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Abstract

We present a measurementmof /7, K~/K* and p/p from p + p collisions at,/s = 200 GeV over the rapidity range
0 <y < 3.4. For pt < 2.0 GeV/c we see no significant transverse momentum dependence of the ratios. All three ratios are
independent of rapidity foy < 1.5 and then steadily decline from~ 1.5toy ~ 3. Thexr — /x T ratio is below unity fory > 2.0.
The p/p ratio is very similar forp + p and 20% central A4 Au collisions at all rapidities. In the fragmentation region the
three ratios seem to be independent of beam energy when viewed from the rest frame of one of the protons. Theoretical models
based on quark—diquark breaking mechanisms overestimaig/fheatio up toy < 3. Including additional mechanisms for
baryon number transport such as baryon junctions leads to a better description of the data.
0 2004 Elsevier B.V. All rights reserved.

PACS: 25.75.q; 25.40.-h; 13.75.-n
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1. Introduction cles will be formed mainly from string fragmentation,
yielding values of antiparticle-to-particle ratios close
The ratios of particle production in hadronic inter-  to unity. At forward rapidities, close to the beam rapid-
actions are important indicators of the collision dy- ity (y, = 5.3 aty/s =200 GeV), cross-sections are in-
namics[1]. By comparing large and small systems stead known to be dominated by leading particles and
over a wide range of phase space, one can addresgrojectile fragments (the fragmentation region). This
both reaction mechanisms in simpler systems and the means that the conservation of charge and isospin will
properties of hot and dense nuclear matter in large sys-become increasingly important for particle production
tems. A thorough understanding pf+ p collisions as one approaches. The present data om~ /7™,
at ultrarelativistic energies is necessary both as input K~/K* and p/p show that inp + p collisions at
to detailed theoretical models of strong interactions, /s =200 GeV there is a midrapidity region extend-
and as a baseline for understanding the more complexing out toy ~ 1.5 where the particle ratios agree with
nucleus—nucleus collisions at RHIC energies. Soft par- the Bjorken picture. Above this point the ratios start to
ticle production from ultrarelativistip + p collisions decrease, indicating the onset of fragmentation region
is also sensitive to the flavor distribution within the physics. Shifting the ratios by the beam rapidity and
proton, quark hadronizatiomd baryon number trans-  comparing to lower energy data, we find a broad rapid-
port. Extensive data exist near midrapidity, but less is ity range where ratios of like-particle production are
known about the forward rapidity region where frag- independent of the incident beam energy when viewed

mentation and isospin effects are important. from the rest frame of one of the protons (limiting
In this Letter we present measurements of like- fragmentatiorf3]).

particle charged hadron ratios from+ p collisions The traditional quark—diquark breaking picture of

at a center-of-mass energy Qfs = 200 GeV as a  a p + p collision fails to reproduce baryon transport

function of rapidityy = 0.5In((E + p;)/(E — p;)) in available midrapidity data, which has been taken

and transverse momentupt, and make a compari- as evidence for severaldditional mechanisms be-
son with similar BRAHMS results from the 20% most ing important at higher energi¢4—7]. In this Letter
central Au+ Au collisions at the same energy. We we provide a comparison of different model predic-
show that thep + p and Au+ Au results on pion, kaon  tions with experimental data, which, especially away
and proton like-particle ratios are consistent over three from midrapidity, provides new constraints for calcu-
units of rapidity, in spite of the expected large differ- lations. We show that the commonly used event gen-
ences in dynamics between these systems. erator PYTHIA [8] does not reproduce the ratio of
In p + p collisions at RHIC energies two main antiproton to proton production seen in the data at any
mechanisms for particle production are expected. At rapidity, while the additional hypothesis of a baryon
midrapidity the Bjorken picturf2] predicts that parti-  junction within the HIJING/B[9] model yields a good
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agreement with both the magnitude and rapidity de- - _
pendence of the observed p ratio. Trsssssunee 555 Ly + ”””””””””
t, 0.8 ﬁ‘g"%r
~~ 06

2. Theanalysis (= Sl

The data presented in this Letter were collected 0.2--
with the BRAHMS detector system during 2001. : ‘ :
BRAHMS consists of two movable magnetic spec- Aot f ...... clesrse s
trometers and a suite of detectors designed to mea- + 08 {?
sure global multiplicity and forward neutrof0]. In X o6 {Jf‘ __________________
addition, eight rings of plastic scintillator tiles were ¢ |}
used to find the collision point and provide a mini- ’ {}
mum bias triggef11]. To reduce the contribution of 02—
background events valid hits in the outer three rings
were required as part of the offline analysis. Using A
a GEANT simulation with the HIJING event gener- 0.8 e + ++—+
ator [12] as input, it was estimated that this trigger a * —é—+ e
setup saw 7% 5% of the 41 mbp + p total inelastic T-Aadi
cross-section. Spectrometer triggers that required hits 0.4 {%
in several hodoscopes were used in each of the two 0.2- N '(%?;)-
spectrometers to enhance the event sample 6fp . ‘ . ‘
collisions with tracks. For this analysis data taken at % 0.5 1 1.5 2
nine angle settings with respect to the beam were used, pr [GeV/c]

ranging from 90 to 3° and yielding a rapidity cover-

age of O< y < 3.4 for pions. . . o
9 d if Y . £ TE) d had K d circles). The lines show the result of fitting a constant to the data,
entification of charge a ron&’( » an p) over the indicated range. The shaded area shows our estimate of the

was done primarily through time-of-flight measure- systematic error.

ments. Tracks having a measured inverse velocity

(8~1) within a -2 band of the theoretical value for  particles at the same angular setting but with opposite
the appropriate momentum and mass, were selectedmagnet polarities, most corrections for geometrical ac-
for analysis. In the forward spectrometer where par- ceptance and detector efficiencies cancel big. 1
ticles in general have higher momenta, identification shows the resulting like-particle ratios as a function of
was also provided through the recorded radius in a pt at the extreme measured rapiditiesyof- 0 and
Ring Imaging Cherenkov detector, and via momen- y ~ 3. Within our statistical errors there is no sig-
tum dependent cuts in the response of a threshold nificant dependence oprr. The ratios were therefore
Cherenkov detector. The details of the particle iden- fitted to a constant over ar range matching the lim-
tification and analysis methods used are similar to its of our acceptance (sd€g. 1). For most settings
those described ifil3,14], but because of the lower this range was 8 < pt < 1.5 GeV/c, varying by
particle yield our time-of-flight calibration is worse < £0.5 GeV/c for the different spectrometer angles.

Fig. 1. Particle ratios vget aty = 0 (solid circles) and ~ 3 (open

than for Au+ Au. This mainly affects the midrapid- The ratios have been correctfor particle absorp-
ity spectrometer, which only has time-of-flight sys- tion and in-flight decay as discussed in R@f3]. In
tems. For the present analysis a separatiomp of addition corrections were applied for antiproton ab-
uptop =2.6 GeV/c andK /m up to 1.6 GeVc was sorption in the spectrometer trigger slats, which re-
achieved here. moved~ 10% of thep yield at p < 1 GeV/c, drop-

Charged particle ratios were measured by dividing ping to~ 5% atp =2 GeV/c. Primary particles were
transverse momentum spectra, normalized to the min- selected by requiring the tracks to point back to the
imum bias trigger. By measuring positive and negative beam line, with an achied resolution o ~ 0.7 cm.
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Forn=/nt andK~/K* a 3 cutwas used, while for
p/p a 2o cut was set to further eliminate knock-out

paring these, and by varying both the rapidity and
intervals, and the cuts on the particle identification and

protons from the beampipe. Since the spectrometersprojection to the interaction point, our point-to-point
have a small solid angle the effects of feed-down from systematic errors are estimated to &% for pions
weak decays are not large and tend to cancel in theand protons, ané 3% for kaons. Ratios from mea-

ratios[14]. The p/ p ratio is exceptional since it is sen-
sitive to the evolution with rapidity of thet /p ratio.

To estimate the upper limits of this effect, a GEANT
simulation with published STAR data from+ p col-
lisions y = 0 [15] as input has been used. Taking
A/p ~ 0.5, assuming a constant behavior with rapid-
ity and thatA/A ~ p/p- K+ /K~ (see, e.g[16]), the
feed-down fromA and A were found to cause a net
increase ofp/p at all rapidities. At midrapidity the
possible contribution isc 5%, and at forward rapidity

< 10%, within our acceptance.

3. Particleratiosvs. rapidity

Fig. 2 shows the resulting ratios of antiparticle-to-
particle yields as a function of rapidity (left panel).

surements with different magnet polarities allow us
to investigate systematic effects from geometry and
normalization. The combined residual systematic un-
certainties from these effects and from the absorption
corrections are found to be 5%.

For all three ratios irFig. 2there is a clear midra-
pidity plateau and subsequent decrease with rapidity.
The midrapidity values of the ratios are” /7 =
1.024+0.01+0.07,K~ /K™ =0.97+£0.054+0.07 and
p/p =0.78+ 0.03+ 0.06, consistent within statisti-
cal errors with values extracted from identified particle
spectra reported by STAR7]. Numbers at other ra-
pidities are given inTable 1 At midrapidity, proton
and antiproton production from quark—antiquark pairs
can be assumed to be identical. Proton excess, defined
as(N,—Np)/(N,+ Nj), is therefore due to the trans-
port of baryon number from the initial beam. Ouif p

Two independent analyzes were performed. By com- ratio would in this interpretation imply a proton excess

1.2

1
0.8
0.6
0.4
0.2

v/t

K/K*
o
?
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5 4 3 2 -1 0
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Fig. 2. Left: charged particle ratios fropH- p at /s = 200 GeV (solid points) compared with AuAu [13] (open points), and predictions from
PYTHIA [8] (solid histogram) and HIJING/B] (thick dashed line). Right: ratios shifted Iy, compared with data from NA27 (triangles) at

/5 =275 GeV[19].
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Table 1
Numerical values for charged particle ratios as a function of rapiditprk are statistical only. In addition a combined systematic error of 7%
form~/x T andK~ /K, and 8% forp/ p is estimated

Rapidity a/nt Rapidity K—/Kt Rapidity p/p
0.0 102+£0.01 0.0 Q974 0.05 0.0 Q784 0.03
0.5 100+ 0.01 0.4 094+ 0.04 0.4 076+ 0.03
0.9 099+ 0.01 0.7 0854+ 0.04 0.6 Q744 0.03
1.0 097+0.01 0.8 100+ 0.04 0.7 Q74+ 0.02
1.2 0954+ 0.01 1.0 0924+ 0.04 0.8 Q784 0.03
1.7 100+ 0.01 15 093+ 0.03 1.2 Q75+ 0.02
2.2 094+ 0.01 2.1 Q784 0.05 1.8 0544 0.03
3.2 090+ 0.01 3.0 061+ 0.06 2.0 045+ 0.05
34 0854 0.03 3.1 060+ 0.06 2.7 0344+0.04
2.9 029+ 0.09

of 12% at midrapidity, carrying baryon number that of NA27. This is consistent with the idea of lim-
has been transported from the beam region at5.3 iting fragmentation that has also been observed for
[4]. We note that it has been shown (448]) that charged hadrons in nucleus—nucleus collisif23].
one may need to correct for isospin effects before gen- This hypothesis states that the excitation of the lead-
eralizing these results from + p to hadron—hadron ing protons saturates at a moderate energy, leaving
collisions, due to the presence of neutrons. more available kinetic energy for particle production
At y < 1.5 the Au+ Au ratios for the 20% most  below the beam rapidity. We also note a transition in
central collisions reported if13] are noticeably simi- behavior aty — y, ~ —4, indicative of a boundary be-
lar to the present results. Aboye= 1.5 the pionratios  tween the midrapidity and fragmentation regions. Be-
in p + p start to drop below those for A¢+ Au and low this, at RHIC energies we observe a region of con-
consequently below unity, while the kaon and proton stant relative particle production that was not present
ratios remain consistent with the AuAu results over at./s =275 GeV.
our entire acceptance range. This is surprising in view
of the different dynamics one might expect for the two

systems. A heavy ion system has multiple initial colli-

sions as well as significant rescattering and may reach

thermal equilibrium before freezeout occurs, while the
significantly smallep 4+ p system should not interact
much beyond the initial reactions. For all three species
the ratios start to decrease above 1.5, indicating a

4. Predictionsfrom models

To interpret these results further, predictions from
theoretical models of hadron—hadron collisions are
confronted with the data. The curves in the left panel
of Fig. 2compare our results to the predictions of two

transition from the string breaking dominated regime such calculations, PYTHIA Version 6.308]! and HI-

at midrapidity to the fragmentation region. The drop JING/B [9], using the sameT range as the present
in the pion ratio at high rapidity can be attributed to analysis. Both models give a good description of the
isospin and charge conservation in the fragmentation pion data and for kaons at midrapidity, but do not re-

region, an effect not seen for AHAu where the high
pion multiplicity drives the system towards isospin
equilibration.

The right panel ofFig. 2 shows the present data
and data from NA27 at/s = 27.5 GeV [19] (open
triangles) shifted by the respective beam rapidities.
Overlaying the two datasets the ratios appear to be in-
dependent of the incident beam energy when viewed
from the rest frame of one of the protons, in the re-
gion where our rapidity coverage overlaps with that

produce the magnitude of the decrease with rapidity
seenfork — /K™ as the rapidity apmaches that of the
fragmentation region. Also, PYTHIA clearly overesti-
mates thep/p ratios. This is a well-known problem
since PYTHIA employs only quark—diquark break-
ing of the initial protons, while several authors have

1 PYTHIA version 6.3 is at the time of writing still labeled as
‘experimental’, but we find no difference in the results between this
version and the latest in the 6.2 series.
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pointed out[4,5] that to describe stopping at midra-
pidity in high energy hadronic collisions one needs
an additional mechanism to transport baryon number
away from the beam rapidities.

Based onp + p data from the ISR it has been
proposed that other mechanisms than quark—diquark
breaking, e.g., destruction of the diquark, can trans-
port baryon number over a large rapidity rangé.
Subsequently a description was formulated of the
baryon transport process as arising from gluonic de-
grees of freedom, with an additional transport compo-
nent slowly changing with incident enerd®]. This
can lead to a significant nbaryon content at midra-
pidity. Also, data from HERA[21] show a baryon
asymmetry, defined in lepto-production agNg —
Nj)/(Np + Np), that is significantly different from
zero. This indicates that baryon transport over 7 units
of rapidity is indeed possible. Together, these theo-
ries and observations form the basis for implementing
the baryon junctionf4,22]. This mechanism allows
for easy transport of baryon number toward midra-
pidity, while energy balance is maintained through an
increased production of forward mesons. The baryon
junction scenario, incorporated as a model prediction
in the HIJING/B event generatd®], has success-
fully predicted the slow/s dependence of the + p
and p + p cross-section$4]. In Fig. 2 the dashed
lines showing the HIJING/B prediction fop/p at
/s =200 GeV, exhibit a much better agreement with
the data than PYTHIA, both in terms of overall mag-
nitude and the width of the distribution.

In Ref.[23] a baryon junction extension to a quark—
diquark breaking model of particle production is sug-
gested. Itis shown that it is possible to describe baryon
stopping inp + p and Au+ Au collisions using the
same parameters for the baryon junction couplings,
but with different paramet values for SPS and RHIC
energies. For RHIC, this leads to a prediction that
the shapes of the rapidity distributions fpr+ p and
Au + Au will be similar for |y| < 2. The similarity
shown here op/pin p+ p and Au+Auupto|y| <3
supports this prediction.

5. Particleratio excitation functions

The present data allow for an extended study of the
excitation function of the particle ratios around midra-

Letters B 607 (2005) 42-50 47

Jsigev

Fig. 3. /s dependence of particle ratios yt= 0 (closed symbols)
andy ~ 1 (open symbols). Circles are the present data, errors are
statistical only. Also shown arg + p data from ISR (squares) and
NA27 (triangles)19,24] Solid lines: PYTHIA prediction fop + p

aty = 0. Dashed lines: same for= 1. Dotted line in bottom panel:
HIJING/B prediction forp/p aty = 0.

pidity. In Fig. 3the present data at= 0 andy ~ 1 are
shown, together with fits to ISR daf24] from p + p
collisions in the range 2% /s < 63 GeV. Where
possible the fits have been made over the same
range as our data, the notable exception beingthe
ratios aty = 1 where the ISR data cover@< pt <
4.0 GeV/c. Points from NA27 at/s = 27.5 GeV are
also shown. Both at midrapidity andat= 1 the ratios
depend logarithmically ox/s, but the slope of this de-
pendence is steeper at= 1. At lower energies there
is a significantly larger fraction of — and antiprotons
aty =0 than aty = 1, but this effect is much smaller
at RHIC energies. This again indicates that at RHIC
there is a midrapidity soae that is almost free of net
strangeness and baryon number.

The solid and dashed lines kig. 3 show the pre-
diction for the particle ratio excitation function from
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1
1

PYTHIA at y = 0 andy = 1, respectively. At midra-
pidity the ratios are well reproduced at all values of
J/s, except for thep/p ratio at RHIC energies, but 0.8 ’%‘
aty =1 the K~/K* and p/p do not seem well RS ok
described at lower energies. The dotted line shows A # 4#
the prediction forp/p from HIJING/B aty = 0, re- . 06
producing the result at/s = 200 GeV but under- X M
predicting the results at lower energies. For pions ¥0_4_
and kaons HIJING/B reproduces the PYTHIA curves § ¢ CRAHMSdaa
shown . H F_Il to‘;\+A (Becattini et al.)
| J— ®)
0.2- 4 O ISR data, y=0
A SPSdata at\s=27.5 GeV
6. Ratio correlationsover three unitsof rapidity o | ! | !

0 02 04 06 08 1

For nucleus—nucleus collisions at ultrarelativistic bl
energies it has been observed that almost all particle Fig. 4. Correlation betweei ~/k+ and j/p at different rapidi-
production ratios can be reproduced by a grand canon-ties from the present data and data at lower energies. The lines
ical model description of the emitting source, i.e., with show grand Canor}:icri'icleodieﬁ!;u|at80?;afs?]regeami;offavch)‘:]sh-
temperaturd” and baryochemlcal pmentlﬁl‘l as In- Isrlgnstt::;gpeer:‘:lfusr: o? 170 Mpev witH unit strangeness saturf2&jn
dependent parametei25]. The strange quark chem- (solid).
ical potentialu is fixed by conservation of strange-
nesg[26]. In such an approach antiparticle-to-particle
ratios are controlled by the light and strange quark
fugacities,u, /T and s/ T, respectively, predicting,

e.g.

The solid line inFig. 4is the prediction of a grand
canonical calculation for a constant temperature of
170 MeV[28]. This curve gives a good description of
our Au+ Au data, as well as lower energy heavy ion
K= /KT = e25/T g2/ T — 21/ T () p)1/3, 1) re_sults_. Fory < 2.0 thep + p data are al_sc_)_consistent

with this curve, but at more forward rapidities they fall

For an ideal quark—gluon plasma one can expect below it. Ideally forp + p collisions one would use a
us = 0, a condition that is difficult to achieve for a microcanonical approach in order to exactly conserve
hadron gaf27]. The analysis in Ref13] on data from guantum numbers in each event. Such a description is
Au + Au collisions at./s = 200 GeV showed that  being developed, e.g., by the authors of REZ9,30],
one can parametrize the kaon and proton ratios at dif- but they also show that th& —/K* and p/p ratios

ferent rapidities as a power lavk — /K = (p/p)¥, change by 4% when going from the canonical to the
with «AU+AY = 0.244 0.02. Expressing this in terms  microcanonical description.

of chemical potentials givgs,; ~ 0.28u, for Au+ Au The limit of a canonical ensemble can be reached
collisions. from a grand canonical description by letting all

Fig. 4shows a similar analysis based on the present chemical potentials approach 0. kT + ¢~ colli-
data, where thek—/K™* ratios have been interpo- sions such a canonical approach has been successful
lated to the same rapidities as th¢p data. A power in describing particle ratio$30], but this does not
law fit to the present points gives an exponent of imply that such collisions constitute an ideal quark—
aPtP =0.3240.04, with x2/NDF = 1.22.Fig. 4also gluon plasma. Rather it may reflect properties of the
shows the corresponding results fo# p collisions at hadronization process. In the above grand canonical
/s =275 GeV at rapidities 6< y < 3.5, and midra- approach, a power law exponent®@f= 0.33 implies
pidity data at ISR energi€ld9,24] The ISR results  thatu; = 0 (see the dashed line kig. 4and Eq.(1)).
are consistent with the power law fit to our data, while The fit made to the present data suggest that this is the
the /s = 27.5 GeV data seem to follow a different case for all covered rapidities in + p collisions at
trend. /s =200 GeV.
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7. Conclusions

In conclusion, the BRAHMS experiment has mea-
sured ratios of charged antihadron to hadron produc-
tion from p + p collisions at,/s = 200 GeV. All ratios
are independent of transverse momentum within errors
for pt < 2.0 GeV/c. For kaons and protons we find
an overall consistency with results from AuAu col-
lisions at the same energy over three units of rapidity.
The n~ /=™ ratio falls steadily below the Ay Au
results fory = 2.0-3.4, as expected from conserva-
tion of initial charge and isospin. When viewed from
the rest frame of one of the protons all ratios seem
to be independent of the projectile beam energy over
a range of at least one unit of rapidity. Models based
on quark—diquark breaking of the initial protons give
a reasonable description ef~ /7T, but cannot de-
scribe ourp/p ratios unless additional mechanisms
of baryon transport are invoked. Introducing a baryon
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