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Recent RHIC resultson photon, dilepton and heavy quarks
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Abstract. We present here a review of the recent results obtained bREHE experiments in the
framework of QCD under extreme conditions of high tempestur large baryon density, the so
called Quark Gluon Plasma. We focus on a specific categofiebservable: the electromagnetic
probes which cover a large spectrum of experimental studies
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1. Introduction

The understanding of QCD under extreme conditions of higiperature or large baryon
density has been a subject of extreme interest along thelgegtyears. This high en-
ergy density state called Quark Gluon Plasma (QGP) shouttiéeacterized by a strongly
reduced interaction between its constituents, the partbagtice QCD predicts a phase
transition from the normal nuclear matter to a QGP at a teatpez of approximately &
170 MeV =~ 10'2 K, corresponding to an energy densityz1 GeV/fn?, nearly an order
of magnitude larger than that of normal nuclear matter.

Experimentally, the search of the QGP has been performetuldyiag ultrarelativistic
heavy ion collisions, first at Bevalac-LBNL (1975 - 1985) &&ny~ 1 GeV, then at AGS-
BNL (1987 - 1995) at,/synv~ 5 GeV and at SPS-CERN (1987 - present) &y y~
17 GeV. Since 2000, the Relativistic Heavy lon Collider (Rhilat BNL performs pro-
ton and ion collisions at an energy up{&nyy~~ 200 GeV. Table 1 shows a summary of
the first 8 years of PHENIX data taking, one of the two larggreziments (PHENIX and
STAR) among the four experiments (PHENIX, STAR, BRAHMS atiBOS) running
at RHIC.

Among the observables used to study heavy ion collisioestrimagnetic probes play
a special role since they have the definite advantage ofrguféittle or no final state
interaction. They thus open a window to the hot and densesptfebe reaction.

Electromagnetic radiations can be sorted in several catsgodirect photons which
give information on thermal radiation, low mass vector rmsse@hich give information on
the modification of hadron properties in a dense medium antcklation to chiral sym-
metry restoration, thermal dileptons, heavy quark comtm@and heavy quark resonances.



Table 1. Integrated luminosity recorded by the PHENIX experimentei2000.

year run species integrated luminosity

2000 1 Au+Au (130 GeV) ub~!

01/02 2 Au+Au (200 GeV) / p+p (200 GeV) 24/~ /0.15 pb!

02/03 3 d+Au (200 GeV) / p+p (200 GeV) 2.74Tb/ 0.35 pb!

03/04 4 Au+Au (200 GeV) / Au+Au (62 GeV) 24171 /9 ub~!

04/05 5 Cu+Cu (200 GeV) / Cu+Cu (62 GeV) 31/ 0.19nb?
Cu+Cu (22.5 GeV) / p+p (200 GeV) 2~ /3.8 pb!

05/06 6 p+p (200 GeV) 10.7 pB

06/07 7 Au+Au (200 GeV) 813b~!

07/08 8 d+Au (200 GeV) / +p (200 GeV) 80nb/5.2pb!

Figure 1 gives a schematic view of this sorting. It shows thaiiant mass distribution
of a dilepton spectrum. Photons stand at 0. Low mass regi&tweden 0 and 1 GeV/c,
gives access to vector mesons in medium. Intermediate ragss between 1 and 2.5
GeVl/c, corresponds to thermal dileptons and heavy quanksneoum. Finally, above 2.5
GeV/c, one access to heavy quarks resonances. This papéevetticulated following
this classification ; we will then successively review:

e Photons
e \ector mesons in medium and thermal dileptons
e Heavy quarks continuum

e Heavy quarks resonances

n°,n Dalitz-decays
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Figure 1. Dielectron invariant mass distribution and its classifaatn different mass
regions.

In the following, we will often consider results fropH p andp(d) + A together with
A+ A. The interest in studying + p andp(d) + A collisions is driven by the necessity to
compared + A collisions with a baseline reference in order to identifjiah state effects
and final state effects. We will often refer to the nuclear ification factorR 45 which
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compares the results obtaineddnt+ A to a simple superposition of x A nucleon-nucleon
collisions:

AN,
RAA = 1
<NCO”> X ng; ( )
wheredN%, and dNIfﬁ, are respectively the yield of particl& observed in A+A colli-
sions and p+p collisions, andV..;) is the average number of nucleon-nucleon collisions
occuring in a A+A collision. In absence of nuclear effect fhg, ratio should equal unity.

2. Photons

Photons emitted in the course of a heavy-ion reaction hgsldeen considered a priviledge
probe of the space-time evolution of the colliding systend$ of direct photons is espe-
cially interesting since they are emmitted from all theesdaif the heavy ion collisions and,
due to their weak interaction with the medium, are not dédrby final-state interctions

. The term direct photons is used to indicate photons thatgardirectly from a particle

collision, in contrast with decay photons which emerge agughters of long-lived par-
ticles such ag® — .
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Figure 2. Direct and fragmentation photon relative contribution

Direct photons produced in a heavy ion reaction are emitt@drégous stages with sev-
eral contribution processes as shown in Figure 2. At high(large E.,), photons are
produced in initial parton-parton scatterings with larggmentum transfer. At lowr, a
significant fraction of photons is expected to come from tiexrnalized medium. These
so-called thermal photons can come either from the hadreoighe QGP. At intermediate

pr, the interaction of quarks and gluons from hard procesststive dense medium can
be a significant source of direct photons.

Pramana — J. Phys.Vol. xx, NO. X, XXX XXXX 3



2.1 Testing pQCD

Photons produced in initial parton-parton scatteringehsen studied in p+p and d+Au
collisions. Figure 3 shows the results obtained by the PEEperimentin both run 3 [1]
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Figure 3. Direct photon spectra measured by the PHENIX exeprimenpaoed with
NLO pQCD calculations. Left: p+p run 5 data; right: p+p anddd+run 3 data.

and run 5 (preliminary results). They show a fair agreemetween data and NLO pQCD
calculations for both p+p and d+Au samples. Beside the fattthese results demonstrate
the robustness of the pQCD description of direct photonyectidn, they show that, within
experimental uncertainties, no nuclear effects seem tffirect photon production in
d+Au collisions.
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Figure 4. Left: Ratio of Au+Au yield to p+p yield normalized by the nuettof binary
collisions as a function of centrality given BYpart .

Figure 4 shows the nuclear modification facf®y 4 of direct photon as measured by
PHENIX in Au+Au collisions in run 2 [2] and run 4 (preliminary The left plot shows
the centrality dependence of the high production as a function of the number of partic-
ipating nucleons. Higly, direct photon production in Au+Au collisions is well dedwd
by the p+p direct photon yield scaled by the average numbenlb$ions, indicating that,
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whithin experimental uncertainties, no nuclear effechseto affect the direct photon pro-
duction. Thus, the direct photon productionAn+ A collisions can be described as a
simple superposition off x A single nucleon+nucleon interactions. However, a closer
look at the most centradu + Awu collisions shows some deviation 4 4= 1: Right plot

of figure 4 shows th&? 44 as a function ofpr for the run 4Au + Au data. This plot
corresponds to the Yo most central collisions. One can see a deviation fi@gy=1 at
largepr. This behaviour can be described in the context of nuclegdt@ing [3].

2.2 Thermal photons

As seen in previous section, high- photon spectra are well described by pQCD NLO
calculations in bottp + p and A + A collisions. Extending NLO pQCD calculations to
lower pr offer the opportunity to study thermal photon productiorcentral Au + Au
collisions; Figure 5 shows the 1% more central collisions compared to a hydrodynam-
ical model that includes NLO pQCD calculations, hadron nesee gas thermal photon
emission and QGP thermal photon emission. A clear excedseofnial photons is ob-
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Figure 5. Direct photon invariant yield measured by PHENIX in the?4@nost central
Au+Au collisions. Dashed curve corresponds to pQCD catmra. Colored curves
correspond to hydrodynamical models.

served at lowpr. Fitted to the data, this excess leads to a maximum tempenstached
in a nucleus-nucleus reaction close to 250 MeV as stated],imgll above the expected
temperature needed to produce a Quark-Gluon Plasma.
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3. Vector mesonsin medium and thermal dileptons

Emission from a hot and dense matter are expected to indhedmal radiations as well as
in-medium decays of mesons with short lifetime. The discpeéa large enhancement of
the dilepton yield at masses below tfremeson mass in ion-ion collisions at CERN SPS
[5] has triggered theoretical efforts on the modificatiotraf hadron properties in a dense
medium and its relation to chiral symmetry restoration [Bhove the® meson mass, an
ehancement yield was also observed. Preliminary NA60 dajgest that this enhance-
ment may results from prompt production, as expected framtll radiation [7].
The PHENIX experiment has extended these measurementadyirgg dielectron pro-
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Figure 6. Invariant € e pair yield measured by PHENIX in Au+Au collisions com-
pared to the yield from the model of hadron decays.

duction in Au+Au collisions at,/syy= 200 GeV [8] . Figure 6 shows the dielectron
invariant yield as a function of the dielectron invariantsaafter subtraction of a large
uncorrelated combinatorial background. The data belowM8&W/c? are well described

by a cocktail of hadronic sources. However, a large excesbderved in the continuum
region between 150 and 750 MeV/@ factor more than 3 when compared to the expected
yield. Above thed meson mass, the data are well described by the correlatedchpem
continuum calculation. Assuming that this correlationasmeceled out by hot and dense
matter effect leads to a much smaller contribution (statecta— ee random correlation

on the plot) thus leaving significant room for e.g. thermdiations.

Figure 7 shows the centrality dependence of the yield fazehmass regions: Below
100 MeV/&, from 150 to 750 MeV/¢ and 1.2 to 2.8 GeV![ The yield of the first two
regions is normalized to the number of participating nuecleairs (V,..+/2). The last
one is normalized by the number of binary collisions as etqeefor hard processes. The
expectations from hadron cocktail are also plotted. At lomss) below 100 MeVF; data
agree with expectation as seen on Figure 6. In the secondmegiss, from 150 to 750
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Figure 7. Centrality aépendence of the dielectron invariant yielthpared to expec-
tations for three mass regions.

MeV/c?, the excess rises with the centrality of the collision, sarfipg the conjecture of an
enhancement due to in-medium effects. In the range frono1228GeV?, no significant
centrality dependence is observed and the data are contsistk correlated open charm
expectation as already seen in Figure 6. As in Figure 6 a htuess is observed when
compared to uncorrelated open charm expectations.

4. Open charm

Heavy quarks (charm or bottom) open a priviledge window &ottoperties of the hot and
dense medium created i+ A collisions. Due to their large mass a larger thermalization
time is expected thus leading to a smaller suppression oftitggh pr yield and a smaller
elliptic flow than forz® and other hadrons. Both STAR [9] and PHENIX [10] experiments

ratio to FONLL
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Figure 8. Open charm production in p+p (left plot) and most central AuKright
plot) collisions as measured by PHENIX and STAR.
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have studied open charm production via nonphotonic elegtigld. Figure 8 shows the
nonphotonic electron yield measured by both experimenis-ip and Au + Au colli-
sions. Thep + p measurements is presented as the ratio of measured to esh§€NLL
nonphotonic electron yield. The FONLL calculation undéreate both measurements
(by a factor 2 for PHENIX data, by a factor 4 for STAR data). tdaion, the results of
both experiments are not consistent with each other. Notagih that the shape of the-
spectra seems in agreement with theoretical expectations.

The Au + Au data shown in Figure 8 are presented asfkhe, ratio as a funtion of
pr for most central collisions. In contrast with+ p data, both experiments agree well
within experimental uncertainties, meaning that the @jgancy observed ip + p does
also exist with the same amplitude #w + Au and cancels out in the ratio. The sup-
pression observed in théu + Au R 44 reaches the same suppression as light hadrons for
centralAu + Au collisions at gp around 6 GeV/c, indicating that high- heavy quarks
are strongling coupled to the medium.
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Figure 9. Heavy quarkRaa (top plot) andv, (bottom plot) as a function opr
measured by PHENIX in the 1% most central Au+Au collisions.

The PHENIX experiment as also measutefpr), the azimuthal anisotropy, which is,
as energy loss, related to the transport properties of trdiume Figure 9 shows that a
largevi!F is observed, indicating that the charm relaxation time iagarable to the short
time scale of flow development in the produced medium. Thanisther indication that
heavy quarks are strongly coupled to the medium and reiafibve conclusion that hot and
dense medium is produced in central + Aw collisions.
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5. Heavy Quarksresonances

As first predicted by Matsui and Satz [11], the suppressiathafmonia production is ex-
pected to be an unambigous signature for the formation of B.@Girst anomaloud /v
suppression, increasing with the centrality of the callisihas been observed by the NA50
experiment at CERN/SPS in Pb+Pb collisiong/@lyy = 17.3 GeV, leading to an intense
theoretical work. At RHIC, the PHENIX experiment has measuthe.J/¢) production
in p+p, d+Au, Cu+Cu and Au+Au collisions gfsyy = 200 GeV. The PHENIX exper-
iment measured /v via its dielectron decay within the mid-rapidity regityj < 0.35
and its dimuon decay at forward and backward rapitlity< |y| < 2.2. In order to study
"anomalous” suppression induced by Hot and Dense Mattecesffthe Cold Nuclear Mat-
ter (CNM) effects must be understood. These last effectstaied with p+p and d+Au
results.

5.1 Cold Nuclear Matter effects

The p+p measurement defines the baseline to study nucleatsfit is used to compute
the nuclear modification factd® 4 5:

AN,

—_— (2)
(Neout) x dNgJ¥

Rap =

wheredegw anddN;,]p/w are respectively thd/« yield observed in A+B collisions and
p+p collisions, and N..;;) is the average number of nucleon-nucleon collisions onguri
in a A+B collision. Figure 10 shows thé&/«) transverse momentum and rapidity spectra
obtained by PHENIX in p+p collisions [12].
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Figure 10. J/« rapidity (left plot) and transverse momentum (right plgtgstra mea-
sured by the PHENIX experiment in p+p collisions.

As previously mentionned, the d+Au data (where HDM effegts @ot supposed to
occur) give information about CNM effects. Two process aeally considered as con-
tributing to the CNM effects : gluon shadowing which indueewnodification of the parton
structure functions and nuclear absorption (or nucleaakarg) which comes from the fact
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that.J/+'s are produced in nuclei and can thus interact with the sundng nucleons.
Figure 11 shows?, 4, (the R 4p ratio for d+Au collisions) as a function of the rapidity
[15]. It exhibits modest CNM effects which can fairly be reduced by models incorpo-
rating weak gluon shadowing and weak nuclear absorption.

.. 111% Global Scale Uncertainty

EKS Model

F e Gpreaip = 0:1,2,3,5 mb (top to bottom) -

—— Best Fito,, = 2.87{ mb

G | - | | - | | | | T | | | | I
-3 -2 -1 0 1 2 3
Rapidity
Figure 11. J/¥ Raau as a function of rapidity compared to EKS shadowing modeli-
sation with several values of nuclear breakup cross section

5.2 Comparison between RHIC and SPS

Figure 12 shows a comparison of the results obtaingdsaty = 200 GeV at RHIC with
the results obtained at lower energiesiyy ~ 20 GeV) at CERN by the NA50 [13] and
NAG60O [14] experiments. On the experimental point of viewtheut taking into account
any CNM effect, the results obtained at both energies aréasimAt CERN, the CNM
effects are well reproduced with a 4.18 mb absorption crestian (without including
any gluon shadowing effect). At RHIC, the suppression paiteie to CNM effects could
be similar, but due to the poor precision of the d+Au expentakdata, the CNM effects
at RHIC are not well constrained, and it is so far difficult taw a clear conclusion.
The recent d+Au data taken in 2008 at RHIC with 30 times massic than currently
available should help to disentangle between the diffeseanarios of CNM effects at
RHIC.

1 This last effect is well established. At SPS energies, tlsemition cross section has been mea-
sured to bel.18 4+ 0.35 mb [13].
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Figure 12. J/¢ Raa as a function of centrality for PHENIX mid-rapidity Au+Au
collisions compared to CERN NA38, NA50 and NAGO resultg/aivy ~ 20 GeV.

5.3 Comparison with models

Several models have been proposed to accomodate the relstaised both at SPS and
RHIC. In a first attempt, the models which have been used td”8 8ata have been ex-
tended to RHIC data. The left plot of figure 13 shows Au+Au PHEMKesults [16] and
their comparison with several theoretical curves corradpag to different suppression
process (citations). In all cases, the expected suppreissiwerestimated when comparing
to the data, suggesting that new mechanisms could be at suk,as//v regeneration.
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Figure 13. J/v PHENIX data compared to models which fit SPS data (left plot) a
recombination models (right plot).

Regeneration models which are based on the idea that in aumeglich as QGP, if
severak ande quarks are produced, them guark from one initiatc pair can interact with
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ac quark from a differentinitiatc pair to from aJ/«, thus leading to an increase of the net
J /1 production cross section. The numbetgi) formed via such interactions is expected
to be proportional to the number of combinations, which is roughly proportional to
the square of the number of the pairs [17]. At CERN energies, this process doesn’t
occur since around 04 are produced, on average, in each collision. At RHIC ensrgie
the amount ot pairs produced in a collision is larger than 10. Right ploFajure 12
shows central rapidity PHENIX Au+Au results and their comgan with several models
which include regeneration process. Even though the detaatrfully well described,
the agreement is much better than without any regeneratammamism interplay at RHIC
energies.

6. Conclusion

In conclusion, the RHIC experiments have provided impdrtasults in the long range
study of the Quark Gluon Plasma. Electromagnetic probesiwdiie considered as priv-
iledge probes for the study of such a state of matter pleaaviorfof the production of a
strongly coupled hot and dense medium in central+ Aw collisions, but several ques-
tions remain unanswered. At RHIC, Future data taking tagretvith detector upgrades
will give new crucial information. In a near future, the beging of LHC era will open

a new region of investigation, giving us the hability to exddghe studies already made at
AGS, SPS and RHIC.
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