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Higgs boson : production and decays into bosons1

M. Escalier, on behalf of the ATLAS and CMS Collaborations2

Laboratoire de l’Accélérateur Linéaire, IN2P3-CNRS, Orsay, France3

4

The results on the Higgs boson with decay channels into bosons from the ATLAS and CMS
experiments at LHC Run 1 and early Run 2 are reviewed in the context of the Standard
Model : observation of a signal, measurement of mass, width, spin, cross-sections, search for
decay channels and production modes, Higgs couplings to various particles.

5

1 Introduction6

Research on the Higgs boson discovered 1,2 in 2012 at the Large Hadron Collider (LHC) 3 by7

the ATLAS4 and CMS5 experiments, has entered the precision measurement area. The analysis8

of the full Run 1 exploits approximately 5 fb−1 of integrated luminosity accumulated by each9

experiment at
√
s = 7 TeV in 2011 and 20 fb−1 at

√
s = 8 TeV in 2012. The analysis based10

on early Run 2 of the year 2015 exploits 3.2 fb−1 and 2.6 fb−1 of data collected respectively by11

ATLAS and CMS at
√
s = 13 TeV .12

13

Taking into account the branching ratio (BR) of the Higgs boson at its mass of around14

125 GeV , and the background involved, the main interesting channels are the decays H → γγ,15

H → ZZ∗ → 4l, H → WW ∗ → lνlν, H → bb, H → ττ , H → Zγ, H → µµ. The main16

processes for the production, ordered by decreasing cross-section, are the gluon fusion from an17

heavy quarks loop (mainly top and bottom), the vector boson fusion (V BF ) qq → qqH, the18

associated production with a vector boson, WH, ZH, with top quarks, ttH, or with bottom19

quarks, bbH. An additional process, with a small rate and very sensitive to interference effects,20

is the production of the Higgs boson with a single top : tH.21

22

The Higgs coupling depends on the spin nature of the particles of its decay : coupling23

proportional to m2
V for gauge bosons, to mf for fermions. The Higgs decays to dibosons present24

some channels that have a good sensitivity for mass and width measurement, in particular the25

H → γγ and H → ZZ∗ → 4l channels, due to the intrinsic subsequent decay of the Higgs boson26

to particles whose energy can be measured precisely by the detector.27



2 The H → γγ channel28

The H → γγ channel takes advantage of the excellent resolution of the electromagnetic calorime-29

ter in order to extract a narrow peak on top of a continuum of background. This background30

is made of the irreducible background γγ, the reducible background γj and jj where respec-31

tively one and two jets are misidentified as a photon, and the high mass tail of the Drell-Yan32

background Z → ee where the electrons are misidentified as photons. The signal-to-background33

ratio is a few percent. The selection requires two high pT photons, identified and isolated. A34

categorization is made in order to improve the sensitivity and probe the production modes.35

36

A deviation from background only hypothesis is observed by the two experiments : for37

ATLAS, at the level of 6 Zobs = 5.2 σ, while expected at Zexp = 4.6 σ, for CMS at the level38

of 7 Zobs = 5.7 σ for CMS, while expected at Zexp = 5.2 σ. The measured Higgs mass is 8
39

mH = 125.98 ± 0.42 (stat.) ± 0.28 (sys.) GeV for ATLAS and 7mH = 124.70 ± 0.31 (stat.) ±40

0.15 (sys.) GeV for CMS. The systematic uncertainties on the mass are dominated by the pho-41

ton energy scale. The inclusive measured signal strengh is 6 µ = 1.17 ± 0.27 for ATLAS, and42

µ = 1.14 +0.26
−0.23 for CMS. The measurements of the production modes are 6 for ATLAS :43

µggF = 1.32 ± 0.32 (stat.) +0.13
−0.09 (sys.) +0.19

−0.11 (th) = 1.32 ± 0.38

µV BF = 0.8 ± 0.7 (stat.) +0.2
−0.1 (sys.) +0.2

−0.3 (th) = 0.8 ± 0.7

µWH = 1.0 ± 1.5 (stat.) +0.3
−0.1 (sys.) +0.2

−0.1 (th) = 1.0 ± 1.6

µZH = 0.1 + 3.6
− 0.1 (stat.) +0.7

−0.0 (sys.) +0.1
−0.0 (th) = 0.1 + 3.7

− 0.1

µttH = 1.6 + 2.6
− 1.8 (stat.) +0.6

−0.4 (sys.) +0.5
−0.2 (th) = 1.6 + 2.7

− 1.8

44

45

and for 9 CMS :46

µggF = 1.12 ± 0.30 (stat.) ± 0.09 (sys.) ± 0.13 (th) = 1.12 +0.37
−0.32

µV BF = 1.58 ± 0.69 (stat.) ± 0.15 (sys.) ± 0.20 (th) = 1.58 +0.77
−0.68

µV H = −0.16 ± 0.97 (stat.) ± 0.08 (sys. & th.) = −0.16 +1.16
−0.79

µttH = 2.69 ± 2.1 (stat.) ± 0.4 (sys. & th.) = 2.69 +2.51
−1.81

47

48

A dedicated analysis has searched for the ttH production with the decay H → γγ, giving in49

the case of ATLAS an observed limit of 10 6.7 × SM for mH = 125.4 GeV , and in the case of50

CMS an observed limit 11 of 6.7× SM for mH = 125.6 GeV .51

52

The analyses with early data of 2015 of the Run 2 of the LHC at
√
s = 13 TeV have been53

made assuming a Higgs mass of mH = 125.09 GeV (see section 6). ATLAS obtained a signifi-54

cance on the Higgs boson of 12 1.5 σ (exp. 1.9 σ) with an integrated luminosity of 3.2 fb−1 and55

made studies on fiducial and differential cross sections (Section 10). CMS obtained a signifi-56

cance of 13 1.7 σ (exp. 2.7 σ) and a signal strength of 0.69 +0.47
−0.42 with a luminosity of 1.7 fb−1,57

and probed the production modes of ggH, V BF , V H and ttH. The corresponding results are58

µggH, ttH = 0.43 +0.59
−0.63, µV BF, V H = 1.98 +2.14

−1.98.59

3 The H → ZZ(∗) → 4l channel60

The H → ZZ(∗) → 4l channel has low background and a good ratio of signal over background,61

a low number of signal due to the low branching ratio. The background is mainly made of the62

irreducible ZZ(∗) and the reducible Z + j processes.63

64

The selection requires four high pT isolated leptons and a boosted decision tree (BDT) to65

exploit the difference in the kinematics of the signal H → ZZ(∗) and the irreducible ZZ(∗)
66

background. A categorization exploits the flavour of the leptons and the sensitivity to var-67

ious production modes. A deviation from background only hypothesis is observed, for AT-68

LAS 14 at the level of Zobs = 8.1 σ, while expected at the level of Zexp = 6.2 σ, for CMS 9
69

at the level of Zobs = 6.8 σ, while expected at the level of Zexp = 6.7 σ. The measure-70



ment of the Higgs mass is : mH = 124.51 ± 0.52 (stat.) ± 0.06 (sys.) GeV for ATLAS,71

mH = 125.6 ± 0.4 (stat.) ± 0.2 (sys.) GeV for CMS. The systematic uncertainties are dom-72

inated by the energy scales. The results on production modes are µggF+bbH+ttH = 1.7 +0.5
−0.4,73

µWH+ZH = 0.3 +1.6
−0.9 for ATLAS, µggF+ttH = 0.80 +0.46

−0.36, µV BF+V H = 1.7 +2.2
−2.1 for CMS. The74

inclusive measured signal strengh is µ = 1.44 +0.40
−0.33 for ATLAS, µ = 0.93 +0.26

−0.23 (stat.) +0.13
−0.09 (sys.)75

for CMS.76

77

With the Run 2 at
√
s = 13 TeV , ATLAS 15 investigated fiducial cross-section (see Sec-78

tion 10) using 3.2 fb−1 of data. With 2.8 fb−1 of data, CMS reports 16 a significance of 2.5 σ79

at mH = 125.09 GeV and probes the production modes. The results are µggH+ttH = 0.95 +0.64
−0.49,80

µV BF+V H = 0.0 +2.5
−0.0.81

4 The H →WW (∗) → lνlν channel82

The invariant mass of the H → WW (∗) → lνlν channel is not fully reconstructible due to the83

missing momentum from neutrinos. The main background processes are the ones with final84

states made of WW , W + j, Z + j and top.85

86

The selection requires two high pT isolated leptons of opposite charges , and the presence87

of missing transverse energy. Cuts are exploited to take into account the spin correlation of88

the two W coming from the H decay, which tends to make collinear the leptons from W de-89

cays, in the form of ∆φll. A categorization improves the sensitivity and probes the various90

production modes. A deviation from background only hypothesis is observed, for ATLAS 17
91

at the level of Zobs = 6.1 σ, while expected at the level of Zexp = 5.8 σ, for CMS 18 at the92

level of Zobs = 4.3 σ, while expected at the level of Zexp = 5.8 σ. The inclusive signal strengh93

measured by ATLAS is µ = 1.09 +0.16
−0.15 (stat.) +0.17

−0.14 (sys.) for mH = 125.4 GeV , and the94

one by CMS is µ = 0.72 +0.12
−0.12 (stat.) +0.12

−0.10 (th. sys.) +0.10
−0.10 (exp. sys.) for mH = 125.6 GeV .95

The results on the signal strengths of the various production modes are for ATLAS : µggF =96

1.02 ± 0.19 (stat.) +0.22
−0.18 (sys.), µV BF = 1.27+0.44

−0.40 (stat.) +0.30
−0.21 (sys.), and for CMS in the various97

categories : µ2l2ν+0/1j = 0.74 +0.22
−0.20, µ2l2ν +2j, V BF tag = 0.60 +0.57

−0.46, µ2l2ν +2j, V H tag = 0.39 +1.97
−1.87,98

µ3l3ν WH tag = 0.56 +1.27
−0.95.99

100

ATLAS has an evidence for V BF production, at a level of Zobs = 3.2 σ, while expected101

at the level of Zexp = 2.7 σ. ATLAS has a dedicated analysis 19 on associated W/Z H pro-102

duction mode. The observed significance for the combined WH and ZH production is 2.5 σ103

while a significance of 0.9 σ is expected. The signal strength for the combined V H production104

mode is µV H = 3.0 +1.3
−1.1 (stat.) +1.0

−0.7 (sys.). This analysis is combined with the ggH and V BF105

production modes, giving an observed significance of 6.5 σ and an inclusive signal strength of106

µggF+V BF+V H = 1.16 +0.16
−0.15 (stat.) +0.18

−0.15 (sys.). CMS has a significance for the V BF tag cate-107

gory at a level of Zobs = 1.3 σ, while expected at the level of Zexp = 2.1 σ. The corresponding108

significance for V H tag are Zobs = 0.2 σ (0.6 σ expected), the one for WH tag are Zobs = 0.5 σ109

(0.2 σ expected).110

111

The production of Higgs from the associated production of two quarks and the Higgs has112

been probed by ATLAS 20 in a signature with leptons in the final states. This analysis probes,113

in addition to H → WW ∗, the H → ττ channel. Due to the important tt background, leading114

to events with WWWWbb and ττWWbb, the selection requires final states that cannot be pro-115

duced in tt decays, such as three or more leptons, or two same-sign leptons. A deviation from116

background only hypothesis is observed, at a level of Zobs = 1.8 σ, while expected at the level117

of Zexp = 0.9 σ. The associated production tqH of the Higgs boson with a top quark and a118

quark is studied by CMS 21, giving a limit on the production cross-section times branching ratio119



of 6.7× SM at 95 % CL limit.120

121

5 The H → Zγ and H → γ∗γ channels122

The selection requires two high pT isolated leptons of opposite charge and same flavour and123

a photon . A minimal cut on mll > mZ allows to suppress events with final state radiation124

from Z → llγ, supplemented with a minimal distance ∆R(l; γ) , and photon conversion from125

H → γγ. The observed and expected limits are at the level of 10× SM at mH = 125 GeV for126

both ATLAS 22 and CMS 23 analyses. CMS searched also for the H → γ∗γ → llγ channel. The127

dileptons invariant mass is restricted to be below 20 GeV in order to suppress contamination128

by the H → Zγ channel. A cut on the minimal distance ∆R(l, γ) suppresses contributions from129

FSR Z → llγ. The observed limits 24 are of the order of 10× SM .130

6 Combined mass measurement131

The ATLAS-CMS combined Higgs mass measurement 25 uses the two fully reconstructed and132

high resolution channels : H → γγ and H → ZZ∗ → 4l. The result is mH = 125.09 ±133

0.21 (stat.) ±0.11 (sys.) GeV . The dominant systematic uncertainties are the electron, photon,134

muon energy and momentum scales, whose nominal values are obtained from analyses of large135

samples of J/ψ, Y (nS) and Z resonances. The mass measurements obtained by the combination136

of the H → γγ and H → ZZ∗ → 4l channels are respectively of mH = 125.36 ± 0.37 (stat.) ±137

0.18 (sys.) GeV for the ATLAS 8 experiment and mH = 125.02 +0.26
−0.27 (stat.) +0.14

−0.15 (sys.) GeV138

for CMS 26. The mass measurement is the first step before evaluating other quantities, such as139

couplings.140

7 Higgs width141

Several methods allow to set constraints on the Higgs width ΓH . The direct method uses a statis-142

tics test constructed with various values of the intrinsic width of the Higgs boson, convoluted143

with the experimental resolution. The ATLAS analysis establishes a limit at 95 % CL on the144

width of8 5.0 GeV from the H → γγ channel and8 of 2.6 GeV from the H → ZZ∗ → 4l channel.145

The CMS analysis establishes a limit of 7 2.4 GeV from the H → γγ channel and 9 of 3.4 GeV146

from the H → ZZ∗ → 4l channel. The combination of the two channels gives a limit of 1.7 GeV .147

The indirect method exploits the opening phase space above 2×mZ for the H → ZZ∗ → 4l and148

of the ggH top-loop and the dependence of the ratio of the on- and off-shell cross-section of the149

Higgs production 27,28 with the Higgs width. This relationship implies that the couplings with150

the reconstructed mass is following the one of the gluon fusion to Higgs process. Any presence151

of new particles in the quark loop of the gluon fusion, or any anomalous couplings contributions152

to HV V , either in V BF , V H or in the decay H → ZZ would change slightly the relationship.153

But no experimental studies has been made on the dependence of off-shell production in pres-154

ence of anomalous couplings, because there is no direct hint for new physics at the 500 GeV scale.155

156

The ATLAS analysis establishes 29 a limit of 22.7 MeV (33.0 MeV expected) at 95 % CL,157

using the channels H → ZZ∗ → 4l, H → ZZ∗ → llνν, H → WW ∗ → eνµν. The CMS analy-158

sis 30, using the channels H → ZZ∗ → 4l and H → WW ∗ → lνlν, obtains a limit of 13 MeV159

(26 MeV expected) at 95 % CL, and, using the channel H → ZZ∗ → 4l 31, obtains a lower160

bound of ΓH > 3.5× 10−9 MeV at 95 % CL.161

162



8 Spin and parity163

The spin (J), parity (P ) and charge conjugation (C) quantum numbers of the Higgs boson164

of the Standard Model correspond to the state JPC = 0++. The discovery of a resonance in165

the diphoton channel excludes the possibility that the observed state has a spin 1, according166

to Landau-Yang theorem 32,33, while favoring C = +1. Due to the suppression of the CP -odd167

scalar field at the tree order of the perturbative development order in the two-Higgs-doublet168

models (2HDM) models, the observation of the decay to pair of vector bosons (WW (∗), ZZ(∗))169

favors the interpretation of a CP even state, compatible with the Standard Model expectation.170

171

The spin and parity state JP = 0+ of the particle has been tested against some alternative172

models, with various channels : H → γγ, H → 4l, H → WW ∗ → eνµν and combined,173

using angular distribution and kinematics of final state objects. All alternative models to the174

Standard Model that have been considered by ATLAS 34 and CMS 35 are excluded at 95 % CL.175

The spin-parity state of the Standard Model is favoured.176

9 Combination for production modes, decays and couplings measurements177

The LHC combination 36 from the ATLAS and CMS experiments on the signal and coupling178

strengths uses the various channels to derives constraints on the production modes, decays and179

couplings of the Higgs boson, using the mass of the Higgs boson of mH = 125.09 GeV , from180

the ATLAS and CMS combination. The signal significance and inclusive signal strength of181

the various decay channels are reviewed in Table 1. The three channels H → γγ, H → ZZ∗,182

H → WW ∗ → lνlν are observed individually by each experiment. The combined inclusive183

signal strength is µ = 1.09 +0.11
−0.10, with the values for ATLAS of µ = 1.20 +0.15

−0.14 and for CMS of184

µ = 0.98 +0.14
−0.13.185

Table 1: Summary of the observed (expected) signal significance and inclusive signal strength for the various
decay channels entering into the Run 1 couplings combination. The ATLAS-CMS combined significances for
H → γγ, H → ZZ → 4l, H → WW decay channels are not included since they have been already clearly
observed. Source : 36.

Channel Observed (expected) Signal strength µ

significance [σ]

ATLAS CMS ATLAS-CMS ATLAS CMS ATLAS-CMS

H → γγ 5.0 (4.6) 5.6 (5.1) - 1.15+0.27
−0.25 1.12+0.25

−0.23 1.16+0.20
−0.18

H → ZZ → 4l 6.6 (5.5) 7.0 (6.8) - 1.51+0.39
−0.34 1.05+0.32

−0.27 1.31+0.27
−0.24

H →WW 6.8 (5.8) 4.8 (5.6) - 1.23+0.23
−0.21 0.91+0.24

−0.21 1.11+0.18
−0.17

H → ττ 4.4 (3.3) 3.4 (3.7) 5.5 (5.0) 1.41+0.40
−0.35 0.89+0.31

−0.28 1.12+0.25
−0.23

H → bb 1.7 (2.7) 2.0 (2.5) 2.6 (3.7) 0.62+0.37
−0.36 0.81+0.45

−0.42 0.69+0.29
−0.27

H → µµ - - - −0.7± 3.6 0.8± 3.5 -

The signal significance and signal strength of the various production modes for the analyses186

of the combination are reviewed in Table 2. The V BF process is observed with a significance187

of 5.4 σ. There is evidence for both V H and ttH, respectively with a significance of 3.5 σ and188

4.4 σ.189

No deviations from the Standard Model are observed in the various tested scenarios.190

10 Fiducial, integrated and differential cross-section191

The measurements of total and fiducial cross-sections allow to probe the theoretical modeling192

(pertubative QCD, pdfs), the relative contribution of production modes, and possible physics193



Table 2: Summary of the observed (expected) signal significance and signal strength for the various production
modes entering into the Run 1 couplings combination. The significance for ggH production mode is not included
since it has been already clearly observed. Source : 36.

Production process Observed (expected) signal strength µ

significance [σ]

ATLAS+CMS ATLAS CMS ATLAS+CMS

ggH - 1.25+0.24
−0.21 0.84+0.19

−0.16 1.03+0.17
−0.15

V BF 5.4 (4.7) 1.21+0.33
−0.30 1.13+0.37

−0.34 1.18+0.25
−0.23

WH 2.4 (2.7) 1.25+0.56
−0.52 0.46+0.57

−0.54 0.88+0.40
−0.38

ZH 2.3 (2.9) 0.30+0.51
−0.46 1.35+0.58

−0.54 0.80+0.39
−0.36

V H 3.5 (4.2) - - -

ttH 4.4 (2.0) 1.9+0.8
−0.7 2.9+1.0

−0.9 2.3+0.7
−0.6

beyond Standard Model. The fiducial and integrated cross-sections have been computed by194

ATLAS and CMS at different energies in the center of mass, with various dibosons chan-195

nels : H → γγ 12,37, H → ZZ∗ → 4l 15,38,16, H → γγ and H → ZZ∗ → 4l combined 39,196

H → WW ∗ → lνlν 17, H → WW ∗ → eνµν 40,41. The differential cross-sections are explored197

for various observables (multiplicity, transverse momentum and energy, angles, etc.) of various198

objects (photon, lepton, jet, MET ) and from topology of several objects, including the recon-199

structed Higgs from its decay products, for various decay channels (H → γγ, H → ZZ → 4l,200

H → WW → lνlν) 42,43,44,40,37,38,41. No significative deviation is observed with respect to the201

prediction from the Standard Model.202

11 Conclusion203

The Higgs to bosons channels provide an important legacy from the ATLAS and CMS ex-204

periments at Run 1 for the measurement of properties : mass, width, production modes and205

couplings, cross-section, either integrated or differential. The early measurements with Run 2206

of 2015 don’t have enough sensitivity to compete with Run 1. Data-taking of Run 2 may bring207

answers and surprises.208
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