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Abstract

The cross section for anti-deuteron photoproduction issuesl at HERA at a mean centre-
of-mass energy of’,, = 200 GeV in the rang®.2 < pr/M < 0.7 and|y| < 0.4, where
M, pr andy are the mass, transverse momentum and rapidity in the lavpfeame of the
anti-deuteron, respectively. The numbers of anti-deateper event are found to be sim-
ilar in photoproduction to those in central proton-protatiisions at the CERN ISR but
much lower than those in central Au-Au collisions at RHIC.eTdoalescence parameter
B,, which characterizes the likelihood of anti-deuteron picitbn, is measured in photo-
production to be).010 + 0.002 + 0.001, which is much higher than in Au-Au collisions
at a similar nucleon-nucleon centre-of-mass energy. Naifigggnt production of particles
heavier than deuterons is observed and upper limits arensisteophotoproduction cross
sections for such particles.
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1 Introduction

This paper describes a measurement of the rate of produdteoni-deuterons in photon-proton
collisions at HERA performed by the H1 Collaboration. Theasi@ement is of particular inter-
est in the context of recent studies of heavy ion collisid@s In these collisions, the deuteron
and anti-deuteron production rate is thought to depend @dithensions of the collision “fire-
ball” at the stage at which the hadrons decoufdle [2], i.e. wiivaal state interactions become
unimportant. This is the so-called “thermal freeze-ougioa.

Further, a search is performed for the photoproduction &hown charged stable heavy
particles in the highest energy electron-proton collisioarrently accessible in the laboratory.
The discovery of such particles would be an indication forgaits beyond the Standard Model.

The production of nuclei in particle collisions can be dészi in terms of the coalescence
model. In this modelll3], the cross sectian, for the formation of an object with nucleons
with total energyl 4 and momentun®, is related to that for the production of free nucleons in
the same reactiom,y, with energyly and momentum = P/A, by

1 EAdSO'A 1 ENdSO'N 4
SDACOA g, (1ENCON 1
o d3P 4 ’ (1)

o d3p

whereB, is the coalescence parameter, which is inversely propw@tio the source volume in
heavy ion collisionsii2], and is the total interaction cross section of the colliding udes.

For the measurements described here, the particles arn#igtkthrough a combination of
their specific ionisation energy loskls /dz, and their momenta. The numbers of anti-deuterons
are measured in the laboratory frame in the rapidity region< 0.4 which corresponds to a
centre-of-mass rapidity of between 1.6 and 2.4 dnits this range, the multiplicity distri-
butions are on the central platedii [4] and so comparisongseasonably be made with the
measured numbers of anti-deuterons per event in centredrppyoton collisionsiiZl6]. Both
are contrasted with data from heavy ion collisiofd<7, 8] e3dr comparisons are restricted to
central collisions at a centre-of-mass energy greater 1h&eV, i.e. well above the thresh-
old for anti-deuteron production. There have been sevéhareoneasurements of anti-deuteron
production in proton-protorpp) [E], proton-nucleusgA) [[i{f], nucleus-nucleusAA) [£] and
electron-positroniLiil] collisions. These measuremergsdéher for non-central production or
are at a centre-of-mass energy belinGeV.

2 Experimental Procedure

2.1 The H1 Detector

Collisions of27.6 GeV positrons witl820 GeV protons at HERA are detected in the H1 detec-
tor, which is described in detail elsewhelf&l[12]. The congmis of the detector important in

1The rapidity and pseudorapidity are definedyby 0.5 In[(E + p.)/(E — p.)] andn = — In(tan 6/2) for a
particle with total energy, = component of momentum, and polar anglé. The+z-axis (forward direction) is
taken to be along the proton beam direction.



this analysis are the small angle positron tagger, theakndcker, the backward Spaghetti-type
calorimeter (SpaCal) and the liquid argon (LAr) calorinmete

The positron tagger, located 3% m from the interaction point in the outgoing positron
beam direction, is used to trigger on photoproduction esantl to measure the energy of the
scattered positron, from which the total photon-protortr@enf-mass energyy.,,, is deduced.
The central track detector, surrounding the 9 cm diameten@ium beam pipe of thickness
1.7 mm, consists of concentric central jet drift chamber3Qg) with inner (CJC1) and outer
(CJC2) chambers and two additional drift chambers whichsuesthe: coordinates of tracks.
The pseudorapidity range covered by the central track tmtec|n| < 1.5. The CJC has 56
sensitive wire layers: 24 in CJC1 covering radii from 20.3 wm5.1 cm and 32 in CJC2
covering radii from 53.0 cm to 84.4 cm. The detector is plageide a uniform magnetic
field of 1.15 T, allowing measurements of the track transven®mentum to be made with a
resolution ofo,./pr ~ 0.009 - pr[GeV] & 0.015. The specific energy loss,r/dz, of the
charged particles is also measured in this detector witrs@lugono(dFE/dx)/(dE/dx) of
7.5% for 56 hits on a minimum ionising track. The LAr calorimet@vers the angular range
4° < 0 < 154° with the forward region defined to b8 < 6 < 25°. The SpaCal calorimeter
covers the backward region, i.e. the angular rahg¥® < 6 < 177.8°. The luminosity is
measured via the well understood Bethe-Heitler procegss; ¢pv, using a photon detector at
0° to the positron beam direction.

2.2 Trigger Conditions, Event and Track Selection

The measurements presented here are based on H1 data tdkeminumally biased triggers in
1996 and correspond to an integrated luminosity.68 4- 0.11 pb~. Photoproduction events
are triggered by requiring the presence of tracks in the GiCo& a scattered positron in the
positron tagger, which ensures that the photon virtuality < 10=2 GeV?. The following
selection criteria are applied in order to reduce the bamkgd contamination and to ensure
good reconstruction of the event kinematics. The selectedts are required to lie within the
interval 165 < W,,, < 252 GeV (averagélV,,,) = 200 GeV). In this range the total acceptance
of the positron tagger for photoproduction event&.i$ 4+ 0.02. In addition, five or more tracks
are required to be reconstructed in the CJC. These trackisgouns to a common vertex with
coordinate withint:30 cm of the nominal interaction point.

Candidate tracks for particle identification are selectethe ranggn| < 1 so that they
are well contained within the CJC. Here the track reconsittncand particle identification
efficiencies are high. Two track selection schemes are ubked'hard” and “soft” selections.
The minimum ionising particle (MIP) background is largethe soft selection scheme than in
the hard selection scheme. The hard selection is used tchskarrare heavy particles, when
it is necessary to minimise this background and to have aptimh/' /dx resolution. The soft
selection is used only for copiously produced particlehsagcprotons and anti-protons.

In the soft selection, the tracks are required to have at lEakits and to have a start point
at radius< 30 cm from the beam line and an end point at radiu37.5 cm. The total measured
radial track length is required to be more than 10 cm and tkeeip energy loss to be more



than twice that of a MIP, i.dog,, d £ /dz > 0.3.2 These criteria are loose enough to ensure that
the combined track reconstruction and particle identibcegfficiency is high (measured to be
98.8 + 0.2%). In the hard selection, tracks are required to pass thrbogi CIJC1 and CJC2.
The number of hits in CJCL1 is required to be at least 20 with mimum of 40 hits in both
chambers. The total measured radial track length must lzegréhan 35 cm. In addition, the
selected tracks must have a minimum of«wéf the total number of possible hits and a specific
energy loss of more than 2.5 times that of a MIP, liog,,(d£/dz) > 0.4.

2.3 Particle Identification.

The massM, associated with each charged particle track is deducedtfre track momentum,
p, and the most probable specific energy lekls/dzq, which is determined using a Bayesian
log-likelihood method[Cid14]. The value aff/dx, is chosen for each track such that the

likelihood function v

log L = Z log P(dE/dz;|dE [daq) 2)

is maximised. HereP(dE/dx;|dE/dzo) is the probability that the® measured value of
dF /dz results from a particle with most probable specific energgdd’/dz, which is treated
as a variable in equatidll 2. This probability is computednfi@o parameterisation of the Lan-
dau distribution. The ratip/M is then obtained in an iterative way froti’/dx¢, assuming
that the particle is singly charged, using a parameteosati the Bethe-Bloch formula for the
restricted energy los&iL5] which includes correctionsaipparatus effects. The value &f is
then calculated using the measured track momentum. Thenmuaximeasurable mass using
this technique is beyond the limit set by the centre of massgn

Figurell (upper plot) shows the specific energy loss for pesjtcharged tracks, determined
in this way, plotted against the track momenta. Clear baadse seen corresponding to pions,
kaons, protons, deuterons and tritons. The lower plot shbe/spectrum of masses assigned
to the tracks using the procedure described above. The brontes show parabolic fits to the
log,, M distributions (i.e. Gaussians) in each of the differentsimesaks. Some deviations from
Gaussian behaviour in the tails of the distributions areplesl. The resolution s\ /M ~ 7%
as determined from the widths of the Gaussian fits. The kgjiliood method adopted here is
found to have better mass resolution and leads to a more @atd#s distribution than the
method used previously by HICI16]. The particle type for etaabk is identified as the mass of
the closest known particle.

2.4 Background Determination

The distributions of the: vertex coordinate and the distance of closest approach A

the tracks to the beam line in the transverse plane are usdidtioguish the tracks produced
in photoproduction from those produced by interactionsheflteams with residual gas in the
beam pipe, termed beam-gas interactions, or from the sacpimteractions of photoproduced

2Throughout the papetE /dz is given as the ratio of the specific energy loss of the tradkabof a MIP.
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particles in the material of the beam pipe or the detectoméd material background. The
beam-gas backgrounds are labeli¢dfor proton-gas andG for electron-gas interactions.

Figurel® shows the DCA distributions. Tracks from interaws of the beam particles con-
tribute to the peaks at zero, whereas the material backdrguwes rise to the observed smooth
background distributions. The material background foitpastracks results mainly from sec-
ondary interactions with the material of the beam pipe other material before the CJC sen-
sitive region. This can be seen in the upper plots of filire @re/ft leads to an approximately
flat background with small peaks at DGA4 cm. For negative tracks, the material background
is much smaller (see figul® 2 lower plots). It arises maindyrfiprotons and deuterons which
are back-scattered from the calorimeters into the CJC.eTakbedo particles, which lie outside
the main peak in figurBl 2, are delayed due to their extra distaf travel by times of about
6 ns relative to the arrival time of tracks coming directlyrfréghe photoproduction interaction
vertex, as measured in the CJC. The selection of negatitielparwith masses greater than
the proton mass is supplemented by the requirement thadeéhay be less than 4 ns, which is
observed to reduce such backgrounds by about a factor of two.

The number of particles corrected for the material backgdos obtained by subtracting
the number in the sidebands of the DCA distributiors (< [DCA| < 3.0 cm), normalised to
the width of the selected region around the peak, from tha tatmber of particles in the peak
region. This width is chosen to kel.5 cm for p andp and£0.5 cm for heavier particles for
which the DCA resolution is better.

The beam gas background is measured most accurately byngdjtite data into four event
samples depending on the presence or absence of energyfanvifaed part of the LAr or in the
backward direction in the SpaCal. The event sample with bmtvard and backward energy
(labelled G; and comprising9.4% of the total), arises dominantly from photoproductigp)
which produces a roughly uniform distribution of energyhe &pparatus for thi’.,, range of
this measurement. The event sample with forward but no baxkenergy (labelled { and
comprising8.5% of the total) arises dominantly fropt7 interactions, since protons interacting
in the interaction region with a nearly stationary targetduce mainly forward but little signif-
icant backward energy. The event sample with backward bdomeard energy (labelled &
and comprisin@.0% of the total), is enriched ia(G interactions for similar reasons. Onlyl %
of the events have neither forward nor backward caloriroetnergy (sample &).

The data are separated into the p(G andeG components in each sampley by studying
the = vertex distributions (see figul® 3). The following procesglisradopted for the separation,
the results of which are shown in talfle 1 for the hard seletitks. First, the number of
~p andpG (eG) tracks in the samples;&(Cy;), for each particle type, is measured by fitting
the = vertex distributions to the sum of a Gaussian and a lineakdraand. The integral of
the Gaussian is taken to be the number of particles fypnmteractions NJ§' (V,7), while the
linear background determines the numbep@f(e() tracks,N-& (NE&), in the samples. Here
the number ot G (p(7) events in the ¢ (Cy;) sample is neglected. The number6f particles
in the G; sample is also negligible. When the distribution has ndlesGaussian shape (e.g.
figurelBd), the value ol is so low that a measurement is impossible (the dashes iel@abl
Second, the number of7 particles in each G sample, N7, is obtained by assuming that the
probability that a trueG event has significant backward energy is small. Hence, thiegnility
that apG event appears in the;Csample is approximately the probability that random noise
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above threshold occurs in the SpaCal calorimeter;iy @vent and this should be independent
of particle type. This probability is measured from theoali the numbers of events in the,C
and G, samples for pure(G: events, i.e. samples which should have little contribufrom
photoproduction. Deuterons withvertex|z| > 20 cm andcos § > 0 are used for this, as is an
independent sample of events with two identified protonsramtientified anti-proton, which
also shows no significant Gaussian shape in:ttivertex distribution. The two independent
measurements give ratios which agree within errors, confgrthe assumption, with a mean
of 0.151 + 0.045. The quantityN"" is obtained by multiplyingV?S’ by this ratio. Finally, the
number ofyp particles in the ¢ sample,N;?, is obtained by subtracting”{" from the total
for this sample,N;;. The separation into components for thg Gample is made using the
probabilities ¢ 0.02, estimated from the numbers in talile 1) that the photopredlevents
have zero energy in the forward and backward calorimeters.

2.5 Track Efficiencies

The apparatus is fully sensitive in the rarige < py/M < 0.7 and|y| < 0.4. In order to derive
cross sections, corrections for track efficiencies (l&uakl) must be applied. These are shown
in detail for anti-deuterons in talik 2 in the measuremestvals ofp; /M. The efficiencies for
anti-protons tend to be somewhat larger than those fordentierons, since the soft selection is
used and the secondary interaction cross section is smHfierefficiencies listed in tabl® 2 are
defined as follows.

* cqp/4. IS the correction for migrations across the litig d /2 /dz > 0.4. This is assessed
by studying the migrations of anti-protons, selected withlboser criteriotog d £ /dx >
0.3.

e ¢, is a correction for a region of inefficiency in the CJC whiclveleped during the data
taking.

e ¢, IS acorrection for the loss of events outside the mass and Diddows.

e ¢, represents the corrections for the losses due to interecitnothe material of the appa-
ratus. This is extracted from the data using soft selectishtified tracks. The number
of such tracks which are observed to interact in the matbaateen CJC1 and CJC2 is
extrapolated to account for the material between the ioterapoint and the CJC1. The
corrections agree with estimates from known cross sections

e ¢;;; represents the track reconstruction efficiency which ismeihed by measuring the
fraction of soft selected deuterons which enter the haetteh sample.

e ¢, IS the trigger efficiency which is determined by two indepamidnethods for events
containing anti-protons. These are assumed to have the ts@ger efficiency as anti-
deuterons. One method involves Monte Carlo studies andtkiee method uses compar-
isons of the number of events from the main trigger with tHosmd by an independent
monitor trigger. The two methods give consistent results.

e ¢, iS the positron tagger acceptance.
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e ¢y, IS the correction for the loss of events due to the requirerttext there be five or
more tracks in each event. This is deduced by applying thevRnkiNO scaling distribu-
tion [[LZ], using a sample of events containing anti-protwh&h has an observed mean
track multiplicity which matches that for events contaghanti-deuterons.

e ¢, represents the correction for the losses of anti-deutesatside the defined track
timing interval.

e cpis, IS an estimate of the fraction of anti-deuterons lost oettie measurement region
defined by the limits ofp| < 1.0 and|y| < 0.4.

The final row of tabl€l2 gives the measured value of the difféaécross section

do N

d(pr/M) ~ A(pr/M)LE (3)

whereN is the number of events in each measurement intefval; /M ), corrected for all the
efficiencies given in tabB Z, = 5.53 £ 0.11 pb~! is the integrated luminosity and = 0.0136

is the virtual photon flux per incident positron (for the distaf the calculation sed.ilL8]). The
first error quoted for the differential cross sections isisti@al while the second is systematic,
where the latter arises from the uncertainties in the effwgs. All cross sections are quoted at
the bin centres.

3 Results

3.1 Search for Heavy Particles

The observed particle mass spectra are shown in fljure 4. d$teed curves show the mate-
rial backgrounds deduced from the sideband subtractiohadedescribed in sectidi®.3. The
mainly p(G sample, Gy, contains 6 tracks which have reconstructed masses of imamg {GeV.
They each have specific energy losses which are approxiynatieke that expected for a MIP.
Visual inspection shows that these are overlapping traukdyably due to relativistic particles
which have been merged by the pattern recognition softvgaree the two tracks become visi-
ble at the ends of their trajectories. No such tracks are isetdy® dominantly photoproduction
sample, G;, which contains many more events. Since they are dominagtédtkground, the
Cio0, Co1 and G, samples are omitted from the search for heavy particlesabgpinoduction.

The observed deuterons and tritons (see fble 1 and fiyure dpainantly from the ma-
terial background and upper limits on their photoproductimss sections are derived from the
observed numbers of events. These upper limits adikie confidence level, in the measure-
ment range defined in sectiii.5, are deduced to be 6.8 ami 1tBspectively. No negative
particles heavier than anti-deuterons and no positivegiestheavier than tritons are observed.
This allows an upper limit of 0.19 nb at tl6% confidence level to be set on the photoproduc-
tion cross section for any such particle type in the samenkate range. These cross section
limits are derived assuming the same efficiencies as thosmfodeuterons given below.
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3.2 The Anti-deuteron Cross Section

A clear signal is seen in figul® 4, consisting of a total of 4B-dauterons with an estimated
material background of.0 + 0.5. The inclusive cross sections are measured using the 35
particles in the sensitive range defined in secliGh 2.5 fosahples combined. Only two of
the anti-deuterons are not in the;Gample (both in ). This number is compatible with that
expected from the probability that a photoproduction ebastsmall backward energy 2%).

The total cross section for anti-deuteron production isitbto be2.7 + 0.5 + 0.2 nb in the
kinematic range defined in sectiBil2.5, by summing all thiedshtial cross sections in the final
row of tablefP. The ratio of the number of anti-deuterons ti-protons in the rangey| < 0.4
and0.3 < py/M < 0.7 is measured to bg.0 &+ 1.0 & 0.5) - 10~*. The lower limit inpy /M
is higher for the ratio than for the anti-deuteron crossiseecheasurement in order to avoid the
uncertainties associated with the large corrections tauiitieproton rates at low momentum.

The inclusive anti-deuteron invariant cross section iggily:

d3o B 1 do
dPp 27 (pr/M) Ay d(pr/M)

wherey = E/M, do/d(pr/M) are the differential cross sections given in the final row of
table® andAy = 0.8 is the rapidity range of the measurement. Fidlire 5 and fAisleo@/
the measurements of this invariant cross section, norathtisthe relevant total cross section,
taken to bel 65 + 11ub for photoproductioniii8], as a function pf /M. Figureld also shows
the measured ratio of the corrected numbers of anti-dengeoanti-protons versys /M.

d3o

T B (p/M)

2

(4)

3.3 Comparison with Other Measurements

Measurements of the normalised invariant anti-deuterogsscsection and the ratio of the anti-
deuteron to anti-proton production rates performed by rokiigh energy experiments in the
central region are also shown in figllle 5. The normalisedscestion and ratio measurements
obtained irpp collisions 5] and the photoproduction results desctibere are in good agree-
ment, suggesting that the processes whereby anti-destareriormed are similar ipp and~p
interactions. The data on Au-Au collisions show a ratio whgslightly larger than that ipp
collisions and photoproduction. However, the cross sedio anti-deuteron production nor-
malised to the total cross section in Au-Au collisions isrdveo orders of magnitude larger than
that in photoproduction g#p collisions, reflecting the more copious production of antéleons

in heavy ion collisions.

The coalescence parametgyis derived by rearranging equatilin 1 to obtain

1 E&dSUa 4 2

By, = —¢ &P _ M, B (5)
1 Bpdiop )\ M2 (1 _vadioy
o d%p o d3(P/Mg)

Here, M, and M are the masses of theandd and o, o, ando; are the total interaction
cross section and the partial cross sectionspf@nd d production, respectively, as defined
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in equationl withA = 2 for d production. The quantityR, is the measured ratio of the
number of anti-deuterons to anti-protons from direct patidun in each bin op, /M, corrected
for anti-protons formed remotely from the source by weakagisc In the coalescence model,
only anti-nucleons produced directly from the source camfanti-deuterons. The number of
p from direct production is taken to B& + 8% of the number observed. This is estimated
using the PYTHIA Monte Carldi19], the accuracy being deieed by the uncertainty in the
strangeness suppression factor in this model. Hence, ithareoverall theoretical uncertainty
of about20% in the determination of3,. The weak decay correction is somewhat larger for
heavy ion collisionsii7] which is thought to be due to enhagteangeness producticnl20].

Figurel® and tabll3 show the parametir computed according to equatifih 5 from the
data presented here. This quantity is calculated for thed&R in [5[55], and is presented in
figurel as a function gf; /M. The average value in photoproduction is determined fraem th
data presented here to B8 = 0.010 + 0.002 4+ 0.001 + 0.002, where the first uncertainty is
statistical, the second systematic from the errors in thei@fcies and the third the theoretical
error from the weak decay correction. Figilie 7 shows the naalare of B, in photoproduction,
compared with the meaR, values obtained from the ISR data and the data of a variety
of other experiments as a function of centre-of-mass enefde value of B, measured in
photoproduction atV,, = 200 GeV is similar in magnitude to the values deduced at lower
centre-of-mass energiesjip andp A interactions (labelled “elementary” in figulle 7). However,
this value of B, is over an order of magnitude larger than that observed irAAwcollisions
at RHIC at a similar nucleon-nucleon centre-of-mass enef@ymparison of the heavy ion
data with the data from more elementary targets shows ttsadliscrepancy grows with centre-
of-mass energy (see figulke 7). To illustrate the differeretavben light and heavy colliding
particles, the heavy ion data in figlllle 7 are restricted tg keavy ions. They are also restricted,
at centre-of-mass energy below 50 GeV, to measurementschisive deuteron and proton
production to avoid threshold effects in anti-deuterordpiciion. The Bevelac data, at which
energy thed dependence is weak, are the Ne-Au measuremenisiof [21]. G&data are the
Au-Pt measurements of the E886 experimBLit [22], the SPSadathe Pb-Pb measurements of
NA44 [[Z1] and NA52 [ Z1] and the RHIC data are from the Au-Au si&ments of the STAR
Collaboration liY]. The “elementary” data are thd data of [ZILLZ225], thep data at the
ISR [5)] and the photoproduction data presented here.

In the coalescence model for heavy ion collisions, the patant?,, varies inversely with
both the volume of the fireball at thermal freeze-out and tisdhute rate of anti-nucleon pro-
duction when both the spatial and momentum dependencecueléd in the model]2]. Thée
to p ratio is observed ipp andyp collisions to be close to that in Au-Au collisions, yet thesa
much larger anti-nucleon production rate, and a smallerevaf 5, in Au-Au collisions. These
facts can be reconciled in the coalescence model if the $itedireball at thermal freeze-out
in pp and~p collisions is much smaller than that in Au-Au collisions.

4 Conclusions

A search for heavy charged particles is made in photopraziuat HERA and anti-deuterons
are observed giV,,) = 200 GeV. Upper limits at th&5% confidence level on the production
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cross sections for any type of positive particles heavian tintons or negative particles heavier
than anti-deuterons are set at 0.19 nb in the kinematic range 0.4 and0.2 < py/M < 0.7.
The total cross section for anti-deuteron photoprodugsaoneasured to b27 + 0.5 £ 0.2 nb

in the same kinematic range and the ratio of the number ofdmtierons to anti-protons is
measured to bé5.0 + 1.0 + 0.5) - 107* in the rangdy| < 0.4 and0.3 < pr/M < 0.7. The
transverse momentum dependence of the normalised invariags section for anti-deuteron
production is found to be compatible with that measured itre¢pp interactions at a centre-
of-mass energy of3 GeV. The production rate per event of anti-deuterons inggratduction

is found to be over two orders of magnitude less than thatrgbdein Au-Au collisions at
RHIC, although the ratio of anti-deuterons to anti-prot@snsnly slightly smaller. The coales-
cence model parametés, is extracted in photoproduction and shown to be similar &t th
deduced from central high energy data and lower energyA data. Averaging over the
measurement range of/M, B, is measured in photoproduction Bf,, = 200 GeV to be
0.010 £ 0.002(stat) £ 0.001(sys) + 0.002(theory) GeV*. This value is much larger than that
observed in Au-Au collisions at RHIC at a similar nucleorci@on centre-of-mass energy. This
difference between heavy ion and elementary particlesioiis is reduced as the centre-of-mass
energy decreases. These observations can be understtad tvé framework of the coales-
cence model if the interaction volume at thermal freezehoutp and pp collisions is much
smaller than that in Au-Au collisions at a centre-of-massrgn of 200 GeV.
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Figure 1: Upper plot - the observed specific ionisation epygs,d £/ dx, (normalised to that
from a MIP), obtained from the log-likelihood method, vesstack momentum (in GeV) for a
sample of positively charged tracks from the hard seledft@fore application of the specific
energy loss cut, see text). The smooth curves show the egpewan specific energy loss for
the different particle species. Lower plot - the spectrurmagses (in GeV) fdbg,, d £ /dx >
0.4, deduced as described in the text. The smooth curves rep@aeassian fits to each peak.
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Figure 3: Thez vertex distributions for identified protons (a,b), deutexdc,d), anti-protons
(e,f) and anti-deuterons (g,h) in the hard selected sanajfiesscorrection for the material back-
grounds. The G samples (figures a,c,e,g) are dominated by photoproduetients and the
Cio sample (figures b,d,f) are dominated ¥y events. The solid curves (figures a,b,c,d) show
the fits of a Gaussian distribution (expected from photopetidn) and a linear background (ex-
pected fronpG interactions). The lack of background and the relativelglsmumber of events

in (f) show that there is little production inpGG events. The number efevents in (h) is com-
patible with that expected from thgy contamination of ¢; sample. The lack of background
in (a) and (e) shows that there are fe® events in the ¢ sample. The dashed histograms
represent the background after subtraction of the fittedr(lbalculated (c,f) Gaussians.
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Table 1: The numbers\[”*“““) of photoproduction{p) and beam gas(7, ¢(¥) hard se-
lected trackslpg,,d £ /dx > 0.4) in the four event samples (see text) for the different phati
types. The right hand column gives the observed total nurobé&tentified tracks in each
category after subtraction of the material background. duneted errors are the statistical un-

certainties.

Sample NP NEE Nl N;
P C11 |[62883 £510 | 1177 4350 — 64060 £ 370
p C10 1858 £ 520 | 7794 4 510 — 9652 4 124
p co1 1153 + 86 — 322 £ 71 1475 £ 51
p C00 254 10 80 + 45 — 105 + 11
p | NPPEeE 165919 £+ 733 | 9051 & 620 | 322 £ 71 75292 + 394
d C11 15 £ 56 137 + 41 — 152 + 44
d C10 0+1 908 + 38 — 908 + 38
d co1 — — 3347 3347
d C00 — 542 — 542
d | NwrGeG T 15 4 56 1050 £60 | 33+7 1098 £ 60
t C11 1+9 10£3 — 11+9
t C10 — 68 +9 — 68 +9
t co1 — — — —
t C00 — — — —
t | NprGed 1+9 78+ 10 — 79413
p C11 [ 61949 £ 252 1+9 — 61950 £ 252
P C10 1425 £ 71 5+ 60 — 1430 £ 38
7 co1l 1363 + 70 — —15 £ 60 1348 4 37
7 C00 2145 — — 2145
p | NPPGEG T 64758 £270 | 6+£60 | —154+60 | | 64749 & 255

| d| Cl1 | 43+7 | — — | 437 |

d C10 24 1.4 — — 24 1.4
d| co1 — — — —
d| €00 — — — —
d | N7PwGeG 45 £ 7 — — 45 £ 7

22



Table 2: T[le observed number of events, track and eventezféigs and the differential cross
section ford production (see sectidiz®.5).

Pr/M 0.25 0.35 0.45 0.55 0.65
N7 11 11 5 5 3
€(aE/az) 1.0 1.0 1.0 0.97+0.01 | 0.75+0.03
9 0.97 + 0.01 0.97+0.01 | 0.97+0.00 | 0.97+0.01 | 0.97+0.01
€cut 0.83 + 0.05 0.96 + 0.02 1.0 1.0 1.0
¢ 0.80 + 0.07 0.82+£0.07 | 0.85+0.07 | 0.86+0.07 | 0.87+0.07
hit 0.67 + 0.04 0.86+£0.03 | 0.86£0.03 | 086003 | 0.86%0.03
iy 0.82 + 0.04 0.82+0.04 | 0.82+£0.04 | 0824004 | 0.82+0.04
» 0.46 + 0.02 0.46+0.02 | 046£0.02 | 046+0.02 | 0.46+0.02
Eneh 0.96 + 0.02 0.96+0.02 | 0.96+0.02 | 0.96+0.02 | 0.96+0.02
€ 0.95 + 0.02 0.97+0.01 | 0.98+0.01 | 0.98+0.01 | 0.98+0.01
€Phsp 0.75 + 0.06 0.96 + 0.03 1.0 1.0 1.0
2 (nb) [ 13123922 [66£20£08 |27 £ 11203 [27£11£03[21£12£02

Table 3: The measured values of the invaridmroduction cross sections,to p ratios and
coalescence parametét;. The first error is the statistical and the second error tiséegyatic
uncertainty.

pr/M | Yo (0B) | Rueas = 32 - 10° Reorr - 10° B,(GeV?)
measured value| weak decay corrected
0.25 | 10.5£3.24+1.7 — — —
0.35 3.6 +1.1+£0.5 9.0£27+1.2 11.8+3.6 £ 1.6 0.015 4+ 0.004 £ 0.002
0.45 1.24+0.54+0.1 36+£1.6+04 4.74+2.14+0.5 0.007 £ 0.003 £ 0.001
0.55 1.0£0.44+0.1 3.84+1.64+0.5 4.8 +2.04+0.6 0.009 #+ 0.004 4 0.001
0.65 0.6 +0.4+0.1 33+£1.94+04 42424405 0.010 + 0.006 4 0.001
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