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A search for a narrow Higgs boson resonance in the diphoton mass spectrum is presented based on data
corresponding to 7.0 fb~! of integrated luminosity from pp collisions at /s = 1.96 TeV collected by the
CDF experiment. No evidence of such a resonance is observed, and upper limits are set on the cross
section times branching ratio of the resonant state as a function of Higgs boson mass. The limits are
interpreted in the context of the standard model and one fermiophobic benchmark model where the data
exclude fermiophobic Higgs bosons with masses below 114 GeV/c? at a 95% Bayesian credibility level.
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In the standard model (SM) of particle physics, the
electromagnetic and weak forces are unified into a single
theory known as electroweak theory. However, the mea-
sured cross sections for electromagnetic and weak inter-
actions differ by several orders of magnitude due to
massive W and Z bosons that mediate the weak interac-
tions. These bosons gain mass via electroweak symmetry
breaking by way of the Higgs mechanism [1], and the
electroweak theory predicts the existence of a boson,

known as the Higgs boson, that provides a direct test of
the theory.

The SM prediction for the Higgs boson branching ratio
into a photon pair B(H — 7y7y) is extremely small, reach-
ing a maximal value of only about 0.2% for a Higgs boson
mass my = 120 GeV/c* [2]. Even so, a search using
the diphoton final state is appealing due to its better
mass resolution and reconstruction efficiency relative to
dominant decay modes involving b quarks. The H — yy
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channel provides its greatest sensitivity for Higgs boson
masses between 110 and 140 GeV/c?, contributing in a
region most useful to combined Tevatron Higgs boson
searches [3] and overlapping with a region preferred by
electroweak constraints [4]. In addition, in “‘fermiopho-
bic”” Higgs boson models, where the coupling of the Higgs
boson to fermions is suppressed, the diphoton decay can be
greatly enhanced [5].

The Collider Detector at Fermilab (CDF) and DO experi-
ments at the Tevatron have searched for both a SM Higgs
boson and a fermiophobic Higgs boson /1, decaying to two
photons [6-8]. The DO experiment recently set 95% con-
fidence level (C.L.) upper limits on the cross section times
branching ratio o X B(H — vyv) relative to the SM pre-
diction and on B(h; — y7) using data corresponding to an
integrated luminosity £ of 8.2 fb~! [9]. The & rresultsets a
lower limit on m, ; of 112.9 GeV/c?, a more stringent limit

than that of 109.7 GeV/c? obtained from combined
searches at the LEP electron-positron collider at CERN
[5]. Previously, the CDF experiment set 95% C.L. upper
limits on B(hy — yy) with data corresponding to
L =3.01fb"!, resulting in an exclusion of m,, , below
106 GeV/c? [10].

In this Letter, we present a search of the diphoton mass
distribution from CDF data for a narrow resonance that
could reveal the presence of a SM or fermiophobic Higgs
boson. This analysis, which uses more than twice the
integrated luminosity of the previous CDF h; analysis
[10], implements new techniques to improve the identifi-
cation of photons and yields a new, improved lower limit
on the fermiophobic Higgs boson mass. In addition, this is
the first search for the SM Higgs boson at CDF using
H — 7y7 decays from Run II data.

The SM Higgs production mechanisms considered in
this study are gluon fusion (GF), associated production
(VH) where a Higgs boson is produced in association
with a W or Z boson, and vector boson fusion (VBF)
with cross sections of 1072.3 fb [11], 240.3 fb [12], and
72.7 fb [13], respectively, for my = 120 GeV/c>. A
benchmark fermiophobic model is considered in which
the Higgs boson does not couple to fermions, yet retains
its SM couplings to bosons [5]. In this model, the GF
process is suppressed and the fermiophobic Higgs boson
production is dominated by VH and VBF. Furthermore,
Higgs boson decays to fermions are removed, resulting in
increased branching ratios for decays into gauge bosons.

We use the CDF II detector [14] to identify photon
candidate events produced in pp collisions at /s =
1.96 TeV. The silicon vertex tracker [15] and the central
outer tracker [16], contained within a 1.4 T axial magnetic
field, measure the trajectories of charged particles and
determine their momenta. Particles that pass through the
central outer tracker reach the electromagnetic (EM) and
hadronic calorimeters [17—-19], which are divided into two
regions: central (|n| < 1.1) [20] and forward or “plug”

(1.1 <|n| <3.6). The EM calorimeters contain fine-
grained shower maximum detectors [21], which measure
the shower shape and centroid position in the two dimen-
sions transverse to the direction of the shower
development.

Events with two photon candidates are selected, and the
data are divided into four categories according to the posi-
tion and type of the photons. In central-central (CC) events,
both photon candidates are located within the fiducial re-
gion of the central EM calorimeter (|| < 1.05); in central-
plug (CP) events, one photon candidate is located in this
region and the other is in the fiducial region of the plug
calorimeter (1.2 <|n| <2.8); in central-central events
with a conversion (C'C), both photon candidates are in the
central region, but one photon converts and is reconstructed
from its e™ e~ decay products; and, in central-plug events
with a conversion (C'P), there is one central conversion
candidate together with a plug photon candidate.

The events are selected by a three-level trigger system
that requires an isolated cluster of energy deposited in the
EM calorimeter with a transverse energy Er > 25 GeV
[22]. The trigger efficiency for events accepted into the
final sample is determined from simulation and found to be
essentially 100% for the most sensitive event category
(CC) and above 90% for all other categories.

A set of selection criteria is used to remove background
events and to identify high-energy photon candidates for
this analysis. All reconstructed photon candidates are re-
quired to have Er > 15 GeV. Plug photon candidates are
identified using standard CDF requirements described else-
where [23,24]. A new neural network (NN) technique is
used to identify photons in the central region. Central
photon candidates are first required to satisfy loose selec-
tion requirements, as described in Ref. [25]. After addi-
tional track requirements are applied to remove electrons,
the remaining candidates are required to have a NN output
value above a threshold that is selected to maximize
H — vy sensitivity. As more than half of the events in the
data with two photon candidates contain either one or two
jets misidentified as a prompt photon [26], the NN discrimi-
nant is trained using photon and jet Monte Carlo (MC)
samples and constructed from several detector variables
that distinguish true photons from these jet backgrounds
[27]. These variables include the ratio of energy in the
shower maximum detector to that in the calorimeter cluster
associated with the photon, the ratio of hadronic to EM
transverse energy, calorimeter and track isolation [25], and
a x? value calculated by comparing the measured transverse
shower profile to that of a single EM shower [28]. This NN
method increases the photon signal efficiency by ~5% and
background rejection by ~12% compared to the standard
selection requirements for central photons [25], which im-
proves H — 7y sensitivity by about 9%.

As photons pass through the CDF detector material, EM
interactions with a nucleus cause about 15% of central
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photons to convert into an electron-positron pair. In order
to recover these conversion photons, we search for a central
electron with a nearby track corresponding to a particle of
opposite charge. The proximity of the two tracks is first
determined by requiring the transverse distance between
the two tracks to be less than 0.2 cm at the radial location
where they are parallel. The difference in cot 6 between
the two tracks must be less than 0.04, where cotf =
p./pr. Backgrounds are further removed by requiring
the ratio of E; to py of the reconstructed conversion
photon to be between 0.1c and 1.9¢ and calorimeter iso-
lation to be less than 2.6 GeV, where cut boundaries are
optimized to maximize H — vy sensitivity. The direction
of the conversion photon’s momentum is obtained by
taking the vector sum of the individual track momenta.
Better H — y7y mass resolution is obtained, however,
by setting the total momentum to be the conversion pho-
ton’s energy obtained from EM calorimeters.
Reconstruction of photon conversions in this analysis pro-
vides an improvement of about 13% in sensitivity to a
Higgs boson signal [29].

The above selection criteria define an inclusive diphoton
sample for the SM Higgs boson search. In order to improve
sensitivity for the fermiophobic Higgs boson search, the
event selection is extended by taking advantage of the
final-state features present in the VH and VBF processes.
Because the Higgs boson from these processes will be
produced with a W or Z boson or with two jets, the
transverse momentum of the diphoton system p2” is gen-
erally higher relative to the diphoton backgrounds. A re-
quirement of p}” > 75 GeV/c forms a region of high A
sensitivity, retaining roughly 30% of the signal while re-
moving 99.5% of the background [10]. Two lower
py? regions are additionally included and provide
about 15% more h; sensitivity: p7” <35 GeV/c and
35 GeV/c < p}” <75 GeV/c. With four diphoton cate-
gories (CC, CP, C'C, and C'P) and three p)” regions,
twelve independent channels are included for the fermio-
phobic Higgs boson search.

TABLE I. Efficiency times detector acceptance (€A) for signal
events in each event category (CC, CP, C'C, and C'P) for
my = 120 GeV/c?, as a percentage of the total number of
H — vy decays for each production mechanism. For the &
search, results for VH and VBF are shown for the
high|medium|low p}” regions as described in the text.

Hgy; Search hy Search
€A (%) GF VH VBF VH VBF
CcC 10.0 10.2 11.0  4.8]3.8]/1.9 4.2|4.612.6
CP 12.0 10.9 11.1 4.2|14.712.5 3.6/5.0/3.0
Cc'C 2.4 2.3 2.6 1.0/0.9]0.4 0.9]1.0]0.6
Cc'p 1.4 1.2 1.2 0.40.5]0.3 0.3]0.5/0.3
Total 258 246 259 10.4[9.9|5.1  9.0]11.1]6.5

The efficiency times detector acceptance for signal
events given in Table I [30] is calculated using PYTHIA
[31] MC event samples, which are generated as described
in Ref. [10]. Corrections in the photon identification (ID)
efficiencies due to imperfections in the detector simulation
are derived using electrons from Z boson decays by com-
paring the ID efficiencies obtained from the detector simu-
lation to the ID efficiencies measured in the data [10]. For
central conversions, a study of Z — e¢* + trident events in
data and MC is used to obtain a systematic uncertainty of
7% on the efficiency of conversion identification, where a
trident is defined as an electron that radiates a photon via
bremsstrahlung which then converts to an electron-
positron pair (e*y — e*ete™).

The largest systematic uncertainties on the expected
number of Higgs boson events arise from the conversion
ID efficiency (7%), the integrated luminosity measurement
(6%), varying the parton distribution functions used in
PYTHIA (up to 5%) [32,33], varying the parameters that
control the amount of initial- and final-state radiation from
the parton shower model of PYTHIA (about 4%) [34],
and the PYTHIA modeling of the shape of the pJ)” distribu-
tion for the hy signal (up to 4%). The latter uncertainty
is only for VH and VBF used in the fermiophobic
search and was obtained by studying the effect on the
acceptance from the differences in the shape of the p}”
distribution from PYTHIA and from leading-order and
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FIG. 1. The invariant mass distribution of the data for CC
photon pairs is shown in (a) for the entire p}” region used in
the SM Higgs boson search and (b) for the highest p}” region
(the most sensitive region) used in the iy search. Each distribu-
tion shows a fit to the data for the hypothesis of a my of
120 GeV/c?. The gap in the fit centered at 120 GeV/c? repre-
sents the signal region for this mass point that was excluded from
the fit. The expected shape of the signal from simulation is
shown in the inset of (a).
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TABLE II.

Expected and observed 95% C.L. upper limits on the production cross section times branching ratio relative to the SM

prediction, the production cross section times branching ratio with theoretical cross section uncertainties removed, and the h;
branching ratio. The fermiophobic benchmark model prediction for B(h; — yy) is also shown for comparison.

my(GeV/c?) 100 105 110 115 120 125 130 135 140 145 150

3 y Expected 164 148 142 138 133 136 144 158 177 208 275

o X B(H— vy)/S Observed 151 139 85 146 287 192 192 148 231 219 214
B " Expected 573 508 479 432 390 360 328 306 285 267 26.1
g (H = yy) (fb) Observed 529 478 288 448 844 504 447 294 369 280 202
Expected 44 49 52 58 60 64 68 74 77 81 87

B(hs — vy) (%) Observed 48 54 28 42 73 55 66 66 57 78 8l
Fermiophobic Prediction 182 106 62 38 28 22 19 12 06 03 02

next-to-leading-order calculations [35]. Finally, we include
uncertainties from the photon ID efficiency (up to 4%), the
trigger efficiency (less than 3%), and the EM energy scale
(less than 1%).

The decay of a Higgs boson into a photon pair would
appear as a very narrow peak in the invariant mass distri-
bution of the two photons (see Fig. 1 as an example for the
CC sample). The diphoton mass resolution, as determined
from simulation and checked using Z — e* e~ decays in
data, is better than 3 GeV/c? for the Higgs boson mass
regions and diphoton channels studied here and is limited
by the energy resolution of the EM calorimeters [36]. The
mass resolution is also sensitive to the selection of the
correct primary vertex of the pp interaction, determined
by selecting the vertex with the highest sum of associated
track momenta. The locations of the vertex and EM energy
cluster are used to derive the photon’s momentum. For GF
(VH and VBF) signal samples, the primary vertex is mis-
identified in roughly 16% (4%) of nonconversion channel
(CC and CP) events, which degrades the resolution of the
reconstructed Higgs boson mass [37]. This effect is studied
using Z decays in the data and found to be well-modeled in
the simulation.

The total background prediction is estimated from a fit
made to the data using a binned log-likelihood (log )
method [38]. The fit is performed for each my hypothesis
in 5 GeV/c? steps from 100 to 150 GeV/c?. At each
step, a 12 GeV/c? mass window centered on the point is
excluded, where 12 GeV/ ¢? is chosen to include 95% of
the signal. Fits for a my hypothesis of 120 GeV/c? are
shown in Fig. 1. The statistical uncertainties on the total
background in the signal region, taken from the fit, are
8% or less for the channels associated with the SM Higgs
boson search and 12% or less for the channels associated
with the fermiophobic Higgs boson search (except for the
high-p}” bins with conversion photons, where it is 27%).

No obvious evidence of a narrow peak or any other
anomalous structure is visible in the diphoton mass spec-
trum. We calculate a Bayesian C.L. limit for each Higgs
boson mass hypothesis based on a combination of binned
likelihoods for all channels using six bins in the

12 GeV/c? signal region (2 GeV/c? bin width) of each
mass distribution. We use a flat prior in o X B(H — yvy)
and integrate over the priors for the systematic
uncertainties. A 95% C.L. limit is determined such that
95% of the posterior density for o X B(H — yy) falls
below the limit [39]. The expected 95% C.L. limits are
calculated assuming no signal, based on expected
backgrounds only, as the median of 2000 simulated experi-
ments. The observed 95% C.L. on o X B(H — yvy)
are calculated from the data. The limit results are displayed
in Table II and graphically in Fig. 2. For a SM Higgs
boson, the results are shown relative to the theory
prediction, where theoretical cross section uncertainties
of 14% on the GF process, 6% on the VH process, and
5% on the VBF process are included in the limit calcula-
tion [40,41]. Limits are also provided on o X B(H — yvy)
without including theoretical cross section uncertainties.
The inclusion of systematic uncertainties in the SM
(fermiophobic) limit calculation degrades the limit on
o X B(H — yy) by 15% (9%), where the effect of the
uncertainty on the background estimate is dominant at
10% (6%).

For the SM limit at my = 120 GeV/c?, we observe a
deviation of greater than 2.50 from the expectation [42].
After accounting for the trials factor associated with per-
forming the search at 11 mass points, the significance of
this discrepancy decreases to less than 20. When the
analysis is optimized for the fermiophobic benchmark
model, no excess is observed. For the hf model, SM cross
sections and uncertainties are assumed (GF excluded)
and used to convert limits on o X B(hy — yy) into
limits on B(h; — yy). Table II gives the predicted
B(hy — vyvy) for this model as calculated using HDECAY
[2]. We obtain a lower limit on my, ; of 114 GeV/c? by
linear interpolation between the sampled values of m,, ,

based on the intersection of the observed limit and the
model prediction.

This Letter presents the results of a search for a narrow
resonance in the diphoton mass spectrum using data
taken by the CDF II detector at the Tevatron. We
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(a) As a function of my, the 95% C.L. upper limit on cross section times branching ratio for the SM Higgs
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Higgs boson decay to two photons, as a function of m;, " For reference, the 95% C.L. limits from LEP are also included. The shaded

regions represent the 10 and 2o probability of fluctuations of the observed limit away from the expected limit based on the distribution

of simulated experimental outcomes.

have improved upon the previous CDF analysis by imple-
menting a neural network discriminant to improve central
photon identification, recovering central photons that have
converted to an e e~ pair, and more than doubling the
amount of data analyzed. There is no significant evidence
of a resonance in the data. Limits are placed on the produc-
tion cross section times branching ratio for Higgs boson
decay into a photon pair and compared to the predictions
of the standard model and a benchmark fermiophobic
model. The latter result excludes fermiophobic Higgs boson
masses below 114 GeV/c2 at the 95% C.L., which is
the strongest limit to date on this model by a single
experiment.
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