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Motivation of Higgs 
Physics



素粒子の質量の起源

❖ もしクォークや電子の質量がなかったら...

‣ 急速な p → n e+ ν：陽子が不安定

‣ ボーア半径無限大
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aBohr =
4π�0�2

me2

質量は，宇宙が現在の姿に
なるために不可欠



Lagrangian in the GWS Model
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わかった気になるのは早い



ヒッグスの不思議さ

❖ ゲージ対称性より
‣ ゲージボソンは質量ゼロ
‣ フェルミオンは質量ゼロでなくてもよい

⇒ なぜ同じメカニズム？
❖ 湯川結合の導入
‣ 全てのフェルミオンに固有の値

⇒ ヒッグスはなぜ相手がわかるのか？
❖ スカラー粒子？
❖ ボソン？？？
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宇宙のエネルギー密度
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ダークエネルギー
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通常の物質

ヒッグスは？？？
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名前をつけるとわかった気になってしまう？



LHC / ATLAS 実験



加速器

❖ 2010 : √s = 7 TeV, 35 pb-1

❖ 2011 : √s = 7 TeV, 5 fb-1

❖ 2012 : √s = 8 TeV, 6 fb-1
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12月中旬までpp衝突になりそう



ATLAS 検出器
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What Happens in Hadron Collisions

❖ Underlying Event
‣ Initial/Final state radiation
‣ Beam remnant

❖ Multiple Interactions
‣ #events/unit time = 

#events/bunch  =            x bunch space
           =  ~30 @6E33  50ns bunch space

σ × L
σ × L
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多重衝突
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設計値

Feb 2012

Feb 2012

K. Nikolopoulos July 7th, 2012Search for the SM H!ZZ(*)!4l with ATLAS

Introduction

2

H!ZZ(*)!4l (l=e,µ)
Backgrounds

 ZZ(*)!4l and for m4l<2mZ

Z+jets (Z+light jets/Zbb̄) and tt̄ 
Results in 2011

! Exclude large mH range 
(134-156, 182-233, 256-265, 268-415 GeV)
! Observed excesses at ~2" level (local) 
at mH = 125, 244, 500 GeV

7 TeV data sample (2011)
• 5.3 fb-1 recorded ! 4.8 fb-1 for physics (~90%)
• Peak stable luminosity 3.6#1033cm-2s-1

8 TeV data sample (2012)
• 6.3 fb-1 recorded ! 5.8 fb-1 for physics (~92%)
• Peak stable luminosity 6.8#1033cm-2s-1

Pile-up in 2012 exceeding detector design specifications
! Maintain excellent detector performance 
! Proper modeling of conditions in simulation essential

Phys.Lett. B710 (2012) 383-402



多重衝突に負けず
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EMスケールの安定性

μefficiencyの安定性
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探索の戦略



標準模型粒子
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探索の歴史

16

0

1

2

3

4

5

6

10030 300
mH [GeV]

∆χ
2

Excluded Preliminary

∆αhad =∆α(5)

0.02758±0.00035
0.02749±0.00012
incl. low Q2 data

Theory uncertainty
March 2008 mLimit = 160 GeV

2008年3月



探索の歴史

16

0

1

2

3

4

5

6

10030 300
mH [GeV]

∆χ
2

Excluded Preliminary

∆αhad =∆α(5)

0.02758±0.00035
0.02749±0.00012
incl. low Q2 data

Theory uncertainty
March 2008 mLimit = 160 GeV

2008年3月

0

1

2

3

4

5

6

10030 300
mH [GeV]

!
"2

Excluded

!#had =!#(5)

0.02750±0.00033
0.02749±0.00010
incl. low Q2 data

Theory uncertainty
July 2011 mLimit = 161 GeV

2011年7月



探索の歴史

16

0

1

2

3

4

5

6

10030 300
mH [GeV]

∆χ
2

Excluded Preliminary

∆αhad =∆α(5)

0.02758±0.00035
0.02749±0.00012
incl. low Q2 data

Theory uncertainty
March 2008 mLimit = 160 GeV

2008年3月

0

1

2

3

4

5

6

10030 300
mH [GeV]

!
"2

Excluded

!#had =!#(5)

0.02750±0.00033
0.02749±0.00010
incl. low Q2 data

Theory uncertainty
July 2011 mLimit = 161 GeV

2011年7月2012年3月

0

1

2

3

4

5

6

10040 200
mH [GeV]

!
"2

LEP
excluded

LHC
excluded

!#had =!#(5)

0.02750±0.00033
0.02749±0.00010
incl. low Q2 data

Theory uncertainty
March 2012 mLimit = 152 GeV



ヒッグスの崩壊

❖ Γ(vector boson) ∝ mH3

❖ Γ(fermion) ∝ mH
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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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LHCでのヒッグスの生成
❖ Coupling ∝ mass 
‣ top the largest 

among fermions
❖ Gauge boson 

relatively larger
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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)

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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production
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vector 
boson 
fusion 
(VBF)

gluon 
fusion 
(GF)

Table 2: Production cross-sections in pb of the Standard Model Higgs boson in pp collisions for different

centre-of-mass energies and Higgs boson masses. Cross-section uncertainties are estimated to be ∼ 10%

for gg→ H and ∼ 5% for VBF and W/ZH processes.
√

s = 7 TeV

mH (GeV) 110 115 120 130 140 150 165 170 180 190 200 300 400 500 600

gg→ H 19.8 18.1 16.6 14.1 12.1 10.5 8.35 7.76 6.76 5.92 5.27 2.42 2.03 .865 .336

VBF 1.38 1.32 1.25 1.14 1.04 .948 .840 .805 .736 .682 .628 .296 .159 .093 .056

WH .876 .757 .657 .501 .386 .300 .211 .188 .152 .125 .103 .020

ZH .473 .412 .360 .278 .217 .171 .123 .111 .089 .074 .061 .012√
s = 8 TeV

mH (GeV) 110 115 120 130 140 150 165 170 180 190 200 300 400 500 600

gg→ H 25.0 22.9 21.1 18.0 15.6 13.6 10.8 10.1 8.84 7.78 6.95 3.33 2.88 1.27 0.51

VBF 1.77 1.69 1.61 1.47 1.35 1.24 1.10 1.06 .970 .902 .833 .407 .226 .137 .086

WH 1.06 .919 .799 .611 .472 .368 .260 .233 .189 .156 .129 .026

ZH .579 .506 .443 .343 .269 .213 .154 .139 .112 .093 .077 .015√
s = 9 TeV

mH (GeV) 110 115 120 130 140 150 165 170 180 190 200 300 400 500 600

gg→ H 30.6 28.1 25.9 22.2 19.3 16.9 13.6 12.7 11.1 9.82 8.80 4.35 3.88 1.76 .723

VBF 2.19 2.09 2.00 1.83 1.68 1.55 1.38 1.33 1.23 1.14 1.06 .053 .304 .189 .122

WH 1.25 1.09 .945 .723 .561 .439 .311 .279 .227 .188 .156 .032

ZH .690 .603 .530 .412 .324 .257 .187 .169 .137 .114 .095 .019
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Figure 1: The cross-section of the most significant processes for Standard Model Higgs boson production

at the LHC. Details are in the text.
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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 
⇒ ジェット以外の何かが必要
๏孤立レプトン or 運動学的な特徴
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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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生成される信号数
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Multiplied by a factor “whether it’s 
easy to reject BG” (=acceptance)
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Figure 1: The SM Higgs boson production cross sections multiplied by decay branching
ratios in pp collisions at

√
s = 7 TeV as a function of Higgs boson mass. All final states

analysed in this note are shown, where all production modes are summed in the channels
of H → ττ , γγ or WW/ZZ(→ 4 fermions). In the H → bb̄ channel, only the vector-boson
associated production is considered.

(qq̄ → WH/ZH), where the Higgs boson is radiated from a gauge boson; top-quark pair
associated production (qq̄/gg → tt̄H), where the Higgs boson is radiated from a top
quark.

The Higgs boson production cross sections are calculated with varying precision in
the perturbative expansion. For the gluon-fusion process through a heavy-quark loop
(gg → H), the QCD radiative corrections at next-to-leading order (NLO) were performed
either in the large-mt limit [18, 19], or by maintaining the full top- and bottom-quark
mass dependence [20]. These increase the leading-order (LO) cross section by about 80-
100%. The next-to-next-to-leading-order (NNLO) QCD correction for the gluon-fusion
process [21–23] was calculated in the large-mt limit, which leads to an additional 25%
increase in the cross section. In addition, QCD soft-gluon resummations up to next-to-
next-to-leading log (NNLL) improve the NNLO calculation [24]. The NLO electroweak
(EW) corrections are applied [25, 26] assuming factorisation with the QCD corrections.
In recent calculations [27–29], accurate theoretical predictions are performed with exact
top- and bottom-loop corrections up to NLO, and with the large-mt approximation of
the higher-order corrections. The gg → H cross section used in this analysis is the
combination of the NNLO QCD [27] and the NNLL QCD [28] predictions (both with exact
top/bottom-loop corrections up to NLO) together with NLO EW corrections from [26] as
described in Section 13 of Ref. [16].

The vector-boson fusion (VBF) process involves quark and anti-quark initial states

4



探索に使えるモード
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結合定数

❖ H → γγ
‣ 崩壊はゲージ

❖ H → WW or ZZ
‣ 崩壊はゲージ

❖ H → ττ
‣ 崩壊は湯川

❖ V (H→bb, ττ)
‣ ゲージ生成 x 湯川崩壊
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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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Full Result



Dataset and Channels

❖ ATLAS
‣ γγとZZは2011年+2012年 (~10.7fb-1)
‣ それ以外は2011だけ（4.9fb-1)

❖ CMS
‣ すべてのチャンネルで2011（5fb-1強）

+ 2012年（5fb-1強）

24



広い質量領域

❖ とある質量領域以外は背景事象だけを仮定した
場合とよく一致
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Local p-value
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for 126.5 or 125 GeV ATLAS CMS
expected from SM 4.6σ 5.9σ
observed local p-value 5.0σ 4.9σ

global p-value 4.1-4.3σ
ATLAS global significance for 110-600 or 110-150 GeV



Signal Strength

❖ ATLAS μ = 1.2 ± 0.3 for 126.5 GeV
❖ CMS μ = 0.8 ± 0.2 for 125 GeV
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Compatibility with SM Higgs boson  
Signal strength 

! Overall best-fit signal strength in the combination:  
!/!SM = 0.80±0.22 

! Signal strength in 7 and 8 TeV data are self-consistent 
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Channel by Channel

28

Ju
ly

 4
th
 2

01
2 

 T
he

 S
ta

tu
s 

of
 th

e 
H

ig
gs

 S
ea

rc
h 

   
J.

 In
ca

nd
el

a 
fo

r t
he

 C
M

S
 C

O
LL

A
B

O
R

AT
IO

N
 

!  !"#$%&!'($)*+!(%!*(,$-$%&!
.-/*01&(/%!&(2$+!*$13'!
2/*$+!3-$!+$)45
1/%+(+&$%&!
!  3)6$(&!23%'!2/*$+!73#$!
%/&!'$&!-$317$*!+$%+(&(#(&'!
&/!*(+&(%80(+7!9:!4-/2!
;31<8-/0%*!

99 

=/2.3&(6()(&'!>(&7!9:!?(88+!6/+/%!!
$#$%&!'($)*+!(%!*(,$-$%&!2/*$+!@AB!

99 

ATLAS CMS



ATLAS Combination
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❖ γγとZZでイベント数多め（ラッキー？）
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CMS Combination
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❖ ATLASに比べるとアンラッキーか



2011 vs 2012
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Compatibility with SM Higgs boson  
Signal strength 

! Overall best-fit signal strength in the combination:  
!/!SM = 0.80±0.22 

! Signal strength in 7 and 8 TeV data are self-consistent 
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ATLAS CMS

                   Max deviation     Observed (exp.) 
                       at mH                 significance 

2011 data      126 GeV               3.5 (3.1) σ  
2012 data      127 GeV              4.0 (3.3) σ 



質量

❖ CMS : MX = 125.3 ± 0.6 GeV
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SM 

ATLAS CMS
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H→γγ



Mγγ

❖ ATLAS : ET > 40, 30 GeV
‣ Isolation : NN (2011), cut based (2012)

❖ CMS : ET > 1/3 Mγγ, 1/4 Mγγ

‣ Isolation : Multi-Variate-Analysis
34
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Invariant Mass Spectra (Background-Only Fits)
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Kerstin Tackmann (DESY) Search for the Higgs boson in the diphoton decay 14 / 18

カテゴリー分け

❖ ATLAS : cut based で10分割
❖ CMS : MVA based で6分割
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Mass Resolution
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Using prompt reconstruction, with quasi-online calibration constants for 8 TeV data

S.Ganjour Search for the SM Higgs Boson at CMS 9



ATLAS Mass Resolution

❖ σ ~ 1.6 GeV for 
inclusive sample

37

Photon Pointing and Primary Vertex Selection

m2
γγ = E1E2(1 − cos α)

Improve photon angle measurement using

likelihood based on

Photon pointing

� Photon direction measured from

calorimeter using longitudinal

segmentation

� Position of conversion vertex for

converted photons (with Si hits)

� Constraint to LHC beam spot

→ Measure primary vertex position to

∼ 1.5 cm

Highest Σtracksp2
T primary vertex

from tracking

→ Contribution of angle measurement to

mass resolution negligible already

without primary vertex information

� Robust with respect to pileup  [GeV]!!m
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Kerstin Tackmann (DESY) Search for the Higgs boson in the diphoton decay 7 / 18

Categories @ 8 TeV

Strength of categorization: different resolution, different S/B (1% − 20%)

in a window that would contain 90% of signal events

“High”-statistics categories and 2-jets expected to dominate result

Kerstin Tackmann (DESY) Search for the Higgs boson in the diphoton decay 11 / 18



Energy Calibration

❖ W→eν, Z→ee,
(J/ψ→ee) for 
calibration 
source

38

Energy Calibration and Invariant Mass Resolution

m2
γγ = E1E2(1 − cos α)

MC-based calibration improved with

energy scale and resolution

corrections based on Z → e+e−,

W → eν, J/Ψ → e+e−

Energy scale at mZ known to 0.3%,

uniformity (constant term) 1% in

barrel, 1.2 − 2.1% in endcap

“Transport” of corrections from e± to

photons based on simulation

Systematic uncertainties dominated by description of

material effects, cross checked with photon

conversions, hadronic interactions, e±
shower shapes

and E/p, ...  [GeV]!!m
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Simulation without

constant term

Kerstin Tackmann (DESY) Search for the Higgs boson in the diphoton decay 6 / 18

ECAL Calibration

☞ Dedicated calibration scheme:

➠ inter-crystal calibration: π0, η

➠ crystal transparency correction
(laser monitoring system)

☞ The energy scale stability after the
response corrections:

➠ barrel: 0.12% (2.5% loss)

➠ endcap: 0.45% (10% loss)

☞ Exploit W → eν (E/p) and
Z0 → ee control samples to derive
energy scale and resolution system-
atics

S.Ganjour Search for the SM Higgs Boson at CMS 20

ECAL Calibration

☞ Dedicated calibration scheme:

➠ inter-crystal calibration: π0, η

➠ crystal transparency correction
(laser monitoring system)

☞ The energy scale stability after the
response corrections:

➠ barrel: 0.12% (2.5% loss)

➠ endcap: 0.45% (10% loss)

☞ Exploit W → eν (E/p) and
Z0 → ee control samples to derive
energy scale and resolution system-
atics

S.Ganjour Search for the SM Higgs Boson at CMS 20

ATLAS CMS

scale known to 0.3%



H→γγ p-value
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P-Values 

! Minimum local p-value at 125 GeV with a local significance of  4.1 ! 
! Similar excess in 2011 and 2012 
!  Independent cross check analyses give similar results 
! Global significance in the full search range (110-150 GeV) 3.2 ! 

45 

ATLAS CMS

for 126.5 or 125 GeV ATLAS CMS
expected from SM 2.4σ
observed local p-value 4.5σ 4.1σ

global p-value (110-150GeV) 3.6σ 3.2σ



H→γγ　Signal Strength
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Fitted Signal Strength 

Combined best fit signal 
strength  
!/!SM = 1.56±0.43 x SM, 
consistent with SM. 

Best fit signal strength 
consistent between 
different classes 
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ATLAS CMS
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Fitted Signal Strength 

Combined best fit signal 
strength  
!/!SM = 1.56±0.43 x SM, 
consistent with SM. 

Best fit signal strength 
consistent between 
different classes 
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1.9 ± 0.5 1.6 ± 0.4



H→ZZ



Event Selection for H→ZZ

❖ ATLAS

❖ CMS
‣ pT > 20, 10, 5-7 (GeV)
‣ 40<M12<120 GeV
‣ 4<M34<120 GeV

42

!  Tiny rate, BUT: 
     -- mass can be fully reconstructed  " events should cluster in a (narrow) peak 
     -- pure: S/B ~ 1 
!  4 leptons: pT

1,2,3,4 > 20,15,10,7-6 (e-μ) GeV; 50 < m12 < 106 GeV; m34 > 17.5-50 GeV (vs mH) 
!  Main backgrounds:  
    -- ZZ(*) : irreducible 
    -- low-mass region mH < 2mZ : Zbb, Z+jets, tt with two leptons from b-jets or q-jets " l 
"  Suppressed with isolation and impact parameter cuts on two softest leptons  
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Measured  ! (ZZ) = 9.3 ± 1.2 pb 
SM (NLO) ! (ZZ) = 7.4± 0.4 pb 

BG Studies by ATLAS

43

Enhanced by relaxing cuts on  
m12, m34 and pT(μ4) 

Peak at m(4l) ~ 90 GeV from 
single-resonant Z! 4l production 

Observed: 57 events 
Expected: 65 ± 5 



44

Ju
ly

 4
th
 2

01
2 

 T
he

 S
ta

tu
s 

of
 th

e 
H

ig
gs

 S
ea

rc
h 

   
J.

 In
ca

nd
el

a 
fo

r t
he

 C
M

S
 C

O
LL

A
B

O
R

AT
IO

N
 

 [GeV]4lm
100 200 300 400 500 600

a.
u.

0

0.2

0.4

0.6

0.8
Simulation (POWHEG+Pythia)  

! 2e2 ZZ qq 

!Shape Model, 2e2

CMS Preliminary 2012  = 7 TeVs

 [GeV]4lm
100 150 200 250 300 350 400 450 500 550 600

Ev
en

ts
 / 

10
  G

eV

0

1

2

3

4

5

6

Signal Region  (WFC)

irreducible  (sim.):  2.6

reducible  (data):  11.3

observed:  12

-1 = 7 TeV, L = 5.05 fbsCMS Preliminary                                                        

 [GeV]4lm
100 150 200 250 300 350 400 450 500 550 600

Ev
en

ts
 / 

10
  G

eV

0

50

100

150

200

250
2P+2F  Region  (PFC)

*ZZ, Z
WZ
tt

bZ+b
Z+jets
Observed events
Landau fit

-1 = 7 TeV, L = 5.05 fbsCMS Preliminary                                                        

!  !""#$%&'()#*(+&,-".%/$*00*"*1)*
!  !"#$%&#'(*%2'/-*2'3%)+4'./*

!  )*'+,%'+,-,.$/&-0"*&1'0%,('-"0

!  2,33'/#'(04,30(&#&5"$%6-&#$,+0"/&-'0
0

!  5#$%&'()#*(+&,-".%/$2*#24'3+4#$*6".3*$+4+*
!  !7#3&1,-&#$,+043,%0/,+#3,-0"&%1-'"0'+3$/*'(08$#*0%$"$('+#$9'(0-'1#,+"*
!  :,#&-06+/'3#&$+#;0<=>?0

 [GeV]4lm
200 400 600

a.
u.

0

5

10

15

20
Simulation (GG2ZZ)  

! 2e2 ZZ gg 

!Shape Model, 2e2

CMS Preliminary 2012  = 7 TeVs

@&/A.3,6+(0%,('-"0

1)* 1)*

77*"*00*"*1)* --*"*00*"*1)*

51 

B&-$(&#$,+00$+0$+4+*

&./4".)*2+38)#*

9"./-*:+;."2*
<*&=+"-#2*



45

 [GeV]4lm
80 90 100 110 120 130 140 150

a.
u.

 / 
0.

5 
G

eV

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08 ATLAS Preliminary

 = 8 TeV)s4e (ZZ*H

 0.07) GeV!m = (128.35 
 0.06) GeV! = (2.46 

 = 130 GeVHm
Gaussian fit

: 20% 2!fraction outside 

with Z mass constraint

Simulation

 [GeV]4lm
80 90 100 110 120 130 140 150

a.
u.

 / 
0.

5 
G

eV

0

0.02

0.04

0.06

0.08

0.1
ATLAS Preliminary

 = 8 TeV)s (!2e2ZZ*H

 0.04) GeV"m = (129.16 
 0.04) GeV" = (2.02 

 = 130 GeVHm
Gaussian fit

: 22% 2"fraction outside 

with Z mass constraint

Simulation

 [GeV]4lm
80 90 100 110 120 130 140 150

a.
u.

 / 
0.

5 
G

eV

0

0.02

0.04

0.06

0.08

0.1

0.12
ATLAS Preliminary

 = 8 TeV)s (!4ZZ*H

 0.03) GeV"m = (129.72 
 0.03) GeV" = (1.78 

 = 130 GeVHm
Gaussian fit

: 19% 2"fraction outside 

with Z mass constraint

Simulation

K. Nikolopoulos July 7th, 2012Search for the SM H!ZZ(*)!4l with ATLAS

Mass resolution

4

Typical search for narrow peak on top of smooth background
! Resolution crucial for sensitivity!

! Final states separated in 4µ, 2µ2e, 2e2µ, 4e
 ATLAS detector provides excellent resolution!
! Relative resolution of 1.6 - 2.1% for mH=130 GeV

 Further improved by using mZ constrained fit
! Relative resolution of 1.3 - 1.9% for mH=130 GeV

"!##*!4µ "!##*!2e2µ/2µ2e "!##*!4e



ATLAS H→ZZ
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H→ZZ　p-value
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expected from SM 2.6σ 3.8σ
observed local p-value 3.4σ 3.2σ

global p-value (110-141GeV) 2.5σ



CMS Angular Analysis

❖ これがCMSのほうが
感度の良い原因か？

49

Markus Klute

Angular analysis
• Decay kinematic fully described by 5 angles and 2 masses

• discriminates spin 0 particle from background

• analogous of  Δϕ in H WW analysis

• MELA: matrix element likelihood analysis

8

PRD81, 075022(2010) 
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H→WW→lνlν
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CMS H→WW
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CMS H→WW

❖ Observation very similar to signal injection
53
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ATLAS H→WW
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Figure 3: Transverse mass, mT, distribution in the H+ 0-jet (left) and H+ 1-jet (right) channels, for
events satisfying all criteria for the low mH selection. The lepton flavours are combined. The expected
signal for a SM Higgs boson with mH = 125 GeV(multiplied by a factor 10 for better readability) is
superimposed. The hashed area indicates the total uncertainty on the background prediction.

as only a single event is selected in the data. The backgrounds are estimated with the MC simulation
except for W+jets which is estimated using a data-driven approach, and the WW, top, and Drell-Yan
backgrounds which are normalised to data in control regions.

4 Systematic Uncertainties

Theoretical uncertainties on the signal production cross sections are determined following Refs. [53,
54]. QCD renormalisation and factorisation scales are varied up and down independently by a factor
of two. Independent uncertainties on ggF signal production are assumed for the inclusive cross section
and the cross section for production with at least one or two jets. The resulting relative uncertainties
on the exclusive ggF signal cross sections depend on mH , rising from ±25% (±37%) at 125 GeV and
240 GeV to ±47% (±43%) at 600 GeV for H+ 0-jet ( H+ 1-jet) analyses [54–56]. The uncertainty on
the VBF signal cross section and on the acceptance associated with the jet veto requirement, to which
the H+ 2-jet analysis is mainly sensitive, varies from ±5% at 125 GeV to ±6 % at 600 GeV. In the
H+ 2-jet channel, around 25% of the signal events are produced via ggF, where the uncertainty on
the ggF signal cross section in the H+ 2-jet analysis is around 25%. An additional uncertainty due
to the Higgs line shape description in the POWHEG Monte Carlo is added in quadrature for both the
ggF and the VBF channel and amounts to 150% × (mH/1 TeV)3 [54, 57–59]. PDF uncertainties are
estimated, following Refs. [42, 60–62], by considering their respective error sets applied separately
to quark-quark, quark-gluon, and gluon-gluon initiated processes. The relative PDF uncertainty on
the dominant ggF signal process is about 8% while the associated VBF uncertainty is included in the
values reported above. Uncertainties on the modelling of processes are estimated by using alternative
generators, such as ALPGEN for WW production, POWHEG for the tt̄ process, and MC@NLO for the
ggF process. The uncertainties associated with the underlying event and parton showering are taken
into account in the acceptance error, although they are negligible with respect to the scale uncertainties
on the jet binning.

The main experimental uncertainties are related to the jet energy scale. It is determined from
a combination of test beam, simulation, and in situ measurements, and is below 14% for jets with

6

❖ Two isolated leptons with pT > 25, 15 GeV
❖ Jet pT > 25 GeV
❖ No 2 jet bin



ATLAS H→WW

❖ 2012年のデータ解析結果は未公表
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Figure 6: Expected (dashed) and observed (solid) 95% CL upper limits on the cross section, nor-
malised to the SM cross section, as a function of mH , over the full mass range considered in this
analysis (top) and restricted to the range mH < 150 GeV (bottom). The green and yellow regions
indicate the ±1σ and ±2σ uncertainty bands on the expected limit, respectively. The results at neigh-
bouring mass points are highly correlated due to the limited mass resolution in this final state.

12

uncertainties are those that enter into the fitting procedure described below.

Table 2: The expected numbers of signal (mH = 125 GeV and 240 GeV) and background events after
the full low mH and intermediate mH selections, including a cut on the transverse mass of 0.75 mH <

mT < mH for mH = 125 GeV and 0.6 mH < mT < mH for mH = 240 GeV. The observed numbers of
events in data are also displayed. The uncertainties shown are the combination of the statistical and
all systematic uncertainties, taking into account the constraints from control samples. Note that these
results and uncertainties differ from those discussed earlier also due the application of the additional
mT criterion. All numbers are summed over lepton flavours.

Signal WW WZ/ZZ/Wγ tt̄ tW/tb/tqb Z/γ∗ + jets W + jets Total Bkg. Obs.

0-
je

t mH = 125 GeV 25± 7 110± 12 12± 3 7± 2 5± 2 13± 8 27± 16 173± 22 174
mH = 240 GeV 60± 17 432± 49 24± 3 68± 15 39± 9 8± 2 36± 24 607± 63 629

1-
je

t mH = 125 GeV 6± 2 18± 3 6± 3 7± 2 4± 2 6± 1 5± 3 45± 7 56
mH = 240 GeV 23± 9 99± 22 8± 1 73± 27 35± 19 6± 2 7± 7 229± 55 232

2-
je

t mH = 125 GeV 0.4± 0.2 0.3± 0.2 negl. 0.2± 0.1 negl. 0.0± 0.1 negl. 0.5± 0.2 0
mH = 240 GeV 2.5± 0.6 1.1± 0.7 0.1± 0.1 2.6± 1.3 0.3± 0.3 negl. 0.1± 0.1 4.2± 1.7 2

The statistical analysis of the data employs a binned likelihood functionL(µ, θ) constructed as the
product of Poisson probability terms in each lepton flavour channel. The H+ 0-jet ( H+ 1-jet) signal
regions are further subdivided into five (three) mT bins. For the H+ 2-jet signal region, and the WW
and top control regions, only the results integrated over mT are used; no shape information is used
due to the small number of events remaining after selections. Because of event pile-up conditions
changing throughout data taking and leading to a progressively worsening Emiss

T resolution, separate
likelihood terms are constructed for the first 2.1 fb−1 used already in Ref. [9], and the remaining
2.6 fb−1 dataset. A “signal strength” parameter, µ, multiplies the expected signal from the Standard
Model in each bin. Signal and background predictions depend on systematic uncertainties that are
parametrised by nuisance parameters θ, which in turn are constrained using Gaussian functions. The
expected signal and background event counts in each bin are functions of θ. The parametrisation is
chosen such that the rates in each channel are log-normally distributed for a normally distributed θ.
The test statistic qµ is then constructed using the profile likelihood: qµ = −2 ln

(

L(µ, θ̂µ)/L(µ̂, θ̂)
)

,

where µ̂ and θ̂ are the parameters that maximise the likelihood (with the constraint 0 ≤ µ̂ ≤ µ), and
θ̂µ corresponds to the conditional maximum likelihood of θ for a given µ. This test statistic is used to
compute exclusion limits following the modified frequentist method known as CLs [68, 69].

Figure 6 shows, as a function of mH , the observed and expected cross section upper limits at 95%
CL, for the combined H+ 0-jet, H+ 1-jet and H+ 2-jet analyses. No significant excess of events over
the expected background is observed over the entire mass range. A Standard Model Higgs boson with
a mass in the range from 130 GeV to 260 GeV is excluded at 95% CL while the expected exclusion
range is 127 GeV ≤ mH ≤ 234 GeV.

7 Conclusion

A search for the SM Higgs boson has been performed in the H→WW(∗)→ #ν#ν channel using 4.7
fb−1 of pp collision data at

√
s = 7 TeV recorded with the ATLAS detector. No significant excess of

events over the expected background has been observed. A Standard Model Higgs boson with a mass

11



H→bb



Overview H→bb

❖ V（W→lν/Z→νν/Z→ll）H と ttH
‣ VHはVのpTによるカテゴリー分け
๏ “boosted” topologyが感度高い
‣ ttH : many combinatoric BG
๏今回の結果公表はCMSだけ

❖ b-tag
‣ εb ~ 70%, εc ~ 20%, 

εl ~ 0.6% (ATLAS)
❖ Di-b-jet mass resolution
‣ CMSはMVAで改善
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❖ W/Z/ETmiss+2bjets
❖ ATLASとCMSの違い
‣ データ量
‣ Cut based (ATLAS) 

vs MVA (CMS)
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Figure 5: Expected (dashed) and observed (solid line) exclusion limits for (a) the ZH → !+!−bb̄ , (b) WH → !νbb̄ and (c)
ZH → νν̄bb̄ channels expressed as the ratio to the SM Higgs boson cross section, using the profile-likelihood method with CLs.
The dark (green) and light (yellow) areas represent the 1σ and 2σ ranges of the expectation in the absence of a signal. (d)
shows the 95% confidence level exclusion limits obtained from the combination of the three channels.
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H→ττ



Overview H→ττ

❖ 生成過程に応じた 
event selection

❖ Collinear mass 
approximation
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H→ττ
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Figure 5: Expected (dashed) and observed (solid) 95% confidence level upper limits on the Higgs boson
cross section times branching ratio of H → τ+τ−, normalised to the Standard Model expectation, as a
function of the Higgs boson mass. Expected limits are given for the scenario with no signal. The bands
around the dashed line indicate the expected statistical fluctuations of the limit. Results are given for the
!! 4ν, !τhad 3ν, τhadτhad νν channels independently and for all channels combined.

10 Conclusions

A search for a Higgs boson decaying in the H → τ+τ− channel has been performed with the ATLAS
detector at the Large Hadron Collider. It uses the full 2011 data sample of 4.7 fb−1 collected at a centre-
of-mass energy of 7 TeV. The H → τ+τ− → !! 4ν, !τhad 3ν, τhadτhad νν decays are considered in this
search. No significant excess is observed in the mass range of 100–150 GeV. The observed (expected)
upper limits on the cross section times the branching ratio of H → τ+τ− are between 2.5 (3.2) and 11.9
(7.9) times the Standard Model prediction.
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•  Enhances gluon-
gluon fusion 
production 

•  Improves mass 
resolution 

•  High/Low pT split 
makes this a 
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結論

❖ ATLAS
‣ 5.0σ excess at MX ~ 126.5 GeV
๏ Expected significance from SM : 4.6σ

❖ CMS
‣ 4.9σ excess
๏ Expected significance from SM : 5.9σ
‣ MX = 125.3 ± 0.6 GeV
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プロットの見方



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
65

確率 の定義!

!"#$%&"'$()*($ "#!$%%&'()! *+!

どの観測量を検定するか+,-.,$.,/,0.,01.2$3$4$
例、観測事象数、 !

検定量の確率分布+5/167"89:#$のみ2$3$$;+4<52$

確率,-./012%3!

例、ポアソン分布,統計誤差3!4!ガウス分布,系統誤差3!

実際の観測量3$485.$

5,
6
78

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)



2011年 ATLAS Local p-value
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Local significance
of excess : 3.6σ
H→γγ: 2.8σ
H→llll：2.1σ
H→lνlν: 1.4σ



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
67
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2011年ATLASによる除外領域
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Figure 4: The combined upper limit on the Standard Model Higgs boson production cross-section divided

by the Standard Model expectation as a function of mH is indicated by the solid curve. This is a 95% C.L.

limit using the CLs method in the full mass range of this analysis (a) and in the low mass range (b). The

dotted curve shows the median expected limit in the absence of a signal and the green and yellow bands

indicate the corresponding 68% and 95% expected regions.
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Figure 4: The combined upper limit on the Standard Model Higgs boson production cross-section divided

by the Standard Model expectation as a function of mH is indicated by the solid curve. This is a 95% C.L.

limit using the CLs method in the full mass range of this analysis (a) and in the low mass range (b). The

dotted curve shows the median expected limit in the absence of a signal and the green and yellow bands

indicate the corresponding 68% and 95% expected regions.
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Look Elsewhere Effect

❖ サイコロを振り1が出る確率：1/6
‣ でもn回振ると
๏少なくとも1回1が出る確率：1-(5/6)n

❖ 背景事象数の期待値が10-6

‣ 実験をn回やれば... nが非常に大きければ背景
事象を観測することもある

❖ 何回独立な実験をやったかが大切
‣ 質量がどれくらい離れると独立なのか？？
‣ global p-value ⇐ 実験回数を考慮に入れる
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Figure 9: The consistency of the observed results with the background-only hypothesis for the three

strongest channels and the combination in the low mass region. The dashed curves show the median

expected significance in the hypothesis of a Standard Model Higgs boson production signal, which is

about equal for all three of these channels near 125 GeV.
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Local significance
of excess : 3.6σ
H→γγ: 2.8σ
H→llll：2.1σ
H→lνlν: 1.4σ

Global significance
of excess 
2.5σ(110-146GeV)
2.3σ(110-600GeV)


