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Abstra
t

A sear
h for the Standard Model Higgs boson with a di-photon �nal state in proton-proton


ollisions with the ATLAS dete
tor at the Large Hadron Collider is presented. The data

sample used 
orresponds to integrated luminosities of 4.8 fb

−1
at 
enter-of-mass energy√

s = 7 TeV in 2011 and 20.3 fb

−1
at

√
s = 8 TeV in 2012. There is 
lear eviden
e for

the produ
tion of a Higgs boson in a two photon resonan
e with a measured mass of

126.8 ± 0.2(stat.) ± 0.7(syst.) GeV on ba
kground expe
tations with the signi�
an
e of

7.4 standard deviations. The Higgs mass, whi
h is an input parameter of the Standard

Model, is measured with 0.6 % a

ura
y. The measurements of 
oupling property and

natural width of the Higgs boson are 
arried out. The measured signal strength (µ), whi
h
is a 
ross se
tion times bran
hing fra
tion normalized to the Standard Model predi
tion,

is µ = 1.65 ± 0.24 (stat.)
+0.25
−0.18

(sysy.). The upper limit on natural width of the Higgs

boson is set to be 1.8 GeV (95%CL). They are 
onsistent with expe
tations of the Standard

Model Higgs boson.



Chapter 1

Introdu
tion

The Standard Model of parti
le physi
s is a theory to des
ribe elementary parti
les and

their intera
tions. Developed in the early 1970s, the Standard Model has su

essfully

des
ribed pre
isely experimental results below an energy s
ale of the order of 100 GeV.

All the known matter is made up of elementary fermions 
alled quarks and leptons.

These fermions ex
hange elementary parti
les 
alled gauge bosons, whi
h mediate one of

fundamental intera
tions. The Standard Model 
onsists of six �avors of quarks and six

�avors of leptons with their 
orresponding antiparti
les, as well as four gauge bosons and

one Higgs boson whi
h is the visible manifestation of a Higgs �eld.

Before the Robert Brout, François Englert and Peter Higgs's work, a theory in
luding

massive bosons whi
h 
arry intera
tions was not able to be 
onstru
ted. However several

experiments veri�ed the weak for
e is 
arried by massive boson. In 1964, they proposed

a new theory whi
h is 
alled the Brout-Englert-Higgs (BEH) me
hanism or simply Higgs

me
hanism [1, 2, 3, 4, 5, 6℄. A

ording to their theory, Z and W bosons gain their mass

through ele
troweak symmetry breaking. The Higgs �eld is introdu
ed in order to break

the symmetry spontaneously. In addition, the mass of fermions 
an also be generated by

the intera
tions with the Higgs �eld. Thus the Higgs �eld is 
onsidered as the origin of

mass for all massive elementary parti
les.

The observation of the Higgs boson 
on�rms the existen
e of the Higgs �eld, hen
e it

is 
ru
ial for the 
ompletion of the Standard Model. In addition, the pre
ise measurement

of Higgs boson properties represents 
riti
al tests of the Standard Model. However the

boson was the last unobserved parti
le predi
ted by the Standard Model. In the last 50

years, many experiments, parti
ularly at the LEP and Tevatron 
olliders, have sear
hed

for the Higgs boson; no signi�
ant signal was observed. A lower bound of 114.4 GeV has

been established at 95 % CL on the mass of the Higgs boson from sear
hes at the LEP

[7℄. The results from experiments at the Tevatron have ex
luded the Higgs mass between

100 and 103, as well as between 147 and 180 GeV [8℄.

The Large Hadron Collider (LHC) at CERN enables us to sear
h for new physi
s at the

TeV energy s
ale. The 
enter-of-mass energy (

√
s) of the LHC was 7 TeV during 2011, and

8 TeV during 2012 run. The instantaneous luminosity rea
hed 7× 1033 
m−2
s

−1
in 2012.

Four main experiments are equipped with 
omplex dete
tors whi
h have been installed to


olle
t and analyze the 
orresponding 
ollision data. The Higgs boson is studied at two

of them, ATLAS and CMS, whi
h are general-purpose experiments.

In July 2012, CERN announ
ed the dis
overy of a new boson at the LHC based on

1




ombination results in di-photon (H → γγ), ZZ, W+W−
, τ+τ− and bb̄ 
hannels [9, 10℄.

The signi�
an
e was 5.9 standard deviations for the ATLAS experiment, while 5.8 for the

CMS experiment using data samples 
orresponding to integrated luminosity up to 5.1 fb

−1

at

√
s = 7 TeV and 5.8 fb

−1
at

√
s = 8 TeV. The nature of the new parti
le (
ouplings,

mass and spin) has been studied, and the results show that the new boson has a mass of

about 125 GeV and is 
ompatible with the Higgs boson predi
ted by the Standard Model.

The observation of the Higgs boson was 
on�rmed by the Tevatron experiments with a

lo
al signi�
an
e of 3.0 standard deviations [8℄.

More pre
ise measurements of the properties of this new boson are 
ru
ial to elu
idate

the mass generation me
hanism. The H → γγ 
hannel has great advantages of the

property measurement. In this thesis, a measurement on the boson in the di-photon

mode alone is presented with the full 2011 and 2012 data set. The 
oupling properties

and mass measurements are updated, a �rst dire
t measurement of the natural width is

presented as well.

1.1 Higgs me
hanism

The Standard Model des
ribes three intera
tions, ele
tromagneti
, weak and strong in-

tera
tions, whi
h are based on the gauge theory [11, 12, 13, 14℄. The ele
tromagneti
 and

weak intera
tions are sort of uni�ed in a gauge theory based on the group SU (2)×U (1).
The Higgs �eld is introdu
ed to break the symmetry and generate masses of the weak

gauge bosons. The me
hanism of mass generation through the spontaneous breaking of

the gauge symmetry is 
alled the Brout-Englert-Higgs me
hanism (Higgs me
hanism).

The Higgs boson is the visible manifestation of the Higgs �eld.

In the Standard Model, the Higgs boson has neither spin, 
harge nor 
olor 
harge.

Be
ause there is no other elementary parti
le whi
h does not have spin, the Higgs boson

is unique. The fermions, whi
h are grouped into three generations, have spin of 1/2. Ea
h

generation 
ontains two quakes and two leptons. Thus there are six quarks (up, down,


harm, strange, top and bottom) and six leptons (ele
tron, ele
tron neutrino, muon, muon

neutrino, tau and tau neutrino). The Standard Model has spin-1 parti
les whi
h 
arry the

for
es between these elementary parti
les. Photons mediate the ele
tromagneti
 for
e; the

massive W+
, W−

and Z bosons 
arry the weak for
e; and eight gluons 
arry the strong

for
e.

Quantum ele
trodynami
s Quantum ele
trodynami
s (QED) des
ribes the dynami
s

of 
harged fermions and their ele
tromagneti
 intera
tions. The QED is an abelian gauge

theory with the symmetry group U (1)EM . The law of motion of a free fermion is given

by the Dira
 equation for a spinor ψ:

(iγµ∂µ −m)ψ|free = 0 (1.1.1)

where γµ (µ = 0, 1, 2 and 3) is the four Dira
 gamma 4 × 4 matri
es. The lo
al gauge

transformation of ψ under U (1)EM writes:

ψ → ψ′ = e−χ(x)ψ (1.1.2)

2



where χ is an arbitrary fun
tion of spa
e-time 
oordinates. The requirement of lo
al

gauge invarian
e has led us to introdu
e a photon �eld Aµ, whi
h is transformed as:

Aµ → A′
µ = Aµ +

1

e
∂µχ (1.1.3)

where e is elementary 
harge. The Lagrangian of QED is de�ned as:

LQED = ψ̄ (iγµDµ −m)ψ − 1

4
AµνA

µν
(1.1.4)

where ψ̄ = ψ†γ0, Aµν = ∂µAν − ∂νAµ and Dµ is a 
ovariant derivative Dµ ≡ ∂µ − ieAµ.

The Lagrangian is invariant under the U (1)EM lo
al gauge transformations of �elds. The

Aµ �eld is the photon. Hen
e the Lagrangian has no mass term of Aµ.

Weak intera
tion The weak intera
tion only a
ts on left-handed fermions ψL. Thus

three W i
bosons (i =1, 2, 3) of weak isospin triplet of SU (2)L, where the i-th W boson


ouples to Pauli matrix τi, are introdu
ed. Left-handed fermions have weak isospin 1/2

(doublet) and the right-handed fermions have weak isospin 0 (singlet). For the �rst

generation, this writes:

leptons :

(

νL
eL

)

, (eR) , quarks :

(

uL
dL

)

, (uR) , (dR)

(

νL
eL

)

or

(

uL
dL

)

is written as ψL. The W
+
and W−

bosons are formed as

W±
µ =

1√
2

(

W 1
µ ∓ iW 2

µ

)

(1.1.5)

The lo
al gauge transformation of ψL and W i
µ under SU (2)L writes:

ψL → ψ′
L = exp

(

i

2
τ iχi (x)

)

ψL

W i
µ →W ′i

µ = W i
µ −

1

g
∂µχ

i + ǫijkχ
jW k

µ

(1.1.6)

where ǫijk, antisymmetri
 symbol, is the SU (2)L stru
ture 
onstant, and g is the weak


oupling 
onstant. The g is expressed in Fermi's 
onstant GF: GF =
√
2g2

8m2
W

. In 
ontrast,

right-handed singlets do not rotate under SU (2)L be
ause they have isospin 0. The

following 
ovariant derivative is introdu
ed:

Dµ = ∂µ − ig
τ i

2
W i

µ (1.1.7)

The Lagrangian for weak intera
tion writes:

LW = ψ̄L (iγ
µDµ −m)ψL − 1

4
W i

µνW
µν
i (1.1.8)

where W i
µν = ∂µW

i
ν − ∂νW

i
µ + igǫijkW

j
µW

k
ν . The Lagrangian 
ould in
lude the mass terms

of fermions (mψ̄ψ = m
(

ψ̄LψR + ψ̄RψL

)

) and W bosons (m2
WWµW

µ
). However they are

not invariant under lo
al gauge transformation. Therefore SU (2)L forbids the fermion

and boson mass terms, whi
h are in
ompatible with experiment results. This is attributed

to the symmetry breaking of SU (2).
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1.1.1 Ele
troweak uni�
ation

In the Standard Model, the ele
tromagneti
 intera
tion and the weak intera
tion are uni-

�ed under an SU (2)L × U (1)Y gauge group and referred to the ele
troweak intera
tion.

The 
orresponding gauge bosons are the three W i
bosons whi
h are introdu
ed in the

previous subse
tion, and the B boson with weak hyper
harge of U (1)Y . The 
orrespond-
ing gauge 
oupling 
onstants for SU (1)Y and U (1)Y are given by g and g′, respe
tively.
These bosons and fermions are massless before symmetry breaking. The Z boson and

photon �eld A are formed by mixing the W 3
and B bosons.

Similarly to QED, B boson 
ouples both to left- and right-handed 
omponents of

the fermion �elds, respe
tively noted as ψL and ψR. The lo
al gauge invarian
e under

SU (2)L × U (1)Y is obtained by introdu
ing two 
ovariant derivatives:

DLµ =∂µ +
i

2
gτiW

i
µ +

i

2
g′Y Bµ

DRµ =∂µ +
i

2
g′Y Bµ

(1.1.9)

whi
h are respe
tively applied to left-handed and right-handed fermions in the part of

Lagrangian des
ribing the ele
troweak intera
tion. Y is a hyper
harge operator. The

Lagrangian writes:

LEW = iψ̄Lγ
µDLµψL + iψ̄Rγ

µDRµψR − 1

4
W i

µνW
µν
i − 1

4
BµνB

µν
(1.1.10)

where Bµν = ∂µBν − ∂νBµ. The Lagrangian 
ould in
lude mass terms of bosons su
h as

m2
WWµW

µ
. They are not invariant under the U (1) lo
al transformations of �elds. Sin
e


harge is 
onserved, U (1) symmetry is not broken unlike SU (2). Therefore a solution to
the mystery of the mass generation is needed. Hen
e the Higgs me
hanism was proposed.

1.1.2 Ele
troweak symmetry breaking

A 
omplex s
alar �eld φ of group SU (2)L, representing the Higgs �eld, is introdu
ed with
four real �elds:

φ =

(

φ+

φ0

)

=
1√
2

(

φ1 + iφ2

φ3 + iφ4

)

(1.1.11)

Then they are added into the Lagrangian of the theory:

L = (DLµφ)
† (Dµ

Lφ)−
1

4
W i

µνW
µν
i − 1

4
BµνB

µν − V (φ) (1.1.12)

where V (φ) is the potential of φ:

V (φ) = µ2
φφ

†φ+ λ
(

φ†φ
)2

(1.1.13)

The parameters of Eq.(1.1.13) are 
onstrained by λ > 0 so that the �eld is stable. The

Lagrangian is invariant under a lo
al gauge transformation under SU (2)L:

φ → φ′ = exp

(

i

2
τiχ

i (x)

)

φ (1.1.14)
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Gauge transforma�on

Re(   )φ
Im(   )φ

V(   )φ

Before symmetry breaking

Re(   )φ
Im(   )φ

V(   )φ

Gauge transforma!on

A"er symmetry breaking

Figure 1.1.1: Illustration of the potential before and after the symmetry breaking of

SU (2).

The value of the φ at the va
uum is obtained when by minimizing V (φ) (∂V/∂φ = 0).

In 
ase −µ2
φ > 0, the V (φ) has its minimum value at φ0 = v/

√
2 =

√

−µ2
φ/2λ, while in


ase −µ2
φ < 0, φ0 = 0 gives the minimum of V (φ). The v is 
alled va
uum expe
tation

value. In the former 
ase, the SU (2) symmetry is broken. It is appropriate to expand φ
near its minimum:

φ =
1√
2
exp

(

i

2
τiχ

′i (x)

)(

0
v + h (x)

)

(1.1.15)

where h (x) represents the Higgs boson whi
h is asso
iated with the Higgs �eld. There are
three freedoms for the rotation by χi

. A lo
al gauge transition 
hooses a spe
i�
 rotation

angle as:

φ =
1√
2

(

0
v + h (x)

)

(1.1.16)

then φ1 = φ2 = φ4 = 0 and φ3 = v + h (x). The symmetry vanishes by the 
hoi
e of

the spe
i�
 gauge, that is the symmetry breaking of SU (2). Figure 1.1.1 illustrates the

potential before and after the symmetry breaking. Eq.(1.1.16) is substituted into the

Lagrangian:

L =

∣

∣

∣

∣

∂µh+ i
1

2
√
2
(v + h)

(

gW 1
µ − igW 2

µ

−gW 3
µ + g′Bµ

)
∣

∣

∣

∣

2

−1

4
W i

µνW
µν
i − 1

4
BµνB

µν − µ2

2
(v + h)2 − λ

4
(v + h)4

(1.1.17)

where | |2 
orresponds to ( )† ( ). The Lagrangian has terms (g2v2/8)
(

(

W 1
µ

)2
+
(

W 2
µ

)2
)

and (v2/8)
(

gW 3
µ − g′Bµ

)2
, whi
h represent mass terms of W and Z bosons. Z boson and

5



photon �eld A are formed by mixing W 3
and B

A = B cos θW +W 3 sin θW

Z = −B sin θW +W 3 cos θW
(1.1.18)

where θW = arctan (g′/g) is the ele
troweak mixing angle, so 
alled Weinberg angle. The

relations between e and g, g′ are obtained.

e = g sin θW = g′ cos θW (1.1.19)

From Eq.(1.1.5) and (1.1.18), the masses of W±
and Z are extra
ted.

mγ =mA = 0

mZ =
v

2

√

g2 + g′2

mW =
v

2
g

(1.1.20)

Therefore the mass terms for the physi
alW±
and Z bosons naturally appear through

the symmetry breaking of SU (2)L. The Aµ �eld does not a
quire mass, as no 
orrespond-

ing mass term is found in the Lagrangian. The relation between the Weinberg angle and

boson masses is also obtained: cos θW = mW

mZ
. There is also a term −µ2

φh
2 = λv2h2, hen
e

the Higgs boson gains mass itself. The 
orresponding mass mH is:

mH =
√

−2µ2
φ =

√
2λv (1.1.21)

Sin
e λ is a free parameter of the theory, the Higgs mass 
annot be predi
ted within

the Standard Model. After the symmetry breaking, U (1)EM symmetry remain unbroken,

hen
e photon is massless. From the relation between v, mW and Fermi's 
onstant GF, the

va
uum expe
tation value is 
al
ulated to be [15℄:

v =
2mW

g
=

1
√√

2GF

≃ 246.22GeV (1.1.22)

Yukawa 
oupling As des
ribed above, fermion mass terms mψ̄ψ are not invariant

under SU (2)L lo
al gauge transformation. Thus fermion also should be massless before

the symmetry breaking of SU (2)L, and has to have a mass after the breaking. In the

Standard Model, the fermion mass is also generated with the Higgs me
hanism. It is

possible to use the Higgs �eld to de�ne Yukawa 
ouplings gf , where f represents a fermion,
into the Lagrangian. For down type fermions, the same φ is used. On the other hand for

up type fermions, the 
harge 
onjugate of the Higgs doublet φc
is used:

φc = iτ2φ
∗ =

(

φ0∗

−φ+∗

)

(1.1.23)

φc
is equivalent to φ be
ause they 
an be 
onne
ted by a unitary transformation in 
ase

of SU (2)L. Therefore for example for quarks, the following terms are added into the

Lagrangian:

Lq =
[

−gd
(

ψ̄d
Lφψ

d
R

)

+ h.c.
]

+
[

−gu
(

ψ̄u
Lφ

cψu
R

)

+ h.c.
]

(1.1.24)
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these terms are gauge invariant before the symmetry breaking. After the breaking of

SU (2)L:

φc → 1√
2

(

v + h
0

)

and then

Lq = − 1√
2
gdvd̄LdR

(

1 +
h

v

)

− 1√
2
guvūLuR

(

1 +
h

v

)

(1.1.25)

In 
ase of leptons, the following terms are added into the Lagrangian before the symmetry

breaking, sin
e neutrinos are massless:

Le =
[

−ge
(

ψ̄e
Lφψ

e
R

)

+ h.c.
]

(1.1.26)

and then after the breaking of SU (2)L:

Le = − 1√
2
gevēLeR

(

1 +
h

v

)

(1.1.27)

The mass of fermion is obtained:

mf =
1√
2
gfv (1.1.28)

1.1.3 Properties of the Standard Model Higgs boson

From the Lagrangian of the Standard Model, the vertex fa
tors are obtained:

Hff̄ : −imf

v

HWW : 2i
m2

W

v
gµν HHWW : 2i

m2
W

v2
gµν

HZZ : 2i
m2

Z

v
gµν HHZZ : 2i

m2
Z

v2
gµν

HHH : −3i
m2

H

v
HHHH : −3i

m2
H

v2

(1.1.29)

The Higgs 
ouplings are therefore proportional to mf , m
2
W and m2

Z . The Higgs boson also


ouples to itself. From the vertex fa
tors, de
ay widths are 
al
ulated of order one [16℄.

Γ
(

H → f̄f
)

=
NcmHm

2
f

8πv2

(

1− 4
m2

f

m2
H

)

3
2

(1.1.30)

Γ
(

H → W+W−) =
m3

H

16πv2

√

1− 4
m2

W

m2
H

(

1− 4
m2

W

m2
H

+ 12

(

m2
W

m2
H

)2
)

(1.1.31)

Γ (H → ZZ) =
m3

H

32πv2

√

1− 4
m2

Z

m2
H

(

1− 4
m2

Z

m2
H

+ 12

(

m2
Z

m2
H

)2
)

(1.1.32)

7



Γ (H → γγ) =
α2

256π3

m3
H

v2

∣

∣

∣

∣

∣

∑

i

Nc ie
2
iFi

∣

∣

∣

∣

∣

2

(1.1.33)

where the terms Nc ie
2
iFi are summed for all 
harged parti
les, Nc is 1 for leptons and

bosons as well as 3 for quarks, α is the �ne stru
ture 
onstant and ei is the ele
tri
 
harge
in units of e. The fun
tion expression of F depends on the spin of the parti
le:

F1 = 2 + 3τ + 3τ (2− τ) f (τ)

F1/2 = −2τ (1 + (1− τ) f (τ))

F0 = τ (1− τf (τ))

(1.1.34)

where 1, 1/2, 0 
orresponds to the spin, τ = 4
m2

i

m2
H

and

f (τ) =







(

sin−1
(

τ−
1
2

))2

if τ > 1

−1
4

(

ln
(

1+
√
1−τ

1−
√
1−τ

)

− iπ
)2

if τ < 1
(1.1.35)

If the Higgs mass at 125 GeV is 
onsidered, the 
ontributions of t/W loops are 
al
ulated

as:

NcW e
2
WFW

∣

∣

mH=125GeV
=8.32

Nc te
2
tFt

∣

∣

mH=125GeV
=− 1.84

(1.1.36)

1.2 Higgs boson physi
s at the LHC

1.2.1 Produ
tion and de
ay of Higgs boson

The dominant Higgs boson produ
tion pro
esses in proton-proton 
ollisions are gluon-

gluon fusion (ggF), ve
tor boson fusion (VBF), asso
iated produ
tion with a W or Z
boson (VH ), or asso
iated produ
tion with a pair of top quarks (tt̄H or simply, ttH ).

The leading-order Feynman diagrams for these four pro
esses are represented in Figure

1.2.1. Sin
e the vertex fa
tors to the Higgs boson have mH dependen
e, the expe
ted


ross se
tions for these four pro
esses depend on the Higgs boson mass, as represented

in Figure 1.2.2 and 1.2.3, at a 
enter-of-mass energy of

√
s = 7 and 8 TeV, respe
tively.

They are provided by the LHC Higgs Cross Se
tion Working Group [17, 18, 19℄.

The gluon-gluon fusion has the largest produ
tion 
ross se
tion at the LHC. The

Higgs boson is produ
ed by the annihilation of two gluons through a heavy quark loop.

The loop is dominated by the top quark due to the large Yukawa 
oupling to the Higgs

boson. The 
ross se
tion of ggF produ
tion pro
ess is 
omputed at next-to-next leading

order (NNLO) in QCD with ele
troweak 
orre
tions. At mH = 125 GeV, the ggF 
ross

se
tion is σggF = 15.13 (19.27) pb at

√
s = 7 (8) TeV, whi
h 
orresponds to 87 % of

the Higgs produ
tion. Although the 
ross se
tion is the largest, thee ggF events tend to

have low signal to ba
kground ratio be
ause they do not have high pT parti
les in the

�nal states ex
ept de
ay produ
ts of the Higgs boson. The ve
tor boson fusion (VBF)

has the se
ond largest 
ross se
tion at the LHC. The VBF pro
ess is written with two

steps: q1q2 → V V (∗)q′1q
′
2 → Hq′1q

′
2. The quarks radiate ele
troweak bosons, whi
h fuse

8
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Figure 1.2.1: Leading order Feynman diagrams of the four main SM Higgs boson produ
-

tion pro
esses: gluon gluon fusion (ggF, top left), Ve
tor Boson Fusion (VBF, top right),

asso
iated produ
tion (VH, bottom left) and asso
iated produ
tion with a pair of top

quarks (ttH, bottom right).

インターネット公表に関する同意が
得られなかったため非公表

Figure 1.2.2: Standard Model Higgs boson produ
tion 
ross se
tions at

√
s = 7 GeV [19℄.

The 
ross se
tions provided by the LHC Higgs Cross Se
tion Working Group [17, 18, 19℄

are used, following the ATLAS re
ommendations.

インターネット公表に関する同意が
得られなかったため非公表

Figure 1.2.3: Standard Model Higgs boson produ
tion 
ross se
tions at

√
s = 8 GeV [19℄.

The 
ross se
tions provided by the LHC Higgs Cross Se
tion Working Group [17, 18, 19℄

are used, following the ATLAS re
ommendations.
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together and produ
e the Higgs boson. At the leading order, it is a pure ele
troweak

intera
tion. With respe
t to q1 and q2, the 
orresponding outgoing quarks q′1, q
′
2 gain a

typi
al transverse momentum around mV /2, where V denotes one of the weak bosons.

Then, these two quarks fragment and hadronize into high energy jets in the forward

and ba
kward dire
tion, respe
tively. The jets are 
hara
terized by a large separation in

rapidity and a large di-jet mass. The VBF 
ross se
tion is 
omputed at NLO in QCD

in
luding ele
troweak and approximate NNLO QCD 
orre
tions. At mH = 125 GeV, the
VBF 
ross se
tion is σVBF = 1.22 (1.58) pb at

√
s = 7 (8) TeV. The VBF pro
ess is

responsible for about 7 % of the Higgs produ
tion. The VH pro
esses are generi
ally


alled Higgs-strahlung, as the Higgs boson is radiated from an o�-shell W±
or Z boson

from quark-antiquark annihilation. In the �nal state, the presen
e of a weak boson is

a distinguishing signature. The VH 
ross se
tion is 
omputed at NNLO in QCD and

NLO in ele
troweak 
orre
tions. At mH = 125 GeV, the WH and ZH 
ross se
tions are

σWH = 0.58 (0.70) pb and σZH = 0.34 (0.42) pb at
√
s = 7 (8) TeV, respe
tively. The VH

pro
esses are responsible for about 5 % of the Higgs produ
tion. The ttH pro
ess is similar

to the gluon-gluon fusion pro
ess. The Higgs boson is produ
ed by the annihilation of a

pair of top quarks as shown in Figure 1.2.1. The same order diagrams 
an be obtained

from the Higgs radiation o� a top quarks. The top de
ays lead to high jet multipli
ity

in the �nal state in
luding two b-jets, or leptons and transverse missing energy. The ttH


ross se
tion is 
omputed at NLO in QCD. At mH = 125 GeV, the ttH 
ross se
tion is

σttH = 0.09 (0.13) pb at

√
s = 7 (8) TeV. The ttH pro
ess is responsible for only 0.6 % of

the Higgs produ
tion.

The Higgs boson 
an de
ay into di-photon via a loop. The dominant 
ontributions are

top and W boson loops as shown in Eq.(1.1.33) and (1.1.36). The Feynman diagrams of

the three pro
esses involved in the H → γγ de
ay is shown in Figure 1.2.4. The bran
hing
fra
tions, as a fun
tion of the Higgs boson mass, are represented in Figure 1.2.5. They also

are provided by the LHC Higgs Cross Se
tion Working Group [17, 18, 19℄. For H → γγ
bran
hing fra
tion, all partial widths are 
al
ulated as a

urately as possible. Then the

bran
hing fra
tion is derived from the total width and the di-photon partial width. For

the diphoton partial width, NLO QCD 
orre
tion and NLO ele
troweak 
orre
tion are

used. The H → γγ bran
hing fra
tion is between 1.36×10−3
and 2.28×10−3

in the range

of mH ∈ [110, 150] GeV. The peak is at around mH = 125 GeV.
Figure 1.2.6 shows the total width of the Higgs boson as a fun
tion of the Higgs mass.

IfmH is smaller thanmW , the total de
ay width is smaller than 1 GeV. AtmH = 125 GeV,
the width is expe
ted to be 4 MeV. Table 1.2.1 summarizes the 
ross se
tion, bran
hing

fra
tion, expe
ted number of signal events and total width for several Higgs mass.

1.2.2 Feature of H → γγ events

The signal di-photon de
ay mode has a 
lean signature, two high ET photons, therefore

the events 
an be surely triggered. Hen
e the e�
ien
y of event re
onstru
tion is large

(∼ 0.4), and the number of re
onstru
ted events is expe
ted to be signi�
antly larger

than other 
hannels even though the bran
hing fra
tion of di-photon �nal state is smaller

than many other de
ay modes. Be
ause a trigger to the signal events does not need

anything else but de
ay produ
ts of the Higgs boson, the ggF signal is a main 
hannel in

the H → γγ analysis.
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Figure 1.2.4: Leading-order Feynman diagrams of the three pro
esses involved in the

H → γγ de
ay.

インターネット公表に関する同意が
得られなかったため非公表

(a)

インターネット公表に関する同意が
得られなかったため非公表

(b)

Figure 1.2.5: Standard Model Higgs boson de
ay bran
hing ratios with mH between 80

and 200 GeV (a) and with a wider range (b) [19℄.

インターネット公表に関する同意が
得られなかったため非公表

Figure 1.2.6: Total de
ay width of the Standard Model Higgs boson as a fun
tion of the

Higgs mass [19℄.
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mH

120 GeV 125 GeV 130 GeV

Cross se
tion at

√
s = 7 TeV [pb℄ ggF 16.43 15.13 13.98

VBF 1.279 1.222 1.168

WH 0.6617 0.5785 0.5059

ZH 0.3808 0.3351 0.2957

ttH 0.09758 0.08632 0.07660

Cross se
tion at

√
s = 8 TeV [pb℄ ggF 20.86 19.27 17.85

VBF 1.649 1.578 1.511

WH 0.8052 0.7046 0.6169

ZH 0.4710 0.4153 0.3671

ttH 0.1459 0.1293 0.1149

Bran
hing fra
tion 0.00223 0.00228 0.00224

Expe
ted number of signal events at

√
s = 7 TeV 203 191 173

Expe
ted number of signal events at

√
s = 8 TeV 1082 1022 929

Total width [MeV℄ 3.51 4.07 4.91

Table 1.2.1: Cross se
tion of the Higgs boson produ
tion, bran
hing fra
tion to diphoton,

the expe
ted number of signal events and total width for mH = 120, 125 and 130 GeV.

Be
ause there is no missing parti
les in the Higgs de
ay parti
les, the Higgs mass 
an

be re
onstru
ted by the invariant mass of the di-photon (mγγ). The signal events make a

sharp peak at the Higgs mass on the smoothly falling ba
kground in the mγγ distribution.

The di-photon mass is 
al
ulated as:

mγγ =
√

2Eγ1Eγ2 (1− cos∆θ) (1.2.1)

where Eγ1(2)
is energy of a photon and ∆θ is opening angle of two photons. The ba
k-

ground events are γ-γ, γ-jet and jet-jet events. In the γ-jet and jet-jet events, jets fake

photons. Be
ause the LHC is the hadron 
ollider, these events have large 
ross se
tion.

A

ordingly, the following three are 
ru
ial to dis
over the Higgs boson by the H → γγ
analysis:

1. Good mass resolution

2. High photon re
onstru
tion e�
ien
y

3. Strong photon-jet separation

At the ATLAS experiment, the energy of photons is measured with the ele
tomagneti


(EM) 
alorimeter. The dire
tion of photons is measured from the position of a primary

vertex where a Higgs boson is produ
ed to the position of energy deposit in the EM


alorimeter. The primary vertex is determined by the inner tra
ker as well as the EM


alorimeter. The EM 
alorimeter is used for re
onstru
tion and identi�
ation of photons.

Thus the ex
ellent performan
e of the EM 
alorimeter is essential for theH → γγ analysis.
Thanks to the great performan
e of the dete
tor, many kinds of property of the Higgs

boson 
an be measured by the H → γγ analysis. The observed parti
le should be a boson
and its spin should not be 1 a

ording to the Landau-Yang theorem [20℄. The mass of the
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Figure 1.2.7: The Standard Model renormalization group evolution (RGE) of λ varying

the top mass Mt, the Higgs mass Mh and the strong 
oupling αs [22℄.

new parti
le 
an be measured a

urately in the H → γγ analysis be
ause of the narrow

mass peak. In addition, the e�
ien
ies of event re
onstru
tion are high for all produ
tion

pro
esses, the data a

umulated in 2011 and 2012 allows to measure the signal yields for

ea
h produ
tion pro
ess (ggF, VBF and VH ) ex
ept for ttH pro
ess whi
h has small 
ross

se
tion. Top-Higgs Yukawa 
oupling has large 
ontributions to both produ
tion pro
ess

and de
ay pro
ess. Consequently, the observation of the parti
le with di-photon 
hannel

provides a supporting eviden
e of the top-Higgs Yukawa 
oupling.

The Higgs mass is an input parameter of the Standard Model, hen
e it has to be

determined by experiments to 
omplete the Standard Model. For example, the produ
-

tion 
ross se
tion and de
ay bran
hing ratio of the Higgs boson depend on the Higgs

mass. On the other hand, it is predi
ted in many beyond the Standard Model (BSM)

theories. Therefore the measurement of the Higgs mass 
onstrains these theories. The

Supersymmetry (SUSY) is one of the most popular extension of the Standard Model. In

SUSY models, Higgs mass is related to s
alar top (stop) mass. For example, the simplest

SUSY extension of the Standard Model, the MSSM, predi
ts that the tree-level mass of

Higgs is smaller than the Z boson one [21℄. The radiative 
orre
tions, however, make the

mass larger, and the largest 
ontribution of the 
orre
tion 
omes from stop whi
h is a

supersymmetri
 partner of top quark. In order to 
orre
t the Higgs mass up to about 126

GeV, either a 
ontribution of stop mass or large mixing between left and right handed

stop is required. The observation of the Higgs boson at∼ 126 GeV favors a heavy stop.

In the Standard Model, the Higgs potential is determined by the Higgs mass as shon

in Eq.(1.1.21). The Higgs potential reveals the stability of va
uum and the dynami
s

of the symmetry breaking. They are signi�
ant hints to BSM. The va
uum stability is

studied with a renormalization group equation (RGE) [22℄. When the running of the

quarti
 Higgs 
oupling λ is 
al
ulated as a fun
tion of RGE s
ale, λ may drop to negative

before the Plan
k s
ale depending on the Higgs mass as shown in Figure 1.2.7. In 
ase

λ < 0, the Higgs potential 
an go to negative in�nity as shown in Figure 1.2.8. In this


ase, the va
uum is not stable. If the va
uum is instable, the existen
e of new physi
s

before the Plan
k s
ale is proved be
ause the Standard Model is not established at the

energy s
ale. However even if λ < 0, going to negative in�nity need a tunnel e�e
t. If the

probability of the quantum tunneling is quite low, the va
uum does not go to the false

va
uum. This status is 
alled metastable. A

ording to NNLO analysis of the Standard

Model Higgs potential, the absolute va
uum stability requires the Higgs mass to be larger

than 129.4±1.8GeV [22℄. Therefore a pre
ise measurement of mass of the Higgs boson 
an

verify the va
uum stability. Figure 1.2.9 shows regions of absolute stability, metastability

and instability of the va
uum.

The Higgs 
oupling measurement is a test of the Standard Model. In general, if a new

physi
s exists, the e�e
t of a new parti
le is signi�
ant in a loop pro
ess. Thus 
ouplings to
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Figure 1.2.8: Illustration of the potential when λ < 0.
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Figure 1.2.9: Regions of absolute stability, metastability and instability of the Standard

Model va
uum in the top mass and the Higgs mass plane [22℄.

massless parti
les, su
h as gluons and photons, are good probes to study BSM be
ause one

loop pro
esses are leading order. In the H → γγ signal, loop 
ontributions are signi�
ant

in both produ
tion and de
ay pro
esses. The pro
ess of 2 gluons to Higgs, whi
h has

the largest 
ontribution to the produ
tion pro
ess as ggF, is sensitive to 
olored parti
les.

Furthermore, the de
ay of the Higgs boson into diphoton pro
ess allows to study a new

parti
le whi
h has no 
olor 
harge but ele
tri
 
harge. Thus the di-photon mode has the

great advantages to BSM studies.

The H → γγ mode is one of the most important dis
overy 
hannels, and has various

physi
s motivations.

1.3 Thesis obje
tive

In this thesis, a sear
h for the Higgs boson in the di-photon de
ay 
hannel alone at the

ATLAS experiment is presented. The data used from proton-proton 
ollisions is more

than doubled from the observation paper [9℄, 
orresponding integrated luminosities of 4.8

fb

−1
at

√
s = 7 and 20.3 fb

−1
at

√
s = 8 TeV. In July 2013, the ATLAS 
ollaboration

published results indi
ating that the observed parti
le has no spin. Therefore the observed

parti
le is assumed to be a Higgs boson in this thesis.

This thesis is organized as follows. In the Chapter 2, outlines of the LHC and the

ATLAS dete
tor are des
ribed. Be
ause of the importan
e of the EM 
alorimeter for the

H → γγ analysis, this subdete
tor is fo
used in the 
hapter. The data set and Monte

Carlo simulation used in this analysis are given in the Chapter 3. The Chapter 4 des
ribes

re
onstru
tion of photons, as well as the primary vertex sele
tion for di-photon events

with the ATLAS dete
tor. In the Chapter 5, the performan
e of the ATLAS dete
tor for

identifying and measuring photons is des
ribed. In the Chapter 6, the event sele
tion and


ategorization of the H → γγ analysis in both 2011 and 2012 data sets are given. Several
event 
ategories are introdu
ed for study of VH pro
ess after the observation paper. In

the Chapter 7, the signal and ba
kground modeling is dis
ussed in
luding their systemati


un
ertainties. The systemati
 un
ertainties are estimated for the signal and ba
kground

models. The Chapter 8 presents statisti
al pro
edures and results of the sear
h for the

Higgs boson in di-photon events. The signi�
an
e of observed ex
ess of the Higgs boson
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signal is amount to 7.4 standard deviations, whi
h is a

omplished by the di-photon mode

alone. Then measurements of the 
ouplings, mass and width of the observed Higgs boson

are des
ribed. Finally in the Chapter 9, 
on
lusion of this thesis is given.

As des
ribed in Se
tion 1.2.2, high mass resolution, high photon re
onstru
tion e�-


ien
y and great photon-jet separation are required. In order to satisfy these demands,

I have developed a photon-jet separation te
hnique. This te
hnique provides a strong

separation even in the extreme environment of high instantaneous luminosity. In addi-

tion, I have developed a data-driven te
hnique to estimate the performan
e of the photon

re
onstru
tion with the EM 
alorimeter. In the LHC, this is the only te
hnique enabling

to obtain very high purity samples of genuine photons. I made a signi�
ant 
ontribution

on the estimation of the systemati
 un
ertainties. For example, the un
ertainty of the

photon identi�
ation is redu
ed by 
onsidering the 
orrelation between two photons.
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Chapter 2

LHC and ATLAS dete
tor

2.1 LHC

The Large Hadron Collider (LHC) is a two-ring largest energy proton-proton 
ollider with

super
ondu
ting magnets at CERN (European Organization for Nu
lear Sear
h). It is

installed in the tunnel of 26.7 km of 
ir
umferen
e lo
ated underground of about 100 m.

2.1.1 Inje
tion 
hain

The LHC inje
ting system is a 
hain of a

elerators that protons are a

elerated to in-


reasingly higher energies as shown in Figure 2.1.1. Ea
h ma
hine boosts the energy of a

beam, before inje
ting the beam into the next ma
hine in the 
hain. The LHC is the last

element of the 
hain.

The proton sour
e is a bottle of hydrogen gas. An ele
tri
 �eld breaks down the

hydrogen into its 
onstituent protons and ele
trons. The protons are a

elerated and

fo
used by a radio frequen
y quadrupole, and then are sent to the linear a

elerator

(Lina
2). The Lina
2 a

elerates the protons to the energy of 50 MeV with radio frequen
y


avities. The beam is then inje
ted into the Proton Syn
hrotron Booster (PSB), whi
h is


onstru
ted of syn
hrotron rings. The PSB 
ontains four superimposed rings with a radius

of 25 meters, and pushes the protons to 1.4 GeV, followed by the Proton Syn
hrotron (PS).

The PS is a syn
hrotron with a 
ir
umferen
e of 628 m, whi
h a

elerates the beam to

25 GeV. Protons are then sent to the Super Proton Syn
hrotron (SPS) where they are

インターネット公表に関する同意が
得られなかったため非公表

Figure 2.1.1: The CERN a

elerator 
omplex [23℄.
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Design 2011 2012

Maximum proton energy [TeV℄ 7 3.5 4

Number of bun
hes 2808 1380 1380

Bun
h length (r.m.s) [
m℄ 7.55 5.5 4.5

Cir
umferen
e of ring [m℄ 26658.88 - -

Frequen
y of bun
h 
rossing [ns℄ 25 50 50

Number of intera
tion point 4 - -

Inje
tion energy [GeV℄ 450 - -

Number of parti
les per bun
h 1.15× 1011 1.1 - 1.4× 1011 1.5× 1011

Crossing angle [µrad℄ 300 - -

β fun
tion at intera
tion point [m℄ 0.55 1.0 - 1.5 0.6

Normalized emittan
e [µm℄ 3.75 2.4 2.4

Peak luminosity [
m

−2
s

−1
℄ 1034 < 3.65× 1033 < 7.73× 1033

Table 2.1.1: LHC design and operation parameters [24, 25, 26, 27℄.

a

elerated to 450 GeV. The SPS, with a 
ir
umferen
e of 7 km, is the se
ond largest

ma
hine in the a

elerator 
omplex at CERN. The protons are �nally inje
ted to the two

beam pipes of the LHC.

2.1.2 LHC ring design

The LHC ring is designed to 
ollide protons at the nominal energy of 7 TeV per beam, giv-

ing a total 
enter-of-mass energy of

√
s = 14 TeV. The design luminosity is 1034 
m−2

s

−1
,

providing a beam bun
h 
rossing rate of 40 MHz. The beam in one pipe 
ir
ulates 
lo
k-

wise while the beam in the other pipe 
ir
ulates anti
lo
kwise. It takes 260 se
onds to �ll

ea
h LHC ring, and tens minutes for the protons to rea
h their maximum energy. Beams


ir
ulate for many hours inside the LHC beam pipes under normal operating 
onditions.

The design parameters of the LHC ring are summarized in Table 2.1.1.

The LHC ring in
ludes 1232 super-
ondu
ting dipole magnets to bend the proton tra-

je
tory to the 
urvature radius of the LHC ring. Those dipoles produ
e the magnet �eld

of 8.33 T. A proton loses energy due to syn
hrotron radiation when in turns by the mag-

neti
 �eld. The energy loss per turn is 6.7 keV and is re
overed by radio frequen
y 
avities

lo
ated at one of the straight lines of the ring. Another main role of the radio frequen
y


avities is to keep 2808 proton bun
hes tightly bun
hed to ensure high luminosity at the

intera
tion points (IPs). The LHC ring has 4 IPs in whi
h experimental dete
tors are

installed; ATLAS, CMS, ALICE and LHCb. On upstream of ea
h experiment, beams are

fo
used by using three super
ondu
ting quadrupole magnets. Proton beams are designed

to be fo
used into transverse radius of 16.7 µm at ATLAS and CMS.

2.1.3 LHC operation

The LHC operation started on September 2008 with 450 GeV proton beams. In 2010, the

beam energy is in
reased to 3.5 TeV and delivered L = 48 pb

−1
proton-proton 
ollision

data. In 2011, the LHC performed

√
s = 7 TeV 
ollisions. The peak luminosity was up

to L = 3.65 × 1033 
m−2
s

−1
. Compared with the design parameters, the bun
h spa
ing
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was redu
ed to 50 ns, the number of bun
hes was up to 1380, as well as the β fun
tion

at IP (β∗
) was 1.5 or 1.0 m. The resulting transverse beam spot size is about 20 µm,

and longitudinal size is about 55 mm. The integrated luminosity delivered by the LHC

in 2011 is 5.46 fb

−1
[28℄. In 2012, the 
enter-of-mass energy was in
reased to

√
s = 8

TeV. With respe
t to 2011, the peak luminosity was up to L = 7.73× 1033 
m−2
s

−1
with

helped by de
reasing β∗
to 0.6 m and in
reasing protons per bun
h higher than the design

value. The transverse beam spot size is about 15 µm, and longitudinal size is about 45

mm. The total integrated luminosity delivered in 2012 is 22.8 fb

−1
. The LHC operation

parameters are summarized in Table 2.1.1. The data re
orded in 2011 and 2012 is used

for analysis in this thesis.

2.2 ATLAS dete
tor

2.2.1 Con
ept of ATLAS dete
tor

The ATLAS (A Toroidal LHC ApparatuS) is a multi-purpose dete
tor 
onstru
ted at the

LHC. The main target physi
s of the ATLAS experiment is dis
overy for the Higgs boson

and new physi
s beyond the Standard Model, pre
ise measurement for the ele
troweak

and top quark physi
s, as well as stringent test of QCD. The ATLAS is designed to adapt

to the extreme LHC running 
onditions of high instantaneous luminosity and deposited

energy. It 
overs nearly 4π around the IP and has a small dead time. Thus geometri
al

and timing a

eptan
e of the ATLAS is very high. The ATLAS has a 
ylindri
al geometry,

whi
h surrounds the beam pipe. The 
enter of the dete
tor is at one of the IPs of the

LHC. The size of the ATLAS is 25 m × 44 m as diameter times length. The huge size

enables pre
ise measurement of muon tra
ks.

The ATLAS dete
tor 
onsists of four major 
omponents: magnet system, inner de-

te
tor, 
alorimeter and muon spe
trometer. A s
hemati
 representation of the dete
tor

and its subsystems is shown in Figure 2.2.1. The 
omplete ATLAS dete
tor is split into

a barrel part, where dete
tor layers are in 
ylindri
al layers around the beam axis, and

two end-
ap parts, where dete
tor layers are lo
ated in transverse planes. Table 2.2.1

summarizes the dimensions of the dete
tor. The magnet system for the ATLAS dete
tor

is required to provide optimized magneti
 �eld 
on�guration for parti
le bending around

the sub-dete
tors. It 
onsists of three subsystems:one 
entral solenoid, one barrel toroid

and two end
ap toroids. It is designed to minimize multiple-s
attering e�e
ts. The inner

dete
tor identi�es 
harged parti
les, and enables pre
ise measurement of their momenta

as well as the re
onstru
tion of their tra
ks, and of primary and se
ondary verti
es. The


alorimeter is divided into ele
tromagneti
 (EM) 
alorimeter and hadroni
 
alorimeter.

They allow the identi�
ation of ele
tromagneti
 (photon, ele
tron) and hadroni
 parti
les

by a re
onstru
tion of their shower shapes and measurement of their energies. The missing

transverse energy is also measured by the 
alorimeters. The muon spe
trometer is lo
ated

at the outermost of the dete
tor. The identi�
ation of muons and pre
ise measurement

of their momenta are performed by the muon spe
trometer.

The trigger system is 
ru
ial 
omponents of the dete
tor. It allows redu
ing the rate

of sele
ted events.
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Figure 2.2.1: Overview of ATLAS dete
tor [23℄.

Component outer radius [m℄ length [m℄ η 
overage
Barrel + end
ap inner dete
tor 1.15 6.8 |η| < 2.4
Central solenoid magnet 1.32 5.3 -

Barrel EM 
alorimeter 2.25 6.42 |η| < 1.4
Barrel hadroni
 
alorimeter 4.25 12.2 |η| < 1.0
Barrel toroid magnet 10.05 25.3 -

Barrel muon spe
trometer 11 26 |η| < 1.4
End
ap EM 
alorimeter 2.25 0.63 1.4 < |η| < 3.2
End
ap hadroni
 
alorimeter 2.25 2.25 1.5 < |η| < 3.2
End
ap toroid magnet 5.35 5 -

End
ap muon spe
trometer 11 2.8 1.1 < |η| < 2.8
Forward/ba
kward 
alorimeter integrated in end
ap 3.1 < |η| < 4.9

Table 2.2.1: Dimensions of the ATLAS subsystem.

muon

π

electron

photon

-+

Muon spectro meter

Hadron calorimeter

EM calorimeter
Solenoid magnet

Inner detector

Figure 2.2.2: Illustration of barrel of ATLAS subdete
tors.
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2.2.2 ATLAS 
oordinate system

The origin of the 
oordinate system is de�ned to be the nominal proton-proton intera
tion

point. The z-axis is set to be the beam dire
tion. The positive dire
tion of z-axis is
anti
lo
kwise around the LHC ring. The x-y plane is transverse to the beam dire
tion.

The x-axis is horizontal, while the y-axis is verti
al. The positive x values point towards

the 
enter of the ring, and the positive y values point upwards. The azimuthal angle φ is

de�ned around z-axis, the polar angle θ is the angle from the z-axis and R ≡
√

x2 + y2

de�nes the polar radius. (E, px, py, pz) is the four momentum of a parti
le. The rapidity

y is de�ned as follows:

y ≡ 1

2
ln
E + pz
E − pz

(2.2.1)

pT ≡
√

p2x + p2y de�nes the transverse momentum, and ET ≡
√

m2 + p2T is the transverse

energy. The pseudo-rapidity η is de�ned as:

η ≡ − ln

(

tan
θ

2

)

(2.2.2)

η → ∞ (−∞) when θ → 0 (π) and η = 0 when θ = π
2
. The Eq.(2.2.2) is rewritten as

follows:

η =
1

2
ln

|~p|+ pz
|~p| − pz

(2.2.3)

for massless parti
les, y = η.

2.2.3 Magnet system

The ATLAS dete
tor has the super
ondu
tive magnet system. The 
entral solenoid pro-

vides an axial magneti
 �eld of 2 T for the inner dete
tor. It is lo
ated inside the EM


alorimeter [31℄. One of the advantages of the small solenoid in the EM 
alorimeter is a


ompa
t design. Another is redu
tion of the transverse spread of showers. The number

of radiation length of the solenoid is ∼ 0.66 radiation length (X0).

The barrel toroid 
onsists of 8 �at super
ondu
ting ra
e-tra
k 
oils. Two end
ap

toroidal magnets, lo
ated inside the barrel toroid at both ends of the 
entral solenoid.

Ea
h 
oil of the barrel toroid has an axial length of 25.3 m and extends radially from 4.7

m to 10.05 m. The end
ap toroids have a length of 5 m, an outer diameter of 10.7 m and

an inner diameter of 1.65. The toroidal magnet �elds enable to measure the momentum

for low-pT muon by bending for θ-dire
tion. Magneti
 �eld made by the toroidal magneti


system is not uniform in φ. The toroidal magneti
 �eld has not only φ 
omponent but

also z 
omponent. The peak of the magneti
 �eld provided by the toroids is 3.9 T by the

barrel toroid and 4.1 T by the end
ap toroids. Figure 2.2.3 shows the three-dimensional

view of the magnet system.

2.2.4 Inner dete
tor

The ATLAS Inner Dete
tor (ID) [29, 30℄ is the innermost sub-dete
tor. It is a tra
king

dete
tor providing ex
ellent 
harge determination and parti
le momentum resolution 
a-

pabilities. Primary and se
ondary verti
es whi
h in
lude photon 
onversion verti
es are
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Figure 2.2.3: Three-dimensional view of the ATLAS magnet system: the 
entral solenoid,

the 8 
oils of the barrel toroid and the 2× 8 
oils of the end-
ap toroids [31℄.

インターネット公表に関する同意が
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Figure 2.2.4: Cut-away view of the ATLAS Inner Dete
tor [32℄.

also re
onstru
ted by the tra
king. The ID also has parti
le identi�
ation 
apabilities,

for example ele
tron and photon separation as des
ribed its detail later. Immersed in

the solenoid magneti
 �eld, the ID 
onsists of three sub-dete
tors: Pixel dete
tor, Semi-


ondu
tor Tra
ker (SCT) and Transition Radiation Tra
ker (TRT). Ea
h of them have a

barrel and two end
aps, one lo
ated on ea
h side of the barrel as shown in Figure 2.2.4.

The total size of the ID is 2.1 m ×6.2 m as diameter times length. It 
overs |η| < 2.5 and
full azimuthal 
overage. Figure 2.2.5 shows an over view of barrel ID. Material distribution

as a fun
tion of |η| is shown in Figure 2.2.6.

2.2.4.1 Pixel dete
tor

The Pixel dete
tor is the nearest dete
tor to the beam-pipe with very high granular-

ity followed by the SCT [30℄. It 
onsists of three barrel layers and three end
ap disks,


ompleting the |η| < 2.5 
overage. Table 2.2.2 summarizes the parameters of the Pixel

dete
tor. The pixel size is 50×400 µm. The thi
kness of the Pixel dete
tor is about 0.025
X0 per layer. The innermost layer is espe
ially important for the separation between ele
-

trons and photons. Charge sharing between adja
ent pixels improves spatial resolution

better than the pixel intrinsi
 resolution (pit
h/
√
12). The typi
al position resolution of

the pixel dete
tor is 10 µm in r − φ dire
tion and 115 µm in z dire
tion.

2.2.4.2 Semi
ondu
tor tra
ker

The Semi
ondu
tor Tra
ker (SCT) is the middle 
omponent of the ID, 
overing |η| < 2.5
[30℄. It 
onsists in four layers in the barrel and nine disks in end
aps. An SCT module


onsists of two pairs of single-sided sili
on mi
rostrip sensors glued ba
k-to-ba
k with a

40 mrad stereo rotation angle around the geometri
al 
enter of the module. Table 2.2.3

and 2.2.4 summarize the parameters of the SCT. Ea
h of the barrel strip is 126 mm long

and the readout units are in 80 µm pit
h. In the end
aps, the strips have an a
tive
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Figure 2.2.5: Drawing showing the sensors and stru
tural elements traversed by a 
harged

tra
k of 10 GeV pT in the barrel inner dete
tor (η = 0.3). The tra
k traverses su

essively
the beryllium beam pipe, the three 
ylindri
al sili
on-pixel layers with individual sensor

elements of 50 × 400 µm2
, the four 
ylindri
al double layers (one axial and one with

a stereo angle of 40 mrad) of barrel sili
on-mi
rostrip sensors (SCT) of pit
h 80 µm,
and approximately 36 axial straws of 4 mm diameter 
ontained in the barrel transition-

radiation tra
ker modules within their support stru
ture [32℄.

インターネット公表に関する同意が
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Figure 2.2.6: Material distribution (X0) at the exit of the ID envelope, in
luding the ser-

vi
es and thermal en
losures. The distribution is shown as a fun
tion of |η| and averaged

over φ. The breakdown indi
ates the 
ontributions of external servi
es and of individual

sub-dete
tors, in
luding servi
es in their a
tive volume [32℄.

Radius [mm℄ Number of pixels

Barrel layer 1 50.5 13.2× 106

Barrel layer 2 88.5 22.8× 106

Barrel layer 3 122.5 31.2× 106

|z| [mm℄ Number of pixels

End
ap disk 1 495 2.2× 106

End
ap disk 2 580 2.2× 106

End
ap disk 3 650 2.2× 106

Table 2.2.2: Parameters of the Pixel dete
tor.
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Radius [mm℄ Length [mm℄ Rotation [deg℄

Layer 1 299 1498 11.00

Layer 2 371 1498 11.00

Layer 3 443 1498 11.25

Layer 4 514 1498 11.25

Table 2.2.3: Parameters of the SCT in barrel.

|z| [mm℄ Inner R [mm℄

Disk 1 853.8 337

Disk 2 934.0 270

Disk 3 1091.5 270

Disk 4 1299.9 270

Disk 5 1399.7 270

Disk 6 1771.4 270

Disk 7 2115.2 337

Disk 8 2505.0 408

Disk 9 2720.2 439

Table 2.2.4: Parameters of the SCT in end
aps.

length between 55 and 120 mm, and the readout pit
h has a width between 57 and 90

µm depending on the modules. The average design thi
kness of the barrel SCT is 0.08

X0, while that of the end
ap SCT is 0.3 X0.

2.2.4.3 Transition Radiation Tra
ker

The Transition Radiation Tra
ker (TRT) is the outermost sub-dete
tor of the ID [30℄.

It is based on the use of straw dete
tors with diameter of 4 mm, whi
h 
an operate at

the expe
ted high rates due to their small diameter and the isolation of the sense wires

within individual gas volumes. Ea
h straw is equipped with a 30 µm diameter gold-plated

tungsten wire. The straw tube volume is �lled with the gas mixture of Xe : CO2 : O2 =

70 : 27 : 3. A gas gain is 2.5×104 with the high voltage of 1530 V. The length of the straw
is 144 
m in barrel or 39 
m in end
aps. The TRT tubes 
over the radius 563 < R < 1066
mm, as well as |z| < 712 mm in the barrel region where the tubes lie along z-dire
tion.
On the other hand, in the end
ap region where the straws point toward the R-dire
tion,
straw planes are pla
ed 644 < R < 1004 mm, as well as 848 < |z| < 2710 mm. Thus the
TRT 
overs |η| < 2. The thi
kness of the TRT is ∼ 0.3 X0 in barrel and ∼ 0.2 X0 in

end
ap.

The TRT provides 
ontinuous tra
king with many measurements in individual straw

tubes. Typi
ally 36 tra
king points are provided by the TRT. It uses not only ionization

but also transition radiation. The X-ray emission depends on the Lorentz boost of the

parti
le, and therefore on its mass. The output of the X-ray due to the transition radiation

is expe
ted to be larger than ionization for high energy ele
trons, and hen
e ele
trons 
an

be identi�ed from heavier parti
les with the number of high-threshold hits in the TRT.

The expe
ted 
harged pion reje
tion fa
tor for ele
tron identi�
ation with using TRT

alone is about 10 for 20 < pT < 40 GeV.

23



インターネット公表に関する同意が
得られなかったため非公表

Figure 2.2.7: Cut-away view of the ATLAS 
alorimeter system [32℄.

η region Lead thi
kness [mm℄

0 < |η| < 0.8 1.5

0.8 < |η| < 1.4 1.1

1.4 < |η| < 2.5 1.7

2.5 < |η| < 3.2 2.2

Table 2.2.5: Lead thi
kness of the EM 
alorimeter.

2.2.5 Calorimeter

The 
alorimeter in ATLAS is 
omposed of ele
tromagneti
 (EM) 
alorimeter and hadroni



alorimeter [33℄. The EM 
alorimeter is designed for the re
onstru
tion and identi�
ation

of photons and ele
trons, while the hadroni
 
alorimeter is aimed at the identi�
ation

and re
onstru
tion of hadrons (protons, neutrons, pions, et
.). Both 
alorimeters 
over

full azimuthal angle. The missing and total transverse energies (Emiss
T and

∑

ET) are

measured with the 
alorimeters. They are sampling 
alorimeters. Therefore they 
onsist

of su

ession of dense material layers (absorber) and a
tive material layers. The former

develops parti
le shower, while the latter produ
es an output signal proportional to the

deposit energy. Figure 2.2.7 shows the layout of the ATLAS 
alorimeter sub-dete
tors.

The EM 
alorimeter is 
onstituted of a barrel part (|η| < 1.475) and two end
aps parts

(1.375 < |η| < 3.2) of ea
h side. It is lo
ated outside of the solenoid. The hadroni



alorimeter is pla
ed outside of the EM 
alorimeter and is divided into a barrel (|η| < 1.), 2
extended barrels (0.8 < |η| < 1.7), 2 end
aps (1.5 < |η| < 3.2) and 2 forward 
alorimeters
(3.1 < |η| < 4.9) whi
h 
over the region 
losest to the beam.

2.2.5.1 Ele
tromagneti
 
alorimeter

The EM 
alorimeter uses liquid argon (LAr) as the a
tive material, kept at a tempera-

ture of about 89 K by a 
ryostat [34℄. LAr has natural response linearity, homogeneity,

radiation toleran
e and slow aging. The LAr �lls the gaps between the sampling layers

of absorbers made of lead. The gap between the absorbers are ∼ 4 mm. In the middle

of a gap, three planar layers of 
opper, whi
h is 275 µm thi
k, are separated by insulator

layers of kapton. The two outer layers distribute the high voltage of about 2000 V, while

the inner is the ele
trode that 
olle
ts the signal. The absorbers are at ground voltage.

The lead thi
kness in the absorber plates has been optimized as a fun
tion of η in terms

of the EM 
alorimeter performan
e of energy resolution. The thi
kness is summarized in

Table 2.2.5.
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Figure 2.2.8: Signal shape as produ
ed in the dete
tor (triangle), and after shaping (
urve

with dots). The sampling points, every 25 ns, are shown in dots [34℄.
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Figure 2.2.9: Sket
h of a barrel module where the di�erent layers are 
learly visible with

the ganging of ele
trodes in φ. The granularity in η and φ of the 
ells of ea
h of the three

layers and of the trigger towers is also shown [32℄.

In the EM 
alorimeters, LAr is ionized by se
ondary parti
les of the parti
le show-

ers, resulting in ele
tron-ion pairs drifting under the in�uen
e of an ele
tri
 �eld. The

ionization signal is 
olle
ted from the ele
trodes by 
apa
itive e�e
t. Sin
e LAr has high

ionization density, great many ele
tron-ion pairs are produ
ed. Another merit of LAr is

the high mobility of the ele
trons in the LAr. Then the LAr has the small drift time and

hen
e the great dete
tor time response. The total integration of the 
harge is typi
ally

∼ 500 ns. The shape of a 
urrent pulse 
olle
ted at the ele
trodes as a fun
tion of time

is triangular and it is shaped with a bipolar CR·(RC)2 �lter as shown in Figure 2.2.8.

The EM 
alorimeter has an a

ordion geometry as shown in Figure 2.2.9. This ge-

ometry enables to a
hieve full 
overage in φ be
ause of absen
e of any 
ra
ks or dead

materials. In addition, signal 
an be extra
ted fast at the rear or the front of ele
trodes.

In the barrel, the a

ordion waves are axial and run in φ, the folding angles of the waves
vary with radius in order to keep the gap 
onstant (Figure 2.2.10). On the other hand in

the end
aps, the a

ordion waves are parallel to R-dire
tion and run axially as shown in

Figure 2.2.11. Sin
e the LAr gap in
reases with radius in the end
aps, the wave amplitude

and the folding angle of the absorbers and ele
trodes vary with radius. All these features

of the a

ordion geometry lead to a very uniform performan
e in terms of linearity and

resolution as a fun
tion of φ.
The LAr 
alorimeter is 
omposed of three layers plus a presampler (Figure 2.2.9). The

1st layer has high granularity along η to identify ele
trons and photons, and to determine
the dire
tion of photons. The 2nd layer is long in R-dire
tion (∼ 16 X0) and measures the
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Figure 2.2.10: Perspe
tive view of one half of the barrel 
ryostat [34℄.
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Figure 2.2.11: Perspe
tive view of one end
ap 
ryostat [34℄.
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(b)

Figure 2.2.12: Cumulative amounts of material, in units of radiation length X0 and as a

fun
tion of |η|, in front of and in the ele
tromagneti
 
alorimeters. The two plots show, in

ontrast, separately for the barrel (a) and end
ap (b), the thi
knesses of ea
h a

ordion

layer as well as the amount of material in front of the a

ordion [32℄.

most of energy deposit of ele
trons and photons. Be
ause photons and ele
trons deposit

almost all of their energies before rea
hing to the 3rd layer, the 3rd layer is used for

identi�
ation of ele
trons, photons and hadrons with using the ratio of energy deposits

between 2nd and 3rd layers. The presampler, whi
h 
overs |η| < 1.8, is used to 
orre
t

for the energies of ele
trons and photons lost upstream of the 
alorimeter. It 
onsists of

a LAr layer of thi
kness 1.1 
m (0.5 
m) in the barrel (end-
ap) region. Thus it does not

have the a

ordion stru
ture. The 1st and 2nd layer 
overs |η| < 3.2, the 3rd layer 
overs

|η| < 2.5 and the 
overage of the presampler is |η| < 1.8. Table 2.2.6 summarizes the

granularity of ea
h layer. Figure 2.2.12 shows the material distribution of ea
h layer as

a fun
tion of |η|. The total thi
kness of the EM 
alorimeter is more than 22 X0 in the

barrel regions and more than 24 X0 in the end
ap region. The layout of the layers with

η is shown in Figure 2.2.13.

The raw output of the 
alorimeter is longer than the bun
h 
rossing. For making

インターネット公表に関する同意が
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Figure 2.2.13: Layout of the signal layer for the four di�erent types of ele
trodes before

folding. The two top ele
trodes are for the barrel and the two bottom ele
trodes are for

the end
ap inner (left) and outer (right) wheels. Dimensions are in millimeters. The

drawings are all at the same s
ale [32℄.
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Layer η region Granularity (η × φ)
Presampler |η| < 1.52 0.025× π/32
Sampling 1 |η| < 1.4 0.025/8× π/32

1.4 < |η| < 1.475 0.025× π/128
Sampling 2 |η| < 1.4 0.025× π/128

1.4 < |η| < 1.475 0.075× π/128
Sampling 3 |η| < 1.35 0.05× π/128

(a)

Layer |η| region Granularity (η × φ)
Presampler 1.5 < |η| < 1.8 0.025× π/32
Sampling 1 1.375 < |η| < 1.425 0.050× π/32

1.425 < |η| < 1.5 0.025× π/32
1.5 < |η| < 1.8 0.025/8× π/32
1.8 < |η| < 2.0 0.025/6× π/32
2.0 < |η| < 2.4 0.025/4× π/32
2.4 < |η| < 2.5 0.025× π/32
2.5 < |η| < 3.2 0.1× π/32

Sampling 2 1.375 < |η| < 1.425 0.050× π/128
1.425 < |η| < 2.5 0.025× π/128
2.5 < |η| < 3.2 0.1× π/32

Sampling 3 1.5 < |η| < 2.5 0.05× π/128

(b)

Table 2.2.6: Granularity of the EM 
alorimeter (η × φ) in barrel (a) and in end
ap (b).
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Figure 2.2.14: Blo
k diagram of the Front-end board ar
hite
ture, depi
ting the data �ow

for four of the 128 
hannels [32℄.

rise time of the ionization signal fast and minimizing the impa
t of out-of-time pileup,

whi
h refers to events from su

essive bun
h 
rossings, the bipolar shaping is applied to

the output pulse. In addition, the output is ampli�ed in order to suppress thermal noise

e�e
t. As Figure 2.2.10 and 2.2.11 show, the sensitive analog ele
troni
s are lo
ated on the

dete
tor. Inside the 
ryostat, the 
alorimeter ele
trodes are grouped to form readout 
ells

and small 
oaxial 
ables bring the 
ell signals to the 
old-to-warm 
ables. Front-end boards

(FEB) are mounted near the 
old-to-warm 
ables. The FEB re
eives the raw 
alorimeter

signals and perform the analog pro
essing, digitization and transmission o�-dete
tor of

the 
alorimeter signals. Ea
h FEB pro
esses up to 128 
alorimeter 
hannels. Figure

2.2.14 shows a blo
k diagram indi
ating the main features of the FEB ar
hite
ture. Four


hannel preampli�er mat
hes a

urately the 
able impedan
e. The preampli�er outputs

are 
oupled into a four 
hannel shaper, whi
h splits ea
h signal into three overlapping,

linear gain s
ales in the ratio 1/10/100, and applies bipolar �lter. The shape of output is

shown in Figure 2.2.8.

The shaped signal are then sampled at the design LHC bun
h 
rossing frequen
y of

40 MHz by four 
hannel swit
hed 
apa
itor array (SCA). The SCA stores the analogue

signals during the L1 trigger laten
y in pipelines of 144 
ells. For events a

epted by the

L1 trigger, only �ve sample points per 
hannel and only one of the three gain s
ales are

read out from the SCA. A gain sele
tor 
hip (GSEL) is used to sele
t the optimal readout

gain individually for ea
h 
alorimeter 
hannel. Two dual op-amp 
hips 
ouple the SCA

outputs to 12-bit ADC whi
h is used for digitization.

The ele
troni
s is 
alibrated 
ell-to-
ell basis. Then an energy s
ale fa
tor is applied

to all the 
ells. The linearity of the LAr 
alibrated response with energy has been demon-

strated in the ele
tron test beam [35℄. For ele
trons with E > 20 GeV, the dispersion

from Erec/Ebeam = 1 is within ±0.1 %, where Erec is re
onstru
ted energy and Ebeam is

the energy of test beam. Details on the energy 
alibration for photons as well as ele
trons


an be found in Se
tion 4.5.

Sin
e the intrinsi
 relative resolution of energy deposit in a layer E is proportional to

the number of drift 
harges N 
rossing the LAr gaps, it follows a Poisson �u
tuation law:

∆E

E

∣

∣

∣

∣

intrinsic

=

√
N

N
∝ 1√

E
(2.2.4)

There are other e�e
ts, whi
h a�e
t the resolution. The thermal noise from ele
troni
s or

out-of-time pileup events 
an be parametrized by a relative resolution term proportional

to 1/E be
ause the noise is independent of energy deposit. In addition, impurities in LAr,
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Figure 2.2.15: S
hemati
 drawing the tile 
alorimeter [32℄.

imperfe
tion of dete
tor geometry, temperature gradients, radiation damage, nonlineari-

ties of response, or other sour
es, have an impa
t on the relative resolution. Finally, the

relative resolution on the shower energy 
an be parametrized as:

∆E

E
=

a√
E

⊕ b

E
⊕ c (2.2.5)

where the symbol ⊕ indi
ates that the two terms are added in quadrature, b is the noise
term and c is 
alled 
onstant term. The resolution is estimated by test beam: a = 10.1±0.1
% ·

√
GeV and c = 0.17± 0.04 % [35℄. The parameter b is not estimated in the beam test

be
ause this term does not have an impa
t under the 
ondition of beam test. However,

the resolution 
an be worse due to the many sour
es su
h as pileup.

2.2.5.2 Hadroni
 
alorimeter

The barrel and extended barrels of the hadroni
 
alorimeter use tile s
intillators whi
h are

built from a su

ession of steel absorbers and doped plasti
 s
intillators, while 2 end
aps

and 2 forward 
alorimeters use the LAr.

The s
intillation light of the tile 
alorimeter is 
olle
ted to the PMT through the

wavelength shifting �bers. Figure 2.2.15 shows the s
hemati
 drawing the tile 
alorimeter.

The 
entral barrel is 5.8 m in length, 8.5 m in diameter. Ea
h extended barrel is 2.6 m in

length, with inner (outer) radii of 2.28 m (4.5 m). The tile 
alorimeters are segmented into

three layers in the radial dire
tion, and the 
ells granularity is between η × φ = 0.1× 0.1
(�rst two layers) and η × φ = 0.1× 0.2 (third layer). They 
over |η| < 1.7. The expe
ted
jet energy resolution with the tile 
alorimeter (E in GeV) is:

∆E

E

∣

∣

∣

∣

Tile

expected

=
50%√
E

⊕ 3% (2.2.6)

The hadroni
 end
ap 
alorimeter is a 
opper and LAr sampling 
alorimeter. It 
overs

1.5 < |η| < 3.2, lo
ated behind the end
ap EM 
alorimeters. It 
onsists of two wheels in

ea
h end
ap: a front wheel and a rear wheel. The wheels are 
ylindri
al with an outer

radius of 2030 mm. The modules of the front wheels are made of 
opper plates of 25 mm

thi
k, while the rear wheels use 
opper plates of 50 mm thi
k. The gap between the plates

is 8.5 mm thi
k. The size of the readout 
ells is η × φ = 0.1 × 0.1 for 1.5 < |η| < 2.5
and η × φ = 0.2 × 0.2 for 2.5 < |η| < 3.2. The expe
ted jet energy resolution with the

hadroni
 end
ap 
alorimeter (E in GeV) is:

∆E

E

∣

∣

∣

∣

HCalEndcap

expected

=
50%√
E

⊕ 3% (2.2.7)
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Layer η region Granularity (η × φ)
1st layer 3.15 < |η| < 4.30 0.1× 0.1

3.10 < |η| < 3.15 4 times �ner

4.30 < |η| < 4.83 4 times �ner

2nd layer 3.24 < |η| < 4.50 3.3× 4.2
3.20 < |η| < 3.24 4 times �ner

4.50 < |η| < 4.81 4 times �ner

3rd layer 3.32 < |η| < 4.60 5.4× 4.7
3.29 < |η| < 3.32 4 times �ner

4.60 < |η| < 4.75 4 times �ner

Table 2.2.7: Granularity of the forward 
alorimeter (η × φ).
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Figure 2.2.16: Cumulative amount of material, in units of intera
tion length, as a fun
tion

of |η|, in front of the ele
tromagneti
 
alorimeters, in the ele
tromagneti
 
alorimeters

themselves, in ea
h hadroni
 
ompartment, and the total amount at the end of the a
tive


alorimetry. Also shown for 
ompleteness is the total amount of material in front of the

�rst a
tive layer of the muon spe
trometer (|η| < 3.0) [32℄.

The forward 
alorimeter 
overs over 3.1 < |η| < 4.9. It 
onsists of three modules. The
1st layer 
onsists of 
opper plates sta
ked one behind the other. The 2nd and 3rd layers

use tungsten as a absorber. The granularity of the forward 
alorimeter is shown in the

Table 2.2.7. The expe
tation for the jet energy resolution with the forward 
alorimeter

(E in GeV) is:

∆E

E

∣

∣

∣

∣

HCalForward

expected

=
100%√
E

⊕ 10% (2.2.8)

The passage of hadrons in material is 
hara
terized by the intera
tion length λI , whi
h

an be approximated roughly to:

λI ∼ 35 · A 1
3 g · cm−2

(2.2.9)

The material distribution of the ATLAS 
alorimeter as a fun
tion of λI is shown in

Figure 2.2.16. Be
ause the integral intera
tion length in front of the hadroni
 
alorimeter

is about 2 λI , the most of energy deposit of hadrons is measured with the hadroni



alorimeter whi
h has a total thi
kness of about 11 λI .

2.2.6 Muon spe
trometer

Muon spe
trometer is the outermost part of the ATLAS dete
tor. It is designed to dete
t

the 
harged parti
le whi
h penetrates the 
alorimeter of the ATLAS, espe
ially muons. It


onsists of four dete
tors, Monitored Drift Tube (MDT), Cathode Strip Chamber (CSC),
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Figure 2.2.17: Cut-away view of the ATLAS muon system [32℄.

Thin Gap Chamber (TGC) and Resistive Plate Chamber (RPC). Purpose of MDT and

CSC are pre
ise tra
king, meanwhile that of TGC and RPC are �ring triggers and pro-

viding the bun
h-
rossing identi�
ation. Con
eptual layout of the muon spe
trometer is

shown in Figure 2.2.17. The muon spe
trometer 
overs |η| < 2.7.

2.2.6.1 Monitored drift tube

The Monitored drift tube (MDT) 
onsists of many layers of drift tubes. The MDT 
overs

|η| < 2.7 [32℄. A diameter of the drift tube, whi
h is made from aluminum, is 29.970 mm.

The tube en
loses a Tungsten-Rhenium 
entral 
ondu
ting wire of 50 µm in radius. The

MDT volume is �lled with a gas mixture of Ar : CO2 : H2O = 93 :7: < 1000 pm. The

gas pressure is 3 bar and the gas gain is 2×104. The wire is operated at a 3080 V ele
tri


potential. When a muon traverses the tube, the gas is ionized and the potential gradient

ampli�es the ionization signal in the avalan
he mode. The spatial resolution per tube of

80 µm, is obtained through the relation between the drift time and drift length of the

ionization ele
trons.

2.2.6.2 Cathode strip 
hamber

The safe operation of the MDT is limited about 150 Hz/
m

2
. Then the Cathode strip


hamber (CSC) whi
h is a multi-proportional 
hamber with radially-oriented wires is

installed in the region whi
h has the highest 
ounting rate instead of the MDT [32℄. The

safe operation limit of CSC is up to 1000 Hz/
m

2
. The distan
e from intera
tion point to

CSC is about 7 m. Inner radius is 881 mm and outer radius is 2081 mm. Therefore the

CSC 
overs 2 < |η| < 2.7. Figure 2.2.18 shows the average expe
ted single-plane 
ounting
rates at 1034 
m−2

s

−1
.

Anode wires are along radial dire
tion applied high voltage of 1900 V. The diameter

of the wires is 30 µm, while the wire pit
h is 2.5 mm. Two 
athodes are segmented to

strips. One 
athode strips is orthogonal to the wires and the other is parallel. The anode-


athode spa
ing is 2.5 mm. The 
hambers are �lled with gas mixture of Ar : CO2 = 80

: 20, and the gas gain is 6 × 104. The position of a tra
k is determined by interpolating

the indu
ed 
harge of neighboring strips. The 
harge distribution in the anode allows

the measurement of the position in the bending plane with a 40 µm resolution, while the


harge distribution in the strips yields a 5 mm resolution on the position in the transverse

dire
tion.
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Figure 2.2.18: Average expe
ted single-plane 
ounting rates in Hz/
m

2
at 1034 
m−2

s

−1

and for various regions in the muon spe
trometer [32℄.

2.2.6.3 Thin gap 
hamber

The Thin gap 
hambers (TGC) is one of the trigger 
hambers lo
ated in end
aps[32℄. It

is a multi-wire proportional 
hamber with distan
e of 1.4 mm between wire and 
athode

whi
h is smaller than the distan
e of 1.8 mm between wire to wire. The gas mixture is

CO2 : n-C5H12 = 55 : 45. High voltage around the wires and small distan
e between

wires leads to good time resolution. The TGC is robust against noise due to neutron

and photon ba
kground. The spatial resolution of the TGC is between 2 and 6 mm in

R-dire
tion, as well as between 3 and 7 mm in φ-dire
tion. The timing resolution is 4 ns.

2.2.6.4 Resistive plate 
hamber

The Resistive plate 
hamber (RPC) is lo
ated in the barrel and used for trigger system[32℄.

The RPC is not a wire 
hamber but a gaseous parallel ele
trode-plate dete
tor. Is has

two resistive plates whi
h are kept 2 mm apart with insulating spa
er. The ele
tri
 �eld

of 4.9 kV/mm is applied between the plates. The ele
tri
 �eld 
auses avalan
he along

the tra
k of parti
le towards anode. The RPC volume is �lled with the gas mixture of

C2H2F4 : Iso - C4H10 : SF6 = 94.7 : 5 : 0.3. The position resolution of the RPC is 10

mm in the z- and φ-dire
tion. while the timing resolution is 1.5 ns.

2.2.7 Trigger system

Trigger system is a key 
omponent of the ATLAS dete
tor. The trigger is aimed at

the online reje
tion of the huge ba
kground and the e�
ient sele
tion of pro
esses of

interest. The ATLAS trigger system is performed in three stages, Level 1 (L1), Level 2

(L2) and Event Filter (EF) [36℄. Together, the L2 and EF are usually 
alled the High

Level Trigger (HLT) [37℄. Starting from L1, ea
h level makes a de
ision if the event should

be passed or not to the next level, and eventually be saved for o�ine analysis. L1 trigger

is implemented in the dete
tor and works with the hardware. HLT is using 
omputer and

network hardware. L1 is required to make a de
ision in less than 2.5 µs and to lessen the

trigger rate to about 75 kHz. Then, L2 uses the L1 seed, whi
h is de�ned as Region of

Interest (RoI). L2 is required to redu
e the trigger rate to 5 kHz. Finally, the information

is passed to EF. EF uses the whole dete
tor information and is required to redu
e the

rate up to 400 Hz. The trigger 
hara
teristi
s are summarized in Table 2.2.8.

The L1 trigger looks for high transverse momentum (pT) muons, photons, ele
trons,
jets, taus de
aying into hadrons, large missing transverse energy (Emiss

T ) and large total
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Chara
teristi
s Value

Bun
h 
rossing rate 20-40 MHz

Intera
tion rate 1 GHz

ATLAS event size 1.5 MB

L1 output rate (de
ision time) 75 kHz (<2.5 µs)
L2 output rate (de
ision time) 5 kHz (40 ms)

EF output rate (de
ision time) 400 Hz (1 s)

Data output 450 MB/s

Table 2.2.8: Typi
al ATLAS trigger 
hara
teristi
s.
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Figure 2.2.19: Blo
k diagram of the L1 trigger. The overall L1 a

ept de
ision is made

by the 
entral trigger pro
essor, taking input from 
alorimeter and muon trigger results.

The paths to the dete
tor front-ends, L2 trigger, and data a
quisition system are shown

from left to right in red, blue and bla
k, respe
tively [32℄.

transverse energy (

∑

ET). The diagram of L1 trigger s
heme is shown in the Figure 2.2.19.

Muon 
andidates are identi�ed using trigger 
hambers in the RPC and TGC. Ele
trons,

photons, τ leptons, jets are identi�ed by the 
alorimeters with redu
ed granularity. L1

trigger is made a de
ision at Central Trigger Pro
essor (CTP). When an event is passed

in L1 trigger, the information for the positions of trigger obje
ts are sent to L2 trigger as

RoI. Another important role of L1 is to identify a bun
h 
rossing of interest.

The RoI builder re
eives the RoI information from the di�erent sour
es within the L1

trigger and merges them into the single data stru
ture. L2 sele
tion is seeded with RoIs.

Contrary to L1, L2 uses full granularity of the sub-dete
tors in the RoIs. It re
onstru
ts

the obje
ts qui
kly with using a 
as
ade of algorithms of in
reasing 
omplexity and hard-

ened requirements, and reje
ts the event as soon as no obje
ts are found to pass the


riteria in one of these algorithms. L2 is designed to perform to exe
ute event sele
tion

with an average throughout per farm node of about 300 Hz.

Seeded by L2, at the last stage of the trigger event sele
tion, EF re
onstru
ts the full

event. The EF re
onstru
tion is almost the same as the one at o�ine analysis. With a

de
ision time between 1 and 4 s, EF is designed to redu
e the trigger rate from about 3

kHz to a 300 Hz output, whi
h is limited by data pro
essing and storage 
apabilities.

2.2.8 Luminosity dete
tor

The Beam Condition Monitor (BCM) dete
tor 
onsists of diamond sensors, whi
h is

divided in 4 small 
omponents ∼ 1 
m

2
and arranged around the beam pipe [38℄. The

two BCMs are at |z| = 184 
m on ea
h side of the intera
tion point. The BCM dete
ts very

forward signals of inelasti
 proton-proton intera
tions around |η| = 4.2. The measured

signals are used for the luminosity determination (Appendix A) and the average number
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of inelasti
 intera
tions per bun
h 
rossing µav.
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Chapter 3

Data set and Monte Carlo samples

3.1 Data set

The 
umulative luminosity as a fun
tion of date is shown in Figure 3.1.1. In 2011 at√
s = 7 TeV, the integrated luminosity delivered is 5.48 fb

−1
, while 22.8 fb

−1
at

√
s = 8

TeV in 2012 [28℄. The delivered luminosity a

ounts for the luminosity delivered from the

start of stable beams until the LHC requests ATLAS to put the dete
tor in a safe standby

mode to allow a beam dump or beam studies. The 93 % of the delivered luminosity was

re
orded with the ATLAS dete
tor. The re
orded luminosity re�e
ts the DAQ ine�
ien
y,

as well as the ine�
ien
y of the so-
alled "warm start": when a stable beam �ag is raised,

the tra
king dete
tors undergo a ramp of the high-voltage and, for the pixel system,

turning on the preampli�ers. Data 
olle
ted during stable beam periods in whi
h sub-

dete
tors were fully operational are used in the H → γγ analysis. The total integrated

luminosity is 4.8 (20.3) fb

−1
for

√
s = 7 (8) TeV analysis. The di�eren
e between the

value for

√
s = 7 TeV analysis and that (4.57 fb

−1
) shown in the Figure 3.1.1 is due to

the requirement of sub-dete
tors in data quality 
riteria. Sin
e muons are not used in√
s = 7 TeV analysis, data quality of the muon spe
trometer is not required for

√
s = 7

TeV data.
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(b)

Figure 3.1.1: Cumulative luminosity versus time delivered to (green), re
orded by ATLAS

(yellow), and 
erti�ed to be good quality data (blue) during stable beams and for proton-

proton 
ollisions at

√
s = 7 TeV in 2011 (a) and 8 TeV in 2012 (b) [28℄.
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Pro
ess Generator

ggF, VBF POWHEG [41, 42℄ + PYTHIA

WH, ZH, ttH PYTHIA

qq̄/gg → γγ SHERPA [43℄, DIPHOX [44℄, MADGRAPH [45℄

γ-jet SHERPA

jet-jet PYTHIA

Table 3.2.1: Event generators used to model the signal and the main ba
kground pro
esses.

�PYTHIA� indi
ates that PYTHIA6 [46℄ and PYTHIA8 [47℄ are used for the simulations

of 7 TeV and 8 TeV data, respe
tively.

3.2 Monte Carlo simulation

3.2.1 Samples

Monte Carlo (MC) simulation samples are produ
ed using the several event generators

and a GEANT4 [39℄ based dete
tor simulation [40℄. The energy deposited by parti
les in

the a
tive dete
tor material is 
onverted into dete
tor signals in the same format as the

dete
tor read-out. The MC events are pro
essed through the GEANT4-based dete
tor

simulation and a trigger simulation and then are re
onstru
ted with the same software as

for the real data. Samples of MC events are employed to model Higgs boson produ
tion

and 
ompute signal sele
tion e�
ien
ies. Table 3.2.1 lists the event generators. Cross

se
tion normalizations and other 
orre
tions (e.g. Higgs boson pT spe
trum) are obtained

from 
al
ulations in Refs. [9, 17, 18, 19℄, [48℄-[76℄. Ba
kgrounds are determined from

data-driven estimates and MC simulations.

PYTHIA6 (for

√
s = 7 TeV samples) or PYTHIA8 (for

√
s = 8 TeV samples) are used

to generate parton showers and their hadronization, and to simulate underlying events.

Alternatively, HERWIG [77℄ and JIMMY [78℄ are used. When PYTHIA6 or HERWIG

are used, PHOTOS [79, 80℄ is used to provide additional photon radiations from 
harged

leptons. The following parton distribution fun
tion (PDF) sets are used: CT10 [81℄ for

the POWHEG samples; CTEQ6L1 [82℄ for the PYTHIA8, MADGRAPH, HERWIG and

SHERPA samples; and MRSTMCal [83℄ for the PYTHIA6 samples. Pileup events, whi
h

are additional soft events overlaid hard intera
tion, are simulated in MC events by adding

additional inelasti
 proton-proton 
ollisions. Events from su

essive bun
h 
rossings are


alled out-of-time pileup, while events o

ur during the same bun
h 
rossing as the hard

s
attering are 
alled in-time pileup.

3.2.2 Corre
tions

Corre
tions obtained from measurements in the data are applied to the simulation to

a

ount for small di�eren
es between data and simulation. The following 
orre
tions are

applied:

� The MC events are reweighted to mat
h pileup 
ondition in data as shown in Figure

3.2.1 The measurement of the average number of intera
tions µav is des
ribed in

Appendix A.
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Figure 3.2.1: Distribution of the mean number of intera
tions per 
rossing for the 2011

and 2012 data [28℄.

� Beam spread is measured with verti
es whi
h are re
onstru
ted with the inner dete
-

tor. The MC events are reweighted su
h that the MC events have the same spread

as data. The beam spread before reweighting is 65 mm and after reweighting is 55

(45) mm in simulation samples for

√
s = 7 (8) TeV analysis.

� The shower shape variables of photons in the EM 
alorimeter in MC is res
aled with

Fudge fa
tors obtained from the 
omparison between data and simulation to 
orre
t

for the di�eren
es [84℄. The distributions of shower shape variables are 
he
ked in

Se
tion 4.4. The values of Fudge fa
tors are about 1± 0.01 depending on variables.

� The photon energies are smeared to a

ount for di�eren
es in resolution between

data and simulation. The smearing has been derived from 
omparison of the Z → ee
peak in data and the MC events as des
ribed in Se
tion 4.5.2. Energy or momentum

smearing is also applied to leptons and jets.

The following 
orre
tions are additionally applied to the MC events obtained from 
om-

puting e�e
ts whi
h are not taken into a

ount in the simulation.

� The signal gg → H → γγ pro
ess is interfered with gg → γγ ba
kground be
ause

they have same �nal state [85℄. Then the ggF MC events are reweighted based on

the 
al
ulation of the interferen
e. The reweighting fa
tor, depending on the Higgs

mass and η of photons, is between 3.8 and 4.5 %.

� In 
ase of ggF, the MC events for

√
s = 7 TeV analysis are reweighted in order

that the distribution of the Higgs boson pT mat
hes the one obtained from Hqt2.0

pa
kage [86℄, whi
h is a program to 
ompute the pT spe
trum of the Standard Model

Higgs boson in hadron 
ollisions. In

√
s = 8 TeVMC, the pT distribution is 
orre
ted

with the Hqt2.0 at the stage the MC generation.
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Chapter 4

Photon re
onstru
tion

The photon re
onstru
tion and identi�
ation algorithms used in the ATLAS are designed

to a
hieve both a high e�
ien
y for photons with transverse energies above 20 GeV and

a high ba
kground reje
tion [87℄. The ba
kground reje
tion is quite 
hallenging be
ause

of the overwhelming majority of photons from neutral hadron de
ays (main 
ontribution

is π0 → γγ) or from radiative de
ays of other parti
les. Photons from a Higgs boson

are di�erent from fake photons due to the neutral hadrons be
ause of the shape of the

asso
iated EM showers and isolation from other parti
les. In addition, tra
ks asso
iated

to the showers are used for separation of photons and ele
trons in order to reje
t Z → ee
ba
kground where ele
trons fake photons.

4.1 Primary vertex sele
tion for di-photon events

The pre
ise identi�
ation of the primary vertex from a hard s
attering pro
ess is 
ru
ial

for the H → γγ analysis be
ause the position of the primary vertex is used to 
al
ulate

the photon dire
tion,as well as to form jets. However, many inelasti
 proton-proton

intera
tions o

ur in a bun
h 
rossing along the beam spot. A hard 
ollision pro
ess of

interest o

urs at most on
e per beam 
rossing. The other verti
es, 
alled pileup vertex,

obs
ure the primary vertex. A

ordingly, primary vertex 
andidates are re
onstru
ted

by using at least two 
harged tra
ks, and one vertex is sele
ted as the primary vertex as

des
ribed later.

The beam spot size depends on beam 
ondition su
h as the β fun
tion and the emit-

tan
e at the intera
tion point. In 7 TeV runs, the transverse beam spot size σx ∼ σy ∼ 20
µm and the longitudinal beam spot size σz ∼ 55 mm on average. They are σx ∼ σy ∼ 15
µm and σz ∼ 45mm on average in 8 TeV runs. The maximum number of su
h intera
tions

per bun
h 
rossing is 20 (40) in

√
s = 7 (8) TeV data taking. Figure 4.1.1 shows an event

display under high pileup environment in 8 TeV run where a Z boson 
andidate de
ays

into two muons with 25 re
onstru
ted verti
es.

4.1.1 Re
onstru
tion of primary vertex 
andidates

Primary vertex 
andidates are re
onstru
ted with using tra
ks in the inner dete
tor.

The tra
ks are required to be originated from a beam spot. An iterative vertex �nding

algorithm is used [89, 90℄:
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Figure 4.1.1: An event 
andidate of a di-muon de
ay of a Z boson with 25 re
onstru
ted

verti
es in 8 TeV run. This event was re
orded on April 15th 2012 [88℄.
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� A vertex seed is obtained from the global maximum in the distribution of the z-

positions at the beam line of the re
onstru
ted tra
ks.

� χ2
is evaluated for ea
h tra
k with the distan
e between a tra
k and the seed, as

well as the un
ertainty of the distan
e.

� The vertex position is determined using the seed and the tra
ks around it whi
h

have χ2 < 7σ.

� Tra
ks in
ompatible with the vertex by more than 7σ are used to seed a new vertex.

� This pro
edure is repeated until no unasso
iated tra
ks are left in the ever or no

additional vertex 
an be found.

The loose requirement χ2 < 7σ is intended to redu
e the number of single verti
es whi
h

split into two due to the presen
e of outlying tra
k measurements.

4.1.2 Primary vertex sele
tion

After the re
onstru
tion of verti
es, one primary vertex is sele
ted. If 
harged parti
les

with high pT are 
reated in the primary vertex su
h as in Z → ll events, the primary
vertex 
an be sele
ted with the sum of squared momentum of tra
k asso
iated to the

vertex

∑

p2T. In these events, the primary vertex has the largest
∑

p2T in almost all 
ases.

However in di-photon events, a primary vertex may not have 
harged parti
le with high

pT unless additional obje
ts are generated like jets in VBF events. For e�
ient primary

vertex sele
tion, dire
tion of energy 
lusters of photons in the EM 
alorimeter are used

as well as tra
k information.

4.1.2.1 Calo pointing

Shower developments of photons in the EM 
alorimeter are re
onstru
ted not only with

η − φ plane but also R or z dire
tion be
ause the 
alorimeter has three layers and the

presampler in R dire
tion in barrel and z dire
tion in end
ap. The dire
tion of a photon


an be determined with the 3-dimensional shower shape. This is the basi
 idea of 
alo

pointing. The material amount of the presampler is so small (0.08 to 0.15 X0) that shower

developments tend to start at the 1st layer. Then the presampler is not used for the 
alo

pointing. Also 3rd layer is not used sin
e shower developments tend to end in the 2nd

layer and the un
ertainty of shower shape in the 3rd layer deteriorates the resolution of

the dire
tion. Hen
e the pseudo-rapidity of photon ηγcalo and the primary vertex position

zcalo are extra
ted from the 1st and 2nd layers. Figure 4.1.2a illustrates 
alo pointing.

When the 
entroids of the energy deposit in the 1st and 2nd layers are re
onstru
ted at

(z1st, R1st) and (z2nd, R2nd) in z-R plane , ηγcalo and zcalo are 
al
ulated as:

ηγcalo =sinh−1

(

z2nd − z1st
R2nd −R1st

)

zcalo =
z1stR2nd − z2ndR1st

R2nd −R1st

(4.1.1)
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Figure 4.1.2: Illustration of 
alo pointing (a) and zHPV(b).

The resolution of zcalo is shown in Figure 4.1.3a. The distribution has a sharp peak

around 0 and a broad tail. A double Crystal-Ball whi
h has a Gaussian 
ore and power-

law fun
tions both in high tail and low tail des
ribe the resolution distribution well and

is used for �t. The double Crystal-Ball is de�ned as:

fCB (x) ≡ N ×



















(

nR

|αR|

)nR

exp
(

− |αR|2
2

)(

nR

|αR| − |αR|+ x−x̄
σCB

)−nR

forαR ≤ x−x̄
σCB

exp
(

− (x−x̄)2

2σ2
CB

)

for − αL <
x−x̄
σCB

≤ αR
(

nL

|αL|

)nL

exp
(

− |αL|2
2

)(

nL

|αL| − |αL| − x−x̄
σCB

)−nL

for x−x̄
σCB

≤ −αL

(4.1.2)

where σCB is the width of a Gaussian 
ore and represents the resolution. In Figure 4.1.3a,

σCB = 15 mm is estimated for

√
s = 8 TeV analysis.

4.1.2.2 Conversion vertex

When a photon is 
onverted to an ele
tron-positron pair in the inner dete
tor, a 
onversion

vertex where the ele
tron pair is generated is re
onstru
ted. The 
onversion vertex is

used for the primary vertex sele
tion. When a 
onversion vertex is re
onstru
ted at

(zconv, Rconv) in z-R plane, the pseudo-rapidity of photon ηγHPV and the primary vertex

position zHPV are 
al
ulated from the straight line between the 
onversion vertex and

the 
entroids of the energy deposit in the 1st layer of the EM 
alorimeter as illustrated

in Figure 4.1.2b. Therefore ηγHPV and zHPV are obtained with ex
hanging (z2nd, R2nd) to
(zconv, Rconv) in Eq.(4.1.1) as:

ηγHPV = sinh−1

(

zconv − z1st
Rconv −R1st

)

zHPV =
z1stRconv − zconvR1st

Rconv −R1st

(4.1.3)
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Figure 4.1.3: Comparison between the re
onstru
ted primary vertex of the photon by

using the 
alo pointing (a) or the 
alo pointing + 
onversion vertex (b) and the truth

vertex. ztruth is true z position of the primary vertex

Figure 4.1.3b shows the resolution of zHPV. Compared with using only 
alo pointing, the

hybrid method whi
h uses both 
alo pointing and 
onversion vertex implements 1/100
better resolution. This is be
ause the position resolution of the tra
ker is better than that

of energy 
luster, as well as Rconv −R1st ≫ R2nd −R1st. Hen
e the hybrid method is used

for 
onverted photons.

4.1.2.3 Final primary vertex sele
tion

In addition to 
alo pointing and 
onversion vertex, variables of tra
ks whi
h asso
iate to

ea
h primary vertex 
andidates, as well as the beam spot position are also used for the

primary vertex sele
tion for

√
s = 8 TeV analysis. The primary vertex is �nally identi�ed

by 
ombining those variables with a neural network based algorithm [91℄. Four variables

are input parameters to the algorithm:

� The bary
enter of the beam spot and zcalo or zHPV of the two photons. zcalo is used
for un
onverted photons, while zHPV is used for 
onverted photons.

� The sum of the squared momentum

∑

p2T of tra
ks asso
iated with ea
h re
on-

stru
ted vertex

� The s
alar sum of the momentum

∑

pT of tra
ks asso
iated with ea
h re
onstru
ted

vertex

� The di�eren
e in azimuthal angle ∆φ between the dire
tion de�ned by the ve
tor

sum of the tra
ks momenta and the di-photon system.

The neural network algorithm gives s
ores for ea
h primary vertex 
andidate and the

vertex with the highest s
ore is sele
ted as the primary vertex.

For

√
s = 7 TeV analysis, a likelihood with

∑

p2T of ea
h primary vertex 
andidates

is used. The likelihood has signal and ba
kground templates of the

∑

p2T. The primary
vertex is sele
ted with 
ombining the output of the likelihood and zcalo or zHPV.
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Figure 4.1.4: The e�
ien
y of the primary vertex re
onstru
tion as a fun
tion of the di-

photon system transverse momentum pγγT (left), the number of primary verti
es (right).

4.1.3 E�
ien
y of primary vertex sele
tion for di-photon events

Although no threshold is applied to the primary vertex sele
tion for the H → γγ analysis,
the e�
ien
y of �nding the primary vertex within 0.3 mm of the true one is used for a

performan
e estimation. Figure 4.1.4 shows the e�
ien
y in the H → γγ signal samples

for

√
s = 8 TeV analysis. The overall e�
ien
y is 83 %. Converted photons have 10 %

larger e�
ien
y than un
onverted ones be
ause of using 
onversion vertex. The neural

network based algorithm makes the primary vertex sele
tion more robust against pileup

and then in
reases the e�
ien
y 20 % 
ompared to sele
ting a vertex whi
h has the highest

∑

p2T under the

√
s = 8 TeV beam 
ondition. The e�
ien
y in
reases as the di-photon

system transverse momentum in
reases. This is be
ause when the di-photon system is

boosted, some jets are present in the opposite side then the tra
ks of the jets in
rease

∑

p2T,
∑

pT and ∆φ.
The vertex sele
tion is studied in Z → ee de
ays to 
ompare data and MC by removing

the ele
tron tra
ks from the events. These events emulate two un
onverted photon events.

The highest

∑

p2T vertex before ele
tron tra
k removing is used as a referen
e point instead

of the true vertex. Before removing the ele
tron tra
ks, the primary vertex tends to have

the highest

∑

p2T due to the ele
trons from Z boson. In 
ase sele
ting these verti
es, the

e�
ien
y of �nding the primary vertex within 0.3 mm of true one is about 97 %. We

demonstrate in Figure 4.1.5 that the shapes of e�
ien
y 
urves are very similar as that

of H → γγ samples when both photons are not 
onverted in front of the EM 
alorimeter

(Figure 4.1.4). Although the e�
ien
y is slightly low 
ompared with H → γγ samples

be
ause of the di�eren
e of referen
e points, di�erent distributions of

∑

p2T,
∑

pT and ∆φ
between H → γγ and Z → ee events, Figure 4.1.5 demonstrates the data/MC agreement

very well.

4.2 Photon trigger

As des
ribed in Se
tion 2.2.7, the ATLAS trigger system is subdivided in three levels: L1,

L2 and EF. For di-photon events in the H → γγ analysis, di-photon trigger 
hains are

used.
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Figure 4.1.5: The e�
ien
y of the primary vertex re
onstru
tion as a fun
tion of the di-

ele
tron system transverse momentum pγγT (left), the number of primary verti
es (right).

The referen
e point is the highest

∑

p2T vertex before ele
tron tra
k removing. The bla
k

graph shows the e�
ien
y of �nding the primary vertex within 0.3 mm of true one when

the highest

∑

p2T vertex before the ele
tron removing is sele
ted.

The photon sele
tion at L1 is based on energy deposit in the EM 
alorimeter. At L1,

granularity of the 
alorimeter is redu
ed to 0.1× 0.1 in η × φ to manage high frequen
y.

In order to �nd energy 
lusters, programmable thresholds are applied to the 
ells. 4 × 4
sliding window is used towards measuring a lo
al energy maximum. If at least one 
ell in

the 2×2 
ore of the window has larger energy deposit than the threshold, the information

of the window is stored

1

. For

√
s = 8 TeV analysis, at least two 
lusters are required to

pass 12 GeV threshold and additionally one of them is required to pass higher threshold

depends on η.
From L2, full granularity data 0.025× 0.025 in η × φ is used. L2 is seeded by the L1


luster position and builds 3 × 7 re
tangular 
lusters of 
ells in the EM 
alorimeter The

shower shape variables are 
omputed using the 1st and 2nd layer and the 1st layer of the

hadron 
alorimeter. Then L2 imposes the following 
riteria:

� a lower 
ut on the transverse energy of the 
luster.

� an upper 
ut on the energy leakage in the 1st layer of hadroni
 
alorimeter.

� a lower 
ut on the fra
tion of energy deposit in the 1st layer.

� a lower 
ut on the lateral leakage (the ratio of the energy in the 2nd layer in the

3× 7 
luster to the energy in a 7× 7 
luster).

� a lower 
ut on the ratio of the di�eren
e between the energies of the two most

energeti
 
ells to the sum of these two energies.

EF trigger system uses the same tools as the o�ine sele
tion, but is only seeded by

L2 triggered 
lusters. Besides, any tra
ker information is not used for photon EF. The

energies and shower shapes of photons are 
omputed in the same as o�ine analysis whi
h

1

The outer 
ells 
an be used for evaluation of isolation. The 
ells in the hadron 
alorimeter behind

the sliding window 
an be used for hadroni
 leakage measurement. But they are not used so far.
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is des
ribed in the following se
tion. For

√
s = 7 TeV analysis, two photon 
andidates

with ET > 20 GeV are required. On the other hand, ET > 35 GeV and 25 GeV thresholds

are required to leading and sub-leading photons for

√
s = 8 TeV analysis. The variables

of shower shape are as follow:

� the energy leakage in the 1st layer of hadroni
 
alorimeter (Rhad1) (used in |η| < 0.8
and 1.37 < |η|).

� the energy leakage in the all hadroni
 
alorimeter (Rhad) (used in 0.8 < |η| < 1.37).

� the ratio of the energy in the 2nd layer in the 3× 7 
luster to the energy in a 7× 7

luster (Rη).

� the lateral width of the shower (w2) :

√

∑

i Eiη2i
∑

i Ei
−
(

∑

i Eiηi
∑

i Ei

)2

, where Ei is the energy

and ηi is the pseudo-rapidity of 
ell i and the sum is 
al
ulated within a window of

3× 5 
ells.

The e�
ien
y of the di-photon trigger for events ful�lling the �nal event sele
tion is

extra
ted from Bootstrap method, where the e�
ien
y is determined with using samples

whi
h is sele
ted by lower threshold trigger [92℄. For the di-photon trigger used for

√
s = 7

TeV analysis, a sample passing the 14 GeV ET L1 threshold is used. In the H → γγ
analysis, the photon 
andidates are required to pass the identi�
ation 
riteria whi
h is

des
ribed in the following se
tion. Therefore in order to reje
t fake photon 
ontamination,

the e�
ien
y is measured with respe
t to the identi�ed photons. The estimated e�
ien
y

is 98.9± 0.2 % for

√
s = 7 TeV data and 99.6± 0.1 % for

√
s = 8 TeV data [93℄.

4.3 Photon re
onstru
tion pro
edure

In the EM 
alorimeter, photons deposit energy in 
ells of the EM 
alorimeter. These 
ells

are 
lustered and used as a seed for re
onstru
tion. There are three steps in the photon

re
onstru
tion as follows [87℄.

Clustering The transverse energies in 
ells are summed in the η × φ = 0.075 × 0.125
window, whi
h 
orresponds to 3 × 5 
ells, as a fun
tion of the window position (η and

φ). A window with the lo
al maximum transverse energy deposit with ET > 2.5 GeV is

obtained as a seed.

Tra
k mat
hing Tra
k information is used for photon/ele
tron separation and photon


onversion re
onstru
tion.

A Tra
k with pT > 0.5 GeV is mat
hed to a 
lustering window if the tra
k and the


luster are generated from the same 
harged parti
le. For the tra
k-to-
luster mat
hing, a

tra
k traje
tory is extrapolated to the 2nd layer of the EM 
alorimeter. Thus ∆η and ∆φ
are 
al
ulated with the extrapolated point and the bary
enter of a 
luster. The tra
k-to-


luster mat
hing requires ∆η < 0.05 and ∆φ < 0.05 on ea
h side and ∆φ < 0.1 on the side
where the bremsstrahlung losses are expe
ted during the tra
k extrapolation. A 
luster

whi
h has no mat
hed tra
k is re
onstru
ted as an un
onverted photon 
andidate. On the
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other hand, a photon whi
h is 
onverted to an ele
tron-positron pair in the inner dete
tor

is re
onstru
ted as a 
onverted photon. The 
onverted photons are required to have at

least one mat
hed tra
k. However, be
ause the energy deposit of ele
trons are 
lustered

and the 
lusters have mat
hed tra
ks, separation of 
onverted photons and ele
trons is

needed.

For 
onverted photons, 
onversion verti
es, where an ele
tron-positron pair is pro-

du
ed, are re
onstru
ted in the inner dete
tor. Conversion verti
es with two tra
ks are

re
onstru
ted by performing a 
onstrained vertex �t with using the tra
k parameters of

the two parti
ipating ele
trons under the 
ondition that the photon is a massless parti-


le. If both of tra
ks are mat
hed to window 
lusters, these obje
ts are re
onstru
ted

as double-tra
k 
onverted photons. By 
ontrast, sometimes one of the two produ
ed ele
-

tron tra
ks failed to be re
onstru
ted. This o

urs when one of them is too soft to be

re
onstru
ted, or when the two tra
ks are too 
lose to be distinguished. In this 
ase, a


onversion vertex with one ele
tron tra
k is re
onstru
ted at a point of the �rst measure-

ment of the parti
ipating tra
k. The 
onversion vertex is required to be out the innermost

layer of the Pixel dete
tor. Consequently, in the same way as the double-tra
k 
onverted

photons, these obje
ts are re
onstru
ted as single-tra
k 
onverted photons if the tra
k is

mat
hed to a window 
luster. When a 
luster is not re
onstru
ted un
onverted photons

or 
onverted photons, it is re
onstru
ted as ele
trons. The tra
k mat
hing is illustrated

in Figure 4.3.1.

Re-
lustering Finally re-
lustering is applied to photon 
andidates. The 
lustering

window is 
entered on the energy bary
enter de�ned by the previous 
luster. In the end
ap

of the EM 
alorimeter, the window size is ∆η × ∆φ = 0.125 × 0.125 whi
h 
orresponds

to 5× 5 
ells. In the barrel of the EM 
alorimeter, 3× 5 window is used for un
onverted

photon 
andidates, while 3×7 for 
onverted photon 
andidates be
ause the magneti
 �eld
bents the 
onversion tra
k traje
tories in φ dire
tion.

4.4 Photon identi�
ation

Re
onstru
ted photon 
andidates are 
ontaminated with QCD jets. Genuine photons

have more lo
alized energy deposit than jets. Therefore the jets are reje
ted by photon

identi�
ation based on the shower shape in the 
alorimeter. The jets in
lude less inter-

a
tive parti
les than photons in the EM 
alorimeter, hen
e they have larger longitudinal

leakage to the hadroni
 
alorimeter. Fake photons due to jets have wider shower shape

than photons be
ause π0
de
ays produ
e two photons and be
ause other parti
les in the

jets have energy deposits in the EM 
alorimeter. Figure XXX illustrates the di�eren
e

of shower shapes between photons and π0
. The 1st layer of the EM 
alorimeter has the

�ne granularity in η (Table 2.2.6), and then the shower width in the 1st layer has strong

reje
tion power to π0
de
ays. Based on these di�eren
es of shower shape, ten variables

are 
omputed with energy 
luster of photon 
andidates as shown in Table 4.4.1. The

variables of shower shape in MC are res
aled with Fudge fa
tors to agree with those in

data.

The distribution of the ten variables are shown in Figure 4.4.2 and 4.4.3 with using

Z + γ events. High purity photon sample in Z → llγ events is labeled as FSR, while fake

photon enri
hed sample is labeled as ISR. The photon purity in the ISR sample is 8.4 %
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Figure 4.4.1: Illustration of di�eren
e of shower shapes between photons and π0
.
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Category Des
ription Name

Hadroni
 leakage Ratio of ET in the �rst sampling of the hadroni
 Rhad1


alorimeter to ET of the EM 
luster

(used in |η| < 0.8 and 1.37 < |η|)
Ratio of ET in all the hadroni
 
alorimeter to ET of Rhad

the EM 
luster (used in 0.8 < |η| < 1.37)
EM 2nd layer Ratio in η of 
ell energies in 3× 7 versus 7× 7 
ells Rη

Lateral width:

√

∑

i Eiη2i
∑

i Ei
−
(

∑

i Eiηi
∑

i Ei

)2

w2

Ratio in φ of 
ell energies in 3× 3 versus 3× 7 
ells Rφ

EM 1st layer Shower width for three strips around maximum strip ws3
√

∑3
i (i−imax)

2Ei
∑3

i Ei
(imax is the maximum strip index)

Total lateral shower width wstot
√

∑

i(i−imax)
2Ei

∑

i Ei

Fra
tion of energy outside 
ore of three 
entral strips Fside

but within seven strips

Di�eren
e between the se
ond largest energy of the ∆E
strip and the the smallest energy of the strip between

the two leading strips

Ratio of energy di�eren
e between the �rst and Eratio

the se
ond maximum to total energy

E1max−E2max

E1max+E2max

Table 4.4.1: Variables for photon identi�
ation to reje
t fake photons due to π0 → γγ.
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Variable Un
onverted photons Converted photons

Rhad1 < 0.02 for ET < 80 GeV
< 0.01825 for ET > 80 GeV

Rη > 0.92

Rφ > 0.93 > 0.57

w2 < 0.011

wstot < 3.0 < 2.8

ws3 < 0.67 < 0.73

Fside < 0.28 < 0.33

∆E < 0.18 GeV < 0.16 GeV

Eratio > 0.80 > 0.85

Table 4.4.2: Thresholds for shower shape variables used to identify photons in |η| < 0.6
for

√
s = 8 TeV analysis.

in

√
s = 8 TeV data. The de�nitions of these samples are des
ribed in Se
tion 5.1. The

shower variables in MC are res
aled with the Fudge fa
tors obtained from the 
omparison

between data and MC. Before the 
orre
tion, the shower depth in MC is narrower than

that in data. After res
aling with the Fudge fa
tors in MC, the photon shower shapes

in data and MC agree well. Compared with fake photons, genuine photons have narrow

width and small leakage from the EM 
alorimeter as expe
ted.

For

√
s = 7 TeV analysis, a neural net based identi�
ation is used. The ten variables

are used as input parameters to the neural net. The neural net is trained in single photon

MC simulation. For

√
s = 8 TeV, be
ause the pileup 
ondition is high, the neural net

based identi�
ation has large systemati
 un
ertainty. A

ordingly, 
ut based 
riteria are

used for

√
s = 8 TeV. The 
ut thresholds are optimized in |η| bin, while no photon ET

dependen
e is introdu
ed ex
ept for the hadroni
 leakage. Table 4.4.2 shows the thresholds

for the shower shape variables for photons in |η| < 0.6 as an example.

4.5 Calibration of photon

Energies of photons and ele
trons are measured by the EM 
alorimeter with the 
luster

window. However parti
les deposit their energy not only in the a
tive medium of the

EM 
alorimeter but also out of 
lusters as well as in dead material. These energy losses

are 
orre
ted in both data and MC with Calibration hits method. The remaining energy

di�eren
e between data and MC is 
orre
ted with 
omparison of Z line shapes.

4.5.1 Calibration hits method

This method is based on MC based studies of energy deposits in both the uninstrumented

and instrumented parts of the dete
tor. It uses the 
luster position and shower shape

in the EM 
alorimeter. Through the 
orre
tion, �ve 
orre
tions are applied: energy loss

in front of the 
alorimeter, sampling fra
tion, lateral and longitudinal leakage, as well as

energy modulation. The energy is re
onstru
ted with the following formula:

E = Efront + EAcc × Fsampling × Flongitudinal × Flateral × Fmod (4.5.1)
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Figure 4.4.2: Shower shape variables for the photon identi�
ation in

√
s = 8 TeV data.

FF means res
aled with Fudge fa
tors. In the ratio plots, FSR events in data and res
aled

(pink) or not-res
aled (lightgreen) MC are 
ompared.
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Figure 4.4.3: Shower shape variables for the photon identi�
ation. FF means res
aled

with Fudge fa
tors. In the ratio plots, FSR events in data and res
aled (pink) or not-

res
aled (light green) MC are 
ompared.
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where Efront is the energy deposit in front the of the 
alorimeter, EAcc is sum of energies

in 1st, 2nd and 3rd layers, 
alled A

ordion energy be
ause of their geometries, Fsampling is


orre
tion fa
tor to the A

ordion sampling fra
tion in the 
luster, Flongitudinal is 
orre
tion

fa
tor for the longitudinal leakage, Flateral is fa
tor of the lateral leakage 
orre
tion, and

Fmod is energy 
orre
tion depending on the impa
t point inside a 
ell.

Efront depends on the part of the 
luster energy measured in the presampler (Eps),

EAcc and η. Efront is expressed as follows:

Efront = a (EAcc, |η|) + Eps × b (EAcc, |η|) + E2
ps × c (EAcc, |η|) (4.5.2)

where a, b and c are parameters determined as a fun
tion of EAcc and |η|. For |η| > 1.8,
sin
e this region is not 
overed with the presampler, Efront is parametrized as a fun
tion

of the shower longitudinal bary
enter 
omputed with the information given by the three

layers only.

Fsampling, Flonditudinal and Flateral are parametrized as a fun
tion of X and η, where X
is the longitudinal bary
enter of the shower (Shower depth) de�ned by:

X =

∑3
i=0EiXi
∑3

i=0Ei

(4.5.3)

where Ei is the energy deposit measured in the presampler (i = 0) and the three layers

(i = 1, 2, 3), as well as Xi is the depth, expressed in radiation length, of the longitudinal


enter of ea
h 
omponent from the 
enter of the ATLAS dete
tor (R = 0). Xi is a fun
tion

of η.
The amount of the absorber material is modulated in φ and η depending on the position

inside a 
ell due to the a

ordion geometry. Consequently, EAcc is also modulated in φ
and η. The fa
tor Fmod = Fmod (φ, η) 
orre
ts the modulation.

The energy 
orre
tion with the Calibration hits method is applied in both data and

MC

4.5.2 Energy 
orre
tion in data

After the MC based 
orre
tion, the energies of photons and ele
trons in data are 
orre
ted

to mat
h those in MC with using the invariant mass distributions of Z → ee peak. The
invariant mass of a re
onstru
ted Z → ee is 
omputed as:

m12 =
√

2E1E2 (1− cos∆θ12) (4.5.4)

where E1 and E2 are the ele
tron energies measured with the EM 
alorimeter, as well as

∆θ12 is the opening angle of the two ele
trons measured by the ID. Residual mis
alibration
in data to be 
orre
ted is parametrized by α:

Erec = Etrue (1 + α) (4.5.5)

where Erec and Etrue are the re
onstru
ted and initial energies, respe
tively. α is estimated

in 34 η bins, without any ET bin. Negle
ting se
ond-order terms and supposing that the

angle between the two ele
trons is perfe
tly known, the e�e
t on the di-ele
tron invariant

mass is:

mrec
ij = mtrue

ij

(

1 +
αi + αj

2

)

(4.5.6)
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Figure 4.5.1: Estimated energy 
orre
tion fa
tor(a) and smearing fa
tor (b) for

√
s = 8

TeV analysis.

where mrec
is the measured di-ele
tron mass, mtrue

is the invariant mass 
omputed from

true energies and αi represents the α in a i-th η bin. Be
ause the α values in two di�erent

η bins shift the invariant mass, the αi 
annot be estimated individually. The following

unbinned likelihood is introdu
ed in order to estimate the value of α :

− lnLtot =

Nevt
∑

k

− lnLij

(

mk

(

1 +
αi + αj

2

)−1
)

(4.5.7)

where Nevt is the total number of sele
ted events and L (m) is the probability density

fun
tion (PDF) of the invariant mass m. The PDF is an expe
ted Z boson line shape

when ele
trons fall in i- and j-th η bins respe
tively. It is obtained from the MC sim-

ulation, whi
h takes into a

ount some impa
ts on the Z line shape: theoreti
al ones

like relativisti
 Breit-Wigner shape, γ∗ 
ontribution, Z − γ∗ interferen
e, parton density

fun
tion, and �nal state radiation, as well as experimental ones like dete
tor resolution,

e�e
t of the bremsstrahlung. Thus the α of ea
h η bin are estimated with the maximum

likelihood �t. The PDF is 
omputed with di-ele
tron mass within [70, 110℄ GeV, and the

likelihood �t is performed in [80, 100℄ GeV. Figure 4.5.1a shows the estimated α values

for

√
s = 8 TeV analysis.

Thus the s
ale fa
tor (1 + α)−1
is applied to energy in data:

E → E ′ =
Erec

1 + α
(4.5.8)

Note that α is applied not only to ele
trons but also to photons.

As des
ribed in Se
tion 3.2, the energy smearing for MC simulation is also derived

from 
omparison of the Z → ee peaks in data and MC. The smearing fa
tor (β) is de�ned
as:

E → E ′ = Erec ×G(1, β) (4.5.9)

where G(µ, σ) is a random number followed by a Gaussian fun
tion with mean µ and

varian
e σ2
. The values of β are determined by the likelihood �t in the same way as
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Figure 4.5.2: Invariant mass of di-ele
tron (mee). The sele
ted ele
trons with opposite


harges are required to have pT>25, 20 GeV and |η| < 2.47.

energy s
ale. Figure 4.5.1b shows the estimated β values for

√
s = 8 TeV analysis. Figure

4.5.2 shows the Z line shapes after applying the energy s
ale α to data as well as energy

smearing to MC. The shapes in data and MC agree very well.

4.6 Dire
tion of photon

Photon dire
tion is determined from the straight line between the bary
enter of the energy

deposit in the 1st layer of the EM 
alorimeter and the primary vertex as des
ribed in

Se
tion 4.1.

The dire
tion determination of photons is 
ru
ial for the resolution of Higgs mass

be
ause the opening angle of the two photons (∆θ) is used in the 
al
ulation of their

invariant mass:

mγγ =
√

2Eγ1Eγ2 (1− cos∆θ) (4.6.1)

where Eγ1(2)
is the energy of a photon. The opening angle is 
al
ulated from the pseudo-

rapidity η and the azimuthal angle φ of the photons. Eq.(4.6.1) is rewritten as follows:

mγγ =

√

2Eγ1Eγ2

cosh ηγ1 cosh ηγ2
[cosh (ηγ1 − ηγ2)− cos (φγ1 − φγ2)] (4.6.2)

where ηγ1(2) and φγ1(2)
are the pseudo-rapidity and the azimuthal angle of a photon. η

and φ are determined using the traje
tories of the photons.

The resolution of η is determined by the determination of primary vertex sele
tion.

When the bary
enter of beam spot is assumed as a primary vertex, the resolution of

primary vertex is 45 mm in

√
s = 8 TeV data. In this 
ase, the degradation of the η

resolution of photons is 0.03, and then the mass resolution is degraded 1.5 % by the η
resolution. The mγγ resolution improves 23 % (19 %) when using the neural network

based algorithm (

∑

p2T max) 
ompared with using a bary
enter of beam spot as shown

in Figure 4.6.1.
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Figure 4.6.1: Distributions of the expe
ted di-photon invariant mass for ggF signal events

as a fun
tion of the algorithm of the primary vertex sele
tion.

Tra
k momentum pT > 1 GeV
Transverse impa
t parameter d0 < 1.5 mm
Longitudinal impa
t parameter z0 sin θ < 15 mm
Inner dete
tor hit Si hits(Pixel + SCT) ≥ 9
B-layer B-layer hit (if expe
ted)

Self-tra
k ex
lusion Ex
lude 
onversion tra
ks of the photon

Table 4.7.1: Tra
k sele
tion for photon tra
k isolation. z0 and θ are with respe
t to

re
onstru
ted primary vertex in di-photon events.

4.7 Tra
k isolation

Traje
tories of photons from a de
ay of a Higgs boson are well isolated from tra
ks of


harged parti
les. In 
ontrast, a fake photon in a jet 
an be
ome distin
t due to the

existen
e of 
harged parti
le tra
ks in the jet. This feature separates photons from fake

photons in jets. The degree of the isolation is measured with a variable tra
k isolation. The

presen
e of pileup jets whi
h are from pileup verti
es de
reases the separation power of the

tra
k isolation. A

ordingly, tra
ks used for 
al
ulation of the tra
k isolation are required

to have small impa
t parameters so as to reje
t the in�uen
e of pileup jets. A

urate

measurement of the impa
t parameters needs pre
ise determination of the primary vertex.

When any sele
tions for impa
t parameters are not applied, the tra
k isolation has looser

pileup robustness than the energy 
luster based isolation in the EM 
alorimeter. Therefore

the primary vertex re
onstru
tion is important for reje
tion of ba
kground events in whi
h

jets fake photons. The de�nition of the tra
k isolation is the s
alar sum of pT of tra
ks that

pass the sele
tion on Table 4.7.1 and within a 
one around the photon. The sele
tion is

optimized on MC to get best signal-ba
kground separation and pileup robustness. Be
ause

one of the advantages of the tra
k isolation is pileup robustness, the tra
k isolation is only

used for

√
s = 8 TeV analysis where pileup is high. The tra
k isolation for photon is 
alled

pTconeX where X is 
one size (∆R =
√

∆η2 +∆φ2
) times 100. For the H → γγ analysis

X = 20 is sele
ted.
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4.8 Calorimeter isolation

The 
alorimeter isolation uses energy 
lusters in the 
alorimeter. Not only 
harged obje
ts

but also neutral obje
ts are taken into a

ount unlike the tra
k isolation. Thus the


alorimeter isolation have stronger separation photons from fake photons than the tra
k

isolation under low pileup 
ondition.

The 
alorimeter isolation ETcone40, is de�ned as the s
alar sum of transverse energy

of 
lusters in a 
one of ∆R = 0.4 ex
ept η × φ = 5 × 7 re
tangular 
ore 
entered on the

obje
t.

Topologi
al 
lustering Topologi
al 
lustering is used for 
al
ulating the isolation. The

basi
 idea is extending a 
luster to neighbor 
ells when the 
ells have signi�
ant energy

deposit. More pre
isely, a 
ell that has Ecell > 4σnoise 
an be a seed of a 
luster where

Ecell is the energy deposit in the 
ell and σcell is the noise of the 
ell. If a 
ell next to the
edge of a 
luster satis�es Ecell > 2σnoise, the 
ell is newly in
luded in the 
luster. This

operation is repeated until the 
luster are unable to be extended further.

Leakage 
orre
tion The lateral leakage to the 
ore from the 
one from the outside of

the 
ore be
omes larger as the energy of the photon 
andidates in
reases. This is 
orre
ted

as a fun
tion of η, ET and 
onversion status of the photon, whi
h is de�ned from MC

samples.

Pileup 
orre
tion The performan
e of the 
alorimeter isolation is improved by sub-

tra
ting the energies of pileup jets be
ause only a
tivities from a primary vertex 
ontribute

to photon-jet separation. The 
orre
tion fa
tor is 
omputed from estimation of energy

density surround the 
one.
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Chapter 5

Measurements of photon performan
e

with Z → ℓℓγ

5.1 Event sele
tion

The measurements of the photon performan
e of the ATLAS dete
tor is 
ru
ial for the

H → γγ analysis. The Z → ℓℓγ pro
ess, where a Z boson de
ays into a pair of leptons (µ
or e) and one of the leptons emit a �nal state radiation (FSR) photon, provides photon


andidates in data with a high purity. In this 
hapter, the estimation of photon energy

s
ale, photon identi�
ation e�
ien
y, isolation e�
ien
y and 
onversion fra
tion with the

Z → ℓℓγ are des
ribed.

The mass of the Z boson 
an be re
onstru
ted by not mℓℓ but mℓℓγ. On the other

hand, initial state radiation (ISR) jets 
an be removed by requirements for mℓℓγ and mℓℓ.

This feature strongly in
reases the purity of photons.

To sele
t eeγ events single lepton triggers are used sin
e they have higher e�
ien
ies

than di-lepton triggers. This is be
ause sub-leading leptons tend to have small pT due

to emitting hard FSR photons. For the Z → eeγ analysis, single ele
tron triggers are

used. For

√
s = 7 TeV analysis, three di�erent single ele
tron triggers are used one after

the other as the luminosity in
rease. The triggered ele
tron is identi�ed by requiring the

EM shower shape and tra
k-
luster mat
hing. The mat
hed tra
k is required to have

enough hits in the inner dete
tor and have small transverse impa
t parameter (< 5 mm).
The triggered ele
tron pT threshold is 20 GeV for lower luminosity run, while 22 GeV for

q

�q

`

�

`
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?

�q

q
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?
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�
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Figure 5.1.1: Diagrams of Z + γ events: FSR (left) and ISR (right)
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Lepton requirement At least 2 opposite 
harged leptons passing the lepton

sele
tion

Photon requirement At least 1 photon passing the photon identi�
ation

Photon isolation ETcone40 < 4 GeV

Photon ET ET > 15 GeV for leading photon

Photon pseudo-rapidity |η| < 1.37 or 1.56 < |η| < 2.37
Lepton pT pT > 25/15 GeV for leading/sub-leading lepton

ISR reje
tion 45 < mℓℓ < 85 GeV
Z mass 80 < mℓℓγ < 100 GeV
Overlap removal Photon and its 
losest ele
tron (muon) must have

∆R > 0.4 (0.2)

Table 5.1.1: Event sele
tion for Z → ℓℓγ analysis.

higher luminosity run. For

√
s = 8 TeV analysis, the pT threshold is in
reased to 24 GeV.

In addition, tra
k isolation is required to the triggered ele
tron. On the other hand, in

the Z → µµγ analysis, single muon triggers are used. The triggered muon is required

to have good tra
k quality in the muon spe
trometers. The pT threshold of the muon

trigger for

√
s = 7 TeV is 18 GeV. For

√
s = 8 TeV analysis, two triggers are used in OR


ondition. One requires isolation 
riteria to the muon and uses a pT threshold of 24 GeV.

The other does not require any isolation 
riteria but uses a 36 GeV pT threshold. The

o�-line event sele
tion is shown in Table 5.1.1. The re
onstru
tion of ele
trons and muons

are des
ribed in Appendix B and C. Photons in the transition region between the barrel

and the end
ap 
alorimeters (1.37 < |η| < 1.56) are removed be
ause the transition region
has high fake rate of jet→photon. The events that have mll ∼ mZ are removed in order to

reje
t initial state radiation (ISR) events (Z+ jets or Z+ ISR photons). In the Z → eeγ

hannel, the wider ∆R is used for overlap removal with leptons than Z → µµγ. This

is be
ause ele
trons very 
lose to photons in
rease the 
alorimeter isolation of photons.

The number of sele
ted events is 3795 (16544) in Z → eeγ 
hannel and 6452 (20877) in

Z → µµγ 
hannel in

√
s = 7 (8) TeV data.

5.1.1 Z + jet ba
kground

The main ba
kground of Z → ℓℓγ events is Z + jet events, where π0
s in ISR jets fake

photons. Be
ause the fake photons have di�erent energy s
ale 
ompared with genuine

photons, Z + jet events have an impa
t on the measurement of photon s
ale. FSR events

are also 
ontaminated by Z+ISR photon events. However sin
e the Z+ISR photon events

have genuine photons, they only in
rease the high mass tail in mℓℓγ distributions and do

not a�e
t the photon s
ale measurement. Therefore Z + ISR photon events are treated

as signal.

The fra
tion of Z + jet events is estimated with 
omparing isolation distributions

between genuine photons and fake photons in an ISR 
ontrol region. The 
ontrol region

is de�ned by the event sele
tion same as FSR sele
tion ex
ept the following requirements:

� the isolation 
ut to photons is removed

� the invariant mass 
uts are modi�ed to 80 < mℓℓ < 100 GeV and 105 < mℓℓγ GeV
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Figure 5.1.2: FSR and ISR regions in mµµγ-mµµ plane in

√
s = 8 TeV data. Isolation


riteria are required.
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Figure 5.1.3: Isolation distribution in the ISR 
ontrol region after the template �t in√
s = 8 TeV data.

Figure 5.1.2 shows FSR and ISR regions inmµµγ vs. mµµ plane. The normalization fa
tors

for MC events are obtained from a template �t with the 
alorimeter isolation distribution

in the 
ontrol region in data as shown in Figure 5.1.3. The templates are obtained from

Z → ℓℓγ and Z+jet MC. From the �t result, the purity of photons in the FSR region is

estimated to be 99.6 %. Figure 5.1.4 shows mℓℓγ distributions. The ET and η distributions
of sele
ted photons in Z → ℓℓγ events are shown in Figure 5.1.5.

5.2 Photon energy s
ale

The 
alibration obtained from Z → ee events is applied not only to ele
trons but also

to photons. The di�eren
es between ele
trons and photons on the energy 
alibration are

taken into a

ount based only on the MC simulation. Then the energy 
alibration for

genuine photons with respe
t to the 
alibration for ele
trons is the remaining un
ertainty.

A 
he
k of the photon energy 
alibration with pure photon samples is ne
essary to assure
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Figure 5.1.4: Three-body invariant mass mℓℓγ distribution in the FSR region in

√
s = 8

TeV data.
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the EM 
alorimeter performan
e for the H → γγ analysis. This se
tion des
ribes a

data-driven measurement of photon energy s
ale with Z → ℓℓγ events.

A photon energy s
ale fa
tor α is applied to photons in Z → ℓℓγ events in data after

applying all energy 
orre
tions as a probe to 
he
k that photons in data have the same

s
ale as MC.

Eγ,Data → E ′
γ,Data (α) =

Eγ,Data

1 + α
(5.2.1)

α is binned in η, ET and 
onversion status of photons. For

√
s = 8 TeV analysis, η, ET

and 
onversion status binning are used.

� 4 bins in η: |η| = {0, 0.6, 1.37, 1.56, 1.82, 2.37} without the 
ra
k region {1.37, 1.56}.

� 3 bins in ET: ET = {15, 20, 30, 100} GeV.

� 3 bins in 
onversion status: un
onverted, 1-tra
k 
onverted and 2-tra
k 
onverted

photon

For

√
s = 7 TeV analysis, only 2 
onversion bins are used be
ause of small statisti
s.

� 2 bins in 
onversion status: un
onverted and 
onverted photon

After applying α in data, the three-body invariant mass is re
al
ulated (mℓℓγ (α)) written
as the following equation shows:

mℓℓγ → mℓℓγ (α) ≃ mℓℓγ

[

1− α

2

(

1−
(

mℓℓ

mℓℓγ

)2
)]

(5.2.2)

where mℓℓ is the invariant mass of di-lepton in the FSR events. The distributions of

mℓℓγ (α) is 
ompared to MC by 
hanging theα value and the best value of α is estimated

su
h that data and MC agree well. If the best agreement of the distributions in data and

MC is given by α = 0, the energy s
ale of photons is well 
alibrated by the ele
tron energy

alibration. We have the following three methods for estimation of the best value of α.

Ratio method In this method, the peak positions ofmℓℓγ in data and MC are measured

with Gaussian �ts. For di�erent value of α, the re
omputed distribution is �tted in data.

The �t range is ±1.5σ around the peak, where σ denotes the deviation of the Gaussian. In
addition to mℓℓγ, the mℓℓ peak in non-radiative Z de
ay events (mnon−rad

ℓℓ ) are also �tted

with a Gaussian in order to suppress an in�uen
e of lepton s
ale un
ertainty.

After the Gaussian �ts to mℓℓγ and mℓℓ, the ratio 〈mℓℓγ (α)〉 /
〈

mnon−rad
ℓℓ

〉

are 
ompared

between data and MC, where 〈X〉 is the peak position of X . When a value of α is applied

to data as Eq.(5.2.1) shows, the ratio is shifted as:

mℓℓγ
〈

mnon−rad
ℓℓ

〉 → mℓℓγ (α)
〈

mnon−rad
ℓℓ

〉 ≃ mℓℓγ
〈

mnon−rad
ℓℓ

〉

[

1− α

2

(

1−
(

mℓℓ

mℓℓγ

)2
)]

(5.2.3)

The best value of α is estimated su
h that the double-ratio R = 1 whi
h is de�ned as:
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Figure 5.2.1: Distribution of R. The best �t value of α is estimated from the point at

R = 1.

R ≡
〈mℓℓγ (α)〉Data /

〈

mnon−rad
ℓℓ

〉

Data

〈mℓℓγ〉MC /
〈

mnon−rad
ℓℓ

〉

MC

(5.2.4)

Statisti
s error of α is 
al
ulated by propagating the errors of 〈mℓℓγ〉 and
〈

mnon−rad
ℓℓ

〉

to

R. Figure 5.2.1 shows the distribution of R. The distribution R is obtained to be a

linear fun
tion of α, and the slope is ∼ 0.25. The slope is determined by (mℓℓ/mℓℓγ) in
Eq.(5.2.3).

χ2
method In this method, the best value of α is estimated by minimizing χ2

whi
h

represents the degree of agreement ofmℓℓγ shapes between data and MC. One of the merits

of the χ2
method is that the best α 
an be estimated without assuming any fun
tion to

the invariant mass distribution. χ2
is 
al
ulated for ea
h α by 
omparing the histograms

of mℓℓγ.

χ2 (α) ≡
nbin
∑

i

(NData, i (α)−NMC, i)
2

σ2
Data, i (α) + σ2

MC, i

(5.2.5)

where i is the bin label of the histogram, Ni is the number of events and σi is the error
in ea
h bin. χ2 (α) is minimized by the best agreement of the distributions. When the

shape of the histograms are des
ribed by Gaussian, χ2 (α) follows parabola distribution.
But be
ause the a
tual shapes are asymmetri
al distributions due to some kinemati
 
uts,

asymmetri
 parabola well des
ribes χ2 (α).

χ2 (α) =







(α−αbest)
2

σ2
R

+ χ2
min α > αmin

(α−αbest)
2

σ2
L

+ χ2
min α ≤ αmin

(5.2.6)

where σR(L) 
orresponds to the statisti
al upper(lower) error of α and αbest is the best �t

value of α. The distribution of χ2 (α) is �tted with the asymmetri
 parabola. All param-

eters in Eq.(5.2.6) are �oating in the �t. Figure 5.2.2 is an illustration of χ2
distribution.

E/p method for double-tra
k 
onverted photon When a photon is re
onstru
ted

as a double-tra
k 
onverted photon, the sum of momentum of the two 
onversion tra
ks
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Figure 5.2.2: Illustration of χ2
. The best �t value of α is measured form the mini-

mum point (χ2 (αbest) = χ2
min). The upper error of α (σα) is estimated the point where

χ2 (αbest + σα) = χ2
min + 1.
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Figure 5.2.3: Distribution of E/p of double-tra
k 
onverted photons in

√
s = 8 TeV data.

pγ ≡ |~pconv1 + ~pconv2| is equal to the energy of the 
onverted photon Eγ . The pγ is a good
referen
e to the Eγ be
ause the performan
e of the inner tra
ker is well studied [94℄. A

distribution of Eγ/pγ has sharp Gaussian peak around 1, hen
e the energy s
ale of double-
tra
k 
onverted photons 
an be estimated with Gaussian �tting to the Eγ/pγ distribution.
The photon s
ale α in Eq.(5.2.1) is determined su
h that 〈Eγ (α) /pγ〉Data = 〈Eγ/pγ〉MC,

where 〈Eγ/pγ〉 represents the mean of the Gaussian. The �t range is −1.5σ to +1σ around
the peak, where σ is the deviation of the Gaussian. The distribution of E/p is shown in

Figure 5.2.3.

5.2.1 Correlation of energy s
ales between photons and ele
trons

Both ele
tron and photon energies are measured with the EM 
alorimeter. Consequently,

the mis
alibration should be 
orrelated between ele
trons and photons. However, it is

di�
ult to estimate the 
orrelation 
oe�
ient exa
tly. A

ordingly, in Z → eeγ mode,

photons are assumed to be un
orrelated with ele
trons.

In 
ase ele
trons and photons are fully 
orrelated and have a 
ommon bias ∆ for their

energies, the energies of ele
trons and photons are sifted as Ee → Ee (∆) = Ee (1 + ∆)
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and Eγ → Eγ (∆) = Eγ (1 + ∆). Hen
e the peak position of meeγ is shifted as:

meeγ → mcorr
eeγ (∆) = meeγ (1 + ∆) (5.2.7)

In this 
ase, energy s
ale α is applied not only to photons but also to ele
trons:

meeγ → mcorr
eeγ (α) =

meeγ

1 + α
(5.2.8)

From a requirement that α 
an
els the shift of meeγ by ∆, α = ∆ is obtained. On the

other hand when they are un
orrelated and ele
trons have a bias ∆, meeγ is shifted as:

meeγ → muncorr
eeγ (∆) ≃ meeγ

[

1 +
∆

2

(

1 +

(

mee

meeγ

)2
)]

∼ meeγ (1 + 0.75∆) (5.2.9)

In the last term, an approximation mee/meeγ ∼ 0.7 is used. Sin
e energy s
ale α is

applied only to photons in this 
ase, meeγ is shifted as Eq.(5.2.2). From a 
omparison

with Eq.(5.2.9), α ∼ 3∆ is obtained. Thus the best �t value of α in un
orrelated model

is about three times larger than full 
orrelated model. Therefore the un
orrelated model

is 
onservative.

5.2.2 Systemati
 un
ertainty

5.2.2.1 Lepton energy s
ale

The peak position of mℓℓγ is sensitive to the un
ertainty of lepton energy s
ale. If lep-

ton energy s
ale is shifted by ∆, as Eℓ → Eℓ (∆) = Eℓ (1 + ∆), mℓℓγ and the ratio

mℓℓγ/
〈

mnon−rad
ℓℓ

〉

are shifted as:

mℓℓlγ → mℓℓγ (∆) ≃ mℓℓγ

[

1 +
∆

2

(

1 +

(

mℓℓ

mℓℓγ

)2
)]

mℓℓγ
〈

mnon−rad
ℓℓ

〉 → mℓℓγ (∆)
〈

mnon−rad
ℓℓ (∆)

〉 ≃ mℓℓγ
〈

mnon−rad
ℓℓ

〉

[

1− ∆

2

(

1−
(

mℓℓ

mℓℓγ

)2
)]

(5.2.10)

Be
ause mℓℓ/mℓℓγ ∼ 0.7 in the sele
ted FSR events, Eq.(5.2.10) 
an be written approxi-

mately as:

mℓℓγ (∆) ∼mℓℓγ (1 + 0.75∆)

mℓℓγ (∆)
〈

mnon−rad
ℓℓ (∆)

〉 ∼ mℓℓγ
〈

mnon−rad
ℓℓ

〉 (1− 0.25∆)
(5.2.11)

This is why the ratio 
an suppress the lepton s
ale un
ertainty.

The systemati
 un
ertainty on α due to the lepton s
ale un
ertainty is evaluated with

shifting lepton energies by their un
ertainties. The error of muon s
ale is provided by


omparing the peak positions of Z resonan
e between data and MC. The ele
tron s
ale

errors are the un
ertainty of energy 
orre
tion using Z line shapes, the un
ertainty of

the material mapping in the inner dete
tor and the presampler energy s
ale. The photon

energy s
ale un
ertainties due to lepton s
ale are 0.1% for muons and 0.4% for ele
trons.
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Conversion Method α
Un
onverted Ratio 0.001 ±0.003 (stat.) ±0.002 (syst.)

χ2
0.001 ±0.002 (stat.) ±0.003 (syst.)

Converted Ratio -0.005 ±0.005 (stat.) ±0.002 (syst.)
χ2

0.003 ±0.005 (stat.) ±0.005 (syst.)

Table 5.2.1: Photon energy s
ale for

√
s = 7 TeV data.

5.2.2.2 Z + jet 
ontamination

The fra
tion of Z+jet ba
kground is determined by the signal and ba
kground samples

whi
h is normalized with a template �t as des
ribed in Se
tion 5.1.1. The signal nor-

malization fa
tor 
an also be determined from very high purity mass region in the FSR

events (80 < mℓℓγ < 90 GeV) as in Figure 5.1.4. The di�eren
e of above two normal-

ization fa
tors, assumed as the un
ertainty of the fa
tor, is 11%. This is so small that

it does not in�uen
e on photon s
ale measurement. However, the un
ertainty of energy

s
ale of fake photon have to be taken into a

ount. The systemati
 error due to Z+jet

ontamination is estimated to be < 4× 10−4

by 
omparing photon energy s
ales between

only using genuine photons and adding fake photons in MC.

5.2.2.3 Ele
tron ↔ photon 
onfusion

Mismat
hing tra
ks to energy 
lusters in the EM 
alorimeter 
an 
ause ele
tron↔ photon


onfusion. When one of the ele
trons from Z boson is 
onfused with a FSR photon, mℓℓγ

is slightly shifted due to the di�eren
e of 
alibration between ele
trons and photons.

The impa
t of ele
tron ↔ photon 
onfusion is estimated with ex
hanging energy s
ales

between the ele
tron that emit the photon and the emitted photon to be less than 10−4
.

The radiative ele
tron is 
hosen by requiring smaller ∆R from the photon than the other

among leading two ele
trons.

5.2.3 Results

The photon energy s
ale α is estimated by the Ratio method, χ2
method and the E/p

method. The estimated photon s
ale α for

√
s = 7 data set is shown in Table 5.2.1, while

α for

√
s = 8 data set is shown in Figure 5.2.4 and 5.2.5. α is 
onsistent with 0 in all bins.

Therefore photons are well 
alibrated. Table 5.2.2 and 5.2.3 summarize the systemati


un
ertainties of α. The largest 
ontribution 
omes from lepton s
ale un
ertainties. The

total un
ertainties are about 1 %. They are slightly larger than the un
ertainties in the

MC based 
alibration. Therefore the estimated photon energy s
ales are not used for �nal

results. Nevertheless this is very important 
ross 
he
k with the data-driven method.

5.3 Photon identi�
ation e�
ien
y

The shape of shower development of photons in the EM 
alorimeter is used for the photon

identi�
ation in order to separate photons from jets as des
ribed in Se
tion 4.4. The
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Systemati
 un
ertainty sour
e ∆αRatio ∆αχ2

Ele
tron s
ale Energy 
orre
tion using Z line shape 2.9× 10−3 1.8× 10−2

Material mapping 3.0× 10−3 3.2× 10−3

Presampler energy s
ale 7.4× 10−4 9.7× 10−4

Linearity 3.8× 10−4 6.1× 10−4

Ele
tron smearing 2.5× 10−3 6.6× 10−4

Z+jet 1.0× 10−4 3.5× 10−4

Ele
tron ↔ photon 
onfusion < 10−4 < 10−4

Table 5.2.2: Systemati
 un
ertainties of α in in
lusive 
ategory of Z → eeγ 
hannel.

∆αRatio denotes systemati
 un
ertainty in Ration method, and ∆αχ2
is systemati
 un
er-

tainty in χ2
method.

Systemati
 un
ertainty sour
e ∆αRatio ∆αχ2

Muon s
ale 1.3× 10−3 6.2× 10−3

Muon smearing 1.4× 10−4 1.1× 10−4

Z+jet 3.8× 10−4 1.8× 10−4

Table 5.2.3: Systemati
 un
ertainties of α in in
lusive 
ategory of Z → µµγ 
hannel.

∆αRatio denotes systemati
 un
ertainty in Ration method, and ∆αχ2
is systemati
 un
er-

tainty in χ2
method.
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Figure 5.2.4: Photon s
ale extra
ted from Z → ℓℓγ events with |η| in √
s = 8 TeV data.
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Figure 5.2.5: Photon s
ale extra
ted from Z → ℓℓγ events with ET in

√
s = 8 TeV data.

ten variables of photon shower shape used in the photon identi�
ation are 
he
ked with

Z → ℓℓγ events as shown in Figure 4.4.2 and 4.4.3.

The e�
ien
y of the photon identi�
ation is measured in data-driven methods [84℄.

One of them is relied on the use of photon sample sele
ted from Z → ℓℓγ events. The

e�
ien
y is de�ned as the e�
ien
y for re
onstru
ted prompt photons to pass the iden-

ti�
ation 
riteria in a given ET, η region.

ǫID (ET, η) ≡
Nγ

ID (ET, η)

Nγ
rec (ET, η)

(5.3.1)

where Nγ
ID represents the number of identi�ed photons and Nγ

rec is the number of re
on-

stru
ted photons.

Z → ℓℓγ events are sele
ted with the pro
edure des
ribed in Se
tion 5.1 ex
ept the

photon identi�
ation and isolation 
riteria for 
ounting the denominator. Then the iden-

ti�
ation 
riteria are applied and the numerator is 
ounted. The photon purities are

evaluated in both before and after the identi�
ation requirement (ρrec and ρID) with the

template �t des
ribed in 5.1.1. Eq. 5.3.1 is rewritten as:

ǫID (ET, η) =
ρID (ET, η)N

Z→ℓℓγ
ID (ET, η)

ρrec (ET, η)N
Z→ℓℓγ
rec (ET, η)

(5.3.2)

where NZ→ℓℓγ
ID is the number of sele
ted events in the FSR region after applying the

identi�
ation 
riteria and NZ→ℓℓγ
rec is the number before applying the identi�
ation 
riteria.
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Figure 5.3.1: E�
ien
ies of photon identi�
ation in

√
s = 8 TeV data.

Figure 5.3.1 shows the e�
ien
ies of photon identi�
ation. Both results in Z → eeγ
and µµγ modes agree very well. The shower shape variables of high ET photons have

narrower distributions than those of low ET photons be
ause of better energy resolution

for high energy photons. Therefore higher ET photons have higher identi�
ation e�
ien
y.

If a photon is 
onverted in front of the EM 
alorimeter, the photon has wider shower.

Hen
e the dependen
e of the e�
ien
y on η 
omes from material traversed. However

be
ause the thresholds for ea
h shower variable are 
hanged in |η|, the e�
ien
y is not so
strongly 
orrelated with the material traversed.

5.3.1 Other data-driven estimation measurements and 
ombina-

tion

The e�
ien
y of photon identi�
ation is also estimated in Ele
tron extrapolation and

Matrix method. The di�eren
e of shower shapes between ele
trons and photons are

studied in MC. From the results, ele
trons in data, obtained from Z → ee events are

extrapolated to photons in the Ele
tron extrapolation method. Therefore the photon

identi�
ation e�
ien
ies are estimated with using the extrapolated ele
trons. This method

provides a larger ET sample than the Z → ℓℓγ analysis. The main systemati
 un
ertainty
in the Ele
tron extrapolation method is the material un
ertainty whi
h have an impa
t on

the transform fun
tions for the extrapolation. On the other hand, in the Matrix method

photon 
andidates in data are sele
ted using single photon triggers. In the 
olle
ted

sample, the observed numbers of photon 
andidates are expressed in NS
pass+N

S
fail+N

B
pass+
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Figure 5.3.2: Comparison of 
ombined data-driven measurements of 
onverted ǫID to MC

predi
tions in

√
s = 7 data [84℄.
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Figure 5.3.3: Comparison of 
ombined data-driven measurements of un
onverted ǫID to

MC predi
tions in

√
s = 7 data [84℄.

NB
fail, where the supers
ripts S and B represent genuine photons and fake photons and

the subs
ripts pass and fail mean passing and failing the identi�
ation 
riteria. Next,

the identi�
ation 
riteria are applied to the photon 
andidates, and the number of events

whi
h pass or fail the identi�
ation 
riteria (NT
pass or N

T
fail) are 
ounted. They 
an be

expressed as:

NT
pass =N

S
pass +NB

pass

NT
fail =N

S
fail +NB

fail

(5.3.3)

In addition, the number of events whi
h pass or fail not only the identi�
ation but also

isolation 
riteria (NTI
pass or N

TI
fail) are 
ounted. They 
an be expressed as:

NTI
pass =ǫ

S
pN

S
pass + ǫBp N

B
pass

NTI
fail =ǫ

S
fN

S
fail + ǫBf N

B
fail

(5.3.4)

where ǫSp , ǫ
S
f , ǫ

B
p and ǫBf are the isolation e�
ien
ies for signal and ba
kground 
andidates

passing or failing the identi�
ation 
riteria. ǫBp and ǫBf are estimated from a data sample

enri
hed in fake photons. Besides, ǫSp and ǫSf are estimated from MC simulation. Then

NS
pass, N

S
fail, N

B
pass and N

B
fail are 
al
ulated using the 
ounted numbers and the e�
ien
ies.

Therefore the e�
ien
y of photon identi�
ation is 
al
ulated as ǫID=
NS

pass

NS
pass+NS

fail

. The main

systemati
 un
ertainty is signal leakage into fake photon enri
hed sample.

Finally the e�
ien
ies from the three measurements are 
ombined and 
ompared to

MC simulation as shown in Figure 5.3.2 and 5.3.3.
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Figure 5.4.1: Fra
tion of photon 
onversion status with η (a). The fra
tion in data is

shown with markers, while that in MC is shown with line. Radius of 
onversion vertex

(b) in

√
s = 8 TeV data.

5.4 Photon 
onversion fra
tion

The 
onversion re
onstru
tion is 
ru
ial for primary vertex sele
tion sin
e the sele
tion

e�
ien
y is in
reased by 
onversion tra
ks. In addition, it has an impa
t on photon

energy 
alibration be
ause energy 
lustering in the EM 
alorimeter uses two di�erent

window sizes a

ording to 
onversion status of photons.

Figure 5.4.1a shows the fra
tions of ea
h photon 
onversion status with η. The fra
-
tion of 
onverted photons in
reases in high η region where the material traversed is large.

The fra
tion of single-tra
k 
onverted photons is not proportional to that of double-tra
k


onverted photons. When a photon is 
onverted at the more interior than the SCT,

the e�
ien
y of double-tra
k 
onversion re
onstru
tion is higher than that of single-tra
k

re
onstru
tion be
ause of a good separation of two 
onversion tra
ks (Figure 5.4.1b).

Therefore the fra
tions of double- and single-
onverted photons depend on material dis-

tribution along the radial dire
tion.

The photon 
onversion fra
tions also depend on the photon ET as shown in Figure

5.4.2a. This is be
ause a low ET 
onverted photon has low pT 
onversion tra
ks, and

the e�
ien
y of 
onversion tra
k re
onstru
tion de
rease as the pT of the tra
k de
reases.

Figure 5.4.2b shows the pileup dependen
e on the 
onversion fra
tions. Even under the

high pileup 
ondition, the fra
tions keep �at. The re
onstru
tion of 
onversion vertex is

robust against pileup. The fra
tions in data and MC agree well in all the plots, .

5.5 Isolation e�
ien
y estimation

The isolation e�
ien
y for di-photon events is estimated in H → γγ MC samples. The

systemati
 un
ertainty of the e�
ien
y is studied with 
omparing the e�
ien
ies between

data and MC in Z → ee de
ays where an ele
tron emulates a photon. The performan
e

of tra
k isolation depends on the primary vertex sele
tion e�
ien
y. Hen
e several al-

gorithms are used for the primary vertex sele
tion in order to estimate the impa
t of
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Figure 5.4.2: The fra
tion of photon 
onversion status with photon ET (a) and pileup (b)

in

√
s = 8 TeV data. The fra
tion in data is shown with markers, while that in MC is

shown with line.

the e�
ien
y of the primary vertex sele
tion. Figure 5.5.1 shows the e�
ien
y and the

un
ertainty predi
ted in H → γγ events. The error bars in
lude systemati
 un
ertainty

estimated with Z → ee events.
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Figure 5.5.1: Isolation e�
ien
y for di-photon in H → γγ MC samples. The error bars
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Chapter 6

Event sele
tion and 
ategorization

6.1 Event sele
tion

Events re
orded with di-photon triggers as des
ribed in Se
tion 4.2 are used in the analysis.

For

√
s = 7 TeV data analysis, the transverse energy (ET) threshold is 20 GeV for leading

(the highest ET) and sub-leading (the se
ond highest ET) photons. The thresholds for√
s = 8 TeV are 35 GeV and 25 GeV for leading photons and sub-leading photons,

respe
tively. The e�
ien
ies of the triggers are about 99 % for events passing the following

�nal event sele
tion.

The o�ine event sele
tion is summarized in Table 6.1.1. Events are required to have

at least 2 photon 
andidates. The two leading photons are required to pass the neural net

identi�
ation for

√
s = 7 TeV or 
ut-based 
riteria for

√
s = 8 TeV. The ET thresholds

are 40 GeV and 30 GeV for the leading and sub-leading photons. Both two photons need

to be within the �du
ial 
alorimeter region |η| < 2.37 with ex
luding the transition region
between the barrel and the end
ap 
alorimeters 1.37 < |η| < 1.56, where the re
onstru
ted
e�
ien
y is low, the energy resolution is worse and the fake rate of jet→photon is high.

After sele
ting the two leading photon 
andidates, the primary vertex is sele
ted with

using the photons as des
ribed in Se
tion 4.1. The tra
k isolation is 
al
ulated with respe
t

to the primary vertex. The η of the photons are 
orre
ted with respe
t to the primary

vertex as well. The two photons are required to pass the tra
k and 
alorimeter isolation


riteria in order to reje
t events having fake photons. The 
alorimeter isolation ETcone40 is

required to be smaller than 4 GeV for

√
s = 7 TeV data. For

√
s = 8 TeV, the requirement

of < 2.6 GeV on the tra
k isolation pTcone20 as well as < 6 GeV on the 
alorimeter isolation

are applied. Finally the events in a mass window 100 < mγγ < 160 GeV are sele
ted. The

distributions of ET, η, ETcone40 and pTcone20 of the photon 
andidates are shown in Figure

6.1.1, 6.1.2, 6.1.3 and 6.1.4. The ET distributions in the signal MC have peaks at about

mH/2 as well as sharp 
ut-o�s at trigger thresholds. The η distributions in the signal

MC are 
entered 
ompared to the observed data be
ause the Higgs boson is tend to be

produ
ed at rest due to the high mass. The observed data has larger transverse energy

deposit near the photon than signal MC be
ause of the fake photon 
ontamination.

The number of sele
ted events is 23788 in

√
s = 7 data, 118893 in

√
s = 8 TeV data.

The 
ut �ow for H → γγ sele
tion is summarized in Table 6.1.2. Figure 6.1.5 and 6.1.6

show the observed mγγ distributions, as well as the expe
ted signal distributions after the

event sele
tion. Figure 6.1.7 shows an event display of a di-photon signal 
andidate. The
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√
s = 7 TeV analysis

√
s = 8 TeV analysis

2 photons At least 2 re
onstru
ted photons

Pseudo-rapidity |η| < 1.37 or 1.56 < |η| < 2.37
Transverse energy ET > 40(30) GeV for the leading (sub-leading) photons

Identi�
ation Neural net based Cut based

Calorimeter isolation ETcone40 < 4 GeV ETcone40 < 6 GeV
Tra
k isolation - pTcone20 < 2.6 GeV
Mass window (only in data) 100 < mγγ < 160 GeV

Table 6.1.1: Event sele
tion for H → γγ analysis.

 [GeV]
T

leading E

0 20 40 60 80 100 120 140
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

 = 125 GeVHm
Signal MC
Data

-1
Ldt=20.3 fb∫ = 8 TeV, s

 [GeV]
T

sub-leading E

0 20 40 60 80 100 120 140
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

 = 125 GeVHm
Signal MC
Data

-1
Ldt=20.3 fb∫ = 8 TeV, s

Figure 6.1.1: Distributions of ET of the sele
ted photons in

√
s = 8 TeV data. The sum

of histograms are normalized to 1.
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Figure 6.1.2: Distributions of η of the sele
ted photons in

√
s = 8 TeV data. The sum of

histograms are normalized to 1.
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Figure 6.1.3: Distributions of ETcone40 of the sele
ted photons in

√
s = 8 TeV data. The

sum of histograms are normalized to 1.
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Figure 6.1.4: Distributions of pTcone20 of the sele
ted photons in

√
s = 8 TeV data. The

sum of histograms are normalized to 1.
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√
s = 7 TeV

√
s = 8 TeV

Data MC Data MC

100 % 100 %

Di-photon Trigger 6459127 69 % 25501602 67 %

Photon re
onstru
tion 1207197 54 % 11907820 51 %

ET 437396 49 % 6550457 48 %

Identi�
ation 111699 45 % 675075 42 %

Isolation 66058 41 % 311723 38 %

mγγ 23788 41 % 118893 38 %

Table 6.1.2: Cut �ow for H → γγ sele
tion. The MC simulation for

√
s = 7 TeV is ggF

at mH = 120 GeV sample. The MC simulation for

√
s = 8 TeV is ggF at mH = 125 GeV

sample. The statisti
al error of the MC simulation is < 0.1 %.

invariant mass of di-photon in this event is 126.9 GeV. This event 
ontains not only two

photons but also two forward jets. The jet sele
tion is des
ribed in Se
tion 6.2.1. The

information of the event is mat
hed to the feature of VBF pro
ess.

6.2 Event 
ategorization

Events are separated into 
ategories, whi
h have di�erent signal-to-ba
kground ratios, for

the improvement of the sensitivity to the Higgs signal. The sele
ted di-photon events are

divided into 10 
ategories for

√
s = 7 TeV analysis and 14 
ategories for

√
s = 8 TeV

analysis. There are two strategies in the event 
ategorization;

1. The events are divided into 
ategories whi
h have good and bad mass resolutions

resulting in high and low signal-to-ba
kground ratios.

2. Some 
ategories are designed to have high sensitivity to VBF and VH Higgs pro-

du
tion pro
esses.

Based on the �rst strategy, η and 
onversion status are used for 
ategorization. Un
on-

verted photons have better energy resolution than 
onverted photons sin
e un
onverted

photons do not loose the energy in the inner dete
tor. When both photons are un
on-

verted, the mass resolution is 1.8 GeV (r.m.s.), while 2.6 GeV (r.m.s) when both are


onverted. Similarly photons in low η region have better energy resolution be
ause the

amount of material in this region is smaller than high η region. The mass resolution is 1.7
GeV (r.m.s) when both photons are in |η| < 0.6, and 2.7 GeV (r.m.s) when both are in

1.56 < |η| < 2.37. In addition, the signal to ba
kground ratio in the low η region is higher
than the high η region. Higgs pTt is the other parameter for 
ategorization a

ording to

the �rst strategy, whi
h is de�ned as

pTt ≡
∣

∣

∣

∣

∣

~pγγT × ~pγ1T − ~pγ2T
∣

∣~pγ1T − ~pγ2T
∣

∣

∣

∣

∣

∣

∣

(6.2.1)

where ~pγγT is the transverse momentum of di-photon, ~pγ1T and ~pγ2T are the transverse mo-

menta of the two photons, and

(

~pγ1T − ~pγ2T
)

/
∣

∣~pγ1T − ~pγ2T
∣

∣

denotes the transverse thrust axis.
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Figure 6.1.5: mγγ distributions in

√
s = 7 TeV data. The expe
ted signal distributions

(mH = 125 GeV) are shown in the pink histogram.
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Figure 6.1.6: mγγ distributions in

√
s = 8 TeV data. The expe
ted signal distributions

(mH = 125 GeV) are shown in the pink histogram.
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Figure 6.1.7: Event display of a VBF H → γγ 
andidate, 
ontaining two 
onverted

photons and two high-mass jets. The event was re
orded at

√
s = 8 TeV. The leading

photon has ET = 80.1 GeV and η = 1.01. The sub-leading photon has ET = 36.2 GeV and

η = −0.17. The measured di-photon mass is 126.9 GeV. The pT and pTt of the di-photon

system are 44.3 GeV and 6.2 GeV, respe
tively. The leading jet has ET = 121.6 GeV and

η = −2.90. The subleasing jet has ET = 82.8 GeV and η = 2.72. The measured di-jet

mass is 1.67 TeV. The ∆φ between the di-photon system and the system of the di-jet is

2.90 [91℄.

pT
γ1 pT

γ2

pT
γγpTt

Figure 6.2.1: sket
h of pTt
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Figure 6.2.2: mγγ distributions in di�erent pTt and p
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T regions in data
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Figure 6.2.3: Separation of ggF signal events and ba
kgrounds. The ba
kgrounds are

emulated by data sideband (ex
luding mγγ ∈ [120, 130] GeV).

Figure 6.2.1 illustrates the pTt. In 
ase

(

~pγ1T + ~pγ2T
)

⊥
(

~pγ1T − ~pγ2T
)

, pTt = pγγT . The mean

value of pγγT in the signal MC is 45 GeV, while that in data 
ontaminated by very intense

ba
kground is 31 GeV. The signal events have higher pγγT than the ba
kground events,

hen
e the pγγT is also a 
andidate of parameters for the 
ategorization. With the 
atego-

rization based on pγγT , mγγ distributions are distorted as shown in Figure 6.2.2. On the

other hand, the pTt-based 
ategorization does not distort mγγ , that is a good feature to

model the ba
kground from data as mentioned in Se
tion 7.2.

Compared with pγγT , pTt has the same dis
riminative power as the pγγT as shown in

Figure 7.2. The mean value of pTt in the signal MC is 30 GeV, while that in data is 19

GeV.

The se
ond strategy requires additional obje
ts asso
iated to some kinds of Higgs

produ
tion pro
esses. The signature of VBF pro
ess is the presen
e of forwards two

jets. Hen
e two jets are required. In VH (= WH and ZH ) pro
ess, obje
ts from the

ve
tor boson are tagged; leptons, jets and Emiss
T . The distin
t topologies provide better

dis
rimination against the ba
kground events. Taking the se
ond strategy the sensitivity

to dis
overy 
an be in
reased. Moreover, the Higgs 
ouplings 
an be measured for ea
h

pro
ess due to the enhan
ement a parti
ular produ
tion pro
ess.
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Figure 6.2.4: Flow
hart of the event 
ategorization for

√
s = 7 TeV analysis. Sele
ted

events are separated into 10 
ategories.

The ordering of the 
ategorization shown in Figure 6.2.4 and 6.2.5 is applied, sin
e the


ategories are not 
ompletely orthogonal. For

√
s = 7 TeV, the di-jet 
ategory is sele
ted

for VBF pro
ess and remaining events are divided into 9 
ategories for ggF. For

√
s = 8

TeV analysis, VH enri
hed 
ategories are sele
ted before the ggF and VBF enri
hed


ategories. The obje
t sele
tion whi
h is needed to de�ne the 
ategories is des
ribed in

the following se
tion.

6.2.1 Obje
t sele
tion

6.2.1.1 Isolated ele
trons

Ele
trons are re
onstru
ted by mat
hing tra
ks in the inner dete
tor to energy 
lusters in

the EM 
alorimeter as des
ribed in Appendix B. The energies of ele
trons are measured

with the EM 
alorimeter. They are 
orre
ted against energy losses in material in front

of the EM 
alorimeter, as well as lateral and longitudinal leakages. For MC, the ele
tron

energy is smeared to mat
h the observed mee resolution of the Z peak. The energy

s
ale of ele
trons in data is 
orre
ted based on the peak position of the Z peak. The

dire
tions of ele
trons are measured with the inner dete
tor. The 
urvature of ele
tron

tra
ks may be 
hanged by radiative energy losses due to bremsstrahlung. A

ordingly, the

parameters of tra
ks (φ, d0) are 
orre
ted with Gaussian Sum Fitter (GSF) [94℄ by whi
h

the bremsstrahlung e�e
t is taken into a

ount in the 
al
ulation of tra
k parameters.

After all 
orre
tions, ET > 15 GeV and |η| < 2.47 are required. Ele
tron identi�
ation is

performed based on the shower shapes of the EM 
alorimeter and tra
k quality. Ele
tron


andidates are requires to be isolated from other tra
ks and from other 
lusters in the


alorimeter. The isolation parameters ETcone40 and pTcone20 are 
al
ulated in the same

way as photons. ETcone40/ET < 0.2 and pTcone20 < 0.15 are required. Ele
tron separation

from the leading two photons is required to be ∆R > 0.4.
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Figure 6.2.5: Flow
hart of the event 
ategorization for

√
s = 8 TeV analysis. Sele
ted

events are separated into 14 
ategories.
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6.2.1.2 Isolated muons

Tra
ks re
onstru
ted in the muon spe
trometer are muon 
andidates, whi
h are required

to be |η| < 2.7. In the region 
overed by the inner dete
tor (|η| < 2.5), muon 
andidates

are required to be re
onstru
ted from tra
ks in the inner dete
tor and the muon spe
-

trometer. In the forward region (2.5 < |η| < 2.7), they are re
onstru
ted from the muon

spe
trometer alone as des
ribed in Appendix C. The momentum s
ale and resolution


orre
tions are derived from the Z → µµ 
andidates in data. A transverse momentum

pT > 10 GeV is required. Identi�
ation 
riteria are based on tra
k quality. The impa
t

parameters with respe
t to the primary vertex d0 and z0 are required to be |d0| < 1 mm

and |z0| < 10 mm. The isolation 
uts pTcone20/pT < 0.15 and ETcone40/pT < 0.2 are

applied. Muon 
andidates must be separated from the photons and re
onstru
ted jets by

∆R > 0.4.

6.2.1.3 Jets

Jets are re
onstru
ted with energy 
lusters in the hadroni
 and EM and 
alorimeters using

anti-kT algorithm [95℄ with a 
one size R = 0.4 as des
ribed in Appendix D. Then pT > 25
GeV and |η| < 4.5 are required. The jet 
andidates are 
ontaminated by low pT pileup

jets espe
ially in high η region. A

ordingly, pT > 30 GeV is required in 2.4 < |η| < 4.5
for

√
s = 8 TeV analysis. In addition, Jet Vertex Fra
tion (JVF) 
ut is applied to redu
e

pileup jets (Appendix D). JVF > 0.5 (0.25) is required for

√
s = 7 (8) TeV analysis.

6.2.1.4 Missing transverse energy (Emiss
T )

Missing transverse energy Emiss
T is re
onstru
ted by obje
t-based algorithm. All photon,

ele
tron and muon 
andidates and all jets after overlap removal, and all 
alorimeter 
lus-

ters not asso
iated to su
h obje
ts are used for 
al
ulation of Emiss
T . The last obje
t is


alled CellOut. The other obje
ts (photons, ele
trons, muons and jets) used are exa
tly

the same as obje
ts de�ned before. The Emiss
T is de�ned as:

Emiss
T ≡ −

∣

∣

∣

∣

∣

∑

photon

~pphotonT +
∑

electron

~pelectronT +
∑

muon

~pmuon
T +

∑

jet

~pjetT +
∑

CellOut

~pCellOut
T

∣

∣

∣

∣

∣

(6.2.2)

The Emiss
T signi�
an
e is de�ned as the ratio between Emiss

T and the resolution of

Emiss
T (Emiss

T /σEmiss
T

) where σEmiss
T

is the resolution. σEmiss
T


an be parametrized as σEmiss
T

=

k
√

∑

ET, where
∑

ET is a s
alar sum of pT of all obje
ts ex
ept muons. The fa
tor k is

obtained from Z → µµ events, where no genuine Emiss
T is expe
ted. The resulting value

is k = 0.67 [GeV

1/2
℄ [96℄. Due to the jet energy resolution, Emiss

T 
an be overestimated

in multi-jet events. The Emiss
T signi�
an
e allows higher reje
tion of the fake Emiss

T events

than Emiss
T . Therefore the Emiss

T signi�
an
e is used for 
ategorization instead of Emiss
T .

6.2.2 VH enri
hed 
ategories (

√
s = 8 TeV)

VH 
andidates are sele
ted �rst in the 
ategorization for

√
s = 8 TeV data as shown in

Figure 6.2.5.
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W (→ eν)H W (→ µν)H W (→ τν)H
At least one lepton 72.3 % 80.7 % 15.3 %

meγ < 84 and 94 < meγ 70.1 % 80.7 % 14.9 %

Ele
tron ID veto 58.6 % 80.7 % 13.5 %

Table 6.2.1: E�
ien
y in the one-lepton 
ategory for W (→ ℓν)H events at mH = 125
GeV.

Z(→ ee)H Z(→ µµ)H Z(→ ττ)H data (sideband)

At least one lepton 92.7 % 94.1 % 23.6 % 0.21 %

meγ < 84 and 94 < meγ 85.1 % 94.1 % 22.8 % 0.17 %

Ele
tron ID veto 70.3 % 94.1 % 22.1 % 0.12 %

Table 6.2.2: E�
ien
y of the one-lepton 
ategory forZ(→ ℓℓ)H events at mH = 125 GeV
and data sideband (ex
luding mγγ ∈ [120, 130] GeV) whi
h emulate ba
kgrounds.

6.2.2.1 One-lepton 
ategory

At least one ele
tron or muon is required for lepton(s) from the leptoni
 de
ay of Z or

W boson. One of the 
onsiderable ba
kground in ele
tron 
hannel is Z → eeγ events

where one of the ele
trons fakes a photon. In 
ase of the FSR (Z(→ eeγ)) events, meeγ =
mZ 6= mH , thus the FSR events are reje
ted by mass window 
ut (100 < mγγ < 160
GeV). On the other hand, the ISR events (Z(→ ee)γ) 
an be ba
kground be
ause of

mee = mZ and meeγ > mZ . If an ele
tron fakes a photon in an ISR Z(→ ee)γ event,

meγ = mZ , where γ is one of the sele
ted photons. In order to reje
t the ISR Z(→ ee)γ
ba
kground, meγ < 84 or 94 < meγ GeV are required. The ISR Z(→ ee)γ ba
kground is

also removed from the 
ategory by vetoing events if one of the sele
ted two photons passes

the ele
tron identi�
ation (Ele
tron ID veto). For muon 
hannel, the rate that a muons

fakes photon is so small that no additional 
ut is needed. The dominant ba
kgrounds

after the 
ategorization are Z (→ ee) γ and γγ+fake lepton events.

The 
ategory sele
tion e�
ien
ies are summarized in Table 6.2.1 and 6.2.2. The e�-


ien
y is a fra
tion whose numerator is the number of events passing the event sele
tion.

The pT,meγ andmµγ distributions when at least one lepton is required are shown in Figure

6.2.6. The data sideband, whi
h is de�ned by 100 < mγγ < 120 GeV or 130 < mγγ < 160
GeV, is used to 
he
k ba
kground 
ontributions. In meγ distributions, Z peak from ISR

Zγ ba
kground is seen. This ba
kground is removed by meγ sele
tion. Z peak is not seen

in mµγ distributions be
ause the µ → γ fake rate is quite lower than the e→ γ fake rate.

6.2.2.2 Emiss
T signi�
an
e 
ategory

In order to sele
t W (→ ℓν)H and Z(→ νν)H events, the Emiss
T signi�
an
e is used for the

event 
ategorization: Emiss
T /σEmiss

T
> 5 is required. The ele
tron ID veto is applied to reje
t

ele
troweak ba
kgrounds parti
ularly W (→ eν)γ ba
kground events where the ele
tron

fakes a photon. Emiss
T /σEmiss

T
distribution in Z(→ νν)H and W (→ ℓν)H are shown in

Figure 6.2.7. The distributions of ggF and data sideband look similar in low Emiss
T region

be
ause no genuine Emiss
T is expe
ted in these events. After the event 
ategorization, the

ele
troweak ba
kground dominates [91℄. Table 6.2.3 shows the 
ategorization e�
ien
ies

in the VH events.
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Figure 6.2.6: Distributions of lepton variables when at least one lepton is required after

event sele
tion. The signal distributions are separately for di�erent produ
tion pro
ess.

The ba
kgrounds are emulated by data sideband (ex
luding mγγ ∈ [120, 130] GeV).
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W (→ eν)H W (→ µν)H W (→ τν)H Z(→ νν)H
data

(sideband)

Category ordering 41.4 % 19.3 % 86.5 % 100 % 99.9 %

Emiss
T /σEmiss

T
> 5 8.2 % 4.7 % 26.9 % 46.0 % 0.07 %

Ele
tron ID veto 7.2 % 4.7 % 25.9 % 43.8 % 0.06 %

Table 6.2.3: E�
ien
y of the Emiss
T signi�
an
e 
ategory for W (→ ℓν)H and Z(→ νν)H

events at mH = 125 GeV and data sideband (ex
luding mγγ ∈ [120, 130] GeV) whi
h
emulate ba
kgrounds. Before the Emiss

T signi�
an
e 
ategorization, the one-lepton 
atego-

rization is performed. The e�
ien
y from event sele
tion to the one-lepton 
ategorization

is shown in Category ordering.
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Figure 6.2.7: Distributions of MET variables after event sele
tion. The signal distributions

are separately for di�erent produ
tion pro
ess. The ba
kgrounds are emulated by data

sideband (ex
luding mγγ ∈ [120, 130] GeV).
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W (→ hadrons)H Z(→ hadrons)H data (sideband)

Category ordering 100 % 99.7 % 99.8 %

At least 2 jets 68.2 % 70.4 % 16.7 %

60 < mjj < 100 GeV 39.4 % 35.1 % 3.6 %

∣

∣ηjet1 − ηjet2
∣

∣ < 3.5 39.4 % 35.1 % 3.6 %

pTt > 70 GeV 17.0 % 13.2 % 0.55 %

∣

∣ηγγ − ηjj
∣

∣ < 1 13.0 % 10.5 % 0.23 %

Table 6.2.4: E�
ien
y of the low mass di-jet 
ategory for W (→ hadrons)H and Z(→
hadrons)H events at mH = 125 GeV and data sideband (ex
luding mγγ ∈ [120, 130] GeV)
whi
h emulate ba
kgrounds.

6.2.2.3 Low mass di-jet 
ategory

Events with hadroni
 de
aying ve
tor bosons are sele
ted by requiring the presen
e of two

re
onstru
ted jets. The main ba
kground in this 
ategory is QCD events (γγ+di-jet). In
order to separate the VH events from the QCD ba
kground, some additional 
uts are

applied. The di-jet mass is required to re
onstru
t Z or W mass; 60 < mjj < 100 GeV.

In the γγ+di-jet ba
kgrounds, t-
hannel whi
h have large pseudo-rapidity gap largely


ontributes. In 
ontrast with the VH events, the di-jet is produ
ed in de
ay of a ve
tor

boson with momentum of ∼ 250 GeV in average. Hen
e the di�eren
e of η between

the jets from Z or W tend to be smaller than non-resonan
e γγ+di-jet ba
kgrounds.
Thus

∣

∣ηjet1 − ηjet2
∣

∣ < 3.5 is required. When produ
ed with a ve
tor boson, the Higgs

boson 
an be boosted. This leads to a higher di-photon pTt. Therefore pTt > 70 GeV

is required. The di�eren
e between η of the di-photon system and the di-jet system

(

∣

∣ηγγ − ηjj
∣

∣

) is small in the VH events as shown in Figure 6.2.8. The threshold is optimized

as

∣

∣ηγγ − ηjj
∣

∣ < 1. The 
ategorization e�
ien
ies are summarized in Table 6.2.4. Figure

6.2.8 shows the distributions of variables for the low mass di-jet 
ategory when the di-

jet is sele
ted. The mjj histograms in WH and ZH have W and Z peak as expe
ted.

The distributions of mjj and pTt have peaks around 80 GeV. Their peak positions are

determined by kinemati
 sele
tion 
riteria. The γγ+di-jet is the dominant ba
kground
after the event 
ategorization.

6.2.3 VBF enri
hed 
ategories (

√
s = 7 and 8 TeV)

One 
ategory is de�ned for VBF events for

√
s = 7 TeV and two 
ategories for

√
s = 8

TeV. VBF pro
ess leads to forward two jets with large pseudo-rapidity gap (

∣

∣ηjet1 − ηjet2
∣

∣

).

The invariant mass of di-jet mjj is larger as the gap bigger as shown in Figure 6.2.9.

|φγγ − φjj| is used for the 
ategorization be
ause Higgs boson and the di-jet are ba
k-to-

ba
k in transverse plane. The main ba
kground is QCD events su
h as γγ+di-jet.

6.2.3.1 VBF 
ategory for

√
s = 7 TeV analysis

As shown in Figure 6.2.4, events for the VBF 
ategory is sele
ted �rst in

√
s = 7 TeV

analysis. After two jets are sele
ted, mjj > 400 GeV,
∣

∣ηjet1 − ηjet2
∣

∣ > 2.8 and |φγγ − φjj| >
2.6 are required. Table 6.2.5 shows the sele
tion e�
ien
y for VBF events for

√
s = 7 TeV

86



 [GeV]jet1

T
p

0 50 100 150 200 250 300 350 400 450 500
1

10

210

310
 = 125 GeVHm
ggF x300
VBF x300
WH  x300
ZH  x300
ttH x300
data sideband

-1
Ldt=20.3 fb∫ = 8 TeV, s

 [GeV]jet2

T
p

0 50 100 150 200 250 300 350 400 450 500

1

10

210

310

410

 = 125 GeVHm
ggF x300
VBF x300
WH  x300
ZH  x300
ttH x300
data sideband

-1
Ldt=20.3 fb∫ = 8 TeV, s

 [GeV]jjm

0 50 100 150 200 250 300 350 400 450 500
0

100

200

300

400

500

600

700

800

900

1000

 = 125 GeVHm
ggF x300
VBF x300
WH  x300
ZH  x300
ttH x300
data sideband

-1
Ldt=20.3 fb∫ = 8 TeV, s

 [GeV]
Tt

p

0 50 100 150 200 250 300 350 400 450 500

1

10

210

310
 = 125 GeVHm
ggF x300
VBF x300
WH  x300
ZH  x300
ttH x300
data sideband

-1
Ldt=20.3 fb∫ = 8 TeV, s

jet2η-jet1η

-10 -5 0 5 10 15 20

10

210

310
 = 125 GeVHm
ggF x300
VBF x300
WH  x300
ZH  x300
ttH x300
data sideband

-1
Ldt=20.3 fb∫ = 8 TeV, s

jjη-γγη

-10 -5 0 5 10 15 20

10

210

310  = 125 GeVHm
ggF x300
VBF x300
WH  x300
ZH  x300
ttH x300
data sideband

-1
Ldt=20.3 fb∫ = 8 TeV, s

Figure 6.2.8: Distributions of variables used for low mass di-jet 
ategory when di-jet

is required after event sele
tion. The signal distributions are separately for di�erent

produ
tion pro
ess. The ba
kgrounds are emulated by data sideband (ex
luding mγγ ∈
[120, 130] GeV).
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Figure 6.2.9: Correlation between ηjet1 − ηjet2 and mjj in VBF events (left) and in data

sideband(ex
luding mγγ ∈ [120, 130] GeV) (right) for
√
s = 8 TeV.

VBF data (sideband)

At least 2 jets 56.7 % 12.2 %

400 < mjj GeV 32.0 % 0.92 %

2.8 <
∣

∣ηjet1 − ηjet2
∣

∣

31.1 % 0.63 %

2.6 < |φγγ − φjj| 28.9 % 0.37 %

Table 6.2.5: The 
ategorization e�
ien
y of the high mass di-jet 
ategory for VBF events

at mH = 125 GeV and data sideband (ex
luding mγγ ∈ [120, 130] GeV) whi
h emulate

ba
kgrounds for

√
s = 7 TeV.

analysis. The distributions of the variables used for the high mass di-jet 
ategorization

are shown in Figure 6.2.10.

6.2.3.2 VBF 
ategories for

√
s = 8 TeV analysis

A multivariate analysis is performed to de�ned two VBF 
ategories. Multivariate analysis

is suitable in 
ase that dis
riminant variables are highly 
orrelated with ea
h other. In

VBF events, jets and photons kineti
 quantities are 
orrelated (e.g. 
orrelation between

∣

∣ηjet1 − ηjet2
∣

∣

and mjj as shown in Figure 6.2.9), hen
e the multivariate analysis 
an sep-

arate VBF events from ba
kgrounds better than 
ut-based sele
tion. Input variables are

required to have little 
orrelation withmγγ in order to avoid bias from the mass of training

sample. Eight variables are used to build a boosted de
ision tree (BDT) [97℄: pTt, mjj,
∣

∣ηjet1 − ηjet2
∣

∣

, |φγγ − φjj|, ηjet1, ηjet2, η⋆ ≡
∣

∣ηγγ −
(

ηjet1 + ηjet2
)

/2
∣

∣

and the minimum ∆R

between one of the photons and one of the two leading jets (∆Rγj
min). Some distributions

of the input variables are shown in Figure 6.2.11, while other distributions are already

shown in Figure 6.2.8.

The BDT is trained with MC samples. The input signal sample is a VBF sample

with mγγ = 125 GeV. The input ba
kground samples are di-photon sample generated

with SHERPA, while the photon-jet and the di-jet 
omponents are emulated by a 
ontrol

region in data. The 
ontrol region is de�ned that one of the two photon 
andidates fails the

isolation 
riteria. Ea
h 
omponent is weighted a

ording to the ba
kground 
omposition

measured in data. The BDT responses are shown in Figure 6.2.12.
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Figure 6.2.10: Distributions of variables used for high mass di-jet 
ategory for

√
s = 7 TeV

when di-jet is required after event sele
tion. The signal distributions are separately for

di�erent produ
tion pro
ess. The ba
kgrounds are emulated by data sideband (ex
luding

mγγ ∈ [120, 130] GeV).
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Figure 6.2.11: Distributions of variables used for high mass di-jet 
ategory for

√
s = 8

TeV when di-jet is required after event sele
tion. pTt, mjj and

∣

∣ηjet1 − ηjet2
∣

∣

distributions

are already shown in Figure 6.2.8. The signal distributions are separately for di�erent

produ
tion pro
ess. The ba
kgrounds are emulated by data sideband (ex
luding mγγ ∈
[120, 130] GeV).
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Figure 6.2.12: The output of the BDT for VBF 
ategorization when applied to data

sideband (ex
luding mγγ ∈ [120, 130] GeV) and to the expe
ted ba
kground (left). The

BDT output when applied to signal samples and the expe
ted ba
kground, normalized to

unity (right) [91℄.

VBF data (sideband)

Category ordering 99.6 % 99.5 %

At least 2 jets 59.9 % 16.5 %

0.19 < BDT response 31.4 % 0.49 %

0.77 < BDT response 21.5 % 0.17 %

Table 6.2.6: E�
ien
y of the high mass di-jet 
ategory for VBF events at mH = 125
GeV and data sideband (ex
luding mγγ ∈ [120, 130] GeV) whi
h emulate ba
kgrounds for√
s = 8 TeV.

The two high mass di-jet 
ategories are de�ned for

√
s = 8 TeV analysis as:

� Tight VBF 
ategory: 0.77 < BDT response

� Loose VBF 
ategory: 0.19 < BDT response < 0.77

Table 6.2.6 shows the e�
ien
y of the high mass di-jet 
ategories.

6.2.4 Untagged 
ategories

The remaining events are divided into nine 
ategories for ggF events. No additional

obje
ts are required but pTt, η and 
onversion status are used for 
ategorization in these


ategories. When both photon 
andidates are un
onverted photons, an event is 
alled

un
onverted, otherwise 
alled 
onverted. An event is 
alled 
entral when both photon


andidates are within |η| < 0.75, otherwise rest. The events are 
lassi�ed by whether the

events have pTt > 60 GeV (high pTt), or not (low pTt). The distribution of pTt is shown

in Figure 6.2.13.

When a 
onverted event has at least one photon 
andidate in1.3 < |η| < 1.75, the event
is 
ategorized as 
onverted transition. Be
ause the energy resolution for 
onverted photons

in this region is degraded due to large amount of material in front of the EM 
alorimeter,

no pTt 
ut is applied to the 
onverted transition events. Figure 6.2.14 illustrates η regions
for the untagged 
ategories.

Table 6.2.7 summarizes the fra
tion of the untagged 
ategories for ggF events in the

nine untagged 
ategories. The mass resolutions of ea
h 
ategory are estimated in the

following 
hapter.
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Figure 6.2.13: pTt distribution after event sele
tion.
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Figure 6.2.14: η regions for the untagged 
ategories.

Category Fra
tion of ggF sample Fra
tion in data sideband

Un
onverted 
entral, low pTt 14.1 % 10.5 %

Un
onverted 
entral, high pTt 2.1 % 1.2 %

Un
onverted rest, low pTt 29.1 % 29.9 %

Un
onverted rest, high pTt 4.0 % 3.5 %

Converted 
entral, low pTt 9.0 % 7.2 %

Converted 
entral, high pTt 1.3 % 0.8 %

Converted rest, low pTt 26.3 % 29.8 %

Converted rest, high pTt 3.5 % 3.4 %

Converted transition 10.6 % 13.6 %

Table 6.2.7: Fra
tion of the untagged 
ategories for ggF events at mH = 125 GeV.
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Figure 6.2.15: Di-photon mass distributions in di�erent 
ategories. The parameters of

the signal and the ba
kground models are best �t values.

6.2.5 Di-photon mass distributions

Figure 6.2.15, 6.2.16, 6.2.17 and 6.2.18 show the observed invariant mass distributions for

ea
h 
ategory with �t results, whi
h are explained in following 
hapters.

93



 [GeV]γγm

100 110 120 130 140 150 160

E
ve

nt
s 

/ 2
 G

eV

0

2

4

6

8

10

12

14

16 -1
Ldt = 4.8 fb∫ = 7 TeV, s

Tt
Unconverted central high p

Data
Signal + background

 [GeV]γγm

100 110 120 130 140 150 160

E
ve

nt
s 

/ 2
 G

eV

0

10

20

30

40

50

60
-1

Ldt = 20.3 fb∫ = 8 TeV, s

Tt
Unconverted central high p

Data
Signal + background

 [GeV]γγm

100 110 120 130 140 150 160

E
ve

nt
s 

/ 2
 G

eV

0

50

100

150

200

250

300

350

400

450

500
-1

Ldt = 4.8 fb∫ = 7 TeV, s

Tt
Unconverted rest low p

Data
Signal + background

 [GeV]γγm

100 110 120 130 140 150 160

E
ve

nt
s 

/ 2
 G

eV

0

500

1000

1500

2000

2500

3000
-1

Ldt = 20.3 fb∫ = 8 TeV, s

Tt
Unconverted rest low p

Data
Signal + background

 [GeV]γγm

100 110 120 130 140 150 160

E
ve

nt
s 

/ 2
 G

eV

0

10

20

30

40

50 -1
Ldt = 4.8 fb∫ = 7 TeV, s

Tt
Unconverted rest high p

Data
Signal + background

 [GeV]γγm

100 110 120 130 140 150 160

E
ve

nt
s 

/ 2
 G

eV

0

20

40

60

80

100

120

140

160

180

200
-1

Ldt = 20.3 fb∫ = 8 TeV, s

Tt
Unconverted rest high p

Data
Signal + background

 [GeV]γγm

100 110 120 130 140 150 160

E
ve

nt
s 

/ 2
 G

eV

0

20

40

60

80

100

120
-1

Ldt = 4.8 fb∫ = 7 TeV, s

Tt
Converted central low p

Data
Signal + background

 [GeV]γγm

100 110 120 130 140 150 160

E
ve

nt
s 

/ 2
 G

eV

0

100

200

300

400

500

600
-1

Ldt = 20.3 fb∫ = 8 TeV, s

Tt
Converted central low p

Data
Signal + background

Figure 6.2.16: Di-photon mass distributions in di�erent 
ategories. The parameters of

the signal and the ba
kground models are best �t values.
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Figure 6.2.17: Di-photon mass distributions in di�erent 
ategories. The parameters of

the signal and the ba
kground models are best �t values.
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Figure 6.2.18: Di-photon mass distributions in di�erent 
ategories. The parameters of

the signal and the ba
kground models are best �t values.
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Chapter 7

Signal and ba
kground modeling

The statisti
al pro
edure with a likelihood fun
tion is used to test the Standard Model

Higgs boson hypothesis and to measure 
ouplings, mass and width. The likelihood fun
-

tion is 
onstru
ted from probability density fun
tions (PDF) of signal and ba
kground


omponents with respe
t to mγγ . The modeling of the signal and ba
kground is des
ribed

in this 
hapter.

7.1 Signal modeling

The signal is modeled with MC-simulated events of the SM Higgs pro
esses as des
ribed

in Se
 3.2. The yield and shape of the signal events are parametrized as a fun
tion of a

hypothesized mH . The dete
tor response is also modeled with GEANT4 program. Thus

the yield and the shape of the signal events are parametrized for a hypothesized mH . The

signal model is used for a likelihood whi
h is des
ribed in Se
tion 8.1.

7.1.1 Signal probability density fun
tion

The fun
tion of the PDF is the sum of a Crystal Ball fun
tion and a wider Gaussian

tail 
omponent. The parameters of the fun
tion are di�erent for ea
h event 
ategory.

The Crystal Ball fun
tion has a Gaussian and a non-Gaussian low mass tail. The tail is

des
ribed by a power-law fun
tion. The Crystal Ball fun
tion is de�ned by:

fCB (mγγ |mH) = N







exp
(

− t2

2

)

t > −αCB
(

nCB

|αCB |

)nCB

exp
(

− |αCB |2
2

)(

nCB

|αCB | − |αCB| − t
)−nCB

t ≤ −αCB

(7.1.1)

where t ≡ mγγ−µCB

σCB
, σCB is the sigma of the Gaussian part, µCB is the peak position

of the Gaussian , N is a normalization parameter and αCB and nCB parametrize the

non-Gaussian tail. Figure 7.1.1 illustrates the Crystal Ball fun
tion. The signal shape

fun
tion fs is modeled by:

fs (mγγ |mH) = cCBfCB (mγγ |mH) + (1− cCB)
1

√

2πσ2
GA

exp

(

−(mγγ − µGA)
2

2σ2
GA

)

(7.1.2)
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Figure 7.1.1: Illustration of Crystal Ball fun
tion.

where cCB is the fra
tion of the Crystal Ball fun
tion. The σCB and σGA 
orrespond to the

mass resolution of the di-photon events. All event 
ategories use the same signal fun
tion

form while parameters are determined 
ategory-by-
ategory.

For the improvement of the a

ura
y of parameters, the �t is performed with signal

of all the mass points simultaneously under the assumption that the parameters have the

following dependen
e on mH :







































µCB (mH) = mH + (µ0 + µ1mH + µ2m
2
H)

σCB (mH) = σ0 + σ1mH + σ2m
2
H

αCB (mH) = α0 + α1mH

nCB (mH) = 10
µGA (mH) = µCB (mH)
σGA (mH) = (k0 + k1mH)σCB (mH)
cCB (mH) = c0 + c1mH

(7.1.3)

where µi, σi, αi, n, ki and ci (i = 0, 1, ..) are �tting parameters. nCB (mH) is �xed

to be 10 from a simulation study. Figure 7.1.2 shows results of the simultaneous �t in

Un
onverted 
entral, low pTt 
ategory. The errors of the simultaneous �t is so small


ompared with other systemati
 un
ertainties that the �tting errors are not taken into

a

ount as a systemati
 un
ertainty.

Figure 7.1.3 
ompares the signal histograms between Un
onverted 
entral, high pTt


ategory and Converted transition 
ategory in

√
s = 8 TeV analysis at mH = 125 GeV.

The former 
ategory has the best mass resolution (σCB = 1.35 GeV), while the latter

has the widest shape (σCB = 2.25 GeV). Table 7.1.1 gives the parameters of the signal

fun
tions for mH = 125 GeV. Their un
ertainties are dis
ussed in Se
tion 7.3.3 and 7.3.4.

7.1.2 Signal yield

The di�erential 
ross se
tion and bran
hing ratio of the signal events are 
al
ulated in

signal MC as des
ribed in Se
tion 3.2. The signal e�
ien
y is also 
omputed in the MC

events based on GEANT4 program. The total e�
ien
y depends on the e�
ien
y of

photon re
onstru
tion des
ribed in Chapter 4 and estimated to be 37.5 % at mH = 125
GeV. For this mass, the expe
ted total signal yield is 80.8 in

√
s = 7 TeV data and 355.5
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Figure 7.1.2: Simultaneous �t to 11 signal MC samples with mH between 100 and 150

GeV in Un
onverted 
entral, low pTt 
ategory (a). Resulting σCB of simultaneous �t and

individual �ts in Un
onverted 
entral, low pTt 
ategory. Band of σCB from simultaneous

�t shows the error from the �t (b).
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Figure 7.1.3: mγγ histograms in Un
onverted 
entral, high pTt 
ategory and Converted

transition 
ategory in

√
s = 8 TeV analysis at mH = 125 GeV.
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µCB σCB αCB nCB σGA cCB√
s = 7 TeV In
lusive 124.6 1.61 1.3 10 5.6 0.96

Un
onverted 
entral, low pTt 124.7 1.43 2.3 10 5.1 1.00

Un
onverted 
entral, high pTt 124.7 1.35 2.5 10 7.2 1.00

Un
onverted rest, low pTt 124.6 1.56 1.7 10 5.1 0.96

Un
onverted rest, high pTt 124.7 1.41 1.8 10 5.3 0.96

Converted 
entral, low pTt 124.5 1.62 1.6 10 7.4 1.00

Converted 
entral, high pTt 124.6 1.46 1.7 10 8.2 1.00

Converted rest, low pTt 124.5 1.78 1.3 10 4.7 0.98

Converted rest, high pTt 124.6 1.60 1.4 10 5.8 0.99

Converted transition 124.4 2.25 0.9 10 5.2 0.88

Di-jet 124.6 1.50 1.3 10 6.1 0.97√
s = 8 TeV In
lusive 124.6 1.76 1.5 10 3.8 0.96

Un
onverted 
entral, low pTt 124.7 1.49 2.1 10 5.7 1.00

Un
onverted 
entral, high pTt 124.8 1.39 1.9 10 6.2 1.00

Un
onverted rest, low pTt 124.6 1.72 1.9 10 3.0 0.93

Un
onverted rest, high pTt 124.7 1.67 2.2 10 4.4 0.98

Converted 
entral, low pTt 124.5 1.67 1.5 10 7.2 1.00

Converted 
entral, high pTt 124.7 1.53 1.8 10 6.5 1.00

Converted rest, low pTt 124.4 2.00 1.5 10 4.2 0.97

Converted rest, high pTt 124.6 1.85 1.6 10 6.3 0.99

Converted transition 124.5 2.50 1.3 10 4.6 0.94

Loose VBF 124.7 1.69 1.6 10 3.7 0.96

Tight VBF 124.7 1.62 1.6 10 3.9 0.96

Low mass di-jet 124.7 1.60 1.6 10 4.6 0.97

Emiss
T signi�
an
e 124.7 1.72 1.6 10 8.5 0.99

One-lepton 124.6 1.73 1.5 10 8.0 0.98

Table 7.1.1: The parameters of signal fun
tions in the di�erent 
ategories for mH = 125
GeV. The unit of µCB, σCB and σGA is GeV.
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Observed Expe
ted

Signal Spurious

signal

In
lusive 23788 80.8 7.3

Un
onverted 
entral, low pTt 2054 10.7 2.0

Un
onverted 
entral, high pTt 97 1.5 0.2

Un
onverted rest, low pTt 7129 22.0 2.2

Un
onverted rest, high pTt 444 2.8 0.5

Converted 
entral, low pTt 1493 6.8 1.6

Converted 
entral, high pTt 77 1.0 2.7

Converted rest, low pTt 8313 21.4 4.6

Converted rest, high pTt 501 2.8 0.5

Converted transition 3591 9.1 3.2

Di-jet 89 2.2 0.4

Table 7.1.2: The number of events in data and the expe
ted number of signal events for

mH = 126.5 GeV for

√
s = 7 TeV analysis. Spurious signal represents the un
ertainty of

the signal yield due to ba
kground mismodeling, whi
h Se
tion 7.3.1.7 des
ribes in detail.

in

√
s = 8 TeV data. The expe
ted signal yield for ea
h 
ategory depends not only on

the photon re
onstru
tion e�
ien
y but also on the probabilities of photon 
onversion

and re
onstru
tion of additional obje
ts used for event 
ategorization. Table 7.1.2 and

7.1.3 summarize the number of events observed in data and the expe
ted number of signal

events for di�erent 
ategories. The un
ertainties are dis
ussed in Se
tion 7.3.1 and 7.3.2.

Figure 7.1.4 and 7.1.5 shows the expe
ted signal 
omposition for

√
s = 7 and 8 TeV.

7.2 Ba
kground modeling

The invariant mass distributions of the ba
kground for ea
h 
ategory are parametrized

with an analyti
 fun
tion. Di�erent fun
tions are 
hosen for di�erent 
ategories based on

studies with MC samples. The shape of the ba
kground are 
ompletely di�erent from the

signal; the signal events have a sharp resonan
e at the Higgs mass, while the ba
kground

events have monotonous shapes in the di-photon invariant mass distribution. This is one

of the largest advantages of the H → γγ analysis. Considered ba
kgrounds are γ-γ, γ-jet,
jet-jet, Drell-Yan and other ele
troweak ba
kground pro
esses (Z + γ and W + γγ).

The main 
ontribution to the γ-γ ba
kground is the qq̄, qg → γγX pro
esses, namely

the Born and Bremsstrahlung. Another main γ-γ ba
kground is due to the gg → γγ,
referred to as the box 
ontribution. Figure 7.2.1 shows their diagrams. The γ-jet and
jet-jet ba
kground events have fake photons due to the presen
e of a leading π0

resulting

from the fragmentation of a quark or a gluon. The diagrams of the γ-jet and jet-jet

ba
kgrounds are shown in Figure 7.2.2 and 7.2.3. The ratio of 
ross se
tions of the γ-γ,
γ-jet and jet-jet is about 1 : 104 : 107, where the photons and the jets are required to have
ET > 25 GeV and |η| < 2.5 and 80 < mγγ < 150 GeV [98℄.

Drell-Yan events 
ontaminate the signal region when two ele
trons are misidenti�ed

as photons due to failure in the tra
k-to-
luster mat
hing des
ribed in Se
tion 4.3. The
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Observed Expe
ted

Signal Spurious

signal

In
lusive 118893 355.5 12.0

Un
onverted 
entral, low pTt 10900 46.6 4.6

Un
onverted 
entral, high pTt 553 7.1 0.8

Un
onverted rest, low pTt 41236 97.1 11.4

Un
onverted rest, high pTt 2558 14.4 2.0

Converted 
entral, low pTt 7109 29.8 2.4

Converted 
entral, high pTt 363 4.6 0.8

Converted rest, low pTt 38156 88.0 8.0

Converted rest, high pTt 2360 12.9 1.1

Converted transition 14864 36.1 9.1

Loose VBF 276 4.8 1.1

Tight VBF 136 7.3 0.3

Low mass di-jet 210 3.0 0.6

Emiss
T signi�
an
e 49 1.1 0.1

One-lepton 123 2.6 0.3

Table 7.1.3: The number of events in data and the expe
ted number of signal events for

mH = 126.5 GeV for

√
s = 8 TeV analysis. Spurious signal represents the un
ertainty of

the signal yield due to ba
kground mismodeling, whi
h Se
tion 7.3.1.7 des
ribes in detail.
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Figure 7.1.4: The signal 
omposition for ea
h produ
tion pro
ess as a fun
tion of the

event 
ategory (left) The signal 
omposition for ea
h event 
ategory as a fun
tion of the

signal pro
ess (right) for

√
s = 7 TeV analysis at mH = 125 GeV.
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Figure 7.1.5: The signal 
omposition for ea
h produ
tion pro
ess as a fun
tion of the

event 
ategory (left) The signal 
omposition for ea
h event 
ategory as a fun
tion of the

signal pro
ess (right) for

√
s = 8 TeV analysis at mH = 125 GeV.
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Figure 7.2.1: Diagrams of the main γ-γ ba
kgrounds: Born (left), Bremsstrahlung (mid-

dle) and Box (right)
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Figure 7.2.2: Diagrams of γ-jet ba
kground (Leading-order)
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Figure 7.2.3: Diagrams of jet-jet ba
kgrounds (Leading-order)

high mass tail of the Drell-Yan peak in the mass window ([100, 160] GeV) is the sour
e of
ba
kground. Be
ause ele
trons have similar isolation distributions to photons as well as

shower shape, they have mu
h higher fake rate to photons than jets. However sin
e the


ross se
tion of Drell-Yan within the mass window is mu
h smaller than γ-γ, γ-jet and jet-
jet, the expe
ted fra
tion of Drell-Yan events is small. Other ele
troweak ba
kgrounds,

su
h as Z + γ and W + γγ events, also have fake photons due to ele
trons and have

non-negligible 
ontribution to the VH 
ategories.

7.2.1 Ba
kground 
omposition

In order to 
hoose �tting fun
tions, the fra
tion of ea
h ba
kground 
omponent is need to

be estimated. For Drell-Yan events, the misidenti�
ation rate is extra
ted in data with

using Z → ee events re
onstru
ted as di-ele
tron and e−γ pairs. The fra
tion of Drell-Yan
events is estimated to be ∼ 1 % [93℄. The Z + γ and the W + γγ samples are normalized

a

ording to the 
ross se
tion of the pro
ess. They have very small 
ontributions ex
ept

in VH 
ategories.

The fra
tions of γ-γ, γ-jet and jet-jet events are measured using several data-driven

te
hniques [99℄. One of them is template �t method [100℄. In this method, templates of

isolation distributions of genuine photons and fake photons are formed for both leading

and sub-leading photons in data. The template of fake photons is obtained from photons

whi
h fail the photon identi�
ation 
riteria but pass 
ertain relaxed identi�
ation 
riteria.

The template of genuine photons is obtained by subtra
ting the fake photon template

from the isolation distribution of photon 
andidates whi
h pass the identi�
ation 
riteria.

For subtra
ting, the fake photon template is normalized su
h that the integrals of the

two distributions are equal for bad isolation (high ETcone40) region. The template �t is

performed to the leading photon and sub-leading photon simultaneously in ea
h bin of the

di-photon invariant mass distribution relaxed isolation 
riteria. From the �t result, the

fra
tions of ea
h ba
kground are estimated to be 80± 4 %, 19± 3 % and 1.8± 0.5 % for

the γ-γ, the γ-jet and jet-jet events in

√
s = 7 TeV data, while 75

+3
−2

%, 22 ± 2 % and

2.6± 0.5 % in

√
s = 8 TeV data. In this estimation, the signal events and the Drell-Yan
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Figure 7.2.4: Composition of the in
lusive data sample as a fun
tion of mγγ , extra
ted

from the double two dimensional sideband method after the in
lusive event sele
tion. The

various 
omponents are sta
ked on top of ea
h other. The error bars 
orrespond to the

statisti
al un
ertainties on ea
h 
omponent separately. The gray bands show the overall

un
ertainty on ea
h 
omponent [99℄.

are in
luded in the γ-γ fra
tion. However their 
ontributions are so small. Figure 7.2.4

shows the di-photon sample 
omposition as a fun
tion of the invariant mass at

√
s = 7

TeV. The fra
tions are estimated in the in
lusive 
ategory, and the results are applied to

all 
ategories.

The results of ba
kground de
omposition is used for �t fun
tion 
hoi
e, but not used

for likelihood �t. Therefore the estimation of ba
kground de
omposition does not a�e
t

�nal physi
s results dire
tly.

7.2.2 Fitting fun
tion for ea
h event 
ategory

Fitting fun
tions for ea
h 
ategory are 
hosen to a
hieve a good 
ompromise between the

bias for signal yield due to the 
hosen parametrization and retaining the signi�
an
e of

observation and measurement. Depending on the 
ategory, an exponential fun
tion, a

4th-order Bernstein polynomial or an exponential fun
tion of a 2nd-order polynomial is

used as shown in Table 7.2.1. The 4th-order Bernstein polynomial and the exponential

fun
tion of a 2nd-order polynomial are de�ned as:

Bern4 (mγγ) =

4
∑

i=0

ai
4!

i! (4− i)!
mi

γγ (mγγmax −mγγ)
4−i

Exp2nd (mγγ) =N exp
(

c1mγγ + c2m
2
γγ

)

(7.2.1)

where Bern4 is a 4th-order Bernstein polynomial, Exp2nd is an exponential fun
tion of

2nd-order polynomial and 
oe�
ients ai, c1, c2, N are �tting parameters as well as mγγmax

is the maximum of mγγ (160 GeV). The 
oe�
ient ai is 
onstrained to be ai ≥ 0, hen
e
Bern4 a has non-negative value. If the ba
kground modeling is not perfe
t, when the

mγγ histogram of ba
kground pro
esses are �tted with signal + ba
kground model, the

non-zero signal is obtained from the �t. This signal biases, 
alled spurious signal, for ea
h


ategory from the 
hoi
e of ba
kground parametrization are estimated using MC samples

normalized a

ording to the studies in Se
tion 7.2.1. The spurious signal is dis
ussed in

Se
tion 7.3.1.7.

105



Category Fun
tion√
s = 7 TeV

√
s = 8 TeV

In
lusive 4th-order Bernstein polynomial

Un
onverted 
entral, low pTt Exponential of 2nd-order pol.

Un
onverted 
entral, high pTt Exponential

Un
onverted rest, low pTt 4th-order Bernstein polynomial

Un
onverted rest, high pTt Exponential

Converted 
entral, low pTt Exponential of 2nd-order pol.

Converted 
entral, high pTt Exponential

Converted rest, low pTt 4th-order Bernstein polynomial

Converted rest, high pTt Exponential

Converted transition Exponential of 2nd-order pol.

Di-jet

Loose VBF Exponential

Tight VBF Exponential

� Low mass di-jet Exponential

� Emiss
T signi�
an
e Exponential

� One-lepton Exponential

Table 7.2.1: Fun
tions for ba
kground events in the ea
h event 
ategory.

Un
ertainty

√
s = 7 TeV

√
s = 8 TeV

Luminosity ±1.8 % ±3.6 %
Trigger ±1.0 % ±0.5 %
Identi�
ation ±8.4 % ±2.4 %
Isolation ±0.4 % ±1.0 %
Kinemati
s ±0.3 % ±0.3 %
Theory: 
ross se
tion Table 7.3.2 Table 7.3.3

Theory: bran
hing fra
tion

+5.0
−4.9

%

Ba
kground modeling Table 7.1.2 Table 7.1.3

Table 7.3.1: Systemati
 un
ertainties on signal yield at mH = 125 GeV.

7.3 Systemati
 un
ertainties

Four di�erent groups of the systemati
 un
ertainties are 
onsidered: signal yield, event

migration, mass s
ale and mass resolution. The "signal yield" is the estimation of un
er-

tainties on the amount of signal events observed. The "event migration" is the un
ertainty

on 
ategorization, that is, un
ertainties on the fra
tion of events being 
lassi�ed in dif-

ferent event 
ategories. The "mass s
ale" and "mass resolution" are un
ertainties on the

Higgs mass position and resolution, respe
tively.

7.3.1 Signal yield

Seven di�erent sour
es of the systemati
 un
ertainty on signal yield are 
onsidered as

summarized in Table 7.3.1. Ea
h un
ertainty is des
ribed below.
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Un
ertainty Value

QCD s
ale ggF:

+7.1
−7.8

% VBF: ±0.3 % WH : ±0.9 %

ZH : ±2.9 % ttH :

+3.2
−9.3

%

PDF +αS ggF:

+7.6
−7.1

% VBF:

+2.5
−2.1

% WH : ±2.6 %
ZH : ±2.7 % ttH : ±8.4 %

QCD s
ale for ggF + multi-jet 2 jet in di-jet 
ategory: ±20 %
3 jet in di-jet 
ategory: ±15 %

Table 7.3.2: Systemati
 un
ertainties on Higgs boson 
ross se
tion for

√
s = 7 TeV analysis

at mH = 125 GeV.

Un
ertainty Value

QCD s
ale ggF:

+7.2
−7.8

% VBF: ±0.2 % WH : ±1.0 %

ZH : ±3.1 % ttH :

+3.8
−9.3

%

PDF +αS ggF:

+7.5
−6.9

% VBF:

+2.6
−2.8

% WH : ±2.3 %
ZH : ±2.5 % ttH : ±8.1 %

QCD s
ale for ggF + multi-jet 2 jet in tight VBF 
ategory: ±20 %
3 jet in tight VBF 
ategory: ±44 %
2 jet in loose VBF 
ategory: ± 20 %

3 jet in loose VBF 
ategory: ± 20 %

2 jet in low mass di-jet 
ategory: ± 30 %

Table 7.3.3: Systemati
 un
ertainties on Higgs boson 
ross se
tion for

√
s = 8 TeV analysis

at mH = 125 GeV.
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7.3.1.1 Luminosity

The un
ertainty of luminosity is evaluated with the luminosity dete
tor. The measure-

ment method is des
ribed in Appendix A. The estimated un
ertainty on the integrated

luminosity is ±1.8 % for

√
s = 7 TeV data and ±3.6 % for

√
s = 8 TeV data.

7.3.1.2 Trigger e�
ien
y

As des
ribed in Se
tion 4.2, the di-photon trigger e�
ien
y is measured by the Bootstrap

method. In order to estimate the bias of the method, the e�
ien
y is also evaluated using

other measurements: data-driven study with high purity photons in Z → llγ events, as

well as MC simulation analysis with using H → γγ events and fake photon 
ontaminating
events. The di�eren
e of the results with respe
t to the results from the Bootstrap method

is ±1.0 (±0.5) % for

√
s = 7 (8) TeV, and is 
onsidered as the systemati
 un
ertainty of

the di-photon trigger e�
ien
y.

7.3.1.3 Photon identi�
ation e�
ien
y

The un
ertainty of identi�
ation e�
ien
y per photon 
andidate is estimated in Se
tion

5.3. For the H → γγ analysis, the multi-photon 
orrelation are taken into a

ount. Be-


ause some identi�
ation un
ertainties are 
orrelated between two photons, the 
orrelation


oe�
ients are 
al
ulated as a fun
tion of η, ET and 
onversion status of two photons.

From the 
orrelation 
oe�
ients and the un
ertainty per photon, the un
ertainties of pho-

ton identi�
ation e�
ien
y is 
al
ulated event by event in the H → γγ signal samples.

Then the un
ertainties are 
ombined, and the total un
ertainty is measured to be ±2.4
% for

√
s = 8 TeV analysis.

For

√
s = 7 TeV analysis, photons are assumed to be fully 
orrelated. This is more


onservative model. The un
ertainty is estimated to be ±8.4 %.

7.3.1.4 Isolation 
riteria e�
ien
y

In Se
tion 5.5, the e�
ien
y un
ertainty of isolation 
riteria for di-photon is measured to

be ±0.4 % for

√
s = 7 TeV, and ±1.0 % for

√
s = 8 TeV analysis.

7.3.1.5 Kinemati
 threshold e�
ien
y

The energy s
ale un
ertainty of photons 
auses signal yield un
ertainty be
ause the leading

(sub-leading) photon 
andidates are required to pass 40 (30) GeV ET threshold. The

un
ertainty is estimated to be ±0.3 %. This un
ertainty is 
orrelated with the mass s
ale
un
ertainties whi
h are des
ribed in Se
tion 7.3.3.

7.3.1.6 Theoreti
al un
ertainties for Higgs 
ross se
tion and bran
hing ratio

The theoreti
al un
ertainties on the Higgs boson 
ross se
tion for ea
h produ
tion pro
ess,

as well as bran
hing ratio are taken from [17, 18℄ as summarized in Table 7.3.2 and 7.3.3.

The un
ertainties on the 
ross se
tion in
lude PDF and missing higher order perturbative

QCD 
orre
tions. The αS un
ertainty is added in quadrature to the PDF variation.

Hen
e PDF un
ertainty is 
alled PDF+αS. On the other hand, the un
ertainty of QCD
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renormalization and fa
torization is 
alled QCD s
ale. These theoreti
al un
ertainties

have the mH dependen
e. The typi
al value of the theoreti
al un
ertainty is ±11 %.

For the ggF+2 jet as well as 3 jet 
ross se
tion, the QCD perturbative un
ertainties

are 
al
ulated separately.

7.3.1.7 Ba
kground modeling

The un
ertainties on ba
kground modeling are sour
es of the signal yield un
ertainty.

The bias on the signal yield is estimated for ea
h event 
ategory by a likelihood �t with

signal and ba
kground models to a simulated ba
kground only data set. The obtained

signal yield from the �t is assumed as the signal yield bias. The signal bias due to

ba
kground modeling is 
alled spurious signal, and is estimated to be between ±4 and

±23 % depending on event 
ategory.

7.3.2 Event migration

Some systemati
 un
ertainties do not lead to the total signal yield un
ertainty but lead to

the event migration un
ertainties. Ten di�erent migration sour
es are taken into a

ount

as des
ribed below. Appendix E summarizes the un
ertainties.

7.3.2.1 Material mismodeling

The material mapping mismodeling 
auses bias on the fra
tion of 
onverted photons. The

impa
t of the mismodeling is estimated with using signal MC samples with a spe
ial ma-

terial 
on�guration, where the material amount is shifted by the geometry un
ertainties.

The potential migration is −4 % for un
onverted photon 
ategories and +3.5 % for 
on-

verted photon 
ategories. The sign of the un
ertainty is plus (minus) if the fra
tion of

the 
ategory is in
reased (de
reased) when the material amount is in
reased.

7.3.2.2 Jet energy s
ale

The jet energy s
ale (JES) un
ertainties lead to the event migration between 
ategories

requiring jets and other 
ategories. The potential migration is estimated by varying the

JES within their un
ertainties [101℄. The JES un
ertainties are 
ategorized into some

non-negligible independent un
ertainties (
alled O�setMu, Flavor Composition, Flavor

Response, Model 1, EtaCalib, Pileup and Close-By). They are des
ribed in Appendix D.3.

The estimated un
ertainties are up to 12 % (11 %) for the tight (loose) VBF 
ategory,

6.7 % for the low mass di-jet 
ategory and up to 0.7 % for the other 
ategories in

√
s = 8

TeV data, while in

√
s = 7 TeV data, up to 15 % for di-jet 
ategory and up to 0.4 % for

the other 
ategories.

7.3.2.3 Jet energy resolution

The jet energy resolution (JER) un
ertainty a�e
ts the event migration. The impa
t is

found to be up to 3.8 % (3.4 %) on the tight (loose) VBF 
ategory, 3.4 % on the low-mass

di-jet 
ategory, and up to 0.9 % on the other 
ategories in

√
s = 8 TeV data.
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7.3.2.4 Jet vertex fra
tion

The di�eren
es of jet vertex fra
tion (JVF) e�
ien
y between data and MC is estimated

for pileup jets and jets from a hard pro
ess separately (see Appendix D). The un
ertainties

are 0.3 (1.2) % in the loose VBF 
ategory for ggF (VBF), ans 2.3 (2.4) % in the low mass

di-jet 
ategory for ggF (VBF). The un
ertainties are only applied to

√
s = 8 TeV data

be
ause of high pileup 
ondition.

7.3.2.5 Higgs pT of gluon-gluon pro
ess

The Higgs pT un
ertainty due to the modeling of the Higgs boson kinemati
 properties

is estimated from the HqT2.0 [86℄ as a fun
tion of the Higgs pT. The potential event

migration is evaluated from the Higgs pT un
ertainty. For

√
s = 8 TeV analysis, the

potential migration is 10.2 % on the high pTt 
ategories, 10.4 % (8.5 %) on the tight

(loose) VBF 
ategories, 12.5 % on the low mass di-jet 
ategory and up to 4.0 % on the

other 
ategories. For

√
s = 7 TeV analysis, the un
ertainties are 12.5 % on the high pTt


ategories, 9 % on the di-jet 
ategories and 1.1 % on the other 
ategories.

7.3.2.6 Underlying event

Underlying event is everything in single parton 
ollisions ex
ept the hard pro
ess of inter-

est [102℄. The mismodeling of the underlying event in MC events leads to the migration

between di-jet events. For the systemati
 studies, spe
ial samples without multi-parton

intera
tion are used. From the 
omparison of the predi
ted fra
tions of the 
ategories

between the default and the spe
ial sample events, up to 30 (13) % un
ertainty for the

di-jet 
ategories are assigned to ggF for

√
s = 7 (8) TeV analysis. To the other produ
tion

pro
ess, the assigned un
ertainties are up to 6 (4) % for

√
s = 7 (8) TeV analysis.

7.3.2.7 Lepton e�
ien
y

The lepton e�
ien
y un
ertainties a�e
ts the number of signal events of the one-lepton


ategory. The un
ertainties of lepton re
onstru
tion, identi�
ation, energy s
ale and

energy resolution are taken into a

ount. The un
ertainties of the event migration are

estimated to be up to 1 %.

7.3.2.8 Emiss
T

The un
ertainties of Emiss
T are estimated by propagating the ET un
ertainties of input

obje
ts (photons, ele
tron, jets and 
ell out). The largest 
ontribution 
omes from the


ell-out term. The jet energy s
ale has the se
ond largest 
ontribution, and the un
ertainty

of other obje
ts are negligible. The potential event migration is estimated by varying the

Emiss
T up and down by the un
ertainty. In the Emiss

T signi�
an
e 
ategory, the assigned

un
ertainty is 66.4 % to ggF, 30.7 % to VBF and 1.2 % to VH.

7.3.2.9 η⋆ =
∣

∣ηγγ −
(

ηjet1 + ηjet2
)

/2
∣

∣

The un
ertainty of η⋆ modeling a�e
ts the e�
ien
y of the di-jet 
ategories. The un
er-

tainty due to η⋆ modeling is estimated by reweighting the jet distribution at MC generator
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Category Z line shape Material |η| < 1.8 Material |η| > 1.8
Un
onverted 
entral, low pTt 0.30 % 0.30 % -

Un
onverted 
entral, high pTt 0.30 % 0.30 % -

Un
onverted rest, low pTt 0.30 % 0.50 % 0.10 %

Un
onverted rest, high pTt 0.30 % 0.50 % 0.10 %

Converted 
entral, low pTt 0.30 % 0.10 % -

Converted 
entral, high pTt 0.30 % 0.10 % -

Converted rest, low pTt 0.30 % 0.20 % 0.10 %

Converted rest, high pTt 0.30 % 0.20 % 0.10 %

Converted transition 0.40 % 0.60 % -

Di-jet 0.30 % 0.30 % -

Table 7.3.4: Un
ertainties on mass s
ale for

√
s = 7 TeV.

Category Presampler barrel Presampler end
ap

Un
onverted 
entral, low pTt 0.10 % -

Un
onverted 
entral, high pTt 0.10 % -

Un
onverted rest, low pTt 0.20 % -

Un
onverted rest, high pTt 0.30 % -

Converted 
entral, low pTt - -

Converted 
entral, high pTt - -

Converted rest, low pTt 0.10 % -

Converted rest, high pTt 0.10 % -

Converted transition - 0.10 %

Di-jet 0.10 % -

Table 7.3.5: Un
ertainties on mass s
ale for

√
s = 7 TeV.

level to another generator distribution. The un
ertainty of the event migration for the

tight (loose) VBF 
ategory is 7.6 (6.2) %.

7.3.2.10 |φγγ − φjj|
In the same way as η⋆, the un
ertainty is estimated by reweighting the jet distribution.

The resulting un
ertainty is 12.1 (8.5) % for the tight (loose) VBF 
ategories.

7.3.3 Mass s
ale

Nine mass s
ale un
ertainties a�e
t µCB of the signal PDF. The un
ertainties are sum-

marized in Table 7.3.4, 7.3.5, 7.3.6, 7.3.7 and 7.3.8.

7.3.3.1 Energy 
orre
tion using Z line shape

As des
ribed in 4.5.2, the 
orre
tion of photon energy in data is obtained from the Z → ee
line shape. The un
ertainty of the 
orre
tion has one of the largest impa
ts on the mass

s
ale un
ertainty, whi
h is the range between 0.3% and 0.4% (see Table 7.3.4 and 7.3.6).
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Category Z line shape Material |η| < 1.8 Material |η| > 1.8
Un
onverted 
entral, low pTt 0.30 % 0.26 % -

Un
onverted 
entral, high pTt 0.31 % 0.26 % -

Un
onverted rest, low pTt 0.35 % 0.47 % 0.10 %

Un
onverted rest, high pTt 0.35 % 0.49 % 0.08 %

Converted 
entral, low pTt 0.31 % 0.19 % -

Converted 
entral, high pTt 0.31 % 0.20 % -

Converted rest, low pTt 0.35 % 0.31 % 0.09 %

Converted rest, high pTt 0.35 % 0.39 % 0.11 %

Converted transition 0.38 % 0.71 % 0.07 %

Loose VBF 0.33 % 0.41 % 0.07 %

Tight VBF 0.33 % 0.38 % 0.03 %

Low mass di-jet 0.33 % 0.43 % 0.06 %

Emiss
T signi�
an
e 0.34 % 0.39 % 0.05 %

One-lepton 0.34 % 0.40 % 0.07 %

Table 7.3.6: Un
ertainties on mass s
ale for

√
s = 8 TeV.

Category Presampler barrel Presampler end
ap

Un
onverted 
entral, low pTt 0.10 % -

Un
onverted 
entral, high pTt 0.11 % -

Un
onverted rest, low pTt 0.16 % 0.02 %

Un
onverted rest, high pTt 0.18 % 0.01 %

Converted 
entral, low pTt 0.03 % -

Converted 
entral, high pTt 0.07 % -

Converted rest, low pTt 0.05 % -

Converted rest, high pTt 0.08 % -

Converted transition 0.05 % 0.06 %

Loose VBF 0.10 % -

Tight VBF 0.13 % -

Low mass di-jet 0.12 % -

Emiss
T signi�
an
e 0.12 % -

One-lepton 0.10 % -

Table 7.3.7: Un
ertainties on mass s
ale for

√
s = 8 TeV.

Un
ertainty Value

Conversion fra
tion 0.13 %

Lateral leakage, e/γ di�eren
e 0.10 %

Lateral leakage, energy dependen
e 0.02 %

High/medium gain 0.15 %

Layer inter
alibration 0.20 %

Primary vertex 0.03 %

Ba
kground model 0.10 %

Table 7.3.8: Un
ertainties on mass s
ale for

√
s = 8 TeV. Listed un
ertainties have the

same values in all 
ategories.
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7.3.3.2 Material mapping

If mismodeling of the ATLAS dete
tor material mapping exists in the MC samples, the

energies lost in front of the EM 
alorimeter are di�erent between data and MC. The impa
t

of material mapping on mass s
ale un
ertainty is estimated with spe
ial MC samples,

named distorted sample, where the amount of material is shifted by the un
ertainty.

Be
ause the amount of material strongly depends on η, mass s
ale un
ertainty due to the
material mapping is divided into impa
ts from high η (|η| > 1.8) and low η (|η| < 1.8).
The estimated un
ertainties are up to 0.7 %.

7.3.3.3 Presampler energy s
ale

The relative energy s
ale between the presampler and the a

ordion, whi
h 
onsists of the

1st, 2nd and 3rd layers in the EM 
alorimeter, a�e
ts the energy s
ale be
ause the presam-

pler is used for the energy 
orre
tion based on the Calibration hit method (Eq.(4.5.2)).

The energy s
ale in data is 
orre
ted with using Z line shape. Therefore the energies of

ele
trons used for the 
orre
tion are not a�e
ted by the relative energy s
ale. However

the relative energy s
ale has an impa
t on photon energy s
ale. The impa
t is divided

into the barrel and end
ap regions, and estimated to be up to 0.3 %.

7.3.3.4 Conversion fra
tion

The energy 
alibration for photons depends on photon 
onversion status. Consequently,

misre
onstru
tion of photon 
onversion leads to the energy mis
alibration. Be
ause the


onversion fra
tion relies on the material mapping in front of the EM 
alorimeter, the

un
ertainty of the fra
tion is estimated with using the distorted samples. From the results,

the mass s
ale un
ertainty due to 
onversion fra
tion is estimated to be 0.13 %.

7.3.3.5 Energy leakage

The energy leakage is 
orre
ted in the MC based 
alibration. However, the shower width

is underestimated in the MC samples as shown in Se
tion 4.4. Consequently, the lateral

leakage 
orre
tion has un
ertainty. The di�eren
e of leakage between data and MC is

studied with Z → ee or Z → ℓℓγ events. The isolation variables are measured with

various 
one sizes, and from the results, the leakage is parametrized as a fun
tion of

radius from the 
luster 
enter. Then the un
ertainty of leakage 
orre
tion is estimated

from 
omparison between data and MC. The mass s
ale un
ertainties due to the energy

leakage are estimated to be 0.1 % from the di�eren
e between the results from Z → ee
and Z → ℓℓγ, and to be 0.02 % from energy dependen
e.

7.3.3.6 Energy s
ale di�eren
e between 
alorimeter gains

As des
ribed in Se
tion 2.2.5.1, the shaper on the EM 
alorimeter front-end board has

three di�erent gains. The energy deposits of ele
trons for the energy 
alibration using Z
line shapes are ampli�ed with the highest gain, while sometimes inH → γγ events, energy
deposits of photons are ampli�ed with the medium gain be
ause of their higher energy

deposits. Hen
e the mis
alibration of the two gains 
auses the mass s
ale un
ertainty.

The un
ertainty is estimated to be 0.15 %.

113



√
s = 7 TeV

√
s = 8 TeV

Smearing Pileup Smearing Pileup

Un
onverted 
entral, low pTt

13.4 % 3.0 %

18.9 %

1.5 %

Un
onverted 
entral, high pTt 21.6 %

Un
onverted rest, low pTt 23.2 %

Un
onverted rest, high pTt 23.3 %

Converted 
entral, low pTt 19.3 %

Converted 
entral, high pTt 27.2 %

Converted rest, low pTt 19.6 %

Converted rest, high pTt 21.8 %

Converted transition 14.4 %

Others 21.0 %

Table 7.3.9: Un
ertainties on mass resolution.

7.3.3.7 Layer inter-
alibration

The relative energy s
ales in ea
h layer of the EM 
alorimeter have an impa
t on the

shower depth X , whi
h is used for the MC based energy 
orre
tion as des
ribed in Se
tion

4.5.1. Therefore di�eren
e of the energy s
ales between data and MC lead bias for mass

s
ale. The ratio E1/E2 is estimated with ele
trons in Z → ee and W → eν events,

where E1 and E2 are energy deposits in the 1st and 2nd layers, respe
tively. From the

measured di�eren
e of the relative s
ales between data and MC, the mass s
ale un
ertainty

is estimated to be 0.20 %.

7.3.3.8 Primary vertex

The invariant mass is 
al
ulated with the energies, η and φ of the two photons, and photon
η is determined from the position of the primary vertex and the energy 
luster position in

the EM 
alorimeter. Hen
e the systemati
 un
ertainty of primary vertex determination is

taken into a

ount for the mass s
ale un
ertainty. Several algorithms to sele
t the primary

vertex are 
he
ked with Z → ee events in data and MC, and the impa
t of the primary

vertex determination on the mass s
ale un
ertainty is estimated to be 0.03 %.

7.3.3.9 Ba
kground modeling

The 
hoi
e of ba
kground fun
tion have an impa
t on the �tted signal through the signal

+ ba
kground likelihood �t. Therefore the several fun
tions are tested for ba
kground

model, and the di�eren
es of estimated mH are assumed as the systemati
 un
ertainty.

The estimated mass s
ale systemati
 un
ertainty is 0.1 %.

7.3.4 Mass resolution

The mass resolution is estimated as σCB or σGA in the signal PDF. The un
ertainties of

mass resolution are summarized in Table 7.3.9.
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7.3.4.1 Energy smearing

The MC energies are smeared su
h that the width of Z line shape in MC agrees with that

in data as des
ribed in Se
tion 4.5.2. The un
ertainty of the smearing is a main sour
e of

the mass resolution un
ertainty. In addition, be
ause the smearing fa
tors are determined

with using not photons but ele
trons, mismodeling of ele
tron → photon extrapolation

has impa
t on the mass resolution un
ertainty. They are merged and estimated between

14.4 and 27.2 % depending on the 
ategory for

√
s = 8 TeV analysis, while 13.4 % for√

s = 7 TeV analysis.

7.3.4.2 Pileup mismodeling

Sin
e pileup events a�e
t the energy resolution of the EM 
alorimeter, the pileup mis-

modeling leads to mass resolution un
ertainty. A 3.0 (1.5) % un
ertainty is assigned for√
s = 7 (8) TeV analysis by 
omparing high and low pileup 
ondition simulation samples.
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Chapter 8

Observation of a Higgs boson and

measurement of its properties

8.1 Observation of a Higgs boson

A likelihood is de�ned by using the signal and ba
kground model. Then a maximum

likelihood �t is performed. From the �t results, the p-value for the ba
kground-only

hypothesis is 
al
ulated for dis
overy of the Higgs boson.

8.1.1 Statisti
al method

The statisti
al analysis in this thesis is based on an unbinned maximum likelihood using

mγγ distribution. A signal strength µ, whi
h represents the observed s
ale of signal event

rate 
ompared with the Standard Model predi
tion, is used as the hypothesized value for

dis
overy of the Higgs boson. The µ is de�ned as:

µ ≡ σ · Br
σSM · BrSM

(8.1.1)

where σ ·Br is the observed Higgs boson produ
tion 
ross se
tion times de
ay bran
hing

fra
tion to γγ �nal state, and the subs
ript SM means the values are predi
ted by the

Standard Model. The Higgs mass mH is the other hypothesized value and s
anned from

110 GeV to 150 GeV.

8.1.1.1 Likelihood

The likelihood L in
ludes the information of the numbers and mγγ shapes of signal and

ba
kground events. It involves nuisan
e parameters whi
h are not parameters of interest

but must be determined from the �t. The nuisan
e parameters are asso
iated to the

systemati
 un
ertainties of the numbers and shapes. The L is 
onstru
ted from Poisson

and 
onstraint fa
tors; L = LP × Lθ, where LP and Lθ are the Poisson and 
onstraint

fa
tors, respe
tively. The Poisson fa
tor is de�ned by:
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LP (µ,mH) =
Ncat
∏

c

1

Nevt,c!
exp (−µsc − bc)

Nevt,c
∏

ic

(µscfs,c (mγγ,ic |mH) + bcfb,c (mγγ,ic))

(8.1.2)

where Nevt is the number of events in the data set, Ncat is the number of the event


ategories, s and b are the number of signal and ba
kground events, fs and fb are PDFs of
signal and ba
kground for hypothesized mH , the subs
ript c means the label of the event

ategory and the subs
ript i is the label of the event number. The 
onstraint fa
tors are
des
ribed as the produ
t of Gaussian or asymmetri
 Gaussian fun
tions whi
h 
onstrain

nuisan
e parameters.

Lθ =
∏

j

fGaus (θj)
∏

k

fasymGaus (θk)

fGaus (θj) ≡
1√
2π

exp

(

−
θ2j
2

)

fasymGaus (θk) ≡
√

2

π

σL,k
(σL,k + σR,k)







exp
(

−θ2
k

2

)

θk < 0

exp
(

−σ2
L,k

θ2
k

2σ2
R,k

)

θk > 0

(8.1.3)

where θ is a nuisan
e parameter and σR(L) is the 
orresponding upper(lower) error. The

asymmetri
 Gaussian fun
tions are used for the asymmetri
 un
ertainties. The likelihood

L 
an be written as the produ
t of LP and Lθ.

8.1.1.2 Nuisan
e parameter

The likelihood L has many nuisan
e parameters. The number of ba
kground events b is
treated as a nuisan
e parameter whi
h does not have any 
onstraint. The parameters of

the ba
kground fun
tions are also nuisan
e parameters whi
h are not 
onstrained. On the

other hand, nuisan
e parameters of s and fs are 
onstrained by Gaussian or asymmetri


Gaussian fun
tions. The un
ertainties of signal yield and event migration between event


ategories a�e
t s, while the un
ertainties of mass s
ale and resolution a�e
t fs. All


onstrained nuisan
e parameters and 
orresponding systemati
 un
ertainties are listed in

Appendix F.

Signal yield The un
ertainties of signal yield (σyield1,c, σyield2,c, ...) are estimated in

Se
tion 7.3.1. They are taken into a

ount as s
ale fa
tors, whi
h are applied to the

number of signal events. The s
ale fa
tors are de�ned with four di�erent ways:

sac (θyieldl) = exp

(

√

ln
(

1 + σ2
yieldl,c

)

θyieldl

)

sbc (θyieldl) = exp

(

√

ln
(

1 + σ2
L,yieldl,c

)

θyieldl

)

scc (θyieldl) =
(

1 + σL(R)yieldl,c

)θyieldl

sdc (θyieldl) = (1 + σyieldl,cθyieldl)

(8.1.4)
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where θyieldl is a nuisan
e parameter for the 
orresponding systemati
 un
ertainty σyieldl,c.
These four formulas are di�erent but have similar mean and varian
e values. A nuisan
e

parameter θl does not have the label c be
ause all 
ategories have a 
ommon nuisan
e

parameter ex
ept spurious signal. Sin
e the un
ertainties due to the spurious signal are

not 
orrelated among the event 
ategories, di�erent nuisan
e parameters are used for

di�erent 
ategories.

The 
hoi
e of the formula depends on the type of un
ertainties. For spurious signal,

sdc (θyieldl) is used. For the other yield un
ertainties, the sc (θyieldl) is restri
ted to positive

value. Therefore sac (θyieldl), s
b
c (θyieldl) or s

c
c (θyieldl) is used. Parti
ularly when the un
er-

tainty is symmetri
, sac (θyieldl) is used. On the other hand, be
ause the un
ertainties of

bran
hing ratio and 
ross se
tion due to QCD s
ale have asymmetri
 values, sbc (θyieldl)
is used. By 
ontrast, scc (θyieldl) is used for the 
ross se
tion un
ertainty due to PDF+αS

whi
h also has asymmetri
 values. The QCD s
ale un
ertainties have di�erent nuisan
e

parameters for di�erent produ
tion pro
esses ex
ept WH and ZH. The PDF+αS un
er-

tainties have two nuisan
e parameters. One is for ggF and ttH pro
esses, while the other

is for VBF, WH and ZH pro
esses.

Event migration The event migration (σmig1,c, σmig2,c, ...) are estimated in Se
tion

7.3.2. S
ale fa
tors are de�ned like the signal yield 
ase:

sc (θmigl) = (1 + σmigl,cθmigl) (8.1.5)

where θmigl is a nuisan
e parameter for the 
orresponding systemati
 un
ertainty σmigl,c.

Theθmigl is 
onstrained by a Gaussian. The number of signal in 
ategory c is written as

the produ
t of sc (θyieldl) and sc (θmigl′):

sc = sc nominal

∏

l

sc (θyieldl)
∏

l′

sc (θmigl′) (8.1.6)

where scnominal is the expe
ted nominal signal yield. The total signal yield stot =
∑Ncat

c sc
is independent of σmigl.c be
ause the total number of sele
ted events 
annot be 
hanged

by event migration.

Mass s
ale The un
ertainties in the mass resolutions (σres1,c, σres2,c, ...) are estimated

in Se
tion 7.3.4. The peak position of the signal PDF is s
aled by the following fa
tor:

mpeak,c (θpeakl) = (1 + σpeakl,cθpeakl) (8.1.7)

where θpeakl 
orresponds to a nuisan
e parameter.

Mass resolution The mass resolution un
ertainties (σresol1,c, σresol2,c, ...) are estimated
in Se
tion 7.3.4. The 
orresponding nuisan
e parameter θresoll shifts the sigma of the


rystal ball and Gaussian fun
tion (σCB, σGA) by following fa
tors:

σCB(GA),c (θresoll) = exp

(

√

ln
(

1 + σ2
resoll,c

)

θresoll

)

(8.1.8)

The parameters of s, mpeak and σCB(GA) for ea
h 
ategory are written by:
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sc = sc0
∏

l

sc (θyieldl)
∏

l′

sc (θmigl′)

mpeak,c = mpeak,c0

∏

l

mpeak,c (θpeakl)

σCB(GA),c = σCB(GA)c0

∏

l

σCB(GA) (θresoll)

(8.1.9)

where sc0, mpeak,c0 and σCB(GA)c0 are the nominal values.

8.1.1.3 Test statisti
 for µ ≥ 0

The dis
overy of Higgs boson is established by a frequentist signi�
an
e test using a

likelihood ratio as a test statisti
. The test statisti
 is de�ned by:

qµ,mH
≡







−2 lnλ (µ,mH) ≡ −2 ln
L
(

µ,mH ,
ˆ̂
θ

)

L(µ̂,mH , θ̂)
µ̂ ≥ µ

0 µ̂ < µ
(8.1.10)

where θ is set of nuisan
e parameters,

ˆ̂
θ are the values of θ that maximize L for the spe
-

i�ed µ and mH , µ̂ and θ̂ are the maximum likelihood estimators (MLEs) that maximize

L with a given mH . Higher values of qµ,mH
thus 
orrespond to in
reasing in
ompatibility

between the data set and hypothesized µ and mH . Therefore qµ,mH
= 0 for µ̂ < µ means

that we only test if µ̂ is larger than µ, in other words, this is one-sided test for lower limit.
Nuisan
e parameters broaden the distribution of the test statisti
 as a fun
tion of µ


ompared with a test statisti
 that has no nuisan
e parameter, or a test statisti
 that

has �xed parameters. This re�e
ts the systemati
 un
ertainties de
rease the sensitivity

of dis
overy. The level of in
ompatibility 
an be shown by p-value as shown Eq.(8.1.11).

pµ,mH
=

∫ ∞

qµ,mH

f
(

q′µ,mH
|µ,mH

)

dq′µ,mH
(8.1.11)

where f
(

q′µ,mH
|µ,mH

)

is the PDF of q′µ,mH
under the assumption of µ and mH .

8.1.1.4 Asymptoti
 estimation

In order to �nd the p-value whi
h is de�ned in Eq.(8.1.11), the PDF of qµ,mH
is needed.

One method is to generate many toy data sets from the information of the target data set

then get the distribution f
(

q′µ,mH
|µ,mH

)

. Another method is asymptoti
 approximation

that 
an be used for the 
ase of the following equation is established:

−2 lnλ (µ) =
(µ− µ̂ (mH))

2

σ2 (mH)
+O

(

1√
N

)

(8.1.12)

where µ̂ (mH) follows a Gaussian fun
tion with a mean µ′ (mH) and standard deviation

σ (mH) and N denotes the size of data set. In 
ase of the µ′ (mH) = µ and if we negle
t

the O
(

(N)−
1
2

)

term in Eq.(8.1.12), the PDF is 
al
ulated by Wald [103℄ and Wilks [104℄.

f
(

q′µ,mH
|µ,mH

)

=
1

2
δ
(

q′µ,mH

)

+
1

2
√
2π

1
√

q′µ,mH

exp

(

−
q′µ,mH

2

)

(8.1.13)
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then the p-value 
an be 
al
ulated as:

pµ,mH
= 1− Φ

(√
qµ,mH

)

(8.1.14)

where Φ is the 
umulative distribution of the standard Gaussian.

For the dis
overy of the Higgs boson, a hypothesis µ = 0 is tested. This means we test
ba
kground-only hypothesis. If this hypothesis is reje
ted, we dis
over a new parti
le.

Therefore p0 (mH) = p0,mH
is used.

p0 (mH) = 1− Φ
(

√

q0 (mH)
)

(8.1.15)

where q0 (mH) = q0,mH
. Thus the signi�
an
e Z (mH) for dis
overy 
an be written as:

Z (mH) = 1− Φ−1 (1− p0) =
√

q0 (mH) (8.1.16)

where Φ−1
is the inverse of the Φ.

mH is s
anned to seek signi�
antly small p0 (mH), hen
e large Z (mH) for the dis
overy
of the Higgs boson. If a standard Higgs boson has a mass m′

H , the distribution of the

observed p0-value has a narrow peak at m′
H , and at the mass point, p0, obs = p0, exp is

expe
ted, where p0, exp(obs) is an expe
ted (observed) p0-value. In addition, p0, obs = 1 is

expe
ted ex
ept the surrounding the peak.

8.1.1.5 Asimov data set

The expe
ted results are estimated with an Asimov data set whi
h is generated from a

signal and a ba
kground model for ea
h mH . The signal model has the nominal signal

yield and shape for the spe
i�ed mH . The parameters of the ba
kground fun
tions are

given by �tting to the observed data set with ba
kground-only model. Consequently, an

Asimov data set has the most probable mγγ distribution under the hypothesis of 
ertain

mH and µ.
Even though the observed data set is unbinned, Asimov data set is binned. A

ord-

ingly, the binning of the Asimov data set have to be enough �ne. 1000 bins are used for

the mass window from 100 to 160 GeV. For generation of an Asimov data set for the Stan-

dard Model Higgs hypothesis, the observed data set is �tted with signal + ba
kground

model with �xing µ = 1.

8.1.2 Results

Figure 6.2.15, 6.2.16, 6.2.17 and 6.2.18 show the signal + ba
kground model after the

likelihood �t. The best �t value of the observed signal strength is µ̂ = 1.65 at mH = 125
GeV. The detail of 
oupling measurement is dis
ussed in Se
tion 8.2. Besides, the best �t

value of Higgs mass is m̂H = 126.8 GeV. The mass measurement is des
ribed in Se
tion

8.3. The MLEs of the signal and the ba
kground models are also obtained. Figure

8.1.1 and 8.1.2 show the best �t values and their un
ertainties of 
onstrained nuisan
e

parameters in the observed data set.

When the estimation of a systemati
 un
ertainty is proper, an observed value of a 
or-

responding 
onstrained nuisan
e parameter is 
onsistent with 0, as well as the un
ertainty

is nominal value, that is 1. When an observed value is not 
onsistent with the nominal
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Figure 8.1.1: The maximum likelihood estimators 
orresponding to the signal yield un
er-

tainties (a) and the event migration un
ertainties (b). Markers show the best �t values,

while the bands show their errors. (See Appendix F)
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Figure 8.1.2: The maximum likelihood estimators 
orresponding to the mass s
ale un
er-

tainties (a) and the mass resolution un
ertainties (b). Markers show the best �t values,

while the bands show their errors. (See Appendix F)

value, the estimation of a 
orresponding systemati
 un
ertainty has to be 
he
ked. In

addition, when the error of the observed value is signi�
antly smaller than the nominal

value, the 
orresponding observable is measured with better resolution than input un
er-

tainty. In prin
iple, a systemati
 un
ertainty that has a 
onstrained nuisan
e parameter

is estimated from some 
ontrol regions, and the estimation should have better sensitivity

to the un
ertainty. Hen
e the signi�
antly small error suggests a mismeasurement. In the

Figure 8.1.2, the observed value 
orresponding to the energy resolution is −0.93 ± 0.74.
Therefore, the best �t value of mass resolution is smaller than expe
ted be
ause the ob-

served resonan
e is narrower than the expe
ted. However the di�eren
e from the nominal

value is less than 1σ and not signi�
ant.

Figure 8.1.3 shows the distributions of the likelihood ratio (−2 lnλ (µ,mH)) for the
observed and the expe
ted data set. They are asymmetri
 distributions be
ause µ̂ (mH)
follows not a Gaussian fun
tion but a Poisson fun
tion when assuming only statisti
al

�u
tuation. The di�eren
e of shapes between Gaussian and Poisson fun
tions 
auses

the asymmetri
 distribution. Some systemati
 un
ertainties with asymmetri
 errors 
on-

tribute the asymmetry of the distribution of the likelihood ratio as well. Although the

distributions are asymmetri
, Eq.(8.1.12) is established in both data sets

1

. Therefore the

asymptoti
 approximation 
an be used for both data sets. Thus p0-value is 
al
ulated by

Eq.(8.1.15).

Figure 8.1.4 shows p0-values for the observed and expe
ted data sets. The energy

s
ale of photons is �xed in this graph. The expe
ted p0-value is estimated for di�erent

hypothesized Higgs mass values with 
orresponding Asimov data sets. In the �gure for

the expe
ted p0-value at a hypothesized Higgs mass m′
H , an Asimov data set whi
h is

generated from a signal model when m′
H is hypothesized is used. Very large ex
ess 
an

be seen at ∼ 125 GeV. The minimum observed p0-value in 
ombination of

√
s = 7 TeV

1

When a distribution of a likelihood ratio is asymmetri
, the un
ertainty of µ̂ has an asymmetri


un
ertainty.
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Figure 8.1.3: The likelihood ratio (−2 lnλ (µ,mH)) distributions when mH = 125 GeV is

hypothesized.

and

√
s = 8 TeV data sets is:

p0 (126.5GeV) = 3.5× 10−14
(8.1.17)

(the signi�
an
e Z (126.5GeV) = 7.4σ), with the expe
ted p0-value at the mass is:

pexp0 (126.5GeV) = 1.3× 10−5
(8.1.18)

(Zexp (126.5GeV) = 4.1σ). The observed ex
ess is larger than the expe
ted by the Stan-

dard Model. The observed µ is larger than the expe
ted, and the observed mass peak is

narrower. These two lead higher signal-to-ba
kground ratio, and then the larger ex
ess.

The p0-values is also 
al
ulated for the in
lusive analysis as shown in Figure 8.1.4. The

expe
ted and observed signi�
an
e at mH = 126.5 GeV is 2.9σ and 6.1σ, respe
tively.
These results give strong eviden
e of the dis
overy of a new parti
le. As dis
ussed in

Chapter 1, the observed parti
le is a boson but is not spin-1 parti
le. By 
ombining the

results from H → γγ, H → ZZ∗ → 4ℓ and H → WW ∗ → ℓνℓν 
hannels, the ATLAS


ollaboration published a paper on eviden
e for the spin-0 nature of the observed boson in

July 2013 [105℄. The spin-0 hypothesis was 
ompared with spin-1 and spin-2 hypotheses.

The observed data was 
ompatible with the spin-0 hypothesis. The hypotheses of spin-

1 and spin-2 were ex
luded at 
on�den
e levels above 97.8 %. Considering together

with the boson having 
ouplings with W and Z boson [9℄, the results from the ATLAS

experiment indi
ate that the boson is a Higgs boson. Hen
e a Higgs boson is observed

with di-photon events alone. The following se
tions des
ribe the measurements of the

Higgs boson properties.
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Figure 8.1.4: p0-values of the observed and expe
ted data set as a fun
tion of hypothesized
mH .

8.2 Coupling measurement

The Higgs 
oupling measurement is a 
ru
ial test for the Standard Model as des
ribed in

Se
tion 1.2.2. Besides, sin
e many BSM theories predi
t sizable deviation in the Higgs


oupling, pre
ise measurement of ea
h Higgs 
oupling is a probe of new physi
s. Be
ause

the sensitivity to the dire
t 
oupling measurements is still limited by the data statisti
s,

the signal strength for total H → γγ pro
ess, or signal strengths for ea
h produ
tion

pro
ess are measured in this 
hapter.

8.2.1 Statisti
al method

For Higgs 
oupling measurement, the same likelihood for observation is used. mH is

treated as a free parameter. When assuming ea
h Higgs produ
tion pro
ess has a 
ommon

signal strength, a signal strength µ is used as a parameter of interest. In this 
ase, the

following test statisti
 is used:

qµ ≡ −2 lnλ (µ) = −2 ln
L
(

µ, m̂H , θ̂
)

L
(

µ̂, ˆ̂mH ,
ˆ̂
θ

) (8.2.1)

This is two-sided test unlike the test statisti
 for observation be
ause both upper and

lower errors are estimated in the 
oupling measurement. As Figure 8.1.3 shows, qµ is

des
ribed by:

qµ = −2 lnλ (µ) =
(µ− µ̂)2

σ2
L(R)

(8.2.2)

Hen
e the asymptoti
 approximation is established. The best �t value µ̂ is given by the

minimum point of qµ, and the upper and lower errors (σL(R)) are given by the points
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qµ = 1. When a 
onstrained nuisan
e parameter is �xed to the MLE, the estimated error

(σ′
) is redu
ed by a 
orresponding systemati
 error (σ′

syst): σ
′ =

√

σ2 − σ′2
syst. When all


onstrained nuisan
e parameters are �xed, the statisti
al error σstat is estimated. The

total systemati
 error σsyst is 
al
ulated by:

σsyst =
√

σ2
total − σ2

stat (8.2.3)

Be
ause this is two-sided test, the p-value of µ is expressed with rewriting Eq.(8.1.4):

pµ = 2
(

1− Φ
(√

qµ
))

(8.2.4)

When assuming ea
h pro
ess has ea
h signal strength separately, three test statisti
s

for ea
h signal strength (µggF+ttH , µVBF and µV H) are de�ned. In a test statisti
 for a


oupling, other 
ouplings are treated as free parameters.

qµggF+ttH
≡ −2 lnλ (µggF+ttH) = −2 ln

L
(

µggF+ttH , µ̂VBF, µ̂V H , m̂H , θ̂
)

L
(

µ̂ggF+ttH , ˆ̂µVBF, ˆ̂µV H , ˆ̂mHH ,
ˆ̂
θ

)

qµVBF
≡ −2 lnλ (µVBF) = −2 ln

L
(

µVBF, µ̂ggF+ttH , µ̂V H , m̂H , θ̂
)

L
(

µ̂VBF, ˆ̂µggF+ttH , ˆ̂µV H , ˆ̂mH ,
ˆ̂
θ

)

qµVH
≡ −2 lnλ (µV H) = −2 ln

L
(

µV H , µ̂ggF+ttH , µ̂VBF, m̂H , θ̂
)

L
(

µ̂V H , ˆ̂µggF+ttH , ˆ̂µVBF, ˆ̂mH ,
ˆ̂
θ

)

(8.2.5)

For the study of 
orrelation between µVBF+V H and µggF+ttH , another test statisti
 with

the fra
tion of µVBF+V H and µggF+ttH is de�ned:

qµVBF+V H/µggF+ttH
≡ −2 lnλ (µVBF+V H/µggF+ttH)

= −2 ln
L
(

µVBF+V H/µggF+ttH , µ̂ggF+ttH , m̂H , θ̂
)

L
(

µVBF+V H/µggF+ttH , ˆ̂µggF+ttH , ˆ̂mH ,
ˆ̂
θ

)

(8.2.6)

where µVBF = µV H = µVBF+V H is assumed.

8.2.2 Results

Figure 8.2.1a shows the distributions o f qµ for the observed data set. The µ̂ is measured

to be:

µ̂ = 1.65± 0.24(stat.)
+0.25
−0.18

(syst.) (8.2.7)

From 
omparison of qµ with �xing some nuisan
e parameters, the impa
ts of ea
h system-
ati
 un
ertainty are estimated. The dominant systemati
 un
ertainties are summarized

in Table 8.2.1. The QCD s
ale un
ertainty for the 
ross se
tion of the Higgs produ
tion

and the mass resolution un
ertainty have the largest 
ontributions to the systemati
 un-


ertainty on the µ measurement. The total systemati
 and statisti
al un
ertainties are

125



µ

0.5 1 1.5 2 2.5 3 3.5 4

)µ(λ
 =

 -
2 

ln
 

µq

0

1

2

3

4

5

6

7

8

9

10

w/ all NPs
Fix signal yield
No migration
Fix mass resolution
Fix mass scale
Fix all NPs

-1
Ldt=4.8 fb∫=7 TeV, s

-1
Ldt=20.3 fb∫=8 TeV, s

(a)

µ

0 0.5 1 1.5 2 2.5

 [G
eV

]
H

m

124.5

125

125.5

126

126.5

127

127.5

w/ all NPs
Fix signal yield
No migration
Fix mass resolution
Fix mass scale
Fix all NPs

-1
Ldt=4.8 fb∫=7 TeV, s

-1
Ldt=20.3 fb∫=8 TeV, s

(b)

Figure 8.2.1: Distribution of qµ for the observed data set with several 
on�gurations

(a). The best �t value of mH for ea
h hypothesized µ (b). �w/ all NPs� means �t

using all 
onstrained nuisan
e parameters, that is nominal results. �Fix signal yield�, �No

migration�, �Fix mass resolution� and �Fix mass s
ale� show distributions with �xing some


onstrained nuisan
e parameters at the best �t values. Dashed line shows distribution

when all 
onstrained nuisan
e parameters are �xed.

approximately equal. Be
ause mH is a free parameter to �t, m̂H 
an be di�erent for

di�erent µ. Figure 8.2.1b shows the best �t value of mH for ea
h hypothesized µ. The

µ dependen
e on m̂H is 0.2 GeV per ∆µ = 1 due to the mass s
ale un
ertainties. The


onsisten
y with the Standard Model predi
tion is tested with p-value at µ = 1: p1. From
Figure 8.2.1a, p1 = 1.1 % is obtained, whi
h 
orresponds to 2.3σ. The measured signal

strength is 
onsistent with the Standard Model with in 2.3σ.
Figure 8.2.2 shows the test statisti
s of µggF+ttH , µVBF, µV H and µVBF+V H/µggF+ttH .

Systemati
 Un
ertainty ∆µ

QCD s
ale

+0.15
−0.07

Mass resolution

+0.11
−0.10

Bran
hing ratio

+0.08
−0.08

Luminosity

+0.06
−0.04

Identi�
ation

+0.05
−0.06

Table 8.2.1: Dominant systemati
 un
ertainties on measurement of µ.
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The best �t values for ea
h produ
tion pro
ess are:

µ̂ggF+ttH =1.6± 0.3(stat.)
+0.3
−0.2

(syst.)

µ̂VBF =1.7± 0.8(stat.)
+0.5
−0.4

(syst.)

µ̂V H =1.8
+1.5
−1.3

(stat.)± 0.3(syst.)

(8.2.8)

The statisti
 un
ertainties on µVBF and µV H are still large. The signal yield systemati


un
ertainty dominates in µggF+ttH , while the event migration for µVBF and µV H . The

signal strength is larger than 1 for 3 di�erent produ
tion pro
esses.

The signal strengths 
he
ks 
onsisten
ies with the Standard Model on the produ
ts

of the produ
tion pro
ess (ggF, VBF, VH, ttH ) and the Higgs de
ay (H → γγ). Their

ratios 
an
el the Higgs de
ay part and 
ompare only produ
tion pro
esses. The ratio

µVBF+V H/µggF+ttH is measured to be :

µVBF+V H/µggF+ttH = 1.1
+0.7
−0.5

(stat.)
+0.3
−0.2

(syst.) (8.2.9)

as shown in Figure 8.2.2. This is 
onsistent with the Standard Model predi
tion

(µVBF+V H/µggF+ttH = 1). It indi
ates that the observed large µ values for ea
h pro
ess


ould be larger due to the Higgs de
ay loop unless the 
ross se
tion of all the produ
tion

pro
esses. In this 
ase, as des
ribed in Se
tion 1.2.2, the 
andidates of new parti
les may

have no 
olor 
harge but ele
tromagneti
 
harge. Many models are proposed to enhan
e

the H → γγ rate: for example, 
harged s
alar [106, 107℄, heavy fermion [108, 109℄ and

heavy 
harged gauge boson [107℄. In order to test these models, a 
ombined analysis of

many de
ay modes is 
riti
al. The in
rease of statisti
s is 
ru
ially important to improve

the signi�
an
e of the 
ombined analysis. For example, the H → Zγ mode has similar

signature of the H → γγ mode. Therefore the signal strength in the the H → Zγ
mode has a similar dependen
e on new parti
les as the H → γγ mode. However some

BSM theories predi
t the di�erent deviations of signal strengths from the Standard Model

predi
tion between the two modes. Hen
e the 
omparison of the two modes is a test for

some BSM theories. The property measurement of the Higgs boson in the H → Zγ
analysis needs more statisti
s be
ause the bran
hing fra
tion is small as shown in Figure

1.2.5.

8.3 Mass measurement

The pre
ise measurement of the Higgs mass is remarkably important to 
omplete the

Standard Model and to sear
h BSM as des
ribed in Se
tion 1.2.2. The H → γγ 
hannel

has one of the highest pre
ision of mass measurement.

8.3.1 Statisti
al method

A test statisti
 has a mH as the parameter of interest. µ is treated as a free parameter

for a likelihood �t.
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Figure 8.2.2: Distributions of test statisti
s for µggF+ttH (a), µVBF (b), µV H (
) and

µVBF+V H/µggF+ttH (d) for the observed data set with several 
on�gurations. The meanings

of ea
h line are the same as Figure 8.2.1.
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Figure 8.3.1: −2 lnλ (µ,mH) distribution in µ-mH plane for Asimov data set under the

hypothesizedmH = 125GeV. �w/ all NPs� means �t using all 
onstrained nuisan
e param-
eters, that is nominal results. �Fix mass s
ale� shows distribution with �xing 
onstrained

nuisan
e parameters 
orresponding to mass s
ale un
ertainties at the best �t values. �Fix

all NPs� shows distribution when all 
onstrained nuisan
e parameters are �xed.

qmH
≡ −2 lnλ (mH) = −2 ln

L
(

mH , µ̂, θ̂
)

L
(

m̂H , ˆ̂µ,
ˆ̂
θ

) (8.3.1)

This is two-sided test. The best �t value of mH (m̂H) is given by qm̂H
= 0. The error of

mH is obtained from the point qmH
= 1.

8.3.2 Results

Figure 8.3.1 shows the distribution of −2 lnλ (µ,mH) in µ-mH plane for an Asimov data

set when the Higgs mass is hypothesized mH = 125 GeV as well as the signal strength is

µ = 1. The best �t values of mH and µ agree with their hypothesized values. One of the

merits of the H → γγ 
hannel for the mass measurement is the low 
orrelation between

the signal strength and the measured mass as this �gure shows. The Higgs mass 
an be

measured almost independently of the signal strength.

Figure 8.3.2 shows the distributions of qmH
for the observed data set. The m̂H is

measured to be:

m̂H = 126.8± 0.2(stat.)± 0.7(syst.)GeV (8.3.2)

The statisti
al un
ertainty is estimated in the same way as the measurement of µ. The
systemati
al un
ertainty is 
al
ulated by 
omparing the total end the statisti
al error.

Substituting m̂H into Eq.(1.1.21), the Higgs potential parameters λ and µ2
φ are esti-

mated:

λ ≃0.133

µ2
φ ≃− (90GeV)2

(8.3.3)

where v ≃ 246.22 GeV [15℄ is used. From the results, the stability of the va
uum is

estimated to be metastability as shown in Figure 1.2.9. Therefore, the va
uum 
an fall

negative in�nity at the Plan
k s
ale, but the probability of the falling to wrong va
uum
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Figure 8.3.2: Distributions of qmH
= −2 lnλ (mH). �w/ all NPs� means �t using all


onstrained nuisan
e parameters, that is nominal results. �Fix mass s
ale� shows distri-

butions with �xing nuisan
e parameters 
orresponding to mass s
ale un
ertainties at the

best �t values. Dashed line shows distribution when all 
onstrained nuisan
e parameters

are �xed.

is too low. The va
uum is not instable up to the Plan
k s
ale under the Standard Model,

and then the va
uum stability does not need a new physi
s.

8.4 Dire
t measurement of natural width

The natural width of Higgs boson is one of the most important properties espe
ially for

studies of invisible de
ay and BSM. This se
tion des
ribes a dire
t measurement of the

natural width using the shape of mγγ peak. The natural width is predi
ted ∼ 4 MeV

in FWHM for mH ∼ 125 GeV by the Standard Model as des
ribed in Se
tion 1.2.1. On

the other hand, the un
ertainty of mass resolution is ∼ 100 MeV, thus the a

ura
y of

this study does not rea
h the expe
ted width. Consequently, this is a sear
h for a large

deviation from the Standard Model. Some theories of BSM predi
t wider natural width,

hen
e this study 
an give a 
onstraint on BSM without any hypothesis.

8.4.1 Statisti
al method

A measurement of the natural width of Higgs uses a likelihood that has the natural width

(w) as a parameter of interest. µ and mH are used as free parameters. The signal shape

is 
hanged by w. In the likelihood, the signal shape is 
hanged to have the natural width

w by 
onvoluting the nominal shape (Crystal Ball + Gaussian) with the Breit-Wigner

fun
tion whi
h has the width w. The Breit-Wigner fun
tion is de�ned as:

fBW = N
1

m2
γγ + w2/4

(8.4.1)
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where N is a normalization fa
tor. The signal fun
tion is 
onvoluted after the event

sele
tion. The signal MC samples have the Standard Model natural width (4 MeV for

mH ∼ 125 GeV) when they are generated. However the impa
t of the Standard Model

natural width is negligible be
ause of the un
ertainty of the mass resolution of about 100

MeV.

8.4.1.1 Test statisti


In order to give an upper limit on the natural width, one-sided test is used. The test

statisti
 for one-sided test is therefore de�ned as:

qw ≡







−2 lnλ (w) = −2 ln
L(w, µ̂, m̂H , θ̂)
L
(

ŵ, ˆ̂µ, ˆ̂mH ,
ˆ̂
θ

) (w > ŵ)

0 (w < ŵ)
(8.4.2)

Be
ause Breit-Wigner fun
tion whi
h is used for the 
onvolution 
annot have negative

width, we have a physi
al boundary at w = 0. Due to the boundary, the asymptoti


approximation 
annot be used. Therefore the p-value is measured by a toy MC study.

8.4.1.2 Toy MC study

In toy MC study, a number of pseudo-data sets are generated with signal and ba
kground

models.

1. The parameters in the likelihood are given from �tting to the observed or expe
ted

data sets for a �xed tested value w = wtest. As a result, the maximum likelihood

estimators for ea
h nuisan
e parameters (θ̂) are obtained.

2. In order to take errors of MLEs into a

ount, the nuisan
e parameters that have 
on-

straints (e.g. luminosity and pTt un
ertainty) are randomized as their 
onstraints.

For example, a nuisan
e parameter θ that has a Gaussian 
onstraint is given the

best �t value θ̂ and the error σθ at the �rst step. Then the parameter is randomized
with a Gaussian whi
h mean is θ̂ and sigma is σθ.

3. Pseudo-data sets are generated with given parameters.

4. The generated pseudo-data sets are �tted with a free width w and a �xed test width

wtest, and then qwtest
is obtained.

5. The se
ond, third and fourth steps are repeated 1000 times.

6. The 
on�den
e levels are estimated from the histogram of qwtest
, i.e. p-value for wtest

is 
al
ulated as

p (woe) =

∫ ∞

qwoe

F (qwtest
|wtest) dqwtest

(8.4.3)

where qwoe
represents the observed or expe
ted test statisti
.
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Figure 8.4.1: Distributions of −2 lnλ (w) for Asimov data sets with several hypothesized

natural width.
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Figure 8.4.2: Correlation between w and µ̂ for expe
ted data set (a). Correlation between

w and m̂H for expe
ted data set (b). The expe
ted data set is generated with w = 0 and
mH = 125 GeV.

8.4.2 Results

Figure 8.4.1 shows the distributions of −2 lnλ (w) for several Asimov data sets that have
hypothesized natural width w = 0, 2, 4 GeV. The Asimov data set with w = 0 
orresponds
the standard expe
ted data set. As expe
ted, −2 lnλ (w) is minimum at the generated

width. The 
orrelations between w and the best �t values of the signal strength and the

Higgs mass of the standard expe
ted data set are shown in Figure 8.4.2. The slope of µ̂
against w at w = 0 is 0.2 GeV−1

. This is be
ause the likelihood is larger when the height

of signal shape is mat
hed to the data. In 
ontrast, the 
orrelation between m̂H and w is

negligibly small.

Figure 8.4.3a 
ompares −2 lnλ (w) between the observed and the standard expe
ted

data sets. The maximum likelihood is given by w = 0 in both data sets. This is 
onsistent
with the Standard Model predi
tion. Thus a large deviation from the Standard Model is

not observed. The observed data set has very sharp −2 lnλ (w) shape 
ompared with the

expe
ted data set. In order to investigate the 
ause, a spe
ial Asimov data set that has
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Figure 8.4.3: Distributions of −2 lnλ (w) for the observed and expe
ted data set (a).

Distributions of−2 lnλ (w) for spe
ial Asimov data sets that have the large signal strength
and the narrow mass resolution (b).

µ = µ̂obs and a nuisan
e parameter of mass resolution θresol = θ̂resolobs is generated, where

µ̂obs and θ̂
resol
obs are the best �t values in the observed data set. Figure 8.4.3b shows that

the spe
ial Asimov data set has very similar −2 lnλ (w) shape as the observed data set.

Hen
e the observed di�eren
e on the −2 lnλ (w) 
urves is due to the observation of the

narrow mass resonan
e with the large µ.
The upper limit on natural width in FWHM with 95 % CL is estimated to be:

w < 1.8GeV (observed) (8.4.4)

w < 5.8GeV (expected) (8.4.5)

Figure 8.4.5 shows the PDF of qw obtained from pseudo-data sets for wtest = 1.8 GeV. The
p-value is then 
al
ulated from Eq.(8.4.3). The 1− p-value 
orresponds to the 
on�den
e
level. As des
ribed above, the observed large µ and the narrow mγγ peak make the

upper limit for the observed data set small. The 
ontribution of statisti
al un
ertainty is

estimated by �tting the pseudo-data sets with �xing all 
onstrained nuisan
e parameters

as shown in Figure 8.4.4. The resulting upper limit without systemati
 un
ertainty is

w < 1.6 GeV (95 % CL) for observed data set. The 
ontribution of the systemati


un
ertainty is estimated by subtra
ting the 
ontribution of the statisti
al un
ertainty

from the total upper limit: w = 0.8 GeV.
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Chapter 9

Con
lusion

A sear
h for the Standard Model Higgs boson in di-photon �nal states is performed using

data 
olle
ted with the ATLAS dete
tor in proton-proton 
ollisions at

√
s = 7 TeV with

an integrated luminosity of 4.8 fb

−1
and

√
s = 8 TeV with 20.3 fb

−1
.

The Higgs �eld gives mass to elementary parti
les through the gauge symmetry break-

ing of SU (2)L × U (1)Y into U (1)EM . The Higgs boson is the visible manifestation of

the Higgs �eld, and 
ouples with massive parti
les. The dominant produ
tion pro
esses

in proton-proton 
ollisions are gluon-gluon fusion, ve
tor boson fusion, asso
iated pro-

du
tion with a W or Z boson, or asso
iated produ
tion with a pair of top quarks. The

Higgs boson de
ays into di-photon via a t/W loop. Although the bran
hing fra
tion of

di-photon �nal state is smaller than many other de
ay modes, the H → γγ mode has

a large signi�
an
e for the dis
overy of the Higgs boson be
ause of the high e�
ien
y

of event re
onstru
tion, a sharp peak at the Higgs mass in the di-photon invariant mass

distribution.

The set of sele
tion 
riteria of signal region for the H → γγ analysis removes fake

photons due to the presen
e of a leading π0
resulting from the fragmentation of a quark

or a gluon. The sele
ted events are divided into 10 
ategories for

√
s = 7 TeV analysis

and 14 
ategories for

√
s = 8 TeV analysis in order to improve the sensitivities for the

dis
overy and for the property measurement. The event 
ategorization is performed su
h

that di�erent 
ategories have di�erent signi�
an
es and have large fra
tions of di�erent

produ
tion pro
esses.

Clear eviden
e for a Higgs boson resonan
e is dis
overed with the signi�
an
e of 7.4σ
in the two photon invariant mass spe
trum above ba
kground expe
tations. Then the

measurement of the Higgs boson properties is 
arried out. From all the measurement

results, this parti
le is 
onsistent with the Standard Model Higgs boson.

The mass of the Higgs boson, whi
h is an input parameter of the Standard Model, is

measured with the signal peak shape. The mass is determined with 0.6 % a

ura
y:

mH = 126.8± 0.2(stat.)± 0.7(syst.)GeV.

Under the Standard Model, the Higgs potential is determined by the Higgs mass:

λ ≃0.133

µ2
φ ≃− (90GeV)2

From the numbers of observed events in ea
h 
ategory, the overall signal strength µ,
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whi
h denotes a 
ross se
tion times bran
hing fra
tion normalized to the Standard Model

predi
tion, is estimated to be:

µ = 1.65± 0.24(stat.)
+0.25
−0.18

(syst.).

The total 
ross se
tion times bran
hing fra
tion are predi
ted to be 38.4 fb and 49.0 fb

for

√
s = 7 and 8 TeV, respe
tively, in the Standard Model. The signal strength for ea
h

produ
tion pro
ess is:

µggF+ttH =1.6± 0.3(stat.)
+0.3
−0.2

(syst.)

µVBF =1.7± 0.8(stat.)
+0.5
−0.4

(syst.)

µV H =1.8
+1.5
−1.3

(stat.)± 0.3(syst.) ,

where µggF+ttH is signal strength for gluon-gluon fusion and asso
iated produ
tion with a

pair of top quarks, µVBF is for ve
tor boson fusion and µV H is for asso
iated produ
tion

with a W or Z boson. The fra
tion of µVBF+V H and µggF+ttH is estimated to be:

µVBF+V H/µggF+ttH = 1.1
+0.7
−0.5

(stat.)
+0.3
−0.2

(syst.).

The results of signal strength measurement are summarized in Figure 9.0.1. The most

probable values of the signal strengths are larger than 1, and are 
onsistent in di�erent

produ
tion pro
esses. The measured signal strength is estimated to be 
onsistent with the

Standard Model with in 2.3σ. However, if new parti
les make the signal strength larger,

they may have impa
ts on the de
ay loop. Many 
andidates are proposed to enhan
e

the H → γγ rate: 
harged s
alar, heavy fermion and heavy 
harged gauge boson. The

signi�
an
e to test these models is in
reased by a 
ombined analysis of many de
ay modes

and in
rease of statisti
s.
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Figure 9.0.1: Measured signal strengths for the di�erent produ
tion pro
esses, overall

strength µ and the ratio of strength for the Yukawa 
oupling produ
tion and the gauge


oupling produ
tion µVBF+V H/µggF+ttH .

A sear
h for deviation of the natural width of the Higgs boson from the Standard

Model predi
tion with the width of signal peak is presented. No signi�
ant deviation is

observed, thus the upper limit on natural width of the Higgs boson is estimated. The

observed upper limit is estimated to be:

w < 1.8GeV (95%CL)

The dis
overy of the Higgs boson was a great a
hievement to 
omplete the Standard

Model. The measurement of Higgs boson properties is a probe of new physi
s beyond the

Standard Model. Further data will reveal the nature of the Higgs boson more pre
isely in

order to see whether the Standard Model is still valid or the physi
s beyond the Standard

Model 
an be found in a TeV energy s
ale. A new era of parti
le physi
s has started with

this dis
overy.
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Appendix A

Luminosity determination

The luminosity L delivered to the ATLAS dete
tor is measured with the luminosity de-

te
tors des
ribed in Se
tion 2.2.8 [38℄. The luminosity 
an be 
onverted to the average

number of inelasti
 intera
tions per bun
h 
rossing µav.

For a storage ring, the luminosity 
an be expressed as

L =
µavnbfr
σinel

(A.0.1)

where nb is the number of bun
h pairs 
olliding per revolution, fr is the revolution fre-

quen
y and σinel is the pp inelasti
 
ross-se
tion. The observed intera
tion rate per 
rossing
µvis is used for the luminosity measurement instead of µav be
ause µav 
annot be measured

dire
tly with the luminosity monitor. The luminosity 
an be written as

L =
µvisnbfr
σvis

(A.0.2)

where σvis = ǫσinel is the visible 
ross-se
tion for a parti
ular dete
tor, and similarly

µvis = ǫµav. nb and fr are determined by the LHC operating 
ondition and µvis is an

experimentally observable quantity.

A.1 µvis measurement

For µvis measurement, several algorithms are used. Espe
ially for
√
s = 7 and 8 TeV data,

an EventOR algorithm is used. In the algorithm, the luminosity monitor 
ounts a bun
h


rossing when at least one hit is dete
ted on either side of the dete
tor. Sin
e the visible

number of intera
tions per bun
h 
an be des
ribed by a Poisson distribution with the

mean is µvis, the probability of observing at least one hit 
an be written as

1− P (0|λ = µvis) = 1− exp (−µvis)

Then when NOR events are 
ounted during a number of bun
h 
rossing NBC, µvis is

estimated as

µvis = − ln

(

1− NOR

NBC

)

(A.1.1)

For the estimation of µvis, the verti
al pairs of BCM dete
tors are used. The basi


time unit for storing luminosity information is the Luminosity Blo
k (LB). Then µvis is

averaged in every LB. The typi
al duration of ea
h LB is one minute.
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A.2 van der Meer s
an

σvis in Eq.(A.0.2) 
an be measured with van der Meer (vdM ) s
ans.

In term of the 
olliding-beam parameters, L is de�ned as

L = nbfrn1n2

∫

ρ1 (x, y) ρ2 (x, y) dxdy (A.2.1)

where n1 and n2 are bun
h populations and ρ1 (x, y) and ρ2 (x, y) are the normalized

densities in the transverse plane of beam 1 and 2 at the intera
tion point. n1(2) is measured

with 
urrent monitors at the LHC.

Under the assumption that ρ1(2) (x, y) is a 2-dimensional Gaussian and both beams

have the same sigma Σx(y)/
√
2, Eq.(A.2.1) 
an be rewritten as

L = nbfrn1n2

∫

1

(πΣxΣy)
2 exp

(

− x2

Σ2
x

− y2

Σ2
y

− (x− δx)
2

Σ2
x

− (y − δy)
2

Σ2
y

)

dxdy (A.2.2)

where δx(y) is the horizontal (verti
al) distan
e between 2 beams. In a vdM s
an, the beam

are separated by steps of a known distan
e

1

. Therefore δx(y) in Eq.(A.2.2) is s
anned. Thus
Σx(y) is measured from the shape of L as a fun
tion of δx(y).

In 
ase of δx = δy = 0, Eq.(A.2.2) is des
ribed as

L =
nbfrn1n2

2πΣxΣy
(A.2.3)

σvis is 
omputed using Eq.(A.0.2) and (A.2.3):

σvis = µMAX
vis

2πΣxΣy

n1n2
(A.2.4)

where µMAX
vis is µvis in 
ase of δx = δy = 0, in other words the visible 
ross-se
tion at

the peak of the vdM s
an. This is the 
alibration of σvis. Be
ause vdM s
ans 
annot be

performed during nominal physi
s runs, the measured σvis is used for physi
s runs after

the s
an.

L for physi
s runs are determined by substituting Eq.(A.2.4) and (A.1.1) to Eq.(A.0.2)

for ea
h LB. Based on the assumption σinel = 71.5 mb [38℄, µav is also 
omputed using

Eq.(A.0.1):

µav =
Lσinel
nbfr

1

The s
ale of the step is 
alibrated by the vertex re
onstru
tion with the inner dete
tor.
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Appendix B

Ele
tron re
onstru
tion

B.1 Re
onstru
tion pro
edure

Energy 
lusters in the EM 
alorimeter and tra
ks in the inner dete
tor are used for ele
tron

re
onstru
tion. The tra
ks are extrapolated to the 
alorimeter, and then the extrapolated

tra
ks are required to mat
h the 
lusters. Dire
tion of ele
trons is determined by using

tra
ks. In 
ontrast, energy of ele
trons is measured with the EM 
alorimeter. The energy

of ele
trons is 
orre
ted with the MVA 
alibration and Z → ee line shape 
orre
tion.

B.2 Identi�
ation 
riteria

In the same way as photons, shower shape is used for separation from jets. The 
riteria

are similar to but somewhat looser than those for photons. In addition, tra
k parameters

are also used for the identi�
ation: number of hits in the inner dete
tor and transverse

impa
t parameter (< 5mm).

B.2.1 Ele
tron sele
tion

Tra
k and 
alorimeter isolation variables are 
omputed with the inner dete
tor and the

EM 
alorimeter, respe
tively. The isolation 
riteria use the ratio of the isolation variables

to pT for relaxing the sele
tion to high pT ele
tron 
andidates whi
h have originally high

purity. The longitudinal and transverse impa
t parameters with respe
t to the primary

vertex z0 and d0 are used as well as σd0, whi
h is the resolution of d0 for separation from

pileup jets. The impa
t parameters are not used for the H → γγ analysis be
ause of low

primary vertex re
onstru
tion e�
ien
y. The sele
tion 
riteria are summarized in Table

B.2.1 and B.2.2.
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Pass the identi�
ation 
riteria

Transverse energy pT > 10 GeV
Pseudo-rapidity |η| < 2.47
Longitudinal impa
t parameter |z0| < 1.5 mm
Transverse impa
t parameter |d0| /σd0 < 10
Calorimeter isolation ETcone30/pT < 0.18
Tra
k isolation pTcone20/pT < 0.1

Table B.2.1: Ele
tron Sele
tion for Z → llγ analysis.

Pass the identi�
ation 
riteria

Transverse energy pT > 15 GeV
Pseudo-rapidity |η| < 2.47
Calorimeter isolation ETcone40/pT < 0.2
Tra
k isolation pTcone20/pT < 0.15

Table B.2.2: Ele
tron Sele
tion for H → γγ analysis.
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Appendix C

Muon re
onstru
tion

C.1 Re
onstru
tion pro
edure

Tra
ks are re
onstru
ted with the ID and the Muon spe
trometer individually. Then

muons are re
onstru
ted from 
ombined tra
ks between ID and the Muon spe
trometer.

Dire
tion of muons is determined by the tra
ks. In MC simulation, the momentum is

smeared su
h that they have the same momentum resolution as observed data in Z → µµ
peak.

C.2 Muon sele
tion

The impa
t parameters and isolation variables are used for separation from jets. Table

C.2.1 and C.2.2 summarize the muon sele
tion.

Pass the identi�
ation 
riteria

Transverse energy pT > 10 GeV
Pseudo-rapidity |η| < 2.5
Longitudinal impa
t parameter |z0| < 5 mm
Transverse impa
t parameter |d0| < 1.5 mm
Calorimeter isolation ETcone40/pT < 0.25
Tra
k isolation pTcone20/pT < 0.15

Table C.2.1: Muon Sele
tion for Z → llγ analysis.
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Pass the identi�
ation 
riteria

Transverse energy pT > 10 GeV
Pseudo-rapidity |η| < 2.7
Longitudinal impa
t parameter |z0| < 10 mm
Transverse impa
t parameter |d0| < 1 mm
Calorimeter isolation ETcone40/pT < 0.2
Tra
k isolation pTcone20/pT < 0.15

Table C.2.2: Muon Sele
tion for H → γγ analysis.
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Appendix D

Jet re
onstru
tion

D.1 Re
onstru
tion pro
edure

Jets are re
onstru
ted from the energy 
lusters in the hadroni
 and hadroni
 
alorimeter as

well as the EM 
alorimeter. The hadroni
 
lusters are obtained by topologi
al 
lustering:

group of 
alorimeter 
ells topologi
ally 
onne
ted (η, φ and R dire
tion). Then 
lusters are

merged with �anti-kT� algorithm [95℄ if the distan
es are nearer than a 
ertain threshold.

The distan
e dij between the i-th and j-th hadroni
 
luster is de�ned as:

dij = min

(

1

p2T i

,
1

p2T j

)

(yi − yj)
2 + (φi − φj)

2

R2

where pT i is transverse momentum, yi is rapidity, φi is azimuthal angle of i-th 
luster,

and R is 
one size. The threshold dmin is de�ned as:

dmin = min

(

dij,
1

p2T i

)

If dij < dmin, the i-th 
luster is merged with the j-th 
luster by 
al
ulating ve
tor sum
of four-momenta of 
lusters. Then dmin of the new 
luster obje
t is evaluate for all the

remaining 
lusters. This pro
edure is repeated until the all of the jet 
andidates are not

remained. Then the merged 
luster is assumed as a jet 
andidate.

After jet re
onstru
tion, the energy is res
aled from EM s
ale to hadroni
 s
ale [110℄.

The 
alibration fa
tor is obtained from MC simulation. The energy loss in the dead mate-

rial is also 
orre
ted. The 
orre
tion restores the 
alorimeter response of the re
onstru
ted

jet to the true jet response

D.2 Jet vertex fra
tion

Event 
ategorization in the H → γγ analysis requires jets from a primary vertex (Se
tion

6.2). For e�e
tive 
ategorization, jets from a hard pro
ess are separated from pileup jets.

Jet Vertex Fra
tion (JVF), whi
h is the sum of pT of all mat
hed-tra
ks from a given

primary vertex 
andidate by total jet-mat
hed tra
k, measures the probability that a jet
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originated from a primary vertex. When track1, track2, ..., trackn in the jet are asso
iated
to the primary vertex, while trackn+1, trackn+2, .., trackm are not, JVF is de�ned as:

JVF ≡
∑n

i p
tracki
T

∑m
j p

trackj
T

(D.2.1)

If a jet is a pileup jet like, JVF is 
lose to 0, whereas a jet 
oming from a primary vertex

has JVF 
lose to 1. The separation of a hard pro
ess jet and a pileup jet by JVF depends

on the e�
ien
y of the primary vertex sele
tion.

The un
ertainty of the JVF is estimated with Z+jet events, where Z boson de
ays

di-lepton. When the pT of Z boson and jet are well balan
ed and they are ba
k-to-ba
k,

the jet is produ
ed at the ISR. The jet is used for estimation of the JVF e�
ien
y for

hard pro
ess jets. On the other hand when the Z boson is at rest and the Z boson and

jet are unbalan
ed, the jet is a pileup jet. Then the jet is used for estimation of JVF

performan
e for pileup jets.

D.3 Un
ertainty of jet energy s
ale

Flavor response un
ertainty The jet energy s
ale is derived for a parti
ular ad-

mixture of light-quark and gluon jets. For a di�erent admixture, the jet energy s
ale

un
ertainty 
ould be di�erent. This un
ertainty is estimated using MC with studying the

di�eren
e between the gluon and light-quark jet response under various assumptions.

Flavor 
omposition un
ertainty The fra
tion of light-quark and gluon jets in sam-

ples for jet energy 
alibration in data 
ould di�er from the fra
tion predi
ted by the

simulations, thus leading to a systemati
 shift in the jet energy s
ale.

O�setMu un
ertainty The pileup 
orre
tion is applied based on MC-based studies.

The amount of transverse momentum generated by pileup in a jet is estimated in MC

simulation. The pileup o�set is subtra
ted from the re
onstru
ted jet pT as a fun
tion

of the average number of inelasti
 intera
tions. The un
ertainty of pileup 
orre
tion is

derived from the di�eren
e between data/MC using di-jet and γ+jet events.

Pileup un
ertainty After the pileup 
orre
tion as a fun
tion of the average number

of inelasti
 intera
tions, the remaining pileup in�uen
e is suppressed based on energy

depositions outside hard jets. The un
ertainty is estimated from a potential mis-modeling

of the sample dependen
e. The di�eren
e of the energy depositions outside hard jets

between data and MC is evaluated in di-jet, γ+jet and Z+jet events.

Model 1 un
ertainty The energy 
alibration un
ertainty is estimated from 
omparison

between MC generators (HERWIG and PYTHIA).

EtaCalib un
ertainty The MC-based 
alibration is validated by a jet eta inter
al-

ibration. The validation is performed with physi
s pro
esses in whi
h the transverse

momenta of a Z boson or a photon are balan
ing to the transverse momentum of a jet.

The un
ertainty on the jet energy s
ale 
orre
tion is estimated with the inter
alibration.
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Close-By un
ertainty The jet energy s
ale is determined with isolated jets that have

no other jet within a 
ertain distan
e. Presen
e of any jets near-by 
ould 
ause di�eren
e

in jet response, and hen
e result in a JES systemati
 un
ertainty.
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Appendix E

Event migration summary

Material Higgs pT Underlying

Un
onverted 
entral, low pTt −4.0 % 1.1 %

Un
onverted 
entral, high pTt −4.0 % −12.5 %

Un
onverted rest, low pTt −4.0 % 1.1 %

Un
onverted rest, high pTt −4.0 % −12.5 %

Converted 
entral, low pTt +3.5 % 1.1 %

Converted 
entral, high pTt +3.5 % −12.5 %

Converted rest, low pTt +3.5 % 1.1 %

Converted rest, high pTt +3.5 % −12.5 %

Converted transition +3.5 % 1.1 %

Di-jet −9.0 % VBF: 6.0 %

the others: 30 %

Table E.0.1: Migration un
ertainties due to material mapping, Higgs pT and underlying

event for

√
s = 7 TeV analysis.
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Material JVF Higgs pT Underlying

Un
onverted 
entral, low pTt −4.0 % 1.3 %

Un
onverted 
entral, high pTt −4.0 % −10.2 %
Un
onverted rest, low pTt −4.0 % 1.3 %

Un
onverted rest, high pTt −4.0 % −10.2 %
Converted 
entral, low pTt +3.5 % 1.3 %

Converted 
entral, high pTt +3.5 % −10.2 %
Converted rest, low pTt +3.5 % 1.3 %

Converted rest, high pTt +3.5 % −10.2 %
Converted transition +3.5 % 1.3 %

Loose VBF

ggF: −1.2 % −8.5 %

VBF: 3.9 %

VBF: -0.3 % the others: 12.0 %

Tight VBF

−10.4 % VBF: 2.0 %

the others: 8.8 %

Low mass di-jet

ggF: −2.3 %

1.3 %
VBF: 3.3 %

VBF: −2.4 % the others: 12.8 %

Emiss
T signi�
an
e −2.0 %

One-lepton −4.0 %

Table E.0.2: Migration un
ertainties due to the material mapping, JVF, Higgs pT and

underlying event for

√
s = 8 TeV analysis.

η⋆ |φγγ − φjj| Lepton (ele
tron) Lepton (muon)

Untagged

Loose VBF ggF: 6.2 % ggF: 8.5 %
Tight VBF ggF: 7.6 % ggF: 12.1 %

Low mass di-jet

Emiss
T signi�
an
e

One-lepton

WH : 0.7 % WH 0.2 %:

ZH : 0.9 % ZH : 0.3 %

ttH : 0.7 % ttH : 0.2 %

Table E.0.3: Migration un
ertainties due to η⋆, |φγγ − φjj| and lepton e�
ien
ies for√
s = 8 TeV analysis.
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JES JES JES

Close-By Model 1 EtaCalib

ggF

Low pTt -0.0 % -0.0 % -0.0 %

High pTt 0.0 % 0.0 % 0.0 %

Emiss
T 7.2 % 4.5 % 5.8 %

VBF

Low pTt -0.0 % 0.0 % -0.0 %

High pTt 0.0 % -0.0 % -0.0 %

Emiss
T 10.5 % 6.2 % 8.6 %

VH /ttH

Low pTt -0.1 % -0.0 % -0.0 %

High pTt 0.1 % 0.0 % -0.0 %

Emiss
T 0.5 % -0.2 % 0.3 %

Table E.0.4: Migration un
ertainties due to Emiss
T un
ertainties 
oming from JES un
er-

tainties in the Emiss
T signi�
an
e 
ategory for

√
s = 8 TeV analysis.

JER Soft Soft

S
ale Resolution

ggF

Low pTt -0.0 % -0.0 % -0.0 %

High pTt 0.0 % -0.0 % -0.0 %

Emiss
T 16.3 % 60.0 % 21.1 %

VBF

Low pTt -0.0 % -0.0 % -0.0 %

High pTt -0.0 % 0.0 % 0.0 %

Emiss
T 11.0 % 22.4 % 10.0 %

VH /ttH

Low pTt -0.0 % -0.1 % 0.0 %

High pTt 0.0 % 0.1 % -0.1 %

Emiss
T -0.1 % 1.0 % 0.2 %

Table E.0.5: Migration un
ertainties due to Emiss
T un
ertainties 
oming from JER and

CellOut un
ertainties in the Emiss
T signi�
an
e 
ategory for

√
s = 8 TeV analysis.

ggF VBF the others

Low pTt -0.0 % -0.7 % -0.0 %

High pTt -0.1 % -1.1 % -0.0 %

Di-jet 5.4 % 2.1 % 4.9 %

Table E.0.6: Migration un
ertainties due to JES O�setMu un
ertainty for

√
s = 7TeV

analysis.

ggF VBF the others

Low pTt -0.0 % -1.2 % -0.0 %

High pTt -0.2 % -2.0 % -0.0 %

Di-jet 7.9 % 3.7 % 5.1 %

Table E.0.7: Migration un
ertainties due to JES Flavor Composition un
ertainty for√
s = 7 TeV analysis.
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ggF VBF the others

Low pTt -0.0 % -0.6 % -0.0 %

High pTt -0.1 % -1.0 % -0.0 %

Di-jet 3.5 % 1.9 % 2.0 %

Table E.0.8: Migration un
ertainties due to JES Flavor Response un
ertainty for

√
s = 7

TeV analysis.

ggF VBF the others

Low pTt -0.0 % -0.3 % 0.0 %

High pTt -0.2 % -0.4 % 0.2 %

Loose VBF 3.3 % 1.3 % -1.1 %

Tight VBF 3.1 % 1.9 % 7.4 %

Low mass di-jet 1.4 % 0.9 % -0.4 %

Emiss
T signi�
an
e 0.0 % 0.0 % 0.0 %

One-lepton 0.0 % 0.0 % -0.1 %

Table E.0.9: Migration un
ertainties due to JES Model 1 un
ertainty for

√
s = 8 TeV

analysis.

ggF VBF the others

Low pTt -0.1 % -0.7 % -0.0 %

High pTt -0.4 % -0.9 % 0.1 %

Loose VBF 6.8 % 2.6 % 2.8 %

Tight VBF 8.5 % 4.8 % 11.4 %

Low mass di-jet 0.4 % -1.3 % -0.4 %

Emiss
T signi�
an
e 0.0 % 0.0 % 0.0 %

One-lepton 0.0 % 0.0 % 0.0 %

Table E.0.10: Migration un
ertainties due to JES EtaCalib un
ertainty for

√
s = 8 TeV

analysis.

ggF VBF the others

Low pTt -0.0 % -0.2 % 0.0 %

High pTt -0.1 % -0.2 % -0.1 %

Loose VBF 1.6 % 0.8 % -2.0 %

Tight VBF 1.5 % 1.0 % 7.3 %

Low mass di-jet 1.2 % 0.3 % 0.3 %

Emiss
T signi�
an
e 0.0 % 0.0 % 0.0 %

One-lepton 0.0 % 0.0 % -0.0 %

Table E.0.11: Migration un
ertainties due to JES Pileup un
ertainty for

√
s = 8 TeV

analysis.
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ggF VBF the others

Low pTt -0.1 % -0.5 % -0.1 %

High pTt -0.0 % -0.7 % 0.3 %

Loose VBF 6.5 % 2.3 % 2.0 %

Tight VBF 6.5 % 3.6 % 9.1 %

Low mass di-jet 2.9 % 1.1 % 0.8 %

Emiss
T signi�
an
e 0.0 % 0.0 % 0.0 %

One-lepton 0.0 % 0.0 % -0.1 %

Table E.0.12: Migration un
ertainties due to JES Flavor Composition un
ertainty for√
s = 8 TeV analysis.

ggF VBF the others

Low pTt -0.0 % -0.3 % -0.0 %

High pTt -0.2 % -0.4 % -0.2 %

Loose VBF 3.4 % 1.2 % -1.2 %

Tight VBF 3.0 % 1.8 % 8.7 %

Low mass di-jet 1.8 % 0.8 % 0.6 %

Emiss
T signi�
an
e 0.0 % 0.0 % 0.0 %

One-lepton 0.0 % 0.0 % -0.1 %

Table E.0.13: Migration un
ertainties due to JES Flavor Response un
ertainty for

√
s = 8

TeV analysis.

ggF VBF the others

Low pTt -0.0 % -0.2 % 0.1 %

High pTt -0.2 % -0.2 % -0.2 %

Loose VBF 1.4 % 0.8 % 3.8 %

Tight VBF 2.1 % 0.9 % -3.5 %

Low mass di-jet 2.6 % 1.4 % -0.7 %

Emiss
T signi�
an
e 0.0 % 0.0 % 0.0 %

One-lepton 0.0 % 0.0 % -0.0 %

Table E.0.14: Migration un
ertainties due to JES Close-By un
ertainty for

√
s = 8 TeV

analysis.

ggF VBF the others

Low pTt -0.0 % 0.2 % 0.0 %

High pTt -0.3 % 0.2 % 0.6 %

Loose VBF 3.4 % -0.7 % 1.2 %

Tight VBF 3.8 % -1.3 % 7.0 %

Low mass di-jet 0.5 % 3.4 % -1.3 %

Emiss
T signi�
an
e 0.0 % 0.0 % -0.0 %

One-lepton -0.9 % -0.5 % -0.1 %

Table E.0.15: Migration un
ertainties due to JER un
ertainty for

√
s = 8 TeV analysis.
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Appendix F

Tables of nuisan
e parameters

Nuisan
e parameter Systemati
 un
ertainty

ES_Method Z line shape

ES_Mat-Low-Eta Material |η| < 1.8
ES_Mat-High-Eta Material |η| > 1.8
ES_PS-Barrel Presampler barrel

ES_PS-Emd
ap Presampler end
ap

ES_Conv Conversion fra
tion

ES_Leak Lateral leakage, e/γ di�eren
e

ES_Edep Lateral leakage, energy dependen
e

ES_High-gain High/medium gain

ES_E1E2 Layer inter
alibration

ES_PV Primary vertex

ES_BG Ba
kground model

Table F.0.1: Nuisan
e parameters for mass s
ale and 
orresponding systemati
 un
ertain-

ties.

Nuisan
e parameter Systemati
 un
ertainty

Mres_Eresol Energy smearing

Mres_Pileup Pileup mismodeling

Table F.0.2: Nuisan
e parameters for mass resolution and 
orresponding systemati
 un-


ertainties.
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Nuisan
e parameter Systemati
 un
ertainty

Trigger trigger e�
ien
y

Luminosity_8TeV luminosity for

√
s = 8 TeV

Luminosity_7TeV luminosity for

√
s = 7 TeV

Photon-ID identi�
ation e�
ien
y

Isolation isolation e�
ien
y

QCDs
ale_ggH QCD s
ale for ggF 
ross se
tion

QCDs
ale_VBF QCD s
ale for VBF 
ross se
tion

QCDs
ale_VH QCD s
ale for WH and ZH 
ross se
tions

QCDs
ale_ttH QCD s
ale for ttH 
ross se
tion

QCDs
ale_2jet_VBF QCD s
ale for ggF+2jet 
ross se
tion in VBF enri
hed 
ategories

QCDs
ale_3jet_VBF QCD s
ale for ggF+3jet 
ross se
tion in VBF enri
hed 
ategories

QCDs
ale_2jet_VH QCD s
ale for ggF+2jet 
ross se
tion in VH enri
hed 
ategories

Pdf_gg PDF+αS for ggF and ttH 
ross se
tions

Pdf_qq PDF+αS for VBF and VH 
ross se
tions

Br bran
hing fra
tion of Higgs to di-photon

Spurious_Signal_1 spurious signal in Un
onverted 
entral, low pTt 
ategory

for

√
s = 8 TeV

Spurious_Signal_2 spurious signal in Un
onverted 
entral, high pTt 
ategory

for

√
s = 8 TeV

Spurious_Signal_3 spurious signal in Un
onverted rest, low pTt 
ategory

for

√
s = 8 TeV

Spurious_Signal_4 spurious signal in Un
onverted rest, high pTt 
ategory

for

√
s = 8 TeV

Spurious_Signal_5 spurious signal in Converted 
entral, low pTt 
ategory

for

√
s = 8 TeV

Spurious_Signal_6 spurious signal in Converted 
entral, high pTt 
ategory

for

√
s = 8 TeV

Spurious_Signal_7 spurious signal in Converted rest, low pTt 
ategory

for

√
s = 8 TeV

Spurious_Signal_8 spurious signal in Converted rest, high pTt 
ategory

for

√
s = 8 TeV

Spurious_Signal_9 spurious signal in Converted transition 
ategory for

√
s = 8 TeV

Spurious_Signal_10 spurious signal in loose VBF 
ategory for

√
s = 8 TeV

Spurious_Signal_11 spurious signal in tight VBF 
ategory for

√
s = 8 TeV

Spurious_Signal_12 spurious signal in low mass di-jet 
ategory for

√
s = 8 TeV

Spurious_Signal_13 spurious signal in Emiss
T signi�
an
e 
ategory for

√
s = 8 TeV

Spurious_Signal_14 spurious signal in one-lepton 
ategory for

√
s = 8 TeV

Table F.0.3: Nuisan
e parameters for signal yield and 
orresponding systemati
 un
er-

tainties.
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Nuisan
e parameter Systemati
 un
ertainty

Spurious_Signal_15 spurious signal in Un
onverted 
entral, low pTt 
ategory

for

√
s = 7 TeV

Spurious_Signal_16 spurious signal in Un
onverted 
entral, high pTt 
ategory

for

√
s = 7 TeV

Spurious_Signal_17 spurious signal in Un
onverted rest, low pTt 
ategory

for

√
s = 7 TeV

Spurious_Signal_18 spurious signal in Un
onverted rest, high pTt 
ategory

for

√
s = 7 TeV

Spurious_Signal_19 spurious signal in Converted 
entral, low pTt 
ategory

for

√
s = 7 TeV

Spurious_Signal_20 spurious signal in Converted 
entral, high pTt 
ategory

for

√
s = 7 TeV

Spurious_Signal_21 spurious signal in Converted rest, low pTt 
ategory

for

√
s = 7 TeV

Spurious_Signal_22 spurious signal in Converted rest, high pTt 
ategory

for

√
s = 7 TeV

Spurious_Signal_23 spurious signal in Converted transition 
ategory for

√
s = 7 TeV

Spurious_Signal_24 spurious signal in di-jet 
ategory for

√
s = 8 TeV

Table F.0.4: Nuisan
e parameters for signal yield and 
orresponding systemati
 un
er-

tainties.

Nuisan
e parameter Systemati
 un
ertainty

Material Material mismodeling in front of the EM 
alorimeter

JES_Pileup-Mu Jet energy s
ale (O�setMu)

JES_FlavorC Jet energy s
ale (Flavor Composition)

JES_FlavorR Jet energy s
ale (Flavor Response)

JES_Model1 Jet energy s
ale (Model 1)

JES_EtaIntCalib Jet energy s
ale (EtaCalib)

JES_Rho Jet energy s
ale (Pileup)

JES_Closeby Jet energy s
ale (Close-By)

JER Jet energy resolution

JVF Jet vertex fra
tion e�
ien
y

Higgs-Pt Higgs pT
PS-UE Underlying event

Lepton-e�_El Ele
tron e�
ien
y

Lepton-e�_Mu Muon e�
ien
y

Soft-S Emiss
T un
ertainty due to energy s
ale of 
ell out term

Soft_R Emiss
T un
ertainty due to energy resolution of 
ell out term

Dephoton-Eta η⋆

DeltaPhi_ggjj |φγγ − φjj|

Table F.0.5: Nuisan
e parameters for event migration and 
orresponding systemati
 un-


ertainties.
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