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Abstract

The production of isolated photons in deep-inelastic edatj ep — eyX is measured
with the H1 detector at HERA. The measurement is performdtidérkinematic range of
negative four-momentum transfer squaded Q2 < 150 GeV? and a mass of the hadronic
systemiWx > 50 GeV. The analysis is based on a total integrated lumino$ig2o pb—.
The production cross section of isolated photons with astrarse energy in the range
3 < E}. < 10 GeV and pseudorapidity rangel.2 < 7 < 1.8 is measured as a function
of B, nY and@?. Isolated photon cross sections are also measured forsewéthtno jets
or at least one hadronic jet. The measurements are compétegredictions from Monte
Carlo generators modelling the photon radiation from tharkjand the electron lines, as
well as with calculations at leading and next to leading pidehe strong coupling. The
predictions significantly underestimate the measuredsestions.
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1 Introduction

Isolated photons originating from the hard interactionightenergy collisions involving hadrons
are a sensitive probe of perturbative Quantum Chromodyega(CD) [1, 2], as the photons
are largely insensitive to the effects of hadronisation. oddyunderstanding of the Standard
Model (SM) production mechanism of isolated photons is atgoortant for searches of new
particles decaying to photons at hadron colliders.

The production of isolated photcﬂ"isas been studied at various experiments. Cross sections
measured in fixed targetV experiments (e.g. [3]) show a steeper decrease with phodos-t
verse momentumf’;, than predicted by next-to-leading order (NLO) QCD caltioles. The
CDF [4] and DO [5] experiments at the Tevatron have meastnedsblated photon production
cross section ipp collisions. Whereas DO finds good agreement with a NLO QCbutation,
the CDF data show a somewhat steepérdependence than predicted. Measurements of the
photon production ir™e ™ collisions have also been performed at LEP [6]. At HERA, ppbm
photon cross sections have been measured by the H1 and ZEd8ne&nts [7-9] in photo-
production, where the negative four-momentum transfeassl()? of the exchanged virtual
photon is close to zero, and showed reasonable agreemdéniNiv@® calculations. An analy-
sis of the isolated photon cross section in deep-inelastittering (DIS) with@? larger than
35 GeV? has been published by ZEUS [10].

e’ Y e’ e’ e’
LL Y
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Figure 1: Leading order diagrams for isolated photon prédaodn DIS. The upper diagrams
illustrate isolated photon production by radiation frore #lectron line [.L), while the lower
diagrams correspond to production via radiation from tharkg(), without the contribution
from quark fragmentation).

The measurement of isolated photons in DIS provides a tgstrtdirbative QCD in a kine-
matic range with two hard scales: the transverse energyeotihitted photor¥;. and Q2.

Photons coupling to the interacting partons are often ddigompt” in contrast to photons from hadron
decays or those emitted by leptons.



Isolated photons in DIS are produced at lowest ordén{) as shown in figurgl1. Already at
this order a jet can be produced in the hadronic final statdditian to jets associated with the
proton remnant, due to the electron or photon recoil.

The final state photon may be emitted by a quapk)j and by wide angle radiation from
the lepton (LL). The interference contributiorl()) is expected to be small. Since the photon
and the scattered electron are well separated in the prasalyisis, low angle QED radiation
is suppressed. Th@@ contribution has two different origins: the direct radwtiof a photon
from the quark and the fragmentation of the quark into a jataining a photon which carries a
large fraction of the jet energy. This quark-to-photon fregtation contribution is suppressed
by the isolation requirement for the photon.

This paper presents a measurement of isolated photon giodutDISe+p — e+v+ X.
Photons are identified using a multivariate analysis of thegpses of the calorimeter energy
deposits to reduce the background from neutral hadronsheddecay products. The photons
are then used together with the other particles in the ewétit,the exception of the scattered
electron, to reconstruct jets. The isolation of the photoansured by requiring that it carries
at least 90% of the transverse momentum of the jet contaithiegphoton. Isolated photons
with transverse energy < EJ. < 10 GeV and pseudorapidity1.2 < 17 < 1.8 are selected
in DIS events in the kinematic regime< (Q*> < 150 GeV?, inelasticityy > 0.05 and a mass
of the hadronic systerfi’y > 50 GeV. The production of additional jets besides the photon
jets in these events is also investigated. The current asisadignificantly extends the kinematic
range probed by the ZEUS measurement [10]. The results anpared to a recent leading
order (LO),0(a*a?), calculation [11, 12] and to predictions of the Monte CaNQ) models
PYTHIA [13], simulating theQ@ process, and RAPGAP [14] for thel. process. The cross
sections for a photon plus at least one jet are further coaapara NLO calculation [15].

2 H1Detector

A detailed description of the H1 detector can be found in [16]the following, only detec-
tor components relevant to this analysis are briefly dissdis$he origin of the H1 coordinate
system is the nominadp interaction point, with the direction of the proton beam wiefy the
positivez-axis (forward direction). Transverse momenta are medsuaréhez-y plane. Polar
(#) and azimuthal¢) angles are measured with respect to this reference sy$tesrpseudora-
pidity is defined to be) = — In tan(6/2).

In the central region20° < < 165°) the interaction region is surrounded by the central
tracking system, which consists of a silicon vertex detechaft chambers and multi-wire pro-
portional chambers, all operated within a solenoidal magrield of 1.16 T. The trajectories
of charged particles are measured in the central trackéramitansverse momentum resolution
of o(Pr)/Pr ~ 0.005 Pr /GeV & 0.015. The forward tracking detector and the backward drift
chamber (operated in 1999-2000) or backward proportiomatder (for 2003-2005) measure
tracks of charged particles at small&t € § < 25°) and larger {55° < 0 < 175°) polar angle than
the central tracker, respectively. In each eventdh@teraction vertex is reconstructed from
the measured charged tracks.



The liquid argon (LAr) sampling calorimeter [17] surrourtie tracking chambers. It has
a polar angle coverage df <6< 154° and full azimuthal acceptance. It consists of an inner
electromagnetic section with lead absorbers and an outieoh@& section with steel absorbers.
The calorimeter is divided into eight wheels along the beais, @ach of them segmented in
¢ into eight modules, separated by small regions of inactigéenml. The electromagnetic and
the hadronic sections are highly segmented in the transaad the longitudinal direction with
about44 000 cells in total. The granularity is larger in the electromegmpart and increasing in
both sections in the forward direction. For particles cagrfrom theep interaction region, the
laterally projected cell size in the electromagnetic partes between x 5 cn? in the forward
and at most x 13 cn? in the central region. The longitudinal segmentation in difeerent
wheels varies from three (central) to four (forward) layierthe electromagnetic and from four
to six in the hadronic section. The first electromagnetiefdyas a thickness of abostto
6 radiation lengths for particles coming from the interagtregion. Electromagnetic shower
energies are measured with a precisionn0F)/E = 12%/+/E/ GeV & 1% and hadronic
energies withv (E)/E = 50%/+/ E/ GeV & 2%, as determined in test beam experiments [18,
19]. In the backward regiom53° <6< 178°, particle energies are measured by a lead-scin-
tillating fibre spaghetti calorimeter (SpaCal) [20].

The luminosity is determined from the rate of the Bethe-ldejprocess:p — epy, mea-
sured using a photon detector located close to the beam pipe-a-103 m, in the backward
direction.

DIS events at)? values up tal50 Ge\? are triggered by the energy deposition of the scat-
tered electron in the SpaCal. For events with the scattdestren entering the SpaCal at low
radii, additional trigger signals are required from thetcandrift chambers [21, 22] and from
the central proportional chambers [23-25]. The triggecigificy for DIS events containing an
electron in the Spacal angular acceptance with an energyedbdseV is greater thah8%.

3 MonteCarlo Smulations

Monte Carlo simulations are used to correct the data forctlmtacceptances, inefficiencies and
migrations and to compare the measured cross sections wWitimbbel predictions.

The two generators PYTHIA [13] and RAPGAP [14] are used toegate events with pho-
tons produced in the hard interaction. PYTHIA simulatesdbetribution of photons radiated
from the struck quark@(@). The contribution of photons radiated by the electrbh)is sim-
ulated using RAPGAP and denoted “RAPGAP rad.” in the follogvi The small contribution
from interference [11] is neglected. Both generators dateuthe hard partonic interaction in
LO QCD O(a?*a?). Higher order QCD radiation is modelled using initial andifistate parton
showers in the leading log approximation [26]. The fragragah into hadrons is simulated
using the LUND string model [27] as implemented in JETSET][ZBhe simulations use the
CTEQSGL proton parton densities [29].

The measurements presented in this paper show that thesda&dl idescribed by the two
MC contributions if PYTHIA is scaled by a fact@3 and RAPGAP is not scaled. This com-
bined “scaled signal MC” is used to correct the data, whetkasunscaled MC prediction
(“signal MC”) is compared to the cross section measurements
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As an alternative, the HERWIG [30] generator is used to mts() contribution. HER-
WIG simulates the fragmentation into hadrons through treagef colourless parton clusters
and uses the equivalent-photon approximation for the imegmphoton beam. Isolated photon
production in DIS is derived approximately as Compton scatt) between the photon and a
quark. This approximation is not valid f@p? above a few Ge¥, therefore HERWIG is only
used to estimate the systematic uncertainties due to tgméatation model.

The main SM background is due to photons produced in hadroaydan DIS events. It is
modelled using the RAPGAP generator, with initial and firtates radiation switched off. This
contribution is denoted by “RAPGAP non-rad” in the followgin

The multivariate shower shape analysis used to identifyptisons requires high statistics
samples of shower simulations in the whole phase space gjyeard pseudorapidity. Samples
of events containing single particles are simulated. Imesample, corresponding to single
photons or single neutral hadrons decaying to photons,aheles are uniformly generated in
pseudorapidity and energy. These samples are genericattga “single particle samples” in
the following.

All generated events are passed through a full GEANT [31#ation of the H1 detector
and through the same reconstruction and analysis prograwnseal for the data.

4 Event Sdlection

The event sample used in this analysis was collected witH ihéetector at HERA in the period
1999 to 2005 at a centre-of-mass energy 2if9 GeV. The corresponding integrated luminosity
is 227 pb~!. In a first step, DIS events are selected with the scatteeatrefl measured in the
SpaCal. In a second step, a subsample of DIS events with Etedgphoton candidate in the
LAr calorimeter is selected.

4.1 Selection of DIS events

DIS events are selected with the scattered electron idemtifithe SpaCal as a compact electro-
magnetic cluster [32] with an enerdy, > 10 GeV and a polar anglé, < 177°. Matching sig-
nals in the backward tracking chambers are required fotrelecandidates witll, < 18 GeV.
The scattering angle of the electron is determined from tkasured impact position in the
backward tracking chamber, the position of the energy etust the SpaCal and the recon-
structed primary vertex.

Background from events at lo@?, in which the electron escapes through the beam pipe
and a hadron fakes the electron signature, is suppressedteledquirement that the differ-
enceX(F — p,) between the total energy and the longitudinal momentum bieénrange
35<X(E —p,) <70 GeV, where the sum includes all measured hadronic final ptaticles
and the scattered electron.

2The analysis uses data from periods when the beam lepton itts a positron or an electron. Unless
otherwise stated, the term electron refers to both thereleeind the positron.
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Non-ep background is removed by restricting thecoordinate of the event vertex to be
within +40 cm of the average vertex position and by requiring at leastgwod track in the
central tracking system with the polar angl& < 6 < 150° and not associated to the electron.

The energyF, and polar anglé. of the scattered electron candidate are used to reconstruct
y and@? according tap?=2 E?E(1 + cosf,) andy=1 — E.(1 — cosf.)/(2E?), whereE? is
the electron beam energy. The events are selected in theatiteregiond < Q% < 150 GeV?
andy > 0.05.

4.2 Selection of isolated photon candidates and jets

Photon candidates are identified as clusters in the eleatyoetic section of the LAr calorimeter
with a transverse enerdy < EJ. < 10 GeV and pseudorapidity 1.2 < 1”7 < 1.8 in the H1
laboratory frame. The candidates are rejected if they arsecto inactive regions between
calorimeter modules [17] or if a track geometrically maklige electromagnetic cluster with
a distance of closest approach to the cluster’s barycehtese thare0 cm. Neutral hadrons
that decay into multiple photons, predominantly— ~~, constitute the main background. In
most cases such decay photons are merged into one electreticaguster, which tends to have
a wider transverse distribution than that of a single phofbime transverse radﬁjs%;p of the
photon candidate cluster is therefore required to be snthb@6 cm. In addition, the invariant
mass of the cluster, when combined with the closest neigivpalectromagnetic cluster with
an energy above0 MeV, must be larger thaB00 MeV. This requirement rejects candidates
that originate fromr® decays with two photons reconstructed in separate clusbery events
with exactly one photon candidate are accepted. Lessltant the events are rejected because
more than one photon candidate is found.

The mass of the final state hadronic system is reconstructea the four-momenta of
the incoming electronp() and proton £,), the scattered electrop/) and the photon candi-
date p,) asWy = \/(pe + p, — p. — py)?. The contribution from elastic Compton scattering
(p+e — p+e+~)issuppressed by requirindf’x > 50 GeV.

Final state hadrons are reconstructed from deposits in Arec&lorimeter in combination
with tracking information. Following the so-called “denratic” procedure [33, 34], the photon
candidate and the reconstructed hadrons in each event iat@red into massless jets using
the kr algorithm [35]. The algorithm is used with B--weighted recombination scheme and
with the separation parameté, set tol. Jets are selected with a transverse momentum of
P)" > 2.5 GeV and a pseudorapidity in the rang@.0 < 7’* < 2.1. Due to the harder
kinematical cuts for the photon candidate there is alwags$ egntaining the photon candidate,
called the photon-jet. All other jets are classified as haidriets. For hadronic jets the-
range is restricted te-1.0 < 1’** < 2.1. According to the MC simulation, the hadronic jets are
well correlated to the partonic jets even at low transverssgies. To ensure isolation of the
photon, the fraction of the transverse energy of the photon-jet carried by thégrhcandidate
has to be larger tha90%. This definition of the isolation requirement is stableiagiinfrared
divergences and thus well suited for comparisons with pleative QCD calculations. The
isolation requirement largely suppresses background platons produced in hadron decays.

3For a definition of the transverse radius see se€fion 5.
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The distributions of the transverse energy and of the palgteaof the isolated photon
candidates are shown in figure 2 together with the MC pratistfor the scaled signal and the
background. The sum of the MCs describes the data well.

The samples of events with either no hadronic jet or at leastlmdronic jet are called
“photon plus no-jets” and “photon plus jet”, respectivéifie P.* andg’<! distributions for the
hadronic jet with the largest transverse momentum are slfigure[3. Both distributions are
reasonably well described by the sum of the scaled signabackhround MCs.

A total of 14670 events with a scattered electron and an isolated photoridatedare se-
lected, of which6495 have at least one additional hadronic jet.

5 Photon Signal Extraction

5.1 Shower shapeanalysis

The extraction of the photon signal exploits the fine granyl®f the electromagnetic part of
the LAr calorimeter. In order to discriminate between slgiteotons and the background from
neutral hadrons and their decay products, the caloriméister corresponding to the isolated
photon candidate is further analysed using the followingstiower shape variables calculated
from the measurements of the individual cells composinglhster [36]:

1. The fraction of the energy of the electromagnetic clustertained in the cell with the
largest energy deposit (“hottest cell”).

2. The fraction of the energy of the electromagnetic clustertained in four or eight (de-
pending on the granularity of the calorimeter) contiguceltsan the first two calorimeter
layers. The cells include the hottest cell and are chosenaximse the energy which
they contain (“hot core”). This and the first variable aresséve to the compactness
of the cluster in the calorimeter. The values of these végghare on average larger for
photons than for the background.

3. The fraction of the cluster’s energy detected in the fidbrimeter layer (“layer 1),
which is expected to be larger on average for multi-photastels than for those initiated
by a single photon.

4. The transvergeymmetryST of a cluster defined as the ratio of the spread (defined by
root mean squared) of the transverse cell distributionsgatbe two principal axes. A
photon cluster is expected to be symmetric withvalues close to unity, whereas multi-
photon clusters are typically more asymmetric and yieldgio$i values.

“4In the context of the cluster shape analysis the transvéase jis defined as perpendicular to the direction of
the photon candidate.



5. The transverse radius of the cluster defined as the squatrefrthe second central trans-
verse momenkr = /jiz, where théi’th central transverse moment of the cells distribu-
tion is given byu, = (|7 — (7)|*). Heref is the transverse projection of a cell position
and(r) = (3.1, Eir;)/ Y E; the energy weighted average of the cell positigris the
plane transverse to the photon direction. As explaineddti@e 4.2, only events with a
cluster candidate of small transverse radilys < 6 cm are selected for the multivariate
analysis.

6. The transverse kurtosis; is defined ad<,y = jua/(u2)? — 3. It specifies how strongly
the energy distribution is peaked and is equal to zero for@s&an distribution.

The discrimination power of signal and background becomesker at high transverse ener-
gies, where the multi-photon clusters become more sinulardingle photon cluster. Therefore
events withE]. > 10 GeV are excluded from the measurement, as described inseca.

The distributions of the six shower shape variables are sHfomthe isolated photon candi-
dates in figuré€l4. The data are compared with the sum of thegbawkd and the scaled signal
MC distributions. A good agreement is observed.

5.2 Signal extraction

In order to discriminate between single photons (signaf) simgle neutral hadrons (back-
ground), probability density functioméfblg’6 are determined for the six shower shape variables,
using simulated “single particles events”, described ttisa 3. The signal probability density
functionSpg are simulated using single photon events whereas the baakgprobability den-
sity functionsp;,, are approximated using a sample of events containing shegleal hadrons
(7% n, ', p,w, K*, K2, K2, n andn). The relative contributions of the various neutral hadron
species are taken as predicted by the RAPGAP generatorrtinysar, 7° andn mesons con-
tribute to 90% of the background.

An overlap of clusters of different particles can occur duétge multiplicities specific to
the hadronic environment in DIS. The overlap affects thet@hcandidate cluster shape. Itis
found to be important only for the background and leads tesa i photon candidates due to
the distortion of the transverse cluster radius, which #sereeds in most cases the upper limit
of 6 cm required in the analysis (cf. section 4.2). This loss dueuster overlap is modelled
by supressing the background single particles accordiagpt@babilityp,., proportional to the
transverse area of the clustef = a- R% with a = 0.004 cm~2. The constant is determined by
a comparison of single particles event samples with full M@utation in phase space regions
where sufficient statistics are available.

The multi-dimensional photon and background probabildg<ities are taken as the product
of the respective shower shape densifies, = [[,_, ;1! ,,- For each event a discriminator
(D) is formed, which is defined as the photon probability dgndivided by the sum of the
probability densities for photons and background= P, /(P, + P,,). The discriminator has
in general larger values for isolated photons than for treagehotons. Figurgl 5 shows the
discriminator distribution for the data together with thedlictions of the background and the
scaled signal MC. The data are well described by the sum d¥itb@redictions.
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Since the shower shape densities vary significantly as dieumof the cluster energy and
depend on the granularity of the LAr calorimeter, the disanator is determined in bins of
(E7, n"), with three intervals inE7}. and five inn”. The intervals inn” correspond to the
different wheels of the calorimeter. The contributions bbfns and neutral hadrons in any
of the 15 analysis bins is determined by independent minimyhfits to the data discriminator
distributions. In eachA;.,, n”) bin, thex? function is defined to be

X2 _ Z (Ndata i Nbgdbg i stgdszg, )2

Udataz + N2 Ubgz + Ns%g 519,1
where the sum runs over the bins of the discriminator distidims. N, ; iS the number of data
events in the’th bin. d,;,; andd,,; denote the'th bin content of the signal and background
discriminator distribution, respectively, normaliseditoty. Theo; represent the associated sta-
tistical errors Ny, andN,,, represent the number of signal and background eventsatasgg,
and are determined by the fit. If the content in any data hratagoin is small Vi, < 7),
adjacent bins are merged. The fit is performed separatelthiothree samples selected as
presented in section 4.2: inclusive, photon plus no-jets@roton plus jet. The fit quality is
acceptable in all differential bins.

The total number of isolated photons is obtained by sumntieg\i;, from all analysis
bins. As a resultt372 + 145 signal events are attributed to the inclusive data samplehd
photon plus no-jets and photon plus jet subsampiés + 106 and2606 + 95 signal events are
found, respectively. The signal fraction28% in the inclusive sample0% for the photon plus
no-jets sample angh% for the photon plus jet sample.

5.3 Crosssection determination

In each bin of the kinematic variables, the cross sectiaa computed from the number of
events with photons in the corresponding birvas: N,;,/(L - €), whereL is the luminosity.
The correction factor takes into account the acceptance, trigger and reconsinuetficien-
cies, and migration between the bins. It is calculated uiegcaled signal MC. Bin averaged
cross sections are quoted in all tables and figures. Theitafakive cross section is obtained
by summing the measured cross sections from all 15 analysss @he bin averaged single
differential cross sectionés/dE7. anddo/dn are obtained accordingly by summing all cor-
responding bins im” and E7., respectively. The single differential cross sectibr/dQ? is
determined by fitting the discriminator distributions segaly in five different bins inQ?. In
these fits, the signal and background discriminator distidms in eachE). andn” bin are as-
sumed to be independent 6F. It has been verified that the variation of tté dependence
have indeed a negligible effect.

6 Systematic Uncertainties

Two additional event samples are used for the determinati@ystematic errors and in-situ
energy calibration. The first sample, containing Bethe Iele#gventsep — evyp, consists of
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events with an electron reconstructed in the LAr calorimetehoton in the SpaCal and nothing
else in the detector. The second, complementary, sampédested by requiring an electron
in the SpaCal and a photon in the LAr calorimeter and no othetigle detected in the event.
Such events originate to a large part from deeply virtual Gtmm scatteringp — eyp. These
independent event selections, denoted BH and DVCS resphgtprovide a clean sample of
electromagnetic clusters in the LAr calorimeter.

The effects of the different systematic errors on the crestian are evaluated by applying
variations to the MC simulation. The following uncertag#iare considered:

e The measured shower shape variables in the BH and DVCS eamiples are compared
to simulated single particle photons and electrons, reésjeée The uncertainty on the
shower shape simulation is estimated by distorting theidnscating variables within the
limits deduced from the differences observed for the cérsamples (BH and DVCYS)
between data and simulation. The fits for the signal extwadiection 5.2) are repeated
with the distorted distributions of the discriminating idnles. The resulting systematic
error on the total inclusive cross sectionti$0.2% and—12.8%. It varies betweemn1%
and25% for the single differential cross sections. The erroréases with increasing;-
and towards large” and is independent @p?.

e The uncertainty on the photon energy measurement is estinaing the BH and DVCS
control samples. For the BH events the cluster transversayens compared with the
track measurement. For DVCS events the energy of the clisstempared to the energy
calculated using the double angle method [37]. The photarggnscale uncertainty
estimated with this method varies frafo for photons detected in the backward region
to 4% for forward photons. The resulting error on the total isoche cross section is
+3.6% and—2.6%.

e An uncertainty of3 mrad ¢ mrad forn, > 1.4) is attributed to the measurement of
the polar angle of the photon. This uncertainty is deterohibg comparing the polar
angle measurements of the track and the cluster for ideshgfectrons in the BH control
sample. The resulting error on the total inclusive crostiGecs +0.1% and—0.7%.

e An uncertainty of up t@2% is attributed to the energy of the scattered electron and an
uncertainty of2 mrad to the measurement of the scattering angle. The negw@tror on
the total inclusive cross section-sl.9% and—2.9%.

e A 3% uncertainty is attributed to the energy of hadronic finatesobjects [38]. This
affects the total cross section byl .2% and—0.7%.

e A 5% uncertainty is applied for the correction of the clustezntaps in the signal extrac-
tion procedure, corresponding to half the size of the ctioec

e The uncertainty attributed to the model dependence of thepdance corrections is de-
rived from the differences between the acceptances detedhwith the PYTHIA and
HERWIG simulations. A resulting error 64 is found for the inclusive and the photon
plus jet andl0% for the photon plus no-jets cross sections.
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e The uncertainty of the ratio of theL, and@ contributions for the acceptance correc-
tions is taken into account by varying the scaling factorR&THIA from 1.5 to 3. The
resulting error on the total inclusive cross section-is4% and—0.8%. For the dou-
ble differential cross section, a systematic error of up%eis found. In regions with
n? > —0.6, the systematic error is beloifo.

e An uncertainty ofl% is attributed to the simulation of the trigger efficiency.

e The uncertainty on the track reconstruction efficiency ltssn an error of+0.3% for the
total inclusive cross section.

e The uncertainty on the conversion probability of the phetoefore entering the calorime-
ter results in a systematic error ¥ of the cross sections.

e The uncertainty on the luminosity measuremerst i86.

In each analysis bin the individual effects of these expenital uncertainties are combined in
quadrature. The systematic uncertainty obtained on tlaéitatlusive cross section is13.6%
and —15.5%. The largest contribution to this uncertainty arises frini® systematic effects
attributed to the description of the shower shapes, whiplitisally correlated among measure-
ment bins.

7 Theoretical Predictions

The measured cross sections are compared to the unscaledddiCtion as discussed in sec-
tion 3. In addition, data are compared with fixed order QCLxwalions, described in this
section. A LOO(a*a?) calculation [11,12] is used. The photon plus jet cross sestare fur-
ther compared to a NL@(a3a,;) QCD calculation [15] which is only available for the photon
plus jets phase space selection. In the calculations, s sectiow (ep — eyX) is obtained
by convoluting the parton-level cross sections (for instineq — eyq) at LO) with the proton
parton density functions.

The Q@ contribution is dominated by the direct radiation of the fgimofrom the quark in-
volved in the parton level process, but also contains théribortion from quark fragmentation
to a photon [39,40]. The direct part can be calculated inypeation theory. The fragmentation
contribution is described by a DIS matrix element— eq convoluted with a process indepen-
dent quark-to-photon fragmentation function determirmeenf data and denoted by, (z).
Herez is the fraction of the quark’s momentum carried by the phofdready at leading order,
the parton-level cross section contains an infrared demcg due to the emission of a photon
collinear to the quark. It is factorised into the fragmeiotatfunction at a factorisation scale
. This singularity at LO makes a NLO prediction for the inahescross section considerably
involved.

So far, only two measurements exist that give direct infdromaon the quark-to-photon
fragmentation function. These measurements were madeslyBR experiments ALEPH [34]
and OPAL [41]. Only the ALEPH measurement has the precigcalow a determination of
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D,,(z). The LO calculation used in this analysis is based on the ALEP parametrisation
of D,,,(2) [33,34]. The NLO calculation uses the fragmentation fusrctirom [42]. In the
MC models the contribution from fragmentation is not inedd

For photons plus no-jets the quark-to-photon fragmemagiaters already at lowest order
(a3a?) [12], in contrast to the photon plus jet sample where thgrfrentation contribution is of
the ordera®a!. Since the contribution from fragmentation is suppressethé requirement of
the photon being isolated, the present analysis has ndiség$or a determination oD,_, ().

In the LL subprocess, the photon is radiated by the lepton. In theeptemalysis, the
reconstruction of the photon and the electron in differesattg of the detector ensures that
the two particles are separated, hence flie term contains no collinear singularities. The
interference termI(Q), which differs in sign fore™p ande~p scattering, is included in the
calculations. It contributes less tha® to the cross section [11].

The calculations of the isolated photon cross section aenfa the same ratio of lumi-
nosities fore™p (47.9%) ande p (52.1%) scattering as for the data. The cuts in the theoretical
calculations are adjusted to correspond to the experirheuatsa described in this paper. The
calculations use the same jet algorithm, applied on pagweel|as used for the data analysis.
The CTEQGL [29] leading order parametrisation of protortgadistributions is used. Differ-
ent proton parton density functions are found to change tedigtions by — 10%. The LO
and NLO predictions are compared to the data after a cooretr hadronisation effects. The
correction factors;,,, are defined as the ratio of the cross sections calculatedtemirons to
those from partons and are determined from the scaled dig@alThe same jet algorithm as
for the data is applied on parton and on hadron level. Thertaiogy of the correction fac-
tor is estimated by comparing the correction factors oletifnom PYTHIA with those from
HERWIG. The correction for the total inclusive cross satti®—14% with an associated un-
certainty of5%. For the differential cross sections the corrections ane@st —30%. The
correction is largest for low photon energies and in forwg@irdction of the photon because of
the degraded resolution of the isolation parametefhe combined uncertainties of the theo-
retical predictions from hadronisation corrections anatqm parton distributions amount to up
to 11%.

The NLO calculation of the photon plus jet cross sectionkiohes processes with an addi-
tional gluon, either as the incoming parton or in the finatestas well as virtual corrections.

The renormalisation and factorisation scales are sekte up =1/Q2 + (P.")2. Theoretical
uncertainties are estimated by varyimg and . independently by a factor two up and down.
These uncertainties are bel@% and lower than the uncertainties from the choice of thegorot
parton distributions and from the hadronisation correxio

8 Results

The isolated photon cross sections presented below ara fpvehe phase space defined in
table[1. Bin averaged differential cross sections are ptedan figure$6 t6 10 and in tables 2
to[H. For all measurements the total uncertainty is doméhbiesystematics. The results are
compared with the signal MC predictions (unscaled PYTHIAsgRAPGAP) and with the LO
and NLO calculations. The factor,, for the correction of the theoretical calculations from
parton to hadron level are given in the cross section tables.
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8.1 Inclusiveisolated photon cross sections

The measured inclusive isolated photon cross section is
o(ep — eyX) =50.3 + 1.7 (stay 65 (syst) pb.

The LO calculation predicts a cross section28f6 pb, while the signal MC expectation is
26.4 pb. Thus both predictions significantly underestimate tleasared total inclusive cross
section by almost a factor of two.

Differential cross sectiondo /dE7},, do/dn” anddo/dQ? are presented in tablé 2 and in
figure[B.

The data are compared in the left panels of figure 6 with the k€liptions, displaying
separately thé L and@(@ contributions. The LO calculation provides a reasonabéedgtion
of the shapes of the data distributionsAi andn?, while the global normalisation is about a
factor of two too low. The calculation is closest to the datdasger @? and for backward
photons {7 < —0.6), where theLLL. contribution is of similar magnitude to that Gf). For
forward and central photong( > —0.6), the@ contribution dominates.

The measurements are compared in the right panels of figurighthe signal MC pre-
dictions. The estimations of th@@) processes by PYTHIA and of theL. contributions by
RAPGAP agree well with the predictions from the LO calcuati Thus the conclusions for the
comparison of the signal MC with the data are similar as fert® calculation. This agreement
between LO and the signal MC holds for all cross sectionsietiuieh this analysis and in the
following the data are only compared with the LO calculation

FigurelT and tablel 3 present the differential cross sec8a@nfanction ofE. in five different
bins of7?, corresponding to the wheel structure of the LAr calorimelbe shapes of all cross
section distributions are reasonably well described by @ealculation. A good description of
the data can be obtained by a global scaling of(lag contribution by a facto?.3 and leaving
the LL normalisation unchanged. This is an indication that theenlesl excess in the data is
mainly due to an underestimation of tf&) component.

At Q? > 40 Ge\?, the agreement of the predictions with the data is somewdttarhas can
be seen in figurel8 and talile 4. The total inclusive crossmefii )? > 40 GeV? is

oep — ey X) = 14.0 £ 0.8 (stapy T22 (syst) pb.

The LO prediction ofl0.3 pb is about30% below the data. The shapes of #e/dE]. and
do /dn? distributions are well reproduced. The relative contiitautof 2L is predicted to be
higher than at low)?.

The present measurement is extrapolated to the phase dpteeamalysis performed by
the ZEUS collaboration [10](#? > 35 GeV?, y > 0, E, > 10 GeV, 139.8 < 0, < 171.9°
and5 < EJ. < 10 GeV). Due to the different angular coverage of the calorarebf the
two detectors, the extrapolation is not possible/jor< —0.6 because the photon-electron
separation cannot be properly taken into account. Figuh®@s the comparison of the H1 and
ZEUS mesurements of the differential cross sectiofid)”. A good agreement is observed.
The LO calculation is also shown and is here corrected fordrasiation effects in contrast
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to the comparison in [11]. In the ZEUS analysis the photonatazh from the electron is
neglected in the acceptance corrections anthirocut is applied. A rough estimate shows that
with the W cut used by H1 and the acceptance calculation with the catibmof PYTHIA
and RAPGAP, the ZEUS cross section values are expected tweedd by about0 — 30%.

A different photon isolation criterion is used in the ZEUSabssis which is not corrected for.
Studies of isolated photons in photoproduction indicase the two different isolation criteria
give very similar results. The measurement presented sngaper significantly extends the
kinematical region probed by ZEUS in photon transverseggnand pseudorapidity, and {p?.

8.2 Photon plus no-jetsand photon plusjet cross sections

The cross section for jet production in events with isolgtledtons is studied. The measurement
is performed in the phase space defined for the inclusives@estion with an additional jet
requirement or veto as shown in table 1.

The measured total cross section for photon plus no-jets is
o(ep — eyY) = 18.8 + 1.2 (stah *33 (syst) pb,

whereY contains no identified hadronic jet. The prediction of the ¢&culation is11.7 pb.
The measured total cross section for the photon plus atdeaset is

o(ep — ey jet X) = 31.6 £ 1.2 (stah "} 2(syst) pb.

The prediction of the LO calculation i5.7 pb. For both samples the predictions are sig-
nificantly lower than the data. The observed ratios of dataQg@rediction are very similar to
the inclusive isolated photon measurement. As for the siebusample, similar conclusions are
found for the MC predictions.

A comparison to a NLO calculation is possible for the photlrsjet cross sections. The
NLO calculation predicts a cross section 28£.2 + 0.6 pb, about20% higher than the LO
prediction but still roughly35% lower than the data. The analysis performed using a higlter c
on P)* > 4 GeV lead to a similar disagreement between the data and lihdation.

The measured differential cross sections for the photos ptsjets and photon plus jet
selections are presented in table 5. They are comparedheith® predictions in figure10. For
both samples the LO prediction describes the shapes efdthéE’. anddo/dn” distributions
reasonably well and is furthest below the data at % where theQ( term dominates. All
four diagrams in figurel1 contribute to the photon plus ne-gtd photon plus jet samples, but
the LL contribution is largely suppressed for the photon plusete-$ample due to the cut on
Wyx. Since, at leading orde?(a?), the quark fragmentation contribution to the cross section
enters only the photon plus no-jets sample, the observeesextan not solely be attributed
to an underestimation of that contribution. The cross eactor photon plus jet production
is roughly two times higher than for photon plus no-jets. sTisiin contrast to the inclusive
ep — eX cross section, where topologies with an additional jet appeessed by («;). The
similar cross sections for photon events with or withoutioldal jets can be explained by the
fact that both topologies correspond to the same oftler?) in perturbative QCD.
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In addition, the differential cross sectiods /dE?, do/dn” anddo/dQ?* for the photon
plus jet selection are compared to the NLO prediction (figiieight). On average, the NLO
prediction is higher than the LO prediction, in particulatav )2, but is still lower than the
data by roughly35%. The shapes of all three differential cross sections aserdred well by
the NLO prediction.

9 Conclusions

The cross section for isolated photon productipn— ey.X is measured in deep-inelastic
scattering at HERA. Photons with a transverse energy inaghge3 < EJ. < 10 GeV and
with pseudorapidity-1.2 < n” < 1.8 are measured in DIS events in the kinematic region
4 < (Q? < 150 GeV?, y > 0.05 andWy > 50 GeV. Compared to previous measurements,
the range of)? is extended fronf)? > 35 Ge\? to Q? > 4 Ge\2. The cross section receives
contributions from photon radiation by the struck qua€ky)), as well as from wide angle
bremsstrahlung of the initial and final electroid.{ and their interference.

The data are compared to a LA a*a?) calculation which is shown to underestimate the
measured cross sections by roughly a factor of two. The giediis most significantly below
the data at lowp?. The shapes of thés/dFE7. anddo/dn” distributions are described reason-
ably well. The comparison of data to the LO calculation insbifin” show that the difference
in normalisation can mainly be attributed to an underedtonaof the @@ contribution. The
data are further compared to predictions from the MC geass&YTHIA, for the simulation of
photons radiated from the quark, and RAPGAP for photonsatadifrom the electron. The MC
predictions are very similar to the predictions from the L&dcalation and also understimate
the data, especially at lo@?.

Jet production in events with isolated photons is also stlidThe cross sections for events
with no or at least one hadronic jet are underestimated biz@hprediction by a similar factor
as for the inclusive measurement. Again the expectatianfuathest below the data at lo@?.
The total photon plus jet cross section is roughly doublepth@on plus no-jets cross section
as expected from the calculations. The NtDa3«!) prediction for photon plus jet is higher
than the LO prediction, most significantly at I@y#, but still underestimates the data. The NLO
calculation describes the shapes of the differential csestions reasonably well.

Further theoretical investigations are needed to undetdtiae observed discrepancy be-
tween the measurements and the predictions, includingh&tamnce the calculation of higher
order processes.
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| solated Photon Cross Section Phase Space

3 < B} <10 GeV

-12<n’" <18

Y — E%/Eghoton—jet <~ 0.9

E, > 10 GeV

153 < 6, < 177°

4 < Q% < 150 GeV?

Wx > 50 GeV

y > 0.05

Vs =319 GeV

k+ algorithm with Pr-weighted
recombination scheme [35R, = 1
P > 2.5 GeV

—1.0 < 7’ < 2.1 (hadronic jet)
—2.0 < pphoten—jet < 9 1 (photon-jet)

Inclusive
Cross section

Jet definition

Table 1: Phase space region in which isolated prompt phatosscsections are measured
together with the definition of jets. Kinematics are definethie H1 laboratory frame.
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Table 2: Differential cross sections for inclusive isothfghoton production in the kinematic
range specified in tabld 1f,,; denotes the hadronisation correction factor applied td_the

calculation.

H1 Inclusive | solated Photon Cross Sections

E] do/dE}. stat.  syst| frud
[GeV] [pb/GeV]
3.0 4.0 16.98  4+1.20 21 10.78
40 6.0 10.51  +0.47 1301 0.89
6.0 10.0 3.08 £0.20 3261 0.98
nY do/dnY stat.  syst| fiad
[pb]
-1.2 —0.6 26.15  +1.67 3601 0.92
—0.6 0.2 20.69 +£1.34 3331085
0.2 09 15.83  +0.93 1971 0.81
09 1.4 9.57 +0.87 T35 10.80
14 1.8 550  +1.15 191 0.80
Q? do /dQ? stat.  Syst| frad
[GeV?] [pb/GeV?]
4.0 100 2.48  £0.21 13| 0.87
10.0  20.0 117 +0.07 3191 0.83
20.0  40.0 0.52  +0.03 *39710.81
40.0  80.0 0.235 =+0.013 5032 | 0.83
80.0  150. 0.063 £0.006 299 | 0.87

—0.012
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H1 Inclusive I solated Photon Cross Sections

E7. do /dE}. stat.  syst| fraa
[GeV] [pb/GeV]

—12 <’ < —0.6

3.0 4.0 4.86  +0.67 1951 0.86

4.0 6.0 3.46 4028 04 0.96

6.0 10.0 0.98 +0.12  *933 | 1.00
0.6 <77 <0.2

3.0 4.0 581 +0.75  *L2T1 0.76

4.0 6.0 320  £0.28 % | 0.88

6.0 10.0 1.09  +0.13 0151 0.99
0.2<n <09

3.0 4.0 3.94 4051  *335 | 0.72

4.0 6.0 239 4+0.16 192 | 0.84

6.0 10.0 0.59  +0.06 129 | 0.96
09<n’"<14

3.0 4.0 1.66  +0.31 0221 0.69

4.0 6.0 0.82  +0.12  *57 | 0.82

6.0 10.0 0.37  +0.05 T3 1 0.96
1.4<n” <138

3.0 4.0 0.72 4028 92 0.70

4.0 6.0 0.64 +0.16 199 | 0.81

6.0 10.0 | 0.049 =+0.045 *55% | 0.94

Table 3: Differential cross sections for inclusive isothfghoton productiodo /dE7. in differ-
entn” bins corresponding to the wheel structure of the LAr caleten (see text). The kinematic
range is defined in tablé 1f;,, denotes the hadronisation correction factor applied td_the
calculation.
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H1 Inclusive | solated Photon Cross Sections
for Q2 > 40 GeV?
E7. do /dE}. stat. syst.| fhaa
[GeV] [pb/GeV]
3.0 4.0 3.70  +0.39 081 0.80
4.0 6.0 2.53 +0.23 543 | 0.87
6.0 10.0 1.30 +0.15 13121 0.96
n? do/dn”  stat. Syst| frad
[pb]
~1.2 —0.6 9.61 +1.00 *14810.97
—0.6 0.2 513 4059 5921 0.86
0.2 0.9 3.49 40.32 0251 0.78
0.9 1.4 2.37 +0.33 5421 0.76
1.4 1.8 1.12 4051 1921 0.73

Table 4: Differential cross sections for inclusive isothfghoton production in the kinematic
range specified in tablé 1 add < Q? < 150 Ge\2. f,., denotes the hadronisation correction
factor applied to the LO calculation.
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H1 Photon plus no-Jets H1 Photon plus Jet
E7. do /dE}. stat.  Syst| fuua || do/dEY stat.  syst| fiaua
[GeV] [pb/GeV] [pb/GeV]
3.0 4.0 8.10 +0.93 *18210.75 8.85 +0.70  F3110.82
40 6.0 3.79 4029 f28 1 0.91 6.65 +0.35 *9210.89
6.0 10.0 0.77 +0.10 *3M11.10 2.35  +£0.17 9% | 0.97
nY do /dn? stat.  syst| fraa || do/dn? stat.  syst| fraa
[pb] [pb]
-1.2 0.6 9.30 +£1.07 *13310.88 16.61  +1.20 *287 | 0.97
—0.6 0.2 8.46  +0.95 flI3 081 1232 £0.90 *Z15]0.88
0.2 0.9 598  +0.71  *L1810.82 9.94 4059 f3510.81
09 1.4 2.57  +0.47 1081085 6.99 +0.73 I8 10.79
1.4 1.8 2.40  +0.73  f318 1 0.91 3.22 4085 081077
Q? do /dQ? stat.  Syst| fraa || do/dQ? stat.  syst| fhaa
[GeV?] [pb/GeV?] [pb/GeV?]
4.0 100 1.09  +0.16 0211 0.88 1.39  +0.13 3329 | 0.87
10.0  20.0 0.44  +0.05 1391 0.81 0.76  +0.05 *311]0.86
20.0  40.0 0.21  40.02 5011 0.80 0.31  +0.02 5041 0.83
40.0  80.0 0.071 =£0.008 *50121 0.81 0.162 =£0.010 *5:021 | 0.84
80.0  150. 0.021 40.004 *505° | 0.88 0.040 40.005 *50%% | 0.89

Table 5: Differential cross sections for the production sdlated photons accompanied by
no or at least one hadronic jet in the kinematic range spdcifigable[1. f,,; denotes the
hadronisation correction factor applied to the LO and thé&Nalculation.
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Figure 2: Distributions of (a}). and (b)6” for isolated photon candidates in the final event
sample. Data are shown as points with error bars. The ballitistogram shows the sum of the
expectation from RAPGAP (non-rad.) for neutral hadron lgacknd (shaded), from PYTHIA
for radiation from the quark scaled by a factor of 2.3 (dadhnex) and from RAPGAP (rad.) for
radiation from the electron (solid line). The unshaded amreesponds to the estimated isolated
photon contribution (RAPGAP(rad) plus PYTH#2.3).
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Figure 3: Distributions of (a) the transverse momentum &)dhe polar angle of the hadronic
jet with the highest transverse momentum in events with@latied photon candidate. The data
are compared to the MC predictions, as described in thearapfifigurd 2.
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Figure 4: Distributions of the six variables that are useddftine the discriminant for isolated
photon identification: (a) hottest cell fraction, (b) friact of the hot core, (c) first layer fraction,
(d) transverse symmettyy, (e) transverse radiug; and (f) transverse kurtosis;. The data
are shown with the MC predictions described in the captiofigtare[2. The shape difference
between RAPGAP (rad.) and PYTHIA arises from the differestributions in phase space
(see figure[Rb).

27



" H1 ¢ HlData

RAPGAP (non-rad.)

6000
—— RAPGAP (rad.)

— == PYTHIA (x 2.3)
4000 —_ UM

E- S A Tt ST
0 0.2 0.4 0.6 0.8
D

Photon Candidates

2000p

Figure 5: The distribution of the discriminataP} used in the identification of isolated photon
candidates for events that have passed the event seleGt@ndata are compared to the MC

predictions described in the caption of figlte 2.
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H1 Isolated Photon Production in DIS
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Figure 6: Differential cross sections for inclusive isehphoton productiodo /dE7., do /dn?,
anddo/dQ? in the kinematic range specified in table 1. The inner erres ba the data points
indicate the statistical error, the full error bars coniaiaddition the systematical errors added
in quadrature. The cross sections in (a, ¢, €) are shownhtegeith a leading orde)(a3a?),
calculation corrected for hadronisation effedig, corresponding to radiation from the electron,
Q@ to radiation from the quark anfl) to their interference. The same cross sections are
shown in (b, d, f) together with the prediction from PYTHIArfphoton emission from the
quark and from RAPGAP (rad.) for emission from the electron.
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H1 Isolated Photon Production in DIS
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Figure 7: Differential cross section® /dE7. for inclusive isolated photon production in the
kinematic range specified in talile 1,jh bins corresponding to the wheel structure of the LAr
calorimeter (see text). The measurements are compare@aaliag orde (a*a?) calculation
(more details in the caption of figuré 6). Thé contribution is negligible for,” > 0.2.
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H1 Isolated Photon Production in DIS at Q2 > 40 GeV?
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Figure 8: Differential inclusive cross sectiois/dE7. (a) anddo/dn” (b) for isolated photon
production in the kinematic range specified in tdble 1 andathditional criteriod0 < Q? <
150 GeV. The cross sections are compared to the leading ofdler;?), calculation (more

details in the caption of figuig 6).
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Figure 9: Differential cross section& /dn” for the inclusive isolated photon production in

comparison to the previous measurement by ZEUS [10for> 35 GeV?, E. > 10 GeV,
139.8 < 0, < 171.9° and5 < E. < 10 GeV. The additional conditioi’y > 50 GeV is used

in the H1 analysis only (see section 8). The cross sectians@npared to the leading order,
O(a3a?), calculation. In contrast to the comparison in [11], thecakdtion is here corrected

for hadronisation effects.
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Photon plus no-Jets Photon plus Jet
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Figure 10: Differential cross sectiods /dE7, do/dn” anddo /dQ? for photon plus no-jets (a,
c, ), and photon plus jet (b, d, f) production in the kinematinge specified in tablé 1. The
cross sections are compared to the leading or@éta?), calculation (more details in the
caption of figurds). The photon plus jet sample is additiynedbmpared to a NLO(*«,)
calculation. The bin averaged NLO cross sections are iteliiday the squares.

32



	Introduction
	H1 Detector
	Monte Carlo Simulations
	Event Selection
	Selection of DIS events
	Selection of isolated photon candidates and jets

	Photon Signal Extraction
	Shower shape analysis
	Signal extraction
	Cross section determination

	Systematic Uncertainties
	Theoretical Predictions
	Results
	Inclusive isolated photon cross sections
	Photon plus no-jets and photon plus jet cross sections

	Conclusions

