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Abstract

An update is presented of the measurement of the newly discovered boson properties

using the high mass resolution channels, H→ γγ and H→ZZ(∗)→ 4", with up to 4.8 fb−1 of

pp collision data at
√

s = 7 TeV and 13 fb−1 at
√

s = 8 TeV. The combined mass measure-

ment derived from the H→ γγ and H→ ZZ(∗)→ 4" channels is mH = 125.2 ± 0.3 (stat) ±
0.6 (sys) GeV. The combination of all final states, including the recently updated low mass

resolution channels H→WW(∗)→ "ν"ν, H → τ+τ− and H → bb̄, is reported for this data

set in terms of the combined signal strength (µ). This is determined to be µ = 1.35 ± 0.24

computed at a mass of 125 GeV, in agreement with the Standard Model expectation.

Revised based on the version released on 14th, December 2012 (textual correction of the

number of categories in the H→ γγ channel for the 2011 data analysis).

c© Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Outline 
•  Is the new particle the “Higgs boson”? 

•  Does it couple to matter and vector boson 
fields as in the Standard Model? 

•  Can we infer the Higgs Lagrangian ? 
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Figure 9: The observed (solid) local p0 as a function of mH in the
low mass range. The dashed curve shows the expected local p0 under
the hypothesis of a SM Higgs boson signal at that mass with its ±1σ
band. The horizontal dashed lines indicate the p-values corresponding
to significances of 1 to 6 σ.

110–150 GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].

9.3. Characterising the excess
The mass of the observed new particle is esti-

mated using the profile likelihood ratio λ(mH) for
H→ZZ(∗)→ 4# and H→ γγ, the two channels with the
highest mass resolution. The signal strength is al-
lowed to vary independently in the two channels, al-
though the result is essentially unchanged when re-
stricted to the SM hypothesis µ = 1. The leading
sources of systematic uncertainty come from the elec-
tron and photon energy scales and resolutions. The re-
sulting estimate for the mass of the observed particle is
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.

The best-fit signal strength µ̂ is shown in Fig. 7(c) as
a function of mH . The observed excess corresponds to
µ̂ = 1.4 ± 0.3 for mH = 126 GeV, which is consistent
with the SM Higgs boson hypothesis µ = 1. A sum-
mary of the individual and combined best-fit values of
the strength parameter for a SM Higgs boson mass hy-
pothesis of 126 GeV is shown in Fig. 10, while more
information about the three main channels is provided
in Table 7.

In order to test which values of the strength and
mass of a signal hypothesis are simultaneously consis-
tent with the data, the profile likelihood ratio λ(µ,mH) is
used. In the presence of a strong signal, it will produce
closed contours around the best-fit point (µ̂, m̂H), while
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Figure 10: Measurements of the signal strength parameter µ for
mH=126 GeV for the individual channels and their combination.

in the absence of a signal the contours will be upper
limits on µ for all values of mH .

Asymptotically, the test statistic −2 lnλ(µ,mH) is dis-
tributed as a χ2 distribution with two degrees of free-
dom. The resulting 68% and 95% CL contours for the
H→ γγ and H→WW (∗)→ #ν#ν channels are shown in
Fig. 11, where the asymptotic approximations have been
validated with ensembles of pseudo-experiments. Sim-
ilar contours for the H→ ZZ(∗)→ 4# channel are also
shown in Fig. 11, although they are only approximate
confidence intervals due to the smaller number of can-
didates in this channel. These contours in the (µ,mH)
plane take into account uncertainties in the energy scale
and resolution.

The probability for a single Higgs boson-like particle
to produce resonant mass peaks in the H→ ZZ(∗)→ 4#
and H→ γγ channels separated by more than the ob-
served mass difference, allowing the signal strengths to
vary independently, is about 8%.

The contributions from the different production
modes in the H→ γγ channel have been studied in order
to assess any tension between the data and the ratios of
the production cross sections predicted in the Standard
Model. A new signal strength parameter µi is introduced
for each production mode, defined by µi = σi/σi,SM. In
order to determine the values of (µi, µ j) that are simul-
taneously consistent with the data, the profile likelihood
ratio λ(µi, µ j) is used with the measured mass treated as
a nuisance parameter.

Since there are four Higgs boson production modes at
the LHC, two-dimensional contours require either some
µi to be fixed, or multiple µi to be related in some way.
Here, µggF and µt  tH have been grouped together as they
scale with the t  tH coupling in the SM, and are denoted

19

The largest absolute signal yield as defined above is
taken as the systematic uncertainty on the background
model. It amounts to ±(0.2−4.6) and ±(0.3−6.8) events,
depending on the category for the 7 TeV and 8 TeV data
samples, respectively. In the final fit to the data (see
Section 5.7) a signal-like term is included in the likeli-
hood function for each category. This term incorporates
the estimated potential bias, thus providing a conserva-
tive estimate of the uncertainty due to the background
modelling.

5.6. Systematic uncertainties
Hereafter, in cases where two uncertainties are

quoted, they refer to the 7 TeV and 8 TeV data, respec-
tively. The dominant experimental uncertainty on the
signal yield (±8%, ±11%) comes from the photon re-
construction and identification efficiency, which is es-
timated with data using electrons from Z decays and
photons from Z → !+!−γ events. Pile-up modelling
also affects the expected yields and contributes to the
uncertainty (±4%). Further uncertainties on the sig-
nal yield are related to the trigger (±1%), photon isola-
tion (±0.4%, ±0.5%) and luminosity (±1.8%, ±3.6%).
Uncertainties due to the modelling of the underlying
event are ±6% for VBF and ±30% for other produc-
tion processes in the 2-jet category. Uncertainties on the
predicted cross sections and branching ratio are sum-
marised in Section 8.
The uncertainty on the expected fractions of signal

events in each category is described in the following.
The uncertainty on the knowledge of the material in
front of the calorimeter is used to derive the amount of
possible event migration between the converted and un-
converted categories (±4%). The uncertainty from pile-
up on the population of the converted and unconverted
categories is ±2%. The uncertainty from the jet energy
scale (JES) amounts to up to ±19% for the 2-jet cate-
gory, and up to ±4% for the other categories. Uncertain-
ties from the JVF modelling are ±12% (for the 8 TeV
data) for the 2-jet category, estimated from Z+2-jets
events by comparing data and MC. Different PDFs and
scale variations in the HqT calculations are used to de-
rive possible event migration among categories (±9%)
due to the modelling of the Higgs boson kinematics.
The total uncertainty on the mass resolution is ±14%.

The dominant contribution (±12%) comes from the un-
certainty on the energy resolution of the calorimeter,
which is determined from Z→ e+e− events. Smaller
contributions come from the imperfect knowledge of the
material in front of the calorimeter, which affects the ex-
trapolation of the calibration from electrons to photons
(±6%), and from pile-up (±4%).
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Figure 4: The distributions of the invariant mass of diphoton can-
didates after all selections for the combined 7 TeV and 8 TeV data
sample. The inclusive sample is shown in (a) and a weighted version
of the same sample in (c); the weights are explained in the text. The
result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-
order Bernstein polynomial is superimposed. The residuals of the data
and weighted data with respect to the respective fitted background
component are displayed in (b) and (d).

5.7. Results

The distributions of the invariant mass, mγγ, of the
diphoton events, summed over all categories, are shown
in Fig. 4(a) and (b). The result of a fit including a signal
component fixed to mH = 126.5 GeV and a background
component described by a fourth-order Bernstein poly-
nomial is superimposed.
The statistical analysis of the data employs an un-

binned likelihood function constructed from those of
the ten categories of the 7 TeV and 8 TeV data samples.
To demonstrate the sensitivity of this likelihood analy-
sis, Fig. 4(c) and (d) also show the mass spectrum ob-
tained after weighting events with category-dependent
factors reflecting the signal-to-background ratios. The
weight wi for events in category i ∈ [1, 10] for the 7 TeV
and 8 TeV data samples is defined to be ln (1 + S i/Bi),

10
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Higgs coupling in SM 
•  Given Higgs Mass no free parameter in the SM ! 

 
        With 
 
Then Higgs – Boson and Higgs – Fermion (Yukawa) interaction 
perfectly determined given particle masses 

Elements of the SU(2) x U(1) electroweak theory

         (Glashow, Salam, Weinberg)

add to the known quarks, leptons, bosons one scalar 

field        with  

The Lagrangian for      is 

  

         + (coupling to quarks and leptons)

Assume              is such that 

       is nonzero:

e.g.,                                            

with 

ϕ

I =
1

2
Y = +

1

2

L = |Dµϕ|2 − V (|ϕ|) −
1

4
(F a

µν)2 −
1

4
(Gµν)2

〈ϕ〉

V (|ϕ|) = µ2|ϕ|2 + λ|ϕ|4

V (|ϕ|)

ϕ

µ
2

< 0

Elements of the SU(2) x U(1) electroweak theory

         (Glashow, Salam, Weinberg)

add to the known quarks, leptons, bosons one scalar 

field        with  

The Lagrangian for      is 

  

         + (coupling to quarks and leptons)

Assume              is such that 

       is nonzero:

e.g.,                                            

with 

ϕ

I =
1

2
Y = +

1

2

L = |Dµϕ|2 − V (|ϕ|) −
1

4
(F a

µν)2 −
1

4
(Gµν)2

〈ϕ〉

V (|ϕ|) = µ2|ϕ|2 + λ|ϕ|4

V (|ϕ|)

ϕ

µ
2

< 0

With this orientation, it is straightforward to work out 
the couplings of the Higgs boson.

Since in Higgs appears from                   ,
its W, Z vertices are:

The potential above gives

and the vertex 
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An update is presented of the measurement of the newly discovered boson properties

using the high mass resolution channels, H→ γγ and H→ZZ(∗)→ 4", with up to 4.8 fb−1 of

pp collision data at
√

s = 7 TeV and 13 fb−1 at
√

s = 8 TeV. The combined mass measure-

ment derived from the H→ γγ and H→ ZZ(∗)→ 4" channels is mH = 125.2 ± 0.3 (stat) ±
0.6 (sys) GeV. The combination of all final states, including the recently updated low mass

resolution channels H→WW(∗)→ "ν"ν, H → τ+τ− and H → bb̄, is reported for this data

set in terms of the combined signal strength (µ). This is determined to be µ = 1.35 ± 0.24

computed at a mass of 125 GeV, in agreement with the Standard Model expectation.

Revised based on the version released on 14th, December 2012 (textual correction of the

number of categories in the H→ γγ channel for the 2011 data analysis).

c© Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

EWK Lagrangian 

Precision measurement of the Higgs couplings will be possibly 
one of the most important driver of the field in the next 
decade(s) (provided no surprises behind the corner) 

M. Rescigno - La Thuile 2013 4 
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Higgs Coupling/tree level decays 
With this orientation, it is straightforward to work out 
the couplings of the Higgs boson.

Since in Higgs appears from                   ,
its W, Z vertices are:

The potential above gives

and the vertex 

= 2i
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v
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With this orientation, it is straightforward to work out 
the couplings of the Higgs boson.

Since in Higgs appears from                   ,
its W, Z vertices are:

The potential above gives

and the vertex 
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Using                          we find the Higgs coupling to fermions:

If the fermion mass matrix is diagonal, the Higgs coupling is 
also flavor-diagonal.

Here is a direct argument.  Start from the most general 
Lagrangian with flavor-mixing:

We can represent any complex matrix as a product of unitary 
and real diagonal matrices:

Now transform

This removes flavor violation in the Higgs couplings.

v → v + h

L = −λij
e ei

Rϕ†Lj
+ · · ·

λe = VeRDeV
†
eL

eR → VeReR , eL → VeLeL

f

h

f
_

= −i
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v

With this orientation, it is straightforward to work out 
the couplings of the Higgs boson.

Since in Higgs appears from                   ,
its W, Z vertices are:

The potential above gives

and the vertex 

= 2i
m2

W

v
gµν = 2i

m2

Z

v
gµν

v → v + h

mh =
√

2|µ2| =
√

λ/2v

= −3i
m2

h

v

W W

h

+
Z Z

h

h h

h

= g MW = 2 MW
2/v = g MW /2cos(θw)2= Mz

2/v = -g m/2MW = -m/v 

= -3 mH
2/v  That’s not for now, wait 

for >10 yr  
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Higgs coupling/important loops ! 

M. Rescigno - La Thuile 2013 6 

Gluon fusion provides 
dominant  Higgs boson 
production mechanism 
Top loop dominant (-10% 
interference from bottom 
loop). 
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Nov 18-20, 2012 Eric Feng (ANL) -  Higgs Couplings 8

Higgs decay modes

 Scaled each decay mode j
by factor κ

j
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Spin:  Vector bosons vs. fermions

 1D likelihood scan for each coupling

 Asymmetry of double minima in κ
f

due to interference (constructive or
destructive) between fermions and
vector bosons in H->γγ

 κ
V
 = [0.9, 1.0] ∪ [1.1, 1.3]

 κ
f
 ∈ [-1.0, -0.7] ∪ [0.7, 1.3]

→ Fermiophobic Higgs (κ
f
=0)

strongly disfavored
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resolution channels H→WW(∗)→ "ν"ν, H → τ+τ− and H → bb̄, is reported for this data

set in terms of the combined signal strength (µ). This is determined to be µ = 1.35 ± 0.24

computed at a mass of 125 GeV, in agreement with the Standard Model expectation.

Revised based on the version released on 14th, December 2012 (textual correction of the

number of categories in the H→ γγ channel for the 2011 data analysis).

c© Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Higgs coupling/exclusive production channels 

Gluon fusion provide 
dominant Higgs boson 
production mechanism 
Top loop dominant (-10% 
interference from bottom 
loop). 
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→pp 

 WH (NNLO QCD + NLO EW)

→
pp 

 ZH (NNLO QCD +NLO EW)

→
pp 

 ttH (NLO QCD)

→
pp 

VBF ~7% inclusive 
x s e c ,  d i s t i n c t 
signature, access to 
W/Z Higgs couplings 

Clean signature with 
leptons, allowing access 
to Hàbb and W/Z Higgs 
coupling 

Low rate, but will test 
directly Top Yukawa 
coupling 

M. Rescigno - La Thuile 2013 7 
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Abstract

An update is presented of the measurement of the newly discovered boson properties

using the high mass resolution channels, H→ γγ and H→ZZ(∗)→ 4", with up to 4.8 fb−1 of

pp collision data at
√

s = 7 TeV and 13 fb−1 at
√

s = 8 TeV. The combined mass measure-

ment derived from the H→ γγ and H→ ZZ(∗)→ 4" channels is mH = 125.2 ± 0.3 (stat) ±
0.6 (sys) GeV. The combination of all final states, including the recently updated low mass

resolution channels H→WW(∗)→ "ν"ν, H → τ+τ− and H → bb̄, is reported for this data

set in terms of the combined signal strength (µ). This is determined to be µ = 1.35 ± 0.24

computed at a mass of 125 GeV, in agreement with the Standard Model expectation.

Revised based on the version released on 14th, December 2012 (textual correction of the

number of categories in the H→ γγ channel for the 2011 data analysis).

c© Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Atlas December Update 
•  Latest combination from Atlas 
•  All major channels updated with 5fb-1 @ 7 TeV + 13 

fb-1 @ 8 TeV 
•  Local significance exceeding 6σ in Hàγγ and 4σ in 

Hà4l 
•  New HàWW Hàbb, Hàττ updated for HCP	


•    E.Petit talk yesterday for full details  
•  Combined best fit Higgs mass from the high 

resolution channels: 
mH=125.2±0.3(stat)±0.6(sys)  

M. Rescigno - La Thuile 2013 9 
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c© Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

on the background model is defined as the largest absolute signal component fitted anywhere in the full

mass range studied [110-150] GeV with the SHERPA sample described above.

The inclusive diphoton invariant mass distribution for the combined
√
s = 7 TeV and

√
s = 8 TeV

data samples is shown in Fig. 1 with an overlaid signal-plus-background fit, which background compo-

nent is a fourth-order Bernstein polynomial.
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Figure 1: Invariant mass distribution of diphoton candidates for the combined
√
s = 7 TeV and√

s = 8 TeV data samples. The result of a fit to the data of the sum of a signal component fixed to

mH =126.5 GeV and a background component described by a fourth-order Bernstein polynomial is su-

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

component.

6 Systematic uncertainties

Many of the systematic uncertainties affecting this analysis are addressed as detailed in Ref. [9]; therefore

they are only briefly described and updated in this section. On the contrary, new systematic uncertainties

arising from the introduction of additional categories are discussed in detail. The uncertainty on the

background modelling is addressed in Section 5.

All systematics are treated as fully correlated between 7 and 8 TeV data except for the uncertainty

on the luminosity. The uncertainties can affect either the signal yield (Section 6.1), the signal reso-

lution (Section 6.2) or the migration of events in between categories (Section 6.3). Finally additional

systematics are derived for the mass measurement (Section 6.4).

6.1 Systematics uncertainties on the signal yield

The systematic uncertainties affecting the signal yield are the following:

- The luminosity uncertainties are 3.9% for the 7 TeV data and 3.6% for the 8 TeV data.

- The uncertainty on the trigger efficiency is 0.5% per event.

7

for given fixed values of mH . This estimate allows the signal strength to vary independently in the two

channels (treating both signal strengths as nuisance parameters), while the ratios of the cross-sections in

the different production modes within each channel are fixed to the SM. The leading source of systematic

uncertainty in the mass estimate comes from the mass scale systematic uncertainties which are described

in detail in Section 4. Figure 1 shows the profile likelihood ratio as a function of mH for the H→ γγ and

H→ ZZ(∗)→ 4" channels and the combination. From the H→ γγ and H→ZZ(∗)→ 4" combination the

common mass is estimated to be

mH = 125.2 ± 0.7 GeV = 125.2 ± 0.3 (stat) ± 0.6 (sys) GeV . (2)

 [GeV]Hm
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Λ
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ln
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7
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 PreliminaryATLAS
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-1Ldt = 13 fb∫ = 8TeV: s
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Combined (stat only)

γγ →H 

l 4→ 
(*)

 ZZ→H 

Figure 1: The profile likelihood ratio −2 lnΛ(mH) as a function of mH for the H→ γγ and H→ZZ(∗)→ 4"

channels and the combination, allowing the signal strengths µγγ and µ4" to vary independently. The

dashed line shows the statistical component of the mass measurement.

5.2 Consistency of mass estimates from H→ γγ and H→ZZ(∗)→ 4"

To assess the consistency of the two mass measurements we first consider a likelihood function in which

the mass parameters m
γγ
H and m4"

H vary independently. Figure 2(a) shows likelihood contours in m
γγ
H and

m4"
H around the two independent best fit mass values and the best fit point for m̂H = m̂

γγ
H
= m̂4"

H . As this

plot shows, the two mass measurements are almost uncorrelated. The largest correlation between the

measurements is the overall e/γ energy scale from the Z → e+e− calibration, which affects mostly the

H→ γγ channel, as the H→ZZ(∗)→ 4" channel is dominated by 4µ-events. However, the mass consis-

tency between muon and electron final states in the H→ ZZ(∗)→ 4" channel causes a ∼ 0.3σ adjustment

in the overall e/γ energy scale which induces an approximate 0.1% downward shift in m
γγ
H

in the combi-

nation.

To directly quantify the level of consistency between the measurements of m
γγ
H

and m4"
H , a likelihood

function is considered for the mass difference ∆mH = m
γγ
H − m4"

H , with the common mass mH profiled in

the fit:

Λ(∆mH) =
L
(

∆mH , ˆ̂µγγ(∆mH) , ˆ̂µ4"(∆mH) , ˆ̂mH(∆mH) , ˆ̂
θ(∆mH)

)

L(∆̂mH , µ̂γγ, µ̂4", m̂H , θ̂)
. (3)

6

See also YSF3 M.Schwoerer 

See also YSF3 A.Salvucci 
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Abstract

An update is presented of the measurement of the newly discovered boson properties

using the high mass resolution channels, H→ γγ and H→ZZ(∗)→ 4", with up to 4.8 fb−1 of

pp collision data at
√

s = 7 TeV and 13 fb−1 at
√

s = 8 TeV. The combined mass measure-

ment derived from the H→ γγ and H→ ZZ(∗)→ 4" channels is mH = 125.2 ± 0.3 (stat) ±
0.6 (sys) GeV. The combination of all final states, including the recently updated low mass

resolution channels H→WW(∗)→ "ν"ν, H → τ+τ− and H → bb̄, is reported for this data

set in terms of the combined signal strength (µ). This is determined to be µ = 1.35 ± 0.24

computed at a mass of 125 GeV, in agreement with the Standard Model expectation.

Revised based on the version released on 14th, December 2012 (textual correction of the

number of categories in the H→ γγ channel for the 2011 data analysis).

c© Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Overall signal strength 

• Best fit value: 
•  µ=1.35±0.19(stat)±0.15(sys)  

• Moderate excess in Hàγγ	
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New 
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Figure 3: The local probability p0 for a background-only experiment to be more signal-like than the

observation as a function of mH . The dashed curve shows the median expected local p0 under the

hypothesis of a production of a Standard Model Higgs boson with that mass. The horizontal dashed lines

indicate the p-values corresponding to significances of 0σ to 7σ. Mass scale systematic uncertainties are

included.
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Figure 4: The combined best-fit signal strength µ̂ as a function of mH . The interval around µ̂ corresponds

to a variation of −2 lnΛ(µ) < 1. Mass scale systematic uncertainties are included, which leads to a broad

peak as described in Ref. [5].

Table 2: Summary of the best-fit values and uncertainties for the signal strength µ for the individual

channels at a Higgs boson mass of 125 GeV.

Higgs Boson Decay
µ

(mH=125 GeV)

VH → Vbb −0.4 ± 1.0

H → ττ 0.8 ± 0.7

H → WW(∗) 1.5 ± 0.6

H → γγ 1.8 ± 0.4

H → ZZ(∗) 1.0 ± 0.4

Combined 1.35 ± 0.24

9
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An update is presented of the measurement of the newly discovered boson properties

using the high mass resolution channels, H→ γγ and H→ZZ(∗)→ 4", with up to 4.8 fb−1 of

pp collision data at
√

s = 7 TeV and 13 fb−1 at
√

s = 8 TeV. The combined mass measure-

ment derived from the H→ γγ and H→ ZZ(∗)→ 4" channels is mH = 125.2 ± 0.3 (stat) ±
0.6 (sys) GeV. The combination of all final states, including the recently updated low mass

resolution channels H→WW(∗)→ "ν"ν, H → τ+τ− and H → bb̄, is reported for this data

set in terms of the combined signal strength (µ). This is determined to be µ = 1.35 ± 0.24

computed at a mass of 125 GeV, in agreement with the Standard Model expectation.

Revised based on the version released on 14th, December 2012 (textual correction of the

number of categories in the H→ γγ channel for the 2011 data analysis).

c© Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Looking deeper in Hàγγ sub-channels 

•  12 exclusive categories: conversion&quality (signal 
width & S/B) and pTt (different S/B and ggF/rest ratio) + 
2 jet (high mass, VBF dominated) + 2 jet (low mass, 
VH) + lepton tagged (VH) 

•  Moderate enhancement wrt to SM, no clear pattern 

M. Rescigno - La Thuile 2013 11 

New ATLAS-CONF-2012-168  
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Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

VBF vs ggF  using Hàγγ	
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µggF+ttH × B/BSM and µVBF+VH × B/BSM in data are presented in Fig. 4, where the 68 % and 95 %

CL contours are also shown. A simultaneous fit is also performed to determine the signal strengths of

µggF+ttH × B/BSM, µVBF × B/BSM , and µVH × B/BSM, where the VBF and VH production modes are

separated, and the best-fit values are given in Table 3. Both the measured signal strength and mass give

compatible values for different data taking periods, namely for 2011 data and 2012 data recorded from

March to June and from July to September.

Value Statistic uncertainty Systematic uncertainty Theoretical uncertainty

µggF+ttH × B/BSM 1.8 ±0.4 ±0.2 ±0.2
µVBF × B/BSM 2.0 ±1.2 ±0.6 ±0.3
µVH × B/BSM 1.9 ±2.5 ±0.6 ±0.4

Table 3: Best-fit values of signal strength ×B/BSM where B is the branching ratio for H → γγ, for
ggF+ttH, VBF and VH processes and statistical, systematics and theoretical uncertainties at the best-fit

mH of 126.6 GeV. The theory uncertainty includes the uncertainties on the Higgs boson production cross

section and decay branching ratio.

SM
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µ
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Figure 4: The best-fit values (+) of µggF+ttH × B/BSM and µVBF+VH × B/BSM, where B/BSM is defined

in Section 7.3, and their 68 % (solid) and 95 % (dashed) CL contours.

13

Consistent with SM (µ=1) at 2.4 σ	


 
Disclaimer: more conservative (flat) 
choice of theory uncertainty pdf 
would obviously reduce this “tension”! 

µ =1.80± 0.30(stat)−0.15
+0.21(syst)−0.14

+0.20 (theory)

New 

•  Group together VBF+VH production and ggF+ttH as dependent on vector 
boson and top couplings, respectively 

ATLAS-CONF-2012-127  

•  Combined 
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√

s = 8 TeV. The combined mass measure-

ment derived from the H→ γγ and H→ ZZ(∗)→ 4" channels is mH = 125.2 ± 0.3 (stat) ±
0.6 (sys) GeV. The combination of all final states, including the recently updated low mass

resolution channels H→WW(∗)→ "ν"ν, H → τ+τ− and H → bb̄, is reported for this data

set in terms of the combined signal strength (µ). This is determined to be µ = 1.35 ± 0.24

computed at a mass of 125 GeV, in agreement with the Standard Model expectation.

Revised based on the version released on 14th, December 2012 (textual correction of the

number of categories in the H→ γγ channel for the 2011 data analysis).

c© Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

VBF vs ggF  using Hàlνlν	
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• Same for HàWW on statistics used for discovery paper 
• Consistent with SM point (1,1) at 1 σ level 
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VBF vs ggF  using Hàττ	
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•  Many exclusive channel targeted at different production chan. (new 2 jet VH, 
improved VBF) 

•  τlτl , +0,1,2 jet (VBF), 2jet (VH), τlτh ,+0,1,2 jet (VBF)  τhτh. 2jet (VBF) 

•  Strong sensitivity to VBF channel – equivalent or better than other Higgs decay 
channel 

V
B

F 
N

on
-V

B
F 

Combined 
significance:  
expected 1.7 σ, 
observed 1.1 σ 
 
Combined  signal 
strength µ= 0.7±0.7 

ATLAS-CONF-2012-160  



GLOBAL COUPLING FITS 

M. Rescigno - La Thuile 2013 15 
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General Strategy 

•  Parameterize deviation from SM through scaling factor for couplings such that  

•  Assumptions 
•  Single resonance 
•  No modification to kinematics (tensor 

structure of the interaction as in the SM) 
•  Zero width approximation 

•  Cross sections can then be written as 

•  Taking into account dependency from various sub-components in loop 
process scale factors e.g.: 
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Figure 2: Likelihood contours for the H→ γγ and H→WW(∗)→ "ν"ν channels in the (µggF+tt̄H , µVBF+VH)

plane including the branching ratio factor B/BSM. The quantity µggF+tt̄H (µVBF+VH) is a common scale

factor for the ggF and tt̄H (VBF and VH) production cross sections (the µ f parameters in Equation 1 are

fixed). The best fit to the data (×) and 68% (full) and 95% (dashed) CL contours are also indicated, as

well as the SM expectation (+).
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µ
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 WW→ and H γγ →H 
γγ →H 

νlν l→ 
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 WW→H 

PreliminaryATLAS 

-1Ldt = 4.7-4.8 fb∫ = 7 TeV:  s
-1Ldt = 5.8-5.9 fb∫ = 8 TeV:  s

2011 + 2012 Data

Figure 3: Likelihood curves for µVBF+VH/µggF+tt̄H from the H→ γγ and H→WW(∗)→ "ν"ν channels and

their combination. The branching ratios cancel in this ratio so that the curves can be compared.

product σ × BR(ii→ H → ff ) can be decomposed in the following way for all channels:

σ × BR(ii→ H → ff ) =
σii · Γff
ΓH

(3)

where σii is the production cross section through the initial state ii, Γff the partial decay width into

the final state ff and ΓH the total width of the Higgs boson.

The leading order (LO) motivated scale factors κi are defined in such a way that the cross sections σii

and the partial decay widths Γii associated with the SM particle i scale with the factor κ2
i when compared

to the corresponding SM prediction. Table 3 lists all relevant cases. Taking the process gg → H → γγ as

an example, one would use as cross section:

(σ · BR) (gg → H → γγ) = σSM(gg → H) · BRSM(H → γγ) ·
κ2

g · κ2
γ

κ2
H

(4)

7

Higgs Boson Width 
 Strong mass dependent 
H = 3.5 MeV @ 120 GeV 
         1.4 GeV @ 200 GeV 
         8.4 GeV @ 300 GeV 
       68.0 GeV @ 500 GeV 
  
At low mass region (<200 

GeV), detector resolution 
dominates mass resolution 
 
 At high mass, intrinsic 

width becomes dominant 

HCP-2012, Kyoto, Japan Higgs Property Measurement - H. Yang (SJTU) 19 
Γ ff =κ f

2Γ ff
SM   ;  ΓH =κH

2 ΓH
SM  ;  σ i =κ i

2σ i
SM

κγγ
2 =κγγ

2 (κ t;κw;mH )  ;   κggH
2 =κggH

2 (κb;κ t;mH )

M. Rescigno - La Thuile 2013 16 

From LHC HXSWG 

based on recommendation in 
arXiv:1209.0040 

•  SM prediction incudes state-of-the-art higher order corrections. Accuracy 
breaks for k!=1, but important NLO QCD corrections factorize 
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pp collision data at
√

s = 7 TeV and 13 fb−1 at
√

s = 8 TeV. The combined mass measure-

ment derived from the H→ γγ and H→ ZZ(∗)→ 4" channels is mH = 125.2 ± 0.3 (stat) ±
0.6 (sys) GeV. The combination of all final states, including the recently updated low mass

resolution channels H→WW(∗)→ "ν"ν, H → τ+τ− and H → bb̄, is reported for this data

set in terms of the combined signal strength (µ). This is determined to be µ = 1.35 ± 0.24

computed at a mass of 125 GeV, in agreement with the Standard Model expectation.

Revised based on the version released on 14th, December 2012 (textual correction of the

number of categories in the H→ γγ channel for the 2011 data analysis).

c© Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

General Strategy/Benchmark Fits 
•  Total width cannot be directly measured at LHC 

•  Assume no invisible/undetected decays are possible such that: 

•  Measure ratio of coupling scale factors ki, including one ratio to the total Higgs 
width  

•  Current dataset do not allow yet the determination of all the coupling 
scale factors à Atlas performed the following (simplified) fits: 
•  κV vs. κF: universal scale for boson and for fermions 
•  κW  vs κZ: W vs. Z boson (custodial symmety)  
•  κu vs. κd: fermion type, up vs. down  (all up/down type fermions receive 

universal corrections) 
•  κq vs. κl: quarks vs. leptons  
•  κg vs. κγ: model independent test for BSM contribution to 1-loop coupling 
•  BRinv: test invisible or undetected decays in total width assuming BSM effect 

only in loops and SM tree level couplings 
 

M. Rescigno - La Thuile 2013 17 

ΓH =κH
2 ΓH

SM  =κH
2 (κ i,mH )ΓH

SM    i = l, t,b,τ ,g,W,Z...

ATLAS-CONF-2012-127  
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Ingredients 

2 Individual Channels

The different channel categories considered in this analysis are summarized in Table 1. Many of the

sub-channels are introduced to enhance sensitivity to the SM Higgs boson (e.g., the categorization of

events according to lepton flavor or low/high pile-up) but do not provide any discrimination between

different production modes. In contrast, requirements on lepton and jet multiplicities, on low/high-pTt

(a variable related to the transverse momentum of the Higgs boson) in the H→ γγ channel, and on Emiss
T

(the transverse missing momentum) provide discrimination between different production modes. Table 2

summarizes the primary sources of discrimination between the different production modes and provides

representative numbers of events satisfying the selection requirements from the various SM production

modes for a 126 GeV Higgs boson. These numbers refer to mass windows that contain about 90% of the

signal and to the combination of the luminosities and centre-of-mass energies reported in Table 1.

Table 1: Summary of the individual channels entering the combination. The transition points between

separately optimized mH regions are indicated where applicable. In channels sensitive to associated

production of the Higgs boson, V indicates a W or Z boson. The symbols ⊗ and ⊕ represent direct

products and sums over sets of selection requirements, respectively.

Higgs Boson Subsequent
Sub-Channels

∫

L dt
Ref.

Decay Decay [fb−1]

2011
√

s =7 TeV

H → ZZ(∗) 4" {4e, 2e2µ, 2µ2e, 4µ} 4.8 [10]

H → γγ – 10 categories {pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jet} 4.8 [11]

H → WW(∗) "ν"ν {ee, eµ, µµ} ⊗ {0-jet, 1-jet, 2-jet} ⊗ {low, high pile-up} 4.7 [12]

H → ττ

τlepτlep {eµ} ⊗ {0-jet} ⊕ {""} ⊗ {1-jet, 2-jet, VH} 4.7

τlepτhad
{e, µ} ⊗ {0-jet} ⊗ {Emiss

T
< 20 GeV, Emiss

T
≥ 20 GeV}

4.7
[13]

⊕ {e, µ} ⊗ {1-jet} ⊕ {"} ⊗ {2-jet}
τhadτhad {1-jet} 4.7

VH → Vbb

Z → νν Emiss
T
∈ {120 − 160, 160 − 200,≥ 200 GeV} 4.6

W → "ν pW
T
∈ {< 50, 50 − 100, 100 − 200,≥ 200 GeV} 4.7 [14]

Z → "" pZ
T ∈ {< 50, 50 − 100, 100 − 200,≥ 200 GeV} 4.7

2012
√

s =8 TeV

H → ZZ(∗) 4" {4e, 2e2µ, 2µ2e, 4µ} 5.8 [10]

H → γγ – 10 categories {pTt ⊗ ηγ ⊗ conversion} ⊕ {2-jet} 5.9 [11]

H → WW(∗) eνµν {eµ, µe} ⊗ {0-jet, 1-jet, 2-jet} 5.8 [15]

3 Statistical Procedure

The statistical modeling of the data is described in Refs. [16, 17, 18, 19, 20]. For each production mode i,

a signal strength factor µi defined by µi = σi/σi,SM is introduced. Similarly, for each decay final state, f ,

a factor µ f = Bf /Bf ,SM is introduced. For each analysis category (k) the number of signal events (nk
signal

)

is parametrized as:

nk
signal =















∑

i

µiσi,SM × Ak
i × ε

k
i f















× µ f × Bf ,SM ×Lk (1)

3

M. Rescigno - La Thuile 2013 18 

Note this analysis uses statistics and analysis available in Summer 
2012, in particular  Hàbb and Hàττ uses 2011 data only 

ATLAS-CONF-2012-127  
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Vector Boson vs Fermion 

M. Rescigno - La Thuile 2013 19 

•  Fit for an “universal” vector boson 
modifier (kv) vs a fermion 
“modifier” (kF) 

•  Assumptions: 
•  Higgs decay in SM particles (scaling 

total width with K’s)   
•  only SM particle present in the gg and 
γγ loops (relating these widths with the 
scaling factor k’s) 

•  Double degenerate mimima due to 
quadratic dependence and W/top 
interference effect in Hàγγ width : 
•  SM point (1,1) reflect to (0.64, -0.64) in 

Hàγγ analysis alone 

•  Other decay modes allow some 
disambiguation 

κF ∈ [-1.0, -0.7] ∪  [0.7, 1.3] @ 68%C.L.;
κV ∈ [0.9, 1.0] ∪  [1.1, 1.3] @ 68%C.L.

κF ∈ [-1.5, -0.5] ∪  [0.5, 1.7] @ 95%C.L.;
κV ∈ [0.7, 1.4] @ 95%C.L.

SM p-value 21 % 

Th uncertainty: increase bounds by 20% 
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1D projections 

M. Rescigno - La Thuile 2013 20 

•  SM point (KF>0) slightly preferred (1σ) by Atlas data (ICHEP12 dataset)  

•  Slightly larger separation expected for a SM injected signal (dashed lines) 

•  kV pulled slightly by small Hàγγ excess 

•  kF=0 (Fermiophobic) exluded at high confidence level with VBF-targeted analyses 

SM SM 
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Ratio of couplings 

M. Rescigno - La Thuile 2013 21 

λFV =κF /κV ∈ [-1.1, -0.7] ∪  [0.6, 1.1] @ 68%C.L.;
λFV =κF /κV ∈ [-1.8, 0.5] ∪  [0.5, 1.5] @ 95%C.L.

κVV =κv ⋅κv /κH =1.2−0.6
+0.3

Th uncertainty: 10% 

SM p-value 21 % 

• Relaxing assumption on 
the total width, can fit only 
ratio of coupling modifier 
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Custodial symmetry W vs Z 
•  Coupling to W and Z at the heart of EWSB 
•  Probing the ratio of W and Z scale factor; profile all  other 

parameters : κZZ = κZ·κZ/κH ; λFZ = κF/κZ  

M. Rescigno - La Thuile 2013 22 

λWZ =κW /κZ =1.07−0.27
+0.35

λFZ ∈ [-1.1, -0.5] ∪  [0.6, 1.2] @ 68%C.L.;
κZZ =1.3.0.6

+0.6
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Test up and down type fermion and 
quark versus lepton 

M. Rescigno - La Thuile 2013 23 

•  For e.g. 2HDM expect different coupling to up and down type fermions;  
•  Different assumptions: 

•  kd=kb=kτ  vs kt=ku   for up/down type fermion test (left)  
•  kq=kb=kt   vs kτ=kl   for the lepton/quark test (right) 

•  Sensitivity from Hàbb and Hàττ analysis (here only 2011 data), will 
greatly improve 

λdu =κd /κu ∈ [−1.2,1.2] @ 68% C.L. λlq =κ l /κq ∈ [−1.3,1.3] @ 68% C.L.

SM SM 
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Non SM contribution in loop  

•  Beyond SM particles coupling to Higgs could affect 1-loop decay widths 
•  Assume negligible contribution to total width from non SM particles 

contributing to invisible/background like decays 
•  Likelihood scan for effective scale factors for gluon and photon widths  

M. Rescigno - La Thuile 2013 24 

κγ = Γγγ /Γγγ
SM( )

1/2
=1.2−0.2

+0.3;

κg = σ ggH /σ ggH
SM( )

1/2
=1.1−0.3

+0.2SM p-value 18 % 

Th uncertainty 15% 
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Indirect bound on invisible width 

•  Relaxing assumption on total width: allow undetectable and/or invisible decays 
•  Assume BSM effects only in 1-loop couplings 
•  Likelihood scan for effective scale factors for gluon and photon widths and total 

Higgs width, assuming no deviation in tree level contribution to Higgs width a 
bound on invisible width can be obtained from :  

M. Rescigno - La Thuile 2013 25 

κγ = Γγγ /Γγγ
SM( )

1/2
=1.2−0.2

+0.3;

κg = σ ggH /σ ggH
SM( )

1/2
=1.1−0.2

+1.4;

BRinv < 0.68(0.84) @ 68% (95%) C.L.
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Figure 7: Fits for benchmark models probing for contributions from non-SM particles: (a) Probing only

the gg → H and H→ γγ loops, assuming no sizable extra contribution to the total width; (b) Probing in

addition to (a) for a possible invisible or undetectable branching ratio BRinv.,undet..

6.3.1 Assuming only SM particles contributing to the total width

A fit is shown in Figure 7(a) which assumes that there are no sizeable extra contributions to the total

width caused by the non-SM particles. The free parameters are κg and κγ .

Figure 7(a) shows the 68% and 95% CL contours for the two parameters. The best fit values and

uncertainties when profiling over the other parameter are

κg = 1.1+0.2
−0.3 (48)

κγ = 1.2+0.3
−0.2 (49)

at 68% CL. When removing the theoretical systematic uncertainties on the measurements of κg and κγ ,

the uncertainty is reduced by O(15 %). It is further reduced by O(5%) when removing the experimental

systematic uncertainties. The compatibility of the SM hypothesis (2D) with the best fit point is 18%.

6.3.2 No assumption on the total width

By constraining some of the factors to be equal to their SM values, it is possible to probe for new non-SM

decay modes that might appear as invisible or undetectable final states. The free parameters are κg, κγ

and BRinv.,undet.. In this model the modification to the total width is parametrized as follows:

ΓH =
κ2

H(κi)

(1 − BRinv.,undet.)
ΓSM

H (50)

Figure 7(b) shows the likelihood as a function of BRinv.,undet. when κg and κγ are profiled. The

best fit values and uncertainties, and confidence level interval at 68% CL when profiling over the other

parameters are

κg = 1.1+1.4
−0.2 (51)

κγ = 1.2+0.3
−0.2 (52)

BRinv.,undet. < 0.68 (53)

The 95% confidence level interval on the invisible or undetectable branching fraction is BRinv.,undet. <

0.84. The 68% CL interval for the invisible or undetectable branching fraction without theory systematic

14
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Short Term Perspective 

•  Full 8 TeV data not yet exploited, expect complete analysis for 
most relevant channels, and a new global analysis: 
•  Hàbb and Hàττ included here only for 7 TeV data, sensitivity will greatly 

improve with 8 TeV approved analysis  
•  More exclusive channels for ZZ,γγ,WW coming and a factor > 2 more 

luminosity for these channels compared to analysis shown today 
•  Expect significantly reduced uncertainties  
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Perspective – HL-LHC 

•  In the context of the European Strategy, Atlas presented sensitivity 
studies based on present analyses, taking into account changes in the 
cut/identification to keep fakes at ~same level as of today 
•  ZZ, γγ, WW, ττ (VBF) channels extrapolated to 300/3000 fb-1 

•  Low rate channels ttH (Hàγγ) and Hàµµ studied  
•  di-Higgs production, most promising channel bbγγ: 15 ev exp/24 bkg (S/
√B~3) 
•  Need to combine other channels and combine experiments to measure λHHH to 

~30% 
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Perspective – HL-LHC 
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•  Show case the 
potential for HL-LHC 
•  Precision of a few 

percent seems  
reachable 

•  Ex. kv vs kF fit with 
(without) theory 
uncertainty 

Current th  
uncertainty 

300 fb�1 3000 fb�1

V 3.0% (5.6%) 1.9% (4.5%)
F 8.9% (10%) 3.6% (5.9%)

Table 2: Expected precision for the determination of the coupling scale factors V and F for 300 fb�1

and 3000 fb�1. Numbers in brackets include current theory systematic uncertainties.

2.3 Observation of the Higgs self coupling

In order to completely determine the parameters of the Standard Model and establish the Higgs mech-
anism as being responsible for electroweak symmetry breaking, the measurement of the Higgs self-
couplings and subsequent reconstruction of the Higgs potential is important. A direct analysis of the
Higgs boson trilinear self-coupling �HHH can be done via the detection of Higgs boson pair produc-
tion. At hadron colliders, the dominant production mechanism is gluon-gluon fusion, and for centre-
of-mass energies of 14 TeV, the production cross section of two 125 GeV Higgs bosons is estimated1

to be 34 +18%
�15% (QCD scale) ±3% (PDF) fb. Due to the destructive interference of diagrams involving

gg ! HH, the cross section is enhanced at lower values of �HHH; cross sections for �HHH/�S M
HHH = 0

and �HHH/�S M
HHH = 2 are ��=0 = 71 and ��=2 = 16 fb respectively.

A Higgs boson mass mH ⇡ 125 GeV implies a number of potential channels to investigate, due to a
wide spectrum of decay modes. Sensitivity studies at the generator level2 for the HL-LHC upgrade were
performed on just two channels, HH ! bb�� and HH ! bbW+W�, chosen for their clean signature and
high branching ratio, respectively3.

2.3.1 HH ! bbW+W� channel

The branching ratio of the HH ! bbW+W� channel is 25%, which results in 25k expected events in
3000 fb�1 at 14 TeV including all possible W boson decay modes. However the final state is identical
to tt-production giving a huge potential background to this decay mode. For this study the semi-leptonic
channel, where one W boson decays hadronically and the second one leptonically, is chosen.

Events are selected if they contain exactly one lepton, at least four jets with at least one of them
b-tagged and missing transverse momentum. The W- and the Higgs bosons are reconstructed using a �2

fitting-technique and events are selected if the masses of the WW- and bb-systems are close to the Higgs
boson mass.

The signal to background ratio before applying any smearing or object reconstruction e�ciencies is
of the order of 10�5, consistent with the results of Ref. [14]. The analysis cuts reduce the background
by two orders of magnitude but also a↵ect the signal e�ciency so that no constraints on the Higgs self-
coupling can be obtained from this channel.

2.3.2 HH ! bb�� channel

The HH ! bb�� channel has a branching ratio of 0.27%, resulting in a predicted yield of 260 events
in 3000 fb�1 of 14 TeV pp collisions. Several main backgrounds are considered; the irreducible ��bb,
bbH(H ! ��), Z(Z ! bb)H(H ! ��), ttH(H ! ��), and tt (with two electrons faking photons) which
have � ⇥ BR of 111, 0.124, 0.044, 1.71 and 5 ⇥ 105 fb respectively, compared to 0.087 fb for the signal.

1Cross sections at NLO calculated using the HPAIR package [13]. Theoretical uncertainties provided by Michael Spira in
private communications.

2Event files produced by Dolan, Englert and Spannowsky as described in [14].
3The bbbb final state has the highest branching ratio, but is expected to be too di�cult to extract from the huge background
4Cross-section taken directly from generator output

7
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Summary 
• A ~125 GeV Higgs offers an unique opportunity to study at 

LHC a large range of decay and production channels 
• A systematic study of all the data will allow a detailed 

understanding of the nature of the new found boson at the 
LHC 

• Current precision still limited, and no hints of statistically 
significant deviations are seen: 
•  W,Z gluon and γ couplings tested at the level of 30% 
•  first indirect constraint on invisible decay width  

• More precision and more general analysis will be possible 
already with full 7+8 TeV data to appear soon 

•  Looking forward to 13/14 TeV Run and possibly HL-LHC 
to finally reach the precision of few percent 
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Ingredients 

Table 2: Summary of the number of selected events, background and expected SM signal contributions

for a 126 GeV Higgs boson, estimated in invariant or transverse mass intervals containing ∼ 90% of

the signal around the most probable value of the invariant or transverse mass distributions, from various

production modes satisfying all selection requirements. These numbers refer to the combination of the

luminosities and centre-of-mass energies reported in Table 1. Categories that do not provide significant

discrimination between production modes are merged.

Decay Sub-channel Nobs 〈NB〉 〈NggF〉 〈NVBF〉 〈NWH〉 〈NZH〉 〈NttH〉

H→ γγ
low-pTt 7013 6820 138 6.3 3.1 1.8 0.4

high-pTt 320 291 14.0 2.9 1.8 1.0 0.4

2-jet 36 24.2 1.3 3.4 0.0 0.0 0.0

H→ZZ(∗)→ 4" – 14 5.4 5.6 0.5 0.1 0.1 0.0

H→WW(∗)→ "ν"ν
0-jet 667 573 75.3 0.8 0.3 0.4 0.0

1-jet 183 141 16.7 1.7 0.3 0.2 0.0

2-jet 3 3.7 0.3 1.3 0.0 0.0 0.0

H → τ+τ−
0-jet 9277 9305 17.6 0.6 0.1 0.3 0.0

1-jet 393 406 3.6 1.0 0.1 0.2 0.0

2-jet 22 28.2 0.3 0.9 0.0 0.0 0.0

VH 164 152 0.7 0.1 0.2 0.3 0.0

H → bb̄
ZH 322 321 0.0 0.0 0.0 4.0 0.0

WH 1266 1311 0.0 0.0 11.1 0.0 0.0

where A represents the detector acceptance, ε the reconstruction efficiency andL the integrated luminos-

ity. The number of signal events expected from each combination of production and decay is scaled by

the corresponding product of µiµ f , with no change to the distribution of kinematic or other properties1.

This parametrization generalizes the dependency of the signal yields on the production cross sections

and decay branching fractions, allowing for a coherent variation across several channels. This approach

is also general in the sense that it is not restricted by any relationship between production cross sections

and branching ratios. For instance, it is possible to force the production cross section σWH = 0 while

maintaining a positive branching ratio BWW . The relationship between production and decay in the con-

text of a specific theory or benchmark is achieved via a parametrization of µi, µ f → f (κ), where the κ are

the parameters of the theory or benchmark under consideration as defined in Section 6.

Given the observed data, the resulting likelihood function is a function of a vector of signal strength

factors µ, and nuisance parameters θ. Hypothesized values of µ are tested with a statistic2 Λ(µ) based on

the profile likelihood ratio [21].

Λ(µ) =
L
(

µ, ˆ̂θ(µ)
)

L(µ̂, θ̂)
(2)

where the single circumflex denotes the unconditional maximum likelihood estimate of a parameter and

the double circumflex (e.g. ˆ̂θ(µ)) denotes the conditional maximum likelihood estimate (e.g. of θ) for

given fixed values of µ. This test statistic extracts the information on the parameters of interest from

the full likelihood function. When the signal strength parameters µ are reparametrized in terms of µ(κ),

1Occasionally the product µiµ f is also represented by a single signal strength parameter µ j, where j is an index representing

both the production and decay indices i and f . For example, the global signal strength µ in Figure 1 is used for all combinations

of production and decay.
2Here Λ is used for the profile likelihood ratio to avoid confusion with the parameter λ used in the benchmarks.

4

•  For illustration purpose only: exclusive 2jet categories 
provide valuable information on VBF production  
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Table 7: Dominant contributions to the relative uncertainty on the measured signal strength for mH =

125 GeV. The total relative uncertainty is also given. The large uncertainty on the signal strength from
WW normalisation is due to the significant size of this background in comparison with the signal.

Source Upward uncertainty (%) Downward uncertainty (%)

Statistical uncertainty +23 -22
Signal yield (� · B) +14 -9
Signal acceptance +9 -6
WW normalisation, theory +20 -20
Other backgrounds, theory +9 -9
W+jets fake rate +11 -12
Experimental + bkg subtraction +14 -11
MC statistics +8 -8
Total uncertainty +41 -38
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Figure 8: Combined H+ 0-jet and H+ 1-jet results, using 13.0 fb�1 of 8 TeV data. Left: observed
(solid line) probability for the background-only scenario as a function of mH . The dashed line shows
the corresponding expectation for the signal+background hypothesis at the given value of mH . Right:
fitted signal strength parameter (µ) as a function of mH for the low mass range. The expected result
for an injected signal with mH = 125 GeV (continuous red line) is included for comparison. The
uncertainty on µ corresponds to the two crossings at �2ln�(µ) = 1.

reduces the expected significance at mH = 125 GeV to p0 = 0.04 or 1.7 standard deviations. The ob-
served significance in this variant of the analysis reaches a minimum of p0 = 2 ⇥ 10�3, equivalent to
2.9 standard deviations, at mH = 125 GeV. The signal strength obtained with the counting experiment
is µ = 1.7+0.7

�0.6 at mH = 125 GeV.
Figure 9 shows the two-dimensional likelihood contours for a simultaneous scan of µ and mH ,

for this analysis and also for the H ! ZZ(⇤) ! 4` [74] and H ! �� [75] analyses. The lack of
mass resolution in the H!WW (⇤)! `⌫`⌫ final state for low mH can be seen clearly in contrast to the
H ! ZZ(⇤) ! 4` and H ! �� final states, but the best-fit values of µ and mH are in reasonable
agreement for all three analyses.

Figure 10a shows the observed local p0 compared to the one expected in the presence of a signal
at mH = 125 GeV and Figure 10b presents the expected and observed CLs limits. The expected 95%
CLs limit on �/�SM excludes a SM Higgs boson with a mass larger than 127 GeV. However, due to
the observed excess of events the observed excluded CLs lower limit is only at 139 GeV.

21

Signal strength Hàlνlν (13 fb-1)	
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Figure 6: Transverse mass, mT, distribution in the H+ 0-jet (top) and H+ 1-jet (bottom) channels,
for events satisfying all criteria. The plots on the left show the events with a leading electron and the
plots on the right show the events with a leading muon. The expected signal for a SM Higgs boson
with mH = 125 GeV is added on top of the estimated total background. The W+jets background is
estimated from data and WW, top and Z/�⇤ ! ⌧⌧ backgrounds are scaled to use the normalisation
derived from the corresponding control regions as described in the text. The hashed area indicates the
total uncertainty on the total prediction.

expectations is shown here.

6.2 Fit results and signal extraction

The statistical analysis of the data employs a binned likelihood L(µ, ✓) constructed as the product of
Poisson probability terms in each lepton flavour channel. A “signal strength” parameter µ multiplies
the expected Standard Model Higgs boson production signal in each bin. Signal and background
predictions depend on systematic uncertainties that are parametrised by nuisance parameters ✓, which
in turn are constrained using Gaussian functions. The expected signal and background event counts
in each bin are functions of ✓. The parametrisation is chosen such that the rates in each channel are
log-normally distributed for a normally distributed ✓.

The mH-dependent mT thresholds used in Table 5 are not used in the likelihood. Instead, the mT
distribution of events satisfying all of the criteria up to and including the ��`` requirement is fit using
the binned likelihood, with the H+ 0-jet ( H+ 1-jet) signal regions subdivided into five (three) mT
bins. The use of the mT fit in place of a selection of events in a range of mT increases the sensitivity
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Table 7: Dominant contributions to the relative uncertainty on the measured signal strength for mH =

125 GeV. The total relative uncertainty is also given. The large uncertainty on the signal strength from
WW normalisation is due to the significant size of this background in comparison with the signal.

Source Upward uncertainty (%) Downward uncertainty (%)

Statistical uncertainty +23 -22
Signal yield (� · B) +14 -9
Signal acceptance +9 -6
WW normalisation, theory +20 -20
Other backgrounds, theory +9 -9
W+jets fake rate +11 -12
Experimental + bkg subtraction +14 -11
MC statistics +8 -8
Total uncertainty +41 -38
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Figure 8: Combined H+ 0-jet and H+ 1-jet results, using 13.0 fb�1 of 8 TeV data. Left: observed
(solid line) probability for the background-only scenario as a function of mH . The dashed line shows
the corresponding expectation for the signal+background hypothesis at the given value of mH . Right:
fitted signal strength parameter (µ) as a function of mH for the low mass range. The expected result
for an injected signal with mH = 125 GeV (continuous red line) is included for comparison. The
uncertainty on µ corresponds to the two crossings at �2ln�(µ) = 1.

reduces the expected significance at mH = 125 GeV to p0 = 0.04 or 1.7 standard deviations. The ob-
served significance in this variant of the analysis reaches a minimum of p0 = 2 ⇥ 10�3, equivalent to
2.9 standard deviations, at mH = 125 GeV. The signal strength obtained with the counting experiment
is µ = 1.7+0.7

�0.6 at mH = 125 GeV.
Figure 9 shows the two-dimensional likelihood contours for a simultaneous scan of µ and mH ,

for this analysis and also for the H ! ZZ(⇤) ! 4` [74] and H ! �� [75] analyses. The lack of
mass resolution in the H!WW (⇤)! `⌫`⌫ final state for low mH can be seen clearly in contrast to the
H ! ZZ(⇤) ! 4` and H ! �� final states, but the best-fit values of µ and mH are in reasonable
agreement for all three analyses.

Figure 10a shows the observed local p0 compared to the one expected in the presence of a signal
at mH = 125 GeV and Figure 10b presents the expected and observed CLs limits. The expected 95%
CLs limit on �/�SM excludes a SM Higgs boson with a mass larger than 127 GeV. However, due to
the observed excess of events the observed excluded CLs lower limit is only at 139 GeV.
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Table 6: Leading systematic uncertainties on the predicted numbers of signal (mH = 125 GeV) and
background events for the H+ 0-jet and H+ 1-jet analyses, relative to the total signal and background
expectations. The same mT criteria as in Table 5 are imposed. All numbers are summed over lepton
flavours. The renormalisation and factorisation scale uncertainties quoted for the ggF signal are calcu-
lated for cross sections inclusive in jet multiplicity and redistributed to exclusive jet multiplicity bins
as explained in Section 5, and are quoted relative to the total signal yield from all processes. Note
also that the uncertainty from the 1-jet inclusive ggF cross section is anti-correlated between the zero
and one jet analyses, and in practice represents the uncertainty on the relative normalisations of the
signal in the exclusive zero and one jet final states. Some uncertainties are grouped di↵erently than in
Table 5 to reflect the treatment of correlations. For example, most object uncertainties are correlated
between the signal and all backgrounds. Sources of uncertainty that are negligible or not applicable
in a particular column are marked with a ‘-’.

Source (0-jet) Signal (%) Bkg. (%)

Inclusive ggF signal ren./fact. scale 13 -
1-jet incl. ggF signal ren./fact. scale 10 -
PDF model (signal only) 8 -
QCD scale (acceptance) 4 -
Jet energy scale and resolution 4 2
W+jets fake factor - 5
WW theoretical model - 5

Source (1-jet) Signal (%) Bkg. (%)

1-jet incl. ggF signal ren./fact. scale 26 -
2-jet incl. ggF signal ren./fact. scale 15 -
Parton shower/ U.E. model (signal only) 10 -
b-tagging e�ciency - 11
PDF model (signal only) 7 -
QCD scale (acceptance) 4 2
Jet energy scale and resolution 1 3
W+jets fake factor - 5
WW theoretical model - 3

the nuisance parameter values that maximise the likelihood for a given µ. This test statistic is used to
compute the probability (p0) that a background fluctuation is more signal-like than the observed data,
and to calculate the exclusion limits following the modified frequentist method known as CLs [71,72].

Figure 8 shows the expected and observed p0 value, over the range 90 < mH < 200 GeV, and
the fitted signal strength µ for the combined H+ 0-jet and H+ 1-jet analyses. An excess of events is
observed over the expected background, reflected by the low observed p0 and a fitted µwhich deviates
from zero. Due to the limited mass resolution in the H!WW (⇤)! `⌫`⌫ channel, the p0 distribution
is rather flat around mH = 125 GeV. The observed value of p0 at mH = 125 GeV is 4 ⇥ 10�3,
corresponding to 2.6 standard deviations. The minimum value of p0, found at mH = 111 GeV, is
3 ⇥ 10�3, which corresponds to 2.8 standard deviations. The expected p0 for a Standard Model Higgs
boson with mH = 125 GeV is 0.03 or 1.9 standard deviations.

The fitted signal strength µ, shown in Figure 8b, is

µ = 1.48+0.35
�0.33 (stat)+0.41

�0.36 (syst theor) +0.28
�0.27 (syst exp) ± 0.05 (lumi) ,

or 1.5 ± 0.6, at mH = 125 GeV. The increase of the fitted signal strength at lower mH is due to
the decreasing expected � · B for the signal. The di↵erent components of the total uncertainty of
the measured signal strength are presented in Table 7. The dominant systematic uncertainty arises
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8.2 Signal strength and mass measurement

The global signal strength factor µ acts as a scale factor on the total number of events predicted by the
Standard Model for each of the Higgs boson signal processes. In Fig. 14(a) µ is presented as a function
of mH for the combination of the two data samples. The corresponding result in the case where a SM
Higgs boson signal of mH = 125 GeV is added to simulated background events is shown in Fig. 14(b).
The bands illustrate the µ interval of the test statistic �2 ln �(µ) < 1, where � is the profile likelihood
ratio, and represent an approximate ±1� variation. The fitted signal strength divided by the expected SM
rate is denoted by µ. The expected µ has an asymmetric shape and because the expected SM rate rises
rapidly with increasing mH in the low mass region, the expected µ is increased below the injected signal
mass and slightly exceeds one over a small mass range.

Figure 15(a) shows the profile likelihood as a function of mH for the combined 2011 and 2012 data
samples. The profile likelihood is shown both with (solid curve) the mass scale systematics from elec-
trons MSS(e) and from muons MSS(µ) and without MSS(e) and MSS(µ) (dashed curve). Figure 15(b)
presents the best µ and mH fit values and the profile likelihood ratio contours that, in the asymptotic
limit, would correspond to 68% and 95% confidence levels, again shown both with (dark dashed curve)
MSS(e) and MSS(µ) and without (lighter dashed curve). The value of the signal strength µ at the best fit
for mH (123.5 GeV) is 1.3+0.5

�0.4. For a value of mH = 126 GeV, µ = 0.8+0.4
�0.3.

The value for the fitted mass from the profile likelihood is 123.5 ± 0.9 (stat) ± 0.3 (syst) GeV, where
the systematic uncertainty is dominated by the energy and momentum scale uncertainties. An estimate
of the statistical uncertainty on the mass has been evaluated using pseudo-experiments and is found to
increase the asymptotic estimate by 60 MeV, as can be seen in Fig. 16, and is included in the statistical
uncertainty above.
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Figure 14: (a) The signal strength parameter µ = �/�S M obtained from a fit to the data is presented
for the combined fit to the 2011 and 2012 data samples. (b) The signal strength µ is shown as a func-
tion of mH when a simulated SM Higgs boson signal with mH = 125 GeV is injected onto simulated
backgrounds.
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Figure 15: (a) The profile likelihood as a function of mH for the 2011 and 2012 combined data samples.
The profile likelihood is shown both with (solid) the mass scale systematics from electrons (MSS(e)) and
from muons (MSS(µ)) and without (dashed), i.e. with the corresponding nuisance parameters fixed to
their best fit values. The 68% CL uncertainty is determined by the points where the profile likelihood
curve crosses 1. (b) Likelihood ratio contours in the µ, mH plane that, in the asymptotic limit, correspond
to 68% and 95% level contours, again shown with (dark dashed) and without (lighter dashed) MSS(e)
and MSS(µ).

 [GeV]Hm
122.5 123 123.5 124 124.5 125

Λ
-2

 ln
 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

asymptotic (all systematics)
calibrated 68%
MC pseudo−experiment
statistical uncertainty

PreliminaryATLAS 
-1Ldt = 4.6 fb∫ = 7 TeV:  s

-1Ldt = 13.0 fb∫ = 8 TeV:  s

2011 + 2012 Data
 4l→ (*) ZZ→H 

Figure 16: For the calibration of the uncertainty for the 2011 and 2012 data combined, the 68% CL
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•  Incresead sensitivity from 
2 additional  VH categories 
(2jet, lepton) 
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VBF/ggF ratio combined & by channel 

•  Double ratio allow a comparison between different channels to check 
consistency of production mechanism predictions (decay BR cancels) 
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•  Signal strength vary by less than 10% for 123.5< mH < 126.5 
•  Mass scale systematics and large signal significance 

responsible for flat dependence of µ from mH 
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Figure 9: (a) The combined best-fit signal strength µ̂ as a function of mH and (b) the local probability

p0 for a background-only experiment to be more signal-like than the observation as a function of mH

shown once with (black line) and once without (red line) mass scale systematic uncertainties. As shown

in previous publications, see Ref. [1], the asymptotic approximation estimate of the p0 is less accurate in

the presence of mass scale systematic uncertainties. In Ref. [1] the p0 value obtained with the asymptotic

approximation and including mass scale systematic uncertainties was found to be lower (the significance

is higher by approximately 0.1 standard deviations) than the one obtained with Monte Carlo ensemble

tests including the mass scale systematic uncertainties.
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