Provided by MUCC (Crossref)

Eur. Phys. J. C (2013) 73:2455
DOI 10.1140/epjc/s10052-013-2455-1

Metadata, citation and similar papers at core.ac.uk

THE EUROPEAN
PHYSICAL JOURNAL C

Letter

Direct detection of Higgs—portal dark matter at the LHC

Abdelhak Djouadi'>?, Adam Falkowski'-’, Yann Mambrini', Jérémie Quevillon'¢

!Laboratoire de Physique Théorique, Université Paris-Sud, 91405 Orsay, France

ZCERN, 1211, Geneva 23, Switzerland

Received: 22 February 2013 / Revised: 30 April 2013 / Published online: 14 June 2013
© The Author(s) 2013. This article is published with open access at Springerlink.com

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 collabora-
tion with 4.7 fb~! 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 My =
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.! 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 inter-
act with the detector. Common examples where Higgs par-
ticles can have invisible decay modes include decays into

ISee for example [3-12].
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the lightest supersymmetric particle’ or decays into heavy
neutrinos in the SM extended by a fourth generation of
fermions.> 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 mod-
els [17-27] the Higgs boson is the key mediator in the pro-
cess 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 elas-
tic 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 parti-
cles and have strong consequences on invisible Higgs decay
modes for scalar, fermionic or vectorial dark matter candi-
dates [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 bo-
son 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 gg — Hgq process). As the QCD cor-
rections turn out to be quite large, the rate for H + 1 jet is not
much smaller than the rate for H 4 0 jet. The next-to-next-
to-leading order (NNLO) QCD corrections [35-39], besides
significantly increasing the H 4+ 0 and H + 1 jet rates, lead
to H 4 2 jet events. The latter event topology also occurs
at LO in two other Higgs production mechanisms: vector
boson fusion (VBF) gg — Hqq and Higgs-strahlung (VH)
qq - HW/HZ — Hgqq which have rather distinct kine-
matical features compared to the gluon fusion process; for a
review, see Ref. [13, 14].

2For reviews on Higgs physics, see e.g. [13, 14].

3Note 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 par-
ticles, 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 con-
straints on the Higgs invisible rate defined as

o(pp — H) x BR(H — inv.)
o(pp — H)sm '

RPP —

inv

ey

We will argue that the existing monojet searches at the LHC
[42, 43] yield the constraint Rﬁﬁ, < 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~! data. Bounds on invisible Higgs based
on the 1 fb~! monojet search in ATLAS [51] were studied
in Ref. [40, 41], where a weaker limit of Ripng, < 4 was ob-
tained for My ~ 125 GeV.

One one hand, the constraint at the level Rﬁﬁ, ~ 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 con-
straints discussed here may become relevant. In this sense,
our results are complementary to the indirect constraints on
the invisible branching fraction obtained by measuring visi-
ble Higgs decays.

In the next step, we discuss the connection between the
Higgs invisible branching fraction and the direct dark mat-
ter 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 x) coupled to the Higgs boson. To keep our
discussion more general, the Higgs—y x couplings are not
fixed by the requirement of obtaining the correct relic den-
sity from thermal history.* In each case, the LHC con-
straint 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-

“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.

@ Springer

ter scattering cross section on nucleons.”> We discuss how
future results from invisible Higgs searches at the LHC
and from direct detection experiments will be complemen-
tary in exploring the parameter space of Higgs portal mod-
els.

The rest of this letter is organized as follows. In the next
section, we present our analysis of invisible Higgs produc-
tion at the LHC. We estimate the sensitivity to the invisible
Higgs rate of the CMS monojet search using 4.7 fb~! of
data at /s =7 TeV [42]. We also study the constraints from
the recent ATLAS monojet search using 10 fb~! of data at
A/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 analy-
sis 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 mono-
jet searches at the LHC to a Higgs particles that decays in-
visibly. We rely on the searches for monojets performed by
CMS using 4.7 fb~! of data at 7 TeV center of mass en-
ergy [42]. The basic selection requirements used by CMS
are as follows:

e at least one jet with p% > 110 GeV and |n/| < 2.4;

e at most two jets with pJT > 30 GeV;
e no isolated leptons.

A second jet with p]T' above 30 GeV is allowed provided
it is not back-to-back with the leading one, A¢(ji, jo) <
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; ve-
toing 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 differ-
ent cuts on the missing transverse momentum: p?iss > 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

SWe note that the process gg — H — x x for dark matter x production
at the LHC is an important component of the (crossed) process for dark
matter scattering on nucleons, gx — gx [52].
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particular, with 4.7 b1 data, the CMS collaboration esti-
mates the background to be 7842 + 367 events for p?iss >
250 GeV.

A Higgs boson produced with a significant transverse
momentum and decaying to invisible particles may also con-
tribute to the final state targeted by monojet searches. In
Fig. 1, we show the fraction of Higgs events produced at
the parton level in the ggF and VBF processes with pIT{lggs
above a given threshold, assuming My = 125 GeV. One ob-
serves that about 0.5 % of ggF events are produced with
p?lggs > 250 GeV, while for the VBF production processes
that fraction is larger by a factor of ~3. In 4.7 fb~! 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 compa-
rable 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 mono-
jet search to the invisible Higgs signal, we generated the
pp — H + jets — invisible + jets process. We used the pro-
gram POWHEG [53, 54] for the ggF and VBF channels at
the parton level, and Madgraph 5 [55] for the VH chan-
nels. 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 — vv) + jets background events through the same sim-
ulation 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

o080
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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)

fraction into invisible final states. Thus, strictly speaking,

the quantities that are being constrained by the CMS search

are® RES and RY  defined as

o(gg > H) x BR(H — inv)
o(gg — H)sm

RS —

mv ’

2
gV _9q—~ Hqq) +0(qq > VH)] x BR(H — inv)
" o(qq — Haq)sm +0(qq — VH)sm

Currently available data do not allow us to independently
constrain RigngV and Ri\r/w' Thus, for the sake of setting lim-
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 o(gg — H)sm = 15.3 pb, o(qq —
Hqgq)sm = 1.2 pband 0(qq — HV)sm = 0.9 pb [58, 59].
With this assumption, after the analysis cuts the signal re-
ceives about 30 % contribution from the VBF and VH pro-
duction modes, and the rest from ggF; thus CMS constrains

s PP . 2pg | 1pV
the combination R, ~ 3 R+ 3 Ry,

Our results are presented in Table 1. We display the pre-
dicted event yields N2, N.Y in, respectively, the ggF and

mv’ mnv

VBF+VH channels for the four CMS prTniss cuts.” For con-

venience, we also reproduce the expected AN;;’;E and ob-
served AN;;’S% 95 % CL limits on the number of extra
non-SM events quoted by CMS in Ref. [42] for each cut.

Comparing Nii% + Nﬁfv with ANos ¢, it is straightforward

to obtain 95 % CL expected and observed limits on R'?

mv
corresponding to each cut reported in Table 1. We find the

best expected limit RY? < 2.1 for the p® > 250 GeV
cut. The observed limit is better than the expected one
thanks to an O(lo) downward fluctuation of the SM back-
ground, and we find R < 1.6 at 95 % CL for that cut.

mv

A stronger limit on Rﬁlpv can be derived by binning the num-

ber of events given in Table 1 into exclusive bins, and then

Table 1 Limits on the on the invisible Higgs rate R'". The event
yields are given for each reported p?i“ cut of the CMS monojet
search, separately for the ggF and VBF+VH production modes, as-
suming 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],

which allow us to derive 95 % CL expected and observed limits on Riipv

PSS [GeV] NS NY, ANgT,  ANGE, exp. RIS obs. RN
250 250 110 779 600 2.1 16
300 110 50 325 368 2.1 23
350 46 25 200 158 2.8 22
400 2 13 118 95 34 27

6Assuming custodial symmetry, RX? = RK?F = Rivnv.

7Note that we did not consider the theoretical uncertainties on the cross
sections [58, 59] and the efficiencies of the pr cuts which, although
significant, are currently smaller than the experimental ones.

@ Springer
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combining exclusion limits from all four prT“iSS bins. As-
suming Gaussian errors, one can recast the limits on the
number of non-SM events as AN! = ANé + AN fg, with
AN} = ANGSS — ANGS® . AN| = ANgS'P/1.96, where
i =1...4 indexes the p7'** bins. The invisible Higgs width
would produce an excess of events SN’ (anpv) in all the bins.
Assuming in addition small correlations between the errors
in various bins, we can thus construct a global X2 function,
x2 = Zi[ANé — 8N"(R£§,)]2/[AN{6]2 S0 as to constrain

Rgﬁ,. Using this procedure we obtain

R® <1.10 at95 % CL. 3)

mv

Following the same procedure, we can also constrain sep-
arately Rﬁi and Ri\l’w, assuming only the ggF or only
the VBF+VH Higgs production mode is present. We find
RS <2.0 (when VBF and VH are absent) or RY < 4.0
(when ggF is absent) at 95 % CL.

We also study the impact of the ATLAS monojet search
[43] with 10 b1 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 prT‘“iss > 120, 220, 350,
500 GeV, respectively. In Table 2 we give the 95 % CL
limits on the invisible rate deduced from the number mono-
jet events reported by ATLAS for each of these categories.
We find the best expected limit Rﬁlpv < 1.7 using the p?iss >
220 GeV cut, while the best observed limit is Ripn% < 1.4 us-
ing the p7'** > 500 GeV. Unlike in the CMS case, combin-
ing ATLAS exclusion limits from different p7"** bins does

not improve the limit of Rf;pv.

3 Monojet vs. indirect constraints on invisible decays

In this section we discuss the interplay between the mono-
jet constraints on the invisible Higgs decays and the indi-
rect 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 Nj,y (assuming BR(H — inv) =
100 %), the 1o~ background uncertainty A Npkg, and the expected and
observed 95 % CL limits on the invisible Higgs rate R'* for each

mv
reported missing energy cut in the 8 TeV 10 fb~! 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

pRs [GeV]  NSS NY,  ANp  exp. RN obs. RY
120 5604 1543 12820 35 44
220 904 286 1030 1.7 1.6
350 110 45 171 22 33
500 15 9 73 60 14

@ Springer

branching fraction are not yet relevant. However, in mod-
els beyond the SM the Higgs production rate can be sig-
nificantly 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 im-
portant. More generally, the ggF rate can be enhanced when-
ever there exist additional colored scalars or fermions whose
mass originates (entirely or in part) from electroweak sym-
metry breaking. In a model-independent way, we can de-
scribe their effect on the ggF rate via the effective Higgs
coupling to gluons:

c
AL = %HGZVG“”’“, )

where c,, 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, 'y sm ~ 10%mpy, a sig-
nificant invisible width I'y iny ~ I'm.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 por-
tal models. We parametrize these possible couplings simply
via the invisible branching fraction Brj,y, 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 Briyy—cg, parame-
ter space. For the SM value ¢4 = 0 an invisible branching
fraction larger than ~20 % is disfavored at 95 % CL. When
cgg > 0, the global fit admits a larger invisible branching

0.010F

0.005

& 0.000

-0.005

-0.010[, . . . : .
0.0 0.2 04 0.6 0.8 1.0

Brinv

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 4 (H — MET) search [62]
(Color figure online)
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fraction, even up to Brip, ~ 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.

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 cou-
pling to dark matter can be probed not only at the LHC but
also in direct detection experiments. In this section, we dis-
cuss the complementarity of these two direct detection meth-
ods. We consider generic Higgs-portal scenarios in which
the dark matter particle is a real scalar, a real vector, or a
Majorana fermion, x = S, V, f [29, 63—67]. The relevant
terms in the effective Lagrangian in each of these cases
are
ALs = —2m2s? = Lagst = LassHTHS?
S = ) S 4 S 4 hSS ’
I, 1 2
ALy = Smy Vv + ZAV(VMV“)
| (%)
+ Ay HUHV, VE,

1 1)\},
ALp=—5msff - ff

H'Hff +hec.

The partial Higgs decay width into dark matter I"'(H —
x x) and the spin—-independent y—proton elastic cross sec-
;}, can be easily calculated in terms of the param-
eters of the Lagrangian, and we refer to Ref. [29] for
complete expressions. For the present purpose, it is im-
portant that both I"'(H — xx) and o} are proportional
to A%ixx therefore, the ratio r, = F(H — XX)/O'SI de-
pends only on the dark matter mass M, and known masses
and couplings (throughout, we assume the Higgs mass be
My = 125 GeV). This allows us to relate the invisible
Higgs branching fraction to the direct detection cross sec-

tion:

tion o

C(H— xx) oy

BRln
"SM
/rX + O’;Ip

X FSM+F(H—>XX)

(6)

with FEIM the total decay width into all particles in the SM.
For a given M, the above formula connects the invisible
branching fraction probed at the LHC to the dark matter—
nucleon scattering cross section probed by XENON100. For
my, KMy, < %M H, and assuming the visible decay width
equals the SM total width FFSIM = 4.0 MeV [68], one can
write down the approximate relations in the three cases that

we are considering,

SI
(—3p )

inv ~ 10— 9ph
BRS 10 G Vv S ’
eV 2
40058V 24 ()
SI
BRI ~ (10 9pb> 7
1% ST (7N
4x10~ 2(10 dev) 2+ (55= 9pb)
BRinV ~ (lo_fgpb)
f oS .
34T+(55 f” o)

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 nu-
cleons. In Fig. 3 we show the maximum allowed values
of the scattering cross section, assuming the 20 % bound
on BRi)?V, as follows from indirect constraints on the invisi-
ble width discussed in the previous section. Clearly, the re-
lation between the invisible branching fraction and the di-
rect detection cross section strongly depends on the spino-
rial nature of the dark matter particle, in particular, the
strongest (weakest) bound is derived in the vectorial (scalar)
case.

In all cases, the derived bounds on o, are stronger than
the direct one from XENON100 in the entire range where
M, K %M 1 - In other words, the LHC is currently the most
sensitive dark matter detection apparatus, at least in the con-
text of simple Higgs-portal models (even more so if x is a
pseudoscalar, as in [70]). This conclusion does not rely on
the assumption that the present abundance of yx is a thermal
relic fulfilling the WMAP constraint of £2py = 0.226 [69],

SI

ogp (pb)
E T T E
Scalar
- F Vect E
10 ector N
o Fermion ¢ | ]
E ’o' ] E
3 e 1 E
9 [ v
10 E_ ,—” ’ _E
Fe - ]
'_ - —'ﬂnl..”uunnnuu:
=" XENON100 (projected) 3
E - ]
L - 4
-11 -
E ' inv =
10 ¢ Re BR}'=20% 3
L ..' | | . | . | i
20 40 60

M, (GeV)

Fig. 3 Bounds on the spin-independent direct detection cross section
a;}, in Higgs portal models derived for My = 125 GeV and the invis-
ible branching fraction of 20 % (colored lines). The curves take into
account the full M, 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 x constitutes only a fraction
of dark matter in the universe. We also compared the bounds
to the projected future sensitivity of the XENON100 exper-
iment (corresponding to 60,000 kg-d, 5-30 keV and 45 %
efficiency).

Of course, for M, > %MH, the Higgs boson cannot de-
cay into dark matter,® in which case the LHC cannot com-
pete with the XENON bounds.

5 Conclusions

We have shown that monojet searches at the LHC already
provide interesting limits on invisible Higgs decays, con-
straining the invisible rate to be less than the total SM Higgs
production rate at the 95 % CL. This provides an impor-
tant constraint on the models where the Higgs production
cross section is enhanced and the invisible branching frac-
tion 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 sys-
tematic errors on the Standard Model contribution to the
monojet background can be reduced.

We also analyzed in a model-independent way the inter-
play between the invisible Higgs branching fraction and the
dark matter scattering cross section on nucleons, in the con-
text of effective Higgs portal models. The limit BRj,y < 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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