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Abstract

A search for Higgs boson invisible decay modes has been carried out in events where the Higgs boson is produced
in association with a Z boson as well as through vector boson fusion. In the associated production search, electron,
muon and b-quark pair decay modes of the Z boson are considered. The analyses are based on pp collision data
collected with the CMS detector at the LHC collider at centre-of-mass energies of 7 and 8 TeV, corresponding to
integrated luminosities of 5 fb~!' and 20 fb™!, respectively. No evidence of a signal has been found and upper limits
on the invisible branching fraction are obtained and interpreted in a Higgs portal model of dark matter interactions.
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1. Introduction

Since the observation of a new boson with mass of
about 125 GeV at the Large Hadron Collider (LHC) [1,
2], all measurements of its properties have indicated
compatibility with the standard model (SM) Higgs bo-
son. However, the associated uncertainties are large,
and the possibility for non-SM properties remains.

Decays of the Higgs boson to undetectable particles
are possible in a wide range of models. In general, inter-
actions of the Higgs boson with the unknown dark mat-
ter (DM) sector may introduce invisible decay modes.
In so-called “Higgs-portal” models of DM [3, 4], the
Higgs boson serves as mediator between the SM parti-
cles and the DM particle.

Indirect constraints on non-SM decay modes of the
Higgs boson have been inferred from the visible SM
decay modes [5]. The resulting upper limit on the non-
SM branching fraction is 0.32, at 95% confidence level
(CL). Direct searches for invisible Higgs boson decays,
H(inv), are possible by requiring that the Higgs boson
recoils against a visible system.

Here we report searches for H(inv) with the Com-
pact Muon Solenoid (CMS) detector [6] in two produc-
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tion modes: the vector boson fusion (VBF), where the
Higgs boson is produced in association with two quarks,
and the ZH mode, where the Z boson decays to leptons
(Z(¢O)H(inv) channel) or a bb quark pair (Z(bb)H(inv)
channel). All the searches are conducted using the
8 TeV data sample collected by the CMS Collaboration
during 2012, corresponding to an integrated luminosity
of about 19.5fb™!. The search in the Z(££)H(inv) chan-
nel also uses the 7 TeV dataset collected during 2011,
corresponding to 4.9 fb™".

2. Search in vector boson fusion

In the VBF mode, the Higgs boson is produced in as-
sociation with two jets separated by a large rapidity gap
and having high invariant mass. The rapidity gap be-
tween the two jets is characterized by reduced hadronic
activity. Events are thus collected with a trigger that
requires missing transverse energy (E'T“i“), in associa-
tion with a pair of jets with high transverse momen-
tum (p;), large pseudorapidity (17) separation, Az, ;, =
|r]_,-1 - '71'2|’ and high invariant mass, M; ;. A tight-
ened version of the same selection is applied offline,
namely EZ* > 130GeV, pi* > 50GeV, |n;,,| < 4.7,
n;,nj, <0,An; ;, >42,and M;, ;, > 1100 GeV. Back-
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grounds Z({f)+jets and W({v)+jets are rejected by ve-
toing any event with an identified electron or muon with
pr > 10GeV. Multijet backgrounds are suppressed by
requiring the azimuthal separation between the tag jets
to be small, Ag;, ;, < 1.0rad. Finally, a veto is applied
to any event that has an additional jet with p,. > 30 GeV
and 7 between those of the two tag jets. After these re-
quirements, a hypothetical invisible Higgs boson with
mass of 125GeV produced via VBF is reconstructed
with an efficiency of 6.8 - 1073. Assuming the SM pro-
duction cross section and an invisible branching fraction
BH — inv) = 100%, this corresponds to a yield of 210
events.

The dominant background, Z(vv)+jets, is estimated
from data using observable Z(uu) decays. A Z con-
trol region is defined by requiring an oppositely-charged
pair of well-identified muons with invariant mass be-
tween 60 and 120 GeV. The number of Z(vv) events
in the signal region is then predicted scaling the num-
ber of Z(u*u~) events in the control region by the ra-
tio of the different cross sections and efficiencies of the
two processes, obtained from simulation. In a similar
way, the W(¢v)+jets background (£ = e,u,T) is esti-
mated from single-lepton events. The control samples
are defined requiring an isolated electron or muon, or
a hadronically-decaying 7, and vetoing any additional
leptons. The extrapolation from each control region
to the signal region is performed using factors evalu-
ated from simulation. The multijet background in the
signal region is estimated using events that pass the
same requirements as the signal, but fail the central-
jet veto. The number of events in the control region
is then multiplied by the ratio of events passing and
failing the central-jet veto. This factor is measured in
a sample with E < 130GeV. The remaining SM
backgrounds in the signal region—tt, single-top, VV
and Z/y*(€€)+jets processes—are estimated from simu-
lation. The total expected background is 332+36 (stat)+
45 (syst).

The dominant systematic uncertainty in the signal
yield is due to jet and E‘TTliss energy scale and resolu-
tion. Theoretical uncertainties in the VBF signal cross
section, resulting from PDF modeling and factorization
and renormalization scale uncertainties, are also consid-
ered. The signal simulation includes a small contribu-
tion from the gluon-fusion process, where the jets are
produced through initial-state radiation (ISR). The large
uncertainty in the ISR modeling has a modest overall ef-
fect. Other small uncertainties arise from the integrated
luminosity and lepton identification efficiencies. The
total uncertainty in the signal yield is estimated to be
14%. The uncertainty in the background yield is domi-
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Figure 1: The E!l’f‘iss distribution in data and MC after the full selection
in the VBF search signal region. The background is normalized to
the estimates obtained from data, and shown cumulatively, with the
total systematic uncertainty shown as a hatched region. Note that the
QCD multijet background is not shown due to limited MC statistics,
which results in a small apparent discrepancy between data and the
backgrounds at low E'Tniss values. The cumulative effect of a signal
from a Higgs boson with SM VBF production cross section, my =
125 GeV, and B(H — inv) =100% is also shown.

nated by the large statistical uncertainties in the V+jets
background estimates, due to the control samples in
data, and by the systematic uncertainty in the control-
to-signal region translation factors for the V+jets back-
grounds. Large uncertainties are assigned to the multijet
background, but they have a small impact on the over-
all background uncertainty. For the minor backgrounds
estimated from MC, additional uncertainties arise from
the cross sections, which are set according to the corre-
sponding CMS cross section measurements. The total
uncertainty in the background yield is 18%.

Figure 1 shows the E‘Tniss distribution in data and sim-
ulated backgrounds in the signal region. The 390 ob-
served events are compatible with the background pre-
diction. In absence of deviations from the SM expecta-
tion, 95% CL upper limits are set on the Higgs boson
VBF production cross section times invisible branching
fraction.

3. Search in the Z(¢f)H(inv) channel

The final state in the Z(££)H(inv) channel consists
of a pair of high-p, isolated leptons from the Z bo-
son decay, high ET"* from the undetectable Higgs bo-
son decay products, and limited jet activity. Events are
thus collected using dielectron and dimuon triggers, to-
gether with single-muon triggers that allow recovery of
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some residual trigger inefficiencies. The offline selec-
tion starts by requiring two well-identified, isolated lep-
tons of the same flavor and opposite sign (e*e™ or u*u™),
each with p;. > 20GeV. The invariant mass of the pair
must be within 15 GeV of the Z boson mass. To reduce
the large background from the Drell-Yan (DY) process
Z® [y*(El)+jets, where the ET'S arises from mismea-
surement, any event containing two or more jets with
P > 30GeV is rejected. The remaining zero- and one-
jet samples are treated separately in the analysis because
of their significantly different signal-to-background ra-
tios. To reduce the W({v)Z(€€) background, events con-
taining additional identified electrons or muons with
pr > 10GeV are rejected. The top-quark background
is further suppressed by rejecting events containing an
identified b-jet with p;. > 20 GeV or a soft muon. The
remaining event selection uses three variables to sup-
press reducible backgrounds like DY and top-quark pro-

duction: EJ™® > 120GeV, [Ag (¢6, Ef)| > 2.7, and

E‘TniSS - pﬂ / p%[ < 0.25, where pr‘) is the transverse
momentum of the dilepton system. The efficiency of
the full selection for the Z(£¢)H(inv) signal at my =
125 GeV is 5.6%.

After the full selection, the dominant backgrounds
arise from WZ and ZZ processes, which are modeled
using MC simulation and normalized to next-to-leading
order (NLO) cross sections [7]. The DY background is
modeled using a large-statistics control sample of events
with a single isolated photon produced in association
with jets (y + jets). Photon production resembles the
DY process in all important aspects: production mecha-
nism, underlying event conditions, pileup scenario, and
hadronic recoil. The kinematic distributions and overall
normalization of the photon events are matched to Z(£¢)
in data through p%-dependent event weights. The re-
maining background processes, tt, single-top, and WW,
do not involve Z boson production, and are referred
to as “non-resonant backgrounds”. These backgrounds
are estimated using a control sample in data, consisting
of events with opposite-charge different-flavor dilepton
pairs (e*u™) that otherwise pass the full selection. The
backgrounds in the e*e™ and u*u~ final states are then
estimated by applying scale factors (@ee, @) to the
number of events in the control sample. Factor e (,.)
is measured as the ratio of the number of ee (uu) events
to the number of e u events in the sidebands of the Z
peak (40 < My < 70GeV and 110 < My, < 200 GeV).
In order to reduce the statistical uncertainties in .. and
@, the selection of ee, uu, and e u events in the side-
bands is looser than in the signal region.

The most important uncertainties in this search are

those associated with theory, resulting from PDF model-
ing and factorization and renormalization scales, which
affect both the signal acceptance and the dominant W
Z and Z Z backgrounds. An additional uncertainty in
the ZH production cross section stems from next-to-
next-to-leading order (NNLO) QCD corrections [8] and
NLO electroweak corrections [9, 10, 11]. NLO elec-
troweak corrections to the ZZ and WZ background pro-
cesses [12] are also included. The uncertainties re-
lated to jet and E‘TniSS energy scale and resolution, lepton
Py scale, and reconstruction efficiency affect the signal
and all backgrounds. Uncertainties of approximately
100%, derived by comparing different estimation meth-
ods in data and conducting closure tests in simulation,
are assigned to the non-resonant backgrounds. How-
ever, their contribution to the total background uncer-
tainty is small. The signal efficiency uncertainty is esti-
mated to be about 12%, and the total uncertainty in the
background estimations is about 15%.

The total number of observed events in the 7 TeV and
8 TeV samples is 134, with an estimated background of
about 138 events and expected signal yield of 35 events
for my = 125GeV and B(H — inv) = 100%. The
final limits on a signal are determined using a profile-
likelihood fit to selected distributions in the signal re-
gion. For the 7TeV data, the transverse mass of the
dilepton-E%liss system is used, defined as

mr = \[2pER[1 — cos Ag (¢€, B2

For the 8§ TeV data, the limits are computed using the
two-dimensional distribution of the azimuthal dilepton
separation, A¢¢ ¢, and mr. In the fit, the shapes and nor-
malizations of the signal and of each background are
allowed to vary within their uncertainties, and correla-
tions in the sources of systematic uncertainty are taken
into account. Figure 2 shows the my distribution in the
8 TeV data. It can be seen that the observed data are
consistent with the predicted backgrounds.

4. Search in the Z(bb)H(inv) channel

The Z(bb)H(inv) search is characterized by final
states with large E’T‘rliSS and a pair of b-jets consistent
with a Z — bb decay. A suite of different triggers
is used throughout the data taking to adapt to the in-
creasing LHC instantaneous luminosity. Each trigger
requires the presence of E%“SS, with thresholds ranging
from 80 to 100 GeV, and two jets with [57] < 2.5 and p;.
thresholds varying from 20 to 60 GeV. Additional re-
quirements are imposed on the two jets, e.g. a minimum
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Figure 2: Dilepton—E?iss transverse mass distribution at 8 TeV in data
and simulation. The expected background distributions are displayed
cumulatively, while a signal corresponding to my = 125GeV and
BH — inv) =100% is superimposed separately. The total statistical
and systematic uncertainty in the background is shown as a hatched
region.

threshold on the vectorial sum of the two jets P Or be-
ing identified by the combined secondary vertex (CSV)
b-tagging algorithm, which combines information from
track impact parameters and secondary vertices to iden-
tify b-jets and reject jets originating from light quarks, ¢
quarks or gluons. The offline selection starts by requir-
ing large E?i“, which is used to define three separate
regions with different sensitivities, and thus treated sep-
arately in the limit setting: low-, intemediate-, and high-
ETS regions, with EF'*® values in the ranges of 100-
130 GeV, 130-170GeV, and > 170 GeV, respectively.
The Z boson candidate is reconstructed from a pair of
jets with || < 2.5 and p > 60 and 30 GeV, with further
requirements on the p; and invariant mass of the dijet
system. The two jets are also required to be tagged by
the CSV discriminator. To reduce the tt and WZ back-
grounds, events with isolated leptons with p. > 15 GeV
are rejected. The multijet background is reduced to neg-
ligible levels by imposing several requirements which
ensure that the E'T“iss does not originate from mismea-
sured jets, e.g. the minimum azimuthal separation be-
tween the E%liss direction and the closest jet, and a min-
imum threshold on the E%“SS significance, defined as
the ratio of the ET" and the square root of the scalar
sum of transverse energy of all particle candidates. Af-
ter the full selection, the efficiency for a signal with
my = 125GeV and B(H — inv) = 100% is 4.8%. The

final signal yield is estimated using a boosted decision
tree (BDT), by fitting the BDT output for background
and signal to that obtained from data.

All backgrounds are modeled using simulation. For
the main backgrounds, i.e. Z+jets, W+jets, and tt, the
normalizations are obtained from control regions in
data. For the Z and W backgrounds, different control
regions are defined depending on the number of b-jets
in the event, 0, 1 or 2. The normalization of each back-
ground is obtained with simultaneous fits to the CSV
distributions in each control region.

The main uncertainties in the signal yield arise from
factorization and renormalization scales, PDF model-
ing, QCD NNLO and electroweak NLO corrections.
The dominant uncertainty in the background yield is
due to the normalization procedure for Z+jets, W+jets,
and tt processes. Other uncertainties affect both the nor-
malization and BDT output shape of signal and back-
grounds, such as jet and E‘T‘fliSS energy scales and reso-
lutions, trigger efficiency, and b-tagging efficiency. The
total uncertainties in the signal and background yields
are 11% and 12%, respectively.

Figure 3 shows an example of BDT output for the
high-E%’isS region. The data are compatible with the
background estimations. Limits are determined using
a fit to the BDT output distributions, separately for each
Higgs boson mass hypothesis.
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Figure 3: Distributions of the Z(bb)H(inv) BDT output in the high-
E%‘iss bin after the full selection criteria. The simulated background
contributions are displayed cumulatively, while a signal correspond-
ing to my = 125 GeV and B(H — inv) =100% is superimposed. The
uncertainty in the background is shown as a hatched region.
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Figure 4: Expected and observed 95% CL upper limits on the pro-
duction cross section times invisible branching fraction in the VBF
channel (top) and in the ZH channel (bottom).

5. Cross section limits

Limits are calculated using a CLg method [13, 14],
where systematic uncertainties are incorporated as nui-
sance parameters. Limits are also set on the production
cross section times invisible branching fraction normal-
ized to the SM production cross section, £ = o - B(H —
inv)/osy. Figure 4 shows the observed and median
expected 95% CL limits on the Higgs boson produc-
tion cross section times invisible branching fraction, as
a function of the Higgs boson mass, for VBF production
(top) and for the ZH production, combining the searches
in the €€ +E‘TniSS and bb +ETmiss channels (bottom). The
observed (expected) limits on ¢ for a Higgs boson of
mass 125 GeV set by the three individual searches are
0.65 (0.49), 0.83 (0.86), and 1.82 (1.99) in the VBF,
Z(€O)H(inv), and Z(bb)H(inv) channels, respectively.
By assuming production cross sections as for the SM
Higgs boson, these individual results may be combined
and interpreted as a limit on the invisible branching frac-
tion of the 125 GeV Higgs boson. The statistical combi-
nation fully accounts for correlations between nuisance
parameters in the individual searches, such as the un-
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Figure 5: Expected and observed 95% CL upper limits on ¢ = o -
BH — inv)/o(SM).

certainties on jet energy scale and signal cross sections.
The resulting 95% CL limit on ¢ is shown in Fig. 5. For
my = 125 GeV, the observed (expected) upper limit on
the invisible branching fraction is 0.58 (0.44) at 95%
CL, and 0.51 (0.38) at 90% CL.

6. Dark matter interactions

The experimental upper limit on 8(H — inv) can
be interpreted in the context of a Higgs-portal model
of DM interactions. In these models, a hidden sector
can provide stable DM particles with direct renormal-
izable couplings to the SM Higgs sector. In direct de-
tection experiments, the elastic interaction between DM
and nuclei exchanged through the Higgs boson results
in nuclear recoil which can be reinterpreted in terms
of DM mass, M,, and DM-nucleon cross section. If
the DM candidate has a mass below my/2, the invis-
ible Higgs boson decay width, I'j,,, can be translated
to a spin-independent DM-nucleon elastic cross section
for scalar, vector, and fermionic DM candidates. Fig-
ure 6 shows upper limits at 90% CL on the DM-nucleon
cross section as a function of the DM mass, derived
from the experimental upper limit on B(H — inv) for
my = 125 GeV, in the scenarios where the DM candi-
date is a scalar, a vector, or a Majorana fermion.

7. Conclusions

A search for invisible decays of Higgs bosons has
been performed, using the vector boson fusion and asso-
ciated ZH production modes, withZ — {f or Z — bb.
No evidence for a signal is observed, and limits are
placed in terms of o - B(H — inv) and o - BH —
inv)/osm. By assuming standard model production
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BH — inv) < 0.51 at 90% CL, as a function of the DM mass. Lim-
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DAMA/LIBRA [18], CoGeNT [19], CDMS II [20], COUPP [21],
LUX [22] Collaborations.

cross sections, the upper limit on the invisible branching
fraction of a Higgs boson with my = 125 GeV is found
to be 0.58, with an expected limit of 0.44, at 95% confi-
dence level. Finally, the result is interpreted in a Higgs-
portal model of dark matter. Strong limits are obtained
on the dark matter-nucleon cross section for light dark
matter.
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