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Higgs Production at LHC

2

√8 TeV (Run 1) ⇒ √13 TeV (Run 2) 
𝜎(pp→H) increased by ~2.5 
𝜎(pp→ttH) increased by ~4

Cross section [pb] at √s = 13 TeV & mH = 125.09 GeV
ggH VBF (W/Z)H (tt/bb)H
49 3.8 1.4/0.9 0.5/0.5

Branching fraction at  
mH = 125.09 GeV: 

ZZ: 2.64% 
 𝛾𝛾:  0.23%

H→ ZZ*→4ℓ and H → 𝛾𝛾 decays 

Small branching fraction  
Final states are fully reconstructable 

S/B better than 2 
Look for a narrow peak  on a smooth background
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9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

global signal strengths: 1.09 ± 0.07 (stat) ±0.08 (syst)coupling modifiers

PRL 114 (2015) 191803

Run 1 Legacy (Higgs mass and couplings)

Combination of H→ 4ℓ and H → 𝛾𝛾 
from ATLAS+CMS results in Run 1  

    (√s = 7 & 8 TeV,  Lint = 25 fb-1) 

Higgs mass  with ~0.2% uncertainty 

Higgs boson production and decay 
rates, constraints on its couplings to 
vector bosons and fermions
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Parameter value
1− 0.5− 0 0.5 1 1.5 2 2.5 3 3.5 4

bbµ

ττµ

WWµ

ZZµ

γγµ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS
σ1±
σ2±

Parameter value
1− 0.5− 0 0.5 1 1.5 2 2.5 3 3.5 4

µ

ttH
µ

ZH
µ

WH
µ

VBF
µ

ggF
µ

 Run 1LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS
σ1±
σ2±

µi =
�i

�SM
i

µf =
Bf

BSM
f

All the measured the values are consistent with SM
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 Higgs Width: SM expectation on 𝛤H  is ~ 4 MeV (not 
directly measurable due to detector resolution)  

 From the combined Run 1 H→ 4ℓ and H → 𝛾𝛾 result, direct 
𝛤H  measurement is based on the observed lineshape. 

@95 CL  Higgs width obs (exp) [GeV]
H → 𝛾𝛾 H→ 4ℓ

ATLAS 5.0 (6.2) 2.6 (6.2)
CMS 2.4 (3.1) 3.4 (2.8)

@95% CL 
𝛤H  obs (exp) [MeV]

ATLAS 22.7 (33)
CMS 13 (26)
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6.3 Systematic uncertainties on top-quark events

Theory uncertainties on extrapolating top-quark processes
from the control region to the signal region in the WW →
eν µν channel are also evaluated using methods similar to
those of Ref. [58]. For the evaluation of the extrapolation
uncertainties, the signal region requirements are relaxed to
increase the sample size; the region is extended down to
R8 > 160 GeV and the "ηℓℓ requirement is dropped. The
extra uncertainty from this extension is checked in a separate
sample with at least one b-tagged jet, again defined so as to
reduce the statistical uncertainties, which is simultaneously
re-weighted in "ηℓℓ and R8 to match the b-vetoed region.
With this b-tagged sample, the extra uncertainty from the
removal of the "ηℓℓ requirement, and from extending the
range in R8, is found to be 3.5 %.

The method described in Sect. 6.2 is used to evaluate the
systematic uncertainties on top-quark processes. Since the
extended signal region covers the WW CR, the same sys-
tematic uncertainties are valid for the extrapolation from the
top CR to the WW CR. These uncertainties, summarised
in Table 2, are applied to both t t̄ and single-top processes,
which make up approximately 22 % of the top background
in the signal region. A 20 % uncertainty is assigned to the
single-top processes in order to take into account the uncer-
tainty on the single-top fraction; the impact on the result is
negligible.

6.4 Experimental systematic uncertainties

For the Z Z → 4ℓ analysis, the same sources of experimen-
tal uncertainty as in Ref. [55] are evaluated. In the off-shell
Higgs boson region, the leptons come from the decay of on-
shell Z bosons; hence the lepton-related systematic uncer-
tainties are small compared to those for the leptons from
on-shell Higgs boson production. The leading, but still very
small, experimental systematic uncertainties are due to the
electron and muon reconstruction efficiency uncertainties.

Similarly, for the 2ℓ2ν channel, the same sources of exper-
imental uncertainty as in Ref. [20] are evaluated. The electron
energy scale, electron identification efficiency, muon recon-
struction efficiency, jet energy scale, and systematic uncer-
tainties from the data-driven Z background estimates are the
main sources of the experimental systematic uncertainties.
These experimental uncertainties affect the expected sensi-
tivity of the µoff-shell measurement only at the percent level.

Finally, for the WW → eν µν channel, the same sources
of experimental uncertainty as in Ref. [58] are evaluated.
The uncertainty on the electron energy scale, followed by
the uncertainty on the rate for mis-tagged light-flavour jets
as b-jets, and the uncertainty on the jet energy scale and reso-
lution, are the dominant experimental sources of uncertainty.

The remaining experimental sources are significantly smaller
than the theoretical uncertainties.

The uncertainty on the integrated luminosity is 2.8 %. It
is derived, following the same methodology as that detailed
in Ref. [63], from a preliminary calibration of the luminos-
ity scale derived from beam-separation scans performed in
November 2012.

7 Results

In this section the results for the Z Z → 4ℓ, Z Z → 2ℓ 2ν

andWW → eν µν analyses are presented and translated into
limits on the off-shell signal strengthµoff-shell for the individ-
ual analyses and for the combination of all three channels.
In a second step, the off-shell analyses are combined with
the on-shell Z Z∗ → 4ℓ [55] and WW ∗ → ℓνℓν [58] anal-
yses based on the 8 TeV data taken in 2012. In combining
the Z Z and WW channels it is assumed that the ratio of the
Z Z cross-section σ gg→H (∗)→Z Z (ŝ) to the WW cross-section
σ gg→H (∗)→WW (ŝ) (and similarly for VBF) is as predicted in
the SM for both the on- and off-shell processes.

Two different off-shell combinations are presented based
on different assumptions. First, a single off-shell signal
strength parameter is applied for all production modes. This
is equivalent to assuming that the ratio of the off-shell pro-
duction rates via the process gg → H to those via the VBF
process are as predicted in the SM. In a second combination,
only the off-shell signal strength of the gg → H∗ → VV
production process is considered while the VBF production
process is fixed to the SM prediction. In this case the com-
bined signal strength µ

gg→H∗→VV
off-shell can be interpreted as a

constraint on the off-shell coupling strength κg,off-shell asso-
ciated with the gg → H∗ production mode.

The combination with the on-shell analyses is also per-
formed under two assumptions that correspond to different
interpretations of the results. The first is performed using
different signal strengths for the gg → H (∗) and the VBF
production modes.6 The parameter of interest is described by
the ratio of the off-shell to the on-shell signal strengths, which
can be interpreted as the Higgs boson total width normalised
to its SM prediction: µoff-shell/µon-shell = 'H/'SM

H . This
interpretation requires that the off- and on-shell couplings are
the same for both gg → H (∗) and VBF production modes
(i.e., κg,on-shell = κg,off-shell and κV,on-shell = κV,off-shell

7).
In a second combination, the coupling scale factors κV =

6 In all results the signal strength for V H associated production is
assumed to scale with VBF production while the bb̄H and t t̄ H pro-
cesses scale with the gg → H process. These additional production
modes are expected to give negligible contributions to the off-shell mea-
surements, but have small contributions to the on-shell signal yields.
7 To set an upper limit, the assumption in Eq. (3), and the equivalent
assumption for the VBF production mode, is sufficient.
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 Indirect measurement of 𝛤H  from H → ZZ* → 4ℓ  or 
2ℓ2𝜈 and H → WW : 

Compare on-shell and off-shell rates, and assuming 
the couplings of on-shell and off-shell are the same: 

ATLAS:  ERJC 75 (2015) 335 
   CMS: JHEP 09 (2016) 051

 Spin/Parity:  Compare JP = 0+ with different spin 
hypotheses: 

0+ is favoured and the other hypotheses are 
excluded > 99.9% 

Potential CP admixture in spin-zero to be 
checked with more data

ATLAS:  ERJC 75 (2015) 476 
       CMS: PRD 92 (2015) 012004

H → ZZ* + WW

ATLAS: PRD 90 052004 (2014); CMS: EPJC 75 (2015) 212



H →ZZ* →4ℓ

Signal selection 
4 isolated leptons (e,µ) : two pairs of same flavour, opposite 

sign leptons (4e, 4𝜇, 2e2𝜇 or 2𝜇2e) 
pT > 7 (5) GeV , |η| < 2.5 (2.7) for e (µ) at ATLAS 
pT > 7 (5) GeV , |η| < 2.5 (2.4) for e (µ) at CMS 

Backgrounds  
SM ZZ* (main background, irreducible); estimated from MC 
Z+jets, ttbar (reducible); estimated from data-driven methods 

Analyses rely on high lepton reconstruction/identification 
efficiency & excellent resolution
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H →ZZ* →4ℓ
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H →ZZ* →4ℓ : Event Categories
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signal fraction
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0.50 exp. events

 (13 TeV)-135.9 fbCMS Preliminary

Events are categorised in order to increase sensitivity and assess the cross section of five production processes 

CMS : Events are exclusively divided into seven categories using: 

Objects information - number of leptons, number of jets and b-tagged jets, missing energy 

Discriminants  (D1jet, D2jet and DVH = max (DWH, DZH)) are calculated from VBF, gluon fusion and VH  probabilities
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associated jets, the VBF signal topology with one associated jet, and to the VH (either ZH or
WH) signal topology with two associated jets are

D2jet =

"
1 +

PHJJ(~WH+JJ|m4`)

PVBF(~WH+JJ|m4`)

#�1

D1jet =

"
1 +

PHJ(~WH+J|m4`)R
dhJPVBF(~WH+JJ|m4`)

#�1

DWH =

"
1 +

PHJJ(~WH+JJ|m4`)

PWH(~WH+JJ|m4`)

#�1

DZH =

"
1 +

PHJJ(~WH+JJ|m4`)

PZH(~WH+JJ|m4`)

#�1 (3)

where PVBF, PHJJ, PHJ and PVH are probabilities obtained from the JHUGEN matrix elements
for the VBF process, the gluon fusion (technically combination of gg/qg/qq0 parton collisions)
in association with two jets (H + 2jets), the gluon fusion in association with one jet (H + 1jet),
and the VH process. The

R
dhJPVBF is the integral of the two-jet VBF matrix element probability

discussed above over the hJ values of the unobserved jet with the constraint that the total
transverse momentum of the H + 2jets system is zero.

The uncertainty on the momentum measurement can be predicted on a per-lepton level. For
muons, the full error matrix is obtained from the muon track fit, and the directional uncertain-
ties are negligibly small. For the electrons, the momentum uncertainty is estimated from the
combination of the ECAL and tracker measurement, neglecting the uncertainty on the track
direction. The uncertainty on the kinematics at the per-lepton level is then propagated to the
four-lepton candidate to predict the mass uncertainty (Dmass) on an event-by-event basis. For
FSR photons, a parametrization obtained from simulation is used for the uncertainty on the
photon pT. The per-lepton momentum uncertainties are corrected in data and simulation using
Z events. Events are divided into different categories based on the predicted dilepton mass res-
olution. The dilepton mass in each category is then fit to extract the resolution and compared to
the predicted resolution. Corrections to the lepton momentum uncertainty are derived through
an iterative procedure in different bins of lepton pT and h until a good agreement between the
predicted and fitted mass resolution is observed. After the corrections have been derived, the
agreement between the predicted and fitted 4` mass resolution is also checked using simulated
signal samples. An uncertainty of 20% on the 4` mass resolution is assigned to cover residual
differences.

6 Event Categorization
In order to improve the sensitivity to the Higgs boson production mechanisms, the selected
events are classified into mutually exclusive categories. Category definitions exploit the mul-
tiplicity of jets, b-tagged jets and additional leptons (defined as leptons that are not involved
in the ZZ candidate and pass identification, vertex compatibility, and isolation requirements),
and requirements on the kinematic discriminants described in Section 5.

Seven categories are defined, using the following criteria applied in this exact order (i.e. an
event is considered for the subsequent category only if it does not satisfy the requirements of
the previous category):

• VBF-2jet-tagged category requires exactly 4 leptons. In addition there must be either
2 or 3 jets of which at most 1 is b-tagged, or at least 4 jets and no b-tagged jets. Finally,
D2jet > 0.5 is required.

• VH-hadronic-tagged category requires exactly 4 leptons. In addition there must be 2
or 3 jets, or at least 4 jets and no b-tagged jets. Finally, DVH ⌘ max(DZH,DWH) > 0.5
is required.

VBF VH 
hadronic

VBF



m4l [118-129] GeV!

0jet! 1jet!

2 or more jets!

pT, j > 30 GeV!

Discriminant!
BDT-ZZ!

mjj<120 GeV! mjj>120 GeV!

Discriminant!
BDT-1j!

Discriminant!
BDT-2jVBF!

Discriminant!
BDT-2jVH!

!

>=1 leptons 
(pT, l > 8 GeV)!

Just counting !

BDT_ZZ:!
•  pT4l   
•  η4l!
•  KD = 

log(MEHZZ/
MEZZ)!

BDT_1jet:!
•  pT,j!
•  ηj!
•  ΔR4lj!

BDT_2jet_VH:!
•  pT,j1!
•  pT,j2!
•  ηj1!
•  Δηjj!
•  Δη4ljj!
•  mjj!
•  min(ΔRZj)!

BDT_2jet_VBF:!
•  pT,j1!
•  pT,j2!
•  pT,4ljj!
•  Δηjj!
•  Δη4ljj!
•  mjj!
•  min(ΔRZj)!

H →ZZ* →4ℓ : Event Categories

ATLAS event categorisation: 
VH leptonic 

Jet categories: 0j, 1j,  
 2 or more jets (VH-hadronic and VBF) 

Multivariate discriminants (BDT) are used 
to improve sensitivity in each production 
mode

8



H →ZZ* →4ℓ : Signal Strength (CMS)

  To extract the signal strength 2D simultaneous fit in seven categories:  

m4ℓ  and                                       (discriminant sensitive to the signal and 
background kinematics)

9
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µ =
�

�SM
= 1.05+0.15

�0.14(stat.)
+0.11
�0.09(sys.)

4 5 Kinematic discriminants and event-by-event mass uncertainties

well-identified and isolated leptons, each originating from the primary vertex and possibly ac-
companied by an FSR photon candidate. In what follows, unless otherwise stated, FSR photons
are included in invariant mass computations.

First, Z candidates are formed with pairs of leptons of the same flavor and opposite-charge
(e+e�, µ+µ�) and required to pass 12 < m`+`� < 120 GeV. They are then combined into ZZ
candidates, wherein we denote as Z1 the Z candidate with an invariant mass closest to the
nominal Z boson mass [40], and as Z2 the other one. The flavors of involved leptons define
three mutually exclusive subchannels: 4e, 4µ and 2e2µ.

To be considered for the analysis, ZZ candidates have to pass a set of kinematic requirements
that improve the sensitivity to Higgs boson decays. The Z1 invariant mass must be larger than
40 GeV. All leptons must be separated in angular space by at least DR(`i, `j) > 0.02. At least
two leptons are required to have pT > 10 GeV at least one is required to have pT > 20 GeV.
In the 4µ and 4e subchannels, where an alternative ZaZb candidate can be built out of the
same four leptons, we discard candidates with mZb < 12 GeV if Za is closer to the nominal Z
boson mass than Z1 is. This protects against events that contain an on-shell Z and a low-mass
dilepton resonance. To further suppress events with leptons originating from hadron decays
in jet fragmentation or from the decay of low-mass hadronic resonances, all four opposite-
charge lepton pairs that can be built with the four leptons (irrespective of flavor) are required
to satisfy m`+`0� > 4 GeV, where selected FSR photons are disregarded in the invariant mass
computation. Finally, the four-lepton invariant mass m4` must be larger than 70 GeV, which
defines the mass range of interest for the subsequent steps of the analysis.

In events where more than one ZZ candidate passes the above selection, the candidate with the
highest value of Dkin

bkg (defined in Section 5) is retained, except if two candidates consist of the
same four leptons in which case the candidate with the Z1 mass closest to the nominal Z boson
mass is retained.

5 Kinematic discriminants and event-by-event mass uncertainties
The full kinematic information from each event using either the Higgs boson decay products or
associated particles in its production is extracted using matrix element calculations and used
to form several kinematic discriminants. These computations rely on the MELA package [1,
26, 27, 41] and use JHUGEN matrix elements for the signal and MCFM matrix elements for the
background. Both H boson decay kinematics and kinematics of associated production of H+jet,
H+2 jets, VBF, ZH, WH are explored in this analysis. The full event kinematics is described by
decay observables ~WH!4` or observables describing associated production ~WH+JJ.

The discriminant sensitive to the gg/qq̄ ! 4` kinematics is calculated as [1, 15]

Dkin
bkg =

2

41 +
Pqq

bkg(
~WH!4`|m4`)

Pgg
sig(~WH!4`|m4`)

3

5
�1

, (2)

where Pgg
sig is the probability for the signal and Pqq

bkg is the probability for the dominant qq̄ ! 4`
background process, all calculated either with the JHUGEN or MCFM matrix elements within
the MELA framework.

Four discriminants calculated as [17, 42] are used to enhance the purity of event categories
as described in Section 6. The discriminant sensitive to the VBF signal topology with two

At mH = 125.09 GeV, combined result:

µggH,ttH = 1.20+0.35
�0.31 µV BF,V H = 0.00+1.37

�0.00

Signal strength associated with fermions 
 and bosons:



H →ZZ* →4ℓ : Cross section per production mode (ATLAS)
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the �ggF+bb̄H+tt̄H · B(H ! ZZ⇤) versus �VBF+VH · B(H ! ZZ⇤). The measured values for �ggF+tt̄H+bb̄H ·
B(H ! ZZ⇤), �VBF · B(H ! ZZ⇤) and �VH · B(H ! ZZ⇤) with their SM expectations (on the right) are
respectively:

�ggF+bb̄H+tt̄H · B(H ! ZZ⇤) = 1.80+0.49
�0.44 pb �SM,ggF+bb̄H+tt̄H · B(H ! ZZ⇤) = 1.31 ± 0.07 pb

�VBF · B(H ! ZZ⇤) = 0.37+0.28
�0.21 pb �SM,VBF · B(H ! ZZ⇤) = 0.100 ± 0.003 pb

�VH · B(H ! ZZ⇤) = 0+0.15 pb �SM,VH · B(H ! ZZ⇤) = 0.059 ± 0.002 pb
(8)

The compatibility between the measured �ggF+bb̄H+tt̄H ·B(H ! ZZ⇤) and the SM prediction is at the level
of 1.1 standard deviations, while for the �VBF · B(H ! ZZ⇤) the compatibility with the SM prediction is
at the level of 1.4 standard deviations.

The cross section results by production mode from the event categorisation can also be interpreted in the
LO framework [40, 96] ( framework) in which coupling modifiers, i are introduced to parameterise
possible deviations from the SM predictions of the Higgs boson couplings to SM bosons and fermions.
One interesting benchmark allows for two di↵erent Higgs boson coupling strength modifiers to fermions
and bosons, reflecting the di↵erent structure of the interactions of the SM Higgs sector with gauge bosons
and fermions. The universal coupling-strength scale factors F for all fermions and V for all vector
bosons are defined as V = W = Z and F = t = b = ⌧ = g = µ. The likelihood contours at 68%
CL (solid line) and 95% CL (dashed line) in the V � F plane are shown in Figure 7 (only the quadrant
F > 0 and V > 0 is shown since this channel is not sensitive to the relative sign of the two coupling
modifiers). The Higgs boson mass is assumed to be mH = 125.09 GeV and no undetected or invisible
Higgs boson decays is assumed to exist.
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𝜎ggF+bbH+ttH. B(H→ZZ*) is 1.1𝜎 and 𝜎VBF. B(H→ZZ*) is 1.4𝜎
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H →ZZ* →4ℓ : Differential and fiducial cross section

Model independent measurement  

No categorisation is used 

Maximum likelihood fit to the m4ℓ distribution to extract the 𝜎fid 

Detector level bin-by-bin correction applied 
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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CMS:  105 < m4ℓ < 140 GeV , mH = 125 GeV

�SM
fid = 2.72± 0.14 fb

�fid = 2.90+0.48
�0.44(stat)

+0.27
�0.22(sys) fb

ATLAS: 115 < m4ℓ < 130 GeV

�
tot

=
N

S

A.C.B.L
int

�i

fid

=
N

S

C.L
int

NS = # of signal events 
A = Kinematic and geometric acceptance given in  
      fid. volume 
C = Detector correction factor

Measured SM exp.

𝜎fid [fb]

𝜎tot [pb]

�4`
fid,sum = 4.48+1.01

�0.89 fb�4`
fid,SM = 3.07+0.21

�0.25 fb

�SM

tot

= 55.5+3.8
�4.4 pb�

tot

= 81+18
�16 pb

mH = 125.09 
GeV
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mH = 125.26± 0.20(stat)± 0.08(sys) GeV
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Table 7: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges in
square brackets) intervals on the width GH of the Higgs boson. The expected results are quoted
for the SM signal production cross section (µVBF,VH = µggH,tt̄H = 1) and the values of mH = 125
GeV and GH = 0.0041 GeV.

Parameter m4` range Expected Observed
GH (GeV) [105, 140] 0.00+0.75

�0.00 [0.00, 1.60] 0.00+0.41
�0.00 [0.00, 1.10]
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Figure 11: (Left) Observed likelihood scan of mH and GH using the signal range 105 < m4` <
140 GeV. (Right) Observed and expected likelihood scan of GH using the signal range 105 <
m4` < 140 GeV, with mH floated.

11 Summary
Several measurements of Higgs boson production in the four-lepton final state at

p
s = 13 TeV

have been presented, using data samples corresponding to an integrated luminosity of 35.9 fb�1.
The measured signal strength modifier is µ = 1.05+0.19

�0.17 = 1.05+0.15
�0.14(stat.)+0.11

�0.09(sys.), and the
measured signal strength modifiers associated with fermions and vector bosons are µggH, ttH =

1.20+0.35
�0.31 and µVBF,VH = 0.00+1.37

�0.00, respectively. The fiducial cross section at
p

s = 13 TeV
for this boson is measured to be 2.90+0.48

�0.44(stat.)+0.27
�0.22(sys.) fb. The mass is measured to be

mH = 125.26 ± 0.20(stat.)± 0.08(sys.) GeV and the width is constrained to be GH < 1.10 GeV
at 95% CL. All results are consistent, within their uncertainties, with the expectations for the
SM Higgs boson.

Width measurement

Expected (𝜇VBF,VH = 
𝜇ggH,ttH and mH =125 
GeV, 𝛤H = 0.0041 GeV)  
and observed values  
at 68% [95%] CL 

If mH floated,  
@ 95% CL ,  

𝛤H  < 1.1 GeV 
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2 2 Phenomenology of anomalous HVV interactions

2 Phenomenology of anomalous HVV interactions

This analysis is based on a phenomenological framework that describes the couplings of a
Higgs-like boson to two gauge bosons, such as ZZ, Zg, gg, WW, and gg. These couplings ap-
pear either in production of the H boson or in its decay. The H boson can also be produced
in interaction with the fermion-antifermion pair, such as for example ttH production, but kine-
matic correlations sensitive to such interactions are not studied in this work. The techniques
and ideas for such measurements can be found in Refs. [20–47].

In the following we assume that the H boson couples to two gauge bosons VV, such as ZZ, Zg,
gg, WW, which in turn couple to fermions. It is assumed that the H boson does not couple
to fermions through a new heavy state, generating the so-called contact term [45, 46]. How-
ever, as shown later in Table 2, inclusion of the contact terms is equivalent to the anomalous
HVV couplings already tested [13]. Three general tensor structures allowed by Lorentz sym-
metry are tested, with form factors Fi(q2

1, q2
2) in front of each term, where q1 and q2 are the

four-momenta of the two di-fermion states, such as (e+e�) and (µ+µ�) in the H ! e+e�µ+µ�

decay, and equivalent states in production. We also fix all lepton and quark couplings to vector
bosons according to the SM expectations. Relaxing this requirement would make it equivalent
to flavor non-universal couplings of the contact terms, but would also introduce too many un-
constrained parameters, which cannot be tested with present statistics. Only the lowest order
operators, or lowest order terms in the (q2

j /L2) form-factor expansion, are tested, where L is
the energy scale of new physics.

The scattering amplitude describing the interaction between a spin-zero H boson and two spin-
one gauge bosons VV includes three tensor structures with non-trivial (q2

j /L2) expansion in
front of the first structure
2

64aVV
1 +

kVV
1 q2

1 + kVV
2 q2

2�
LVV

1
�2 +

kVV
3 (q1 + q2)2

⇣
LVV

Q

⌘2

3

75 m2
V1e⇤V1e⇤V2 + aVV

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, f̃ (i)µn = 1

2 eµnrs f (i),rs, eVi and mV1 are polarization vector and
pole mass of a gauge boson, L1 and LQ are the scales of BSM physics. The above approach
allows a general enough test of H ! 4` kinematics in decay and equivalent kinematics in
production, as discussed below. If deviations from the SM are detected, a more detailed study
of (q2

j /L2) form-factor expansion could be performed, eventually providing a measurement of
the double-differential cross section for each tensor structure tested.

In the above, the only leading tree-level contributions are aZZ
1 6= 0 and aWW

1 6= 0, and in the
following we assume custodial symmetry aZZ

1 = aWW
1 . The rest of the couplings are considered

anomalous contributions, which are either tiny contributions arising in the SM due to loop
effects or new BSM contributions. The SM value of those are not accessible experimentally
with the available data yet. Among anomalous contributions, considerations of symmetry 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 ). While the aZg
2,3 and agg

2,3 terms were tested in the
Run 1 analysis [13], precision of those constraints is still not competitive with on-shell photon
measurements in H ! Zg and gg. We therefore omit those measurements in this note. In the
following, the ZZ labels for the ZZ interactions are omitted, and the WW measurements are
integrated into the ZZ measurements assuming custodial symmetry for anomalous couplings
as well. The latter appear in VBF and WH production only. The full list of tested anomalous

The scattering amplitude to test the spin-0 Higgs boson with two spin-1 bosons (VV)
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for the background, depending on the category. For signal, the largest uncertainties are for the
prediction of the gg ! H yield in the VBF-jet category. However, with the present statistics of
events of the H boson produced in association with jets in this analysis, statistical uncertainties
dominate over any systematic uncertainties from mis-modeling of associated jets.

Backgrounds from the qq ! 4`, gg ! 4`, VBF, and V + (4`) processes are estimated using MC
simulation. Theoretical uncertainties on the background estimation include uncertainties from
the renormalization and factorization scale and choice of PDF sets. In the case of the qq ! 4`
background, an NNLO K-factor is used, which is around 1.1 at m4` = 125 GeV. In the case of
the gg ! 4` background, an NNLO K-factor from the Higgs boson production calculation is
used, which is about 2.3 at m4` = 125 GeV, with an additional 10% uncertainty assigned for
background. The contribution from the reducible background, Z+X which is dominated by
the Z+jets process, is estimated using two independent control regions in data. The control
regions are formed by requiring the presence of two leptons which satisfy the tight identifica-
tion criteria, plus two additional opposite-sign or same-sign leptons satisfying relaxed (loose)
identification requirements.

In the ttH and gluon fusion production, anomalous H f f couplings on the production side are
not generally related to the HVV anomalous couplings. In this analysis, it is assumed that the
H f f couplings remain SM-like. However, it is shown with MC simulation that there is little
effect on observed distributions from extreme variation of H f f couplings in either ttH or gluon
fusion production.

5 Results

The results are obtained following the techniques presented in Section 4. Constraints are ap-
plied on the presence of one anomalous term in the HVV amplitude where the couplings are
considered to be real (therefore cos(fan) = ±1). A summary of results is presented in Table 5
and Fig. 4.

Certain features in the likelihood distributions in Fig. 4 can be explained by examining kine-
matic distributions in Figs. 2 and 3. For example, the Ddec

0� distribution prefers some mixture
between the fa3 = 0 and fa3 = 1 models, resulting in the best fit value of fa3 = 0.30. At the same
time, the Ddec

CP distribution has small forward-backward asymmetry which gives preference to
the fa3 cos(fa3) = +0.30 value as opposed to �0.30. This results in the global minimum of
�2 ln(L) at fa3 cos(fa3) = +0.30 and a local minimum at fa3 cos(fa3) = �0.30 in Fig. 4. How-
ever, none of these deviations from the SM expectation of fa3 = 0 is statistically significant. The
other narrow local minimum at fa3 = 0 corresponds to distribution of events in the VBF-jet
category which favors SM hypothesis over fa3 = 1. However, the fitted value of µV at fa3 = 0 is

Table 5: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges
in square brackets) intervals on anomalous coupling parameters in HVV interactions under the
assumption that all the coupling ratios are real (fVV

ai = 0 or p). The expected results are quoted
for the SM signal production cross section ( fan = 0 and µV = µ f = 1).

Parameter Observed Expected
fa3 cos(fa3) 0.30+0.19

�0.21 [�0.45, 0.66] 0.000+0.017
�0.017 [�0.32, 0.32]

fa2 cos(fa2) 0.04+0.19
�0.04 [�0.69,�0.64] [ [�0.04, 0.64] 0.000+0.015

�0.014 [�0.08, 0.29]
fL1 cos(fL1) 0.00+0.06

�0.33 [�0.92, 0.15] 0.000+0.014
�0.014 [�0.79, 0.15]

f Zg
L1 cos(fZg

L1) 0.16+0.36
�0.25 [�0.43, 0.80] 0.000+0.020

�0.024 [�0.49, 0.80]

Same selection as for the mass measurement 

Only three categories because of small statistics: 
VBF, VH and untagged 

 Discriminants to suppress background, to 
separate BSM and SM, and to isolate interference 
of BSM and SM ( 𝛺 - up to 13 observables) 
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4 Analysis techniques

The full kinematic information from each event using either the H boson decay or associated
particles in its production is extracted using the matrix element calculations. These discrimi-
nants use a complete set of mass and angular input observables ~W [32, 41, 47] to describe kine-
matics at LO in QCD, see Fig. 1. The pT either of the combined H boson and 2 jets system for
the production discriminant (e.g. DVBF/VH) or of the H boson itself for the decay discriminants
(e.g. Ddec), or for their combination (DVBF/VH+dec) is not included in the input observables in
order to reduce associated QCD uncertainties.

The kinematic discriminants used in this study are computed using the MELA package, which
provides the full set of processes studied in this paper and uses JHUGEN matrix elements for
the signal and MCFM matrix elements for the background. The signal includes both the four-
lepton decay kinematics in the processes H ! ZZ / Zg⇤ / g⇤g⇤ ! 4`, and kinematics of
associated particles in the production modes H+jet, H+2jets, VBF, ZH, WH, tt̄H, tqH, or bb̄H.
The background includes gg or qq̄ ! ZZ / Zg⇤ / g⇤g⇤ / Z ! 4` processes, vector boson fu-
sion, and associated production of the ZZ system with a V boson. Analytical algorithms are
available for the cross-checks of the four-lepton kinematics in H decay and VH associated pro-
duction within the MELA framework [32, 36] and were adopted in the previous CMS analyses,
reported in Refs. [2, 3, 11].

4.1 Kinematics in the H boson production and decay

Kinematic distributions of particles produced in the H decay and in association with it are sen-
sitive to the quantum numbers and anomalous couplings of the H boson. In the 1 ! 4 process
of the H ! VV ! 4 f decay, six observables fully characterize the kinematics of the decay prod-
ucts Wdecay = {q1, q2, F, m1, m2, m4 f }, while two other angles relate the orientation of the decay
frame with respect to the production axis, Wprod = {q⇤, F1}, see Fig. 1 and Ref. [32]. Moreover,
a similar set of observables could be defined, such as Wassoc = {qVBF

1 , qVBF
2 , FVBF, q2,VBF

1 , q2,VBF
2 }

for the VBF production process or Wassoc = {qVH
1 , qVH

2 , FVH, q2,VH
1 , q2,VH

2 } for the VH production
process, see Fig. 1 and Ref. [41]. As a result, in the 2 ! 6 process of associated H boson pro-
duction (either VBF or VH) and its subsequent decay to a four-fermion final state, 13 kinematic
observables are defined.

With up to 13 observables, W, sensitive to the H boson anomalous couplings in Eq. (1), it is a
challenging task to perform an optimal analysis in a multidimensional space of observables.
The matrix element likelihood approach (MELA) introduced earlier [13, 41] is designed to
reduce the number of observables to the minimum while retaining all essential information.
Three types of discriminants were defined for either the production or decay process, and we
also combine them into a joint discriminant for the full 2 ! 6 process where relevant. One type
of discriminant is designed to separate the signal from background processes:

Dbkg =
PSM(~W)

PSM(~W) + Pbkg(~W)
. (4)

The second type of discriminant separates the process with anomalous couplings (denoted as
generic BSM here):

DBSM =
PSM(~W)

PSM(~W) + PBSM(~W)
. (5)
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Figure 1: Illustrations of H particle production and decay gg/qq̄ ! H ! ZZ ! 4`± (top-left),
VBF qq0 ! qq0H (top-right), qq̄ ! V⇤ ! VH (bottom-left), and gg/qq̄ ! tt̄H (bottom-right).
Angles and invariant masses fully characterize the orientation of the production and decay
chain and are defined in the suitable rest frames [32, 41, 47].

The third type of discriminant isolates the interference contribution:

Dint =
P int

SM�BSM(~W)

PSM(~W) + PBSM(~W)
, (6)

where P is the probability for the process (either SM or BSM signal, or background), and
P int

SM�BSM is the interference part of probability distribution for the process with the mixture
of the SM and BSM contributions. Probabilities are normalized for the matrix elements to give
the same cross sections in the relevant phase space of each process. Such normalization leads
to a balanced distribution of events in the range between 0 and 1 of the discriminants. Details
of particular implementations are given in the following subsections.

4.2 Kinematic categorization

In Ref. [62], seven categories are defined based on the number and types of particles associated
with the H ! 4` boson. Here we follow the same approach but retain only three categories,
as statistics is still limited to study kinematics in other exclusive categories (such as ttH and
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process, see Fig. 1 and Ref. [41]. As a result, in the 2 ! 6 process of associated H boson pro-
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With up to 13 observables, W, sensitive to the H boson anomalous couplings in Eq. (1), it is a
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Effective cross sections ratio, fai, phases 𝜙ai :  
fai = 0  (1) indicates pure SM (BSM)

CMS-PAS-HIG-17-011

ai = anomalous coupling
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H → 𝛾𝛾
Signal selection 

Two isolated and highest ET photons 
Leading photon : ET /m𝛾𝛾 > 0.33 (CMS);  0.35 

(ATLAS)  
Subleading photon : ET /m𝛾𝛾 > 0.25 GeV 
|𝜂| < 2.5 (CMS), 2.37 (ATLAS) and exclude 

transition region 
Photons originating from the diphoton primary vertex 

Backgrounds 
Continuum γγ (irreducible); estimated from data  
γ+jet/jet+jet (reducible)
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Events are divided in categories based on  

mass resolution 𝜎m/m  (CMS) /production  

modes (ATLAS) to maximise the sensitivity 
CMS:  3 categories  
ATLAS: 13 categories



H → 𝛾𝛾: Diphoton mass distribution
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Signal Strength
2− 1− 0 1 2 3 4 5

Run-1
µ

Run-2
µ

ggH
µ

VBF
µ

VH
µ

ttH
µ

ATLAS Preliminary
-1 = 13 TeV, 13.3 fbs

Total

  0.26−
 0.28+ = 1.17  

Run-1
µ

  0.20−
 0.22+ = 0.85  

Run-2
µ

  0.28−
 0.29+ = 0.59  

ggH  
µ

  0.71−
 0.80+ = 2.24  

VBF  
µ

  1.05−
 1.27+ = 0.23  

VH   
µ

  0.99−
 1.26+ = -0.25  

ttH  
µ

With the present dataset, the observed significance of the H ! �� signal is 4.7�, while 5.4� is expected
for a SM Higgs boson.

10.2.1 Simplified template cross sections

The ’stage 0’ simplified template cross sections for gluon fusion, vector boson fusion production, and
production in association with a vector boson or a tt̄ pair for mH = 125.09 ± 0.24 GeV are measured to
be

�ggH ⇥ B(H ! ��) = 63 +30
�29 fb

�VBF ⇥ B(H ! ��) = 17.8 +6.3
�5.7 fb

�VHlep ⇥ B(H ! ��) = 1.0 +2.5
�1.9 fb

�VHhad ⇥ B(H ! ��) = �2.3 +6.8
�5.8 fb

�tt̄H ⇥ B(H ! ��) = �0.3 +1.4
�1.1 fb

They avoid the extrapolation to the full phase space by restricting the measurement to |yH | < 2.5. The
�VHlep ⇥ B(H ! ��) is only based on leptonic decays of the vector bosons, W ! `⌫, Z ! ``, and
Z ! ⌫⌫ (` = e, µ), and �VHhad ⇥ B(H ! ��) is only based on hadronic decays of the vector bosons,
following [12]. The VH production cross sections are determined under the assumption that the ratio of
the WH and ZH production cross sections is as predicted by the SM, and includes both production from
quark and gluon initial states (see Section 4).

10.2.2 Total production process cross sections and signal strengths

The production mode cross sections for mH = 125.09 ± 0.24 GeV are measured to be

�ggH ⇥ B(H ! ��) = 65 +32
�31 fb

�VBF ⇥ B(H ! ��) = 19.2 +6.8
�6.1 fb

�VH ⇥ B(H ! ��) = 1.2 +6.5
�5.4 fb

�tt̄H ⇥ B(H ! ��) = �0.3 +1.4
�1.1 fb

The VH production cross sections are determined under the assumption that the ratio of the WH and
ZH production cross sections is as predicted by the SM, and includes both production from quark and
gluon initial states (see Section 4). The corresponding signal strengths measured for the di↵erent pro-
duction processes, and globally (i.e. assuming one common signal strength parameter for all production
processes), are summarised in Figure 14, which also shows the global signal strength measured in Run-I.
The µRun�1 is taken from Ref. [13], and is derived assuming the Higgs production cross section based on
Ref. [19, 87]. In the more recent theoretical predictions used in this analysis [24, 28], the gluon fusion
production cross section is larger by approximately 10%.

As for the signal strength measurements previously published using the
p

s = 7 and 8 TeV data [13],
the measurements presented above are dominated by the statistical uncertainties. The measurements
agree with the SM expectations within 1 to 2�. The tendencies for the gluon fusion cross section to be
slightly smaller than the SM expectation, and the VBF cross section to be slightly larger than the SM
expectation, are compatible with the di↵erential measurements shown in Section 10.1. In Figure 10, the
data slightly undershoot the theoretical prediction at low diphoton transverse momentum and low rapidity,

30

CMS-PAS-HIG-16-020

ATLAS: mH = 125.09 GeV, cross section  
per production mode

𝜇Run-2 uses an updated ggF theory  
prediction which is 10% larger than 
 that used for  𝜇Run-1



H → 𝛾𝛾: Differential fiducial cross section (CMS)
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H → 𝛾𝛾: Differential fiducial cross section (ATLAS)
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Summary

A lot was learned on the Higgs boson and its properties with the Run 1 data at 
7 & 8 TeV

Its mass is known with a precision of 0.2%
Its properties ares within the SM expectation

Latest results from ATLAS (~14 fb-1) and CMS (~36 fb-1) from the Run 2 data at 
13 TeV  are presented

The results are consistent with the Run 1
The precision of mass and its properties are about same with the combined 
ATLAS+CMS result or better
The updated results are still statistically limited and consistent with the SM 
expectations

ATLAS results to be updated soon for the full Run 2 dataset
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Run 2  Data
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H →ZZ* →4ℓ
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14 10 Results

Table 2: The number of observed candidate events compared to the mean expected background
and signal rates for each final state, for the full mass range m4` > 70 GeV. Uncertainties include
statistical and systematic sources.

Channel 4e 4µ 2e2µ 4`
qq̄ ! ZZ 71.3+8.4

�8.0 132.6+11.6
�11.6 173.3+20.6

�19.3 377.2+36.6
�35.7

gg ! ZZ 14.8+2.6
�2.5 25.3+3.9

�3.9 36.8+6.5
�6.5 76.9+12.6

�12.6
Z + X 9.8+4.2

�4.0 10.2+3.8
�3.8 20.4+7.9

�7.7 40.4+9.7
�9.5

Sum of backgrounds 95.9+10.9
�10.4 168.0+14.1

�14.0 230.5+25.5
�24.2 494.4+44.6

�43.3
Signal (mH = 125 GeV) 4.6+0.6

�0.6 8.7+1.0
�1.0 11.2+1.5

�1.5 24.5+2.9
�3.0

Total expected 100.5+11.4
�10.8 176.7+14.8

�14.7 241.7+26.6
�25.2 518.9+46.6

�45.3
Observed 111 178 244 533

Table 3: The number of observed candidate events compared to the mean expected background
and signal rates for each final state, for the mass range 118 < m4` < 130 GeV. Uncertainties
include statistical and systematic sources.

Channel 4e 4µ 2e2µ 4`
qq̄ ! ZZ 1.37+0.16

�0.15 3.09+0.27
�0.27 3.90+0.46

�0.43 8.36+0.81
�0.79

gg ! ZZ 0.16+0.03
�0.03 0.32+0.05

�0.05 0.30+0.05
�0.05 0.77+0.12

�0.12
Z + X 0.90+0.38

�0.37 1.40+0.52
�0.51 2.34+0.91

�0.89 4.64+1.11
�1.09

Sum of backgrounds 2.42+0.42
�0.40 4.81+0.59

�0.59 6.54+1.03
�1.00 13.77+1.41

�1.38
Signal (mH = 125 GeV) 3.90+0.53

�0.54 7.92+0.88
�0.93 9.80+1.34

�1.36 21.61+2.63
�2.71

Total expected 6.32+0.78
�0.76 12.73+1.21

�1.24 16.34+1.92
�1.90 35.38+3.43

�3.45
Observed 5 12 16 33

Table 4: The number of observed candidate events compared to the mean expected background
and signal rates for each event category, for the mass range 118 < m4` < 130 GeV.

Category Untagged VBF-1j VBF-2j VH-lept. VH-hadr. tt̄H Total
qq̄ ! ZZ 7.27 0.82 0.06 0.10 0.11 0.01 8.36
gg ! ZZ 0.62 0.11 0.01 0.01 0.01 0.00 0.77
Z + X 3.83 0.32 0.24 0.05 0.08 0.10 4.64
Sum of backgrounds 11.73 1.25 0.32 0.16 0.20 0.11 13.77
Signal (mH = 125 GeV) 15.51 3.62 1.45 0.14 0.70 0.19 21.61
Total expected 27.24 4.87 1.77 0.30 0.90 0.30 35.38
Observed 29 1 2 0 1 0 33

of PDF set. The uncertainty from the renormalization and factorization scale is determined by
varying these scales between 0.5 and 2 times their nominal value while keeping their ratio be-
tween 0.5 and 2. The uncertainty from the PDF set is determined by taking the root mean square
of the variation when using different replicas of the default NNPDF set. An additional uncer-
tainty of the 10% on the K factor used for the gg ! ZZ prediction is applied as described in
Section 8.1. A systematic uncertainty of 2% on the branching ratio of H ! ZZ ! 4` only affects
the signal yield. In the case of event categorization, experimental and theoretical uncertainties
which account for possible migration of signal and background events between categories are
included. The main sources of uncertainty on the event categorization include the QCD scale,

CMS: 35.9 fb-1,m4ℓ  > 70 GeV 

10.1 Signal strength 11
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Figure 3: Distribution of the four-lepton reconstructed invariant mass m4` in the full mass range
(left) and the low-mass range (right). Points with error bars represent the data and stacked his-
tograms represent expected distributions. The SM Higgs boson signal with mH = 125 GeV,
denoted as H(125), and the ZZ backgrounds are normalized to the SM expectation, the Z+X
background to the estimation from data. The order in perturbation theory used for the normal-
ization of the irreducible backgrounds is described in Section 7.1. No events are observed with
m4` > 1 TeV.

Higgs boson signal after the full event selection are reported in Table 1 for the full range of m4`.
Table 2 shows the expected and observed yields for each of the seven event categories.

Table 1: The number of expected background and signal events and number observed candi-
dates after full analysis selection, for each final state, for the full mass range m4` > 70 GeV, for
an integrated luminosity of 35.9 fb�1. Signal and ZZ backgrounds are estimated from Monte
Carlo simulation, Z+X is estimated from data.

Channel 4e 4µ 2e2µ 4`
qq̄ ! ZZ 192.7+18.6

�20.1 360.2+24.9
�27.3 471.0+32.6

�35.7 1023.9+68.9
�76.0

gg ! ZZ 41.2+6.3
�6.1 69.0+9.5

�9.0 101.7+14.0
�13.3 211.8+28.9

�27.5
Z+X 21.1+8.5

�10.4 34.4+14.5
�13.2 59.9+27.1

�25.0 115.4+31.9
�30.1

Sum of backgrounds 255.0+23.9
�25.1 463.5+31.9

�33.7 632.6+44.2
�46.1 1351.1+85.8

�91.2
Signal (mH = 125 GeV) 12.0+1.3

�1.4 23.6 ± 2.1 30.0 ± 2.6 65.7 ± 5.6
Total expected 267.0+24.9

�26.1 487.1+33.1
�34.9 662.6+45.7

�47.5 1416.8+89.1
�94.3

Observed 293 505 681 1479

The reconstructed dilepton invariant masses selected as Z1 and Z2 are shown in Fig. 5 for 118 <
m4` < 130 GeV, with their correlation. The correlation of the kinematic discriminant Dkin

bkg with
the four-lepton invariant mass is shown in Fig. 6. The distribution of the discriminants used for
event categorization along with the corresponding working point values are shown in Fig. 7.

10.1 Signal strength

To extract the signal strength for the excess of events observed in the Higgs boson peak region,
we perform a multi-dimensional fit that relies on two variables: the four-lepton invariant mass

CMS: 12.9 fb-1,118 <m4ℓ <130 GeV 
CMS-PAS-HIG-16-033  
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Figure 5: m4` distribution of the selected candidates, compared to the SM expectation between 140 and 840 GeV.
The expected distributions of the ZZ⇤ background (red), the reducible background (purple) and tt̄V plus VVV
(yellow histogram) are superimposed.

Table 9: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states.
The second column gives the expected signal without any cut on m4`. The other columns give for the 118–129 GeV
mass range the number of expected signal events, the number of expected ZZ⇤ and other background events, and
the signal-to-background ratio (S/B), together with the number of observed events, for 14.8 fb�1 at

p
s = 13 TeV.

Full uncertainties are provided.

Final State Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range ttV ,VVV , WZ

4µ 8.8 ± 0.6 8.2 ± 0.6 3.11 ± 0.30 0.31 ± 0.04 2.4 11.6 ± 0.7 16
2e2µ 6.1 ± 0.4 5.5 ± 0.4 2.19 ± 0.21 0.30 ± 0.04 2.2 8.0 ± 0.4 12
2µ2e 4.8 ± 0.4 4.4 ± 0.4 1.39 ± 0.16 0.47 ± 0.05 2.3 6.2 ± 0.4 10

4e 4.8 ± 0.5 4.2 ± 0.4 1.46 ± 0.18 0.46 ± 0.05 2.2 6.1 ± 0.4 6

Total 24.5 ± 1.8 22.3 ± 1.6 8.2 ± 0.8 1.54 ± 0.18 2.3 32.0 ± 1.8 44

7.2 Fiducial cross sections

The measured cross section �fid in the fiducial phase space, defined in Table 2, for each final state and
the corresponding SM expectation �fid,SM are reported in Table 11 The di↵erences in the expected SM
fiducial cross section values �fid,SM for the di↵erent channels are due to the di↵erence in the fiducial phase
space for each final state. Two examples of the test statistics (�2� ln L) as a function of the fiducial and
total four-lepton cross sections are shown in Figure 6.

The total fiducial cross section is obtained both as the sum of the four final states �4`
fid,sum and by com-

bining the four final state �4`
fid,comb. The former is more model independent since no assumption on the

relative Higgs boson branching ratios in the for final states is made, but has a reduced statistical sensitivity
compared to the combination. The measured total fiducial cross sections are:

�4`
fid,sum = 4.48+1.01

�0.89 fb

�4`
fid,comb = 4.54+1.02

�0.90 fb
(5)
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where p1
T and p2

T are the reconstructed transverse momentum of the two leptons forming the Z1,
sp1

T
and sp2

T
are the per lepton resolutions, p̂1

T and p̂2
T are the refitted transverse momentum, and

m12 is the invariant mass calculated from the refitted four momenta. The term L(m12|mZ, mH)
is the mass constraint term. For a ⇡125 GeV Higgs boson mass, the selected Z1 is not always
on-shell, so a Breit Wigner shape does not perfectly describe the Z1 lineshape at generator
level. We therefore choose L(m12|mZ, mH) to be the m(Z1) lineshape at generator level from
the SM Higgs boson sample with mH = 125 GeV, where the same algorithm for selecting the Z1
and Z2 candidates described in Section 4 is used. For each event, the likelihood is maximized
and the refitted transverse momentum are used to recalculate the four-lepton mass and mass
uncertainty, which are denoted as m0

4l and D0
mass. These distributions are then used to build the

likelihood used to extract the Higgs boson mass.

The 1D likelihood scans vs. mH, while profiling the signal strength µ along with all other nui-
sance parameters for the 1D L(m0

4l), 2D L(m0
4l ,D0

mass) and 3D L(m0
4l ,D0

mass,Dkin
bkg) fits including

the m(Z1) constraint are shown in Fig. 10. All systematic uncertainties described in Section 9
are included. In order to estimate the contribution of the statistical and systematic uncertainty
to the mass measurement we also perform a likelihood scan removing both the normalization
and shape systematics. As in the case of the scan including the full uncertainties, µ is profiled,
and then its uncertainty is included in the statistical uncertainty. The systematic uncertainty is
estimated as the difference in quadrature between the full uncertainty and the statistical uncer-
tainty.

The best fit masses and the expected relative improvement on the uncertainty relative to the
3D fit wit m(Z1) constraint for each of the six fits are shown in Table 6. The nominal result
for the mass measurement comes from the 3D fit with m(Z1) constraint, for which the fitted
value of mH is 125.26 ± 0.20(stat.) ± 0.08(sys.) GeV. The systematic uncertainty in the mass
measurement is completely dominated by the uncertainty in the lepton momentum scale. The
observed uncertainty is smaller than the expected uncertainty by approximately 49 MeV. The
probability of the uncertainty being less than or equal to the observed value is determined from
an ensemble of pseudo-experiments to be about 18%. The compatibility of the measurement
in the three final states is determined by considering an alternate fit with three separate mH
parameters. The value of �2D lnL of the nominal fit with a single mH parameter with respect
to the alternate fit is found to be 7.37, which corresponds to a p-value of 0.061.

Table 6: Best fit values for the mass of the Higgs boson measured in the 4`, ` = e, µ final
states, with 1D, 2D and 3D fit, respectively, as described in the text. All mass values are given
in GeV. The uncertainties are the total statistical plus systematic uncertainty. The expected
mH uncertainty change shows the change in expected precision on the measurement for the
different fit scenarios, relative to 3D L(m0

4l ,D0
mass,Dkin

bkg).

No m(Z1) constraint 3D: L(m4l ,Dmass,Dkin
bkg) 2D: L(m4l ,Dmass) 1D: L(m4l)

Expected mH uncertainty change +8.1% +11.2% +21%
Observed mH ( GeV) 125.28±0.22 125.36±0.24 125.39±0.25

With m(Z1) constraint 3D: L(m0
4l ,D0

mass,Dkin
bkg) 2D: L(m0

4l ,D0
mass) 1D: L(m0

4l)

Expected mH uncertainty change — +3.2% +10.7%
Observed mH ( GeV) 125.26±0.21 125.30±0.21 125.34±0.23


