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Abstract

This note presents an update of the measurements of the properties of the newly dis-
covered boson using the full pp collision data sample recorded by the ATLAS experi-
ment at the LHC for the channels H� ��, H�ZZ(�)� 4� and H�WW (�)� ����, cor-
responding to integrated luminosities of up to 4.8 fb�1 at

�
s = 7 TeV and 20.7 fb�1 at�

s = 8 TeV. The combination also includes results from the H � �� and H � bb̄ channels
based on pp collision data corresponding to an integrated luminosity of up to 4.7 fb�1 at�

s = 7 TeV and 13 fb�1 at
�

s = 8 TeV. The combined signal strength is determined to
be µ = 1.30 ± 0.13 (stat) ± 0.14 (sys) at a mass of 125.5 GeV. The cross section ratio be-
tween vector boson mediated and gluon (top) initiated Higgs boson production processes is
found to be µVBF+VH/µggF+tt̄H = 1.2+0.7

�0.5, giving more than 3� evidence for Higgs-like boson
production through vector-boson fusion. Measurements of relative branching fraction ratios
between the H� ��, H� ZZ(�)� 4� and H�WW (�)� ���� channels, as well as combined
fits testing the fermion and vector coupling sector, couplings to W and Z and loop induced
processes of the Higgs-like boson show no significant deviation from the Standard Model
expectation.

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.
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Talk Overview

i. Higgs Boson Production and decay
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iii. Combining Mass measurements from H ! �� & H ! ZZ⇤

iv. Combining Coupling measurements for all search channels
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vi. Summary & Conclusions
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i.a Higgs Boson Production

Existence of Higgs field essential for mass genera-
tion of Weak vector bosons + quarks & leptons in
Standard Model

#
Spontaneous symmetry breaking in Higgs Mecha-
nism produces new scalar particle: the Higgs boson

i.a Higgs Boson Production

Existence of Higgs field essential for mass genera-
tion of quarks & fermions in Standard Model

#
Spontaneous symmetry breaking in Higgs Mech-
anism produce new scalar particle: the Higgs boson

#
In pp collisions Higgs Boson produces via gg ! H,
VBF, ZH, WH & ttH
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In pp collisions Higgs Boson produces via gg ! H,
VBF, ZH, WH & ttH

Cross section for various mH at
p

s = 8 TeV:
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i.b Higgs Boson Decay & Discovery

Higgs Boson decays after 10�10 � 10�13 ps into other SM particles

Branching fractions for Higgs decay:
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ATLAS Search Channels

* H ! bb̄ for VH

* H ! ⌧+⌧�

* H ! µ+µ�

* H ! ��

* H ! Z�

* H ! WW (⇤)

* H ! ZZ (⇤)

Last year, 4th of July ATLAS and CMS announced discovery of new boson
#

Couplings and spin (see talk of Roberto Di Nardo) seem compatible with SM
Higgs boson
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ii. ATLAS Detector & Large Hadron Collider

ATLAS is multipurpose detector
focus: Higgs, EW, BSM, B physics

Multilayered EM & Hadronic calorimeter

excellent Tracking & Muon detection

Very successful 2011& 2012 run:
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24.9/fb integrated luminosity good for physics ATLAS detector & arial picture of the LHC
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iii.a Combining Mass measurements of H ! �� & H ! ZZ⇤

Two measurements w/ good mass resolution:

H ! �� & H ! ZZ⇤ ! 4`

H ! �� H ! ZZ⇤ ! 4`
Higgs Mass [GeV] 126.8 ± 0.2 ± 0.7 124.3+0.6

�0.5
+0.5
�0.3

First error is statistical, second systematic.

Can combine both measurements under the
assumption of a single resonance:

#

Profile likelihood for combination

⇤(mH ) =
L(mH )

L(bmH )

with the full likelihood contours from the in-
dividual measurements in mH & µ, taking into
account correlated systematics.

of them fails the transverse impact parameter selection.
This procedure allows the t  t and Z+ jets backgrounds to
be estimated simultaneously from a fit to the m12 distri-
bution.

To determine the reducible �� + ee background, a
CR is formed by relaxing the selection criteria for the
electrons of the sub-leading pair: each of these elec-
trons is then classified as “electron–like” or “fake–like”
based on requirements on appropriate discriminating
variables [102]. The numbers of events with di�erent
combinations of “electron–like” or “fake–like” objects
are then used to estimate the true composition of the
CR (in terms of isolated electrons, non-prompt electrons
from heavy-flavour decays, electrons from photon con-
versions and jets misidentified as electrons), from which
the expected yields in the signal region can be obtained
using transfer factors from the MC simulation.

Similar techniques are used to determine the back-
grounds for the VBF–like and VH–like categories.

5.4. Systematic uncertainties
The dominant sources of systematic uncertainty af-

fecting the H � ZZ� 8 TeV analysis are listed in Table 6
(see Ref. [2] for the 7 TeV analysis). Lepton reconstruc-

Table 6: FormH = 125 GeV and the 8 TeV data analysis, the impact of
the main sources of systematic uncertainty specific to the H � ZZ�
channel on the signal yield, estimated reducible background, event
migration between categories and mass measurement. Uncertainties
common to all channels are listed in Table 1.

Source Uncertainty (%)
Signal yield 4µ 2µ2e 2e2µ 4e

Muon reconstruction and identification ±0.8 ±0.4 ±0.4 -
Electron reconstruction and identification - ±8.7 ±2.4 ±9.4

Reducible background (inclusive analysis) ±24 ±10 ±23 ±13
Migration between categories

ggF/VBF/VH contributions to VBF–like cat. ±32/11/11
ZZ� contribution to VBF–like cat. ±36
ggF/VBF/VH contributions to VH–like cat. ±15/5/6
ZZ� contribution to VH–like cat. ±30

Mass measurement 4µ 2µ2e 2e2µ 4e
Lepton energy and momentum scale ±0.2 ±0.2 ±0.3 ±0.4

tion, identification and selection e�ciencies, as well as
energy and momentum resolutions and scales, are de-
termined using large control samples from the data, as
described in Section 2. Only the electron uncertainty
contributes significantly to the uncertainty on the signal
yield.

The background uncertainty is dominated by the un-
certainty on the transfer factors from the CRs to the sig-
nal region and the available number of events in the con-
trol regions.

The uncertainty on the population of the various cate-
gories (migration) comes mainly from the knowledge of

the theoretical cross sections for the various production
processes, the modelling of the underlying event and the
the knowledge of the jet energy scale.

The H � ZZ� � 4� mass measurement is dis-
cussed in Section 7.2. The main sources contributing
to the electron energy scale uncertainty are described
in Section 4.4; the largest impact (±0.4%) is on the 4e
final state. Systematic uncertainties from the knowl-
edge of the muon momentum scale (discussed in detail
in Ref. [100]) are smaller. Mass scale uncertainties re-
lated to FSR and background contamination are below
±0.1%.
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Figure 3: The distribution of the four-lepton invariant mass, m4� , for
the selected candidates in the data. The estimated background, as
well as the expected SM Higgs boson signal for mH = 124.3 GeV
(scaled by the signal strength obtained from fits to the data), are also
shown. The single-resonant peak at m4� � 90 GeV includes contribu-
tions from s-channel Z/�� and t-channel (Z�/��)(Z�/��) production.

5.5. Results
The reconstructed four-lepton mass spectrum after

all selections of the inclusive analysis is shown in
Fig. 3. The data are compared to the (scaled) ex-
pected Higgs boson signal for mH = 124.3 GeV and
to the estimated backgrounds. At the maximum devi-
ation from the background-only expectation (occurring
at mH = 124.3 GeV), the significance of the observed
peak is 6.6� for the combined 7 TeV and 8 TeV data,
to be compared with 4.4� expected from SM Higgs bo-
son production at this mass. This result establishes a
discovery-level signal in the 4� channel alone.

Table 7 presents the numbers of observed and ex-
pected events in the peak region. Out of a total of
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Figure 2: Invariant mass distribution of diphoton candidates after all
selections of the inclusive analysis for the combined 7 TeV and 8 TeV
data. The result of a fit to the data with the sum of a SM Higgs boson
signal (withmH = 126.8 GeVand free signal strength) and background
is superimposed. The residuals of the data with respect to the fitted
background are displayed in the lower panel.

4.5. Results
The diphoton invariant mass distribution after selec-

tions for the full data sample is shown in Fig. 2. At the
maximum deviation from the background-only expec-
tation, which occurs for mH � 126.5 GeV, the signif-
icance of the observed peak is 7.4� for the combined
7 TeV and 8 TeV data and the category-based analysis
(compared with 4.3� expected from SM Higgs boson
production at this mass), which establishes a discovery-
level signal in the �� channel alone. Table 5 lists the

Table 5: For the H � �� analysis of the
�
s = 8 TeV data, the num-

bers of events observed in the data (ND), the numbers of background
events (NB) estimated from fits to the data, and the expected SM Higgs
boson signal (NS ) for mH = 126.8 GeV, split by category. All num-
bers are given in a mass window centred at mH = 126.8 GeV and con-
taining 90% of the expected signal (the size of this window changes
from category to category and for the inclusive sample). The predicted
numbers of signal events in each of the ggF, VBF, WH, ZH and t  tH
processes are also given.

Category ND NB NS ggF VBF WH ZH t  tH
Untagged 14248 13582 350 320 19 7.0 4.2 1.0
Loose high-mass two-jet 41 28 5.0 2.3 2.7 < 0.1 < 0.1 < 0.1
Tight high-mass two-jet 23 13 7.7 1.8 5.9 < 0.1 < 0.1 < 0.1
Low-mass two-jet 19 21 3.1 1.5 < 0.1 0.92 0.54 < 0.1
Emiss

T significance 8 4 1.2 < 0.1 < 0.1 0.43 0.57 0.14
Lepton 20 12 2.7 < 0.1 < 0.1 1.7 0.41 0.50
All categories (inclusive) 13931 13205 370 330 27 10 5.8 1.7

observed number of events in the main categories, the
estimated background from fits to the data (described in

Section 4.3), and the predicted signal contributions from
the various production processes.

Additional interpretation of these results is presented
in Section 7.

5. The H� ZZ�� 4� channel

Despite the small branching ratio, this channel pro-
vides good sensitivity to Higgs boson studies, e.g. to
the coupling to Z bosons, mainly because of the large
signal-to-background ratio.

Events are required to have two pairs of same-flavour,
opposite-charge, isolated leptons: 4e, 2e2µ, 2µ2e, 4µ
(where final states with two electrons and two muons
are ordered by the flavour of the dilepton pair with mass
closest to the Z-boson mass). The largest background
comes from continuum (Z(�)/��)(Z(�)/��) production,
referred to hereafter as ZZ�. Important contributions
arise also from Z + jets and t  t production, where two
of the charged lepton candidates can come from decays
of hadrons with b- or c-quark content, misidentification
of light-quark jets, and photon conversions.

The analysis presented here is largely the same as that
described in Ref. [100] with only minor changes. The
electron identification is tightened in the 8 TeV data to
improve the background rejection for final states with
a pair of electrons forming the lower-mass Z� boson.
The mass measurement uses a constrained fit to the Z
mass to improve the resolution. The lepton pairing is
modified to reduce the mis-pairing in the 4µ and 4e fi-
nal states, and the minimum requirement on the mass
of the second Z� boson is relaxed. Final-state radiation
(FSR) is included in the reconstruction of the first Z(�) in
events containing muons. Finally, a classification which
separates Higgs boson candidate events into ggF–like,
VBF–like and VH–like categories is introduced.

5.1. Event selection
The data are selected using single-lepton or dilepton

triggers. The pT threshold of the single-muon trigger is
24 GeV (18 GeV) in 2012 (2011) and the ET threshold
of the single-electron trigger is 24 GeV (20–22 GeV).
The dielectron trigger threshold is ET = 12 GeV and
the dimuon trigger threshold is pT = 13 GeV (10 GeV
in 2011) for both leptons. In addition, an asymmetric
dimuon trigger and electron–muon triggers are used as
described in Ref. [100]. The e�ciency for events pass-
ing the o�ine analysis cuts to be selected by at least one
of the above triggers is between 97% and 100%.

Muon and electron candidates are reconstructed as
described in Section 2. In the region |�| < 0.1, which

7

Diphoton and 4` mass spectra
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iii.b Combining Mass measurements from H ! �� & H ! ZZ⇤

Combined mass maximizing test statstics:

mH = 125.5 ± 0.2+0.5
�0.6 GeV

To test the consistency between both measure-
ments a modified test statistic can be used.

#

�mH = m��
H � m4`

H

�mH = 2.3+0.6
�0.7 ± 0.6 GeV

Compatibility with �mH of the level of 1.5%
(2.4�), tension between both measurements
Assuming non-gaussian uncertainties for the 3 principal systematic

uncertainties (Z ! ee calibration/extrapolation, material upstream

& energy scale of presampler detector) improves compatibility to 8%.

to vary independently between the two channels (treating both signal strengths as nuisance parameters),

while the ratios of the cross sections of the di�erent production modes within each channel are fixed to

the SM values. The leading source of systematic uncertainty in the mass estimate comes from the mass

scale systematic uncertainties [8–10]. Figure 1 shows the profile likelihood ratio as a function of mH for

the H� �� and H� ZZ(�)� 4� channels and their combination. The combined mass is measured to be

mH = 125.5 ± 0.2 (stat) +0.5�0.6 (sys) GeV . (4)
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Figure 1: The profile likelihood ratio �2 ln�(mH) as a function ofmH for the H� �� and H�ZZ(�)� 4�
channels and their combination, obtained by allowing the signal strengths µ�� and µ4� to vary indepen-
dently. The dashed line shows the statistical component of the mass measurement uncertainty.

4.2 Consistency of the mass determinations from H� �� and H�ZZ(�)� 4�
For the previous combination reported in Ref. [8] the compatibility of the two mass measurements was

0.8% (2.7�). To assess the consistency of the updated measurements, a likelihood function in which
the mass parameters m

��
H
and m4�H vary independently is considered first. Figure 2(a) shows likelihood

contours in m
��
H and m

4�
H around the two best-fit mass values and the line m̂H = m̂

��
H = m̂

4�
H . The

largest correlation between the measurements is the overall e/� energy scale from the Z � e+e� based
calibration. The mass consistency between the muon and electron final states in the H�ZZ(�)� 4�
channel causes a � 0.8� adjustment in the overall e/� energy scale which induces an approximate
350MeV downward shift ofm

��
H
in the combination, with respect to the value measured from this channel

alone.

To quantify the consistency between the measured m
��
H
and m4�H values, a likelihood function is con-

sidered for the mass di�erence �mH = m
��
H � m4�H , with the average mass mH profiled in the fit:

�(�mH) =
L
�
�mH , ˆ̂µ��(�mH) , ˆ̂µ4�(�mH) , ˆ̂mH(�mH) ,

ˆ̂�(�mH)
�

L(�̂mH , µ̂��, µ̂4�, m̂H , �̂)
. (5)

This allows the hypothesis �mH = 0 to be tested. The signal strengths µ�� and µ4� are again treated
as independent nuisance parameters. The likelihood is shown in Figure 2(b) as a function of the mass
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Figure 2: (a) Likelihood contours as a function of m
��
H
and m4�H . (b) Likelihood as a function of the mass

di�erence, �mH = m
��
H � m4�H , profiling over the common mass mH . In both cases the signal strength

parameters µ�� and µ4� are allowed to vary independently. In (a) the masses are considered as two
independent parameters of interest (2-dimensional contours) while in (b) only one parameter of interest,

the mass di�erence, is considered (1-dimensional variation of the likelihood).

di�erence. The estimated H� �� and H�ZZ(�)� 4� mass di�erence is

�m̂H = m̂
��
H � m̂4�H = 2.3+0.6�0.7 (stat) ± 0.6 (sys) GeV , (6)

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

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

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

measured values is discussed.

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

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

0 hypothesis by more than observed in the data is found to be at the level of 1.2% (2.5�) using the
asymptotic approximation assumption, and 1.5% (2.4�) using Monte Carlo ensemble tests.2 Further
checks, assuming the SM signal strengths for H� �� and H�ZZ(�)� 4�, or constraining the ensemble
of pseudo-experiments to the observed signal strengths, yield similar probabilities, since µ and mH are
largely uncorrelated.

The significance of the mass di�erence is also tested using rectangular pdfs for the systematic energy

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

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

di�erence. The overall mass di�erence is thus decreased by an amount corresponding to the linear sum

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

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

2Here 2-sided probabilities are used as both cases, m
��
H > m

4�
H and m

��
H < m

4�
H , are considered.

6
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iv.a Combining Coupling measurements

Signal strength combination from

H ! ��, H ! ZZ⇤ ! 4`, H ! WW ⇤ ! `⌫`⌫
#

Can combine both measurements under the
assumption of a single resonance:

#

Profile likelihood for combination

⇤(µ) =
L(µ)

L(bµ)

Coupling strength µ = �measured/�SM

H ! �� H ! ZZ⇤ ! 4` H ! WW⇤ ! `⌫`⌫
µ 1.6 ± 0.3 1.4 ± 0.4 1.0 ± 0.3

Evaluated at mH = 125.5 GeV

Table 9: For the H�WW�� ���� analysis of the 8 TeV data, the
numbers of events observed in the data and expected from signal
(mH = 125.5 GeV) and backgrounds inside the transverse mass re-
gions 0.75mH <mT <mH for Njet � 1 and mT < 1.2mH for Njet � 2.
All lepton flavours are combined. The total background as well as its
main components are shown. The quoted uncertainties include the sta-
tistical and systematic contributions, and account for anticorrelations
between the background predictions.

Njet = 0 Njet = 1 Njet � 2
Observed 831 309 55
Signal 100±21 41± 14 10.9±1.4
Total background 739±39 261±28 36±4
WW 551±41 108±40 4.1±1.5
Other VV 58±8 27± 6 1.9±0.4
Top-quark 39±5 95± 28 5.4±2.1
Z+jets 30±10 12± 6 22±3
W+jets 61±21 20± 5 0.7±0.2

those used to normalise the backgrounds, illustrates the
quality of the background estimates. The expected num-
bers of signal and background events at 8 TeV are pre-
sented in Table 9. The VBF process contributes 2%,
12% and 81% of the predicted signal in the Njet = 0, = 1,
and � 2 final states, respectively. The total number of
observed events in the same mT windows as in Table 9
is 218 in the 7 TeV data and 1195 in the 8 TeV data.
An excess of events relative to the background-only

expectation is observed in the data, with the maxi-
mum deviation (4.1�) occuring at mH = 140 GeV. For
mH = 125.5 GeV, a significance of 3.8� is observed,
compared with an expected value of 3.8� for a SM
Higgs boson.
Additional interpretation of these results is presented

in Section 7.

7. Higgs boson property measurements

The results from the individual channels described in
the previous sections are combined here to extract infor-
mation about the Higgs boson mass, production proper-
ties and couplings.

7.1. Statistical method
The statistical treatment of the data is described in

Refs. [111–115]. Hypothesis testing and confidence in-
tervals are based on the profile likelihood ratio [116]
�(�). The latter depends on one or more parameters of
interest �, such as the Higgs boson production strength
µ normalised to the SM expectation (so that µ = 1 cor-
responds to the SM Higgs boson hypothesis and µ = 0
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Figure 5: The transverse mass distributions for events passing the full
selection of the H�WW�� ���� analysis: (a) summed over all lep-
ton flavours for final states with Njet � 1; (b) di�erent-flavour final
states with Njet � 2. The signal is stacked on top of the background,
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with respect to the estimated background are shown, compared to the
expected mT distribution of a SM Higgs boson.
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Table 9: For the H�WW�� ���� analysis of the 8 TeV data, the
numbers of events observed in the data and expected from signal
(mH = 125.5 GeV) and backgrounds inside the transverse mass re-
gions 0.75mH <mT <mH for Njet � 1 and mT < 1.2mH for Njet � 2.
All lepton flavours are combined. The total background as well as its
main components are shown. The quoted uncertainties include the sta-
tistical and systematic contributions, and account for anticorrelations
between the background predictions.

Njet = 0 Njet = 1 Njet � 2
Observed 831 309 55
Signal 100±21 41± 14 10.9±1.4
Total background 739±39 261±28 36±4
WW 551±41 108±40 4.1±1.5
Other VV 58±8 27± 6 1.9±0.4
Top-quark 39±5 95± 28 5.4±2.1
Z+jets 30±10 12± 6 22±3
W+jets 61±21 20± 5 0.7±0.2

those used to normalise the backgrounds, illustrates the
quality of the background estimates. The expected num-
bers of signal and background events at 8 TeV are pre-
sented in Table 9. The VBF process contributes 2%,
12% and 81% of the predicted signal in the Njet = 0, = 1,
and � 2 final states, respectively. The total number of
observed events in the same mT windows as in Table 9
is 218 in the 7 TeV data and 1195 in the 8 TeV data.
An excess of events relative to the background-only

expectation is observed in the data, with the maxi-
mum deviation (4.1�) occuring at mH = 140 GeV. For
mH = 125.5 GeV, a significance of 3.8� is observed,
compared with an expected value of 3.8� for a SM
Higgs boson.
Additional interpretation of these results is presented

in Section 7.

7. Higgs boson property measurements

The results from the individual channels described in
the previous sections are combined here to extract infor-
mation about the Higgs boson mass, production proper-
ties and couplings.

7.1. Statistical method
The statistical treatment of the data is described in

Refs. [111–115]. Hypothesis testing and confidence in-
tervals are based on the profile likelihood ratio [116]
�(�). The latter depends on one or more parameters of
interest �, such as the Higgs boson production strength
µ normalised to the SM expectation (so that µ = 1 cor-
responds to the SM Higgs boson hypothesis and µ = 0
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and in (b) is shown separately for the ggF and VBF production pro-
cesses. The hatched area represents the total uncertainty on the sum
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theoretical sources. In the lower part of (a), the residuals of the data
with respect to the estimated background are shown, compared to the
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iv.b Combining Coupling measurements

Combined signal strength results for µ and µVBF+VH/µggF+ttH:

±3% variation of µ. The consistency between this mea-
surement and the SM Higgs boson expectation (µ = 1)
is about 7%; the use of a flat likelihood for the ggF QCD
scale systematic uncertainty in the quoted ±1� inter-
val yields a similar level of consistency with the µ = 1
hypothesis. The overall compatibility between the sig-
nal strengths measured in the three final states and the
SM predictions is about 14%, with the largest devia-
tion (� 1.9�) observed in the H � �� channel. Good
consistency between the measured and expected signal
strengths is also found for the various categories of the
H � ��, H� ZZ�� 4� and H�WW�� ���� analyses,
which are the primary experimental inputs to the fit dis-
cussed in this section. If the preliminary H � �� [117]
and H � b  b [118] results, for which only part of the
8 TeV dataset is used (13 fb�1), were included, the com-
bined signal strength would be µ = 1.23 ± 0.18.

7.3. Evidence for production via vector-boson fusion
The measurements of the signal strengths described

in the previous section do not give direct information
on the relative contributions of the di�erent production
mechanisms. Furthermore, fixing the ratios of the pro-
duction cross sections for the various processes to the
values predicted by the Standard Model may conceal
tensions between the data and the theory. Therefore,
in addition to the signal strengths for di�erent decay
modes, the signal strengths of di�erent production pro-
cesses contributing to the same decay mode4 are deter-
mined, exploiting the sensitivity o�ered by the use of
event categories in the analyses of the three channels.

The data are fitted separating vector-boson-mediated
processes, VBF and VH, from gluon-mediated pro-
cesses, ggF and ttH, involving fermion (mainly top-
quark) loops or legs.5 Two signal strength parameters,
µggF+ttH = µggF = µttH and µVBF+VH = µVBF = µVH ,
which scale the SM-predicted rates to those observed,
are introduced for each of the considered final states.
The results are shown in Fig. 7. The 95% CL con-
tours of the measurements are consistent with the SM
expectation. A combination of all channels would pro-
vide a higher-sensitivity test of the theory. This can
be done in a model-independent way (i.e. without as-
sumptions on the Higgs boson branching ratios) by
measuring the ratios (µVBF+VH � B/BSM)/(µggF+ttH �

4Such an approach avoids model assumptions needed for a con-
sistent parameterisation of production and decay modes in terms of
Higgs boson couplings.

5Such a separation is possible under the assumption that the kine-
matic properties of these production modes agree with the SM predic-
tions within uncertainties.
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Figure 6: The measured production strengths for a Higgs boson of
massmH =125.5 GeV, normalised to the SM expectations, for diboson
final states and their combination. Results are also given for the main
categories of each analysis (described in Sections 4.2, 5.2 and 6.2).
The best-fit values are shown by the solid vertical lines, with the total
±1� uncertainty indicated by the shaded band, and the statistical un-
certainty by the superimposed horizontal error bars. The numbers in
the second column specify the contributions of the (symmetrised) sta-
tistical uncertainty (top), the total (experimental and theoretical) sys-
tematic uncertainty (middle), and the theory uncertainty (bottom) on
the signal cross section (from QCD scale, PDF, and branching ratios)
alone; for the individual categories only the statistical uncertainty is
given.

B/BSM) for the individual channels and their combina-
tion. The results of the fit to the data with the likeli-
hood �(µVBF+VH/µggF+ttH) are shown in Fig. 8. Good
agreement with the SM expectation is observed for the
individual final states and their combination.

To test the sensitivity to VBF production alone, the
data are also fitted with the ratio µVBF/µggF+ttH . A value

µVBF/µggF+ttH = 1.4+0.4
�0.3 (stat) +0.6

�0.4 (sys) (5)

is obtained from the combination of the three channels
(Fig. 9), where the main components of the system-
atic uncertainty come from the theoretical predictions
for the ggF contributions to the various categories and
jet multiplicities and the knowledge of the jet energy
scale and resolution. This result provides evidence at
the 3.3� level that a fraction of Higgs boson production
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Figure 7: Likelihood contours for the H � ��, H�ZZ�� 4�
and H�WW�� ���� channels in the (µggF+ttH � B/BSM, µVBF+VH �
B/BSM) plane for a Higgs boson mass mH = 125.5 GeV. The
branching-ratio scale factors B/BSM can a priori be di�erent for the
di�erent final states. The sharp lower edge of the H�ZZ�� 4� con-
tours is due to the small number of events in this channel and the
requirement of a positive pdf. The best fits to the data (�) and the
68% (full) and 95% (dashed) CL contours are indicated, as well as the
SM expectation (+).

occurs throughVBF (as Fig. 9 shows, the probability for
a vanishing value of µVBF/µggF+ttH , given the observa-
tion in the data, is 0.04%). The inclusion of preliminary
H � �� results [117], which also provide some sensi-
tivity to this ratio, would give a significance of 3.1�.

7.4. Couplings measurements
Following the approach and benchmarks recom-

mended in Refs. [119, 120], measurements of couplings
are implemented using a leading-order tree-level moti-
vated framework. This framework is based on the fol-
lowing assumptions:

� The signals observed in the di�erent search chan-
nels originate from a single resonance. A mass
of 125.5 GeV is assumed here; the impact of the
uncertainty reported in Eq. (2) on the results dis-
cussed in this section is negligible.

� The width of the Higgs boson is narrow, justifying
the use of the zero-width approximation. Hence
the predicted rate for a given channel can be de-
composed in the following way:

� · B (i� H � f ) =
�i · � f
�H

(6)

where �i is the production cross section through
the initial state i, � f the partial decay width into
the final state f and �H the total width of the Higgs
boson.
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Figure 8: Measurements of the µVBF+VH/µggF+ttH ratios for dibo-
son final states and their combination, for a Higgs boson mass mH
=125.5 GeV. The best-fit values are represented by the solid vertical
lines, with the total ±1� and ±2� uncertainties indicated by the dark-
and light-shaded band, respectively, and the statistical uncertainties
by the superimposed horizontal error bars. The numbers in the second
column specify the contributions of the statistical uncertainty (top),
the total (experimental and theoretical) systematic uncertainty (mid-
dle), and the theoretical uncertainty (bottom) on the signal cross sec-
tion (from QCD scale, PDF, and branching ratios) alone. For a more
complete illustration, the distributions of the likelihood ratios from
which the total uncertainties are extracted are overlaid.

� Only modifications of coupling strengths are con-
sidered, while the tensor structure of the La-
grangian is assumed to be the same as in the Stan-
dard Model. This implies in particular that the ob-
served state is a CP-even scalar.6

The coupling scale factors � j are defined in such a
way that the cross sections � j and the partial decay
widths � j associated with the SM particle j scale with
�2j compared to the SM prediction [119]. With this no-
tation, and with �2H being the scale factor for the to-
tal Higgs boson width �H , the cross section for the
gg � H � �� process, for example, can be expressed
as:

6The spin-CP hypothesis is addressed in Ref. [10].
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Overall signal production strength: µ = 1.33+0.21
�0.18

Evidence for VBF+VH: µVBF+VH/µggF+ttH = 1.4+0.7
�0.5
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iv.c Combining Coupling measurements

Projection in µVBF+VH-µggF+ttH plane:
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Figure 7: Likelihood contours for the H � ��, H�ZZ�� 4�
and H�WW�� ���� channels in the (µggF+ttH � B/BSM, µVBF+VH �
B/BSM) plane for a Higgs boson mass mH = 125.5 GeV. The
branching-ratio scale factors B/BSM can a priori be di�erent for the
di�erent final states. The sharp lower edge of the H�ZZ�� 4� con-
tours is due to the small number of events in this channel and the
requirement of a positive pdf. The best fits to the data (�) and the
68% (full) and 95% (dashed) CL contours are indicated, as well as the
SM expectation (+).

occurs throughVBF (as Fig. 9 shows, the probability for
a vanishing value of µVBF/µggF+ttH , given the observa-
tion in the data, is 0.04%). The inclusion of preliminary
H � �� results [117], which also provide some sensi-
tivity to this ratio, would give a significance of 3.1�.

7.4. Couplings measurements
Following the approach and benchmarks recom-

mended in Refs. [119, 120], measurements of couplings
are implemented using a leading-order tree-level moti-
vated framework. This framework is based on the fol-
lowing assumptions:

� The signals observed in the di�erent search chan-
nels originate from a single resonance. A mass
of 125.5 GeV is assumed here; the impact of the
uncertainty reported in Eq. (2) on the results dis-
cussed in this section is negligible.

� The width of the Higgs boson is narrow, justifying
the use of the zero-width approximation. Hence
the predicted rate for a given channel can be de-
composed in the following way:

� · B (i� H � f ) =
�i · � f
�H

(6)

where �i is the production cross section through
the initial state i, � f the partial decay width into
the final state f and �H the total width of the Higgs
boson.
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Figure 8: Measurements of the µVBF+VH/µggF+ttH ratios for dibo-
son final states and their combination, for a Higgs boson mass mH
=125.5 GeV. The best-fit values are represented by the solid vertical
lines, with the total ±1� and ±2� uncertainties indicated by the dark-
and light-shaded band, respectively, and the statistical uncertainties
by the superimposed horizontal error bars. The numbers in the second
column specify the contributions of the statistical uncertainty (top),
the total (experimental and theoretical) systematic uncertainty (mid-
dle), and the theoretical uncertainty (bottom) on the signal cross sec-
tion (from QCD scale, PDF, and branching ratios) alone. For a more
complete illustration, the distributions of the likelihood ratios from
which the total uncertainties are extracted are overlaid.

� Only modifications of coupling strengths are con-
sidered, while the tensor structure of the La-
grangian is assumed to be the same as in the Stan-
dard Model. This implies in particular that the ob-
served state is a CP-even scalar.6

The coupling scale factors � j are defined in such a
way that the cross sections � j and the partial decay
widths � j associated with the SM particle j scale with
�2j compared to the SM prediction [119]. With this no-
tation, and with �2H being the scale factor for the to-
tal Higgs boson width �H , the cross section for the
gg � H � �� process, for example, can be expressed
as:

6The spin-CP hypothesis is addressed in Ref. [10].
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Figure 9: Likelihood curve for the ratio µVBF/µggF+ttH for the combi-
nation of the H � ��, H�ZZ�� 4� and H�WW�� ���� chan-
nels and a Higgs boson mass mH = 125.5 GeV. The parameter
µVH/µggF+ttH is profiled in the fit. The dashed curve shows the SM
expectation. The horizontal dashed lines indicate the 68% and 95%
CL.

� · B (gg� H � ��)
�SM(gg� H) · BSM(H � ��) =

�2g · �2�
�2H

(7)

In some of the fits, �H and the e�ective scale factors
�� and �g for the loop-induced H � �� and gg � H
processes are expressed as a function of the more fun-
damental factors �W , �Z , �t, �b and �� (only the dominant
fermion contributions are indicated here for simplicity).
The relevant relationships are:

�2g(�b, �t) =
�2t · �ttggH + �2b · �bbggH + �t�b · �tbggH

�ttggH + �
bb
ggH + �

tb
ggH

�2�(�b, �t, ��, �W) =

�
i, j �i� j · �i j��
�
i, j �

i j
��

(8)

�2H =
�

j j=WW� , ZZ� , b  b, ���+,

��, Z�, gg, t  t, c c, s  s, µ�µ+

�2j�
SM
j j

�SM
H

where �i jggH , �i j�� and �SM
f f are obtained from theory [14,

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

profile likelihood ratio �(�), where the � j couplings are
treated either as parameters of interest or as nuisance
parameters, depending on the measurement.

The assumptions made for the various measurements
are summarised in Table 10 and discussed in the next
sections together with the results.

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

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

model 1 in Table 10) assumes one coupling scale fac-
tor for fermions, �F , and one for bosons, �V ; in this sce-
nario, the H � �� and gg � H loops and the total
Higgs boson width depend only on �F and �V , with no
contributions from physics beyond the Standard Model
(BSM). The strongest constraint on �F comes indirectly
from the gg� H production loop.

Figure 10 shows the results of the fit to the data for
the three channels and their combination. Since only
the relative sign of �F and �V is physical, in the follow-
ing �V > 0 is assumed. Some sensitivity to this relative
sign is provided by the negative interference between
the W-boson loop and t-quark loop in the H � �� de-
cay. The data prefer the minimum with positive relative
sign, which is consistent with the SM prediction, but
the local minimum with negative sign is also compati-
ble with the observation (at the � 2� level). The two-
dimensional compatibility of the SM prediction with the
best-fit value is 12%. The 68% CL intervals of �F and
�V , obtained by profiling over the other parameter, are:

�F � [0.76, 1.18] (9)
�V � [1.05, 1.22] (10)

with similar contributions from the statistical and sys-
tematic uncertainties.

In this benchmark model, the assumption of no con-
tributions from new particles to the Higgs boson width
provides strong constraints on the fermion coupling �F ,
as about 75% of the total SM width comes from decays
to fermions or involving fermions. If this assumption is
relaxed, only the ratio �FV = �F/�V can be measured

18

Coupling ratio for VBF production only: µVBF/µggF+ttH = 1.4+0.4
�0.3

+0.6
�0.4

! Evidence at 3.3� for VBF production!
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iv.d Combining Coupling measurements

More detailed study on the Higgs coupling can be done via leading order
tree-level motivated framework.

Assumptions:

i. Single resonance at mH = 125.5 GeV

ii. Narrow width approximation holds, i.e. rates of the process i ! H ! f are given by

� · B =
�i ·�f

�H

with �H the Higgs width, and �f the partial width of the H ! f transition, and �i the cross section for

i ! H production.

iii. No modifications in the tensor structure of the SM Lagrangian,
i.e. Higgs is 0+

Free parameters in the framework: coupling scale factors 2
j ratio of measured over

SM cross section times partial decay width , 2
H the total Higgs width, or double ratios of

the coupling scale factors �ij = i/j .

E.g. the e↵ective couplings of gg ! H ! �� can be written as

(�·B)meas

(�·B)SM =
2
g

2
�

2
H
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iv.e Combining Coupling measurements

Variety of benchmark models with focus on di↵erent observables:

Table 10: Summary of the coupling benchmark models discussed in this paper, where �i j = �i/� j, �ii = �i�i/�H , and the functional dependence
assumptions are: �V = �W = �Z , �F = �t = �b = �� (and similarly for the other fermions), �g = �g(�b, �t), �� = ��(�b, �t , ��, �W ), and �H = �H(�i).
The tick marks indicate which assumptions are made in each case. The last column shows, as an example, the relative couplings involved in the
gg� H � �� process, see Eq. (7), and their functional dependence in the various benchmark models.

Model Probed Parameters of Functional assumptions Example: gg� H � ��
couplings interest �V �F �g �� �H

1 Couplings to
fermions and bosons

�V , �F
� � � � �

�2F · �2�(�F , �V )/�2H(�F , �V )
2 �FV , �VV

� � � �
- �2VV · �2FV · �2�(�FV , �FV , �FV , 1)

3 Custodial symmetry �WZ , �FZ , �ZZ -
� � �

- �2ZZ · �2FZ · �2�(�FZ , �FZ , �FZ , �WZ)
4 �WZ , �FZ , ��Z , �ZZ -

� �
- - �2ZZ · �2FZ · �2�Z

5 Vertex loops �g, �� =1 =1 - -
�

�2g · �2�/�2H(�g, ��)

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

�FV � [0.70, 1.01] (11)
�VV � [1.13, 1.45] (12)

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

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

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

is to extract the ratio of branching ratios normalised to
their SM expectation, �2WZ = B(H � WW�)/B(H �
ZZ�) ·BSM(H � ZZ�)/BSM(H � WW�), from the mea-
sured inclusive rates of the H � WW� and H � ZZ�
channels. A fit to the data with the likelihood �(�WZ),
where µggF+ttH � B(H� ZZ�)/BSM(H � ZZ�) and
µVBF+VH/µggF+ttH are profiled, gives �WZ = 0.81+0.16�0.15.
A more sensitive measurement can be obtained by

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

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

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

�WZ = 0.82 ± 0.15 (13)

and a four-dimensional compatibility of the SM predic-
tion with the best-fit value of 20%.
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The ticks correspond to a certain fixed functional dependence – more details in backup

Model 1: One coupling factors for fermions and
one coupling factor for bosons: F , V

Model 2: Removing the constraint on the Higgs
boson width (i.e. that the measured partial widths have to

saturate the total width) only the rato �FV = F/V

and VV = 2
V /H can be measured.

Model 1 Model 2
F = 0.86+0.32

�0.10 �FV 2 [0.71, 1.01]

V = 1.12+0.07
�0.10 VV 2 [1.13, 1.45]

Compatibility of SM with both model fits: 12%.
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ATLAS 
-1Ldt = 4.6-4.8 fb∫ = 7 TeV  s

-1Ldt = 20.7 fb∫ = 8 TeV  s

 = 125.5 GeVHm

Figure 9: Likelihood curve for the ratio µVBF/µggF+ttH for the combi-
nation of the H � ��, H�ZZ�� 4� and H�WW�� ���� chan-
nels and a Higgs boson mass mH = 125.5 GeV. The parameter
µVH/µggF+ttH is profiled in the fit. The dashed curve shows the SM
expectation. The horizontal dashed lines indicate the 68% and 95%
CL.

� · B (gg� H � ��)
�SM(gg� H) · BSM(H � ��) =

�2g · �2�
�2H

(7)

In some of the fits, �H and the e�ective scale factors
�� and �g for the loop-induced H � �� and gg � H
processes are expressed as a function of the more fun-
damental factors �W , �Z , �t, �b and �� (only the dominant
fermion contributions are indicated here for simplicity).
The relevant relationships are:

�2g(�b, �t) =
�2t · �ttggH + �2b · �bbggH + �t�b · �tbggH

�ttggH + �
bb
ggH + �

tb
ggH

�2�(�b, �t, ��, �W) =

�
i, j �i� j · �i j��
�
i, j �

i j
��

(8)

�2H =
�

j j=WW� , ZZ� , b  b, ���+,

��, Z�, gg, t  t, c c, s  s, µ�µ+

�2j�
SM
j j

�SM
H

where �i jggH , �i j�� and �SM
f f are obtained from theory [14,

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

profile likelihood ratio �(�), where the � j couplings are
treated either as parameters of interest or as nuisance
parameters, depending on the measurement.

The assumptions made for the various measurements
are summarised in Table 10 and discussed in the next
sections together with the results.

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

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

model 1 in Table 10) assumes one coupling scale fac-
tor for fermions, �F , and one for bosons, �V ; in this sce-
nario, the H � �� and gg � H loops and the total
Higgs boson width depend only on �F and �V , with no
contributions from physics beyond the Standard Model
(BSM). The strongest constraint on �F comes indirectly
from the gg� H production loop.

Figure 10 shows the results of the fit to the data for
the three channels and their combination. Since only
the relative sign of �F and �V is physical, in the follow-
ing �V > 0 is assumed. Some sensitivity to this relative
sign is provided by the negative interference between
the W-boson loop and t-quark loop in the H � �� de-
cay. The data prefer the minimum with positive relative
sign, which is consistent with the SM prediction, but
the local minimum with negative sign is also compati-
ble with the observation (at the � 2� level). The two-
dimensional compatibility of the SM prediction with the
best-fit value is 12%. The 68% CL intervals of �F and
�V , obtained by profiling over the other parameter, are:

�F � [0.76, 1.18] (9)
�V � [1.05, 1.22] (10)

with similar contributions from the statistical and sys-
tematic uncertainties.

In this benchmark model, the assumption of no con-
tributions from new particles to the Higgs boson width
provides strong constraints on the fermion coupling �F ,
as about 75% of the total SM width comes from decays
to fermions or involving fermions. If this assumption is
relaxed, only the ratio �FV = �F/�V can be measured

18
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iv.f Combining Coupling measurements

SM custodial symmetry: W & Z couple
identically to Higgs , i.e. �WZ = W /Z = 1

Model 3 & 4: H ! VV & i ! H ! VV

information; Model 4 also includes one degree of freedom

for a potential BSM to H ! ��

Model 3 Model 4
�WZ = 0.81+0.16

�0.15 �WZ = 0.82 ± 0.15

Compatibility of SM with Model 4: 20%.
Calculated using full 4D covariance between determined

values.

Table 10: Summary of the coupling benchmark models discussed in this paper, where �i j = �i/� j, �ii = �i�i/�H , and the functional dependence
assumptions are: �V = �W = �Z , �F = �t = �b = �� (and similarly for the other fermions), �g = �g(�b, �t), �� = ��(�b, �t , ��, �W ), and �H = �H(�i).
The tick marks indicate which assumptions are made in each case. The last column shows, as an example, the relative couplings involved in the
gg� H � �� process, see Eq. (7), and their functional dependence in the various benchmark models.

Model Probed Parameters of Functional assumptions Example: gg� H � ��
couplings interest �V �F �g �� �H

1 Couplings to
fermions and bosons

�V , �F
� � � � �

�2F · �2�(�F , �V )/�2H(�F , �V )
2 �FV , �VV

� � � �
- �2VV · �2FV · �2�(�FV , �FV , �FV , 1)

3 Custodial symmetry �WZ , �FZ , �ZZ -
� � �

- �2ZZ · �2FZ · �2�(�FZ , �FZ , �FZ , �WZ)
4 �WZ , �FZ , ��Z , �ZZ -

� �
- - �2ZZ · �2FZ · �2�Z

5 Vertex loops �g, �� =1 =1 - -
�

�2g · �2�/�2H(�g, ��)

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

�FV � [0.70, 1.01] (11)
�VV � [1.13, 1.45] (12)

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

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

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

is to extract the ratio of branching ratios normalised to
their SM expectation, �2WZ = B(H � WW�)/B(H �
ZZ�) ·BSM(H � ZZ�)/BSM(H � WW�), from the mea-
sured inclusive rates of the H � WW� and H � ZZ�
channels. A fit to the data with the likelihood �(�WZ),
where µggF+ttH � B(H� ZZ�)/BSM(H � ZZ�) and
µVBF+VH/µggF+ttH are profiled, gives �WZ = 0.81+0.16�0.15.
A more sensitive measurement can be obtained by

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

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

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

�WZ = 0.82 ± 0.15 (13)

and a four-dimensional compatibility of the SM predic-
tion with the best-fit value of 20%.
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Model 5: Result for g & � :

g = 1.04 ± 0.14
� = 1.20 ± 0.15

Compatibility of SM with fit: 14%.
Calculated using full 2D covariance between determined

values.

7.4.3. Constraints on production and decay loops
Many BSM physics scenarios predict the existence

of new heavy particles, which can contribute to loop-
induced processes such as gg � H production and
H � �� decay. In the approach used here (benchmark
model 5 in Table 10), it is assumed that the new parti-
cles do not contribute to the Higgs boson width and that
the couplings of the known particles to the Higgs boson
have SM strength (i.e. �i=1). E�ective scale factors �g
and �� are introduced to parameterise the gg � H and
H � �� loops. The results of their measurements from
a fit to the data are shown in Fig. 12. The best-fit values
when profiling over the other parameters are:

�g = 1.04 ± 0.14 (14)
�� = 1.20 ± 0.15 (15)

The two-dimensional compatibility of the SM predic-
tion with the best-fit value is 14%.

γκ
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g
κ
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1.4
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Best fit
68% CL
95% CL

-1Ldt = 20.7 fb∫ = 8 TeV s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV s

, ZZ*, WW*γγ→Combined H

ATLAS

Figure 12: Likelihood contours for the coupling scale factors �� and �g
probing BSM contributions to the H � �� and gg� H loops, assum-
ing no BSM contributions to the total Higgs boson width (benchmark
model 5 in Table 10). The best-fit result (�) and the SM expecta-
tion (+) are also indicated.

7.4.4. Summary
The results of the measurements of the coupling scale

factors discussed in the previous sections, obtained un-
der the assumptions detailed in Section 7.4 and Ta-
ble 10, are summmarised in Fig. 13. The measurements
in the various benchmark models are strongly corre-
lated, as they are obtained from fits to the same exper-
imental data. A simple �2-like compatibility test with
the SM is therefore not meaningful.
The coupling of the new particle to gauge bosons �V

is constrained by several channels, directly and indi-
rectly, at the ±10% level. Couplings to fermions with
a significance larger than 5� are indirectly observed

mainly through the gluon-fusion production process, as-
suming the loop is dominated by fermion exchange. The
ratio of the relative couplings of the Higgs boson to the
W and Z bosons, �W/�Z , is measured to be consistent
with unity, as predicted by custodial symmetry. Under
the hypothesis that all couplings of the Higgs boson to
the known particles are fixed to their SM values, and as-
suming no BSM contributions to the Higgs boson width,
no significant anomalous contributions to the gg � H
and H � �� loops are observed.

Parameter value
-1 0 1

ATLAS

-1Ldt = 4.6-4.8 fb∫ = 7 TeV s
-1Ldt = 20.7 fb∫ = 8 TeV s

 = 125.5 GeVHm

, ZZ*, WW*γγ →Combined H 
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Figure 13: Summary of the measurements of the coupling scale fac-
tors for a Higgs boson with mass mH=125.5 GeV. The best-fit values
are represented by the solid vertical lines, with the ±1� and ±2� un-
certainties given by the dark- and light-shaded band, respectively. For
a more complete illustration, the distributions of the likelihood ra-
tios from which the total uncertainties are extracted are overlaid. The
measurements in the various benchmark models, separated by double
horizontal lines, are strongly correlated.

8. Conclusions

Data recorded by the ATLAS experiment at the
CERN Large Hadron Collider in 2011 and 2012, cor-
responding to an integrated luminosity of up to 25 fb�1
at
�
s = 7 TeV and

�
s = 8 TeV, have been analysed

to determine several properties of the recently discov-
ered Higgs boson using the H � ��, H� ZZ�� 4� and

20
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v.a Di↵erential Cross sections from H ! ��

Di↵erential cross section measurements from H ! ��

Analysis Idea Illustrated
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v.b Di↵erential Cross sections from H ! ��

Higgs pT , helicity angle, and Njets compared with HRes, Powheg+Py8, HJ Minlo+Py8

 [GeV]
γγT

p Particle level 

  [
fb

/G
eV

]
Tp

 / 
d

fid
σd

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
  PreliminaryATLAS

 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

HX) + 8YP+OWHEGP   NLO+PS (H→gg

HX) + 1.0ESHR   NNLO+NNLL (H→gg

Htt + VH  =  VBF + HX

 [GeV]
γγT

p Particle level 
0 20 40 60 80 100 120 140 160 180 200

O
W

H
EG

R
at

io
 to

 P

0

2

*)|θ |cos(Particle level 

*)
|  

[fb
]

θ
 / 

d|
co

s(
fid

σd

0

20

40

60

80

100

120

140

160

180
  PreliminaryATLAS
 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

HX) + 8YP+OWHEGP   NLO+PS (H→gg

HX) + 8YPHJ+INLO M+1j NLO+PS (H→gg

Htt + VH  =  VBF + HX

*)|θ |cos(Particle level 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

O
W

H
EG

R
at

io
 to

 P

0

2

4

6

jetsN Particle level 

  [
fb

]
fid

σ

0

5

10

15

20

25

30

35
  PreliminaryATLAS

 = 8 TeVs, γγ→H

∫ -1 dt = 20.3 fbL

data syst. unc.

HX) + 8YP+OWHEGP   NLO+PS (H→gg

HX) + 8YPHJ+INLO M+1j NLO+PS (H→gg

Htt + VH  =  VBF + HX

jetsN Particle level 
0 1 2 3≥

O
W

H
EG

R
at

io
 to

 P

0

1

2

3 Uncertainties from MCFM

Compatibility with SM predictions:
P-value based on �2 using full experimental + theory covariance

Njets p��T |y��| | cos ��| p j1
T �� j j p�� j j

T

POWHEG 0.54 0.55 0.38 0.69 0.79 0.42 0.50
MINLO 0.44 – – 0.67 0.73 0.45 0.49
HRes 1.0 – 0.39 0.44 – – – –

Table 2: Displayed are the probabilities from �2 tests for the agreement between the unfolded observa-
tion and the theoretical predictions, calculated with the full covariance between bins of the observables.

The observed cross section in the fiducial region is higher than the SM expectation, in agreement
with earlier analyses in the diphoton channel from ATLAS [6]. Within the limited statistics of the mea-
surement, the predicted shapes agree well with the observation. Table 2 quantifies the agreement for all
displayed predictions, by calculating the probabilities of �2 tests for all unfolded observables with respect
to the predictions, taking into account the full covariance between the bins. The probabilities range from
0.38 (|y��| with POWHEG) to 0.79 (p j1

T with POWHEG). The HRes1.0 prediction of p��T , for which the
p-value is 0.39, will soon be superseded by Ref. [63], taking into account the finite quark mass e�ects.
The POWHEG prediction for �� j j is not expected to perform well, because the emission of the second
jet is made purely by the parton shower algorithm, and does not include any angular correlations from
the matrix element. The theoretical uncertainties for large Njets are unnaturally small, because scale vari-
ations do not significantly shift the predictions from the parton shower algorithm. A more-conservative
presentation of the theoretical uncertainties of this distribution is presented in Figure 8 in the Appendix.

Two additional NNLO+NNLL predictions from Refs. [64, 65] for p j1
T are included as well, in Fig-

ure 9.

10 Conclusions

This note presents direct measurements of di�erential cross sections of the Higgs boson in the diphoton
channel, from 20.3 fb-1 of data at

�
s = 8 TeV collected by the ATLAS experiment at the LHC in 2012.

These measurements are performed for the fiducial range of |�| < 2.37 and ET/m�� > 0.35 (0.25) for the
leading (subleading) photon, and with 105 GeV < m�� < 160 GeV. The variables presented describe the
fundamental kinematic properties of the Higgs boson, probe its spin and parity, and test the theoretical
description of QCD in its production. The di�erential cross-sections in seven observables are extracted
by fits to the diphoton invariant mass spectrum: p��T , |y��|, | cos ��|, Njets, p j1

T , �� j j, and p�� j j
T . The jet veto

fraction �Njets=i/�Njets�i is calculated from the Njets distribution. The measured di�erential cross sections
are compared with various theoretical predictions. Within the experimental and theoretical uncertainties,
no significant deviation from the SM expectation is observed.

14

⇤ Statistical limited at this point

! Good agreement with SM
predictions.
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vi.a Summary & Conclusion

* Combination of precision mass measurement from H ! �� & H ! ZZ⇤:

mH = 125.5 ± 0.2+0.5
�0.6 GeV

Seems to disfavor single Higgs-like boson; compatibility with a single resonance is 1.5% or a tension of 2.4�

between both masses is observed, maybe due to strong non-gaussian behavior of systematic uncertainties.

* Overall signal production strength combining H ! ��, H ! ZZ⇤, H ! WW⇤:

µ = 1.33+0.21
�0.18

Observed coupling compatible with SM Higgs

* VBF coupling strength from combination:

µVBF/µggF+ttH = 1.4+0.4+0.6
�0.3�0.4

! Evidence of 3.3� for VBF production of Higgs
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vi.b Summary & Conclusion

* Results with leading order
tree-level motivated framework:

Assumptions Single resonance, 0+, narrow width approx.

* 5 models with focus on di↵erent
observables:

1/2 Couplings to Fermions & Bosons
3/4 Custodial Symmetry

5 Vertex loops

! All determined couplings
compatible with the SM
(p-values ranging from 12-20%)

* Di↵erential cross section
measurements from H ! ��

* 7 observables studied, e.g. Higgs
pT and helicity angle

! All measured distributions
compatible with the SM.

7.4.3. Constraints on production and decay loops
Many BSM physics scenarios predict the existence

of new heavy particles, which can contribute to loop-
induced processes such as gg � H production and
H � �� decay. In the approach used here (benchmark
model 5 in Table 10), it is assumed that the new parti-
cles do not contribute to the Higgs boson width and that
the couplings of the known particles to the Higgs boson
have SM strength (i.e. �i=1). E�ective scale factors �g
and �� are introduced to parameterise the gg � H and
H � �� loops. The results of their measurements from
a fit to the data are shown in Fig. 12. The best-fit values
when profiling over the other parameters are:

�g = 1.04 ± 0.14 (14)
�� = 1.20 ± 0.15 (15)

The two-dimensional compatibility of the SM predic-
tion with the best-fit value is 14%.
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-1Ldt = 20.7 fb∫ = 8 TeV s

-1Ldt = 4.6-4.8 fb∫ = 7 TeV s

, ZZ*, WW*γγ→Combined H

ATLAS

Figure 12: Likelihood contours for the coupling scale factors �� and �g
probing BSM contributions to the H � �� and gg� H loops, assum-
ing no BSM contributions to the total Higgs boson width (benchmark
model 5 in Table 10). The best-fit result (�) and the SM expecta-
tion (+) are also indicated.

7.4.4. Summary
The results of the measurements of the coupling scale

factors discussed in the previous sections, obtained un-
der the assumptions detailed in Section 7.4 and Ta-
ble 10, are summmarised in Fig. 13. The measurements
in the various benchmark models are strongly corre-
lated, as they are obtained from fits to the same exper-
imental data. A simple �2-like compatibility test with
the SM is therefore not meaningful.
The coupling of the new particle to gauge bosons �V

is constrained by several channels, directly and indi-
rectly, at the ±10% level. Couplings to fermions with
a significance larger than 5� are indirectly observed

mainly through the gluon-fusion production process, as-
suming the loop is dominated by fermion exchange. The
ratio of the relative couplings of the Higgs boson to the
W and Z bosons, �W/�Z , is measured to be consistent
with unity, as predicted by custodial symmetry. Under
the hypothesis that all couplings of the Higgs boson to
the known particles are fixed to their SM values, and as-
suming no BSM contributions to the Higgs boson width,
no significant anomalous contributions to the gg � H
and H � �� loops are observed.
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Figure 13: Summary of the measurements of the coupling scale fac-
tors for a Higgs boson with mass mH=125.5 GeV. The best-fit values
are represented by the solid vertical lines, with the ±1� and ±2� un-
certainties given by the dark- and light-shaded band, respectively. For
a more complete illustration, the distributions of the likelihood ra-
tios from which the total uncertainties are extracted are overlaid. The
measurements in the various benchmark models, separated by double
horizontal lines, are strongly correlated.

8. Conclusions

Data recorded by the ATLAS experiment at the
CERN Large Hadron Collider in 2011 and 2012, cor-
responding to an integrated luminosity of up to 25 fb�1
at
�
s = 7 TeV and

�
s = 8 TeV, have been analysed

to determine several properties of the recently discov-
ered Higgs boson using the H � ��, H� ZZ�� 4� and
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