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Matter content 
and gauge 
interaction 

BSM is the target
existing Mystery Constraints 

dark matter 
baryons in our 

Universe  

Higgs boson 
is light

no large EW 
correction 

no extra CP violation 

no extra FCNC 

no proton decay 
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• SUSY confronts data and future collider  

• Jets signatures with  “QCD technologies”

• “Composite way” ; Composite Higgs, top partner, Higgs 
sector 

• Leptons! at future colliders 

Contents 
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• symmetry to exchange  boson and fermion. 

• new particle predictions sfermions(0), gaugino(1/2), higgsinos(1/2)

• No new dimensionless coupling and  no quadratic divergence 

• Higgs 4 point coupling ～gauge coupling. (no negative 4 point 

coupling)+ radiative correction b

• gauge coupling unification 

• R parity in MSSM . New stable particle→ DM candidate. 

1. Classic Solution:Supersymmetry 

Higgs vs SUSY  

Answering big question 

but flavor and CP problem -> SUSY breaking models 
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gauge coupling/soft parameter unification 
mass spectrum (mSUGRA/CMSSM)  

and little something 

strongly interacting 

EW interacting   

Higgs mass 
wo higgsino mass

YUKAWA correction  
Reduction due to 

stop and higgs mass in RGE 

unification 

scalar mass unification 
important for FCNC

 

mass 

scale 
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gauge coupling/soft parameter unification 
mass spectrum (mSUGRA/CMSSM)  

and little something 

strongly interacting 

EW interacting   

Higgsino  mass
(little hierarchy) 

m, M1/2, 
A, B, μ

tanβ=v1/v2,mZ

solving constraint of correct symmetry 
breaking 

mSUGRA/CMSSMparameters are 
m, M1/2, A, tanβ

unification 

mass 

scale 
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What is natural,anyway? 

4 ILC Stories

In this section, we will illustrate the above statements with selected examples.

4.1 Coming to terms with electroweak naturalness

Supersymmetric theories provide an elegant solution to the gauge hierarchy problem. However, a lack of
SUSY signals at LHC8 combined with the rather large value of mh ∼ 125 GeV seemingly exacerbates what
has come to be known as the Little Hierarchy problem (LHP): why is there such a discrepancy between the
electroweak scale, typified by mZ = 91.2 GeV and mh = 125.5 GeV, and the superpartner scale, which in
the case of gluinos and squarks, seems to be at the TeV-or-beyond scale. Phrased differently, one might
wonder why: if superpartners are at the > 1 TeV scale, how can it be that mZ is just 91.2 GeV instead of
also at the > 1 TeV scale?

An answer can be extracted from the electroweak scalar potential minimization condition which relates
m2

Z to the SUSY breaking parameters and the superpotential higgsino mass µ:

m2
Z

2
=

m2
Hd

+ Σd
d − (m2

Hu
+ Σu

u) tan2 β

tan2 β − 1
− µ2 , (1)

where Σu
u and Σd

d include a variety of radiative corrections[29, 30]. To naturally obtain a Z mass of 91.2
GeV, then one expects each contribution to the right-hand-side of Eq. 1 to also be ∼ m2

Z/2: i.e. there are
no large uncorrelated contributions to the Z-mass.

To allow for electroweak naturalness, e.g. requiring no worse than cancellations at the ∼ 3% level, then it
is necessary that 1. |µ| ∼ 100−300 GeV, 2. m2

Hu
is driven to only small negative values under RG evolution

and 3. the top squarks t̃1 and t̃2 are highly mixed with masses mt̃1 ∼ 1 − 2 TeV and mt̃2 ∼ 2 − 4 TeV. The
large mixing softens the top squark radiative corrections while at the same time lifting mh up to ∼ 125 GeV.

When these conditions are met, then one may allow for a natural Little Hierarchy characterized by

• m(higgsino) ∼ mZ ∼ mh

• top squarks which enter Eq. 1 at one-loop level and gluinos should live in the 1 − 5 TeV regime and

• first/second generation squarks and sleptons which enter Eq. 1 at two-loop level can exist at the 10−20
TeV regime, which allows for at least a partial solution to the SUSY flavor and CP problems.

The main implication of this picture– dubbed radiatively-driven natural supersymmetry (RNS) because
the soft term m2

Hu
is radiatively driven to small negative values at the electroweak scale[29, 30]– is that there

should exist four light physical higgsinos χ̃0
1, χ̃0

2 and χ̃±
1 with mass ∼ 100− 300 GeV (the lighter the better)

where χ̃0
1 is the LSP which is dominantly higgsino-like (albeit with a non-negligible gaugino component).

Due to the compressed spectrum amongst the various higgsino states (typically a 10-20 GeV mass gap in
models with gaugino mass unification), their three-body decays yield only tiny visible energy release, making
them very difficult to detect at LHC. On the other hand, the light higgsinos should be easily detected at an
ILC provided that

√
s > 2|µ|.

The situation can be illustrated within the µ vs. m1/2 plane in the RNS model[31], where we also take
GUT scale matter scalar masses m0 = 5 TeV, tan β = 15, A0 = −1.6m0 and mA = 1 TeV. From the left
panel of figure 1, it can be seen that LHC8 has explored m1/2 ! 0.4 TeV via the search for g̃g̃ production.
The calculated LHC14 reach with 300−1 fb for g̃g̃ production[32] and for same-sign diboson production[33]
extends to m1/2 ∼ 0.7−0.8 TeV (corresponding to a reach in mg̃ ∼ 1.8−2.1 TeV). The naturalness contours
of ∆EW = 30 (i.e. ∆−1

EW ∼ 3% fine-tuning) extend well beyond LHC14 reach all the way to m1/2 ∼ 1.2 TeV.
However, ILC600 can probe the entire parameter space with ∆EW < 30, thus either discovering higgsinos
or ruling out SUSY electroweak naturalness.

At the ILC, pair production of charged higgsinos and mixed production of the two neutral higgsinos will
be accessible nearly up to the kinematic limit independently of the size of their mass splitting. The clean
environment allows to resolve and measure mass differences even in the sub-GeV regime. Beam polarization

6

Weak scale based (Baer et al)  

GUT scale based ( Barbieri et al →)   

.... Why should we mind?

64 R. Barbieri, G,F. Giudice / Supersymmetric particle masses 

scale, if one is not willing to introduce increasingly precise tunings among parame- 
ters. In turn, the implementation of this "naturalness" criterion*, gives rise to a 
physical upper bound on superparticle masses in the TeV range [2]. 

This paper deals with a quantitative analysis of these general arguments in the 
context of low energy supergravity models**. Notice that these models are precisely 
designed to incorporate the above ideas, so as to overcome the difficulties previously 
met in the early attempts to extend the standard model in a supersymmetric 
manner. 

Our strategy is quite straightforward. In the context of supergravity models (to be 
defined in sect. 2), we consider the electroweak symmetry breaking scale, or the 
Z°-boson mass, as a function of the most general parameters a~ of the theory: 

M 2= M2(a,; Yt). (1.1) 

To describe the electroweak symmetry breaking, which is induced by radiative 
corrections [4, 5], and to get a sensible approximation, this function must include all 
one-loop renormalization group improved effects. In (1.1) we have made explicit the 
dependence on the top quark Yukawa coupling, Yt, since it plays a crucial role in 
determining the appropriate gauge symmetry breaking. The parameters ai, as well 
as Yt, also control the masses of the various supersymmetric partners of the 
standard particles. By explicit calculation, eq. (1.1) exhibits the already mentioned 
feature that a consistent range of parameters allows arbitrarily heavy superpartners, 
still keeping M z fixed. In fact, in this limit, the theory under consideration can be 
thought of as a physically regularized version (with respect to quadratic divergences) 
of the standard model lagrangian. On the other hand, not surprisingly, this is 
achieved only at the price of an unnatural tuning among the physical parameters of 
the theory. We avoid this tuning by imposing**, for every a~: 

l a, aM (a,; Y')I (1.2) 
so that a percentage variation of any of the parameters a i does not correspond to a 
percentage variation of Mz 2 more than A-times larger. For example,/t = 10 amounts 
to tolerate in (1.1) cancellations among parameters of at most one order of 
magnitude. In turn, for every top quark Yukawa coupling, the inequalities (1.2) can 
be converted into upper bounds on all dimensional parameters of the theory and 
therefore on all superparticle masses. These bounds are shown in fig. 2 for Zi = 10, 

* The unnaturalness of light scalars has been underlined in ref. [1]. The relevance of supersymmetry to 
this issue has been pointed out in ref. [2]. 

* *  For  a review, see ref. [3] and references therein. 
* * *  Similar conditions were imposed on a particular supergravity model in ref. [6]. 

fine tuning is the response of Z mass to the 
fundamental parameters “a”   

Now what is  the “a” ? This idea has been 
criticized since it was proposed in ’88

use parameter  at weak scale: typically 1/10 less fine 
tuned compared with GUT based analysis  

use GUT scale parameters:  m, M1/2,  Δ is more than 100
The level of tuning also changes #parameters at GUT scale   

only wave function 
renormalization 

relatively stable prediction 
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SUSY confronts LHC

squark
~1800GeV

gluino ~1400GeV
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Light SUSY confronts  real data
M(SUSY ) > 1.5TeV  Mstop~ 650GeV GeV 

exclude up to the region 
where mstop~mLSP+mt +30GeV  

stop 350GeV and LSP 150GeV 
There are no region with 

S/N>0.1 in this plot!
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SUS-13-011 BDT analysis

*t~t~→pp
1-lepton channel 1

0
χ∼t →t~

, x=0.5
1
+
χ∼b →t~

Observed
Expected

-1Ldt = 19.5 fb∫ = 8 TeV, sCMS Preliminary                                  

W

 = 
m

0
1χ∼

 - m±
1χ∼m

t

 = 
m

0
1χ∼

 - mt~m

W

 = 
m

0
1χ∼

 - mt~m

I am not sure  I take this limit  but it is still nice to see such efforts 

The bound is model independent 

The limit relys on understanding of background 
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Parton shower
resum soft and collinear component 

 

Hard ISR cannot be accounted by PS 
approximation. ME used  

but “overlap” near boundary  
“Matching” remove the overlap  

background estimation powered by “Matching” 

The inclusion of additional emission to the 
SM process  is  important when 
we rely on the cut on PT3, PT4

and inclusive quantity like HT, Meff...  

Hard Process 

CKKW 2001

MLM

proton 
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theory reproducing 
multijet distribution 

HT is systematically 
low yet 
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Figure 2. (a) Measured cross section for Z (! ``) + jets as a function of the inclusive jet multiplicity,
Njet, and (b) ratio of cross sections for successive inclusive jet multiplicities. The data are compared
to NLO pQCD predictions from BlackHat+SHERPA corrected to the particle level, and the
ALPGEN, SHERPA and MC@NLO event generators (see legend for details). The error bars indicate
the statistical uncertainty on the data, and the hatched (shaded) bands the statistical and systematic
uncertainties on data (prediction) added in quadrature.

Figure 3(b) presents the exclusive jet multiplicity ratio for events where the leading
jet has a transverse momentum in excess of 150 GeV. The observed ratio R

(n+1)/n

is now
steeply increasing towards low jet multiplicities, a pattern described by the central values of
the BlackHat+SHERPA calculations, by the generator ALPGEN and approximately also
by SHERPA. The observed cross-section ratios have been fitted with a pattern expected
from a Poisson-distributed jet multiplicity with the expectation value n̄, R

(n+1)/n

=

n̄

n

. The
Poisson scaling provides a good overall description of the jet multiplicity observed in data
for the selected kinematic regime, with n̄ = 1.02 ± 0.04, where the uncertainty includes
statistical and systematic components.

The scaling pattern is also investigated for a preselection typically employed in the
selection of particles produced via vector boson fusion (VBF). Figure 4 presents the absolute
cross section as a function of the exclusive jet multiplicity and R

(n+1)/n

after requiring two
jets with mjj > 350 GeV and |�yjj | > 3.0, in the following referred to as ‘VBF preselection’.
The data are consistent with the BlackHat+SHERPA prediction. SHERPA describes the
multiplicity well whereas ALPGEN overestimates R

3/2

.

– 15 –

NLO prediction 

ATLAS 1304.7098

Tree

Tree 

NLO 
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degenerate 
SUSY 

Mind of SUSY theorists 

Higgs mass
and MSSM  

current SUSY search 

NMSSM 

extra 
matter 

FCNC 

R parity 
violation 

little hierarchy problem 

muon g-2 

Heavy Supersymmery Light Supersymmetry 

Lot’s of Model building activity so far   

Higgs Br

high scale, split SUSY 
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SUSY spectrum on market
MSUGRA

classic 
heavy scalar

AM  

sq/gl 
gluino 

wino LSP 

gaugino 

higgsino 
higgsino 

stop1 
stop2 

stop1 

stop2 

light higgsino or stop 
for naturalness  

very hard to 
access →ILC?  

Small cross section 
top background 

degenerate 

KKLT
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Figure 6: Results for the gluino-neutralino model with heavy flavor decays using the same-sign dilepton
analysis strategy. The left [right] panel shows the 5� discovery reach [95% CL exclusion] for the four
Snowmass collider scenarios. A 20% systematic error is assumed and pile-up is not included.

7 The Stop-Neutralino Model
In the “stop-neutralino” model, the stop et is the only kinematically accessible colored particle. The
stop undergoes a prompt two body decay et ! t e�0

1, where t is a top quark and e�0
1 is a neutralino

LSP. The only two relevant parameters are the stop mass met and the neutralino mass me�0
1
. The

model can be summarized by:

BSM particles production decays

et, e�0
1 p p ! et et⇤ et !

(
t e�0

1 for met > me�0
1
+mt

W (⇤) b e�0
1 for met  me�0

1
+mt

In the context of SUSY, constraints on the stop mass are closely tied to naturalness. Specifically,
the stringent results from the jets+Emiss

T searches at the 8 TeV LHC have led many to investigate
the implications of “natural” SUSY scenarios [7, 8]. These are models where the first and sec-
ond generation squarks are parametrically heavier than the stops; for some examples of explicit
constructions, see [26–32]. The stop-neutralino Simplified Model provides a framework to study
the generic first signatures of this class of models (assuming the gluino is outside the current
experimental reach).

We probe this model with our one-lepton analysis, relying on the leptonic decays of the final state
top quarks and the presence of b-quarks. The dominant background for this signal model is t t
production in the di-leptonic channel. There are subdominant contributions from W b b. All other
Standard Model backgrounds have been included and are found to be negligible.

Results for the stop-neutralino model are shown in Fig. 7. The left [right] plot gives the 5 �
discovery reach [95% CL exclusion]. For a massless neutralino, the 14 TeV HL-LHC could
discover a ⇠ 1.3 TeV stop, a 33 TeV proton collider could discover a ⇠ 3.2 TeV stop, and a
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Figure 7: Results for the stop-neutralino model using the single lepton analysis strategy. The left [right]
panel shows the 5� discovery reach [95% CL exclusion] for the four Snowmass collider scenarios. A 20%
systematic error is assumed and pileup is not included.

100 TeV proton collider could discover a ⇠ 5.5 TeV stop.

The tuning in models where met > mt derives from the Renormalization Group Equations (RGE)
for the up-type Higgs boson soft mass squared m2

Hu
; in the one-loop leading log approximation

there is a contribution from each stop of at least

�m2
Hu

' �3 y2t
8 ⇡2

m2
et log

✓
⇤

TeV

◆
, (2)

Note that for ⇤ � TeV, the one-loop leading log approximation breaks down.

Given a bound on the lightest stop mass, Eq. (2) can be translated into a naive lower bound on
tuning �

�1 [10]:

⇣ met
1 TeV

⌘�2 ⇣ mh

125 GeV

⌘2
sin

2 �

✓
log(⇤/ TeV)

3

◆�1

'
✓
�

�1

10%

◆
. (3)

Non-zero A-terms, RG effects of heavy gluinos, and tree-level tunings from the µ term all tend
to increase the overall tuning. Therefore, Eq. (3) gives a conservative rough estimate of the “least
tuned” an MSSM-like model can be given a collider constraint on the lightest stop mass. Assuming
a SUSY breaking scale of ⇤ = 300 TeV and a massless neutralino, the results in Fig. 7 can be used
to estimate the minimum tuning implied by a null result at each collider scenario:

14 TeV (300 fb�1
) 14 TeV (3000 fb�1

) 33 TeV 100 TeV

2⇥ 10

�2
1⇥ 10

�2
2⇥ 10

�3
1⇥ 10

�3

Note that we have included a factor of two to account for the tuning from both stops — the heavier
stop will also make a contribution to the tuning at least of the same order.
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for light gluino or stop case 5σ discovery does not 
exceed 10TeV even for 100TeV LHC.. 

of parameter space. To capture the transition region where the gluino and squark are nearly
degenerate, parameter choices along the line meg = meq are included; the gluino decay is taken
to be 3-body and the squarks are assumed to decay directly to the neutralino.

This model is a good proxy for comparing the power of searches which rely on jets and Emiss
T

to discriminate against background. The final state ranges from two to four (or more) hard jets
from the decay (depending on the production channel) and missing energy. As with the gluino and
squark models, the dominant backgrounds are from W/Z+jet production and t t. Additionally, the
squark production cross section has a strong dependence on the gluino mass which impacts the
reach with respect to the results in Sec. 4.

Results for the gluino-squark model with a 1 GeV neutralino are shown in Fig. 5. The left [right]
plot gives the 5 � discovery reach [95% CL exclusion]. The dotted boundaries show the range of
scanned gluino and squark masses for each collider scenario. Note that the maximum masses along
these decoupling directions are not large enough to approach the pure gluino-neutralino/squark-
neutralino models presented above. The 14 TeV HL-LHC could discover a model with meg '
meq ⇠ 3 TeV, a 33 TeV proton collider could discover a model with meg ⇠ 7 TeV and meq ⇠ 6 TeV,
and a 100 TeV proton collider could discover a model with meg ⇠ 16 TeV and meq ⇠ 14 TeV.
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Figure 5: Results for the gluino-squark model with a 1 GeV neutralino using the jets+Emiss
T analysis strategy.

The left [right] panel shows the 5� discovery reach [95% CL exclusion] for the four Snowmass collider
scenarios. The dotted lines the boundaries for our scans in gluino and squark mass. A 20% systematic error
is assumed and pileup is not included.

6 The Gluino-Neutralino Model with Heavy Flavor Decays
In the “gluino-neutralino model with heavy flavor decays”, the gluino eg is the only kinematically
accessible colored particle. The squarks are completely decoupled and do not contribute to gluino
production diagrams. The gluino undergoes a prompt three-body decay through off-shell stops,
eg ! t t e�0

1, where t is the top quark and e�0
1 is a neutralino LSP. The only two relevant parameters

are the gluino mass meg and the neutralino mass me�0
1
. This model can be summarized by:

10

“general SUSY” 
discovery  

around 15TeV

light gluino 
discovery up to

6.5TeV  

stop up to 5.5TeV 

Nature News 
12 Nov 2013

from 1310.0077
Cohen et al 
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2. jets with  
“QCD tech” 

13年11月25日月曜日



11/24/2013 PASCOS 2013 8

Hadronic channel

Selection:

● trigger with HT>750 GeV

● Two Cambridge-Aachen jets with R=0.8 and pT>400 GeV

● Both jets top tagged

No leptons: huge QCD multi-jet 
background

→ apply top tagging:

● Reverse jet clustering steps            
→ sub-jets

● Cuts on jet and sub-jet masses       
to match top and W masses

● Validate tagging on l+jets top 
events

t

b W-

q
q'

Jet substructure 
Technology to find boosted heavy object in a jet  

November 12, 2012 E. Thompson - Chicago Workshop on LHC Physics 3

Entering the boosted regime

At high-pT, hadronic decay products (t → Wb → qq' b) 

collimate into a single large-radius jet

Rule of thumb: opening angle of decay products of    
a boosted object has a 1/pT dependence

→ eg: top with pT > 350 GeV or so will have decay 

products within a separation dR ~ 1 

R = 1.0
mj = 197 GeV

ET = 356 GeV

dR~
2m

pT

The boosted t, W, Z maybe identified 
as a single jet

but there are structures inside 
=mass drop 

November 12, 2012 E. Thompson - Chicago Workshop on LHC Physics 3

Entering the boosted regime

At high-pT, hadronic decay products (t → Wb → qq' b) 

collimate into a single large-radius jet

Rule of thumb: opening angle of decay products of    
a boosted object has a 1/pT dependence

→ eg: top with pT > 350 GeV or so will have decay 

products within a separation dR ~ 1 

R = 1.0
mj = 197 GeV

ET = 356 GeV

dR~
2m

pTO(10)GeV 

170GeV

O(10)GeV 

 For heavier  particle search we expect
high PT top, W, Z    
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Jet substructure
reduce QCD background   

single parton would not create 
sub-substructure   

November 12, 2012 E. Thompson - Chicago Workshop on LHC Physics 14

HEPTopTagger

Example of how substructure/grooming techniques may be used to 
optimize the selection of hadronicly-decaying tops

Utilizes a recursive “mass drop”/filtering approach

● Was optimized for H→bb search using C/A jets

Start with large-R (R=1.5, 1.8) Cambridge/Aachen jets, pT>200 GeV

Undo the last stage of C/A clustering to create two subjets

Identify relatively symmetric subjets, each with significantly smaller 
mass than their sum

...continue undoing last steps of C/A until all subjets have m<50 GeV

arXiv:1006.2833
Plehn et al 

arxiv.org:0802.2470 (BDRS) →Mass Drop(identify hard object) 

→Trimming(ignore soft activities)  
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11/24/2013 PASCOS 2013 10

Combined Limits

Limits:

● Narrow Topcolor Z': m>2.1 (2.1 expected) TeV

● Topcolor Z' with 10% width: m>2.7 (2.6) TeV

● RS Kaluza-Klein gluon: m>2.5 (2.4) TeV

● S=σ(SM+BSM)/σ(SM) <1.2 at 95% CL for mtt>1 TeV

Low mass analysis:

● Limits from pdf Qt

High mass region:

● Template Qt to mtt distribution 

● Combine l+jets and hadronic 
channels

13年11月25日月曜日
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Combined Limits

Limits:

● Narrow Topcolor Z': m>2.1 (2.1 expected) TeV

● Topcolor Z' with 10% width: m>2.7 (2.6) TeV

● RS Kaluza-Klein gluon: m>2.5 (2.4) TeV

● S=σ(SM+BSM)/σ(SM) <1.2 at 95% CL for mtt>1 TeV

Low mass analysis:

● Limits from pdf Qt

High mass region:

● Template Qt to mtt distribution 

● Combine l+jets and hadronic 
channels

Nhan Tran Lepton-Photon 2013

searches with boosted tops
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Figure 13. Distributions of the tt̄ invariant mass mtt̄. The HEPTopTagger data, the SM tt̄
background prediction, the multijet background prediction and a hypothetical Z 0 signal with mZ0 =
1 TeV are shown in (a). The Top Template Tagger data, the SM tt̄ background prediction, the
multijet background prediction and a hypothetical KK gluon signal with mKKg = 1.6 TeV are
shown in (b). Data points show statistical uncertainties only.
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Figure 7: The first kt splitting scale,
√

d12 of the hadronic top jet after the boosted selection, except the

requirement
√

d12 > 40 GeV. The shaded areas indicate the total systematic uncertainties.
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Figure 8: The tt̄ invariant mass spectra for the two channels and the selection methods. The smaller plots

show the data/MC ratio. The shaded areas indicate the total systematic uncertainties.

12

• Boosted tops currently in searches for tt 
resonances both in all-hadronic and 
semi-leptonic channel

• Many additional applications:
3rd generation final states (W’, b’, etc.) 
Moderately boosted tops in SUSY stop 
searches

Phys. Lett. B 718 (2013)1284-1302, ATLAS-CONF-2012-136, CMS-PAS-B2G-13-005 HEP Top Tagger

Template Top Tagger
CMS Top Tagger
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quark and gluon jet substructure 

arXive 1211.7038 Gallicchio and Schwartz 

“gluon jet”  : more charged tracks and  broader than “quark jet”  

8.3 Radial Geometric Moments

We refer to any geometric moment that is linear in pT and independent of angle around the

jet axis as a radial moment. Linearity in pT is required for IR/collinear safety. Specifically,

the pT in each radial bin is weighted by a kernel f(r) and summed up to form the moment

Mf :

Radial moment using kernel f(r) Mf =
∑

i∈jet

piT
pjetT

f(ri) (8.2)

Distances r of each particle or cell from the jet center are calculated on the (rapidity,phi)

cylinder. The jet center is taken as the (y,φ) of the jet’s 4-vector, but the pT -weighted

centroid is almost identical. It is important to use rapidity rather than pseudorapidity for the

jet location because the jet is massive. A radial moment sums a function of these distances,

weighted by pT , then normalized to the total pT of the jet. Energies and angles, rather than

pT s and r’s give similar results, but are less appropriate to hadron colliders.

The integrated jet shape Ψ(0.1) corresponds to the moment where f(r) is 1 out to r = 0.1

and 0 beyond. The differential jet shape ψ(0.3) corresponds to a kernel that is 1 in a small

window around r = 0.3. One series of kernels are powers of r: r, r2, r3, · · · . These most

closely correspond to the traditional geometric notion of ‘moments.’ Radial moments like

these are interesting because it may be possible to calculate them accurately in QCD, see for

example [35].

An orthonormal set of kernel functions fully characterizes the radial distribution of pT for

a single jet, but even knowing the 1D distributions for an infinite set of orthogonal functions

would not give complete information about the underlying high-dimensional distribution with

all correlations preserved. In other words, knowing this series for a particular jet would allow

a full reconstruction of where the pT in that jet goes, but the same isn’t true for the 1D

distributions.

8.4 Linear Radial Geometric Moment: Girth, Width, or Jet Broadening

The linear radial moment, or girth, is a special case of a generic radial moment with f(r) = r.

For discrete constituents, it is defined as

Girth : g =
∑

i∈jet

piT
pjetT

ri . (8.3)

The girth distribution is shown in Figure 13.

ATLAS calls this variable width. This is a hadron-collider version of a popular LEP

variable called jet broadening. Jet Broadening, as measured at ALEPH [8] and OPAL [9],

leads to distributions very similar to the linear moment, simply because the small-angle

approximation of kT ≈ pT r is valid. At LEP, jet broadening was given by

Bjet =

∑

i |#pi × n̂jet|
∑

i |#pi|
=

∑

i |#kT i|
∑

i |#pi|
. (8.4)
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9 Combining Variables

Amultivariate tagger can make the best use of several variables at the same time. In Figure 21,

the 2D distributions of a good pair of variables is plotted for the quark and gluon samples.

To find the best cut contours, one method is to combining these histograms into a likelihood

histogram. This is done bin-by-bin by reading the values of the quark and gluon histograms

and computing q/(q + g). If particular values are measured for each of the two variables,

this likelihood is proportional to the probability that it is a quark jet. The constant of

proportionality will depend on the prior distribution of quarks and gluons in your sample via

Bayes’ Theorem, but does not affect the contours.

A cut on on this likelihood score corresponds to a cut along some contour in the 2D

plane. Each such cut gives some efficiency for keeping quark jets and some other efficiency

for rejecting gluon jets. Cutting on the likelihood is optimal in the sense that it maximizes

gluon rejection for every given quark acceptance [25]. Some ways of visualizing the effects of

cuts and multivariate improvements were discussed in [43, 44].

To populate a 2D histograms such that each bin has a statistically meaningful number is

difficult without an enormous number of events. For more than 2 variables, it is practically

impossible to populate the higher-dimensional histograms with any accuracy. For example,

for 5 variables, even if each variable had only 10 coarse divisions, there would still be 105 bins

to populate. This is where multivariate techniques like Boosted Decision Trees are useful [25].

Using a limited number of training events, these techniques assign a score to each point. With

a large enough training sample, this score is in 1-1 correspondence with the likelihood.
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Figure 21. Combining Variables: 2D distributions are shown for a powerful pair of variables. The
Likelihood can be formed by combining these histograms bin-by-bin as q/(q + g), where q and g are
the fraction of events in the appropriate bin of the quark and gluon histogram, respectively. The blue
regions mean that an event with that pair of values is more likely to be quark. A cut on the likelihood
correspond to a cut along one of the contours, and this can be proven to be the optimal cut for that
signal efficiency. These plots are for Pythia8 200GeV particle jets.
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Nhan Tran Lepton-Photon 2013

quark and gluon comparisons

• Quark- and gluon-initiated jets have 
different properties

• Many search applications for 
distinguishing quarks and gluon jets

• Hadronically decaying vector bosons

• monojet, dijet searches

• SUSY searches with high quark jet 
multiplicity

• Jet width and number of charged 
tracks provide good discrimination

19
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Example: for 50% quark jet efficiency, 
we can reject 90% gluon jets

More discriminant at higher pTs

Nhan Tran (FNAL) for Lepton Photon 

need careful validation of the data 
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Where to apply?  a thought on 
“degenerate SUSYcase “ 

• for degenerate region, searches are based on ISR jets.  Main 
background is Z+multijet.  
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Figure 7: Exclusion limits for direct production of (case a – top left) gluino pairs with decoupled squarks,
(case b – top right) light-flavour squarks and gluinos and (case c – bottom) light-flavour squark pairs with
decoupled gluinos. Gluinos (light-flavour squarks) are required to decay to two jets (one jet) and a neu-
tralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity
at each point. The blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands
indicating the 1� excursions due to experimental and background-theory uncertainties. Observed limits
are indicated by medium (maroon) curves, where the solid contour represents the nominal limit, and the
dotted lines are obtained by varying the signal cross-section by the theoretical scale and PDF uncertain-
ties. Previous results from ATLAS [17] are represented by the shaded (light blue) areas and light blue
dotted lines. The black stars indicate the benchmark models used in Figs. 1–4.

properties to R-parity conserving SUSY is also presented in Fig. 10(right). This scenario is the minimal
extension of the SM with one additional spatial dimension. The properties of the model are fully deter-
mined by three parameters: the compactification radius of the extra dimension R, the cut-o↵ scale ⇤ and
the Higgs boson mass mh. In this analysis the Higgs boson mass is fixed to 125 GeV while R and ⇤ are
treated as free parameters. 1/R sets the mass scale of the new Kaluza-Klein (KK) particles predicted by
the model while ⇤ · R is related to the degree of compression of the KK-particle mass spectrum: mod-
els with small values of ⇤ · R possess small mass splittings between KK-particle states and vice versa.
Exclusion limits are set in the 1/R versus ⇤ · R plane.

In the CMSSM/MSUGRA case, the limit on m1/2 is greater than 340 GeV for m0 < 6 TeV and
reaches 800 GeV for low values of m0. Equal mass light-flavour squarks and gluinos are excluded below
1800 GeV in this scenario. A limit of 1700 GeV for equal mass light-flavour squarks and gluinos is found
for the simplified MSSM scenario with a massless lightest neutralino shown in Fig. 6. In the simplified
model cases of Fig. 7 (a) and (c), when the lightest neutralino is massless the limit on the gluino mass
(case (a)) is 1350 GeV, and that on the light-flavour squark mass (case (c)) is 780 GeV.

15

Related with the question “how light the SUSY particle could be” 

limit for large mass 
difference→1400 GeV  

only 600GeV for degenerate 
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 3.. Composite Models 
• Technicolor model... Scale up of chiral symmetry breaking 

in QCD. Higgs as pion  ( bound state of some strong 
interaction)    conflicts with EW precision data

• The Little Higgs model→Composite Higgs model 

• Higgs as the pNGB of some global symmetry breaking. 
Typically SO(5)/SO(4), either elementary or composite

• The theory still needs “top partners”, because top must 
be in a representation of the global  symmetry 

• UV completion ⇄ RS model Holography
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Physics 
• Top partners from  SU(2)Lx SU(2)R symmetry 

• TL TR mixed with tL tR in standard model sector 
then decay into bW, tZ, tH. 

• q(Q=5/3), q(2/3), q(-1/3) 

• RS model --gluon KK (production: coupling to the 1st 
generation quark, dominantly decays into ttbar) 

• Radiative correction to Higgs decay 

• Being now constrained by LHC

Agashe, Contino Pomarol  
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top partner study at LHC

2 Effective action for the top partner

In order for our discussion to be as general as possible, we give an effective action

of the top partners up to dimension-five operators. It is shown that a dimension-

five operator actually takes an important role to enhance the branching fraction of

the decay mode tp → th which leads multiple b-jets at the LHC experiment. For

more detail of this effective action, see Ref.[3]. Since the top partner has quantum

numbers of (3, 1, 2/3) under the SM gauge groups, SU(3)c × SU(2)L × U(1)Y , its

interactions with higgs boson and third generation quarks of the SM are given by

Leff = −mU ŪLUR − y3Q̄3LH
cu3R − yUQ̄3LH

cUR − (λ/Λ) ŪLu3R|H|2 + h.c., (1)

where H , Q3L, and u3R are higgs doublet, third generation left- and right-handed

quarks, respectively, while UL and UR are left- and right-handed components of the

top partner. The superscript ‘c’ denotes charge conjugation, and Λ in front of the

dimension-five operator, ŪLu3R|H|2, is the cutoff scale, where the above effective

action can be applied to describe physics below this scale. The other dimension-five

operators such as (ŪLUR|H|2)/Λ are irrelevant to our discussion. The top partner

has the QCD interaction in addition to those in Eq.(1). All the parameters in the

effective action can be real by appropriate redefinitions of the fields. Note that there

are only three free parameters because the top quark mass mt has already been

measured. The use of this effective action is particularly useful for the little higgs

model, because the top partner is nothing but a new particle which is introduced to

cancel the quadratically divergent correction to the higgs mass term from the top

loop diagram, and therefore the top partner mass should be lighter than the other

new particles. The effective action is valid only when the other new particles are

heavy enough compared to the top partner.

After the electroweak symmetry is broken down, left- and right-handed compo-

nents of the top partner (UL and UR) are mixed with those of the SM top quark,

(

tL

tpL

)

=

(

cos θtL − sin θtL

sin θtL cos θtL

)(

u3L

UL

)

,

(

tR

tpR

)

=

(

cos θtR − sin θtR

sin θtR cos θtR

)(

u3R

UR

)

, (2)

where these mixing matrices diagonalize the mass matrix of the top partner and the

top quark, giving their mass eigenvalues mtp and mt. In the following, we take mtp,

mt, and sin θtL, and sin θtR as model parameters instead of mU , y3, yU , and λ/Λ

which are originally defining the effective action. With stL (ctL) and stR (ctR) being

3

Figure 1: The branching fraction of the decay of the top partner (tp → bW , tZ, and th)

as a function of sin θtR with sin θtL= 0.1 and mtp= 500 GeV.

3.1 Simulation framework

Using the Feynrules [15] package, we first implement the interactions of tp into Mad-

Graph5 [16] based on the effective action. Parton level events are interfaced to

PYTHIA6.420 [17] for parton-showering and hadronization, and Delphes1.9 [18] is

used to simulate detector effects. We set appropriate resolution-parameters for the

detector simulation based on the ATLAS detector performance [19].

We adopt the method to reconstruct objects such as isolated, central leptons and

jets according to the strategy of new physics searches at the ATLAS experiment [20].

Jet candidates are reconstructed using the anti-kT algorithm [21] implemented in

Delphes1.9 with the radius parameter R = 0.4. The jet candidates are required

to have the transverse momentum pT > 20 GeV and the pseudo rapidity |η| <

2.8. Electron and muon candidates are identified via the generator-data assuming

100% efficiency. The electron(muon) candidates are required to have pT > 20(10)

GeV and |η| < 2.47(2.4). After these pre-selections, overlaps between the electron

candidates and the jet candidates are removed. The jet candidates are discarded

if their distances ∆R =
√

∆η2 +∆φ2 to any electron candidates are less than 0.2

where ∆η(∆φ) is the difference of the pseudo rapidity (azimuthal angle) between the

jet candidate and the electron candidate. The remaining jet candidates are called

“jets”. For each jets, the electron candidates with 0.2 < ∆R < 0.4 from jets are

removed. Furthermore, isolation criteria are imposed. The electron candidates are

5

Figure 5: Regions which would be excluded by the analysis (1 lepton + ≥1b-jet) and that

of the multi-b-jet channels (1 lepton + ≥2 or 3b-jets) at 95% C.L. with the integrated

luminosity of 15 fb−1. Contours are plotted in the region of Br(tp → bW )+Br(tp → th)≤1.

The center of mass energy is 8 TeV.
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Figure 5: Regions which would be excluded by the analysis (1 lepton + ≥1b-jet) and that

of the multi-b-jet channels (1 lepton + ≥2 or 3b-jets) at 95% C.L. with the integrated

luminosity of 15 fb−1. Contours are plotted in the region of Br(tp → bW )+Br(tp → th)≤1.

The center of mass energy is 8 TeV.
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1b for b W
final state 

sensitive to composit 

Harigaya , Matsumoto, Nojiri, Tobioka PRD86(2012) 015005 
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Eric Chabert (IPHC)  –  CMS experiment  -  21/11/2013  -  PASCOS      Eric Chabert (IPHC)  –  CMS experiment  -  21/11/2013  -  PASCOS      31

VLQ TVLQ T2/32/3 : all channels : all channels

Masses below 687-782 GeV are excluded on 95% CL
depending on combination of branching fractions.

Expected limits Observed limits

A scan was done with BR to tW, bZ, bH varying with step of 0.1:

Observed limit: 696 GeV

For BR(B→tW)=50%
      BR(B→tZ)=25%
      BR(B→tH)=25%

The limits are calculated with a likelihood fit 
based on the number expected and observed for the multilepton channels
based on the BDT discribution for the lepton+jets channels

real data(CMS)  
see also ATLAS talk on Nov 24th
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• Randall-Sundrum model (Composite Higgs model) 

gauge�

higgs�

The���������	
��������������������  far���������	
��������������������  
side 

matters 
in the bulk 

Higgs���������	
��������������������  at���������	
��������������������  
the���������	
��������������������  IR���������	
��������������������  brane���������	
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��������������������  

IR brane: breaking of 
Conformal invariance  

    

anomalous dimension to 
generate Yukawa coupling 

In   Holography(ADS/CFT) expectation/imagination 

extra yukawa contribution 

5th dimention size -> radion, mix with Higgs boson 

precision physics requires Λ~10TeV
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300fb-1-3000fb-1での予想感度 
 

24th May, 2013 研究会 @名古屋 10 

Γγ/Γz ~2.9% error from HL-LHC phase2 

⊕
 ILC error of H width 

2.7%(Lum up 0.5%) at 500GeV,

⇓
O(a few %) Br for γγ, and gg, loop physics 

coupling ratio ～1.4%
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Figure 3: Left: Predictions for the ratio R

h

in the minimal RS model with bulk matter
fields and an IR-localized Higgs sector. The red, green, and blue density bands cor-
respond to ymax = 3, 1.5, and 0.5, respectively. The overlaid solid lines are obtained
using the approximate parameterizations given in (73) and (74) for the same values of
ymax. Right: Contour plot for the ratio R

h

obtained using the latter parameterizations.

contour plot displayed on the right in the figure gives a two-dimensional representation for the
cross section as a function of M

g

(1) and ymax, obtained by employing again (73) and (74).
We observe from Figure 3 that R

h

is strictly below 1 and decreases (increases) with in-
creasing ymax (KK scale). In other words, the minimal RS model with a brane-localized Higgs
sector predicts a depletion of �(gg ! h) relative to the SM. In the region where v ymax/MKK

is a suitable expansion parameter, we obtain the approximate result

R

h

⇡ 1 � v

2

2M2
KK

�
14.2 y

2
max + 3.5

�
, (76)

where the constant term in parenthesis is due to the e↵ect of 

v

. For not too small Yukawa
couplings this observable is dominated by the e↵ects of KK quark loops. Given the strong
dependence of the ratio R

h

on ymax, we find that for M

(1)
g

⇡ 3 TeV and Yukawa couplings close
to the perturbativity bound ymax ⇡ 3 [18], the new-physics contributions to the Higgs-boson
production cross section in gluon-gluon fusion can become so large that they completely can-
cel the SM contribution. In fact, the sensitivity of R

h

to the overall size of the 5D Yukawa
couplings is even more pronounced than the one arising in the case of dipole-operator tran-
sitions such as B ! X

s

� [38]. While the latter contributions also scale with y

2
max, unlike R

h

they are (at the one-loop level) insensitive to the multiplicity of states in the fermionic sector
of the RS model under consideration. This feature underscores our assertion (made in the
introduction) that precision measurements of the Higgs-boson properties furnish a superb tool
for illuminating the quantum structure of electroweak interactions in RS scenarios.

23

correction to gg→ h production  
Carena et al JHEP 1208(2012)156

HL-LHC and Higgs Boson 
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mass of gluon KK 
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Devia&on	  of	  higgs	  couplings	  in	  each	  channels	  	  in	  	  radion-‐higgs	  
miixng	  model	  and	  sensi&vity	  in	  future	  colliders	  

We	  can	  observe	  devia&ons	  even	  strong	  constraint	  at	  the	  ILC

separa&on	  of	  effect	  of	  measurement	  of	  	  
bulk	  yukawa	  coupling	  and	  radion	  higgs	  
mixing	  is	  also	  possible	  

Kubota	  and	  Nojiri	  in	  progress

Snowmass	  gluon	  	  	  0.67%

d(g), d d(g), d

FIG. 3: (a) d(g) as a function of mr and (b) d(g) as a function of ξ at Λφ=10 TeV.

DRhm
(γγ)=0.7

than a upper precision of d(γ) at the ILC. The radion-higgs mixing universally suppress all
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14 TeV 250 GeV 500 GeV 1 TeV HL-LHC

14 TeV 250 GeV 500 GeV 1 TeV HL-LHC

14 TeV 250 GeV 500 GeV 1 TeV HL-LHC

14 TeV 250 GeV 500 GeV 1 TeV HL-LHC

FIG. 4: The left-side figure is d(γ)max as a function of Λφ in the enhanced direction. The right-

side figure is d(γ) as a function of DRhm(γγ) at Λφ=10 TeV. The horizontal lines are precisions of

coupling measurements from[peskin].

DRhm
(γγ)=0.7

14 TeV 250 GeV 500 GeV 1 TeV HL-LHC

(Γ(γ)/Γ(f,W,Z))RS/((Γ(γ)/Γ(f,W,Z))SM DRhm
(γγ)=0.7

side figure is the relation between DRhm
(ff,WW,ZZ) and

FIG. 5: The left-side figure is the relation between the ratio of Γhm(γγ)/Γhm(ff, WW,ZZ) and

DRhm(γγ). The horizontal line in this figure is precision limits of this channel at the 3000 fb−1

HL-LHC. The right-side figure is the relation between DRhm(ff, WW,ZZ) and DRhm(γγ).
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DRhm
(γγ)=0.7

than a upper precision of d(γ) at the ILC. The radion-higgs mixing universally suppress all
14 TeV 250 GeV 500 GeV 1 TeV HL-LHC
14 TeV 250 GeV 500 GeV 1 TeV HL-LHC
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14 TeV 250 GeV 500 GeV 1 TeV HL-LHC

FIG. 6: The left-side figure is d(γ)max as a function of Λφ in the suppressed direction with

DRhm(γγ)=0.7 ∼ 1.0 at 0.1 intervals. The right-side figure is d(γ) as a function of DRhm(γγ)

at Λφ=10 TeV. The horizontal lines in these figure are precision of coupling measurements of hγγ

channel at each collider and center of energies.

d(g), d

DRhm
(γγ)=0.7

14 TeV 250 GeV 500 GeV 1 TeV HL-LHC

14 TeV 250 GeV 500 GeV 1 TeV HL-LHC
14 TeV 250 GeV 500 GeV 1 TeV HL-LHC

14 TeV 250 GeV 500 GeV 1 TeV HL-LHC

FIG. 7: The left-side figure is d(g)max as a function of Λφ in the suppressed direction with

DRhm(γγ)=0.7 ∼ 1.0 at 0.1 intervals. The right-side figure is d(g) as a function of DRhm(γγ)

at Λφ=10 TeV. The horizontal lines in these figure are precision of coupling measurements of hgg

channel at each collider and center of energies.

the RS model are the radion-higgs mixing parameter ξ, contributions of KK quarks FKK
q

and KK leptons FKK
l , the suppression factor of the radion couplings Λφ and the radion mass

mrm . In this section, we fix the Λφ = 10 TeV. Among these model parameters, the ξ and

FKK
q are relatively large influence to the higgs couplings. Therefore, we mainly consider

behaviors of these two model parameters at each chosen parameter points. The deviation of

signal strength of hγγ channel from the SM is relatively large at the ATLAS and CMS. And,

the hγγ coupling can be not only suppressed but also enhanced in the RS model. Therefore,

chosen parameter points are based on a deviation of the hγγ coupling from the SM.
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4. leptons!  
 at future collider
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power of LHC~Luminosity 
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Figure 4: The total �2 in the (mZ00 , gZ00) plane.

4 LHC phenomenology

In this section, we study the phenomenology of the Z 00 model at the LHC and investigate
whether the current and future LHC results can constrain or discover the Z 00 boson in the
region which is favored by the EW precision measurement as well as the muon g-2 shown in
the previous section.

Relatively light Z 00 bosons can be produced at e+e�, pp̄ and pp collisions. The event
including the decay is typically described by the diagram depicted in Figure 5.

Figure 5: Feynman diagram for a typical Z 00 boson production process at the tree-level.

Since the Z 00 boson only couples to µ, ⌧ , ⌫µ and ⌫⌧ , its e↵ects only appear in the specific
final states. Table 4 lists the final states where the Z 00 boson contributes. In particular, the
4 lepton modes involving e± are not a↵ected.
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γ

This is something 
we have not seen before  
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Figure 1: Left: Comparison of the data (solid circles) failing the m1 ' m2 requirement in the
control sample (no isolation requirement is applied to reconstructed dimuons) with the predic-
tion of the background shape model (solid line) scaled to the number of entries in the data. The
insets show the B17+8 and B8+8 templates (solid lines) for dimuons obtained with background-
enriched data samples. Right: Distribution of the invariant masses m1 vs. m2 for the isolated
dimuon systems for the three events in the data (shown as empty circles) surviving all selec-
tions except the requirement that these two masses fall into the diagonal signal region m1 ' m2
(outlined with dashed lines). The background expectation (as indicated by the intensity (color
online) of the shading) is a sum of the bb and the direct J/y pair production contributions.

both dimuons containing such a muon, the assignment of m1 and m2 is random. As each b
quark fragments independently, we construct the template describing the 2D probability den-
sity function as a Cartesian product B17+8(m1)⇥ B8+8(m2), where the B17+8 and B8+8 templates
model the invariant-mass distributions for dimuons with or without the requirement that the
dimuon contains at least one muon satisfying pT > 17 GeV/c and |h| < 0.9. This distinction
is necessary as the shape of the dimuon invariant mass distribution depends on the trans-
verse momentum thresholds used to select muons and whether the muons are in the central
(|h| < 0.9) or in the forward (0.9 < |h| < 2.4) regions, owing to the differences in momentum
resolution of the barrel and endcap regions of the tracker. The B17+8 shape is measured using
a data sample enriched in bb events with exactly one dimuon and one orphan muon under the
assumption that one of the b quarks decays to a dimuon containing at least one muon with
pT > 17 GeV/c and |h| < 0.9, while the other b quark decays semileptonically resulting in an
orphan muon with pT > 8 GeV/c. For the B8+8 shape, we use a similar sample and procedure
but only require the dimuon to have both muons with pT > 8 GeV/c, while the orphan muon
has to have pT > 17 GeV/c and |h| < 0.9. Both data samples used to measure background
shapes are collected with the same trigger and with kinematic properties similar to those bb
events passing the selections of the main analysis. These event samples do not overlap the
sample containing two dimuons that is used for the main analysis, and they have negligible
contributions from non-bb backgrounds. The B17+8 and B8+8 distributions, fitted with a para-
metric analytical function using a combination of Bernstein polynomials [59] and Crystal Ball
functions [60] describing resonances, are shown as insets in Fig. 1 (left). Once the Bbb(m1, m2)
template is constructed, it is used to provide a proper description of the bb background shape
in the main analysis.

CMS 4μ search
1210.7619 
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Figure 3: Left: The 95% CL upper limits as functions of ma1 , for the NMSSM case, on s(pp !
h1,2 ! 2a1) ⇥ B2(a1 ! 2µ) with mh1 = 86 GeV/c2 (dashed curve), mh1 = 125 GeV/c2 (dash-
dotted curve) and mh1 = 150 GeV/c2 (dotted curve). The limits are compared to the rate (solid
curve) obtained using a toy model with s(pp ! h1) = s(pp ! h2) = sSM(125 GeV/c2),
B(h1,2 ! 2a1) = 3%, and B(a1 ! 2µ) as a function of ma1 which is taken from [28] for NMSSM
parameter tan b = 20. Right: The 95% CL upper limits on B(h1,2 ! 2a1)⇥ B2(a1 ! 2µ) with
mh1 = 86 GeV/c2 (dashed curve), mh1 = 125 GeV/c2 (dash-dotted curve) and mh1 = 150 GeV/c2

(dotted curve) assuming s(pp ! h1) = s(pp ! h2) = sSM(125 GeV/c2). The limits are
compared to the branching fraction (solid line) obtained using B(h1,2 ! 2a1) = 3% and B(a1 !
2µ) as a function of ma1 which is taken from [28].

the SM particles in these models, which affect the Higgs boson production cross section. The
sensitivity of this search can be compared to that of a similar analysis performed at the Teva-
tron [40] after rescaling with the ratio of the Higgs boson cross sections at the LHC and the
Tevatron. If plotted in Fig. 2 and Fig. 3 (left), the Tevatron results would have excluded rates
above ⇠ 130 fb, an order of magnitude in sensitivity less.

For an arbitrary non-SM scenario predicting the signature investigated in this Letter, the results
can be presented as the 95% CL limit s(pp ! 2a + X)⇥ B2(a ! 2µ)⇥ agen < 0.78 ± 0.05 fb,
where agen is the generator level kinematic and geometric acceptance described earlier. The
calculation uses integrated luminosity L = 5.3 fb�1 and takes the ratio efull/agen = 0.74 ± 0.05,
which includes the systematic uncertainties and covers the variation in the ratio over all of the
benchmark points used (see Tables 1 and 2). The limit is not applicable to models where the
new light bosons are typically non-isolated or have substantial lifetime. The efficiency of the
selections in this analysis abruptly deteriorates if the light boson’s decay vertex is more than
⇠ 4 cm away from the beamline.

In summary, no excess is observed in the data with respect to the SM predictions. We find no
evidence of non-SM decay modes of a Higgs boson into pairs of new light bosons of the same
mass, which subsequently decay to pairs of oppositely charged muons (h ! 2a + X ! 4µ + X)
for Higgs boson masses in the range 86 < mh < 150 GeV/c2 and for the new light-boson masses
in the range 0.25 < ma < 3.55 GeV/c2 using data collected by the CMS experiment in proton-
proton collisions at

p
s = 7 TeV, corresponding to an integrated luminosity of 5.3 fb�1. The

h→ a1 a1 →4μ

search of light Higgs  
decaying into 2μ

via a double Crystal Ball (CB) function [27,28]. The
resolution of one of the CB functions is left free in the fit
but is constrained to be the same for all the three reso-
nances. The resolution of the second CB function is deter-
mined from the fit of the !ð1SÞ peak, and forced to scale
with the mass of the other two resonances. As the reso-
nances overlap, we fit for the presence of all three ! states
simultaneously using three double CB functions. The mean
of the CB of the!ð1SÞ is left free in the fit to accommodate
a possible bias in the momentum scale calibration. The
number of free parameters is reduced by fixing the !ð2SÞ
and !ð3SÞ mass differences, relative to !ð1SÞ, to their
world average values [6].

The fits to the ! shape and continuum background are
performed in the barrel and end cap regions separately, and
are shown in Fig. 1. The fitted numbers of events are given
in Table I; the barrel-end caps ratio for the ! peaks is
consistent with Monte Carlo (MC) predictions. Outside the
! peak range, corresponding to the signal search mass
ranges, the data are well described by a first-order poly-
nomial. Figure 1 also shows hypothetical signals from
pseudoscalar Higgs bosons a with masses 7 and 12 GeV,
and 2 pb cross sections, scaled by a factor of 10 for
visibility. We perform mass scans of the invariant mass
spectra, dividing mass range 1 into 110 steps and mass

range 2 into 100 steps of 30 MeV each, and treating the
barrel and end cap spectra separately. At each step, we
build a signal Gaussian PDFwith a mean fixed to the center
of the step and a width determined by the mass resolution,
use a first-order polynomial to characterize the back-
ground, and perform an unbinned maximum likelihood fit
to search for a possible contribution from the a. For each
signal mass point, we determine the resolution by fitting
the a invariant mass spectrum with two CB functions (as
for the !, the sum of two CB functions better describes
the resolution) and the mass resolution is calculated as the
weighted average of the widths of the two functions. The
resulting dimuon invariant mass resolution ranges from 50
to 120 MeV (90 to 190 MeV) in the barrel (end caps) for
the mass range 5.5 to 14 GeV. These agree well with the
resolution obtained from the ! resonances in data and MC
simulation. We fit the resolution as a function of mass
using the simulated signal samples, and use this to extract
the values of the dimuon mass resolution for each mass bin
needed in the scan to determine the upper limit.
In mass range 1, we take into account the radiative tail of

the !ð1SÞ by including its shape determined from the full
invariant mass spectrum fit. No significant discrepancy
with SM background predictions is observed, and we
proceed to set cross section limits, as described below.
The efficiency for the selection is factorized into three

contributions, ! ¼ !acc $ !trig $ !sel, where !acc is the kin-
ematic acceptance for the a, !trig is the efficiency of the

muon trigger, and !sel is the efficiency of the selection
applied to the dimuon candidates. We use PYTHIA 6 to
simulate the a signal and to determine !acc. The trigger
and selection efficiencies (!trig and !sel) are measured with

J=c events in data using the tag-and-probe technique [28].
We perform this study in bins of " and pT of the probe
muon. The efficiency values extracted from data are com-
pared with those obtained from the simulation of prompt
J=c ! #þ#&. The difference between the efficiency in
data and MC simulation is evaluated in bins of pT and "
and used as a correction to weight the MC events in order
to accommodate possible discrepancies. These corrections
are typically on the order of a few percent. For each
dimuon candidate, the weight is the product of the correc-
tions for the two muons.
The isolation requirement efficiency that contributes to

!sel cannot be measured using the J=c data set as one of
the main production mechanisms for J=c is through
B-meson decays, resulting in nonisolated muons. This is
not well accounted for in simulation, and would result in
biased data or MC efficiency corrections. In order to
estimate this correction, we use Z ! #þ#& events and
consider the lower pT spectrum of the probe muon.
The total efficiency ! is defined for each a mass sample

as the fraction of generated signal events, weighted by
the appropriate data-MC corrections, that satisfy all the
selection requirements. This ranges from 1%–3.5% for the
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FIG. 1 (color online). Dimuon invariant mass distribution for
the barrel (upper) and end caps (lower) after the event selection.
The invariant mass distributions are fitted accounting for the
three ! resonances and QCD continuum. Hypothetical signals
from pseudoscalar Higgs bosons a at 7 and 12 GeV are shown.

TABLE I. Fitted numbers of ! and continuum background
events in the invariant mass range 5.5–14 GeV. The ! contribu-
tions are summed over the three resonances.

Contribution events (barrel) events (end caps)

! 93 753' 396 95 876' 454
Continuum 41 210' 320 45 792' 385
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Figure 4: The total �2 in the (mZ00 , gZ00) plane.

4 LHC phenomenology

In this section, we study the phenomenology of the Z 00 model at the LHC and investigate
whether the current and future LHC results can constrain or discover the Z 00 boson in the
region which is favored by the EW precision measurement as well as the muon g-2 shown in
the previous section.

Relatively light Z 00 bosons can be produced at e+e�, pp̄ and pp collisions. The event
including the decay is typically described by the diagram depicted in Figure 5.

Figure 5: Feynman diagram for a typical Z 00 boson production process at the tree-level.

Since the Z 00 boson only couples to µ, ⌧ , ⌫µ and ⌫⌧ , its e↵ects only appear in the specific
final states. Table 4 lists the final states where the Z 00 boson contributes. In particular, the
4 lepton modes involving e± are not a↵ected.
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Figure 1: Left: Comparison of the data (solid circles) failing the m1 ' m2 requirement in the
control sample (no isolation requirement is applied to reconstructed dimuons) with the predic-
tion of the background shape model (solid line) scaled to the number of entries in the data. The
insets show the B17+8 and B8+8 templates (solid lines) for dimuons obtained with background-
enriched data samples. Right: Distribution of the invariant masses m1 vs. m2 for the isolated
dimuon systems for the three events in the data (shown as empty circles) surviving all selec-
tions except the requirement that these two masses fall into the diagonal signal region m1 ' m2
(outlined with dashed lines). The background expectation (as indicated by the intensity (color
online) of the shading) is a sum of the bb and the direct J/y pair production contributions.

both dimuons containing such a muon, the assignment of m1 and m2 is random. As each b
quark fragments independently, we construct the template describing the 2D probability den-
sity function as a Cartesian product B17+8(m1)⇥ B8+8(m2), where the B17+8 and B8+8 templates
model the invariant-mass distributions for dimuons with or without the requirement that the
dimuon contains at least one muon satisfying pT > 17 GeV/c and |h| < 0.9. This distinction
is necessary as the shape of the dimuon invariant mass distribution depends on the trans-
verse momentum thresholds used to select muons and whether the muons are in the central
(|h| < 0.9) or in the forward (0.9 < |h| < 2.4) regions, owing to the differences in momentum
resolution of the barrel and endcap regions of the tracker. The B17+8 shape is measured using
a data sample enriched in bb events with exactly one dimuon and one orphan muon under the
assumption that one of the b quarks decays to a dimuon containing at least one muon with
pT > 17 GeV/c and |h| < 0.9, while the other b quark decays semileptonically resulting in an
orphan muon with pT > 8 GeV/c. For the B8+8 shape, we use a similar sample and procedure
but only require the dimuon to have both muons with pT > 8 GeV/c, while the orphan muon
has to have pT > 17 GeV/c and |h| < 0.9. Both data samples used to measure background
shapes are collected with the same trigger and with kinematic properties similar to those bb
events passing the selections of the main analysis. These event samples do not overlap the
sample containing two dimuons that is used for the main analysis, and they have negligible
contributions from non-bb backgrounds. The B17+8 and B8+8 distributions, fitted with a para-
metric analytical function using a combination of Bernstein polynomials [59] and Crystal Ball
functions [60] describing resonances, are shown as insets in Fig. 1 (left). Once the Bbb(m1, m2)
template is constructed, it is used to provide a proper description of the bb background shape
in the main analysis.

CMS 4μ search
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Figure 3: Left: The 95% CL upper limits as functions of ma1 , for the NMSSM case, on s(pp !
h1,2 ! 2a1) ⇥ B2(a1 ! 2µ) with mh1 = 86 GeV/c2 (dashed curve), mh1 = 125 GeV/c2 (dash-
dotted curve) and mh1 = 150 GeV/c2 (dotted curve). The limits are compared to the rate (solid
curve) obtained using a toy model with s(pp ! h1) = s(pp ! h2) = sSM(125 GeV/c2),
B(h1,2 ! 2a1) = 3%, and B(a1 ! 2µ) as a function of ma1 which is taken from [28] for NMSSM
parameter tan b = 20. Right: The 95% CL upper limits on B(h1,2 ! 2a1)⇥ B2(a1 ! 2µ) with
mh1 = 86 GeV/c2 (dashed curve), mh1 = 125 GeV/c2 (dash-dotted curve) and mh1 = 150 GeV/c2

(dotted curve) assuming s(pp ! h1) = s(pp ! h2) = sSM(125 GeV/c2). The limits are
compared to the branching fraction (solid line) obtained using B(h1,2 ! 2a1) = 3% and B(a1 !
2µ) as a function of ma1 which is taken from [28].

the SM particles in these models, which affect the Higgs boson production cross section. The
sensitivity of this search can be compared to that of a similar analysis performed at the Teva-
tron [40] after rescaling with the ratio of the Higgs boson cross sections at the LHC and the
Tevatron. If plotted in Fig. 2 and Fig. 3 (left), the Tevatron results would have excluded rates
above ⇠ 130 fb, an order of magnitude in sensitivity less.

For an arbitrary non-SM scenario predicting the signature investigated in this Letter, the results
can be presented as the 95% CL limit s(pp ! 2a + X)⇥ B2(a ! 2µ)⇥ agen < 0.78 ± 0.05 fb,
where agen is the generator level kinematic and geometric acceptance described earlier. The
calculation uses integrated luminosity L = 5.3 fb�1 and takes the ratio efull/agen = 0.74 ± 0.05,
which includes the systematic uncertainties and covers the variation in the ratio over all of the
benchmark points used (see Tables 1 and 2). The limit is not applicable to models where the
new light bosons are typically non-isolated or have substantial lifetime. The efficiency of the
selections in this analysis abruptly deteriorates if the light boson’s decay vertex is more than
⇠ 4 cm away from the beamline.

In summary, no excess is observed in the data with respect to the SM predictions. We find no
evidence of non-SM decay modes of a Higgs boson into pairs of new light bosons of the same
mass, which subsequently decay to pairs of oppositely charged muons (h ! 2a + X ! 4µ + X)
for Higgs boson masses in the range 86 < mh < 150 GeV/c2 and for the new light-boson masses
in the range 0.25 < ma < 3.55 GeV/c2 using data collected by the CMS experiment in proton-
proton collisions at

p
s = 7 TeV, corresponding to an integrated luminosity of 5.3 fb�1. The

h→ a1 a1 →4μ

search of light Higgs  
decaying into 2μ

via a double Crystal Ball (CB) function [27,28]. The
resolution of one of the CB functions is left free in the fit
but is constrained to be the same for all the three reso-
nances. The resolution of the second CB function is deter-
mined from the fit of the !ð1SÞ peak, and forced to scale
with the mass of the other two resonances. As the reso-
nances overlap, we fit for the presence of all three ! states
simultaneously using three double CB functions. The mean
of the CB of the!ð1SÞ is left free in the fit to accommodate
a possible bias in the momentum scale calibration. The
number of free parameters is reduced by fixing the !ð2SÞ
and !ð3SÞ mass differences, relative to !ð1SÞ, to their
world average values [6].

The fits to the ! shape and continuum background are
performed in the barrel and end cap regions separately, and
are shown in Fig. 1. The fitted numbers of events are given
in Table I; the barrel-end caps ratio for the ! peaks is
consistent with Monte Carlo (MC) predictions. Outside the
! peak range, corresponding to the signal search mass
ranges, the data are well described by a first-order poly-
nomial. Figure 1 also shows hypothetical signals from
pseudoscalar Higgs bosons a with masses 7 and 12 GeV,
and 2 pb cross sections, scaled by a factor of 10 for
visibility. We perform mass scans of the invariant mass
spectra, dividing mass range 1 into 110 steps and mass

range 2 into 100 steps of 30 MeV each, and treating the
barrel and end cap spectra separately. At each step, we
build a signal Gaussian PDFwith a mean fixed to the center
of the step and a width determined by the mass resolution,
use a first-order polynomial to characterize the back-
ground, and perform an unbinned maximum likelihood fit
to search for a possible contribution from the a. For each
signal mass point, we determine the resolution by fitting
the a invariant mass spectrum with two CB functions (as
for the !, the sum of two CB functions better describes
the resolution) and the mass resolution is calculated as the
weighted average of the widths of the two functions. The
resulting dimuon invariant mass resolution ranges from 50
to 120 MeV (90 to 190 MeV) in the barrel (end caps) for
the mass range 5.5 to 14 GeV. These agree well with the
resolution obtained from the ! resonances in data and MC
simulation. We fit the resolution as a function of mass
using the simulated signal samples, and use this to extract
the values of the dimuon mass resolution for each mass bin
needed in the scan to determine the upper limit.
In mass range 1, we take into account the radiative tail of

the !ð1SÞ by including its shape determined from the full
invariant mass spectrum fit. No significant discrepancy
with SM background predictions is observed, and we
proceed to set cross section limits, as described below.
The efficiency for the selection is factorized into three

contributions, ! ¼ !acc $ !trig $ !sel, where !acc is the kin-
ematic acceptance for the a, !trig is the efficiency of the

muon trigger, and !sel is the efficiency of the selection
applied to the dimuon candidates. We use PYTHIA 6 to
simulate the a signal and to determine !acc. The trigger
and selection efficiencies (!trig and !sel) are measured with

J=c events in data using the tag-and-probe technique [28].
We perform this study in bins of " and pT of the probe
muon. The efficiency values extracted from data are com-
pared with those obtained from the simulation of prompt
J=c ! #þ#&. The difference between the efficiency in
data and MC simulation is evaluated in bins of pT and "
and used as a correction to weight the MC events in order
to accommodate possible discrepancies. These corrections
are typically on the order of a few percent. For each
dimuon candidate, the weight is the product of the correc-
tions for the two muons.
The isolation requirement efficiency that contributes to

!sel cannot be measured using the J=c data set as one of
the main production mechanisms for J=c is through
B-meson decays, resulting in nonisolated muons. This is
not well accounted for in simulation, and would result in
biased data or MC efficiency corrections. In order to
estimate this correction, we use Z ! #þ#& events and
consider the lower pT spectrum of the probe muon.
The total efficiency ! is defined for each a mass sample

as the fraction of generated signal events, weighted by
the appropriate data-MC corrections, that satisfy all the
selection requirements. This ranges from 1%–3.5% for the
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FIG. 1 (color online). Dimuon invariant mass distribution for
the barrel (upper) and end caps (lower) after the event selection.
The invariant mass distributions are fitted accounting for the
three ! resonances and QCD continuum. Hypothetical signals
from pseudoscalar Higgs bosons a at 7 and 12 GeV are shown.

TABLE I. Fitted numbers of ! and continuum background
events in the invariant mass range 5.5–14 GeV. The ! contribu-
tions are summed over the three resonances.

Contribution events (barrel) events (end caps)

! 93 753' 396 95 876' 454
Continuum 41 210' 320 45 792' 385
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L(mu)-L(tau) Z” modelfor aμ deviation  

For this channel we require the following cuts:

1. two ⌧ jets exist satisfying pT,⌧ > 20 GeV and |⌘⌧ | < 2.3, only hadronically decaying ⌧ ’s.

2. two oppositely charged muons exist satisfying pT,µ > 10 GeV and |⌘µ| < 2.7, the two
muons are well separated as �R > 0.1.

3. requiring the invariant mass cut for the two ⌧ ’s, m⌧⌧ > 120 GeV, where we adopt
the collinear approximation for the ⌧ momentum reconstruction, that is, the neutrino
momentum from ⌧ decay is assumed to be parallel to the ⌧ jet direction.

The 1st and 2nd requirements select events which have 2µ and 2⌧ . The 3rd cut e↵ectively
rejects the SM ZZ backgrounds. It is because the signal matrix element is not enhanced
at m⌧⌧ ⇠ mZ nor mZ00 once we require mµµ ⇠ mZ00 . On the other hand, in the SM ZZ
background both mµµ and m⌧⌧ are enhanced at mZ . We found that the collinear approxima-
tion for the ⌧ reconstruction is not good enough to reproduce the Z 00 mass from the di-tau
invariant mass. Nevertheless, we found it useful to reject the SM background.
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Figure 9: The (mµµ) distributions in the 2µ2⌧ channel at
p
s = 14 TeV for the SM (dashed

line) and for the Z 00 model with mZ00 = 80, 90, and 100 GeV (solid lines, from left to right).
The integrated luminosity of 300 fb�1 is assumed.

In 4µ channel there are two possible combinations to pair the muons. We have primarily
used the m

12

, which is the lepton pair closer to mZ , for the Z 00 boson search. By contrast,
2µ2⌧ channel has no such combinatorial problem. In Figure 9, we show the di-muon invariant
mass (mµµ) distributions for the SM (dashed line) and Z 00 model with mZ00 = 80, 90, and
100 GeV (solid lines), from left to right panels, respectively. The normalizations are for the
integrated luminosity of 300 fb�1.

Table 13 shows event numbers in several mµµ ranges around the excess for the Z 00 models
(NZ00) together with those for the SM (N

SM

), the ratio NZ00/N
SM

, and significance expressed
by the required integrated luminosity for the discovery, which is defined as the integrated
luminosity where the probability to have number of events in the signal bin N > NZ00 is
less than 10�5 for the Poisson distribution with the average of N

SM

. The NZ00/N
SM

is large

17

ATLAS data §. In the ATLAS analysis [38], they search for the production of four leptons:
e+e�e+e� (4e), µ+µ�µ+µ� (4µ) and e+e�µ+µ� (2e2µ) at the Z resonance. We summarize
the set of selection cuts they have used as follows:

1. four isolated leptons, which have two opposite sign and same-flavor di-lepton pairs,
where pT,µ > 4 GeV and |⌘µ| < 2.7 (pT,e > 7 GeV and |⌘e| < 2.47).

2. the leading three leptons must have pT,` > 20, 15, and 8 GeV, and if the third (pT -
ordered) lepton is an electron it must have pT,e3 > 10 GeV.

3. the four leptons are required to be separated as �R`` > 0.1.

4. the invariant masses of the same-flavor and opposite-sign leptons are required to have
ml+l� > 5 GeV.

5. m
12

> 20 GeV and m
34

> 5 GeV, where m
12

is the invariant mass of the same flavor
and opposite sign di-lepton pair which is the closest to the Z boson mass among the
possible combinations, while the other one is called m

34

.

6. the invariant mass of the four leptons is in the mZ window, 80 GeV < m
4l < 100 GeV.

§ The CMS has similar analysis in Ref. [37] and their result, however, is based on data collected at
p
s = 7

TeV. On the other hand, the ATLAS result is based on much larger set of data with integrated luminosities
of 4.6 fb�1 at

p
s = 7 TeV and 20.7 fb�1 at

p
s = 8 TeV. Therefore, we concentrate on the ATLAS analysis.
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Figure 6: The m
12

and m
34

distributions for the SM (dashed) and for the Z 00 models with
mZ00 = 60 GeV (blue) and 80 GeV (red). All channels (4e, 2e2µ and 4µ) are summed up.
Combined results for the integrated luminosities of 4.6 fb�1 at

p
s = 7 TeV and 20.7 fb�1 atp

s = 8 TeV are shown.
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Figure 4: The total �2 in the (mZ00 , gZ00) plane.

4 LHC phenomenology

In this section, we study the phenomenology of the Z 00 model at the LHC and investigate
whether the current and future LHC results can constrain or discover the Z 00 boson in the
region which is favored by the EW precision measurement as well as the muon g-2 shown in
the previous section.

Relatively light Z 00 bosons can be produced at e+e�, pp̄ and pp collisions. The event
including the decay is typically described by the diagram depicted in Figure 5.

Figure 5: Feynman diagram for a typical Z 00 boson production process at the tree-level.

Since the Z 00 boson only couples to µ, ⌧ , ⌫µ and ⌫⌧ , its e↵ects only appear in the specific
final states. Table 4 lists the final states where the Z 00 boson contributes. In particular, the
4 lepton modes involving e± are not a↵ected.

8

Figure 1: Feynman diagram for muon g-2, mediated by the Z 00 gauge boson.

Note that one-loop corrections are parametrized by �, which is independent of f (f =
µ, ⌧, ⌫µ, ⌫⌧ ) if the lepton masses are neglected. � is given by [29]

� = �(1) + �Z, (3.5)

�(1) = �g2Z00

8⇡2

Re
⇥
q2 {C

0

+ C
11

+ C
23

� C
22

}� 2(1� ✏)2C
24

⇤
(Z 00, µ, µ; p, q), (3.6)

�Z = �g2Z00

8⇡2

(1� ✏)(B
0

+B
1

)(Z 00, µ; p2 = m2

µ), (3.7)

where �(1) is an one-loop vertex correction and �Z is a counter term contribution from the
wave function renormalization of the leptons. p and q are external momenta of the muon
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Figure 2: Contours of the standard deviations for muon g-2 with the Z 00 contribution (�aµ)
in (mZ00 , gZ00) plane.
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4 LHC phenomenology

In this section, we study the phenomenology of the Z 00 model at the LHC and investigate
whether the current and future LHC results can constrain or discover the Z 00 boson in the
region which is favored by the EW precision measurement as well as the muon g-2 shown in
the previous section.

Relatively light Z 00 bosons can be produced at e+e�, pp̄ and pp collisions. The event
including the decay is typically described by the diagram depicted in Figure 5.

Figure 5: Feynman diagram for a typical Z 00 boson production process at the tree-level.

Since the Z 00 boson only couples to µ, ⌧ , ⌫µ and ⌫⌧ , its e↵ects only appear in the specific
final states. Table 4 lists the final states where the Z 00 boson contributes. In particular, the
4 lepton modes involving e± are not a↵ected.
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dark matter and Baryon number 
• Dark matter and Baryon may be related in　asymmetric 

dark matter model 
BSM, the mass of the ADM particle is then found to be

mDM =
30

97

79

22

ΩDM

Ωb

mN

QDM
!

5.7GeV

QDM
. (3)

2.2 Fermionic ADM with a light scalar mediator

In the previous subsection, we briefly reviewed a simple scenario for light ADM

with a B−L asymmetry, where, under certain mild assumptions, the mass of the

DM particle is predicted as a function of its B−L charge (equation (3)). The only

interaction between the DM sector and the SM sector assumed for this scenario so

far is the total B−L number conserving but DM number violating interaction given

by equation (1). This interaction does not lead to any annihilation between DM and

anti-DM particles. The lowest dimension effective interaction connecting the DM

particles to the SM sector is described by the following dimension-5 operator

L5 =
λ

Λ
|H|2(χχ+ h.c.), (4)

where H denotes the SM Higgs doublet and χ is the fermionic DM particle. However,

since the annihilation cross section via this interaction is suppressed by the cutoff

scale Λ, it is difficult to eliminate the symmetric component with this term alone

when Λ > O(1) TeV. We, therefore, do not consider this possibility any further.

Instead, we introduce an additional light state which couples to the fermionic DM

particle. This additional light state can either be spin-0 or spin-1. Such an interaction

can also play the role of connecting the DM sector with the SM sector. In the

scalar mediator case, the mediator can mix with the SM Higgs boson giving rise

to a Higgs-portal interaction, and in the vector mediator case, one can have kinetic

mixing with the SM gauge sector. Since the scalar mediator case does not require

the introduction of new gauge interactions, we focus on this possibility only. The

vector mediator option has been discussed in detail in reference [14]. The Lagrangian

describing the DM and the light scalar sectors is given by

L = i χ(∂/ −mχ)χ+
1

2
(∂µφ

′∂µφ′ −m2
φ′φ′2)− κχχφ′ − V (H ′,φ′), (5)

V (H ′,φ′) = V (H ′)SM + λ1φ
′|H ′|2 + λ2φ

′2|H ′|2 + λ3φ
′3 + λ4φ

′4. (6)

Here, V (H ′)SM represents the usual SM Higgs potential5. Without any loss of gen-

erality, we assume that the SM singlet scalar field φ′ does not receive any vacuum

5For a study on the vacuum stability of such a scalar potential, see, for example, reference [15].
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Figure 3: σ(gg → φ) × Br (φ → µµ) as a function of the mediator mass. The shaded

region is excluded by the CMS di-muon resonance search at 7 TeV LHC (with 1.3 fb−1

data). The black and blue curves correspond to sin2 α = 1 and 0.1 respectively.

pairs. This result shows that the current limit can only exclude a very large mix-

ing scenario (i.e., sin2 α ∼1), for mφ ! 9 GeV . For φ masses above 9 GeV, the

branching fraction Br(φ → µµ) is very small and the present sensitivity is not suf-

ficient to probe most of the parameter space of the ADM model under consideration.

Mediator from Higgs decay: Since the mediator particle we consider is

always much lighter than the Higgs boson, it can be produced from Higgs decays.

Although the Br(h → φφ) is a priori undetermined in our model, in section 3.2.2,

we found an upper limit of 20% from a global fit of the present Higgs data. This

gives us a promising opportunity to discover the light mediator particle from Higgs

decays as long as the h → φφ branching ratio is sizable. As before, the search

prospects depend critically on the φ branching ratios to different final states. The

CMS collaboration has searched for a new scalar particle (a) produced in Higgs

decays, in the four muon channel, using 5.3 fb−1 of data at the 7 TeV LHC [40].

No significant excess has been found over SM backgrounds, which leads to an upper

limit on σ(pp → h → aa)×Br2(a → µ+µ−) as a function of the mass of a. We have

used this result to evaluate the current limit on the Higgs branching ratio to a φ

pair, and our results are shown in figure 4. Clearly, this limit is applicable only in
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Figure 4: Constraints on the branching fraction Br(h → φφ) from CMS 4µ search, using

5.3 fb−1 data at 7 TeV LHC. Contours of fixed BR (h → φφ) are shown as blue, black and

red curves (1%, 10% and 100%), while the CMS bound is shown as a pink line.

the region 2me < mφ < 2mc. For φ masses above the charm quark threshold, final

states involving tau leptons and bottom quarks become important, the analysis for

which has not yet been reported by the LHC collaborations. As we can see from this

figure, unlike in the case of direct φ production, the bound on Br(h → φφ ) from

LHC is already very strong. For mφ < 1.6 GeV, Br(h → φφ) is constrained to be

lower than 1%, while for 1.6 GeV < mφ < 2.8 GeV it should be lower than about

10%. Motivated by this, in section 4.1.2, we discuss the search for higher mass φ

particles from Higgs decays as a promising future prospect at the LHC.

3.3 Other constraints

Light scalar particles can also be searched from the radiative decays of the bottom

quark bound state Υ. The decay of Υ → γφ has been investigated for the mass

region mφ < mΥ in different experiments and the signal relies on a narrow peak of

width around 10 MeV in the photon spectrum. At the leading order, the ratio of

the partial widths for Υ → γφ and Υ → µ+µ− is given by

R0 =
Br( Υ → γφ )

Br( Υ → µ+µ− )
=

GFm2
b√

2παem

(

1−
m2

Φ

M2
Υ

)

sin2 α, (21)
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Figure 1: Distributions of Emiss,rel
T (left) and mT2 (right) in the e+e� (top), µ+µ� (middle) and e±µ⌥

(bottom) event samples satisfying the event selection of Section 4, as well as Emiss,rel
T > 40 GeV, and

the Z veto. The expected distributions from the WW, tt̄ and ZV processes are corrected with data-
driven scale factors obtained in Section 6. The hashed regions represent the total uncertainties on the
background estimates. The right-most bin of each plot includes overflow. Illustrative SUSY benchmark
models are super-imposed.
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Object(s) Trigger Estimated Rate
no L1Track with L1Track

e EM20 200 kHz 40 kHz
g EM40 20 kHz 10 kHz⇤

µ MU20 > 40 kHz 10 kHz
t TAU50 50 kHz 20 kHz
ee 2EM10 40 kHz < 1 kHz
gg 2EM10 as above ⇠5 kHz⇤

eµ EM10_MU6 30 kHz < 1 kHz
µµ 2MU10 4 kHz < 1 kHz
tt 2TAU15I 40 kHz 2 kHz
Other JET + MET ⇠ 100 kHz ⇠ 100 kHz
Total ⇠ 500 kHz ⇠ 200 kHz

Table 2.3: The expected Level-1 trigger rates at 7⇥ 1034 cm�2 s�1 for the baseline split L0/L1 Phase-II
trigger. The EM triggers all assume the hadronic energy veto (VH) is used. ⇤For the photon and di-photon
triggers it is assumed that the full granularity in the Level-1 calorimeter trigger will bring an additional factor
3 in background rejection power. The tt trigger rate assumes a factor 2 reduction in the tau fake rate from
the eFeX. The exclusive rates for et and µt are not included as these will depend strongly on the exact
trigger menu and trigger thresholds used.

cept. It might be sufficient to transfer the data only from a region around the RoIs identified
by the Phase-I calorimeter trigger. The additional processing time available within the total
latency of 20 µs would allow further refinement of the EM, tau, jet and energy sum triggers.
For example the positions of the electrons would be determined more precisely which would
improve the matching with track segments. Furthermore, the fine-grained calorimeter infor-
mation would improve the quality of the standalone EM triggers, which will be essential in
order to maintain reasonable thresholds for photons.

• Level-1 Muon Trigger: A L1Muon system will introduce the monitored-drift-tubes (MDTs)
of the ATLAS muon spectrometer in the Muon trigger, at Level-0 or Level-1. This enables
track momentum reconstruction to be performed for muons in the MDT acceptance, provid-
ing further background rejection against relatively low momentum muons.

• Level-1 Central Trigger: The new Level-1 central trigger would form the final Level-1
accept based on the results of the L1Calo, L1Muon and L1Track trigger RoIs.

2.3 Calorimeter Trigger

In the Phase-II upgrade, the entire calorimeter front-end and back-end electronics will be replaced,
as described in sections 3.1 and 4.1. The new front-end electronics will digitise all channels
every bunch crossing and transmit the data off the detector on high speed links to new calorimeter
backend electronics in USA15. The fibres would be laid in a low-latency route using the holes in
the shielding freed by removing the previous analogue trigger cables. The back-end electronics
will process these data every bunch crossing to extract the ET and timing of each pulse.

– 11 –

EW SUSY at HL-LHC
extension at HL-LHC (up to 

3000fb-1) because lepton trigger 
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Figure 10: (a) The missing transverse momentum distribution in three-lepton events for the background
and two signal scenarios. (b) The 95% CL exclusion limits (dashed lines) and 5� discovery reach
(solid lines) for charginos and neutralinos undergoing �̃±1 �̃

0
2 ! W (⇤) �̃0

1Z(⇤) �̃0
1. The case of 300 fb�1

and 3000 fb�1 are reported.

15

current
limit 

LHC will be sensitive to Lepton channel ! 

13年11月25日月曜日



 (GeV)2M
200 400 600 800 1000

 (G
eV

)
µ

200

400

600

800

1000
 SimulationILC

-1=500 GeV, L=500 fbs

Bino LSP

=10β=100 GeV, tan1M

Excludable at 95% C.L.

 (GeV)1M
200 400 600 800 1000

 (G
eV

)
2

M
200

400

600

800

1000

 SimulationILC
-1=500 GeV, L=500 fbs

Higgsino LSP

=10β=100 GeV, tanµ

Excludable at 95% C.L.

Figure 7: Exclusion reach for electroweakinos at the ILC studied with fast simulation. Left: the case of Bino
LSP. Right: the case of Higgsino LSP. The shaded region (yellow) is the expected exclusion reach at 95%
confidence level.

Threshold scans and beam polarization will help to differentiate these reactions and to discriminate the
Higgsino/gaugino components of each χ̃0

j state which is accessible. Even in the case where e+e− → χ̃0
1χ̃

0
1,

radiation of initial state photons can be used to tag this reaction against e+e− → νν̄γ background. To
summarize: while LHC is sensitive to mainly mixed electroweakino production provided there are large
enough mass gaps between parent and daughter particles, ILC will be sensitive to a variety of complementary
reactions even when small mass gaps occur, such as for charged and neutral Higgsino pair production.

A joint LHC/ILC study demonstrates the complementarity of the two machines [43]. In this study, a
parameter scan is performed in the context of the MSSM across the three-dimensional parameter space in the
M1, M2, and µ variables, fixing the Higgs mass to the observed value and tanβ. The masses and branching
ratios are obtained from tree-level calculations. Small mass gaps down to about 200 MeV are studied, below
which the loop corrections become significant.

For the ILC, two analysis strategies are employed. First, the signature of four jets plus missing four-
momentum covers the case of medium to large mass differences among the electroweakinos. Second, the recoil
of the initial state radiation photon is used for the case of small mass differences. The SGV fast simulation
tool [44] is used to simulate the ILC detector response, which takes into account the effect of particle flow
calorimetry. The expected exclusion reach is shown in Fig. 7 for the case of the ILC with

√
s = 500 GeV.

In the case of Bino LSP, the ILC is essentially sensitive to M2 and µ of up to 250 GeV, which is half the
center-of-mass energy; the NLSP is accessible under this condition and its decays can be detected. The LHC
is expected to be able to cover larger M2 values, which provide the large mass gaps allowing the detection
of the electroweakinos. The case of LSP pair production without NLSP can be searched at the ILC with a
single photon signature from the ISR and is covered in Sec. 4.6.

In the case of Higgsino LSP with µ = 100 GeV, the LSP and NLSP are accessible regardless of M1 and
M2. The detection of Higgsino decays, which are typically soft, can be used to exclude the entire parameter
space with a light Higgsino, which is a capability unique to the ILC.

In addition, the ILC can separate the chargino and neutralino contributions in many cases, providing
cross-section and mass measurements at the O(1)% level [45, 32].

4.5 Bilinear R-Parity Violation: Neutrino Physics at Colliders

One outstanding question the Standard Model cannot explain is the smallness of neutrino masses. As
explained in Sec. 3, some of the proposed mechanisms of neutrino mass generation involving supersymmetry
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FIG. 3: Sensitivity reach for electroweakinos at the 500 ILC with 500 fb−1 luminosity, studied with fast

simulation: (a) for the Bino-like LSP in µ − M2 plane, (b) for the case of Higgsino-like LSP in ∆M =

Mχ±
1

−Mχ0
1
versus Higgsino massMχ±

1

. The green/black-colored points indicate points with S/
√
B > 3σ,

while the red-colored points are with S/
√
B < 3σ. The statistical significance is labeled by the color code

on the right-hand side.

(!+!− +!!ET ), (b) tri-lepton (!!! + jets +!!ET ), and (c) Wh (!bb +!!ET ). We also show in (d) the

combined sensitivity for all six search channels [18]. The statistical significance is labeled by the

color code on the right-hand side. The solid and dashed curves indicate the 5σ discovery and 95%

C.L. exclusion reach. As expected, we see that the di-lepton mode in (a) is more sensitive to Case

AI withM2 < µwith certain sensitivity to low µ as well, the trilepton mode in (b) is more sensitive

to Case AII with µ < M2, while the single lepton plus h → bb̄ in (c) is mainly sensitive to lowM2.

It is important to note the complementarity of the different channels. TheWh (h → bb̄) final state

may yield a sensitivity of 95% C.L. exclusion (5σ discovery) to the mass scaleM2, µ ∼ 250−400

GeV (200− 250 GeV). Combining with all the other decay channels, the 95% C.L. exclusion (5σ

discovery) may be extended toM2, µ ∼ 480− 700 GeV (320− 500 GeV).

IV. CHARGINOS AND NEUTRALINOS AT THE ILC

Due to the rather small electroweak production cross sections and large SM backgrounds at the

LHC, the discovery of the charginos and neutralinos via direct production would be very challeng-
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conclusion 
• Existing BSM starts being constrained.  Extended models are 

not so simple-- if they are correct answer, why? 

• The success of LHC is based on QCD/MC  technology  

• after 13TeV run, there will be HL-LHC run. With low 
threshold  of leptons, we study EW sector of new physics 
strongly. 

• ILC, if can be build, will allow us to study it further. 
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