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We present measurements of the differential cross sections for the production of photon pairs
√
and for the production of b jets in association with photons in p p̄ collisions at s = 1.96 TeV
using data recorded with the DØ detector at the Fermilab Tevatron collider and corresponding to
an integrated luminosity of 4.2 fb−1 and 8.7 fb−1 , respectively. Results are compared with the
prediction of NLO QCD calculations and with the predictions of Monte Carlo event generators.
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1. Introduction
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Figure 1: Fraction of events produced in the "Compton-like" scattering gb → γb subprocess of the associated
γ
production of direct photon and a b jet as a function of pT (left) [9], and fractional contribution of the gluon
fusion gg → γγ subprocess in the direct photon pair production as a function of the pair invariant mass Mγγ
(right) [10].

In addition to new phenomena searches, high-energy di-photon events are a useful tool to test
the validity of the predictions of perturbative quantum chromodynamics (pQCD) and soft-gluon
resummation methods featured in theoretical calculations [7]. Direct photon pairs (DPP) [8] are
predominantly produced at the Tevatron through the quark-antiquark scattering (qq̄ → γγ), however
at low DPP masses the higher gg parton luminosity is responsible for a significant contribution from
gluon-gluon fusion (gg → γγ) despite an additional suppression factor of αs2 , see Fig. 1. In DPP
events, as in γ + b jet production, one or both photons can be produced in parton fragmentation
processes [7, 8]. Their contribution can be reduced using tight constraints on the photon isolation.
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High-energy photons (γ) coming from a hard hadron-hadron scattering are ideal probes of
parton level dynamics. Events where such photons are produced in association with a b quark are a
valuable source of information about the b quark and gluon (g) parton distribution functions (PDFs)
of the incoming hadrons. Di-photon events are excellent material for new phenomena searches,
such as new heavy resonances [1], extra spatial dimensions [2], and cascade decays of new heavy
particles [3], not mentioning the recent discovery of a new boson by the LHC experiments [4, 5].
Photons are indispensable for such studies because of their higher detector resolution in comparison
to hadronic jets.
At the Tevatron the leading process contributing to γ + b jet production is b quark gluon scatγ
tering, gb → γb, see Fig. 1, but at photon transverse momenta (pT ) of ≈ 70 GeV quark-antiquark
annihilation qq̄ → γbb̄ starts dominating. The bb̄ pair is the result of a gluon splitting [6]. A
high-energy photon can also be produced in close proximity to a hadronic jet as a result of a nonperturbative process of parton fragmentation, such as in gg → bb̄ or gb → gb. However, in such
cases, it is poorly isolated from the hadronic activity and loses its high resolution advantage. The
contribution of such photons can be suppressed by using strong isolation requirements.
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2. Measurements
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We describe measurements of the inclusive differential cross sections of γ + b jet production
γ
as a function of the pT and DPP production as functions of the pair mass Mγγ , pair transverse
γγ
momentum pT , azimuthal angle between the photons ∆φγγ , and the polar scattering angle of the
photon pair in the Collins-Soper frame cos θ ∗ [11]. For the first time, double differential cross
sections are measured for the DPP production. The γ + b jet measurement uses a dataset collected
with the D0 detector at the Fermilab Tevatron between June 2006 and September 2011, while the
dataset for the DPP measurement uses a smaller part of it collected between August 2006 and June
2009.
The D0 detector is a general purpose detector described in detail elsewhere [12]. The subdetectors most relevant for the photon-jet analyses are the tracking system with the silicon micro-strip
tracker (SMT), central fiber tracker (CFT), both embedded in a 2 T solenoidal magnetic field, central preshower detector (CPS), located right outside the magnet, and the three-cryostat liquid-argon
calorimeter. The central section of the calorimeter covers the region |ηdet | < 1.1, where ηdet is the
pseudorapidity with respect to the geometric center of the D0 detector, while the two end calorimeters cover the region up to |ηdet | ≈ 4.2. The four inner layers of the calorimeter constitute the
electro-magnetic (EM) section and are segmented into cells with 0.1 × 0.1 size in ∆φ × ∆η, except
for the third layer, where the granularity is 0.05 × 0.05. It allows a precise measurement of the
photon energy with 3.6% resolution at 50 GeV and direction measurement with 0.01 radian resolution. The energy response of the calorimeter is calibrated using electrons from Z boson decays.
Corrections for the difference between the calorimeter response of photons and electrons amount
to 2% and are obtained from a detailed GEANT-based [14] Monte Carlo (MC) simulation of the
D0 detector using the same software reconstruction as in data. The MC events are overlaid with
events from random p p̄ crossings with a similar instantaneous luminosity spectrum as in data to
accurately model the effects of multiple p p̄ interactions and detector noise.
The γ + b jet dataset and the DPP dataset correspond to 8.7 fb−1 and 4.2 fb−1 of integrated
luminosity, respectively. Data for the γ +b jet cross section measurement are collected using a set of
triggers requiring at least one, and for the DPP, at least two clusters of energy in the electromagnetic
calorimeter with loose shower shape requirements. The trigger efficiency is ≥ 96% for the photon
candidate selection in both cases.
The γ +b jet production cross sections are measured in the central |yγ | < 1.0 and forward 1.5 <
|yγ | < 2.5 photon rapidity regions. Rapidity is calculated as a function of the polar angle θ between
the particle flight direction and the proton beam axis as y = 12 ln[(1 + β cos θ )/(1 − β cos θ )], where
β is the particle velocity relative to the speed of light β = |~p|/E. Photons are required to have
γ
γ
30 < pT < 300 GeV in the central and 30 < pT < 200 GeV in the forward regions. The analysis
selection requires the b jet absolute rapidity to be constrained by |y jet | < 1.5 and the transverse
momentum by pTjet > 15 GeV. Such selection allows to cover parton momentum fractions within
the range 0.007 . x . 0.4 [9].
γγ
For DPP, along with the sensitivity of Mγγ to beyond the Standard Model phenomena, pT and
∆φγγ distributions reveal the effects of initial state gluon radiation and parton fragmentation. In their
turn, the PDFs and the final state angular momentum affect the shape of cos θ ∗ , approximated in the
analysis as cos θ ∗ ≈ tanh[(η1 − η2 )/2], allowing to distinguish between the DPP background and,
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for example, a spin-0 Higgs boson [10, 13]. η1,2 are pseudorapidities of the photons equal to their
rapidities due to their masslessness. Both photons
p are required to be in the central region |η| < 0.9,
be separated by an angular distance ∆R = (∆φ )2 + (∆η)2 > 0.4, and pass uneven transverse
γ
momentum cuts pT > 21(20) GeV for the leading (sub-leading) photons to avoid divergencies in
the NLO theoretical calculations, described in [7, 8].
These analyses share the same photon reconstruction algorithm and photon quality cuts. Photons are reconstructed as clusters of projective towers of calorimeter cells with high energy deposits
inside a cone of radius R = 0.4. The cluster energy is calculated by summing up energies of projective towers inside a smaller cone of radius R = 0.2. Photon candidates are selected by requiring: (i)
the fraction of the energy deposited into the EM layers of the calorimeter to be > 97%; calorimeter isolation I = [Etot (0.4) − EEM (0.2)]/EEM (0.2) < 0.07, where Etot (R)[EEM (R)] is the total [EM
only] energy in a cone of radius R; (iii) scalar sum of the pT of the tracks originating from a primary
p p̄ interaction point in an annulus 0.05 < R < 0.4 around its axis, calculated from the tracks with
pT > 0.5 GeV, to be < 1.5 GeV; (iv) energy weighted sum of the EM cell energies to be consistent
with the EM shower. The large electron background is suppressed by applying an anti-track match
selection, which is the absence of a reconstructed track matched to the EM cluster or, in the central
pseudorapidity region, significant tracker activity in the SMT or CFT, consistent with an electron
track.
Further suppression of jets as a background to the photon candidates is done via an artificial
neural network discriminant (γ-NN) trained on PYTHIA [15] MC samples of photon and jet production. γ-NN relies on the differences in the tracker activity, energy deposits in the calorimeter,
and in the CPS in the central rapidity region. The γ-NN output distributions for photons are in
good agreement between data and MC and provide significant separation between photons and
jets [9, 10]. The photon candidates in both analyses are required to have an γ-NN output > 0.3.
This selection is ≈ 98% efficient for photons.
The γ + b jet measurement uses the D0 Run II algorithm [16] with a cone size R = 0.5 to
reconstruct hadronic jets. In addition to the kinematic cuts mentioned above jets are required to
have at least two associated tracks with pT > 0.5 GeV with at least one hit in the SMT each, and
the highest pT of the tracks to be > 1.0 GeV. The jets that pass these quality cuts are subjected to
a selection based on the b jet identification neural net discriminant (b-NN), which is (40 − 52)%
efficient for b jets, depending on the accompanying photon pT bin. The b-NN uses several variables
emphasizing the property of a heavy-flavor jet to have displaced (secondary) vertices inside it due
to decays of short-lived heavy-flavor hadrons [17]. One of such variables, the invariant mass of the
charged particle tracks associated with the secondary vertex (MSV ) is used to determine fractions
of the b quark jets, c quark jets, and light flavor jets in data by fitting jet templates to data [9]. The
γ
estimated fraction of b jets grows with pT from 35% to 42%.
To calculate the cross sections, the fraction of background events is estimated among the candidate events in data. In γ + b jet measurement, an additional background of multi-jet events, where
a jet can be misidentified as a photon, is estimated by fitting templates of the γ-NN distributions
γ
for photons and jets to the γ-NN distribution in data for each pT bin. The observed photon purities
range from 62% to 99% in the central rapidity and from 40% and 55% in the forward rapidity
regions. The amount of multijet background in the DPP measurement is calculated with the help
of a 4 × 4 matrix method using numbers of candidate events in data and efficiencies of passing two
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3. Results
The cross section results are compared to next-to-leading (NLO) order pQCD predictions with
γ
the renormalization µR , factorization µF , and fragmentation µ f scales set to pT in the γ + b jet
case and to Mγγ in the DPP case. In all of the theoretical predictions the photon isolation is set to
γ
ETiso = ETtot (0.4) − ET < 2.5 GeV, where ETtot (0.4) is the transverse energy within a cone of radius
γ
R = 0.4, and ET is the photon transverse energy. Fig. 2 shows the ratio of the measured differential
γ
γ + b cross section and NLO predictions as a function of the pT in the central rapidity region (left).
The best agreement is obtained with the prediction from the SHERPA event generator, allowing
for two hard partons (jets) in addition to the photon and b-quark in the final state. NLO QCD
predictions show the need for higher order perturbative corrections and resummation of diagrams
γ
with additional gluon radiation in the region above pT & 70 GeV. Fig. 2 also shows the differential
DPP production cross section dσ /dMγγ compared to the NLO predictions from SHERPA, RESBOS,
DIPHOX , and PYTHIA event generators (right), where the prediction from SHERPA event generator
again shows the best agreement with data. All theoretical predictions use CTEQ 6.6M PDF set [20],
except for the PYTHIA prediction with tune "A" in the DPP case, which uses CTEQ 5L PDF set.
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Figure 2: Ratio of the differential cross section of the associated production of a direct photon and a b-jet to
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