D® Note 5601-CONF

Version 3.2

Search for a light Higgs boson in ~ final states at DO

The D@ Collaboration
URL hitp://www-d0.fnal.gov
(Dated: March 8, 2008)

This note describes a search for a light Higgs boson in the di-photon final state in 2.27 £+ 0.14
fb~! of the DO Run II data, collected from July 2002 to August 2007. Good agreement between
the data and the standard model background prediction is observed. Since there is no evidence for
new physics, we set 95% C.L. limits on the production cross section times the branching ratio (h —
~7) for standard model like Higgs for different assumed Higgs masses.
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I. INTRODUCTION

In the standard model (SM), the h — 7 branching ratio is small, for instance, the value for a Higgs boson with a
mass of 130 GeV is 0.22%. However, it is well-known that the SM is incomplete. In some models beyond the SM, the
h — ~~ branching ratio can be enhanced significantly, some examples can be found in [1]. The idea of the fermiophobic
Higgs, which assumes zero couplings of the Higgs to the fermions, has been tested at LEP [2] - [5] and the Tevatron
[6]. In this note, we take a more model-independent approach and search for a Higgs boson with fewer assumptions
about the production mechanisms and decay branching ratios. We examine the inclusive di-photon dataset (yy+X)
and search for high mass resonances. The standard model Higgs is used as a possible signal model. The result of the
search is interpreted as upper limits on the production cross section times the branching ratio (h — ~+) for different
assumed Higgs masses.

There are three major sources of background: (i) Drell-Yan events, when both electrons are misidentified as photons
due to tracking inefficiencies, is estimated using Monte Carlo simulations; (ii) direct QCD di-photon events, estimated
by Monte Carlo; (iii) v + jet and jet + jet events, where the jet(s) are mis-identified as photon(s), is estimated from
data.

II. D@ DETECTOR AND DATA SAMPLE

The DO detector is comprised of a central tracking system in a 2 T superconducting solenoidal magnet, a liquid-
argon/uranium calorimeter, and a muon spectrometer [7]. The major parts of the DO detector used in event selection
are tracking system and electromagnetic (EM) calorimeter. The tracking system consists of a silicon microstrip tracker
(SMT) and an eight-layer scintillating fiber tracker (CFT) mounted on thin coaxial barrels. It provides coverage for
charged particles in the pseudorapidity range || < 3 (where the pseudorapidity is defined as n = — 1n[tan(g)], with
6 denoting the polar angle with respect to the proton beam direction.) The calorimeter has a central section (CC)
covering up to |n| &~ 1.1, and two end components (EC) extending coverage to |n| & 4.2. Each is housed in a separate
cryostat. Each section is divided into EM layers on the inside and hadronic layers on the outside. The EM calorimeter
has four longitudinal layers and transverse segmentation of 0.1x 0.1 in 1 — ¢ space (where ¢ is the azimuthal angle),
except in the third layer, where it is 0.05x 0.05. Luminosity is measured using plastic scintillator arrays located in
front of the EC cryostats, covering 2.7 < |n| < 4.4. The data acquisition system consists of a three-level trigger,
designed to accommodate the high instantaneous luminosity. For final states containing two photon candidates with
transverse momentum (pr) above 25 GeV, the trigger efficiency is close to 100%. The data samples used in this
analysis were collected between July 2002 and August 2007 and corresponds to an integrated luminosity of 2.274+0.14

fo 1.

IIT. EVENT SELECTION

In this analysis, at least two photon candidates in the central calorimeter region are selected in each event, and
the leading and sub-leading pr photon candidates must satisfy: (i) pr > 25.0 GeV; (ii) at least 97% of the cluster
energy be deposited in the EM section of the calorimeter; (iii) the calorimeter isolation variable (I) must be less

than 0.1, where I = %ﬁ%’[m, Ei01(0.4) is the total shower energy in a cone of radius 0.4, and Egn(0.2)

the EM energy in a cone of radius 0.2 around the electron candidate direction; (iv) no track pointing to the photon
candidates; (v) the artificial neural network (ANN) output variable Oy must be greater than 0.2, where the Ony
is an ANN discriminant variable that combines 3 characteristic variables of the EM showers: 1) the fraction of EM
cluster energy deposited at the first layer of the EM calorimeter, 2) the number of cells in the first EM layer in cone
0.2, and 3) the scalar sum of transverse momenta of the tracks in an annular cone 0.05 < AR < 0.4. The Opny is
trained with Z — ee data samples and multi-jet data samples using the JETNET package [8]. It was tested on the Z
— ee MC samples and jet MC samples. We directly use the electron Oyxy on the photons. The Oy distributions
for the electron candidates from Z — ee events in both data and MC samples, the photon candidates in the QCD
di-photon MC samples and the fake photon candidates in jet MC samples are compared in Fig. 1. A cut Oyy > 0.2
is made to suppress a significant amount of the background while maintaining almost 100% efficiency for the signal
events. The efficiency of the ID cuts (denoted as i,ii, iii above) is determined from the Z — ee data sample to be 90%
- 92%. The efficiency of ”"no-track” requirement is 90% - 93%.



D@, 2.27 fb5 preliminar

0.7

0.6
——qcd yy MC
—— Zee data
—— Zee MC
dijet MC

0.5

0.

0.3

0.2

0.

o

Y
T T T T T T T O
T T T T T T T

0.2 03 04 05 06 07 08 08 1
NN

0

o)

FIG. 1: Normalized distributions of photon Onx output value from signal and background.

IV. BACKGROUNDS

There are three major sources of background, (i) Drell-Yan events, where both electrons are misidentified as photouns;
(ii) direct QCD di-photon events; (iii) v + jet and jet 4 jet events where the jet(s) are mis-identified as photon(s).

We use Z/vy* — ee PYTHIA [9] Monte Carlo samples to estimate its contribution. The next-to-next-to-leading-order
(NNLO) pp — Z — ee cross section of 254 + 10 pb [10] for 60 - 130 GeV Z mass region is used for the absolute
normalization. From the Z — ee MC samples, we evaluate that 3.9% - 6.5% of the electrons can satisfy the photon
selection requirements described in Section III due to the tracking inefficiencies. The total background contribution
from Drell Yan process is found to be 755.6 + 87.1.

We estimate the direct QCD di-photon contribution from PYTHIA MC using the NLO cross section from DIPHOX [11]
for the absolute normalization, where 20% cross section uncertainty from the differences resulting from the different
PDF and scale choices is adopted. The total contribution from QCD di-photon production in -7y mass interval (50
GeV, 250 GeV) is 3400.5 £+ 711.0.

We estimate the contributions from v+ jet and jet + jet events from real data by using a 4 x 4 matrix background
subtraction method. The method is described in detail in section 6.5 of [12]. In this analysis, we use an Oyy > 0.85
cut to classify the candidates in 4 categories:

e N,, of them have both photon candidates pass the Oy py cut ;

e N,r of them have the first photon candidate pass the Oy n cut, but the second fail;
e Ny, vice versa;

e Ny of them both photon candidates fail the Oy cut.

This pass-fail 4-vector is related to the (N, Ny;, Njy, N;j) vector as follows:

Jj\vfff ZJ\ijj
Pl = B x Jg 1
pr Ngj ( )
pp Ngg

The 4 x 4 matrix E is defined as:

(1—e1)d —e2) (1—€1)(1 —€g2) (1—eq1)(l—€j2) (T—eg)(1 —eg2)

(1 —ejn)ese (1= €j1)eg2 (1 —eg)ese (1 —€g1)eg2 )
e1(l —e€j2) e1(1 — €g2) €g1(1 — €j2) €g1(1 — €42) '
€j1€52 €j1€42 €g1€52 €g1€42

where €41 and €4 are the fractions of the leading and sub-leading photons that have passed the event selection
requirements pass the Oy > 0.85 cut, and €;; and € are the fractions of jets that have passed the event selection
requirements pass the Onypy > 0.85 cut. (Nyy, Nyj, Njy, Njj) can be obtained by solving the linear equation. Table I
shows the results after applying the method on the real data.



Total events 14670
Yy 4607 £ 397
vj +jv 5025 £ 557
ij 5038 + 496

TABLE I: The number of v, vj + j7, jj events in the data samples from the 4x4 matrix method. The quoted uncertainties
include statistical uncertainties only.

V. SYSTEMATIC UNCERTAINTIES

There are two dominant systematic uncertainties in this analysis: one is from electron track pointing inefficiency,
the other is from the uncertainties of the estimation of v + jet and jet + jet contributions. Additional uncertainties
are the uncertainty on the total luminosity and the influence of the parton distribution functions (PDF) uncertainty
on the acceptance depending on the Higgs mass, estimated from CTEQ6M [15] error funtions. Table II lists all the
systematic uncertainties of this analysis:

source uncertainty
luminosity 6.1% [14]
PDF for h — ~~ acceptance 1.2% - 1.5%
ID efficiency 0.20% - 0.92%
photon ”"no-track” efficiency [0.31% - 1.56%
Z/~*(ee) cross section 3.94%
electron track match inefficiency| 10% - 15%
QCD ~ cross section 20%
~-jet and jet-jet estimation 26%

TABLE II: Uncertainties of this analysis are listed. The luminosity uncertainty is treated as correlated between signal and
all backgrounds, also the ID efficiency uncertainty is treated as correlated between signal and Z/~*(ee) background and QCD
vy background, and the uncertainty of photon ”no-track” efficiency is treated as correlated between signal and QCD ~vy
background.

VI. FINAL EVENT DISTRIBUTIONS AND LIMITS
A. Final event distributions

After the event selection, we show some kinematics distributions of the events in data together with those of the
background estimation and signal (0.801 pb cross section and 100% branching ratio(h — ~v) are used) in Fig. 2.
The discrepancy between data and background estimation at small A¢(y1,72) is believed to be a known problem
in PYTHIA. It is shown in [12, 13] that PYTHIA can get the shape of the diphoton mass distribution right, but not
A¢(y1,72). Tt significantly under-estimates the contribution at small A¢(y1,v2).

B. Limit setting

Since there is no evidence for new physics, we use the C'L, method [16, 17] to set 95% confidence level (C.L.) limits
on the ¢ x BR for different SM Higgs masses. The distribution of invariant mass of the two photon candidates in
the interval of (50 GeV, 250 GeV) is used as the input to the limit setting code. The degrading effects of systematic
uncertainties are reduced by introducing a maximum likelihood fit to the invariant mass distribution. Table III shows
the number of events in data and the background estimation in the mass interval. The limits and selection efficiencies
(€setect) for different Higgs masses are shown in Table IV. Fig. 3 shows the obtained limits as a function of the Higgs
mass.



TABLE III: Number of events in data and the background estimation in the mass interval of (50 GeV, 250 GeV). The jet+jet
and y+jet background contributions are estimated from the data, and thus have correlated statistical fluctuations with respect
to the data. A few uncertainties are fully correlated among the various background contributions and the correlations are taken
into account when computing the uncertainty of the total background. Thus the uncertainty of the sum of the background

data 13827
Z/v+ — ee 740.9 £ 102.3
jet+jet 4778.6 £ 1264.6
y+jet 4677.2 £ 1245.8
QCD v 3400.5 + 711.0
total background|13597.2 £+ 2548.5

contributions are greater than the individual uncertainties added in quadrature.

FIG. 2: Top-left is the invariant mass distribution and top-right is the A¢(vy1,72) distribution of two photon candidates,
bottom-left is the pr distribution of leading photon candidate, and bottom-right is the pr distribution of the sub-leading

photon candidate.

TABLE IV: The selection efficiencies with statistical uncertainties and 95% C.L. limits on o x BR (fb) for the different SM

Higgs masses.
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Higgs mass(GeV) €select observed limits (fb) |expected limits (fb)
100 0.1713+£0.0035 202.61 167.55
110 0.1812+0.0034 124.68 124.02
120 0.1881+0.0035 117.95 95.00
130 0.1943+0.0033 87.21 84.21
140 0.1997+0.0035 118.73 67.46
150 0.2058+0.0035 97.61 56.13
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FIG. 3: Left plot shows the limits on the ¢ x BR versus SM Higgs mass, right plot shows the limits as a ratio to the SM o X
BR for different Higgs masses.

VII. SUMMARY

This note describes a search for a light Higgs boson in the di-photon channel in 2.27 fb~! D@ Run II data. The
data and SM background estimation are consistent, so we set the 95% C.L. limits on the o x BR for different SM
Higgs masses.
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