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TRANSVERSE MOMENTUM DISTRIBUTIONS OF STRANGEHADRONS PRODUCED IN p�p COLLISIONS AT psNN = 200 GeVInam-ul Bashir *, Riyaz Ahmad Bhat, Saeed UddinDepartment of Physi
s, Jamia Millia Islamia (Central University)110025, New Delhi, IndiaRe
eived November 26, 2014The mid-rapidity transverse momentum spe
tra of strange hadrons (K+, K�, K�=K+, �, �, ��, �+, and 
)produ
ed in p�p 
ollisions at the highest RHIC energy psNN = 200 GeV have been studied using a statisti
aluni�ed thermal freeze-out model. The 
al
ulated results are found to be in good agreement with the experi-mental data taken from STAR and BRAHMS experiments. The �ts of the transverse momentum spe
tra tothe model 
al
ulations provide the thermal freeze-out 
onditions in terms of the temperature and 
olle
tive �owe�e
t parameters for di�erent parti
le spe
ies. The model in
orporates a longitudinal and a transverse hydrody-nami
 �ow. The rapidity distributions of kaons and their ratios are also reprodu
ed su

essfully, whi
h revealsthe presen
e of partial nu
lear transparen
y e�e
ts in p�p 
ollisions at psNN = 200 GeV. The 
ontributionsfrom heavier de
ay resonan
es are also taken into a

ount.DOI: 10.7868/S00444510150800401. INTRODUCTIONThe ultra-relativisti
 p�p 
ollisions serve as animportant tool to understand the high-energy 
olli-sion s
enarios and the parti
le produ
tion me
hanism.These are also often used as a simple hadroni
 referen
esystem to disentangle nu
lear e�e
ts in p�A and A�A
ollision systems. Experiments at Relativisti
 HeavyIon Collider (RHIC) 
ontinue to study the detailedproperties of the strongly intera
ting matter formedin p�p and Au�Au systems at 
olliding energies withpsNN ranging from 7.7 GeV to 200 GeV. The forma-tion of a quark�gluon plasma (QGP) has already beenpointed out by the measurements in Au�Au 
ollisionsperformed at RHIC [1�3℄. The high-pT hadrons arefound to be important for QGP studies be
ause theymeasure the jet quen
hing [4℄ e�e
t in the QGP, whilethe low-pT hadrons arise from multiple s
atterings andfollow an exponential distribution, suggesting parti
leprodu
tion in a thermal system [5℄. In addition, thehadron spe
tra at intermediate pT are sensitive to ef-fe
ts arising from quark re
ombination [6℄ in heavy-ion 
ollisions. It is believed that the produ
ed hadrons
arry information about the 
ollision dynami
s and the*E-mail: inam.physi
s�yahoo.
om

subsequent spa
e�time evolution of the system. Hen
e,a pre
ise measurement of the transverse momentumdistributions of identi�ed hadrons along with the rapid-ity spe
tra is essential for understanding the dynami
sand properties of the 
reated matter up to the �nal hy-drodynami
 freeze-out [7℄. The parti
le momentum dis-tributions re�e
t the 
onditions at the thermal freeze-out and the integrated e�e
ts of expansion from the be-ginning of the 
ollision. Thus, transverse momentumdistributions en
ode information about the 
olle
tivetransverse expansion and the thermal freeze-out tem-perature.The appli
ability of the statisti
al model in smallsystems (e. g., p�p) has been the subje
t of several re-
ent publi
ations [8; 9℄. In this paper, we use our earlierproposed uni�ed statisti
al thermal freeze-out model[7℄, whi
h assumes that the �reball produ
ed in the
ollision rea
hes thermo-
hemi
al equilibration at the�nal freeze-out. The model is found to be e�e
tivelysuitable for the pT range that is dominated by the softparti
le produ
tion. Also the parti
le produ
tion dueto hard s
atterings 
ontributes less than a few per
entat psNN � 200 GeV [10℄. This motivates us to applyour model to p�p 
ollisions at psNN = 200 GeV todes
ribe the parti
le produ
tion originating from thesoft intera
tions in a thermalized system. The appli
a-tion of hydrodynami
 models for p�p 
ollisions datesba
k to 1954, when multiple meson produ
tion was3 ÆÝÒÔ, âûï. 2 (8) 241
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ollisions [11℄. This observation of multi-parti
le pro-du
tion o

urring in p�p 
ollisions led Fermi and Lan-dau to develop the statisti
al [12℄ and hydrodynami-
al [13℄ approa
hes to multi-parti
le produ
tion. Be-lenkij and Landau observed that although the statisti-
al model of Fermi is su�
ient to des
ribe the parti-
le numbers in terms of only the temperature and the
hemi
al potential, this model has to be extended tohydrodynami
s when parti
le spe
tra are 
onsidered.They also noted that the domain of the appli
abilityof ideal relativisti
 hydrodynami
s 
oin
ides with thedomain of the appli
ability of thermodynami
al mod-els in high-energy p�p 
ollisions [13℄. Hydrodynami
models [14; 15℄ that in
lude radial �ow su

essfully de-s
ribe the measured pT distributions in Au�Au 
ol-lisions at psNN = 130 GeV [16℄. The pT spe
traof identi�ed 
harged hadrons below 2 GeV in 
entral
ollisions have been well reprodu
ed in some modelsby two simple parameters: the transverse �ow velo
i-ty �T and the thermal freeze-out temperature T un-der the assumption of thermalization. Some statisti
althermal models have su

essfully des
ribed the par-ti
le abundan
es at low pT [17℄. It has been shownearlier [18℄ that our model 
an simultaneously explainthe rapidity and transverse momentum distributionsof hadrons in Au�Au 
ollisions at the highest RHICenergy psNN = 200 GeV. We have also employed thismodel to su

essfully reprodu
e the transverse momen-tum distributions of hadrons produ
ed in the 
entralPb�Pb 
ollisions at psNN = 2:76 TeV [19℄. Here, weuse the same model to reprodu
e the transverse mo-mentum spe
tra of strange hadrons produ
ed in p�p
ollisions at 200 GeV. This is done in order to seewhether su
h a system has rea
hed its �nal thermo-
he-mi
ally equilibrated stage as assumed in our model.Also, we want to address the 
olle
tivity, if any, inthe produ
ed system and the behavior of the thermalfreeze-out temperature with the hadron mass.2. BRIEF DESCRIPTION OF THE MODELIn a hydrodynami
 des
ription taking the �ow inthe transverse and longitudinal dire
tions into a

ount,the �nal-state parti
les leave the hadroni
 medium atthe time of freeze-out. The momentum distributions ofhadrons, emitted from within an expanding �reball inthe state of lo
al thermal equilibrium, are 
hara
terizedby the Lorentz-invariant Cooper�Frye formula [20℄E d3nd3P = g(2�)3 Z f �p�u�T ; �� p�d��; (1)

where �f represents a 3-dimensional freeze-out hyper-surfa
e and g = 2J + 1 is the degree of degenera
y ofthe expanding relativisti
 hadroni
 gas. Also, � is the
hemi
al potential of the given hadroni
 spe
ies. In re-
ent works [21�23℄, it has been 
learly shown that thereis strong eviden
e of the in
reasing baryon 
hemi
al po-tential �B along the rapidity axis at RHIC, whi
h 
anbe written as [22; 23℄�B = a+ by20 ; (2)where y0 = 
z is the rapidity of the expanding hadroni
�uid element along the beam axis (z axis) and 
 is the
onstant of proportionality. This simple linear depen-den
e of y0 on z ensures that under the transformationz ! �z, we have y0 ! �y0, thereby preserving thesymmetry of the hadroni
 �uid �ow about z = 0 alongthe rapidity axis in the 
enter-of-mass frame of the 
ol-liding nu
lei. The s
aling of the 
hemi
al potential de-s
ribed by Eq. (2) is inspired by the experimental dataat the highest RHIC energy. The BRAHMS 
ollabora-tion data at psNN = 200 GeV has a 
lear dependen
eof the baryon 
hemi
al potential on rapidity, whi
h isrevealed through the p=p ratio 
hanging with rapidity.Hen
e, this e�e
t has been in
orporated by 
onside-ring a thermal model that assumes that the rapidityaxis is populated with hot regions (�reballs) movingalong the beam axis with a monotoni
ally in
reasingrapidity y0. This essentially emerges from the situa-tion where the 
olliding nu
lei exhibit transparen
y (atleast partial). Hen
e the regions away from the mid-re-gion (z � 0) also 
onsist of the 
onstituent partons ofthe 
olliding nu
leons, whi
h su�er less rapidity lossdue to the partial nu
lear transparen
y. Due to this,these regions have an ex
ess of quarks over antiquarksand hen
e maintain larger baryon 
hemi
al potentialson either side of the mid-region in a symmetri
 man-ner. For this reason, a quadrati
-type dependen
e ofthe baryon 
hemi
al potential �B on y0 has been 
on-sidered in Eq. (2) so as to make it invariant under thetransformation y0 ! �y0, as the system properties areto remain invariant under the above transformation.The transverse velo
ity 
omponent of the hadroni
�reball �T is assumed to vary with the transverse 
o-ordinate r as [24℄�T (r) = �sT � rR�n ; (3)where r � R (the term r=R a

ounts for the 
hange inthe velo
ity as a fun
tion of the radial distan
e). Also,n is a velo
ity pro�le index and �sT is the hadroni
 �uidsurfa
e transverse expansion velo
ity and is �xed in themodel by using the parameterization [7℄242
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Fig. 1. Transverse momentum spe
tra of K+, K�, and K�=K+. Errors are statisti
al and systemati
 
ombined (in K�and K+) and statisti
al only in K�=K+
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onditions of strange hadronsobtained from their pT spe
traParti
le �0T T , MeV n �2=DoFK+ 0.41 175 1.0 3.50K� 0.40 176 1.0 1.30K�=K+ 0.41 175 1.0 1.34� 0.34 188 1.36 3.83� 0.33 189 2.20 4.30�=� 0.35 189 1.0 0.90�� 0.35 189 1.0 2.0�+ 0.33 189 1.0 1.66�+=�� 0.34 188 1.0 0.85
 0.34 190 1.0 0.16Table 2. Fit parameters of K+, K�, and K�=K+obtained from their rapidity spe
traParti
le a, MeV b, MeV �, fm �2=DoFK+ 12.2 18.0 4.25 1.0K� 12.0 18.0 4.25 1.0K�=K+ 12.0 18.2 4.45 1.18�sT = �0Tp1� �2z : (4)The transverse �reball radius R is parameterizedas [7; 25℄ R = r0 exp�� z2�2� ; (5)where the parameter r0 �xes the transverse size of thehadroni
 matter and � �xes the width of the matterdistribution in the transverse dire
tion [7℄. The 
ontri-butions of various heavier hadroni
 resonan
es [22; 26℄,whi
h de
ay after the freeze-out has o

urred, are alsotaken into a

ount in our analysis. We also impose the
riterion of exa
t strangeness 
onservation su
h thatthe net strangeness in ea
h �reball is separately equalto zero. 3. RESULTS AND DISCUSSIONIn our analysis of the transverse momentum spe
traof hadrons shown in Figs. 1�4, the best �t is obtained
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Ω−Fig. 4. Transverse momentum spe
trum of 
. Errorsare statisti
al and systemati
 
ombinedby minimizing the distribution of �2 given by [27℄�2 =Xi (Rexpi �Rtheori )2�2i ; (6)where Rexpi is the measured value of the yield with itsun
ertainty �i and Rtheori is the value from the model
al
ulations. The �2=DoF is minimized with respe
t tothe variables T and �0T whereas the values of a, b and �are obtained by �tting the available rapidity distribu-tions of kaons (Fig. 5) by using the standard relationas dndy = Z �Ed3nd3p� dpT : (7)The various �t parameters obtained from these spe
t-ra are given in Tables 1 and 2. The experimentaldata taken from the STAR and BRAHMS experiments[28; 29℄ is shown by �lled 
ir
les while our model 
al
u-lations are shown by solid bla
k 
urves in all 
ases.In the present analysis, we 
onsider the (maximum)pT range up to 3.0 GeV only (in the 
ase of �, �, ��,and �+) be
ause the statisti
al hydrodynami
 
al
ula-tions 
annot des
ribe the hadron spe
tra at su
h largetransverse momenta. The hadrons dete
ted in this re-gion are a result of the hard pro
esses originating fromthe dire
t fragmentation of high-energy partons of the
olliding beams and therefore are not able to therma-lize through the pro
ess of multiple 
ollisions [19℄. Wetherefore turn to the low-pT softer hadrons, whi
h areassumed to be reasonably thermalized and form thebulk of the se
ondary matter produ
ed. It is seen thatthe model 
urves virtually 
ross all data points withinthe error bars.It is seen from Fig. 5 that the kaon ratios fall be-low unity at mid-rapidity as well as at higher rapidi-244
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Fig. 5. Rapidity spe
tra of K+, K� and K�=K+. Errors are statisti
al onlyties. This indi
ates that the 
hemi
al potential at mid-rapidity is not vanishing but attains a small but sig-ni�
ant value, whi
h is also evident from the values ofa shown in Table 2. This small but signi�
ant valueof the 
hemi
al potential at mid-rapidity 
an be at-tributed to the partial transparen
y e�e
ts present inp�p 
ollisions at psNN = 200 GeV.Also the transverse �ow parameter �0T obtained by�tting the pT distributions of heavier strange baryonsattains almost a 
onstant value 0:33 � �0T � 0:35,whereas the lighter kaons show a 
omparatively larger�ow e�e
t, as shown in Table 1. The 
omparativelylarger �ow and lower freeze-out temperature for kaonsis indi
ative of the delayed freeze-out for these lighterparti
les. These smaller values of �ow parameterspresent in the p�p system, 
ompared to those obtainedin Au�Au 
ollisions [18℄, are a result of the lower parti-
le produ
tion in these 
ollisions. These smaller valuesof 
olle
tive �ow and the lower parti
le produ
tion ledus to 
on
lude that the hadroni
 system formed in thep�p 
ollisions at 200 GeV may not have rea
hed a 
om-plete thermo-
hemi
al equilibration as assumed in ourmodel. This is also evident from the relatively largervalues of �2=DoF for the above-studied hadrons. Therelatively smaller values of �2=DoF for 
, �+=��, and�=� are due to their relatively larger error bars. Thethermal/kineti
 freeze-out temperatures of the strangebaryons are also found to attain almost a 
onstant value188 � T � 190, whi
h is 
ontrary to systemati
 freeze-out of these parti
les as observed in Au�Au 
ollisions atRHIC [18℄. The almost 
onstant values of these freeze-out parameters indi
ate that the �reball produ
ed inthe system does not have enough time to expand beforethe freeze-out be
ause of the smaller rea
tion volume

formed in these 
ollisions. Consequently, these strangebaryons prefer to freeze out at higher 
onstant tempe-ratures and thus do not have enough time to developstronger 
olle
tive e�e
ts. Also the late freeze-out ofkaons is understood to be due to their relatively larger
ross-se
tion with the hadroni
 matter.4. CONCLUSIONThe transverse momentum spe
tra of the strangehadrons (K+, K�, �, �, ��, �+, and 
) along withtheir ratios and the available rapidity distributionof K+, K�, and K�=K+ at psNN = 200 GeVare �tted by using our statisti
al uni�ed thermalfreeze-out model. The results extra
ted from therapidity distributions of kaons show the presen
e of asmall but signi�
ant amount of 
hemi
al potential atmid-rapidity, whi
h indi
ates the e�e
ts of only partialtransparen
y in p�p 
ollisions at psNN = 200 GeV.Also the smaller values of 
olle
tive �ow, 
omparedto those in Au�Au 
ollisions, indi
ate that the hydro-dynami
 system formed in p�p 
ollisions may not befully equilibrated be
ause of the rapid expansion ofthe smaller rea
tion volume formed in these 
ollisions.No systemati
 freeze-out of the strange baryons isseen as was observed in Au�Au 
ollisions at RHIC.Instead, the strange baryons are found to maintain a
onstant value of the thermal freeze-out temperatureand 
olle
tive �ow velo
ity. However, kaons are seento freeze out later than the strange baryons.The authors are is very thankful to the UniversityGrants Commission for �nan
ial assistan
e.245
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