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A search for the decays of the Higgs and Z bosons to J/yy and Y'(nS)y (n = 1,2, 3) is performed with
pp collision data samples corresponding to integrated luminosities of up to 20.3 fb~! collected at
/s = 8 TeV with the ATLAS detector at the CERN Large Hadron Collider. No significant excess of events
is observed above expected backgrounds and 95% C.L. upper limits are placed on the branching fractions.
In the J/wy final state the limits are 1.5 x 1073 and 2.6 x 10~ for the Higgs and Z boson decays,
respectively, while in the Y(15,25,3S)y final states the limits are (1.3,1.9,1.3) x 1073 and

(3.4,6.5,5.4) x 107, respectively.

DOI: 10.1103/PhysRevLett.114.121801

Rare decays of the recently discovered Higgs boson [1,2]
to a quarkonium state and a photon may offer unique
sensitivity to both the magnitude and sign of the Yukawa
couplings of the Higgs boson to quarks [3-6]. These
couplings are challenging to access in hadron colliders
through the direct H — gq decays, owing to the over-
whelming QCD background [7].

Among the channels proposed as probes of the light
quark Yukawa couplings [4,6], those with the heavy
quarkonia J/w or Y(nS) (n=1,2,3), collectively
denoted as Q, in the final state are the most readily
accessible, without requirements for dedicated triggers
and reconstruction methods beyond those used for identi-
fying the J/y or Y. In particular, the decay H — J/wy may
represent a viable probe of the Hc¢ coupling [4], which is
sensitive to physics beyond the Standard Model (SM) [8,9],
at the Large Hadron Collider (LHC). The expected SM
branching fractions for these decays have been calculated
to be B(H—J/yy)=(2.840.2)x1075, B[H—Y(nS)y]|=
(6.1774,2.01]9,2.4714)x 1071 [5]. No experimental
information on these branching fractions exists. These
decays are a source of background and potential control
sample for the nonresonant decays H — pu~y. These
nonresonant decays are sensitive to new physics [10].

Rare decay modes of the Z boson have attracted attention
focused on establishing their sensitivity to new physics
[11]. Several estimates of the SM branching fraction for the
decay Z — J/yy are available [12—14] with the most recent
being (9.96 + 1.86) x 1078 [14]. Measuring these Z — Qy
branching fractions, benefiting from the larger production
cross section relative to the Higgs case, would provide an
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important benchmark for the search and eventual observa-
tion of H — Qy decays. Additionally, experimental access
to resonant Qy decay modes would also provide an
invaluable tool for the more challenging measurement of
inclusive associated Qy production, which has been sug-
gested as a promising probe of the nature of quarkonium
production in hadronic collisions [15,16].

The decays Z — Qy have not yet been observed, with
the only experimental information arising from inclusive
measurements, such as B(Z — J/yX) = (3.517023) x 1073
and the 95% confidence level (C.L.) upper limits
B[Z - Y(nS)X] < (4.4,13.9,9.4) x 107>, from LEP
experiments [17-21].

This Letter presents a search for decays of the recently
observed Higgs boson and the Z boson to J /yy and Y (nS)y
final states. The decays J/w — utu~ and Y (nS) —» putpu~
are used to reconstruct the quarkonium states. The search is
performed with a sample of pp collision data correspond-
ing to an integrated luminosity of 19.2 fb=! (20.3 fb~!) for
the J/wy [Y(nS)y| analysis, respectively, recorded at a
center-of-mass energy /s =8 TeV with the ATLAS
detector [22], described in detail in Ref. [23].

Higgs boson production is modeled using the POWHEG-
BOX Monte Carlo (MC) event generator [24—28], separately
for the gluon fusion (ggF) and vector-boson fusion (VBF)
processes calculated in quantum chromodynamics (QCD)
up to next-to-leading order in ag. The Higgs boson trans-
verse momentum (pr) distribution predicted for the ggF
process is reweighted to match the calculations of
Refs. [29,30], which include QCD corrections up to
next-to-next-to-leading order and QCD soft-gluon resum-
mations up to next-to-next-to-leading logarithms. Quark
mass effects in ggF production [31] are also accounted for.

Physics beyond the SM that modifies the charm coupling
can also change production dynamics and branching
fractions. In this analysis we assume the production rates
and dynamics for a SM Higgs boson with my = 125 GeV,
obtained from Ref. [32], with an uncertainty on the

© 2015 CERN, for the ATLAS Collaboration
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dominant ggF production mode of 12%. The VBF signal
model is appropriately scaled to account for the production
of a Higgs boson in association with a W or Z boson or in
association with a ¢f pair, correcting for the relative
production rates and experimental acceptances for
these channels. Contributions from nonresonant H —
(Z*[y*)y = utuy decays are expected to be negligible
with respect to the present sensitivity [33—35].

The POWHEG-BOX MC event generator is also used to
model Z boson production. The total cross section is
estimated from Ref. [36], with an uncertainty of 4%.

The Higgs and Z boson decays are simulated as a
cascade of two-body decays. Effects of the helicity of
the quarkonium states on the dimuon kinematics are
accounted for in both cases. For Higgs and Z boson events
generated using POWHEG-BOX, PYTHIAS.1 [37,38] is used
to simulate showering and hadronization while PHOTOS
[39,40] is used to provide QED radiative corrections to the
final state. The simulated events are passed through the full
GEANT4 simulation of the ATLAS detector [41,42] and
processed with the same software used to reconstruct data
events.

The data used to perform the search in the J/yy channel
were collected using a trigger that required at least one
muon with p; > 18 GeV. The events used in the Y (nS)y
channel were collected with a trigger requiring an isolated
muon with py > 24 GeV and a dimuon trigger with py
thresholds of 18 and 8 GeV for each of the muons,
respectively. Events are retained for analysis if they were
collected under stable LHC beam conditions and the
detector components were operating normally.

Muons are reconstructed from inner-detector tracks
combined with independent muon spectrometer tracks or
track segments [43] and are required to have p’} > 3 GeV
and pseudorapidity |##| < 2.5. Candidate Q — p'pu~
decays are reconstructed from pairs of oppositely charged
muons consistent with originating from a common vertex.
The highest-p; muon in a pair, called the leading muon in
the following, is required to have p% > 20 GeV. Dimuons
with a mass, m,,,, within 0.2 GeV of the J/y mass [17] are
identified as J/yw — p*u~ candidates. In case both muons
in the pair are within |7#| < 1.05, the said requirement is
tightened to 0.15 GeV. Dimuons with 8.0 <m,, <
12.0 GeV are considered as Y(nS) — u"u~ candidates.
The transverse momentum of each @ — utu~ candidate,
P4, is required to exceed 36 GeV.

Selected @ — u* ™ candidates are subjected to isolation
and vertex quality requirements. The sum of the py of the
reconstructed inner-detector tracks and calorimeter energy

deposits within AR = +/(A¢)? + (An)? = 0.2 of the lead-
ing muon is required to be less than 10% of the muon’s pr.
The transverse momentum of the inner-detector track
associated with the leading muon is subtracted from the
sum and the subleading muon is also subtracted if it falls
within the isolation cone. To reject backgrounds from

b-hadron decays, the measured transverse decay length
L,, between the dimuon vertex and the primary pp vertex
is required to be less than three times its uncertainty ¢, . In
this case, the primary pp vertex is defined as the recon-
structed vertex with the highest Y, p%,; of all associated
tracks used to form the vertex.

Photon reconstruction is seeded by clusters of energy
in the electromagnetic calorimeter. Clusters without
matching tracks are classified as unconverted photon
candidates. Clusters matched to tracks consistent with
the hypothesis of a photon conversion into an e™e™ pair
are classified as converted photon candidates [44].
Reconstructed photon candidates are required to have
transverse momentum p% > 36 GeV, pseudorapidity
In”| < 2.37, excluding the barrel/endcap calorimeter tran-
sition region 1.37 < |’| < 1.52, and to satisfy the “tight”
photon identification criteria [45]. To further suppress the
contamination from jets, an isolation requirement is
imposed. The sum of the transverse momentum of all
tracks and calorimeter energy deposits within AR = 0.2 of
the photon direction, excluding those associated with the
reconstructed photon, is required to be less than 8% of the
photon’s transverse momentum.

Combinations of a Q — p "y~ candidate and a photon,
satisfying A¢(utu~,y) > 0.5, are retained for further
analysis. To improve the sensitivity of the search, the
events are classified into four exclusive categories, based
upon the pseudorapidity of the muons and the photon
reconstruction classification. Events where both muons are
within the region |7#| < 1.05 and the photon is (is not)
classified as a conversion constitute the “barrel converted”
(BC) [“barrel unconverted” (BU)] category. Events where
at least one of the muons is outside the region |7#| < 1.05
and the photon is (is not) classified as a conversion
constitute the “endcap converted” (EC) [“endcap uncon-
verted” (EU)] category. The number of candidates observed
in each category following the complete event selection is
shown in Table L.

The total signal efficiency (kinematic acceptance, trig-
ger, and reconstruction efficiencies) in the J/yy final state
is 22% and 12% for the Higgs and Z boson decays,
respectively. The corresponding efficiencies for the Y'(nS)y
final state are 28% and 15%. The m,,,, resolution is similar
for both the Higgs and Z boson decays and varies between
1.2% and 1.8%. The m,,, resolution is 1.4% and 2.4% for
the barrel and endcap categories, respectively.

The main source of background, referred to as inclusive
QCD background, is dominated by inclusive quarkonium
production where a jet in the event is reconstructed as a
photon. For the Y'(nS)y final state, events containing Z —
utu~ decays with final-state photon radiation (FSR) con-
stitute a second source of background, a contribution which
is found to be negligible in the J/wy final state. The
normalization of both of these background sources is
extracted directly from a fit to data. The modeling of the
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TABLE L.

yield is given in parentheses for the two m,,,,

The number of observed events in each analysis category. For comparison, the expected background
ranges of interest. The Higgs and Z boson contributions expected for

branching fraction values of 1073 and 107, respectively, are also shown. For Y(nS)y, the 15,28, and 3S

contributions are summed.

Observed (expected background) Signal
Mass range [GeV] Z H
Category All 80-100 115-135 B [1079] B [1073]
Jwy
BU 30 9 8.9+ 1.3) 5 (5.0+0.9) 1.29 +£0.07 1.96 +£0.24
BC 29 8 (6.0+0.7) 3 (5.5+0.6) 0.63 +0.03 1.06 £0.13
EU 35 8 8.7+ 1.0) 10 (5.8£0.8) 1.37 £0.07 1.47 £0.18
EC 23 6 (5.6 £0.7) 2 (3.0+£04) 0.99 + 0.05 0.93 £0.12
Y(nS)y
BU 93 42 (39 £6) 16 (12.9 £2.0) 1.67 £ 0.09 26103
BC 71 32 (27.7+2.4) 5 9.7+£1.2) 0.79 £ 0.04 1.45+0.18
EU 125 49 (47 +06) 16 17.8 £2.4) 224 4+0.12 25+£03
EC 85 31 (B1x5) 18 (123 +1.9) 1.55 £0.08 1.60 £+ 0.20

inclusive QCD background shape, obtained with a data-
driven approach, and of the Z — uu~ background shape,
obtained from simulation, is described in the following two
paragraphs.

The background from inclusive QCD processes is
modeled with a nonparametric data-driven approach using
templates to describe the kinematic distributions. The
approach exploits a sample of loosely selected utu~y
events, around 2400 in the J/wy channel and around
3200 in the Y(nS)y channel. These control samples are
formed from events satisfying the nominal Oy selection,
but with relaxed dimuon and photon transverse momenta
(ph > 25 GeV and p4' > 25 GeV) and isolation require-
ments (separate fractional calorimeter energy and track
momentum isolation for the photon and dimuon system of
less than 60%). Contamination of this sample from signal
events is expected to be negligible. Probability density
functions (pdfs) used to model the p4, p%, An(utu=,7)
and A¢(utu~,y) distributions of this control sample,
independently for each category, are constructed using
Gaussian kernel density estimation [46]. To account for
kinematic correlations, the distributions of p%., An(u*u~,7)
and A¢gp(u"pu, y) are estimated in eight exclusive regions of
p4. In the case of the dimuon and photon isolation
variables, correlations are accounted for by using two-
dimensional histograms derived in five exclusive regions of
pi'. The m,, distributions are modeled using Gaussian
pdfs, with parameters derived from a fit to the control
sample. In the Y'(nS)y channel, the data control sample is
corrected for contamination from Z — u*u~y decays. The
pdfs of these kinematic and isolation variables are sampled
to generate an ensemble of pseudocandidates, each with a
complete Qy four-vector and an associated pair of corre-
lated dimuon and photon isolation values. The nominal
selection requirements are imposed on the ensemble and

the surviving pseudocandidates are used to construct
templates for the kinematic distributions, notably the
inclusive QCD background m,,,, and p4" distributions.

The background from Z — utu~y decays is modeled
with templates derived from a sample of simulated Z boson
events with m,,, in the Y'(nS) mass region. To validate this
background model with data, the sidebands of the My
distribution in several validation regions, defined by
relaxed kinematic or isolation requirements, are used to
compare the prediction of the background model with the
data. Good agreement within the statistical uncertainties is
observed.

The composition of the inclusive QCD background and
the Z — u"u~y decay contribution is investigated with
data. The details of the composition do not enter directly
the background estimation for this search, but the compo-
sition itself is a crucial input in feasibility studies for future
searches or measurements, where projections of these
backgrounds to different center-of-mass energies or lumi-
nosity conditions are needed. To facilitate this study, the
selection requirements on 1, and |L,,/ GLU| are relaxed to

include the sideband regions. In the J/wy final state, a
simultaneous unbinned maximum likelihood fit to the m,,,
and |L,,/oy, | distributions is performed. Once the simul-

taneous fit is performed, the composition of the subset of
events satisfying the nominal m,, and |L,,/ Gny| require-
ments is estimated. After the complete event selection,
around 56% of the events originate from prompt J/y
production, 3% from nonprompt J/y production (from
b-hadron decays) and 41% are combinatoric backgrounds
from nonresonant dimuon events.

A separate simultaneous fit to the m,, and m,,
distributions of the same sample of candidate J/y events
finds no significant contribution from Z — u "~y decays, a
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FIG. 1 (color online). The m,,, and p4" distributions of the selected J/wy candidates, along with the results of the unbinned

maximum likelihood fit to the signal and background model (S + B fit). The error bars on the data points correspond to the statistical
uncertainties. The Higgs and Z boson contributions as expected for branching fraction values of 10~ and 107, respectively, are

also shown.

conclusion that is also supported by a study based on
simulated Z — utpu~ events.

For the Y (nS)y final state a simultaneous fit is performed
to the m,,, and m,, distributions. After the full event
selection, inclusive Y (nS) production accounts for 7% of
events, 27% of the events are produced in Z — uu~y
decays, and 66% of the events are associated with combi-
natoric backgrounds from nonresonant dimuon events. The
contribution from Z — u™ "y decays is in agreement with
the MC expectation.

Trigger efficiencies and efficiencies for muon and
photon identification are determined from samples of
Z—->Ct 7Z -y (€ =e,p), and J/y — utu~ decays
in data [43.,47]. The systematic uncertainty on the expected
signal yield associated with the trigger efficiency is
estimated to be 1.7%. The photon (both converted and
unconverted) and muon reconstruction and identification
efficiency uncertainties are estimated to be 0.5% (0.7%)
and 0.4% (0.4%) for the Higgs boson (Z boson) signal,
respectively. An uncertainty on the integrated luminosity of
2.8% is derived using the method described in Ref. [48].
The photon energy scale uncertainty, determined from
Z — e'e” and validated using Z — £¢y decays [49], is
propagated through the simulated signal samples as a
function of #” and p%. The uncertainty associated with
the description of the photon energy scale in the simulation
is found to be less than 0.2% of the three-body invariant
mass while the uncertainty associated with the photon
energy resolution is found to be negligible relative to the
overall three-body invariant mass resolution. Similarly, the
systematic uncertainty associated with the muon momen-
tum measurement is determined using data samples of
J/w — uTu and Z — uTpu~ decays and validated using
Y(nS) — utu~ decays [43]. For the p; range relevant to
this analysis, the systematic uncertainties associated with
the muon momentum scale are negligible.

The uncertainty in the shape of the inclusive QCD
background is estimated through the study of variations
in the background modeling procedure. The shape of the
pdf is allowed to vary around the nominal shape within an
envelope associated with shifts in the p4' and p’ distri-
butions. Furthermore, a separate background model, gen-
erated without removing the contamination from
Z — uT "y decays, provides an upper bound on potential
mismodeling associated with this process.

Results are extracted by means of a simultaneous
unbinned maximum likelihood fit, performed to the
selected events with 30 GeV < m,,, <230 GeV sepa-
rately in each of the analysis categories. In the J/yy
final state, the fit is performed on the m,, and p7”
distributions, while for the Y (nS)y candidates a similar
fit is performed using the m,,,. p7’, and m,, dis-
tributions. The latter distribution provides discrimina-
tion between the three Y(nS) states and constrains
the Z — utu~y background normalization. No significant
Z — Qy or H —» Qy signals are observed, as shown in
Figs. 1 and 2.

Upper limits on the branching fractions for the Higgs and
Z boson decays to J/yy and Y'(nS)y are set using the CL;
modified frequentist formalism [50] with the profile like-
lihood ratio test statistic [51]. The expected SM production
cross sections are assumed for the Higgs and Z bosons. The
results are summarized in Table II.

The 95% C.L. upper limit on the branching fraction for
H — J/wyy decays corresponds to about 540 times the
expected SM branching fraction. The upper limits on the
Z — J/yy and Z — Y (nS)y branching fractions signifi-
cantly constrain the allowed range of values obtained from
theoretical calculations [12—14]. Upper limits are also set
on the combined branching fractions B[H — Y (nS)y] <
2.0 x 107 and B[Z — Y(nS)y] < 7.9 x 107, where the
relative contribution of each final state to the potential
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FIG. 2 (color online).  The m,,,,, p’}’”, and m,,, distributions of the selected Y (nS)y candidates, along with the results of the unbinned
maximum likelihood fit to the signal and background model (S + B fit). The error bars on the data points correspond to the statistical
uncertainties. The Higgs and Z boson contributions as expected for branching fraction values of 103 and 107, respectively, for each of

the Y(nS) are also shown.

signal is profiled (allowed to float to the values that
maximize the likelihood) during the fit.

In conclusion, the first search for the decays of the SM
Higgs and Z bosons to J/yy and Y'(nS)y (n = 1,2, 3) has
been performed with /s = 8 TeV pp collision data sam-
ples corresponding to integrated luminosities of up to
20.3 fb~! collected with the ATLAS detector at the LHC.
No significant excess of events is observed above the
background. In the J/yy final state, the 95% C.L. upper
limits on the relevant branching fractions for the SM Higgs
and Z bosons are 1.5 x 1073 and 2.6 x 1079, respectively.
The corresponding upper limits in the Y(1S,2S,3S)y
channels are (1.3,1.9,1.3)x1073 and (3.4,6.5,5.4)x 1075,
for the SM Higgs and Z bosons, respectively. These are the
first experimental bounds on exclusive Higgs and Z boson
decays to final states involving quarkonia.

TABLE II. Expected and observed branching fraction limits at
95% C.L. for /s = 8 TeV. The %10 fluctuations of the expected
limits are also given. For the Higgs decay search, limits are
also set on the cross section times branching fraction
o(pp — H) x B(H - Qy).

95% C.L. upper limits

Jiw  Y(1S)  Y@2S5) Y(3S) >,Y(nS)
B(Z — Qy) [1079]
Expected 20500 49777 6273 5473 8817
Observed 2.6 34 6.5 54 7.9
B(H — Qy) [107%]
Expecied 12708 18709 21700 1877 25703
Observed 1.5 13 1.9 1.3 2.0
o(pp — H) x B(H — Qy) [fb]
Expected 2657 3847 45 381D 5417
Observed 33 29 41 28 44
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