
Abstract

  The discovery of a particle consistent with a Higgs Boson is a great success for the LHC Physics Program. Using a dataset of more than double the size since the discovery,

  ATLAS have established the excess of this new particle over background at a significance of 7 standard deviations in the diphoton channel alone.  In this poster, we present

  measurements of the mass, spin, and couplings of the new particle using the full 25 fb Run I dataset.  While the rate in the diphoton channel remains 2.3 standard deviations

  above the predicted value, the ratios of the production modes and the spin conform to SM Higgs expectations. The mass is measured as 126.8 ± 0.2(stat) ± 0.7(syst) GeV.
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Matter particles

Force carriers
(gauge bosons)

The Higgs can interact with 
(couples to) all massive, 
fundamental particles

Couplings
• Dedicated event categories optimized to measure different Higgs production modes (gg→H, VBF, VH)

• ttH & gg→H (VBF & VH) production sensitive to Higgs coupling to top quarks (W/Z bosons)

• The cross section of each production modes can be measured separately or simultaneously by 
introducing individual signal strength parameters that float in the signal extraction fit

Property measurements of the Higgs boson in the 
γγ final state with the ATLAS detector at the LHC

Dag Gillberg, for the ATLAS Collaboration

EPS Poster Session − Stockholm, July 18-24 2013

Higgs in the Standard Model Measuring H→γγ at ATLAS
• The Higgs Boson 

decays to two photons
0.23% of the time

• Distinct mγγ  resonance peak 
expected on top of smooth
background

• Selection:
• Diphoton trigger
• Two isolated photon with good

shower shape (see right) and
pT > 40 (30) GeV, |η|<2.37

• Backgrounds:
• Promt diphoton production
• γ+jet and dijet (fake photons)
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H � ��: photon identification and isolation

I Fine � granularity in the
strip layer to reject ⇥0

I EM shower shape to reject
fake photons from jets
� O(8000) jet rejection
85% photon e�ciency

I Longitudinal segmentation
to measure shower
direction and to improve
energy measurement

I Select isolated photons

I Excellent description of data by
MC (cross-check)

I Uncertainty on event normalization
from the isolation cut is 5%

R. Ospanov

The ATLAS calorimeters are finely segmented 
and can effectively distinguish between 
isolated photons and backgrounds like π0→γγ

Diphoton invariant mass distribution. 
The resonance peak of the new boson is 

observed at mγγ =126.8 GeV.

• Higgs boson couples to all 
massive, fundamental 
particles

• The Higgs boson can decay 
to γγ via a loop

• Properties to study:

• Production rate and mass

• Coupling strength to the 
other particles

• Spin and parity

• Kinematic properties*

Summary of ATLAS H→γγ measurements
Preliminary results using the combined 2011 and 2012 dataset:

• Higgs mass: 126.8 ± 0.2(stat) ± 0.7(syst) GeV

• Excess over background for this Higgs mass: 7.4σ (expected: 4.3σ)

• Ratio of observed cross section to SM expected cross section:
µ = 1.55 ± 0.23(stat) ±0.21(syst), significance of deviation: 2.3σ 

• Couplings to quarks and V bosons: measuring each production mode separately
• µggF+ttH = 1.6 ± 0.3(stat) ±0.3(syst)

• µVBF      = 1.7 ± 0.8(stat) ±0.5(syst), significance of excess: 2.0σ 
• µVH       = 1.8 ± 1.5(stat) ±0.3(syst)

• Spin 2 gg→H production excluded at 99.3% confidence level
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Measurements of the ratio of observed Higgs boson 
cross section to the Standard Model expectation for 

various Higgs production modes separately.

Simultaneous rate measurement of production modes 
sensitive to W/Z-boson couplings (VBF+VH) vs quark 

couplings (ggF+ttH). The SM expectation is also shown.

Spin and parity
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observed

Measurement of the helicity angle of the γγ 
decay products of new boson compared with 

predictions from spin 0 (blue) and spin 2 (red).

Test statistics for spin hypothesis tests. Data 
(black line) is less than 1% consistent with the 

gg→H spin 2 hypothesis (red).

Vector boson fusion (VBF)
• Higgs bosons produced via VBF have two associated forward jets

• This distinct topology allows for better discrimination against backgrounds

• A multivariate analysis based on boosted decision trees is used to better measure the VBF Higgs rate
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Figure 6: The observed local pVBF
0
value for VBF H → γγ production as a function of mH for the

combination of
√
s = 7 TeV and

√
s = 8 TeV data (solid black). The corresponding expected local pVBF

0
value for the SM Higgs boson signal plus background hypothesis are shown by the dashed curve. A

vertical line is drawn at the best-fit mass mH = 126.8 GeV.
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Figure 7: The best-fit values (+) of µggF+ttH × B/BSM and µVBF+VH × B/BSM from a simultaneous fit to
the data and their 68% (solid) and 95% (dashed) CL contours. The expectation for a SM Higgs boson is

also shown (×).
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in the range 84 GeV < meγ < 94 GeV are not consid-
ered.
EmissT category (8 TeV data only): This category tar-

gets mainly VH events with W → "ν or Z → νν. An
EmissT significance (defined as EmissT /σEmissT

, where in this
case σEmissT

= 0.67 GeV1/2
√
ΣET with ΣET being the

event total transverse energy) greater than five is re-
quired, corresponding to EmissT > 70 – 100 GeV depend-
ing on ΣET .
Low-mass two-jet category (8 TeV data only): To se-

lect VH events where theW or Z boson decays hadron-
ically, a pair of jets with invariant mass in the range
60 GeV < mj j < 110 GeV is required. To reduce the
ggF contamination, the pseudorapidity difference be-
tween the dijet and diphoton systems is required to be
|∆ηγγ, j j| < 1, and the component of the diphoton trans-
verse momentum orthogonal to the diphoton thrust axis
in the transverse plane3 [94, 95] is required to satisfy
pTt > 70 GeV.
High-mass two-jet categories: These categories are

designed to select events produced through the VBF
process, which is characterised by the presence of two
forward jets with little hadronic activity in the central
part of the detector. Jets are reconstructed as described
in Section 2. The selection for the 8 TeV data is based
on a multivariate technique using a Boosted Decision
Tree (BDT), whose input quantities are: the pseudora-
pidities of the two jets (η j1, η j2) and their separation
in η; the invariant mass of the dijet system; the differ-
ence η∗ = ηγγ − (η j1 + η j2)/2, where ηγγ is the pseu-
dorapidity of the diphoton system; the minimal radial
distance (∆R =

√

∆φ2 + ∆η2) of any jet–photon pair;
and the difference ∆φγγ, j j between the azimuthal angles
of the diphoton and dijet momenta. The BDT training
is performed using a signal sample, as well as a back-
ground sample composed of simulated γγ events com-
bined with γ j and j j components obtained from data.
The BDT response distributions for data and simulation
are shown in Fig. 1. The BDT output is used to define
two high-mass two-jet categories: a “tight” category
corresponding to BDT ≥ 0.74, and a “loose” category
for 0.44 ≤ BDT < 0.74. For the 7 TeV data, the same
cut-based selection as described in Ref. [2] is applied,
namely mj j > 400 GeV, |∆η j j| > 2.8 and |∆φγγ, j j| > 2.8.
Untagged categories: Events not selected in any of

the above categories are classified in nine additional cat-
egories according to the properties of their diphoton sys-

3pTt = |(pγ1T + p
γ2
T ) × t̂|, where t̂ =

pγ1T −p
γ2
T

|pγ1T −p
γ2
T |
denotes the thrust

axis in the transverse plane, and pγ1T , p
γ2
T are the transverse momenta

of the two photons.
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Figure 1: Distribution of the VBF BDT response after applying the
selection of the inclusive analysis and requiring in addition the pres-
ence of two jets with |∆η j j | > 2 and |η∗ | < 5. The data in the signal
sidebands (i.e. excluding the mγγ region 120–130 GeV), the expected
background, and the expected signal from VBF and ggF production
are shown. They are all normalised to unity except ggF, which is
normalised to the ratio between the numbers of ggF and VBF events
passing the selection described above.

tem. Events with both photons unconverted are classi-
fied into unconverted central if |η| < 0.75 for both pho-
tons, and unconverted rest otherwise. Events with at
least one converted photon are similarly separated into
converted central if |η| < 0.75 for both photons, con-
verted transition if 1.3 < |η| < 1.75 for either photon,
and converted rest otherwise. Finally, all untagged cat-
egories except converted transition are split into low pTt
and high pTt sub-categories by a cut at pTt = 60 GeV.
This classification is motivated by differences in mass
resolution and signal-to-background ratio for the vari-
ous categories.

4.3. Background estimation

The background is obtained from fits to the diphoton
mass spectrum in the data over the range 100–160 GeV
after the full selection. The procedure, the choice of
the analytical forms for the background and the deter-
mination of the corresponding uncertainties follow the
method described in Ref. [2]. Depending on the cate-
gory, the analytical form is either a fourth-order Bern-
stein polynomial [96] (used also for the inclusive sam-
ple), an exponential of a second-order polynomial, or a
single exponential. In these fits, the Higgs boson signal
is described by the sum of a Crystal Ball function [97]
for the core of the distribution and a Gaussian function
for the tails.
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The BDT assigns a higher response to VBF-like events.
The loose and tight VBF categorizes defined from 
0.44 < BDT < 0.7 and BDT > 0.7, respectively.

Observed and expected local p-value for the VBF 
Higgs production. At the measured Higgs mass (blue 

dashed line) a 2σ excess is observed.

tight VBFloose

Cross section and mass
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Figure 4: The observed local p0 value as a function of mH for the combination of
√
s = 7 TeV and√

s = 8 TeV data for the inclusive case (black) and for the analysis using categories (red). The expected

local p0 under the SM Higgs boson signal plus background hypothesis is shown by the dashed curves.

The compatibility in the signal strength parameter between the data and the SM Higgs boson signal

plus background hypothesis is estimated with the test statistic λ(µ) with µ = 1 4, and is found to be at the
2.3 σ level.
The results reported above are extracted from a fit in which the mass resolution uncertainty, which

is ∼20%, is treated as a nuisance parameter with a Gaussian constraint. As a check, the fit was repeated
with no constraint on the mass resolution parameter, giving µ = 1.49 ± 0.33 (1.8 σ compatibility with
the SM Higgs boson signal hypothesis). This fit prefers a narrower mass resolution than the nominal one

by 1.8 σ, which is better than the resolution corresponding to a perfectly uniform calorimeter. Dedicated
studies revealed no indication that the systematic uncertainty on the resolution is underestimated; the

large pull in this test fit can also be a statistical effect arising from background fluctuations.

The effects of systematic uncertainties, in particular the photon energy scale, on the measurement of

mass and signal strength are shown in Figure 5.

7.4 Couplings and production modes

As discussed in Section 4, several categories targeting different production modes have been introduced.

Two of them (loose and tight high-mass two-jet) are enriched in VBF events, and three of them (low-

mass two-jet, Emiss
T
significance and one-lepton) are enriched in VH events. Such an analysis provides

constraints on the signal strength of individual production modes.

First, the observed and expected local pVBF
0
value corresponding to a SM Higgs boson signal pro-

duced in VBF plus background hypothesis is computed as a function of mH . The ggF, WH, ZH and ttH

processes are considered as background here and their respective signal strengths are treated as nuisance

parameters. The resulting local pVBF
0
value from the combination of 7 TeV and 8 TeV data is shown in

Figure 6. The largest local significance is found to be 2.9 σ at mH = 123.5 GeV where the expected

4The unconditional maximum likelihood estimator µ is restricted to be equal to or larger than 1 in λ(1).

14

 [GeV]Hm

110 115 120 125 130 135 140 145 150

0
L
o
ca

l p

-1410

-1210

-1010

-810

-610

-410

-210

1

210

410

510

σ1
σ2
σ3

σ4

σ5

σ6

σ7

 (category)
0

Observed p
 (category)

0
Expected p

 (inclusive)
0

Observed p
 (inclusive)

0
Expected p

 = 7 TeVsData 2011,  
-1

Ldt = 4.8 fb∫
 = 8 TeVsData 2012,  

-1
Ldt = 20.7 fb∫

ATLAS Preliminary
γγ→H

Figure 4: The observed local p0 value as a function of mH for the combination of
√
s = 7 TeV and√

s = 8 TeV data for the inclusive case (black) and for the analysis using categories (red). The expected

local p0 under the SM Higgs boson signal plus background hypothesis is shown by the dashed curves.

The compatibility in the signal strength parameter between the data and the SM Higgs boson signal

plus background hypothesis is estimated with the test statistic λ(µ) with µ = 1 4, and is found to be at the
2.3 σ level.
The results reported above are extracted from a fit in which the mass resolution uncertainty, which

is ∼20%, is treated as a nuisance parameter with a Gaussian constraint. As a check, the fit was repeated
with no constraint on the mass resolution parameter, giving µ = 1.49 ± 0.33 (1.8 σ compatibility with
the SM Higgs boson signal hypothesis). This fit prefers a narrower mass resolution than the nominal one

by 1.8 σ, which is better than the resolution corresponding to a perfectly uniform calorimeter. Dedicated
studies revealed no indication that the systematic uncertainty on the resolution is underestimated; the

large pull in this test fit can also be a statistical effect arising from background fluctuations.

The effects of systematic uncertainties, in particular the photon energy scale, on the measurement of

mass and signal strength are shown in Figure 5.
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Two of them (loose and tight high-mass two-jet) are enriched in VBF events, and three of them (low-
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significance and one-lepton) are enriched in VH events. Such an analysis provides

constraints on the signal strength of individual production modes.
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duced in VBF plus background hypothesis is computed as a function of mH . The ggF, WH, ZH and ttH

processes are considered as background here and their respective signal strengths are treated as nuisance
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• Observed and expected 
p-value vs Higgs boson 
mass for H→γγ using the 
full 2011 and 2012 ATLAS 
dataset

• An excess over 
background of 7.4 
standard deviations is 
observed for a Higgs 
mass of 126.8 GeV

• The optimized event 
category analysis (red) 
significantly improve the 
results compared to using 
one inclusive category 
(black)

• The H→γγ cross section 
in the fiducial region of:
pTγ > 40 (30) GeV and 
|ηγ| < 2.37 
is measured to:
 

• Measured Higgs mass 
(x-axis) versus cross 
section ratio to the 
Standard Model (y-axis) 
with 68% (blue) and 95% 
(red) confidence contours

• The photon energy scale 
constitutes the main 
source of uncertainty 

σfid = 56.2 ± 12.5 fb

*see poster presented by James Saxon

Analysis optimization
• The dataset is split into 14 event categories: different s/b optimizes overall sensitivity; 

selection based on topology optimize the sensitivity to the different production modes

di-photon selection
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Figure 1: Flow-chart of the event categorisation, giving the order of selection of the different categories.

Muon candidates are reconstructed from tracks in the inner detector and the muon spectrometer, and

in the forward region (2.5 < |η| < 2.7) from the muon spectrometer alone. A transverse momentum
larger than 10 GeV is required.

Both electron and muon candidates are required to be isolated in the tracker and calorimeter with

algorithms similar to the photon isolation requirements. The track-isolation divided by the total muon pT
(electron ET) is required to be less than 0.15 and the calorimetric isolation divided by the total muon pT
(electron ET) is required to be less than 0.2.

4.1.2 Jets

Jets are reconstructed from three-dimensional clusters of energy in the electromagnetic and hadronic

calorimeters using the anti-kt algorithm [14] with a distance parameter of R = 0.4. Jet candidates are
required to have a transverse energy greater than 25 GeV (30 GeV) for |ηjet| < 2.4 (2.4 ≤ |ηjet| < 4.5).
The energy dependence on the additional interactions in the same bunch crossing (in-time pile-up), as

well as from multiple interactions in surrounding bunch crossings (out-of-time pile-up), is mitigated

by applying a data-driven correction based on the event pT density in the jet area [11]. Corrections

from in-situ measurements are then applied to refine the jet calibration [15]. To remove jets originating

from pile-up interactions, jets with |ηjet| ≤ 2.4 and pT < 50 GeV 2 must fulfil the requirement, based on
tracking information, that they originate from the diphoton production vertex. A jet vertex fraction (JVF)

is calculated for each primary vertex using tracks associated to the jet and is defined as the ratio of the

pT sum of the jet tracks associated to the selected vertex and the pT sum of all jet tracks. The JVF for the

primary vertex selected in the analysis is required to be greater than 0.25. The efficiency of selecting the

2Jets with pT > 50 GeV have a small probability to be produced by pile-up interactions.
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Table 5: Summary of the impact of systematic uncertainties on the signal yields for the analysis of the

8 TeV data.
Systematic uncertainties Value(%) Constraint

Luminosity ±3.6
Trigger ±0.5

Photon Identification ±2.4 Log-normal

Isolation ±1.0
Photon Energy Scale ±0.25

Branching ratio ±5.9% − ±2.1% (mH = 110 - 150 GeV) Asymmetric
Log-normal

Scale ggF: +7.2−7.8 VBF: +0.2−0.2 WH: +0.2−0.6 Asymmetric

ZH: +1.6−1.5 ttH: +3.8−9.3 Log-normal

PDF+αs ggF: +7.5−6.9 VBF: +2.6−2.7 WH: ±3.5 Asymmetric

ZH: ±3.6 ttH: ±7.8 Log-normal

Theory cross section on ggF Tight high-mass two-jet: ±48 Log-normal

Loose high-mass two-jet: ±28
Low-mass two-jet: ±30

signal composition (%)
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Figure 9: Decomposition of the expected signal from the various production processes for each category

at mH = 126.5 GeV for
√
s = 8 TeV.
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Flow-chart of the event categorization. Expected Higgs production mode decomposition in the categorizes.

Nevts in a mγγ 
window around 

126.8 GeV
containing 90%

of expected Higgs 
signal
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          Higgs signal
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VH

s b Ndata

356 13.3k 14.0k
46.6 881 911
7.1 44 49
97.1 4347 4611
14.4 247 292
29.8 687 722
4.6 31 39
88.0 4657 4665
12.9 266 276
36.1 2499 2554
4.8 28 40
7.3 13 24
3.0 21 21
1.1 4 8
2.6 12 19

s b Ndata

356 13.3k 14.0k
46.6 881 911
7.1 44 49
97.1 4347 4611
14.4 247 292
29.8 687 722
4.6 31 39
88.0 4657 4665
12.9 266 276
36.1 2499 2554
4.8 28 40
7.3 13 24
3.0 21 21
1.1 4 8
2.6 12 19

gg→H VBF VH ≡ WH or ZH ttH

H

H

HH

W,Zq

q

g

g

t

tqq

qq

g

g

H

γ

γ

Higgs production at the LHC

Dominant production modes

• Gluon-gluon fusion, gg→H
• Vector boson fusion, VBF

• Higgs strahlung, VH

• Top-antitop fusion, ttH

~87% ~7.2% ~5.0% ~0.6% Higgs decay to γγ • via fermion loop
• BR(H→γγ) = 

0.228%
• To measure H→γγ, 

need detector with 
precise γ E-scale 
and resolution


