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ヒッグス探索の歴史

❖ 1980年代
‣ 1984年：Crystal Ball at Doris
๏ Υ→Hγ

‣ CUSB at CESR
๏ Υ→Hγ

‣ SINDRUM
๏ π→eνH(→ee)

‣ CELO at CESR
๏ B→KH(→μμ，ππ，KK)

‣ mH > 8 or 9 GeV
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Brief History for the Search and the Discovery of the Higgs Particle

Fig. 1. Energy spectrum of photons from the Υ decay, with a fit using a third-order polynomial
for the background and the crystal ball line shape for the signal region (top), and the background-
subtracted spectrum (bottom).15

(b) The SINDRUM Collaboration at the Paul Scherrer Institute proton cy-
clotron looked for very low-mass Higgs particle through the decay π+ → e+νeH
with H → e+e−, but did not find a signal.17

(c) The CLEO Collaboration at CESR of Cornell University searched for the
Higgs particle in B decay:

B → K +H ,

with

H → µ+µ−, π+π−, or K+K− ,

but again did not find any signal.18

The conclusion from such searches is that the Higgs mass was likely to be larger
than 8 GeV/c2 or 9 GeV/c2.

3. Search at LEP

3.1. LEP

LEP is the Large Electron Positron collider built at CERN. It was housed in an
underground tunnel across the Switzerland–France border; the tunnel has a cir-
cumference of 27 km, or 17 miles.
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ヒッグス探索の歴史

❖ LEP 1 (1989-1995)
❖ LEP 2 (1995-2000)
‣ hint of 114 GeV Higgs

❖ Tevatron (1987-2011)
‣ actual search in run 2 (2001-2011)
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ヒッグス探索の歴史
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Higgs-like boson 発見



ヒッグスセクター
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⇐ゲージ結合

⇐スカラーボソン

⇐湯川結合

⇐自己結合
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気になるところ

❖ スカラーボソン
❖ 指導原理の欠如
‣ 湯川結合の導入
๏ヒッグスが素粒子のidentifyを決める？

❖ 謎の質量パラメータμ（mH2 = -2μ2 ）
❖ Gauge cancellation
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実験からの知見
ILCが走るまではLHCが

ヒッグスを直接研究できる唯一の施設



LHC / ATLAS 実験



ATLAS 検出器

9



10



11

ハドロンコライダーの難しさ
❖ Underlying Event

❖ S/Nが小さい p p or p

❖ 多重衝突

重心系エネルギー[TeV]



多重衝突（ルミノシティに依存）
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現行での
設計値

❖ 衝突数/bunch crossing
= ルミノシティ × 断面積 × bunch spacing
= 7E33 [cm-2s-1] × 80mb × 50n [s] ~ 28 (現行)
= 5E34 [cm-2s-1] × 80mb × 25n [s] ~ 100
　→ 最大140　　　　　　　　　　　　(HL-LHC)

バ
ン
チ
交
差
あ
た
り
の

最
高
衝
突
数



Efficiencyの理解

❖ σ×BRを測るにはefficiency εの理解が重要
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N = σ × L×BR×A× �
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Trigger

❖ Raw rate ~ 80mb × 6 × 1033 = 500M Hz
❖ Rate to tape ~ 400 Hz
❖ Factor of 1,000,000 reduction
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標準模型の確認
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ヒッグスの生成と崩壊



LHCでのSMヒッグスの生成 (125GeV)
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247, 248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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ヒッグスの崩壊

❖ Γ(vector boson) ∝ mH3

❖ Γ(fermion) ∝ mH

18

Figure 2.25: The SM Higgs boson decay branching ratios as a function of MH .

Figure 2.26: The SM Higgs boson total decay width as a function of MH .
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Figure 2.25: The SM Higgs boson decay branching ratios as a function of MH .
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ヒッグスの崩壊

❖ SM 125GeV 崩壊比 (%)
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全幅は４MeV

H→bb 58

H→ττ 6.3

H→μμ 0.022

H→cc 2.7

H→ss 0.044

H→γγ 0.23

H→WW 22

H→ZZ 2.7

H→Zγ 0.16

H→gg 8.6



信号の手がかり
❖ 背景事象の多くはクォーク/グルーオン

 (=ジェット)生成  [強い相互作用は強い...]
⇒ ジェット以外の何かが必要 
‣  運動学的な特徴あるいは孤立レプトン
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たとえば孤立レプトン

❖ 孤立した（周囲に他の粒
子のいない）レプトン
‣ 重い粒子（W, Z）の

崩壊によるレプトン

❖ ジェット近傍のレプトン
‣ b/cからの崩壊
‣ π/Kの崩壊

21

孤立レプトン



Higgs-like to Higgs



Data & Event Selection
❖ H→γγ：4.8 (7TeV) + 20.7 (8TeV) fb-1

‣ two isolated photons w/ pT > 40, 30 GeV

❖ H→ZZ→4l：4.6 + 20.7 fb-1

‣ isolated lep. pT > 20, 15, 10, 7(e)/6(μ) GeV 
‣ 50<m12<106 GeV, 12-50<m34<115 GeV

❖ H→WW→lνlν：4.6 + 20.7 fb-1

‣ isolated lepton pT > 25, 15 GeV
‣ missing ET, MZ veto
‣ mll < 50-60 GeV, ΔΦll<1.8
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Signal Yield
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Statistical Method

❖ Maximum likelihood ratio

❖ α：測定したいパラメータ
‣ signal strength μ, 質量 mH, 

結合定数のSM予言値に対する比，等々
❖ θ：nuisance parameters

25

to the background-only hypothesis), mass mH , coupling
strengths κ, ratios of coupling strengths λ, as well as on
nuisance parameters θ:

Λ(α) =
L
(

α , ˆ̂θ(α)
)

L(α̂, θ̂)
(1)

The likelihood functions in the numerator and de-
nominator of the above equation are built using sums
of signal and background probability density func-
tions (pdfs) in the discriminating variables (chosen to
be the γγ and 4" mass spectra for H → γγ and
H→ZZ∗→ 4", respectively, and the mT distribution
for the H→WW∗→ "ν"ν channel).The pdfs are derived
from MC simulation for the signal and from both data
and simulation for the background, as described in Sec-
tions 4–6. Likelihood fits to the observed data are done
for the parameters of interest. The single circumflex
in Eq. (1) denotes the unconditional maximum likeli-
hood estimate of a parameter and the double circum-
flex denotes the conditional maximum likelihood esti-
mate for given fixed values of the parameters of interest
α. Systematic uncertainties and their correlations [111]
are modelled by introducing nuisance parameters θ de-
scribed by likelihood functions associated with the es-
timate of the corresponding effect. The choice of the
parameters of interest depends on the test under con-
sideration, with the remaining parameters being “pro-
filed”, i.e., similarly to nuisance parameters they are set
to the values that maximise the likelihood function for
the given fixed values of the parameters of interest.

7.2. Mass and production strength

The mass of the new particle is measured from the
data using the two channels with the best mass reso-
lution, H → γγ and H→ ZZ∗→ 4". In the two cases,
mH = 126.8 ± 0.2 (stat) ± 0.7 (sys) GeV and mH =

124.3+0.6−0.5 (stat)
+0.5
−0.3 (sys) GeV are obtained from fits to

the mass spectra.
To derive a combined mass measurement, the profile

likelihood ratioΛ(mH) is used, where the individual sig-
nal strengths µγγ and µ4" are treated as independent nui-
sance parameters in order to allow for the possibility of
different deviations from the SM expectation in the two
channels. The ratios of the cross sections for the various
production modes for each channel are fixed to the SM
values. It was verified that this restriction does not cause
any bias in the results. The combined mass is measured
to be:

mH = 125.5 ± 0.2 (stat) +0.5−0.6 (sys) GeV (2)

As discussed in Sections 4.4 and 5.4, the main
sources of systematic uncertainty are the photon and
lepton energy and momentum scales. In the combina-
tion, the consistency between the muon and electron fi-
nal states in the H→ZZ∗→ 4" channel causes a ∼ 0.8σ
adjustment of the overall e/γ energy scale, which trans-
lates into a ∼ 350MeV downward shift of the fitted
mγγH value with respect to the value measured from the
H → γγ channel alone.
To quantify the consistency between the fitted mγγH

and m4"H masses, the data are fitted with the profile like-
lihood ratio Λ(∆mH), where the parameter of interest is
the mass difference∆mH = mγγH −m

4"
H . The averagemass

mH and the signal strengths µγγ and µ4" The result is:

∆mH = 2.3+0.6−0.7 (stat) ± 0.6 (sys) GeV (3)

where the uncertainties are 68% confidence intervals
computed with the asymptotic approximation [116].
From the value of the likelihood at ∆mH = 0, the
probability for a single Higgs boson to give a value of
Λ(∆mH) disfavouring the ∆mH = 0 hypothesis more
strongly than observed in the data is found to be at
the level of 1.2% (2.5σ) using the asymptotic approx-
imation, and 1.5% (2.4σ) using Monte Carlo ensem-
ble tests. In order to test the effect of a possible non-
Gaussian behaviour of the three principal sources con-
tributing to the electron and photon energy scale sys-
tematic uncertainty (the Z → ee calibration procedure,
the knowledge of the material upstream of the electro-
magnetic calorimeter and the energy scale of the pre-
sampler detector) the consistency between the two mass
measurements is also evaluated by considering±1σ val-
ues for these uncertainties. With this treatment, the con-
sistency increases to up to 8%.
To measure the Higgs boson production strength, the

parameter µ is determined from a fit to the data using the
profile likelihood ratio Λ(µ) for a fixed mass hypothesis
corresponding to the measured value mH = 125.5 GeV.
The results are shown in Fig. 6, where the production
strengths for the three channels and their main analysis
categories, as well as the overall combination, are pre-
sented. The overall signal production strength is mea-
sured to be:

µ = 1.33 ± 0.14 (stat) ± 0.15 (sys) (4)

where the systematic uncertainty receives similar con-
tributions from the theoretical uncertainty on the signal
cross section (ggF QCD scale and PDF, see Table 1) and
all other, mainly experimental, sources. The uncertainty
on the mass measurement reported in Eq. (2) produces a
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Figure 2: (a) Likelihood contours as a function of m
γγ
H and m

4"
H . (b) Likelihood as a function of the mass

difference, ∆mH = m
γγ
H − m

4"
H , profiling over the common mass mH . In both cases the signal strength

parameters µγγ and µ4" are allowed to vary independently. In (a) the masses are considered as two

independent parameters of interest (2-dimensional contours) while in (b) only one parameter of interest,

the mass difference, is considered (1-dimensional variation of the likelihood).

difference. The estimated H→ γγ and H→ZZ(∗)→ 4" mass difference is

∆m̂H = m̂
γγ
H − m̂

4"
H = 2.3

+0.6
−0.7 (stat) ± 0.6 (sys) GeV , (6)

where the 68% CL errors are computed with the asymptotic approximation. The mass difference is re-

duced with respect to the one reported in Ref. [8] by about 700 MeV. This reduction is driven by changes

in the individual measurements reported in Refs. [9, 10] where the compatibility with the previously

measured values is discussed.

From the value of the likelihood evaluated at ∆mH = 0, indicated in Figure 2(b), the probability

for a single Higgs-like boson to produce a value of the Λ(∆mH) test statistic disfavoring the ∆mH =

0 hypothesis by more than observed in the data is found to be at the level of 1.2% (2.5σ) using the

asymptotic approximation assumption, and 1.5% (2.4σ) using Monte Carlo ensemble tests.2 Further

checks, assuming the SM signal strengths for H→ γγ and H→ZZ(∗)→ 4", or constraining the ensemble
of pseudo-experiments to the observed signal strengths, yield similar probabilities, since µ and mH are

largely uncorrelated.

The significance of the mass difference is also tested using rectangular pdfs for the systematic energy

scale uncertainties coming from the Z → ee calibration method, the imperfect knowledge of the material
upstream of the electromagnetic calorimeter and the energy scale of the presampler detector. The rectan-

gular pdfs give a flat a priori likelihood in the range of the ±1σ Gaussian uncertainty intervals for these
three sources of systematic uncertainties and a zero probability outside the ±1σ range. The use of such a
pdf model leads to a coherent shift within the allowed parameter range to values which reduce the mass

difference. The overall mass difference is thus decreased by an amount corresponding to the linear sum

of the individual Gaussian errors for these three sources of systematic uncertainties. With this treatment

of these energy scale systematic uncertainties the probability for a single Higgs-like boson to produce a

2Here 2-sided probabilities are used as both cases, m
γγ

H > m
4"
H and m

γγ

H < m
4"
H , are considered.

6

mH = 125.5± 0.2 +0.5
−0.6 GeV

γγ＋4 lepton

mH = 126.8± 0.2± 0.7 GeV
γγ

mH = 124.3 +0.6
−0.5

+0.5
−0.3 GeV

4 lepton
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❖ H→γγ
‣ systematics : 0.7GeV in total
๏ 0.4GeV : Z→ee calibration
๏ 0.4GeV : material estimates
๏ 0.2GeV : preshower energy scale

‣ resolution : 1.4 - 2.5 GeV
๏ extrapolation from e to γ
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mγγ

H
−m4l

H
= 2.3+0.6

−0.7(stat)± 0.6(syst) GeV

本当は差がないにもかかわらず
2.3GeV以上の差を観測する確率 : 1.2~1.5%
conservativeにやると8%
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Figure 6: The distributions of the four-lepton invariant mass, m4�, for the selected candidates for the
combined

√
s = 8 TeV and

√
s = 7 TeV data sets for the various sub-channels, (a) 4µ, (b) 2µ2e, (c) 2e2µ

and (d) 4e, compared to the background expectation for the 80−170 GeV mass range. The error bars
represent 68.3% central confidence intervals. The signal expectation for the mH = 125 GeV hypothesis
is also shown.
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Figure 6: The distributions of the four-lepton invariant mass, m4�, for the selected candidates for the
combined

√
s = 8 TeV and

√
s = 7 TeV data sets for the various sub-channels, (a) 4µ, (b) 2µ2e, (c) 2e2µ

and (d) 4e, compared to the background expectation for the 80−170 GeV mass range. The error bars
represent 68.3% central confidence intervals. The signal expectation for the mH = 125 GeV hypothesis
is also shown.
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6.2 Mass measurement

The method introduced for signal modelling in this note is intended for the measurement of Higgs boson

properties. The mass distributions are described using smooth, non-parametric, unbinned estimates [85]

of the relevant probability density functions obtained from simulation. The signal shape, normalisation

and corresponding uncertainties are parametrised as a function of mH . The form of the background

shapes are varied from the nominal expectation to allow for shape systematics.

In Figure 9(a) the profile likelihood is shown as a function of mH for the combined 2011 and 2012

data samples. It is shown with the mass scale systematic uncertainties from electrons (MSS(e)) and

muons (MSS(µ)) applied (solid curve) and without applying them, i.e. with the corresponding nuisance

parameters fixed to their best fit values (dashed curve). Figure 9(b) shows the corresponding profile

likelihood curves as a function of mH for the four channels separately. The value for the fitted mass

from the profile likelihood is mH = 124.3+0.6
−0.5 (stat)

+0.5
−0.3 (syst) GeV, where the systematic uncertainty is

dominated by the energy and momentum scale uncertainties. The channels where muons dominate the

mass scale (4µ and 2µ2e) agree reasonably well with the channels where electrons dominate the mass

scale (4e and 2e2µ) within their total uncertainties.

The mass measurement presented in this note is compatible within its statistical uncertainty with the

previous result [8]. The difference originates from the additional candidates obtained due to the increased

integrated luminosity and the optimisation of the analysis, which leads to an increased efficiency for the

4µ and 2e2µ/2µ2e channels and a higher purity for the 4e and 4µ channels.
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Figure 9: The profile likelihood as a function of mH (a) for the combination of all channels and for (b)

for the individual channels for the combined
√

s = 8 TeV and
√

s = 7 TeV data samples. The profile

likelihoods are shown with the mass scale systematics for electrons (MSS(e)) and muons (MSS(µ))
applied (solid curve) and without applying them (dashed curve). The 68% (95%) CL uncertainty is

determined by the points where the profile likelihood curve crosses 1 (4).
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❖ Resolution : 1.6(4μ), 1.9(2e2μ), 2.4(4e) GeV
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Signal strength w.r.t. SM expectation
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247, 248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.

117

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247, 248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)
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electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,
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and the associated Higgs production with heavy top [247, 248] or bottom [249,250] quarks:
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vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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We will see in the course of this review that it will be appropriate to use the Fermi coupling

constant Gµ to describe the couplings of the Higgs boson, as some higher–order effects are

effectively absorbed in this way. The Higgs couplings to fermions, massive gauge bosons as

well as the self–couplings, are given in Fig. 1.2 using both v and Gµ. This general form of

the couplings will be useful when discussing the Higgs properties in extensions of the SM.
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Figure 1.2: The Higgs boson couplings to fermions and gauge bosons and the Higgs self–
couplings in the SM. The normalization factors of the Feynman rules are also displayed.

Note that the propagator of the Higgs boson is simply given, in momentum space, by

∆HH(q2) =
i

q2 − M2
H + iε

(1.49)
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Fig. 2.14. Loop induced Higgs boson decays into (a) two photons (Zγ ) and (b) two gluons.

2.3.1. Decays into two photons

2.3.1.1. The partial width at leading order. The decay of the SM Higgs boson into two photons is mediated by W
boson and heavy charged fermion loops. The partial decay width can be cast into the form [89,157–159]

Γ (H → γ γ ) = Gµα2 M3

H
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with the form factors for spin-
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and spin-1 particles given by
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The parameters τi = M2

H /4M2

i with i = f, W are defined by the corresponding masses of the heavy loop particles.

The electromagnetic constant in the coupling should be taken at the scale q2 = 0 since the final state photons are real.

Since the H f f̄ coupling is proportional to m f , the contribution of light fermions is negligible so that in the SM

with three families, only the top quark and the W boson effectively contribute to the γ γ width. If the Higgs boson mass

is smaller than the W W and f f̄ pair thresholds, the amplitudes are real and above the thresholds they are complex;

Fig. 2.15. Below thresholds, the W amplitude is always dominant, falling from AH
1

= −7 for very small Higgs masses

to AH
1

= −5 − 3π2/4 at the W W threshold; for large Higgs masses the W amplitude approaches AH
1

→ −2. The

fermionic contributions increase from AH
1/2

= 4/3 for small τ f values to AH
1/2

∼ 2 at the 2m f threshold; far above

the fermion threshold, the amplitude vanishes linearly in τ f modulo logarithmic coefficients,

M2

H � 4m2

f : AH
1/2

(τ f ) → −[log(4τ f ) − iπ ]2/(2τ f )

M2

H � 4m2

f : AH
1/2

(τ f ) → 4/3. (2.48)

In Fig. 2.16, we display the partial decay width Γ (H → γ γ ). The width varies rapidly from a few KeV for

MH ∼ 100 GeV to ∼100 KeV for MH ∼ 300 GeV as a consequence of the growth ∝ M3

H . The contribution of the W
boson loop interferes destructively with the quark loop and for Higgs masses of about 650 GeV, the two contributions

nearly cancel each other. The contribution of the b-loop is negligible, while the t-quark contribution with mt → ∞ is

a good approximation for Higgs masses below the 2mt threshold.

2.3.1.2. The NLO QCD corrections. The QCD corrections to the quark amplitude in the decay H → γ γ consist only

of two-loop virtual corrections and the corresponding counterterms; some generic diagrams are shown in Fig. 2.17.
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Figure 9: Likelihood curve for the ratio µVBF/µggF+ttH for the combi-
nation of the H → γγ, H→ZZ∗→ 4" and H→WW∗→ "ν"ν chan-
nels and a Higgs boson mass mH = 125.5 GeV. The parameter
µVH/µggF+ttH is profiled in the fit. The dashed curve shows the SM
expectation. The horizontal dashed lines indicate the 68% and 95%
CL.

σ · B (gg→ H → γγ)
σSM(gg→ H) · BSM(H → γγ)

=
κ2g · κ

2
γ

κ2H
(7)

In some of the fits, κH and the effective scale factors
κγ and κg for the loop-induced H → γγ and gg → H
processes are expressed as a function of the more fun-
damental factors κW , κZ , κt, κb and κτ (only the dominant
fermion contributions are indicated here for simplicity).
The relevant relationships are:

κ2g(κb, κt) =
κ2t · σ

tt
ggH + κ

2
b · σ

bb
ggH + κtκb · σ

tb
ggH

σttggH + σ
bb
ggH + σ

tb
ggH

κ2γ(κb, κt, κτ, κW) =
∑

i, j κiκ j · Γ
i j
γγ

∑

i, j Γ
i j
γγ

(8)

κ2H =
∑

j j=WW∗ , ZZ∗ , bb̄, τ−τ+,

γγ, Zγ, gg, tt̄, cc̄, ss̄, µ−µ+

κ2jΓ
SM
j j

ΓSMH

where σi jggH , Γ
i j
γγ and ΓSMf f are obtained from theory [14,

15, 119].
Results are extracted from fits to the data using the

profile likelihood ratio Λ(κ), where the κ j couplings are
treated either as parameters of interest or as nuisance
parameters, depending on the measurement.
The assumptions made for the various measurements

are summarised in Table 10 and discussed in the next
sections together with the results.

Figure 10: Likelihood contours (68% CL) of the coupling scale fac-
tors κF and κV for fermions and bosons (benchmark model 1 in Ta-
ble 10), as obtained from fits to the three individual channels and their
combination (for the latter, the 95% CL contour is also shown). The
best-fit result (×) and the SM expectation (+) are also indicated.

7.4.1. Couplings to fermions and bosons
The first benchmark considered here (indicated as

model 1 in Table 10) assumes one coupling scale fac-
tor for fermions, κF , and one for bosons, κV ; in this sce-
nario, the H → γγ and gg → H loops and the total
Higgs boson width depend only on κF and κV , with no
contributions from physics beyond the Standard Model
(BSM). The strongest constraint on κF comes indirectly
from the gg→ H production loop.
Figure 10 shows the results of the fit to the data for

the three channels and their combination. Since only
the relative sign of κF and κV is physical, in the follow-
ing κV > 0 is assumed. Some sensitivity to this relative
sign is provided by the negative interference between
the W-boson loop and t-quark loop in the H → γγ de-
cay. The data prefer the minimum with positive relative
sign, which is consistent with the SM prediction, but
the local minimum with negative sign is also compati-
ble with the observation (at the ∼ 2σ level). The two-
dimensional compatibility of the SM predictionwith the
best-fit value is 12%. The 68% CL intervals of κF and
κV , obtained by profiling over the other parameter, are:

κF ∈ [0.76, 1.18] (9)
κV ∈ [1.05, 1.22] (10)

with similar contributions from the statistical and sys-
tematic uncertainties.
In this benchmark model, the assumption of no con-

tributions from new particles to the Higgs boson width
provides strong constraints on the fermion coupling κF ,
as about 75% of the total SM width comes from decays
to fermions or involving fermions. If this assumption is
relaxed, only the ratio λFV = κF/κV can be measured

18

Table 1: Main sources of experimental uncertainty, and of theoretical
uncertainty on the signal yield, common to the three channels con-
sidered in this study. Theoretical uncertainties are given for a SM
Higgs boson of mass mH = 125 GeV and are taken from Refs. [14–
16]. “QCD scale” indicates (here and throughout this paper) QCD
renormalisation and factorisation scales and “PDFs” indicates parton
distribution functions. The ranges for the experimental uncertainties
cover the variations with pT and η.

Source (experimental) Uncertainty (%)
Luminosity ±1.8 (2011), ±3.6 (2012)
Electron efficiency ±2–5
Jet energy scale ±1–5
Jet energy resolution ±2–40

Source (theory) Uncertainty (%)
QCD scale ±8 (ggF), ±1(VBF, VH), +4−9 (ttH)
PDFs + αs ±8 (ggF, ttH), ±4 (VBF, VH)

associated track; it is required to have at least three as-
sociated tracks with pT > 0.4 GeV. For the H → γγ
analysis a different primary vertex definition is used, as
described in Section 4.
Muon candidates [17] are formed by matching re-

constructed tracks in the inner detector (ID) with either
complete tracks or track segments reconstructed in the
muon spectrometer (MS). The muon acceptance is ex-
tended to the region 2.5 < |η| < 2.7, which is outside the
ID coverage, using tracks reconstructed in the forward
part of the MS.
Electron candidates [18] must have a well-

reconstructed ID track pointing to a cluster of
cells with energy depositions in the electromagnetic
calorimeter. The cluster should satisfy a set of identifi-
cation criteria requiring the longitudinal and transverse
shower profiles to be consistent with those expected
for electromagnetic showers. Tracks associated with
electromagnetic clusters are fitted using a Gaussian
Sum Filter [19], which allows bremsstrahlung energy
losses to be taken into account. The identification
criteria described in Ref. [18] have been modified with
time to maintain optimal performance as a function of
pile-up, in particular for low-pT electrons.
The reconstruction, identification and trigger efficien-

cies for electrons and muons, as well as their energy and
momentum scales and resolutions, are determined us-

the nominal interaction point (IP) in the centre of the detector, and
the z-axis along the beam line. The x-axis points from the IP to the
centre of the LHC ring, and the y-axis points upwards. Cylindrical co-
ordinates (r, φ) are used in the transverse plane, φ being the azimuthal
angle around the beam line. Observables labelled “transverse” are
projected into the x − y plane. The pseudorapidity is defined in terms
of the polar angle θ as η = − ln tan(θ/2).

ing large samples of Z → &&, W → &ν and J/ψ → &&
events [18, 20]. The resulting uncertainties are smaller
than ±1% in most cases, one exception being the uncer-
tainty on the electron selection efficiency which varies
between ±2% and ±5% as a function of pT and η.
Photon candidates [21] are reconstructed and iden-

tified using shower shapes in the electromagnetic
calorimeter, with or without associated conversion
tracks, as described in Section 4.
Jets [22, 23] are built from topological clusters [24]

using the anti-kt algorithm [25] with a distance param-
eter R = 0.4. They are typically required to have
transverse energies greater than 25 GeV (30 GeV) for
|η| < 2.4 (2.4 ≤ |η| < 4.5), where the higher threshold
in the forward region reduces the contribution from jet
candidates produced by pile-up. To reduce this contri-
bution further, jets within the ID acceptance (|η| < 2.47)
are required to have more than 25–75% (depending on
the pile-up conditions and Higgs boson decay mode) of
the summed scalar pT of their associated tracks coming
from tracks originating from the event primary vertex.
Pile-up corrections based on the average event trans-
verse energy density in the jet area [26] and the number
of reconstructed vertices in the data are also applied.
Jets originating from b-quarks [27–29] are identi-

fied (“b-tagged”) by combining information from algo-
rithms exploiting the impact parameter of tracks (de-
fined as the distance of closest approach to the pri-
mary vertex in the transverse plane), the presence of a
displaced vertex, and the reconstruction of D- and B-
hadron decays.
The missing transverse momentum, EmissT [30], is

the magnitude of the negative vector sum of the pT of
muons, electrons, photons, jets and clusters of calorime-
ter cells with |η| < 4.9 not associated with these objects.
The uncertainty on the EmissT energy scale is obtained
from the propagation of the uncertainties on the con-
tributing components and thus depends on the consid-
ered final state. A track-based missing transverse mo-
mentum, pmissT , is calculated as the negative vector sum
of the transverse momenta of tracks associated with the
primary vertex.
The main sources of experimental uncertainty com-

mon to all the channels considered in this study are sum-
marised in the top part of Table 1.

3. Signal and background simulation

The SM Higgs boson production processes consid-
ered in these studies are gluon fusion (gg → H, de-
noted ggF), vector-boson fusion (qq′ → qq′H, denoted

2

例）
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❖ No Beyond SM contributions assumed
❖ κf ≡ κt = κb = κτ, κv ≡ κW = κZ
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Total uncertainty
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Table 10: Summary of the coupling benchmark models discussed in this paper, where λi j = κi/κ j, κii = κiκi/κH , and the functional dependence
assumptions are: κV = κW = κZ , κF = κt = κb = κτ (and similarly for the other fermions), κg = κg(κb, κt), κγ = κγ(κb, κt , κτ, κW ), and κH = κH(κi).
The tick marks indicate which assumptions are made in each case. The last column shows, as an example, the relative couplings involved in the
gg→ H → γγ process, see Eq. (7), and their functional dependence in the various benchmark models.

Model Probed Parameters of Functional assumptions Example: gg→ H → γγ
couplings interest κV κF κg κγ κH

1 Couplings to
fermions and bosons

κV , κF
√ √ √ √ √

κ2F · κ
2
γ(κF , κV )/κ2H(κF , κV )

2 λFV , κVV
√ √ √ √

- κ2VV · λ
2
FV · κ

2
γ(λFV , λFV , λFV , 1)

3 Custodial symmetry λWZ , λFZ , κZZ -
√ √ √

- κ2ZZ · λ
2
FZ · κ

2
γ(λFZ , λFZ , λFZ , λWZ)

4 λWZ , λFZ , λγZ , κZZ -
√ √

- - κ2ZZ · λ
2
FZ · λ

2
γZ

5 Vertex loops κg, κγ =1 =1 - -
√

κ2g · κ
2
γ/κ

2
H(κg, κγ)

(benchmark model 2 in Table 10), which still provides
useful information on the relationship between Yukawa
and gauge couplings. Fits to the data give the following
68% CL intervals for λFV and κVV = κVκV/κH (when
profiling over the other parameter):

λFV ∈ [0.70, 1.01] (11)
κVV ∈ [1.13, 1.45] (12)

The two-dimensional compatibility of the SM pre-
diction with the best-fit value is 12%. These results
also exclude vanishing couplings of the Higgs boson to
fermions (indirectly, mainly through the gg → H pro-
duction loop) by more than 5σ.

7.4.2. Ratio of couplings to the W and Z bosons
In the Standard Model, custodial symmetry imposes

the constraint that the W and Z bosons have identical
couplings to the Higgs boson and that ρ=1 (as measured
at LEP [121]). The former constraint is tested here by
measuring the ratio λWZ = κW/κZ .
The simplest and most model-independent approach

is to extract the ratio of branching ratios normalised to
their SM expectation, λ2WZ = B(H → WW∗)/B(H →
ZZ∗) ·BSM(H → ZZ∗)/BSM(H → WW∗), from the mea-
sured inclusive rates of the H → WW∗ and H → ZZ∗
channels. A fit to the data with the likelihood Λ(λWZ),
where µggF+ttH × B(H→ ZZ∗)/BSM(H → ZZ∗) and
µVBF+VH/µggF+ttH are profiled, gives λWZ = 0.81+0.16−0.15.
A more sensitive measurement can be obtained by

also using information from WH and ZH production,
from the VBF process (which in the SM is roughly
75% W-fusion and 25% Z-fusion mediated) and from
the H → γγ decay mode. A fit to the data using
benchmark model 3 in Table 10 gives the likelihood
curve shown in Fig. 11, with λWZ ∈ [0.61, 1.04] at the
68% CL, dominated by the statistical uncertainty; the

other parameters, λFZ and κZZ , are profiled. The three-
dimensional compatibility of the SM predictionwith the
best-fit value is 19%.
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Figure 11: Likelihood curve for the coupling scale factor λWZ (bench-
mark model 3 in Table 10). The thin dotted lines indicate the continu-
ation of the likelihood curve when restricting λFZ to be either positive
or negative. The dashed curves show the SM expectation with the
right (left) minimum indicating λFZ positive (negative).

Potential contributions from BSM physics affecting
the H → γγ channel could produce apparent deviations
of the ratio λWZ from unity even if custodial symme-
try is not broken. It is therefore desirable to decouple
the observed H → γγ event rate from the measurement
of λWZ . This is done with an extended fit for the ratio
λWZ , where one extra degree of freedom (λγZ = κγ/κZ)
absorbs possible BSM effects in the H → γγ channel
(benchmark model 4 in Table 10). This measurement
yields:

λWZ = 0.82 ± 0.15 (13)

and a four-dimensional compatibility of the SM predic-
tion with the best-fit value of 20%.
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3. Statistical method

The analyses described in this Letter rely on discrim-

inant observables chosen to be sensitive to the spin and

parity of the signal while preserving the discrimination

against the various backgrounds, as described in Sec-

tions 4, 5 and 6 for the three final states. A likelihood

function L(J
P, µ, θ) that depends on the spin–parity as-

sumption of the signal is constructed as a product of

conditional probabilities over binned distributions of the

discriminant observables in each channel:

L(J
P, µ, θ) =

Nchann.�

j

Nbins�

i

P
�
Ni, j | µ j · S (J

P
)

i, j (θ) + Bi, j(θ)
� ×A j(θ) ,

(1)

where µ j represents the nuisance parameter associated

with the signal rate in each channel j. The symbol

θ represents all other nuisance parameters. The likeli-

hood function is therefore a product of Poisson distribu-

tions P corresponding to the observation of Ni, j events

in each bin i of the discriminant observable(s),
1

given

the expectations for the signal, S
(J

P
)

i, j (θ), and for the

background, Bi, j(θ). Some of the nuisance parameters

are constrained by auxiliary measurements through the

functionsA j(θ).
While for the SM Higgs boson the couplings to the

SM particles are predicted, they are not known a priori

for the alternative hypotheses, defined as J
P

alt
. In order to

be insensitive to such assumptions, the numbers of sig-

nal events in each channel and for each tested hypothe-

sis are treated as an independent nuisance parameters in

the likelihood.

The test statistic q used to distinguish between the

two signal spin–parity hypotheses is based on a ratio of

likelihoods:

q = log
L(J

P = 0
+, ˆ̂µ0+ ,

ˆ̂θ0+ )

L(J
P

alt
, ˆ̂µJ

P

alt

, ˆ̂θJ
P

alt

)

, (2)

where L(J
P, ˆ̂µJP , ˆ̂θJP ) is the maximum likelihood esti-

mator, evaluated under either the 0
+

or the J
P

alt
spin–

parity hypothesis. The ˆ̂µJP , ˆ̂θJP represent the values

of the signal strength and nuisance parameters fitted

1
As explained in the following sections, the sensitivity for spin–

parity separation is improved by a simultaneous fit to two discrim-

inants in the H→ γγ and H → WW
∗

decay modes, while in the

H → ZZ
∗

channel only one discriminant is used.

to the data under each J
P

hypothesis. The distribu-

tions of the test statistics for each of the two hypothe-

ses are obtained using ensemble tests (Monte Carlo

pseudo-experiments). The generation of the pseudo-

experiments uses the numbers of signal and background

events in each channel obtained from maximum likeli-

hood fits to data. In the fits of each pseudo-experiment,

these and all other nuisance parameters are profiled, i.e.

fitted to the value that maximises the likelihood for each

value of the parameter of interest. When generating the

distributions of the test statistics for a given spin–parity

hypothesis, the signal strength µ is fixed to the value ob-

tained in the fit to the data under the same spin–parity

assumption. The distributions of q are used to deter-

mine the corresponding p0-values p0(0
+
) and p0(J

P

alt
).

For a tested hypothesis J
P

alt
, the observed (expected)

p0-values are obtained by integrating the corresponding

test-statistic distributions above the observed value of q

(above the median of the J
P = 0

+
q distribution). When

the measured data are in agreement with the tested hy-

pothesis, the observed value of q is expected to be close

to the median, corresponding to a p0-value around 50%.

Very small values of the integral of the J
P

alt
distribution,

corresponding to large values of q, are interpreted as the

data being in disagreement with the tested hypothesis

in favour of the SM hypothesis. An example of such

distributions is shown in Section 7 for the 0
+

and 0
−

hypotheses.

The exclusion of the alternative J
P

alt
hypothesis in

favour of the Standard Model 0
+

hypothesis is evaluated

in terms of the corresponding CLs(J
P

alt
), defined as:

CLs(J
P

alt
) =

p0(J
P

alt
)

1 − p0(0+)
. (3)

4. H→ γγ Analysis

The H→ γγ decay mode is sensitive to the spin of

the Higgs boson through the measurement of the po-

lar angular distribution of the photons in the resonance

rest frame. For this channel, the SM spin hypothesis

is compared only to the J
P = 2

+
hypothesis. Spin in-

formation can be extracted from the distribution of the

absolute value of the cosine of the polar angle θ∗ of the

photons with respect to the z-axis of the Collins–Soper

frame [27]:

| cos θ∗| = | sinh(∆ηγγ)|
�

1 + (p
γγ
T
/mγγ)2

2p
γ1
T

p
γ2
T

m2
γγ

, (4)

where mγγ and p
γγ
T

are the invariant mass and the trans-

verse momentum of the photon pair, ∆ηγγ is the separa-

3

tion in pseudo-rapidity of the two photons, and pγ1
T
, pγ2

T

are the transverse momenta of the photons.

This channel has a large background, dominated by

non-resonant diphoton production, whose distribution

in | cos θ∗| is intermediate between those expected for

JP = 0
+

and JP = 2
+

states produced in gluon fusion.

Two observables, | cos θ∗| and mγγ, are used in the fit to

data: mγγ provides better separation power between the

signal and the background, and | cos θ∗| is sensitive to

the spin.

The selected events contain two isolated photon can-

didates, as described in Ref. [18], but with the important

difference that the kinematic requirements on the trans-

verse momenta of the photons are proportional to mγγ.
This choice reduces the correlation between mγγ and

| cos θ∗| for the background to a negligible level. The

selection requirements are set to pγ1
T
> 0.35 mγγ and

pγ2
T
> 0.25 mγγ. The fitted mass range is chosen to be

105 GeV < mγγ < 160 GeV.

The intrinsic width of the resonance is assumed to be

negligible compared to the detector resolution for both

spin hypotheses. For this reason, the same probability

density function (pdf) is used to model the reconstructed

mass spectra of both signal hypotheses, independent of

the value of | cos θ∗|. The chosen function is the sum of a

Crystal Ball [28] component, accounting for about 95%

of the signal events, and a wider Gaussian component

to model outlying events, as described in Ref. [18].

The | cos θ∗| distributions of the signal, for either spin

state, are obtained from simulated samples. The signal

yields per | cos θ∗| bin for a spin-0 particle are corrected

for interference effects with the non-resonant diphoton

background gg→ γγ [29]. The size of the correction

is non-negligible only at high values of | cos θ∗| and its

value is taken as the systematic uncertainty on this ef-

fect. No interference between the spin-2 particle and the

diphoton continuum background is assumed, since there

are no theoretical models that describe it.

For the spin-2 state, the full size of the correction to

the generated pT spectrum of the diphoton system, de-

scribed in Section 2, is taken as a systematic uncertainty.

The background distributions are derived directly

from the observed data, using the two mass sidebands

105 GeV < mγγ < 122 GeV and 130 GeV < mγγ <
160 GeV, where the signal contribution is negligible.

The background shape as a function of mγγ is modeled

by a fifth-order polynomial with coefficients fitted to the

data. The background shape as a function of | cos θ∗| is
taken from the two mass sidebands, since the remain-

ing correlation between the two observables is small.

The statistical uncertainties affecting the determination

of the | cos θ∗| distribution from the sidebands are prop-

agated into the signal region (SR), 122 GeV < mγγ <
130 GeV, independently for each | cos θ∗| bin. Detailed

studies of the data in the sidebands show that possible

residual correlations between mγγ and | cos θ∗| are not

significant compared to the statistical uncertainties. A

study of the background, based on a large sample of

simulated events using the SHERPA generator [30], in-

dicates the presence of a residual correlation at the level

of 0.6% for | cos θ∗| < 0.8 and 2% elsewhere. These

values are treated as the systematic uncertainties due to

possible correlations between mγγ and | cos θ∗|.
The fit to data is carried out simultaneously in the sig-

nal region and the two sideband regions. In the signal

region, the likelihood is a function of the two discrim-

inant variables mγγ and | cos θ∗|, while in the sidebands

only mγγ is considered.

The number of data events selected in the signal re-

gion is 14977, compared with a background estimate

of about 14300 events and an expected SM Higgs bo-

son signal of about 370 events. Figure 1 displays the

data distribution for | cos θ∗| in the signal region, over-

laid with the signal and background components, fitted

under the JP = 0
+

hypothesis.
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Figure 1: Distribution of | cos θ∗ | for events in the signal region de-

fined by 122 GeV < mγγ < 130 GeV. The data (dots) are overlaid

with the projection of the signal (blue/dark band) and background

(yellow/light histogram) components obtained from the inclusive fit

of the data under the spin-0 hypothesis.

The likelihood function is fitted to data for both the

spin-0 and spin-2 hypotheses with the signal and back-

ground normalisations treated as nuisance parameters.

Figure 2 shows the | cos θ∗| distributions in the signal

region, obtained after subtracting the estimated back-

ground, and compared with the expected distributions

for spin-0 and spin-2 signals. The data points differ

slightly between the two spin hypotheses, because the
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Figure 2: Distributions of background-subtracted data in the signal
region as a function of | cos θ∗ |. The expected distributions for (a)
spin-0 and (b) spin-2 signals produced by gluon fusion, normalised
to the fitted number of signal events, are overlaid as solid lines. The
cyan/grey bands around the horizontal lines at zero show the system-
atic uncertainties on the background modelling before the fits, which
include the statistical uncertainties on the data sidebands.

fitted background depends on the profiling of the nui-
sance parameters associated with the bin-by-bin system-
atic uncertainties.

5. H → ZZ
∗ → 4� Analysis

The H → ZZ
∗ → 4� channel, where � = e or µ, ben-

efits from the presence of several observables dependent
on spin and parity thanks to the full reconstruction of the
four-lepton final state. The kinematic observables are
the reconstructed masses of the two Z boson candidates
and the five production and decay angles described in
the following. The Z boson candidates are denoted here-
after as Z1 and Z2, where the index 1 refers to the lepton
pair with the invariant mass closer to the PDG value [31]

of the Z boson mass. Their respective masses are de-
fined as m12 and m34. The full definition of the pro-
duction and decay angles as well as the description of
their variation for different spin and parity values can be
found in Ref. [20]. Here only a brief summary is given:
θ1 (θ2) is the angle between the negatively charged final-
state lepton in the Z1 (Z2) rest frame and the direction of
flight of the Z1 (Z2) boson in the four-leptons rest frame.
Φ is the angle between the decay planes defined by the
two lepton pairs coming from the Z decays in the four-
lepton rest frame. Φ1 is the angle between the decay
plane of the leading lepton pair and a plane defined by
the momentum of the Z1 in the four-lepton rest frame
and the direction of the beam axis. θ∗ is the production
angle of the Z1 defined in the four-lepton rest frame.

The lepton identification criteria and the analysis
requirements follow the inclusive event selection de-
scribed in Ref. [18]. To increase the sensitivity to the
Higgs boson signal the final states are classified depend-
ing on the flavours of the lepton pairs. The events used
to reconstruct the variables sensitive to the spin and par-
ity of the resonance are selected in the region of recon-
structed four-lepton invariant mass 115 GeV < m4� <
130 GeV, defined as the signal mass window.

After the analysis requirements 43 candidate events
are selected in data in the signal mass window, com-
pared with an expected background of about 16 events,
dominated by the continuum ZZ

∗ process, and about
18 signal events for a SM Higgs boson with a mass
of 125.5 GeV. The irreducible ZZ

∗ background is
estimated from Monte Carlo simulation, normalised
to NLO calculations, while the reducible tt̄, Zbb̄ and
Z+jets backgrounds are estimated from corresponding
control regions in data, as described in Ref. [18]. Fig-
ure 3 shows the cos(θ1) and m34 distributions for events
passing the full selection in the signal mass window.

In order to distinguish between pairs of spin and
parity states, the reconstructed observables described
above, namely the five angles and the two invariant
masses, are combined using a multivariate discrimi-
nant based on a boosted decision tree (BDT) [32]. The
BDT is trained on simulated signal events after full re-
construction and event selection. Dedicated discrimi-
nants are defined for the separation between the Stan-
dard Model J

P = 0+ hypothesis and each of the consid-
ered alternative models, J

P = 0−, 1+, 1−, 2+. In the
case of the spin-2 hypothesis, the studies are performed
as a function of the qq̄ production fraction, fqq̄.

The response of the BDT classifiers is evaluated sep-
arately for each pair of signal hypotheses, including the
expected backgrounds from other SM processes. In ad-
dition, to improve the overall sensitivity, the BDT re-
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Figure 2: Distributions of background-subtracted data in the signal
region as a function of | cos θ∗ |. The expected distributions for (a)
spin-0 and (b) spin-2 signals produced by gluon fusion, normalised
to the fitted number of signal events, are overlaid as solid lines. The
cyan/grey bands around the horizontal lines at zero show the system-
atic uncertainties on the background modelling before the fits, which
include the statistical uncertainties on the data sidebands.

fitted background depends on the profiling of the nui-
sance parameters associated with the bin-by-bin system-
atic uncertainties.

5. H → ZZ
∗ → 4� Analysis

The H → ZZ
∗ → 4� channel, where � = e or µ, ben-

efits from the presence of several observables dependent
on spin and parity thanks to the full reconstruction of the
four-lepton final state. The kinematic observables are
the reconstructed masses of the two Z boson candidates
and the five production and decay angles described in
the following. The Z boson candidates are denoted here-
after as Z1 and Z2, where the index 1 refers to the lepton
pair with the invariant mass closer to the PDG value [31]

of the Z boson mass. Their respective masses are de-
fined as m12 and m34. The full definition of the pro-
duction and decay angles as well as the description of
their variation for different spin and parity values can be
found in Ref. [20]. Here only a brief summary is given:
θ1 (θ2) is the angle between the negatively charged final-
state lepton in the Z1 (Z2) rest frame and the direction of
flight of the Z1 (Z2) boson in the four-leptons rest frame.
Φ is the angle between the decay planes defined by the
two lepton pairs coming from the Z decays in the four-
lepton rest frame. Φ1 is the angle between the decay
plane of the leading lepton pair and a plane defined by
the momentum of the Z1 in the four-lepton rest frame
and the direction of the beam axis. θ∗ is the production
angle of the Z1 defined in the four-lepton rest frame.

The lepton identification criteria and the analysis
requirements follow the inclusive event selection de-
scribed in Ref. [18]. To increase the sensitivity to the
Higgs boson signal the final states are classified depend-
ing on the flavours of the lepton pairs. The events used
to reconstruct the variables sensitive to the spin and par-
ity of the resonance are selected in the region of recon-
structed four-lepton invariant mass 115 GeV < m4� <
130 GeV, defined as the signal mass window.

After the analysis requirements 43 candidate events
are selected in data in the signal mass window, com-
pared with an expected background of about 16 events,
dominated by the continuum ZZ

∗ process, and about
18 signal events for a SM Higgs boson with a mass
of 125.5 GeV. The irreducible ZZ

∗ background is
estimated from Monte Carlo simulation, normalised
to NLO calculations, while the reducible tt̄, Zbb̄ and
Z+jets backgrounds are estimated from corresponding
control regions in data, as described in Ref. [18]. Fig-
ure 3 shows the cos(θ1) and m34 distributions for events
passing the full selection in the signal mass window.

In order to distinguish between pairs of spin and
parity states, the reconstructed observables described
above, namely the five angles and the two invariant
masses, are combined using a multivariate discrimi-
nant based on a boosted decision tree (BDT) [32]. The
BDT is trained on simulated signal events after full re-
construction and event selection. Dedicated discrimi-
nants are defined for the separation between the Stan-
dard Model J

P = 0+ hypothesis and each of the consid-
ered alternative models, J

P = 0−, 1+, 1−, 2+. In the
case of the spin-2 hypothesis, the studies are performed
as a function of the qq̄ production fraction, fqq̄.

The response of the BDT classifiers is evaluated sep-
arately for each pair of signal hypotheses, including the
expected backgrounds from other SM processes. In ad-
dition, to improve the overall sensitivity, the BDT re-
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Figure 2: Distributions of background-subtracted data as a function of | cos θ∗| for the nominal analysis

(in (a), for the signal region only) and the alternative analysis (b). The two sets of points correspond to

the subtraction of the different profiled background shapes in the case of the conditional spin-0 and spin-2

fits (assuming the spin-0/spin-2 | cos θ∗| shapes). The spin-0 and spin-2 (produced by gluon fusion) pdfs

(normalized to the fitted number of signal events) are overlaid. The cyan bands around the horizontal

line at zero show the systematic uncertainties on the background modelling before the fits which, for the

nominal analysis, includes the statistical uncertainty on the data sidebands. The error bars on the points

reflect only the data statistics.
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Figure 3: Expected distributions of the test statistics q for the spin-0 and spin-2 (produced by gluon

fusion) hypotheses for the nominal (a) and alternative (b) analyses. The observed value is indicated by a

vertical line. The coloured areas correspond to the integrals of the expected distributions used to compute

the p-values for the rejection of each hypothesis.
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7 Conclusions

Studies of the spin of the Higgs-like boson have been performed in the H → γγ channel using 20.7

fb−1 of pp collision data at a centre-of-mass energy of 8 TeV recorded in 2012 by the ATLAS detector.

The SM spin-0 hypothesis is compared to a graviton-like spin-2 model with minimal couplings, where

the spin-2 signal is produced via gluon fusion or quark-antiquark annihilation. The separation has been

studied as a function of the fraction of gg and qq̄ modes in the production. The transverse momentum

distribution of the spin-2 resonance produced by gluon fusion is re-weighted to match the SM spin-0

distribution, and no interference between the spin-2 resonance and the diphoton continuum background

is considered.

An inclusive analysis of the mγγ and | cos θ∗| distributions in the signal region makes use of the

near absence of correlations between the two variables to separate the spin-0, spin-2 and background

components. This absence of correlations is achieved through the use of cuts on the photon transverse

momenta relative to the diphoton invariant mass (p
γ
T
/mγγ).

The compatibility of the data with each spin hypothesis is computed using a CLS procedure. The

data are generally in good agreement with the spin-0 hypothesis while a spin-2 resonance produced by

gluon fusion is excluded at 99% CL. For decreasing fractions of gluon fusion production of the spin-2

signal in favour of qq̄ production, the expected separation between spin-0 and spin-2 is reduced, reaching

a minimum when the gluon fusion contribution is at 25%. The observed spin-2 rejections for these

configurations do not exceed 95% CL.
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FIG. 1: (a) Two decay planes of Zi → �i�̄i, i = 1, 2. The polar angles θi shown are defined in the

rest frames of Zi with respect to k̂i, while the azimuthal angles shown are in fact 2π − φ1 = −φ1

and π− φ2. (b) The coordinate system in the CM frame and the definition of the production angle

Θ.

As indicated in Fig. 1, we choose the coordinate system in the center-of-mass (CM) frame

of the two Z’s system as:

ẑCM = k̂1 , ŷCM =
k̂q × k̂1

|k̂q × k̂1|
, x̂CM = ŷCM × ẑCM =

−k̂q + k̂1(k̂q · k̂1)
|k̂q × k̂1|

. (1)

Furthermore, we define Z1 as the rest frame of the Z1 boson by boosting the CM frame

along k̂1, while Z2 is obtained by first rotating CM frame with respect to ŷCM by π and then

boosting along k̂2. The production angle Θ and decay angles {θ1, θ2,φ1,φ2} are defined as

follows:

• Θ: polar angle of the momentum of the incoming quark in the CM frame.

• θ1,2: polar angle of the momentum of �1,2 in the Z1,2 frame.

• φ1,2: azimuthal angle of �1,2 in the Z1,2 frame.

The azimuthal production angle is irrelevant and chosen to be zero. In these definitions,

three-momenta of �1,2 in the Z1,2 frame can be written as

�p�i in the Zi frame = |�p�i | (sin θi cosφi, sin θi sinφi, cos θi) , i = 1, 2 , (2)

while the three-momentum of the incoming parton in the CM frame is

�kq in the CM frame = |�kq| (− sinΘ, 0, cosΘ) . (3)
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FIG. 3: Signal and background singly differential distributions at mh =
√
s = 220 and 350 GeV. The

blue (dashed) lines are background distributions and the red (solid) lines are signal distributions.

Instead we will show figures for all the singly and doubly distributions for the signal and

the background in this subsection.

In Fig. 3 we show normalized singly differential distributions in φ1,Φ ≡ π − φ1 − φ2,Θ,

and θ1 for the processes uū → ZZ → 4� and h → ZZ → 4� at mh =
√
s = 220 and 350

GeV. (For simplicity, we take the Z bosons to be on-shell.) One notable feature is that the

signal φ1 distribution is flat, although there are correlations between φ1 and φ2 such that Φ

exhibits a cos 2Φ dependence. It was pointed out in Refs. [12, 13] that this observable is very

useful in discerning the spin and CP properties of a singly produced resonance decaying to

two Z bosons. In addition, distributions in the production angle Θ indicate that the ZZ pair

produced by the background process tend to be in the forward region inside the detector;

this is especially pronounced when the invariant mass is high. This is a feature of the t-

channel production mechanism which has been suggested as a way to tag the vector boson

fusion production of the Higgs boson, where there are two forward jets in the event. In the

signal case, on the contrary, the Zs are produced isotropically, as expected from the fact

that the Higgs is a scalar particle.

It is also interesting to consider doubly differential angular distributions for signal and

background, which are shown in Fig. 4. We plot distributions in the following pairs of angles:

14

φ1 Φ ≡ π − φ1 − φ2 cos θ1 cos Θ
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FIG. 1: (a) Two decay planes of Zi → �i�̄i, i = 1, 2. The polar angles θi shown are defined in the

rest frames of Zi with respect to k̂i, while the azimuthal angles shown are in fact 2π − φ1 = −φ1

and π− φ2. (b) The coordinate system in the CM frame and the definition of the production angle

Θ.

As indicated in Fig. 1, we choose the coordinate system in the center-of-mass (CM) frame

of the two Z’s system as:

ẑCM = k̂1 , ŷCM =
k̂q × k̂1

|k̂q × k̂1|
, x̂CM = ŷCM × ẑCM =

−k̂q + k̂1(k̂q · k̂1)
|k̂q × k̂1|

. (1)

Furthermore, we define Z1 as the rest frame of the Z1 boson by boosting the CM frame

along k̂1, while Z2 is obtained by first rotating CM frame with respect to ŷCM by π and then

boosting along k̂2. The production angle Θ and decay angles {θ1, θ2,φ1,φ2} are defined as

follows:

• Θ: polar angle of the momentum of the incoming quark in the CM frame.

• θ1,2: polar angle of the momentum of �1,2 in the Z1,2 frame.

• φ1,2: azimuthal angle of �1,2 in the Z1,2 frame.

The azimuthal production angle is irrelevant and chosen to be zero. In these definitions,

three-momenta of �1,2 in the Z1,2 frame can be written as

�p�i in the Zi frame = |�p�i | (sin θi cosφi, sin θi sinφi, cos θi) , i = 1, 2 , (2)

while the three-momentum of the incoming parton in the CM frame is

�kq in the CM frame = |�kq| (− sinΘ, 0, cosΘ) . (3)

5

ビーム軸

ビーム軸

これらの分布が spin/parity に依存

信号

背景事象



H→ZZ
❖ 5個のdecay angleとm12, m34からBDT

41

1θcos
-1 -0.5 0 0.5 1

E
n

tr
ie

s 
/ 

0
.2

5

0

2

4

6

8

10

12

14

16

18

20
ATLAS

4l→ZZ*→H

-1Ldt = 4.6 fb∫=7 TeV  s
-1Ldt = 20.7 fb∫=8 TeV  s

Data

Background ZZ*

tBackground Z+jets, t

+ = 0PJ
-

 = 0PJ

Data

Background ZZ*

tBackground Z+jets, t

+ = 0PJ
-

 = 0PJ

(a)

 [GeV]34m
20 40 60

E
n

tr
ie

s 
/ 

5
 G

e
V

0

5

10

15

20

25
ATLAS

4l→ZZ*→H

-1Ldt = 4.6 fb∫=7 TeV  s
-1Ldt = 20.7 fb∫=8 TeV  s

Data

Background ZZ*

tBackground Z+jets, t

+ = 0PJ
-

 = 0PJ

Data

Background ZZ*

tBackground Z+jets, t

+ = 0PJ
-

 = 0PJ

(b)

Figure 3: Distributions of (a) cos(θ1) and (b) m34 for events pass-
ing the full selection in the signal mass window 115 GeV < m4� <
130 GeV for the combined

√
s = 7 TeV and

√
s = 8 TeV datasets.

The expected contributions from the JP = 0+ (solid line) and JP = 0−
(dashed line) signal hypotheses, and the irreducible ZZ∗ background
are shown, together with the measured contribution from reducible
non-ZZ∗ backgrounds. The hatched areas represent the uncertainty
on the background yields from statistical, experimental, and theoreti-
cal sources.
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Figure 4: Distributions of the BDT output for data (points with error
bars) and expectations based on MC simulation (histograms). The
distribution of each discriminant is shown for a pair of spin and parity
hypotheses for the signal: JP = 0+ (solid line) and JP = 0− (dashed
line) in (a), JP = 0+ (solid line) and JP = 1+ (dashed line) in (b). The
signal contribution for each of the two hypotheses is scaled using the
profiled value of the signal strength. The hatched areas represent the
uncertainty on the background yields from statistical, experimental,
and theoretical sources.
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3. Statistical method

The analyses described in this Letter rely on discrim-

inant observables chosen to be sensitive to the spin and

parity of the signal while preserving the discrimination

against the various backgrounds, as described in Sec-

tions 4, 5 and 6 for the three final states. A likelihood

function L(J
P, µ, θ) that depends on the spin–parity as-

sumption of the signal is constructed as a product of

conditional probabilities over binned distributions of the

discriminant observables in each channel:

L(J
P, µ, θ) =

Nchann.�

j

Nbins�

i

P
�
Ni, j | µ j · S (J

P
)

i, j (θ) + Bi, j(θ)
� ×A j(θ) ,

(1)

where µ j represents the nuisance parameter associated

with the signal rate in each channel j. The symbol

θ represents all other nuisance parameters. The likeli-

hood function is therefore a product of Poisson distribu-

tions P corresponding to the observation of Ni, j events

in each bin i of the discriminant observable(s),
1

given

the expectations for the signal, S
(J

P
)

i, j (θ), and for the

background, Bi, j(θ). Some of the nuisance parameters

are constrained by auxiliary measurements through the

functionsA j(θ).
While for the SM Higgs boson the couplings to the

SM particles are predicted, they are not known a priori

for the alternative hypotheses, defined as J
P

alt
. In order to

be insensitive to such assumptions, the numbers of sig-

nal events in each channel and for each tested hypothe-

sis are treated as an independent nuisance parameters in

the likelihood.

The test statistic q used to distinguish between the

two signal spin–parity hypotheses is based on a ratio of

likelihoods:

q = log
L(J

P = 0
+, ˆ̂µ0+ ,

ˆ̂θ0+ )

L(J
P

alt
, ˆ̂µJ

P

alt

, ˆ̂θJ
P

alt

)

, (2)

where L(J
P, ˆ̂µJP , ˆ̂θJP ) is the maximum likelihood esti-

mator, evaluated under either the 0
+

or the J
P

alt
spin–

parity hypothesis. The ˆ̂µJP , ˆ̂θJP represent the values

of the signal strength and nuisance parameters fitted

1
As explained in the following sections, the sensitivity for spin–

parity separation is improved by a simultaneous fit to two discrim-

inants in the H→ γγ and H → WW
∗

decay modes, while in the

H → ZZ
∗

channel only one discriminant is used.

to the data under each J
P

hypothesis. The distribu-

tions of the test statistics for each of the two hypothe-

ses are obtained using ensemble tests (Monte Carlo

pseudo-experiments). The generation of the pseudo-

experiments uses the numbers of signal and background

events in each channel obtained from maximum likeli-

hood fits to data. In the fits of each pseudo-experiment,

these and all other nuisance parameters are profiled, i.e.

fitted to the value that maximises the likelihood for each

value of the parameter of interest. When generating the

distributions of the test statistics for a given spin–parity

hypothesis, the signal strength µ is fixed to the value ob-

tained in the fit to the data under the same spin–parity

assumption. The distributions of q are used to deter-

mine the corresponding p0-values p0(0
+
) and p0(J

P

alt
).

For a tested hypothesis J
P

alt
, the observed (expected)

p0-values are obtained by integrating the corresponding

test-statistic distributions above the observed value of q

(above the median of the J
P = 0

+
q distribution). When

the measured data are in agreement with the tested hy-

pothesis, the observed value of q is expected to be close

to the median, corresponding to a p0-value around 50%.

Very small values of the integral of the J
P

alt
distribution,

corresponding to large values of q, are interpreted as the

data being in disagreement with the tested hypothesis

in favour of the SM hypothesis. An example of such

distributions is shown in Section 7 for the 0
+

and 0
−

hypotheses.

The exclusion of the alternative J
P

alt
hypothesis in

favour of the Standard Model 0
+

hypothesis is evaluated

in terms of the corresponding CLs(J
P

alt
), defined as:

CLs(J
P

alt
) =

p0(J
P

alt
)

1 − p0(0+)
. (3)

4. H→ γγ Analysis

The H→ γγ decay mode is sensitive to the spin of

the Higgs boson through the measurement of the po-

lar angular distribution of the photons in the resonance

rest frame. For this channel, the SM spin hypothesis

is compared only to the J
P = 2

+
hypothesis. Spin in-

formation can be extracted from the distribution of the

absolute value of the cosine of the polar angle θ∗ of the

photons with respect to the z-axis of the Collins–Soper

frame [27]:

| cos θ∗| = | sinh(∆ηγγ)|
�

1 + (p
γγ
T
/mγγ)2

2p
γ1
T

p
γ2
T

m2
γγ

, (4)

where mγγ and p
γγ
T

are the invariant mass and the trans-

verse momentum of the photon pair, ∆ηγγ is the separa-

3

❖ 0- is excluded at 97.8% CL



0+以外の棄却

❖ 0+ vs 1±：H→ZZ, WW
❖ 0+ vs 2+：H→γγ, ZZ, WW
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with increasing fqq̄. For large values of fqq̄, the | cos θ∗|
distributions associated with the spin-0 and spin-2 sig-
nals become very similar. In the case of the H → ZZ

∗

channel, a separation slightly above one standard devi-
ation is expected between the J

P = 0+ and J
P = 2+

hypotheses, with little dependence on the production
mechanism. The H → WW

∗ channel has the opposite
behaviour to the H→ γγ one, with the best expected re-
jection achieved for large values of fqq̄, as illustrated in
Table 4. The results for the H → WW

∗ channel are also
in agreement with the J

P = 0+ hypothesis. The J
P = 2+

hypothesis is excluded with a CL above 95%. The data
are in better agreement with the J

P = 0+ hypothesis
over the full range of fqq̄.
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Figure 8: Expected (blue triangles/dashed line) and observed (black
circles/solid line) confidence levels, CLs(J

P = 2+), of the J
P = 2+

hypothesis as a function of the fraction fqq̄ (see text) for the spin-2
particle. The green bands represent the 68% expected exclusion range
for a signal with assumed J

P = 0+. On the right y-axis, the corre-
sponding numbers of Gaussian standard deviations are given, using
the one-sided convention.

Table 5 shows the expected and observed p0-values
for both the J

P = 0+ and J
P = 2+ hypotheses for the

combination of the H→ γγ, H → ZZ
∗ and H → WW

∗

channels. The test statistics calculated on data are com-
pared to the corresponding expectations obtained from
pseudo-experiments, as a function of fqq̄. The data are

in good agreement with the Standard Model J
P = 0+

hypothesis over the full fqq̄ range. Figure 8 shows the
comparison of the expected and observed CLs values for
the J

P = 2+ rejection as a function of fqq̄. The observed
exclusion of the J

P = 2+ hypothesis in favour of the
Standard Model J

P = 0+ hypothesis exceeds 99.9% CL
for all values of fqq̄.
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Figure 9: Expected (blue triangles/dashed lines) and observed (black
circles/solid lines) confidence level CLs for alternative spin–parity hy-
potheses assuming a J

P = 0+ signal. The green band represents the
68% CLs(J

P

alt) expected exclusion range for a signal with assumed
J

P = 0+. For the spin-2 hypothesis, the results for the specific 2+
m

model, discussed in Section 2, are shown. On the right y-axis, the cor-
responding numbers of Gaussian standard deviations are given, using
the one-sided convention.

7.6. Summary

The observed and expected CLs values for the exclu-
sion of the different spin–parity hypotheses are sum-
marised in Fig. 9. For the spin-2 hypothesis, the CLs
value for the specific 2+

m
model, discussed in Section 2,

is displayed.

8. Conclusions

The Standard Model J
P = 0+ hypothesis for the

Higgs boson has been compared to alternative spin–
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for both the J

P = 0+ and J
P = 2+ hypotheses for the

combination of the H→ γγ, H → ZZ
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∗

channels. The test statistics calculated on data are com-
pared to the corresponding expectations obtained from
pseudo-experiments, as a function of fqq̄. The data are

in good agreement with the Standard Model J
P = 0+

hypothesis over the full fqq̄ range. Figure 8 shows the
comparison of the expected and observed CLs values for
the J

P = 2+ rejection as a function of fqq̄. The observed
exclusion of the J

P = 2+ hypothesis in favour of the
Standard Model J

P = 0+ hypothesis exceeds 99.9% CL
for all values of fqq̄.
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model, discussed in Section 2,
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8. Conclusions

The Standard Model J
P = 0+ hypothesis for the

Higgs boson has been compared to alternative spin–
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3. Statistical method

The analyses described in this Letter rely on discrim-

inant observables chosen to be sensitive to the spin and

parity of the signal while preserving the discrimination

against the various backgrounds, as described in Sec-

tions 4, 5 and 6 for the three final states. A likelihood

function L(J
P, µ, θ) that depends on the spin–parity as-

sumption of the signal is constructed as a product of

conditional probabilities over binned distributions of the

discriminant observables in each channel:

L(J
P, µ, θ) =

Nchann.�

j

Nbins�

i

P
�
Ni, j | µ j · S (J

P
)

i, j (θ) + Bi, j(θ)
� ×A j(θ) ,

(1)

where µ j represents the nuisance parameter associated

with the signal rate in each channel j. The symbol

θ represents all other nuisance parameters. The likeli-

hood function is therefore a product of Poisson distribu-

tions P corresponding to the observation of Ni, j events

in each bin i of the discriminant observable(s),
1

given

the expectations for the signal, S
(J

P
)

i, j (θ), and for the

background, Bi, j(θ). Some of the nuisance parameters

are constrained by auxiliary measurements through the

functionsA j(θ).
While for the SM Higgs boson the couplings to the

SM particles are predicted, they are not known a priori

for the alternative hypotheses, defined as J
P

alt
. In order to

be insensitive to such assumptions, the numbers of sig-

nal events in each channel and for each tested hypothe-

sis are treated as an independent nuisance parameters in

the likelihood.

The test statistic q used to distinguish between the

two signal spin–parity hypotheses is based on a ratio of

likelihoods:

q = log
L(J

P = 0
+, ˆ̂µ0+ ,

ˆ̂θ0+ )

L(J
P

alt
, ˆ̂µJ

P

alt

, ˆ̂θJ
P

alt

)

, (2)

where L(J
P, ˆ̂µJP , ˆ̂θJP ) is the maximum likelihood esti-

mator, evaluated under either the 0
+

or the J
P

alt
spin–

parity hypothesis. The ˆ̂µJP , ˆ̂θJP represent the values

of the signal strength and nuisance parameters fitted

1
As explained in the following sections, the sensitivity for spin–

parity separation is improved by a simultaneous fit to two discrim-

inants in the H→ γγ and H → WW
∗

decay modes, while in the

H → ZZ
∗

channel only one discriminant is used.

to the data under each J
P

hypothesis. The distribu-

tions of the test statistics for each of the two hypothe-

ses are obtained using ensemble tests (Monte Carlo

pseudo-experiments). The generation of the pseudo-

experiments uses the numbers of signal and background

events in each channel obtained from maximum likeli-

hood fits to data. In the fits of each pseudo-experiment,

these and all other nuisance parameters are profiled, i.e.

fitted to the value that maximises the likelihood for each

value of the parameter of interest. When generating the

distributions of the test statistics for a given spin–parity

hypothesis, the signal strength µ is fixed to the value ob-

tained in the fit to the data under the same spin–parity

assumption. The distributions of q are used to deter-

mine the corresponding p0-values p0(0
+
) and p0(J

P

alt
).

For a tested hypothesis J
P

alt
, the observed (expected)

p0-values are obtained by integrating the corresponding

test-statistic distributions above the observed value of q

(above the median of the J
P = 0

+
q distribution). When

the measured data are in agreement with the tested hy-

pothesis, the observed value of q is expected to be close

to the median, corresponding to a p0-value around 50%.

Very small values of the integral of the J
P

alt
distribution,

corresponding to large values of q, are interpreted as the

data being in disagreement with the tested hypothesis

in favour of the SM hypothesis. An example of such

distributions is shown in Section 7 for the 0
+

and 0
−

hypotheses.

The exclusion of the alternative J
P

alt
hypothesis in

favour of the Standard Model 0
+

hypothesis is evaluated

in terms of the corresponding CLs(J
P

alt
), defined as:

CLs(J
P

alt
) =

p0(J
P

alt
)

1 − p0(0+)
. (3)

4. H→ γγ Analysis

The H→ γγ decay mode is sensitive to the spin of

the Higgs boson through the measurement of the po-

lar angular distribution of the photons in the resonance

rest frame. For this channel, the SM spin hypothesis

is compared only to the J
P = 2

+
hypothesis. Spin in-

formation can be extracted from the distribution of the

absolute value of the cosine of the polar angle θ∗ of the

photons with respect to the z-axis of the Collins–Soper

frame [27]:

| cos θ∗| = | sinh(∆ηγγ)|
�

1 + (p
γγ
T
/mγγ)2

2p
γ1
T

p
γ2
T

m2
γγ

, (4)

where mγγ and p
γγ
T

are the invariant mass and the trans-

verse momentum of the photon pair, ∆ηγγ is the separa-

3
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Higgs boson へ

❖ ゲージセクターと結合してる
❖ 湯川もありそう
❖ ０＋っぽい

❖ Lepton universality を破ってそう

44



Some new results
from ATLAS



Differential cross section in H→γγ
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Figure 4: Observed differential cross sections of the Higgs bosons decaying into two isolated photons,
for p

γγ
T , |yγγ|, | cos θ∗|, and p

j1
T . Systematic uncertainties are presented in grey, and the black bars repre-

sent the quadratic sum of statistical and systematic errors. The hatched histograms present theoretical
predictions for the Standard Model at

√
s = 8 TeV and mH = 126.8 GeV. Their width represents the

theory uncertainties from missing higher order corrections, the PDF set used, the simulation of the un-
derlying event, and the H → γγ branching fraction. The sum of VBF with WH, ZH, and tt̄H is denoted
XH, and simulated as described in Section 3.1. These are added to the simulated ggH predictions from
POWHEG, MINLO, and HRes.
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Jet in H→γγ

❖ 言い訳：2本目のジェットは parton shower
‣ 誤差も過小評価
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Figure 5: Observed differential cross sections of the Higgs bosons decaying into two isolated photons,
for Njets, ∆φ j j and p

γγ j j

T . The jet veto fraction σNjets=i/σNjets≥i is also shown. Systematic uncertainties
are presented in grey, and the black bars represent the quadratic sum of statistical and systematic errors.
The hatched histograms present theoretical predictions for the Standard Model at

√
s = 8 TeV and

mH = 126.8 GeV. Their width represents the theory uncertainties from missing higher order corrections,
the PDF set used, the simulation of the underlying event, and the H → γγ branching fraction. The sum
of VBF with WH, ZH, and tt̄H is denoted XH, and simulated as described in Section 3.1. These are
added to the simulated ggH predictions from POWHEG and MINLO.
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ttH（→γγ）
❖ Event selection 1 (leptonic channel)
‣ two photons, at least one lepton,

at least one b-tagged jet,
missing ET>20GeV, veto 84<Meγ<94GeV

❖ Event selection 2 (hadronic channel)
‣ two photons, no leptons,

at least 6 jets, at least two b-tagged jets

48

resolution of the reconstructed diphoton mass, which is quantified by the width parameter of the Crystal

Ball function σCB, is 1.80 GeV (1.85 GeV) in the leptonic (hadronic) channel and is dominated by the

detector energy resolution.

Table 1 summarises the expected numbers of signal events for both selections with mH = 125 GeV.

The breakdown into the different Higgs boson production processes is also detailed. In the hadronic

channel, the contribution from tH production was neglected and no uncertainties were assigned for this

small effect. The selection efficiency for events from tt̄H production with a Higgs boson with a mass of

mH = 125 GeV is 12.1% for the combination of the two channels.

Table 1: Expected numbers of events (NS ) for a Standard Model Higgs boson with mH = 125 GeV

passing the tt̄H event selection with H → γγ for an integrated luminosity of 20.3 fb−1 at
√

s = 8 TeV.

The composition of the signal in the various Higgs boson production processes is given as well.

Channel NS ggF(%) VBF(%) WH(%) ZH(%) tH(%) tt̄H(%)

Leptonic 0.55 0.6 0.3 7.7 2.4 6.1 82.8

Hadronic 0.36 5.3 1.1 1.1 1.3 — 91.2

3.2 Background modelling

In this analysis the background was parametrised by an analytic function over the mγγ range 100 –

160 GeV. An exponential function, exp
(

a · mγγ
)

, with decay parameter a was chosen for both channels

as background model following the method previously used in Ref. [19]. In this analysis, the choice of the

fit function was based on studies of data control regions obtained by loosening the photon identification

and isolation criteria. These events are dominated by jets mis-identified as photons. The contribution

from Z/γ∗ events was added from simulated samples with selection criteria close to the nominal event

selections.

Seven (eleven) events were found in the mγγ range 100 – 160 GeV in the leptonic (hadronic) final

state. To better constrain the shape of the background with these low event yields, control regions were

introduced for each channel by applying similar kinematic selections. The control region for the hadronic

channel was chosen by reducing the number of jets in the event to be equal to five. The requirement on

the number of b-tags was also removed. The control region for the leptonic channel was chosen by

replacing the lepton in the selection by a jet. In addition, no requirement on the number of b-tags was

imposed. To maintain orthogonality to both the leptonic signal region and the hadronic control region,

in the leptonic control region no lepton was allowed in the event and the maximum number of jets in the

event was limited to four.

Figure 1 shows distributions of mγγ in regions dominated by jets mis-identified as photons, obtained

by loosening the photon identification and isolation criteria. In the leptonic channel the shape of the mγγ
mass distribution was studied by relaxing the selection criteria successively, by replacing the lepton and

b-jet by jets. In the hadronic channel, selections with six jets, with five jets and no b-tag, as well as with

five jets with one b-tag were explored. It could be seen that the distributions in the control regions with

each channel have similar shapes.

The mγγ distributions after the nominal event selections were fitted simultaneously with the distribu-

tions in the corresponding control regions. While signal and control regions shared the same exponential

decay parameter, the normalisation was left free in the two regions. The uncertainty on the estimated

numbers of background events in the signal window is strongly dominated by the uncertainty on the

normalisation parameter. As a cross check, the exponential decay parameter was varied within extreme

values and the background estimate in the signal window was found to be rather stable.
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Figure 1: Distributions of mγγ in control regions obtained by reversing the photon selection criteria.

Photons were required to pass only loose requirements on the shower shapes and no requirement on the

isolation was imposed. In order to maintain orthogonality with the nominal selection, at least one photon

was required to fail either the nominal identification or isolation criteria. The control regions are hence

dominated by jets mis-identified as photons. In the leptonic channel (a), selections with at least one

lepton and at least one b-tag (black squares), with 2 – 4 jets and at least one b-tag (red triangles), as well

as with 2 – 4 jets and no b-tag (green triangles) were compared. In the hadronic channel (b), selections

with at least six jets (black squares), with five jets and no b-tag (red triangles), as well as with five jets

with one b-tag (green triangles) were compared.

The results of the simultaneous fits for the signal and control regions for the leptonic and hadronic

channels are shown in Fig. 2. While the fit on the signal regions was performed in the whole mγγ mass

range, the fits in the control regions were restricted to the sidebands 100 – 120 GeV and 130 – 160 GeV in

order to avoid possible biases from Higgs boson contributions in the signal window.2 The fitted numbers

of expected background events in the signal window for both channels are shown in Table 2.

Table 2: Expected number of SM Higgs boson signal events (NS ) and background events (NB) for mH =

125 GeV in the H → γγ decay for an integrated luminosity of 20.3 fb−1at
√

s = 8 TeV. NB was calculated

as the integral of the background model in the diphoton invariant mass window of 120 – 130 GeV. The

expected signal-over-background ratio is also shown. The uncertainty on NB is statistical only and was

evaluated using the formula δNB = δNtot
NB

Ntot
, where Ntot denotes the total number of events in the signal

region and δN denotes the Poisson uncertainty on the integer N.

Channel NS NB NS /NB

Leptonic 0.55 1.2+0.6
−0.5

0.45

Hadronic 0.36 1.9+0.7
−0.5

0.19

4 Systematic uncertainties

Systematic uncertainties from various sources were taken into account based on the procedures explained

in Refs. [5, 19, 66]. These are briefly described here, while systematic uncertainties specific to this

2It should be noted that the signal component, which was constructed as a sum of Crystal Ball and Gaussian functions, has

been added in the mass window of the signal region in addition to the background.
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A Event display

The selected event in the signal mass range 120 – 130 GeV is event number 40173184 from run 206971.

Displays of the event are shown in Fig. 4.

Figure 4: r-Φ and r-z view of event number 40173184 in run 206971.

Some properties of the event are listed below:

• mγγ = 126.6 GeV

• Two unconverted photons:

– pT = 61 GeV, η = 1.2, φ = −2.0

– pT = 39 GeV, η = −0.9, φ = −3.0

• One electron: pT = 90 GeV, η = −1.2, φ = 2.7

• Emiss
T
= 43 GeV

• Four jets:

1. pT = 75 GeV, η = −1.2, φ = −0.5
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Figure 2: Invariant mass spectra for the leptonic (a) and hadronic (b) channels. An exponential function

was used to model the shape of the non-Higgs boson background distribution in each channel (solid line).

The decay parameter of the exponential was determined by a simultaneous fit of the signal region (SR,

upper part of each figure) and control region (CR, lower part of each figure) where the signal window

120 – 130 GeV in the control region was excluded from the fit. The results of a fit in the signal region

only, by constraining the slope parameter of the exponential background model to be negative, is shown

as the dash-dotted line. The SM Higgs boson signal is shown as a dashed line in the upper part of each

figure.

analysis are addressed in more detail. The uncertainties can affect both the signal yield and the signal

resolution.

The following systematic uncertainties were considered in order to estimate the effects on the ex-

pected signal yields:

• Luminosity: the uncertainty on the integrated luminosity is ±2.8%. It was derived, following the

same methodology as that detailed in Ref. [67], from a preliminary calibration of the luminosity

scale derived from beam-separation scans performed in November 2012.

• Trigger efficiency: an uncertainty of ±0.5% was assigned on the trigger efficiency, which was

measured to be above 99% for events passing the full selection [68].

• Photon identification efficiency: on top of the identification uncertainty of ±2.4% per event, based

on the comparisons of the photon identification efficiency in simulation with a combination of

data-driven measurements [19], an additional uncertainty was added covering possible differences

between data and simulation with increasing jet multiplicity. This uncertainty was obtained by

testing the dependence of the converted photon identification efficiency on the jet multiplicity

using Z → ee decays in data, and comparing to the efficiency in simulated tt̄H and ggF samples.

A conservative uncertainty of ±6% per photon was assigned.

• Photon isolation: the uncertainty on the isolation cut efficiency has been estimated by comparing

data and simulation for Z→ e+e− events. A ±4% uncertainty covered a possible dependence of the

efficiency on the jet multiplicity.

• Photon energy scale: the photon energy scale is described by parameters related to the calibration

method, the presampler energy scales (in the barrel and end-cap calorimeters) and the material de-

scription of the Inner Detector and the beam pipe. Uncertainties on this scale lead to an uncertainty

of ±0.25% on the signal yield.

6

Table 5: Observed and expected 95% CL limits on the tt̄H production cross section times H → γγ
branching ratio relative to the SM expectation at mH = 126.8 GeV.

Observed limit Expected limit +2σ +1σ -1σ -2σ

Combined (with systematics) 5.3 6.4 16.2 9.9 4.6 3.4

Combined (statistics only) 5.0 6.0 13.5 8.9 4.3 3.2

Leptonic (with systematics) 9.0 8.4 21.9 13.2 6.1 4.5

Leptonic (statistics only) 8.5 8.0 18.8 12.1 5.7 4.3

Hadronic (with systematics) 8.4 13.6 36.4 21.6 9.8 7.3

Hadronic (statistics only) 7.9 12.6 29.1 18.9 9.1 6.8

Table 6: Observed and expected 95% CL limits on the inclusive Higgs boson production cross section

times H → γγ branching ratio relative to the SM expectation at mH = 126.8 GeV with the tt̄H-specific

selections.

Observed limit Expected limit +2σ +1σ -1σ -2σ

Combined (with systematics) 4.7 5.4 13.7 8.4 3.9 2.9

Combined (statistics only) 4.4 5.0 11.4 7.5 3.6 2.7

Leptonic (with systematics) 7.6 6.9 17.9 10.8 4.9 3.7

Leptonic (statistics only) 7.1 6.4 15.3 9.8 4.6 3.5

Hadronic (with systematics) 7.7 12.5 34.0 19.9 9.0 6.7

Hadronic (statistics only) 7.2 11.4 26.4 17.2 8.2 6.1
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Figure 3: Observed and expected 95% CL upper limits on the tt̄H production cross section (a) and

inclusive Higgs boson production cross section (b) times the H → γγ branching ratio divided by the

SM expectations as a function of the Higgs boson mass, combining the results of the tt̄H leptonic and

hadronic channels. For the tt̄H limits, the contributions from all other Higgs boson production modes

were set to the SM prediction taking into account their respective uncertainties.
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Table 1: The basic event selection for the three channels.

Object 0-lepton 1-lepton 2-lepton

Leptons 0 loose leptons 1 tight lepton 1 medium lepton
+ 0 loose leptons + 1 loose lepton

Jets

2 b-tags
pjet1

T > 45 GeV
pjet2

T > 20 GeV
+ ≤ 1 extra jets

Missing ET
Emiss

T > 120 GeV Emiss
T > 25 Gev Emiss

T < 60 GeV
pmiss

T > 30 GeV
∆φ(Emiss

T
, pmiss

T
) < π/2

min[∆φ(Emiss
T
, jet)] > 1.5

∆φ(Emiss
T
, bb̄) > 2.8

Vector Boson - mW
T < 120 GeV 83 < m�� < 99 GeV

Jets originating from b-quarks are identified using the MV1 b-tagging algorithm [56–60], which
combines information from various algorithms based on track impact-parameter significance or explicit
reconstruction of b-hadron decay vertices. The b-tagging selection criterion used in this analysis results
in a typical efficiency of 70% for b jets, as measured in simulated tt events, and rejection factors of 5 and
150 against c and light jets, respectively.

In the analysis samples for which two b-tagged jets are required, the powerful rejection of the b-
tagging algorithm renders the size of the Vc, Vl and WW simulated samples insufficient to provide a
reliable description of the dijet mass shape of these backgrounds. In those cases, therefore, an alternative
procedure is used wherein, instead of tagging the c and l-labeled jets by the MV1 algorithm, parameteri-
sations as functions of pT and η of their probabilities to be b tagged are used.

The missing transverse momentum Emiss
T

[61] is measured as the negative vector sum of the trans-
verse momenta associated with energy clusters in the calorimeters with |η| < 4.9. Corrections are applied
to the energies of clusters associated to reconstructed objects (jets, electrons, τ leptons, and photons),
using the calibrations of those objects. The transverse momenta of reconstructed muons are included,
with the energy deposited by these muons in the calorimeters properly taken into account. In addition,
a track-based missing transverse momentum, pmiss

T
, is calculated as the negative vector sum of the trans-

verse momenta of tracks associated to the primary vertex.
Corrections are applied to the simulation to account for small differences from data for trigger ef-

ficiencies, object reconstruction and identification efficiencies, as well as object energy and momentum
calibrations and resolutions.

5 Event Selection

The optimisation of the analysis is performed for a Higgs boson mass of 125 GeV. The basic event
selection criteria are summarised in Table 1.

Events containing no loose leptons are assigned to the 0-lepton channel. Events containing one
tight lepton and no additional loose leptons are assigned to the 1-lepton channel. Events containing one
medium lepton and one additional loose lepton of the same flavour and of opposite charge are assigned
to the 2-lepton channel.

Exactly two b-tagged jets are required, with pT > 20 GeV and |η| < 2.5, and the leading (highest pT)

4
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Figure 1: The mbb distribution in data (points with error bars) and simulation (histograms) for the six

signal regions of the 0-lepton channel. The 2-jet and 3-jet regions are shown on the left and on the right,

respectively. The background contributions after the global fit are shown as filled histograms. The Higgs

boson signal (mH = 125 GeV) is shown as filled histograms on top of the fitted backgrounds both after

the global fit (indicated as “best fit”) and as expected from the SM ( indicated as µ = 1.0). The size of

the combined statistical and systematic uncertainty on the fitted signal+background is indicated by the

hashed band. The dashed blue histogram shows the total background as expected from the pre-fit Monte

Carlo simulation. The entries in overflow are included in the last bin.
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Figure 2: The mbb distribution in data (points with error bars) and simulation (histograms) for the five

2-jet signal regions of the 1-lepton channel. The background contributions after the global fit are shown

as filled histograms. The Higgs boson signal (mH = 125 GeV) is shown as filled histograms on top

of the fitted backgrounds both after the global fit (indicated as “best fit”) and as expected from the

SM ( indicated as µ = 1.0). The size of the combined statistical and systematic uncertainty on the

fitted signal+background is indicated by the hashed band. The dashed blue histogram shows the total

background as expected from the pre-fit Monte Carlo simulation. The entries in overflow are included in

the last bin.
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Figure 4: The mbb distribution in data (points with error bars) and simulation (histograms) for the five

2-jet signal regions of the 2-lepton channel. The background contributions after the global fit are shown

as filled histograms. The Higgs boson signal (mH = 125 GeV) is shown as filled histograms on top

of the fitted backgrounds both after the global fit (indicated as “best fit”) and as expected from the

SM ( indicated as µ = 1.0). The size of the combined statistical and systematic uncertainty on the

fitted signal+background is indicated by the hashed band. The dashed blue histogram shows the total

background as expected from the pre-fit Monte Carlo simulation. The entries in overflow are included in

the last bin.
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A signal strength parameter, µ, multiplies the expected SM Higgs boson production cross section.

The impact of systematic uncertainties on the signal and background expectations is described by nui-

sance parameters, θ, which are parameterised by Gaussian or log-normal priors. The expected numbers

of signal and background events in each bin are functions of θ. The test statistic qµ is then constructed

according to the profile likelihood ratio: qµ = −2ln(L(µ, ˆ̂θµ)/L(µ̂, θ̂)), where µ̂ and θ̂ are the parameters

that maximise the likelihood (with the constraint 0 ≤ µ̂ ≤ µ), and
ˆ̂θµ are the nuisance parameter values

that maximise the likelihood for a given µ. This test statistic is used to measure the compatibility of

the background-only hypothesis with the observed data and for exclusion intervals derived with the CLs

method [69, 70].

The normalisations of the tt, Wb, Wcl, Zb, and Zcl backgrounds are allowed to float freely in the

fit. Depending on the size of the multijet background contribution in each region, its normalisation

floats freely or within its prior. The normalisations of the other backgrounds are constrained within their

uncertainties as described in Sec. 7. The normalisation rescaling factors resulting from the fit are shown

in Table 4.

Table 4: Rescaling factors obtained from the global fit to the 7 TeV + 8 TeV data for the normalisation of

the tt, Wb, Wcl, Zb, and Zcl backgrounds. The errors include the statistical and systematic uncertainties.

Process Scale factor

tt 1.13 ± 0.05

Wb 0.89 ± 0.15

Wcl 1.05 ± 0.14

Zb 1.30 ± 0.07

Zcl 0.89 ± 0.48

Diboson production with a Z boson decaying to a pair of b-quarks and produced in association with

either a W or Z boson has a signature very similar to the one considered in this analysis, but with a softer

p
bb

T
spectrum and with a mbb distribution peaking at lower values. The cross section is about five times

larger than for the SM Higgs boson. A separate fit is therefore performed as a validation of the analysis

procedure. In this “Diboson fit”, the normalisation of the diboson contributions is allowed to vary with

a multiplicative scale factor µVZ with respect to the SM expectation, except for the small contribution

from WW production, which is treated as a background and constrained within its uncertainty. A SM

Higgs boson with mH = 125 GeV is included as a background, with a production cross section at the

SM value with an uncertainty of 50%. The fitted µVZ values are shown in Fig. 12 for the 7 TeV, 8 TeV

and combined datasets, and for the three channels separately and combined. The overall fitted value,

µVZ = 0.9± 0.2, agrees with the SM expectation of µVZ = 1 and corresponds to an observed significance

of 4.8σ, with an expected significance of 5.1σ.

The profile likelihood fit is then performed with the diboson contributions constrained to their SM

values within the uncertainties specified in Sec. 7 and with the Higgs boson signal strength µ as a free

parameter (“Higgs-boson fit”). Figures 1 to 5 show the mbb distributions in all signal regions, with

background normalisations, signal normalisation, and nuisance parameters adjusted by the Higgs-boson

fit. Agreement between data and estimated background is observed within the uncertainties shown by

the hashed bands. The fitted numbers of signal and background events after full selection are shown in

Table 5 for each lepton channel and in p
V

T
intervals. The numbers of observed events in data are also

shown.

The fitted value of the signal strength parameter is µ = 0.2±0.5(stat.)±0.4(syst.) for mH = 125 GeV.

Fitted µ values are shown in Fig. 13 for the 7 TeV, 8 TeV and combined datasets, and for the three
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Figure 12: The fitted diboson signal strength µVZ for the 7 TeV, 8 TeV, and combined datasets, and for the

three channels separately and combined. The individual µVZ-values for the lepton channels are obtained

from a simultaneous fit with the signal strength for each floating independently.
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Figure 13: The fitted values of the Higgs-boson signal strength parameter µ for the 7 TeV, 8 TeV, and

combined datasets, and for the three channels separately and combined, all for mH = 125 GeV. The

individual µ-values for the lepton channels are obtained from a simultaneous fit with the signal strength

for each floating independently.
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Figure 14: The mbb distribution in data after subtraction of all backgrounds except for the diboson pro-
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Also shown is the mbb distribution where the contributions from all channels, p
V

T
intervals, and data

taking periods are summed weighted by their respective values of Higgs-boson-signal over background

ratio (right). The backgrounds are evaluated according to the results of the global Higgs-boson fit. The

Higgs boson signal contribution is shown both with its fitted signal strength (indicated as “best fit”) and

as expected for the SM cross section ( indicated as µ = 1.0). The size of the combined statistical and

systematic uncertainty on the fitted background is indicated by the hashed band.
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taking periods are summed weighted by their respective values of Higgs-boson-signal over background

ratio (right). The backgrounds are evaluated according to the results of the global Higgs-boson fit. The

Higgs boson signal contribution is shown both with its fitted signal strength (indicated as “best fit”) and

as expected for the SM cross section ( indicated as µ = 1.0). The size of the combined statistical and

systematic uncertainty on the fitted background is indicated by the hashed band.
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Figure 12: The fitted diboson signal strength µVZ for the 7 TeV, 8 TeV, and combined datasets, and for the

three channels separately and combined. The individual µVZ-values for the lepton channels are obtained

from a simultaneous fit with the signal strength for each floating independently.
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Figure 13: The fitted values of the Higgs-boson signal strength parameter µ for the 7 TeV, 8 TeV, and

combined datasets, and for the three channels separately and combined, all for mH = 125 GeV. The

individual µ-values for the lepton channels are obtained from a simultaneous fit with the signal strength

for each floating independently.
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6 Systematic uncertainties

Most of the systematic uncertainties of this analysis are discussed in Ref. [6] and [13]. These will be

only briefly described and updated here, while new systematic uncertainties arising from the introduction

of additional categories will be adressed in more detail. All uncertainties are treated as fully correlated

between 7 and 8 TeV data except that on the luminosity. The uncertainties can affect the signal yield, the

signal resolution, the migration of events between categories and the mass measurement.

6.1 Uncertainties on the signal yield

The systematic uncertainties affecting the signal yield are the following:

• The uncertainty on the integrated luminosity is ±3.6% for the 8 TeV data. It is obtained, following
the same methodology as that detailed in Ref. [67], from a preliminary calibration of the luminos-

ity scale derived from beam-separation scans performed in April 2012. For the 7 TeV data this

uncertainty has been updated to 1.8%.

• The uncertainty on the trigger efficiency is 0.5% per event;

• The uncertainty on the photon identification efficiency for the 8 TeV analysis has decreased with
respect to Ref. [6]. It is based on the comparison of the efficiency obtained using MC and the

combination of data-driven measurements: extrapolation from Z → ee events, a method using
an inclusive photon sample and relying on a sideband technique, and radiative photons Z→ !!γ
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s = 7 TeV and

√
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= 8 TeV data samples. The result of a fit to the data of the sum of a signal component fixed to mH
= 126.8 GeV and a background component described by a fourth-order Bernstein polynomial is su-

perimposed. The bottom inset displays the residuals of the data with respect to the fitted background

component.

6 Systematic uncertainties

Most of the systematic uncertainties of this analysis are discussed in Ref. [6] and [13]. These will be

only briefly described and updated here, while new systematic uncertainties arising from the introduction

of additional categories will be adressed in more detail. All uncertainties are treated as fully correlated

between 7 and 8 TeV data except that on the luminosity. The uncertainties can affect the signal yield, the

signal resolution, the migration of events between categories and the mass measurement.

6.1 Uncertainties on the signal yield

The systematic uncertainties affecting the signal yield are the following:

• The uncertainty on the integrated luminosity is ±3.6% for the 8 TeV data. It is obtained, following
the same methodology as that detailed in Ref. [67], from a preliminary calibration of the luminos-

ity scale derived from beam-separation scans performed in April 2012. For the 7 TeV data this

uncertainty has been updated to 1.8%.

• The uncertainty on the trigger efficiency is 0.5% per event;

• The uncertainty on the photon identification efficiency for the 8 TeV analysis has decreased with
respect to Ref. [6]. It is based on the comparison of the efficiency obtained using MC and the

combination of data-driven measurements: extrapolation from Z → ee events, a method using
an inclusive photon sample and relying on a sideband technique, and radiative photons Z→ !!γ
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スケジュール

56

2013-14 Long Shutdown 1 (LS1) (ATLAS pixelの追加)

2015-17 √s = 13-14 TeV,  L = 1034,  50-100fb-1

2018 LS2 (ATLAS Phase-I Upgrade)

2019-21 L = 2-3 × 1034,  300-400fb-1

2022 LS3 (ATLAS Phse-II Upgrade)

202X
HL-LHC

L = 5 × 1034, luminosity leveling,  ~3000fb-1



解析方法（ATLAS）

❖ Geantによるdetector simulationはやらない
Generator からの4元ベクトルをsmear
‣ Efficiency/Fake/Resolution は7TeVの解析

を再現
๏ luminosityが上がっても変わらないと仮定
๏Missing ETの分解能はbunchあたりの衝突

数に対する依存性を外挿
❖ 系統誤差は7TeVと同じと仮定
❖ MCの断面積はNLOにスケール
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使った過程
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ggF VBF VH ttH

H→γγ 0-jet 2-jet 1 and 2 
leptons

leptonic &
hadronic

H→ZZ*→4l

H→WW 0-jet 2-jet ー ー

H→ττ ー 2-jet ー ー

H→μμ added

inclusive

inclusive

WW→lνlν，ττ→ll+X



ttH（→γγ）

❖ トップ湯川へのアクセス
❖ 3000fb-1

❖ 122 < Mγγ< 128 GeV
‣ 1lepton, HT > 300GeV
๏ S~200, B~1300
‣ 2lepton, no HT, 

Z veto
๏ S~30, B~110

59

enhance the tt̄H,H → γγ signal. The ttH initial state yields a precise measurement of the square

of the top-Yukawa coupling. Figure 1(a) shows the expected signal in the 1-lepton final state and

Fig 2(a) shows the expected measurement precision for both considered final states.

• Inclusive H → µµ: this channel has also a low signal rate at the LHC with a signal-to-background

ratio of only ∼ 0.2%. However, the expected narrow signal peak allows a signal extraction at

very high luminosities, resulting in an expected signal significance larger than 6σ with 3000 fb
−1

.

The analysis follows Ref. [5] with changes to maximise the sensitivity for an inclusive µµ signal.

Fig. 1(b) shows the expected signal compared to the large continuous background and Fig 2(a)

shows the expected measurement precision.

An overview of the expected measurement precision on the signal rate in each channel is given in

Fig. 2(a) for assumed integrated luminosities of 300 fb
−1

and 3000 fb
−1

. The γγ and ZZ
∗

final states

profit most from the high luminosity, as both statistical and systematic uncertainties (which are domi-

nated by the number of events in the sideband) are reduced considerably. The bb̄ final state is not yet

included in these estimates, as both jet energy resolution and b-tagging suffer from the high luminosity

conditions and need careful studies with a realistic and well understood upgrade detector design. For the

WW
∗

channels the signal rate is not the limiting factor, and background systematic uncertainties rapidly

become dominant. However, the addition of some rare channels with clean final state signatures, like

WH or ZH with H → WW, ZZ, γγ, is expected to improve the overall results considerably and yield

precise measurements of W-coupling related processes. These channels are subject to further studies.
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Figure 1: Expected invariant mass distribution for (a) tt̄H,H → γγ in the 1-lepton selection and (b) the

inclusive H → µµ channel, for an assumed integrated luminosity of 3000 fb
−1

All measurements are combined in a general coupling fit, where no assumption about the particle

content of the H → γγ and gg → H loops is made. Furthermore, no assumption on possible BSM

Higgs boson decay modes and hence on the total width ΓH is made, which allows only the measurement

of ratios of coupling parameters. For a given production mode i and decay channel j the cross section

σi · BR j is assumed to be proportional to Γi · Γ j/ΓH with i = g,W,Z, t and j = W,Z, γ, µ, τ. The coupling

fit parameters are chosen as the ratios

ΓW

ΓZ

,
Γγ

ΓZ

,
Γτ

ΓZ

,
Γµ

ΓZ

,
Γt

Γg
,
ΓZ

Γg
and
Γg · ΓZ

ΓH

. (1)

Figure2(b) shows the expected uncertainties on the determination of these coupling parameters assuming

an integrated luminosity of 300 fb
−1

and 3000 fb
−1

. The experimental uncertainties are reduced by a

factor of two or more for almost all ratios with 3000 fb
−1

compared to 300 fb
−1

and reach ∼5% for the

3

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247, 248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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H→μμ

❖ μの高い運動量分解能→高い質量分解能
‣ S/Nは~0.2%程度

❖ μの pT > 20, 15 GeV
❖ 背景事象は Z→μμ，

ttbarなど
‣ Resonance search

❖ 3000fb-1でS/√B>6

60

The ttH initial state is of special interest, as it yields a precise measurement of the square of the

top-Yukawa coupling, which is otherwise not easily accessible. Figure 1 shows the expected signal

in the ttH 1-lepton final state and Figure 3(a) shows the expected measurement precision.
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• H → µµ: this channel has also a low signal rate at the LHC with a signal-to-background ratio

of only ∼ 0.2%. However, the expected narrow signal peak allows a signal extraction at very

high luminosities, resulting in an expected signal significance larger than 6σ with 3000 fb
−1

for

the inclusive channel. The analysis follows Ref. [9] with changes to maximise the sensitivity

for an inclusive µµ signal. Figure 2 shows the expected signal compared to the large continuous

background and Figure 3(a) shows the expected measurement precision.
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Also the exclusive ttH,H → µµ channel was studied. While the expected signal rate is only

∼30 events at 3000 fb
−1

, a signal-to-background ratio of better than unity can be achieved and

hence this channel gives information on both the top- and µ-Yukawa coupling with a precision on

the total signal strength of ∼25%.

An overview of the expected measurement precision in each channel for the signal strength µ with

respect to the Standard Model Higgs boson expectation for a mass of 125 GeV is given in Figure 3(a)

for assumed integrated luminosities of 300 fb
−1

and 3000 fb
−1
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all considered channels. (b): Expected measurement precisions on ratios of Higgs boson partial widths
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In both figures, the bars give the expected relative uncertainty for a Standard Model Higgs boson with

a mass of 125 GeV (the dashed areas include current theory signal uncertainties from QCD scale and

PDF variations [10, 11]) for luminosities of 300 fb
−1

and 3000 fb
−1

. For the ττ final state the thin brown

bars show the expected precision reached from extrapolating all ττ channels studied in the current 7 and

8 TeV analysis to 300 fb
−1

, instead of using dedicated studies at 300 fb
−1

that, together with those made

for 3000 fb
−1

, are based only on the VBF H → ττ channels.

The γγ and ZZ
∗

final states profit most from the high luminosity, as both statistical and systematic

uncertainties (which are dominated by the number of events in the sideband) are reduced considerably.

The γγ final state is especially important, as this final state can be used as a clean probe of all initial

states and associated couplings accessible to the LHC.

In the ττ channels dedicated studies for 300 fb
−1

and 3000 fb
−1

were done only for the VBF pro-
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第2世代と第３世代の違い



ATLAS vs CMS 300fb-1での比較

❖ CMSの解析手法もATLASと同様
‣ 現在の検出器のefficiency/resolutionを仮定

❖ CMSの方がaggressive(?)
65

√
s = 14 −1

−1 √
s = 7

V F

V F

γ V g q l

精度 ATLAS CMS
H→γγ 20% 15%
H→ZZ 15% 11%
H→ττ 40% 10%
H→bb not done 18%

理論の不定性も含むCMSの予想精度



Peskin/Duhrssen との比較

❖ 孤立レプトンの評価は結構あってた
‣ H→bbは楽観的→悲観的→現在はその中間

66

arXiv:1207.2516/ATL-PHYS-2003-030

精度 ATLAS Peskin
H→γγ 20% 20⊕15%
H→ZZ 15% 21⊕15%
H→ττ 40% N/A
H→bb not done 25⊕15%

Figure 2: Comparison of the capabilities of LHC and ILC for model-independent measure-

ments of Higgs boson couplings. The plot shows (from left to right in each set of error

bars) 1 σ confidence intervals for LHC at 14 TeV with 300 fb
−1

, for ILC at 250 GeV and

250 fb
−1

(‘HLC’), for the full ILC program up to 500 GeV with 500 fb
−1

(‘ILC’), and for a

program with 1000 fb
−1

for an upgraded ILC at 1 TeV (‘ILCTeV’). The marked horizontal

band represents a 5% deviation from the Standard Model prediction for the coupling.

9

（注1）PeskinのH→bbは単独のチャンネル
（注2）Peskinではg(hAA)の導出に緩い仮定

LHC 300fb-1
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自己結合定数

❖ ヒッグス機構理解の鍵
❖ まずはHH生成の検出

❖ 自己結合定数λの抽出
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh # 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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FIG. 2: Comparison of the (normalized) pT,h distributions in pp → hh+X at LO for different multiples of the trilinear Higgs
coupling λ (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities).
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FIG. 3: Comparison of pp → hh + X at LO. We choose
mt = 175 GeV as in Ref. [15], from which we also obtain
the dashed blue reference line, and mb = 4.5 GeV and we use
the CTEQ6l1 parton distributions.

The resulting inclusive hadronic cross sections are plot-
ted in Fig. 3, where we also show results for non-SM tri-
linear couplings, varied around the SM value (see Eq. (1))

λSM =

√

η

2
mh . (4)

Note that choosing a value different from λSM does not
yield a meaningful potential in terms of Eq. (1), but al-
lows to constrain λ in hypothesis tests using, e.g., the
CLs method [24].
We also show the result of Ref. [15] for comparison

and find excellent agreement in total, keeping in mind
that the results of Ref. [15] were obtained using the GRV
parametrizations of parton luminosities [25], which are
different from the CTEQ6l1 [26] set that we employ for
the remainder of this paper§.

§Using the integration-mode of FormCalc/LoopTools with the

Interference between the different non-zero contribu-
tions depicted in Fig. 3 becomes obvious for the differ-
ently chosen Higgs self-couplings. We also learn from
Fig. 3 that the dihiggs cross section has a fairly large
dependence on the particular value of the trilinear cou-
pling for a mh = 125 GeV Higgs boson. The qualitative
Higgs mass dependence for different values of the trilinear
self-coupling in Fig. 3 is easy to understand: The Higgs
propagator in Fig. 1 (c) is always probed off-shell at fairly
large invariant masses; this renders the triangle contribu-
tions subdominant compared to the box contributions of
Fig. 1 (b). For Higgs masses close to the mass of the loop-
dominating top quark, we have s ! 4m2

t , which results
in resonant contributions of the three-point functions of
Fig. 1 (c), well-known from one-loop gg → h produc-
tion [27]. This ameliorates the s-channel suppression of
the trilinear coupling-sensitive triangle graphs and causes
the dependence of the cross section on the trilinear cou-
pling to become large at around mh

<∼ mt.
To gain sensitivity beyond total event counts, it is im-

portant to isolate the region of phase space which is most
sensitive to modifications of the trilinear coupling in or-
der to set up an analysis strategy which targets the tri-
linear self-coupling most effectively. At the parton level,
there is only a single phenomenologically relevant observ-
able to hh production, which can be chosen as the Higgs
transverse momentum pT,h. In Fig. 2 we show the dif-
ferential pT,h distribution for different values of λ and
mh = 125 GeV. The dip structure for λ > λSM results
again from phase space regions characterized by s ∼ 4m2

t ,
which are available if mh < mt, and the resulting maxi-
mally destructive interference with the box contributions.
The above points suffice to give a qualitative assess-

ment of the prospects of measurements of λ in the pp →
hh+X channel:

• the Higgs bosons from inclusive dihiggs productions

CTEQ6l1 set we obtain perfect agreement.
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sensitive to modifications of the trilinear coupling in or-
der to set up an analysis strategy which targets the tri-
linear self-coupling most effectively. At the parton level,
there is only a single phenomenologically relevant observ-
able to hh production, which can be chosen as the Higgs
transverse momentum pT,h. In Fig. 2 we show the dif-
ferential pT,h distribution for different values of λ and
mh = 125 GeV. The dip structure for λ > λSM results
again from phase space regions characterized by s ∼ 4m2

t ,
which are available if mh < mt, and the resulting maxi-
mally destructive interference with the box contributions.
The above points suffice to give a qualitative assess-

ment of the prospects of measurements of λ in the pp →
hh+X channel:

• the Higgs bosons from inclusive dihiggs productions

CTEQ6l1 set we obtain perfect agreement.
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ヒッグス崩壊の組み合わせ
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H→γγ H→bb H→ττ H→WW
→lνlν

H→ZZ
→llll

H→ZZ
→llqq

H→γγ × ◯ × ？ ？ ？

H→bb × △◯？ △ ？ ？

H→ττ ×？ ？ ？ ？

H→WW
→lνlν ×？ ×？ ×？

H→ZZ
→llll × ×

H→ZZ
→llqq ×



HH→bbWW

❖ BR(HH→bbWW→bblνqq) ~ 10% ⇒ 10k 
@3000fb-1

❖ one lepton + missingET + two jets (at least 
one b-tagged)
‣ W質量を仮定してνのpZ

❖ ttbar が莫大
‣ S/B ~ 10-5...
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HH→bbγγ
❖ 3000fb-1で260事象生成
❖ pT(γ) > 25GeV,  

pT(b) > 40/25 GeV
❖ 2 isolated photons 

&& 2 b-tagged jets
❖ 角度分布
❖ 50<Mbb<130 GeV 

&& 120<Mγγ<130 GeV
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観測はできそうだが単独でのλの測定は...

λ=0 26

λ=1 15

λ=2 8

BG 24

選別後事象数



HH → bbττ , bbμμ

❖ bbττ：ATLASの解析は終わっていないが
arXiv:1206.5001[hep-ph]によると有望
‣ parton level study

❖ bbμμ：HE-LHCなら可能性ありか
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6

ξ = 0 ξ = 1 ξ = 2 bb̄ττ bb̄ττ [ELW] bb̄W+W− ratio to ξ = 1

cross section before cuts 59.48 28.34 13.36 67.48 8.73 873000 3.2 · 10−5

reconstructed Higgs from τ s 4.05 1.94 0.91 2.51 1.10 1507.99 1.9 · 10−3

fatjet cuts 2.27 1.09 0.65 1.29 0.84 223.21 4.8 · 10−3

kinematic Higgs reconstruction (mbb̄) 0.41 0.26 0.15 0.104 0.047 9.50 2.3 · 10−2

Higgs with double b-tag 0.148 0.095 0.053 0.028 0.020 0.15 0.48

TABLE III: Signal and background cross sections in fb for hh → bb̄τ+τ− for boosted kinematics. The Higgs self-coupling is
scaled in multiples of the Standard Model value λ = ξ × λSM, Eq. (4). The background comprises tt̄ with decays to t → bτντ ,
and bb̄τ+τ− for pure electroweak and mixed QCD-electroweak production, normalized to the respective NLO rates. The
bb̄W+W− NLO cross sections are provided in [28] (K # 1.5), for the mixed and the purely electroweak contributions we infer
the corrections from Zbb̄ (K # 1.4) and ZZ (K # 1.6) production using Mcfm [40, 41].

ciency and can therefore increase the sensitivity of the
following searches [44].

1. hh → bb̄bb̄

As already pointed out, the Higgs bosons are natu-
rally boosted, and requiring two fatjets subject to BDRS
tagging [18] can improve the very bad S/B in the con-
ventional pp → b̄bb̄b+X search without losing too much
of the dihiggs signal cross section.

In the analysis, we veto events with light leptons
pT,l > 10 GeV in |y| < 2.5 to reduce tt̄, where the
leptons are again assumed isolated if ET,had < 0.1ET,l

within R < 0.3. We need to make sure that the events
we want to isolate pass the trigger level. For this reason,
we recombine final state hadrons to jets with R = 0.4 and
pT > 40 GeV and require at least four jets and the fol-
lowing staggered cuts: pT,j1 > 100 GeV, pT,j2 > 70 GeV,
pT,j3 > 50 GeV. All jets have to be within detector cov-
erage |y| < 4.5.

For the events that pass the trigger cuts, we apply
a “fatjet” analysis, i.e. require at least two jets with
pT,j > 150 GeV and R = 1.5 in the event. We apply
the BDRS approach to both of these fatjets using µcut =
0.66 and ycut = 0.09. The reconstructed Higgs jets need
to reproduce the Higgs mass within a 20 GeV window:
115 GeV ≤ mh ≤ 135 GeV, and we additionally require
that the two hardest filtered subjets are b-tagged.

We generate the backgrounds with exclusive cuts to
make our cut-analysis efficient, yet inclusive enough to
avoid a bias. More precisely we demand two pairs of b
quarks to obey Rbb < 1.5, pT (bb) ≥ 100 GeV, m(bb) ≥
50 GeV, while pT,b ≥ 20 GeV, and |yb| ≤ 2.5. The
(anti-)bs are generated with Rbb ≥ 0.2.

The results are collected in Tab. II. Again, while the
cuts allow an improvement in S/B by an nearly an order
of magnitude, we are still left with a small signal rate on
top of a very large background so that this channel is in
the end also not promising.

2. hh → bb̄τ+τ−

A promising channel is dihiggs production with one
Higgs decaying to a pair of τ leptons. This decay chan-
nel in association with two jets is one of the main search
channels for single light Higgs production [47, 48] and has
recently been used to put bounds on Higgs production
by Cms [49]. The reconstruction of τ leptons is delicate
from an experimental point of view, and current analysis
strategies mostly rely on semi-hadronic τ pair decays in
the context of Higgs searches (see e.g. Ref. [49]). The τ
identification is performed using likelihood methods [50]
which do not allow a straightforward interpretation in
terms of rectangular cuts used in e.g. Ref. [48]. Con-
sequently, with likelihood τ taggers unavailable to the
public, a reliable and realistic estimate is hard to obtain.
For this reason, we choose a τ reconstruction efficiency of
80% with a negligible fake rate. This is not too optimistic
in the light of the likelihood approaches of Ref. [50], bear-
ing in mind that our analyses are based on end-of-lifetime
luminosities, for which we may expect a significant im-
proved τ reconstruction when data is better understood.
We choose a large enough Higgs mass window for the
reconstruction, in order to avoid a too large systematic
pollution due to our assumption (in Ref. [49] CMS quotes
a O(20%) of the reconstructed Higgs mass).
In more detail, we require two τ jets with pT ≥ 20 GeV,

reproducing the Higgs mass within 50 GeV, mττ = mh±
25 GeV. Then we use the C/A algorithm to reconstruct
fatjets with R = 1.5 and pT,j > 150 GeV and require
at least one fatjet in the event. Thereby we demand
the fatjets to be sufficiently isolated from the τs. We
subsequently apply the BDRS approach to the fatjet with
µcut = 0.66 and ycut = 0.09. The two hardest filtered
subjets need to pass b tags and the reconstructed Higgs
jet has to be in mh±10 GeV. B-tagging is performed for
|y| < 2.5 and we assume an efficiency of 70% and a fake
rate of 1% following Ref. [51].
We generate the bb̄ττ and pure electroweak bb̄ττ back-

grounds with exclusive cuts to make our cut-analysis rea-
sonably efficient , yet inclusive enough to avoid a bias.
More precisely we demand the two b quarks to obey
Rbb < 1.5, pT (bb, ττ) ≥ 100 GeV, m(bb, ττ) ≥ 50 GeV,
while pT,b,τ ≥ 20 GeV, and |yb,τ | ≤ 2.5. The bs and

単位は [fb-1] S/N ratio



おまけ　WW散乱

❖ Spin 0 component cancelled 
by Scalar (=Higgs?)

❖ VV scattering needs to be 
checked
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Theoretical Framework 1.4. W-pair production at LEP
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Figure 1.1: The three Feynman diagrams, referred to as CC03, which contribute at tree
level to the process e+e−→W+W−. Two diagrams contain a triple gauge-boson vertex of
the type VWW, indicated by the shaded circles.

contribute at tree level to the process e+e−→W+W−, are referred to as CC03 diagrams.
They are shown in Fig 1.1. The matrix element for W-pair production at tree level is
the sum of the matrix elements for these three diagrams separately. Actually, a fourth
diagram exists at tree level in the SM where a Higgs boson is exchanged through the s-
channel, but its amplitude is proportional to the electron mass and can thus be neglected.
However, at very high energies this diagram needs to be taken into account to ensure a
proper behaviour of the cross section.

1.4.1 Helicity Amplitudes

To study the effect of anomalous couplings on the W-pair production process, it is instruc-
tive to express the matrix elements in terms of the helicity states of the two W bosons,
M(σ, λ, λ′). The helicities of the W− and W+ are given by λ and λ′, incoming e− and e+

helicities are σ/2 and −σ/2, with the assumption that the electrons are massless.
It is convenient to define reduced matrix elements by extracting some common factors:

M(σ, λ, λ′; Θ) =
√

2e2σM̃σ,λ,λ′(Θ)dJ0
σ,∆λ(Θ). (1.23)

The angle Θ is the production angle of the W− with respect to the incoming e−. The
leading angular dependence is given in terms of the d-functions dJ0

σ,∆λ [79], where J0 =
max(|σ|, |∆λ|) gives the lowest angular momentum contributing to a given helicity com-
bination. Two out of the nine possible helicity combinations give J0 = 2, with both W’s
oppositely, transversely polarised (±,∓) thus |∆λ| = 2. The other seven possible helicity
configurations all have J0 = 1. The explicit form of the d functions for all possible helicity
combinations is given in the last column of Table 1.2.

The reduced matrix elements are not partial wave amplitudes since they can still have
a Θ dependence due to partial waves with J > J0. The two s-channel diagrams only
contribute to the seven helicity contributions that have J0 = 1, since angular momentum
conservation in the decay of a spin-1 particle dictates that J = 1. The t-channel diagram
on the other hand, can form all nine possible helicity combinations and contributions from
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Figure 1: The reconstructed 4-body mass spectrum using the two leading leptons and jets (left) and limits

as a function of a4 using the eµ channel with 3 ab−1 at pp center-of-mass collision energy of 14 TeV. The

background labelled “SM VV” corresponds to a4 = 0.

and the reconstructed 4-lepton invariant mass distribution. The high-mass resonance is easily visible in

this simulated dataset normalized to 3000 fb−1.
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Figure 2: The leading jet-jet invariant mass (m j j) distribution for simulated events in the pp → ZZ +

2 j→ !!!! + 2 j channel (left), and the reconstructed 4-lepton mass (m4!) spectrum for this channel after

requiring m j j > 1 TeV (right). The spectra are normalized to 3000 fb−1.

7.2 Monte Carlo Predictions

MadGraph 1.4.2 [6] was used to generate the non-VBS background where ZZ production is accompanied

by initial-state radiation of two jets. SM and non-SM ZZ production via VBS was simulated using

WHIZARD 2.1.0 [7]. In both cases Z bosons were required to decay to electron or muon pairs. Table 4

enumerates the cross sections of various processes in the four-lepton channel at
√

s = 14 TeV.

7.3 Event Selection

Events are considered VBS ZZ candidates provided they meet the following criteria:

• Exactly four selected leptons which can be separated into two opposite sign, same flavor pairs

5

jj+ZZ



展望のまとめ

❖ Spin/Parityの決定
‣ 300fb-1あれば5σ以上の分離

❖ ゲージ/湯川結合定数 ⇐ 比の測定
‣ 300fb-1で10-20%程度

❖ 自己結合定数
‣ 3000fb-1でHH生成を検出できるかも
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結論

❖ 2012年に発見した粒子はヒッグスっぽい

❖ LHCは世界で唯一のヒッグス製造工場
‣ 実験からの知見が不可欠

❖ 自然がどんな構造をしているかわからない
‣ 虚心坦懐に様々な角度から検証
๏ SMで除外された過程も大切
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Efficiencyの理解

❖ σ×BRを測るにはefficiency εの理解が重要

77

N = σ × L×BR×A× �
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tion is given by a symmetric traceless tensor t!", transverse
to its momentum t!"q

" ¼ 0. Since we would like to apply
the formula for the amplitude to describe interactions of X

with massive and massless gauge bosons, we consider the
possible dependence of the amplitude on both the field
strength tensor and the polarization vectors

AðX! VVÞ ¼!$1

!
2gð2Þ1 t!"f

%1;!#f%2;"#þ 2gð2Þ2 t!"

q#q$
!2 f%1;!#f%2;"$ þgð2Þ3

~q$~q#

!2 t$"ðf%1;!"f%2!#þ f%2;!"f%1!#Þ

þgð2Þ4

~q"~q!

!2 t!"f
%1;#$f%ð2Þ#$ þm2

V

"
2gð2Þ5 t!"%

%!
1 %%"2 þ 2gð2Þ6

~q!q#
!2 t!"ð%%"1 %%#2 $ %%#1 %%"2 Þþ gð2Þ7

~q!~q"

!2 t!"%
%
1%

%
2

#

þgð2Þ8

~q!~q"
!2 t!"f

%1;#$ ~f%ð2Þ#$ þ gð2Þ9 t!#~q
#%!"&'%

%"
1 %%&2 q' þgð2Þ10 t!#~q

#

!2 %!"&'q
&~q'ð%%"1 ðq%%2Þþ %%"2 ðq%%1ÞÞ

$
:

(5)

As in the spin-zero and spin-one cases, gð2Þ1;...;10 are dimensionless effective coupling constants which are, in general,
complex numbers. They are different for different gauge bosons V. The first seven constants gð2Þ1;...;7 correspond to the J

P ¼
2þ particle parity-conserving interaction, while the last three terms with gð2Þ8;9;10 correspond to its parity-violating
interaction. Alternatively, they correspond to parity-violating and parity-conserving interactions of the 2$ particle,
respectively.

We can now write the amplitude through polarization vectors

AðX ! ZZÞ ¼ !$1e%!1 e%"2

!
c1ðq1q2Þt!" þ c2g!"t#$~q

#~q$ þ c3
q2!q1"
m2

X

t#$~q
#~q$ þ 2c4ðq1"q#2 t!# þ q2!q
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X
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&~q'q" þ %#"&'q

&~q'q!Þ
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: (6)

The coefficients c1$7 can be expressed through gð2Þ1;...;10

c1 ¼ 2gð2Þ1 þ 2gð2Þ2 (
"
1þm2

V

s

#
2
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s
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X

s
:

(7)

To describe production of the particle X in hadron
collisions, we need to know the X’s coupling to gluons.
The corresponding amplitude can be obtained from the
case AðX ! VVÞ that we just considered by crossing trans-
formation and setting mV ¼ 0, gð2Þ9 ¼ 0. Also, because
e1q2 ¼ e2q1 ¼ 0 in the massless case, we find that terms
proportional to c3 and c4 do not contribute when an analog
of Eq. (6) is written for massless gauge bosons.

D. X and two fermions

For completeness, we also give here the general cou-
plings of the particle X to two fermions. We denote fermion
masses asmq. We assume that the chiral symmetry is exact
in the limit when fermion masses vanish. We obtain the
following amplitudes

AðXJ¼0 ! q "qÞ ¼ mq

v
"uq1ð&

ð0Þ
1 þ &ð0Þ

2 )5Þvq2 ; (8)

AðXJ¼1 ! q "qÞ ¼ %! "uq1

"
)!ð&ð1Þ

1 þ &ð1Þ
2 )5Þ

þmq~q!
!2 ð&ð1Þ

3 þ &ð1Þ
4 )5Þ

#
vq2 ; (9)

AðXJ¼2 ! q "qÞ ¼ 1

!
t!" "uq1

"
)!~q"ð&ð2Þ

1 þ &ð2Þ
2 )5Þ

þmq~q!~q"
!2 ð&ð2Þ

3 þ &ð2Þ
4 )5Þ

#
vq2 ; (10)

where mq is the fermion mass and "u and v are the Dirac
spinors. It follows that, in the case when fermions are
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Here q, q1 and q2 denote the 4-momenta of the X particle and of vector bosons respectively and q̃ =
q1 − q2. mV is the on-shell mass of gauge boson, v is the vacuum expectation value and εX is the
polarization vector of X. The field strength tensor of the gauge boson with momentum qi and polarization

vector εi and the conjugate tensor are given by

f (i)µν = εµ
i q

ν
i − εν

i q
µ
i , f̃

(i)
µν = εµναβ εα

i q
β
i . (4)

The X resonance wave function is given by a symmetric traceless tensor Xµν . The coupling constants200

g1..7 correspond to the decay of a 2
+ particle and g8..10 to the decay of a 2

− particle. In addition, both201

groups can contribute to the same amplitude and the CP-mixing is possible. The number of allowed202

spin-2 states is therefore very large. It is not possible to address all of them in a single study. One can203

however try to exclude first the minimal models, corresponding to the lowest dimension operators.204

The coupling parameters used in the analysis presented here for each spin hypothesis tested are205

shown in Table 1. For the spin–two states, this choice follows in general the one discussed in [6, 10],206

both gg and qq̄ production mechanisms have been studied, more details are provided below. Due to the207

constraints with the MC production, only the case corresponding to the lowest dimension operators are208

presented in this note. Work on further updates testing spin–two models corresponding to the leading209

order of the higher dimension operators (usually noted as 2±h ) is currently on-going.

Table 1: Choice of coupling parameters for the spin-0, spin-1, spin-2 models considered in the current

analysis. For the qq̄ channel the unique choice of coupling parameters was made across all the spin and

parity states: g1 = 1.

JP Production Decay Comments

configuration configuration

0+ gg→ X : g1 = 1 g2 = g3 = g4 = 0
0− gg→ X : g4 = 1 g1 = g2 = g3 = 0
1+ qq̄→ X : g1 = 0 g2 = 1
1− qq̄→ X : g1 = 1 g2 = 0
2+m gg→ X : g1 = 1 g1 = g5 = 1 Graviton-like tensor with minimal couplings

2+m qq̄→ X : g1 = 1 g1 = g5 = 1 Graviton-like tensor with minimal couplings

2− gg→ X : g1 = 1 g8 = g9 = 1 “Pseudo-tensor”

210

In Figure 2 the distributions of relevant production and decay angles at generator level after parton211

showering, obtained using PYTHIA8, are shown for a spin-1+ resonance produced via qq̄ mechanisms212

compared to a SM Higgs (spin-0+) POWHEG sample. Figure 3 shows instead the distributions of the213

production and decay angles at generator level after parton showering with PYTHIA8 for a spin-1−214

resonance compared to a SM Higgs.215

2.2 Spin-2 Admixtures216

The dominant production mechanism for the heavy scalar bosons at the LHC is the gluon-gluon fusion.217

The VBF and VH production currently take a very small fraction of data in ZZ∗ channel and thus are not218

considered for the spin study.219

Contrary to the spin-0 resonance, a spin-2 state can also be produced through the s-channel qq̄ fusion.220

The gg and qq̄ production vertices have different tensor structure and thus the final state angular distri-221

butions will also differ. In addition, the spectrum of the transverse momentum for the qq̄ production is222

expected to be softer than for gg fusion. Shown in Fig. 4 and 5 are the distributions of the production and223
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p-value

❖ 検定量は色々ある
‣ 観測事象数，likelihood ratio, etc..

❖ （今回の）Significanceはp-valueから算出
80

確率 の定義!
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実際の観測量3$485.$

5,
6
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3!

必要なもの!

例、データの観測事象数!

!-./012%!9!5,6:6;8<783!

!-%4-!9!5,6:6<=8
$%>783!

予想感度,%4-%?&%>!<%(<'&'/'&@3!

AB89*.-95,6C6;8<783!
逆に、*.-を、AB8と呼ぶ,発見した確率？3!

p-value = P( N > Nobs | b)



Confidence Level

❖ CLs+b < 5% なら95%CLで棄却
❖ CLs+b(μ) = P( N < Nobs | μs+b ) = 5% 

となるμを95%CLで棄却した，と言う
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!ある理論に対して制限を与える"#$%$&'!

!"#$%&"'$()*($ ()!%**&$+,! -.!

理論が予想する信号のモデルが必要。$
信号/背景事象"0/1'に対応する検定量の確率分布!2!3"450/1'!

例、40/1!の確率分布!

67+8$9*+:*!;*<*#!"6;'!2!どのくらいの信頼度で制限を与えるか!

6;0/1=3"4>471050/1'!
観測量が+,-で説明できる確率./0+,-1$

!1?7+#@に近い2!小さい!
!0/1に近い!2!大きい!

6;0/1" '=3"4>47105 0/1'=AB!
信号の強さ!2! !

/0+,-234$5$634$/0$で棄却$

例、理論予想の何倍!

となる! !をCAB!6;で棄却したという。!

CLs+b = P( N < Nobs | s+b )



Beyond SM (SUSY)

❖ 様々なシナリオ
‣ 126GeVが2番目に

軽いヒッグス
‣ H→γγをenhance 

&& H→bb/ττを
suppress

‣ 他たくさん
❖ SMで除外された

モードの探索も重要
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have the value measured at the LHC, even with the large uncertainty that we assume, provides

thus a strong constraint on the [MA, tan β] parameter space in the pMSSM.

Figure 2: The parameter space [MA, tanβ] for MS = 2 TeV in the maximal mixing scenario with the
individual constraints from LEP2 (green), CMS τ+τ− searches (light blue) and flavor physics (red)
displayed. The area in which 123 ≤ MH ≤ 129 GeV is also shown (dark blue).

In Figure 3, we show the same [MA, tan β] plane but for different SUSY–breaking scales,

MS = 1, 2 and 3 TeV and for the zero, typical and maximal mixing scenarios defined in eqs. (4–

6). As can be seen, the situation changes dramatically depending on the chosen scenario. Still,

in the maximal mixing scenario with MS = 3 TeV the size of the Mh band is reduced from

above, as in this case, already values tan β >∼ 5 leads to a too heavy h boson, Mh
>∼ 129 GeV.

In turn, for MS = 1 TeV, the entire space left by the LEP2 and CMS Higgs constraints is

covered with many points at tanβ >∼ 20 excluded by the flavor constraint. Nevertheless, the

possibility with MS ≈ 1 TeV will start to be challenged by the search for squarks at the

LHC when 30 fb
−1

of data will be collected by the experiments. In the no–mixing scenario,

it is extremely hard to obtain a Higgs mass of Mh ≥ 123 GeV and all parameters need to be

maximised: MS = 3 TeV and tan β >∼ 20; a small triangle is thus left over, the top of which is

challenged by the flavor constraints. The typical mixing scenario resembles to the no–mixing

scenario, with the notable difference that for MS = 3 TeV, the entire space not excluded by

the LEP2 and CMS constraints allow for an acceptable value of Mh.

In the discussion so far, we have adopted the value mt = (173±1) GeV for the top quark

mass as measured by the CDF and D0 experiments at the Tevatron [58]. This implicitly

assumes that this mass corresponds to the top quark pole mass, i.e. the mass in the on–shell

scheme, which serves as input in the calculation of the radiative corrections in the pMSSM

Higgs sector and, in particular, to the mass Mh. However, the mass measured at the Tevatron

12

MSSM
parameter scan

H→ττで除外

LEPで除外

Bs→μμで除外

に対応
123 ≤MH ≤ 129 GeV
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