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ETH Zürich

11/02/2011

Nicolas Chanon H → γγ sensitivity studies using RooStats 1 / 7

�1

SM Higgs Boson Properties
16/9/2015 - PIC2015, Warwick

Nicolas Chanon - IPHC Strasbourg (France), CNRS/IN2P3
for the ATLAS and CMS Collaborations



Outline

�2

Introduction
The Higgs boson in the SM

Analysis methods

Mass, width, lifetime

Spin/CP

Differential cross 
sections

Anomalous Higgs 
couplings

Properties



Higgs boson: standard model
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Standard model (SM) of electro-weak interaction 
[Glashow, Weinberg, Salam], Higgs mechanism:
- Scalar field breaking spontaneously the electro-weak 

symmetry
- Longitudinal degrees of freedom absorbed in W± and Z0 

gauge bosons
- Higgs boson gives masses to leptons and quarks through 

Yukawa couplings

2$

The$Higgs$Mechanism$

W$and$Z$bosons$acquire$mass$$
via$spontaneous$symmetry$
breaking$
$
ANer$SSB,$we$are$leN$with$a$
massive$boson$…$The$Higgs$
$
Yukawa$couplings$give$mass$to$$
fermions$$$
$
But$what$about$the$mass$of$
the$Higgs$boson$itself?$$$

SM predictions:
- Mass : unpredicted
- Width at 125 GeV: ~4 MeV (dominated 
by Higgs coupling to b-quark)
- Spin/CP: Scalar field => spin 0, CP even



Higgs boson channels at the LHC 

- At the LHC, the main Higgs production 
mechanism in the SM is gluon fusion 
followed by VBF and associated 
production with W,Z or tt

- Essential to probe both boson and 
fermion decay
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Analysis methods
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H→γγ analysis
CMS - EPJC 74 (2014) 3076, ATLAS - PRD 90 (2014) 112015 
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- Look for small signal peak (BR~0.2%) over large 
background

- Photon energy resolution 1-2 GeV depending on 
categories: calibration is crucial

- Photon identification: reject jets faking photons with shower 
shape and isolation using cuts (ATLAS) or BDT (CMS)

Id BDT output

Large background 
from diphoton 

continuum (>70%) 
(after photon Id)

- Vertex finding among pileup vertices helps improving 
identification and resolution 



H→γγ: inclusive categories
CMS - EPJC 74 (2014) 3076, ATLAS - PRD 90 (2014) 112015 
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CMS categorizes 
with Diphoton BDT:  
- Mass independant
- Kinematics, 

vertexing, PhotonId 
output, energy 
resolution variables

Cat 0 (high 
pT, best 
resolution)

ATLAS: mainly cut-
based categories:

Sensitivity from mass fit

All categories 
merged



H→ZZ(*)→4l
ATLAS PRD 90 (2014) 052004, CMS - PRD 89 (2014) 092007
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H→ZZ*→4l:
- Very good s/b~2
- 2D/3D analysis 

- ZZ→4l region: used to 
constrain higgs boson width

Signature:
- 2 pair of opposite sign isolated leptons (4e, 2e2μ, 4μ) consistent with the same vertex
- Need momentum as low as pT>7 GeV (electrons) and pT>5-6 GeV (muons) to not 

loose too much efficiency missing the 4th lepton
- Main backgrounds: ZZ continuum, Z+jets, ttbar

The 4 muons channel has 
the best mass resolution

Z→4l: control 
region



CMS: 0,1jet Kinematic 
discriminant (KD): Matrix 
element based discriminant

H→ZZ(*)→4l analysis
ATLAS PRD 90 (2014) 052004, CMS - PRD 89 (2014) 092007
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- Mass measurement: 2D analysis in (m4l, BDT) in ATLAS, 
3D analysis (m4l, KD, Resolution) in CMS

- For spin and width measurement resolution is not as crucial 
as for the mass measurement. Adapt KD to each signal.

ATLAS: BDT using 
a KD as input
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FIG. 1: Illustration of an exotic X particle production and decay in pp collision gg or qq̄ → X → ZZ → 4l±. Six angles fully
characterize orientation of the decay chain: θ∗ and Φ∗ of the first Z boson in the X rest frame, two azimuthal angles Φ and Φ1

between the three planes defined in the X rest frame, and two Z-boson helicity angles θ1 and θ2 defined in the corresponding
Z rest frames. The offset of angle Φ∗ is arbitrarily defined and therefore this angle is not shown.

discussed in Refs. [21–23] KK graviton decays into pairs of gauge bosons are enhanced relative to direct decays into
leptons. Similar situations may occur in “hidden-valley”-type models [24]. An example of a ”heavy photon” is given
in Ref. [25].
Motivated by this, we consider the production of a resonance X at the LHC in gluon-gluon and quark-antiquark

partonic collisions, with the subsequent decay of X into two Z bosons which, in turn, decay leptonically. In Fig. 1,
we show the decay chain X → ZZ → e+e−µ+µ−. However, our analysis is equally applicable to any combination of
decays Z → e+e− or µ+µ−. It may also be applicable to Z decays into τ leptons since τ ’s from Z decays will often be
highly boosted and their decay products collimated. We study how the spin and parity of X , as well as information
on its production and decay mechanisms, can be extracted from angular distributions of four leptons in the final state.
There are a few things that need to be noted. First, we obviously assume that the resonance production and

its decays into four leptons are observed. Note that, because of a relatively small branching fraction for leptonic Z
decays, this assumption implies a fairly large production cross-section for pp → X and a fairly large branching fraction
for the decay X → ZZ. As we already mentioned, there are well-motivated scenarios of BSM physics where those
requirements are satisfied.
Second, having no bias towards any particular model of BSM physics, we consider the most general couplings of the

particle X to relevant SM fields. This approach has to be contrasted with typical studies of e.g. spin-two particles
at hadron colliders where such an exotic particle is often identified with a massive graviton that couples to SM fields
through the energy-momentum tensor. We will refer to this case as the “minimal coupling” of the spin-two particle
to SM fields.
The minimal coupling scenarios are well-motivated within particular models of New Physics, but they are not

sufficiently general. For example, such a minimal coupling may restrict partial waves that contribute to the production
and decay of a spin-two particle. Removing such restriction opens an interesting possibility to understand the couplings
of a particle X to SM fields by means of partial wave analyses, and we would like to set a stage for doing that in this
paper. To pursue this idea in detail, the most general parameterization of the X coupling to SM fields is required.
Such parameterizations are known for spin-zero, spin-one, and spin-two particles interacting with the SM gauge
bosons [7, 8] and we use these parameterizations in this paper. We also note that the model recently discussed in
Refs. [21–23] requires couplings beyond the minimal case in order to produce longitudinal polarization dominance.
Third, we note that while we concentrate on the decay X → ZZ → l+1 l

−
1 l

+
2 l

−
2 , the technique discussed in this

paper is more general and can, in principle, be applied to final states with jets and/or missing energy by studying
such processes as X → ZZ → l+l−jj, X → W+W− → l+νjj, etc. In contrast with pure leptonic final states,
higher statistics, larger backgrounds, and a worse angular resolution must be expected once final states with jets and

4l decay kinematics: 
can be fully 
reconstructed. Most of 
the information in 
invariant mass of Z1 
and Z2 and 5 angular 
variables. 
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H→W+W- analysis
CMS - JHEP 01 (2014) 096, ATLAS - PRD 92 (2015) 012006

H→WW→2l2ν analysis:
- High BR, but no mass peak (resolution is ~20%): not used for the mass measurement
- Categories: 0-jet, 1-jet, 2-jet bins (w/o VBF cuts), then ee,μμ,eμ with opposite charge
- Main backgrounds: WW, top (1,2jet bins), W+jets (estimated from control regions in data)
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CMS: 2D analysis in (mT, mll) for the 
opposite flavor 0-jet and 1-jet bins, 
used for spin/CP

ATLAS: mT used for the ggH 
categories, BDT used for VBF. Use 
BDT for spin/CP, cut-and-count for 
width.



Higgs boson properties



Mass measurement in Run I
ATLAS+CMS - PRL 114 (2015) 191803
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- The mass of the Higgs boson 
is not predicted by the SM: 
free parameter

- Combined masses from 
H→γγ and H→ZZ in CMS 
and in ATLAS in Run I

- H→γγ: 2.1σ tension
- H→ZZ: 1.3σ tension

- Combination mH = 125.09 ± 0.24 GeV



Mass measurement: systematics
ATLAS+CMS - PRL 114 (2015) 191803

Main systematic uncertainties:
- ECAL non-linearity
- Material in front of the ECAL
- ECAL longitudinal response and lateral shower shape
- Zee energy calibration

predictions. Assuming that the negative log-likelihood ratio
−2 lnΛðμ; mHÞ is distributed as a χ2 variable with two
degrees of freedom, the 68% confidence level (C.L.)
confidence regions are shown in Fig. 4 for each individual
measurement, as well as for the combined result.
In summary, a combined measurement of the Higgs

boson mass is performed in theH→ γγ andH → ZZ → 4l
channels using the LHC Run 1 data sets of the ATLAS

and CMS experiments, with minimal reliance on the
assumption that the Higgs boson behaves as predicted
by the SM.
The result is

mH ¼ 125.09$ 0.24 GeV

¼ 125.09$ 0.21 ðstatÞ $ 0.11 ðsystÞ GeV; ð9Þ

where the total uncertainty is dominated by the statistical
term, with the systematic uncertainty dominated by effects
related to the photon, electron, and muon energy or
momentum scales and resolutions. Compatibility tests are
performed to ascertain whether the measurements are
consistent with each other, both between the different decay
channels and between the two experiments. All tests on
the combined results indicate consistency of the different
measurements within 1σ, while the four Higgs boson mass
measurements in the two channels of the two experiments
agree within 2σ. The combined measurement of the Higgs
boson mass improves upon the results from the individual
experiments and is the most precise measurement to date of
this fundamental parameter of the newly discovered particle.

We thank CERN for the very successful operation of the
LHC, as well as the support staff from our institutions
without whom ATLAS and CMS could not be operated
efficiently. We acknowledge the support of ANPCyT
(Argentina); YerPhI (Armenia); ARC (Australia);
BMWFW and FWF (Austria); ANAS (Azerbaijan);
SSTC (Belarus); FNRS and FWO (Belgium); CNPq,
CAPES, FAPERJ, and FAPESP (Brazil); MES
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Signal strengths
ATLAS-CONF-2015-044, CMS-PAS-HIG-002 (to appear soon) 

Higgs boson signal strength μ=σ/σSM

by final state tag

- Entering in precise 
measurement era
- ATLAS+CMS Combined 

best fit μ=1.09±0.11: 
Cross section 
measured is in very 
good agreement with 
the SM

- Less known 
production mechanism 
ttH, and decay H→bb

DRAFT
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ZH
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Figure 11: Best-fit results for the production signal strengths for the combination of ATLAS and CMS. Also shown
for completeness are the results for each experiment. The error bars indicate the 1� (thick lines) and 2� (thin lines)
intervals. The measurements of the global signal strength µ are also shown.
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Figure 12: Best-fit results for the decay signal strengths for the combination of ATLAS and CMS. Also shown for
completeness are the results for each experiment. The error bars indicate the 1� intervals.

The rather large measured value of the combined µt tH leads to a tension between the observed ggF signal608

strength and that for ttH production in cases such as the fit of the decay signal strengths, for which the609

production cross sections are constrained to their SM values. This is mitigated to a certain extent by610

a non-negligible pull of the gluon PDF nuisance parameter used for the Higgs boson signal, which is611

anti-correlated between ggF and ttH production. This pull reduces the SM prediction of �ggF and, as a612

consequence, the decay signal strengths of the channels mainly sensitive to ggF production are enhanced613

for the combination of ATLAS and CMS. In the case of the H ! �� decay channel, which is mostly614

sensitive to ggF production and for which the measurements of the two experiments are much closer to615

each other than their overall uncertainty, this e�ect is the most visible one, but corresponds to only ⇠ 10%616

of the total uncertainty.617

From the combined likelihood scans it is possible to evaluate the significances for the observation of the618

di�erent production processes and decay channels. The combination of the data from the two experiments619

increases the sensitivity by approximately a factor of
p

2, since the theoretical uncertainties on the Higgs620
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Higgs boson width (CMS)
CMS - Phys. Lett. B 736 (2014) 64

- In the SM, Higgs total width is ~4 MeV, but direct measurement from peak width is limited 
by detector resolution (~1 GeV)

- Solution: interferometry, use off/on-shell mass ratio (see for instance arxiv:1311.3589)
- Caveat: although quite generic assumptions, still model-dependent 

x100 better !
σ < 10 MeV (68% CL)

Ratio Off/on-peak 
contribution 
increases with 
width

Physics Letters B 736 (2014) 64–85

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Constraints on the Higgs boson width from off-shell production and 

decay to Z-boson pairs
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Constraints are presented on the total width of the recently discovered Higgs boson, ΓH, using its relative 
on-shell and off-shell production and decay rates to a pair of Z bosons, where one Z boson decays 
to an electron or muon pair, and the other to an electron, muon, or neutrino pair. The analysis is 
based on the data collected by the CMS experiment at the LHC in 2011 and 2012, corresponding to 
integrated luminosities of 5.1 fb−1 at a center-of-mass energy √s = 7 TeV and 19.7 fb−1 at √s = 8 TeV. 
A simultaneous maximum likelihood fit to the measured kinematic distributions near the resonance peak 
and above the Z-boson pair production threshold leads to an upper limit on the Higgs boson width of 
ΓH < 22 MeV at a 95% confidence level, which is 5.4 times the expected value in the standard model at 
the measured mass of mH = 125.6 GeV.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

The discovery of a new boson consistent with the standard 
model (SM) Higgs boson by the ATLAS and CMS Collaborations 
was recently reported [1–3]. The mass of the new boson (mH) was 
measured to be near 125 GeV, and the spin-parity properties were 
further studied by both experiments, favoring the scalar, JPC = 0++ , 
hypothesis [4–7]. The measurements were found to be consistent 
with a single narrow resonance, and an upper limit of 3.4 GeV at a 
95% confidence level (CL) on its decay width (ΓH) was reported by 
the CMS experiment in the four-lepton decay channel [7]. A direct 
width measurement at the resonance peak is limited by experi-
mental resolution, and is only sensitive to values far larger than 
the expected width of around 4 MeV for the SM Higgs boson [8,9].

It was recently proposed [10] to constrain the Higgs boson 
width using its off-shell production and decay to two Z bosons 
away from the resonance peak [11]. In the dominant gluon fusion 
production mode the off-shell production cross section is known 
to be sizable. This arises from an enhancement in the decay am-
plitude from the vicinity of the Z-boson pair production threshold. 
A further enhancement comes, in gluon fusion production, from 
the top-quark pair production threshold. The zero-width approx-
imation is inadequate and the ratio of the off-shell cross section 
above 2mZ to the on-shell signal is of the order of 8% [11,12]. Fur-
ther developments to the measurement of the Higgs boson width 
were proposed in Refs. [13,14].

⋆ E-mail address: cms-publication-committee-chair@cern.ch.

The gluon fusion production cross section depends on ΓH
through the Higgs boson propagator

dσgg→H→ZZ

dm2
ZZ

∼
g2

ggH g2
HZZ

(m2
ZZ − m2

H)2 + m2
HΓ 2

H

, (1)

where gggH and gHZZ are the couplings of the Higgs boson to 
gluons and Z bosons, respectively. Integrating either in a small re-
gion around mH, or above the mass threshold mZZ > 2mZ, where 
(mZZ − mH) ≫ ΓH, the cross sections are, respectively,

σ on-shell
gg→H→ZZ∗ ∼

g2
ggH g2

HZZ

mHΓH
and σ off-shell

gg→H∗→ZZ ∼
g2

ggH g2
HZZ

(2mZ)2 . (2)

From Eq. (2), it is clear that a measurement of the relative off-shell 
and on-shell production in the H → ZZ channel provides direct in-
formation on ΓH, as long as the coupling ratios remain unchanged, 
i.e. the gluon fusion production is dominated by the top-quark 
loop and there are no new particles contributing. In particular, the 
on-shell production cross section is unchanged under a common 
scaling of the squared product of the couplings and of the total 
width ΓH, while the off-shell production cross section increases 
linearly with this scaling factor.

The dominant contribution for the production of a pair of Z 
bosons comes from the quark-initiated process, qq → ZZ, the dia-
gram for which is displayed in Fig. 1(left). The gluon-induced dibo-
son production involves the gg → ZZ continuum background pro-
duction from the box diagrams, as illustrated in Fig. 1(center). An 

http://dx.doi.org/10.1016/j.physletb.2014.06.077
0370-2693/© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
SCOAP3.

with detector 
resolution



Higgs boson width (ATLAS)
ATLAS - EPJC 71 (2015) 335
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- ATLAS uses H→ZZ→4l (BDT), 
H→ZZ→2l2v (mT) and H→WW->evμv 
(cut and count)

- Interference gg→H→ZZ/gg→ZZ

- Provides result as 
the ratio of signal/
background: limit 
is ~5x SM

335 Page 4 of 34 Eur. Phys. J. C (2015) 71 :335

RB
H∗ = K(gg → VV )

K(gg → H∗ → VV )
= KB(mVV )

KH∗
gg (mVV )

, (4)

where KB(mVV ) is the unknown mass-dependent K-factor
for the gg → VV background, and KH∗

gg (mVV ) is the gluon-
initiated K-factor [25] for the signal3 as motivated by the
soft-collinear approximation in Ref. [36]. Because the K-
factor KH∗

gg (mVV ) changes by less than 10 % as a function of
mVV in the relevant region of phase space, no mass depen-
dence on RB

H∗ is assumed. The range 0.5–2 is chosen for the
variation of the K-factor ratio RB

H∗ in order to include the full
correction from the signal K-factor KH∗

gg (mVV ) ∼ 2 in the
variation range. With respect to the LO gg → VV process,
this corresponds to an absolute variation in the approximate
range 1–4. Using the K-factors discussed above, the cross-
section for the gg → (H∗ →)VV process with any off-shell
Higgs boson signal strength µoff-shell can be parameterised
as:

σgg→(H∗→)VV (µoff-shell,mVV )

= KH∗
(mVV ) · µoff-shell · σ SM

gg→H∗→VV (mVV )

+
√

KH∗
gg (mVV ) · KB(mVV ) · µoff-shell · σ SM

gg→VV, Interference(mVV )

+KB(mVV ) · σgg→VV, cont(mVV ). (5)

More details are given in Appendix A.1.
In addition, higher-order QCD corrections to the trans-

verse momentum4 pT and the rapidity y of the VV sys-
tem are studied using SHERPA+OpenLoops, which includes
matrix-element calculations for the first hard jet emission.
A difference of order 20 % in the ratio of the pT of the
VV system in the relevant kinematic region is observed
when comparing the LO generators with parton shower to
SHERPA+OpenLoops, while the difference in the rapidity
y of the VV system is small. This difference in the pT of
the VV system can modify the kinematic observables used
in the analyses, leading to variations in both the kinematic
shapes and acceptance which are not covered by the mVV
dependent systematic uncertainties derived in Ref. [25]. To
account for these effects, the LO generators are re-weighted

3 Numerically, KH∗
gg (mVV ) differs from KH∗

(mVV ) by ∼2 % as
the higher-order QCD contribution from qg and qq production is
small. However, KH∗

gg (mZZ ) has substantially larger uncertainties than
KH∗

(mZZ ). Therefore KH∗
(mZZ ) is substituted here, ignoring the 2 %

shift in central value, but taking the difference in the systematic uncer-
tainty into account.
4 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector, and the z-axis
along the beam line. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upwards. Cylindrical coordinates (r,φ)
are used in the transverse plane, φ being the azimuthal angle around the
beam line. Observables labelled “transverse” are projected into the x–y
plane. The pseudorapidity is defined in terms of the polar angle θ as
η = − ln tan(θ/2).

to SHERPA+OpenLoops in the pT of the VV system. Due
to the different jet emission mechanisms in the signal and
the background processes, different re-weighting functions
are derived for the gg → H∗ → VV signal, the gg → VV
background, and the total gg → (H∗) → VV , respectively.
The impact of the re-weighting on the acceptance is below
1 % for the signal and at the level of 4–6 % for the back-
ground. In the Z Z → 4ℓ channel, the re-weighting proce-
dure is only used to account for the acceptance effects, as
the matrix-element-based discriminant is insensitive to the
pT of the Z Z system. For the Z Z → 2ℓ2ν channel, the
re-weighting is used in both the transverse mass shape and
acceptance as the mT depends on the pT of the Z Z system.
For the WW → eν µν channel, the re-weighting affects only
the acceptance.

2.2 Simulation of electroweak VV production through
VBF and V H -like processes

The electroweak5 pp → VV + 2 j processes contain both
VBF-like events and V H -like events, which are simulated
using MadGraph5 [37] and cross-checked using PHANTOM
[38]. The QCD renormalisation and factorisation scales are
set to mW following the recommendation in Ref. [39] and
the CTEQ6L1 PDF set [40] is used. PYTHIA6 [41] is used
for parton showering and hadronisation.

The high-mass range selected by this analysis includes
Higgs boson signal events arising from:

• the off-shell VBF H → VV process, which scales with
κ4
V,off-shell and is independent of (H ,

• VBF-like VV processes with a t-channel Higgs boson
exchange, which scale with κ4

V,off-shell and are indepen-
dent of (H ,

• WH and ZH processes with an on-shell Higgs boson,
with decays Z → 2ℓ or W → ℓν and H → 2ℓ2 j or
H → ℓν2 j , which scale with κ4

V,on-shell/(H ,

where we assume the same coupling strength κV,off-shell in
the two VBF-like contributions, although the energy scale
of the Higgs boson propagator is different between the two
cases. Due to the different (H dependence, the on-shell and
off-shell Higgs boson production processes are separated in
the analysis by requiring that the generated Higgs boson
mass satisfies |mgen.

H − 125.5 GeV| < 1 GeV. This require-
ment is fully efficient in selecting the on-shell V H process.
The NNLO QCD corrected cross-section in Ref. [23] is used
for the on-shell V H production process. The cross-section
σpp→VV+2 j (µoff-shell) for the electroweak pp → VV + 2 j
process for any off-shell Higgs boson signal strengthµoff-shell

5 Electroweak means in this context that QCD diagrams that enter
through the QCD NNLO corrections to pp → VV are not included.
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1 Introduction
The discovery of a new boson with mass of about 125 GeV by the ATLAS and CMS experi-
ments [1–3] at the CERN LHC provides support for the standard model (SM) mechanism with
a field responsible for generating the masses of elementary particles [4–9]. This new particle
is believed to be a Higgs boson (H), the scalar particle appearing as an excitation of this field.
The measurement of its properties, such as lifetime, width, and structure of its couplings to the
known SM particles, is of high priority to determine its nature.

The CMS and ATLAS experiments have set constraints of GH < 22 MeV at 95% confidence
level (CL) on the H boson total width [10, 11] from the ratio of off-shell to on-shell production.
The precision on GH from direct on-shell measurements alone is approximately 1 GeV [12, 13],
which is significantly larger. The two experiments have also set constraints on the spin-parity
properties and anomalous couplings of the H boson [14–18], finding its quantum numbers to
be consistent with JPC = 0++ but allowing small anomalous coupling contributions. No direct
experimental limit on the H boson lifetime was set, and the possible presence of anomalous
couplings was not considered in the constraints on the H boson width. This paper provides
these two measurements.

The measurement of the H boson lifetime in this paper is derived from its flight distance in the
CMS detector [19], and the measurement of the width is obtained from the off-shell produc-
tion technique, generalized to include anomalous couplings of the H boson to two electroweak
bosons, WW and ZZ. From the latter measurement, a joint constraint is set on the H boson
width and a parameter that quantifies an anomalous coupling contribution as on-shell cross-
section fraction. The event reconstruction and analysis techniques rely on the previously pub-
lished results [10, 16, 17, 20], and their implementations are discussed in detail. Only the final
state with four charged leptons is considered in this paper, but the constraints on the width
could be improved by including final states with neutrinos in the off-shell production [10, 11].
Indirect constraints on the H boson width and lifetime are also possible through the combina-
tion of data on H boson production and decay rates [12, 21]. While such a combination tests
the compatibility of the data with the SM H boson, it relies on stronger theoretical assumptions
such as SM-like coupling ratios among the different final states.

Section 2 in this paper discusses the analysis methods for measuring the H boson lifetime, and
for relating the anomalous couplings of the H boson to the measurement of GH through the
off-shell production technique. Section 3 discusses the CMS detector and event simulation,
and Section 4 defines the selection criteria used in the analysis. Section 5 describes the analysis
observables, categorization, and any related uncertainty. Section 6 provides the constraints on
the H boson lifetime while Section 7 provides the upper limits for both the H boson width
and the anomalous coupling parameter investigated in this paper. The summary of results is
provided in Section 8.

2 Analysis techniques
The lifetime of each H boson candidate in its rest frame is determined in a four-lepton event as

Dt =
m4`
pT

(D~rT · p̂T) , (1)

where m4` is the four-lepton invariant mass, D~rT is the displacement vector between the decay
vertex and the production vertex of the H boson in the plane transverse to the beam axis,
and p̂T and pT are respectively the unit vector and the magnitude of the H boson transverse
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momentum. The average Dt is inversely proportional to the total width:

hDti = tH =
h̄

GH
(2)

The distribution of the measured lifetime Dt is used to set an upper limit on the average lifetime
of the H boson, or equivalently a lower limit on its width GH, and it follows the exponential
distribution if known perfectly. The expected SM H boson average lifetime is tH ⇡ 48 fm/c
(16 ⇥ 10�8 fs) and is beyond instrumental precision. The technique summarized in Eq. (1)
nonetheless allows the first direct experimental constraint on tH.

The upper bound on GH is set using the off-shell production method [22–24] and follows the
technique developed by CMS [10], where the gluon fusion and weak vector boson fusion (VBF)
production mechanisms were considered in the analysis. The technique considers the H boson
production relationship between the on-shell (105.6 < m4` < 140.6 GeV) and off-shell (220 <
m4` < 1600 GeV) regions. Denoting each production mechanism with vv ! H ! ZZ for H
boson coupling to either strong (vv = gg) or weak (vv = VV) vector bosons vv, the on-shell
and off-shell yields are related by

s

on-shell
vv!H!ZZ µ µvvH and s

off-shell
vv!H!ZZ µ µvvH GH, (3)

where µvvH is the on-shell signal strength, the ratio of the observed and expected on-shell
production cross sections for the four-lepton final state, which is denoted by either µggH for
gluon fusion production or µVVH for VBF production. The ttH process is driven by the H
boson couplings to heavy quarks like the gluon fusion process, and the VH process by the H
boson couplings to weak vector bosons like the VBF process. They are therefore parameterized
with the same on-shell signal strengths µggH and µVVH, respectively. The effects of signal-
background interference are not shown in Eq. (3) for illustration but are taken into account in
the analysis.

The relationship in Eq. (3) implies variations of the vvH couplings as a function of m4`. This
variation is assumed to be as in the SM gluon fusion process. The assumption is valid as long
as the production is dominated by the top-quark loop and no new particles contribute to this
loop. Variation of the HVV couplings, either in the VBF or VH production or in the H ! ZZ
decay, may depend on anomalous coupling contributions. An enhancement of the off-shell
signal production is suggested with anomalous HVV couplings [10, 25–27], but neither experi-
mental studies of off-shell production nor realistic treatment of signal-background interference
has been done with these anomalous couplings. We extend the methodology of the recent anal-
ysis of anomalous HVV couplings of the H boson [17] to study these couplings and introduce
in the scattering amplitude an additional term that depends on the H boson invariant mass,
(qV1 + qV2)

2:

A(HVV) µ

"
a1 � eifLQ

(qV1 + qV2)
2

(LQ)
2 � eifL1

�
q2

V1 + q2
V2
�

(L1)
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#
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Ve

⇤
V1e

⇤
V2

+ a2 f ⇤(1)
µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn, (4)

where f (i)µn = e

µ

Viq
n

Vi � e

n

Viq
µ

Vi is the field strength tensor of a gauge boson with momentum qVi

and polarization vector eVi, f̃ (i)
µn

= 1
2 e

µnrs

f (i),rs is the dual field strength tensor, the superscript ⇤
designates a complex conjugate, and mV is the pole mass of a vector boson. The ai are complex
coefficients, and the L1 or LQ may be interpreted as the scales of beyond-the-SM (BSM) physics.
The complex phase of the L1 and LQ terms are explicitly given as fL1 and fLQ, respectively.

- Measure Higgs boson time of flight using 
4l consistent with a displaced vertex:
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2+25
�2 (0+24

�0 ) µm (tH = 10+80
�10 fs for the observation and tH = 0+80

�0 fs for the expectation), and the
allowed region at the 95% CL is ctH < 57 (56) µm (tH < 190 fs for both the observation and
the expectation). The observed number of signal events remains consistent with Ref. [16]. The
observed (expected) upper limit on the average lifetime at 95% CL corresponds through Eq. (2)
to the lower limit on the H boson width GH > 3.5⇥ 10�9 MeV (GH > 3.6⇥ 10�9 MeV) regardless
of the value of fLQ.

7 Constraints on the width
The H boson width GH and the effective fraction fLQ for the LQ anomalous coupling are mea-
sured in an unbinned maximum likelihood fit of a signal-plus-background model following
Eq. (8). In addition to the event categories already defined in the lifetime analysis for the fi-
nal states and pp collision energy, events are also split into dijet and nondijet categories, and
into on-shell and off-shell regions. In the on-shell region, a three-dimensional distribution of
~x = (m4`,Dkin

bkg, pT or Djet) is analyzed, following the methodology described in Ref. [16]. In
the off-shell region, a two-dimensional distribution ~x = (m4`,Dgg) is analyzed following the
methodology described in Ref. [10] with the events split into the two dijet categories defined in
Table 1.

The probability distribution functions are built using the full detector simulation or data control
regions and are defined for both the signal (Psig) and the background (Pbkg) contributions as
well as their interference (Pint), as a function of the observables ~x discussed above. Several
production mechanisms such as gluon fusion (gg), VBF, WH and ZH (VH) are considered for
the signal. The total probability distribution function for the off-shell region is written as
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s
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where G0 is a reference value used in simulation and VV stands for a combination of VBF and
associated electroweak boson production taken together. Under the assumption fLQ = 0 or p,
any contribution to the HVV scattering amplitude in Eq. (4) from the a1 term is proportional top

1 � fLQ while that from the LQ term is proportional to
p

fLQ cos (fLQ). The dependence on
fLQ in Eq. (9) can thus be parameterized with the factor

 q
1 � fLQ �

q
fLQ cos (fLQ)

m2
4`

m2
H

!N

, (10)

where the power N depends on the power of the HVV couplings. The couplings appear twice
in the VBF and VH cases, in both production and decay, so the power of the factor is twice as
large. Thus, for gluon fusion, N = 1 for the interference component (P gg

int) and N = 2 for the
signal (P gg

sig); for VMF and VH, N = 2 (PVV
int ) and 4 (PVV

sig ), respectively. Both HZZ and HWW
couplings contribute to the VBF and VH production couplings, and this analysis assumes the
same LQ would contribute to the HZZ and HWW couplings in Eq. (4). The effective fraction
fLQ is therefore the same for the HZZ and HWW amplitudes.

- Result:

- SM predictions are beyond 
experimental direct detection:
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(submitted to EPJC)
- Need to test some reasonable benchmark models for alternative JCP hypotheses
- Use mainly angular distributions:

- Collins-Soper cosθ* in H→γγ
- Matrix element discriminant and BDT  in H→ZZ*→4l
- Kinematic BDT in H→WW*→eνμν

- H→γγ

- Testing production mechanisms via gluon fusion and qqbar
- Minimal graviton couplings 2+ is disfavoured by data
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- Testing mixture of 0-/0+ 
hypothesis (fraction of CP 
odd/even)

- In general data favours 0+ hypothesis
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- Extension from spin hypothesis testing to anomalous parameter measurement
- Testing Higgs to diboson coupling in H→WW,ZZ,Zγ,γγ→4l
- Parametrization on anomalous vertices (CMS) or Effective Field Theory (ATLAS)
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in Section 4. The exclusion of exotic spin-one and spin-two scenarios is shown in Section 5.
Finally, for the spin-zero scenario, comprehensive studies of the tensor structure of HVV inter-
actions are presented in Section 6. The results are summarized in Section 7.

2 Phenomenology of spin-parity and anomalous HVV interactions
The production and decay of H is described by its interactions with a pair of vector bosons
VV, such as ZZ, Zg, gg, WW, and gg, or with a fermion-antifermion pair. The relevant phe-
nomenology for the interactions of a spin-zero, -one, and -two boson, as motivated by earlier
studies [27, 28, 30–32, 52], is presented below.

2.1 Decay of a spin-zero resonance

The scattering amplitude describing the interaction between a spin-zero H and two spin-one
gauge bosons VV, such as ZZ, Zg, gg, WW, or gg, includes three invariant tensor structures
with the coupling parameters aVV

i that can have both real and imaginary parts and in general
are form factors which can depend on the squared Lorentz invariant four-momenta of V1 and
V2, q2

V1 and q2
V2. In the following, the terms up to q2

V are kept in the expansion under the
assumption of small contributions from anomalous couplings
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1 +
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V2�
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#
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2 f ⇤(1)µn f ⇤(2),µn + aVV

3 f ⇤(1)µn f̃ ⇤(2),µn, (1)

where f (i)µn = e
µ
Viq

n
Vi � en

Viq
µ
Vi is the field strength tensor of a gauge boson with momentum qVi

and polarization vector eVi, f̃ (i)µn = 1
2 eµnrs f (i),rs is the dual field strength tensor, the superscript ⇤

designates a complex conjugate, mV1 is the pole mass of the Z or W vector boson, while the cases
with the massless vector bosons are discussed below, and L1 is the scale of BSM physics and is
a free parameter of the model [30].

In Eq. (1), VV stands for ZZ, Zg, gg, WW, and gg. The tree-level SM-like contribution cor-
responds to aZZ

1 6= 0 and aWW
1 6= 0, while there is no tree-level coupling to massless gauge

bosons, that is aVV
1 = 0 for Zg, gg, and gg. Small values of the other couplings can be gener-

ated through loop effects in the SM, but their SM values are not accessible experimentally with
the available data. Therefore, the other terms can be ascribed to anomalous couplings which
are listed for HZZ, HWW, HZg, and Hgg in Table 1 . Among those, considerations of symme-
try and gauge invariance require kZZ

1 = kZZ
2 = � exp(ifZZ

L1), kgg
1 = kgg

2 = 0, k
gg
1 = k

gg
2 = 0,

kZg
1 = 0 and kZg

2 = � exp(ifZg
L1). While not strictly required, the same symmetry is considered

in the WW case kWW
1 = kWW

2 = � exp(ifWW
L1 ). In the above, fVV

L1 is the phase of the anomalous
coupling with LVV

1 , which is either 0 or p for real couplings. In the following, the ZZ labels
for the ZZ interactions will be omitted, and therefore the couplings a1, a2, a3, and L1 are not
labeled explicitly with a ZZ superscript, while the superscript is kept for the other VV states.

The parity-conserving interaction of a pseudoscalar (CP-odd state) corresponds to the aVV
3

terms, while the other terms describe the parity-conserving interaction of a scalar (CP-even
state). The aVV

3 terms appear in the SM only at a three-loop level and receive a small contribu-
tion. The aVV

2 and LVV
1 terms appear in loop-induced processes and give small contributions

O(10�3–10�2). The dominant contributions to the SM expectation of the H ! Zg and gg de-
cays are aZg

2 and agg
2 , which are predicted to be aZg

2 ' �0.007 and agg
2 ' 0.004 [62]. Anomalous

couplings may be enhanced with BSM contributions and generally acquire a non-trivial depen-
dence on Lorentz invariant quantities and become complex. The different contributions to the

(spin 0)
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with respect to the two dominant tree-level couplings a1 and aWW
1 in the H ! VV ! 4` and

H ! WW ! `n`n processes, respectively. The effective fractional ZZ cross sections and phases
are defined as follows

fL1 =
s̃L1/ (L1)

4

|a1|2s1 + |a2|2s2 + |a3|2s3 + s̃L1/ (L1)
4 + . . .

, fL1,

fa2 =
|a2|2s2

|a1|2s1 + |a2|2s2 + |a3|2s3 + s̃L1/ (L1)
4 + . . .

, fa2 = arg
✓

a2

a1

◆
,

fa3 =
|a3|2s3

|a1|2s1 + |a2|2s2 + |a3|2s3 + s̃L1/ (L1)
4 + . . .

, fa3 = arg
✓

a3

a1

◆
,

(3)

where si is the cross section of the process corresponding to ai = 1, aj 6=i = 0, while s̃L1 is the
effective cross section of the process corresponding to L1 = 1 TeV, given in units of fb · TeV4.
The effective fractional WW cross sections are defined in complete analogy with the definitions
for ZZ as shown in Eq. (3). The definition in Eq. (3) is independent of the collider energy
because only the decay rates of the processes H ! VV ! 4` and H ! WW ! `n`n affect
the ratio. It also has the advantage of the fai parameters being bounded between 0 and 1, and
being uniquely defined, regardless of the convention used for the coupling constants. In the
four-lepton final state, the cross section of the H ! VV ! 2e2µ final state is used, as this final
state is not affected by the interference between same-flavor leptons in the final state.

In an analogous way, the effective fractional cross sections and phases of Zg and gg, generically
denoted as Vg below, in the H ! VV ! 2e2µ process are defined as

f Vg
ai =

|aVg
i |2sVg

i

|a1|2s0
1 + |aVg

i |2sVg
i + . . .

, fVg
ai = arg

 
aVg

ai
a1

!
, (4)

where the requirement
q

q2
Vi � 4 GeV is used in the cross-section calculations for all processes,

including the ZZ tree-level process with a1 as indicated with s0
1. This requirement on q2

Vi is
introduced to restrict the definition to a region without infrared divergence and to define the
fractions within the empirically relevant range. The ellipsis (...) in Eqs. (3) and (4) indicates any
other contribution not listed explicitly.

Given the measured values of the effective fractions, it is possible to extract the ratios of the
coupling constants ai/a1, the scale of BSM physics L1, or the ratios of the Zg⇤ (g⇤g⇤) cross
sections with respect to the SM predictions in any parameterization. Following Eq. (1) the
translation of the fai measurements can be performed as

|ai|
|a1|

=
p

fai/ fa1 ⇥
p

s1/si, L1

q
|a1| = 4

p
fa1/ fL1 ⇥ 4

p
s̃L1/s1, (5)

where the cross-section ratios for a 125.6 GeV Higgs boson are given in Table 1, and the fraction
fa1 = (1 � fL1 � fa2 � fa3 � . . .) corresponds to the effective SM tree-level contribution, which
is expected to dominate. The ellipsis in the fa1 definition indicates any other contribution, such
as Zg⇤ and g⇤g⇤, where relevant.

The couplings of the Higgs boson to Zg and gg are generally much better measured in the
decays with the on-shell gauge bosons H ! Zg and gg [15, 19, 22, 24]. Therefore, the measure-
ments of the HZg and Hgg anomalous couplings are provided mostly as a feasibility study
without going into detailed measurements of correlations of parameters. Once a sufficient

1Λf
0 0.2 0.4 0.6 0.8 1

 ln
L

∆
-2

 

0

2

4

6

8

10

12
 unconstrained

1Λ
φ

 unconstrained
a3
φ, 

a3
, f

1Λ
φ

 unconstrained
a2
φ, 

a2
, f

1Λ
φ

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

68% CL

95% CL

spin 0 higher 
dimension

The third case would imply CP-violation in the Higgs sector. In the case of CP mixing, the Higgs boson
would be a mass eigenstate, but not a CP eigenstate. In all cases, only one resonance with a mass of
about 125 GeV is considered. It is also assumed that the total width of the resonance is small compared
to the typical experimental resolution of the ATLAS detector (of the order of 1–2 GeV in the four-lepton
and γγ final states, as documented in Ref. [12]). Interference effects between the BSM signals and SM
backgrounds are neglected.

The EFT approach, used by the Higgs boson characterisation model, is only valid up to a certain energy
scale, Λ. The models described in Ref. [7] assume that the resonance structure corresponds to one new
boson (X(JP) with JP = 0± or 2+), assuming that any other BSM particle only exists at an energy scale
larger than Λ. The Λ scale is set to 1 TeV to account for the experimental results obtained at the LHC and
previous collider experiments, which do not show any evidence of new physics at lower energy scales.

The case where the observed resonance has JP = 1± is not studied in this paper. The H → γγ decay is
forbidden by the Landau–Yang theorem [13, 14] for a spin-1 particle. Moreover, the spin-1 hypothesis
was already studied in the previous ATLAS publication [4] in the H → ZZ∗ → 4ℓ and H → WW∗ → eνµν
decays and excluded at a more than 99% confidence level.

3.1 The spin-0 hypothesis

In the spin-0 hypothesis, models with fixed spin and parity, and models with mixed SM spin-0 and BSM
spin-0 CP-even and CP-odd contributions are considered. In Ref. [7], the spin-0 particle interaction with
pairs of W or Z bosons is given through the following interaction Lagrangian:

LV0 =
{

cos(α)κSM
[

1
2gHZZZµZ

µ + gHWWW+µW−µ
]

− 14
1
Λ

[

cos(α)κHZZZµνZµν + sin(α)κAZZZµνZ̃µν
]

(1)

− 12
1
Λ

[

cos(α)κHWWW+µνW−µν + sin(α)κAWWW+µνW̃−µν
]}

X0.

Here Vµ represents the vector-boson field (V = Z,W±), the Vµν are the reduced field tensors and the
dual tensor is defined as Ṽµν = 1

2ε
µνρσVρσ. The symbol Λ denotes the EFT energy scale. The symbols

κSM, κHVV and κAVV denote the coupling constants corresponding to the interaction of the SM, BSM
CP-even or BSM CP-odd spin-0 particle, represented by the X0 field, with ZZ or WW pairs. To ensure
that the Lagrangian terms are Hermitian, these couplings are assumed to be real. Other higher-order
operators described in Ref. [7], namely the derivative operators, are not included in Eq. (1) and have
been neglected in this analysis since they induce modifications of the discriminant variables well below
the sensitivity achievable with the available data sample. The mixing angle α allows for production of
CP-mixed states and implies CP-violation for α ! 0 and α ! π, provided the corresponding coupling
constants are non-vanishing. The SM couplings, gHVV , are proportional to the square of the vector boson
masses: gHVV ∝ m2V .

As already mentioned, for the spin-0 studies the SM Higgs boson hypothesis is compared to two altern-
atives: the CP-odd JP = 0− and the BSM CP-even JP = 0+h hypotheses. All three models are obtained
by selecting the corresponding parts of the Lagrangian described in Eq. (1) while setting all other con-
tributions to zero. The values of the couplings corresponding to the different spin-0 models are listed in
Table 1.

The investigation of the tensor structure of the HVV interaction is based on the assumption that the ob-
served particle has spin zero. Following the parameterisation defined in Eq. (1), scenarios are considered

4

JP Model Values of tensor couplings
κSM κHVV κAVV α

0+ SM Higgs boson 1 0 0 0
0+h BSM spin-0 CP-even 0 1 0 0
0− BSM spin-0 CP-odd 0 0 1 π/2

Table 1: Parameters of the benchmark scenarios for spin-0 boson tensor couplings used in tests (see Eq. (1)) of the
fixed spin and parity models.

where only one CP-odd or one CP-even BSM contribution at a time is present in addition to the SM
contribution. To quantify the presence of BSM contributions in H → ZZ∗ and H → WW∗ decays, the
ratios of couplings (κ̃AVV/κSM) · tanα and κ̃HVV/κSM are measured. Here κ̃AVV and κ̃HVV are defined as
follows:

κ̃AVV =
1
4
v
Λ
κAVV and κ̃HVV =

1
4
v
Λ
κHVV , (2)

where v is the vacuum expectation value [15] of the SM Higgs field.

The mixing parameters (κ̃AVV/κSM) · tanα and κ̃HVV/κSM correspond to the ratios of tensor couplings
g4/g1 and g2/g1 proposed in the anomalous coupling approach described in Refs. [9, 10]. To compare
the results obtained in this analysis to other existing studies, the final results are also expressed in terms
of the effective cross-section fractions ( fg2, φg2) and ( fg4, φg4) proposed in Refs. [3] and [9, 10]. Further
details of these conversions are given in Appendix A.

The BSM terms described in Eq. (1) are also expected to change the relative contributions of the vector-
boson fusion (VBF) and vector-boson associated production (VH) processes with respect to the gluon-
fusion (ggF) production process, which is predicted to be the main production mode for the SM Higgs
boson at the LHC. For large values of the BSM couplings, at the LHC energies, the VBF production
mode can have a cross section that is comparable to the ggF process [16]. This study uses only kinematic
properties of particles from H → VV∗ decays to derive information on the CP nature of the Higgs boson.
The use of the signal rate information for different production modes, in the context of the EFT analysis,
may increase the sensitivity to the BSM couplings at the cost of a loss in generality. In the studies
presented in this paper the predictions of the signal rates are not used to constrain the BSM couplings.

As described in Section 6.2, only events with no reconstructed jets (the 0-jet category) are used in the
H → WW∗ → eνµν analysis for the studies of the tensor structure; hence this analysis has little sensitivity
to the VBF production mode. The H → ZZ∗ → 4ℓ analysis also has little sensitivity to this production
mode since it is mainly based on variables related to the four-lepton kinematics. The Boosted Decision
Tree used to discriminate signals from the ZZ∗ background, described in Sections 5.4 and 6.3, includes
the transverse momentum of the four-lepton system and is trained on simulated samples of ggF-produced
signals. An enhancement of the VBF production mode would improve the separation between background
and signal since it predicts larger values of the transverse momentum spectrum for events produced via
VBF than via ggF [3].

5
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Analysis methods
- Extract signal strength with a simultaneous mass 

fit on all bins of a given distribution

- Design model-independent analysis as much as 
possible:

- Do not use MVA nor pT-dependent categories 
for extracting signal strength, to not bias the 
kinematics 

- Design fiducial phase-space close to 
reconstructed phase-space (isolation included in 
the fiducial phase-space definition)

- Unfold detector effects to fiducial phase-space: 
- bin-by-bin correction (ATLAS), 
- folding of the response matrix in the fit (CMS)

Photon identification via pT- and η-
independent BDT cut improves 
model independence
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Table 1
List of selection cuts which define the fiducial region of the cross section measure-
ment. The same flavour opposite sign lepton pairs are denoted as SFOS, the leading 
lepton pair mass as m12, and the subleading lepton pair mass as m34.

Lepton selection
Muons: pT > 6 GeV, |η| < 2.7
Electrons: pT > 7 GeV, |η| < 2.47

Lepton pairing
Leading pair: SFOS lepton pair with smallest |mZ − mℓℓ|
Subleading pair: Remaining SFOS lepton pair with smallest |mZ − mℓℓ|

Event selection
Lepton kinematics: pT > 20,15,10 GeV
Mass requirements: 50 < m12 < 106 GeV, 12 < m34 < 115 GeV
Lepton separation: #R(ℓi , ℓ j) > 0.1 (0.2) for same-

(different-) flavour leptons
J/ψ veto: m(ℓi ,ℓ j) > 5 GeV for all SFOS lepton pairs
Mass window: 118 < m4ℓ < 129 GeV

mreco
34 , the magnitude of the cosine of the decay angle of the lead-

ing lepton pair in the four-lepton rest frame with respect to the 
beam axis | cos θ∗reco|, the number of jets nreco

jets , and the transverse 
momentum of the leading jet preco

T,jet. In order to distinguish them 
from the unfolded variables used in the cross section bin defini-
tion, they are labelled with “reco”.

4. Definition of the fiducial region

The fiducial selection, outlined in Table 1, is designed to repli-
cate at simulation level, before applying detector effects, the anal-
ysis selection as closely as possible in order to minimize model-
dependent acceptance effects on the measured cross sections.

The fiducial selection is applied to electrons and muons orig-
inating from vector-boson decays before they emit photon radi-
ation, referred to as Born-level leptons. An alternative approach 
would be to correct the lepton momenta by adding final-state 
radiation photons within a cone of size #R < 0.1 around each lep-
ton (dressing). For this analysis the acceptance difference between 
Born and dressed-lepton definitions is less than 0.5%. Particle-level 
jets are reconstructed from all stable particles except muons and 
neutrinos using the anti-kt algorithm with the distance parameter 
R = 0.4.

Jets are selected by requiring pT > 30 GeV, |y| < 4.4 and 
#R(jet, electron) > 0.2. Muons (electrons) must satisfy pT > 6
(7) GeV and |η| < 2.7 (2.47). Events in which at least one of the Z
bosons decays into τ leptons are removed. Quadruplets are formed 
from two pairs of SFOS leptons. The leptons are paired as in Sec-
tion 3, including the possibility of incorrectly pairing the leptons, 
which happens in about 5% of the selected events for a SM Higgs 
boson with mass 125.4 GeV. The leading pair is defined as the 
SFOS lepton pair with invariant mass m12 closest to the Z boson 
mass and the subleading pair is defined as the remaining SFOS 
lepton pair with invariant mass m34 closest to the Z boson mass.

The three highest-pT leptons in the quadruplet are required to 
have pT > 20, 15, 10 GeV, respectively, and the lepton pairs must 
have 50 < m12 < 106 GeV and 12 < m34 < 115 GeV.

The separation between the leptons is required to be
#R(ℓi, ℓ j) > 0.1 (0.2) for same- (different-) flavour leptons. A J/ψ
veto is applied: m(ℓi, ℓ j) > 5 GeV for all SFOS lepton pairs. Fur-
thermore, the mass of the four-lepton system m4ℓ must be close 
to mH , i.e. 118 < m4ℓ < 129 GeV.

For a SM Higgs boson mass of 125.4 GeV, the acceptance of 
the fiducial selection (with respect to the full phase space of 
H → Z Z∗ → 2ℓ2ℓ′ , where ℓ, ℓ′ = e, µ) is 45.7%. The number of 
events passing the event selection divided by the number of events 
passing the fiducial selection is 55.3%; about 1% of the events pass-
ing the event selection do not pass the fiducial selection.

5. Background estimate

The background estimates used in this analysis are described 
in detail in Ref. [15]. The irreducible Z Z and the reducible W Z
background contributions are estimated using simulated samples 
normalized to NLO predictions. For the jet-related variables, the 
simulation predictions are compared to data for m4ℓ > 190 GeV
where the Z Z background process is dominant; shape differences 
between the distributions in data and simulation are used to esti-
mate systematic uncertainties.

The reducible Z + jets and tt̄ background contributions are es-
timated with data-driven methods. Their normalizations are ob-
tained from data control regions and extrapolated to the signal 
region using transfer factors. The ℓℓ + µµ final state is dominated 
by Z + heavy-flavour jets and the ℓℓ + ee final state by Z + light-
flavour jets. The misidentification of light-flavour jets as electrons 
is difficult to model in the simulation. Therefore the distributions 
for ℓℓ + ee are taken from data control regions and extrapolated to 
the signal region, while the background distributions for ℓℓ + µµ
are taken from simulated samples.

After the analysis selection about 9 background events are ex-
pected: 6.7 events from irreducible Z Z and 2.2 events from the 
reducible background.

The observed distributions compared to the signal and back-
ground expectations for the six reconstructed observables preco

T,H
|yreco

H |, mreco
34 , | cos θ∗reco|, nreco

jets , and preco
T,jet are shown in Fig. 1. The 

signal prediction includes VBF, Z H , W H , tt̄ H , and the Powheg
ggF calculation for a Higgs boson with mH = 125 GeV and is nor-
malized to the most precise SM inclusive cross-section calculation 
currently available [60].

6. Observed differential yields and unfolding

The extraction of the signal yield for the measurement of the 
fiducial cross section is performed through a fit to the m4ℓ distri-
bution using shape templates for the signal and background contri-
butions [15]. In this fit, the Higgs boson mass is fixed to 125.4 GeV 
and the parameter of interest is the total number of signal events. 
The extracted number of observed signal events in the mass win-
dow is 23.7+5.9

−5.3(stat.) ± 0.6(syst.).
In the differential cross-section measurements, given the low 

number of signal events expected in each measured bin i, the sig-
nal yields nsig

i are determined by subtracting the expected number 
of background events from the observed number of events. This 
is done within the mass window for each bin of the observable 
of interest. The total number of observed events in the mass win-
dow is 34 and the extracted signal yield is 25.1+6.3

−5.4(stat.)+0.6
−0.4(syst.)

events.
The difference between the number of signal events extracted 

with the two methods is mainly due to fixing the Higgs boson 
mass to 125.4 GeV in the fit method. As reported in Ref. [10], the 
best fit mass in the H → Z Z∗ → 4ℓ channel alone is 124.5 GeV, 
causing smaller weights for some events in the fit.

After subtracting the background, the measured signal yields 
are corrected for detector efficiency and resolution effects. This 
unfolding is performed using correction factors derived from sim-
ulated SM signal samples. The correction factor in the i-th bin is 
calculated as

ci = Nreco
i

Nfid
i

,

where Nreco
i is the number of reconstructed events in the i-th bin 

of the observed distribution and Nfid
i is the number of events in 

10 5 Extraction of signal and unfolding of detector effects

The reference analysis [12] classifies events using exclusive categories dedicated to measuring
signal production in associated mechanisms, while the present analysis is performed inclu-
sively.

5.3 Unfolding detector effects

The measurement is performed simultaneously in all bins, together with the unfolding of the
detector effects to the particle level. The same kind of procedure was used to extract the signal
strength in untagged and dijet-tagged categories to measure the couplings of the Higgs boson
to vector bosons and fermions [12]. This procedure uses asymmetric uncertainties in the full
likelihood instead of limiting to Gaussian uncertainties computed with a covariance matrix.

The unfolding of reconstructed distributions is based on models of response matrices Kij in the
three sm/mgg categories for each observable to be measured. The Kij are constructed in the
simulation to give the probability of measuring a reconstructed event in bin j, given that it was
generated in bin i. The models for contributions of signal are contained in each element of the
response matrix, which is mostly diagonal, but can have non-negligible bin-by-bin migration
resulting in off-diagonal contributions.

The unfolding is performed using a maximum likelihood technique, adapted to combine the
measurement in different categories. Regularization is not used, so as not to shift the best-fit
value while artificially decreasing the uncertainties. This leads to minimizing the following
conditional log-likelihood expression:

F (~µ) = �2 Â
j

logL
⇣

Â
i

KijµiN
gen
i |Nreco

j

⌘
(5)

where L is the log-likelihood expression in Eq. (2), µiN
gen
i is the unknown unfolded particle-

level distribution, µi is the unknown signal strength modifier at particle level, Ngen
i is the

particle-level distribution in the simulated kinematic observable, and Nreco
j is the number of

events in each bin of the measured distribution. The indices i refer to particle-level bins while
j refer to reconstructed-level bins in the three sm/mgg categories.

The expected reconstructed signal at detector level is given by the matrix Jij = KijN
gen
i , where

each entry of Jij corresponds therefore to a set of signal models, computed by interpolating
the matrix between the generated mass points, weighted by the signal efficiency interpolated
at the same mass. The matrix is a function of mH, the model for the generated bin i and the
reconstructed bin and category j, as well as all the nuisance parameters. Events falling out of
the acceptance are taken into account by forming an extra bin.

The maximum likelihood fit is performed simultaneously for the diphoton background and
the signal strength in each generator bin, as described in Section 5.2. The out-of-acceptance
bin is left fixed in the fit, because there are only N bins at the reconstructed level, where the
detector is able to perform the measurement, and it is therefore not possible to determine an
extra unknown at the particle level (N + 1 unknowns), outside of the detector acceptance. To
restore the correct cross section normalization in the fiducial region, the generator distributions
for the variables of interest (Ngen

i at the fitted mass point mH) are multiplied by the measured
set of signal strengths (µi).

The enhancement of the statistical uncertainties due to the presence of off-diagonal elements
in the response matrix is small for the inclusive observables, while it is non-negligible for the
one-jet or two-jet observables. A negative number of events is measured in only one bin of the
rapidity difference between the Higgs boson and the leading jet, in the last bin of the dijet mass
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cross section.

7.2 Results

The fiducial cross section, inclusive in the number of jets, is measured to be:

sobs = 32+10
�10 (stat)+3

�3 (syst) fb,

where the uncertainties reflect statistical and systematic contributions added in quadrature.
This can be compared with the following SM predictions:

sHRES+XH = 31+4
�3 fb,

sPOWHEG+XH = 32+6
�5 fb,

sMADGRAPH5 aMC@NLO+XH = 30+6
�5 fb.

Uncertainties in the predicted cross sections include contributions from renormalization and
factorization scales, choice of PDF and branching fraction. The HRES also includes uncertainties
from nonperturbative corrections.

The observed fiducial cross section agrees with the predicted values. The measurement pre-
cision is dominated by statistical uncertainties. The relative systematic uncertainty of 9% is
almost negligible relative to the statistical uncertainty of 30%. The experimental uncertainty is
larger than the theoretical one by a factor up to about two. The ratio of the measured cross sec-
tion to the predictions for POWHEG+XH is in good agreement with the signal strength observed
in Ref. [12].

The measured differential cross sections observed in data, given for each bin by µiN
gen
i , are

compared with predictions for inclusive production in Fig. 4, and for jet observables in Figs. 5
and 6. The total theoretical uncertainty included in these comparisons is computed by adding
in an uncorrelated way the uncertainties in the choice of PDF, renormalization and factor-
ization scale, and the branching fraction. The uncertainties in the ggH mechanism, PDF
choice, and the renormalization and factorization scales are computed with HRES, POWHEG,
POWHEG+MINLO and MADGRAPH5 aMC@NLO, as described above, while the branching frac-
tion for all production mechanisms, as well as the scale and PDF for the associated produc-
tion mechanisms are taken from Ref. [20]. Distributions for inclusive observables computed
with HRES, POWHEG, and MADGRAPH5 aMC@NLO, and jet-related observables computed with
POWHEG, POWHEG+MINLO and MADGRAPH5 aMC@NLO, including latest higher-order correc-
tions, are compatible within their uncertainties, and also compatible with the data.

Figure 4 (upper left) shows the pT distribution of the Higgs boson, which is sensitive to higher-
order corrections in perturbative QCD. Figure 4 (upper right) shows the absolute rapidity dis-
tribution of the Higgs boson, which is sensitive to the proton PDF, as well as to the production
mechanism. Figure 4 (lower left) shows the Dfgg distribution. Figure 4 (lower right) displays
the cos q⇤ distribution, which is sensitive to the spin of the Higgs boson. The two spin-2 sam-
ples indicate deviations relative to the SM predictions. As in the case of Ref. [12], data do not
have sufficient sensitivity to discriminate between spin-2 and spin-0 hypotheses.

Figure 5 (upper left) shows the pT distribution for the leading jet, which is sensitive to higher-
order QCD effects, and Fig. 5 (upper right) shows the rapidity difference between the Higgs bo-
son and the leading jet. The distribution in the number of jets is displayed in Fig. 5 (lower left).
The last bin gives the cross section for signal events with at least three jets. The distribution in
the dijet mass shown in Fig. 5 (lower right) is sensitive to the VBF production mechanism, and
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The last bin gives the cross section for signal events with at least three jets. The distribution in
the dijet mass shown in Fig. 5 (lower right) is sensitive to the VBF production mechanism, and
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Table 2
Summary of the relative systematic uncertainties on the total back-
ground contribution (top rows) and on the parameters that enter 
the signal extraction (bottom rows). The ranges indicate the variation 
across observables and bins.

Systematic uncertainties (%)

Background
Luminosity 1.4–2.3
Reducible background 1.6–34
Experimental, leptons 1.3–2.3
PDF/scale 3.0–24

Correction factors/conversion to σ
Luminosity 2.8
Experimental, leptons 2.1–2.6
Experimental, jets 2.7–13
Production process 0.1–15
Higgs boson mass 0.4–2.7

fiducial objects, the correction factors for tt̄ H differ from those for 
the other production modes.

For each bin, the number of expected background events, the 
number of observed events, the luminosity, and the correction 
factors are used to calculate a profile likelihood ratio [64]. The 
likelihood includes shape and normalization uncertainties of back-
grounds and correction factors as nuisance parameters. For each 
variable all bins are included in the likelihood and correlations of 
uncertainties between the different bins and between backgrounds 
and correction factors are taken into account. The cross sections 
are extracted for each bin by minimizing twice the negative loga-
rithm of the profile likelihood ratio −2 ln Λ. The uncertainties on 
the cross sections are also estimated using −2 ln Λ by evaluating 
its variation as a function of the parameter of interest (the cross 
section value in each bin). Under the asymptotic assumption [64], 
−2 ln Λ behaves as a χ2 distribution with one degree of freedom. 
For some of the fitted intervals, due to the low number of events, 
the distribution of the profile likelihood ratio does not follow a 
χ2 distribution and the uncertainties are derived using pseudo-
experiments.

The compatibility between the measured cross sections and 
the theoretical predictions is evaluated by computing the differ-
ence between the value of −2 ln Λ at the best-fit value and the 
value obtained by fixing the cross sections in all bins to the ones 
predicted by theory. Under the asymptotic assumption [64], this 
statistical observable behaves as a χ2 with the number of degrees 
of freedom equal to the number of bins; it is used as a test statis-
tic to compute the p-values quantifying the compatibility between 
the observed distributions and the predictions. For all measured 
observables the asymptotic assumption is verified with pseudo-
experiments.

7. Systematic uncertainties

Systematic uncertainties are calculated for the estimated back-
grounds, the correction factors, and the SM theoretical predictions; 
the latter only have an impact on the quantitative comparison of 
the measurements with different predictions. An overview of the 
systematic uncertainties on the total background prediction and 
the correction factors is shown in Table 2.

The uncertainty on the integrated luminosity is propagated in a 
correlated way to the backgrounds evaluated from the MC predic-
tions and to the unfolding, where it is used when converting the 
estimated unfolded signal yield into a fiducial cross section. This 
uncertainty is derived following the same methodology as that de-
tailed in Ref. [65] from a preliminary calibration of the luminosity 
scale derived from beam-separation scans performed in November 
2012.

Systematic uncertainties on the data-driven estimate of the re-
ducible backgrounds are assigned both to the normalization and 
the shapes of the distributions by varying the estimation methods 
[15].

The systematic uncertainties on the lepton trigger, reconstruc-
tion and identification efficiencies [66,67] are propagated to the 
signal correction factors and the Z Z∗ background, taking into ac-
count correlations. For the correction factors, systematic uncer-
tainties are assigned on the jet resolution and energy scales. The 
largest systematic uncertainty is due to the uncertainty in the jet 
flavour composition [63,68,69].

The uncertainties on the correction factors due to PDF choice 
as well as QCD renormalization and factorization scale variations 
are evaluated in signal samples using the procedure described 
in Ref. [15] and found to be negligible. A similar procedure is 
followed for most variables for the irreducible Z Z background. 
For the jet-related observables an uncertainty is derived instead 
by comparing the data with the predicted Z Z distributions for 
m4ℓ > 190 GeV, after normalizing the MC estimate to the observed 
data yield. The systematic uncertainty is estimated as the larger 
of the data-MC difference and the statistical uncertainty on the 
data. This systematic uncertainty accounts for both the theoretical 
and experimental uncertainties in the modelling of the Z Z jet dis-
tributions. Systematic uncertainties due to the modelling of QED 
final-state radiation are found to be negligible with respect to the 
total uncertainty.

The correction factors are calculated assuming the predicted 
relative cross sections of the different Higgs production modes. The 
corresponding systematic uncertainty is evaluated by varying these 
predictions within the current experimental bounds [14]. The VBF 
and V H fractions are varied by factors of 0.5 and 2 with respect 
to the SM prediction and the tt̄ H fraction is varied by factors of 0 
and 5.

The experimental uncertainty on mH [10] is propagated to the 
correction factors by studying their dependence on the Higgs bo-
son mass.

The systematic uncertainties on the theoretical predictions in-
clude the PDF and QCD scale choices as well as the uncertainty on 
the H → Z Z∗ branching fraction [60]. The procedure described in 
Ref. [70] is used to evaluate the scale uncertainties of the predicted 
njets distribution.

The upper edges of the uncertainty ranges in Table 2 are in 
most cases due to the highest bins in the njets and pT,jet distribu-
tions. The background systematic uncertainties are large in some 
bins due to the limited statistics in the data control regions.

8. Results

The cross section in the fiducial region described in Table 1 is

σ fid
tot = 2.11+0.53

−0.47(stat.) ± 0.08(syst.) fb.

The theoretical prediction from Ref. [60] for a Higgs boson mass of 
125.4 GeV is 1.30 ± 0.13 fb.

The differential cross sections as a function of pT,H , yH , m34, 
| cos θ∗|, njets, and pT,jet are shown in Fig. 2. For all variables and 
bins the total uncertainties on the cross-section measurements are 
dominated by statistical uncertainties. Powheg, Minlo and HRes2 
calculations of ggF, added to VBF, Z H/W H and tt̄ H (see Section 2), 
are overlaid. The HRes2 calculation was developed for modelling 
the Higgs kinematic variables and is only used for pT,H and yH . 
The theoretical calculations are normalized to the most precise SM 
inclusive cross-section predictions currently available [60].

The p-values quantifying the compatibility between data and 
predictions, computed with the method described in Section 6, are 
shown in Table 3. No significant discrepancy is observed.
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Table 2
Summary of the relative systematic uncertainties on the total back-
ground contribution (top rows) and on the parameters that enter 
the signal extraction (bottom rows). The ranges indicate the variation 
across observables and bins.

Systematic uncertainties (%)

Background
Luminosity 1.4–2.3
Reducible background 1.6–34
Experimental, leptons 1.3–2.3
PDF/scale 3.0–24

Correction factors/conversion to σ
Luminosity 2.8
Experimental, leptons 2.1–2.6
Experimental, jets 2.7–13
Production process 0.1–15
Higgs boson mass 0.4–2.7

fiducial objects, the correction factors for tt̄ H differ from those for 
the other production modes.

For each bin, the number of expected background events, the 
number of observed events, the luminosity, and the correction 
factors are used to calculate a profile likelihood ratio [64]. The 
likelihood includes shape and normalization uncertainties of back-
grounds and correction factors as nuisance parameters. For each 
variable all bins are included in the likelihood and correlations of 
uncertainties between the different bins and between backgrounds 
and correction factors are taken into account. The cross sections 
are extracted for each bin by minimizing twice the negative loga-
rithm of the profile likelihood ratio −2 ln Λ. The uncertainties on 
the cross sections are also estimated using −2 ln Λ by evaluating 
its variation as a function of the parameter of interest (the cross 
section value in each bin). Under the asymptotic assumption [64], 
−2 ln Λ behaves as a χ2 distribution with one degree of freedom. 
For some of the fitted intervals, due to the low number of events, 
the distribution of the profile likelihood ratio does not follow a 
χ2 distribution and the uncertainties are derived using pseudo-
experiments.

The compatibility between the measured cross sections and 
the theoretical predictions is evaluated by computing the differ-
ence between the value of −2 ln Λ at the best-fit value and the 
value obtained by fixing the cross sections in all bins to the ones 
predicted by theory. Under the asymptotic assumption [64], this 
statistical observable behaves as a χ2 with the number of degrees 
of freedom equal to the number of bins; it is used as a test statis-
tic to compute the p-values quantifying the compatibility between 
the observed distributions and the predictions. For all measured 
observables the asymptotic assumption is verified with pseudo-
experiments.

7. Systematic uncertainties

Systematic uncertainties are calculated for the estimated back-
grounds, the correction factors, and the SM theoretical predictions; 
the latter only have an impact on the quantitative comparison of 
the measurements with different predictions. An overview of the 
systematic uncertainties on the total background prediction and 
the correction factors is shown in Table 2.

The uncertainty on the integrated luminosity is propagated in a 
correlated way to the backgrounds evaluated from the MC predic-
tions and to the unfolding, where it is used when converting the 
estimated unfolded signal yield into a fiducial cross section. This 
uncertainty is derived following the same methodology as that de-
tailed in Ref. [65] from a preliminary calibration of the luminosity 
scale derived from beam-separation scans performed in November 
2012.

Systematic uncertainties on the data-driven estimate of the re-
ducible backgrounds are assigned both to the normalization and 
the shapes of the distributions by varying the estimation methods 
[15].

The systematic uncertainties on the lepton trigger, reconstruc-
tion and identification efficiencies [66,67] are propagated to the 
signal correction factors and the Z Z∗ background, taking into ac-
count correlations. For the correction factors, systematic uncer-
tainties are assigned on the jet resolution and energy scales. The 
largest systematic uncertainty is due to the uncertainty in the jet 
flavour composition [63,68,69].

The uncertainties on the correction factors due to PDF choice 
as well as QCD renormalization and factorization scale variations 
are evaluated in signal samples using the procedure described 
in Ref. [15] and found to be negligible. A similar procedure is 
followed for most variables for the irreducible Z Z background. 
For the jet-related observables an uncertainty is derived instead 
by comparing the data with the predicted Z Z distributions for 
m4ℓ > 190 GeV, after normalizing the MC estimate to the observed 
data yield. The systematic uncertainty is estimated as the larger 
of the data-MC difference and the statistical uncertainty on the 
data. This systematic uncertainty accounts for both the theoretical 
and experimental uncertainties in the modelling of the Z Z jet dis-
tributions. Systematic uncertainties due to the modelling of QED 
final-state radiation are found to be negligible with respect to the 
total uncertainty.

The correction factors are calculated assuming the predicted 
relative cross sections of the different Higgs production modes. The 
corresponding systematic uncertainty is evaluated by varying these 
predictions within the current experimental bounds [14]. The VBF 
and V H fractions are varied by factors of 0.5 and 2 with respect 
to the SM prediction and the tt̄ H fraction is varied by factors of 0 
and 5.

The experimental uncertainty on mH [10] is propagated to the 
correction factors by studying their dependence on the Higgs bo-
son mass.

The systematic uncertainties on the theoretical predictions in-
clude the PDF and QCD scale choices as well as the uncertainty on 
the H → Z Z∗ branching fraction [60]. The procedure described in 
Ref. [70] is used to evaluate the scale uncertainties of the predicted 
njets distribution.

The upper edges of the uncertainty ranges in Table 2 are in 
most cases due to the highest bins in the njets and pT,jet distribu-
tions. The background systematic uncertainties are large in some 
bins due to the limited statistics in the data control regions.

8. Results

The cross section in the fiducial region described in Table 1 is

σ fid
tot = 2.11+0.53

−0.47(stat.) ± 0.08(syst.) fb.

The theoretical prediction from Ref. [60] for a Higgs boson mass of 
125.4 GeV is 1.30 ± 0.13 fb.

The differential cross sections as a function of pT,H , yH , m34, 
| cos θ∗|, njets, and pT,jet are shown in Fig. 2. For all variables and 
bins the total uncertainties on the cross-section measurements are 
dominated by statistical uncertainties. Powheg, Minlo and HRes2 
calculations of ggF, added to VBF, Z H/W H and tt̄ H (see Section 2), 
are overlaid. The HRes2 calculation was developed for modelling 
the Higgs kinematic variables and is only used for pT,H and yH . 
The theoretical calculations are normalized to the most precise SM 
inclusive cross-section predictions currently available [60].

The p-values quantifying the compatibility between data and 
predictions, computed with the method described in Section 6, are 
shown in Table 3. No significant discrepancy is observed.

SM predictions
ATLAS H→4l



Higgs boson pT
ATLAS - PRL 115 (2015) 091801, NEW CMS arxiv:1508.07819 

(submitted to EPJC), NEW HIG-14-028
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H→γγ

H→ZZ

- ATLAS combines H→γγ and H→ZZ after extrapolating to common phase-space, 
while CMS shows separately (will be done in Run II)

- XH = VBF + WH + ZH + ttH +bbH(ATLAS only)
- Higgs pT is sensitive to new contribution in the ggH loop
- No evidence of significant deviation from SM predictions



Jet multiplicity in Higgs events
ATLAS - PRL 115 (2015) 091801, NEW CMS arxiv:1508.07819 

(submitted to EPJC), NEW HIG-14-028

- 0-jet and 1-jet are dominated by gluon fusion
- Associated production (XH=VBF,VH,ttH) populates higher jet multiplicity bins: 

about 40% for 2 or more jets

H→γγ
H→ZZ



Leading jet pT in Higgs events
ATLAS - PRL 115 (2015) 091801, NEW CMS arxiv:1508.07819 

(submitted to EPJC), NEW HIG-14-028

- 0-jet and 1-jet are dominated by gluon fusion: probes new contribution in the loop
- Also sensitive to enhancement of the coupling to bosons (if one jet is missed)

H→γγ
H→ZZ



Dijet mass in H→γγ events
ATLAS - JHEP 09 (2014) 112, NEW CMS - arxiv:1508.07819 

(submitted to EPJC)

- Statistics is still poor in 4l events to measure 2-jets observables, look only at H→γγ
- Mjj distribution is used to discriminate gluon fusion from VBF
- Mjj is sensitive to the Higgs coupling to vector boson, tails can be enhanced
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Δφ(j1,j2) in H→γγ events
ATLAS - JHEP 09 (2014) 112, NEW CMS - arxiv:1508.07819 

(submitted to EPJC)

- Δφ(j1,j2) distribution is used to discriminate gluon fusion from VBF
- Anomalous Higgs coupling to vector boson would enhance low values of Δφ(j1,j2)



Higgs anomalous couplings
ATLAS - arxiv:1508.02507 (submitted to PLB) NEW

- Interpret ATLAS H→γγ differential cross 
sections in term of Higgs anomalous 
couplings

- Use 5 differential measurement, take into 
account correlations in the likelihood

- Interpretation with the Effective 
Lagrangian framework

- Probe Higgs anomalous coupling to gluons, 
photons and vector bosons, CP conserving 
or violating

1 Introduction

The discovery of a Higgs boson at the ATLAS and CMS experiments [1,2] o↵ers a new opportunity to search
for physics beyond the Standard Model (SM) by examining the strength and structure of the Higgs boson’s
interactions with other particles. Thus far, the interactions of the Higgs boson have been probed using the
-framework [3], in which the strength of a given coupling is allowed to vary from the SM prediction by a
constant value. In this approach, the total rate of a given production and decay channel can di↵er from the
SM prediction, but the kinematic properties of the Higgs boson in each decay channel are unchanged.

An alternative framework for probing physics beyond the SM is the e↵ective field theory (EFT) approach [3–
8], whereby the SM Lagrangian is augmented by additional operators of dimension-six or higher. Some of
these operators produce new tensor structures for the interactions between the Higgs boson and the SM
particles, which can modify the shapes of the Higgs boson kinematic distributions as well as the associated
jet spectra. The new interactions arise as the low-energy manifestation of new physics that exists at energy
scales much larger than the partonic centre-of-mass energies being probed.

In this Letter, the e↵ects of EFT operators that produce anomalous CP-even and CP-odd interactions between
the Higgs boson and photons, gluons, W bosons and Z bosons are studied. The analysis is performed using
a simultaneous fit to five detector-corrected di↵erential cross sections in the H ! �� decay channel, which
were previously published by the ATLAS Collaboration [9]. These are the di↵erential cross sections as
a function of the diphoton transverse momentum (p��T ), the number of jets produced in association with
the diphoton system (Njets), the leading-jet transverse momentum (p j1

T ), and the invariant mass (m j j) and
di↵erence in azimuthal angle (�� j j) of the leading and sub-leading jets in events containing two or more jets.
The inclusion of di↵erential information significantly improves the sensitivity to operators that modify the
Higgs boson’s interactions with W and Z bosons. To perform a simultaneous analysis of these distributions,
the statistical correlations between bins of di↵erent distributions need to be included in the fit procedure.
These correlations are evaluated by analysing the H ! �� candidate events in the data, and are published as
part of this Letter to allow future studies of new physics that produces non-SM kinematic distributions for
H ! ��.

2 Higgs e↵ective field theory framework

The EFT used in this analysis is presented in Ref. [8]. In this model, the SM Lagrangian is augmented
with the dimension-six CP-even operators of the Strongly Interacting Light Higgs formulation [6] and cor-
responding CP-odd operators. The H ! �� di↵erential cross sections are mainly sensitive to the operators
that a↵ect the Higgs boson’s interactions with gauge bosons and the relevant terms in the Lagrangian can be
specified by

L = c̄�O� + c̄gOg + c̄HWOHW + c̄HBOHB

+ c̃�Õ� + c̃gÕg + c̃HWÕHW + c̃HBÕHB,

where c̄i and c̃i are ‘Wilson coe�cients’ specifying the strength of the new CP-even and CP-odd interactions,
respectively, and the dimension-six operators Oi are those described in Refs. [8, 10]. In the SM, all of the

2



Conclusions
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Mass
- ATLAS+CMS H→γγ and H→ZZ, mH = 125.09 ± 0.24 GeV (precision ~0.2%)

Width
- Constrained via H→ZZ and H→WW off-peak distribution: < 22 MeV at 95% CL (SM 

~4 MeV)

Spin/parity
- H→ZZ, H→WW and H→γγ: Data is favouring 0+ hypothesis.

Differential cross sections
- Differential distributions in H→ZZ and H→γγ are in agreement with SM 
predictions, and do not allow yet to favour some of the SM Monte-Carlo simulations

Anomalous couplings / Effective Lagrangian
- Moving toward quantifying differences in kinematics due to anomalous couplings: 

no significant deviation from the SM is observed

LHC Run II will allow to probe further Higgs boson properties, and maybe find some 
hints for new physics beyond standard model!



Thank you!
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Large Hadron Collider (LHC)
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- Proton-proton collider at CERN, Geneva
- 27 km circumference, fully supra-conducting 

magnets at 100m depth
- 7 TeV center of mass energy in 2010 and 2011, 8 

TeV in 2012
- Instantaneous luminosity: reached peak 7.7x1033 

cm-2s-1
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CMS detector
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ATLAS detector

H → γγ sensitivity studies using RooStats

H → γγ W.G. meeting
H → γγ W.G. meeting
Nicolas Chanon, ETH
Grégory Schott, KIT

Hugues Brun, Suzanne Gascon-Shotkin, Morgan Lethuillier, IPNL

ETH Zürich
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Luminosity conditions

Analyses presented in this talk are using:
- 5.1 fb-1 of 7 TeV data in 2011
- Up to 19.6 fb-1 of 8 TeV data in 2012
Pileup mean interaction ~21 in 2012 (~10 in 2011)

Event with 70 reconstructed vertices (special run)
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CMS Electromagnetic 
calorimeter(ECAL) :
- 75848 PbWO4 crystals
- Excellent energy resolution (design: 
1% for H→γγ barrel photons)
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CMS electromagnetic 
calorimeter(ECAL)

The ECAL is made of scintillating crystals of PbWO4 :
-Barrel : 36 “supermodules” with 1700 crystals each (coverage |η|<1.48)
-Endcaps : 268 “supercrystals” with 25 crystals each (coverage 1.48<|η|<3.0)
A preshower made of silicon strip sensors is located in front of the endcaps (1.65<|η|<2.6)

Outline
Introduction

CMS projected sensitivity to H → γγ channel
ECAL Calibration

Electromagnetic energy deposits commissioning
Conclusions

CMS Electromagnetic calorimeter (ECAL)

The ECAL is made of PbWO4 scintillating crystals

Barrel (EB) : 36 “supermodules” of 1700 crystals each (coverage |η| < 1.48)

Endcaps (EE) : 268 “supercrystals” of 25 crystals each (coverage 1.48 < |η| < 3.0)

Additionnaly, a preshower (ES) detector made of silicon strip sensors is located in
front of the endcap (coverage 1.65 < |η| < 2.6)

ECAL energy resolution (measured in
test-beams) :

σ(E)

E
=

a
p

E(GeV )
⊕

b

E(GeV )
⊕ c

a = 2.8% : stochastic term
b = 12% : noise term
c = 0.3% : constant term

Nicolas Chanon Photon commissioning in CMS at
√

s = 7 TeV 5 / 12

Energy resolution (measured 
in electron test beam) :

a = 2.8% stochastic term
b = 12% noise term
c = 0.3% constant tern
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CMS ECAL Calibration
Crystal 

Intercalibration
(π0→γγ)

Cluster energy 
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Energy scale 
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monitoring

 |ηcrystal | 
0 0.5 1

In
te

r-C
al

ib
ra

tio
n 

Pr
ec

is
io

n

0

0.01

0.02

0.03

0.04

-symmetryφ
electron

η / 0π
combination

CMS 2012 Preliminary - ECAL barrel
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- Correct for response non-uniformity 
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- Precision: better than 0.5% in central 
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Laser calibration:  
- Correct for ECAL crystals transparency 

loss due to electromagnetic damage 
- RMS stability after corrections 0.09% 

(barrel), 0.28% (Endcap) 
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CMS H→γγ mass resolution
HIG-13-001

Cluster energy 
correction (MC)

Crystal 
Intercalibration

(π0→γγ)
Laser 

monitoring
Energy scale 

(Z→ee)

Cluster energy corrections
- Correct for energy loss in the 

material upstream ECAL and in 
ECAL cracks

- Use geometry, shower profile, 
energy in preshower

- Energy regression: 1-2% 
mass resolution

- Best untagged category: 1.36 
GeV effective sigma (narrow 
shower shape in barrel or high 
diphoton pT events)

Energy scale: 
- Correct for data/MC residual differences in 

scale and resolution using Z mass shape
- Stable along data-taking period
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CMS H→γγ: other categories
EPJC 74 (2014) 3076
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Categories: 
- Defined with s/b and resolution level
- 5 untagged, 3 VBF categories, 3 VH cat, 
2 ttH

VBF tags:
- VBF is higher γγ pT, two forward jets
- Dijet BDT using γγ, jets kinematics
- Define two categories: s/b~0.5 and 

s/b~0.2

Gluon-gluon fusion contamination in VBF 
categories ~20-50%

VBF tight
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�40Mass range 121.5 - 130.5 GeV:

- Small background (s/b~2), 
almost flat around 125 GeV
- Clear excess observed

ICHEP 2012

Note the 
scale!

CMS H→ZZ→4l analysis
arxiv:1312.5353
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Figure 9: Distribution of the four-lepton reconstructed mass in the full mass range for the sum
of the 4e, 2e2µ and 4µ channels. Points with error bars represent the data, shaded histograms
represent the backgrounds, and the unshaded histogram the signal expectation for a mass hy-
pothesis of mH = 126 GeV. Signal and ZZ background are normalized to the SM expectation,
Z + X background to the estimation from data. The expected distributions are presented as
stacked histograms. No events are observed with m4⇥ > 800 GeV.

Table 3: The number of observed candidate events compared to the mean expected background
and signal rates for each final state. Uncertainties include statistical and systematic sources.
The results are given integrated over the full mass measurement range m4⇥ > 100 GeV and for
7 and 8 TeV data combined.

Channel 4e 2e2µ 4µ 4⇥
ZZ background 77 ± 10 191 ± 25 119 ± 15 387 ± 31
Z + X background 7.4 ± 1.5 11.5 ± 2.9 3.6 ± 1.5 22.6 ± 3.6
All backgrounds 85 ± 11 202 ± 25 123 ± 15 410 ± 31
mH = 500 GeV 5.2 ± 0.6 12.2 ± 1.4 7.1 ± 0.8 24.5 ± 1.7
mH = 800 GeV 0.7 ± 0.1 1.6 ± 0.2 0.9 ± 0.1 3.1 ± 0.2
Observed 89 247 134 470

Table 4: The number of observed candidate events compared to the mean expected background
and signal rates for each final state. Uncertainties include statistical and systematic sources.
The results are integrated over the mass range from 121.5 to 130.5 GeV and for 7 and 8 TeV data
combined.

Channel 4e 2e2µ 4µ 4⇥
ZZ background 1.1 ± 0.1 3.2 ± 0.2 2.5 ± 0.2 6.8 ± 0.3
Z + X background 0.8 ± 0.2 1.3 ± 0.3 0.4 ± 0.2 2.6 ± 0.4
All backgrounds 1.9 ± 0.2 4.6 ± 0.4 2.9 ± 0.2 9.4 ± 0.5
mH = 125 GeV 3.0 ± 0.4 7.9 ± 1.0 6.4 ± 0.7 17.3 ± 1.3
mH = 126 GeV 3.4 ± 0.5 9.0 ± 1.1 7.2 ± 0.8 19.6 ± 1.5
Observed 4 13 8 25
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CMS H→ZZ: lepton efficiency
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CMS H→ZZ: Z1 and Z2 masses
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H→ZZ: mass scale
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CMS H→W+W- dijet and results
JHEP 01 (2014) 096
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the distinct signature of having high momentum and large separation in pseudorapidity, hence
sizeable invariant mass, with an absence of additional hadronic activity in the central rapidity
region due to the lack of color exchange between the parent quarks. By exploiting this specific
signature, VBF searches typically have a good signal-to-background ratio. In this analysis the
signal-to-background ratio approaches one after all the selection criteria are applied.

To select events with the characteristics of the VBF process, the two highest pT jets in the event
are required to have pseudorapidity separation of |Dhjj| > 3.5 and to form an invariant mass
mjj > 500 GeV. Events with an additional jet situated in the pseudorapidity range between the
two leading jets are rejected. Both leptons are also required to be within the pseudorapidity
region defined by the two highest pT jets.

6.3.1 Analysis strategy

Given the small event yield for the 2-jet category with VBF tag with the currently available
datasets, the signal extraction uses a template fit to a single kinematic variable with appropriately-
sized bins. The dilepton mass, m``, has been chosen for its simple definition and discrimination
power, and also because the hadronic information is already extensively used in the event se-
lection. The counting analysis is pursued for the same-flavor category, and also used as a
cross-check of the shape-based approach for the different-flavor final state.

Since the fit to data uses only the m`` distribution, the events are preselected to satisfy mT
smaller than the Higgs boson mass of the given hypothesis. For Higgs boson mass hypotheses
of 250 GeV and above, p`,max

T is required to be greater than 50 GeV. The m`` template has 14
bins for the 8 TeV sample and 10 bins for the 7 TeV sample, covering the range from 12 GeV to
600 GeV.

For the counting analysis, the same requirements as the 0-jet and 1-jet analyses are applied, as
summarized in Table 4, except for the lower mT threshold which is kept at 30 GeV for all Higgs
boson mass hypotheses. The results of the same-flavor counting analysis are combined with
the results of the different-flavor shape analysis to provide the result for this category.

6.3.2 Results

The data yields and the expected yields for the SM Higgs boson signal and various back-
grounds in each of the lepton-flavor final states for the VBF analysis are listed in tables 9
and 10, for several representative Higgs boson mass hypotheses. For a Higgs boson with
mH = 125 GeV, a few signal events are expected to be observed with a signal-to-background
ratio of about one. The contribution to the VBF selection from gluon fusion Higgs boson pro-
duction after all selection requirements is approximately 20% of the total signal yield [87].

Figure 13 shows the comparison of m`` between the prediction and the data for a Higgs bo-
son mass of 125 GeV after the selection for the shape-based analysis. The 95% CL observed
and median expected upper limits on the production cross section of the H ! WW process
are shown in Fig. 14. Limits are reported for both counting and shape-based analyses. The
observed (expected) signal significance for the shape-based approach is 1.3 (2.1) standard devi-
ations for a SM Higgs boson with mass of 125 GeV. The observed signal strength for this mass
is s/sSM = 0.62+0.58

�0.47. A summary of the results for mH = 125 GeV is shown in Table 11.

6.4 The two-jet VH tag

The analysis of the associated production of a SM Higgs boson with a W or a Z boson in the
dilepton final state selects events with two centrally produced (|h| < 2.5) jets from the decay of
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- Best fit signal strength 
μ=0.72+0.20-0.18 at 125.6 GeV

- Local significance: expected 5.8σ, 
observed 4.3σ

- Trilepton final state also used: 
WH→3l3ν, ZH→3lν+2jets
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Parameterizing deviations with EFT

Effective Field Theory for anomalous couplings:
- Look for manifestation of higher scale physics to the electroweak scale
- Construct all operators involving electroweak fields with new interactions in the 

gauge sector, respecting gauge invariance
- Non-linear realization (without Higgs) or more recent linear realization (with Higgs):

- Enhances total cross-section, enhances (Higgs) boson pT (depends on 
U(1)Y and SU(2) field strength and derivative of the scalar field)

L = LSM +
X

i

ai
�2

Oi +
X

j

bi
�4

Oj + ...

1

Dimension 6 operators are 
involving charged aTGC 
and Higgs couplings

Dimension 8 involves 
aQGC, neutral TGC, higher 
order Higgs couplings

Anomalous quartic interaction among electroweak gauge bosons

O.J.P. Éboli and M.C. Gonzalez–Garcia

August 21, 2012

0.1 Quartic interactions

We list here the parity conserving effective Lagrangians leading to pure quar-
tic couplings between the weak gauge bosons assuming that the recently
observed Higgs boson belongs to a SU(2)L doublet, that is, employing the
linear representation for the higher order operators. Denoting by Φ the Higgs
doublet and by U an arbitrary SU(2)L transformation, the basic blocks for
constructing the effective Lagrangian and their transformations are:

Φ , that transforms as Φ′ = UΦ (1)

DµΦ , that transforms as D′
µΦ

′ = UDµΦ (2)

Ŵµν ≡
∑

j

W j
µν

σj

2
, that transforms as Ŵ ′

µν = UŴµνU
† (3)

Bµν , that transforms as B′
µν = Bµν (4)

where W i
µν is the SU(2)L field strength and Bµν is the U(1)Y one. The

covariant derivative is given by DµΦ = (∂µ − igW j
µ

σj

2 − ig′Bµ
1
2)Φ.

The lowest dimension operator that leads to quartic interactions but does
not exhibit two or three weak gauge boson vertices is dimension 8. The
counting is straight foward: when can get a weak boson field either from the
covariant derivative of Φ or from the field strength tensor. In either case
the vector field is accompanied by a VEV or a derivative. Therefore genuine
quartic vertices are of dimension 8 or higher.There are three classes of such
operators1:

Operators containing just DµΦ

The two independent operators in this class are

LS,0 =
[

(DµΦ)† DνΦ
]

×
[

(DµΦ)† DνΦ
]

(5)

1Here we follow the notation of Ref. [1].
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Building blocks:
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SM Higgs total width
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Unfolding procedure:
response matrix

Why unfolding ?
- Unfolding is needed to undo detector effects
- There are bin by bin migrations between generator 
level and reconstructed level

- This needs to be corrected: use a response matrix 
to propagate the statistical uncertainty in each bin

- Selected events falling out of acceptance at 
generator level are collected in a special bin

The proposed method:
- Fold in the response matrix into the likelihood 
(perform measurement and unfolding at the same 
time) 

- Each cell of the response matrix contains 
normalization (efficiency) and signal model for a 
given set of (gen, reco) bin and analysis category

RECO
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EN

0

1

2

3

4

5

6

7

mod0

cat0
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mod0

See also A. Marini’s talk on Wed.
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Unfolding procedure
(cont.)

- Same procedure is already used e.g. for unfolding from μ in untagged and 
dijet-tagged categories to μGGH, μVBF

- This is similar to response matrix inversion, but:
- Usual method of estimating uncertainties (covariance matrix applied after μ 

measurement) is approximate (in particular for low statistics categories), 
- Advantage: use the full likelihood including nuisance parameters

5.3 Unfolding 9

5.3 Unfolding255

We followed the approach of performing in the same time the measurement simultaneously in256

all bins and the unfolding to particle-level. The same kind of procedure was used for instance257

to unfold the signal strength measurement in untagged and dijet tag categories to the couplings258

of the Higgs boson to fermions and vector bosons [13]. It allows to treat correctly asymmetric259

uncertainties using the full likelihood instead of the usual covariance matrix.260

In view of unfolding the reconstructed level distribution, it is not enough to build the sig-261

nal models, in three sM/M categories, for each bin of the observables to be measured. For262

each observable, a response matrix K is constructed in the simulation to give the probability263

of measuring a reconstructed event in a bin j given that it was generated in a bin i. The signal264

models are built in each cell of the response matrix, which is mostly diagonal but can have265

non-negligible bin-by-bin migration resulting in non-diagonal contributions.266

The unfolding is performed with a maximum likelihood technique, which is adapted to com-
bine the measurement in categories. No regularization was used, in order not to bias the result
nor artificially decrease the uncertainties. This lead to minimizing the following conditionnal
log-likelihood expression:

F (µi) = �2 logL(Kij · µi · Ngen,i|Nreco,j)

Where Kij is the response matrix, L is the log-likelihood expression described in previous sec-267

tion, µi · Ngen,i is the unknown unfolded particle-level distribution, µi is the unknown signal268

strength modifier at particle-level, Ngen,i is the assumed particle-level distribution of the kine-269

matic observable from the simulation, and Nreco,j is the number of events in each bin of the270

measured distribution. The indices i refers to particle-level bins while j refer to reconstructed271

level bins and the three sM/M categories.272

We construct directly the expected reconstructed signal shape at detector level Jij = Kij · Ngen,i,273

therefore each entry of the matrix Jij is indeed a set of signal model shapes interpolated between274

the mass-points. The matrix is a function of mH, the generated bin model i and the categories j,275

as well as all the nuisances. Possible events falling out of the acceptance are taken into account276

as an extra bin i = Nbin.277

The maximum likelihood fit performs simultaneously the diphoton-background subtraction278

estimated as described in Section 5.2, and the signal-strength extraction in each generator bin279

(µi). The out-of-acceptance bin is left fix in the fit, given there are only N bins at reconsted level,280

the determination of an extra-unknown at particle level (N + 1 unknown) is not possible. This281

can be interpreted the fact that if the acceptance is defined as the region where the detector282

is able to perform the measurement, it is not possible to infer the measurement outside of it.283

In order to restore the correct cross-section normalization in the fiducial region, the generator284

distribution for the variable of interest (Ngen,i at the fitted mass point mH) is multiplied back by285

the measured set of signal strength (µi). This way of performing the normalization is analogous286

to the one used in the unfolding method of Singular Value Decomposition [47].287

The statistical uncertainties introduced by the unfolding are small for the inclusive observables,288

while they are sizeable for the jet observables, due to non-negligible non-diagonal elements in289

the response matrix.290

6 Systematic uncertainties291

The systematic uncertainties assigned to all events are292

Function to minimize

L is the usual likelihood 
function of B, S+B and the 
nuisance parameters

Response matrix

Signal strength to be 
measured for each bin of gen 
level input distribution

Gen level input distribution

Reco level signal 
yields in each bins 
and categories
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Higgs boson rapidity
ATLAS - PRL 115 (2015) 091801, CMS arxiv:1508.07819 

(submitted to EPJC), HIG-14-028

- Higgs rapidity is sensitive to pdf in the proton
- Agreement with the SM predictions
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senting the results from a global analysis to the di↵erent
EWSB related data sets [7, 8], we focus on the very in-
teresting complementarity between Higgs analyses and
TGV measurements at colliders [9]. On the second part
we compare this phenomenology with the one that is
derived from abandoning the assumption of the Higgs
as an S U(2)L doublet. We study in this case the Higgs
interactions using the non–linear or chiral e↵ective La-
grangian including a dynamical Higgs boson [10]. We
observe that the interesting Higgs to gauge boson cou-
pling correlation with the TGV interactions could be
lost in this case, besides higher order di↵erences, that
both could lead to phenomenological observable con-
sequences [11] useful to disentangle the nature of the
observed state.

2. Lagrangian for an elementary Higgs

We start assuming that, even if there is NP associated
with the EWSB sector, the observed particle is an ele-
mentary state which belongs to a light electroweak dou-
blet scalar, and consequently, that the S U(2)L ⌦ U(1)Y

symmetry is linearly realized in the e↵ective theory.
Thus we think of the SM as an e↵ective low energy the-
ory but we still retain the gauge group, the particle spec-
trum and the pattern of spontaneous symmetry break-
ing as valid ingredients to describe Nature at energies
E ⌧ ⇤, where ⇤ is the scale associated to NP. This
fixes the complete set of higher dimensional operators
that need to be considered at a given order. Neglecting
the e↵ects of the dimension–five total lepton number vi-
olating operator, the lowest order e↵ective operators that
can be built are of dimension–six:

Le↵ =
X

n

fn
⇤2On , (1)

where the operators On have couplings fn. If we restrict
to C and P–even dimension–six operators, 29 of them
are relevant to study the Higgs interactions [8] barring
flavor structure and Hermitian conjugations. Eight of
those modify the Higgs interactions to the electroweak
gauge bosons, one to gluons and one a↵ects only Higgs
self interactions. Additionally there are three Yukawa–
like fermionic operators, and the remaining ones mod-
ify both the fermionic couplings to the Higgs boson as
well as to the gauge bosons. Finally TGV interactions
of on-shell W’s are modified by four of these operators,
as well as, by one operator that only involves the elec-
troweak gauge–boson self–couplings, OWWW , see [9].

Previous to the analysis of the Higgs data the equa-
tions of motion can be used to eliminate redundant op-

erators from Le↵ . In addition, several operators are al-
ready strongly constrained by the use of electroweak
precision data (EWPD), to which they contribute at the
tree level. For a detailed discussion on the reduction
of the number of parameters in our e↵ective Lagrangian
see [8]. After the choice of the basis presented there, the
e↵ective Lagrangian relevant for the analysis of Higgs
and TGV data, and the subdominant e↵ects to EWPD is
reduced to

Le↵ = �↵sv
8⇡

fg
⇤2OGG +

fWW

⇤2 OWW +
fBB

⇤2 OBB

+
f�,2
⇤2 O�,2 +

fbot

⇤2 Od�,33 +
f⌧
⇤2Oe�,33 (2)

+
fW
⇤2OW +

fB

⇤2OB

with

OGG = �
†� Ga

µ⌫G
aµ⌫ , OWW = �

†Ŵµ⌫Ŵµ⌫� ,

OBB = �
†B̂µ⌫B̂µ⌫�, O�,2 = 1

2
@µ
⇣
�†�
⌘
@µ
⇣
�†�
⌘
,

Oe�,i j = (�†�)(L̄i�eR j ) , Od�,i j = (�†�)(Q̄i�dR j) ,

OW = (Dµ�)†Ŵµ⌫(D⌫�) , OB = (Dµ�)†B̂µ⌫(D⌫�) , (3)

where � is the Higgs doublet, Dµ� =⇣
@µ + i 1

2 g0Bµ + ig�a
2 Wa

µ

⌘
� and v is the vacuum ex-

pectation value. B̂µ⌫ = i g0
2 Bµ⌫ and Ŵµ⌫ = i g

2�
aWa
µ⌫

with S U(2)L (U(1)Y ) gauge coupling g (g0) and Pauli
matrices �a.

The dimension–six operators in the final basis to
be studied, Eq. (2), contribute to the interactions of
the Higgs boson with the SM particles, in some cases
adding new Lorentz structures in the di↵erent vertices,
as it was discussed in detail in [8]. In addition, two of
them, OW and OB, contribute to the TGV interactions
�W+W� and ZW+W�, whose contributions in the com-
mmonly used parametrization of [12] are:

�� =
g2v2

8⇤2

✓
fW + fB

◆
,

�gZ
1 =

g2v2

8c2⇤2 fW , �Z =
g2v2

8c2⇤2

✓
c2 fW � s2 fB

◆
, (4)

with V = 1 + �V and gZ
1 = 1 + �gZ

1 , and where s(c)
is the sine (cosine) of the weak mixing angle. For com-
pleteness we note that OWWW contributes to the TGV
parametrization in [12] as �� = �Z =

3g2 M2
W

2⇤2 fWWW , al-
though it has no relevance for the present note. Finally,
OW , OB, OWW , OBB and O�,2 also give subdominant
(loop) contributions to EWPD.

In order to constrain these higher dimensional de-
viations with respect to the Standard Model expected
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2.2. Determining TGV from Higgs data

As we have commented, two of the operators, OW

and OB, contribute both to the Higgs interactions with
the gauge bosons, and to TGV interactions. In the re-
sults presented in Fig. 1 we have used this double con-
tribution on the direction of adding TGV data to the
global analysis of the dimension–six operators in or-
der to further constrain the coe�cients of the opera-
tors considered in Eq. (2). Conversely, we can ex-
ploit this double contribution on qualitatively the oppo-
site direction. We present now the global analysis of
only Higgs data, but this time we rotate the exclusion
bounds derived from the results to bounds on the TGV
parameters by using Eq. (4). As we have observed in
the previous subsection that the fermionic operators do
not a↵ect the electroweak ones, for simplicity we show
in this subsection the results of the space spanned by
fg, fWW , fBB, f�,2, fW , and fB. We present the results of
the analysis to the Higgs data only in Fig. 2. There we
plot in the red filled region the 95% C.L. allowed values
in the plane ��⌦�gZ

1 after marginalizing over the other
four parameters on the Higgs analysis, fg, fWW , fBB and
f�,2, i.e. we define

��2
H(��,�gZ

1 ) = (5)
min fg, fWW , fBB, f�,2��

2
H( fg, fWW , fBB, f�,2, fB, fW ) ,

and we impose the two-dimensional 95% C.L. allowed
region from the condition ��2

H(��,�gZ
1 )  5.99. In

the Figure we also show the relevant 95% C.L. bounds
from TGV measurements in di↵erent collider experi-
ments as properly labeled. These experimental mea-
surements were all performed in the framework given
by Eq. (4), for further details see [9]. As we can ob-
serve in the Figure, the direct measurements of TGV’s
and the results derived from the global analysis of Higgs
data translated to the TGV space, are not only comple-
mentary because of the di↵erent correlation that they
present, but actually the precision reachable from both
types of determinations are at a comparable level. As a
consequence, this interesting complementarity between
both analysis can be used as a further test of the SM and
of the linearly realized EWSB. In the future, when the
data sets are extended, the combination of both types of
analysis has the potential to furnish the strongest pos-
sible bounds on this anomalous TGV space. Indeed,
after performing the current combination of results, as
described in [9], the hatched region in Fig. 2 sets the
strongest 95% C.L. exclusion region of the ones cur-
rently available.

Figure 2: 95% C.L. allowed regions (2 d.o.f.) on the plane �� ⌦ �gZ
1

from the global analysis of only Higgs data from the LHC and Teva-
tron (red filled region), and relevant bounds from TGV measurements
in di↵erent collider experiments as labeled in the panel. We also
show the estimated constraints obtainable by combining these bounds
(hatched region).

3. Disentangling a dynamical Higgs

We proceed now to compare the phenomenology of
the e↵ective Lagrangian expasion assuming a linear re-
alization of the EWSB with the phenomenology of the
non–linear or chiral Lagrangian expansion, including a
light Higgs, but in this case generically as a singlet of
S U(2)L. While the first expansion is suitable for mod-
els with elementary Higgs particles, the second one may
be more adequated for “dynamical” -composite- ones.
For the non–linear case we consider the construction of
the e↵ective Lagrangian presented in [10], up to four
derivatives in the expansion and including the bosonic
and Yukawa–like C and P even operators1. For the com-
parison of the phenomenology, we can start restricting
to the subset of chiral operators that include the same
gauge interactions that are already introduced by the
dimension–six operators in the linear expansion, i.e. we
consider the chiral structures weighted by the parame-
ter ⇠ in [10, 11]. The lesser symmetry constraints in
the non–linear e↵ective Lagrangian means more possi-
ble invariant operators at a given order, which is trans-
lated into phenomenological decorrelations with respect
to the linear case, di↵erences that we present here. For

1With an increased precision some of these assumptions may be
relaxed, allowing for instance for C and P violating operators to be
included and studied [13].

arxiv:1411.5364
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Higgs anomalous couplings
ATLAS - arxiv:1508.02507 (submitted to PLB)

Correlation matrix 
(example)


