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H → γγ

• Loop decay (W and top), low BR ~ 0.2%


• Simple topology


• Two isolated energetic photons


• ...requiring excellent  
performance


• Large backgrounds


• Excellent γ ID: 
75% γγ after cuts


• Signal: narrow peak  
(good mass resolution)


• S/B ~ 3%

3

z

γ π0

σ X BR ~ 50 fb @ 125.5 GeV
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Figure 4: Invariant mass distribution in the H ! �� analysis for data (7 TeV and 8 TeV samples combined), showing weighted data points
with errors, and the result of the simultaneous fit to all categories. The fitted signal plus background is shown, along with the background-only
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Figure 1: Relative scale di↵erence, � Scale, between the measured electron energy scale and the nominal energy scale, as a function of ET using
J/ ! e+e� and Z! e+e� events (points with error bars), for four di↵erent ⌘ regions: (a) |⌘| < 0.6, (b) 0.6 < |⌘| < 1.37, (c) 1.37 < |⌘| < 1.82 and
(d) 1.82 < |⌘| < 2.37. The uncertainty on nominal energy scale for electrons is shown as the shaded area. The error bars include the systematic
uncertainties specific to the J/ ! e+e� measurement.

  [GeV]TE
10 20 30 40 50 60

 S
ca

le
∆

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02
Unconverted photons

Data
Calibration uncertainty

ATLAS  -1 = 20.3 fbtdL∫ = 8 TeV, s

(a)
|η|

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

 S
ca

le
∆

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02
Unconverted photons

Data
Calibration uncertainty

ATLAS  -1 = 20.3 fbtdL∫=8 TeV, s

(b)

 [GeV]TE
10 15 20 25 30 35 40 45 50 55 60

 S
ca

le
∆ 

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02
Converted photons

Data
Calibration uncertainty

ATLAS  -1 = 20.3 fbtdL∫ = 8 TeV, s

(c)
|η|

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

 S
ca

le
∆

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02
Converted photons

Data
Calibration uncertainty

ATLAS  -1 = 20.3 fbtdL∫=8 TeV, s

(d)

Figure 2: Relative scale di↵erence, � Scale, between the measured photon energy scale using Z ! ``� events and the nominal energy scale: (a) as
a function of ET for unconverted photons, (b) as a function of ⌘ for unconverted photons, (c) as a function of ET for converted photons and (d) as a
function of ⌘ for converted photons. Photons reconstructed in the barrel/end-cap transition region are not considered. The Z ! ``� measurements
are the points with error bars. The uncertainty on the nominal energy scale for photons is shown as the shaded area. The error bars include the
systematic uncertainties specific to the Z ! ``� measurement.
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Main SM production modes: H→γγ decays:

Table 4: Principal systematic uncertainties on the combined mass. Each uncertainty is determined from the change in the 68% CL range for mH
when the corresponding nuisance parameter is removed (fixed to its best fit value), and is calculated by subtracting this reduced uncertainty from
the original uncertainty in quadrature.

Systematic Uncertainty on mH [MeV]
LAr syst on material before presampler (barrel) 70
LAr syst on material after presampler (barrel) 20
LAr cell non-linearity (layer 2) 60
LAr cell non-linearity (layer 1) 30
LAr layer calibration (barrel) 50
Lateral shower shape (conv) 50
Lateral shower shape (unconv) 40
Presampler energy scale (barrel) 20
ID material model (|⌘| < 1.1) 50
H ! �� background model (unconv rest low pTt) 40
Z ! ee calibration 50
Primary vertex e↵ect on mass scale 20
Muon momentum scale 10
Remaining systematic uncertainties 70
Total 180

In order to assess the compatibility of the mass measurements from the two channels a dedicated test statistic that
takes into account correlations between the two measurements is used, as described in Sec. 6. A value of

�mH = 1.47 ± 0.67 (stat) ± 0.28 (syst) GeV
= 1.47 ± 0.72 GeV

(8)

is derived. From the value of �2 ln⇤ at �mH = 0, a compatibility of 4.8%, equivalent to 1.98�, is estimated under the
asymptotic assumption. This probability was cross-checked using Monte Carlo ensemble tests. With this approach a
compatibility of 4.9% is obtained, corresponding to 1.97�.

As an additional cross-check, some of the systematic uncertainties related to the photon energy scale, namely the
inner detector material uncertainty and the uncertainty in the modeling of the photon lateral leakage, were modeled
using a “box-like” PDF defined as a double Fermi–Dirac function. This choice is compatible with the fact that for
these uncertainties the data does not suggest a preferred value within the systematic error range. In this case the
compatibility between the two masses increases to 7.5%, equivalent to 1.8�. The compatibility between the two
measurements increases to 11% (1.6�) if the two signal strengths are set to the SM value of one, instead of being
treated as free parameters.

With respect to the value published in Ref. [15], the compatibility between the measurements from the individual
channels has changed from 2.5� to 2.0�.

8. Conclusions

An improved measurement of the mass of the Higgs boson has been derived from a combined fit to the invariant
mass spectra of the decay channels H ! �� and H!ZZ⇤! 4`. These measurements are based on the pp collision
data sample recorded by the ATLAS experiment at the CERN Large Hadron Collider at center-of-mass energies ofp

s=7 TeV and
p

s=8 TeV, corresponding to an integrated luminosity of 25 fb�1. As shown in Table 5, the measured
values of the Higgs boson mass for the H ! �� and H!ZZ⇤! 4` channels are 125.98± 0.42 (stat)± 0.28 (syst) GeV
and 124.51 ± 0.52 (stat) ± 0.06 (syst) GeV respectively. The compatibility between the mass measurements from the
two individual channels is at the level of 2.0� corresponding to a probability of 4.8%.

From the combination of these two channels, the value of mH = 125.36 ± 0.37 (stat) ± 0.18 (syst) GeV is ob-
tained. These results are based on improved calibrations for photons, electrons and muons and on improved analysis
techniques with respect to Ref. [15], and supersede the previous results.

Table 5: Summary of Higgs boson mass measurements.

Channel Mass measurement [GeV]

H ! �� 125.98 ± 0.42 (stat) ± 0.28 (syst) = 125.98 ± 0.50

H!ZZ⇤! 4` 124.51 ± 0.52 (stat) ± 0.06 (syst) = 124.51 ± 0.52

Combined 125.36 ± 0.37 (stat) ± 0.18 (syst) = 125.36 ± 0.41
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Yanping Huang,  for the ATLAS Collaboration

✦ Simple topology: 
•  2 isolated energetic photons 

✦ Good discrimination from 
hadronic background:  
• Shower shapes in EM 
calorimeter 

✦ Narrow signal peak:     
• Good mass resolution (FWHM 

~ 2-5 GeV)
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Significant improvement 
achieved

✦ Calorimeter non-uniformities and layer intercalibration correction 
✦ EM cluster energy correction via MVA regression 
✦ E-scale and resolution extracted with Z→ee

• Energy scale uncertainty: 0.03%-0.05% for 
40GeV ET electron, 0.2-0.5% for photons

✦ 3 different methods for PID 
efficiency measurement 
• photons from Z→γll 
• extrapolation from electron in 

Z→ee decays 
• Matrix method based on 

photon purity.
Time PID unc.

July 2012 10.8%
Dec. 2012 5.3%
Mar. 2013 2.4%

Now 1.0%

Analysis Strategy in brief — Signal extraction
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5 Extraction of signal yield and correction for detector e�ects290

The signal is extracted using the approach adopted in previous ATLAS measurements of291

H ! �� [1, 10, 13]. An unbinned maximum likelihood fit is performed on them�� spectrum292

in each fiducial region or bin of a di↵erential distribution. The likelihood function, L, is293

given by294

L(m�� , ⌫
sig, ⌫bkg,mH) =

Y

i

8
<

:
e�⌫i

ni!

niY

j

h
⌫sigi Si(m

j
�� ;mH) + ⌫bkgi Bi(m

j
��)

i
9
=

;⇥
Y

k

Gk

(5.1)

where i labels the categories (bins) being simultaneously fitted, ⌫sigi is the fitted number of295

signal events, ⌫bkgi is the fitted number of background events, ⌫i = ⌫sigi + ⌫bkgi is the mean296

value of the underlying Poisson distribution for the ni events, m
j
�� is the diphoton invariant297

mass for event j, Si(m
j
�� ;mH) and Bi(m

j
��) are the signal and background probability298

distribution functions, and the Gk incorporate constraints from uncertainties on the photon299

energy scale and resolution, as well as the uncertainty in the fitted peak position from the300

chosen background parameterisation. Other uncertainties that do not a↵ect the shape of301

the diphoton mass spectrum are not included in the fit and are dealt with as part of the302

correction for detector e↵ects.303

The signal probability distribution function is modelled as the sum of a Crystal Ball304

and a Gaussian function and the fit is performed after fixing the Higgs boson mass to305

be mH = 125.4 GeV [9]. The Gaussian and Crystal Ball functions are required to have306

the same mean and the parameters of the model are interpolated using simulated samples307

with di↵erent Higgs boson masses. The background probability distribution is modelled308

as the exponential of a first-order, second or third order polynomial. The background309

function is chosen, in each fiducial region or bin of a di↵erential distribution, to minimise310

the bias observed in the extracted yield [1, 13] when fitting a background-only distribution311

constructed from the ��, �j and jj simulated samples, after normalising the samples using312

data-driven scale factors determined in designated control regions.313

All events selected in the inclusive region are included in the signal extraction for all314

observables, with any uncategorised events placed into an additional bin and included in315

the fit. For example, events containing zero or one jets are included in this additional bin316

when fitting the mjj distribution.317

Figure 1 shows the result of the signal-plus-background fit to the diphoton invariant318

mass reconstructed in di↵erent jet multiplicity bins. The di↵erence in the extracted signal319

yield between fixing the Higgs boson mass and allowing it to float in the fit is 3.2% in320

the inclusive region, with the largest e↵ect being 16% for N
jets

= 1. These di↵erences are321

smaller than statistical uncertainties in the fit itself for all the results presented in this322

paper. The total number of selected diphoton events in each fiducial region, the extracted323

signal yields and the expected yields from simulation are presented in Table 1.324

The cross section, �, in a given fiducial region (or bin of a distribution) is defined by325

�i =
⌫sigi

ci
R
L dt

, (5.2)

– 8 –

1. Signal extraction from fit to mɣɣ mass 
spectrum in  bins of observable of interest

2. Unfold measured spectrum  
into cross section with correction factors

correction factor

observed yield

cross section

integrated luminosity

Illustration of the simultaneous fit for Njets

Correction factors + uncertainties for Njets 

✦ Definition of the Fiducial region 
• 2 isolated photons with |η|<2.37 
• pTγ1(pTγ2)/mγγ > 0.35(0.25) 
• 105<mγγ<160 GeV
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Figure 1. The diphoton invariant mass spectrum is presented for four bins of jet multiplicity. The
curves show the results of the single simultaneous fit to data for all multiplicity bins, where the Higgs
boson mass is fixed to be mH = 125.4 GeV. The red line is the combined signal and background
probability distribution functions, and the dashed line shows the background-only probability dis-
tribution function. The di↵erence of the two curves is the extracted signal yield. The bottom inset
displays the residuals of the data with respect to the fitted background component.

yield between fixing the Higgs boson mass and allowing it to float in the fit is 3.2% in326

the inclusive region, with the largest e↵ect being 16% for N
jets

= 1. These di↵erences are327

smaller than statistical uncertainties in the fit itself for all the results presented in this328

paper. The total number of selected diphoton events in each fiducial region, the extracted329

signal yields and the expected yields from simulation are presented in Table 1.330

The cross section, �i, in a given fiducial region (or bin of a di↵erential distribution) is331

defined by332

�i =
⌫sigi

ci
R
L dt

, (5.2)

where
R
L dt is the integrated luminosity of the dataset and ci is a correction factor that333

accounts for di↵erence in the event yield at detector level and particle level that arise from334
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✦ Signal extraction 
(for each observable) 

• S+B simultaneous fit 
to all bins for an 
observable of interest 
with the Higgs mass 
fixed to combination 
measurement.

✦ Bin-by-bin Correction Factors

Previous results in H→γγ: 126.8±0.2(stat) ±0.7 (syst)

Fiducial and Differential X-sec measurements
Direct comparison with the state-of-art theoretical predictions 

Compatibility

✦ Observables 
• Higgs boson kinematic: 

    PTγγ, |ηγγ|, PTt 
• Jet activity: 

    Njets, PTj1, HTjet, etc. 
• VBF-sensitive variables: 

     Δφγγ,jj, mjj, PTHjj, etc. 
• Spin-CP sensitive variables: 

     cosθ*,  Δφjj,  Δyjj

Broadly in line with the 
theoretical expectations

✦ Agreement is quantified: 
• 1st / 2nd moment

H

γ

γ

γ π0

illustration of simultaneous fit for Njets 

Here, νi and ci are the extracted 
signal yield and correction 

factor in the ith bin, respectively
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• Energy resolution uncertainty: 
10% better resolution for H→γγ,  
5-10% for 10-45 GeV electron.
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Figure 10: The correction factors used in the unfolding for each observable and bin are shown, with
their full uncertainties.
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