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Current limits from the Large Hadron Collider exclude a standard model-like Higgs mass above
150 GeV, by placing an upper bound on the Higgs production rate. We emphasize that, alternatively, the
limit could be interpreted as a lower bound on the total decay width of the Higgs boson. If the invisible
decay width of the Higgs is of the same order as the visible decay width, a heavy Higgs boson could be
consistent with null results from current searches. We propose a method to infer the invisible decay of the
Higgs by using the width of the measured 7 — ZZ — 4¢ line shape, and study the effect on the width
extraction due to a reduced signal strength. Assuming the invisible decay product is the dark matter, we
show that minimal models are tightly constrained by limits from Higgs searches at the LHC and direct
detection experiments of dark matter, unless the relic density constraint is relaxed.
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L. INTRODUCTION

High energy physics experiments have validated the
standard model (SM) description at a high level of accu-
racy. These tests of the SM, however, have been restricted
to the gauge sector of the theory. Very little is known about
the Higgs sector, related to the breakdown of the electro-
weak symmetry and the generation of mass of elementary
particles. Searches for the Higgs bosons at the Large
Hadron Collider (LHC) are reaching maturity and it is
expected that, independently of the Higgs mass, if a
SM-like Higgs boson is present in the spectrum, the LHC
will find evidence of it in the near future. Indeed, data
collected at the LHC so far are already excluding a SM
Higgs mass above 150 GeV [1].

The exclusion limit for a SM Higgs boson is presented in
terms of an upper limit on the production cross section of
the Higgs boson at the LHC; a particular value of the Higgs
mass is considered excluded when, at the 95% confidence
level, the upper limit of the cross section reaches that
expected of a SM Higgs boson. This way of presenting
the exclusion limit is well-motivated, since the limit is
often derived from searches in many different channels,
among which the production cross section is the universal
strength modifier.

However, it is important to recall that what was actually
measured in each search channel is the event rate, which is
the product of the production cross section and the decay
branching fraction. There are in fact two universal strength
modifiers in the event rate across all search channels: the
production cross section and the total width of the Higgs
boson. Assuming the production cross section is not af-
fected, null results from the Higgs boson searches at the
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LHC could very well be interpreted as a lower limit on the
total width of the Higgs.

New physics can affect interpretations of current Higgs
exclusion limits in a significant way: it could modify the
Higgs production cross section and/or the Higgs decay
branching ratios. An important example is the presence
of new light colored particles which couple to the Higgs
sector with a comparable strength to the top Yukawa
coupling. Such new colored particles could alter the
Higgs production cross section significantly in the gluon
fusion channel, which is the dominant production channel
at the LHC. This possibility is well studied in the literature
[2,3]. To evade the exclusion limit, the Higgs production in
the gluon fusion channel must be reduced from the SM
expectation, pointing to scenarios where the Higgs mass is
less fine-tuned [3]. Another example of decreasing the
production cross section is to induce mixing between the
Higgs boson and a neutral scalar.' The other possibility of
reducing the branching ratios of Higgs decays in the rele-
vant search channels can be achieved by, for example,
increasing the decay to competing SM modes such as bb
in the light mass region [7]. It is also possible that the
Higgs has a larger than expected total width, which would
then reduce the branching ratios universally in all decay
channels. Such a scenario arises naturally when the Higgs
boson couples to quasistable neutral particles with a mass
that is smaller than half of the Higgs mass, in which case
the Higgs invisible decay width may be of the same order

'Such an effect will also change the width, but not the
individual branching fractions as it suppresses all partial decay
widths to the SM [4,5]. Determining the pattern of the suppres-
sion for various modes can help determine the type of neutral
scalar involved in the mixing [6].
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or even larger than the visible decay width, thereby reduc-
ing the branching ratios into visible matter [4,8].

In other words, the current Higgs search limit could be a
hint on the “dark side” of the Higgs boson, suggesting a
large invisible decay width. Searches for Higgs particles
decaying invisibly were performed at LEP and have been
investigated at the LHC in both the associated production
with vector bosons as well as in the vector boson fusion
(VBF) channels. In the VBF case, it was suggested that a
14 TeV LHC is capable of probing the existence of such an
invisible decay width with a modest integrated luminosity,
of about 10 fb~! [9]. We will study an alternative method
to infer the Higgs invisible width, by measuring the total
width from the line shape of Higgs decays into four leptons
via two Z bosons. Since the experimental resolutions in the
total invariant mass is at around 1-2 GeV [10,11], such a
method becomes effective at large Higgs masses, above
190 GeV. If the invisible particle the Higgs decays into is
the dark matter, the amount of reduction required to satisfy
the current search limit, as well as constraints from direct
detection experiments, turns out to have interesting impli-
cations on the relic density of the dark matter.

This work is organized as follows. In Sec. II, we review
the impacts on Higgs searches from the dark side of the
Higgs, while in Sec. III we study the 4€ line shape mea-
surement and extract the Higgs boson width. We discuss
the possible dark matter connections in Sec. I'V and provide
concluding thoughts in Sec. V.

II. THE DARK SIDE OF THE HIGGS

If there exists a light quasistable neutral particle that
couples to the Higgs boson, the resulting decay may be
seen as missing energy in a detector. The presence of such a
decay mode dilutes the strength of production and decay to
visible states typically used for Higgs boson discovery.

Assuming that the production strength of the Higgs
boson is unchanged and the narrow-width approximation
(NWA) is valid, the event rate of the Higgs signature in a
particular channel Xg); is reduced by the fraction

Bo(pp — h— Xgy)
— FhSM
FhSM + F(/’l - Xinv)

X Be™(pp — h— Xgv), (1)

where Iy, is the SM Higgs boson total width, and Xj,, are
the non-SM invisible states the Higgs boson decays to.”
When the Higgs mass is heavy and the width becomes
substantial, the NWA may not be valid. Therefore, in our
study we calculate the suppression in the event rate using
the full Breit-Wigner propagator. Deviations from the
NWA are found to be O(15%) for m; = 500 GeV, but
quite small for masses in the 200 GeV range. In order to

*Note that in the SM, the Higgs has a maximal invisible decay
rate of around 1% when h — ZZ — vovp.
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FIG. 1 (color online). Current Higgs search limits at the LHC
[1], presented in terms of upper limits on the production cross
section. We also show the equivalent suppression in the cross
section from an increase in the total decay width of the Higgs
that is 1.5, 2, and 3 times the SM total width.

be consistent with the null result from current Higgs
searches, the reduction factor in the event rate is generally
required to be O(50%) or larger [1], which suggests a dark
side of the Higgs that is comparable to the visible side:

I'(h — X)) = T'(h — Xgm). (2)

In Fig. 1 we show the suppression necessary to be consis-
tent with LHC search results from ATLAS and CMS
collaborations.

The invisible width of the Higgs could be probed di-
rectly at the LHC by searching for W/Z plus large missing
energy in the associated production channel of the Higgs
[12], or using the VBF channel by looking for two forward
jets plus large missing energy [9,10,12]. However, at the
LHC production rates in both channels are an order of
magnitude smaller than that in the dominant gluon fusion
channel. It is therefore desirable to look for additional
ways to probe the dark side of the Higgs.

The total width of the Higgs can be measured from the
line shape in Higgs decays in the golden channel: & —
ZZ — 4€. Because of the experimental resolution in total
invariant mass, such a measurement can be made for Higgs
masses above 190 GeV [10,11]. In this mass range, the
dominant decay modes of the SM Higgs boson are into W
and Z boson pairs. If one assumes a one-Higgs-doublet
model where the electroweak symmetry is broken by the
Higgs vacuum expectation value, as we will in this work,
the neutral Higgs couplings to pairs of WW and ZZ are
completely determined by the SU(2); X U(l)y gauge
symmetry,
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2 4 ¢,
where v = 246 GeV, g is the SU(2); coupling strength,
and c,, the cosine of the Weinberg mixing angle. Since in
the heavy mass region the Higgs decay is dominated by
WW and ZZ channels, the visible decay width of the Higgs
is therefore well known below the top threshold. Above the
top threshold, we will simply assume the Higgs coupling to
the top quark is the same as in the SM. However, because
the #f branching fraction is generically less than 20%, this
is a rather weak assumption once experimental uncertain-
ties in the total width measurement is taken into account. In
the end, the non-SM invisible width can be inferred from a
measurement on the total width:

T(h— Xip) = Dt — D(h = WW + ZZ + ). (4)

These assumptions may be cross checked by measuring the
Higgs couplings to WW, ZZ, and ¢f in the heavy mass
region. Earlier studies on extracting Higgs couplings
mostly concentrate on the low mass region [13]. A recent
study [14] did consider extracting Higgs couplings at
190 GeV by including using a similar measurement on
the total width in the 4€ line shape.

Note that a measurement of the total Higgs boson width
below the SM expectation would indicate either a suppres-
sion in the coupling (e.g. by mixing), or a singlet acting as a
“Higgs imposter”. In either case, the relative decay rates
can shed light on whether the singlet mixes with the real
Higgs boson [6] or is an imposter [15].

III. 4¢ LINE SHAPE

The h— ZZ — 4€ channel is often considered the
“gold-plated” mode for discovering the Higgs boson at
the LHC. Because of the low backgrounds dominated by
continuum ZZ production, and a well measured final-state,
the signal is quite clean and can be easily isolated from the
background. The 4¢ final state offers an opportunity to
measure the Higgs boson mass very well, with uncertainty
in the 1-0.1% range. Moreover, the width can be extracted
from the My, line shape. The experimental resolution of
the lepton momenta broadens the 4€ line shape, which
makes this measurement impossible for light Higgs bo-
sons, where the Higgs width is a few MeV. However, for
masses above 190 GeV, the line shape is sensitive to the
Higgs width within the SM.

The Higgs boson width extraction from the 4€ line
shape has been studied in several CMS analyses [16,17].
However, these studies all assumed a SM width, while our
motivation calls for a larger total width with a reduced
overall normalization in the line shape. In this section we
study the effect of the diluted event rate in the 4€ channel
due to a large invisible width on the sensitivity of extrac-
tion of the total width. More explicitly, we consider a range
of Higgs masses between 200 and 500 GeV with widths
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between 1-3 times the SM Higgs boson width, calculated
using the HDECAY package [18].

To analyze the LHC sensitivity beyond the aforemen-
tioned CMS studies, we generate 50000 events in h —
ZZ — 4€ channel in MADGRAPH [19] and assume the
background subtraction can be done cleanly as this is a
precision measurement, only made after first discovering
the Higgs boson. That said, we do include the increase in
uncertainty after background subtraction. Using the code
ALPGEN [20], we compute the irreducible background from
continuum ZZ production and reducible backgrounds from
t7 production and Zbb production, where the heavy flavor
decays produce an isolated muon. In practice, after cuts,
we find the continuum ZZ production dominates the
background sample and peaks near M;; = 200 GeV. We
therefore concentrate on the irreducible background and
apply a K-factor of K;; = 1.6 as calculated in MCFM [21].

The experimental broadening of the line shape is esti-
mated by generating events with a vanishing Higgs width
and smearing the final state lepton momenta according to
the experimental resolution in the electron and muon
channel. To be precise, we use [11]

Ap Pr
ZP) —0.84% @ 19 —LL ), 5
< » )M ? 0(100 GeV> )

2.8% @12.4%GCV

) -7
P /e p/GeV p
where @ indicates that the errors are added in quadrature.
The broadening of the line shape is then obtained by fitting
the result to a Gaussian distribution.

The shape of the measured invariant mass distribution,
My, = +/3 is described by a convolution

do — fdM/ da’BW(\/E B M/) dUGauss(M/)
dM4€ dM4€ dM4e

® 0.26%, (6)

(N

where the first term is the physical Breit-Wigner shape of
the Higgs resonance:

dogw(V3) _ $VT=2xz(1 — 4xz + 12x3)
dM,, (8 — M})* + MiT;

)

and is found after fitting the M, distribution with no
smearing; here x, = M2/3. The experimental broadening
term is the Gaussian distribution:

da—Gauss (M/) _ 1
dM V2T

where oy, is the channel dependent experimental broad-
ening on the line shape. Using this procedure, it is possible
to accurately measure the width of the Higgs boson down
to masses of 200 GeV, where it is of the same order as the
experimental resolution. This line shape is modified by
radiative corrections [22] and by final state radiation.

e~ MP20%,) )
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Both corrections do not affect our analysis in a significant
way, and are therefore neglected in our analysis.

In our analysis we utilize both the 4 and eTe” ™ ™
decay of the Higgs, which we discuss in turn. The 4u
channel benefits from a very clean muon identification and
the absence of j, y — e fakes. The e*e” u™ u~ channel
benefits from having twice the signal rate compared with
the 4 channel and a slightly better momentum resolution
for hard electrons.

In the 4u channel, we follow the cuts outlined in
Ref. [16] by requiring exactly four tagged muons with
|1l < 2.4 and

pr(py) > 15 GeV, pr(py) > 15 GeV (10)

pr(ps) > 12 GeV, pr(ps) >9 GeV (11)

where u; are p-ordered muons. Additionally, we require
that at least one pair of opposite sign muons reconstruct the
Z-boson,

70 GeV < M, ,- < 100 GeV. (12)

The 4 line shape does have a combinatorial background
for the individual reconstruction of the Z-bosons, but se-
lection efficiency is good.

The cuts in the 2e2 u channel are motivated by Ref. [17]
for a Higgs boson mass of 250 GeV,

t d t d
A (13)

pT(fl) > 50 GCV, pT(€2) > 35 GeV, (14)

pr(€3) >25GeV,  pr(€,) > 10 GeV, (15)

55 GeV < M,+p- ,+,- < 107 GeV, (16)

e u

We find that with these cuts, we can efficiently reject the
Z + Z*/v* as well as the reducible backgrounds Zbb and
tf to a negligible level.

As emphasized already, previous studies on total width
measurement in the 4¢ channel did not include the dilution
effect from an enlarged invisible decay width. To demon-
strate the impact of a reduced signal strength on the width
measurement, in Fig. 2 we show the extracted widths as
well as the fractional uncertainties for an input width that is
I times and 2 times the SM expectation. The measured
width follows closely the input width and is largely within
the 1o boundaries for both channels we consider and
various luminosities. By increasing the total width by a
factor of 2, the measurement uncertainty increases corre-
spondingly as shown in the right panels. Departure of the fit
from the SM width beyond the uncertainty would suggest a
breakdown of the assumption that the line shape may be
modeled as a convolution of the true line shape and a
Gaussian kernel. It is clear from these bands the 2e2u
channel provides the most precise measurement of I',
afforded by the better momentum resolution of the
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electrons. The fractional uncertainty of the measured
Higgs total width at the \/s = 14 TeV LHC after combin-
ing the 2e2u and 4 channels can be below 20% for
30 fb~! of integrated luminosity over a broad mass range.

It is worth comparing the LHC reach of the invisible
width through the VBF channel to the indirect measure-
ment by the 4¢ line shape, which is shown in Fig. 3. We see
that the searches in VBF for missing energy and the line
shape measurement are very much complementary, with
the VBF measurement being more sensitive for low Higgs
masses, and the line shape being more constraining for
my, > 220 GeV. However one should keep in mind that the
VBF missing energy search directly probes invisible Higgs
decays, while the line shape measurement is only an in-
direct probe relying on the assumptions mentioned in
Sect. IL

In Fig. 4 we show the luminosities needed for exclusion
at the 95% C.L. of a SM total width in the 4€ line shape
measurements, which would be a strong hint on the exis-
tence of a sizable invisible width. We consider scenarios
when the input width is 2 times, 2.5 times, and 3 times the
SM expectation at both the 7 TeV and 14 TeV LHC. More
specifically, we simulate the luminosities at which

meas __ T"SM
1_‘h 1_‘h

5leeas = 1.96, (17)

where I'}** is the central value of the measured total width
and oI'}'** is the 1o uncertainty in the extraction. As can
be seen, at 7 TeV it would be extremely difficult to rule out
a SM total width while at 14 TeV only a small amount of
luminosity, less than 40 fb~!, is needed unless the Higgs is
heavier than 450 GeV. Somewhat surprisingly, having an
input width larger than the SM expectation has little impact
on the exclusion reach of a SM total width, at least in the
three possibilities we considered. Although the uncertainty
in the width extraction increases with a larger total width,
as can be seen in Fig. 2, the difference between I';**** and
M also increases in such a way that results in the behav-
ior in Fig. 4. It would be interesting to see if this is still the
case in more realistic simulations.

Finally, it is worth recalling that a reduction in the event
rate in a particular Higgs search channel could be due to
(i) a decrease in the production cross section or (ii) an
increase in the total width. In Fig. 5 we compare the frac-
tional uncertainties in the width measurements from these
two different causes when the event rate is only 50% of that
expected from the SM. In both cases the uncertainties are
worse than that from a SM event rate, although there seems
to be little difference between the two reduction mecha-
nisms. However, since the total width in (ii) is twice as
large as that in (i), the absolute uncertainty 61';** in ii) is
also twice as large as in (i) due to the broadening of the line
shape. A measurement on the total width, when combined
with a counting experiment measuring the event rate, could
help disentangle the two reduction mechanisms. For
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FIG. 2 (color online).  The left panel shows measured Higgs width in range of Higgs masses in the 44 and 2¢2u channels for 30 fb~!
of integrated luminosity with I';* = I'SM and 2 X M. The 10 range is denoted by the light outer curves. The input width, I}, is
denoted by the solid black curve. The right panel, on the other hand, shows 1o fractional uncertainty extracted from the fit.
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FIG. 3 (color online). Assuming a SM input width, the uncertainty in width extraction can be converted to a 95% C.L. reach in the
invisible width, as shown in the left panel. The right panel shows comparison in invisible width measurements between direct probe via
VBF [33] and indirect probe via total width. The direct and indirect probes are complementary to each other.
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FIG. 4 (color online).
times, and 3 times the SM expectation.

example, a decrease in the event rate and a total width
consistent with the SM would imply the reduction is due to
a smaller than expected production cross section.

IV. DARK MATTER CONNECTIONS

If the Higgs boson decays to invisible particles, the
presence of new quasistable states naturally leads to the
question whether those particles could also be dark matter
candidates. Assuming this is indeed the case, we study in
this section implications from Higgs search limits, the
observed relic density, as well as constraints from dark
matter (DM) direct detection experiments.3

For simplicity we consider cases where the DM is either
a scalar or a fermion which is a singlet under SM gauge
symmetries, and take as free parameters the DM mass, its
coupling to the Higgs boson, and the Higgs mass. The
minimal models describing interactions of the Higgs boson
with a scalar and a fermionic DM are [4,25]:

L =6.m2S|* + 6.\ HH|S|?, (18)

L=8mpy+ SC%HTH&lp, (19)
where 6. = 1/2 for a real scalar and a Majorana fermion
and 1 otherwise.

The requirement that the invisible decay width of the
Higgs is comparable to the visible decay width sets a lower
bound on the couplings:

Ay Ap = O(1), (20)

3For related work on the impact of LHC Higgs limits on Higgs
portal dark matter, see Refs. [8,23], while for more general DM
features of Higgs portal models, see Ref. [24].

PHYSICAL REVIEW D 85, 015009 (2012)

100 T T T T T
LHC 14 TeV
Line: 2e2u + 4u
95% C.L. Exclusion
80+ 1
rhinp =2 x r/,SM ______
rhm,p =25x%xT SM e
[ =3x>M =mmmn
o 601 J
|
] /
= /
3 S
_ 40t 45
TN 7
SPPLE, -,.%::\ /{f
4 i
20+ a2 4
0 i i i i i
200 250 300 350 400 450 500
my, (GeV)

Exclusion reach of a SM total decay width. Comparison are made between total widths that are 2 times, 2.5

where A = Ag(v/A) is the effective coupling of the dark
fermion to the Higgs scalar. On the other hand, the lack of
definitive signals from direct detection experiments of DM
places an upper bound on the scattering rate of DM with
the nuclei, which depends on the product of two factors:
(1) the local density of the DM and (2) the interaction
strength of the DM with quarks and gluons inside the
nuclei. The local density is inherited from the relic density
and is inversely proportional to the thermal average of the
DM annihilation rate. Therefore we see the Higgs coupling
to DM cancels completely in the signal rate in direct
detection experiments, unless additional annihilation chan-
nels of the DM exist. We will see that these considerations
place strong constraints on the parameter space of minimal

oS
LHC 14 TeV
Channel: 2e2u + 4u
Ldt=30fb" ]
04t 1
. 27
s 03 >
i . A
~ ., Seo 0o
g e -~
Ex RN g
[ St - 1
o RN T
02} < B
Mo ”/” 1
01}t _ |
L, = I,SM, No o, Reduction  =====
[y"™ = T4, 50% o), Reduction ===+
[, = 2xI,3M, No o, Reduction ==-=- -]
200 250 300 350 400 450 500
my (GCV)

FIG. 5 (color online). Comparison of two different reduction
mechanisms in the event rate.
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models, and satisfying all three conditions: Higgs invisible
width, direct detection, and relic density is a nontrivial
task. Note however that the relic density constraint could
be relaxed, either by allowing the DM particles to annihi-
late through additional channels, or by letting them decay,
either outside of the detector or into final states with large
SM backgrounds.

The Higgs decay width is easily obtained in analytic
form,

v [ am

[ . Y | @1
167rm,, my

P s g (12 Y 22)
=i -
f 87/ ms

The relic density can be obtained from the Higgs mediated
annihilation cross section in the nonrelativistic limit [4]:

(ov) 22507 Fh—»SM(mh = 2mj)
OV)g5—Xey = ,
SS7X T (4m2 — m2)? + mil2 2m,
(23)
(ov) — 2 Ajm3 Fh—»SM(mh =2my)
W ip—Xsm rel (4mf _ mh)2 + mh 2mf ’
(24)
where '), = I'j_ g + '), 1S the total Higgs width, and

I'—sm(my, = 2my) denotes the width of the Higgs boson
decays into SM particles for a Higgs mass of 2m,, which is
a convenient way of summing over all possible final states
via the virtual Higgs exchange for a center-of-mass energy
of 2my. The relative velocity of the annihilating particles
v, appears for fermionic DM since the annihilation occurs
via p-wave Higgs exchange. Using these formulas, it is
easy to incorporate dark matter annihilation to WW™ and to
gluon pairs, which are included in our codes. The relic
density can now be obtained using the standard approxi-
mate solutions to the Boltzmann equations [26]:

1.04 X 10° GeV~! 1
Qi =~ o . ©5)
M, J&x a +3b/xp

where the freeze-out temperature xp = M, /Ty is deter-
mined numerically from

45 g4 M My (a + 6b/xp)
827 NN

and the annihilation cross section is decomposed as
(ov) = a + bv®.* The remaining parameters are the num-
ber DM degrees of freedom g,, g, = 92, the Planck mass
My =122 X 10" GeV and ¢ = 1/2.

. ——log[c%c 1) ], (26)

“Higher order terms in the velocity expansion would be
important near threshold or resonance.

PHYSICAL REVIEW D 85, 015009 (2012)

Note that for non-self-conjugate fields such as a complex
scalar or a Dirac fermion, %(o-v) must be used to calculate
the relic density, which accounts for the fact that a DM
particle cannot annihilate with itself, but only with its
corresponding antiparticle [27].

Finally the event rate at DM direct detection experi-
ments is determined by the elastic DM-nucleon scattering
cross section, which is mediated by f¢-channel Higgs
exchange,

s o
o-e],s - 4 4 2’
am;  (mg + my)
Gy m
Tey = L, (28)

7Tmh v2 (my + mp)

where f is the effective Higgs-nucleon coupling and my
is the nucleon mass. The most precise determination of f
comes from the lattice. Using

(Zﬂ+mh)

u,d,s
and the numerical values given in [28], we obtain fy =
0.32 for both protons and neutrons. For scattering rates of
more general DM spin, see Ref. [29].

In Fig. 6 we show the DM relic density as a function of
the mass for benchmark scenarios of Ay, A = 1. For both a
scalar and a fermionic DM the relic density drops signifi-
cantly around mpy; ~ my, where annihilation into electro-
weak gauge bosons becomes kinematically allowed. We
see that a correct relic density with order unity coupling to
the Higgs can be achieved for a scalar DM masses below
my and a fermionic DM mass above my. We therefore
focus our attention to these two mass ranges.

(29)

10 ¢

0.001 -

1074

mpm [GCV]

FIG. 6 (color online). Relic density for scalar (orange/light
grey) and fermion (blue/dark grey) dark matter as a function
of the dark matter mass. The curves are shown for Higgs masses
of 200 GeV (solid) and 300 GeV (dashed), for a fixed couplings
of A, = 1and A = 1 respectively for scalars and fermions. The
light green band is the WMAP-7 measured [34] dark matter relic
density.

015009-7



LOW et al.

We are now in a position to consider whether there is
viable parameter space with m; = 200 GeV that could be
consistent with the current LHC Higgs limits, the observed
relic density, and direct detection constraints on DM. The
results are presented in the (m, mpy) plane in Fig. 7,
where for each (my, mpy) we determine the coupling A
by the relic density constraint. In particular, we consider
cases where the invisible decay product makes up 100%
and 10% of the observed relic density, respectively. The
different mass ranges for a scalar and a fermionic DM are
motivated by the relic density considerations in Fig. 6.
Shown in Fig. 7 are: (1) contours of invisible Higgs
branching fraction ranging from 20% to 80%, (2) limits
from Xenon 100 on the spin independent DM nucleon
cross section [30], and (3) ATLAS and CMS limits on
T Higgs /agm reinterpreted as lower bounds on the invisible
Higgs branching fraction. The plots shown are for the case
of a complex scalar/Dirac fermion, but the limits on the

Qr?=0.11
100 ey

m[GeV]

Xenon 100
excluded

0.8

150 200 250 300 350 400
my[GeV]

Qr=0.11

140F

130F

120F

110F

m/[GeV]

Kenonl00
excluded

250 300 350 400
my[GeV]

150 200

FIG. 7 (color online).
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parameter space are very similar for the corresponding
cases of real scalar or Majorana fermion DM.

For scalar DM, the top panel in Fig. 7 suggests that the
minimal scenario where the DM annihilates solely through
the virtual Higgs exchange is tightly constrained, except
for the region of Higgs masses below 145 GeV [8] or a DM
mass below 20 GeV. However, for a light scalar DM in this
mass region, there may be large fluxes of antiprotons from
the galactic center due to annihilations of DM through the
Higgs exchange [31], which is severely constrained by
the lack of excess in the antiproton spectrum measured
by the PAMELA Collaboration [32]. On the other hand,
above m; = 200 GeV there is no region compatible with
direct detection limits where the Higgs has a large invisible
width. If we relax the relic density constraint, the parame-
ter space opens up, which is illustrated in the top right plot
of Fig. 7, where the coupling A, is chosen such that the
relic density is 10% of the total observed dark matter

O 1?=0.011
100 i I

90t

80F

my[GeV]

Kenonl00
excluded

150 200 250 300 350 400
my[GeV]

Q r?=0.011

140F

130}

120F

110F

m/[GeV]

Xenon 100
excluded

150 200 250 300 350 400
my[GeV]

Allowed parameter space for minimal scalar DM (top panel) and fermionic DM (bottom panel), in the (1,

mpym) plane. The orange (light grey) shaded region is excluded by direct dark matter searches, while the blue (dark grey) shaded region
is excluded by the ATLAS and CMS Higgs search limits. In the left panel the couplings A, and A  are fixed by requiring that Qpuh® =
0.11 while for the right panel we require QA% = 0.011. The direct detection rates are rescaled accordingly. The black solid lines
represent contours of invisible Higgs branching fraction ranging from 20% to 80%. The red (thick) dotted line gives m; = 2mpy,,

above which the Higgs cannot decay to DM.
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density in the universe. Note that for this case we have
changed the mass range for m, to avoid regions where the
coupling needs to be nonperturbative.

For fermions, a similar picture emerges, as is shown in
the bottom panel in Fig. 7. However, compared to the case
of a scalar DM, there is slightly more viable region of
parameter space where the invisible Higgs width is sizable
and the DM annihilates completely through the Higgs
exchange. This region will be probed in the near future
by the LHC experiments. Relaxing the relic density con-
straint, a large region of parameter space opens up where
the invisible branching fraction of the Higgs is larger than
the SM width of the Higgs.

V. CONCLUSIONS

Searches for a SM Higgs boson at the LHC have put
stringent limits on the allowed range of Higgs masses,
essentially excluding a SM-like Higgs boson in the mass
range of 145 GeV < m,; <450 GeV. Higgs masses in this
range are only viable if the signal rates in the relevant
search channels are suppressed. In this work we considered
the possibility that such a suppression is due to the dark
side of the Higgs boson, where the invisible decay width of
the Higgs is comparable to the visible decay width.

We also proposed a method to infer the invisible decay
of the Higgs by measuring the total width of the Higgs
boson in its decay to four charged leptons. This measure-
ment is possible for Higgs masses above 190 GeV, where
the width of the Higgs boson is comparable to the experi-
mental resolution. Compared to previous studies on width
measurements, we have combined the 4u and the
eTe” ut u~ channels and taken into account the reduced
sensitivity due to the decreased signal rate in the presence
of invisible Higgs decay modes. We find that the Higgs
width measurement can probe invisible Higgs decays with

PHYSICAL REVIEW D 85, 015009 (2012)

a better sensitivity than the VBF channel for Higgs masses
above 200 GeV. Assuming a large invisible Higgs width,
I';hv = I'sv, a SM total width can be rejected at the 14 TeV
LHC with less than 40 fb~! of integrated luminosity for
most Higgs masses, while a similar measurement at the
current 7 TeV run of the LHC would require more than
100 fb~! of luminosity.

The combination of total width and event rate measure-
ments could help determine whether the reduction in the
signal strength is due a smaller production cross section or
a larger total width.

The simplest extension of the SM that results in a large
invisible Higgs width is the addition of a gauge singlet DM
particle that couples to the SM only through the Higgs
boson. In this case, a correct relic density and a large
invisible decay width can be obtained for an order unity
coupling. However, when confronting the simplest models
with LHC Higgs limits and direct detection constraints, we
find that both a scalar and a fermionic DM singlet is
heavily constrained. Relaxing the relic density constraint,
e.g. by assuming that the DM singlet is only one compo-
nent of the total dark matter in the universe, we find sizable
regions of viable parameter space. These scenarios will be
probed in the near future by the ongoing Higgs and DM
searches.
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