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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→ γγ, H→ZZ(∗)→ 4" and H→WW (∗)→ "ν"ν, 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 → ττ 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 3σ evidence for Higgs-like boson
production through vector-boson fusion. Measurements of relative branching fraction ratios
between the H→ γγ, H→ ZZ(∗)→ 4" and H→WW (∗)→ "ν"ν 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.
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[ATLAS-CONF-2014-009] [Phys. Lett. B 726 (2013) 88]
[ATLAS-CONF-2013-072] [ATLAS-CONF-2013-040]

New: [Mass paper – to be submitted]
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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
√
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 → τ+τ−

* H → µ+µ−

* H → γγ

* H → Zγ

* H →WW (∗)

* H → ZZ (∗)

July 4th 2012: ATLAS and CMS announced discovery of new boson
↓

Searches overview: (see talk of Doug Schouten); Coupling & Spin compatible
with SM Higgs boson

4 / 21



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 period:
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iii.a New! Combined mass measurements for H → γγ & H → ZZ∗

Much improved EM cluster energy correction
via MVA regression & more accurate geometry

→ Largely improved resolution for H → γγ.

Energy scale & resolution extracted from ref-
erence process: Z → ee

Good data & sim. agreement after corrections
linearity and extrapolation to photons checked with other leptonic ref-

erence processes and Z → ``γ events.

Large effort reduced systematic
uncertainties in H → γγ by more
than a factor of two

Bruno Lenzi (CERN) Higgs properties from boson in bosonic decay channels in ATLAS - LHCP 02/06/2014
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iii.b New! Combined mass measurements for H → γγ & H → ZZ∗

Two measurements w/ good mass resolution:

H → γγ & H → ZZ∗ → 4`

H → γγ H → ZZ∗ → 4`
Higgs Mass [GeV] 125.98± 0.42± 0.28 124.51± 0.52± 0.06

Old calibration 126.8± 0.2± 0.7 124.3+0.6
−0.5

+0.5
−0.3

First error is statistical, second systematic.

Combine both measurements under the as-
sumption of a single resonance:

↓

Profile likelihood for combination

Λ(mH ) =
L(mH )

L(m̂H )

with the full likelihood contours from the in-
dividual measurements in mH & µ, taking into
account correlated systematics.
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iii.c Combining Mass measurements from H → γγ & H → ZZ∗

Combined mass maximizing test statstics:

mH = 125.36 ± 0.37 ± 0.18 GeV
Old calibration 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 = mγγ

H −m4`
H

∆mH = 1.47± 0.67± 0.28 GeV
Old calibration 2.3+0.6

−0.7 ± 0.6 GeV

Compatibility with ∆mH of the level of 4.9%
(2.0σ)
Assuming non-gaussian uncertainties for the 3 principal systematic

uncertainties (Z → ee calibration/extrapolation, material upstream

& energy scale of presampler detector) improves compat. to 11%.
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iv.a Combining Coupling measurements

Signal strength combination from

H → γγ, H → ZZ∗ → 4`, H → WW ∗ → `ν`ν
VH → Vbb̄ , H → ττ

↓
Can combine all measurements under the as-
sumption of a single resonance:

↓
Profile likelihood for combination

Λ(µ) =
L(µ)

L(µ̂)

Coupling strength µ = σmeasured/σSM

H → γγ H → ZZ∗ → 4` H → WW∗ → `ν`ν
µ 1.6± 0.3 1.4± 0.4 1.0± 0.3

VH → Vbb̄ H → ττ
0.2± 0.7 1.4± 0.5

Evaluated at mH = 125.5 GeV

Table 9: For the H→WW∗→ !ν!ν 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 (4.1σ) occuring at mH = 140 GeV. For
mH = 125.5 GeV, a significance of 3.8σ is observed,
compared with an expected value of 3.8σ 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]
Λ(α). The latter depends on one or more parameters of
interest α, 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∗→ !ν!ν analysis: (a) summed over all lep-
ton flavours for final states with Njet ≤ 1; (b) different-flavour final
states with Njet ≥ 2. The signal is stacked on top of the background,
and in (b) is shown separately for the ggF and VBF production pro-
cesses. The hatched area represents the total uncertainty on the sum
of the signal and background yields from statistical, experimental, and
theoretical sources. In the lower part of (a), the residuals of the data
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∗→ !ν!ν 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.
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main components are shown. The quoted uncertainties include the sta-
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between the background predictions.
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12% and 81% of the predicted signal in the Njet = 0, = 1,
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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
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mum deviation (4.1σ) occuring at mH = 140 GeV. For
mH = 125.5 GeV, a significance of 3.8σ is observed,
compared with an expected value of 3.8σ for a SM
Higgs boson.
Additional interpretation of these results is presented
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selection of the H→WW∗→ !ν!ν analysis: (a) summed over all lep-
ton flavours for final states with Njet ≤ 1; (b) different-flavour final
states with Njet ≥ 2. The signal is stacked on top of the background,
and in (b) is shown separately for the ggF and VBF production pro-
cesses. The hatched area represents the total uncertainty on the sum
of the signal and background yields from statistical, experimental, and
theoretical sources. In the lower part of (a), the residuals of the data
with respect to the estimated background are shown, compared to the
expected mT distribution of a SM Higgs boson.
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Plots: Transverse mass mT =
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∣∣∣p``T + Emiss

T

∣∣∣)1/2
distributions for H → WW∗ → `ν`ν

9 / 21



iv.b Combining Coupling measurements

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

) µSignal strength (
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Figure 1: The measured signal strengths for a Higgs boson of mass mH =125.5 GeV, normalised to the
SM expectations, for the individual final states and various combinations. The best-fit values are shown
by the solid vertical lines. The total ±1� uncertainties are indicated by green shaded bands, with the
individual contributions from the statistical uncertainty (top), the total (experimental and theoretical)
systematic uncertainty (middle), and the theory uncertainty (bottom) on the signal strength (from QCD
scale, PDF, and branching ratios) shown as superimposed error bars. The measurements are based on
Refs. [3, 5, 6], with the changes mentioned in the text.

Section 2. In the H ! ⌧⌧ channel, the ratio µVBF+VH/µggF+ttH has an infinite 1� upper bound, because
the signal is almost only observed in the VBF mode, hence the ggF denominator can be arbitrarily small.

To test the sensitivity to VBF production alone, the data are also fitted with the ratio µVBF/µggF+ttH .
In order not to influence the VBF measurement through the VH categories, the parameter µVH/µggF+ttH

is treated independently and profiled. A value of

µVBF/µggF+ttH = 1.4+0.5
�0.4 (stat) +0.4

�0.3 (sys)

is obtained from the combination of the four channels (Fig. 4). This result provides evidence at the 4.1�
level that a fraction of Higgs boson production occurs through VBF.
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Figure 3: Measurements of the µVBF+VH/µggF+ttH ratios for the individual final states and their combi-
nation, 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 green and yellow shaded bands, re-
spectively, 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 (middle), and the theoretical uncertainty (bottom) on the signal
cross section (from QCD scale, PDF, and branching ratios) alone. For a more complete illustration, the
likelihood curves from which the total uncertainties are extracted are overlaid. The measurements are
based on Refs. [3, 6], with the changes mentioned in the text.

means in particular that the observed state is assumed to be a CP-even scalar as in the SM (this
assumption was tested by both the ATLAS [15] and CMS [16] Collaborations).

The LO-motivated coupling scale factors k j are defined in such a way that the cross section � j and
the partial decay width � j associated with the SM particle j scale with the factor k2

j when compared to
the corresponding SM prediction. Details can be found in Refs. [14, 17].

In some of the fits the e↵ective scale factors kg and kg for the processes H ! gg and gg ! H, which
are loop-induced in the SM, are treated as a function of the more fundamental coupling scale factors kt,
kb, kW, and similarly for all other particles that contribute to these SM loop processes. In these cases
the scaled fundamental couplings are propagated through the loop calculations, including all interference
e↵ects, using the functional form derived from the SM. Similarly the scaling of the VBF cross section

8

Overall signal production strength: µ = 1.30+0.18
−0.17

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:

ττ,ZZ*,WW*,γγ

ggF+ttH
µ

-2 -1 0 1 2 3 4 5 6
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,Z

Z
*,

W
W

*,
γγ V
B

F
+

V
H

µ
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4

6

8

10
Standard Model

Best fit

68% CL

95% CL

γγ →H 

 4l→ ZZ* →H 

νlν l→ WW* →H 

ττ →H 

PreliminaryATLAS 

-1Ldt = 4.6-4.8 fb∫ = 7 TeV  s
-1Ldt = 20.3 fb∫ = 8 TeV  s

 = 125.5 GeVHm

Figure 2: Likelihood contours in the (µ f
ggF+ttH , µ

f
VBF+VH) plane for the channels f=H! ��,

H!ZZ⇤! 4`, H!WW⇤! `⌫`⌫, H ! ⌧⌧ and a Higgs boson mass mH = 125.5 GeV. The sharp lower
edge of the H!ZZ⇤! 4` contours is due to the small number of events in this channel and the require-
ment of a positive pdf. The best-fit values to the data (⇥) and the 68% (full) and 95% (dashed) CL
contours are indicated, as well as the SM expectations (+).

5 Coupling fits

In the previous section signal strength scale factors µ f
i for given Higgs boson production or decay modes

are discussed. However, for a measurement of Higgs boson couplings, production and decay modes
cannot be treated independently. Scenarios with a consistent treatment of Higgs boson couplings in
production and decay modes are studied in this section. All uncertainties on the best-fit values shown in
this Section take into account both experimental and theoretical systematic values.

5.1 Framework for coupling scale factor measurements

Following the leading order (LO) tree level motivated framework and benchmarks recommended in
Ref. [14], measurements of coupling scale factors are implemented for the combination of all analyses
and channels summarised in Table 1. This framework is based on the following assumptions:

• The signals observed in the di↵erent search channels originate from a single narrow resonance
with a mass near 125.5 GeV. The case of several, possibly overlapping, resonances in this mass
region is not considered.

• The width of the assumed Higgs boson near 125.5 GeV is neglected, i.e. the zero-width approxi-
mation is used. Hence the product � ⇥ BR(i ! H ! f ) can be decomposed in the following way
for all channels:

� ⇥ BR(i! H ! f ) =
�i · �f

�H
,

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.

• Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken into
account, while the tensor structure of the couplings is assumed to be the same as in the SM. This

7
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VBF
µ
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Λ
-2

 ln
 

0

2

4

6

8

10

12

14

16

18

20

22

24
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PreliminaryATLAS 

-1Ldt = 4.6-4.8 fb∫ = 7 TeV  s
-1Ldt = 20.3 fb∫ = 8 TeV  s

 = 125.5 GeVHm

Figure 4: Likelihood curve for the ratio µVBF/µggF+ttH for the combination of the H ! ��, H!ZZ⇤! 4`,
H!WW⇤! `⌫`⌫ and H ! ⌧⌧ channels 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.

and the total width scale factor k2
H are expressed as functions of the more fundamental coupling scale

factors in some fits. To a very good approximation, the relevant expressions for mH = 125.5 GeV are:

k2
g ⇠ 1.59 · k2

W � 0.66 · kWkt + 0.07 · k2
t (2)

k2
g ⇠ 1.06 · k2

t � 0.07 · ktkb + 0.01 · k2
b (3)

k2
VBF ⇠ 0.74 · k2

W + 0.26 · k2
Z (4)

k2
H ⇠ 0.57 · k2

b + 0.22 · k2
W + 0.09 · k2

g + 0.06 · k2
t + 0.03 · k2

Z + 0.03 · k2
c . (5)

For details and the exact expressions used, see Appendix A and Ref. [14].
The assumptions made for the various measurements are summarised in Table 2 and discussed in the

next sections together with the results. The functional dependence of the signal strengths on the e↵ective
scale factors k j is explicated for each benchmark model considered and for the most important Higgs
boson production and decay modes in Appendix A.

5.2 Fermion versus vector (gauge) couplings

This benchmark is an extension of the fit to the single parameter µ, where di↵erent strengths for the
fermion and vector couplings are probed. It assumes that only SM particles contribute to the H! �� and
gg! H vertex loops, and modifications of the coupling strength factors for fermions and vector bosons
are propagated through the loop calculations. The fit is performed in two variants, with and without the
assumption that the total width of the Higgs boson is given by the sum of the known SM Higgs boson
decay modes (modified in strength by the appropriate fermion and vector coupling scale factors).

5.2.1 Only SM contributions to the total width

The fit parameters are the coupling scale factors kF for all fermions and kV for all vector couplings:

kV = kW = kZ

kF = kt = kb = kt = kg.

As only SM particles are assumed to contribute to the gg ! H vertex loop in this benchmark, the gluon
fusion process depends directly on the fermion scale factor k2

F . The relevant scaling formulae can be
found in Appendix A.1.1.

9

Coupling ratio for VBF production only: µVBF/µggF+ttH = 1.4+0.5
−0.4

+0.4
−0.3

→ Evidence at 4.1σ 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

σ · B =
σi ·Γf

ΓH

with ΓH the Higgs width, and Γf the partial width of the H → f transition, and σi 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 κ2
j ratio of measured over

SM cross section times partial decay width , κ2
H the total Higgs width, or double ratios of

the coupling scale factors λij = κi/κj .

E.g. the effective couplings of gg → H → γγ can be written as

(σ·B)meas

(σ·B)SM =
κ2
gκ

2
γ

κ2
H
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iv.e Combining Coupling measurements

Selection of benchmark models with focus on different observables:

Table 10: Summary of the coupling benchmark models discussed in this paper, where λi j = κi/κ j, κii = κiκi/κH , and the functional dependence
assumptions are: κV = κW = κZ , κF = κt = κb = κτ (and similarly for the other fermions), κg = κg(κb, κt), κγ = κγ(κb, κt , κτ, κW ), and κH = κH(κi).
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 → γγ process, see Eq. (7), and their functional dependence in the various benchmark models.

Model Probed Parameters of Functional assumptions Example: gg→ H → γγ
couplings interest κV κF κg κγ κH

1 Couplings to
fermions and bosons

κV , κF
√ √ √ √ √

κ2F · κ2γ(κF , κV )/κ2H(κF , κV )
2 λFV , κVV

√ √ √ √
- κ2VV · λ2FV · κ2γ(λFV , λFV , λFV , 1)

3 Custodial symmetry λWZ , λFZ , κZZ -
√ √ √

- κ2ZZ · λ2FZ · κ2γ(λFZ , λFZ , λFZ , λWZ)
4 λWZ , λFZ , λγZ , κZZ -

√ √
- - κ2ZZ · λ2FZ · λ2γZ

5 Vertex loops κg, κγ =1 =1 - -
√

κ2g · κ2γ/κ2H(κg, κγ)

(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 λFV and κVV = κVκV/κH (when
profiling over the other parameter):

λFV ∈ [0.70, 1.01] (11)
κVV ∈ [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 5σ.

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 ρ=1 (as measured
at LEP [121]). The former constraint is tested here by
measuring the ratio λWZ = κW/κZ .
The simplest and most model-independent approach

is to extract the ratio of branching ratios normalised to
their SM expectation, λ2WZ = 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 Λ(λWZ),
where µggF+ttH × B(H→ ZZ∗)/BSM(H → ZZ∗) and
µVBF+VH/µggF+ttH are profiled, gives λWZ = 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 → γγ decay mode. A fit to the data using
benchmark model 3 in Table 10 gives the likelihood
curve shown in Fig. 11, with λWZ ∈ [0.61, 1.04] at the
68% CL, dominated by the statistical uncertainty; the

other parameters, λFZ and κZZ , are profiled. The three-
dimensional compatibility of the SM predictionwith the
best-fit value is 19%.
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ATLAS

Figure 11: Likelihood curve for the coupling scale factor λWZ (bench-
mark model 3 in Table 10). The thin dotted lines indicate the continu-
ation of the likelihood curve when restricting λFZ to be either positive
or negative. The dashed curves show the SM expectation with the
right (left) minimum indicating λFZ positive (negative).

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

λWZ = 0.82 ± 0.15 (13)

and a four-dimensional compatibility of the SM predic-
tion with the best-fit value of 20%.

19

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: κF , κV

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 λFV = κF/κV

and κVV = κ2
V /κH can be measured.

Model 1 Model 2

κF = 0.99+0.17
−0.15 λFV = 0.86+0.14

−0.12

κV = 1.15+0.08
−0.08 κVV = 1.28+0.16

−0.15

Compatibility of SM with both model fits: 10%.
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Figure 5: Results of fits for the 2-parameter benchmark model defined in Section 5.2.1 that probe di↵erent
coupling strength scale factors for fermions and vector bosons, assuming only SM contributions to the
total width: (a) Correlation of the coupling scale factors kF and kV ; (b) the same correlation, overlaying
the 68% CL contours derived from the individual channels and their combination; (c) coupling scale
factor kV (kF is profiled); (d) coupling scale factor kF (kV is profiled). The dashed curves in (c) and (d)
show the SM expectations. The thin dotted and dash-dotted lines in (c) indicate the continuations of the
likelihood curves when restricting the parameters to either the positive or negative sector of kF .
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iv.f Combining Coupling measurements

SM custodial symmetry: W & Z couple
identically to Higgs , i.e. λWZ = κW /κZ = 1

Model 3 & 4: H → VV & i → H → VV

information; Model 4 also includes degrees of freedom for

a potential BSM to H → γγ

Model 3 Model 4

λWZ = 0.94+0.14
−0.29 λWZ = 0.80± 0.15

Compatibility of SM with Model 4: 21%.
Calculated using full 7D covariance between determined

values.
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Figure 7: Results of fits for the benchmark model defined in Section 5.3 that probe the custodial sym-
metry through the ratio lWZ = kW/kZ: (a) coupling scale factor ratio lWZ (lFZ and kZZ are profiled);
(b) coupling scale factor ratio lFZ (lWZ and kZZ are profiled); (c) overall scale factor kZZ (lWZ and lFZ
are profiled). The dashed curves show the SM expectations. The thin dotted/dashed-dotted lines indi-
cate the continuations of the likelihood curves when restricting the parameters to either the positive or
negative sector of lFZ.

5.4 Probing relations within the fermion coupling sector

The previous sections assumed universal coupling scale factors for all fermions, while many extensions
of the SM predict deviations within the fermion sector. The currently accessible channels, in particular
with the addition of H ! bb̄ and H ! ⌧⌧, allow the relations between the up- and down-type fermion
sector and between the lepton and quark sector to be probed.

5.4.1 Probing the up- and down-type fermion symmetry

Many extensions of the SM contain di↵erent couplings of the Higgs boson to up-type and down-type
fermions. This is for instance the case for certain Two-Higgs-Doublet Models [14,19–21], among which
the MSSM is the most prominent example. In this model the ratio ldu between down- and up-type
fermions is probed, while vector boson couplings are taken unified as kV . The indices u, d stand for all
up- and down-type fermions, respectively. The free parameters are:

ldu = kd/ku

lVu = kV/ku

kuu = ku · ku/kH.

The relevant scaling formulae can be found in Appendix A.3.1.
The up-type quark coupling scale factor is mostly indirectly constrained through the gg ! H pro-

duction channel, from the Higgs boson to top-quark coupling, while the down-type coupling strength is
constrained through the H ! bb̄ and H ! ⌧⌧ decays. Figure 8 shows the results for this benchmark
scenario. The likelihood curve is nearly symmetric about ldu = 0 as the model is almost insensitive to
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Figure 10: Results of fits for the benchmark models that probe for contributions from non-SM particles in
the H! �� and gg! H loops, assuming no sizeable extra contributions to the total width: (a) correlation
of the coupling scale factors kg and kg; (b) coupling scale factor kg (kg is profiled); (c) coupling scale
factor kg (kg is profiled). The dashed curves in (b) and (c) show the SM expectations.
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Figure 11: Results of fits for benchmark models that probe for contributions from non-SM particles
in the H! �� and gg ! H loops, while allowing for potential extra contributions to the total width:
(a) branching fraction BRi.,u. to invisible or undetected decay modes (kg and kg are profiled); (b) same as
(a), but restricting to BRi.,u. > 0 for the extraction of the upper 95% CL limit; (c) coupling scale factor kg

(kg and BRi.,u. are profiled); (d) coupling scale factor kg (kg and BRi.,u. are profiled). The dashed curves
show the SM expectations.
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v.a Combined Spin results

Spin & CP can be inferred by angular correlation of Higgs decay products:

Channels used for combination: H → γγ
H → ZZ∗, H →WW ∗.

↓

Hypothesis test: Spin 0− (SM) versus Spin 2+

Test spin 2 admixture of leading order qq̄ → X
& gg → X production: fqq̄

↓

Entire Spin 2+ configuration space excluded at
99.9% CLs .
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Figure 3: Expected (blue dashed line) and observed (black solid line) confidence level, CLs(JP = 2+), of
the JP = 2+ hypothesis as a function of the fraction of qq̄ production of the spin-2 particle.

discussed in Section 3. The observed exclusion of the JP = 2+ state in favour of the Standard Model
JP = 0+ hypothesis exceeds 99.9% CL for all values of fqq̄.

7 Conclusion

A combined study of the spin of the Higgs boson candidate using the H ! ��, H ! WW⇤ ! `⌫`⌫ and
H ! ZZ⇤ ! 4` decay channels in the ATLAS experiment has been presented. The pp collision dataset
corresponding to an integrated luminosity of 20.7 fb�1 collected at a centre-of-mass energy

p
s = 8 TeV

was used for all three decay channels. For the H ! ZZ⇤ ! 4` an additional dataset corresponding to an
integrated luminosity of 4.8 fb�1 collected at 7 TeV was added.

The Standard Model assignment of JP = 0+ is compared to a graviton-inspired JP = 2+ model
with minimal couplings to Standard Model particles. The data are in good agreement with the expected
distributions of a JP = 0+ particle while the graviton-inspired JP = 2+ model, that is expected to be
produced dominantly via the gluon fusion process, is excluded at more than 99.9% confidence level.

The most general spin-2 model involves a large number of parameters to fully describe the couplings
of this resonance particle to the initial and final states relevant for the measurement of the spin. The
analysis shown here does not address this general case. However, this study was extended to arbitrary
admixtures of gluon fusion and qq̄ production processes between 0 and 100%. In this extended study all
JP = 2+ production admixtures are excluded by the data at more than 99.9% confidence level.
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vi.a Differential Cross sections from H → γγ

Differential cross section measurements from H → γγ
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vi.b Differential Cross sections from H → γγ

Higgs pT , helicity angle, and Njets compared with HRes, Powheg+Py8, HJ Minlo+Py8
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3 Uncertainties from MCFM

Compatibility with SM predictions:
P-value based on χ2 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

p
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 Conclusion

* New: Combination of precision mass measurement from H → γγ &
H → ZZ∗:

mH = 125.36±0.37±0.18 GeV

New calibration reduces tension between both channels.

* Overall signal production strength combining H → γγ, H → ZZ∗, H → WW∗,

VH → Hbb̄, H → ττ: (with old calibration and mass)

µ = 1.30+0.18
−0.17

Observed coupling compatible with SM Higgs

* VBF coupling strength from combination:

µVBF/µggF+ttH = 1.4+0.5+0.4
−0.4−0.3

→ Evidence of 4.1σ for VBF production of Higgs
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vi.b Conclusion

* Results with leading order
tree-level motivated framework:

Assumptions Single resonance, 0+, narrow width approx.

* 5 models with focus on different

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%)

* Differential cross section
measurements from H → γγ

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

→ All measured distributions
compatible with the SM.
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Figure 15: Summary of the coupling scale factor measurements for mH = 125.5 GeV. The best-fit values
are represented by the solid black vertical lines. The measurements in the di↵erent benchmark models,
separated by double lines in the figure, are strongly correlated, as they are obtained from fits to the same
experimental data. Hence, they should not be considered as independent measurements and an overall
�2-like compatibility test to the SM is not possible. For each model the n-dimensional compatibility of
the SM hypothesis with the best fit point is given by pSM.
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vi.c Outlook

Updated coupling analysis paper in preparation

Updated differential & fiducial cross section paper in preparation

Other interesting results out, like low- & high-mass search for additional narrow
resonances [ATLAS-CONF-2014-031]

We are in the transition period from discovery to more precise measurements.
Very exciting conditions for LHC Run period 2.

Slight Paradigm shift ongoing: unfolded differential distributions will make it
possible for outsiders to test our understanding of the Higgs boson

Thank you
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