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今後のLHC への期待
• 統計は圧倒的

• 系統誤差は大きい→QCD 
の高次計算が大事.

• 系統誤差は比率で改善

300fb-1-3000fb-1での予想感度 
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300 fb�1 :
Observable ATLAS CMS-1 CMS-2
�(gg) · BR(��) 12 � 19 6 � 12.3 3 � 6.2
�(WW ) · BR(��) 47 � 15 20 � 2.4 14 � 1.2
�(gg) · BR(WW ) 8 � 18 6 � 12.3 5 � 6.2
�(WW ) · BR(WW ) 20 � 8 35 � 2.4 28 � 1.2
�(gg) · BR(ZZ) 6 � 11 7 � 12.3 5 � 6.2
�(WW ) · BR(ZZ) 31 � 13 12 � 2.4 10 � 1.2
�(gg) · BR(⌧⌧) — 13 � 12.3 6 � 6.2
�(WW ) · BR(⌧⌧) 16 � 15 16 � 2.4 9 � 1.2
�(Wh) · BR(bb) — 17 � 3.8 14 � 1.7
�(tth) · BR(bb) — 60 � 11.7 50 � 5.9
�(tth) · BR(��) 54 � 10 40 � 11.7 38 � 5.9
�(Zh) · BR(invis) — 16 � 4.3 11 � 2.2

3000 fb�1 :
Observable ATLAS-HL CMS-HL-1 CMS-HL-2
�(gg) · BR(��) 5 � 19 4 � 12.3 0.9 � 6.2
�(WW ) · BR(��) 15 � 15 10 � 2.4 4.4 �1.2
�(gg) · BR(WW ) 5 � 18 6 �12.3 1.6 � 6.2
�(WW ) · BR(WW ) 9 � 8 24 � 2.4 8.9 � 1.2
�(gg) · BR(ZZ) 4 � 11 4 � 12.3 1.6 � 6.2
�(WW ) · BR(ZZ) 16 � 13 7 � 12.3 1.9 � 6.2
�(WW ) · BR(⌧⌧) 12 � 15 8 � 2.4 2.8 � 1.2
�(Wh) · BR(bb) — 8 � 3.8 4.4 � 1.7
�(tth) · BR(bb) — 35 � 11.7 16 � 5.9
�(tth) · BR(��) 17 � 12 28 � 11.7 12 � 5.9
�(Zh) · BR(invis) — 10 � 4.3 3.5 � 2.2

Table 1: Error estimates for measurement of Higgs boson processes at the LHC. All numbers
are given as 1 � uncertainties, in %. Errors are given in the form (experiment)�(theory),
where (theory) is an error on the theory used to extract the rate. These errors are added
in quadrature in the analysis. The first three columns give estimates for 14 TeV with
300 fb�1; the second three columns gives estimates for 14 TeV and 3000 fb�1. The columns
for ATLAS give numbers presented in [6]. The columns for CMS are my own estimates,
justified only by the results of the fits shown in Table 2. CMS-1 denotes Scenario 1; CMS-2
denotes Scenario 2.
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最近ちょっと気になった解析 

(Higgs のoff shell width) 

• model independent も考えもの

• complete theory が必要
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FIG. 1: Constraining the total Higgs width by
fixing the signal strength (on-shell region) and
measuring the cross section at large invariant ZZ
masses, keeping couplings in the on-shell and Higgs
off-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (!) ≥ 10 GeV, |y(!)| ≤ 2.5,
∆R(!!′) ≥ 0.4.

CMS have presented first results [18] using this strat-
egy, claiming Γh < 4.2 × ΓSM

h at 95% confidence level
by injecting a global Higgs signal strength µ " 1. The
strategy is sketched in Fig. 1; and we give a quick outline
to make this work self-contained (for additional details
see [11, 14, 18]):

As long as the narrow width approximation is appli-
cable, the cross section for the process p(g)p(g) → h →
ZZ∗ → 4! in the the Higgs on-shell region scales as3

σh,g × BR(H → ZZ → 4!) ∼
g2ggh g

2
hZZ

Γh
, (2)

where we denote the relevant couplings by gX . The
dominant Feynman diagram in this phase space region
is the triangle of Fig. 2, the continuum contribution from
gg → ZZ∗ is highly suppressed and interference is negli-
gible [12].

Since the Higgs width is anticipated to be a small pa-
rameter compared to the Higgs mass Γh/mh ∼ 10−4, we
can expand the Higgs Breit-Wigner propagator D(s) =

g
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FIG. 2: Representative Feynman diagram topologies con-
tributing to gg → ZZ with leptonic Z boson decays in the
SM and theories with extended fermionic sectors.

3We mainly focus on the final state e+e−µ+µ− in the following.
Generalizing our results to full leptonic ZZ decays is straightfor-
ward due to negligible identical fermion interference.
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which shows that the Higgs width parameter rapidly de-
couples from the scattering process for Higgs off-shell pro-
duction. Therefore, the contribution from the triangle di-
agrams in Fig. 2 (neglecting interference for the moment)
scales as

dσh ∼
g2ggh(

√
s) g2hZZ(

√
s)

s
dLIPS×pdfs. (4)

Now, if there is a direct correspondence between gi(mh)
and gi(

√
s), measuring the signal strength µ in the off-

shell and on-shell regions simultaneously allows to set a
limit on the width of the Higgs boson Γh. More explicitly,
for Γh > ΓSM

h , we need to have g2gghg
2
hZZ > (g2gghg

2
hZZ)

SM

to keep µ = µSM fixed, which in turn implies σh > σSM
h .

Fig. 1 validates this line of thought and qualitatively re-
flects the CMS analysis.

But how general is this approach, or put differently,
how solid is a limit on Γh obtained this way once we in-
clude unknown new physics effects? And let aside the in-
terpretation in terms of a constraint on the Higgs width,
what are the more general ramifications of a measure-
ment of the gluon-fusion ZZ and WW cross section away
from the Higgs mass peak?
It is the purpose of this letter to address these ques-

tions from a new physics perspective with a particular
emphasis on probability conservation. First we interpret
the outlined Higgs width measurement from a unitarity
perspective, which paves the way to the formulation of a
simple and transparent BSM counterexample. We anal-
yse the interplay of new resolved physics contributions
to gg → V V ∗ to both Higgs and continuum ZZ,WW
production in light of electroweak precision constraints
and finally point out that, enforcing µ " µSM the off-
shell measurement provides additional statistical pull to
constrain the Higgs’ CP nature in the presence of higher
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FIG. 3: Individual leading order contributions from
Fig. 2 to the full hadronic cross section. For com-
parison we also include the effective theory distri-
bution resulting from a ggh effective vertex in the
mt → ∞ limit. Cuts are identical to Fig. 1. The
coloured scalars are for representative values of λ
and Γh to illustrate their behaviour. For additional
details see text.

dimensional operators (unresolved new physics). We also
discuss off-shell measurements in WBF in Sec. V.
As we will see, in order to gain qualitative control of

new physics effects in the Higgs off-shell region we can-
not rely on effective theory calculations for the SM spec-
trum. We consequently keep all quarks dynamical and
include finite mass effects of the bottom and top quarks.
Our work therefore extends beyond the assumptions of
Ref. [19] which has discussed the impact of new operators
to high invariant mass measurements in detail recently.
We only focus on modified ggh and hZZ/hWW inter-
actions and neglect QED contributions throughout; they
are negligible for high invariant masses when both Zs
are fully reconstructed, but can be sensitive to the pres-
ence of new physics when studied on the Higgs peak via
h → Zγ∗, γ∗γ∗ [20]. We will mainly focus our discussion
on

√
s = 8 TeV; our results straightforwardly generalize

to run II.
Computations have been performed and

cross checked with a combination of Fey-
nArts/FormCalc/LoopTools [21], Helas [22],
MadGraph/MadEvent [23], and Vbfnlo [24]. We
have checked our results against [13] and find very good
agreement.

II. HIGGS WIDTH MEASUREMENTS FROM

gg → V V : A UNITARITY PERSPECTIVE

In Fig. 3 we show the individual contributions of
pp → ZZ∗ → e+e−µ+µ− that result from the Feyn-
man diagrams of Fig. 2. We also include a com-
parison of the full Higgs contribution with the low
energy effective theory [25] as implemented in Mad-
Graph/MadEvent [23], which shows large deviations
when the absorptive parts of the top quark loop are re-

solved (the corresponding Cutkosky cut [26] is included
in Fig. 2). Obviously, a reliable analysis of the high in-
variant mass region in correlation with the on-shell part
cannot be obtained by applying effective theory simpli-
fications. The CMS analysis [18] focuses on m(4") ≥
330 GeV.

It is known that the interference between the trian-
gle and box diagrams is destructive [12] above the 2mt

threshold. This large interference effect becomes trans-
parent when calculating the cross section for the process
qq̄ → ZZ with massive quarks in the initial state. It in-
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FIG. 4: Unpolarized tt̄ → ZZ cross section as function of
energy. We demonstrate unitarity cancellations between the
gauge and Yukawa-type interactions (blue solid, and dashed),
yielding a well-defined SM cross section (orange). We also
show the parameter choice that corresponds to the CMS-like
exclusion of Γh # 5 × ΓSM

h based on the strategy outlined
in [2] and the introduction.

amplitude の 盛大な cancellation 

をてこにしている

5

As an illustration, Fig. 3(left) presents the 4` invariant mass distribution for the off-shell signal
region (m4` > 220 GeV) and for Dgg > 0.65. The expected contributions from the qq ! 4`
and reducible backgrounds, as well as for the total gluon fusion (gg) and vector boson fu-
sion (VV) contributions, including the Higgs boson signal, are shown. The distribution of the
likelihood discriminant Dgg for m4` > 330 GeV is shown in Fig. 3(right), together with the ex-
pected contributions from the SM. The expected m4` and Dgg distributions for the sum of all
the processes, with a Higgs boson width GH = 10 ⇥ GSM

H and a relative cross section with re-
spect to the SM cross section equal to unity in both gluon fusion and VBF production modes
(µ = µggH = µVBF = 1), are also shown. The expected and observed event yields in the off-shell
gg-enriched region defined by m4` � 330 GeV and Dgg > 0.65 are reported in Table 1.
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Figure 3: Distributions of (left) the four-lepton invariant mass after a selection requirement on
the MELA likelihood discriminant Dgg > 0.65, and (right) the Dgg likelihood discriminant for
m4` > 330 GeV in the 4` channel. Points represent the data, filled histograms the expected
contributions from the reducible (Z+X) and qq backgrounds, and from the gluon fusion (gg)
and vector boson fusion (VV) SM processes (including the Higgs boson mediated contribu-
tions). The dashed line corresponds to the total expected yield for a Higgs boson width of
GH = 10 ⇥ GSM

H . The parameters are set to µ = µggH = µVBF = 1. In the left plot the bin size
varies from 20 to 85 GeV and the last bin includes all entries with masses above 800 GeV.

The 2`2n analysis is performed on the 8 TeV data set only. The final state in the 2`2n channel
is characterized by two oppositely-charged leptons of the same flavour compatible with a Z
boson, together with a large Emiss

T from the undetectable neutrinos. We require Emiss
T > 80 GeV.

The event selection and background estimation is performed as described in Ref. [16], with the
exception that the jet categories defined in Ref. [16] are here grouped into a single category, i.e.
the analysis is performed in an inclusive way. The mT distribution in the off-shell signal region
(mT > 180 GeV) is shown in Fig. 4. The expected and observed event yields in a gg-enriched
region defined by mT > 350 GeV and Emiss

T > 100 GeV are reported in Table 1.

Systematic uncertainties comprise experimental uncertainties on the signal efficiency and back-
ground yield evaluation, as well as uncertainties on the signal and background from theoreti-
cal predictions. Since the measurement is performed in wide mZZ regions, there are sources of
systematic uncertainties that only affect the total normalization and others that affect both the
normalization and the shape of the observables used in this analysis. In the 4` final state, all the
systematic uncertainties on the signal and background normalization are partially correlated

CMS 1405.3455

“higgs の幅だけ10倍いじったら gg-> ZZ 断面積が
たくさん変わるからHiggs の幅に制限がついた”
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最近ちょっと気になった解析 

(Higgs のoff shell width) 

• model independent も考えもの

• complete theory が必要
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FIG. 1: Constraining the total Higgs width by
fixing the signal strength (on-shell region) and
measuring the cross section at large invariant ZZ
masses, keeping couplings in the on-shell and Higgs
off-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (!) ≥ 10 GeV, |y(!)| ≤ 2.5,
∆R(!!′) ≥ 0.4.

CMS have presented first results [18] using this strat-
egy, claiming Γh < 4.2 × ΓSM

h at 95% confidence level
by injecting a global Higgs signal strength µ " 1. The
strategy is sketched in Fig. 1; and we give a quick outline
to make this work self-contained (for additional details
see [11, 14, 18]):

As long as the narrow width approximation is appli-
cable, the cross section for the process p(g)p(g) → h →
ZZ∗ → 4! in the the Higgs on-shell region scales as3

σh,g × BR(H → ZZ → 4!) ∼
g2ggh g

2
hZZ

Γh
, (2)

where we denote the relevant couplings by gX . The
dominant Feynman diagram in this phase space region
is the triangle of Fig. 2, the continuum contribution from
gg → ZZ∗ is highly suppressed and interference is negli-
gible [12].

Since the Higgs width is anticipated to be a small pa-
rameter compared to the Higgs mass Γh/mh ∼ 10−4, we
can expand the Higgs Breit-Wigner propagator D(s) =

g
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FIG. 2: Representative Feynman diagram topologies con-
tributing to gg → ZZ with leptonic Z boson decays in the
SM and theories with extended fermionic sectors.

3We mainly focus on the final state e+e−µ+µ− in the following.
Generalizing our results to full leptonic ZZ decays is straightfor-
ward due to negligible identical fermion interference.
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which shows that the Higgs width parameter rapidly de-
couples from the scattering process for Higgs off-shell pro-
duction. Therefore, the contribution from the triangle di-
agrams in Fig. 2 (neglecting interference for the moment)
scales as

dσh ∼
g2ggh(

√
s) g2hZZ(

√
s)

s
dLIPS×pdfs. (4)

Now, if there is a direct correspondence between gi(mh)
and gi(

√
s), measuring the signal strength µ in the off-

shell and on-shell regions simultaneously allows to set a
limit on the width of the Higgs boson Γh. More explicitly,
for Γh > ΓSM

h , we need to have g2gghg
2
hZZ > (g2gghg

2
hZZ)

SM

to keep µ = µSM fixed, which in turn implies σh > σSM
h .

Fig. 1 validates this line of thought and qualitatively re-
flects the CMS analysis.

But how general is this approach, or put differently,
how solid is a limit on Γh obtained this way once we in-
clude unknown new physics effects? And let aside the in-
terpretation in terms of a constraint on the Higgs width,
what are the more general ramifications of a measure-
ment of the gluon-fusion ZZ and WW cross section away
from the Higgs mass peak?
It is the purpose of this letter to address these ques-

tions from a new physics perspective with a particular
emphasis on probability conservation. First we interpret
the outlined Higgs width measurement from a unitarity
perspective, which paves the way to the formulation of a
simple and transparent BSM counterexample. We anal-
yse the interplay of new resolved physics contributions
to gg → V V ∗ to both Higgs and continuum ZZ,WW
production in light of electroweak precision constraints
and finally point out that, enforcing µ " µSM the off-
shell measurement provides additional statistical pull to
constrain the Higgs’ CP nature in the presence of higher
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FIG. 3: Individual leading order contributions from
Fig. 2 to the full hadronic cross section. For com-
parison we also include the effective theory distri-
bution resulting from a ggh effective vertex in the
mt → ∞ limit. Cuts are identical to Fig. 1. The
coloured scalars are for representative values of λ
and Γh to illustrate their behaviour. For additional
details see text.

dimensional operators (unresolved new physics). We also
discuss off-shell measurements in WBF in Sec. V.
As we will see, in order to gain qualitative control of

new physics effects in the Higgs off-shell region we can-
not rely on effective theory calculations for the SM spec-
trum. We consequently keep all quarks dynamical and
include finite mass effects of the bottom and top quarks.
Our work therefore extends beyond the assumptions of
Ref. [19] which has discussed the impact of new operators
to high invariant mass measurements in detail recently.
We only focus on modified ggh and hZZ/hWW inter-
actions and neglect QED contributions throughout; they
are negligible for high invariant masses when both Zs
are fully reconstructed, but can be sensitive to the pres-
ence of new physics when studied on the Higgs peak via
h → Zγ∗, γ∗γ∗ [20]. We will mainly focus our discussion
on

√
s = 8 TeV; our results straightforwardly generalize

to run II.
Computations have been performed and

cross checked with a combination of Fey-
nArts/FormCalc/LoopTools [21], Helas [22],
MadGraph/MadEvent [23], and Vbfnlo [24]. We
have checked our results against [13] and find very good
agreement.

II. HIGGS WIDTH MEASUREMENTS FROM

gg → V V : A UNITARITY PERSPECTIVE

In Fig. 3 we show the individual contributions of
pp → ZZ∗ → e+e−µ+µ− that result from the Feyn-
man diagrams of Fig. 2. We also include a com-
parison of the full Higgs contribution with the low
energy effective theory [25] as implemented in Mad-
Graph/MadEvent [23], which shows large deviations
when the absorptive parts of the top quark loop are re-

solved (the corresponding Cutkosky cut [26] is included
in Fig. 2). Obviously, a reliable analysis of the high in-
variant mass region in correlation with the on-shell part
cannot be obtained by applying effective theory simpli-
fications. The CMS analysis [18] focuses on m(4") ≥
330 GeV.

It is known that the interference between the trian-
gle and box diagrams is destructive [12] above the 2mt

threshold. This large interference effect becomes trans-
parent when calculating the cross section for the process
qq̄ → ZZ with massive quarks in the initial state. It in-
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FIG. 4: Unpolarized tt̄ → ZZ cross section as function of
energy. We demonstrate unitarity cancellations between the
gauge and Yukawa-type interactions (blue solid, and dashed),
yielding a well-defined SM cross section (orange). We also
show the parameter choice that corresponds to the CMS-like
exclusion of Γh # 5 × ΓSM

h based on the strategy outlined
in [2] and the introduction.

amplitude の 盛大な cancellation 

をてこにしている
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As an illustration, Fig. 3(left) presents the 4` invariant mass distribution for the off-shell signal
region (m4` > 220 GeV) and for Dgg > 0.65. The expected contributions from the qq ! 4`
and reducible backgrounds, as well as for the total gluon fusion (gg) and vector boson fu-
sion (VV) contributions, including the Higgs boson signal, are shown. The distribution of the
likelihood discriminant Dgg for m4` > 330 GeV is shown in Fig. 3(right), together with the ex-
pected contributions from the SM. The expected m4` and Dgg distributions for the sum of all
the processes, with a Higgs boson width GH = 10 ⇥ GSM

H and a relative cross section with re-
spect to the SM cross section equal to unity in both gluon fusion and VBF production modes
(µ = µggH = µVBF = 1), are also shown. The expected and observed event yields in the off-shell
gg-enriched region defined by m4` � 330 GeV and Dgg > 0.65 are reported in Table 1.
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Figure 3: Distributions of (left) the four-lepton invariant mass after a selection requirement on
the MELA likelihood discriminant Dgg > 0.65, and (right) the Dgg likelihood discriminant for
m4` > 330 GeV in the 4` channel. Points represent the data, filled histograms the expected
contributions from the reducible (Z+X) and qq backgrounds, and from the gluon fusion (gg)
and vector boson fusion (VV) SM processes (including the Higgs boson mediated contribu-
tions). The dashed line corresponds to the total expected yield for a Higgs boson width of
GH = 10 ⇥ GSM

H . The parameters are set to µ = µggH = µVBF = 1. In the left plot the bin size
varies from 20 to 85 GeV and the last bin includes all entries with masses above 800 GeV.

The 2`2n analysis is performed on the 8 TeV data set only. The final state in the 2`2n channel
is characterized by two oppositely-charged leptons of the same flavour compatible with a Z
boson, together with a large Emiss

T from the undetectable neutrinos. We require Emiss
T > 80 GeV.

The event selection and background estimation is performed as described in Ref. [16], with the
exception that the jet categories defined in Ref. [16] are here grouped into a single category, i.e.
the analysis is performed in an inclusive way. The mT distribution in the off-shell signal region
(mT > 180 GeV) is shown in Fig. 4. The expected and observed event yields in a gg-enriched
region defined by mT > 350 GeV and Emiss

T > 100 GeV are reported in Table 1.

Systematic uncertainties comprise experimental uncertainties on the signal efficiency and back-
ground yield evaluation, as well as uncertainties on the signal and background from theoreti-
cal predictions. Since the measurement is performed in wide mZZ regions, there are sources of
systematic uncertainties that only affect the total normalization and others that affect both the
normalization and the shape of the observables used in this analysis. In the 4` final state, all the
systematic uncertainties on the signal and background normalization are partially correlated

CMS 1405.3455

“higgs の幅だけ10倍いじったら gg-> ZZ 断面積が
たくさん変わるからHiggs の幅に制限がついた”
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高次元operator への制限

Wigner peak. It follows that this method relies on the following assumptions:

• there is an invisible Higgs decay width, so that the total width of the Higgs and its

couplings can be varied independently;

• variations of all the Higgs couplings are universal;

• there are no higher dimensional operators a↵ecting either Higgs decay or production.

In this paper we will use the same process pp ! Z(⇤)Z(⇤) ! 4` to put constraints on new

physics, however we will reverse the first and third assumptions: we will assume the absence

of an invisible decay width and the presence of new higher dimensional operators which can

modify the production or decay of the Higgs boson. The second assumption stated above

was necessary in Ref. [8], to keep the Higgs on-shell measurements SM-like. In our analysis

we will not make this assumption, however we will make sure that the parameter space we

explore is not excluded by the on-shell Higgs measurements.

2.1 Operators contributing to Higgs production

Let us start by considering the operators a↵ecting Higgs production by gluon fusion. Assum-

ing the Higgs boson to be part of a doublet of SU(2)L, there are three relevant dimension-6

operators3

Ldim-6 = cy
yt|H|2
v2

Q̄L
eHtR + h.c.+

cgg2s
48⇡2v2

|H|2Gµ⌫G
µ⌫ + c̃g

g2s
32⇡2v2

|H|2Gµ⌫G̃
µ⌫ ,

with G̃µ⌫ =
1

2
✏µ⌫�⇢G�⇢ . (2.2)

3The operator OH =
�
@(H†H)

�2
also leads to a modification of the top Yukawa coupling and thus a↵ects

the Higgs production by gluon fusion. However, the constraints on its Wilson coe�cient cH obtained by

combining information from the various on-shell Higgs channels are generically much stronger than those

on cy, cg, so we will ignore the e↵ects of OH in this paper. Also, at the dimension-6 level, there are dipole

operators which can modify both the signal and the background:

Q̄L
eH�µ⌫tRBµ⌫ + h.c. , Q̄L�

a eH�µ⌫tRW
a
µ⌫ + h.c. , Q̄L

eH�µ⌫tRGµ⌫ + h.c. . (2.1)

However, their e↵ects usually have an additional loop-suppression compared to those of cy, cg and anyway

these operators will be better constrained by top data alone. Therefore these dipole operators will also be

neglected in our analysis.
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Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [19,20]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs-mediated part, and Mbkg stands for the interfering back-

ground, given by the box diagrams in Fig. 1. Notice that in addition to the interfering

5

gg ! ZZ background there is also a non-interfering irreducible background, produced by

the qq̄ ! ZZ process. The SM amplitude for gg ! ZZ was computed for the first time

in Ref. [6]. As pointed out in Ref. [7], the o↵-shell Higgs contribution is enhanced for on-

shell Z bosons, which makes the
p
ŝ � 2mZ region particularly relevant for Higgs couplings

measurements. It is interesting to observe that the amplitude generated by the cg coupling

grows with partonic center-of-mass energy
p
ŝ like

M++00
cg ⇠ ŝ , (2.7)

to be compared to the triangle amplitude mediated by the top loop, which grows like

M++00
ct ⇠ log2

ŝ

m2
t

, (2.8)

in the notation for helicity amplitudes of Ref. [6].4 Thus for ŝ � m2
t the discriminating

power of the o↵-shell Higgs production becomes stronger. However, at very high energies

the EFT approximation breaks down and the dimension-8 operators become as important

as the dimension-6 ones. For example, let us consider the operator

O8 =
c8g2s

16⇡2v4
Gµ⌫G

µ⌫ (D�H)† D�H . (2.9)

The matrix element corresponding to the final state with two longitudinally polarized Z

bosons grows with energy as

M++00
c8 ⇠ ŝ2. (2.10)

Then the interference of O8 with the SM amplitude will become of the same order as the

interference of the dimension-6 operators with the SM at the scale

p
ŝ ⇠

r
cg, cy
c8

v . (2.11)

4In the SM, in the large
p
ŝ region there is a strong cancellation between the triangle and the box

contributions to the gg ! ZZ process [6, 25]. One can understand its origin by performing an s-channel

cut of the loops and looking at the perturbative unitarity preservation in the tt̄ ! ZZ subprocess. Note

that for couplings di↵erent from those of the SM there is also unitarity violation directly in the gg ! ZZ

process, due to the growth of the amplitude / log2 ŝ. However, this growth leads to a scale of unitarity

violation that is exponentially high, ⇤ & 1013 GeV (computed requiring M ⇠ 16⇡), and thus irrelevant for

phenomenological purposes. We would like to thank R. Contino for bringing these issues to our attention.
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cg ⇠ ŝ , (2.7)

to be compared to the triangle amplitude mediated by the top loop, which grows like

M++00
ct ⇠ log2

ŝ
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Figure 2: 68%, 95% and 99% probability contours in the ct,cg plane, using the 8TeV CMS

data set. A 10% systematic uncertainty was assumed on the qq̄ background.
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Figure 3: Posterior probability as a function of ct, assuming the constraint ct + cg = 1, for

the 8TeV CMS data set. At 95% we find ct 2 [�4.7, 0.5][ [1, 6.7] (unshaded region), at 68%

ct 2 [�4,�1.5] [ [2.9, 6.1]. The red line shows the expected probability for the SM signal.
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Figure 4: Prospects for a 14TeV analysis with an integrated luminosity of 3 ab�1 and for

the injected SM signal: 68%, 95% and 99% expected probability regions in the (ct, cg) plane.

The dashed and solid green lines indicate the 68% and 95% contours for the linear analysis,

respectively. No theoretical uncertainty is included.

3.3 Bounds on top partners

The ct vs. cg degeneracy arises in models with fermionic top partners, in particular it is

generic in the composite Higgs models [47–51]. As a prototype of the models with this

degeneracy we can introduce just one vector-like top partner T , transforming as a singlet of

SU(2)L

� L = yQ̄L
eHtR + Y⇤Q̄L

eHTR +M⇤T̄LTR + h.c. . (3.21)

In this model, loops of the heavy fermion T generate an e↵ective interaction of the Higgs

with the gluons, and at the same time the top Yukawa coupling is modified due to the mixing

with the top partner. Due to the Higgs low-energy theorem, the on-shell Higgs production

cross section is predicted to be the same as in the SM, since it can easily be checked [49,50]

that, after integrating out the heavy top partner, ct + cg = 1. Besides modifying the Higgs-

mediated amplitude for gg ! ZZ, the T also enters in the box diagrams, generating a

contribution to the interfering background which in the EFT must be parameterized by
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Figure 1: Sample diagrams contributing to gg ! ZZ.
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8TeVCMS 14TeV 3ab-1 

ct と g が相関すると制限がつかない

ZZ 生成の高エネルギー挙動
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Higgs Couplings (1/2) 
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ATLAS/CMS: 
Lumi 3000 fb-1, sqrt(s) = 14 TeV 
 
ILC 250: 
Lumi 417 fb-1, sqrt(s) = 250 GeV 
 
ILC 500: 
Lumi 833 fb-1, sqrt(s) = 500 GeV 
 
ILC 250up: 
Lumi 1920 fb-1, sqrt(s) = 250 GeV 
 
ILC 500up: 
Lumi 2670 fb-1, sqrt(s) = 500 GeV 
 
ILC 1000up: 
Lumi 4170 fb-1, sqrt(s) = 1 TeV 

���LHC の Γ(γ)/Γ(Z )を使うと g(γγH ) がさらに改善。
t の coupling と W のcoupling の測定には、500GeV が必要

もしILC ができたらどうなるか　
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Higgs sector に関わる模型
• SUSY  2 Higgs doublet 模型　
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LHC: ATL-PHYS-PUB-2013-016
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95% CL exclusion potential

ILC

Heavy Higgs Mass Reach 
•  LHC: Heavy Higgs direct search 
•  ILC: Indirect search via effect on Higgs couplings BR(h"WW)/BR(h"bb) 

and BR(h"WW)/BR(h"ττ)  

ILC: 
Lumi 1920 fb-1, sqrt(s) = 250 GeV 
Lumi 2670 fb-1, sqrt(s) = 500 GeV 

Preliminary 

� �

tree level の計算

この他に1loop 補正が  

tanbeta =50 MA=500GeV で5% 

くらいあっても不思議ではない　

top mass の測定もhiggs sector を決める上で重要
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Example: 10TeV RS 
with higgs radion mixing  

• 5dim RS && bulk Fermions 
&&Raidon-Higgs mixing. 

• KK contribution to Higgs decay 
though loop, large KK yukawa 

• Radion: direct coupling to 
gauge bosons. 

FIG. 5: FKK
l +FKK

q vs the ratios of the branching ratio for R(��/ZZ) in all of our model points.

the fraction of model parameters with a more than 3� deviation from the SM prediction

is small. As we have already argued, some of the common systematics in DRh
m

(��) and

DRh
m

(ZZ) would be cancelled in the ratio. Therefore the R(��/ZZ) measurement provides

a reliable estimate of FKK
q,l . In the Fig 6 (b), we see the distribution of model points in the

DRh
m

(��) -DRh
m

(ff,WW,ZZ) plane. Most of the model points are distributed between

0.75 < DRh
m

(ff,WW,ZZ) < 1, which is due to the correction to �(gg ! hm). See Fig. 7

for the coupling correction d(g) no Higgs-radion mixing at (⇠ ⇠ 0), where the model points

range up to d(g) ⇠ �0.15.

DRhm(γγ)

HL-LHC

(a) (b)

FIG. 6: (a) The distribution of the model points in R(��/ZZ) andDRh
m

(��) plane. The horizontal

lines in the figure shows 1� error centered at R(��/ZZ) = 1 at the HL-LHC; (b) The distribution

of the model points between DRh
m

(ff,WW,ZZ) and DRh
m

(��).

Currently, the Higgs boson detection ratios are not strongly constrained. The error

on DRh
m

(��) is about 30% and the central values of ATLAS and CMS experiments are

15

(a) (b) (c)

FIG. 8: Contours of constant ��2 = 1 and ��2 = 4 in F q
KK and ⇠ plane at (a) Point I, (b) II

and (c) III with ⇤� = 10 TeV. The ��2 is defined in Eq. 28 using the HL-LHC and ILC1000up

statistics.

FIG. 9: Distributions of our model points after applying the constraints from the direct Higgs

boson searches at the ATLAS and CMS experiments to the rm couplings.

VIII. DISCOVERY OF THE RADION LIKE STATE AT THE FUTURE COLLID-

ERS.

In our scan, we restrict 130 GeV< mr
m

< 600 GeV. Therefore, rm is kinematically

accessible at the proposed ILC, for which the current constraints at the LHC are relatively

weak. The radion-like state rm might be accessible at the ILC because the production

cross section could be large enough if the rm mixes with the Higgs boson significantly. The

distribution of model points in our scan in dr
m

(Z) ⌘ g(rmZZ)/g(HZZ)SM vs mr
m

plane

is shown in Fig. 10 (a) for rm < 400 GeV. The maximal dr
m

(Z) is limited by the current

h ! Z0Z0 search at the LHC, though the number of expected signal events is also a↵ected

by dr
m

(g) through the rm production cross section. For the scan at ⇤� = 10 TeV, we found

24369 model points with mr < 400 GeV remain under the constraint, and 28% of the model

points satisfy dr
m

(Z) > 0.15. The distribution of model points as a function of dr
m

(Z) is
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Minimal Composite Higgs Model 
(MCHM)

Composite Higgs: Reach 
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Complementary approaches to probe composite Higgs models 
•  Direct search for heavy resonances at the LHC 
•  Indirect search via Higgs couplings at the ILC 
Comparison depends on the coupling strength (g*) 
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SO(5)x U(1)x→ SO(4)x U(1)x 

strong global symmetry breaking

SO(5)⇥ U(1)X ! SO(4)⇥ U(1)X

MCHM(Minimal Composite Higgs Model)

four NGB

quantum number

1 Higgs boson+3 eaten NGB

Higgs kinetic term

The four NGB can be parametrized by

⌃ = ⌃0e⇧/f

f : broken scale

⇧ = �i
p
2T âhâ

⌃0 = (0, 0, 0, 0, 1) â = 1 ⇠ 4
T â

: broken generator

⌃ = (0, 0, 0, sin

h(x)
f

, cos h(x)
f

)

arXiv:1110.5646 [hep-ph]
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=v2/f2

4 NG->  SU(2) doublet 
1 higgs + 3 NG 

v/f ~ 0.09 くらいまで
リーチがある

v/f 
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top partner of MCHM
fermion representation under SO(5)⇥ U(1)X

 = 1p
2

0

BBBB@

B �X
i(B +X)
T + U

i(T � U)p
2T̃

1

CCCCA

fundamental representation 52/3
field T 3

L T 3
R X Y = T 3

R +X QEM = T 3
L + Y

X 1/2 1/2 2/3 7/6 5/3
U �1/2 1/2 2/3 7/6 2/3
T 1/2 �1/2 2/3 1/6 2/3
B �1/2 �1/2 2/3 1/6 �1/3
T̃ 0 0 2/3 2/3 2/3(1, 1)

(2, 2)

2/3

-1/3

there top partner

one bottom partner

same quantum number

composite elementary(SM)
qL
tR

mixing between SM and Composite(partial compositeness)

generate top mass and deviation of Higgs coupling

MCHM5

top and bottom of elementary sector
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MCHM5 arXiv:1110.5646 

MCHM5 Lagrangian

proto yukawa of MCHM5

f : broken scale

Y : yukawa coupling of MCHM5

interaction between Higgs boson and Composite fermions

LY ukawa+Mass = �Y f( ̄L⌃T )(⌃ R)�M ̄L R ��Lq̄LQR ��R
¯̃TLtR �ybq̄LHbR

(proto) yukawa

vector mass

mixing

b quark mass

Mass Matrix

mixing generate top mass

elementary top quark largely mix with Composite sector
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主たる制限  T, S, Zbb

interesting effect on Hgg, Hγγ, Htt
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ttZ coupling in MCHM
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Figure 17: Corrections to the Vtb matrix element in the complete models with c = 0 (left panel)
and c = 1/

p
2 (right panel) for ⇠ = 0.1. The configurations correspond to the ones of the left plot

of fig. 10 for the case c = 0 and of the right plot of fig. 12 for the case c = 1/
p
2.

This explicit result is in agreement with the relation derived in the previous subsection (see
eq. (6.5)). We also verified that at order (v/f)4 the corrections to gtL and Vtb do not coincide.

The coupling of the tR with the Z boson is modified as well. The leading corrections take the
form

�gtR =
⇠

4

f2

m2
1 + y2R1f

2

"✓
m4m1yR4 + yL4yL1yR1f

2

m2
4 + y2L4f

2
�
p
2cyR1

◆2

�
✓
m1yR4

m4
�
p
2cyR1

◆2
#
. (6.7)

As explicit numerical examples we show in fig. 17 the distortion of the Vtb matrix element in
the complete models with c = 0 and c = 1/

p
2 (see subsection 4.3). In the case with c = 0, the

configurations allowed by the constraints on the oblique EW parameters have small corrections to
Vtb, �0.03 . �Vtb . 0, which are below the present experimental sensitivity. On the contrary, in
the model with c = 1/

p
2, the corrections to Vtb can be sizable, �0.12 . �Vtb . �0.03, and the

current bounds can already exclude a corner of the parameter space allowed by the EW precision
data. In our numerical analysis we also found that, in the realistic regions of the parameter space,
the deviations in the tR couplings are always small, �gtR . 0.01. Moreover we checked numerically
that the correlation between �gtL and �Vtb is always well verified and the deviations from eq. (6.5)
are of order ⇠ as expected.

To conclude the analysis of the top couplings in the models with an elementary tR, it is inter-
esting to consider the simplified cases with only one light composite multiplet. In the limit with
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δgtL/gtL =-0.05~-0.1

tL 

top partner mass 

tL 

tR 

ILC precision
Left coupling 0.6%
Right coupling 1.4%  

scan over Y,M,Δ, g*,f..  
fix top mass, mH..  

Kubota in progress 
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On going 
“Dark matter (SUSY) searches”

• “SUSY signature”                         

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

• Some of “New physics” are migrated into 
SUSY category. 

• Signal:                                                           
High PT jets hiph PT leptons and ETmiss 

t̃, b̃

Lepton partners 

Dark matter 
LSP, LKK, LOT

colored partner 
squark, gluino, 

g1, q1, extra quarks

gauge partners 

assume mass difference is large

if there are R parity violation, we have 
additional jets and leptons instead of ETmiss

Production of W, Z, and top with additional jets 
would be significant background 

14年7月29日火曜日



EW SUSY and dark matter

Mass difference 50 GeV  required due to the 
overlap with W and Z’s 

(ILC is more sensitive to those.)  

Reach up to 350 GeV for slepton 

Note however 

chargino は案外 limit 悪い　(M2=2M1と思うと)

3l 2l テキスト
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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 
rate will be kept 
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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.
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current
limit 

LHC will be sensitive to Lepton channel ! 
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HL-LHC (1000->3000 fb-1 ) backup 

• 2018年 14TeV L~2x1034 cm-2s-1 25ns (Phse 1) 

• 2022年　    　 L~5x1034 cm-2s-1 (Phase II)

• strong intention to keep trigger as low as possible for Higgs physics  

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.
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Figure 2.4 shows a functional block diagram for the Phase-II Level-0 calorimeter trigger. The
digital signals from the calorimeters are duplicated optically and organised into overlapping de-
tector regions for processing by the electron and jet feature extractors (FEX s). In both cases, the
HCAL data are divided into regions of 0.1⇥0.1 in h ,f . The data from the four layers of the LAr
ECAL (pre-sampler and three sampling layers of the ECAL) are delivered on optical links in the 1-
4-4-1 arrangement, where the first two layers of the ECAL proper are segmented into 0.025⇥0.1
in h ⇥ f . For input into the jFEX, these signals are summed in the DPS into a single 0.1⇥ 0.1
trigger tower. The total number of 10 Gb/s links into the L0Calo would be 4064, comprising 3200
fibres carrying the fine granularity EM layers and 432 fibres carrying the lower granularity data
from both the EM and hadronic layers.

         Electron!
  Feature Extractor  !
         (eFEX)!

 LAr (DPS)!

ECAL!

to Topological!
   Processor!

Electrons!

Calorimeters! L0Calo!

             Jet!
  Feature Extractor  !
         (jFEX)!

Jets & Σ ET!

    Optical!
     Plant!

TileCal!

HCAL!

ECAL! HCAL!

Taus!

   ~1Mbit!
@40 MHz!

Figure 2.4: Functional block diagram for Phase-II Level-0 calorimeter trigger.

2.3.1 Level-0 Calorimeter Feature Extractor

The L0Calo trigger processing will continue to use the Feature Extractor components developed for
Phase-I [2], but with modified firmware. The additional information provides further background
rejection. An example that has been shown to give a 3�4 times reduction in the trigger rate is to
calculate the ratio of the energy in the second layer of the LAr ECAL which occurs in 3⇥2 region
of h �f centred on the local maximum of ET to that deposited in the corresponding 7⇥2 region
of h �f as illustrated in Figure 2.5, centre.

�

�
0.1 � 0.1 0.025 � 0.1 0.025 � 0.025

Current L0Calo L1Calo
Figure 2.5: The EM granularity available in the current, Phase-II Level-0 and Phase-II Level-1 EM triggers.

2.3.2 Level-1 Calorimeter Trigger

The Level-1 calorimeter trigger will be asynchronous, processing Level-0 accepts as they arrive at
an average rate of up to 500 kHz and a peak rate possibly up to 20 MHz. The calorimeter data for

– 12 –

Ex ATLAS ECal 
Muon....  

muon  new small wheel
for 1 mrad  resolution 

This is not free! 
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jet +missing channel 

squark
~1800GeV

gluino ~1400GeV
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LHC 13TeV 
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(b) q̃q̃, decoupled g̃
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(c) q̃q̃, mg̃ = 4.5 TeV

Figure 9: Expected 95% CL exclusion contours (dashed) and 5� discovery contours (solid) for Lint =

300fb�1 (black) and 3000fb�1 (red) for gluino and squark pair-production. For squark pair-production,
the gluino mass is either (b) decoupled or (c) set to 4.5 TeV. The bands reflect the 1� uncertainty on the
production cross-section. The stepping along the diagonal in the top left figure is a non-physical e↵ect
caused by the granularity of the grid.
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Figure 5: The 95% CL exclusion limits (dashed) and 5� discovery reach (solid) for 300 fb�1 (red) and
3000 fb�1 (black) in the t̃, �̃0

1 mass plane assuming t̃ ! t + �̃0
1 with a branching ratio of 100%. The

results are shown for the combination of the 1-lepton and 0-lepton analyses. The observed limits from
the analyses of 8 TeV data are also shown.

Figure 6: The Feynman diagram for the �̃0
2�̃
±
1 simplified model studied in this note. The �̃±1 is assumed

to decay as �̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 as �̃0
2 ! Z(⇤) �̃0

1 with 100% branching ratio.

3.3 Signal Region Selection

Two signal regions are defined for each luminosity scenario considered, “SR1-3000” and “SR2-3000”
for the 3000 fb�1 scenario and “SR1-300” and “SR2-300” for the 300 fb�1 scenario. The regions are Z-
enriched regions to target the �̃0

2 decays via on-shell Z bosons and have ranked selections on the pT of the
three leptons of 100, 80 and 50 GeV from leading to second leading to third leading respectively. Events
are required to include at least one Z boson candidate, defined as a Same-Flavour Opposite-Sign (SFOS)
lepton pair with mass |mSFOS � mZ | < 10 GeV. The mT is constructed from the lepton not included in the
SFOS pair with invariant mass closes to the Z boson mass. Each signal region has tight mT and Emiss

T
requirements to increase sensitivity in scenarios with large mass splitting between the chargino (or �̃0

2)
and the lightest neutralino. The Emiss

T and mT distributions after the above selections and after requiring
Emiss

T > 50 GeV, are shown in Figure 7 for the 3000 fb�1 scenario. The signal regions for the 300 fb�1

and 3000 fb�1 scenarios have been optimised seperately and are described in Table 5.

10

gluino 

scalar top 
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The limit on the mass depends 
on the assumption of light LSP 
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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.
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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!

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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QCD technique 
for BSM discovery  

Matching 

ISR tag  

jet structure 
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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 

Large angle 
high PT emission 
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Prediction of ISR:Matching 
reduce the generator dependence 

• gluino production  pp-> gg something 

• Parton shower sum soft and collinear divergences, emit initial and 
final state radiation,  but it is only approximation. 

• from hard process to final state  different scales and ordering 
(mass, angle, PT) and starting scale (in pythia) 

• by doing matching, one obtain stable prediction on the PT 
distribution of the jets 

different inclusive samples to get a single sample of events.
We would also like all distributions to be smooth as we
move from the matrix element prediction to the parton
shower generated sample. The final result should show
only a small dependence on the particular matching scale
chosen and settings given in the parton shower. Any
remaining difference should be used as a measure of
uncertainty in the prediction. Finally, the result should
converge to a single prediction as higher multiplicities
are added to the matrix element.

In addition to the ‘‘normal’’ double counting issues
encountered when matching matrix elements with the par-
ton shower, we must also beware of a second double
counting problem within the matrix element calculation
of SUSY production itself. The issue is that events with
resonant propagators can be double counted and thus must
be removed in a consistent way. We use the method
detailed in Ref. [29] where events with resonant propaga-
tors are removed by hand. This has been shown to work
well within the narrow width approximation, !=m ! 1,
that our models always obey. However, it must be stated
that interference terms between resonant and nonresonant
diagrams are lost. This is in contrast with a proper resonant
subtraction procedure [40,41] but in our case, the contri-
butions from these terms are small.

In this study two different algorithms are used for
matching, to test the predictions and also to provide a
consistency check. The first method is MLM matching
[28] which was implemented within MadGraph [29,30]
and is interfaced with the Pythia 6 shower [31]. In Fig. 2
we show the large reduction in uncertainty that occurs in
the prediction of jet radiation when the matching of a
matrix element jet to the parton shower is performed.
Here, the uncertainty in the matched prediction is esti-
mated by varying the matching scale between 50 and
200 GeV, the parton shower between the wimpy and power

settings and both the factorization and renomalization
scales simultaneously between MT=2 and 2MT , where

MT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

i

ðp2
Ti
þM2

i Þ
s

: (3)

Here,Mi and pTi
are the masses and transverse momentum

respectively of the final state particles i.
Surprisingly, the reduction in uncertainty not only

occurs for the matrix element jet that has been matched
but also for jets generated by the parton shower. This is
because the uncertainty in the phase space that the second
(and third) jet can occupy has been reduced.
Adding a second jet at the matrix element level further

reduces the uncertainty in the kinematic distributions, as
can be seen in Fig. 3. The prediction for the hardest jet
remains unchanged but we see that the second hardest jet
(now given by the matrix element) shows a reduction in
uncertainty, as we look at harder emissions. As above, the
third jet (produced by the parton shower) prediction is
improved due to a reduction in the uncertainty of the phase
space available for this emission.
The second method of matching that we use is CKKW-L

[32,33] that has been implemented in the Pythia 8
Monte Carlo program [34,35]. The particular advantage
of the CKKWalgorithm is that it is sensitive to the internal
structure of the matrix element diagrams and thus gives a
more consistent treatment of QCD corrections. In addition,
the use of Pythia 8 gives a much better description of the
underlying event and we were interested to see if this has
an effect on our SUSY searches. The disadvantage of the
CKKW scheme is that the algorithm is more complicated
to implement since it requires an internal interfacing with
the parton shower.
In Fig. 4 we show a comparison between the MLM and

CKKWmatching predictions. We see that the two methods
give consistent results and thus we can be confident that the

FIG. 2 (color online). Comparison of the uncertainty associated with one jet matched to the parton shower generated events and that
of various parton showers without any matrix element emissions. The uncertainty on the parton showers is dominated by varying the
starting scale between wimpy and power. This uncertainty is also included in the matched prediction along with varying the matching
scale between 50 and 200 GeV and the factorization and renormalization scales simultaneously between MT=2 and 2MT .
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Prediction of ISR:Matching 
reduce the generator dependence 

• gluino production  pp-> gg something 

• Parton shower sum soft and collinear divergences, emit initial and 
final state radiation,  but it is only approximation. 

• from hard process to final state  different scales and ordering 
(mass, angle, PT) and starting scale (in pythia) 

• by doing matching, one obtain stable prediction on the PT 
distribution of the jets 

different inclusive samples to get a single sample of events.
We would also like all distributions to be smooth as we
move from the matrix element prediction to the parton
shower generated sample. The final result should show
only a small dependence on the particular matching scale
chosen and settings given in the parton shower. Any
remaining difference should be used as a measure of
uncertainty in the prediction. Finally, the result should
converge to a single prediction as higher multiplicities
are added to the matrix element.

In addition to the ‘‘normal’’ double counting issues
encountered when matching matrix elements with the par-
ton shower, we must also beware of a second double
counting problem within the matrix element calculation
of SUSY production itself. The issue is that events with
resonant propagators can be double counted and thus must
be removed in a consistent way. We use the method
detailed in Ref. [29] where events with resonant propaga-
tors are removed by hand. This has been shown to work
well within the narrow width approximation, !=m ! 1,
that our models always obey. However, it must be stated
that interference terms between resonant and nonresonant
diagrams are lost. This is in contrast with a proper resonant
subtraction procedure [40,41] but in our case, the contri-
butions from these terms are small.

In this study two different algorithms are used for
matching, to test the predictions and also to provide a
consistency check. The first method is MLM matching
[28] which was implemented within MadGraph [29,30]
and is interfaced with the Pythia 6 shower [31]. In Fig. 2
we show the large reduction in uncertainty that occurs in
the prediction of jet radiation when the matching of a
matrix element jet to the parton shower is performed.
Here, the uncertainty in the matched prediction is esti-
mated by varying the matching scale between 50 and
200 GeV, the parton shower between the wimpy and power

settings and both the factorization and renomalization
scales simultaneously between MT=2 and 2MT , where

MT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

i

ðp2
Ti
þM2

i Þ
s

: (3)

Here,Mi and pTi
are the masses and transverse momentum

respectively of the final state particles i.
Surprisingly, the reduction in uncertainty not only

occurs for the matrix element jet that has been matched
but also for jets generated by the parton shower. This is
because the uncertainty in the phase space that the second
(and third) jet can occupy has been reduced.
Adding a second jet at the matrix element level further

reduces the uncertainty in the kinematic distributions, as
can be seen in Fig. 3. The prediction for the hardest jet
remains unchanged but we see that the second hardest jet
(now given by the matrix element) shows a reduction in
uncertainty, as we look at harder emissions. As above, the
third jet (produced by the parton shower) prediction is
improved due to a reduction in the uncertainty of the phase
space available for this emission.
The second method of matching that we use is CKKW-L

[32,33] that has been implemented in the Pythia 8
Monte Carlo program [34,35]. The particular advantage
of the CKKWalgorithm is that it is sensitive to the internal
structure of the matrix element diagrams and thus gives a
more consistent treatment of QCD corrections. In addition,
the use of Pythia 8 gives a much better description of the
underlying event and we were interested to see if this has
an effect on our SUSY searches. The disadvantage of the
CKKW scheme is that the algorithm is more complicated
to implement since it requires an internal interfacing with
the parton shower.
In Fig. 4 we show a comparison between the MLM and

CKKWmatching predictions. We see that the two methods
give consistent results and thus we can be confident that the

FIG. 2 (color online). Comparison of the uncertainty associated with one jet matched to the parton shower generated events and that
of various parton showers without any matrix element emissions. The uncertainty on the parton showers is dominated by varying the
starting scale between wimpy and power. This uncertainty is also included in the matched prediction along with varying the matching
scale between 50 and 200 GeV and the factorization and renormalization scales simultaneously between MT=2 and 2MT .
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algorithms are robust. The main difference visible is that
the CKKW matched result gives a noticeably harder dis-
tribution for softer radiation that is especially visible in the
second and third jet. This actually has nothing to do with
the matching algorithm but is a result of the more advanced
Pythia 8 Monte Carlo program that produces more soft
radiation primarily from the underlying event. This extra
radiation has been found to be in agreement with LHC
data.

Instead of a comparison between the extremes of parton
shower settings available, we can also see how the default
behavior differs from our matched result. In Fig. 5 we show
the jet distributions for the default settings for different
Pythia showers and the Herwigþþ shower [42]. We see
that none of the default choices correctly reproduce the
matched result. The Pythia 6 and Herwigþþ showers all

produce radiation that is too soft, while the Pythia 8 shower
(which is a power shower by default) actually gives too
hard a spectrum. In total, we see a variation of well over 1
order of magnitude depending on the particular parton
shower chosen for jet pT > 600 GeV.
A final comparison we would like to make is between

our matched result and the distribution that would be found
if you simply take matrix element events that already
contain extra jets and apply a parton shower, Fig. 6. As
stated before, this method is inconsistent since the phase
space for extra jets can be filled by both the matrix element
and parton shower. However, we show the results here to
investigate the size of the error induced by this approach.
For this comparison we use the relatively soft Pythia 6
default shower in order not to overstate the problem. We
find that the choice actually gives a reasonable result for

FIG. 3 (color online). Comparison of the uncertainty associated with one jet and two jet MLMmatching. The uncertainty is found by
varying the matching scale between 50 and 200 GeV and the factorization and renormalization scales simultaneously between MT=2
and 2MT . In addition, the parton showers are varied between the wimpy and power settings.

FIG. 4 (color online). Comparison of the uncertainties between MLM matching in the integrated MadGraph/Pythia 6 algorithm and
CKKW-L matching in Pythia 8. The uncertainty is found by varying the matching scale between 50 and 200 GeVand the factorization
and renormalization scales simultaneously between MT=2 and 2MT . In addition, in MLM matching the parton showers are varied
between the wimpy and power settings.
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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

.
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コライダー物理は走りながら体裁を整えている
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Figure 5: Normalized azimuthal correlations ∆φ12 (mod 2π) between the two tagging jets in
the pp → jjX process at the LHC, where the selection cuts (5.1) and (5.2) with ∆ηjjmin = 4
are imposed. For the massive-graviton productions, the additional pTj

cut (5.3) is also imposed.
The distributions for each subprocess with the full diagrams (solid lines) and with the only VBF
diagrams (dashed lines) are shown.

their effects [8]. (ii) As the ratio of the Higgs boson mass M to the partonic CM energy√
ŝ decreases, the interference effect grows [8]. In the collinear limit (4.18), we obtain

M2

ŝ
=

−4 cos θ1 cos θ2

(1 + cos θ1)(1 − cos θ2)
= z1z2. (5.17)

Therefore, as M/
√

ŝ becomes smaller, i.e. z1z2 → 0, cos θ1 and cos θ2 approach zero, and

the ratio of F−
9 to F1 in eq. (5.10) grows; see eqs. (5.11) and (5.12). (iii) Although we have

considered the three types of tensor structures separately for the Higgs coupling to vector

bosons in this paper, it is easy to extend our analyses to a mixed CP scenario [3, 4, 10];

for instance, the additional phases, which come from the CP -mixed XV V coupling, can

give rise to the sine terms in eq. (5.8), and explain the shift of the dip positions in fig. 8 of

ref. [4].

5.2.2 Massive graviton productions

Here, we discuss the case for the spin-2 particle productions, which is more involved than

the scalar case, because all the nine amplitudes generically contribute to the total amplitude

in eq. (2.7), which can lead all the 25 azimuthal distributions in eq. (5.5). Moreover, the

graviton polarization along the momentum direction of the decay products (λ′) depends

on the decay angle Θ.

In section 5.1 we demonstrated that the QCD VBF amplitudes can have significant

contribution to the G + 2-jet events by imposing the VBF cuts and the pTj slicing cut.

– 29 –
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ISR with SUSY
2 Helicity formalism : brief review

Q

a2

a4

Q

a1

a3

k1
k2

k3
k4

q1 q2

p p

g1 g2

Figure 1: Schematic Feynman diagram for the parton level QQjj production process in
the on-shell gluon approximation, where ai denote quarks, anti-quarks or gluons. The four-
momenta of each particle are also shown along the particle lines.

The helicity amplitude formalism for vector boson fusion processes has been discussed in
detail in Ref. [2] in the context of production and decay of a heavy particle in association
with two jets. We follow the same notations and conventions in this paper. The inclusive
process,

pp → QQjj + anything , (1)

can proceed, via gluon fusion, through the sub-processes a1a2 → a3a4g∗g∗ → a3a4QQ, where
a1a2 is one of the three possible initial states {qq, qg, gg}, g∗ is a t-channel intermediate gluon
and q stands for a quark or anti-quark of any flavour:

qq → qqQQ (2a)

qg → qgQQ (2b)

gg → ggQQ . (2c)

In addition to gluon fusion, the above sub-processes receive contributions from all other
diagrams at the same order in perturbation theory to make a gauge-invariant physical ampli-
tude. However, in this and the next section, we shall consider only the gluon fusion diagrams.
As mentioned earlier, it has been demonstrated in Ref. [2] that after applying the VBF se-
lection cuts, the GF contribution can be made to dominate the total cross-section. We shall
also show the validity of this approach by first determining analytically the distributions
predicted by the GF diagrams in various kinematic limits, and then comparing them with
the exact matrix elements.

To begin with, we define a common set of kinematic variables for the QQjj sub-processes
in Eqn. 2 as

a1(k1, σ1) + a2(k2, σ2) → a3(k3, σ3) + a4(k4, σ4) +Q(p, σ) +Q(p̄, σ̄), (3)

2

Cut-1: 20 GeV ≤ pjT ≤ 60 GeV, Ej ≥ 250 GeV, |ηj| ≤ 5, ∆Rj1j2 ≥ 0.6

Here pjT , Ej and ηj denote the transverse momenta, energy and pseudorapidity of the jets

respectively, while ∆Rj1j2

(

=
√

(ηj1 − ηj2)2 + (φj1 − φj2)2
)

defines the separation between

the jets in the pseudorapidity-azimuthal angle plane. We have subjected the tagging jets to
a slicing pT cut, and have also demanded a high value for the minimum energy of the jets.
Since we want to isolate the contribution of the GF diagrams to the full process, we also
need to impose the so-called VBF cuts, which require the two tagging jets to reside in the
opposite hemispheres of the detector and to be well separated in pseudorapidity. The VBF
cuts imposed in our study are as follows:

Cut-2: ηj1 > 0 > ηj2, ∆ηjj = ηj1 − ηj2 > 4.

In addition to the above cuts on the tagging jets, we also impose a set of cuts on the t and b
quarks. We demand a minimum transverse energy (ET =

√

m2 + p2T ) for the b quarks, such

that Eb,b̄
T is always higher than the tagging jet pT ’s. Also, the t and b quarks are required to

be in the central region of the detector. These cuts are summarized below:

Cut-3: Eb,b̄
T ≥ 100 GeV, |η|b,b̄,t,t̄ ≤ 2.5
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Figure 2: Differential distribution of (φ1 − φ2) (left panel) and (φ1 + φ2) (right panel) for
tt̄+2 jets in the three sub-processes initiated by qq, qg and gg and the sum of all sub-processes
at the

√
s = 8 TeV LHC after Cuts 1, 2 and 3 as described in the text. The invariant mass

of the tt̄ pair has been demanded to be Mtt̄ < 400 GeV.

In Figure 2, we show the differential distributions obtained using the exact matrix el-
ements for both the azimuthal angle difference of the two tagging jets, (φ1 − φ2), and the

8
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ISR jet correlation in SUSY  

g̃g̃+jets and Z+jets cross at around π/2, imposing the following requirement

∆φj1j2 < π/2 (5)

also helps improve the S/B ratio by another factor of 1.7, in the Cut-A category, and

more than a factor of 2 in categories Cut-B and Cut-C. Thus this particular variable

is beneficial for both extracting the signal as well as for making future measurement

of quantum numbers.

1/
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Figure 2: Normalized |∆φj1j2 | distributions for g̃g̃+ ≥ 2−jets in signal Point-A (shaded

region) and the dominant Z+ ≥ 2−jets background (green dashed) for the 13 TeV LHC.

The distributions are shown after the jet-pT , ET/ , Meff > 1 TeV and |∆ηj1j2 | > 3.5 cuts.

4.3 Jet structure: quark vs gluon initiated jets

In this subsection, we explore a different search strategy for compressed gauginos,

namely the use of quark and gluon jet tagging methods, to exploit the fact that

the g̃g̃+jets signal events have a larger fraction of gluon jets compared to the main

background of Z+jets. In particular, the hardest emission in Z+jets events is dom-

inantly a quark jet. For this purpose, we have explored two variables which can

discriminate gluon and quark-initiated jets, namely, the number of charged tracks

inside a jet (NTracks), and the jet width (wj). For a detailed discussion on these

and several other quark/gluon tagging methods we refer the reader to Ref. [16]. Jet

10

jet selection:  take leading 3jets, and select two forward ones.

Need glgl+3j (matched ) and Z+3j(matched)　amplitude  calculation 

 because parton shower does not remember the spin correlation.  
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azimuthal correlation of Z+>2jet is 
 observed CMS

244 CMS Collaboration / Physics Letters B 722 (2013) 238–261

Fig. 6. Normalized !φ( ji , j j) distributions for the inclusive Njets ! 3 jet multiplicity bin: (a) all pZ
T and (b) pZ

T > 150 GeV. Plots in (c) and (d) show the ratios of the data and
other MC predictions, relative to MadGraph, as described in Fig. 4.

taken in quadrature are presented as solid yellow shaded bands.
The statistical uncertainty from the MadGraphMC is displayed as
a cross-hatched band for each distribution.

Overall, the measured distributions in !φ(Z, j1) agree within
uncertainties with the predictions from MadGraph. The predic-
tions from sherpa underestimate the measured distributions by
about 10% whereas powheg predictions overestimate by about
10%. The disagreements with sherpa and powheg (as well as be-
tween the two models) become less pronounced at larger inclusive
jet multiplicities (Fig. 4). For Njets = 1, the Z boson and the ac-
companying parton are completely correlated, and !φ(Z, j1) ≈ π
(Fig. 1(a)). When !φ(Z, j1) " π , the presence of additional hard
QCD radiation is implied. Certain configurations of jets with
!φ(Z, j1) < π/2 probe events where the Z boson is in the same
hemisphere as the leading jet, and the #pT of the Z boson is there-
fore balanced by at least two (or more) subleading jets emitted in
the opposite hemisphere (Fig. 1(b)). The importance of the multi-
parton LO + PS approach, as reflected in MadGraph and sherpa,
can be seen when the data are compared to stand-alone pythia
at !φ(Z, j1) < 2.5 and Njets ! 1. For higher jet multiplicities of

Njets ! 2 and ! 3, the distribution in !φ(Z, j1) becomes more
isotropic, although a strong correlation remains at !φ = π .

Within uncertainties, good agreement is observed between the
data and MadGraph, sherpa, and powheg event generators for
Njets ! 3. Stand-alone pythia is also consistent with the dis-
tributions in !φ(Z, j3) and !φ( j2, j3). In pythia, these high-
multiplicity configurations are generated exclusively from the PS
contribution. The important role of the PS approximation in mod-
ifying the kinematics predicted from fixed-order calculations is
emphasized in powheg, where its predictive power in a multijet
environment (Njets ! 3) is evident in Figs. 4–6. While powheg rep-
resents an NLO prediction only for the leading jet, and additional
radiation is modeled exclusively using parton showers, good agree-
ment is observed for data with Njets ! 3.

For the region pZ
T > 150 GeV, the !φ(Z, j1) distributions be-

come more isotropic as jet multiplicity increases. In addition, and
contrary to the result for all pZ

T, the angular distributions between
the subleading jets !φ( ji, jk) also become isotropic (Fig. 6(b)). The
improved performance of pythia in this region is consistent with
the increased phase space available for parton emission. A similar
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Study of gluino gluino production
signal and background simulation 

• Signal  gluino + 3jets  (2jet for forward correlation, 1 
jet for missing PT, Δm=20GeV 

• background Z+ 3jet, top, W 

• Z production is most important background 

ETmiss 300GeV jet pt 200GeV gluino mass 

Cuts Z+jets W+jets tt̄+jets Total SM Mg̃(GeV) S800/B

800 1000

Cut-1 34010 37883.8 16035.1 87928.90 276.75 58.85 0.003

pj1T ≥ 200 GeV 11923.5 12776.3 4142.68 28842.48 165.83 35.74 0.006

ET/ > 300 GeV 1880.85 1246.63 377.15 3504.63 112.53 24.85 0.032

Cut-A

Meff > 1000 GeV 729.89 488.93 204.63 1423.45 71.48 16.06 0.05

+|∆ηj1j2| > 3.5 23.99 10.81 8.02 42.82 5.23 1.03 0.12

+|∆φj1j2| < π/2 10.01 3.38 2.01 15.40 3.07 0.61 0.20

Cut-B

Meff > 1250 GeV 310.82 202.59 86.26 599.67 42.80 9.84 0.07

+|∆ηj1j2| > 3.5 7.55 2.03 4.01 13.59 2.55 0.51 0.19

+|∆φj1j2| < π/2 2.91 0.68 0 3.59 1.44 0.29 0.40

Cut-C

Meff > 1500 GeV 138.81 80.36 36.11 255.28 24.71 5.87 0.10

+|∆ηj1j2| > 3.5 2.61 0.68 2.01 5.30 1.28 0.26 0.24

+|∆φj1j2| < π/2 1.11 0 0 1.11 0.73 0.15 0.66

Cut-D

Meff > 1750 GeV 64.79 37.82 14.04 116.65 14.08 3.42 0.12

+|∆ηj1j2| > 3.5 0.96 0 0 0.96 0.53 0.14 0.55

+|∆φj1j2| < π/2 0.44 0 0 0.44 0.32 0.08 0.73

Table 1: Signal (Point-A and Point-B) and SM background cross-sections after various

cuts at
√
s = 13 TeV LHC. Cut-1 is defined above. All cross-sections are in fb units. The

last column (S800/B) shows the ratio of the signal cross-section to the total SM background

cross-section for the parameter point {Mg̃,Mχ̃0
1
} = {800, 780} GeV.

In Fig. 1 we show the normalized distribution of |∆ηj1j2 | for signal Point-A and the

SM backgrounds, after the jet pT , ET/ and the Meff > 1 TeV cuts. The distribution

for signal Point-B has a shape very similar to Point-A. We can clearly see from

this figure that the requirement of a large rapidity separation helps to reduce the

remaining tt̄+jets background considerably, which has a higher jet multiplicity due

to the presence of two b-quarks coming from top decay. Furthermore, although

at least one of the tops in tt̄+jets events has to decay semi-leptonically in order

to obtain ET/ > 300 GeV (either with the lepton missed, or with a hadronically

7

Z W tt SM 800 1000 S/B
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SUSY process のバックグラウンド
について考えてみる 

• Main background : Z+ jets. 
highest pT ジェットは殆どク
オーク

• gluino productiongg→ gluino 
gluino　のISR は相当gluon . 

• クオークとグルーオンが区別で
きるなら、background を減らす
方法の一つになるかも
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逆に gluino が LSP と縮退していない領域であれば、シグナルは4つ目のジェッ
トまでクオーク background はグルオンより
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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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Using MVA 
(説明はあとで）
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理論的には
• Number of charged tracks

•  QCD calculations starts 
some 30 years ago 

• “Jet width” broadness of the jet 

Volume 149B, number 6 PHYSICS LETTERS 27 December 1984 

QCD CORRECTIONS TO JET MULTIPLICITY MOMENTS ~ 

E.D. MALAZA and B.R. WEBBER 
Cavendish Laboratory, University of Cambridge, Cambridge, UK 

Received 25 July 1984 

QCD predictions of  hadronic multiplicity moments  in jets, including corrections of  relative order x/~s(Q2), are presented. 
They agree with e+e - annihilation data for reasonable values of  as, but the corrections are so large that terms of  yet  higher 
order are unlikely to be negligible. 

We have calculated the moments of the multiplicity 
distributions of hadrons in quark and gluon jets, includ- 
ing n e x t - t o - l ~ Q C D  corrections, which are of rela- 
tive order X/as(QZ ). Our calculational technique is 
based on the parton branching formalism [1] with 
angular ordering [2,3]. Most of our calculations were 
completed about a year ago, but there was no reason 
at that time to suppose that this technique was valid 
to O(x/%s). Several subsequent developments now 
prompt us to publicize our results: 

(i) Dokshitzer and Troyan [4] have argued that the 
angular ordering method is valid to next-to-leading 
order for quantities that are integrated over all relative 
azimuthal angles, which is the case for multiplicity 
moments; 

0i) Our results have been confirmed by full dia- 
grammatic calculations whenever these have proved 
feasible [5,6] ; 

(iii) Calculations along the lines of refs. [5,6] could 
well prove prohibitively arduous for higher multiplicity 
moments (if not for the second moment, then prob- 
ably for the third and beyond); 

(iv) New experimental data [7] in strong disagree- 
ment with leading-order QCD predictions urgently de- 
mand some estimate of nonleading corrections. 

The starting-point of our calculation is the generat- 
ing function for hadrons of a given species in a jet of 
type i (i = q or g for a quark or gluon jet): 

Research supported in part by the UK Science & Engineer- 
ing Research Council. 

0370-2693/84/$ 03.00 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 

o o  

dPi(Q'u)- ~ Pn i(Q) un ,  (1) 
n=O , 

where Pn ,i(Q) is the probability of producing n such 
hadrons at scale Q. The scale variable Q is defined by 

a = El2(1 - cos 0)] 1/2 _~ EO , (2) 

where E is the energy of the jet and 0 is the upper 
limit on opening angles for parton branching within it. 
The corresponding multiplicity moments are 

(nk) i ---- (n(n -- 1) ... (n -- k + 1))i 

= [ak~i(Q, u)/auk] [u=l • (3) 

The parton branching structure of the jet at scales 
greater than some infrared cutoff Q0 (Q0 >> A, the 
QCD scale) implies the following evolution equations 
for the quark and gluon jet generating functions [3] : 

1 -Qo/Q 
Q3Cbq(Q,u)/aQ= f dz (Ots/zr)Pqq(Z) 

Qo/Q 

X {~q(zQ, u)dPg((1 -- z)Q, u) - qbq(Q, u)},  (4) 

1-Qo/Q 
Qaqbg(Q, u)/OQ = f/QQo dz (Ols/Tr) 

X (Pgg(Z) [qbg(zQ, U ) ~ g ( ( l  - z)Q, u) - qbg(Q, u)] 

+ Pqg(Z)[Cbq(zQ, u)qbq((1 - z)Q,  u) - qbg(Q, u)] },  
(5) 
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The parton branching structure of the jet at scales 
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1 -Qo/Q 
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Probability to emit n hadron at scale Q  

evolution equation
-> ng/nq~2   

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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More recent quantities 

Observables for quark-gluon separation
with different tunes in Monte-Carlo

1 Introduction

Some observables for quark-gluon separation have been reported. I discuss two such
observables, energy correlation function double ratio C(β)

1 [1] and 1-subjettiness τ (β)
1 [2]

on this note. A difference in the separation power for these observables have been studied
in Ref. [1] which is written by Salam et. al,. They used Pythia8 with tune 4C [3] which
is default in recent Pythia8, and Herwig++ in the calculation. I check the separation
power with Pythia6 tuned Z2 , and compare the results.

2 Observables

The energy correlation function double ratio C(β)
1 defined as

C(β)
1 =

ECF(2, β)

ECF(1, β)

/
ECF(1, β)

ECF(0, β)
, (1)

with ECF(N, β) called N -point energy correlation functions given as

ECF(0, β) = 1, (2)

ECF(1, β) =
∑

i∈J

pTi, (3)

ECF(2, β) =
∑

i<j∈J

pTi pTj(∆Rij)
β, (4)

where ∆Rij is a distance between subject i and j. The symbol i ∈ J denote subjets i
in a (fat-)jet J .

1-subjettiness is defined as

τ (β)
1 =

1

d0

∑

i∈J

pTi (∆Ri)
β, (5)

d0 =
∑

i∈J

pT i Rβ, (6)

where R is a jet radius and ∆Ri denote a distance between a subject i in a jet J and an
arbitrary axis on η − φ plane. I choose this axis to the jet axis of J in this calculation.
In the case of β = 1, the observable τ (β=1)

1 is called girth or width.
A parameter β controls the weight given to collinear and wide-angle emissions in the

jet. At large values of β, wide-angle emissions are given greater weight, and at small
values of β collinear emissions are given greater weight.

3 Setup

I make the quark and gluon jet by the hard process gg → qq̄ and gg → gg, and use
Pythia8 tuned 4C and Pythia6 tuned Z2 for each processes. I use 1st and 2nd anti-kT

1

C1
(β）=

Larkoski et al JHEP 1306.108(2013)  
この効果が QCD MC にどのように

実装されているか
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Using C1 instead of Jet width  
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Figure 5: Left: Quark/gluon discrimination curves using jet angularities ⌧
(�)

1

(i.e. 1-

subjettiness measured with respect to the jet axis), for several values of � in Pythia. Also

plotted is the leading log approximation for the discrimination curve from Eq. (3.8) and the

discrimination curve for C(0.2)

1

. The jet sample is the same as used in Fig. 3b. Right: Gluon

rejection rate for 50% quark e�ciency as a function of �, for angularities, 1-subjettiness mea-

sured with respect to the broadening axis, and C
(�)

1

. The broadening axis is defined as the

axis which minimizes the � = 1 measure in N -subjettiness. The latter two observables are

recoil-free, and therefore give better discrimination power for small values of �.

transverse momentum in the range [400, 500] GeV and jet radius R = 0.6 in Pythia. As

expected, the gluon curve lies at larger values than the quark curve because of the greater

Sudakov suppression in gluon jets. The quark/gluon discrimination curves for di↵erent values

of � are shown in Fig. 3b, which are directly comparable to the NLL results in Fig. 2, up

to jet contamination e↵ects included in Pythia such as underlying event and initial-state

radiation. Again, we see that � ' 0.2 is the optimal value. In Fig. 4, we show the gluon

rejection rate for 50% quark e�ciency as a function of �, comparing di↵erent p
T

ranges and

R
0

values, all of which favor small values of �. Note that the gluon rejection power degrades

as the jet radius is increased, exhibited in Fig. 4a. This may be associated with the increase

in the amount of underlying event and initial-state radiation captured in the jet as the jet

radius increases. This radiation is uncorrelated with the dynamics of the quark or gluon

which initiates the jet. The degradation is most prominent at large values of �, where wide

angles in the jet are emphasized (which is where most of the uncorrelated radiation resides).

To compare the discrimination power of C(�)

1

to other IRC safe observables, we consider

1-subjettiness ⌧ (�)
1

defined in Eq. (2.16). We allow for two di↵erent axis choices: the jet axis

and the broadening axis (i.e. the axis that minimizes the � = 1 measure). When measured

with respect to the jet axis, ⌧ (�)
1

is essentially the same as the jet angularities ⌧
a

with a = 2��.

Angularities coincides with familiar observables for particular values of �: � = 2 is jet thrust
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Figure 6: Left: Quark versus gluon discrimination curves using C
(�)

1

for several values of � in

Herwig++ (directly comparable to Fig. 3b). Also plotted is the leading log approximation

for the discrimination curve, Eq. (3.8). Right: Gluon rejection rate for 50% quark e�ciency

as a function of �, for angularities, 1-subjettiness measured with respect to the broadening

axis, and C
(�)

1

in Herwig++ (directly comparable to Fig. 5b). We also tested Pythia 6.425

and Herwig 6.520, whose results lie in between Pythia 8 and Herwig++.

and � = 1 is jet broadening or girth. Among the angularities, Ref. [77] found that jet

broadening (� = 1) was the most powerful angularity for quark/gluon discrimination, and so

is a natural benchmark to compare to C
(�)

1

. When measured with respect to the broadening

axis, ⌧ (�)
1

is a recoil-free observable and is therefore expected to behave similarly to C
(�)

1

.

In Fig. 5a we plot the discrimination curves for angularities (i.e. 1-subjettiness measured

with respect to the jet axis) for several values of �, as well as the discrimination curve for

C
(0.2)

1

in Pythia. Indeed, for most of the range, the most discriminating angularity is � = 1,

but the performance of all angularities is roughly comparable to and only somewhat better

than the LL expectation. By contrast, C(0.2)

1

yields a quark to gluon e�ciency ratio that

is about twice as large as any of the angularities over much of the range. In Fig. 5b, we

highlight the importance of working with recoil-free variables, by plotting the gluon rejection

rate at a fixed 50% quark e�ciency. For � � 1, C(�)

1

and 1-subjettiness have essentially the

same performance. As � approaches 0, however, the discrimination power for the angularities

degrades, while the two recoil-free observables (C(�)

1

and 1-subjettiness with respect to the

broadening axis) have improved performance, as expected from the NLL analysis.18

To verify the claims made about the performance of C(�)

1

as a quark/gluon discriminator,

we also simulate quark and gluon dijet samples in Herwig++ 2.6.3 [89, 90]. We use the same

kinematic cuts and jet algorithm parameters as in the Pythia samples. As the same quali-

18The reason for the mismatch between C1 and ⌧1 with respect to the broadening axis at very small values

of � has not yet been determined.

– 22 –

width

Even after Pythia turning some difference remains 

max C1

default Herwig ++ predicts less 
rejection 

結果はMC によって違うようだ。
（jet 周りのアクティビティの大小も実は違うので検討中）
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Event Classification

� Each event, if Signal or Background, has “D” measured variables. 

�D

“feature
space”

y(x)

�
most general form
y  = y(x);  x ��D

x={x1,….,xD}: input variables

y(x): RnÆR:

� If one histogramms the 
resulting y(x) values:

� Find a mapping from D-dimensional input/observable/”feature” space

to one dimensional output  
Æ class lables

�Who sees how this would 
look like for the 
regression problem?

quark gluon separation にはMVA 解析をつかう 

14年7月29日火曜日



14

Quark Efficiency

G
lu

on
 E

ffi
cie

nc
y

0.2

0.4

0.6

0.8
1

1.2 ATLAS
| < 0.8η R=0.4, |tanti-k

<80 GeV
T

60 GeV<p
 = 7 TeVs, -1 L dt = 4.7 fb∫

MC11 Simulation

Data + Stat.
Pythia
Herwig++
Syst.

Quark Efficiency
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

M
C/

Da
ta

0.0
0.5
1.0
1.5
2.0

(a)

Quark Efficiency

G
lu

on
 E

ffi
cie

nc
y

0.2

0.4

0.6

0.8
1

1.2 ATLAS
| < 0.8η R=0.4, |tanti-k

<260 GeV
T

210 GeV<p
 = 7 TeVs, -1 L dt = 4.7 fb∫

MC11 Simulation

Data + Stat.
Pythia
Herwig++
Syst.

Quark Efficiency
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

M
C/

Da
ta

0.0
0.5
1.0
1.5
2.0

(b)

FIG. 5. Gluon-jet efficiency as a function of quark-
jet efficiency calculated using jet properties extracted from
data (solid symbols) and from MC-labeled jets from the di-
jet Pythia 6 (empty squares) and Herwig++ (empty dia-
monds) samples. Jets with (a) 60 < pT < 80 GeV and (b)
210 < pT < 260 GeV and |η| < 0.8 are reconstructed with the
anti-kt algorithm with R = 0.4. The shaded band shows the
total systematic uncertainty on the data. The bottom of the
plot shows the ratios of each MC simulation to the data. The
error bands on the performance in the data are drawn around
1.0.
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FIG. 6. Gluon-jet efficiency as a function of quark-jet
efficiency as calculated using jet properties extracted from
data (solid symbols), purified in data through kinematic cuts
(empty diamonds), and extracted from Pythia 6 MC simu-
lation (empty squares). Jets with (a) 60 < pT < 80 GeV and
(b) 210 < pT < 260 GeV and |η| < 0.8 are reconstructed with
the anti-kt algorithm with R = 0.4. The shaded band shows
the total systematic uncertainty on the data. The bottom of
the plot shows the ratio of Pythia 6 MC simulation or the
enriched data samples to the extracted data. The error bands
on the performance in the data are drawn around 1.0.

実験的に決めてみる

quark を残して、どのくらいgluon 

をreject できるか

代表的なMC である
Pythia(pt ordering) と
Herwig(angular ordering)  
で予言が相当違う

現実は中間だが、 

quark efficiency 50% の
現実的領域ではHerwig 

が正しいっぽい

quark:  γj event
gluon: dijet evnet  
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Jet substructureとどこが違うか

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 

 heavier  particle search-> high PT top, W, Z    

一見jet 的なものの中にある
ハードプロセスを狙っていて、
予言は安定

14年7月29日火曜日



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

Jet substructure はすでに
あちこちで使われている

quark gluon separation は
もう少し練習が必要
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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

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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(b) µ+jets channel, resolved selection.
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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.
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• 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 TaggerJet substructure はすでに

あちこちで使われている

quark gluon separation は
もう少し練習が必要
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Figure 3: Normalized (to unit weight) distribution of the BDTD variable for the g̃g̃ signal

(gluon: solid red, quark: blue dotted) and the Z-background (gluon: green dashed, quark:

violet dot-dashed): for the highest-pT jet (left) and for the second highest-pT jet (right),

after the jet-pT , ET/ and the Meff > 1 TeV cuts, for 13 TeV LHC. The quark and gluon

tags are obtained from Monte Carlo truth level information.

Process Highest-pT jet 2nd highest-pT jet

fg f BDTD>0.15
g fg f BDTD>0.15

g

g̃g̃+jets 0.46 0.73 0.81 0.90

Z+jets 0.35 0.70 0.65 0.84

Table 2: Gluon fraction (fg) at MC truth level before and after the BDTD cut, for the

highest and 2nd highest-pT jets in g̃g̃+jets and Z+jets processes. All events are selected

after passing the jet-pT , ET/ and Meff > 1 TeV cuts, at the 13 TeV LHC.

from the f BDTD>0.15
g columns in Table 2 (the enhancement is more pronounced for

the highest pT jet as the separation is better, see Fig. 3). The efficiency of this cut

on BDTD is shown in Table 3, where, εj1 , εj2 and εTotal represent the efficiency of the

BDTD > 0.15 cut on the highest pT jet, the 2nd highest pT jet and the combined

efficiency for a cut on both the jets respectively. Due to the higher fraction of gluon

jets in the signal, the efficiencies are higher for the g̃g̃+jets process compared to

Z+jets. The cross-section for g̃g̃+ ≥ 2−jets (signal Point-A) and Z+ ≥ 2−jets

after the BDTD cut at 13 TeV LHC are shown in Table 3 as well. Comparing these

to the numbers after Meff > 1 TeV in Table 1, we see that there is a significant

improvement in the S/B ratio from 0.05 to 0.22. Therefore, utilizing the quark and

gluon jet discrimination based on a BDT analysis can help us further improve the

12

gluon like quark like 

ISR における quark gluon jet 

separation 

MVA distribution of quark(gluon) from Z+ jets and gluino ISR are 
essentially  the same. It is possible to reject quark keeping gluons 

S/N improved by factor of 2 for BDTD> 0.15   
σ(Z):σ(gl) =36.5:7.9
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まとめ
• LHC 14TeV  -> Extend new particle search 

significantly 

• HL-LHC (3000fb-1) High Luminosity machine good 
for lepton channel 

• ILC  if it is build, good facility to Higgs and top 
sector.  Top sector is important for composite 
context. 

• QCD  technology ISR,  quark gluon separation,,,  
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