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two-Higgs-doublet models. Together with the measured mass of the scalar Higgs boson in
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1 Introduction

The ATLAS and CMS Collaborations at the Large Hadron Collider (LHC) announced

the discovery of a particle consistent with a Higgs boson in 2012 [1, 2]. Since then, the

collaborations have together measured the mass of the particle to be about 125 GeV [3–5].

Studies of its spin and parity in bosonic decays have found it to be compatible with a

JP = 0+ state [6–8]. Combined coupling fits of the measured Higgs boson production and

decay rates within the framework of the Standard Model (SM) have found no significant

deviation from the SM expectations [4, 9, 10]. These results strongly suggest that the

newly discovered particle is indeed a Higgs boson and that a non-zero vacuum expectation

value of a Higgs doublet is responsible for electroweak (EW) symmetry breaking [11–13].

The observed CP-even Higgs boson is denoted as h throughout this paper.

A crucial question is whether there is only one Higgs doublet, as postulated by the SM,

or whether the Higgs sector is more complex, for example with a second doublet leading to

more than one Higgs boson of which one has properties similar to those of the SM Higgs
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boson, as predicted in many theories beyond the Standard Model (BSM).1 The “hierarchy

problem” regarding the naturalness of the Higgs boson mass, the nature of dark matter,

and other open questions that the SM is not able to answer also motivate the search

for additional new particles and interactions. Astrophysical observations provide strong

evidence of dark matter that could be explained by the existence of weakly interacting

massive particles (see ref. [14] and the references therein). If such decays are kinematically

allowed, the observed Higgs boson [1, 2] might decay to dark matter or other stable or

long-lived particles which do not interact significantly with a detector [15–20]. Such Higgs

boson decays are termed “invisible” and can be inferred indirectly through final states with

large missing transverse momentum. The Higgs boson may also decay to particles that do

interact significantly with a detector, such as gluons that produce jets, resulting in final

states that cannot be resolved due to the very large backgrounds. These decays and final

states are termed “undetectable”.

This paper presents searches for deviations from the rates of Higgs boson production

and decay predicted by the SM, including both the visible and invisible decay channels,

using ATLAS data. Simultaneous fits of multiple production and decay channels are per-

formed after the removal of overlaps in the event selection of different analyses, and corre-

lations between the systematic uncertainties are accounted for. The data are interpreted

in various benchmark models beyond the SM, providing indirect limits on the BSM pa-

rameters. The limits make different assumptions than those obtained by direct searches

for heavy Higgs bosons and invisible Higgs boson decays.

An overview of the experimental inputs is given in section 2, and the analysis pro-

cedure is described in section 3. The scaling of the couplings with mass is probed in

section 4. The measurements of visible Higgs boson decay rates are used to derive limits

on model parameters in four representative classes of models: Minimal Composite Higgs

Models (MCHM) in section 5, an additional electroweak singlet in section 6, two-Higgs-

doublet models (2HDMs) in section 7, and the “h” Minimal Supersymmetric Standard

Model (hMSSM) in section 8. The results from direct searches for heavy Higgs bosons

are also interpreted in the hMSSM in section 8. The combination of direct searches for

invisible Higgs boson decays is discussed in section 9.1, and the combination of all visible

and invisible Higgs boson decay channels is described in section 9.2. This is used together

with the visible decays to constrain a Higgs portal model of dark matter in section 9.3.

Finally, section 10 is devoted to the conclusions.

2 Experimental inputs

For the determination of the couplings in the visible Higgs boson decay channels, the exper-

imental inputs include search results and measurements of Higgs boson decays: h→ γγ [21],

h→ZZ∗→ 4` [22], h→WW ∗→ `ν`ν [23, 24], h→Zγ [25], h → bb [26], h → ττ [27], and

h → µµ [28] (` = e, µ). Search results from tth associated production with h→ γγ [29],

1The observed CP-even Higgs boson, denoted as h in this paper, is taken to be the lightest Higgs boson,

and only heavier additional Higgs bosons are considered.
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h→ bb [30], and final states with multiple leptons [31] are included. In addition, the con-

straints on the Higgs boson invisible decay branching ratio use direct searches for Higgs

boson decays to invisible particles in events with dileptons or dijets with large missing

transverse momentum, Emiss
T . These inputs include the search for a Higgs boson, produced

through vector-boson fusion (VBF) and thus accompanied by dijets, that decays invisibly

and results in missing transverse momentum (VBF → jj + Emiss
T ) [32]; the search for a

Higgs boson, which subsequently decays invisibly, produced in association with a Z boson

that decays to dileptons (Zh → `` + Emiss
T [33]); and the search for a Higgs boson, which

afterwards decays invisibly, produced together with a W or Z boson that decays hadroni-

cally (W/Zh→ jj +Emiss
T [34]). These searches are based on up to 4.7 fb−1 of pp collision

data at
√
s = 7 TeV and up to 20.3 fb−1 at

√
s = 8 TeV.

Each measurement or search classifies candidate events into exclusive categories based

on the expected kinematic properties of different Higgs boson production processes. This

both improves the sensitivity and enables discrimination between different Higgs boson

production modes. Each search channel is designed to be mostly sensitive to the product

of a Higgs boson production cross section and decay branching ratio. The combination of

the visible decay search channels is used [10] to determine the couplings of the Higgs boson

to other SM particles. The input analyses, their results, and small changes to them applied

for use in this combination are described there.

Direct searches for additional heavy Higgs bosons (H, A, and H±) are not used in the

fits discussed here, but their results are interpreted in the hMSSM benchmark model for

comparison.

3 Analysis procedure

In the benchmark models considered, the couplings of the Higgs boson to fermions and vec-

tor bosons are modified by functions of the model parameters. In all cases, it is assumed

that the modifications of the couplings do not change the Higgs boson production or de-

cay kinematics significantly. Thus the expected rate of any given process can be obtained

through a simple rescaling of the SM couplings and no acceptance change due to kinematics

in each BSM scenario is included. A simultaneous fit of the measured rates in multiple pro-

duction and decay modes is used to constrain the BSM model parameters. The Higgs boson

mass was measured by ATLAS to be mh = 125.36± 0.37 (stat) ±0.18 (syst) GeV [3]. The

best-fit value is used throughout this paper; the uncertainty on the mass is not included.

The statistical treatment of the data is described in refs. [35–39]. Confidence intervals

use the test statistic tα = −2 ln Λ(α), which is based on the profile likelihood ratio [40]:

Λ(α) =
L
(
α ,

ˆ̂
θ(α)

)
L(α̂, θ̂)

. (3.1)

The likelihood in eq. (3.1) depends on one or more parameters of interest α, such as the

Higgs boson production times branching ratio strength µ, the mass mh, and coupling scale

factors κi. Systematic uncertainties and their correlations [35] are modelled by introducing

nuisance parameters θ centred at their nominal values. For the visible decay channels, the
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treatment of systematic uncertainties is the same as that used in Higgs boson coupling

measurements [10]. For the invisible decay channels, the expected event counts for the

signals, backgrounds and control regions are taken from Monte Carlo (MC) predictions or

data-driven estimations as described in refs. [32–34]. The nuisance parameters for each

individual source of uncertainty are applied on the relevant expected rates so that the

correlated effects of the uncertainties are taken into account.

The single circumflex in the denominator of eq. (3.1) denotes the unconditional

maximum-likelihood estimate of a parameter. The double circumflex in the numerator de-

notes the “profiled” value, namely the conditional maximum-likelihood estimate for given

fixed values of the parameters of interest α.

For each production mode j and visible decay channel k, µ is normalised to the SM

expectation for that channel so that µ = 1 corresponds to the SM Higgs boson hypothesis

and µ = 0 to the background-only hypothesis:

µ =
σj × BRk

σj,SM × BRk,SM
, (3.2)

where σj is the production cross section, BRk is the branching ratio, and the subscript

“SM” denotes their SM expectations.

For the invisible decay mode, µ is the production cross section for each production

mode j times the invisible decay branching ratio BRinv, normalised to the total SM rate

for the production mode in question:

µ =
σj

σj,SM
× BRinv . (3.3)

Thus the SM is recovered at µ = 0 when BRinv= 0.

Other parameters of interest characterise each particular scenario studied, including the

mass scaling parameter ε and the “vacuum expectation value” parameter M for the scaling

of the couplings with mass (section 4), compositeness scaling parameter ξ for the Higgs

boson compositeness models (section 5), squared coupling κ′2 of the heavy Higgs boson in

the electroweak singlet model (section 6), cos(β − α) and tan β for the 2HDM (section 7),

pseudoscalar Higgs boson mass mA and tan β for the hMSSM model (section 8), and Higgs

boson invisible decay branching ratio BRinv for the studies of Higgs boson invisible decays

(section 9).

The likelihood function for the Higgs boson coupling measurements is built as a prod-

uct of the likelihoods of all measured Higgs boson channels, where for each channel the

likelihood is built using sums of signal and background probability density functions in the

discriminating variables. These discriminants are chosen to be the γγ and µµ mass spec-

tra for h→ γγ [21] and h → µµ [28] respectively; the transverse mass, mT, distribution2

for h→WW ∗→ `ν`ν [23, 24]; the distribution of a boosted decision tree (BDT) response

for h → ττ [27] and h → bb [26]; the 4` mass spectrum and a BDT in the h→ZZ∗→ 4`

2The transverse mass mT is defined as: mT =
√

(E``T + pννT )2 − |p``T + pννT |2, where E``T =√
(p``T )2 + (m``)2, p``T (pννT ) is the vector sum of the lepton (neutrino) transverse momenta, and p``T (pννT )

is its modulus.
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channel [22]; the Emiss
T distribution for the VBF → jj + Emiss

T [32], Zh → `` + Emiss
T [33],

and W/Zh → jj + Emiss
T [34] channels. The distributions are derived primarily from MC

simulation for the signal, and both the data and simulation contribute to them for the

background.

The couplings are parameterised using scale factors denoted κi, which are defined

as the ratios of the couplings to their corresponding SM values. The production and

decay rates are modified from their SM expectations accordingly, as expected at leading

order [41]. This procedure is performed for each of the models probed in sections 4–9, using

the coupling parameterisation given for each model. For example, taking the narrow-width

approximation [42, 43], the rate for the process gg → h → ZZ∗ → 4` relative to the SM

prediction can be parameterised [41] as:

µ =
σ × BR

σSM × BRSM
=
κ2
g · κ2

Z

κ2
h

. (3.4)

Here κg is the scale factor for the loop-induced coupling to the gluon through the top

and bottom quarks, where both the top and bottom couplings are scaled by κf , and κZ
is the coupling scale factor for the Z boson. The scale factor for the total width of the

Higgs boson, κ2
h, is calculated as a squared effective coupling scale factor. It is defined as

the sum of squared coupling scale factors for all decay modes, κ2
j , each weighted by the

corresponding SM partial decay width ΓSM
jj [41]:

κ2
h =

∑
jj

κ2
jΓ

SM
jj

ΓSM
h

, (3.5)

where ΓSM
h is the SM total width and the summation runs over WW , ZZ, γγ, Zγ, gg,

tt, bb, cc, ss, ττ , and µµ. The present experimental sensitivity to Higgs boson decays to

charm and strange quarks with the current data is very low. Therefore the scale factors of

the corresponding couplings are taken to be equal to those of the top and bottom quarks,

respectively, which have the same quantum numbers. The couplings to the first-generation

quarks (up and down) and the electron are negligible.

In most of the models considered (sections 4–8), it is assumed that no new production

or decay modes beyond those in the SM are kinematically open. In addition, the production

or decays through loops are resolved in terms of the contributing particles in the loops,

taking non-negligible contributions only from SM particles. For example, the W boson

provides the dominant contribution to the h→ γγ decay (followed by the top quark), such

that the effective coupling scale factor κγ is given by:

κ2
γ(κb, κt, κτ , κW ) =

∑
i,j(i≥j)

κiκj · Γijγγ∑
i,j(i≥j)

Γijγγ
, (3.6)

where Γijγγ is the contribution to the diphoton decay width due to a particle loop (i = j)

or due to the interference between two particles (i 6= j), and where the summations run

– 5 –



J
H
E
P
1
1
(
2
0
1
5
)
2
0
6

over the W boson, top and bottom quarks, and tau lepton. Contributions from other

charged particles in the SM are negligible. The destructive interference between the W

and top loops, as well as the contributions from other charged particles in the loops, are

thus accounted for. Similarly, for the loop-induced h → Zγ and gg → h processes the

effective coupling scale factors are given by:

κ2
Zγ(κb, κt, κτ , κW ) =

∑
i,j(i≥j)

κiκj · ΓijZγ∑
i,j(i≥j)

ΓijZγ
(3.7)

κ2
g(κb, κt) =

κ2
t · σttggh + κ2

b · σbbggh + κtκb · σtbggh
σttggh + σbbggh + σtbggh

, (3.8)

where σttggh, σbbggh, σtbggh are the respective contributions to the gluon fusion cross section

from a top loop, bottom loop, and the interference of the top and bottom loops.

In the searches for Higgs boson decays to invisible particles discussed in section 9, it

is assumed that there are no new production modes beyond the SM ones; however, the

possibility of new decay modes is left open. The couplings associated with Higgs boson

production and decays through loops are not resolved, but rather left as effective couplings.

Confidence intervals are extracted by taking tα to follow an asymptotic χ2 distribution

with the corresponding number of degrees of freedom [40]. For the composite Higgs boson

(see section 5), EW singlet (section 6), and invisible Higgs boson decays (section 9), a

physical boundary imposes a lower bound on the model parameter under study. The

confidence intervals reported are based on the profile likelihood ratio where parameters are

restricted to the allowed region of parameter space, as in the case of the t̃µ test statistic

described in ref. [40]. This restriction of the likelihood ratio to the allowed region of

parameter space is similar to the Feldman-Cousins technique [44] and provides protection

against artificial exclusions due to fluctuations into the unphysical regime. However, the

confidence interval is defined by the standard χ2 cutoff, leading to overcoverage near the

physical boundaries as demonstrated by toy examples. The Higgs boson couplings also have

physical boundaries in the two-dimensional parameter space of the 2HDM (see section 7)

and hMSSM (section 8) models, which are treated in a similar fashion.

For the combination of the direct searches for invisible Higgs boson decays, confidence

intervals in BRinv are defined using the CLS procedure [45] in order to be consistent with

the convention used in the individual searches. For the constraints on BRinv from the rate

measurements in visible Higgs boson decay channels, and from the overall combination of

visible and invisible decay channels, the log-likelihood ratio is used in order to be consistent

with the convention used in deriving the Higgs boson couplings via the combination of

visible decay channels.

Table 1 summarises the relevant best-fit value, interval at the 68% confidence level

(CL), and/or upper limit at the 95% CL for physical quantities of interest. These include

the overall signal strength, the scale factors for the Higgs boson couplings and total width,

and the Higgs boson invisible decay branching ratio in various parameterisations. The

BSM models probed with these parameters are also indicated. The overall signal strength
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measured is above 1. The extracted coupling scale factors can be similar to or less than 1

because the measured rate for h → bb, which has a branching ratio of 57% in the SM for

mh = 125.36 GeV, is lower than (although still compatible with) the expected rate.

4 Mass scaling of couplings

The observed rates in different channels are used to determine how the Higgs boson cou-

plings to other particles scale with the masses of those particles. The measurements [10]

of the scale factors for the couplings of the Higgs boson to the Z boson, W boson, top

quark, bottom quark, τ lepton, and muon — namely [κZ , κW , κt, κb, κτ , κµ] — are given

in Model 1 of table 1. The coupling scale factors to different species of fermions and vector

bosons, respectively, are expressed in terms of the parameters [ε, M ] [46], where ε is a mass

scaling parameter and M is a “vacuum expectation value” parameter whose SM value is

v ≈ 246 GeV:
κF,i = v

mεF,i
M1+ε

κV,j = v
m2ε
V,j

M1+2ε ,
(4.1)

where mF,i denotes the mass of each fermion species (indexed i) and mV,j denotes each

vector-boson mass (indexed j). The mass scaling of the couplings, as well as the vacuum

expectation value, of the SM are recovered with parameter values ε = 0 and M = v,

which produce κF,i = κV,j = 1. The value ε = −1 would correspond to light Higgs boson

couplings that are independent of the particle mass.

Combined fits to the measured rates are performed with the mass scaling factor ε and

the vacuum expectation value parameter M as the two parameters of interest. Figure 1

shows contours of the two-dimensional likelihood as a function of ε and M . The measured

and expected values from one-dimensional likelihood scans are given in table 2. The mass

scaling of the couplings in the SM (ε = 0) is compatible with the data within one std. dev.

The extracted value of ε is close to 0, indicating that the measured couplings to fermions and

vector bosons are consistent with the linear and quadratic mass dependence, respectively,

predicted in the SM. The best-fit value for M is less than v ≈ 246 GeV because the

measured overall signal strength µh is greater than 1, with the data being compatible with

the SM within about 1.5 std. dev.

5 Minimal composite Higgs model

Minimal Composite Higgs Models (MCHM) [47–53] represent a possible explanation for

the scalar naturalness problem, wherein the Higgs boson is a composite, pseudo-Nambu-

Goldstone boson rather than an elementary particle. In such cases, the Higgs boson cou-

plings to vector bosons and fermions are modified with respect to their SM expectations as

a function of the Higgs boson compositeness scale, f . Corrections due to new heavy reso-

nances such as vector-like quarks [54] are taken to be sub-dominant. Production or decays

through loops are resolved in terms of the contributing particles in the loops, assuming

only contributions from SM particles. It is assumed that there are no new production or

decay modes besides those in the SM.
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Model Coupling
Parameter

Description Measurement

1
Mass scaling

parameterisation

κZ Z boson coupling s.f. [−1.06,−0.82] ∪ [0.84, 1.12]

κW W boson coupling s.f. 0.91± 0.14

κt t-quark coupling s.f. 0.94± 0.21

κb b-quark coupling s.f. [−0.90,−0.33] ∪ [0.28, 0.96]

κτ Tau lepton coupling s.f. [−1.22,−0.80] ∪ [0.80, 1.22]

κµ Muon coupling s.f. < 2.28 at 95% CL

2
MCHM4,

EW singlet
µh Overall signal strength 1.18+0.15

−0.14

3
MCHM5,

2HDM Type I

κV
Vector boson (W , Z)
coupling s.f.

1.09± 0.07

κF
Fermion (t, b, τ , . . . )
coupling s.f.

1.11± 0.16

4
2HDM Type II,

hMSSM

λV u = κV /κu

Ratio of vector boson to
up-type fermion (t, c, . . . )
coupling s.f.

0.92+0.18
−0.16

κuu = κ2
u/κh

Ratio of squared up-type
fermion coupling s.f. to
total width s.f.

1.25± 0.33

λdu = κd/κu

Ratio of down-type
fermion (b, τ , . . . ) to
up-type fermion
coupling s.f.

[−1.08,−0.81] ∪ [0.75, 1.04]

5
2HDM

Lepton-specific

λV q = κV /κq

Ratio of vector boson to
quark (t, b, . . . )
coupling s.f.

1.03+0.18
−0.15

κqq = κ2
q/κh

Ratio of squared quark
coupling s.f. to total
width s.f.

1.03+0.24
−0.20

λ`q = κ`/κq
Ratio of lepton (τ , µ, e)
to quark coupling s.f.

[−1.34,−0.94] ∪ [0.94, 1.34]

6

Higgs portal

(Baseline config.

of vis. & inv.

Higgs boson

decay channels:

general coupling

param., no

assumption about

κW,Z)

κZ Z boson coupling s.f. 0.99± 0.15

κW W boson coupling s.f. 0.92± 0.14

κt t-quark coupling s.f. 1.26+0.32
−0.34

κb b-quark coupling s.f. 0.61± 0.28

κτ Tau lepton coupling s.f. 0.98+0.20
−0.18

κµ Muon coupling s.f. < 2.25 at 95% CL

κg Gluon coupling s.f. 0.92+0.18
−0.15

κγ Photon coupling s.f. 0.90+0.16
−0.14

κZγ Zγ coupling s.f. < 3.15 at 95% CL

BRinv Invisible branching ratio < 0.23 at 95% CL

Table 1. Measurements of the overall signal strength, scale factors (s.f.) for the Higgs boson

couplings and total width, and the Higgs boson invisible decay branching ratio, in different coupling

parameterisations, along with the BSM models or parameterisations they are used to probe. The

measurements quoted for Models 1–5 were derived in ref. [10], while those for Model 6 are derived

in this paper. The production modes are taken to be the same as those in the SM in all cases. In

Models 1–3, decay modes identical to those in the SM are taken. For Models 4–5, the coupling

parameterisations and measurements listed do not require such an assumption, which is however

made when deriving limits on the underlying parameters of these BSM models. No assumption

about the total width is made for Model 6.
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∈

0.1− 0 0.1 0.2 0.3 0.4

M
 [
G

e
V

]

200

220

240
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300
ATLAS

1 = 7 TeV, 4.54.7 fbs
1 = 8 TeV, 20.3 fbs

 Best fit
 Obs. 68% CL
 Obs. 95% CL
 SM
 Exp. 68% CL
 Exp. 95% CL

Figure 1. Two-dimensional confidence regions as a function of the mass scaling factor ε and the

vacuum expectation value parameter M . The likelihood contours where −2 ln Λ = 2.3 and −2 ln Λ =

6.0, corresponding approximately to the 68% CL (1 std. dev.) and the 95% CL (2 std. dev.)

respectively, are shown for both the data and the prediction for a SM Higgs boson. The best fit to

the data and the SM expectation are indicated as × and + respectively.

Parameter Obs. Exp.

ε 0.018± 0.039 0.000± 0.042

M 224+14
−12 GeV 246+19

−16 GeV

Table 2. Observed and expected measurements of the mass scaling parameter ε and the “vacuum

expectation value” parameter M .

The MCHM4 model [47] is a minimal SO(5)/SO(4) model where the SM fermions are

embedded in spinorial representations of SO(5). Here the ratio of the predicted coupling

scale factors to their SM expectations, κ, can be written in the particularly simple form:

κ = κV = κF =
√

1− ξ , (5.1)

where ξ = v2/f2 is a scaling parameter (with v being the SM vacuum expectation value)

such that the SM is recovered in the limit ξ → 0, namely f → ∞. The combined signal

strength, µh, which is equivalent to the coupling scale factor, κ =
√
µh, was measured

using the combination of the visible decay channels [10] and is listed in Model 2 of table 1.

The experimental measurements are interpreted in the MCHM4 scenario by rescaling the

rates in different production and decay modes as functions of the coupling scale factors

κ = κV = κF , taking the same production and decay modes as in the SM. This is done in

the same way as described in section 3. The coupling scale factors are in turn expressed as

functions of ξ using eq. (5.1).
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(a) MCHM4
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Λ
2
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1 = 7 TeV, 4.54.7 fbs
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Figure 2. Observed (solid) and expected (dashed) likelihood scans of the Higgs compositeness

scaling parameter, ξ, in the MCHM4 and MCHM5 models. The expected curves correspond to

the SM Higgs boson. The line at −2 ln Λ = 0 corresponds to the most likely value of ξ within

the physical region ξ ≥ 0. The line at −2 ln Λ = 3.84 corresponds to the one-sided upper limit at

approximately the 95% CL (2 std. dev.), given ξ ≥ 0.

Figure 2(a) shows the observed and expected likelihood scans of the Higgs composite-

ness scaling parameter, ξ, in the MCHM4 model. This model contains a physical bound-

ary restricting to ξ ≥ 0, with the SM Higgs boson corresponding to ξ = 0. Ignoring this

boundary, the scaling parameter is measured to be ξ = 1 − µh = −0.18 ± 0.14, while the

expectation for the SM Higgs boson is 0±0.14. The best-fit value observed for ξ is negative

because µh >1 is measured. The statistical and systematic uncertainties are of similar size.

Accounting for the lower boundary produces an observed (expected) upper limit at the 95%

CL of ξ < 0.12 (0.23), corresponding to a Higgs boson compositeness scale of f > 710 GeV

(510 GeV). The observed limit is stronger than expected because µh >1 was measured [10].

Similarly, the MCHM5 model [48, 49] is an SO(5)/SO(4) model where the SM fermions

are embedded in fundamental representations of SO(5). Here the measured rates are ex-

pressed in terms of ξ by rewriting the coupling scale factors [κV , κF ] as:

κV =
√

1− ξ

κF = 1−2ξ√
1−ξ ,

(5.2)

where ξ = v2/f2. The measurements of κV and κF [10] are given in Model 3 of table 1.

The likelihood scans of ξ in MCHM5 are shown in figure 2(b). As with the MCHM4 model,

the MCHM5 model contains a physical boundary restricting to ξ ≥ 0, with the SM Higgs

boson corresponding to ξ = 0. Ignoring this boundary, the composite Higgs boson scaling

parameter is determined to be ξ = −0.12± 0.10, while 0.00± 0.10 is expected for the SM

Higgs boson. As above, the best-fit value for ξ is negative because µh >1 is measured.

Accounting for the boundary produces an observed (expected) upper limit at the 95% CL

of ξ < 0.10 (0.17), corresponding to a Higgs boson compositeness scale of f > 780 GeV

(600 GeV).
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Figure 3. Two-dimensional likelihood contours in the [κV , κF ] coupling scale factor plane, where

−2 ln Λ = 2.3 and −2 ln Λ = 6.0 correspond approximately to the 68% CL (1 std. dev.) and the 95%

CL (2 std. dev.), respectively. The coupling scale factors predicted in the MCHM4 and MCHM5

models are shown as parametric functions of the Higgs boson compositeness parameter ξ = v2/f2.

The two-dimensional likelihood contours are shown for reference and should not be used to estimate

the exclusion for the single parameter ξ.

Model Lower limit on f

Obs. Exp.

MCHM4 710 GeV 510 GeV

MCHM5 780 GeV 600 GeV

Table 3. Observed and expected lower limits at the 95% CL on the Higgs boson compositeness

scale f in the MCHM4 and MCHM5 models.

Figure 3 shows the two-dimensional likelihood for a measurement of the vector boson

(κV ) and fermion (κF ) coupling scale factors in the [κV , κF ] plane, overlaid with predic-

tions as parametric functions of ξ for the MCHM4 and MCHM5 models [55–57]. Table 3

summarises the lower limits at the 95% CL on the Higgs boson compositeness scale in these

models.

6 Additional electroweak singlet

A simple extension to the SM Higgs sector involves the addition of one scalar EW singlet

field [41, 58–63] to the doublet Higgs field of the SM, with the doublet acquiring a non-zero

vacuum expectation value. This spontaneous symmetry breaking leads to mixing between

the singlet state and the surviving state of the doublet field, resulting in two CP-even Higgs

bosons, where h (H) denotes the lighter (heavier) of the pair. The two Higgs bosons, h

and H, are taken to be non-degenerate in mass. Their couplings to fermions and vector
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bosons are similar to those of the SM Higgs boson, but each with a strength reduced by a

common scale factor, denoted by κ for h and κ′ for H. The coupling scale factor κ (κ′) is

the sine (cosine) of the h–H mixing angle, so:

κ2 + κ′
2

= 1 . (6.1)

The lighter Higgs boson h is taken to be the observed Higgs boson. It is assumed

to have the same production and decay modes as the SM Higgs boson does,3 with only

SM particles contributing to loop-induced production or decay modes. In this model, its

production and decay rates are modified according to:

σh = κ2 × σh,SM

Γh = κ2 × Γh,SM (6.2)

BRh,i = BRh,i,SM ,

where σh denotes the production cross section, Γh denotes the total decay width, BRh,i

denotes the branching ratio to the different decay modes i, and SM denotes their respective

values in the Standard Model.

For the heavier Higgs boson H, new decay modes such as H → hh are possible if they

are kinematically allowed. In this case, the production and decay rates of the H boson

are modified with respect to those of a SM Higgs boson with equal mass by the branching

ratio of all new decay modes, BRH,new, as:

σH = κ′
2 × σH,SM

ΓH =
κ′2

1− BRH,new
× ΓH,SM (6.3)

BRH,i = (1− BRH,new)× BRH,SM,i .

Here σH,SM, ΓH,SM, and BRH,SM,i denote the cross section, total width, and branching

ratio for a given decay mode (indexed i) predicted for a SM Higgs boson with mass mH .

Consequently the overall signal strengths, namely the ratio of production and decay

rates in the measured channels relative to the expectations for a SM Higgs boson with

corresponding mass, are given by:

µh =
σh × BRh

(σh × BRh)SM

= κ2

µH =
σH × BRH

(σH × BRH)SM

= κ′2 (1− BRH,new) ,

(6.4)

for h and H respectively, assuming the narrow-width approximation such that interference

effects are negligible.

3The decays of the heavy Higgs bosons to the light Higgs boson, for example H → hh, are assumed to

contribute negligibly to the light Higgs boson production rate. The contamination from heavy Higgs boson

decays (such as H →WW ) in light Higgs boson signal regions (h→WW ) is also taken to be negligible.
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Figure 4. Observed and expected upper limits at the 95% CL on the squared coupling scale factor,

κ′2, of a heavy Higgs boson arising through an additional EW singlet, shown in the [µH ,BRH,new]

plane. The light shaded and hashed regions indicate the observed and expected exclusions, respec-

tively. Contours of the scale factor for the total width, ΓH/ΓH,SM, of the heavy Higgs boson are

also illustrated based on eqs. (6.3) and (6.4).

Upper limit on κ′2

Obs. Exp.

0.12 0.23

Table 4. Observed and expected upper limits at the 95% CL on the squared coupling scale factor

of the heavy Higgs boson, κ′
2
, in a model with an additional electroweak singlet.

Combining eqs. (6.1) and (6.4), the squared coupling scale factor of the heavy Higgs

boson can be expressed in terms of the signal strength of the light Higgs boson as:

κ′
2

= 1− µh . (6.5)

This equation for the squared coupling scale factor takes the same form as eq. (5.1), so the

same parameter constraints are expected.

In particular, accounting for the lower boundary yields an observed (expected) upper

limit at the 95% CL of κ′2 < 0.12 (0.23), which is indicated in table 4. From eq. (6.4),

this corresponds to the maximum signal strength for contamination by heavy Higgs boson

decays in the light Higgs boson signal. Figure 4 shows the limits in the [µH ,BRH,new] plane

of the heavy Higgs boson. Contours of the scale factor for the total width, ΓH/ΓH,SM, based

on eqs. (6.3) and (6.4), are also illustrated. These parameters are interesting as potential

experimental observables in direct searches for heavy Higgs bosons. These results are

independent of the mass and BRH,new of the heavy Higgs boson.
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7 Two Higgs doublet model

Another simple extension to the SM Higgs sector is the 2HDM [41, 64–66], in which the SM

Higgs sector is extended by an additional doublet of the complex field. Five Higgs bosons

are predicted in the 2HDM: two neutral CP-even bosons h and H, one neutral CP-odd

boson A, and two charged bosons H±. The most general 2HDMs predict CP-violating

Higgs boson couplings as well as tree-level flavour-changing neutral currents. Because the

latter are strongly constrained by existing data, the models considered have additional

requirements imposed, such as the Glashow-Weinberg condition [67, 68], in order to evade

existing experimental bounds.

Both Higgs doublets acquire vacuum expectation values, v1 and v2 respectively. Their

ratio is denoted by tan β ≡ v2/v1, and they satisfy v2
1 + v2

2 = v2 ≈ (246 GeV)2. The Higgs

sector of the 2HDM can be described by six parameters: four Higgs boson masses (mh,

mH , mA, and mH±), tan β, and the mixing angle α of the two neutral, CP-even Higgs

states. Gauge invariance fixes the couplings of the two neutral, CP-even Higgs bosons to

vector bosons relative to their SM values to be:

g2HDM
hV V /gSM

hV V = sin(β − α)

g2HDM
HV V /gSM

HV V = cos(β − α) .
(7.1)

Here V = W,Z and gSM
hV V,HV V denote the SM Higgs boson couplings to vector bosons.

The Glashow-Weinberg condition is satisfied by four types of 2HDMs [66]:

• Type I: one Higgs doublet couples to vector bosons, while the other couples to

fermions. The first doublet is “fermiophobic” in the limit that the two Higgs doublets

do not mix.

• Type II: this is an “MSSM-like” model, in which one Higgs doublet couples to up-

type quarks and the other to down-type quarks and charged leptons. This model is

realised in the Minimal Supersymmetric Standard Model (MSSM) (see section 8).

• Lepton-specific: the Higgs bosons have the same couplings to quarks as in the Type

I model and to charged leptons as in Type II.

• Flipped: the Higgs bosons have the same couplings to quarks as in the Type II model

and to charged leptons as in Type I.

Table 5 expresses the scale factors for the light Higgs boson couplings, [κV , κu, κd, κ`], in

terms of α and tanβ for each of the four types of 2HDMs [69]. The coupling scale factors

are denoted κV for the W and Z bosons, κu for up-type quarks, κd for down-type quarks,

and κ` for charged leptons.

The Higgs boson rate measurements in different production and decay modes are in-

terpreted in each of these four types of 2HDMs, taking the observed Higgs boson to be the

light CP-even neutral Higgs boson h. This is done by rescaling the production and decay

rates as functions of the coupling scale factors [κV , κu, κd, κ`]. The measurements of these

coupling scale factors or ratios of them [10], taking the same production and decay modes

– 14 –



J
H
E
P
1
1
(
2
0
1
5
)
2
0
6

Coupling scale factor Type I Type II Lepton-specific Flipped

κV sin(β − α)

κu cos(α)/sin(β)

κd cos(α)/sin(β) − sin(α)/cos(β) cos(α)/ sin(β) − sin(α)/cos(β)

κ` cos(α)/sin(β) − sin(α)/cos(β) − sin(α)/cos(β) cos(α)/sin(β)

Table 5. Couplings of the light Higgs boson h to weak vector bosons (κV ), up-type quarks (κu),

down-type quarks (κd), and charged leptons (κ`), expressed as ratios to the corresponding SM

predictions in 2HDMs of various types.

as in the SM, are given in Models 3–5 of table 1. These coupling scale factors are in turn

expressed as a function of the underlying parameters, the two angles β and α, using the

relations shown in table 5. Here the decay modes are taken to be the same as those of the

SM Higgs boson.

After rescaling by the couplings, the predictions agree with those obtained using the

SUSHI 1.1.1 [70] and 2HDMC 1.5.1 [71] programs, which calculate Higgs boson production

and decay rates respectively in two-Higgs-doublet models. The rescaled gluon fusion (ggF)

rate agrees with the SUSHI prediction to better than a percent, and the rescaled decay

rates show a similar level of agreement. The cross section for bbh associated production

is calculated using SUSHI and included as a correction that scales with the square of the

Yukawa coupling to the b-quark, assuming that it produces differential distributions that

are the same as those in ggF. The correction is a small fraction of the total production

rate for the regions of parameter space where the data would be compatible with the SM

at the 95% CL.

The two parameters of interest correspond to the quantities cos(β − α) and tan β.

The 2HDM possesses an “alignment limit” at cos(β − α) = 0 [66] in which all the Higgs

boson couplings approach their respective SM values. The 2HDM also allows for limits

on the magnitudes of the various couplings that are similar to the SM values, but with a

negative relative sign of the couplings to particular types of fermions. These limits appear

in the regions where cos(β + α) = 0, as shown in table 5. For example, in the Type II

model the region where cos(β + α) = 0, corresponding to the sign change α → −α, has a

“wrong-sign Yukawa limit” [72, 73] with couplings similar to the SM values except for a

negative coupling to down-type quarks. The case for the Flipped model is similar, but with

a negative coupling to both the leptons and down-type quarks. An analogous “symmetric

limit” [73] appears in the Lepton-specific model.

Figure 5 shows the regions of the [cos(β−α), tanβ] plane that are excluded at a CL of at

least 95% for each of the four types of 2HDMs, overlaid with the exclusion limits expected

for the SM Higgs sector. The α and β parameters are taken to satisfy 0 ≤ β ≤ π/2 and

0 ≤ β − α ≤ π without loss of generality. The observed and expected exclusion regions

in cos(β − α) depend on the particular functional dependence of the couplings on β and

α, which are different for the down-type quarks and leptons in each of the four types of

2HDMs, as shown in table 5. There is a physical boundary κV ≤ 1 in all four 2HDM
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types, to which the profile likelihood ratio is restricted. The data are consistent with the

alignment limit at cos(β−α) = 0, where the light Higgs boson couplings approach the SM

values, within approximately one std. dev. or better in each of the models.

In each of the Type II, Lepton-specific, and Flipped models, at the upper right of

the [cos(β − α), tanβ] plane where tan β is moderate, there is a narrow, curved region or

“petal” of allowed parameter space with the surrounding region being excluded. These

three allowed upper petals correspond respectively to an inverted sign of the coupling to

down-type fermions (tau lepton and bottom quark), leptons (τ and µ), or the bottom

quark. These couplings are measured with insufficient precision to be excluded. There is

no upper petal at high tan β in Type I as all the Yukawa couplings are identical.

In each of the four 2HDM types a similar petal is possible at the lower right of the

[cos(β−α), tanβ] plane. For the Type I, Type II, Lepton-specific, and Flipped models, this

lower petal corresponds respectively to an inverted coupling to fermions, up-type quarks,

all quarks, and lastly the up-type quarks and leptons. In all four cases, the lower petal is

rejected since an inverted top quark coupling sign is disfavoured. The top quark coupling

is extracted primarily through its dominant effect in ggF Higgs production, as well as

by resolving the Higgs boson decays to diphotons, with one contribution being from the

top quark.

For this analysis, only the range 0.1≤ tanβ ≤10 was considered. The regions of com-

patibility extend to larger and smaller tan β values, but with a correspondingly narrower

range of cos(β−α). The confidence intervals drawn are derived from a χ2 distribution with

two parameters of interest, corresponding to the quantities cos(β−α) and tan β. However,

at cos(β−α) = 0 the likelihood is independent of the model parameter β, effectively reduc-

ing the number of parameters of interest locally to one. Hence the test-statistic distribution

for two parameters of interest that is used leads to some overcoverage near cos(β−α) = 0.

8 Simplified Minimal Supersymmetric Standard Model

Supersymmetry provides a means to solve the hierarchy problem by introducing superpart-

ners of the corresponding SM particles. Many supersymmetric models also provide a candi-

date for a dark-matter particle. In the Minimal Supersymmetric Standard Model [74–80],

the mass matrix of the neutral CP-even Higgs bosons h and H can be written as [81]:

M2
Φ =

[
m2
Z cos2 β +m2

A sin2 β −(m2
Z +m2

A) sinβ cosβ

−(m2
Z +m2

A) sinβ cosβ m2
Z sin2 β +m2

A cos2 β

]
+

[
∆M2

11 ∆M2
12

∆M2
12 ∆M2

22

]
,

with radiative corrections being included through the 2×2 matrix ∆M2
ij .

A simplified approach to the study of the MSSM Higgs sector, known as the

hMSSM [81–83], consists of neglecting the terms ∆M2
11 and ∆M2

12. The remaining term

∆M2
22, which contains the dominant corrections from loops involving top quarks and stop

squarks, is traded for the lightest mass eigenvalue mh. The scale factors for the Higgs boson

couplings to vector bosons, up-type fermions, and down-type fermions ([κV , κu, κd]), can
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Figure 5. Regions of the [cos(β − α), tanβ] plane of four types of 2HDMs excluded by fits to the

measured rates of Higgs boson production and decays. The likelihood contours where −2 ln Λ = 6.0,

corresponding approximately to the 95% CL (2 std. dev.), are indicated for both the data and the

expectation for the SM Higgs sector. The cross in each plot marks the observed best-fit value. The

light shaded and hashed regions indicate the observed and expected exclusions, respectively. The α

and β parameters are taken to satisfy 0 ≤ β ≤ π/2 and 0 ≤ β − α ≤ π without loss of generality.
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be expressed as functions of the free parameters [mA, tanβ] (in addition to mh) as [81–83]:

κV =
sd(mA,tanβ)+tanβ su(mA,tanβ)√

1+tan2 β

κu = su(mA, tanβ)

√
1+tan2 β
tanβ

κd = sd(mA, tanβ)
√

1 + tan2 β ,

(8.1)

where the functions su and sd are given by:

su = 1√√√√1+
(m2

A
+m2

Z)
2

tan2 β

(m2
Z
+m2

A
tan2 β−m2

h(1+tan2 β))
2

sd =
(m2

A +m2
Z) tanβ

m2
Z +m2

A tan2 β−m2
h(1+tan2 β)

su ,

(8.2)

and mZ is the mass of the Z boson.

To test the hMSSM model, the measured production and decay rates are expressed in

terms of the corresponding coupling scale factors for vector bosons (κV ), up-type fermions

(κu), and down-type fermions (κd). The observed Higgs boson is taken to be the light CP-

even neutral Higgs boson h. In the hMSSM, it is assumed to have the same production and

decay modes as in the SM. For comparison, Model 4 of table 1 lists the measurements of

ratios of the coupling scale factors [κV , κu, κd] [10]. The coupling scale factors are in turn

cast in terms of mA and tanβ using eq. (8.1). A correction is applied for bbh associated

production as a function of the b-quark Yukawa coupling as described in section 7.

Loop corrections from stops in ggF production, which can decrease the rate by 10–

15% for a light stop [84], and in diphoton decays are neglected. Light tau sleptons (staus)

with large mixing could enhance the diphoton rate by up to 30% at tan β = 50 [84], and

charginos could modify the diphoton rate by up to 20% [74, 75, 77, 85]; these effects are

not included in the hMSSM model.

Additional corrections in the MSSM would break the universality of down-type fermion

couplings, resulting for example in κb 6= κτ . These are generally sub-dominant ef-

fects [81–83] and are not included. The MSSM includes other possibilities such as Higgs

boson decays to supersymmetric particles, decays of heavy Higgs bosons to lighter ones [86],

and effects from light supersymmetric particles [84], which are not investigated here. This

model is therefore not fully general but serves as a useful benchmark, particularly if no

direct observation of supersymmetry is made.

Contours of the two-dimensional likelihood in the [mA, tanβ] plane for the hMSSM

model are shown in figure 6. The data are consistent with the SM decoupling limit at

large mA. The observed (expected) lower limit at the 95% CL on the CP-odd Higgs

boson mass is at least mA > 370 GeV (310 GeV) for 1 ≤ tanβ ≤ 50, increasing to 440 GeV

(330 GeV) at tan β = 1. The observed limit is stronger than expected because the measured

rates in the h → γγ [21] (expected to be dominated by a W boson loop in the SM) and

h→ ZZ∗ → 4` [22] channels are higher than predicted by the SM, but the hMSSM model
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has a physical boundary κV ≤ 1 so the vector-boson coupling cannot be larger than the SM

value. The physical boundary is accounted for by computing the profile likelihood ratio with

respect to the maximum likelihood obtained within the physical region of the parameter

space, mA > 0 and tan β > 0. The region 1 ≤ tanβ ≤ 50 is shown; at significantly smaller

or larger values of tan β, the hMSSM model is not a good approximation of the MSSM.

For tanβ < 1, the couplings to SM particles receive potentially large corrections related to

the top sector that have not been included [87].

The constraints in the [mA, tanβ] plane of the hMSSM model from various direct

searches for heavy Higgs bosons are also overlaid in figure 6. The constraints from the

following searches are shown.

• H/A→ ττ search via both ggF and bbh associated production [88].

• Heavy CP-odd Higgs boson A produced via ggF and decaying to Zh with Z → ee,

µµ, or νν and h→ bb [89].

• Heavy CP-even Higgs boson H produced via ggF and decaying to WW →
`ν`ν, `νqq [90] or ZZ → 4`, ``qq, ``bb, ``νν [91] (` = e, µ; q = u, d, c, s).

• Charged Higgs boson H± production in association with a top quark [92].

The cross sections for ggF and bbh associated production in the five-flavour scheme

hMSSM model have been calculated with SUSHI 1.5.0 [70]. The calculation for ggF

includes the complete massive top and bottom loop corrections at next-to-leading-order

(NLO) QCD [93], the top quark loop corrections in the heavy-quark limit of QCD at next-

to-next-to-leading-order (NNLO) [94–96], and EW loop corrections due to light quarks

up to NLO [97, 98]. The bbh associated production in the five-flavour scheme includes

corrections up to NNLO in QCD [99]. The production of heavy Higgs bosons has also been

calculated in the four-flavour scheme at NLO in QCD [100, 101], and the result has been

combined with the five-flavour scheme using an empirical matching procedure [102]. The

branching ratios have been calculated using HDECAY 6.4.2 [103].

9 Probe of invisible Higgs boson decays

9.1 Direct searches for invisible decays

Final states with large missing transverse momentum associated with leptons or jets offer

the possibility of direct searches for h → invisible [104–111]. In these searches, no excess

of events was found and upper limits were set on the Higgs boson production cross sec-

tion times the branching ratio for h → invisible decays. Assuming that the Higgs boson

production cross sections and acceptances are unchanged relative to the SM expectations,

upper bounds on the branching ratio of invisible Higgs boson decays, BRinv, were obtained

from the σ×BR measurements. The ATLAS and CMS Collaborations set upper limits at

the 95% CL of 28% [32] and 65% [112], respectively, on the branching ratio for invisible

Higgs boson decays by searching for vector-boson fusion production of a Higgs boson that

decays invisibly. Using the Zh → `` + Emiss
T signature, weaker bounds were obtained by
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Figure 6. Regions of the [mA, tanβ] plane excluded in the hMSSM model via direct searches

for heavy Higgs bosons and fits to the measured rates of observed Higgs boson production and

decays. The likelihood contours where −2 ln Λ = 6.0, corresponding approximately to the 95%

CL (2 std. dev.), are indicated for the data (solid lines) and the expectation for the SM Higgs

sector (dashed lines). The light shaded or hashed regions indicate the observed exclusions. The SM

decoupling limit is mA →∞.

both ATLAS and CMS, giving upper limits of 75% [33] and 83% [112], respectively. By

combining searches in Z(``)h and Z(bb)h, CMS obtained an upper limit of 81% [112]. A

combination of the searches in VBF and Zh production was carried out by CMS, giving a

combined upper limit of 58% [112]. Using the associated production with a vector boson,

V h, where V = W or Z, V → jj, and h → invisible, ATLAS set an upper bound of

78% [34]. Other searches for invisible Higgs boson decays in events with large Emiss
T in

association with one or more jets were also performed [113–116], but these searches are

less sensitive to Higgs-mediated interactions. In the SM, the process h → ZZ∗ → 4ν is

an invisible decay mode of the Higgs boson, but the branching ratio is 0.1% [41], which is

below the sensitivities of the aforementioned direct searches.

A statistical combination of the following direct searches for invisible Higgs boson

decays is performed:

(1) The Higgs boson is produced in the VBF process and decays invisibly [32]. The

signature of this process is two jets with a large separation in pseudorapidity, forming

a large invariant dijet mass, together with large Emiss
T .
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(2) The Higgs boson is produced in association with a Z boson, where Z → `` and

the Higgs boson decays to invisible particles [33]. The signature in this search is

two opposite-sign and same-flavour leptons (electrons or muons) with large missing

transverse momentum.

(3) The Higgs boson is produced in association with a vector boson V (W or Z), where

V → jj and the Higgs boson decays to invisible particles [34]. The signature in this

search is two jets whose invariant mass mjj is consistent with the V mass, together

with large missing transverse momentum.

To combine the measurements, the searches need to be performed in non-overlapping

regions of phase space or the combination must account for the overlap in phase space. The

Zh→ ``+Emiss
T search does not overlap with the other searches for h→ invisible because a

veto on events containing jets was required. The overlap due to possible inefficiency in the

veto requirements is negligible. The VBF→ jj+Emiss
T and the W/Zh→ jj+Emiss

T searches

also do not overlap in their phase spaces because the former requires a large dijet invariant

mass (above mjj > 500 GeV) and latter imposes the requirement that the dijet invariant

mass must be consistent with the associated vector boson mass within 50 < mjj < 100 GeV

and imposes a veto on forward jets. The same overlap removal requirements were applied

in data to both the signal and control regions in the various searches, making the control

regions used for background estimation non-overlapping.

The following nuisance parameters are treated as being fully correlated across the

individual searches, with the rest being uncorrelated:

• Uncertainty in the luminosity measurements. This impacts the predicted rates of

the signals and the backgrounds that are estimated using Monte Carlo simulation,

namely ggF, VBF, and V h signals, and tt̄, single top, and diboson backgrounds.

• Uncertainties in the absolute scale of the jet energy calibration and on the resolution

of the jet energy calibration.

• Uncertainties in the modelling of the parton shower.

• Uncertainties in the renormalisation and factorisation scales, as well as the parton

distribution functions. This affects the expected numbers of signal events in the ggF,

VBF and V h production channels.

The uncertainty in the soft component of the missing transverse momentum has a sig-

nificant impact in the W/Zh → jj + Emiss
T channel. Its impact is much smaller in the

other searches and not included as a nuisance parameter. This uncertainty is therefore not

correlated across all the searches.

The limit on the branching ratio of h → invisible, defined in eq. (3.3), is computed

assuming the SM production cross sections of the Higgs boson. This is done using a

maximum-likelihood fit to the event counts in the signal regions and the data control

samples following the CLS modified frequentist formalism with a profile likelihood-ratio

test statistic [40].
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Figure 7. The (1−CL) versus BR(h→ invisible) scan for the combined search for invisible Higgs

boson decays. The horizontal dashed lines refer to the 68% and 95% confidence levels. The vertical

dashed lines indicate the observed and expected upper bounds at the 95% CL on BR(h→ invisible)

for the combined search.

Channels Upper limit on BR(h→ inv.) at the 95% CL

Obs. −2 std. dev. −1 std. dev. Exp. +1 std. dev. +2 std. dev.

VBF h 0.28 0.17 0.23 0.31 0.44 0.60

Z(→ ``)h 0.75 0.33 0.45 0.62 0.86 1.19

V (→ jj)h 0.78 0.46 0.62 0.86 1.19 1.60

Combined Results 0.25 0.14 0.19 0.27 0.37 0.50

Table 6. Summary of upper bounds on BR(h → invisible) at the 95% CL from the individual

searches and their combination. The Higgs boson production rates via VBF and V h associated

production are assumed to be equal to their SM values. The numerical bounds larger than 1 can be

interpreted as an upper bound on σ/σSM, where σSM is the Higgs boson production cross section

in the SM.

The statistical combination of direct searches for invisible Higgs boson decays results

in an observed (expected) upper limit at the 95% CL on BRinv of 0.25 (0.27). Figure 7

shows the scan of the CL as a function of BR(h→ invisible) for the statistical combination

of direct searches. The limit obtained with the CLS method is consistent to two significant

figures with the limit based on the log likelihood ratio. Table 6 summarises the limits from

direct searches for invisible Higgs boson decays and their statistical combination. The

combined limit is dominated by the VBF → jj + Emiss
T channel, which is by far the most

sensitive.

9.2 Combination of visible and invisible decay channels

The measurements of Higgs boson visible decay rates are complementary to the direct

searches for invisible decays since they are indirectly sensitive to undetectable decays as

well. The visible decay rates are used to extract the sum of the branching fractions to
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invisible and undetectable final states. A conservative limit on the invisible branching ratio

is then inferred by assuming the undetectable branching ratio to be negligibly different from

the SM expectation of approximately zero. For example, a significant excess in a search

for Higgs boson decays to a new particle would further tighten the indirect limit on the

invisible branching ratio. It would not affect the limits from direct searches for invisible

Higgs boson decays.

The overall upper limit on the branching ratio of the Higgs boson to invisible final

states, BRinv, is derived using a statistical combination of measurements from both the vis-

ible and invisible Higgs boson decays. The visible decay channels are h→ γγ, h→ZZ∗→ 4`,

h→WW ∗→ `ν`ν, h→Zγ, h→ ττ , h→ µµ, and h→ bb, with a variety of production mode

selections used. The invisible decay channels are described in section 9.1 and involve the

Higgs boson being produced via VBF or Z(``)h, and then decaying invisibly. The V (jj)h

production mode is not included due to overlap of the event selection with the 0-lepton

category of the V h(bb) measurement.

The extraction of BRinv is performed using a coupling parameterisation that includes

separate scale factors for the couplings of the Higgs boson to the W boson, Z boson, top

quark, bottom quark, tau lepton, and muon, as well as scale factors for effective loop-

induced couplings to gluons, photons, and Zγ to absorb the possible contributions of new

particles through loops. The Higgs boson production modes are taken to be the same as

those in the SM.

As for the visible decay rates alone, the invisible branching ratio is conservatively

estimated by taking the undetectable branching ratio to be zero. Thus the scale factor κ2
h

is equal to the ratio of the total width of the Higgs boson to the SM expectation, Γh/Γh,SM,

and can be expressed in terms of BRinv as:

κ2
h = Γh/Γh,SM =

∑
j
κ2
jBRj/(1− BRinv) .

(9.1)

The production and decay rates of all channels are fit with functions of [κW , κZ , κt,

κb, κτ , κµ, κg, κγ , κZγ , BRinv]. Each parameter of interest is determined by treating the

others as nuisance parameters.

With the visible decay channels alone, the assumption that the vector-boson coupling

is less than or equal to the SM expectation (κV ≤ 1) produced an observed (expected)

upper limit at the 95% CL of BRinv < 0.49 (0.48) [10]. With only the invisible decay

channels (including V (jj)h), the assumption that the vector-boson and gluon couplings

are identical to their SM expectations (κi = 1) yields an upper limit at the 95% CL of 0.25

(0.27), as described in section 9.1.

When the visible and invisible decay channels (but excluding V (jj)h) are combined,

no assumption about κV or other couplings is made beyond that on the undetectable

branching ratio. The resulting observed likelihood scan as a function of BRinv is shown in

figure 8. The fitted values of the Higgs boson couplings are similar to those in the SM,

so the measured overall signal strength(µh >1) is accommodated in the fit by a best-fit

value of BRinv that would be negative. This decreases the Higgs boson total width, which
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Figure 8. Observed likelihood scans of the Higgs boson invisible decay branching ratio using

direct searches for invisible Higgs boson decays, rate measurements in visible Higgs boson decays,

and the overall combination of invisible and visible decay channels. The line at −2 ln Λ = 0

corresponds to the most likely value of BRinv within the physical region BRinv ≥ 0. The line at

−2 ln Λ = 3.84 corresponds to the one-sided upper limit at approximately the 95% CL (2 std. dev.),

given BRinv ≥ 0.

is inversely proportional to the signal strength. Scans of the observed likelihoods of the

invisible and visible decay channels separately are also shown.

The observed (expected) upper limit at the 95% CL is BRinv < 0.23 (0.24) using

the combination of all channels and accounting for the physical boundary.4 This baseline

configuration, with a maximally general set of independent coupling parameters and no

explicit assumption about the value of κW,Z , provides the main result for the combination

of invisible and visible decay channels. The results are dominated by the direct searches

for invisible decays. The expected limit demonstrates a fractional improvement of 11% in

sensitivity compared to the invisible decay channels alone. In addition, it is more model-

independent than the combination of invisible (visible) decay channels alone, because it

does not assume the vector-boson couplings to be equal to (less than or equal to) their SM

values. The absolute couplings to the Z boson, W boson, top quark, bottom quark, tau

lepton, muon, gluon, photon, and Zγ are extracted in the baseline scenario. The measure-

ments or limits are given, along with the upper limit on BRinv, in Model 6 of table 1.

As an alternate scenario, if the assumption κW,Z ≤ 1 is added for the combination

of channels, the observed (expected) limit is 0.23 (0.23). This allows a useful comparison

with the results of the invisible or visible decay channels alone, which apply a similar

4The observed upper limit at the 90% CL is BRinv < 0.22, which is used in section 9.3.
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assumption. The results from the invisible and visible decay channels separately, as well as

their statistical combination, are summarised in table 7 for the coupling parameterisation

and assumptions about κW,Z used. The baseline results for the combination of invisible

and visible decays are highlighted.

A less general coupling parameterisation [κV , κF , κg, κγ , κZγ , BRinv] was also consid-

ered. The reduction in the number of degrees of freedom would make the limit significantly

more model-dependent and only improve the sensitivity marginally, so this parametrisation

was not used.

9.3 Higgs portal to dark matter

Many “Higgs portal” models [18, 19, 33, 62, 104, 113, 117, 118] introduce an additional

weakly interacting massive particle (WIMP) as a dark-matter candidate. It is taken to

interact very weakly with the SM particles, except for the Higgs boson. In this study, the

coupling of the Higgs boson to the WIMP is taken to be a free parameter. The Higgs

portal model, where the Higgs boson is taken to be the only mediator, is a special case of

the spin-independent limits obtained by direct detection experiments.

To compare with these direct searches, the observed upper limit combining all the

visible and invisible Higgs boson decay channels using the most general baseline parame-

terisation is calculated at the 90% CL: this gives BRinv < 0.22. This limit is translated into

constraints on the coupling of the WIMP to the Higgs boson as a function of its mass [19].

This is done for WIMP masses less than half the Higgs boson mass, under the assumption

that the resulting Higgs boson decays to WIMP pairs account entirely for BRinv. Any

additional contributions to BRinv from other new phenomena would produce a more strin-

gent limit. The partial width for Higgs boson decays to a pair of dark-matter particles

depends on the spin of the dark-matter particle. It is given for scalar, Majorana fermion,

or vector dark-matter candidates (where the Majorana fermion is motivated by neutralinos

in supersymmetry) as:

scalar S : Γinv(h→ SS) = λ2
hSS

v2βS

128πmh

fermion f : Γinv(h→ ff) =
λ2
hff

Λ2

v2β3
fmh

64π
(9.2)

vector V : Γinv(h→ V V ) = λ2
hV V

v2βVm
3
h

512πm4
V

×

(
1− 4

m2
V

m2
h

+ 12
m4
V

m4
h

)
.

Here λhSS , λhff/Λ, and λhV V are the couplings of the Higgs boson to dark-matter particles

of corresponding spin, v denotes the vacuum expectation value of the Higgs boson, and

βχ =
√

1− 4m2
χ/m

2
h is a kinematic factor associated with the two-body h → χχ decay

(χ = S, V , or f). For the cases of a fermion or vector boson WIMP in this effective field

theory approach, the new physics scale Λ is assumed to be at the TeV scale or higher, well

above the probed scale at the SM Higgs boson mass. These equations are used to deduce

the coupling of the Higgs boson to the WIMP for each of the three possible WIMP spins.

The coupling is then re-parameterised in terms of the cross section for scattering between
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Decay channels Coupling parameterisation κi assumption Upper limit on BRinv

Obs. Exp.

Invisible decays [κW ,κZ ,κt,κb,κτ ,κµ,κg κγ ,κZγ , BRinv] κW,Z,g = 1 0.25 0.27

Visible decays [κW ,κZ ,κt,κb,κτ ,κµ,κg κγ ,κZγ , BRinv] κW,Z ≤ 1 0.49 0.48

Inv. & vis. decays [κW , κZ , κt, κb, κτ , κµ, κg κγ , κZγ , BRinv] None 0.23 0.24

Inv. & vis. decays [κW ,κZ ,κt,κb,κτ ,κµ,κg κγ ,κZγ , BRinv] κW,Z ≤ 1 0.23 0.23

Table 7. Summary of upper limits on BR(h→ invisible) at the 95% CL from the combination of

direct searches for invisible Higgs boson decays, the combination of measurements of visible Higgs

boson decays, and the overall combination using both the invisible and visible Higgs boson decays.

The results are derived using different assumptions about κW,Z . The results with the baseline

configuration for the combination of invisible and visible decay channels are indicated in bold.

the WIMP and nucleons via Higgs boson exchange, σχ−N [19]:

scalar S : σS−N = λ2
hSS

m4
Nf

2
N

16πm4
h(mS +mN )2

fermion f : σf−N =
λ2
hff

Λ2

m4
Nf

2
Nm

2
f

4πm4
h(mf +mN )2

(9.3)

vector V : σV−N = λ2
hV V

m4
Nf

2
N

16πm4
h(mV +mN )2

,

where mN ∼ 0.94 GeV is the nucleon mass, and fN = 0.33+0.30
−0.07 is the form factor associated

with the Higgs boson-nucleon coupling, computed using lattice QCD [19]. Upper limits at

the 90% CL on the WIMP-nucleon scattering cross section σχ−N are derived as a function

of the WIMP mass mχ, as shown in figure 9. The hashed bands indicate the uncertainty

resulting from the systematic variation of the form factor fN . They are compared with

limits from direct searches for dark matter [119–127] at the confidence levels indicated.

The ATLAS limits on the WIMP-nucleon scattering cross section are proportional to those

on the invisible decay branching ratio, as evident from eqs. (9.2)–(9.3). They are weaker

(stronger) at low mass for scalar (Majorana and vector) WIMPs, and degrade as mχ

approaches mh/2 as expected from kinematics. The limits are shown for mχ ≥ 1 GeV, but

extend to WIMP masses smaller than this value.

10 Conclusions

Higgs boson coupling measurements from the combination of multiple production and decay

channels (h→ γγ, h→ZZ∗→ 4`, h→WW ∗→ `ν`ν, h→Zγ, h→ bb, h→ ττ , h→ µµ) have

been used to indirectly search for new physics. The results are based on up to 4.7 fb−1

of pp collision data at
√
s = 7 TeV and 20.3 fb−1 at

√
s = 8 TeV recorded by the ATLAS

experiment at the LHC. No significant deviation from the SM expectation is found in the

observables studied, which are used to constrain various models of new phenomena.

The mass dependence of the couplings is consistent with the predictions for a SM Higgs

boson. Constraints are set on Minimal Composite Higgs Models, models with an additional

electroweak singlet, and two-Higgs-doublet models. A lower limit at the 95% CL is set on
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Figure 9. ATLAS upper limit at the 90% CL on the WIMP-nucleon scattering cross section in

a Higgs portal model as a function of the mass of the dark-matter particle, shown separately for

a scalar, Majorana fermion, or vector-boson WIMP. It is determined using the limit at the 90%

CL of BRinv < 0.22 derived using both the visible and invisible Higgs boson decay channels. The

hashed bands indicate the uncertainty resulting from varying the form factor fN by its uncertainty.

Excluded and allowed regions from direct detection experiments at the confidence levels indicated

are also shown [119–127]. These are spin-independent results obtained directly from searches for

nuclei recoils from elastic scattering of WIMPs, rather than being inferred indirectly through Higgs

boson exchange in the Higgs portal model.

the mass of a pseudoscalar Higgs boson in the hMSSM of 370 GeV. Results from direct

searches for heavy Higgs bosons are also interpreted in the hMSSM. In addition, direct

searches for invisible Higgs boson decays in the VBF, Z(``)h, and V (jj)h production modes

are combined to set an upper bound at the 95% CL on the Higgs boson invisible decay

branching ratio of 0.25. Including the coupling measurements in visible decays further

improves the upper limit to 0.23. The limit on the invisible decay branching ratio is used

to constrain the rate of dark matter-nucleon scattering in a model with a Higgs portal to

dark matter.
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Slovenia; DST/NRF, South Africa; MINECO, Spain; SRC and Wallenberg Foundation,

Sweden; SERI, SNSF and Cantons of Bern and Geneva, Switzerland; MOST, Taiwan;

TAEK, Turkey; STFC, United Kingdom; DOE and NSF, United States of America. In

addition, individual groups and members have received support from BCKDF, the Canada

Council, CANARIE, CRC, Compute Canada, FQRNT, and the Ontario Innovation Trust,

Canada; EPLANET, ERC, FP7, Horizon 2020 and Marie Sk lodowska-Curie Actions, Euro-

pean Union; Investissements d’Avenir Labex and Idex, ANR, Region Auvergne and Fonda-

tion Partager le Savoir, France; DFG and AvH Foundation, Germany; Herakleitos, Thales

and Aristeia programmes co-financed by EU-ESF and the Greek NSRF; BSF, GIF and

Minerva, Israel; BRF, Norway; the Royal Society and Leverhulme Trust, United Kingdom.

The crucial computing support from all WLCG partners is acknowledged gratefully,

in particular from CERN and the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF

(Denmark, Norway, Sweden), CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF

(Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (U.K.) and BNL

(U.S.A.) and in the Tier-2 facilities worldwide.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

[1] ATLAS collaboration, Observation of a new particle in the search for the Standard Model

Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1

[arXiv:1207.7214] [INSPIRE].

[2] CMS collaboration, Observation of a new boson at a mass of 125 GeV with the CMS

experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] [INSPIRE].

[3] ATLAS collaboration, Measurement of the Higgs boson mass from the H → γγ and

H → ZZ∗ → 4` channels with the ATLAS detector using 25 fb−1 of pp collision data, Phys.

Rev. D 90 (2014) 052004 [arXiv:1406.3827] [INSPIRE].

– 28 –

http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://arxiv.org/abs/1207.7214
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7235
http://dx.doi.org/10.1103/PhysRevD.90.052004
http://dx.doi.org/10.1103/PhysRevD.90.052004
http://arxiv.org/abs/1406.3827
http://inspirehep.net/search?p=find+EPRINT+arXiv:1406.3827


J
H
E
P
1
1
(
2
0
1
5
)
2
0
6

[4] CMS collaboration, Precise determination of the mass of the Higgs boson and tests of

compatibility of its couplings with the standard model predictions using proton collisions at 7

and 8 TeV, Eur. Phys. J. C 75 (2015) 212 [arXiv:1412.8662] [INSPIRE].

[5] ATLAS and CMS collaborations, Combined Measurement of the Higgs Boson Mass in pp

Collisions at
√
s = 7 and 8 TeV with the ATLAS and CMS Experiments, Phys. Rev. Lett.

114 (2015) 191803 [arXiv:1503.07589] [INSPIRE].

[6] ATLAS collaboration, Evidence for the spin-0 nature of the Higgs boson using ATLAS

data, Phys. Lett. B 726 (2013) 120 [arXiv:1307.1432] [INSPIRE].

[7] CMS collaboration, Constraints on the spin-parity and anomalous HVV couplings of the

Higgs boson in proton collisions at 7 and 8 TeV, Phys. Rev. D 92 (2015) 012004

[arXiv:1411.3441] [INSPIRE].

[8] ATLAS collaboration, Study of the spin and parity of the Higgs boson in diboson decays

with the ATLAS detector, Eur. Phys. J. C 75 (2015) 476 [arXiv:1506.05669] [INSPIRE].

[9] ATLAS collaboration, Measurements of Higgs boson production and couplings in diboson

final states with the ATLAS detector at the LHC, Phys. Lett. B 726 (2013) 88 [Erratum

ibid. B 734 (2014) 406] [arXiv:1307.1427] [INSPIRE].

[10] ATLAS collaboration, Measurements of the Higgs boson production and decay rates and

coupling strengths using pp collision data at
√
s = 7 and 8 TeV in the ATLAS experiment,

arXiv:1507.04548 [INSPIRE].

[11] F. Englert and R. Brout, Broken Symmetry and the Mass of Gauge Vector Mesons, Phys.

Rev. Lett. 13 (1964) 321.

[12] P.W. Higgs, Broken symmetries and the masses of gauge bosons, Phys. Rev. Lett. 13 (1964)

508.

[13] G.S. Guralnik, C.R. Hagen and T.W.B. Kibble, Global conservation laws and massless

particles, Phys. Rev. Lett. 13 (1964) 508.

[14] D. Clowe et al., A direct empirical proof of the existence of dark matter, Astrophys. J. 648

(2006) L109 [astro-ph/0608407] [INSPIRE].

[15] I. Antoniadis, M. Tuckmantel and F. Zwirner, Phenomenology of a leptonic goldstino and

invisible Higgs boson decays, Nucl. Phys. B 707 (2005) 215 [hep-ph/0410165] [INSPIRE].

[16] N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali and J. March-Russell, Neutrino masses from

large extra dimensions, Phys. Rev. D 65 (2002) 024032 [hep-ph/9811448] [INSPIRE].

[17] A. Datta, K. Huitu, J. Laamanen and B. Mukhopadhyaya, Invisible Higgs in theories of

large extra dimensions, Phys. Rev. D 70 (2004) 075003 [hep-ph/0404056] [INSPIRE].

[18] S. Kanemura, S. Matsumoto, T. Nabeshima and N. Okada, Can WIMP Dark Matter

overcome the Nightmare Scenario?, Phys. Rev. D 82 (2010) 055026 [arXiv:1005.5651]

[INSPIRE].

[19] A. Djouadi, O. Lebedev, Y. Mambrini and J. Quevillon, Implications of LHC searches for

Higgs-portal dark matter, Phys. Lett. B 709 (2012) 65 [arXiv:1112.3299] [INSPIRE].

[20] A. Djouadi, A. Falkowski, Y. Mambrini and J. Quevillon, Direct Detection of Higgs-Portal

Dark Matter at the LHC, Eur. Phys. J. C 73 (2013) 2455 [arXiv:1205.3169] [INSPIRE].

[21] ATLAS collaboration, Measurement of Higgs boson production in the diphoton decay

channel in pp collisions at center-of-mass energies of 7 and 8TeV with the ATLAS detector,

Phys. Rev. D 90 (2014) 112015 [arXiv:1408.7084] [INSPIRE].

– 29 –

http://dx.doi.org/10.1140/epjc/s10052-015-3351-7
http://arxiv.org/abs/1412.8662
http://inspirehep.net/search?p=find+EPRINT+arXiv:1412.8662
http://dx.doi.org/10.1103/PhysRevLett.114.191803
http://dx.doi.org/10.1103/PhysRevLett.114.191803
http://arxiv.org/abs/1503.07589
http://inspirehep.net/search?p=find+EPRINT+arXiv:1503.07589
http://dx.doi.org/10.1016/j.physletb.2013.08.026
http://arxiv.org/abs/1307.1432
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.1432
http://dx.doi.org/10.1103/PhysRevD.92.012004
http://arxiv.org/abs/1411.3441
http://inspirehep.net/search?p=find+EPRINT+arXiv:1411.3441
http://dx.doi.org/10.1140/epjc/s10052-015-3685-1
http://arxiv.org/abs/1506.05669
http://inspirehep.net/search?p=find+EPRINT+arXiv:1506.05669
http://dx.doi.org/10.1016/j.physletb.2014.05.011
http://arxiv.org/abs/1307.1427
http://inspirehep.net/search?p=find+EPRINT+arXiv:1307.1427
http://arxiv.org/abs/1507.04548
http://inspirehep.net/search?p=find+EPRINT+arXiv:1507.04548
http://dx.doi.org/10.1103/PhysRevLett.13.321
http://dx.doi.org/10.1103/PhysRevLett.13.321
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRevLett.13.585
http://dx.doi.org/10.1086/508162
http://dx.doi.org/10.1086/508162
http://arxiv.org/abs/astro-ph/0608407
http://inspirehep.net/search?p=find+EPRINT+astro-ph/0608407
http://dx.doi.org/10.1016/j.nuclphysb.2004.11.061
http://arxiv.org/abs/hep-ph/0410165
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0410165
http://dx.doi.org/10.1103/PhysRevD.65.024032
http://arxiv.org/abs/hep-ph/9811448
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9811448
http://dx.doi.org/10.1103/PhysRevD.70.075003
http://arxiv.org/abs/hep-ph/0404056
http://inspirehep.net/search?p=find+EPRINT+hep-ph/0404056
http://dx.doi.org/10.1103/PhysRevD.82.055026
http://arxiv.org/abs/1005.5651
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.5651
http://dx.doi.org/10.1016/j.physletb.2012.01.062
http://arxiv.org/abs/1112.3299
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.3299
http://dx.doi.org/10.1140/epjc/s10052-013-2455-1
http://arxiv.org/abs/1205.3169
http://inspirehep.net/search?p=find+EPRINT+arXiv:1205.3169
http://dx.doi.org/10.1103/PhysRevD.90.112015
http://arxiv.org/abs/1408.7084
http://inspirehep.net/search?p=find+EPRINT+arXiv:1408.7084


J
H
E
P
1
1
(
2
0
1
5
)
2
0
6

[22] ATLAS collaboration, Measurements of Higgs boson production and couplings in the

four-lepton channel in pp collisions at center-of-mass energies of 7 and 8 TeV with the

ATLAS detector, Phys. Rev. D 91 (2015) 012006 [arXiv:1408.5191] [INSPIRE].

[23] ATLAS collaboration, Observation and measurement of Higgs boson decays to WW∗ with

the ATLAS detector, Phys. Rev. D 92 (2015) 012006 [arXiv:1412.2641] [INSPIRE].

[24] ATLAS collaboration, Study of (W/Z)H production and Higgs boson couplings using

H →WW ∗ decays with the ATLAS detector, JHEP 08 (2015) 137 [arXiv:1506.06641]

[INSPIRE].

[25] ATLAS collaboration, Search for Higgs boson decays to a photon and a Z boson in pp

collisions at
√
s=7 and 8 TeV with the ATLAS detector, Phys. Lett. B 732 (2014) 8

[arXiv:1402.3051] [INSPIRE].

[26] ATLAS collaboration, Search for the bb̄ decay of the Standard Model Higgs boson in

associated (W/Z)H production with the ATLAS detector, JHEP 01 (2015) 069

[arXiv:1409.6212] [INSPIRE].

[27] ATLAS collaboration, Evidence for the Higgs-boson Yukawa coupling to tau leptons with

the ATLAS detector, JHEP 04 (2015) 117 [arXiv:1501.04943] [INSPIRE].

[28] ATLAS collaboration, Search for the Standard Model Higgs boson decay to µ+µ− with the

ATLAS detector, Phys. Lett. B 738 (2014) 68 [arXiv:1406.7663] [INSPIRE].

[29] ATLAS collaboration, Search for H → γγ produced in association with top quarks and

constraints on the Yukawa coupling between the top quark and the Higgs boson using data

taken at 7 TeV and 8 TeV with the ATLAS detector, Phys. Lett. B 740 (2015) 222

[arXiv:1409.3122] [INSPIRE].

[30] ATLAS collaboration, Search for the Standard Model Higgs boson produced in association

with top quarks and decaying into bb̄ in pp collisions at
√
s = 8 TeV with the ATLAS

detector, Eur. Phys. J. C 75 (2015) 349 [arXiv:1503.05066] [INSPIRE].

[31] ATLAS collaboration, Search for the associated production of the Higgs boson with a top

quark pair in multilepton final states with the ATLAS detector, Phys. Lett. B 749 (2015)

519 [arXiv:1506.05988] [INSPIRE].

[32] ATLAS collaboration, Search for invisible decays of a Higgs boson using vector-boson fusion

in pp collisions at
√
s = 8 TeV with the ATLAS detector, arXiv:1508.07869 [INSPIRE].

[33] ATLAS collaboration, Search for Invisible Decays of a Higgs Boson Produced in

Association with a Z Boson in ATLAS, Phys. Rev. Lett. 112 (2014) 201802

[arXiv:1402.3244] [INSPIRE].

[34] ATLAS collaboration, Search for invisible decays of the Higgs boson produced in

association with a hadronically decaying vector boson in pp collisions at
√
s = 8 TeV with

the ATLAS detector, Eur. Phys. J. C 75 (2015) 337 [arXiv:1504.04324] [INSPIRE].

[35] ATLAS collaboration, Combined search for the Standard Model Higgs boson in pp

collisions at
√
s = 7 TeV with the ATLAS detector, Phys. Rev. D 86 (2012) 032003

[arXiv:1207.0319] [INSPIRE].

[36] ATLAS and CMS collaborations, Procedure for the LHC Higgs boson search combination in

summer 2011, ATL-PHYS-PUB-2011-011, CMS-CMS-NOTE-2011-005 (2011).

[37] L. Moneta et al., The RooStats Project, PoS(ACAT2010)057 [arXiv:1009.1003] [INSPIRE].

– 30 –

http://dx.doi.org/10.1103/PhysRevD.91.012006
http://arxiv.org/abs/1408.5191
http://inspirehep.net/search?p=find+EPRINT+arXiv:1408.5191
http://dx.doi.org/10.1103/PhysRevD.92.012006
http://arxiv.org/abs/1412.2641
http://inspirehep.net/search?p=find+EPRINT+arXiv:1412.2641
http://dx.doi.org/10.1007/JHEP08(2015)137
http://arxiv.org/abs/1506.06641
http://inspirehep.net/search?p=find+EPRINT+arXiv:1506.06641
http://dx.doi.org/10.1016/j.physletb.2014.03.015
http://arxiv.org/abs/1402.3051
http://inspirehep.net/search?p=find+EPRINT+arXiv:1402.3051
http://dx.doi.org/10.1007/JHEP01(2015)069
http://arxiv.org/abs/1409.6212
http://inspirehep.net/search?p=find+EPRINT+arXiv:1409.6212
http://dx.doi.org/10.1007/JHEP04(2015)117
http://arxiv.org/abs/1501.04943
http://inspirehep.net/search?p=find+EPRINT+arXiv:1501.04943
http://dx.doi.org/10.1016/j.physletb.2014.09.008
http://arxiv.org/abs/1406.7663
http://inspirehep.net/search?p=find+EPRINT+arXiv:1406.7663
http://dx.doi.org/10.1016/j.physletb.2014.11.049
http://arxiv.org/abs/1409.3122
http://inspirehep.net/search?p=find+EPRINT+arXiv:1409.3122
http://dx.doi.org/10.1140/epjc/s10052-015-3543-1
http://arxiv.org/abs/1503.05066
http://inspirehep.net/search?p=find+EPRINT+arXiv:1503.05066
http://dx.doi.org/10.1016/j.physletb.2015.07.079
http://dx.doi.org/10.1016/j.physletb.2015.07.079
http://arxiv.org/abs/1506.05988
http://inspirehep.net/search?p=find+EPRINT+arXiv:1506.05988
http://arxiv.org/abs/1508.07869
http://inspirehep.net/search?p=find+EPRINT+arXiv:1508.07869
http://dx.doi.org/10.1103/PhysRevLett.112.201802
http://arxiv.org/abs/1402.3244
http://inspirehep.net/search?p=find+EPRINT+arXiv:1402.3244
http://dx.doi.org/10.1140/epjc/s10052-015-3551-1
http://arxiv.org/abs/1504.04324
http://inspirehep.net/search?p=find+EPRINT+arXiv:1504.04324
http://dx.doi.org/10.1103/PhysRevD.86.032003
http://arxiv.org/abs/1207.0319
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.0319
https://cds.cern.ch/record/1379837?ln=en
http://pos.sissa.it/cgi-bin/reader/contribution.cgi?id=PoS(ACAT2010)057
http://arxiv.org/abs/1009.1003
http://inspirehep.net/search?p=find+EPRINT+arXiv:1009.1003


J
H
E
P
1
1
(
2
0
1
5
)
2
0
6

[38] K. Cranmer et al., HistFactory: A tool for creating statistical models for use with RooFit

and RooStats, CERN-OPEN-2012-016 (2012).

[39] W. Verkerke and D.P. Kirkby, The RooFit toolkit for data modeling, eConf C 0303241

(2003) MOLT007 [physics/0306116] [INSPIRE].

[40] G. Cowan, K. Cranmer, E. Gross and O. Vitells, Asymptotic formulae for likelihood-based

tests of new physics, Eur. Phys. J. C 71 (2011) 1554 [Erratum ibid. C 73 (2013) 2501]

[arXiv:1007.1727] [INSPIRE].

[41] LHC Higgs Cross section Working Group collaboration, S. Heinemeyer, C. Mariotti,

G. Passarino and R. Tanaka eds., Handbook of LHC Higgs Cross sections: 3. Higgs

Properties, arXiv:1307.1347 [INSPIRE].

[42] C.F. Uhlemann and N. Kauer, Narrow-width approximation accuracy, Nucl. Phys. B 814

(2009) 195 [arXiv:0807.4112] [INSPIRE].

[43] S. Goria, G. Passarino and D. Rosco, The Higgs Boson Lineshape, Nucl. Phys. B 864

(2012) 530 [arXiv:1112.5517] [INSPIRE].

[44] G.J. Feldman and R.D. Cousins, Unified approach to the classical statistical analysis of

small signals, physics/9711021.

[45] A.L. Read, Presentation of search results: the CLs technique, J. Phys. G 28 (2002) 2693.

[46] J. Ellis and T. You, Updated Global Analysis of Higgs Couplings, JHEP 06 (2013) 103

[arXiv:1303.3879] [INSPIRE].

[47] K. Agashe, R. Contino and A. Pomarol, The Minimal composite Higgs model, Nucl. Phys.

B 719 (2005) 165 [hep-ph/0412089] [INSPIRE].

[48] R. Contino, L. Da Rold and A. Pomarol, Light custodians in natural composite Higgs

models, Phys. Rev. D 75 (2007) 055014 [hep-ph/0612048] [INSPIRE].

[49] M. Carena, E. Ponton, J. Santiago and C.E.M. Wagner, Electroweak constraints on warped

models with custodial symmetry, Phys. Rev. D 76 (2007) 035006 [hep-ph/0701055]

[INSPIRE].

[50] S. De Curtis, M. Redi and A. Tesi, The 4D Composite Higgs, JHEP 04 (2012) 042

[arXiv:1110.1613] [INSPIRE].

[51] D. Marzocca, M. Serone and J. Shu, General Composite Higgs Models, JHEP 08 (2012) 013

[arXiv:1205.0770] [INSPIRE].

[52] D. Carmi, A. Falkowski, E. Kuflik, T. Volansky and J. Zupan, Higgs After the Discovery: A

Status Report, JHEP 10 (2012) 196 [arXiv:1207.1718] [INSPIRE].

[53] G. Panico and A. Wulzer The Composite Nambu-Goldstone Higgs, arXiv:1506.01961

[INSPIRE].

[54] J.A. Aguilar-Saavedra, R. Benbrik, S. Heinemeyer and M. Pérez-Victoria, Handbook of
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A.I. Butt3, C.M. Buttar53, J.M. Butterworth78, P. Butti107, W. Buttinger25, A. Buzatu53,

A.R. Buzykaev109,c, S. Cabrera Urbán167, D. Caforio128, V.M. Cairo37a,37b, O. Cakir4a,

N. Calace49, P. Calafiura15, A. Calandri136, G. Calderini80, P. Calfayan100, L.P. Caloba24a,

D. Calvet34, S. Calvet34, R. Camacho Toro31, S. Camarda42, P. Camarri133a,133b, D. Cameron119,

R. Caminal Armadans165, S. Campana30, M. Campanelli78, A. Campoverde148,

V. Canale104a,104b, A. Canepa159a, M. Cano Bret33e, J. Cantero82, R. Cantrill126a, T. Cao40,

M.D.M. Capeans Garrido30, I. Caprini26b, M. Caprini26b, M. Capua37a,37b, R. Caputo83,

R. Cardarelli133a, F. Cardillo48, T. Carli30, G. Carlino104a, L. Carminati91a,91b, S. Caron106,

E. Carquin32a, G.D. Carrillo-Montoya30, J.R. Carter28, J. Carvalho126a,126c, D. Casadei78,

M.P. Casado12, M. Casolino12, E. Castaneda-Miranda145a, A. Castelli107, V. Castillo Gimenez167,

N.F. Castro126a,g, P. Catastini57, A. Catinaccio30, J.R. Catmore119, A. Cattai30, J. Caudron83,

V. Cavaliere165, D. Cavalli91a, M. Cavalli-Sforza12, V. Cavasinni124a,124b, F. Ceradini134a,134b,

B.C. Cerio45, K. Cerny129, A.S. Cerqueira24b, A. Cerri149, L. Cerrito76, F. Cerutti15, M. Cerv30,

A. Cervelli17, S.A. Cetin19c, A. Chafaq135a, D. Chakraborty108, I. Chalupkova129, P. Chang165,

J.D. Chapman28, D.G. Charlton18, C.C. Chau158, C.A. Chavez Barajas149, S. Cheatham152,

A. Chegwidden90, S. Chekanov6, S.V. Chekulaev159a, G.A. Chelkov65,h, M.A. Chelstowska89,

C. Chen64, H. Chen25, K. Chen148, L. Chen33d,i, S. Chen33c, S. Chen155, X. Chen33f , Y. Chen67,

H.C. Cheng89, Y. Cheng31, A. Cheplakov65, E. Cheremushkina130, R. Cherkaoui El Moursli135e,

V. Chernyatin25,∗, E. Cheu7, L. Chevalier136, V. Chiarella47, G. Chiarelli124a,124b, G. Chiodini73a,

A.S. Chisholm18, R.T. Chislett78, A. Chitan26b, M.V. Chizhov65, K. Choi61, S. Chouridou9,

B.K.B. Chow100, V. Christodoulou78, D. Chromek-Burckhart30, J. Chudoba127, A.J. Chuinard87,

J.J. Chwastowski39, L. Chytka115, G. Ciapetti132a,132b, A.K. Ciftci4a, D. Cinca53, V. Cindro75,

I.A. Cioara21, A. Ciocio15, F. Cirotto104a,104b, Z.H. Citron172, M. Ciubancan26b, A. Clark49,

B.L. Clark57, P.J. Clark46, R.N. Clarke15, W. Cleland125, C. Clement146a,146b, Y. Coadou85,

M. Cobal164a,164c, A. Coccaro49, J. Cochran64, L. Coffey23, J.G. Cogan143, L. Colasurdo106,

B. Cole35, S. Cole108, A.P. Colijn107, J. Collot55, T. Colombo58c, G. Compostella101,

P. Conde Muiño126a,126b, E. Coniavitis48, S.H. Connell145b, I.A. Connelly77, V. Consorti48,

S. Constantinescu26b, C. Conta121a,121b, G. Conti30, F. Conventi104a,j , M. Cooke15,

B.D. Cooper78, A.M. Cooper-Sarkar120, T. Cornelissen175, M. Corradi20a, F. Corriveau87,k,

A. Corso-Radu163, A. Cortes-Gonzalez12, G. Cortiana101, G. Costa91a, M.J. Costa167,
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D. Moreno162, M. Moreno Llácer54, P. Morettini50a, D. Mori142, T. Mori155, M. Morii57,

M. Morinaga155, V. Morisbak119, S. Moritz83, A.K. Morley150, G. Mornacchi30, J.D. Morris76,

S.S. Mortensen36, A. Morton53, L. Morvaj103, M. Mosidze51b, J. Moss143, K. Motohashi157,

R. Mount143, E. Mountricha25, S.V. Mouraviev96,∗, E.J.W. Moyse86, S. Muanza85, R.D. Mudd18,

F. Mueller101, J. Mueller125, R.S.P. Mueller100, T. Mueller28, D. Muenstermann49, P. Mullen53,

G.A. Mullier17, J.A. Murillo Quijada18, W.J. Murray170,131, H. Musheghyan54, E. Musto152,

A.G. Myagkov130,ab, M. Myska128, B.P. Nachman143, O. Nackenhorst54, J. Nadal54, K. Nagai120,

R. Nagai157, Y. Nagai85, K. Nagano66, A. Nagarkar111, Y. Nagasaka59, K. Nagata160, M. Nagel101,

E. Nagy85, A.M. Nairz30, Y. Nakahama30, K. Nakamura66, T. Nakamura155, I. Nakano112,

H. Namasivayam41, R.F. Naranjo Garcia42, R. Narayan31, D.I. Narrias Villar58a, T. Naumann42,

G. Navarro162, R. Nayyar7, H.A. Neal89, P.Yu. Nechaeva96, T.J. Neep84, P.D. Nef143,

A. Negri121a,121b, M. Negrini20a, S. Nektarijevic106, C. Nellist117, A. Nelson163, S. Nemecek127,

P. Nemethy110, A.A. Nepomuceno24a, M. Nessi30,ac, M.S. Neubauer165, M. Neumann175,

R.M. Neves110, P. Nevski25, P.R. Newman18, D.H. Nguyen6, R.B. Nickerson120, R. Nicolaidou136,

B. Nicquevert30, J. Nielsen137, N. Nikiforou35, A. Nikiforov16, V. Nikolaenko130,ab,

I. Nikolic-Audit80, K. Nikolopoulos18, J.K. Nilsen119, P. Nilsson25, Y. Ninomiya155, A. Nisati132a,

R. Nisius101, T. Nobe155, M. Nomachi118, I. Nomidis29, T. Nooney76, S. Norberg113,

M. Nordberg30, O. Novgorodova44, S. Nowak101, M. Nozaki66, L. Nozka115, K. Ntekas10,

G. Nunes Hanninger88, T. Nunnemann100, E. Nurse78, F. Nuti88, B.J. O’Brien46, F. O’grady7,

D.C. O’Neil142, V. O’Shea53, F.G. Oakham29,d, H. Oberlack101, T. Obermann21, J. Ocariz80,

A. Ochi67, I. Ochoa78, J.P. Ochoa-Ricoux32a, S. Oda70, S. Odaka66, H. Ogren61, A. Oh84,

S.H. Oh45, C.C. Ohm15, H. Ohman166, H. Oide30, W. Okamura118, H. Okawa160, Y. Okumura31,

T. Okuyama66, A. Olariu26b, S.A. Olivares Pino46, D. Oliveira Damazio25, E. Oliver Garcia167,

A. Olszewski39, J. Olszowska39, A. Onofre126a,126e, K. Onogi103, P.U.E. Onyisi31,r, C.J. Oram159a,

M.J. Oreglia31, Y. Oren153, D. Orestano134a,134b, N. Orlando154, C. Oropeza Barrera53,

R.S. Orr158, B. Osculati50a,50b, R. Ospanov84, G. Otero y Garzon27, H. Otono70, M. Ouchrif135d,

F. Ould-Saada119, A. Ouraou136, K.P. Oussoren107, Q. Ouyang33a, A. Ovcharova15, M. Owen53,

R.E. Owen18, V.E. Ozcan19a, N. Ozturk8, K. Pachal142, A. Pacheco Pages12, C. Padilla Aranda12,

M. Pagáčová48, S. Pagan Griso15, E. Paganis139, F. Paige25, P. Pais86, K. Pajchel119,

G. Palacino159b, S. Palestini30, M. Palka38b, D. Pallin34, A. Palma126a,126b, Y.B. Pan173,

E. Panagiotopoulou10, C.E. Pandini80, J.G. Panduro Vazquez77, P. Pani146a,146b, S. Panitkin25,

D. Pantea26b, L. Paolozzi49, Th.D. Papadopoulou10, K. Papageorgiou154, A. Paramonov6,

D. Paredes Hernandez154, M.A. Parker28, K.A. Parker139, F. Parodi50a,50b, J.A. Parsons35,

U. Parzefall48, E. Pasqualucci132a, S. Passaggio50a, F. Pastore134a,134b,∗, Fr. Pastore77,

G. Pásztor29, S. Pataraia175, N.D. Patel150, J.R. Pater84, T. Pauly30, J. Pearce169, B. Pearson113,

L.E. Pedersen36, M. Pedersen119, S. Pedraza Lopez167, R. Pedro126a,126b, S.V. Peleganchuk109,c,

D. Pelikan166, O. Penc127, C. Peng33a, H. Peng33b, B. Penning31, J. Penwell61, D.V. Perepelitsa25,

– 42 –



J
H
E
P
1
1
(
2
0
1
5
)
2
0
6
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Fisica, Università della Calabria, Rende, Italy
38 (a) AGH University of Science and Technology, Faculty of Physics and Applied Computer Science,

Krakow; (b) Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland
39 Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland
40 Physics Department, Southern Methodist University, Dallas TX, U.S.A.
41 Physics Department, University of Texas at Dallas, Richardson TX, U.S.A.
42 DESY, Hamburg and Zeuthen, Germany
43 Institut für Experimentelle Physik IV, Technische Universität Dortmund, Dortmund, Germany
44 Institut für Kern- und Teilchenphysik, Technische Universität Dresden, Dresden, Germany
45 Department of Physics, Duke University, Durham NC, U.S.A.
46 SUPA - School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
47 INFN Laboratori Nazionali di Frascati, Frascati, Italy
48 Fakultät für Mathematik und Physik, Albert-Ludwigs-Universität, Freiburg, Germany
49 Section de Physique, Université de Genève, Geneva, Switzerland
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85 CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France
86 Department of Physics, University of Massachusetts, Amherst MA, U.S.A.
87 Department of Physics, McGill University, Montreal QC, Canada
88 School of Physics, University of Melbourne, Victoria, Australia
89 Department of Physics, The University of Michigan, Ann Arbor MI, U.S.A.
90 Department of Physics and Astronomy, Michigan State University, East Lansing MI, U.S.A.
91 (a) INFN Sezione di Milano; (b) Dipartimento di Fisica, Università di Milano, Milano, Italy
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117 LAL, Université Paris-Sud and CNRS/IN2P3, Orsay, France
118 Graduate School of Science, Osaka University, Osaka, Japan
119 Department of Physics, University of Oslo, Oslo, Norway
120 Department of Physics, Oxford University, Oxford, United Kingdom
121 (a) INFN Sezione di Pavia; (b) Dipartimento di Fisica, Università di Pavia, Pavia, Italy
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