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H→WW ∗→�ν�ν
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1
The Standard Model and beyond

1.1 Symmetries of the Standard Model

� = SU(3)C ⊗ SU(2)L ⊗ U(1)Y ,

SU(2)L ⊗ U(1)Y

SU(3)C
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6 THE STANDARD MODEL AND BEYOND
w
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SU(2)L T
T3

ψL

ψ= PLψ+ PRψ=ψL +ψR,

PL PR

PL =
1− γ5

2
PR =

1+ γ5

2
,

SU(2)L
T3 = ±1/2 T3 = 0

U(1)Y YW

YW = 2(Q− T3),

Q

QL =

��
uL

dL

�
,

�
cL

sL

�
,

�
t L

bL

��

uR =
�
uR, cR, tR

�

dR =
�
dR, sR, bR

�

LL =

��
νeL

eL

�
,

�
νμL

μL

�
,

�
ντL

τL

��

�R =
�
eR,μR,τR

�

Q T3 YW

Q I3 YW

QL

2/3 1/2
1/3−1/3 −1/2

uR
2/3 0 4/3

dR −1/3 0 −2/3

LL
0 1/2 −1−1 −1/2

�R −1 0 −2
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8 THE STANDARD MODEL AND BEYOND

1.2 Electroweak interactions and theBrout-Englert-Higgs mechanism

1.2.1 The electroweak Lagrangian

SU(2)L ⊗ U(1)Y

Fermion kinetic terms

ψL

ψR

� =
∑

ψL

ψ̄L(x)(i /∂ )ψL(x) +
∑

ψR

ψ̄R(x)(i /∂ )ψR(x)

SU(2)L⊗U(1)Y

ψL(x) �→ψ�L(x)≡ exp
�
iYWβ
�

ULψL(x)

ψR(x) �→ψ�R(x)≡ exp
�
iYWβ
�
ψR(x)

YW

SU(2)L
UL ≡ exp
�

i
τi

2
αi
�

,

ψL

[U(3)]5

SU(2)L ⊗ U(1)Y αi = αi(x) β = β(x)

DμψR(x)≡
�
∂μ + i g1

YW

2
Bμ(x)
�
ψR(x)

U(1)Y g1

SU(2)L

DμψL(x)≡
�
I

�
∂μ + i g1

YW

2
Bμ(x)
�
+ i g2

1
2
τ ·Wμ(x)
�
ψL(x),

g2 SU(2)L I 2×2
τ = (τ1,τ2,τ3)
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1.2 ELECTROWEAK INTERACTIONS AND THE BROUT-ENGLERT-HIGGS MECHANISM 9

Bμ(x) �→ B�μ(x)≡ Bμ(x)−
1
g1

∂μβ(x),

Wμ(x) �→W �
μ(x)≡ UL(x)Wμ(x)U

†
L(x) +

i
g2

∂μUL(x)U
†
L(x).

g1 Bμ
YW SU(2)L g2 W i

μ

� =Q̄L(x)(i /D)QL(x) + ūR(x)(i /D)uR(x) + d̄R(x)(i /D)dR(x)

+ L̄L(x)(i /D)LL(x) + �̄R(x)(i /D)�R(x),

Gauge eld kinetic terms

Bμν(x) = ∂μBν(x)− ∂νBμ(x),
W i
μν(x) = ∂μW

i
ν(x)− ∂νW i

μ(x)− g2�
i jkW j

μ(x)W
k
ν (x).

U(1)Y Bμν SU(2)L ⊗ U(1)Y
SU(2)L W i

μν

Wμν(x) �→W �
μν(x)≡ ULWμν(x)U

†
L Bμν(x) �→ B�μν(x)≡ Bμν(x).

� = −1
4

Wμν

i (x)W
i
μν(x)−

1
4

Bμν(x)Bμν(x),

i SU(2)L

SU(2)L g2

Scalar sector
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10 THE STANDARD MODEL AND BEYOND

W± Z0

SU(2)L⊗U(1)Y
U(1)Q

SU(2)L Φ

φ+ φ0 Φ= (φ+,φ0)T

SU(2)L ⊗ U(1)Y

� = (DμΦ)
†(DμΦ)− V (Φ)

DμΦ=
�
I
�
∂μ + i

g1

2
Bμ
�
+ i g2

τ

2
Wμ

�
Φ

V (Φ) = −μ2Φ†Φ+λ(Φ†Φ)2 μ2,λ > 0,

Φ Φ†

Yukawa interactions

SU(2)L

−� = L̄ i
L Y �i jΦ�

j
R + Q̄i

L Y u
i j Φ̃uj

R + Q̄i
L Y d

i jΦd j
R +

Y �i j Y u
i j Y d

i j

Φ̃ = iτ2Φ
∗ = (φ0∗,−φ−)T

[U(3)]5
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1.2 ELECTROWEAK INTERACTIONS AND THE BROUT-ENGLERT-HIGGS MECHANISM 11

1.2.2 Spontaneous symmetrybreakingand theBrout-Englert-Higgs mechanism

Gauge boson masses

〈Φ†Φ〉0 =
v2

2
v ≡
√√μ2

λ
,

v Φ

Q〈Φ〉0 =
�
τ3

2
+

1
2

YW

�
〈Φ〉0 = 0 ⇐=⇒ 〈Φ〉0 =

1�
2

�
0
v

�
,

U(1)Q
〈Φ〉0 SU(2)L U(1)Y

Φ=
1�
2

exp
�

i
τi

2
θ i(x)
�� 0

v + h(x)

�

EW
SB

V (Φ)

ℑ(Φ)ℜ(Φ)



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

12 THE STANDARD MODEL AND BEYOND

θ i(x) h(x) θ i(x)

θ i(x) = 0

� =
1
2
(∂ μh(x))
�
∂μh(x)
�−λv2h2(x)−λvh3(x)− λ

4
h4(x)

+
1
2

g2
2 v2

4

���W+
μ

��2 +
��W−μ
��2�+ 1

2

g2
2 v2

4 cos2 θW

��Zμ
��2 + 0AμA

μ

W±μ =
1�
2

�
W 1
μ ∓ iW 2

μ

�
,

�
Zμ
Aμ

�
=

�
cosθW − sinθW

sinθW cosθW

��
W 3
μ

Bμ

�
.

θW

sinθW =
g1�

g2
1 + g2

2

=
e
g2

cosθW =
g2�

g2
1 + g2

2

,

e

Aμ
U(1)Q
θW

mW± =
1
2

g2v mZ =
1
2

g2v

cosθW

=
mW±

cosθW

.

U(1)Q

mH =
�

2λv2 v =
2mW

g2

= 246GeV.

Custodial symmetry

SU(2)L ⊗U(1)Y
SO(4) = SU(2)L⊗SU(2)R

U(1)Y g1→ 0
SO(3) = SU(2)L+R

SU(2)L ⊗ SU(2)R
Bμ SU(2)L

SO(4) SU(2)L ⊗ SU(2)R
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1.2 ELECTROWEAK INTERACTIONS AND THE BROUT-ENGLERT-HIGGS MECHANISM 13

W i
μ SU(2)L+R

mW± = mZ

mW±

mZ

= cos2 θW = 1 ρ ≡
m2

W±

m2
Z cosθW

= 1.

ρ

mH

(Δρ) = −11m2
Z sin2 θW

48v2π2 ln
m2

H

m2
Z

,

mH � mW±

W Z

(Δρ) =
3

16v2π2

�
m2

t +m2
b − 2

m2
t m2

b

m2
t −m2

b

ln
m2

t

m2
b

�

Fermion masses

SU(2)L

m�,u,d
i j =

1�
2

Y �,u,d
i j v

Y �,u,d
i j

�L �R

m�i j �̄
i
L�

j
R �→ �̄k

L� †
L

ik
m�i j� jl

R︸ ︷︷ ︸
δkl m�

�l
R.
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14 THE STANDARD MODEL AND BEYOND

mu
i j md

i j

uL,R→�uL,R
uL,R dL,R→�dL,R

dL,R,

� †
uL

mu�uR
= diag(mu, mc , mt) � †

dL
md�dR

= diag(md , ms, mb)

mi

� †
uL

�dL

� †
uL
�dL
≡ V .

uL dL

C P

1.3 Quantum Chromodynamics

SU(3)C

f j SU(3)C

q f
j �→ q� fj ≡ U i

j q f
i U = exp

�
iT aθa

�

SU(3)C T a = λa/2 (a =
1, . . . 8) λa

�
λa,λb

�
=

2i fabcλc SU(3) U(3)
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C P

� = −1
4

Gμνa Ga
μν + q̄ f

j

�
i /Djk −mf

qδ jk

�
q f

k Dμq
f =
�
∂μ + i gsG

a
μT a
�

q f ,

Ga
μ

Ga
μν = ∂μGa

ν − ∂νGa
μ − gs f abc Gb

μGc
ν,

gs

1.3.1 Perturbative QCD and its renormalization

D = 4 − 2ε
ε ε→ 0

MS
MS

μR

ε

�θ =
θ

32π2 G̃a
μνGμνa θ < 10−9 θ
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16 THE STANDARD MODEL AND BEYOND

QCD αs(Mz) = 0.1185 ± 0.0006

Z pole fit  

0.1

0.2

0.3

αs (Q)

1 10 100
Q [GeV]

Heavy Quarkonia (NLO)

e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

Sept. 2013

Lattice QCD (NNLO)

(N3LO)

τ decays (N3LO)

1000

pp –> jets (NLO)
(–)

αs
Q

αs

qq̄ gg

αqq̄
s (|q2|) =

αs(μ
2)
�

1+ 2nf
αs(μ

2)
12π ln |q

2 |
μ2

�

αg g
s (|q2|) = αs(μ

2)
�

1− 11nc
αs(μ

2)
12π ln |q

2 |
μ2

�

αs(|q2|) = αs(μ
2)
�

1+ (11nc − 2nf )
αs(μ

2)
12π ln |q

2 |
μ2

�−1

αs ≡ g2
s /4π

αs(μ
2
R) =

12π

(11nc − 2nf ) ln
μ2

R

Λ2

,
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1.3 QUANTUM CHROMODYNAMICS 17

nc nf

μR/Λ →∞

qq̄

1.3.2 Factorization and parton distribution functions

Hadronic interactions

uud qq̄
xi = 0, . . . , 1 pi = xiph

Λ

h1 + h2 → f
fi/h(xi ,Q

2)
i xi h

Q σ̂i+ j→ f

σh1+h2→ f =
∑

i, j

∫
dx1 dx2 fi/h1

(x1,μ2
F ) f j/h2

(x2,μ2
F )σ̂i+ j→ f .

μF

Φ f f

Parton distribution functions

μ0

pp→
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10−4 10−3 10−2 10−1 100
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Q = 2GeV

x

x
f(

x,
Q

2
)

u
ū
d
d̄
s
c
g

10−4 10−3 10−2 10−1 100
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Q = 100GeV

x

x
f(

x,
Q

2
) u

ū
d
d̄
s
c
g

x f (x ,Q2)
x Q = 2GeV Q = 100GeV

μ2
F

d fi/h(xi ,μ
2
F )

dμ2
F

=
αs(μ

2
F )

2π

∑

j

∫ 1

xi

dx j

x j

Pi← j

�
xi

x j

�
f j/h(x j ,μ

2
F ),

Pi← j j i

2GeV 100GeV

Parton showers and soft QCD processes

qq̄
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SU(3)C

kt kt

101.7± 2.9mb
8TeV

1.4 Higgs production and decays at the LHC

1.4.1 Production modes

g g → H qq� → qq�H
W Z

qq̄ → W H, ZH
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t/b

g

g

H

W/Z

W/Z

q�

q

q�

q

H

W/Z

q

q̄

W/Z

H

g

g

t̄/ b̄

t/b

H

qq̄/g g → t t̄H, bb̄H
tH

Gluon fusion

αs

g g → H g gq→ Hq qq̄→ H g
αs
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g

q

b

q�

t

H

g

q

b

q�

t

H

b

g

W

H

t

b

g

t

H

W

t qg → tHq�b
W tH g b→W tH

t/b
Z

g

g

Z

H

t/b

g

g

Z

H

g g → ZH

70%

30%

5%

Λ
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σ(g g → H) = 19.2± 2.0pb
mH = 125.36GeV 8TeV

Weak vector boson fusion

W σ(WW → H) ≈ 3σ(Z Z → H) W
Z

10%
σ(qq� → qq�H) = 1.57± 0.04pb mH = 125.36GeV

8TeV

Higgs-strahlung

W

30%

ZH
3%

g g → ZH
20% LO

qq̄



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch
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q̄

q

q

q

H

g

g

q̄

H

q

g

qq̄ g g

σ(qq̄→ W H) = 0.698± 0.018pb σ(qq̄→ ZH) = 0.412± 0.013pb
mH = 125.36GeV 8TeV

V H W Z

AssociatedHiggsproductionwithheavy toporbottomquarks

qq̄ g g

qq̄/g g → t t̄H
qq̄/g g → bb̄H

σ(qq̄/g g →
t t̄H) = 0.128± 0.014pb σ(qq̄/g g → bb̄H) = 0.202± 0.028pb

mH = 125.36GeV
8TeV
t qg → tHq�b W tH g b→W tH s

tH
tH

W
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pb mH = 125.36GeV�
s = 7TeV

�
s = 8TeV

mH = 125.36GeV
125.3GeV 125.4GeV tH

αs tH

pb
�

s = 7 TeV
�

s = 8 TeV

g g → H 15.0 ± 1.6 19.2 ± 2.0
qq� → qq�H 1.22 ± 0.03 1.57 ± 0.04
qq̄→W H 0.573 ± 0.016 0.698 ± 0.018
qq̄/g g → ZH 0.332 ± 0.013 0.412 ± 0.013
qq̄/g g → bb̄H 0.155 ± 0.021 0.202 ± 0.028
qq̄/g g → t t̄H 0.086 ± 0.009 0.128 ± 0.014
tH 0.012 ± 0.001 0.018 ± 0.001

17.4 ± 1.6 22.1 ± 2.0

%

H → bb̄ 57.1 ± 1.9
H →WW ∗ 22.0 ± 0.9
H → g g 8.53 ± 0.85
H → ττ 6.26 ± 0.35
H → cc̄ 2.88 ± 0.35
H → Z Z∗ 2.73 ± 0.11
H → γγ 0.228 ± 0.011
H → Zγ 0.157 ± 0.014
H → μμ 0.022 ± 0.001

t tH σ(tH) = 0.018 ± 0.001pb
mH = 125.36 GeV 8TeV

tH
t tH

Summary

mH = 125.36GeV
17.4± 1.6pb 7TeV 22.3± 2.0pb

8TeV
mH = 125.36GeV

�
s = 7TeV

�
s = 8TeV
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�
s = 7TeVpp→ h

pp→ qqh

pp→
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pp→
Zh

pp→
t th

mH

σ
(p

p
→

H
+

X
)
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1

10−1

10−2

10−3

�
s = 8TeVpp→ H

pp→ qqH

pp→
W

H

pp→
ZH

pp→
t tH

mH

σ
(p

p
→

H
+

X
)

pp

total

80 μb−1

Jets
R=0.4

|y |<3.0

0.1< pT < 2 TeV

Dijets
R=0.4

|y |<3.0
y
∗<3.0

0.3<mjj < 5 TeV

W

fiducial

35 pb−1
nj ≥ 0

nj ≥ 1

nj ≥ 2

nj ≥ 3

nj ≥ 4

nj ≥ 5

nj ≥ 6

nj ≥ 7

Z

fiducial

35 pb−1
nj ≥ 0

nj ≥ 1

nj ≥ 2

nj ≥ 3

nj ≥ 4

nj ≥ 5

nj ≥ 6

nj ≥ 7

t̄t

fiducial

e, μ+X

nj ≥ 4

nj ≥ 5

nj ≥ 6

nj ≥ 7

nj ≥ 8

tt−chan

total

WW

total

γγ

fiducial

Wt

total

2.0 fb−1

H

fiducial

H→γγ

VBF
H→WW

ggF
H→WW

H→ZZ→4�

total
(γγ,ZZ )

H→ττ

WZ

total

13.0 fb−1

ZZ

total

Wγ

fiducial

WW+

WZ

semilept.

fiducial

Zγ

fiducial

t̄tW

total

t̄tZ

total

95% CL

upper

limit

t̄tγ

fiducial

Zjj
EWK

fiducial

Wγγ

fiducial

njet=0

W±W±jj

EWK

fiducial

ts−chan

total

95% CL

upper

limit

0.7 fb−1

σ
[p

b
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LHC pp
√
s = 7 TeV

Theory

Observed 4.5 − 4.9 fb−1

LHC pp
√
s = 8 TeV

Theory

Observed 20.3 fb−1

Standard Model Production Cross Section Measurements Status: March 2015

ATLAS Preliminary

Run 1
√
s = 7, 8 TeV

�
s = 7TeV

�
s = 8TeV
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1.4.2 Decay modes

mH

(H → X ) =
Γ (H → X )∑
Y Γ (H → Y )

gHV V ∝
m2

V

v
gH f f ∝

mf

v

Γ (H → f f̄ ) =
nc

8v2π
mH m2

f β
3
f β f =

√√√
1−

4m2
f

m2
H

nc = 3 (1)
mH ≈ 2mf

mH ≤ 2mV

Zγ W

130GeV

125.36GeV
W

mH = 125.36 GeV
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H

f̄

f

gH f f

H

V

V

gHV V

αs

δ (H → X )
(H → X )

= (1− (H → X ))
δΓ (H → X )
Γ (H → X )

+
∑

Y �=X

(H → Y )
δΓ (H → Y )
Γ (H → Y )

,

(H → X )

1.5 Beyond a minimal scalar sector

1.5.1 Puzzles faced by the Standard Model
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W±

W−

W+

H

γ

γ/Z
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t̄/b̄

t/b

H

γ

γ/Z

Zγ
W
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mH
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100 105 108 1011 1014 1017 1020
100

105

108

1011

1014

1017

1020

M�GeV

� mr
GeV

�2

m2
r M

Λ = 1010 GeV

Λ

Λ

m2
H/Λ

2

Λ Ωb = 4.9% Ωc = 26.7%
ΩΛ = 68.3%
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Da
rk
M
at
te
r

O
rig
in
of
EW

SB

Na
tu
ra
ln
es
s

Un
i
ca
tio
n

O
rig
in
of
m
at
te
r

O
rig
in
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m
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MCHM

EWS

2HDM

SUSY (MSSM)

Higgs portal

Extended

1.5.2 Minimal Composite Higgs Model
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� = SO(5)⊗
U(1)X

�
�1 = SO(4)⊗U(1)X SO(4)

SU(2)L ⊗ SU(2)R
SU(2)L⊗U(1)Y = � ⊂ �

�1 � =�1∩�
Y = T R

3 + X ha a = 1,2, 3,4
SO(5)/SO(4)

SO(4)
SU(2)L ⊗ SU(2)R

�

� ξ

f

v2 ≡ ξ f 2 = f 2 sin2 〈h〉
f

h≡
�
(ha)2 f =

1
L1

2�
g2

5 k

SO(5) g5 1/k
L1

mρ � 3π/4L1

〈h〉

ghV V = ghV V

�
1− ξ.

SO(5)
SO(5) SU(2)L SU(2)R
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SO(5)

m 4
u,d ∝ sin

〈h〉
f

m 5
u,d ∝ sin

〈h〉
f

cos
〈h〉
f

.

g 4
hf f = ghf f

�
1− ξ g 5

hf f = ghf f
1− 2ξ�

1− ξ
,

ξ→ 0
f →∞ ξ→ 1

1.5.3 Additional electroweak singlet

X

� = (DμΦ)
†(DμΦ) + (DμX )(DμX )− V (Φ, X )

V (Φ, X ) = −μ2
1Φ

†Φ−μ2
2X 2 +λ1(Φ

†Φ)2 +λ2X 4 +λ3Φ
†ΦX 2.

λ1,λ2 > 0 λ3 > −2
�
λ1λ2,

μ2
1 μ2

2 Φ

X v x

�
h
H

�
=

�
cosα − sinα
sinα cosα

��
h̃
H̃

�

α

tanα=
λ3vx

−λ1v2 +λ2 x2 +
�
(λ1v2 −λ2 x2)2 + (λ3vx)2

.
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C P

m2
h,H = λ1v2 +λ2 x2 ∓

�
(λ1v2 −λ2 x2)2 + (λ3vx)2,

h H

h V
f κ≡ κV = κ f = cosα

H κ� ≡ κ�V = κ�f = sinα

σh = κ
2 ×σh, σH = κ

�2 ×σH, .

i
κ2

Γh = κ
2 × Γh, h,i = h, ,i .

H
H → hh
κ�2 ΓH = κ

�2ΓH, + ΓH,

ΓH =
κ�2

1− H,

× ΓH, H,i = (1− H, )× H, ,i ,

mH h H

VL VL → VL VL VL VL → f f̄ V =W, Z f

1.5.4 The Two Higgs Doublet Model

C P

C P

κ2 + κ�2 = 1
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Φ1 Φ2

V (Φ1,Φ2) =m2
11Φ

†
1Φ1 +m2

22Φ
†
2Φ2 −
�
m2

12Φ
†
1Φ2 +
�
+

1
2
λ1(Φ

†
1Φ1)

2 +
1
2
λ2(Φ

†
2Φ2)

2

+λ3(Φ
†
1Φ1)(Φ

†
2Φ2) +λ4(Φ

†
1Φ2)(Φ

†
2Φ1) +
�

1
2
λ5(Φ

†
1Φ2)

2 +
�

,

Φa(x) =
1�
2

�
φ+a (x)

va +ηa(x) + iχa(x)

�
〈Φa〉0 =

1�
2

�
0
va

�
a = 1,2

W± Z
C P h H C P A

H± β

tanβ ≡ v2

v1

v2 ≡ v2
1 + v2

2 =
4m2

W

g2
2

= (246GeV)2

C P
α

h

Φ1→−Φ1 Φ1→−Φ1, dR→−dR

Z2

Φ2

Φ1

SU(2) T3
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h κu κd
κ�

κu cosα/ sinβ cosα/ sinβ cosα/ sinβ cosα/ sinβ
κd cosα/ sinβ − sinα/ cosβ cosα/ sinβ − sinα/ cosβ
κ� cosα/ sinβ − sinα/ cosβ − sinα/ cosβ cosα/ sinβ

Φ2 h

κV ≡
ghV V

ghV V

= sin(β −α).

sin(β−α)→ 1 h

1.5.5 The Minimal Supersymmetric Standard Model

1/2

R

h mh < mZ

C P h
C P

� 2
S = (m

2
Z +δ1)

�
cos2 β − cosβ sinβ

− cosβ sinβ sin2 β

�

+m2
A

�
sin2 β − cosβ sinβ

− cosβ sinβ cos2 β

�
+

�
0 0
0 δ

sin2 β

�
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δ1 δ

mA

tanβ |δ1/δ| ≤ 0.25
C P A mA

tanβ mh

δ

sin2 β
=
(m2

A−m2
h)(m

2
h −m2

Z ) +m2
Am2

Z sin2 2β

sin2 βm2
A− (m2

h −m2
Z + sin2 βm2

Z )

κV

κu κd

κV = sd(mA, tanβ)
1�

1+ tan2 β
+ su(mA, tanβ)

tanβ�
1+ tan2 β

,

κu = su(mA, tanβ)

�
1+ tan2 β

tanβ
κd = sd(mA, tanβ)

�
1+ tan2 β .

su = sinα sd = cosα C P

su =
1√√√

1+
�
m2

A+m2
Z

�2
tan2 β

�
m2

Z+m2
A tan2 β−m2

h

�
1+tan2 β
��2

sd =

�
m2

A+m2
Z

�
tanβ

m2
Z +m2

A tan2 β −m2
h

�
1+ tan2 β
� su.

κb �= κτ

1.5.6 Dark Matter and the Higgs portal model
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S V f

�hSS = −
1
2

m2
SS2 − 1

4
λSS4 − 1

4
λhSSΦ

†ΦS2

�hV V =
1
2

m2
V VμV μ +

1
4
λV (VμV μ)2 +

1
4
λhV VΦ

†ΦVμV μ

�hf f = −
1
2

mf f̄ f − 1
4

λhf f

Λ
Φ†Φ f̄ f

λhSS λhV V λhf f

Λ

� (1)

Z2

Γ (h→ SS) = λ2
hSS

v2βS

128πmh

Γ (h→ V V ) = λ2
hV V

v2βV m3
h

512πm4
V

�
1− 4

m2
V

m2
h

+ 12
m4

V

m4
h

�

Γ (h→ f f ) =
λ2

hf f

Λ2

v2β3
f mh

64π

βχ =
�

1− 4m2
χ/m

2
h h→ χχ

mχ
λhχχ

σχ−N
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h

χ

χ

λhχχ h

N

χ

N

χ

fN

λhχχ

σS−N = λ
2
hSS

m4
N f 2

N

16πm4
h(mS +mN )

2

σV−N = λ
2
hV V

m4
N f 2

N

16πm4
h(mV +mN )

2

σ f −N =
λ2

hf f

Λ2

m4
N f 2

N m2
f

4πm4
h(mf +mN )

2

mN fN =
∑

fL + 3× 2
27 fH

fL fH

1.5.7 Effective eld theory

Λ
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Oi

Λ Ci(Λ)
Λ

� =� +
∑

k

1

Λk

∑

i

Cik(Λ)Oik.

Λ−k

D
S =
∫

dD x� (x) D = 4
dim[q] = 3/2 dim[iDμ] = 1 dim[Φ] = 1 dim[Wμν] = dim[Bμν] = dim[Ga

μν] = 2
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2
The LHC and the ATLAS and
CMS detectors

C P

4π

2.1 The Large Hadron Collider

2.1.1 The CERN accelerator complex

27 km
45m 170m

�
s = 14TeV�

s = 7TeV�
s = 8 TeV

�
s = 7TeV

�
s = 8TeV

50 MeV



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

42 THE LHC AND THE ATLAS AND CMS DETECTORS

1.4GeV
25GeV 450GeV

1.1× 1011

25ns

400MHz

4.5K 2MV
5MV/m

1232
2K
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11700 A 8.33T

392

2.1.2 Luminosity and pile-up

L = 1034 cm−2s−1

L =
N 2

b nb f

4πσ∗2
F F =

�
1+
�
θcσz

2σ∗

�2�− 1
2

Nb nb f
σ∗x ,y

F
θc

σz σ∗

β∗ = πσ∗2/�n �

N =�σ � =
∫

L dt

� 1b=
10−28 m2 σ

μ

f = β c/2πR R f = hf
h

35640
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〈μ〉 μ L
nb f

σ 71.5mb 7TeV
73.0mb 8TeV

μ=
Lσ

nb f
.

μ

1.8% 7TeV 2.8% 8TeV

2.2%
2.6 % 7TeV 8TeV

2.2 The ATLAS detector

TeV

4π
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�
s [TeV]

[ns]�
1011 protons
�

�
1033 cm−2s−1
�

�
fb−1/
�
�
fb−1/
� −

〈μ〉 −
−

φ ∈ [−π,π]
z η= − ln tan(θ/2)

z θ ∈ [0,π]
φ = 0 x
θ = 0 z

x y y
p E

x y

2.2.1 Particle detection and identication

y = 1/2 ln
�
(E + pz)/(E − pz)

�
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τ

2.2.2 Inner Detector

|η | 2.5

|η |< 2.1

H → Z Z∗ → 4� H → WW ∗ → �ν�ν
p

H → γγ

b H → bb̄
t t̄

t tH H →WW ∗ → �ν�ν

2T
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R−φ × z [mm]

50× 400μm2 10μm× 115μm 3 50.5 88.5 122.5
80μm 17μm× 580μm 4 299 371 443 514
4mm 130μm 36 554 1082

σp /p = 0.05% p [GeV]⊕ 1%
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Pixel detector

80.4 1744
R − φ z

16 2880
63.4× 24.4mm2

R−φ 250μm
50 × 400μm2 10μm

115μm z R

Semiconductor Tracker

6.3
4088 64.0×63.6mm2

80μm 768 285μm

54μm 90μm

40 mrad z
R−φ

17μm R−φ 580μm
z R

Transition Radiation Tracker

351000
130μm

R − φ
4 mm 31μm

73 144cm 160
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2.2.3 The calorimeter system
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Hadronic calorimeter

|η |< 1.0
0.8< |η |< 1.7 5.8m

2.6 m 2.28m 4.25m
64

Δφ = 0.1 5.625

1.5 4.1 1.8λ 1.5 2.6 3.3λ
Δη × Δφ = 0.1 × 0.1

9.7λ
η= 0
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2.2.4 Muon spectrometer
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R− z

σp /p = 10%
p = 1 TeV |η | < 2.7

3GeV
3 TeV H → Z Z∗ → 4μ

Precision tracking

|η | < 2.0 16

5m 7.5m 10m
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2.0 < |η | < 2.7
14m 21.5m

| z | = 7.4m

30mm 1m 6m

80μm 35μm

40μm 5mm

30μm

Trigger chambers

|η | < 1.05
1.05< |η |< 2.4

2.2.5 Trigger system

20
400MHz 50ns
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600Hz
900MB/s

75kHz

η φ

2.3 The CMS detector
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21.6m
7.3 m 12500 t

|η |< 1.2
|η | > 1.2

z

z x
y

η = − ln tan (θ/2) θ z
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15% 30% 30GeV 10% 300GeV

300 Hz
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3
Event reconstruction in the
high pile-up LHC environment

pp

H→WW ∗→�ν�ν

�
s = 7TeV

3.65 · 1033 cm−2s−1 50
8 TeV 2%

2

25
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3.1 Inner Detector performance in pile-up

p

3%

10% 20%
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〈μ〉 = 26 μ = 30

A C

A 〈μ〉= 29 μ = 30
C 〈μ〉= 15 μ = 21
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3.1.1 Track reconstruction

τ = τ (d0, z0,φ0,θ ,q/p),

d0

z0 z φ0 θ

q/p

3× 10−11 s
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�
s = 7TeV

p > 400MeV |η | < 2.5
p η

20 40

1 %
p η

5 % 2%
p

1GeV

3 5

2GeV
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3.1.2 Momentum scale and resolution

H→ Z Z∗→4� p
H→WW ∗→�ν�ν

Z 25GeV
|η | < 2.5

σ(1/p)/(1/p)



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

70 EVENT RECONSTRUCTION IN THE HIGH PILE-UP LHC ENVIRONMENT

η
-2 -1 0 1 2

N
o
n
-p

ri
m

a
ry

 F
ra

c
ti
o
n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

=1; Defaultμ
=1; Robustμ
=21; Defaultμ
=21; Robustμ
=41; Defaultμ
=41; Robustμ

ATLAS Preliminary
Simulation

=7 TeVs

 [GeV]
T

p
2 4 6 8 10 12

N
o
n
-p

ri
m

a
ry

 F
ra

c
ti
o
n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

=1; Defaultμ
=1; Robustμ
=21; Defaultμ
=21; Robustμ
=41; Defaultμ
=41; Robustμ

ATLAS Preliminary
Simulation

=7 TeVs

21 41 p η

p

〈μ〉 /〈μ〉 /〈μ〉

Z
Z

70 GeV < mμμ < 110GeV
p

d0 z0 sinθ
p
�

sinθ



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

3.1 INNER DETECTOR PERFORMANCE IN PILE-UP 71

|η|
0 0.5 1 1.5 2 2.5

 [
%

]
ID T

)*
p

ID T
(1

/p
σ

2

4

6

8

10

12
 range: [23,27] GeV

T
p

 Preliminary SimulationATLAS

Parametrized resolution
Resolution from MC

|η|
0 0.5 1 1.5 2 2.5

 [
%

]
ID T

)*
p

ID T
(1

/p
σ

2

4

6

8

10

12

14
 range: [47,55] GeV

T
p

 Preliminary SimulationATLAS

Parametrized resolution
Resolution from MC

|η|
0 0.5 1 1.5 2 2.5

 [
%

]
ID T

)*
p

ID T
(1

/p
σ

2

4

6

8

10
12

14

16

18

20

22

24

 range: [113,130] GeV
T

p

 Preliminary SimulationATLAS

Parametrized resolution
Resolution from MC

|η|
0 0.5 1 1.5 2 2.5

 [
%

]
ID T

)*
p

ID T
(1

/p
σ

10

20

30

40

50  range: [309,357] GeV
T

p

 Preliminary SimulationATLAS

Parametrized resolution
Resolution from MC

σ(1/p)/(1/p)
p

3.1.3 Primary vertex reconstruction
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p
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15

3.1.4 Computing performance
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3.1.5 Flavor tagging

b c uds/g

|η |< 2.5
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3.2 Lepton identication and reconstruction

3.2.1 Muons
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H →WW ∗ → �ν�ν
|η |< 2.5

Reconstruction efficiency

J/Ψ Z

�( )≈ �( | ) · �( | ).

p > 10GeV
|η | < 2.5

p > 10GeV Z → μμ

Mass scale and resolution

J/Ψ → μμ Υ → μμ Z → μμ
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3.2.2 Electrons and photons
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3× 7 3× 5
5× 5

Z → ee

3.3 Jets and missing transverse momentum

3.3.1 Jet clustering and calibration

Jet reconstruction
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Calibration and systematic uncertainties

e+e− Z γ

kt R= 0.4
H → WW ∗ → �ν�ν

3.3.2 τ-leptons

τ 35%

65% τ

τ
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3.3.3 Missing transverse momentum

Emiss =

� ∑

selected

E +
∑

soft

E

�
.

Emiss

p
τ

Emiss

Emiss



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

3.3 JETS AND MISSING TRANSVERSE MOMENTUM 89

-40 -20 0 20 40
0

0.02

0.04  miss
T

p

r.m.s.=12.4

 miss

TE

r.m.s.=15.9
(a)

 [GeV]
 miss
TE or  miss

T
pReco. - Gen. for 

U
n

it
 n

o
rm

a
liz

a
ti
o

n

WW*→MC sample for ggF H

ATLAS

Simulation

TeV 8 = s

Average number of interactions

0 5 10 15 20 25 30 35 40

M
E

T
 R

M
S

 [
G

e
V

]

0

5

10

15

20

25

miss

T
MC E

miss

T
Data E

miss (trk)

T
MC p

miss (trk)

T
Data p

miss

T
MC p

miss

T
Data p

ATLAS

+ 1 jet,μ μ→Z  = 8 TeVs

Emiss

pmiss

H→WW ∗
Z→μμ

Emiss pmiss (trk) pmiss μμ

Z nj =1 H→WW ∗→ �ν�ν
pmiss (trk)

pmiss

H→WW ∗→�ν�ν

H→WW ∗

pmiss

pmiss (trk) H→WW ∗→�ν�ν

pmiss
,rel =

�
pmiss sinΔφnear Δφnear < π/2

pmiss ,

Δφnear pmiss p

Emiss Z → �� W → �ν

Z→μμ μμ

Z nj=1 H→WW ∗→�ν�ν



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

4
Statistics and moment morphing

x f (x |α)
x α

x

α

4.1 Statistical modeling

4.1.1 Likelihood functions

x α L(x |α) = L(α)

f (x |α) x

α= (μ,θ)
mH

μ

θ

μ= σ /σ

μ = 1 μ = 0
mH

L(α) =
L(η(α))
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x n
� = {n} ν(α)

L(�|α) = (n|ν(α)).

ν(α) =
∑

k∈
νk(α).

� = {�1, . . .�c }
c = {c1, . . . , c }

L(α)

L(α) =
c∏
c=1

L(α).

x
n � = {x1, . . . , xn} xe

f (xe|α) n
ν(α)

L(�|α) = (n|ν(α))
n∏

e=1

f (xe|α),

f (x |α)

f (x |α) = 1
ν(α)

∑

k∈
νk(α) fk(x |α).

fk(x |α)

x fk(x |α)
n

L(�|α) =
n∏

i=1

(ni |νi(α)).
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4.1.2 Subsidiarymeasurements and systematic uncertainties

θ

f ,p(� |θp,α ) θp ∈ θ
�

α= (μ,θ)

� �

L ,p(θp,α |� )

θp θ̃p ±σp

f ,p(� |θp,α )→ fp(θ̃p|θp,σp),

x
f (x |θ = θ̃ ) f (x |θ = θ̃ ±σ)

L(�,�|α) =
c∏
c=1

�
(nc |νc(α))

nc∏
e=1

fc(xce|α)
�
×
∏
p∈�

fp(θ̃p|θp,σp),

� = {θ̃p} �
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f (θ̃ |θ ,σ)
ν(θ )

f (x |θ ) θ

Subsidiary measurements and response functions

f (θ̃ |θ ,σ) = (θ̃ |θτ)) θ̃ =
�
σ

ν

�2
τ=

�
ν

σ

�2
,

ν σ

θ̃ τ

θ 1 θ̃ θτ

b
νb (α)

νb (α) b

νb(α) = νb (α) + θνb (α).

f (θ̃ |θ ,σ) = (θ̃ �|θ �,σ�).

θ � θ̃ �

θ̃ � = 0 σ� = 1
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θ � = lnθ θ

f (θ̃ |θ ) = 1�
2π lnκ

1
θ

exp

�
− (ln(θ/θ̃ ))

2(lnκ)2

�
.

ν(θ �) = ν(θ � = 0)κθ
�
± κ+ =

ν(θ � = 1)
ν(θ � = 0)

κ− =
ν(θ � = 0)
ν(θ � = −1)

.

κ+ �= κ−

θ

Shape variations

x f (x |θ )
f (x |θ ) f (x |θ = 0)

f (x |θ = ±1)

f (x |θ )
��
θ=0,±1 �→ f (x |θ ) ∀θ

θ

4.2 Statistical inference
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4.2.1 Parameter estimation

L(α) = L(�,�|α)
α

α α̂

L(α) − ln L(α)

∂ ln L(α)
∂ αi

= 0 αi ∈α.

ˆ̂θ
L(α) = L(μ,θ) μ

�
�

α̂

α

Vi j = cov(α̂i , α̂ j)
α

Hi j(α̂) = − (V )−1
i j (α̂) =

∂ 2 ln L(α)
∂ αi∂ α j

�����
α̂

.

d(α̂,α ) α

grad(ln L(α̂))
V (α̂)

d(α̂,α ) = 0.5×
∑

i, j

∂ ln L(α)
∂ αi

����
α̂i

Hi j(α̂)
∂ ln L(α)
∂ α j

�����
α̂ j

.
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p

t

t

f(
t|H
)

p

Z

x

ϕ
(x
)

p
ϕ(x) =

(1/
�

2π)exp(−x2/2)

4.2.2 Hypothesis testing

H0

H1

t = −2 lnλ(H0, H1)

H0

λ(H0, H1) =
L(H1)
L(H0)

H0 H1

f (t|H0)
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t
t

H0

p =

∫ ∞

t

f (t|H0)dt

p p
Z

Z = Φ−1(1− n p),

Φ−1

n = 1 n = 2

H μ

f (t|H) = f (tμ|μ,θ)
p θ

tμ = −2 lnλ(μ) λ(μ) =
L(μ, ˆ̂θ(μ))

L(μ̂, θ̂)
,

μ

H tμ
θ p μ tμ

pμ, =

∫ ∞

tμ,

f (tμ|μ, ˆ̂θ(μ, ))dtμ.

Median experimental sensitivity

μ

μ�

μ�

tμ, f (tμ|μ = μ�, ˆ̂θ(μ = μ�, ))
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pμ,

tμ,

tμ�,

pμ,

tμ

f(
t μ
|μ
)

p
μ= μ�

p
tμ

pμ, =

� ∞

t
μ
� ,

f (tμ|μ, ˆ̂θ(μ, ))dtμ.

p
μ= μ�

Hypothesis testing with parameters with boundaries

μ

μ≥ 0 μ̂

μ ≥ 0
t̃μ

μ̂

t̃μ = −2 ln λ̃(μ) λ̃(μ) =

⎧
⎨
⎩

L(μ, ˆ̂θ(μ))
L(μ̂,θ̂)

μ̂≥ 0
L(μ, ˆ̂θ(μ))

L(0, ˆ̂θ(0))
μ̂ < 0

,

μ μ = 0
p

tμ
p t̃μ
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Discovery test statistic

q0 t̃μ
μ= 0

q0 = t̃0 =

�
−2 lnλ(0) μ̂≥ 0

0 μ̂ < 0
.

p 50% μ̂�0

q0 =

�
−2 lnλ(0) μ̂≥ 0

+2 lnλ(0) μ̂ < 0
.

Test statistics for upper limits

μ

qμ q̃μ

qμ =

�
−2 lnλ(μ) μ̂≤ μ
0 μ̂ > μ

q̃μ =

�
−2 ln λ̃(μ) μ̂≤ μ
0 μ̂ > μ

.

μ̂ > μ

μ p 50%

qμ =

�
−2 lnλ(μ) μ̂≤ μ
+2 lnλ(μ) μ̂ > μ

q̃μ =

�
−2 ln λ̃(μ) μ̂≤ μ
+2 ln λ̃(μ) μ̂ > μ

.

4.2.3 Asymptotic formulae and Asimov data

tμ
t̃μ
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N

tμ = −2 lnλ(μ)≈ (μ− μ̂)
2

σ2 t̃μ = −2 ln λ̃(μ)≈
�
(μ−μ̂)2
σ2 μ̂≥ 0

μ2

σ2 − 2μμ̂

σ2 μ̂ < 0
,

� (1/�N)

μ̂ μ�

σ

μ̂

f (μ̂|μ�) = 1�
2πσ

exp

�
− (μ̂−μ

�)2

σ2

�
.

tμ μ

χ2

f (tμ|μ�) =
1

2
�

tμ

1�
2π

�
exp

�
−1

2

��
tμ +

μ−μ�
σ

�2�
+ exp

�
−1

2

��
tμ −

μ−μ�
σ

�2��
,

χ2 μ= μ�

t̃μ

f ( t̃μ|μ�) =
1
2

1�
2π

1�
t̃μ

exp

�
−1

2

��
t̃μ +

μ−μ�
σ

�2�

+

⎧
⎪⎪⎪⎨
⎪⎪⎪⎩

1�
2π(2μ/σ)

exp

⎡
⎣− 1

2

�
t̃μ− μ

2−2μμ�
σ

2

�2

(2μ/σ)2

⎤
⎦ t̃μ > μ

2/σ2

1
2

1�
2π

1�
t̃μ

exp
�
− 1

2

��
t̃μ − μ−μ

�
σ

�2�
t̃μ ≤ μ2/σ2

.

tμ t̃μ μ�

F(tμ|μ�) = Φ
��

tμ +
μ−μ�
σ

�
+Φ

��
tμ −

μ−μ�
σ

�
− 1

F( t̃μ|μ�) = Φ
��

t̃μ +
μ−μ�
σ

�
+

⎧
⎨
⎩
Φ

�
t̃μ−(μ2−2μμ�)/σ2

2μ/σ

�
− 1 t̃μ > μ

2/σ2

Φ
��

t̃μ − μ−μ
�

σ

�
− 1 t̃μ ≤ μ2/σ2.
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pμ, = 1− F(tμ|μ) pμ, = 1− F( t̃μ|μ).

σ μ̂
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σ2 ≈ (μ−μ
�)2

tμ,
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⎨
⎩
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t̃μ,
− 2μμ�
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4.2.4 Condence intervals

μ

μ

μ�

= 1− pμ μ p
pμ p

x

ϕ(x ,μ,σ) =
1

σ
�

2π
exp

�
− (x −μ)

2

2σ2

�
.

tμ
68.27% 95.45%

χ2

Measurements of parameters with boundaries

t̃μ
95%

μ ≥ 0 tμ
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μ
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 2
 ln
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~
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χ2
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χ2

S q̃μ

S(μ) =
pμ
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pb p

S
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t̃μ

n
n

χ2
n

4.3 Moment morphing

f (x |αi) x
f (x |αi = α̃i) f (x |αi = α

�
i)

W

L(αi ,α j) �= L(αi)× L(α j) αi ,α j ∈α,
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4.3.1 Construction of the morphing p.d.f.

Interpolation with a single morphing parameter

f (x|m) f
m x m

f n m f (x|mi)

mi f (x|m)
m

f (x|m) n−1
m0

f (x|m)≈
n−1∑

j=0

d( j) f (x|m0)

dm( j)
(m−m0)

j

j!
=

n−1∑

j=0

f �j (x|m0)(m−m0)
j ,
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f �(x|m) n m

f (x|mi)≈
n−1∑

j=0

(mi −m0)
j f �j (x|m0) =

n−1∑

j=0

Mi j f �j (x|m0),

Mi j = (mi−m0)
j n×n

f �j (x|m0) =
n−1∑

i=0

�
M−1
�

ji
f (x|mi)

n f �j (x|m0) f (x|m)

f (x|m)≈
n−1∑

i, j=0

(m−m0)
j
�
M−1
�

ji
f (x|mi) ,

m�

f (x|m�) =
n−1∑

i=0

ci(m
�) f (x|mi),

f (x|mi)
ci(m

�)

ci(m
�) =

n−1∑

j=0

(m� −m0)
j
�
M−1
�

ji
,

ci f

x

ci(mj) = δi j ,

ci

∑

i

ci(m) = 1.
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m m ci(m) m

ci = 1−m

ci = m ,

m = (m−m )/(m −m ) ci ci

fi x

m

m

fi(x)

μi j σi j i x j

μ�j(m) σ�j(m)
ci(m)

μ�j(m) =
∑

i

ci(m) ·μi j

σ�j(m) =
∑

i

ci(m) ·σi j

i j

x �i j = ai j x j + bi j ,

ai j =
σi j

σ�j

bi j = μi j −μ�j ai j .

x j

f (x|mi)→ f (x�|mi).
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∫ +∞

−∞
f (x�|mi)dx=

1∏
j a j(m)

∫ +∞

−∞
f (x|mi)dx,

aj = σ j/σ
�
j j x j

p(x|m�) =
∑

i

ci(m
�) f (x�, mi)
∏

j

a j(m
�).

ci 1

α

125GeV

123 124 126 127GeV
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125GeV

125GeV

Interpolation with multiple morphing parameters

f (x|m1, m2) m1 m2

(m10
, m20

)

f (x|m1, m2) = f (x|m10
, m20

)

+
1
1!

�
(Δm1)

∂

∂m1

f (x|m10
, m20

) + (Δm2)
∂

∂m2

f (x|m10
, m20

)

�

+
1
2!

�
(Δm1)

2 ∂
2

∂m2
1

f (x|m10
, m20

) + 2(Δm1)(Δm2)
∂ 2

∂m1∂m2

f (x|m10
, m20

)

+ (Δm2)
2 ∂

2

∂m2
2

f (x|m10
, m20

)

�
+ . . . ,

2× 2 (m1, m2)

f (x|m1, m2) = f (x|m10
, m20

)

+ (Δm1)
∂

∂m1

f (x|m10
, m20

) + (Δm2)
∂

∂m2

f (x|m10
, m20

)

+ (Δm1)(Δm2)
∂ 2

∂m1∂m2

f (x|m10
, m20

).

m1 m2

m1 m2

m1 m2
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k× l

M f �j M

M =

⎛
⎜⎜⎜⎜⎝

1 0 · · · 0 0 · · · 0 · · · 0
1 (Δm210

) · · · (Δm210
)k−1 (Δm110

) · · · (Δm110
)(Δm210

)k−1 · · · (Δm110
)l−1(Δm210

)k−1

· · · · · · · · ·
1 (Δm2n0

) · · · (Δm2n0
)k−1 (Δm1n0

) · · · (Δm1n0
)(Δm2n0

)k−1 · · · (Δm1n0
)l−1(Δm2n0

)k−1

⎞
⎟⎟⎟⎟⎠

,

Δmin0
= min

−mi0
n

0 i Δm

Δm=
�
1 (Δm2l0

) · · · (Δm2l0
)k−1 (Δm1l0

) · · · (Δm1l0
)(Δm2l0

)k−1 · · · (Δm2l0
)l−1(Δm2l0

)k−1
�T

.

ci (m�1, m�2) = (m1q
, m2q

)

ci(m
�
1, m�2) =

(k×l)−1�

j=0

�
M−1
�

ji
· (Δm) j .

p(x|m1, m2)

n
n k× l × . . .

M

2×2 (m1, m2)
(m1, m2)

c00(m1, m2) = (1−m ) · (1−m )

c10(m1, m2) = m · (1−m )

c01(m1, m2) = (1−m ) ·m
c11(m1, m2) = m ·m ,

m = (m1−m100
)/(m110

−m100
) m = (m2−m200

)/(m201
−m200

)
1

(m111
, m211

) c00

c10 c01 m ·m c11

m1 m2

α1 α2

2×2 αi = {0,1}, i = 1,2
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Other choices of basis functions

m {Ψ0, . . . ,Ψn−1}=
{Ψi}i=0,...,n−1



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

114 STATISTICS AND MOMENT MORPHING

Ψi

p(x|m) =
n−1∑

i=0

di(x)Ψi(m),

di

di(x) =

∫
p(x|m)Ψi(m)dm.

di(x) x

Ψi(m)
p m�

p (x|m�) =
n−1∑

i, j=0

Ψ j(m
�)
�
M−1
�

ji
p(x|mi) ,

n× n Mi j = Ψ j(mi)

4.3.2 A p.d.f. for modeling systematic uncertainties

L(μ,θ) μ θ

μ θ

λ(μ) =
L(μ, ˆ̂θ)

L(μ̂, θ̂)
,
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i θi

θi = ±1
±1σ 1σ θi = 0

θi

n
n

n

ppred(x|θ) = (1−
∑

i=1

∑

j=±1,±m

ci j(θi)) · p(x, 0) +
∑

i=1

∑

j=±1,±m

ci j(θi) · pi j(x|θi = j) ,

±1 . . . ±mσ

ci j(θi)
θi

x→ x�

H → Z Z∗ → 4�
Z Z

H → 4� qq̄→ Z Z

μ̂ θ̂ μ θ ˆ̂θ
μ λ μ

L
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 [GeV]4lm
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qq̄→ Z Z

4.3.3 Accuracy ofmomentmorphing and comparison to alternativemor-
phing algorithms

fpred(x|α)
ftrue(x|α)

ftrue(x|α)
α
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ftrue(x|α) α

α

α

α n n

ftrue(x|α)

α

α

α

Performance on benchmark models

V (x |α) = (1−α)/2 · TL(x) + (α+ 1)/2 · TR(x)
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Nμ Gaussian(x |μ,σ = 1) μ= 2 ·α
Nσ Gaussian(x |μ= 0,σ) σ = 1+ 0.5 ·α
Nμσ Gaussian(x |μ,σ) μ= 2 ·α σ = 1+ 0.5 ·α
Γk GammaDist(x |k,θ = 1) k = 3+ 0.7 ·α
Γθ GammaDist(x |k = 3,θ ) θ = 1+ 0.7 ·α
Γkθ GammaDist(x |k,θ ) k = 3+ 0.7 ·α θ = 1+ 0.7 ·α
C1 Chebychev(x |a1, a2 = 0) a1 = 0.5+ 0.4 ·α
C2 Chebychev(x |a1 = 0.5, a2) a2 = 0.4 ·α
C12 Chebychev(x |a1, a2) a1 = 0.5+ 0.4 ·α a2 = 0.4 ·α

TL/R α = ±1

TL/R

Nμ, Nσ Nμσ

Γ (x |k,θ ) =
xk−1e−x/θ

θ kΓ (k)
,

2nd

C(x |a1, a2) = 1+ a1 x + a2(2x2 − 1),

α= ±1
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α = 0
−1< α < 1

KS(α= 0) KS KS(α= 0) KS KS(α= 0) KS

Nμ 0 0 0.28 0.28 4.8× 10−4 8.1× 10−4

Nσ 3.7× 10−9 5.3× 10−9 0.044 0.046 2.8× 10−4 9.1× 10−4

Nμσ 1.1× 10−8 1.3× 10−8 0.36 0.40 4.4× 10−4 9.2× 10−4

Γk 0.0064 0.0069 0.032 0.032 0.0033 0.0036
Γθ 9.2× 10−4 1.1× 10−3 0.28 0.32 5.4× 10−4 6.9× 10−4

Γkθ 0.11 0.14 0.32 0.35 0.11 0.14

C1 0 0 0 0 0.018 0.018
C2 0.0086 0.0086 0.0086 0.0086 0.013 0.013

C12 0.020 0.020 0.020 0.020 0.040 0.040

x
α

x
Nμσ, Γkθ C1

α

α = 0
α ∈

[−1, 1]

Nμσ

Nμσ 0.001

Γkθ

C1

α

C1

C1
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Accuracy formulti-dimensional distributions andmulti-parametermorphing

ftrue(x|α,β) = Gaussian(x|μ,V),

μx ,μy ,σx ≡ Vx x ,σy ≡ Vy y ρ ≡ Vx y/
�

Vx x Vy y

α,β

ρ α,β

μx ,μy ,σx ,σy

μx μy α,β

ρ α,β

(α,β) = (0.5, 0.5)

4.3.4 Implementation

Available morph classes
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m sin(π/2 ·m )

n
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Extrapolation beyond input boundaries

m m
m ci(m)

m<m
m > m

Computational performance of moment morphing
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5
Higgs boson decays to WW*

W
H→WW ∗→�ν�ν

W

8TeV

7TeV

5.1 Analysis overview

H→WW ∗

nj nj=0 nj=1
nj≥2

W

W

8TeV

tqb̄ g g→WW
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H→WW ∗→�ν�ν

b

WW WW

t t̄ t t̄→W b W b̄ b

t

�
tW b
t b̄ tqb̄ q b �

b

Wj W + j �
j j j j ��

⎧
⎪⎨
⎪⎩

Wγ γ e

V V
Wγ∗ WZ Z Z→����
Z Z→��νν
Zγ γ e

ee/μμ Z/γ∗→ ee, μμ
ττ Z/γ∗→ττ→�νν�νν

Z/γ∗

++

W

W
0

Δφ��
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σ ·BR
�

s=8TeV

σ ·BR

H→WW ∗ 0.435
H→WW ∗ 0.0356

V H H→WW ∗ 0.0253

WW
qq̄→WW qg→WW 5.68
g g→WW 0.196
(qq̄→W )+(qq̄→W ) 0.480
qq̄→WW 5.68

WW+2 0.0397

t t̄ 26.6
W t 2.35
tqb̄ 28.4
t b̄ 1.82

V V
Wγ pγ >8GeV 369
Wγ∗ m��≤7GeV 12.2
WZ m�� >7GeV 12.7

WZ +2 0.0126
m�� >7GeV

Zγ pγ >8GeV 163
Zγ∗ m��≤4GeV 7.31
Z Z m�� >4GeV 0.733
Z Z→��νν m�� >4GeV 0.504

Z m�� >10GeV 16500
Z +2 5.36

m�� >7GeV

m�� mH/2
W

b
b
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nj

eμ ee/μμ
Z/γ∗→ττ eμ

τ ee/μμ
Z/γ∗→ ee, μμ

b c
Z

W+jets

e+e− p

p p �2 p �2

p
W W

m

m =
��

E �� + p νν
�2 −
�� p �� + p νν
��2,

E ��=
�
(p ��)2 + (m��)

2

p νν p ��

m
WW

5.2 Object and event selection

5.2.1 Physics objects

H→WW ∗→�ν�ν
p
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 [GeV]
T

Muon p
0 10 20 30 40 50 60

Ef
fic

ie
nc

y
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0.4
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0.8

1

ATLAS
-1 L dt = 20.3 fb∫ = 8 TeV,s

|<1.05η,  mu24i OR mu36,  |μμ→Z

Level 1 (MU15)
Level 2
Event Filter

H → WW ∗ → �ν�ν

Z → ee
Z → μμ

p
H → WW ∗ → �ν�ν

p

e 18 30 24 60
μ 15 24 36

e, e 10 10 12 12
μ,μ 15 18 8
e,μ 10 6 12 8
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p > 400MeV
|η | < 2.5

|η | < 2.47 1.37 < |η | < 1.52

10 < E < 25GeV E > 25GeV

d0 σd0
3.0

z0 z0 sinθ <
0.4 mm 1.0mm

∑
p

p > 400 MeV η φ
�
Δη2 +Δφ2 ≤ΔR

ΔR= 0.4 p < 15GeV ΔR= 0.3
p > 15GeV

∑
p 6%

E p E p 10% 12% E p

∑
E 20% E

10 < E < 15GeV 28% E
E > 25GeV ∑

E 6% p
10< p < 15GeV 28% p
E > 25 GeV

∑
E

∑
E

ΔR= 0.3
5× 7 η×φ

0.05 ≤ ΔR ≤ 0.3

η−φ
ΔR< 0.1



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

5.2 OBJECT AND EVENT SELECTION 131

H →WW ∗ → �ν�ν kt

R = 0.4
p j
> 25GeV

|η |< 2.4 50% 2.4≤ |η |< 4.5
p j
> 30GeV

η−φ
p ΔR= 0.3

p
ΔR= 0.3

5.2.2 Signal modeling and associated uncertainties

H→WW ∗

H→WW ∗ 4.2%
125.36 GeV

p

p

7.5%
mH =125.36GeV

mH
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nj≥2
11% 25% 33% 29% nj=0 nj=1 nj≥2

nj≥2

7.2%

3%

m

2.7%

5.2.3 Signal selection

H→WW ∗→�ν�ν

Preselection

�1
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�2 p �1>22GeV p �2>10GeV
Z/γ∗→ ee, μμ |m�� −mZ |>15GeV

m�� > 10GeV 12GeV eμ
ee/μμ

W

nj≤1 nj≥2
eμ Z/γ∗→ττ

Z/γ∗→ ee, μμ
nj≤1 ee/μμ

Emiss
,rel>40GeV pmiss>20GeV nj≥2

eμ
ee/μμ

pmiss>40 GeV Emiss>45GeV Z/γ∗→ ee, μμ

nj

The nj =0 category

pmiss

Δφ��, >π/2
p �� p �� <30GeV

ee/μμ pmiss (trk)
,rel >40GeV

ee/μμ

frecoil =

����
∑

jets j in ∧
j · p j

����
�

p ��.

p j
>10GeV

π/2 φ ∧ −p ��

frecoil

ee/μμ
frecoil p ��

frecoil<0.1
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5.3 Data-driven background estimates

H→WW ∗→�ν�ν
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β

= N · B /B︸ ︷︷ ︸
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α

H→WW ∗→�ν�ν

5.3.1 Non-resonant W W diboson production
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WW
nj=0 nj=1

p �� >30 GeV m� >50GeV
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W+jets p �2=15GeV
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m�� >80 GeV WW nj=0 nj=1
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WW
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% WW nj ≤1
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5.3.2 Top quark processes
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5.3.3 Misidentied leptons
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5.3.4 Other diboson processes

WW Wγ Wγ∗ WZ Z Z
V V

eμ
Wγ nj≤1

Z→μμγ p
25% 10< p <15GeV 5% p >20GeV Wγ∗

Wγ∗ → eνμμ

nj≤1 V V
Wγ Wγ∗ WZ

W
Z Z

m
nj=0 nj=1

Wγ Wγ∗ WZ
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5.3.5 The Drell-Yan process

Z/γ∗
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m�� <80GeV eμ m�� <75GeV
ee/μμ τ |mττ −mZ |<25GeV

Z/γ∗→ττ
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frecoil %

nj=0 nj=1

�non 69±1 64±2
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% frecoil

nj=0 nj=1

�non 1.9 3.2
1.8 3.0

eμ
0.8 1.2

ee/μμ

� 38 32
9.4 16

Z
32 16

12<m�� <55GeV

��non 3.1 4.5
1.9 3.9
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2.5 2.4

ee/μμ

B 49 45

5.4 Results and interpretations

m OBDT

m OBDT

eμ ee/μμ nj=0 nj=1
m

nj=0
5GeV nj=1

10GeV eμ nj≥2
m [0,50, 80,130,∞]GeV

nj≥2
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OBDT [−0.48,0.3, 0.78,1]
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W+jets

7 8TeV

5.4.1 Systematic uncertainties

0.1%

1%

Jet energy scale and resolution

nj
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b
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p η
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Missing transverse momentum
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Emiss pmiss 0.2GeV 0.3GeV 0.3GeV
1.4 GeV

1% 4% 1.5GeV 3.3GeV

Summary

nj

8 TeV

nj 8TeV

WW
nj=1

5.4.2 Yields and distributions

nj 8TeV
p �2 m��

eμ nj=0 Z/γ∗→ ee, μμ
ee/μμ nj=0 1.3
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%
Nsig Nbkg

nj =0 nj =1 nj ≥2
nj ≥2 8TeV
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Nbkg 2.5 1.5 1.2 1.7

NWW 4.2 2.4 2.3 2.6
Ntop 7.4 2.3 4.2 5.6
Nmisid 17 9.9 14
NV V 9.9 4.8 4.6 7.4
Nττ 34 1.7 33 7.2
Nee/μμ 30 14 26 5.5
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Nbkg 3 1.7 1.4 2.1
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Nττ 27 3.3 26 6.3
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NV V 20 12 15
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Nee/μμ 19 11 15
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1.6

m
m�� p �2 nj≤1

m nj≤1
7 8TeV

m
125GeV

m OBDT

nj≥2 8TeV
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nj
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eμ �2=μ ± ± ±
eμ �2= e ± ± ±
ee/μμ ± ± ±

nj =1 ± ± ±
eμ �2=μ ± ± ±
eμ �2= e ± ± ±
ee/μμ ± ± ±

nj ≥2 eμ ± ± ±
nj ≥2 ± ± ±

eμ ± ± ±
eμ ± ± ±
eμ ± ± ±
ee/μμ ± ± ±
ee/μμ ± ± ±
ee/μμ ± ± ±

Nbkg

NWW Ntop Nmisid NV V NDY
Nt Nt t̄ NWj Nj j
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ee/μμ ± ± ± ±
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5.4.3 Observation of Higgs boson decays toWW*
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5.4.4 Production strength measurements
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The inclusive production strength

μ

μ=
(σ× BR)
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mH =125.36GeV
7 8TeV
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5.4.5 Correlations between the inclusive signal strength and nuisance
parameters

θ

μ̂ θ

Δμ̂,± = μ̂(θ̂ ±Δθ )− μ̂(θ̂ ).

μ θ

μ

θ

μ̂ θ

H→WW ∗→�ν�ν
m WW

m
WW

θ

200
50 400



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

176 HIGGS BOSON DECAYS TO WW*

μ θ θ

5.4.6 Inclusive Higgs production cross sections

�
σ · BRH→WW ∗
�

obs
=

(Nsig)obs

� ×� · BRWW→�ν�ν
· 1∫

L dt
= μ̂ · (σ · BRH→WW ∗)exp.

� ×�
�
�

7 8TeV 8TeV
7TeV

μ7TeV
ggF = 0.57 +0.52

−0.51stat +0.36
−0.34syst +0.14

−0.004

μ8TeV
ggF = 1.09 ±0.20stat +0.19

−0.17syst +0.14
−0.09

μ8TeV
VBF = 1.45 +0.48

−0.44stat +0.38
−0.24syst +0.11

−0.06
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σ7TeV
ggF ·BRH→WW ∗ = 2.0 ±1.7 +1.2

−1.1 = 2.0 +2.1
−2.0

σ8TeV
ggF ·BRH→WW ∗ = 4.6 ±0.9 +0.8

−0.7 = 4.6 +1.2
−1.1

σ8TeV
VBF ·BRH→WW ∗ = 0.51 +0.17

−0.15
+0.13
−0.08 = 0.51 +0.22

−0.17 .

3.3±0.4 4.2±0.5
0.35±0.02
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6
Higgs boson production and decay
rates and coupling strengths

H→γγ H→ Z Z∗→4� H→WW ∗→�ν�ν � = e, μ

H→WW ∗→�ν�ν V H
H→WW ∗

H→γγ H→ Z Z∗→4� mH = 125.36 ± 0.41
H→ττ H→ bb̄

H→ Zγ H→μμ
t tH

−1

−1 �
s = 8

mH = 125.36

6.1 Input analyses to the combinations

H → γγ, Z Z∗, WW ∗, ττ, bb̄, μμ Zγ
t tH

H → J/ψγ
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pT

W H
ZH qq̄→ ZH g g → ZH

ZH
qq̄ → ZH

V H H→ bb̄ g g → ZH
t tH

tH
qg → tHq�b

g b→W tH bbH

W H
ZH

ZH : g g → ZH
t tH
tH : qg → tHq�b
tH : g b→W tH
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μ

μ=
σ× BR
(σ× BR)SM

.

σ BR
i f i → H → f

μ
f
i

� τlep

τhad

p E Emiss

6.1.1 H→ γγ

H → γγ

E /mγγ > 0.35
mγγ �

s = 7

t tH
t t̄ t tH

V H
W Z

p

pTt



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

182 HIGGS BOSON PRODUCTION AND DECAY RATES AND COUPLING STRENGTHS

g g → WW/Z Z
mH = 125.36 mH =

125.5 H→ Zγ H→μμ mH = 125
t tH H→ bb̄ t tH →multileptons

�
s = 7 V H →

V bb̄
σ

t tH H → γγ
H → γγ t tH

��
s = 7

∫ � d t −1

μ σ

H→γγ 1.17± 0.27
t tH � �
V H � �

� �
pTt � �

H→ Z Z∗→4� 1.44+0.40
−0.33

� �
V H � �

� �

H →WW ∗ 1.16+0.24
−0.21⊗ ee+μμ, eμ � �

≥ 2 eμ �
≥ 2 ⊗ ee+μμ, eμ � �

V H � �
V H �

H→ττ 1.43+0.43
−0.37

τlepτlep,τlepτhad,τhadτhad � �
τlepτlep,τlepτhad,τhadτhad � �

V H → V bb̄ 0.52± 0.40
0� (ZH → ννbb) nj = 2, 3 nb = 1, 2 pV > < 120 � �
1� (W H → �νbb) nj = 2, 3 nb = 1, 2 pV > < 120 � �
2� (ZH → ��bb) nj = 2, 3 nb = 1, 2 pV > < 120 � �

H→ Zγ μ < 11 (9)
ΔηZγ pTt � �

H→μμ μ < 7.0 (7.2)
ημ pμμ � �

t tH
H → bb̄ μ < 3.4 (2.2) �
t tH → μ < 4.7 (2.4) �
H → γγ μ < 6.7 (4.9) � �

H∗ μ < 5.1− 8.6 (6.7− 11.0)
H∗ → Z Z → 4� �
H∗ → Z Z → 2�2ν �
H∗ →WW → eνμν �
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)μSignal strength (
2− 0 2 4

ATLAS Preliminary

-1 = 7 TeV, 4.5-4.7 fbs

-1 = 8 TeV, 20.3 fbs

 = 125.36 GeVHm

0.27-
0.27+ = 1.17μOverall:

0.38-
0.38+ = 1.32μggF:

0.7-
0.7+ = 0.8μVBF:

1.6-
1.6+ = 1.0μWH:

0.1-
3.7+ = 0.1μZH:

γγ→H
125.4

125.4

125.4

125.4

125.4

0.33-
0.40+ = 1.44μOverall:

0.4-
0.5+ = 1.7μggF+ttH:

0.9-
1.6+ = 0.3μVBF+VH:

 ZZ*→H
125.36

125.36

125.36

0.21-
0.24+ = 1.16μOverall:

0.26-
0.29+ = 0.98μggF:

0.47-
0.55+ = 1.28μVBF:

1.3-
1.6+ = 3.0μVH:

 WW*→H
125.36

125.36

125.36

125.36

0.37-
0.43+ = 1.43μOverall:

1.2-
1.5+ = 2.0μggF:

0.54-
0.59+ = 1.24μVBF+VH:

ττ→H
125.36

125.36

125.36

0.40-
0.40+ = 0.52μOverall:

0.6-
0.7+ = 1.1μWH:

0.49-
0.52+ = 0.05μZH:

b Vb→VH
125.36

125

125

3.7-
3.7+ = -0.7μOverall:μμ→H 125.5

4.3-
4.5+ = 2.7μOverall:γ Z→H 125.5

1.1-
1.1+ = 1.5μ:bb

1.2-
1.4+ = 2.1μMultilepton:

1.8-
2.6+ = 1.3μ:γγ

ttH
125

125

125.4

 (GeV)Hm

Input measurements
μ on σ 1±

mH

±1σ

H→γγ t tH t tH
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γγ γ

γγ

6.1.2 H→ ZZ* → 4�

H→ Z Z∗→4�
4μ 2e2μ 2μ2e 4e

Z

50− 106

H → Z Z∗ → 4�

mj j > 130 V H
40 < mj j < 130 V H

V H

V H

V H

Z Z∗

m4� 160
Z t t̄

b c

m4�

V H m4�

110< m4� < 140
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6.1.3 H→WW*

V H
H →WW ∗

H→WW ∗→�ν�ν V H

nj nj

nj = 0, 1 ≥ 2
nj = 0, 1

nj ≥ 2 nj ≥ 2
WW t t̄

W t W W Z Wγ Wγ∗ Z Z

m�� < 55 Δφ�� < 1.8

V H

b
V H → VWW ∗

mj j W Z
nj ≥ 2

W Z Wγ(∗) W W H →WWW ∗

±1
W Z Z → ��

ZH → ZWW ∗

Z Z Z∗

ΔR
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6.1.4 H→ ττ

H→ττ τlep τhad

τlepτlep τlepτhad τhadτhad

Z → ττ

W
Z → μμ

Z → ��

Z → ��

H→WW
∗
→ �ν�ν
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6.1.5 VH with H→ bb̄

H → bb̄
H → bb̄

V W Z
W → �ν Z → �� Z → νν

V H H → bb̄
W → τν Z → ττ

b H → bb̄

pV b

b pV

V t t̄

W Z Z Z

b

b

�
s = 8

�
s = 7

6.1.6 H→ Zγ

H → Zγ Z → �� ��γ

Z+γ
Z → ��γ Z
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p
m�� > mZ − 10

ΔηZγ Z pTt

p Zγ

m��γ
�

s = 7
H → γγ

6.1.7 H→ μμ

H → μμ mμμ

Z/γ∗

ημ
pμμT

ημ pμμT

pμμT

mμμ 110− 160�
s = 7
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6.1.8 ttH production

qq̄/g g → t t̄H
H → bb̄ H → (WW ∗, ττ, Z Z∗) → leptons H → γγ

H → γγ �
s = 7�

s = 8

t tH H → bb̄
t t̄

ee μμ eμ
Z → ��

b
b

t t̄
t t̄ b b̄ t t̄ cc̄ b

t tH H →WW ∗, ττ Z Z∗

B t t̄
t t̄W

t t̄Z t t̄V

t tH H → γγ H → γγ

t t̄
b

b
V H

t tH

6.1.9 Off-shell Higgs boson production

H∗ → Z Z H∗ → WW
2mZ 2mW
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Z Z → 4� Z Z → 2�2ν WW → eνμν
�

s = 8

Z Z → 4�

220 < m4� < 1000 H→ Z Z∗→4�
qq̄/g g → Z Z

g g → H∗ → Z Z

Z Z → 2�2ν ZH

Z Z W Z
mZ Z

T

380 < mZ Z
T < 1000

WW → eνμν

WW

g g →WW 8

8 > 450

6.1.10 Modications of analyses
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H→ Zγ H→μμ t tH
H→ bb̄ t tH →multileptons

V H→WW ∗ H→ττ H→ Z Z∗

H→WW ∗

ττ H→WW ∗

H→ττ

g g → ZH V H
Z�

s = 7

tH t tH
W

t tH
cc g g

H→ bb̄
H → cc H→ bb̄ H → g g

H→WW ∗ H→ bb̄
H→ττ H→ Zγ H→γγ H→ Z Z∗

bbH
bbH

H → γγ, Z Z∗ bbH
bbH

bbH

RB
H∗ g g → H∗ → V V

RB
H∗
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6.2 Signal strength measurements

μ

mH = 125.36GeV

C P

bbH tH t tH g g → ZH
V H bbH

t tH tH
g g → ZH qq̄→ ZH

V H

6.2.1 Global signal strength

μ

t tH
t tH H→ bb̄ V H H→ bb̄

p 76%

Λ(μ)

μ= 1.18+0.15
−0.14 = 1.18± 0.10 (stat.)± 0.07 (expt.) +0.08

−0.07 (theo.) ,

μ = 1 p 18%
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)μSignal strength (
1− 0 1 2 3

ATLAS Preliminary

-1 = 7 TeV, 4.5-4.7 fbs

-1 = 8 TeV, 20.3 fbs

 = 125.36 GeVHm

0.26-
0.28+ = 1.17μ

γγ→H

 0.08-
 0.12+
 0.11-
 0.16+
 0.23-
 0.23+

0.34-
0.40+ = 1.46μ

 ZZ*→H

 0.11-
 0.18+
 0.13-
 0.19+
 0.31-
 0.35+

0.21-
0.24+ = 1.18μ

 WW*→H

 0.09-
 0.13+
 0.14-
 0.17+
 0.16-
 0.16+

0.37-
0.39+ = 0.63μ

b b→H

 0.07-
 0.09+
 0.23-
 0.24+
 0.30-
 0.31+

0.37-
0.42+ = 1.44μ

ττ→H

 0.10-
 0.16+
 0.23-
 0.29+
 0.29-
 0.30+

3.7-
3.7+ = -0.7μ

μμ→H

 0.4-
 0.4+
 0.7-
 0.5+
 3.6-
 3.6+

4.5-
4.6+ = 2.7μ

γ Z→H

 0.3-
 1.1+
 1.3-
 1.7+
 4.2-
 4.3+

0.14-
0.15+ = 1.18μ

Combined
 0.07-
 0.08+
 0.10-
 0.11+
 0.10-
 0.10+

Total uncertainty
μ on σ 1±

(stat.)σ
)theory

sys inc.(σ
(theory)σ

mH = 125.36

±1σ

μ

μ

V H
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�
s = 7

μ(7TeV) = 0.75+0.32
−0.29 = 0.75+0.28

−0.26 (stat.) +0.13
−0.11 (expt.) +0.08

−0.05 (theo.),

μ(8TeV) = 1.28+0.17
−0.15 = 1.28± 0.11 (stat.) +0.08

−0.07 (expt.) +0.10
−0.08 (theo.)

6.2.2 Bosonand fermion-mediatedproductionprocesses

t tH V H
μ

f
+t tH ≡

(μ f = μ f
t tH μ

f
+V H ≡ (μ f = μ f

V H) f

μ
f
+t tH μ

f
+V H

H→γγ H→ Z Z∗

μ
f
+t tH = 1 μ

f
+V H = 1

μ
f
+V H/μ

f
+t tH

μ
f
+V H/μ

f
+t tH =

σ +V H/σ +t tH�
σ +V H/σ +t tH

�
SM

≡ Rf f .
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ggF+ttH
fμ

2− 1− 0 1 2 3 4 5 6 7

VB
F+

VH
f μ

2−

1−

0

1

2

3

4

5

6

7
ATLAS Preliminary

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

 = 125.36 GeVHm

*
 WW→H

*
 ZZ→H
 bb→H

γγ→H
ττ→H

Standard Model
Best fit
68% CL
95% CL

(μ f
ggF+t tH ,μ f

VBF+V H ) mH =

125.36 H →WW ∗, Z Z∗, bb̄, γγ ττ
H→γγ H→ Z Z∗→4�

68% 95% �

RCombined = 0.96+0.43
−0.31 = 0.96+0.34

−0.26 (stat.) +0.19
−0.13 (expt.) +0.18

−0.10 (theo.).

6.2.3 Individual production processes

μggF

μVBF μV H μt tH

�
s = 8�

s = 7

�
s = 7 �

s = 7

t tH
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1− 0.5− 0 0.5 1 1.5 2 2.5 3 3.5

R
Combined

= 0.96
+0.43

−0.31

R
bb

= 0.33
+1.03

−0.25

Rττ = 0.81
+2.19

−0.49

R
WW

∗ = 1.47
+0.80

−0.54

R
ZZ

∗ = 0.18
+1.20

−0.52

Rγγ = 0.56
+0.66

−0.45

[σ
VBF+VH 

/σ
ggF+ttH

]
SM

σ
VBF+VH 

/σ
ggF+ttH

ATLAS Preliminary
√ = 7 TeV, 4.5 − 4.7 fb

− 1 √ = 8 TeV, 20.3 fb
−1

mH = 125.36 GeV

68% CL:

95% CL:

mH = 125.36
RCombined

t tH
μt tH < 3.2 1.4

�
s = 8

�
s = 7
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μ mH = 125.36 ±1σ�
s = 8

�
s = 7�

s = 7

μ mH = 125.36
�

s = 8
�

s = 7

1.23+0.25
−0.21

�
+0.16
−0.16

+0.10
−0.08

+0.16
−0.11

�
1.23+0.23

−0.20

�
+0.14
−0.14

+0.09
−0.08

+0.16
−0.12

�

1.55+0.39
−0.35

�
+0.32
−0.31

+0.17
−0.13

+0.13
−0.11

�
1.23± 0.32
�
+0.28
−0.27

+0.13
−0.12

+0.11
−0.09

�

V H 0.93± 0.39
�
+0.37
−0.33

+0.20
−0.18

+0.12
−0.06

�
0.80± 0.36
�
+0.31
−0.30

+0.17
−0.17

+0.10
−0.05

�

t tH 1.62± 0.78
�
+0.51
−0.50

+0.58
−0.54

+0.28
−0.10

�
1.81± 0.80
�
+0.52
−0.50

+0.58
−0.55

+0.31
−0.12

�

�
s = 8 mH =

125.36

�
s = 8

23.9± 3.6
�
+3.1
−3.1 (stat.) +1.9

−1.6 (expt.) +1.0
−1.0 (theo.)
�

2.43± 0.58
�
+0.50
−0.49 (stat.) +0.27

−0.20 (expt.) +0.19
−0.16 (theo.)
�

V H 1.03± 0.53
�
+0.37
−0.36 (stat.) +0.22

−0.20 (expt.) +0.13
−0.06 (theo.)
�

t tH 0.24± 0.11
�
+0.07
−0.07 (stat.) +0.08

−0.08 (expt.) +0.01
−0.01 (theo.)
�

σH(7 TeV) = 22.1+7.4
−6.0 pb = 22.1+6.7

−5.3 (stat) +2.7
−2.3 (expt.) +1.9

−1.4 (theo.) pb

σH(8 TeV) = 27.7± 3.7 pb= 27.7± 3.0 (stat.) +2.0
−1.7 (expt.) +1.2

−0.9 (theo.) pb,

(17.4± 1.6)
�

s = 7 (22.3±
2.0)

�
s = 8

�
s = 7
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0.5− 0 0.5 1 1.5 2 2.5 3

μ
ttH

= 1.81 ± 0.80

μ
VH

= 0.80 ± 0.36

μ
VBF

= 1.23 ± 0.32

μ
ggF

= 1.23
+0.23

−0.20

Parameter value

ATLAS Preliminary
√s = 7 TeV, 4.5 − 4.7 fb

−1 √s = 8 TeV, 20 .3 fb
−1

m
H

= 125 .36 GeV

68% CL:

95% CL:

�
s = 7

mH =
125.36

6.2.4 Ratios of production cross sections anddecaybranching ratios

g g → H →WW ∗

μWW ∗
ggF
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g g → H →WW ∗ μWW ∗
ggF Ri/ggF

ρ f /WW ∗ Ri/ggF ρ f /WW ∗ mH = 125.36�
s = 7

V H t tH Ri/ggF = 0

μWW ∗
ggF 1.15+0.28

−0.24

σ

RVBF/ggF 1.00+0.46
−0.34 4.3 3.8

RV H/ggF 1.33+0.94
−0.68 2.6 3.1

RttH/ggF 1.90+1.12
−0.86 2.4 1.5

ργγ/WW ∗ 0.95+0.31
−0.24

ρZ Z∗/WW ∗ 1.23+0.41
−0.31

ρττ/WW ∗ 1.19+0.51
−0.37

ρbb/WW ∗ 0.41+0.47
−0.25

g g → H →WW ∗

i→ H → f

σi · BRf = μ
f
i ×
�
σi · BRf

�
SM
=
�
μWW ∗

ggF · Ri/ggF ·ρ f /WW ∗
�
× �σi · BRf

�
SM

.

R ρ

Ri/ggF =
σi/σggF�
σi/σggF

�
SM

and ρ f /WW ∗ =
BRf /BRWW ∗�

BRf /BRWW ∗
�

SM

.

μWW ∗
ggF

H →WW ∗

H→μμ H→ Zγ
ρμμ/WW ∗ ρZγ/WW ∗

ρμμ/WW ∗ ρZγ/WW ∗

g g → H →WW ∗ μWW ∗
ggF 0.98+0.29

−0.26

H→WW ∗ 1.15+0.28
−0.24

Ri/ggF ρ f /WW ∗

RV H/ggF

ρbb/WW ∗ V H → V bb̄



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

200 HIGGS BOSON PRODUCTION AND DECAY RATES AND COUPLING STRENGTHS

1− 0.5− 0 0.5 1 1.5 2 2.5 3 3.5 4

ρ
bb/WW

∗ = 0.41
+0.47

−0.25

ρ
ττ/WW

∗ = 1.19
+0.51

−0.37

ρ
ZZ

∗
/WW

∗ = 1.23
+0.41

−0.31

ρ
γγ/WW

∗ = 0.95
+0.31

−0.24

R
H/ F

= 1.90
+1.12

−0.86

R
VH/ F

= 1.33
+0.94

−0.68

R
VBF/ F

= 1.00
+0.46

−0.34

μ
WW

∗

F
= 1.15

+0.28

−0.24

Parameter value

ATLAS Preliminary
√s = 7 TeV, 4.5 − 4.7 fb

−1 √s = 8 TeV, 20.3 fb
−1

m
H

= 125.36 GeV

68% CL:

95% CL:

[σi /σggF]
SM

σ
i
/σ
ggF

[BRf /BRWW ∗]
SM

BR
f
/BR

WW
∗

g g → H →WW ∗�
s = 7 mH =

125.36

σ V H t tH

4.3σ
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6.3 Coupling strength ts

μ
f
i

6.3.1 Framework for coupling strengthmeasurements

κ j

Assumptions of the framework for benchmark models

125.36GeV

125.36GeV

[σ×BR](i→ H → f)

σ(i→ H → f) =
σi(κ j) · Γf (κ j)

ΓH(κ j)

σi i Γf
f ΓH

σi Γf ΓH
κ j j κ j = 1
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ΓH

ΓH(κ j , BRi.,u.) =
κ2
H(κ j)

(1− BRi.,u.)
Γ SM
H ,

κ2
H(κ j) κ2

j Γ SM
H

BRi.,u.

C P

σoff(i→ H∗ → f)∼ κ2
i,off · κ2

f ,off

κ j,off = κ j,on

ΓH

H∗ →WW H∗ → Z Z

Characterisationof the inputmeasurements in termsof coupling strengths

σ( ) σ( ) σ(W H) σ(qq̄ → ZH) σ(g g → ZH) σ(bbH) σ(t tH) σ(tH)

b
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κW κZ

�0.1%

W H qq̄ → ZH κW κZ

Z
σ(g g → ZH) t, b

Z
Z

g g → ZH κt κZ

t tH t κt

tH
t tH

W
t tH

κt

|κt | = |κW | = 1 g b → W tH
qg → tHq�b tH W

bbH b κb

bbH

bbH

Γbb̄ ΓWW ΓZ Z Γττ Γμμ
Γγγ ΓZγ

W W t

g g → H tH g g → ZH

b − t

g g → ZH tH
W − t
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Effective coupling strength scale factors

κg κγ κZγ

g g → H H → γγ H → Zγ
κt κb κW

g g → ZH

κZ κt

Strategies formeasurements of absolute coupling strengths

BRi.,u. = 0 κW ≤ 1
κZ ≤ 1

BRi.,u. ≥ 0
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σi
Γ f

κiκ j κi κ j
σ(g g → ZH

σ(g b → W tH) σ(qg → tHq�b)�
s = 8TeV mH = 125.36GeV

�
s = 7TeV

σ( ) � b− t κ2
g ∼ 1.06 · κ2

t + 0.01 · κ2
b − 0.07 · κtκb

σ( ) ∼ 0.74 · κ2
W + 0.26 · κ2

Z

σ(W H) ∼ κ2
W

σ(qq̄→ ZH) ∼ κ2
Z

σ(g g → ZH) � Z − t κ2
ggZH ∼ 2.27 · κ2

Z + 0.37 · κ2
t − 1.64 · κZκt

σ(bbH) ∼ κ2
b

σ(t tH) ∼ κ2
t

σ(g b→W tH) W − t ∼ 1.84 · κ2
t + 1.57 · κ2

W − 2.41 · κtκW

σ(qg → tHq�b) W − t ∼ 3.4 · κ2
t + 3.56 · κ2

W − 5.96 · κtκW

Γbb̄ ∼ κ2
b

ΓWW ∼ κ2
W

ΓZ Z ∼ κ2
Z

Γττ ∼ κ2
τ

Γμμ ∼ κ2
μ

Γγγ � W − t κ2
γ ∼ 1.59 · κ2

W + 0.07 · κ2
t − 0.66 · κWκt

ΓZγ � W − t κ2
Zγ ∼ 1.12 · κ2

W + 0.00035 · κ2
t − 0.12 · κWκt

ΓH � W − t
b− t κ2

H ∼
0.57 · κ2

b + 0.22 · κ2
W + 0.09 · κ2

g+
0.06 · κ2

τ + 0.03 · κ2
Z + 0.03 · κ2

c+
0.0023 · κ2

γ + 0.0016 · κ2
Zγ + 0.00022 · κ2

μ

6.3.2 Fermionversus vector (gauge) coupling strengths

μ

g g → H H→γγ H→ Zγ g g → ZH
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λ
ij ≡

κ
i /κ

j
κ

ii ≡
κ

i κ
i /κ

H

κ
V
=

κ
W
=

κ
Z

κ
F
=

κ
t
=

κ
b
=

κ
τ
=

κ
μ

κ
g
=

κ
g (κ

b
,κ

t )
κ

γ
=

κ
γ (κ

b
,κ

t ,κ
τ ,κ

W
)

κ
H
=

κ
H
(κ

i )
g

g→
H
→
γ
γ

g
g→

H
→
γ
γ

κ
V

κ
F

κ
g

κ
γ

κ
H

κ
V

κ
F

�
�

�
�

�
κ

2F ·κ
2γ (κ

F ,κ
V )/κ

2H
(κ

F ,κ
V )

λ
F

V
κ

V
V

�
�

�
�

−
κ

2V
V ·λ

2F
V ·κ

2γ (λ
F

V ,λ
F

V ,λ
F

V ,1)

H
→

κ
g

,κ
γ ,

κ
Z

γ
−

−
�

κ
2g ·κ

2γ /κ
2H
(κ

g
,κ

γ )

κ
g

,κ
γ ,

κ
Z

γ ,B
R

i.,u.
−

−
�

κ
2g ·κ

2γ /κ
2H
(κ

g
,κ

γ )·(1−
B

R
i.,u. )

κ
F

κ
V

B
R

i.,u.
≤

1−
−−

��
��

�μoff
κ 2F ·κγ

(κF
,κV
) 2

κ 2H
(κF

, κV
)
·(1−

B
R

i.,u. )

κ
F ,κ

V ,κ
g

,κ
γ ,

κ
Z

γ ,B
R

i.,u.

≤
1−

−−
−−

−−
�μoff

κ 2F ·κγ
(κF

, κV
) 2

κ 2H
(κF

, κV
, κg

,κγ
) ·(1−

B
R

i.,u. )

λ
du

λ
V

u
κ

uu
�

κ
u

κ
d

�
�

−
κ

2uu ·κ
2g
(λ

du ,1)·κ
2γ (λ

du ,1,λ
du ,λ

V
u )

λ
lq

λ
V

q
κ

qq
�

κ
l

κ
q

�
�

−
κ

2qq ·κ
2γ (1,1,λ

lq ,λ
V

q )

Γ
H

κ
W

κ
Z

κ
t

κ
b

κ
τ

κ
μ
−

−
�

�
�

κ 2g
(κb

,κt
)·κ 2γ
(κb

,κt
,κτ

,κμ
,κW

)

κ 2H
(κb

,κt
,κτ

,κμ
,κW

,κZ
)

κ
W

,κ
Z

,κ
t ,κ

b
,

κ
τ ,κ

μ ,κ
g

,κ
γ ,

κ
Z

γ ,B
R

i.,u.

≤
1−−

−−−

−−−

−−−

��μoff

κ 2g
·κ 2γ

κ 2H
(κb

,κt
,κτ

,κμ
,κW

,κZ
) ·(1−

B
R

i.,u. )

λ
W

Z
,λ

t
g

,λ
b
Z

,
λ
τ
Z

,λ
g
Z

,λ
γ
Z

,
λ
(Z

γ)Z
,κ

g
Z

−
−

−
−

−
κ

2g
Z
·λ

2γ
Z
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Only SM contributions to the total width

κF κV

κV = κW = κZ

κF = κt = κb = κτ = κg = κμ .

g g → H
κ2

F

κF κV κV > 0

W t H→γγ H→ Zγ
g g → ZH tH

H→γγ H→ Z Z∗ H→WW ∗ H→ττ H→ bb̄
κF H→WW ∗ H→ bb̄

tH g g → ZH
κF H→WW ∗ 3.2σ

qq� → qq�H
H→γγ H→ bb̄

κV

bb κV κV

∼ 4.0σ
κF κV

κV κF κV = 0.8
κF

κF

κV = 1.09± 0.07

κF = 1.11± 0.16.

41%
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Vκ
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Fκ

4−

3−

2−

1−

0

1

2

3

4
ATLAS Prelim.

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

 = 125.36 GeVHm

γγ→H *
 ZZ→H *
 WW→H

ττ→H
 bb→H

Combined
SM 68% CL
Best fit 95% CL

Vκ
0.9 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3

Fκ

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2
ATLAS Preliminary

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

 = 125.36 GeVHm

Standard Model
Best fit
68% CL
95% CL

Fκ

) Fκ(
Λ

-2
 ln

 

0

5

10

15

20

25

30

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5

ATLAS Preliminary
SM expected
Observed

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

]Fκ,Vκ[

Vκ

) Vκ(
Λ

-2
 ln

 

0

5

10

15

20

25

30

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

ATLAS Preliminary
SM expected
Observed

0>Fκ
0>Fκ

)0<Fκ
)0<Fκ

(
(

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

]Fκ,Vκ[

κF κV 68%
95% 68%

κF κV κV
κF

κF κV ≈ 0.8
κF

χ2
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No assumption on the total width

κF

b τ

λFV = κF/κV

κV V = κV · κV/κH ,

λFV κV V

κH

λFV = 1.02+0.15
−0.13

κV V = 1.07+0.14
−0.13.

λFV λFV = −1 ∼ 4.0σ

41%

6.3.3 Probing beyond the SM contributions assuming unmodied cou-
pling strengths of SM particles

κi = 1 H→γγ H→ Zγ g g → H
κγ κZγ κg

H→γγ H→ Zγ g g → ZH g g → H

BRi.,u.
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FVλ

)
FVλ(

Λ
-2

 ln
 

0

5

10

15

20

25

30

2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5

ATLAS Preliminary
SM expected
Observed

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

]FVλ,VVκ[

VVκ
0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

FVλ

0.6

0.8

1

1.2

1.4

1.6

1.8
ATLAS Preliminary

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

 = 125.36 GeVHm

Standard Model
Best fit
68% CL
95% CL

λFV κV V
κV V λFV

68% 95%

χ2

SM coupling strengths to all known particles and no BSM contributions to the
total width

κg κγ κZγ

κg

κγ

κZγ

ΓH/Γ
SM
H

κg

κg ΓH/Γ
SM
H

69%
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0 0.5 1 1.5 2 2.5 3

Γ
SM

H

Γ
H

= 1.03 ± 0.02

(95%CL) κ
Zγ

< 3.3

κ = 1.12 ± 0.12

κγ = 1.00 ± 0.12

Parameter value

ATLAS Preliminary
√s = 7 TeV,4.5 − 4.7 fb

−1 √s = 8 TeV,20.3 fb
−1

mH = 125.36GeV

68% CL:

95% CL:

γκ
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

gκ

0.8
0.9

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8

ATLAS Preliminary
-1 = 7 TeV, 4.5-4.7 fbs

-1 = 8 TeV, 20.3 fbs

 = 125.36 GeVHm

Standard Model
Best fit
68% CL
95% CL

H→γγ H→ Zγ g g → H

κγ κg 68% 95%
κZγ
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0 0.5 1 1.5 2 2.5 3

Γ
SM

H

Γ
H

= 1.03
+0.13

−0.03

(95%CL) BR
i.,u.

< 0.27

(95%CL) κ
Zγ

< 3.3

κ = 1.12
+0.14

−0.11

κγ = 1.00 ± 0.12

Parameter value

ATLAS Preliminary
√s = 7 TeV, 4.5 − 4.7 fb

−1 √s = 8 TeV,20.3 fb
−1

m
H

= 125.36 GeV

68% CL:

95% CL:

i.,u.BR

)
i.,

u.
(B

R
Λ

-2
 ln

 

0

5

10

15

20

25

30

0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8

ATLAS Preliminary
SM expected
Observed

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

]i.,u.,BRγZκ,gκ,γκ[

H→γγ H→ Zγ g g → H

BRi.,u.
BRi.,u.

κγ κg κZγ

χ2
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SM coupling strengths to all known particles and no assumption on the total
width

κi = 1 ΓH κ2
H

BRi.,u.

κg κγ κZγ BRi.,u.

ΓH/Γ
SM
H

BRi.,u.

BRi.,u. ≥ 0

74%
BRi.,u. ≥ 0 95% BRi.,u. < 0.27

BRi.,u. < 0.37

χ2

g g → H
H→γγ H→ Zγ

g g → H H→γγ
BRi.,u. BRi.,u.

V H

6.3.4 Probing beyond the SM contributions allowing for modied cou-
pling strengths of SM particles

κi = 1
κF κV

κV < 1 κon = κoff BRi.,u. = 0
μoff < 5.1

H→WW ∗ H→ Z Z∗ κV

κon = κoff
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ProbingBSMcontributions to the totalwidthassuming SM loop couplings

BRi.,u.

κF κV BRi.,u.

ΓH/Γ
SM
H

κF

κg

κF κV

κH

BRi.,u. = 0
κoff = κon

κV < 1

σoff ≥ 0

σoff

σoff ≈ 2.5
ΓH/Γ

SM
H κoff = κon

κoff = κon

ΓH/Γ
SM
H

BRi.,u. ≥ 0

99% (29%)
κV < 1

BRi.,u. ≥ 0 95% BRi.,u. < 0.13 κV < 1
BRi.,u. < 0.24 BRi.,u. < 0.52

BRi.,u. < 0.71

χ2

Probing BSM contributions in loops and to the total width
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0 0.5 1 1.5 2 2.5

Γ
SM

H

ΓH

= 1.07
+0.27

−0.21

(95%CL) BR
i.,u .

< 0.13

κ
F

= 1.05 ± 0.16

(95%CL) κ
V

> 0.93

Parameter value

ATLAS Preliminary
√s = 7 TeV, 4.5 − 4.7 fb

−1 √s = 8 TeV, 20.3 fb
−1

mH = 125.36 GeV

68% CL:

95% CL:

κV < 1

Γ
SM

H

Γ
H

= 1.38
+1.3 5

−0.3 1

(95%CL) BR
i.,u.

< 0.52

κ
F

= 1.17
+0. 25

−0. 16

κ
V

= 1.13
+0.23

−0.07

κon = κoff

Γ
SM

H

Γ
H

= 1.23
+0.3 0

−0.2 6

κ
F

= 1.11 ± 0.16

κ
V

= 1.09 ± 0.07

BRi.,u. = 0

H→γγ g g → H H→ Zγ
κV , κF

κV < 1

μoff

BRi.,u.
κV < 1 κV

κF κV κg κγ κZγ BRi.,u.

96% (64%)
κV < 1

BRi.,u. ≥ 0 95% BRi.,u. < 0.27 κV < 1
BRi.,u. < 0.39 BRi.,u. < 0.54

BRi.,u. <

0.72
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Γ
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ΓH

= 1.05
+0.34

−0.25

(95%CL) BR
i.,u .

< 0.27

(95%CL) κ
Zγ

< 3.3

κ = 1.13
+0.21

−0.18

κγ = 1.00 ± 0.13

κ
F

= 1.01 ± 0.19

(95%CL) κ
V

> 0.85

Parameter value

ATLAS Preliminary
√s = 7 TeV, 4.5 − 4.7 fb

−1 √s = 8 TeV, 20.3 fb
−1

mH = 125.36 GeV

68% CL:

95% CL:

κV < 1

Γ
SM

H

Γ
H

= 1.23
+1.4 5

−0.3 4

(95%CL) BR
i.,u.

< 0.54

(95%CL) κ
Zγ

< 4.3

κ = 1.18
+ 0.31

− 0.16

κγ = 1.05
+0 .29

−0 .15

κ
F

= 1.0 8
+0. 29

−0. 20

κ
V

= 1.08
+ 0.25

− 0.11

κoff = κon

H→γγ g g → H H→ Zγ κV , κF

κV < 1

μoff
BRi.,u. κV < 1 κV
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6.3.5 Probing relationswithin the fermion coupling sector

H→ bb̄ H→ττ H→μμ qq̄/g g → t t̄H

Probing the up- and down-type fermion symmetry

λdu

κV

u, d

λdu = κd/κu

λVu = κV/κu

κuu = κu · κu/κH .

g g → H
qq̄/g g → t t̄H

H→ bb̄ H→ττ H→μμ
qq̄/g g → bb̄H b g g → H

λdu = 0 κu

κd b t g g → H
0.6σ

λdu ∈ [−1.08,−0.81]∪ [0.75,1.04] (68% CL)

λVu = 0.92+0.18
−0.16

κuu = 1.25+0.33
−0.33.

λdu λdu = 0.90 ± 0.15
∼ 4.5σ

H→ττ H→ bb̄

51%
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]duλ,Vuλ,uuκ[

λdu λVu κuu λVu λdu κuu
κuu λdu λVu

χ2

Probing the quark and lepton symmetry

λlq

κV l,q

λlq = κl/κq

λVq = κV/κq

κqq = κq · κq/κH .

H→ττ H→μμ



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

6.3 COUPLING STRENGTH FITS 219

lqλ

)
lqλ(

Λ
-2

 ln
 

0

5

10

15

20

25

30

2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5

ATLAS Preliminary
SM expected
Observed

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

]lqλ,Vqλ,qqκ[

Vqλ

)
Vqλ(

Λ
-2

 ln
 

0

5

10

15

20

25

30

2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5

ATLAS Preliminary
SM expected
Observed

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

]lqλ,Vqλ,qqκ[

qqκ

)
qqκ(

Λ
-2

 ln
 

0

5

10

15

20

25

30

0 0.5 1 1.5 2 2.5 3

ATLAS Preliminary
SM expected
Observed

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

]lqλ,Vqλ,qqκ[

λlq
λVq κqq λVq λlq κqq κqq λlq

λVq

χ2

λlq = 0

λlq ∈ [−1.34,−0.94]∪ [0.94,1.34] (68% CL)

λVq = 1.03+0.18
−0.15

κqq = 1.03+0.24
−0.20.

λlq λlq = 1.12+0.22
−0.18

∼ 4.4σ H→ττ

53%
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6.3.6 Generic models

W Z t b τ μ g g → H
H→γγ H→ Zγ ΓH

Generic model 1: only SM particles in loops, no invisible or undetected Higgs
boson decays

κW κZ κt κb κτ κμ

W

W t tH H→γγ H→ Zγ
Z t g g → ZH

W Z
g g → H

1σ
κt 3.1σ 2.9σ

κb 0.5σ

57%

yV,i =

√√
κV,i

gV,i

2v
=
�

κV,i

mV,i

v

mV gV,i v

yF,i = κF,i

gF,i�
2
= κF,i

mF,i

v

mF

125.36 GeV b MS 125.36GeV

κb ΓH 30%
κ 20%
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2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

(95%CL) |κμ | < 2.28

κτ ∈ [−1.22, −0.80]

∪[0.80, 1.22]

κ
b

∈ [−0.90, −0.33]

∪[0.28, 0.96]

κ = 0.94 ± 0.21

κ
Z

∈ [−1.06, −0.82]

∪[0.84, 1.12]

κ
W

= 0.91 ± 0.14

Parameter value

ATLAS Preliminary
√s = 7 TeV, 4.5 − 4.7 fb

−1 √s = 8 TeV, 20.3 fb
−1

m
H

= 125.36 GeV

68% CL:

95% CL:

BRi.,u. = 0

κW
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Particle mass [GeV]
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yV,i =
�

κV,i
gV,i
2v =
�

κV,i
mV,i

v

yF,i = κF,i
gF,i�

2
= κF,i

mF,i
v

125.36GeV

Generic model 2: allowing deviations in vertex loop couplings and invisible or
undetected Higgs boson decays

g g → H H→γγ H→ Zγ
BRi.,u.

BRi.,u.

κV < 1

73% BRi.,u.

κV < 1 κon = κoff 80% 57%

σoff ≥ 0
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BRi.,u. κW < 1 |κZ |< 1
κW κZ

κV < 1 κoff = κon BRi.,u. = 0

κW > 0.64 = 0.96±0.35
0.16 = 0.92+0.14

−0.15

κZ > 0.71 = 1.05±0.38
0.17 ∈ [−1.08,−0.84]∪ [0.86,1.14]

κt = 1.28± 0.35 = 1.35+0.61
−0.39 ∈ [−1.12,−1.00]∪ [0.93,1.60]

|κb | = 0.62± 0.28 0.64+0.34
−0.28 0.62+0.31

−0.27

|κτ| = 0.99+0.22
−0.18 1.03+0.21

−0.40 1.00± 0.20
|κμ| < 2.3 < 2.8 2.3

κγ 0.90+0.16
−0.14 0.93±0.36

0.17 0.90± 0.15

κg 0.92+0.23
−0.16 1.02±0.37

0.19 0.92± 0.17

κZγ < 3.15 4.03 3.18

BRi.,u. < 0.49 0.68

ΓH/Γ
SM
H 0.64+0.40

−0.25 0.74+1.57
−0.21

�
< 4.9

�
0.64+0.31

−0.25

σoff

σoff ≈ 2.5
ΓH/Γ

SM
H κoff = κon

κoff = κon

ΓH/Γ
SM
H

BRi.,u. > 0

κt 1.0σ
κt

κt

tH t tH
κt = 1.28+0.32

−0.35

κt

κt κW

W − t tH
g g → ZH 1σ
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2− 1− 0 1 2 3

Γ
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H

Γ
H

BR
i.,u.

κ
Zγ

κ

κγ

κμ

κτ

κ
b

κ

κ
Z

κ
W

Parameter value

ATLAS Preliminary
√s = 7 TeV,4.5 − 4.7 fb

−1 √s = 8 TeV,20.3 fb
−1

m
H

= 125.36 GeV

68% CL:

95% CL:

κ
V

< 1 BR
i. ,u. = 0κon = κ

of f

BRi.,u.

κV < 1
μoff

BRi.,u. κW < 1 |κZ | < 1 κW κZ



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

6.3 COUPLING STRENGTH FITS 227

tκ

) tκ(
Λ

-2
 ln

 

0
2
4
6
8

10
12
14
16
18
20

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

ATLAS Prelim. Obs. tH Exp. tH

ggZHκObs. tH, γZκ,γκ,gκ,ggZHκExp. tH,
gκ,ggZHκObs. tH,

γZκ,γκ,gκ,ggZHκObs. tH,

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

κt
g g → ZH

g g → H H→γγ H→ Zγ

χ2

κt tH
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κt κW g g → H
t − b
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Generic model 3: allowing deviations in vertex loop coupling strengths, no as-
sumption on the total width

κgZ = κg · κZ/κH

λZg = κZ/κg

λWZ = κW/κZ

λtg = κt/κg

λbZ = κb/κZ

λτZ = κτ/κZ

λμZ = κμ/κZ

λγZ = κγ /κZ

λ(Zγ )Z = κZγ /κZ .

W Z SU(2)
ρ

λWZ = κW/κZ

λWZ H→WW ∗→�ν�ν
H→ Z Z∗→4� W H ZH

74% W 26% Z

λWZ

W tH Z
g g → ZH λWZ

0.5σ 0.3σ
λWZ = 0.92+0.14

−0.12 λγZ

λtg λγZ H→γγ
H→ Z Z∗ λtg

g g → H t tH
λtg = 1.38± 0.35

tH
g g → ZH κ κt
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2− 1− 0 1 2 3

(95%CL) λ
(Zγ )Z

< 3.2

λγZ = 0.90 ± 0.15

(95%CL) λμZ < 2.3

λτZ = 0.99
+ 0.23

− 0.19

λbZ = 0.60 ± 0.27

λ ∈ [−1.70, −1.07]

∪[1.03, 1.73]

λ
WZ

∈ [−1.04, −0.81]

∪[0.80, 1.06]

λZ = 1.09
+0.26

−0.22

κ Z = 1.18 ± 0.16

Parameter va lue

ATLAS Preliminary
√s = 7 TeV, 4.5 − 4.7 fb

−1 √s = 8 TeV, 20.3 fb
−1

m
H

= 125.36 GeV

68% CL:

95% CL:
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κgZ = 1.18± 0.16

λZg = 1.09+0.26
−0.22

λWZ ∈ [−1.04,−0.81]∪ [0.80,1.06]
λtg ∈ [−1.70,−1.07]∪ [1.03,1.73]

λbZ = 0.60± 0.27

λτZ = 0.99+0.23
−0.19

|λμZ | < 2.3

λγZ = 0.90± 0.15
|λ(Zγ )Z | < 3.2
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7
New Physics in Higgs couplings

h
C P 125.5GeV

7 8TeV pp
h→γγ h→ Z Z∗→4� h→WW ∗→�ν�ν

h→ bb̄ 8TeV pp h→ττ

Zh→��+ Emiss
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μ 1.30 +−
0.18
0.17

κ =�μ 1.14 +−
0.09
0.08

κV 1.15±0.08
κF 0.99 +−

0.17
0.15

λVu = κV /κu 1.21 +−
0.24
0.26

κuu = κ2
u/κh 0.86 +−

0.41
0.21

λdu = κd/κu
[−1.24,−0.81]
∪ [0.78,1.15]

λVq = κV /κq 1.27 +−
0.23
0.20

κqq = κ2
q/κh 0.82 +−

0.23
0.19

λlq = κl/κq
[−1.48,−0.99]
∪ [0.99,1.50]

κZ Z 0.95 +−
0.24
0.19

κW W 0.68 +−
0.30
0.14

κt t [−0.80,−0.50]
∪ [0.61,0.80]

κb b [−0.7,0.7]

κτ τ
[−1.15,−0.67]
∪ [0.67,1.14]

κg 1.00 +−
0.23
0.16

κγ 1.17 +−
0.16
0.13

Zh→ ��+ Emiss BRi.,u. −0.16 +−
0.29
0.30

κg
κγ

Zh→ ��+ Emiss BRi.,u. −0.02±0.20
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7.1 Mass scaling of couplings

ghV V ∝
m2

V

v
ghf f ∝

mf

v
.

κx x = Z ,W, t, b,τ

κ f ,i = v
mεf ,i

M1+ε κV, j = v
m2ε

V, j

M1+2ε .

v ≈ 246 GeV mf ,i mV, j

i j
ε M

g g → H h→γγ

ε→ 0 M → v

κF,i = κV, j = 1

68% 95%
ε M

ε= 0.01± 0.04 M = 215+15
−14 GeV.

1.5 −2 lnΛ(ε, M)
χ2

ε
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∈
-0.1 0 0.1 0.2 0.3 0.4

M
 [
G

e
V

]

180

200

220

240

260

280

300

320

 , M ]∈[ 

Best fit

SM

Obs. 68% CL

Obs. 95% CL

Exp. 68% CL 

Exp. 95% CL 

 PreliminaryATLAS

b, bττ, ZZ*, WW*, γγ →Combined h 

-1
 Ldt = 4.6-4.8 fb∫= 7 TeV, s

-1
 Ldt = 20.3 fb∫= 8 TeV, s

ε M
68% 95% pp

−2 lnΛ(ε, M)
χ2

W Z

M v

7.2 Minimal Composite Higgs model

f

κV =
�

1− ξ,
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ξ = v2/ f 2

SO(5)
ξ→ 0

f →∞
68% 95%

ξ

7.2.1 MCHM4: fermions in the spinorial representationof SO(5)

SO(5)

κF =
�

1− ξ.

κ = κV = κF κ = �μ

ξ

ξ

ξ= 1−μ= −0.30+0.17
−0.18,

0.00+0.15
−0.17

ξ≥0

t̃μ 95%
χ2 3.84

tμ
χ2

95% ξ < 0.12
f = v/
�
ξ 95%

f > 710GeV.



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

238 NEW PHYSICS IN HIGGS COUPLINGS

V
κ

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

F
κ

-1

0

1

2

3

4

SM Best fit

Obs. 68% CL Obs. 95% CL

Exp. 68% CL Exp. 95% CL

ATLAS Preliminary
-1Ldt = 4.6-4.8 fb∫ = 7 TeV, s

-1Ldt = 20.3 fb∫ = 8 TeV, s

b,bττ,ZZ*,WW*,γγ →Combined h

=0.1ξ=0.2ξ=0.3ξ=0.4ξ=0.5ξ =0.0ξ
=0.1ξ

=0.2ξ
=0.3ξ

=0.4ξ

=0.5ξ

MCHM4

MCHM5

κV κF 68% 95%
pp

−2 lnΛ(κV , κF ) χ2

κF < 0
h→ γγ

ξ = v2/ f 2

ξ

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4

Λ
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ATLAS Preliminary

-1Ldt = 4.6-4.8 fb∫ = 7 TeV, s

-1Ldt = 20.3 fb∫ = 8 TeV, s

b,bττ,ZZ*,WW*,γγ →Combined H

MCHM4

Observed

SM expected

ξ
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Λ
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ATLAS Preliminary

-1Ldt = 4.6-4.8 fb∫ = 7 TeV, s

-1Ldt = 20.3 fb∫ = 8 TeV, s

b,bττ,ZZ*,WW*,γγ →Combined H

MCHM5

Observed

SM expected

ξ= v2/ f 2

−2 lnΛ(ξ) χ2
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ξ < 0.29 f > 460GeV

7.2.2 MCHM5: fermions in the fundamental representationof SO(5)

SO(5)

κF =
1− 2ξ�

1− ξ
.

κV κF

ξ

ξ= −0.08+0.11
−0.16,

0.00+0.11
−0.13

95% ξ≥0
ξ < 0.15

f > 640GeV.

ξ < 0.20 f > 550GeV

7.3 Additional electroweak singlet

C P h H

μh =
σh × BRh�
σh × BRh

�
SM

= κ2 μH =
σH × BRH�
σH × BRH

�
SM

= κ�2
�
1− BRH,new

�
,

h H
κ2 + κ�2 = 1
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2’κ

=0
.1

Hμ
=
0
.2

Hμ

=0
.3

Hμ
=0.

4

Hμ
=0.5

Hμ
=0.6

Hμ
=0.7

Hμ

=0.8

Hμ

=0.9

Hμ

=
0
.1

H
,S

M
Γ/

H
Γ

=0.5

H
,SM

Γ/H
Γ

=1.0
H,SM

Γ/H
Γ =5.0H,SM

Γ/H
Γ

ATLAS Preliminary
-1Ldt = 4.6-4.8 fb∫ = 7 TeV: s

-1Ldt = 20.3 fb∫ = 8 TeV: s

b,bττ,ZZ*,WW*,γγ →Combined h 

EW singlet

Obs. 95% CL

Exp. 95% CL

SM

0 0.2 0.4 0.6 0.8 1

H
,n

e
w

B
R

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

95% κ�2

(κ�2,BRH,new)
ΓH/ΓH,SM μH

H → hh

κ�2 = 1−μh.

H → hh

κ�2 = 1−μh = −0.30+0.17
−0.18.

0.00+0.15
−0.17

κ�2≥0
κ�2

1.5
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95%

κ�2 < 0.12.

κ�2 < 0.29
κ�2 (κ�2, BRH,new)

ΓH/ΓH,SM μH

7.4 The Two Higgs Doublet Model

h H α

H± A β

mh mH mA mH± β

tanβ ≡ v2/v1

C P h mh = 125.5GeV

α β

κV κu κd κl

tanβ
b

qq̄/g g → bb̄h

95% 10%

qq̄/g g → bb̄h
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mh = 125.5GeV
qq̄/g g → bb̄h

�
s = 8TeV α β

b
0.2pb

bbh
qq̄/g g → bb̄h

b

(cos(β −α), tanβ)
95%

κV ≤1
| sin(β −α) |≤1 cos(β −α) = 0

β

1 2

α β
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7.5 TheMinimal Supersymmetric StandardModel

C P
TeV

mh

C P h

κV

κu κd

H± A β Z mA

mZ

κV = sd(mA, tanβ)
1�

1+ tan2 β
+ su(mA, tanβ)

tanβ�
1+ tan2 β

,

κu = su(mA, tanβ)

�
1+ tan2 β

tanβ
κd = sd(mA, tanβ)

�
1+ tan2 β .

su = sinα sd = cosα C P

su =
1√√√

1+
�
m2

A+m2
Z

�2
tan2 β

�
m2

Z+m2
A tan2 β−m2

h

�
1+tan2 β
��2

sd =

�
m2

A+m2
Z

�
tanβ

m2
Z +m2

A tan2 β −m2
h

�
1+ tan2 β
� su.

Z mZ = 91.1876±0.0021GeV
mA tanβ
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 Ldt = 4.6-4.8 fb∫= 7 TeV, s

-1
 Ldt = 20.3 fb∫= 8 TeV, s

b, bττ, ZZ*, WW*, γγ →Combined h 

]dκ, uκ, VκSimplified MSSM [

Exp. 95% CL Obs. 95% CL

95%

−2 lnΛ(mA, tanβ) χ2

mA

mA tanβ

b

pp
mA 95%

C P

mA > 400GeV (mA > 280GeV) 2≤ tanβ ≤ 10.

tanβ < 2 tanβ
mH
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κV ≤ 1

mA > 0 tanβ > 0
h→γγ h→ Z Z∗→4�

W
κV

mA tanβ

7.6 Dark Matter and the Higgs portal model

BRi.,u.

BRi.,u.

Γh =

∑
i κ2

i

(1− BRi.,u.)
Γ SM

h

∑

i

κ2
i = BR(h→γγ) ·κ2

γ + BR(h→ g g) ·κ2
g +BR(h→ ),

g g → h h→γγ

κg κγ

κi = 1∑
i κ2

i

Zh→��+ Emiss

BRi.,u.

Z
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 : b, bττ, ZZ*, WW*, γγ →h 

,b, bττ, ZZ*, WW*, γγ →h 

 :
T

miss
 ll + E→Zh 

obs. exp.

obs. exp.

BRi.,u.
Z

−2 lnΛ(BRi.,u.) χ2

BRi.,u.≥0 BRi.,u.

Zh→ ��+ Emiss

BRi.,u. = −0.16+0.29
−0.30 BRi.,u. = −0.02± 0.20

BRi.,u.

0.00+0.29
−0.32 0.00± 0.21

Zh→��+ Emiss

BRi.,u.

BRi.,u.≥0

BRi.,u. 95%



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

248 NEW PHYSICS IN HIGGS COUPLINGS

χ2

BRi.,u. < 0.41 BRi.,u. < 0.37

Zh→��+ Emiss

BRi.,u. < 0.55 BRi.,u. < 0.39

BRi.,u. < 0.37

mχ χ = S V f
S f

V

σχ−N

mN ≈ 0.94GeV
fN =

0.33+0.30
−0.07 95%

mχ ≤mh/2
mχ >mh/2
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8
The Higgs boson mass

mH

5 −1

�
s = 7 20 −1 �

s = 8

mH

mH

mH

W
W

8.1 Input analyses to the combination

H→γγ H→ Z Z∗→4�

mH H→γγ

H→ Z Z∗→4�
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H→γγ

H→γγ

mH

H→ Z Z∗→4�

mH

Z Z

8.2 Measurementparametrizationand combinationmethodology

mH

Λ(α)

Λ(α) =
L
�
α , ˆ̂θ(α)
�

L(α̂, θ̂)
,

L α θ

θ mH

L α̂ θ̂
ˆ̂θ(α)

α
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L
H→γγ

H→ Z Z∗→4�

H→ Z Z∗→4�
H→γγ

mH

μ= (σexpt ×BRexpt)/(σSM ×BRSM)

μ
γγ
ggF+t tH μ

γγ
VBF+V H H→γγ

t tH μ
γγ
ggF+t tH

V H μ
γγ
VBF+V H μ4�

H→ Z Z∗→4�
H→ Z Z∗→4� mH

μ
γγ
ggF+t tH μ

γγ
VBF+V H H→γγ

H→γγ
H→γγ

μ
γγ
ggF+t tH μ

γγ
VBF+V H μ4�

mH

Λ(mH) =
L
�
mH , ˆ̂μγγggF+t tH(mH) , ˆ̂μγγVBF+V H(mH) , ˆ̂μ4�(mH) ,

ˆ̂θ(mH)
�

L(m̂H , μ̂γγggF+t tH , μ̂γγVBF+V H , μ̂4�, θ̂)
.
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8.3 Results

H→γγ H→ Z Z∗→4�

mH = 125.09± 0.24 GeV

= 125.09± 0.21 (stat.)± 0.11 (syst.) GeV,

H→γγ

mH

mH

mH μ
γγ
ggF+t tH = 1.15+0.28

−0.25

μ
γγ
VBF+V H = 1.17+0.58

−0.53 μ4� = 1.40+0.30
−0.25 μ

μ
γγ
ggF+t tH = μ

γγ
VBF+V H = μ

4� ≡ μ μ = 1.24+0.18
−0.16

mH H→γγ H→ Z Z∗→4�

mγγH = 125.07± 0.29 GeV

= 125.07± 0.25 (stat.)± 0.14 (syst.) GeV

m4�
H = 125.15± 0.40 GeV

= 125.15± 0.37 (stat.)± 0.15 (syst.) GeV.
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 [GeV]Hm
124 124.5 125 125.5 126

)
H

m(
Λ

2l
n

−

0

1

2

3

4

5

6

7
CMS and ATLAS

 Run 1LHC

γγ→H
l4→ZZ→H

l+4γγCombined
Stat. only uncert.

−2 lnΛ(mH )
mH H→γγ H→ Z Z∗→4�

 [GeV]Hm
123 124 125 126 127 128 129

Total Stat. Syst.CMS and ATLAS
 Run 1LHC       Total      Stat.    Syst.

l+4γγCMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15

γγCMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07

l4→ZZ→HCMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59

l4→ZZ→HATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51

γγ→HCMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70

γγ→HATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02
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Expected sensitivity

mH = 125.0

mH μ
γγ
ggF+t tH μ

γγ
VBF+V H

μ4�

δmH = ±0.24 GeV = ±0.22 (stat.)± 0.10 (syst.) GeV

δmH = ±0.22 GeV = ±0.19 (stat.) ± 0.10(syst.) GeV

mH

H→ Z Z∗→4�
H → Z Z mH

μ= 1

8.3.1 Systematic uncertainties

H→γγ
H→γγ
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mH

H→γγ
H→ Z Z∗→4�

Z

mH = 125.09± 0.21 (stat.)± 0.11 (scale)± 0.02 (other)± 0.01 (theory) GeV,
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δ

m
H

m
H

H
→
γ
γ

H
→

Z
Z ∗→

4
�

H
→
γ
γ

H
→

Z
Z ∗→

4
�

<
<

<
<

H
→
γ
γ

Z→
ee

<

H
→
γ
γ

<
<

<
<

<
<

<
<

<
<

<
<

<
<

<
<

<
<

<
<

<
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H→γγ

mH

δmH

σ

δmH

H→γγ H→ Z Z∗→4� H→γγ H→ Z Z∗→4�

δmH
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0 0.05 0.1

ATLAS
Observed
Expected

combined result
Uncertainty in ATLAS

0 0.05 0.1
 [GeV]Hmδ

CMS
Observed
Expected

combined result
Uncertainty in CMS

0 0.02 0.04 0.06

Combined
Observed
Expected

combined result
Uncertainty in LHC

Theory uncertainties

Additional experimental
systematic uncertainties

Integrated luminosity

 background modelingγγ→HATLAS

Muon momentum scale & resolution

CMS electron energy scale & resolution

 calibration ee→Z

 vertex & conversionγγ→HATLAS
reconstruction

Photon energy resolution

ECAL lateral shower shape

ECAL longitudinal response

Material in front of ECAL

ATLAS ECAL non-linearity /
photon non-linearityCMS

CMS and ATLAS
 Run 1LHC

δmH

H→γγ

8.3.2 Compatibility tests

mH

p
mH

H→γγ
H→ Z Z∗→4�

ΔmγZ ≡ mγγH −m4�
H mH
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 [GeV]CMS
Hm−ATLAS

Hm
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

 [G
eV

]
l4 H

m−γγ H
m

2−

1.5−

1−

0.5−

0

0.5

1

1.5

2
CMS and ATLAS

 Run 1LHC

Best fit

68% CL

95% CL

Δmexpt ≡ mATLAS
H −mCMS

H
ΔmγZ ≡ mγγH −

m4�
H

Δmexpt ≡
mATLAS

H − mCMS
H ΔmγZ = −0.1± 0.5 GeV Δmexpt = 0.4± 0.5 GeV

σ

Δmexpt
γγ = 1.3 ± 0.6 GeV σ H→γγ Δmexpt

4� =
−0.9±0.7 GeV σ H→ Z Z∗→4�

Δmexpt

λexpt = μATLAS/μCMS λ
expt
F = μγγ ATLAS

ggF+t tH /μ
γγ CMS
ggF+t tH λ

expt
4� = μ

4� ATLAS/μ4� CMS

λexpt = 1.21+0.30
−0.24

λ
expt
F = 1.3+0.8

−0.5 λ
expt
4� = 1.3+0.5

−0.4 σ

λ
expt
V = μγγ ATLAS

VBF+V H /μ
γγ CMS
VBF+V H H→γγ

μ
γγ
VBF+V H/μ

γγ
ggF+t tH

μ mH

μ
γγ
ggF+t tH = μ

γγ
VBF+V H = μ

4� ≡ μ

−2 lnΛ(μ, mH) χ2

S ≡ σ/σSM(mh=125.09 GeV)
mH
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 [GeV]Hm
124 124.5 125 125.5 126 126.5 127

)μ
Si

gn
al

 s
tre

ng
th

 (

0.5

1

1.5

2

2.5

3
CMS and ATLAS

 Run 1LHC
γγ→HATLAS

l4→ZZ→HATLAS
γγ→HCMS

l4→ZZ→HCMS
All combined

Best fit
68% CL

 [GeV]Hm
124 124.5 125 125.5 126 126.5 127

=1
25

.0
9 

G
eV

)
H

m(
SM

σ/
σ

 =
 

S

0.5

1

1.5

2

2.5

3
CMS and ATLAS

 Run 1LHC
γγ→HATLAS

l4→ZZ→HATLAS
γγ→HCMS

l4→ZZ→HCMS
All combined

Best fit
68% CL

μ
mH S ≡ σ/σSM(mh=125.09 GeV)

mH S μ≡ σ/σSM(mH)
mH

H→ Z Z∗→4� mH
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9
Higgs physics at future facilities

pp 8TeV

50

25
20

150 −1

2 3 ·1034 cm−2s−1

50 60
300 −1

5 · 1034 cm−2s−1 140

3000 −1
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200 500 GeV 1TeV
TeV

pp

9.1 Future facilities

9.1.1 Towards the High-Luminosity LHC

pp
8TeV 7.73 · 1033 cm−2s−1

50
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21 pp 25 −1

B0
s → μ+μ−

8.3 6.5TeV
10 · 1033 cm−2s−1 25

150 −1 pp
13TeV

2 3 ·1034 cm−2s−1
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25
�

s [TeV] 14 14�
fb−1� 30 250 300

[ns] 25 25
2808 2748

Nb

�
1011 protons
�

1.15 2.2
[A] 0.58 1.09
θc [rad] 285 590
[ ] 9.4 12.5

β∗ [m] 0.55 0.15
�n [m] 3.75 2.50

�l [eV s] 2.50 2.50
1.13× 10−4 1.13× 10−4

σz [m] 7.55× 10−2 7.55× 10−2

[h] → 18.5
[h] → 20.4

σ∗ [m] 16.6 7.1
θcσz/2σ

∗ 0.65 3.14
F 0.836 0.305
F 0.981 0.829�

1034 cm−2 s−1� 1.00 7.18�
1034 cm−2 s−1� 1.18 19.54�

1034 cm−2 s−1� 5.00
[h] 8.3

27 198
27 138

50 60
14TeV

300 −1

10 · 300 −1

250 300 −1

140
280

5 · 1034 cm−2s−1

10 ·1034 cm−2s−1
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25

9.1.2 Upgrades of the ATLAS detector

B

p
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100kHz

20

1MHz
400kHz

p

η

9.1.3 The International Linear Collider

31 km

80 % 30 %
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central region
5 km

2 km

positron
main linac

11 km

electron
main linac

11 km

2 km

Damping Rings

e+ source

e- source

IR & detectors

e- bunch 
compressor

e+ bunch 
compressor

5 GeV

3.2km

11km 1.3GHz
250GeV

31.5MV m−1

5.8mA
1.65 ms 14mrad

e+e−

0.75× 1034 cm−2 s−1

250 GeV 14.7MV m−1
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9.2 Higgs boson coupling strengths

125GeV

κ

9.2.1 Sensitivity at the HL-LHC

pp

300 fb−1 50 60

3000 fb−1

140
3% 300 fb−1 3000 fb−1
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H→ Zγ
V H/t t̄H→γγ V H→ bb̄

b

p V H→ bb̄

Production strengths and decay rates
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%
125GeV

300 fb−1 3000 fb−1 �
s = 14TeV

Δμ/μ
300 fb−1

H → γγ 0.13 0.09
0.19 0.12
0.27 0.14
0.47 0.43

W H 0.48 0.48
ZH 0.85 0.85
t tH 0.38 0.36

H → Z Z 0.11 0.07
V H 0.35 0.34
t tH 0.49 0.48

0.36 0.33
0.12 0.07

H →WW 0.13 0.08
0.18 0.09
0.30 0.18
0.21 0.20

H → Zγ 0.46 0.44

H → bb̄ 0.26 0.26
W H 0.57 0.56
ZH 0.29 0.29

H → ττ 0.21 0.18

H → μμ 0.39 0.38
0.47 0.45

t tH 0.74 0.72

3000 fb−1

0.09 0.04
0.16 0.05
0.23 0.05
0.22 0.15
0.19 0.17
0.28 0.27
0.17 0.12

0.09 0.04
0.13 0.12
0.20 0.16
0.21 0.16
0.11 0.04

0.11 0.05
0.16 0.05
0.26 0.10
0.15 0.09

0.30 0.27

0.14 0.12
0.37 0.36
0.14 0.13

0.19 0.15

0.16 0.12
0.18 0.14
0.27 0.23

125GeV

H→γγ
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t W Z
H→ Z Z∗→4� V H t tH

H→WW ∗→�ν�ν

H→ Zγ
Z

Z
Zγ

H→ττ
H→μμ t tH

V H→ bb̄
W

Z

3000 fb−1

5%

8.5%
300 fb−1 6.5 % 3000 fb−1

4.8% 3.4%

4 %

t tH
10%

g g → ZH p V H→ bb̄
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μ/μΔ
0 0.2 0.4

(comb.)

(VBF-like)

(comb.)

(incl.)

(comb.)

(comb.)

(comb.)

ATLAS Simulation Preliminary

 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

γγ→H

 ZZ→H

 WW→H

γ Z→H

b b→H

ττ→H

μμ→H

γγ→H

 ZZ→H

 WW→H

γ Z→H

b b→H

ττ→H

μμ→H

μ/μΔ
0 0.2 0.4

(ttH-like)
(incl.)

(comb.)
(VBF-like)

(ZH-like)
(WH-like)

(comb.)
(incl.)

(VBF-like)
(1j)
(0j)

(comb.)
(ggF-like)
(VBF-like)

(ttH-like)
(VH-like)
(comb.)

(ttH-like)
(ZH-like)

(WH-like)
(VBF-like)

(1j)
(0j)

(comb.)

ATLAS Simulation Preliminary

 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫
γγ→H

ZZ→H

WW→H

γZ→H
b b→H

ττ→H
μμ→H

γγ→H

ZZ→H

WW→H

γZ→H
b b→H

ττ→H
μμ→H

0.7→

0.9→

%
125GeV 300 fb−1 3000 fb−1 �

s = 14TeV

3000 fb−1

WW Z Z
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%
125GeV 300 fb−1 3000 fb−1

�
s = 14TeV

Δμ/μ
300 fb−1

g g → H 0.12 0.06

0.18 0.15

W H 0.41 0.41

qqZH 0.80 0.79

g gZH 3.71 3.62

t tH 0.32 0.30

3000 fb−1

0.11 0.04

0.15 0.09

0.18 0.18

0.28 0.27

1.47 1.38

0.16 0.10

Coupling strength measurements

κ

p
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W
Z

Zγ

Zγ

Zγ
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%
125GeV 300 fb−1 3000 fb−1

�
s = 14TeV 4.7 fb−1
�

s = 7TeV 20.3 fb−1 �
s = 8TeV

25 fb−1 300 fb−1 3000 fb−1

κ

κV 6.4 6.5 4.3 3.0 2.5 3.3 2.2 1.7
κF 14 15 8.8 7.5 7.1 5.1 3.8 3.2

κZ 4.7 3.7 3.3 3.3 2.3 1.9
κW 4.9 3.6 3.1 3.6 2.4 1.8
κF 9.3 7.9 7.3 5.4 4.0 3.4

κV 5.9 5.4 5.3 3.7 3.2 3.0
κu 8.9 7.7 7.2 5.4 4.0 3.4
κd 12 12 12 6.7 6.2 6.1

κV 4.3 3.1 2.5 3.3 2.2 1.7
κq 11 8.7 7.8 6.6 4.5 3.6
κl 10 9.6 9.3 6.0 5.3 5.1

κV 4.3 3.1 2.5 3.3 2.2 1.7
κq 11 9.0 8.1 6.7 4.7 3.8
κτ 12 11 11 9.2 8.4 8.1
κμ 20 20 19 6.9 6.3 6.1

κZ 14 15 8.1 7.9 7.8 4.3 3.9 3.8
κW 16 14 8.5 8.2 8.1 4.8 4.1 3.9
κt 22 21 14 12 11 8.2 6.1 5.3
κb 53 33 23 22 22 12 11 10
κτ 21 23 14 13 13 9.8 9.0 8.7
κμ 21 21 21 7.3 7.1 7.0

κZ 14 16 8.1 7.9 7.9 4.4 4.0 3.8
κW 16 15 9.0 8.7 8.6 5.1 4.5 4.2
κt 26 40 22 21 20 11 8.5 7.6
κb 47 37 23 22 22 12 11 10
κτ 20 24 14 14 13 9.7 9.0 8.8
κμ 21 21 21 7.5 7.2 7.1
κg 19 21 14 12 11 9.1 6.5 5.3
κγ 17 19 9.3 9.0 8.9 4.9 4.3 4.1
κZγ 24 24 24 14 14 14



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

278 HIGGS PHYSICS AT FUTURE FACILITIES

%
125GeV 300 fb−1 3000 fb−1

�
s = 14TeV

95%
BRi.,u.

4.7 fb−1 �
s = 7TeV 20.3 fb−1 �

s = 8TeV

25 fb−1 300 fb−1 3000 fb−1

κg 11 14 8.9 7.1 6.3 6.7 4.1 2.8
κγ 12 13 4.9 4.8 4.7 2.1 1.8 1.7
κZγ 23 23 23 14 14 14

BRi.,u. < < < < < < < <

2%
Zγ

H→γγ H→ Z Z∗

Z λγZ

λt g
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%
125GeV 300 fb−1 3000 fb−1

�
s = 14TeV 4.7 fb−1
�

s = 7TeV 20.3 fb−1 �
s = 8TeV

25 fb−1 300 fb−1 3000 fb−1

κV V 12 13 7.3 6.7 6.5 4.0 3.2 2.9
λFV 14 14 7.8 7.4 7.2 3.6 3.1 2.9

κZ Z 25 28 9.8 9.1 8.9 5.1 4.3 3.9
λW Z 13 14 4.3 4.0 3.9 2.3 1.8 1.6
λF Z 19 20 9.2 8.5 8.3 4.4 3.7 3.5

κuu 26 29 14 11 9.7 8.7 5.7 4.2
λVu 18 21 9.4 8.3 7.9 5.1 3.8 3.2
λdu 16 18 9.7 8.2 7.7 6.0 4.6 4.0

κqq 22 22 14 11 9.9 8.1 5.6 4.5
λVq 16 17 9.6 8.5 8.1 5.2 3.9 3.4
λlq 18 21 12 10 9.4 7.3 6.0 5.4

κττ 21 19 19 17 15 15
λVτ 11 11 11 8.5 7.8 7.6
λqτ 12 10 9.8 9.3 7.9 7.4
λμτ 22 22 22 11 9.8 9.6

κgZ 13 14 6.4 4.4 3.5 5.7 3.3 2.0
λW Z 14 15 5.2 4.8 4.6 3.1 2.4 2.1
λt g 25 47 17 16 15 9.4 6.4 5.0
λbZ 45 32 18 17 17 9.8 8.1 7.4
λτZ 21 24 12 12 11 8.9 8.1 7.8
λμZ 20 20 20 6.3 6.2 6.1
λgZ 22 24 13 11 10 8.7 5.8 4.5
λγZ 17 18 5.5 5.2 5.1 2.6 2.0 1.8

λ(Zγ)Z 23 23 23 14 14 14

κγγ 14 13 12 6.8 5.5 5.0
λZγ 5.5 5.2 5.1 2.5 2.0 1.8
λWγ 5.9 5.7 5.6 2.7 2.4 2.2
λtγ 21 20 20 10 8.0 7.0
λbγ 18 17 17 9.5 8.0 7.4
λτγ 13 12 12 8.7 8.1 7.9
λμγ 20 20 20 6.5 6.2 6.1
λgγ 13 12 11 8.5 5.9 4.6

λ(Zγ)γ 23 23 23 14 14 14
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)
Yκ
Xκ

(Δ=
XY

λΔ

0 0.05 0.1 0.15 0.2 0.25

)Zγ(Z
λ

Zγλ

gZ
λ

Zμλ

Zτ
λ

bZ
λ

tg
λ

WZ
λ

gZκ

ATLAS Simulation Preliminary

 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

%

125GeV 300 fb−1

3000 fb−1
�

s = 14TeV

κγγ

9.2.2 Combinedmeasurements at theHL-LHCand the ILC

250GeV
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Phenomenology of Higgs physics at the ILC

250GeV
e+e−→ ZH W e+e−→Hνeν̄e

Z
e+e−→He+e−

e+e−→ t t̄H
480GeV

Z

m2
H = m2 = s+m2

Z − 2EZ

�
s.

mZ EZ Z�
s

125 GeV

Combination methodology



208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch208524-L-bw-Gadatsch

282 HIGGS PHYSICS AT FUTURE FACILITIES

Z

e−

e+

Z

H

W

W

e−

e+

νe

ν̄e

H

γ/Z

e−

e+

t̄

H

t

250 500 750 100010-2

10-1

100

101

102
H Z H νe νe

H e+e-

t t H

H H Z
H H νe νe

σ
(e

+ e-    
 H

X)
 [f

b]
/s [GeV]

W

125GeV
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125GeV
250GeV

250 fb−1

e+e−→ ZH

Δσ/σ 2.6%
BRi.,u. %

Δ(σ× BR)/(σ× BR)

H→ bb̄ 1.2%
H→ cc̄ 8.3%
H→ g g 7.0%
H→WW ∗ 6.4%
H→ττ 4.2%
H→ Z Z∗ 18 %
H→γγ 34 %
H→μμ 100 %

Combined results

3000 fb−1

�
s = 14TeV 250 fb−1

�
s = 250 GeV

κW κZ κt κb κτ
κμ κg

κγ κZγ

BRi.,u.

Z

�
s = 1TeV

5%

Z
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Z

H→ bb̄

H→μμ

Xκ
0 0.05 0.1 0.15 0.2

)γ(Zκ

γκ

gκ

μκ

τκ

bκ

tκ

Wκ

Zκ

ATLASSimulation
HL-LHC* HL-LHC+ILC(250)
ILC(250) ILC(1000)
HL-LHC* HL-LHC+ILC(250)
ILC(250) ILC(1000)
HL-LHC* HL-LHC+ILC(250)
ILC(250) ILC(1000)
HL-LHC* HL-LHC+ILC(250)
ILC(250) ILC(1000) =0

i,u
* with assumption BR

-1Ldt=3000 fb∫ = 14 TeV, sHL-LHC:
-1Ldt=250/1000 fb∫ = 250/1000 GeV, sILC:

0.91→

number not available

125GeV
3000 fb−1 �

s = 14TeV

250 fb−1 �
s = 250GeV

�
s = 1TeV

0.5%
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125GeV 3000 fb−1 �
s = 14TeV

250 fb−1 �
s = 250GeV

�
s = 1TeV

0.5%

3000 fb−1

κZ 4.4 3.8
κW 5.1 4.2
κt 11 7.6
κb 12 10
κτ 9.7 8.8
κμ 7.5 7.1
κg 9.1 5.3
κγ 4.9 4.1
κZγ 14 14

250GeV
250 fb−1

1.3
4.9

5.3
5.8

91
6.4

18

1TeV
1000 fb−1

1.0
1.1
3.2
1.3
1.8

16
1.6
4.0

0.7 0.7
2.9 2.1
8.7 5.9
3.3 2.6
3.7 3.2
6.3 6.2
4.5 2.8
2.5 1.8

14 14
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9.3 Prospects for New Physics in Higgs couplings

h C P
125GeV

9.3.1 Mass scaling of couplings

ghV V ∝
m2

V

v
ghf f ∝

mf

v
.

ε

M

κ f ,i = v
mεf ,i

M1+ε κV, j = v
m2ε

V, j

M1+2ε .

v ≈ 246 GeV mf ,i mV, j

i j

68% 95%
ε M

4.7 fb−1 �
s = 7TeV 20.3 fb−1 �

s = 8TeV 300 fb−1 3000 fb−1

|ε | > 0.04 |ε | > 0.02 95%
300 fb−1 3000 fb−1

15GeV 10GeV 95% 300 fb−1

3000 fb−1

ε M
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∈
-0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

M
 [
G

e
V

]

220

230

240

250

260

270

280

 Simulation PreliminaryATLAS

b, bττ, μμ, γ Z→ h Combined

, ZZ*, WW*γγ →Combined h 

= 14 TeVsExp. 95% CL at 

,M]∈[

SM

 : All unc.
-1

 Ldt = 300 fb∫
 : No theo.

-1
 Ldt = 300 fb∫

 : All unc.
-1

 Ldt = 3000 fb∫
 : No theo.

-1
 Ldt = 3000 fb∫

ε M
68% 95%

−2 lnΛ(ε, M) χ2

300 fb−1 3000 fb−1 �
s = 14TeV

9.3.2 Minimal Composite Higgs Model

f

κ = κV = κF =
�

1− ξ,

ξ= v2/ f 2

κV =
�

1− ξ κF =
1− 2ξ�

1− ξ
.

ξ → 0 f → ∞

κV κF

ξ 95%
300 fb−1 3000 fb−1

�
s = 14 TeV
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95% f
300 fb−1 3000 fb−1 �

s = 14TeV

4.7 fb−1 �
s = 7TeV 20.3 fb−1

�
s = 8TeV

25 fb−1 300 fb−1 3000 fb−1

710GeV 460GeV 620 GeV 810GeV 710 GeV 980 GeV
640GeV 550GeV 780 GeV 950GeV 1000 GeV 1200 GeV

V
κ

0.8 0.85 0.9 0.95 1 1.05 1.1 1.15

F
κ

0.8

0.9

1

1.1

1.2

1.3
: All unc.

-1
Ldt = 300 fb∫ : All unc.

-1
Ldt = 3000 fb∫

: No theo.
-1

Ldt = 300 fb∫ : No theo.
-1

Ldt = 3000 fb∫
Standard Model

ATLAS Simulation

Preliminary

 = 14 TeVsExp. 95% CL at 

Combined

, ZZ*, WW*γγ →h 

b, bττ, μμ, γ Z→h 

=0.1ξ

=0.2ξ

=0.3ξ

=0.0ξ

=0.1ξ

MCHM 4

MCHM 5

κV κF 68% 95%
−2 lnΛ(κV , κF )

χ2 300 fb−1 3000 fb−1
�

s = 14TeV

ξ= v2/ f 2
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9.3.3 Additional electroweak singlet

κ�2 = 1−μh,

95% κ�2

300 fb−1 3000 fb−1 �
s = 14TeV

h→γγ h→ Z Z∗→4� h→WW ∗→�ν�ν

9.3.4 The Two Higgs Doublet Model

C P h
125GeV

h

b

h

95% κ�2

300 fb−1 3000 fb−1 �
s = 14TeV

H → hh
4.7 fb−1 �

s = 7TeV 20.3 fb−1 �
s = 8TeV

25 fb−1 300 fb−1 3000 fb−1

κ�2 0.12 0.29 0.17 0.10 0.13 0.06
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2’κ

=
0
.0

2
5

Hμ

=
0.

05
Hμ =0

.0
75

Hμ
=0.

1

Hμ

=0.15

Hμ

=
0
.0

5

H
,S

M
Γ/

H
Γ

=0.1

H
,S

M

Γ/H
Γ =0.2

H,SM

Γ/H
Γ

=0.5
H,SM

Γ/H
Γ =1.0H,SM

Γ/H
Γ

=5.0H,SMΓ/HΓ

ATLAS Simulation Preliminary EW singlet

 = 14 TeVsExp. 95% CL at 

,ZZ*,WW*γγ →Combined h 

b,bττ,μμ,γ Z→ h Combined

SM
: All unc.-1Ldt = 300 fb∫
: No theo.-1Ldt = 300 fb∫

: All unc.-1Ldt = 3000 fb∫
: No theo.-1Ldt = 3000 fb∫

0 0.05 0.1 0.15 0.2

H
,n

e
w

B
R

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

95% κ�2

300 fb−1

3000 fb−1 �
s = 14TeV (κ�2,BRH,new)

ΓH/ΓH,SM μH

H → hh

C P

(cos(β−α), tanβ)
95% 3000 fb−1

−2 lnΛ(κx ) x = V,u, d,� χ2

−2 lnΛ(cos(β − α), tanβ)
χ2

(cos(β−α), tanβ)
95%
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β
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1− 0.5− 0 0.5 1

ATLAS Simulation
PreliminaryExp. allowed 95% CL, 2 d.o.f.

-1Ldt = 3000 fb∫ = 14 TeV: s Combined
,ZZ*,WW*γγ→h

b,bττ,μμ,γ Z→h

All unc. No theo.
Vκ lκ = dκ = uκ = Fκ

Comb.

2HDM Type I

)α-βcos(

β
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1− 0.5− 0 0.5 1

ATLAS Simulation
PreliminaryExp. allowed 95% CL, 2 d.o.f.

-1Ldt = 3000 fb∫ = 14 TeV: s Combined
,ZZ*,WW*γγ→h

b,bττ,μμ,γ Z→h

All unc. No theo.
Vκ uκ

lκ = dκ Comb.
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ATLAS Simulation
PreliminaryExp. allowed 95% CL, 2 d.o.f.

-1Ldt = 3000 fb∫ = 14 TeV: s Combined
,ZZ*,WW*γγ→h

b,bττ,μμ,γ Z→h

All unc. No theo.
Vκ dκ = uκ = qκ

lκ Comb.

2HDM Type III

)α-βcos(

β
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0.4

1

2
3
4

10

1− 0.5− 0 0.5 1

ATLAS Simulation
PreliminaryExp. allowed 95% CL, 2 d.o.f.

-1Ldt = 3000 fb∫ = 14 TeV: s Combined
,ZZ*,WW*γγ→h

b,bττ,μμ,γ Z→h

All unc. No theo.
Vκ lκ = uκ

dκ Comb.

2HDM Type IV

(cos(β −α), tanβ)
95%

−2 lnΛ(κx ) x = V, u, d,� χ2

−2 lnΛ(cos(β −α), tanβ)
3000 fb−1 �

s = 14TeV

tanβ
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9.3.5 The Minimal Supersymmetric Standard Model

C P tanβ
C P h

Z C P A

(mA, tanβ)

95% 3000 fb−1 �
s = 14TeV
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β
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200 300 400 500 600 700 800 900 1000

ATLAS Simulation
Preliminary

Combined
,ZZ*,WW*γγ→h

b,bττ,μμ,γ Z→h
Exp. allowed 95% CL
2 d.o.f.

 = 14 TeVs
-1Ldt = 3000 fb∫

All unc.
No theo.

Vκ
uκ
dκ

Comb.

Simplified MSSM

(mA, tanβ)
95% −2 lnΛ(κx ) x =

V, u, d χ2

−2 lnΛ(mA, tanβ)
3000 fb−1 �

s = 14TeV

κd tanβ
κu κu tanβ

mA
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 Simulation PreliminaryATLAS

b, bττ, μμ, γ Z→ h Combined

, ZZ*, WW*γγ →Combined h 

= 14 TeVsExp. 95% CL at 

]dκ, uκ, VκSimplified MSSM [

: all unc.
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 Ldt = 300 fb∫
 : No theo.

-1
 Ldt = 300 fb∫

: all unc.
-1

 Ldt = 3000 fb∫
 : No theo.

-1
 Ldt = 3000 fb∫

95%
300 fb−1 3000 fb−1

�
s = 14TeV
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−2 lnΛ(κx ) x = V,u, d χ2
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−2 lnΛ(mA, tanβ) χ2

95%

300 fb−1

C P

mA > 390GeV (mA > 490GeV) 2≤ tanβ ≤ 10

95% 3000 fb−1 mA

mA > 480GeV (mA > 640GeV) 2≤ tanβ ≤ 10.
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tanβ < 2 tanβ
mh

C P
4.7 fb−1 �

s = 7TeV 20.3 fb−1 �
s = 8TeV mA > 400GeV mA > 280GeV

2 ≤ tanβ ≤ 10
b

9.3.6 Dark Matter and the Higgs portal model

BRi.,u.

300 fb−1

BRi.,u. < 0.22 (BRi.,u. < 0.19)

95% 3000 fb−1

BRi.,u.

BRi.,u. < 0.13 (BRi.,u. < 0.09).

BRi.,u.

4.7 fb−1 �
s = 7TeV 20.3 fb−1 �

s = 8TeV BRi.,u. <

0.27 BRi.,u. < 0.37 BRi.,u. < 0.41 BRi.,u. < 0.55

Z
BRi.,u. < 0.37 BRi.,u. < 0.39

BRi.,u.

mχ χ = S V
f 3000 fb−1

95%
σχ−N

S f V
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Higgs portal model:
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95% σχ−N
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3000 fb−1 �
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 [GeV]Hm
123 124 125 126 127 128 129

Total Stat. Syst.CMS and ATLAS
 Run 1LHC       Total      Stat.    Syst.

l+4γγCMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15

γγCMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07

l4→ZZ→HCMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59

l4→ZZ→HATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51

γγ→HCMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70

γγ→HATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02

30%

114 GeV 158 GeV 175 GeV

158 GeV H→γγ H→ Z Z∗→4�

0.2%

H→WW ∗→�ν�ν
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 [GeV]Hm
123 124 125 126 127 128 129

Total Stat. Syst.CMS and ATLAS
 Run 1LHC       Total      Stat.    Syst.

l+4γγCMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15

γγCMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07

l4→ZZ→HCMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59

l4→ZZ→HATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51

γγ→HCMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70

γγ→HATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02

114GeV 158GeV 175GeV

158GeV
H→γγ H→ Z Z∗→4�
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