tmiss. The ratio is best if one requires the top

cut and vetoes isolated leptons.

distribution with 1400 GeV < Meff <1600 GeV. Note that the events in the region
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arise from highly boosted T− quarks, therefore the fraction ETmiss/Meff

decreases, making the signal distribution less prominent over the background.

The numbers of the signal and background events in the signal region are shown

in Table 4. Here we take the same signal region as that of Fig.8. The signal to

background ratio with the top cut is more than 3 for all sample points. Thus, it is

clearly shown that the signal dominates in the region where ETmiss ∼ 0.5Meff .

5.2 Statistical significance for the T− quark discovery

As shown in Fig.8, the tt̄ background reduces rather quickly at large ETmiss. Near

the end of the distribution of ETmiss, the distribution is dominated by the signal in

Fig. 8. On the other hand, the signal distribution decreases quickly after its peak.

We therefore fit the decrease of total distribution near the maximum value ∼ 0.5Meff
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top partner pair 
production ttbar pair production

•Two particles produced at 
threshold 
•Two  DMs  can escape same 
direction 
•Higher ETmiss/Meff 

•SM particles are boosted 
for large Meff 
•neutrinos are back to 
back 
•lower Etmiss /Meff 

Typical signal structure when 
2DM’s  is in a event !!!!



Discovery Potential

Fast simulation result
Signal           : Isawig/Jimmy
Background : Alpgen

5-sigma discovery potential on m0-m1/2 plane

100pb-1
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 Only statistical error is included.
 Backgound is estimated by Alpgen. 
 0-lepton mode : More statistics is available.
 1-lepton mode : Relatively smaller background uncertainty.

  Major background is tt(+njets) is comparatively predictable.  

ATLAS
preliminary

ATLAS
preliminar
ym(g)~1TeV

m(q)~1TeV
~
~ m(g)~0.8TeV

m(q)~1.5TeV
~
~

m(g)~1.6TeV
m(q)~1.5TeV~

m(g)~1TeV
m(q)~1.6TeV~

~
~

From Kanay’s Slide in SUSY06



The “discovery reach” depends 
on “MSUGRA” assumptions. 

• Ex. KKLT (or MMAM mixed 
modulas anomaly mediation 
model ) If both volume modulas T 
and compensator C  contribute to 
the SUSY breaking. 

• mass spectrum can be quite 
degenerated. Change FT/FC,   
MSUGRA→ UED like→ AM

• The most degenerate spectrum 
corresponds to mixed dark matter. 
Consistent to ΩM

r

Figure 3: The behavior of the Higgsino mass parameter µ. The shaded region is same as in Fig.2.
The dashed (thin–solid) curve corresponds to MZ = 0.3M0 (M0/MZ → ∞).

senger scale close to the intermediate scale
√

m3/2MP l, while the string, compactification

and gauge unification scales are all close to MP l. The most dramatic situation is α = 2 for

which soft masses appear to be unified at TeV although the gauge couplings are unified at

1016−1017 GeV. Although no string theory realization is found yet, α = 2 can be naturally

obtained by an uplifting mechanism to yield an uplifting potential Vlift ∝ 1/(T +T ∗) [8, 9].

Alternatively, one might be able to obtain such a value of α by tuning the form of the

non-perturbative superpotential [9]. All the results of our phenomenological analysis are

summarized in Figs. 1– 4 and Table 1.
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T dependent function Zi and fi may be expressed as

Zi =
1

(T + T ∗)ni
, fa = T la , (6)

where ni is the modular weights and ni = 0(1) for matter fields located on D7 (D3) branes, and
n = 1/2 for matter living at brane intersections [6].

In KKLT model, W0 = w0 − A exp−aT , where the last term of W0 expresses the non-partabative
effect such as the gaugino condensation in D7 brane, which fix the volume modulus, w0 is the
contribution of the flux. In addition to the N = 1 supersymmetric action, there are contributions
from anti-D3 branes which break supersymmetry and uplift the potential from AdS vacuum to
(nearly Minkowski) de Sitter vacuum. The term is expressed by a spurion operator depending on T
and C, and minimum of the potential will be obtained by solving the effective N = 1 action and the
lifting potential.

The resulting theory is parametrized by FC/C0 ∼ m3/2 and FT /(T + T ∗) . The SUSY breaking
terms are obtained by expanding the action by FT and FC . Here we define the soft terms as

Lsoft = −1

2
Maλ

aλa − m2
i |Q̃i|2 − AijkyijkQ̃iQ̃jQ̃k + hc (7)

where yijk is a canonically normalized Yukawa coupling

Lsoft =
λijk√

e−K0ZiZjZk

. (8)

They are explicitly written as the function of m3/2 and R ≡ m3/2(T + T ∗)/FT as follows;

Ma =

(
la
R

+
bag2

GUT

16π2

)

m3/2

m2
i =

(
mi

R2
+

1

R

∂γi

∂ ln T
− 1

4

∂γi

∂ ln µ

)

m2
3/2

Aijk =
(

1

R
(mi + mj + mk) −

1

2
(γi + γj + γk)

)
m3/2 (9)

where mi = 1 − ni
1 and

γr = µ
d ln Zr

dµ
=

1

8π2

(

2
∑

a

Ca
r g2

a − dry
2

)

(10)

with Cr =
∑

a T 2
a (r), namely for matter in the fundamental representaion C3

F = 4/3, C2
F = 3/4,

C ′ = Y 2. We only include the effect of the top Yukawa coupling y, therefore dQ3 = 1, dT = 2,
dH2 = 3 and di = 0 otherwise.

The scale dependence of γi is expressed as

dγi

dµ
=

baCa
i

32π4
g4

a − di
y2

32π4

(
D

2
y2 −

∑

a

Cag2
a

)

(11)

where

µ
dy2

dµ
=

(
Dy2

2
−

∑

a

Cag2
a

)
y2

4π2
, (12)

1 Sign convention for the A parameter is such that the off-diagonal element of τ̃ mass matrix is −mτ (Aτ + µ tan β).

choice for large μ
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m3/2(T + T ∗)

FT log(Mpl/m3/2)



SUSY at LHC in degenerated limit 
• degenerate SUSY= lower PT jets, 

small Meff,, Small missing energy. 
Discovery gets difficult (no chance 
if all masses are same of couse ) 

• Need to take into account the 
background seriously. S/N<1, 
discovery is  in ?? because of the 
background uncertainty  

• Recent preliminary ATLAS 
simulation (by S. Okada +et al Kobe 
group including QCD, W, Z, ttbar 
background with ME collections) 
confirms the same tendency.  
Discovery is extremely tough  if m
(LSP)>0.7 M(squark. 

MSUGRA

m(LSP)=0.7M(squark)

Kawagoe and Nojiri

1.5 TeV gluino 



S. Okada et al (Kobe group
very preliminary  

69%

53%
42%

31%

18%

We need to study more 
on degenerate cases 



Measurement of basic parameters 



SUSY parameter measurement
A brief history

• early 1990

• JLC study:   define LC as the machine  to measure 
SUSY parameters, spin, and interaction. check 
GUT relation  M1:M2 

• LHC  = a discovery machine.

• Snowmass 1996: 

• Trying to establish US participation at LHC, “(ex-)
Theorists”(Hinchliffe, Paige, ...)  took LC concepts.   
Techniques for mass reconstruction were 
established at that time. 

• ILC: SUSY coupling measurements (’96 Nojiri et 
al , Feng et al....):  physics point of LC over LHC

pair-produced charginos !̃ 1
! with a 10% acceptance from its

decay products,16 assuming "Ldt"100 fb#1 for both

Pe"1 and 0. The errors in m !̃
1
$ and m !̃

2
$ were both assumed

to be 2% as long as they are accessible kinematically.17 One

can see that the upper bound practically disappears18 when

tan# exceeds 5.

C. Checking the supersymmetry relation

So far we have been assuming that new particles found at

a LC are superpartners of leptons. In other words, we have

implicitly been using supersymmetric interactions of sfermi-

ons with the neutralinos of the MSSM without any attempt at

checking the nature of the interactions. Instead, we merely

used the data to determine the free parameters of the MSSM,

such as M 1 and tan# . In this subsection we are going to
discuss the possibility to probe the gaugino-sfermion-

fermion interaction $more specifically, the B̃-ẽR-eR coupling%
and some aspects of the B̃-&̃1-& coupling.
We start our discussion with ẽR . The production proceeds

though the s-channel exchange of gauge bosons and

t-channel exchange of neutralinos, whose cross section is

shown in Appendix B. The t-channel exchange is dominated

by B-ino-like neutralino exchange, which led us to the

simple dependence of the cross section on the gaugino mass

M 1 as has been shown in Fig. 3$a%.
The tree-level coupling of the B̃-ẽR-eR vertex has a

simple relation to the B-e-e coupling in the MSSM:

gB̃ ẽ ReR
"!2gtan'W"!2g!. $19%

This relation is imposed by supersymmetry. Thus the mea-

surement of gB̃ ẽ e will allow us to prove that ẽ and B̃ are

indeed superpartners of eR and B .

For this test we modify the relation of Eq. $19% as

gB̃ ẽ ReR
"!2g!Y B̃ $20%

and estimate the sensitivity to Y B̃ by introducing a new

(!̄2 function for the selectron pair production which de-
pends on Y B̃ though gB̃ ẽ Re

. In the limit of mZ%M 1 and ) ,
we obtain an approximate formula for the matrix element

M:

M*sin'!1#
4Y

B̃

2

1#2cos'# f!# f
2!4M 1

2/s
" . $21%

It is apparent from Eq. $21% that one can constrain both Y B̃
and M 1 by measuring the differential cross section:

d+(e!e#→ ẽR
!ẽR

#)/dcos'.
Figure 14 is a (!̄ ẽ

2
contour plot projected on the M 1-Y B̃

plane for a representative point in the parameter space of the

MSSM: m ẽR
"200 GeV, )"300 GeV, M 1"99.57 GeV, and

tan#"2. One finds a good sensitivity to the coupling Y B̃ of
,1% in this case. The reason why we got upper and lower

bounds on M 1 and Y B̃ is as follows: When we increase M 1!
from M 1 to M 1!(M 1, the total cross section decreases. The

16The direction of a produced chargino can be solved for with a

twofold ambiguity when the chargino decays into W!̃ 1
0 -6.. The

forward-backward asymmetry for the final state W can also be used

even if the !̃ 1
! decays into W*!̃ 1

0 -25,7..
17(m !̃

1
$ was found to be around 5% for 50 fb#1 of data -6.. A

threshold scan for the !̃ 1
!!̃ 1

# pair production might determine the

mass better.
18It has been claimed that a very precise measurement of tan# is

possible when tan#,4 -7. if the chargino mass errors are negligi-
bly small. Some additional error on tan# has been introduced here

assuming a finite error on m!
i
$. In Fig. 13, we have also taken a

larger value of m /̃ compared to -7., where sensitivity to tan# is

smaller.

FIG. 13. 1$2%‘‘+’’ errors on tan# from chargino production as

functions of input tan# . We used chargino distributions for

Pe"!1 and 0 with "Ldt"100 fb#1, and assuming that both

chargino masses are known to 2% accuracy. The upper bound prac-

tically disappears when tan# exceeds 5. Input values are

M 2"210 GeV, )"#195 GeV, and m /̃ 2
"500 GeV.

FIG. 14. (!̄ ẽ

2"1 contour in the M 1-Y B̃(0gB̃ ẽ Re
/ !2 g!) plane.

The definition of (!̄ ẽ

2
has been modified to allow gB̃ ẽ Re

to deviate

from !2 g!. Input values are m ẽR
"200 GeV, )"300 GeV,

M 1"99.57 GeV, and tan#"2. The error in the coupling is of about
the same order as that of the radiative correction proportional to

log10(mq̃ /m l̃ ) when mq̃ /m l̃,10.

6772 54NOJIRI, FUJII, AND TSUKAMOTO
Tsukamoto et al ‘93

Nojiri et al ‘96



 measurement at LHC  a check list 

• In the past ILC study,  emphases were on the 
measurements on Supersymmetric parameters. 
Let check how much LHC can do.  

• mass    

• MSSM parameters  

• spin

• SUSY couplings  

 possible using end point method and 
transverse parameters (such as MT2 

Some guess using branching ratios  

charge  asymmetry  and cross section 

not yet 



LSP

squark
m(jll)

m(ll)

m(jl)

m(jll) with mll>0.5 mll(max)

SUSY parameter measurements

jet 

lepton 

lepton 

ee+μμ-eμ subtraction 
is effective to select 

single channel 

Hinchliffe et al (97) 



mostly squark because 
pp collider 

LSP

left squark

right lepton 

lepton 

left quark 

right 
lepton_L or 
anti-lepton_R

lepton from slepton decay 
is spherical 

Spin Effect (fermion ino + chiral interaction ) 

A Barr
Goto Nojiri 
Smilie et all 
and more 



Best Case at LHC 

• Evidence of multiple ino give our access to  ino 
masses, thus μ and M_i 

• squarks and gluino work as the source of EW 
sector of Supersymmetry. 

χ̃2 → l̃R → χ̃1

χ̃4 → l̃L → χ̃1

χ̃i → χ̃1Z
0

mll



Summary in SPS1a (most lucky case)

• LSP mass error is large, but mass differences are known  
precisely. There are correlated overall error to the mass scale. 

• Access to 2 or 3  neutralino mass, information on 2 of 4 LSP 
parameters

• selectron and smuon mass error is about same to that of LSP  

particle mass error(low) error(high)
gluino 595 16.3 8.0 bbll

squark(L) 540 21.2 8.7 jll

squark(R) 520 17.7 11.8 MT2 10GeV sys 

378 14.6 5.1

177 13.4 4.7

96 13.2 4.7

from LHC/LC study 

χ̃
0
4

χ̃
0

2

χ̃
0

1



Connection to Cosmos. 



Discovery of DM at 
LHC,  Parameter 
measurements 

Thermal relic 
density 

prediction of σ(XN→XN)  or  
σ(XX→SM)  ---γ, e+ flux  

CDM 
density 

Direct detection of 
DM, and  cosmic ray 
measurements 

Astro/cosmo 
observations

Uncertainty in 
DM density  profile 
and propagations 

Physics processes in 
Early Universe

At LHC 
Collider physics meets 
       Astrophysics 

if it is there......

WMAP PAMERA, GLAST, 
CDMSII etc..



1)bulk : LSP=Bino like.
Slepton exchange 

DM density control parameters   

Gaugino mass

S
ca

la
r m

as
s hep-ph/0106204

Ωh2
∝ m4

l̃
/m2

χ̃

τ̃ χ̃

2)Higgs pole effect  mH=2mχ

3) coannihilation 

4)focus point region:
     higgsino-gaugino mixing

too large mass density 
2)

3)
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Figure 3: Average values of the four components of χ̃0
1 as a function of the assumed value of

tan β. The averages are performed on sets of Monte Carlo experiments, each corresponding to
an integrated statistics of 300 fb−1.

7

constraint to the 
LSP-N cross section is 

not strong 

Dominant uncertainty of ino mixing 
angle comes from tanβ 



Importance to measure tau mode. 
• If tau coannihilation is on, the mass 

density is very sensitive to  the stau LSP 
mass difference. 

• Due to the left right mixing, 2nd lighest 
neutralino tend to go to tau mode. finding 
edges  exclude the possibility of stau LSP 
coannihilation. 

• tau jets are identified as narrow jets. Tau is 
experimentally difficult  because QCD 
fake tau + particles converted at inner 
trackers. 41% tau tagging efficiency with 
significant background. 

• we took  62GeV \pm 5 GeV for this point.
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Figure 1: SUSY signal (open histogram) and Standard Model backgrounds (filled histogram).
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Figure 2: Reconstructed ττ mass distribution. All combinations of tau pairs are shown irrespective
of the charge. The dashed histogram shows the comibination of one real tau and one fake tau. The
actual experiement would observe the sum of the two histograms. The background from Standard
Model processes is very small and is not shown.

a tau and the other is from a misidentified jet. The invarient mass distribution of these pairs is
also shown in Figure 2; it is rather featureless. The tau algorthm has not been optimized so this
background could well have been overestimated. The background from events where both taus are
misidentified jets and the Standard Model background are both negligible. The position of the
peak in this mass distribution enables one to infer the position of the end point arising from the

6

tau -fake tau 



Importance to get lower limit on MA

• We may have an access to heavy higgs 
sector up to 300 GeV also for 
tanbeta=10 for this point . 

Figure 5: Reach of the ATLAS experiment in the m(A) − tan β plane for an integrated lumi-
nosity of 300 fb−1. For each region in the plane, the detectable Higgs bosons are marked.

shown in Figure 5 can be used as lower limit of the tan β range considered in this analysis.
The considered model, corresponding to mA = 424 GeV and tan β = 10 lies outside of the
region where a heavy Higgs can be discovered, we will limit our analysis to the complement
of this region in the m(A) − tan β plane.

A stronger constraint can be obtained by the fact that the light Higgs h will be discovered at
the LHC and its mass measured. From this measurement a confidence band in the m(A)−tan β
plane can be defined.

Finally, since the SUSY spectrum is largely known, we can investigate whether the heavy
Higgses can be detected either a) in the cascade decay of a sparticle, or b) through their decay
into a sparticle, or a bound can be extracted from the non-observation.

For the cascade decays, no heavy Higgs appears in the decay chains, as all the decays of
neutralinos/charginos into heavy Higgses are kinematically closed. We can however investigate
up to which Higgs masses these decays would be open. The best candidates would be the
decays: χ̃0

4(3) → χ̃0
1(2)A/H, χ̃±

2 → χ̃±
1 A/H with subsequent decays of the A/H into bb̄. These

decays have been studied in [25] where it is shown that in favourable conditions a peak in bb̄
distribution can be observed. The kinematic limits in the considered model are:
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• m(A/H) ≤ 315 GeV for χ̃0
4(3) → χ̃0

1A/H

• m(A/H) ≤ 230 GeV for χ̃0
4(3) → χ̃0

2A/H and χ̃±
2 → χ̃±

1 A/H.

We evaluated the number of events in which a H/A → bb̄ decay is produced in the cascade
decay of squarks and gluinos by generating with HERWIG [26] a sample of events for the chosen
model, and computing the fraction of events containing either of χ̃0

3, χ̃
0
4, χ̃

±
2 . We thereafter

computed with ISASUSY [11] the BR of the charginos/neutralinos for the considered model
and different values of m(A), and convoluted the results with the total SUSY cross-section
calculated at NLO with PROSPINO [27]. The expected numbers of events as a function
of m(A) for an integrated luminosity of 300 fb−1 are shown in Figure 6. The curve clearly
shows the drop in number of events when the decays to χ̃0

2 and χ̃±
1 become kinematically

inaccessible, and the fast decrease to zero after 300 GeV. For m(A) = 300 GeV, the number
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Figure 6: Number of expected events containing a H/A → bb̄ decay in the cascade of squarks
or gluinos, as a function of m(A). The assumed integrated luminosity is 300 fb−1

of events contributing to the bb̄ peak is ∼1500. It should therefore be possible to put a lower
bound on the heavy Higgs mass of approximately 300 GeV. In order to verify whether this
is actually possible, a detailed experimental analysis is needed, outside of the scope of the
present study.

For the SUSY decays to heavy Higgses, two channels have been identified as particularly
promising, and have been the subject of detailed experimental analyses [14, 28, 29, 30]:

• H± → χ̃0
i χ̃

±
1 → 3" + Emiss

T
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of events contributing to the bb̄ peak is ∼1500. It should therefore be possible to put a lower
bound on the heavy Higgs mass of approximately 300 GeV. In order to verify whether this
is actually possible, a detailed experimental analysis is needed, outside of the scope of the
present study.

For the SUSY decays to heavy Higgses, two channels have been identified as particularly
promising, and have been the subject of detailed experimental analyses [14, 28, 29, 30]:

• H± → χ̃0
i χ̃

±
1 → 3" + Emiss

T
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The limit from non -SUSY production for 
tanβ＝10 is around 250 GeV 

We also have heavy Higgs from SUSY 
production with significant cross section 

Assumes all SUSY  
particle is heavy 



Trying to pin down
Dark matter nature 

• DM density: for SPS1a

• roughly 20 % at LHC.   The plots 
are based on reconstruction of O
(10000) different experiments--
Giacomo likes this....

•  LSP-N cross section. almost no 
bound for LHC.   Disregard fake 
peak....

• It is certainly not general, no 
conclusions.. at Les Houches, we 
have selected several points to 
cover NUHM case (mixed DM) 

Figure 17: Spin-independent neutralino-proton direct detection cross section for point
LCC1. See Fig. 8 for description of histograms.

efficiency.

In Fig. 20, we show the likelihood distribution for the effective local flux, obtained
by combining the distribution of values of the cross section with the statistical un-
certainty of the direct detection measurement. Using the data from the ILC at 1000
GeV, this property of the dark matter halo at the Earth would be measured to 28%
accuracy.

4.6 Constraints from relic density and direct detection

If LCC1 is the correct theory of Nature, it is possible that, by the end of the
decade, the LHC will have observed missing energy events and a convincing signal of
dark matter from annihilation to gamma rays will also have been observed. Values of
the WIMP mass will have been obtained from the LHC and from the endpoint of the
gamma ray spectrum, and these values will have been seen to agree. Underground
direct detection experiments in the 25 kg range such as SuperCDMS may also give
the WIMP mass and flux at the Earth. Further, the Planck measurements of the
CMB will have provided a very accurate measurement of the cosmic density of dark
matter. Under these circumstances, it would be very tempting to use the Planck and
SuperCDMS measurements to constrain the parameters of supersymmetry model.

This analysis would depend on very strong assumptions whose status would still
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Figure 9: Value of the predicted relic density Ωχh2 as a function of the measured χ̃0
1 mass.

the Higgs mass is fixed, and its experimental uncertainty does not contribute to the error on
the relic density prediction, as for high Higgs masses the contribution of channels involving
higgses to the neutralino annihilation is negligible.

In this case the dominant contribution to the uncertainty will come from the poorly con-
strained value of tan β. In the interval allowed by the non-observation of theSM decays of the
higgs, the relic density varies by ∼11%, as shown in the right side of Figure 11. It is interesting
to disentangle the contributions of the different annihilation processes to the variation. In the
right side of Figure 11 we show the annihilation cross-sections (in units of their contribution
to 1/Ω). For the different processes. The spread is dominated by the χ̃0

1χ̃
0
1 → τ+τ− process.

The reason is that for each value of tan β we recalculate the soft parameters in such a way the
the sparticle masses, and the branching ratios which are measured experimentally are kept
constant. Therefore the composition of the χ̃0

1 and the value of θτ vary as shown in Figures 3,
producing the dependency observed in the full line in the left side of Figure 11.

An additional uncertainty will come from the value of m(τ̃2), which contributes a ∼ 7%
spread to the result, as shown in Figure 12. This is because the τ̃2 exchange contribution is
opposite to the τ̃1 contribution. The cancellation appear in the s-wave part of the pair anni-
hilation cross section, which is chirality suppressed. In the limit where Higgsino component of
the lightest neutralino can be ignored, the τ̃i contribution to the amplitude can be expressed
as

M(swave) ∝ sin θτ cos θτ [1/(1 + m2
τ̃1/m

2
χ̃0

1
) − 1/(1 + m2

τ̃2/m
2
χ̃0

1
)]Z2

11 (2)

yielding the observed dependence of the annihilation cross-section on m(τ̃2). The mixing
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MN, Polesello and Tovey 
hep-ph/0512204

Fake peak from Markov
chain analysis



Full reconstruction at LHC 



Solving missing momentum 

sbottom mass

gl
ui

no
 m

as
s

For presentation, assume 
we know mass of 

If we know all masses, there 
are 5 mass constraints for LSP 
momentum, therefore  event can 
be fully solved. 

If we do not know any of those 
masses,  each event gives you 4 
dim hyper surface in the 5 dim 
mass space. (one constraint. )

5 events=>  all masses

g̃ → b̃b → χ̃0

2bb → l̃lbb → χ̃0

1llbb



   One event 
probability density for  true masses(logL) 

from expected b jet smearing     

log L(1)     +     logL(2)           + log L(3)+       logL(4)+…

=  ΣlogL(~Δχ2)

G
lu

in
o 

m
as

s 

Gluino-sbottom

Kawagoe, Nojiri, Polesello
(2004) 



Other application
(Tovey, Polesello, very very preliminary )  

•   Error of LSP improves from 8.0% ->  6.5%
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idea 
End point method does not have much 
constraint to the overall mass scale 

Look for 4 leptons events,with two 
golden  cascades, when ETmiss  can be 
compared with solved ETmiss for the 
assumed masses. 

This may be more sensitive to the overall 
mass scale.  



jets! at LHC 



What hell we can  if your signals are all jets-
Example: study of  “top-partners”. 

• Lepton + jets are easy because we study the 
events with relatively small number of jets and  
jets are isolated.  however, there are important 
process with many jets in the same direction. 

• in MSUGRA, stops are lighter than other squarks  
want to establish gluino-> stop cascade decays

• in Little Higgs model, top partner is again the lightest 
among quark partners. The cross section is high 
because it is fermion. Want to establish top partner 
productions



Little Higgs model with T parity

• fermion partner instead of 　
scalar  partner

• top partner is important

•  σ(boson) /σ(fermion)=0.1

• The difference comes from spin 
structure. scalar top  production 
is “mostly” p wave.  Evidence of 
top partner pair production 
immediately means non-SUSY 
BSM  
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FIG. 7: The third generation heavy T-odd and T-even quark production cross sections at the LHC.

doublet top quark (t−) mass is larger than one for T− and is about the same as one for T+.

As f increases, both T− and T+ become heavier, and the single-T+ production in associ-

ation with light quarks (q̄T+ + qT̄+) (long-dash curve) rate becomes larger than the T−T̄−

rate. This is because of the phase space suppression in T−T̄− (or T+T̄+ - dotted curve) pair

production, for producing two heavy particles, as compared to producing only one heavy

particle in single-T+ event. Furthermore, the single-T+ production mechanism is dominated

by longitudinal W -boson fusion with the incoming bottom quark in the t-channel production

process, similar to the SM t-channel single-top production [26, 27]. Due to the collinear en-

hancement for the light quark emitting a W -boson in the high energy region, the constituent

cross section of single-T+ process does not drop as fast as that of pair production process.

from Belyaev et al hep-ph 0609179  

typical stop pair
 production 

typical total SUSY
 cross section 

top partner production 



After jet reconstructions  

30

b jet 
e from W 

2jets from W

reconstruction with jet cone R=0.4
In AcerDET(<ATLFAST) 

Difficulty 
jet overlap!!

Simplicity 
Two separate
activities 



Top reconstruction 
• hemisphare algorithm by Moortgat

(CMS)  

• take highest PT jet as seed of an axis. 
(A)

• take 2nd jet with max PxΔR from the 
1st jet as the seed of the 2nd axis (B)

• assign jet and lepton activities to the 
“closer axis”. (C) 

•   recalculate “axis=sum of particle in 
the hemisphere” , repeat . (D,E)

A

B

C

D

E

hemisphere 1 in Figure ??. The distribution has two peaks around m(jj) ∼ 80 GeV and

130 GeV. The lower peak corresponds to the jet pair arising from W decays, while the second

peak comes from the combination of two jets from b quark and one of the partons from W

decay.

FIG. 1: mmax(jj) distribution(left) andmmin(jjj) distributions of pp → T−T̄− → tt̄BHBH . mT− =

800 GeV.

When a hemisphere contains more than three jets, we can also define the minimum three

jet invariant mass mmin(jjj) in the hemisphere keeping two of the three jets are the jet pairs

which give mmax(jj). The distribution peaks at the input top quark mass 175 GeV, clearly

showing that the hemisphere analysis can group the jets from a top quark properly. In the

following we often require “top mass” cuts mmin(jjj) < 200 GeV for at least one of the

hemispheres.

The efficiency to find a top quark candidate in a signal event is moderate, ∼ 20% .

In Fig. 1 we have long tail of mmin(jjj) > 200 GeV which consisted by the events with

additional jetss or miss-assignment of jets. If we optimize the top search strategy after the

hemisphere reconstruction, we may increase top reconstruction efficiency, but we do not

study the possibility in this paper. It should be noted that, the reconstructed mmin(jjj)

distribution is not biased in the hemisphere analsyis, because we do not assume existence of

top quark in the event.

The important SM background for this process is pp → tt̄ production. The tree level

6

largest 2 jet invariant mass 
in the heminsphare 

Signal, without b tagging 

Note:the jet energy resolution is better in 
ATLAS(50%/√E

is better than CMS  (100%)/√E

bj peak

W peak! 

Matsumoto Nojiri Nomura 2006 



Signal and BG 

•  tops are  seen in both of the hemisphere

• probability of top reconstruction is small for the  ttbar background 
(because of ETmiss cut) 

• top reconstruction helps to reduces QCD, W, Z background. 
(preliminary ATLAS simulations by Kiyamura at Kobe   

tt production ETmiss>400GeV
T-T- production  t-->tBH

m(jjj, 1st) m(jjj, 1st) 

m
(jj

j, 
2n

d)
 

from Matsumoto  et al 



ATLAS simulation  

• top reconstruction  is actually useful to reduce W, 
and Z backgrounds  (Kiyamura et al Kobe very 
preliminary) 

ttbar background 

Z and W 



signal distribution & top background

• signal ETmiss distribution  has  a peak near Meff/2 

• BG peaks at Etmiss<<Meff

•  good margin for discovery due to the bump structure. 

L= 50fb-1
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m     = 600 GeVT! m     = 700 GeVT! m     = 800 GeVT! m     = 900 GeVT!

we see DM! 



 top quark in SUSY 
non relativistic top quark 

• reconstruct tb end points tell us mass of 
stop and sbottom 

• Background to t bWbjj is 
estimated from  events  in the sideband

           mjj<Mw-15GeV 

           mjj>Mw+15 GeV.

rescale the jet energies so that they are in 
W mass range. look for the consistent 
samples with  t  bW   bjj 

(Hisano, Kawagoe, Nojiri 2003) 

• top quark in SUSY 

3

mg̃ mt̃1
mb̃1

mb̃2
mχ̃± σSUSY

A1 707 427 570 613 220 26

A2 706 496 587 614 211 25

T1 707 327 570 613 220 30

T2 707 477 570 612 211 25

B 609 402 504 534 179 56

C 931 636 771 805 304 5

G 886 604 714 763 285 7

I 831 571 648 725 265 10

E1 515 273 521 634 153 77

E2 747 524 770 898 232 8

TABLE I: Sparticle masses in GeV and the total SUSY cross
section (σSUSY ) in pb for the parameter points studied in this
paper. The cross sections are calculated by PYTHIA.

energy and transverse momentum of reconstructed
jets, namely meff = Emiss

T +
∑

all pjet
T .

3. There are two and only two b-jets with pT >
30 GeV in an event.

4. Excluding the two b-jets and those identified as tau-
jets, the number of remaining reconstructed jets
with pT > 30 GeV and |η| < 3.0 should be between
four and six, inclusive.

Distributions of the cut variables are shown in Fig. 1.
The first two cuts are to enhance the SUSY events
against the standard model background events. The
other two cuts are to reduce combinatorial background
(wrong combinations of jets) in the reconstruction of the
top quark.

To reconstruct the hadronic decay of the top quark, we
take the following steps (i)-(iv):

(i) We first take jet pairs consistent with a hadronic
W boson decay with a cut on the jet pair invariant
mass mjj : |mjj − mW | < 15 GeV. The mjj dis-
tribution is shown in Fig. 2(a), where the selected
mass region is marked as W (the W mass region).
Although fake W pairs dominate the distribution,
a small bump due to real W bosons can be seen in
the mass region.

(ii) The invariant mass of the jet pair and one of the
b-jets, mbjj , is then calculated. All possible combi-
nations of jet pairs and b-jets are tried in an event
to select the combination which minimizes the dif-
ference |mbjj−mt|. The distribution of the selected
mbjj is shown in Fig. 3(a).

(iii) The energy and momentum of the jet pair are
scaled so that mjj = mW , and the invariant mass
mbjj is recalculated. The distribution is shown in
Fig. 3(b). The jet combination is regarded as a top
quark candidate if |mbjj − mt| < 30 GeV.

FIG. 1: Distributions of (a) missing transverse energy, (b) ef-
fective mass, (c) number of b-jets, and (d) number of remain-
ing jets, for 3 × 106 SUSY events at the point A1. Accepted
regions are hatched.

FIG. 2: Distributions of the invariant mass of two jets (a) for
all possible combinations, and (b) for the combination used
to reconstruct a top candidate. W and A, B indicate the W
mass region and the W sidebands, respectively.

As jets are supplied from gluino or squark decays
and there are several jets in a selected event, events
with a fake W boson (a jet pair that accidentally has
mjj ∼ mW ) still dominate the mbjj distribution. The
contribution of the fake W boson in the W mass region is
estimated from the events that contain jet pairs with the
invariant mass in the regions A: |mjj−(mW −30 GeV)| <
15 GeV and B: |mjj − (mW + 30 GeV)| < 15 GeV. We
call them “the W sidebands”. The energy and momen-
tum of the jet pairs are then scaled linearly to be in the
W mass region |mjj − mW | < 15 GeV. The mjj distri-
butions before the linear scaling are shown for the W
region and the W sidebands in Fig. 2(b). The distri-
bution of the fake top quark candidates is estimated by
following the same steps (ii)-(iv) for the scaled jet pair
(see the hatched histogram in Fig. 3(c)). The “true” dis-



KT vs Jet cone in stop reconstruction 

• Measure the efficiency of clustering 
algorithm in New Physics signal 
simulation (it must contain truth. ) 

• high reconstruction efficiency of tb 
end point ( height) ~efficiency 

• small R is better because we expect 
many jets in the final state.    R=0.4. 

•  Low efficiency in simple jet cone(in 
ATLFAST at that time). overlapping? or 
infrared unsafety?

• KT works OK  for small R. without  
underlying events.  “Splash in effect” 
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decays specific for the stop and sbottom is described in
Section IV. The Yukawa coupling is also related to the
t̃L-t̃R mixing. The polarization of the top quark arising
from the gluino decay g̃ → tt̃ depends on the stop left-
right mixing. The dependence of the mbb distribution on
the top polarization in the tagged tb sample is discussed
in Section VI.

To understand the event distribution better, one needs
to know the nature of the quark and gluon fragmenta-
tions into jets. The reconstruction efficiencies are sig-
nificantly different between the two standard SUSY gen-
erators HERWIG and PYTHIA, which adopt different
models for the fragmentation. We point out that the
smearing of the jet-pair invariant mass originating from
a W decay affects the reconstruction efficiency.

The interplay between the LHC and the future LC
would be useful to reduce the systematics coming from
the uncertainties of sparticle masses and decay branching
ratios. They would be reduced dramatically if some of
the charginos and neutralinos are accessible at the LC.
Model independent and precise determination of the stop
and sbottom masses may be possible in such cases and
will be discussed elsewhere.
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Appendix: Reliability of Sideband Subtraction

In this paper, we generate events both by the PYTHIA
and HERWIG generators. The HERWIG generator uses
a parton-shower approach for initial- and final- state
QCD radiations including the color coherence effects and
the azimuthal correlation both within and between jets
[13]. The full available phase space for the parton shower
is restricted to an angular order region, namely, the an-
gle between the two emitted partons is smaller than that
of previous branches. On the other hand, the PYTHIA
generator adopts the string model [12]. The two genera-
tors predict different tb reconstruction efficiencies, which
may be considered as the uncertainty in fragmentation.

Definition of jets also affects the number of recon-
structed tb events and the reconstruction efficiency. We
try two algorithms, a cone-based algorithm and a KT al-
gorithm (Montreal version), available in the JET Finder

gen jet Mfit
tb [GeV] h/(10 GeV)

PY cone 0.4 455.2 ± 8.2 271.4 ± 22.7

0.5 436.1 ± 7.7 272.9 ± 33.4

0.6 461.1 ± 10.4 217.8 ± 22.8

KT 0.4 442.0 ± 4.7 321.3 ± 22.3

0.5 452.2 ± 6.0 305.3 ± 21.3

0.6 459.1 ± 6.1 241.6 ± 31.6

HW cone 0.4 434.5 ± 5.8 354.8 ± 23.3

0.5 460.2 ± 4.9 349.2 ± 22.8

0.6 440.9 ± 7.1 305.3 ± 33.7

KT 0.4 434.9 ± 4.3 406.5 ± 22.1

0.5 460.0 ± 5.5 379.6 ± 33.5

0.6 468.4 ± 5.8 314.3 ± 20.7

TABLE IX: Fit results at the point A1. We use the cone-
based algorithm or the KT algorithm with cone sizes of R =
0.4, 0.5, 0.6. The fit is based on 3 × 106 events. The Mw

tb is
459 GeV.

Library [20], which is interfaced to the ATLFAST pack-
ages.

The cone-based algorithm merges the calorimeter cells
around a high ET cell in a fixed cone size R. On the
other hand, in the KT algorithm, a cell called a protojet
i grows until there are no more protojets j which satisfy
(∆η)2 + (∆φ)2 < (E2

Ti/min(E2
Ti, E

2
Tj))R

2, therefore the
cone size depends on ET ’s, and the shape of the jet de-
pends on the distribution of the particles in the jet. The
KT algorithm is based on QCD, and it is considered to
be advantageous to merge soft jets from an initial parton,
although experimentally challenging.

The fit results with different generators and jet finding
algorithms at the point A1 is summarized in Table IX.
The end point Mfit

tb becomes closer to Mw
tb as R increases.

This is expected because more soft jets are merged to
leading jets as R increases. The edge height h is larger
for HERWIG with the KT algorithm. The difference of
the height for R ≤ 0.5 is more than 25% in Table IX.
The height significantly decreases for R = 0.6. This is
because we have to reconstruct a jet pair with relatively
small invariant mass ∼ 80 GeV.

To see the origin of the difference more closely, we
compare the mjj distributions consistent to the top in-
terpretation in Fig. 24, where, the solid histograms are
the invariant mass distributions for jet pairs which satisfy
|mjj−mW | < 15 GeV and |mbjj−mt| < 30 GeV. Dashed
histograms show the distribution of accidental jet pairs
in the W mass region, that is, the “fake W” background,
estimated by the sideband method. The left plots are the
distributions of the events arising from the decay chain
(III)1, while the right plots are the mtb distribution of all
selected tb events. The distribution at the bottom-left
(HERWIG and the KT algorithm for R = 0.5 ) are more
concentrated around mjj ∼ 80 GeV compared to the oth-
ers (PYTHIA and the cone-based or the KT algorithm),
corresponding to better reconstruction efficiencies.

end point height       R 

Hisano Kawagoe Nojiri (2003) 



Comparison between KT and cone 

• To deal with jet-jet system, the definition 
of “jet”  matters. How can we use 
measured end points to the mass 
spectrum?  

• Cone--Simple  cone alg. takes the hardest 
PT cluster, add the activities nearby  the 
cluster. (Some adjustment for overlapping 
jets)  infra unstable except SISCone. 

• KT merges soft collinear activity to nearby 
hard ones. (infra safe)                             
use min(ktk2 ktj2) xRkj2/R2

• cf. Camblidge KT Use Rij to merge 
particles ( motivated by angular 
ordering.....)   

1

Comparison of Jet reconstruction Algorithms
Miner Jacob

Abstract—Jet algorithms
Index Terms—High Energy Physics, Jets, kT , Cone, Jet Algo-

rithm

I. INTRODUCTION

IN any process producing colored objects, namely quarksand gluons, the short and long distance physics are dis-
tinctly different. On the scale of a few fermi, 10−15 m, the
colored objects are free to move about, however; on the scale
of a few centimeters the colored objects must be confined into
color singlets. This process of quarks and gluons showering,
hadronization, forms many mesons and baryons which can
then decay and form the final state objects measured in
our detectors. The spray of hadrons, known as jets, provide
our link between the short scale physics and the final state
observations.
The final state objects we measure are never nicely formed
into well separated jets. Effects like detector smearing and
inefficiency add to our uncertainty in grouping particles into
jets. The fact that there is no one-to-one correspondence
between the short distance physics and the final hadronized
state complicates the definition of jets. In effect there is
no single definition of a jet that is correct; our most strict
requirement is that we must use a definition that is consistent
with both theory and experiment.

II. ALGORITHM TYPES
Experimental data begins with a large number of particles
found by the detector and a list of their four-momenta. The
particles’ energy, pT and position are obtained from this
information. We use this to define the coordinate system φ =
azimuthal angle and rapidity y = frac12 log(E+pL

E−pL
) or more

commonly pseudorapidity η = − ln(tan( θ
2
)). Out of this state

we must use algorithms, based on a specific jet definition,
to reconstruct the jets. The two main jet definitions in use
are the Cone Jet and kT Jet based algorithms. The cone jet
algorithms assume that jets will show up in roughly circular
regions in the angular plane of the calorimeters and seeks to
find stable regions of energy. The kT jet algorithms attempt
to locate clusters of particles which are close in momentum
space and thus are akin to a final state shower which will
be roughly collinear. Though both definitions work well with
theory, their implementations and quirks in practice leave room
for optimization.

A. Cone Algorithm
The cone-based algorithms begin by defining the calorime-
ter towers above a pre-defined value (typically 1 GeV) as

This work was funded by NSF and sponsored by UW

Fig. 1. Difference in jet Structure for Cone and kT algorithms. The circle
represents a cone algoithm’s stable jet, the dashed line represents a stable kT

jet and the small ovals represent energy deposited in the calorimeter. Notice
that the Cone algorithm uses a rigid boundary whle the kT algorthm produces
more amorphous jets.

seeds, or places to initially put cones. For consistency with
perterbation theory we need to look everywhere, though that
can be computationally inefficient and it is rarely done in
practice. The algorithm then analyzes each cone by calculating
the E-scheme centroid,

k ⊂ C iff
√

(yk − yC)2 + (φk − φC)2 ≤ Rcone,

pC = (EC ,−→p C) =
∑

k⊂C

(Ek,−→pk)

yC ≡
1

2
ln

EC + pz,C

EC − pz,C
, φC ≡ tan−1 py,C

px,C
.

of all the energy within specified cone radius, where typically
R = 0.7. If ηcone = ηcentroid and φcone = φcentroid then it
is defined to be a stable jet. If the cone’s centroid is not its
center, then the cone is moved to the centroid and iterated.
This process is repeated until we have found all final state
jets.

B. Cone Algorithm Problems
Though the initial definition is consistent with theory, we
find that the introduction of seeds leads to an infrared sensi-
tivity in perturbation theory. Also, the Cone jet Algorithm has
a problematic splash-out effect, as can be seen in 1. We see
that nearby regions of energy that ”should” be in the jet can be
excluded from the stable jet found. Finally, there is the issue
that of where to put the energy if two cones overlap. Though
all jet algorithms have their own quirks, resolutions to these
issues were needed for more accurate results.

C. Cone Algorithm Fixes
The resolutions to these issues are relatively subtle changes
in the cone jet algorithms. Overlap issue can be resolved

An IR safe cone (p. 10)

Seedless algorithms Is it truly IR safe?

! Generate event with
2 < N < 10 hard particles,
find jets

! Add 1 < Nsoft < 5 soft
particles, find jets again
[repeatedly]

! If the jets are different,
algorithm is IR unsafe.

Unsafety level failure rate
2 hard + 1 soft ∼ 50%
3 hard + 1 soft ∼ 15%

SISCone IR safe !
Be careful with split–merge too
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Fraction of hard events failing IR safety test
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Figure 1: Scatter plot of the jet mass against the jet splitting scale yp2
T for (a) jets

from W± decays (determined by a match better than 0.1 units in η − φ) and (b)
QCD jets in W±+jet and SUSY events. The distributions of the splitting scale
are shown in (c) and the y distributions in (d), for the same types of jets, after
a cut on the jet mass at 75 < M < 90 GeV. In all these plots, the requirement
pT > 250 GeV is applied to all jets. The histograms in the lower two plots are
normalised to unity.
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• Butterworth et al looked into jet with mass ~80GeV from  
W with PT~200GeV  in KT. 

•  the subjet structure is defined as the last marged jet.  
This may be used to separate QCD jets and marged jet 
(like relativistic W in SUSY ) 

good detector acceptance. A cut is then applied on the mass of the jet (calculated
from the four-vectors of the constituents) to ensure that it is in a window around
the nominal mass of the desired particle.

The next step is to force the jet to decompose into two sub-jets. The main extra
piece of information gained from the sub-jet decomposition is the y cut at which
the sub-jets are defined: y ≡ dkl/(pjet

T )2, where pjet
T is the transverse momentum of

the candidate jet containing the sub-jets k and l. In the case of a genuine W±, Z0

or h decay, the expectation is that the scale at which the jet is resolved into sub-
jets (i.e., yp2

T ) will be O(M2), where M is the W±, Z0 or h mass. For QCD jets
initiated by a single quark or gluon, the scale of the splitting is expected to be
substantially below p2

T , i.e., y " 1, since in the region around the jet strongly-
ordered DGLAP-like [8] QCD evolution dominates.

This distinction provides new information in addition to the jet mass itself, as is
illustrated in Figures 1a and 1b, where the correlation between the jet mass and
the splitting scale is shown for W± jets and QCD jets respectively. The events
shown are W±+jet events and SUSY events generated using Pythia 6.408 [9],
and W±+3jet events generated using ALPGEN [10] for the matrix element, HER-
WIG 6.510 [11] for parton showering and Jimmy [12] for the underlying event.
The parameters for the underlying event and the parton showers were those of
the ATLAS tune of Pythia and the CDF tune A of HERWIG and Jimmy,
taken from [13] 1. These models have been shown to give a good description of
a wide variety of data. In particular, the modelling of the internal jet structure
by leading-logarithmic parton showers is known to be good for jets produced in
pp̄ collisions [14], ep collisions and photo-production [15], and in e+e− annihilation
events and γγ collisions [16].

Although there are some differences between the results of the Pythia and HER-
WIG/ALPGEN simulations, the conclusions are similar. Fig. 1a confirms that
the splitting scale in W± decays is relatively large, typically ≥ 20 GeV, whereas
Fig. 1b shows that the splitting scale for QCD jets with masses ∼ 80 GeV is typ-
ically ≤ 20 GeV. The distributions of of pT

√
y and of y are shown in Figures 1c

and 1d for W± jets and QCD jets. The distributions are qualitatively similar,
whether they are generated in SUSY events or in conventional W±+jets events,
and whether (in the latter case) they are generated using Pythia or HERWIG.
The scale of the splitting is seen to be peaked close to the W± mass for genuine
W± decays, whichever the environment in which they are produced, and to be
softer for QCD jets which just happen to reconstruct to the W± mass, again in
both environments.

This distinction was noted and successfully used to identify W± decays in simula-
tions of W+W− scattering at LHC energies in [5]. Here, this information is used in

1More details on the SUSY event generation are given in Section 4.
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merged jets? 



New physics with LHC 

• I do not care much about “inverse  problem”.  

• Want to add more stable quantity that can be used at 
LHC, .....  toward something which has same taste of  
“what is  expected at  ILC”. 

• We can learn lots from lepton mode at LHC, but we 
need more improvement on understanding  jet 
signals. 


