
BSM and  collider 
search  
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SUSY search 

• R parity conserving Supersymmetric model  is 
“attractive” given the fact that dark matter truely 
exists in nature 

• SUSY offers  weakly interacting dark matter 
consistent with current limit.

• At Hadron collider, SUSY particles are copiously 
produced. How do we find them. (What is the main 
differences between SM process and SUSY 
process？) 
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Parton distribution, cross section
• PDF ---quark and gluon energy  distribution as seen by hard 

collisions. 

• cross section is given as ....

 X=E_i/ Ebeam  x=0.1~1.4 TeV at LHC. 

parton distribution and cross sections are 
largest at the threshold of the particle.

for TeV particle discovery  u >d > g 
for 100 GeV particles g>> u>d 

new particles will be boosted to one of the 
beam direction in general . 
 

σ

2m s

1/s

σtot =

∫
dx1dx2fi(x1)fj(x2)σij→X(x1x2Q

2)
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production process

Inclusive SUSY Searches
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“Typical” SUSY model has gluinos and
squarks at O 1TeV decaying to χ̃0

1 at
O 100GeV .

Cross sections known to NLO; typically
1pb [Beenakker].

Generally decay to χ̃0
1 via several steps,

g̃ q̃Lq̄ χ̃0
2qq̄ ˜ qq̄ χ̃0

1 qq̄

Hence expect multiple jets plus large /ET

from χ̃0
1. May also have leptons or τ’s.

Standard Model backgrounds include Z νν̄ jets, W jets, tt̄, b jets
with b νX , etc. Also backgrounds from mismeasured events.

F.E. Paige -8- BSM Flavor Physics
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Basic collider objects and supersymmetry   

• jet and lepton momenta

• Jet and lepton transverse 
momenta (to the beam) 

• ETmiss: Sum of the transverse 
momenta of all particles.

• Meff Sum of the transverse 
energies of　a few hard  jets + 

ETmiss  

DM

DM

New particle

New particle 

Missing PT 

2

The gluino and squark decays are associated with jets with high transverse momentum (pT ). The
transverse momentum is the order of the gluino and squark masses. Moreover, because the LSP is
significantly lighter than the gluino, the LSP from the gluino decay also has high pT . They would
give a large missing transverse momentum to the SUSY events. In addition, decays of the EWI
sparticles may produce high PT leptons. Events from the standard model (SM) processes do not
have such high pT particles.

Motivated by these observations, following cuts are often applied to reduce the SM background
events to the SUSY signal events[2];

• An event is required to have at least one jet with PT > 100 GeV and three jets with PT > 50 GeV
within |η| < 3,

• The effective mass of the event must satisfy Meff > 400 GeV, where the effective mass is defined
using the transverse missing energy and the transverse momentum of four leading jets as:

Meff ≡
∑

i=1,...4

pTi + ETmiss. (2)

If the event has hard isolated leptons, the effective mass may be defined as follows:

Meff ≡
∑

i=1,...4

pTi +
∑

leptons

pT l + ETmiss. (3)

Here sum of the lepton pT can be taken over the leptons with pT > 20 GeV and |η| < 2.5 GeV.

• The missing transverse energy must satisfy the relation:

ETmiss > max(0.2Meff , 100GeV). (4)

• The transverse sphericity ST must be greater than 0.2, where ST is defined as 2λ2/(λ1 + λ2),
with λ1 and λ2 being the eigenvalues of the 2 × 2 sphericity tensor Sij = pkipkj formed by
summing over the tranverse momentum of all calorimeter cells.

To reduce the background further, hard, isolated lepton(s) may be required. These cuts are enough
to reduce the SM backgrounds from tt̄+njets and W (Z) +njets productions down to a manageable
level, although the production cross section of the SM processes may be O(104) higher than signal
cross sections. While the SUSY production section reduces very quickly as sparticle masses increase
beyond 1 TeV, the signature becomes more and more prominent over the background. Previous
studies show that the squark and gluino with mass around 2.5 TeV can be found at the LHC in the
minimal super gravity model (MSUGRA).

In MSUGRA, the SM background after the cuts can be neglected safely. Then, the distribution of
accepted events are also useful to determine the mass scale of SUSY particles. For example, the peak
of Meff distribution is sensitive to the squark and gluino masses. For the events with same flavor
opposite sign dileptons, the invarian mass distributions, mll, mjl, and mjll, are useful to reconstruct
the SUSY particle masses mχ̃0

1
, mχ̃0

2
, mq̃0

1
and ml̃01

.

Recently it is pointed out that a string inspired model based on the flux compactification (KKLT
models) [5] predicts the mass relation different to the MSUGRA [6–8]. The model is called mixed
modulus anomaly mediation (MMAM) model. It has a volume modulas T and a compensator field
of minimum supergravity model C as messanger of SUSY breaking. The SUSY mass spectrum
depends on the ratio of the two SUSY breaking parameters FT and FC . The unification scale of
sparticle masses depends on the ratio. It is interesting that the unification scale of the soft SUSY

pT1, pT2, pT3.....

pj1, pj2,.... pl1, pl2....
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Mass spectrum and collider signature

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

• Some “New physics” are migrated into 
SUSY category

• Little Higgs model with T parity.  UED

• Signal:                                                           

High PT jets(several) , hard leptons,   ETmiss

t̃, b̃

Lepton partners 

Dark matter 
LSP, LKK, LOT

colored partner 
squark, gluino, 

g1, q1, extra quarks

gauge partners 

assume mass difference is large
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DM

DM

quark -> jet 

ETmiss
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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 

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

• Etmiss 
distributions(Experimental 
complexities) 

Physics @ LHC, YITP Kyoto, December 2004 Filip Moortgat, CERN

Cross sections @ the LHC

“Well known”processes,

don’t need to keep all of 

them …

New Physics!!

This we want to keep!!

CMS 

BG

signal 

12年10月21日日曜日



to make short long story short 
current limits to the SUSY 
searches (up to 2011 data) 
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to make short long story short 
current limits to the SUSY 
searches (up to 2011 data) 
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message:%3CBD4700C9-5445-46AD-85C9-08F9C829E0FD@kek.jp%3E
message:%3CBD4700C9-5445-46AD-85C9-08F9C829E0FD@kek.jp%3E


“really nothing so far ” 
Why haven’t  we  found 

anything? 
“Is this a dead end of 

particle physics?”

My impression is different 
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Hadron collider searches:past and now 
• To calculate SUSY background, we need to know W, t, Z with multiple 

jets in the final state.  In 90’s: we do not know  how to calculate the 
processes appropriately at the hadron collider   “I do not trust hadron 
collider physics” is typical attitudes in e+e-collider funs in 90’s 

• It took very long time to get limit from hadron collider data, and there 
were fake discovery as well  

• Progress in “Matching” and NLO, 
we have better background 
prediction now.  

• We can “exclude” the model rather 
easity, and we do not “discover” 
much until we reach the point to 
discover. ( unlike the era of SPS )

photo 1972 
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Parton shower and hard process 
• MC simulation for hadron collider roughly 

divided into three things

• Initial state radiation:multiple emission of 
collinear gluon and quarks is summed(often 
done by numerical simulation )   

•  partons from hard process (either by hand or 
numerically 

• final state radiation: similar to initial state 
radiation but from large off-shellness to on-
shell state (again often done by numerical 
simulaiton) 

• the process with multiple hard jets =hard 
process of W+n parton: but some of the 
partons overlap with parton showers.   

Lecture 1: QCD

Plan of the lectures

Introduction: The
big picture

Infrared Behaviour
of QCD

Jet Definitions

Parton Showers

Parton branchings

Evolution
equations and
parton densities

Logarithmic
resummation

Sudakov form
factors

Angular ordering

NLL Sudakovs

Parton showers in
Monte Carlos

Evolution equations and parton densities

In the relation between the cross-section before and after a splitting is a factor
dt/t =)logarithmic divergence after integration

These divergences can be resummed through evolution equations.

Consider successive small-angle gluon emission in deep inelastic scattering
(hadron-virtual photon collisions):

Assume that the quark is found in the hadron with a initial probability f0 at a
virtuality scale t0 = �p

2
0 > 0. After one gluon emission, the probability to find

the quark at a virtuality t > t0 will be:

f (x , t) = f0(x) +

Z
t

t0

dt

0

t

0
↵

s

2⇡

Z 1

x

dz

z

P̂(z) f0

“
x

z

”

At every gluon emission, the incoming quark moves to higher virtual mass t and
lower momentum fraction x .
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F

= 4
3 , C

A

= 3, T
R

= 1
2 .

Note that these are unregulated splitting probabilities, since they contain
singularities at z = 1 and z = 0.

The cross-sections before and after splitting are related by

d�
n+1 = d�

n

dt

t

dz

↵
s

2⇡
b
P

ba

(z)

after integration over the azimuthal angle �.
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tt 
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W+jets (leading SUSY BG at 7TeV )

Data vs Theory in 2003 
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W+jets (leading SUSY BG at 7TeV )

Data vs Theory in 2011
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Learns about 
kinematics
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Kinamatial Variable pT 
W mass and lepton pT

correct tail shape estimated from  
QCD resummation 

typical pt is half of W bosn mass　distribution  

d cos θ = d
√

1 − sin2 θ =
2x√

1 − x2
dx

1

x= pT/pT(max) 
distribution peaks at pTmax 

 0
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 2
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 8

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

f(x)
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signal discriminator:  Meff( or HT) and ETmiss

• All SUSY particles produced in pairs, near the 
threshold because

• cross section is largest near the threshold

• PDF is large for low X regions. 

• Typical PT∝mass of the parent particles. If you 
produce heavy particle, sum of the PT must be large, 
you may even add the missing PT 

• Dark matter from squark/gluino decay also have 
missing momentum and can be counted by ETmiss 
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Etmiss cut 
gg → T−T ∗

−
, T− → tBH pp→ttbar 
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E 
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• Missing momentum comes from 
“neutrino” for SM, while from 
“two dark matter particles” for 
SUSY events. 

• Therefore, the kinematical variable 
involving missing momentum is 
most important for SUSY 
background rejections. 

• MT:  calculated from lepton and 
transverse momentum is most 
important. 

MT�(1muon)

Signal�regioncontrol
region

Alan Barr 

Chargino cascade decays etc:  
One-lepton 

Page 17 

Small Δm 

ATLAS-CONF-2012-041 

if ETmiss=(Pν)T
tails from jet 

resolution and so on...   

signal does not 
respect MT<100

background isolator: MT

MT<MW 
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detector effect isolator  :Δφ cut for 
QCD background 

Z,�QCD�Control�region

• Z�control�region
(ZÆee/ʅʅ,�|MllͲMZ|<25GeV,�no�MET/Meff)

p8

• QCD�control�region�
(min�delta�phi�<�0.4)

min�dphi
dominated by QCD here 

Z,�QCD�Control�region

• Z�control�region
(ZÆee/ʅʅ,�|MllͲMZ|<25GeV,�no�MET/Meff)

p8

• QCD�control�region�
(min�delta�phi�<�0.4)

min�dphi

background shape is also  generated from low ETmiss multijet 
sample by replacing jets containing semileptonic decays 
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I.Vivarelli - EPS-HEP, Grenoble July 21st-27th 2011

Event selection 

4

Reduce 

QCD

m˜q

m˜g

4
 j
e
ts

3 
je
ts

2 jets
m˜g =m˜q

Trigger 

requirements

meff =
n�

i=1

|�pjet i
T | + Emiss

T

Enhance signal

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

Saturday, July 23, 2011
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I.Vivarelli - EPS-HEP, Grenoble July 21st-27th 2011

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 σx 

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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at 4.7fb-1 
(increasing cuts) 

Requirement
Channel

A A’ B C D E

Emiss
T [GeV] > 160

pT( j1) [GeV] > 130

pT( j2) [GeV] > 60

pT( j3) [GeV] > – – 60 60 60 60

pT( j4) [GeV] > – – – 60 60 60

pT( j5) [GeV] > – – – – 40 40

pT( j6) [GeV] > – – – – – 40

��(jet, Emiss
T )min > 0.4 (i = {1, 2, (3)}) 0.4 (i = {1, 2, 3}), 0.2 (pT > 40 GeV jets)

Emiss
T /me↵(N j) > 0.3 (2j) 0.4 (2j) 0.25 (3j) 0.25 (4j) 0.2 (5j) 0.15 (6j)

me↵(incl.) [GeV] > 1900/1400/– –/1200/– 1900/–/– 1500/1200/900 1500/–/– 1400/1200/900

Table 1: Cuts used to define each of the channels in the analysis. The Emiss
T /me↵ cut in any N jet channel

uses a value of me↵ constructed from only the leading N jets (indicated in parentheses). However, the
final me↵(incl.) selection, which is used to define the signal regions, includes all jets with pT > 40 GeV.
The three me↵(incl.) selections listed in the final row denote the ‘tight’, ‘medium’ and ‘loose’ selections
respectively. Not all channels include all three SRs.

In Table 1, ��(jet, Emiss
T )min is the smallest of the azimuthal separations between ~P miss

T and the re-
constructed jets. For channels A, A’ and B, the selection requires ��(jet, Emiss

T )min > 0.4 using up to
three leading jets. For the other channels an additional requirement ��(jet, Emiss

T )min > 0.2 is placed on
all jets with pT > 40 GeV. Requirements on ��(jet, Emiss

T )min and Emiss
T /me↵ are designed to reduce the

background from multi-jet processes.
Standard Model background processes contribute to the event counts in the signal regions. The

dominant sources are: W+jets, Z+jets, top quark pair, single top quark, and multi-jet production, with
a smaller contribution from diboson production. The majority of the W+jets background is composed
of W ! ⌧⌫ events, or W ! e⌫, µ⌫ events in which no electron or muon candidate is reconstructed.
The largest part of the Z+jets background comes from the irreducible component in which Z ! ⌫⌫̄
decays generate large Emiss

T . Top quark pair production followed by semileptonic decays, in particular
tt̄ ! bb̄⌧⌫qq with the ⌧-lepton decaying hadronically, as well as single top quark events, can also generate
large Emiss

T and pass the jet and lepton requirements at a non-negligible rate. The multi-jet background in
the signal regions is caused by misreconstruction of jet energies in the calorimeters leading to apparent
missing transverse momentum, as well as by neutrino production in semileptonic decays of heavy quarks.
Extensive validation of the MC simulation against data has been performed for each of these background
sources and for a wide variety of control regions (CRs).

Each of the six channels is used to construct between one and three signal regions with ‘tight’,
‘medium’ and/or ‘loose’ me↵(incl.) selections. In order to estimate the backgrounds in a consistent and
robust fashion, five control regions are defined for each of the eleven signal regions, giving 55 CRs in
total. The orthogonal CR event selections are designed to provide uncorrelated data samples enriched in
particular background sources. Each ensemble of one SR and five CRs constitutes a di↵erent ‘stream’ of
the analysis. The CR selections are optimised to maintain adequate statistical weight, while minimising
as far as possible the systematic uncertainties arising from extrapolation to the SR.

The control regions are chosen to be as close kinematically as possible to the corresponding SR in
order to minimise theoretical uncertainties arising from extrapolation between them. The CRs are listed

3
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Higgs sector and sparticle mass 
stop mass is most important 

• Higgs sector and sparticle masses: stop 
mass and mixings are most impoartant

•  We have seen already, there are 
parameter space where stop mass is light 
and squark and gluino mass is heavy

• LHC search:cross section reduces very 
quickly with increasing squark mass, 
because it does not couple with valence 
quark 

•  decay mode 

In Fig. 4, we observe that the mass of ~t1 almost mono-
tonically determines the cross section !~t1~t1 , which is not
sensitive to other SUSY parameters. At Tevatron, it is
0.1 pb or so for m~t1 ! 200 GeV and quickly decreases
to 1 fb when m~t1 increases to 400 GeV. At the LHC withffiffiffi
s

p ¼ 7 TeV, the !~t1~t1 is larger than its value at Tevatron
by a factor of 100 and decreases to 1 fb form~t1 ! 800 GeV.
For the m~t1 < 350 GeV, more than one stop pair events at
the LHC7 with 35 pb#1 is predicted. With the increasing offfiffiffi
s

p
to 14 TeV and a larger integrated luminosity (say

100 fb#1), stop pair events should be copiously produced
when the lighter stop is less than 400 GeV.

In order to analyze the signatures of stop pairs and to
reduce the standard model background by setting cuts, we
have to study the decay products of stop pair. For this
purpose, we use the SDECAY package [65] to compute
stop decay branching fractions.

When the lighter stop is much heavier than the LSP, the
two-body decay ~t1 ! t"0 and ~t1 ! b"þ

1 can be its domi-
nant decay modes. In the ~t1 ! b"þ

1 decay mode, the "þ
1

can mainly decay into "0
1W

þ or #~$, which is determined
by the mass of stau and the dominant component of "þ

1 .
This is the feature of the SA and CH cases. When the
lighter stop is smaller than 400 GeV, these two-body decay
modes may be forbidden kinematically. Then the three-
body decay modes ~t1 ! bW"0

1 and ~t1 ! #~$"0
1 become

dominant1 in our scan. When the mass splitting between
stop and neutralino is too small to allow the three-body
decay, the four-body decay mode ~t1 ! bjj"0

1=b#l"
0
1 (a

recent study showed that this decay mode can be used
to probe trilinear coupling A0 when tan% is small [66])
or the loop-induced FCNC decay ~t1 ! c"0

1 become
dominant.

B. Simulation and analysis

Recently, CMS and ATLAS collaborations reported
several results on their searching for SUSY in different
channels. In this section, we present the LHC bounds to the
stop pair production with a collision energy

ffiffiffi
s

p ¼ 7 TeV
in terms of different channels studied by CMS and ATLAS.
In our analysis, parton-level events are generated by

MADGRAPH [67], while parton shower, decays, and hadro-
nization are performed by PYTHIA [68]. PGS [69] is used to
simulate detector effects and to find jets, leptons, and
missing transverse momentum. The acceptance cuts for
all jets and charge leptons are chosen as pt > 20 GeV
and j&j< 2:5.
The SUSY search strategies of CMS and ATLAS are

optimized for mSUGRA scenario at this stage. It always
requires large missing transverse energy (MET) and ener-
getic leading jets in order to capture the signature from the
heavy squark or gluino pair productions. Therefore the
search of the jets plus the MET channel sets the most
stringent constraint on ordinary parameter space in
mSUGRA. Cuts for studying this channel are described
as follows:
(i) In Ref. [1], CMS presents a search for SUSY signa-

tures on an integrated luminosity of 1:14 fb#1 with
jets and significant MET and without leptons. In this
analysis, jets are required

Ej1;j2
T >100GeV; Ej

T >50GeV; j&jj<3; (12)

where we have used the convention pji
T > pjiþ1

T . The
following selections are adopted to compute event
rate

HT > 275 GeV; 'T > 0:55; (13)

where HT and 'T are defined as

HT ¼ !Eji
T ; HT ¼ j# ! ~pji

T j (14)

'T ¼ EJ2
T =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H2

T #H2
T

q
: (15)

If the jet number is more than two, we utilize hemi-
sphere algorithm [70] to combine jets into two pseu-
dojets named J1, J2 (assumed pJ1

T > pJ2
T again). The

events containing isolated leptons and photons are
rejected, where isolated leptons and photons are
objects with

p‘
T >10GeV; p(

T >25GeV; j&j<2:5: (16)

The CMS collaboration performed a search in eight
bins of HT > 275 GeV, and found the standard
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FIG. 4 (color online). The cross sections of stop pair produc-
tion at Tevatron, LHC-7 TeV and LHC-14 TeV are shown.

1It is necessary to mention that the three-body decay channels
~t1 ! l~#"0

1 searched by Tevatron collaborations are not important
in our scenario. Since the m~$ is much smaller than m~#, we
observe that the branching fraction of ~t1 ! #~$"0

1 will always be
larger than that of ~t1 ! l~#"0
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3.5.4 Impact of the LHC data

Now, it is interesting to perform a first assessment of the compatibility of the LHC and Tevatron
data with the MSSM and analyse the region of parameter favoured by the observed boson mass
and rate pattern (see also [5, 62]). Despite the preliminary character of the results reported
by the LHC collaborations and the limited statistical accuracy of these first results, the study
is a template for future analyses. In this analysis, we computing the �2 probability on the
observable of Table 1 for each accepted pMSSM points. For the bb̄ and ⌧+⌧� channels, in which
no evidence has been obtained at the LHC, we add the channel contribution to the total �2 only
when their respective µ value exceeded 1.5 and the pMSSM point becomes increasingly less
consistent to the limits reported by CMS. In order to investigate the sensitivity to the inputs,
we also compare the results by including or not the bb̄, for which a tension exists between
the CMS limit and Tevatron results, and the ⌧+⌧� rate. Figure 12 shows the region of the
[Xt,m˜t1 ], [Xb,m˜b1

] and [MA, tan �] parameter space where pMSSM points are compatible with
the input h boson mass and observed yields. In particular, we observe an almost complete
suppression for low values of the sbottom mixing parameter Xb.

Figure 12: Distributions of the pMSSM points in the [Xt,m˜t1
] (left), [Xb,m˜b1

] (centre) and [MA,
tan�] (right) parameter space. The black dots show the selected pMSSM points, those in light (dark)
grey the same points compatible at 68% (90%) C.L. with the the Higgs constraints of Table 1.

The distributions for some individual parameters which manifest a sensitivity are pre-
sented in Figure 13, where each pMSSM point enters with a weight equal to its �2 probability.
Points having a probability below 0.15 are not included. The probability weighted distri-
butions obtained from this analysis are compared to the normalised frequency distribution
for the same observables obtained for accepted points within the allowed mass region 122.5
< MH <127.5 GeV. We observe that some variables are significantly a↵ected by the constraints
applied. Not surprisingly, the observable which exhibits the largest e↵ect is the product µ tan �,
for which the data favours large positive values, where the �� branching fraction increases and
the bb̄ decreases as discussed above. On the contrary, it appears di�cult to reconcile an en-
hancement of both µ�� and µb¯b, as would be suggested by the central large value of µb¯b =
1.97±0.72 recently reported by the Tevatron experiments [3]. Such an enhancement is not
observed by the CMS collaboration and the issue is awaiting the first significant evidence of a
boson signal in the bb̄ final state at the LHC and the subsequent rate determination. The tan �
distribution is also shifted towards larger value as an e↵ect of the Higgs mass and rate values.
We also observe a significant suppression of pMSSM points with the pseudo-scalar A boson
mass below ⇠450 GeV. This is due to the combined e↵ect of the A ! ⌧+⌧� direct searches
and Bs ! µ+µ� rate, which constrain the [MA � tan �] plane to low tan � value for light A
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HIggs 発見意義
野尻美保子

SU(2)L × SU(2)R → SU(2)V (1)

L =
1
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f 2
πTr∂µU∂µU (2)

U(x) = exp[2iπa(x)Ta/fπ] (3)

U → LU(x)R† (4)

T ∝ R−1
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Ṙ

R
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H2 =
8πG

3
ρ (12)

(13)

H ∝ T 2 (14)

t̃ → tχ̃0
1 (15)

t̃ → bχ̃+
1 (16)

X = M + θθF (17)

L = λXΦΦ̄|θθ (18)
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cross section at 14TeV. 

S.Asai 2003　JPS meeting

large production cross 
section determined by  
mass and QCD coupling. 
high x PDF needed 
K factor  is 1.4 

Prospect in 14TeV 
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