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Abstract We consider the process in which a Higgs particle
is produced in association with jets and show that monojet
searches at the LHC already provide interesting constraints
on the invisible decays of a 125 GeV Higgs boson. Using
the latest monojet search performed by the CMS collaboration with 4.7 fb−1 of data, we set the 95 % confidence level
limit on the invisible Higgs decay rate to be less than the
total Higgs rate in the Standard Model. This limit could be
significantly improved when more data at higher center of
mass energies are collected, provided systematic errors on
the Standard Model contribution to the monojet background
can be reduced. In the context of Higgs portal models of dark
matter, we then discuss how the LHC limits on the invisible
Higgs branching fraction impose strong constraints on the
dark matter scattering cross section on nucleons probed in
direct detection experiments.

1 Introduction
The existence of a boson with a mass around MH =
125 GeV is now firmly established [1, 2]. The observed
properties of the new particle are consistent with those of
the Standard Model (SM) Higgs boson.1 Nevertheless, it is
conceivable that the Higgs particle may have other decay
channels that are not predicted by the SM. Determining or
constraining non-standard Higgs boson decays will provide
a vital input to model building beyond the SM.
A very interesting possibility that is often discussed is a
Higgs boson decaying into stable particles that do not interact with the detector. Common examples where Higgs particles can have invisible decay modes include decays into
1 See

for example [3–12].
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the lightest supersymmetric particle2 or decays into heavy
neutrinos in the SM extended by a fourth generation of
fermions.3 In a wider context, the Higgs boson could be
coupled to the particle that constitutes all or part of the dark
matter in the universe. In these so-called Higgs portal models [17–27] the Higgs boson is the key mediator in the process of dark matter annihilation and scattering, providing an
intimate link between Higgs hunting in collider experiments
and the direct search for dark matter particles in their elastic scattering on nucleons. In fact, the present LHC Higgs
search results, combined with the constraints on the direct
detection cross section from the XENON experiment [28],
severely constrain the Higgs couplings to dark matter particles and have strong consequences on invisible Higgs decay
modes for scalar, fermionic or vectorial dark matter candidates [29].
At the LHC, the main channel for producing a relatively
light SM–like Higgs boson is the gluon–gluon fusion (ggF)
mechanism. At leading order (LO), the process proceeds
through a heavy top quark loop, leading to a single Higgs boson in the final state, gg → H [30]. A next-to-leading order
(NLO) in perturbative QCD, an additional jet can be emitted
by the initial gluons or the internal heavy quarks, leading to
gg → Hg final states [31–34] (additional contributions are
also provided by the gq → H q process). As the QCD corrections turn out to be quite large, the rate for H + 1 jet is not
much smaller than the rate for H + 0 jet. The next-to-nextto-leading order (NNLO) QCD corrections [35–39], besides
significantly increasing the H + 0 and H + 1 jet rates, lead
to H + 2 jet events. The latter event topology also occurs
at LO in two other Higgs production mechanisms: vector
boson fusion (VBF) qq → H qq and Higgs-strahlung (VH)
q q̄ → H W/H Z → H q q̄ which have rather distinct kinematical features compared to the gluon fusion process; for a
review, see Ref. [13, 14].
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that in view of the recent LHC data, a perturbative SM with a
4th generation fermions is excluded; see [15, 16].
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Hence, if the Higgs boson is coupled to invisible particles, it may recoil against hard QCD radiation, leading
to monojet events at the LHC. The potential of monojets
searches to constrain the invisible decay width of a light
Higgs boson has been pointed out before [40, 41]. In this
paper we update and extend these analyses. We place constraints on the Higgs invisible rate defined as
pp

Rinv =

σ (pp → H ) × BR(H → inv.)
.
σ (pp → H )SM

(1)

We will argue that the existing monojet searches at the LHC
pp
[42, 43] yield the constraint Rinv  1. The constraint is
much better than expected. Indeed, early studies [44–50],
focusing mainly on the VBF production channel, concluded
that observation of invisible Higgs decays was only pos√
sible at the highest LHC energy, s = 14 TeV, and with
more than 10 fb−1 data. Bounds on invisible Higgs based
on the 1 fb−1 monojet search in ATLAS [51] were studied
pp
in Ref. [40, 41], where a weaker limit of Rinv  4 was obtained for Mh ∼ 125 GeV.
pp
One one hand, the constraint at the level Rinv ∼ 1 means
that the monojet searches cannot yet significantly constrain
the invisible Higgs branching fraction if the production rate
of the 125 GeV Higgs boson is close to the SM one. In fact,
in that case much stronger constraints follow from global
analyses of the visible Higgs decay channels, which disfavor
BR(H → inv.) > 0.2 at 95 % confidence level (CL) [3, 4].
However, in models beyond the SM, the Higgs production
rate may well be enhanced, and in that case the monojet constraints discussed here may become relevant. In this sense,
our results are complementary to the indirect constraints on
the invisible branching fraction obtained by measuring visible Higgs decays.
In the next step, we discuss the connection between the
Higgs invisible branching fraction and the direct dark matter detection cross section. We work in the context of Higgs
portal models and consider the cases of scalar, fermionic
and vectorial dark matter particles (which we generically
denote by χ ) coupled to the Higgs boson. To keep our
discussion more general, the Higgs–χχ couplings are not
fixed by the requirement of obtaining the correct relic density from thermal history.4 In each case, the LHC constraint BR(H → inv.) can be translated into a constraint
on the Higgs boson couplings to the dark matter particles.
We will show that these constraints are competitive with
those derived from the XENON bounds on the dark mat-

ter scattering cross section on nucleons.5 We discuss how
future results from invisible Higgs searches at the LHC
and from direct detection experiments will be complementary in exploring the parameter space of Higgs portal models.
The rest of this letter is organized as follows. In the next
section, we present our analysis of invisible Higgs production at the LHC. We estimate the sensitivity to the invisible
Higgs rate of the CMS monojet search using 4.7 fb−1 of
√
data at s = 7 TeV [42]. We also study the constraints from
the recent ATLAS monojet search using 10 fb−1 of data at
√
s = 8 TeV [43]. In the following section we discuss the
interplay of the monojet constraints on the invisible Higgs
decays and the indirect constraints from the global analysis of the LHC Higgs data. We show that a portion of the
theory space with a large Higgs invisible branching fraction
favored by global fits is excluded by the monojet constraints.
We then move on to discuss the implications for Higgs portal
dark matter models and the complementarity between dark
matter direct detection at the LHC and in XENON. In the
last section we present short conclusions.

2 Monojet constraints on the invisible width
In this section we estimate the sensitivity of current monojet searches at the LHC to a Higgs particles that decays invisibly. We rely on the searches for monojets performed by
CMS using 4.7 fb−1 of data at 7 TeV center of mass energy [42]. The basic selection requirements used by CMS
are as follows:
j

• at least one jet with pT > 110 GeV and |ηj | < 2.4;
j
• at most two jets with pT > 30 GeV;
• no isolated leptons.
j

A second jet with pT above 30 GeV is allowed provided
it is not back-to-back with the leading one, φ(j1 , j2 ) <
2.5. Incidentally, this is advantageous from the point of
view of invisible Higgs searches, as Higgs production at
the LHC is often accompanied by more than one jet; vetoing the second jet would reduce the signal acceptance by
a factor of ∼2. The CMS collaboration quotes the observed
event yields and expected SM background for four different cuts on the missing transverse momentum: pTmiss > 250,
300, 350, 400 GeV. These events are largely dominated by
the SM backgrounds, namely Z+jets, where the Z boson
decays invisibly, and W +jets, where the W boson decays
leptonically and the charged lepton is not reconstructed. In

4 Instead,

we assume that one of the multiple possible processes (e.g.
co-annihilation, non-thermal production, s-channel poles of particles
from another sector) could arrange that the dark matter relic abundance
is consistent with cosmological observations.

5 We note that the process gg → H → χ χ for dark matter χ production
at the LHC is an important component of the (crossed) process for dark
matter scattering on nucleons, gχ → gχ [52].

Eur. Phys. J. C (2013) 73:2455

particular, with 4.7 fb−1 data, the CMS collaboration estimates the background to be 7842 ± 367 events for pTmiss >
250 GeV.
A Higgs boson produced with a significant transverse
momentum and decaying to invisible particles may also contribute to the final state targeted by monojet searches. In
Fig. 1, we show the fraction of Higgs events produced at
Higgs
the parton level in the ggF and VBF processes with pT
above a given threshold, assuming MH = 125 GeV. One observes that about 0.5 % of ggF events are produced with
Higgs
> 250 GeV, while for the VBF production processes
pT
that fraction is larger by a factor of ∼3. In 4.7 fb−1 data at
√
s = 7 TeV this corresponds to about 500 events, assuming
the SM production cross sections. This suggests that if an
invisible Higgs boson is produced with rates that are comparable or larger than that of the SM Higgs boson, the monojet
searches may already provide meaningful constraints.
In order to estimate the sensitivity of the CMS monojet search to the invisible Higgs signal, we generated the
pp → H + jets → invisible + jets process. We used the program POWHEG [53, 54] for the ggF and VBF channels at
the parton level, and Madgraph 5 [55] for the VH channels. Showering and hadronization was performed using
Pythia 6 [56] and Delphes 1.9 [57] was employed
to simulate the CMS detector response. We imposed the
analysis cuts listed above on the simulated events so as
to find the signal efficiency. As a cross-check, we passed
(Z → νν) + jets background events through the same simulation chain, obtaining efficiencies consistent within 15 %
with the data–driven estimates of that background provided
by CMS.
The signal event yield depends on the cross section in
each Higgs production channel and on the Higgs branching
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fraction into invisible final states. Thus, strictly speaking,
the quantities that are being constrained by the CMS search
gg
V defined as
are6 Rinv and Rinv
gg

Rinv =

σ (gg → H ) × BR(H → inv)
,
σ (gg → H )SM

(2)
[σ
(qq
→
H
qq)
+
σ
(q
q̄
→
V
H
)]
×
BR(H
→
inv)
V
Rinv
=
σ (qq → H qq)SM + σ (q q̄ → V H )SM
Currently available data do not allow us to independently
gg
V . Thus, for the sake of setting limconstrain Rinv and Rinv
its, we assume that the proportions of ggF, VBF and VH
rates are the same as in the SM, and we take the inclusive
cross sections to be σ (gg → H )SM = 15.3 pb, σ (qq →
H qq)SM = 1.2 pb and σ (q q̄ → H V )SM = 0.9 pb [58, 59].
With this assumption, after the analysis cuts the signal receives about 30 % contribution from the VBF and VH production modes, and the rest from ggF; thus CMS constrains
pp
gg
V .
the combination Rinv ≈ 23 Rinv + 13 Rinv
Our results are presented in Table 1. We display the pregg
V in, respectively, the ggF and
dicted event yields Ninv , Ninv
VBF+VH channels for the four CMS pTmiss cuts.7 For coni,exp
venience, we also reproduce the expected N95 % and obobs
served N95 % 95 % CL limits on the number of extra
non-SM events quoted by CMS in Ref. [42] for each cut.
gg
V with N
Comparing Ninv + Ninv
95 % it is straightforward
pp
to obtain 95 % CL expected and observed limits on Rinv
corresponding to each cut reported in Table 1. We find the
pp
best expected limit Rinv ≤ 2.1 for the pTmiss ≥ 250 GeV
cut. The observed limit is better than the expected one
thanks to an O(1σ ) downward fluctuation of the SM backpp
ground, and we find Rinv ≤ 1.6 at 95 % CL for that cut.
pp
A stronger limit on Rinv can be derived by binning the number of events given in Table 1 into exclusive bins, and then
pp

Table 1 Limits on the on the invisible Higgs rate Rinv . The event
yields are given for each reported pTmiss cut of the CMS monojet
search, separately for the ggF and VBF+VH production modes, assuming the SM Higgs production cross sections in these channels and
BR(H → inv) = 100 %. We also give the expected and observed 95 %
CL limits on the number of non-SM events reported by CMS [42],
pp
which allow us to derive 95 % CL expected and observed limits on Rinv

Fig. 1 The fraction of events with Higgs transverse momentum above
a given threshold for the ggF (red circles) and VBF (blue squares)
production modes. The distributions were obtained at NLO using the
program POWHEG [53]. In the case of ggF, the simulations included
the finite quark mass effects [54], and we find good agreement with the
NNLO distribution obtained using the program HRes [39] (black line)
(Color figure online)

pTmiss [GeV] Ninv

gg

V
Ninv

exp

250

250

110

779

600

2.1

1.6

300

110

50

325

368

2.1

2.3

350

46

25

200

158

2.8

2.2

400

22

13

118

95

3.4

2.7

N95 %

obs
N95
%

pp

exp. Rinv

pp

obs. Rinv

VH = R VBF ≡ R V .
custodial symmetry, Rinv
inv
inv
7 Note that we did not consider the theoretical uncertainties on the cross
6 Assuming

sections [58, 59] and the efficiencies of the pT cuts which, although
significant, are currently smaller than the experimental ones.
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combining exclusion limits from all four pTmiss bins. Assuming Gaussian errors, one can recast the limits on the
i , with
number of non-SM events as N i = N0i ± N1σ
i,exp
i,exp
i,obs
i
N0i = N95
% − N95 % , N1σ = N95 % /1.96, where
miss
i = 1 . . . 4 indexes the pT bins. The invisible Higgs width
pp
would produce an excess of events δN i (Rinv ) in all the bins.
Assuming in addition small correlations between the errors
in various
thus construct a global χ 2 function,
 bins,i we can
pp
i ]2 so as to constrain
2
i
χ = i [N0 − δN (Rinv )]2 /[N1σ
pp
Rinv . Using this procedure we obtain
pp

Rinv ≤ 1.10 at 95 % CL.

(3)

Following the same procedure, we can also constrain sepgg
V , assuming only the ggF or only
arately Rinv and Rinv
the VBF+VH Higgs production mode is present. We find
gg
V ≤ 4.0
Rinv ≤ 2.0 (when VBF and VH are absent) or Rinv
(when ggF is absent) at 95 % CL.
We also study the impact of the ATLAS monojet search
√
[43] with 10 fb−1 at s = 8 TeV. ATLAS defines four
search categories: SR1, SR2, SR3, SR4 with similar cuts
on the visible jets as discussed above for the CMS case,
and with the missing energy cut pTmiss > 120, 220, 350,
500 GeV, respectively. In Table 2 we give the 95 % CL
limits on the invisible rate deduced from the number monojet events reported by ATLAS for each of these categories.
pp
We find the best expected limit Rinv ≤ 1.7 using the pTmiss ≥
pp
220 GeV cut, while the best observed limit is Rinv ≤ 1.4 usmiss
ing the pT ≥ 500 GeV. Unlike in the CMS case, combining ATLAS exclusion limits from different pTmiss bins does
pp
not improve the limit of Rinv .

branching fraction are not yet relevant. However, in models beyond the SM the Higgs production rate can be significantly enhanced, especially in the gluon fusion channel.
One well known example is the case of the SM extended by
the fourth generation of chiral fermions where the gg → H
cross section is enhanced by an order of magnitude. In that
class of models a large invisible width may easily arise due
to Higgs decays to the fourth generation neutrinos, in which
case the monojet constraints discussed here become very important. More generally, the ggF rate can be enhanced whenever there exist additional colored scalars or fermions whose
mass originates (entirely or in part) from electroweak symmetry breaking. In a model-independent way, we can describe their effect on the ggF rate via the effective Higgs
coupling to gluons:
L =

cgg
H Gaμν Gμν,a ,
4

(4)

where cgg can take arbitrary real values depending on the
number of additional colored species, their masses, their
spins, and their couplings to the Higgs. Furthermore, given
the small Higgs width in the SM, ΓH,SM ∼ 10−5 mH , a significant invisible width ΓH,inv ∼ ΓH,SM may easily arise
even from small couplings of the Higgs to new physics, for
example to massive neutrinos or to dark matter in Higgs portal models. We parametrize these possible couplings simply
via the invisible branching fraction Brinv , which is allowed
to take any value between 0 and 1. In Fig. 2 we plot the best
fit region to the LHC Higgs data in the Brinv –cgg parameter space. For the SM value cgg = 0 an invisible branching
fraction larger than ∼20 % is disfavored at 95 % CL. When
cgg > 0, the global fit admits a larger invisible branching

3 Monojet vs. indirect constraints on invisible decays
In this section we discuss the interplay between the monojet constraints on the invisible Higgs decays and the indirect constraints from the global analysis of the LHC Higgs
data [60, 61]. Assuming the Higgs is produced with the
SM cross section, the monojet constraints on the invisible
Table 2 Predicted event yields Ninv (assuming BR(H → inv) =
100 %), the 1σ background uncertainty NBkg , and the expected and
pp
observed 95 % CL limits on the invisible Higgs rate Rinv for each
reported missing energy cut in the 8 TeV 10 fb−1 ATLAS monojet
search [43]. The event yields are given separately for the ggF and
VBF+VH production modes, assuming the SM Higgs production cross
sections in these channels
gg

pp

pp

pTmiss [GeV]

Ninv

V
Ninv

NBkg

120

5694

1543

12820

3.5

4.4

220

904

286

1030

1.7

1.6

350

110

45

171

2.2

3.3

500

15

9

73

6.0

1.4

exp. Rinv

obs. Rinv
Fig. 2 68 % CL (light green) and 95 % CL (dark green) best fit regions
to the combined LHC Higgs data. The black meshed region is excluded
by the monojet constraints derived in this paper, while the red meshed
region is excluded by the recent ATLAS Z + (H → MET) search [62]
(Color figure online)
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fraction, even up to Brinv ∼ 50 %. Nevertheless, the monojet
constraints on the Higgs invisible width derived in this paper
are weaker than the indirect constraints from the global fits,
when the latest Higgs data are taken into account.

we are considering,
BRinv
S

(

SI
σSp
)
10−9 pb

400( 10MGeV )2 +(
S

BRinv
V

4 Invisible branching fraction and direct detection
If the invisible particle into which the Higgs boson decays is
a constituent of dark matter in the universe, the Higgs coupling to dark matter can be probed not only at the LHC but
also in direct detection experiments. In this section, we discuss the complementarity of these two direct detection methods. We consider generic Higgs-portal scenarios in which
the dark matter particle is a real scalar, a real vector, or a
Majorana fermion, χ = S, V , f [29, 63–67]. The relevant
terms in the effective Lagrangian in each of these cases
are
1
1
1
LS = − m2S S 2 − λS S 4 − λhSS H † H S 2 ,
2
4
4

2
1 2
1
LV = mV Vμ V μ + λV Vμ V μ
2
4
1
+ λhV V H † H Vμ V μ ,
4
1
1 λhff †
H Hff + h.c.
Lf = − mf ff −
2
4 Λ

(5)

The partial Higgs decay width into dark matter Γ (H →
χχ) and the spin–independent χ –proton elastic cross secSI can be easily calculated in terms of the paramtion σχp
eters of the Lagrangian, and we refer to Ref. [29] for
complete expressions. For the present purpose, it is imSI are proportional
portant that both Γ (H → χχ) and σχp
2
SI deto λH χχ ; therefore, the ratio rχ = Γ (H → χχ)/σχp
pends only on the dark matter mass Mχ and known masses
and couplings (throughout, we assume the Higgs mass be
MH = 125 GeV). This allows us to relate the invisible
Higgs branching fraction to the direct detection cross section:
BRinv
χ ≡

Γ (H → χχ)
ΓHSM + Γ (H → χχ)

=

SI
σχp
SI
ΓHSM /rχ + σχp

BRinv
f

(

SI
σSp
)
10−9 pb

,

SI
σVp
)
−9
10 pb

SI
σVp
MV
2
GeV ) +( 10−9 pb )

,

(7)

4×10−2 ( 10

SI
σfp
)
10−9 pb
SI
σfp
3.47+( −9 )
10 pb

(

.

Thus, for a given mass of dark matter, an upper bound
on the Higgs invisible branching fraction implies an upper
bound on the dark matter scattering cross section on nucleons. In Fig. 3 we show the maximum allowed values
of the scattering cross section, assuming the 20 % bound
on BRinv
χ , as follows from indirect constraints on the invisible width discussed in the previous section. Clearly, the relation between the invisible branching fraction and the direct detection cross section strongly depends on the spinorial nature of the dark matter particle, in particular, the
strongest (weakest) bound is derived in the vectorial (scalar)
case.
SI are stronger than
In all cases, the derived bounds on σχp
the direct one from XENON100 in the entire range where
1
Mχ
2 MH . In other words, the LHC is currently the most
sensitive dark matter detection apparatus, at least in the context of simple Higgs-portal models (even more so if χ is a
pseudoscalar, as in [70]). This conclusion does not rely on
the assumption that the present abundance of χ is a thermal
relic fulfilling the WMAP constraint of ΩDM = 0.226 [69],

(6)

with ΓHSM the total decay width into all particles in the SM.
For a given Mχ , the above formula connects the invisible
branching fraction probed at the LHC to the dark matter–
nucleon scattering cross section probed by XENON100. For
1
mp
Mχ
2 MH , and assuming the visible decay width
equals the SM total width ΓHSM = 4.0 MeV [68], one can
write down the approximate relations in the three cases that

Fig. 3 Bounds on the spin-independent direct detection cross section
SI in Higgs portal models derived for M = 125 GeV and the invisσχp
H
ible branching fraction of 20 % (colored lines). The curves take into
account the full Mχ dependence, without using the approximation in
Eq. (7). For comparison, we plot the current and future direct bounds
from the XENON experiment (black lines) (Color figure online)
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and would only be stronger if χ constitutes only a fraction
of dark matter in the universe. We also compared the bounds
to the projected future sensitivity of the XENON100 experiment (corresponding to 60,000 kg-d, 5–30 keV and 45 %
efficiency).
Of course, for Mχ > 12 MH , the Higgs boson cannot decay into dark matter,8 in which case the LHC cannot compete with the XENON bounds.

5 Conclusions
We have shown that monojet searches at the LHC already
provide interesting limits on invisible Higgs decays, constraining the invisible rate to be less than the total SM Higgs
production rate at the 95 % CL. This provides an important constraint on the models where the Higgs production
cross section is enhanced and the invisible branching fraction is significant. Monojets searches are sensitive mostly to
the gluon–gluon fusion production mode and, thus, they can
also probe invisible Higgs decays in models where the Higgs
coupling to the electroweak gauge bosons is suppressed. The
limits could be significantly improved when more data at
higher center of mass energies are collected, provided systematic errors on the Standard Model contribution to the
monojet background can be reduced.
We also analyzed in a model–independent way the interplay between the invisible Higgs branching fraction and the
dark matter scattering cross section on nucleons, in the context of effective Higgs portal models. The limit BRinv < 0.2,
suggested by the combination of Higgs data in the visible
channels, implies a limit on the direct detection cross section
that is stronger than the current bounds from XENON100,
for scalar, fermionic, and vectorial dark matter alike. Hence,
in the context of Higgs-portal models, the LHC is currently
the most sensitive dark matter detection apparatus.
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8 In this case, one should consider the pair production of dark matter
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The rates are expected to be rather small [29].
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