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Introduction
Higgs precision measurement led by
electrons and photons (and muons) .

mH = 125.09± 0.21(stat)± 0.11(syst) GeV
(ATLAS+CMS) PhysRevLett.114.191803

Run 2 ongoing at an increased center of mass
energy of 13 TeV. 30 times more Higgses
are expected

Higgs couplings may bring hints of new physics :

µ =
σmeas

σSM

With reduced statistical uncertainties
→ need to reduce systematic
uncertainties.

Calibration is a important source of systematic.
Needs to be improved in Run 2.
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FIG. 18. The signal strength for a Higgs boson of mass
mH = 125.4 GeV decaying via H → γγ as measured in groups
of categories sensitive to individual production modes, and
the combined signal strength, for the combination of the
7 TeV and 8 TeV data. The vertical hatched band indicates
the 68% confidence interval of the combined signal strength.
The vertical dashed line at signal strength 1 indicates the
SM expectation. The vertical dashed red line indicates the
limit below which the fitted signal plus background mass dis-
tribution for the combination of the V H categories becomes
negative for some mass in the fit range.
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FIG. 19. Measured signal strengths, for a Higgs boson of mass
mH = 125.4 GeV decaying via H → γγ, of the different Higgs
boson production modes and the combined signal strength
µ obtained with the combination of the 7 TeV and 8 TeV
data. The vertical dashed line at µ = 1 indicates the SM
expectation. The vertical dashed line at the left end of the
µZH result indicates the limit below which the fitted signal
plus background mass distribution becomes negative for some
mass in the fit range.

lation between the fitted values of µggF and µVBF has

been studied by still fixing both µtH and µbb̄H to 1 and
profiling3 the remaining signal strengths µZH , µWH , and
µtt̄H . The best-fit values of µggF and µVBF and the 68%
and 95% CL contours are shown in Fig. 20.
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FIG. 20. The two-dimensional best-fit value of (µVBF, µggF)
for a Higgs boson of mass mH = 125.4 GeV decaying via
H → γγ when fixing both µtH and µbb̄H to 1 and profil-
ing all the other signal strength parameters. The 68% and
95% CL contours are shown with the solid and dashed lines,
respectively. The result is obtained for mH = 125.4 GeV and
the combination of the 7 TeV and 8 TeV data.

Compared with the measured tt̄H signal strength pa-
rameter µtt̄H = 1.3 +2.5

−1.7 (stat.) +0.8
−0.4 (syst.) in Ref. [96],

µtt̄H measured in this analysis profits from the contribu-
tion of tt̄H events in other categories such as V H Emiss

T
and V H one-lepton. In addition, in this measurement
the other contributions to the signal strength are pro-
filed, whereas they are fixed at the SM predictions in
Ref. [96].

As mentioned in the introduction, in order to test the
production through VBF and associated production with
aW or Z boson or a tt̄ pair, independently of theH → γγ
branching ratio, the ratios µVBF/µggF, µV H/µggF, and
µtt̄H/µggF are fitted separately by fixing µtH and µbb̄H
to 1 and profiling the remaining signal strengths. The
measured ratios

µVBF/µggF = 0.6 +0.8
−0.5,

µV H/µggF = 0.6 +1.1
−0.6,

µtt̄H/µggF = 1.2 +2.2
−1.4,

although not significantly different from zero, are
consistent with the SM predictions of 1.0. Like-
lihood scans of these ratios are presented in

3 Profiling here means maximizing the likelihood with respect to
all parameters apart from the parameters of interest µggF and
µVBF.
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ATLAS experiment

Performance goals of the ATLAS detector
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Table 1.1: General performance goals of the ATLAS detector. Note that, for high-pT muons,
the muon-spectrometer performance is independent of the inner-detector system. The units for E
and pT are in GeV.

Detector component Required resolution η coverage
Measurement Trigger

Tracking σpT /pT = 0.05% pT ⊕1% ±2.5
EM calorimetry σE/E = 10%/

√
E⊕0.7% ±3.2 ±2.5

Hadronic calorimetry (jets)
barrel and end-cap σE/E = 50%/

√
E⊕3% ±3.2 ±3.2

forward σE/E = 100%/
√

E⊕10% 3.1 < |η |< 4.9 3.1 < |η |< 4.9
Muon spectrometer σpT /pT =10% at pT = 1 TeV ±2.7 ±2.4

The muon instrumentation includes, as a key component, trigger chambers with timing resolution
of the order of 1.5-4 ns. The muon spectrometer defines the overall dimensions of the ATLAS
detector.

The proton-proton interaction rate at the design luminosity of 1034 cm−2s−1 is approximately
1 GHz, while the event data recording, based on technology and resource limitations, is limited to
about 200 Hz. This requires an overall rejection factor of 5×106 against minimum-bias processes
while maintaining maximum efficiency for the new physics. The Level-1 (L1) trigger system uses a
subset of the total detector information to make a decision on whether or not to continue processing
an event, reducing the data rate to approximately 75 kHz (limited by the bandwidth of the readout
system, which is upgradeable to 100 kHz). The subsequent two levels, collectively known as the
high-level trigger, are the Level-2 (L2) trigger and the event filter. They provide the reduction to a
final data-taking rate of approximately 200 Hz.

Due to budgetary constraints, some detector systems had to be staged. They will be com-
pleted and installed as soon as technically and financially feasible. These include, in particular, a
significant part of the high-level trigger processing farm. The initial input capacity will be limited
to a L1 trigger rate of about 40 kHz. This capacity will be increased as needed to deal with the
LHC luminosity profile during the first years. The ultimate goal is to be able to handle 100 kHz
if needed. Some parts of the muon spectrometer are staged, most noticeably part of the precision
chambers in the transition region between the barrel and the end-caps. In addition, some of the
forward shielding elements will be completed later, as the LHC approaches design luminosity.

1.2 Tracking

Approximately 1000 particles will emerge from the collision point every 25 ns within |η | < 2.5,
creating a very large track density in the detector. To achieve the momentum and vertex reso-
lution requirements imposed by the benchmark physics processes, high-precision measurements
must be made with fine detector granularity. Pixel and silicon microstrip (SCT) trackers, used in
conjunction with the straw tubes of the Transition Radiation Tracker (TRT), offer these features.

– 5 –

Large acceptance

Radiation hard

Silicon and TRT tracker in 2T
magnetic field
Measure position and momentum of
charged particles

Liquid argon electromagnetic
calorimeter (LAr)
Measure energy of electrons and
photons.

Scintillating tiles hadronic
calorimeter
Measure energy of jets

Muon chambers
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Electromagnetic calorimeter (LAr)

CHAPITRE 2. Le LHC et le détecteur ATLAS

Plusieurs choix s’offrent pour l’ordonnancement de la description du calorimètre, par
exemple en fonction de la nature des particules à reconstruire ou en fonction de la tech-
nologie utilisée. C’est ce deuxième choix qui est proposé dans ce manuscrit.

2.4.2.1 Le calorimètre à argon liquide

Le calorimètre à argon liquide est basé sur le principe de l’échantillonnage (Fig. 2.30)
par une structure d’alternance de milieu absorbant passif lourd et de milieu actif. L’absor-
beur de différentes natures suivant le sous-détecteur, permet de faire perdre de l’énergie
aux particules incidentes et de créer le long de leur trajectoire des particules secondaires
(électrons, photons). Le milieu actif : l’argon liquide, est ionisé par les électrons secon-
daires, ce qui permet par l’intermédiaire du champ électrique produit par un système
d’électrodes à haute tension de collecter les électrons, formant un courant dont l’am-
plitude initiale est proportionnelle à l’énergie perdue par la particule incidente, donc
permettant de déduire l’énergie initiale de celle-ci en combinant plusieurs cellules. En rai-
son de la mobilité bien plus importante des électrons par rapport aux ions sur l’échelle de
temps de dérive des porteurs de charge, seuls les électrons dérivent vers l’électrode chargée
positivement 18, tandis que les ions, qui dérivent vers la cathode (l’absorbeur), peuvent
être considérés comme quasi-immobiles. Tant que l’énergie des particules incidentes est
suffisante, le phénomène continue en cascade, donnant lieu à la création d’une gerbe
électromagnétique. Les caractéristiques de la gerbe (extensions latérales, longitudinales,
etc.) permettent l’identification des particules avec une certaine efficacité/réjection.

Figure 2.30 – Schéma de principe du calorimètre à argon liquide pour un absorbeur de plomb.

L’argon liquide est un gaz rare, inerte chimiquement par les couches électroniques
périphériques complètes, ce qui l’empêche de capturer des électrons. La phase liquide
permet une forte densité, donc de couvrir la gerbe électromagnétique avec une meilleure
fraction d’échantillonnage et un bon rapport S/B. En conclusion, il a les propriétés d’une

18. appelée parfois génériquement électrode par abus de langage dans la littérature.
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Energy scale factors

After MVA calibration, mass distribution
of Z → ee for data and MC still have
discrepancy.
A data-driven analysis is performed
to match data to MC distribution
(relative matching).
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A correction, applied to both electrons of Z decay, is computed to shift the central
value of data distribution :

energy scale factor (α)

E corr = Emeas(1 + α)
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Resolution constant term

σ

E
=

a√
E
⊕ b

E
⊕ c

a : sampling term ( 10%). Linked to the fluctuations of electromagnetic showers.
Can be simulated.

b/E : noise term ( 350cosh(η) MeV ). Measured in dedicated runs.

c : constant term (0.7%). Must be measured on data.

We observe that data distribution is larger than MC. An additional constant
term (C) is measure to enlarge MC up to the data width. Both MC electrons
undergo the correction :

Resolution constant term (C)

E corr = Emeas(1 + N(0, 1) ∗ C )

N(0, 1) : a Gaussian distributed random number
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Template method
The template method is used to measure α and C
simultaneously.

Create distorded MC (templates) with test
values of α and C .

Compute χ2 between Z mass
distribution of data and template.

Fit the minimum of the χ2 distribution in
the (α,C ) plane.
Fit performed in 2 steps of 1D fits :
I fit χ2 = f (α) at constant C (lines) → (αmin, χ

2
min) .

I fit χ2
min = f (C )→ (C ,∆C )

I project C in αmin = f (C ), corresponding bin gives
(α,∆α).
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Run 2 results

Scales are measured with 13TeV data at 25ns
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α discrepancies are below 0.1% out of the crack (1.37 < |η| < 1.55).
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Higgs boson at the LHC

Higgs boson predicted in 1964, discovered in
2012.

Gives mass to weak boson, and fermions
through Yukawa coupling.
Several production mode are available at
the LHC.
I ggH : gg → H
I VBF : qq → Hjj
I VH : Z (W )→ Z (W )H
I ttH : tt̄ → tt̄H

At a mass of 125 GeV, many decay modes
available :
I H → bb̄ : dominant decay mode ( ∼ 57% ) but high

background in hadronic machines.
I H → 4l : low expected events, almost no background.
I H → γγ : low branching ratio (0.28%) but clean

signature. High but smooth background.

 [GeV] HM
80 100 200 300 1000

 H
+

X
) 

[p
b]

   
 

→
(p

p 
σ

-210

-110

1

10

210
= 8 TeVs

L
H

C
 H

IG
G

S
 X

S
 W

G
 2

01
2

 H (NNLO+NNLL QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 W
H (NNLO QCD + NLO EW

)

→
pp 

 ZH (NNLO QCD +NLO EW
)

→
pp 

 ttH (NLO QCD)

→
pp 

Goudet (LAL) Energy calibration & Higgs couplings Orsay, May 9, 2016 9 / 13



Likelihood Method
A function (likelihood) is built to evaluate the best set of parameters (~µ,~θ)
of a model to agree the best with a dataset in a category.

L =
(ns(~µ, ~θ) + b)nobs

nobs!
e−(ns(~µ,~θ)+b)

︸ ︷︷ ︸
(1)

(2)︷ ︸︸ ︷
nobs∏

j

ψ(~xj ; ~µ, ~θ) e−
θ2

2︸︷︷︸
(3)

(1) Poissonian law to evaluate the
probability to observe nobs(≡ signal +
background) events when (ns + b) are
expected.
(2) Probability density function of
the observables ~x (diphoton invariant
mass for example) for the j th event.
(3) Constraint on the nuisance parameter
θ. See next slide.

Goudet (LAL) Energy calibration & Higgs couplings Orsay, May 9, 2016 10 / 13



Nuisance parameters

There are some external measurements that contribute to the likelihood and
have some uncertainties. A free nuisance parameter is added for each of these
measurements. In order to take into account these external measurements, a
constraint is put on these nuisance parameters.

For example, the luminosity is re-defined as L(1 + δLθL), with θL the nuisance
parameter and δL the uncertainty on the luminosity (assumed to be Gaussian). In
this case, a Gaussian constraint is chosen.
The contribution from luminosity will hence be :

L(1 + δLθL)e−θ
2
L/2

Error Estimation

A test statistic is defined as : tµ = −2ln
L(µ,

ˆ̂
θ)

L(µ̂,θ̂)
, with θ̂ and µ̂ the best (fitted)

parameters, and
ˆ̂
θ the fitted nuisance parameters for a fixed µ.

Uncertainty are given by : tµ̂±1σ = 1 and tµ̂±2σ = 4 in 1D Gaussian limit.

Goudet (LAL) Energy calibration & Higgs couplings Orsay, May 9, 2016 11 / 13



Conclusion

Higgs measurement uncertainties are
dominated by statistics :
new challenges ahead to keep it that
way with 30× more stat.

Electron calibration under control.
Calibration systematics (dominant in Higgs
measurements) need improvement to use the
full potential of new statistics.

Stronger constraints on Higgs couplings may
bring hints of BSM physics.

Stay tuned !
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Full calibration

To reach the physics analyses, data and simulated reconstructed events must pass a
calibration procedure. This procedures aim to correct the measured energy to
retrieve the true energy of the particle at the interaction point.

simulation!

data!

J/ψàee Zàllγ#
data-driven scale validation!

calibrated !
e/γ !

energy!

Zàee #
resolution 
smearing !

Zàee #
scale 

calibration!

EM !
cluster!
energy!

training of !
MC-based !

e/γ calibration!

1!

uniformity 
corrections!

4!
longitudinal 
layer inter-
calibration!

2!

MC-based !
e/γ energy!
calibration!

3! 5!

5!

6!

Electrons and photons follow the same steps but with dedicated analyses.
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Identification variablesTable 1: Definition of electron discriminating variables.

Type Description Name

Hadronic leakage Ratio of ET in the first layer of the hadronic calorimeter to ET of the EM cluster RHad1

(used over the range |η| < 0.8 or |η| > 1.37)

Ratio of ET in the hadronic calorimeter to ET of the EM cluster RHad

(used over the range 0.8 < |η| < 1.37)

Back layer of Ratio of the energy in the back layer to the total energy in the EM accordion f3

EM calorimeter calorimeter

Middle layer of Lateral shower width,
√

(ΣEiη
2
i )/(ΣEi) − ((ΣEiηi)/(ΣEi))2, where Ei is the Wη2

EM calorimeter energy and ηi is the pseudorapidity of cell i and the sum is calculated within

a window of 3 × 5 cells

Ratio of the energy in 3×3 cells over the energy in 3×7 cells centered at the Rφ

electron cluster position

Ratio of the energy in 3×7 cells over the energy in 7×7 cells centered at the Rη

electron cluster position

Strip layer of Shower width,
√

(ΣEi(i − imax)2)/(ΣEi), where i runs over all strips in a window wstot

EM calorimeter of ∆η × ∆φ ≈ 0.0625 × 0.2, corresponding typically to 20 strips in η, and

imax is the index of the highest-energy strip

Ratio of the energy difference between the largest and second largest energy Eratio

deposits in the cluster over the sum of these energies

Ratio of the energy in the strip layer to the total energy in the EM accordion f1

calorimeter

Track quality Number of hits in the B-layer (discriminates against photon conversions) nBlayer

Number of hits in the pixel detector nPixel

Number of total hits in the pixel and SCT detectors nSi

Transverse impact parameter d0

Significance of transverse impact parameter defined as the ratio of d0 σd0

and its uncertainty

Momentum lost by the track between the perigee and the last ∆p/p

measurement point divided by the original momentum

TRT Total number of hits in the TRT nTRT

Ratio of the number of high-threshold hits to the total number of hits in the TRT FHT

Track-cluster ∆η between the cluster position in the strip layer and the extrapolated track ∆η1

matching ∆φ between the cluster position in the middle layer and the extrapolated track ∆φ2

Defined as ∆φ2, but the track momentum is rescaled to the cluster energy ∆φres

before extrapolating the track to the middle layer of the calorimeter

Ratio of the cluster energy to the track momentum E/p

Conversions Veto electron candidates matched to reconstructed photon conversions isConv

6
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Reconstruction & Identification efficiencies

Not all electrons pass the reconstruction and identification criteria.
3 menus with increasing purity ( but deceasing efficiencies) are defined :
loose, medium, tight. The efficiency of these procedures is given as a function of
the pT and η = −ln(tan(θ/2)).
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Energy measurement in LAr

Signal drift time (∼ 600ns) too long for collisions
every 25ns (pile-up).

Analog signal pass through an bipolar filter to reduce
signal time. Shape optimize signal over pileup and
electronic noise.

ADC sampling every 25ns (4 points are kept).

Energy computed using calibration constants and
optimal filtering of the samples.

CHAPITRE 2. Le LHC et le détecteur ATLAS

L’énergie reconstruite dans une cellule s’écrit :

Ecell =

n
samples∑

i=1

ai(si − ped)

︸ ︷︷ ︸
ADC

·GADC→DAC ·
(
Mphys

Mcalib

)−1
· FDAC→µA · FµA→MeV (2.3)

faisant apparâıtre :
– l’énergie mesurée par la technique de filtrage optimal à partir du signal exprimé en
coups ADC.

– le gain GADC→DAC en trois versions : faible, moyen, haut.

– la correction
(
Mphys

Mcalib

)−1
pour tenir compte de la différence entre un signal de cali-

bration et d’ionisation réelle, pour diverses raisons : signal de calibration de forme
exponentielle au lieu de la forme triangulaire pour une particule chargée, distorsion
du signal de calibration par rapport à celui de l’ionisation en raison d’une différence
du point d’injection du signal, effets parasites des inductances des câbles véhiculant
le signal de calibration. Le rapport du maximum du signal électrique mesuré par le
calorimètre électromagnétique pour le signal physique et celui de calibration.

– la correspondance FDAC→µA entre l’amplitude DAC du convertisseur analogique
numérique et le courant injecté correspondant

– la correspondance FµA→MeV entre le courant collecté par l’électrode de lecture et
l’énergie déposée dans l’argon liquide, tenant compte de la simulation par Geant 4,
des fractions d’échantillonnage et des mesures de tests en faisceaux.

Pour calculer les paramètres nécessaires à cette formule, différents runs sont nécessaires.
Des runs spécifiques de calibration sont procédés pendant la prise de données. La carte
de calibration, située dans le châssis FEC, permet d’injecter un signal de calibration à
partir d’un convertisseur numérique analogique en unités de DAC (Digital To Analo-
gic Convertor) alimentant un circuit R − L. La décharge produit un signal exponentiel
décroissant imitant le signal triangulaire. Le signal est alors injecté aux électrodes à tra-
vers une résistance d’injection, jusqu’à sa transformation en coups ADC par l’électronique
de lecture. Les runs de piédestaux consistent à établir des déclenchements aléatoires en
l’absence de signal injecté dans les cellules du calorimètre, donc en l’absence de faisceaux,
afin de mesurer le piédestal. Les runs de rampes utilisent l’injection d’un courant crois-
sant linéairement pour déterminer les trois gains ADC = f(DAC) de chaque cellule. Les
runs de délai permettent de déterminer les formes des impulsions en injectant un signal
d’amplitude fixe dont le délai pour la lecture est variable. Différents effets influencent les
paramètres du signal collecté par les électrodes, donc l’énergie reconstruite. Les variations
de la température de l’argon liquide provoquent un changement de la vitesse de dérive
des électrons, mais également de façon moindre, modifient la densité du milieu actif. Des
sondes de température prenant des mesures à des intervalles de l’ordre de la minute per-
mettent de monitorer l’évolution. Les irradiations peuvent provoquer un dégazage des
matériaux du calorimètre, ce qui modifierait la composition de l’argon liquide. Un moni-
torage de pureté est réalisé avec des intervalles de l’ordre de 15 min à partir de sondes
radioactives situées dans les cryostats.
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Reconstruction & Identification

Reconstruction links the energy deposit in detector cells to a
physical particle and its properties.

Divide the central part (|η| = |ln(tan(θ/2))| < 2.47) into towers of size
∆η ×∆φ = 0.25× 0.25

Sum energies from all cells and all layers of the tower

Sliding window (3× 5 towers ) algorithm look for 2.5 GeV of transverse energy

Track matching and clustering :
I no track → photon → 3× 7 cluster
I track → electron → 3× 7 cluster
I conversion vertex → converted photon → 3× 7 cluster

Identification is to separate prompt electrons from both jets and other electrons
from either hadron decay or photon conversion.

A multivariate likelihood method using 23 variables
of energy deposit and tracking is used.
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MVA calibration

Simulated events are passed through a full GEANT4 simulation of the ATLAS
detector.

Events are then categorized in η and pT bins, separately for electrons and
photons.

A multivariate analysis (MVA) is performed to compute the true
energy from detector observables.

Plot shows most probable value (MVP) of E corr/E true.

MVA uses :

Energies in all layers of the ECAL

EM shower shape variables

Barycenters of energy deposits

|η|

0 0.5 1 1.5 2 2.5

M
P

V

0.99

0.995

1

1.005

1.01

1.015

1.02

25 GeV
50 GeV
100 GeV
200 GeV
1000 GeV

ATLAS Simulation
Electrons
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Inversion Procedure

Obtaining electron scales from Z scales need the minimizations of the following
χ2’s

χ2 =
∑
i ,j≤i

(αi+αj−2αij)
2

(∆αij)2

χ2 =
∑
i ,j≤i

(

√
c2
i +c2

j
2 −cij)2

∆2cij

(1)

ETA_TRK
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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0.025−
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2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

C

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018
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Photon correction

Electrons scale factors are also applied to photons. An additionnal scale factor (∆α)
is measured from Z → llγ.

|η|
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Run 2 prerecommandations

Run 2 early analyses need scales factors for 13TeV but not enough data will be
available. Need to estimate run 2 scales from run 1 data.
Pre-recommandations are computed using 8 TeV data reprocessed with :

new detector geometry

new reconstruction algorithm

new calibration machine learning

calo
η

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

α

0.04−

0.02−

0

0.02

0.04
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0.1
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Pre-recommandations, stat. unc.

Run 1, stat. unc.

ATLAS  Internal
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η
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Run 2 pre-recommandations systematics
2012 systematics are used for the pre-recommandations.
Two more systematics are added in quadrature :

Increasing the number of bin for α shows sub-patterns. Systematic is defined as
difference between a bin value and the average of its sub-bins.

Pre-recommandations being computed with 8TeV datasets, one needs to evaluate
the impact of the center of mass energy. Systematic is defined as the scale
measured from 13 TeV MC on 8TeV templates.

calo
η
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αδ
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calo
η
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Detector splitting

Detector is not uniform along η.

To improve resolution,
calibration is performed in bin of
ηcalo.

68 and 24 bins are used respectively
for α and C .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.285 1.37 1.42 1.47 1.51 1.55

1.59 1.63 1.6775 1.725 1.7625 1.8 1.9 2 2.05 2.1 2.2 2.3 2.35 2.4 2.435 2.47

Electrons are labelled by their η bin, hence Z are labeled by the combination
of electrons bins. Scales are computed for each combination.
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Run 1 : results and uncertainties

Uncertainties are evaluated as the difference between
official scales and the ones measured with a changed
parameter. They include :

electron identification quality from medium to tight.

Z mass window

electron pT cut

uncertainties on efficiencies scale factors

energy loss through bremshtrahlung

background

pile-up

measurement method
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Mass measurement

Higgs mass is the last unknown parameter of the standard model :

mH = 125.36± 0.37(stat)± 0.18(syst)
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Figure 8: Value of −2 ln Λ as a function of mH for the individual H → γγ and H→ZZ∗→ 4` channels and their combination, where the signal
strengths µγγ and µ4` are allowed to vary independently. The dashed lines show the statistical component of the mass measurements. For the
H→ZZ∗→ 4` channel, this is indistinguishable from the solid line that includes the systematic uncertainties.
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Figure 9: Likelihood contours −2 ln Λ(S ,mH) as a function of the normalized signal yield S = σ/σSM(mH=125.36 GeV) and mH for the H → γγ
and H→ZZ∗→ 4` channels and their combination, including all systematic uncertainties. For the combined contour, a common normalised signal
yield S is used. The markers indicate the maximum likelihood estimates in the corresponding channels.
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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 (|η| < 1.1) 50
H → γγ background model (unconv rest low pTt) 40
Z → ee calibration 50
Primary vertex effect 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 Λ at ∆mH = 0, a compatibility of 4.8%, equivalent to 1.98σ, 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 1.97σ.

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 1.8σ. The compatibility between the two
measurements increases to 11% (1.6σ) 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 2.5σ to 2.0σ.

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 → γγ 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 of√

s=7 TeV and
√

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 → γγ 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 2.0σ 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 → γγ 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

23

Statistical uncertainties highly dominant.

Run 2 will increase sensitivity to systematics.
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µγγ measurement
µγγ is a main variable to measure. It is related to the cross section (production
probability) :

µγγ =
(σ × BR)meas

(σ × BR)SM
= 1.17± 0.23(stat) +0.10

−0.08(syst) +0.12
−0.08(theory)
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FIG. 18. The signal strength for a Higgs boson of mass
mH = 125.4 GeV decaying via H → γγ as measured in groups
of categories sensitive to individual production modes, and
the combined signal strength, for the combination of the
7 TeV and 8 TeV data. The vertical hatched band indicates
the 68% confidence interval of the combined signal strength.
The vertical dashed line at signal strength 1 indicates the
SM expectation. The vertical dashed red line indicates the
limit below which the fitted signal plus background mass dis-
tribution for the combination of the V H categories becomes
negative for some mass in the fit range.
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lation between the fitted values of µggF and µVBF has

been studied by still fixing both µtH and µbb̄H to 1 and
profiling3 the remaining signal strengths µZH , µWH , and
µtt̄H . The best-fit values of µggF and µVBF and the 68%
and 95% CL contours are shown in Fig. 20.
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FIG. 20. The two-dimensional best-fit value of (µVBF, µggF)
for a Higgs boson of mass mH = 125.4 GeV decaying via
H → γγ when fixing both µtH and µbb̄H to 1 and profil-
ing all the other signal strength parameters. The 68% and
95% CL contours are shown with the solid and dashed lines,
respectively. The result is obtained for mH = 125.4 GeV and
the combination of the 7 TeV and 8 TeV data.

Compared with the measured tt̄H signal strength pa-
rameter µtt̄H = 1.3 +2.5

−1.7 (stat.) +0.8
−0.4 (syst.) in Ref. [96],

µtt̄H measured in this analysis profits from the contribu-
tion of tt̄H events in other categories such as V H Emiss

T
and V H one-lepton. In addition, in this measurement
the other contributions to the signal strength are pro-
filed, whereas they are fixed at the SM predictions in
Ref. [96].

As mentioned in the introduction, in order to test the
production through VBF and associated production with
aW or Z boson or a tt̄ pair, independently of theH → γγ
branching ratio, the ratios µVBF/µggF, µV H/µggF, and
µtt̄H/µggF are fitted separately by fixing µtH and µbb̄H
to 1 and profiling the remaining signal strengths. The
measured ratios

µVBF/µggF = 0.6 +0.8
−0.5,

µV H/µggF = 0.6 +1.1
−0.6,

µtt̄H/µggF = 1.2 +2.2
−1.4,

although not significantly different from zero, are
consistent with the SM predictions of 1.0. Like-
lihood scans of these ratios are presented in

3 Profiling here means maximizing the likelihood with respect to
all parameters apart from the parameters of interest µggF and
µVBF.
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FIG. 13. Diphoton invariant mass mγγ spectrum observed in
the sum of the 7 TeV and 8 TeV data. Each event is weighted
by the signal-to-background ratio in the dataset and category
it belongs to. The errors bars represent 68% confidence in-
tervals of the weighted sums. The solid red curve shows the
fitted signal plus background model when the Higgs boson
mass is fixed at 125.4 GeV. The background component of
the fit is shown with the dotted blue curve. The signal com-
ponent of the fit is shown with the solid black curve. Both the
signal plus background and background-only curves reported
here are obtained from the sum of the individual curves in
each category weighted by their signal-to-background ratio.
The bottom plot shows the data relative to the background
component of the fitted model.

Table XIV. They are determined from the difference in
quadrature between the nominal uncertainty and change
in the 68% CL range on µ when the corresponding nui-
sance parameters are fixed to their best fit values. The
sums of the squares of the theoretical uncertainties linked
to the QCD scales, PDFs, and H → γγ branching ratio
account for approximately 50% of the square of the to-
tal systematic uncertainty. The dominant experimental
uncertainty is from the photon energy resolution, which
represents approximately 30% of the total systematic un-
certainty (as above in terms of its contribution to the
square of the total systematic uncertainty). In the fit
to extract the signal strengths, the post-fit values of the
most relevant nuisance parameters (those apart from the
ones of the background model), do not show significant
deviations from their pre-fit input values.

The compatibility of the combined signal strength pre-
sented in this article with the one published in Ref. [13],
µ = 1.55 +0.33

−0.28, is investigated using a jackknife resam-
pling technique [111, 112] in which variances and covari-
ances of observables are estimated with a series of sub-

TABLE XIV. Main systematic uncertainties σsyst.
µ on the

combined signal strength parameter µ. The values for each
group of uncertainties are determined by subtracting in
quadrature from the total uncertainty the change in the 68%
CL range on µ when the corresponding nuisance parameters
are fixed to their best fit values. The experimental uncer-
tainty on the yield does not include the luminosity contribu-
tion, which is accounted for separately.

Uncertainty group σsyst.
µ

Theory (yield) 0.09
Experimental (yield) 0.02
Luminosity 0.03
MC statistics < 0.01
Theory (migrations) 0.03
Experimental (migrations) 0.02
Resolution 0.07
Mass scale 0.02
Background shape 0.02

samples of the observations. The datasets used in the
two analyses are highly correlated: 142681 events are
selected in Ref. [13], 111791 events are selected in the
current analysis, and 104407 events are selected in both
analyses. The significance of the 0.4 difference between
the combined signal strengths, including the effect of the
74% correlation between the two measurements, is cal-
culated by applying the jackknife technique to the union
of the two datasets and is found to be 2.3σ. An un-
certainty of 0.1σ on the compatibility between the two
measurements is estimated by varying the size of the jack-
knife sub-samples. The decrease in the observed signal
significance (5.2σ) with respect to the one published in
Ref. [13] (7.4σ) is related to the reduction of the mea-
sured signal strength according to the asymptotic for-
mula Z = µ/σstat

µ , where σstat
µ is the statistical compo-

nent of the uncertainty on µ. In other words, the ob-
served reductions of the significance and signal strength
are consistent with each other and consistent with a sta-
tistical fluctuation at the level of ∼ 2.3σ.

As can be seen in Figs. 17 and 18, the observed sig-
nal strengths of the tagged categories, which are domi-
nated by production processes other than ggF, tend to
be lower than the signal strengths measured with the
untagged categories, which are dominated by ggF pro-
duction. This tendency, combined with the optimized
sensitivity of this analysis to production processes other
than ggF, results in a lower combined signal strength
than those measured using alternative analyses of the
same dataset (or where the datasets are largely over-
lapping) that are inclusive with respect to the produc-
tion process. The compatibility of the combined signal
strength obtained in this analysis with the signal strength
µ = 1.29± 0.30 obtained in the mass measurement anal-
ysis quoted in Ref. [9] for the diphoton channel (where
the diphoton events are sorted into categories that de-

If no improvements, calibration uncertainty will be dominant in run 2.
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