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We report the measurement of differential diphoton direotipction cross sections and a study
of photon + 3-jet events with double parton (DP) interactidmased on data taken with the D@
experiment at the Fermilab Tevatron proton-antiprototiaer.

We measure single differential cross sections as a funcfidine diphoton mass, the transverse
momentum of the diphoton system, the azimuthal angle betteephotons, and the polar scat-
tering angle of the photons. In addition, we measure doufikrential cross sections considering
the last three kinematic variables in three diphoton mass. fihe results are compared with dif-
ferent perturbative QCD predictions and event generators.

We have used a sample of photon + 3-jet events collected ly@hexperiment with an integrated
luminosity of about 1 fo to determine the fraction of events with double parton st ( fop)

in a singlepp collision at/s= 1.96 TeV. The DP fraction and effective cross sectiogs ),

a process-independent scale parameter related to thenplmsity inside the nucleon, are mea-
sured in three intervals of the second (ordereghin jet transverse momentup#et2 within the
range 15< p"Tet2 < 30 GeV. In this rangefpp varies between.Q3 < fpp < 0.47, while gess has
the average valuegf = 16.4+ 0.3(sta} + 2.3(sysh mb.
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1. Introduction

Direct photon production in hadron collisions provides agse probe of perturbative Quan-
tum Chromodynamics (pQCD), particularly as a test of saibglresummation. Diphoton pro-
duction can proceed through Born-level and box diagram<J€p, as well as single or double
parton fragmentation. In addition, high mass diphotongpfirm a major irreducible background
to searches for Higgs boson production vialthe» yy decay channel. Therefore, the measurement
of diphoton production cross sections at the Tevatrondmillis important for both comparisons to
QCD as well as for search for the Higgs or new phenomena phaglaiohoton resonances. In this
note we present single differential cross-section for diph production, in bins of the diphoton
invariant mas#/,,, total transverse momentum of the ppﬁ , and polar scattering angleos6*|.
We also present the first double differential cross sectinaasured at the Tevatron.

Photon and multijet events can also be used as a probe of tfumigastructure of the protons
and antiprotons. Of particular interest is the use of thesaits as a way to differentiate double-
parton interactions in a singlep collision. We present measurements of the fraction of dsubl
parton interaction, using events tagged with a high trarssvenomentum photon, with at least
three associated jets in the events. The rate of such dpablen events is related to the dynamics
distribution of the initial state partons.

The data presented were takenpip collisions at a center-of-mass energy\gé = 1.96 TeV,
collected with detailed description of the DO detector carfdund in Ref. [1]. We select events
with photons with calorimeter and track isolations and aabsfying shower shape cuts based
on the calorirmeter and CPS. Please see details in [2] andJ&fs are defined by the Run I
midpoint cone jet algorithm [4] with a cone radiusRfone= +/(Ay)2 + (Ap)2 = 0.7 in rapidityy
and azimuthal angle.

2. Direct Diphoton Production

The data used in this analysis were collected using a comnxmaef triggers requiring at least
two clusters of energy in the EM calorimeter with loose shosleape requirements and varying
pr thresholds between 15 GeV and 25 GeV, and correspond to egraméd luminosity of 2+
0.3fb~L. The two photons had to hayg > 21 and 20 GeV and be witlm| < 0.9 and a separation
of AR(yy) > 0.4, and satisfiM,, > p¥’.

Cross sections were calculated as

do Nyy
dX exAxLxAx

whereX represents the kinematical variable being studieﬁ,,(p¥V,A(pW,|cose*|) andAy is the
bin width in this variable. The event selection efficiergyacceptancé\,, and integrated., along
with the background estimation on the number of diphotomsJd,, contribute a total systemic
uncertainty of around 18%, relatively flat over most of Mg, range.

Single differential cross section are shown in Figures2l,dnd 2. The exerperimental mea-
surements are compared to theoretical predictions bas¢deoRESBOS [5] and DIPHOX[6]
Monte Carlos. Each were run with the CTEQG6.6M [7] PDFs with= ur = M. Comparisons
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are also made to the PYTHIA [8] Monte Carlo (v6.420) using@eEQS5L [9] PDFs and param-
eter set “Tune A’ [10].
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Figure 1: The diphoton cross section as a funtion of the invariant nigsof the photon pair. The
diphoton cross section as a function of the transverse mtnmep%v of the photon pair. Error bars include
systematic uncertainties for both plots.
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Figure 2. The diphoton cross section as a function of the azimuthahiogeangleAgYY of the photon
pair. The diphoton cross section as a function of the sd¢agtemgle| cos6*| of the photon pair. Error bars
include systematic uncertainties for both plots.

Double differential cross section are formed in three birth® diphoton invariant mass: 30
M,y <50 GeV, 50< M, < 80 GeV, and 86X M, < 350 GeV. Figure 3 shows the the cross sections
for pf, Ag"’ and|cosB*| in the three mass bins.

3. Double Parton Events

Many features of high energy inelastic hadron collisiongeste directly on the parton struc-
ture of hadrons. The inelastic scattering of nucleons neetbroccur only through a single parton-
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Figure3: The diphoton cross section as a function of the transversmemmmp?’ of the photon pair, in

the three bins of the invariant mads, of the photon pair described in the text. Error bars inclydtesnatic
uncertainties.

parton interaction and the contribution from double paffoR) collisions can be significant. The
rate of events with multiple parton scattering depends amthe partons are spatially distributed
within the nucleon. The DP cross sections can be expresqdéd]gsd] opp = ‘(’gff wheregp and
og are the cross sections of two independent partonic scagteA and B. The process indepen-
dent scaling parameters;s has the units of cross section. Its relation to the spatgtidution

of partons within the proton has been discussed in [11] tindd4]. The ratioog/0ess can be
interpreted as the probability for partonic process B tauoquovided that process A has already
occurred.

We have measured the rate of DP events, using the data edlletth the DO detector during
Run lla, which after applying all the data quality criteriadathe trigger selections, corresponds
to an integrated luminosity of aboutOR+ 0.06fb~!. To determine the fraction of DP events,
we select the sample gf+ 3 jets events with the requirement of only one event vertéx/ X"
sample). The event vertex should have at least three atmbdimcks and the distance to the
center of the detector along the beam axis should be lestham. There should be at least one
photon candidate witp¥ between 60 and 80 GeV and passing quality cuts, and at leatst ®ith
pjTet > 25/15 GeV (leading/second or third) ahd < 3.0 and passing jet quality requirements.

The pr spectrum for jets from dijet events falls faster than thajdts resulting from initial or
final state radiation in thg+jet events, and thus DP fractions should depend on the-jgt1][14].
The DP fractions and.¢ are determined in threpa!r‘i2 bins 15-20, 20-25, and 25-30 GeV using
a data driven method that exploits a difference in distidng of theAS variable; defined aAS=
Ag(p1% pl*1% representing the opening angle of the two best balanciitg pajets. The
value of ASis chosen so that it minimizes on of the three varialﬂgssﬁr, andSy, based on jet
pr resolution, averager, and@ resolution, respectively [3]. In most evenfsSis minimized by
pairing the photon with the leading jet.

In figure 4 we show the measured fraction of OfBH)events, in three intervals cpifﬂ. These
are extracted from th&S,, AS;; andAS,, as indicated in the figure. On the right, a comparison to
the fpp measurement is made to the PYTHIA Monte Carlo with two comruores, tune A and
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Perugia tune SO [15].
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Figure4: a) The fraction of double parton (DP) measured in tI"pEg intervals, extracted from th&S,,
ASy; andASp4r distributions described in the text. b) A comparison of therage measured fraction of DP
events in the threfa#et2 intervals, compared to prediction based on the PYTHIA M@deo

The fraction of DP events, combined with a similar measurgroé double interaction (DI)
events, is used to extract the effective cross sectipn Figure 5 shows the value ofs; measured
in the three bins opjTaz. Only a weakpy dependence is observed. The value averaged over the
three bins iwogf = 16.4+ 0.3(stat}t2.3(syst) mb.
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Figure 5: The effective cross sectiooets for double parton (DP) events, as measured in tmjété
intervals.

4. Summary

We have measured single- and (for the first time) doublexdifitial cross sections for direct
diphoton production ipp collisions at,/s= 1.96 TeV with 4.2 fo-! of integrated luminosity. Mea-
surements are compared to state-of-art theoretical ir@uiscsuch as DIPHOX and RESBOS, as
well as PYTHIA. None of the theoretical predictions fullysdeibes the data in all kinematic
regions of the four variables considered.
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We have also measured fraction of Double Parton events & f#ir bins of the second jet :
15-20, 20-25,25-30 GeV. The fractiofpp varies from about 0.47 at 15-20 GeV to 0.22 at 25-
30 GeV. A first measurement of the process-independenttigfiecross section/s = 1.96 TeV,
which defines the rate of Double Parton events, is measurttbe same jepr bins with an average
value of 164 + 0.3(stat)}t2.3(syst) mb. Double Parton production can be a significantdracind
to many rare processes, especially those with multi-jet §itzdes.
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