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Figure 5.5: Photograph of a partly stacked bar-

rel electromagnetic LAr module. A total of six

out of seven outer support rings into which the

absorbers can be seen. The backbone behind

the outer support rings and the assembly bench

below the stacked modules are also visible.

Figure 5.6: Photograph showing a side view

of an electromagnetic end-cap LAr module (the

beam axis is vertical). The first acccordion ab-

sorber of each wheel is clearly visible, as well

as the summing boards, the mother-boards and

the cables.

discontinuity along the azimuthal angle ⌃ ; however, for ease of construction, each half-barrel has

been divided into 16 modules, each covering a D⌃ = 22.5⇧. The total thickness of a module is at

least 22 radiation lengths (X0), increasing from 22 X0 to 30 X0 between |� | = 0 and |� | = 0.8 and

from 24 X0 to 33 X0 between |� | = 0.8 and |� | = 1.3.

At the inner and outer edges, each absorber is encased in the groove of a precision-machined

glass-fibre composite bar. The purpose of these bars is to accurately position each absorber with

respect to its neighbours and also to provide space for the connectors of the electrodes. The stacking

of these bars defines the cylindrical geometry of the half-barrel.

Seven stainless-steel outer rings support a half-barrel and provide it with the required rigidity.

Each ring is made of 16 ring-pieces corresponding to the 16 modules. All ring-pieces are identical

with an I-beam cross-section except for the two ring-pieces at the level of the cryostat rails. Simi-

larly, eight composite inner rings define the inner geometry of a half-barrel. Each inner ring is also

made of 16 identical ring-pieces. The absorber bars are screwed into these ring-pieces.

A module, as depicted in figures 5.4 and 5.5, has three layers or layers in depth (front, middle

and back as viewed from the interaction point). The front layer is read out at the low-radius side

of the electrode, whereas the middle and back layers are read out at the high-radius side of the

electrode. The readout granularity of the different layers is shown in table 1.3. In total, there are

3424 readout cells per module, including the presampler cells. The amount of dead material in

front of the presampler and between the presampler and the first calorimeter layer as well as the

thickness of each calorimeter layer are shown in figure 5.1 in units of X0.

The presampler [108] is a separate thin liquid-argon layer (11 mm in depth), which provides

shower sampling in front of the active electromagnetic calorimeter and inside the barrel cryostat.

This presampler layer is made of 64 identical azimuthal sectors (32 per half-barrel). Each sector

is 3.1 m long and 0.28 m wide, thus covering the half-barrel length and providing a coverage

in D�⇥D⌃ of 1.52⇥0.2. It is composed of eight modules of different size, with a length increasing

– 115 –

�', �-&�,

 H Decay mode ATLAS signal 
significance

 H → γγ 7.4σ

 H 6.6σ

 H→ WW → e ν , μ ν 3.8σ

 H → τ τ 4.1σ

 VH → V , bb limit  < SM x 1.4
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Fig. 9 Energy response as a function of µ, normalised to
its average. The energy response is probed using the peak
position of the electron pair invariant mass peak in Z events
and the MPV of the E/p distribution in W events, and µ is
defined as the expected number of pp interactions per bunch
crossing. The error bars include statistical errors only.
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for |⌘| < 0.8, and 0.75% is obtained in the rest of the698

acceptance.699

The stability of the electron energy response as a func-700

tion of the mean number of interactions per bunch cros-701

sing (µ), and time was measured using electrons from Z702

boson decays. The results presented in Figures 9 and 10703

show a stability at the level of 0.05%. The stability of704

the response as a function of the number of reconstruct-705

ed collision vertices (Nvtx) is shown in Figure 11. Clas-706

sifying events according to Nvtx, related to the actual707

number of interactions per bunch crossing, biases the708

pile-up activity of the colliding bunch with respect to709
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Fig. 11 Top: energy response as a function of N
vtx

, nor-
malised to its average. The energy response is probed using
the peak position of the electron pair invariant mass in Z

events. Bottom: data to simulation ratio. The error bars in-
clude statistical errors only.

the average. In this case the compensation of the pile-up710

contribution to the reconstructed energy by the bipolar711

shaping becomes imperfect, giving rise to the observed712

slope. This e↵ects is described by the simulation with713

an accuracy of 0.05%.714

7 Intercalibration of the LAr calorimeter layers715

716

This section presents the intercalibration of the first717

and second calorimeter layers, and a determination of718

the PS energy scale. Corrections are computed to adjust719

residual e↵ects not accounted for by the cell electronic720

calibration discussed in Section 2.2. No dedicated inter-721

calibration of the third EM longitudinal layer is carried722

out, as its contribution is negligible in the energy range723

covered by the present studies.724

The intercalibration of the first and second calorimeter725

layers uses muons as probes, while the determination726

of the PS energy scale exploits the PS energy distribu-727

tions of electrons in data and simulation, after e↵ective728

corrections for possible mis-modeling of the upstream729

passive material. The results are verified by a study of730

the electron energy response as a function of shower731

depth.732
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calibration of the third EM longitudinal layer is carried722

out, as its contribution is negligible in the energy range723

covered by the present studies.724

The intercalibration of the first and second calorimeter725

layers uses muons as probes, while the determination726

of the PS energy scale exploits the PS energy distribu-727

tions of electrons in data and simulation, after e↵ective728

corrections for possible mis-modeling of the upstream729

passive material. The results are verified by a study of730

the electron energy response as a function of shower731

depth.732
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Electron and photon energy calibration with the ATLAS detector using LHC Run 1 data 31

Uncertainty |⌘| < 0.6 0.6 < |⌘| < 1.37 1.52 < |⌘| < 1.81 1.81 < |⌘| < 2.37
Ine�ciency 0.02 0.03 0.10 0.02
Fake Rate 0.01 0.06 0.06 0.03

Table 7 Impact on the energy scale of unconverted (converted) photons from the additional ine�ciency (fake rate) in four
pseudorapidity bins, in %.

Particle type |⌘| < 0.8 0.8 < |⌘| < 1.37 1.52 < |⌘| < 2.37
�(� � e), converted 0.16± 0.11 0.46± 0.10 0.19± 0.10

�(� � e), unconverted 0.03± 0.04 0.10± 0.06 0.05± 0.04

Table 8 Di↵erence between out-of-cluster energy loss for electrons and photons, �(� � e), in %.
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Fig. 33 Invariant mass distributions in data and simulation, for large-angle Z ! ``� events with converted (left) and uncon-
verted photons (right) in the electron and muon channels; �R(`, �) > 0.4, E�

T

> 15 GeV. Energy corrections are applied. The
MC simulation is normalised to the number of events in data.

invariant mass m(``�(↵
i

))data is recomputed; its agree-1624

ment with MC simulation is quantified using a double1625

ratio method:1626

R(↵
i

) =
hm(``�(↵

i

))datai / hm(``)datai
hm(``�)MCi / hm(``)MCi

, (14)

where hm(``�)i and hm(``)i are the mean values of the1627

three-body and two-body invariant masses in the radia-1628

tive and non-radiative samples, respectively. Taking the1629

ratio between hm(``�(↵
i

))i and hm(``)i in the numer-1630

ator suppresses the lepton energy scale uncertainties;1631

normalising this ratio to the MC expectation removes1632

possible biases due to the di↵erent lepton kinematics1633

in Z ! `` and Z ! ``� events. The value of ↵
i

that1634

provides the best agreement is the distributions with1635

R(↵
i

) = 1 defines the photon energy scale. The photon1636

energy scales are derived separately for non-collinear1637

Z ! ee� and Z ! µµ�events, collinear Z ! µµ�events1638

used for unconverted photons, and combined.1639

Several sources of systematic uncertainties have been1640

considered in this study : background contamination,1641

fit range, muon momentum scale and resolution in the1642

Z ! µµ channel and electron energy scale and res-1643

olution in the Z ! ee channel. The total systematic1644

uncertainty is of the order of 0.1% while the statisti-1645

cal uncertainty ranges between 0.2% and 1.5% depend-1646

ing on the pseudorapidity and on the photon conver-1647

sion type. Figure 34 shows the combined results as a1648

function of both ⌘ and ET, separately for unconverted,1649

single and double track converted photons. The bands1650

around zero represent the calibration systematic uncer-1651

tainty, including contributions discussed in Sections 101652

and 12. The measured photon energy scales agree with1653

the expectation within uncertainties.1654

14 Resolution accuracy1655

The main handle to probe the resolution in data is pro-1656

vided by the Z resonance, which provides a constraint1657

on the total resolution at given ⌘ and for ET ⇠ 40 GeV,1658

the average transverse energy of electrons from Z de-1659

cays. The resolution corrections c are derived in Sec-1660

tion 9 as an e↵ective constant term to be added in1661

quadrature to the expected resolution. As is the case1662

for the energy scales, c however absorbs the potential1663
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and �c = 1.1 ⇥ 10�3 for the resolution corrections are1259

assigned.1260

The sensitivity of the result to the event selections is1261

studied by varying the electron identification criteria1262

and the mass window used for the fit. Repeating the en-1263

ergy correction determination using electrons with tight1264

ID selection criteria gives an average di↵erence �↵ =1265

1.2⇥10�4 for the energy scales, and �c = 1.1⇥10�3 for1266

the resolution corrections. Uncertainties on the e�cien-1267

cy corrections for trigger, identification and reconstruc-1268

tion can distort the invariant mass distribution and con-1269

tribute a total uncertainty of about �↵ = 0.4⇥ 10�4 on1270

the energy scales and �c = 0.3⇥ 10�3 on the resolution1271

corrections. The impact of the choice of the mass win-1272

dow is on average �↵ = 0.9⇥10�4 and �c = 0.9⇥10�3.1273

The dedicated tracking algorithm used for electrons1274

provides momentum measurements at the interaction1275

point and the outer radius of the Inner Detector, de-1276

noted (q/p)IP and (q/p)out respectively. The momen-1277

tum lost by bremsstrahlung is quantified by defining1278

fbrem = 1 � (q/p)IP/(q/p)out, where values close to 01279

select electrons which have lost a small fraction of their1280

momentum. Repeating the analysis requiring fbrem <1281

0.3 selects an electron sample with less bremsstrahlung1282

than the inclusive sample, with an e�ciency of about1283

50%. The impact of this cut is �↵ = 6 ⇥ 10�4 and1284

�c = 1.5⇥ 10�3.1285

Uncertainties induced by the general modeling of the1286

signal process (pile-up, primary vertex distributions,1287

theoretical description of the Z lineshape) contribute1288

�↵ = 0.4⇥ 10�4 and �c = 0.5⇥ 10�3.1289

Electroweak, top and multijet backgrounds constitute1290

about 0.13% of the selected Z boson sample. To prop-1291

agate the corresponding uncertainty, the normalisation1292

of the electroweak and top backgrounds is varied within1293

the theoretical cross section uncertainties, which amo-1294

unt up to 10% depending on the channels, with an im-1295

pact of �↵ = 0.3 ⇥ 10�4 and �c = 0.4 ⇥ 10�3. The1296

multijet background fraction is estimated comparing1297

the electron isolation distribution observed after all se-1298

lections with the expected distributions for signal and1299

multijet production [12]. The signal distribution is de-1300

termined from the simulation, while the multijet dis-1301

tribution is determined from a jet-enriched sample ob-1302

tained selecting electron pairs passing only the loose1303

identification criterion. The relative uncertainty of this1304

determination is 50% and contributes �↵ = 0.2⇥ 10�4
1305

and �c = 0.1⇥ 10�3.1306

The uncertainties quoted above are averages; the values1307

depends on pseudorapidity, with larger values in regions1308
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Fig. 28 Top: Electron pair invariant mass distribution for
Z ! ee decays in data and simulation. Energy scale correc-
tions are applied to the data. The simulation is shown before
and after energy resolution corrections, and is normalised to
the number of events in data. Bottom: ratio of the data and
uncorrected MC distributions to the corrected MC distribu-
tion with the calibration uncertainty band.

with large amount of material upstream the calorimeter1309

and in the transition between the barrel and endcap.1310

The energy dependence of the corrections is discussed1311

in Section 11.1312

9.3 Data/MC comparison after corrections1313

After all corrections, the dielectron mass distribution1314

in data and simulation agree at the level of 1% in the1315

mass range 80 < m
ee

< 100 GeV, rising to 2% towards1316

the low end of the interval. The energy scale correc-1317

tion dominates the improvement, followed by the res-1318

olution correction. The jet, electroweak and top back-1319

grounds contribute about 1.5% near m
ee

= 80 GeV and1320

m
ee

= 100 GeV. Figure 28 shows the dielectron mass1321

distribution for the data corrected with the energy scale1322

factors and for the MC simulation with and without the1323

resolution corrections. In addition the ratios of the cor-1324

rected data and uncorrected MC distributions to the1325

corrected MC distribution are illustrated together with1326

the final calibration uncertainty.1327

A slight excess persists at low mass, indicating that the1328

energy tails in the data are not entirely modeled by1329

the simulation, even after the calibration and detector1330

geometry improvements described above. As is shown1331

in Figure 28, this discrepancy however lies within the1332

quoted passive material uncertainty. Its impact on the1333

energy scale and resolution corrections is covered by the1334

systematic variations described in the previous section.1335

W@CDKC�B6GGX�
�3Y:�:
�����'�:J:CHG�

=D=;LJGF�=F=J?Q�K;9D=�N�K��LAE=

&#�*���
( 0��

B::�4":/5

B::P�	�BRRP4":/5


��'�
B&&P

��O
�
��

��D;�H=:�E>A:IE



'IDC��R��'DB:CHIB
,86A:
�� &#�*���

( 0��

 of the leading muonη
-2 -1 0 1 2

M
C µ

µ
 /
 m

D
a

ta
µµ

m

0.995

0.996

0.997

0.998

0.999

1

1.001

1.002

1.003

1.004

1.005
ATLAS

CB muons

=8 TeVsData 2012,  

-1
 L dt = 20.3 fb∫

µµ →Z 
µµ → Υ

µµ → ψJ/

(a)

>    [GeV]
T

<p
10 210

M
C µ

µ
 /
 m

D
a

ta
µµ

m

0.995

0.996

0.997

0.998

0.999

1

1.001

1.002

1.003

1.004

1.005
ATLAS

|<2.5ηCB muons |

=8 TeVsData 2012,  

-1
 L = 20.3 fb∫

µµ →Z 
µµ → Υ

µµ → ψJ/

(b)

Figure 3: Ratio of the reconstructed dimuon invariant mass for data to the corrected mass in simulation for J/ , ⌥ and Z events: (a) as a function
of ⌘ of the higher-pT muon, and (b) as a function of hpTi of the two muons, as defined in the text. The shaded areas show the systematic uncertainty
on the simulation corrections for each of the three samples. The error bars on the points show the combined statistical and systematic uncertainty
as explained in the text.
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 H Decay mode ATLAS signal 
significance

 H → γγ 7.4σ

 H 6.6σ

 H → WW → e ν , μ ν 3.8σ

 H → τ τ 4.1σ

 VH → V , bb limit  < SM x 1.4
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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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 H Decay mode

 H → γγ

 H 

 H→ WW → e ν , μ ν

 H → τ τ → including ν

 VH → V , bb

$�d�ZZ

ET~ 32 GeV 

ET~ 21 GeV 

0370-2693(20120917)716:1;1-H

Volume 716, issue 1 17 September 2012

PHYSICS LETTERS B
Abstracted/Indexed in: Current Contents: Physical, Chemical & Earth Sciences/INSPEC/Zentralblatt MATH/MathSciNet.

Also covered in the abstract and citation database SciVerse Scopus ®.
Full text available on SciVerse ScienceDirect ®

Contents

Observation of a new particle in the search
for the Standard Model Higgs boson

Observation of a new particle in the search
for the Standard Model Higgs boson with the
ATLAS detector at the LHC

ATLAS Collaboration 1

Observation of a new boson at a mass of
125 GeV with the CMS experiment at the LHC

CMS Collaboration 30

Experiments

Search for the Standard Model Higgs boson in
the H → W W (⋆) → ℓνℓν decay mode with
4.7 fb−1 of ATLAS data at

√
s = 7 TeV

ATLAS Collaboration 62

Search for high-mass resonances decaying
into τ -lepton pairs in pp collisions at√

s = 7 TeV
CMS Collaboration 82

Search for heavy, top-like quark pair
production in the dilepton final state in pp
collisions at

√
s = 7 TeV

CMS Collaboration 103

Search for TeV-scale gravity signatures in
final states with leptons and jets with the
ATLAS detector at

√
s = 7 TeV

ATLAS Collaboration 122

Evidence for the associated production of a
W boson and a top quark in ATLAS at√

s = 7 TeV
ATLAS Collaboration 142

Astrophysics and cosmology

Low-temperature light detectors:
Neganov–Luke amplification and calibration

C. Isaila et al. 160

A cosmological concordance model with
dynamical vacuum term

J.S. Alcaniz, H.A. Borges, S. Carneiro,
J.C. Fabris, C. Pigozzo and W. Zimdahl 165

Primordial black hole evaporation and
spontaneous dimensional reduction

J.R. Mureika 171

Significance of tension for gravitating masses
in Kaluza–Klein models

M. Eingorn and A. Zhuk 176

Phenomenology

Higgs portal, fermionic dark matter, and a
Standard Model like Higgs at 125 GeV

L. Lopez-Honorez, T. Schwetz and
J. Zupan 179

Revisiting the T2K data using different
models for the neutrino–nucleus cross
sections

D. Meloni and M. Martini 186

Geometrical CP violation from
non-renormalisable scalar potentials

I. de Medeiros Varzielas, D. Emmanuel-Costa
and P. Leser 193

125 GeV Higgs, type III seesaw and
gauge–Higgs unification

B. He, N. Okada and Q. Shafi 197

The apparent excess in the Higgs to di-photon
rate at the LHC: New Physics or QCD
uncertainties?

J. Baglio, A. Djouadi and R.M. Godbole 203

B̄ → Dτ ν̄τ vs. B̄ → Dµν̄µ
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on the Higgs boson transverse momentum, evaluated as described in Sec. 4.6, has a negligible impact on the mass and
the inclusive signal rate measurements. The uncertainty on the integrated luminosity is given in Sec. 4.6, and has a
negligible impact on the mass measurement.

5.6. Results
Figure 6(a) shows the m4` distribution of the selected candidates for 7 TeV and 8 TeV collision data along with the

expected distributions for a signal with a mass of 124.5 GeV and the ZZ⇤ and reducible backgrounds. The expected
signal is normalized to the measured signal strength, given below. Figure 6(b) shows the BDTZZ⇤ output versus
m4` for the selected candidates in the m4` range 110–140 GeV. The compatibility of the data with the expectations
shown in Fig. 6(b) has been checked using pseudo-experiments generated according to the expected two-dimensional
distributions and good agreement has been found. Table 3 presents the observed and expected number of events forp

s = 7 TeV and
p

s = 8 TeV, in a mass window of 120–130 GeV, corresponding to about ±2�m4` .
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Figure 6: (a) Distribution of the four-lepton invariant mass for the selected candidates in the m4` range 80–170 GeV for the combined 7 TeV and
8 TeV data samples. Superimposed are the expected distributions of a SM Higgs boson signal for mH=124.5 GeV normalized to the measured signal
strength, as well as the expected ZZ⇤ and reducible backgrounds. (b) Distribution of the BDTZZ⇤ output, versus m4` for the selected candidates in
the 110–140 GeV m4` range for the combined 7 TeV and 8 TeV data samples. The expected distribution for a SM Higgs with mH = 124.5 GeV is
indicated by the size of the blue boxes, and the total background is indicated by the intensity of the red shading.

The measured Higgs boson mass in the H ! ZZ⇤ ! 4` decay channel obtained with the baseline 2D method is:

mH = 124.51 ± 0.52 (stat) ± 0.06 (syst) GeV
= 124.51 ± 0.52 GeV

(4)

where the first error represents the statistical uncertainty and the second the systematic uncertainty. The systematic
uncertainty is obtained from the quadrature subtraction of the fit uncertainty evaluated with and without the systematic
uncertainties fixed at their best fit values. Due to the large di↵erence between the magnitude of the statistical and sys-
tematic uncertainties, the numerical precision on the quadrature subtraction is estimated to be of the order of 10 MeV.
The measured signal strength for this inclusive selection is µ = 1.66+0.45

�0.38, consistent with the SM expectation of one.
The most precise results for µ from this data are based on an analysis optimized to measure the signal strength [18].
The expected statistical uncertainty for the 2D fit with the observed µ value of 1.66 is 0.49 GeV, consistent with the
observed statistical uncertainty. With the improved uncertainties on the electron and muon energy scales, the mass un-
certainty given above is predominantly statistical with a nearly negligible contribution from systematic uncertainties.
The mass measurement performed with the 1D model gives mH = 124.63 ± 0.54 GeV, consistent with the 2D result
where the expected di↵erence has an RMS of 250 MeV estimated from Monte Carlo pseudo-experiments. These
measurements can be compared to the previously reported result [15] of 124.3+0.6

�0.5 (stat) +0.5
�0.3 (syst) GeV, which was

obtained using the 1D model. The di↵erence between the measured values arises primarily from the changes to the
channels with electrons – the new calibration and resolution model, the introduction of the combined track momentum
and cluster energy fit, and the improved identification, as well as the recovery of non-collinear FSR photons, which
a↵ects all channels. In the 120–130 GeV mass window, there are four new events and one missing event as compared
to Ref. [15]. Finally as a third cross-check, the measured mass obtained with the per-event-error method is within 60
MeV of the value found with the 2D method.

18

 [GeV]Hm

Λ
-2

ln

0

2

4

6

8

10

12

14

121 123 125 127 129

4e

µ4

µ2e2

2eµ2

Combined

σ1

σ2

 ATLAS 

 l 4→ ZZ* →H 
-1

Ldt = 4.5 fb∫ = 7 TeV: s

-1
Ldt = 20.3 fb∫ = 8 TeV: s Dashed without systematicsDashed without systematics

Figure 7: The profile likelihood as a function of mH for the combination of all H ! ZZ⇤ ! 4` channels and for the individual channels for the
combined 7 TeV and 8 TeV data samples. The combined result is shown both with (solid line) and without (dashed line) systematic uncertainties,
and the two results are almost indistinguishable.

20

BG

Bruno Lenzi (CERN) Higgs properties from boson in bosonic decay channels in ATLAS - LHCP 02/06/2014

H → ZZ* → 4ℓ: mass measurement

9

NEW
• Muon calibration with Z and J/ψ → μμ


• Checked with ϒ → μμ


• Negligible impact on mH uncertainty


!

• 37 events observed (~10.4 bkg + 16.2 signal exp.) 
within 120 - 130 GeV


• Reducible backgrounds (Z+jets and tt) 
normalized from control regions

NEW

 [GeV]4lm
80 90 100 110 120 130 140 150 160 170

 E
ve

nt
s 

/ 2
.5

 G
eV

0

5

10

15

20

25

30

35
Data

 = 1.66)µ = 124.5 GeV 
H

Signal (m

Background ZZ*

tBackground Z+jets, t

Systematic Uncertainty

 4l→ ZZ* →H 
-1Ldt = 4.5 fb∫ = 7 TeV: s

-1Ldt = 20.3 fb∫ = 8 TeV: s

ATLAS Preliminary

 [GeV]4lm

80 90 100 110 120 130 140 150 160 170

 E
ve

n
ts

/2
.5

G
e

V

0

5

10

15

20

25

30

35 Data

 = 1.66)µ = 124.5 GeV 
H

Signal (m

Background ZZ*

tBackground Z+jets, t

Syst. Unc.

 4l→ ZZ* →H 
-1

Ldt = 4.5 fb∫ = 7 TeV: s

-1
Ldt = 20.3 fb∫ = 8 TeV: s

ATLAS Internal

(a)

 [GeV]4lm

110 115 120 125 130 135 140

Z
Z

*
 B

D
T

-1

-0.5

0

0.5

1

1.5

0

0.02

0.04

0.06

0.08

0.1Data

 = 1.66)µ = 124.5 GeV 
H

Signal (m

Background ZZ* + Zjets

 4l→ ZZ* →H 
-1

Ldt = 4.5 fb∫ = 7 TeV: s

-1
Ldt = 20.3 fb∫ = 8 TeV: s

ATLAS Internal

(b)

Figure 6: (a) Distribution of the four-lepton invariant mass for the selected candidates in the m4` range 80–170 GeV for the combined
p

s =7
TeV and

p
s =8 TeV data samples. Superimposed are the expected distributions of a SM Higgs boson signal for mH=124.5 GeV normalized to

the measured signal strength, as well as the expected ZZ⇤ and reducible backgrounds. (b) Distribution of the BDT response versus the m4` for the
selected candidates in the 110–140 GeV m4` range for the combined

p
s =7 TeV and

p
s =8 TeV data samples. The expected distribution for a SM

Higgs with mH = 124.5 GeV is indicated by the size of the blue boxes, and the total background is indicated by the intensity of the red shading.

Table 3: The number of expected signal events for the mH=125 GeV hypothesis, the number of ZZ⇤ and reducible background events, together
with the numbers of observed events, in a window of 120 < m4` < 130 GeV for 4.5 fb�1 at

p
s = 7 TeV and 20.3 fb�1 at

p
s = 8 TeV as well as

for the combined sample. For reference, the number of expected signal events is also given for the full mass range.

total signal signal ZZ(⇤) Z + jets, tt̄ s/b expected observed
full mass range p

s = 7 TeV
4µ 1.00 ± 0.10 0.91 ± 0.09 0.46 ± 0.02 0.10 ± 0.04 1.7 1.47 ± 0.10 2

2e2µ 0.67 ± 0.06 0.58 ± 0.06 0.32 ± 0.02 0.09 ± 0.03 1.5 0.99 ± 0.07 2
2µ2e 0.51 ± 0.05 0.44 ± 0.04 0.21 ± 0.01 0.36 ± 0.08 0.8 1.01 ± 0.09 1

4e 0.47 ± 0.05 0.39 ± 0.04 0.19 ± 0.01 0.40 ± 0.09 0.7 0.98 ± 0.10 1
total 2.65 ± 0.31 2.32 ± 0.23 1.17 ± 0.06 0.96 ± 0.18 1.1 4.45 ± 0.30 6p

s = 8 TeV
4µ 5.80 ± 0.57 5.28 ± 0.52 2.36 ± 0.12 0.68 ± 0.11 1.7 8.33 ± 0.6 12

2e2µ 3.92 ± 0.39 3.46 ± 0.34 1.67 ± 0.08 0.59 ± 0.10 1.5 5.73 ± 0.37 7
2µ2e 3.07 ± 0.32 2.71 ± 0.28 1.17 ± 0.08 0.36 ± 0.09 1.8 4.23 ± 0.30 5

4e 2.79 ± 0.29 2.38 ± 0.25 1.03 ± 0.07 0.35 ± 0.08 1.7 3.77 ± 0.27 7
total 15.6 ± 1.5 13.8 ± 1.4 6.24 ± 0.35 1.98 ± 0.26 1.7 22.0 ± 1.5 31p

s = 7 TeV and
p

s = 8 TeV
4µ 6.80 ± 0.67 6.19 ± 0.61 2.82 ± 0.14 0.78 ± 0.12 1.7 9.80 ± 0.64 14

2e2µ 4.59 ± 0.45 4.05 ± 0.40 1.99 ± 0.10 0.68 ± 0.10 1.5 6.72 ± 0.43 9
2µ2e 3.58 ± 0.37 3.15 ± 0.32 1.38 ± 0.09 0.72 ± 0.12 1.5 5.24 ± 0.35 6

4e 3.26 ± 0.34 2.77 ± 0.29 1.22 ± 0.09 0.75 ± 0.11 1.4 4.75 ± 0.32 8
total 18.2 ± 1.7 16.2 ± 1.6 7.41 ± 0.41 2.94 ± 0.32 1.6 26.5 ± 1.7 37

The measured Higgs boson mass in the H ! ZZ⇤ ! 4` decay channel obtained with the baseline 2D method is:655

mH = 124.51 ± 0.52 (stat) ± 0.04 (sys) GeV = 124.51 ± 0.52 GeV (4)
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p

s =7
TeV and
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s =8 TeV data samples. The expected distribution for a SM
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Table 3: The number of expected signal events for the mH=125 GeV hypothesis, the number of ZZ⇤ and reducible background events, together
with the numbers of observed events, in a window of 120 < m4` < 130 GeV for 4.5 fb�1 at

p
s = 7 TeV and 20.3 fb�1 at

p
s = 8 TeV as well as

for the combined sample. For reference, the number of expected signal events is also given for the full mass range.
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The measured Higgs boson mass in the H ! ZZ⇤ ! 4` decay channel obtained with the baseline 2D method is:655

mH = 124.51 ± 0.52 (stat) ± 0.04 (sys) GeV = 124.51 ± 0.52 GeV (4)
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Figure 6: (a) Distribution of the four-lepton invariant mass for the selected candidates in the m4` range 80–170 GeV for the combined
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s =7
TeV and

p
s =8 TeV data samples. Superimposed are the expected distributions of a SM Higgs boson signal for mH=124.5 GeV normalized to

the measured signal strength, as well as the expected ZZ⇤ and reducible backgrounds. (b) Distribution of the BDT response versus the m4` for the
selected candidates in the 110–140 GeV m4` range for the combined

p
s =7 TeV and

p
s =8 TeV data samples. The expected distribution for a SM

Higgs with mH = 124.5 GeV is indicated by the size of the blue boxes, and the total background is indicated by the intensity of the red shading.

Table 3: The number of expected signal events for the mH=125 GeV hypothesis, the number of ZZ⇤ and reducible background events, together
with the numbers of observed events, in a window of 120 < m4` < 130 GeV for 4.5 fb�1 at

p
s = 7 TeV and 20.3 fb�1 at

p
s = 8 TeV as well as

for the combined sample. For reference, the number of expected signal events is also given for the full mass range.
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s = 7 TeV
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The measured Higgs boson mass in the H ! ZZ⇤ ! 4` decay channel obtained with the baseline 2D method is:655

mH = 124.51 ± 0.52 (stat) ± 0.04 (sys) GeV = 124.51 ± 0.52 GeV (4)
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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 (|⌘| < 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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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 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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Exclusive analysis to study SM compatibility of 
production modes rate in each decay channel 
! Rates are split by production mode:  
•  Mediated with vector boson: #

f

VBF+VH= 
f
VBF= 
f

VH    

•  Mediated with fermions: !

f

ggF+ttH = 
f
ttH= 
f

ggF 

#
 
•  While combining all channel: 

•  Isolate VBF production process 
 
#
 4.1� evidence for VBF production! 

µ =
� · BR

(� · BR)SM

! Coupling deviation from SM predictions are defined as multiplicative modifiers �: 

 

•   Allow possible BSM contributions in: 
   -  the total decay width, �2

H  (SM only: �H
2  ~ 0.25�V

2 + 0.75�F
2 )  

   -  gluon and photon vertex loops coupling modifiers (�g ,�y) 

    →�g
2 ~ 1.06 �t

2 - 0.07 �t�b +0.01 Kb
2     

     → ��2 ~  1.59 �W
2 – 0.66 �W�t +0.07 �t 

Disentangling H Couplings 

•  The production × decay are always sensitive at LO to a linear combination 
    of products of two couplings ⇔ model assumptions required to disentangle 

e.g. Prescription from HXSWG in arXiv:1209.0040   
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( λWZ = 1 in SM ) 

- Assume either only SM particles in the loops,  
  or  
  “new physics” in width or loops (allowing or not invisible decay) 

- Test custodial symmetry :    

- Test bosonic & fermionic couplings: consider                    & !V (=!W =!Z ) ! f (=! l =!q )
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Figure 9: Likelihood curve for the ratio µVBF/µggF+ttH for the combi-
nation of the H → γγ, H→ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν chan-
nels and a Higgs boson mass mH = 125.5 GeV. The parameter
µVH/µggF+ttH is profiled in the fit. The dashed curve shows the SM
expectation. The horizontal dashed lines indicate the 68% and 95%
CL.

σ · B (gg→ H → γγ)
σSM(gg→ H) · BSM(H → γγ)

=
κ2
g · κ

2
γ

κ2
H

(7)

In some of the fits, κH and the effective scale factors
κγ and κg for the loop-induced H → γγ and gg → H
processes are expressed as a function of the more fun-
damental factors κW , κZ , κt, κb and κτ (only the dominant
fermion contributions are indicated here for simplicity).
The relevant relationships are:

κ2
g(κb, κt) =

κ2
t · σ

tt
ggH + κ

2
b · σ

bb
ggH + κtκb · σ

tb
ggH

σttggH + σ
bb
ggH + σ

tb
ggH

κ2
γ(κb, κt, κτ, κW) =

∑

i, j κiκ j · Γ
i j
γγ

∑

i, j Γ
i j
γγ

(8)

κ2
H =

∑

j j=WW∗ , ZZ∗ , b  b, τ−τ+,

γγ, Zγ, gg, t  t, c c, s  s, µ−µ+

κ2
jΓ

SM
j j

ΓSM
H

where σi jggH , Γi jγγ and ΓSM
f f are obtained from theory [14,

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

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

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

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

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

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

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

κF ∈ [0.76, 1.18] (9)
κV ∈ [1.05, 1.22] (10)

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

In this benchmark model, the assumption of no con-
tributions from new particles to the Higgs boson width
provides strong constraints on the fermion coupling κF ,
as about 75% of the total SM width comes from decays
to fermions or involving fermions. If this assumption is
relaxed, only the ratio λFV = κF/κV can be measured
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Couplings Measurement Methodology 
Basic assumptions: 

•  Observed signals originated from a single resonance at 
m =125.5 GeV  

•  Narrow-width approximation is used: 

•  L tensor structure is the same as SM (0+): 
•  Only modification of the coupling strength are taken into account 
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In some of the fits, κH and the effective scale factors
κγ and κg for the loop-induced H → γγ and gg → H
processes are expressed as a function of the more fun-
damental factors κW , κZ , κt, κb and κτ (only the dominant
fermion contributions are indicated here for simplicity).
The relevant relationships are:
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where σi jggH , Γi jγγ and ΓSM
f f are obtained from theory [14,

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

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

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

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

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

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

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

κF ∈ [0.76, 1.18] (9)
κV ∈ [1.05, 1.22] (10)

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

In this benchmark model, the assumption of no con-
tributions from new particles to the Higgs boson width
provides strong constraints on the fermion coupling κF ,
as about 75% of the total SM width comes from decays
to fermions or involving fermions. If this assumption is
relaxed, only the ratio λFV = κF/κV can be measured
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Couplings Measurement Methodology 
Basic assumptions: 

•  Observed signals originated from a single resonance at 
m =125.5 GeV  

•  Narrow-width approximation is used: 

•  L tensor structure is the same as SM (0+): 
•  Only modification of the coupling strength are taken into account 
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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
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In some of the fits, κH and the effective scale factors
κγ and κg for the loop-induced H → γγ and gg → H
processes are expressed as a function of the more fun-
damental factors κW , κZ , κt, κb and κτ (only the dominant
fermion contributions are indicated here for simplicity).
The relevant relationships are:
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where σi jggH , Γi jγγ and ΓSM
f f are obtained from theory [14,

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

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

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

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

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

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

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

κF ∈ [0.76, 1.18] (9)
κV ∈ [1.05, 1.22] (10)

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

In this benchmark model, the assumption of no con-
tributions from new particles to the Higgs boson width
provides strong constraints on the fermion coupling κF ,
as about 75% of the total SM width comes from decays
to fermions or involving fermions. If this assumption is
relaxed, only the ratio λFV = κF/κV can be measured
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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
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     → ��2 ~  1.59 �W
2 – 0.66 �W�t +0.07 �t 
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Figure 9: Likelihood curve for the ratio µVBF/µggF+ttH for the combi-
nation of the H → γγ, H→ZZ∗→ 4ℓ and H→WW∗→ ℓνℓν chan-
nels and a Higgs boson mass mH = 125.5 GeV. The parameter
µVH/µggF+ttH is profiled in the fit. The dashed curve shows the SM
expectation. The horizontal dashed lines indicate the 68% and 95%
CL.

σ · B (gg→ H → γγ)
σSM(gg→ H) · BSM(H → γγ)

=
κ2
g · κ

2
γ

κ2
H

(7)

In some of the fits, κH and the effective scale factors
κγ and κg for the loop-induced H → γγ and gg → H
processes are expressed as a function of the more fun-
damental factors κW , κZ , κt, κb and κτ (only the dominant
fermion contributions are indicated here for simplicity).
The relevant relationships are:

κ2
g(κb, κt) =

κ2
t · σ

tt
ggH + κ

2
b · σ

bb
ggH + κtκb · σ

tb
ggH

σttggH + σ
bb
ggH + σ

tb
ggH

κ2
γ(κb, κt, κτ, κW) =

∑

i, j κiκ j · Γ
i j
γγ

∑

i, j Γ
i j
γγ

(8)

κ2
H =

∑

j j=WW∗ , ZZ∗ , b  b, τ−τ+,

γγ, Zγ, gg, t  t, c c, s  s, µ−µ+

κ2
jΓ

SM
j j

ΓSM
H

where σi jggH , Γi jγγ and ΓSM
f f are obtained from theory [14,

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

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

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

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

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

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

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

κF ∈ [0.76, 1.18] (9)
κV ∈ [1.05, 1.22] (10)

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

In this benchmark model, the assumption of no con-
tributions from new particles to the Higgs boson width
provides strong constraints on the fermion coupling κF ,
as about 75% of the total SM width comes from decays
to fermions or involving fermions. If this assumption is
relaxed, only the ratio λFV = κF/κV can be measured
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Couplings Measurement Methodology 
Basic assumptions: 

•  Observed signals originated from a single resonance at 
m =125.5 GeV  

•  Narrow-width approximation is used: 

•  L tensor structure is the same as SM (0+): 
•  Only modification of the coupling strength are taken into account 
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ATLAS
 4lA ZZ* AH 

-1Ldt = 4.6 fb0 = 7 TeV  s
-1Ldt = 20.7 fb0 = 8 TeV  s

0+ vs 0- (only ZZ): 97.8% CL  
0+ vs 1+ (ZZ +WW): 99.97% CL 
0+ vs 1- (ZZ+WW): 99.7% CL 
0+ vs 2+ (��+ZZ+WW)>99.9% CL 
 
All tested alternative spin 
hypotheses disfavored compared to 
0+ at > 97.8% CL 

•  Find observables in bosonic channels sensitive to 
spin and parity 

•  Test several alternative spin-parity hypotheses JP #

(0-,1+,1-,2+) compared to SM hypothesis: 0+  
•  Production modes  

•  spin-2 : test production mechanism via combination of ggF & 
qqbar annihilation 

•  spin-1 :signal produced via qqbar annihilation (ggF forbidden) 
•  spin-0 : ggF (qqbar annihilation negligible)  

Phys. Lett. B 726 (2013), pp. 120-144 

6 Measurement of the Spin and Parity

For X ! ZZ(⇤) ! 4` decays, the observables sensitive to the underlying spin and parity of X are the
masses of the two Z bosons, a production angle, ✓⇤, and four decay angles, �1, �, ✓1 and ✓2. The
production and decay angles are illustrated in Figure 5 and are defined as:

� ✓1 (✓2) is the angle between the negative final state lepton and the direction of flight of Z1 (Z2) in
the Z rest frame.

� � is the angle between the decay planes of the four final state leptons expressed in the four lepton
rest frame.

� �1 is the angle defined between the decay plane of the leading lepton pair and a plane defined by
the vector of the Z1 in the four lepton rest frame and the positive direction of the parton axis.

� ✓⇤ is the production angle of the Z1 defined in the four lepton rest frame.

Figure 5: Definition of the production and decay angles in an X ! ZZ(⇤) ! 4` decay. The illustration
is drawn with the beam axis in the lab frame, the Z1 and Z2 in the X rest frame and the leptons in their
corresponding parent rest frame (see text for further description).

In the case of a spin zero boson, the production cross section does not depend on the production
angle ✓⇤ nor the decay angle �1 since X has no spin axis with which one can define these angles. In this
case, di↵erent parities can be distinguished by studying the decay angles �, ✓1, ✓2. On the other hand,
all the angles are important when discriminating between the cases of non-zero integer spin. Finally, it
should be noted that in the low mass region (mH < 180 GeV) the shapes of the m12 and m34 distributions
become sensitive to spin and parity.

In this study, four hypotheses for spin/parity states are tested, namely JP 0+, 0� ,2+, 2�. As mentioned
in Section 1, the spin 1 hypothesis is excluded by the observation of X ! ��, and is not considered for
this note. The spin 2 states correspond to a graviton-like tensor with minimal couplings (2+m), equivalent
to a Kaluza Klein graviton, and a pseudo-tensor (2�), both minimally suppressed by the energy scale.
This study follows the notation discussed in Refs. [66] and [76], with couplings g1 (in production and
decay) and g5 (in decay) set to 1 for 2+m and couplings g1 (in production), and g8 and g9 (in decay) set
to 1 for 2�, and only gluon fusion production is considered. The pseudo-tensor (2�) model [66] used
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Phys. Lett. B 726 (2013), pp. 120-144 

0 ZZ 97.8% CL

0 ZZ , WW 99.97% CL

0 ZZ , WW 99.7% CL

0 γγ , ZZ , WW > 99.9% CL 0ー , 1＋ , 1ー , 2＋ , all tested spin hypotheses%
 disfavored compared to 0＋ at > 97.8%
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