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One of the main goals of experimental program at the RestitiviHeavy lon Collider (RHIC)
at Brookhaven National Laboratory is investigation of maclmatter under extreme conditions of
high temperature and energy density created in laboratligions of two heavy ions at high en-
ergies. The particle production in central Au+Au collissart top RHIC energy,(syn =200 GeV)
is suppressed by about a factor of five with respect to p+jsamtis scaled by the number of binary
nucleon-nucleon collisions [1, 2, 3, 4]. This suppressigyally referred to aget quenching, is
present both in inclusive particle spectra as well as inadirbn correlations at high transverse mo-
mentum @r) [5]. These observations indicate energy loss and/or neatifiagmentation of high
momentum partons in the system produced in central Au+Alisimis.

Compared to the measurements of inclusive particle pramucitudies of jets and their mod-
ification are expected to provide higher sensitivity to thedinm properties. Since a direct mea-
surement of jets in heavy-ion collisions at RHIC is difficdlie to the large number of produced
background particles and the first measurements of diregtignstructed jets have emerged only
recently [6, 7], azimuthal correlations of particles witinde pr have been commonly used to study
the jet related processes instead. Studies of di-hadranu#izal correlations in central Au+Au
collisions revealed several noticeable differences toswmesments in p+p and d+Au collisions.
The near-side correlation in heavy-ion collisions différam that measured in p+p or d+Au colli-
sions. The near-side ’jet-like’ component is localizedraall azimuthal Ag) and pseudo-rapidity
(An) angular differences as in elementary collisions, but iditth a new correlation extended
in pseudo-rapidity, theidge, has been observed in central Au+Au collisions [8]. Also dlaay-
side correlation peak in Au+Au collisions differs from thaeasured in p+p or d+A collisions.
The observed disappearance of the away-side correlatiak fpe charged trigger particles with
ptTrig > 4-6 GeVE and associated charged particles wiff° > 2 GeVk in central Au+Au colli-
sions [9] is accompanied by an enhanced production of agsocparticles with lower transverse
momentapd™>° > 0.15 GeV¢ and a strong ('double-hump’) shape modification of the awidg-
peak [10]. At high transverse momenp&>®° > 4 GeVk, both near and away side correlation
peaks resemble again those in elementary collisions, bytighd of away-side associated particles
is suppressed to the level of inclusive particle produckign

In this paper we report recent progress on measurementsirofifial Ag) and pseudo-
rapidity (An) correlations from the STAR experiment at RHIG/Syn = 200 GeV) using two
and three-patrticle correlation techniques, identifiedigas and different collision systems (d+Au,
Cu+Cu, Au+Au) in order to obtain more insight into the pddiproduction mechanism and energy
loss at RHIC.

1. Near-side correlation: the ridge

To quantify the strength of the ridge-like correlations theasured near-side di-hadron corre-
lation is decomposed into a jet-like component centeréd@tAn ) ~ (0,0) and a ridge component
extended im\n on top of an elliptic flow ¥,) modulated background. For analysis details see e.g.
Ref. [8].

The centrality, system size and collision energy deperetentthe ridge yield were measured
in STAR for several trigger particle species and are disigs detail in [11, 12] and elsewhere
in these proceedings [13]. Here, we only mention that fostitlied trigger particle species the
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Figure 1: The transverse momentum dependence of the ridge yield idAwgsllisions at,/Syny = 200 GeV

in |An| < 1.7. (Left) Ridge yield as a function cpfr”g for 2 GeVk < pF° < ptTrig and three centrality bins.

The lines are systematic uncertainties due to the ellippiw 8ubtraction. (Right) Transverse momentum
spectra of charged particles associated with ridge (sgldb®ls) compared to those in the jet-like com-
ponent (open symbols) and inclusive partiple spectrum (stars). The ridge and jet spectra are shown for
severalptTrlg ranges in central (0-12%) Au+Au collisions. The inclusiverged particle spectrum corre-
sponds to 0-5% central Au+Au collisions. The lines are exgmial fits to the measurgef™ spectra [8].

yield of charged particles associated with the ridge shosigmificant increase by about a factor
of four going from d+Au to central Au+Au collisions. At a gieNpt and collision energy the
ridge is however independent of the collision system witnirors. In contrast, the jet-like yield
at given,/Syn is, within errors, independent of centrality and collisisystem and is consistent
with that measured in d+Au collisions. Both the ridge andijet yields are considerably smaller
in collisions at,/Syn = 62 GeV than at/Syv = 200 GeV, but the ratio of the two yields remains
independent of collision energy. In this paper we focus athér detailed properties of the ridge in
Au+Au collisions at,/syy = 200 GeV, where the ridge amplitude is largest and whereditget
data volume is available.

The left panel of Figure 1 shows the dependence of the ridgd gih the transverse momentum
of trigger particles,ptT”g, for charged di-hadron correlations in three centralitgsbin Au+Au
collisions at,/syv = 200 GeV [8]. The associated charged particles were seledgth transverse
momentum 2 Ge\W < pFP° < ptT”g. In peripheral collisions the ridge yield is negligible but
increases with centrality. In central collisions the riggeld is approximately independent p‘]fig
and persists up tptTrig ~ 8 GeVCk limited by the statistics of available data. The fact thatiidge
exists in thepr domain where parton fragmentation governs the particldysrtion could indicate
that its physical origin is associated with jet productidhe high statistics data collected in Run 7

at RHIC will extend the reach iptTrig and thus bring further knowledge at even higp%irg.

A detailed study of thepr spectra of particles associated with the ridge in diffen;éﬂ? win-
dows is presented in the right panel of Figure 1 [8]. The speatte compared to ther spectra of
particles produced in the bulk and also to those associaitbdtive near-side jet-like component.
The inverse slope extracted from an exponential fit tohepectra for the ridge-like yield is inde-
pendent ofptTrig and only sligthly larger (by= 50 MeV) than that of the inclusive charged particle
pr spectrum. Contrary to this observation the jet-like yiedd h significantly harder spectrum with
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an inverse slope increasing steeply V\p‘qu in line with jet fragmentation.

Next we discuss the particle composition of the ridge. Theydr@meson ratios in both
non-strange and strange quark sectors measured at RH&plystacrease withpr up to about
pr ~ 3 GeVk, where the enhancement of baryon/meson production redtshesximum value
of about three relative to p+p collisions [4]. A decreasehaf baryon/meson ratio is observed for
pr > 3 GeVk and the baryon/meson ratio eventually reaches the valusureghin p+p collisions
at pt = 6 GeVck. This finding can be rather successfully explained in thenéaork of parton
recombination and coalescence. A study of baryon/mesarsriat the ridge could therefore help
to quantify what role the recombination and coalescencdymtion mechanisms play in its origin.
The measured data offpas well as\/ Kg ratios [11, 12, 14] show that the baryon/meson ratios in
the ridge are enhanced with respect to those in the elenyerddisions. This is demonstrated in
Figure 2 where th@r dependence of giratio in the ridge is shown together with the values in the
jet-like component and inclusiver spectra in Au+Au and p+p collisions [14]. The baryon/meson
ratio in the ridge is similar to that from the inclusive me@snents in Au+Au collisions contrary to
the jet-like component where therpfatios agrees with that measured in p+p and d+Au collisions.
This observation thus supports ridge models where haditioizis based on parton recombina-
tion [15, 16].

Additional information on the physical origin of the ridgarcbe obtained from the analysis
of di-hadron correlations with respect to the orientatidrewent plane. In particular, selecting
the trigger particle with a given azimuthal angular diffeze with respect to the event plang)(
path length effects on di-hadron correlations and theividdal components can be investigated.
Figure 3 shows the measurement of the event plane dependétize ridge and jet-like yields
in Au+Au collisions at,/Syy = 200 GeV [17]. While the jet-like yield is approximately ciant
or only slightly increases witlps, the ridge yield reveals what may be interpreted as paththeng
effects. In the event plane, the ridge yields for both seamt@l (20-60%) and central (0-5%)
Au+Au collisions are similar in magnitude, but in semi-gahtollisions the ridge yield is found
to decrease more steeply wiglg. This observation could imply a strong near-side “jet”-tinea
interaction in the event plane resulting in the ridge foioraaind a minimal interaction perpendic-
ular to the event plane in semi-central collisions. In cantollisions, the ridge remains large in
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Figure 3: Ridge and jet-like yields from near-side di-hadron cottietes in 20-60% (left) and 0-5% (right)
Au+Au collisions at,/Syy = 200 GeV as a function of the angular differengéetween the trigger particle
and the event plane. The results are for B9 < 4 GeVk and 1.5< p¥* < 2 GeVk. The yields are
extracted injAn| < 0.7 and|Ag| < 1. The lines indicate systematic uncertainties due to thgtielflow
subtraction procedure [17].

the direction perpendicular to the orientation of the eygane, but itsp, dependence is much less
pronounced which reflects an almost symmetric shape of thision zone.

We close the discussion on measured ridge properties withest using three-particle cor-
relations ('1+2 correlations’) in pseudo-rapidity in orde examine possible fine structure of the
ridge. By selecting one trigger particle and two associgiadicles, two pseudo-rapidity angu-
lar differencesin; ;) = ntria — nassocl2) are calculated. Trigger particles (charged particles with
ptT”g = 3-10 GeVt) and associated charged particles wif*>° =1-3 GeV£t were used to look for
substructures ifAn1,Any) distributions, which are displayed in Figure 4. For furtidetails on
the analysis method, background subtraction techniguek spstematic error evaluation we refer
the reader to [18]. A clear jet-like peak is present/,,Anz) ~ (0,0) in both d+Au and Au+Au
collisions. In addition, a uniform overall excess of paifassociated charged patrticles is observed

-15 -1 -05 0 05 1 15
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1 r]1 I"Il

Figure 4: Three-particle correlations i for small azimuthal angle differencA@ < 0.7) between asso-
ciated particles and trigger particle measured by STARddn{inimum bias d+Au collisions, (b) 40-80%
Au+Au collisions and (c) 0-12% central Au+Au collisionsg@&n = 200 GeV [18].
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in central Au+Au collisions. A closer look at on-diagonaff-diagonal, radial and angular pro-
jections confirmed this observation and showed that withiore no significant correlation exists
between the patrticles in the ridge (cf. [18]). The absendsodfontal and/or vertical strips in the
three-particle correlations could indicate that the cstexice of the ridge and the jet fragmentation
in vacuum is small. Further studies with higher statistiesreeeded to confirm this observation.

The observation of the ridge has triggered a lot of interetieé theoretical community leading
to numerous models which attempt to explain the physicajimrof the ridge. These models
include parton recombination in the medium [19, 15], straomgitudinal flow expansion causing
in-medium broadening of gluon radiation [20], spontanefarmation of extended color fields
in longitudinally expanding medium [21], momentum kickspartons along the jet propagation
direction in the medium [22], jet quenching combined witlosy radial flow [23, 24, 25], glasma
flux tubes [26, 27] and several other mechanisms. More gasimé model predictions as well as
further studies of the particle composition of the ridgagd#s at forward rapidities, investigation of
three-particle(An1,An,) correlations, and searches for the ridge in digettiggered correlations
will bring further insight into the physical origin of thedge.

2. The away-side peak: shape modification and path length eftts

Detailed studies of the away-side peak in di-hadron cdrogia in Au+Au collisions at/Syn=200
GeV found that its shape is strongly modified by the preseffichkeomedium created in central
heavy-ion collisions at RHIC. The shape of the away-sid& gerangly depends on boubfr”g and
pP¢ of charged particles involved in the correlation studigscéntral Au+Au collisions, it has
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Figure 6: Projections of away-side three-particle correlationsiglthe diagonal (squares) and off-diagonal
(circles) in (a) d+Au and (b) 0-12% central Au+Au collisiafits /Syn = 200 GeV [39]. The shaded (yellow)
areas correspond to systematic uncertainities in theiaffjeshal projections. The solid curve in (b) shows
the 3-particle cumulant result in azimuthal angle relativesaction plane.

been observed that in the intermedigterange the away-side peak has a double-hump structure
with a minimum around\@ ~ 11[10, 28] instead of a Gaussian shaped as commonly observed in
p+p or d+Au collisions. This observation triggered a lotrdkrest, both experimental and theoret-
ical. Already in the 1970’s it was postulated that a Mach coneake field could be created by

a propagating higlpr parton in a dense medium [29, 30] which would be reflected -adiron
correlations as a double-hump structure in the away-sidk. géowever, the observed shape mod-
ification might also be a consequence of large angle gluoiatiad, deflection of jets by radial
flow, or Cerenkov gluon radiation [31, 32, 33, 34].

In order to discriminate among various production mechmsi# is therefore necessary to
study azimuthal three-particle correlations. Similar e tase of three-particle correlations in
pseudo-rapidity presented in Section 1, one trigger andasgmciated particles are selected but
now the correlation function is expressed in terms of twatret azimuthal angleA@ andAg,
between the trigger particle and each of the associateitlpart Conical emission would lead to
two peaks, one ak@ = m+ 0 and the other one &g, = 4+ 6, with the cone angl® which is
connected to the sound velocity in the produced medium.vBele present results based on two
different methods: jet-flow background subtraction metaond three-particle cumulant method.

The first method is a two component method based on a measurefikree-particle density
normalized per trigger particle [35, 36, 37, 38, 39]. It ums explicit subtraction of, andv,
contributions using the Zero Yield At 1 radian (ZYA1) methid®, 39]. The resulting correlations
in p+p, d+Au and Au+Au collisions al/Syn=200 GeV are shown in Figure 5 [39]. Notice first
that the away-side peak is elongated along the diagonalhascliongation increases from p+p
to central Au+Au collisions. This implies that the awayesigarticle pairs stay relatively close to
each other while their angles vary over a rather broad rangzntral Au+Au collisions additional
off diagonal structures aroundr(-1.37, 1 1.37) are also present. A closer look at on- and off-
diagonal projections is presented in Figure 6 for d+Au anctra¢ Au+Au collisions [39]. In
central Au+Au collisions the off-diagonal peaks are proeninand their origin could be linked to
conical emission. The side peaks in the diagonal projeatmmain other contributions besides
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the conical emission contributions which could originatent kr broadening, large angle gluon
radiation, and/or deflected jets. To quantify the angularadiced of the off-diagonal peaks from
1T, the projections were fitted with three Gaussian peaks. # foand that the value o is on
average 1.3% 0.02(statf$-35(syst) and is within errors independent of centrality af&™. If
the observed conical emission pattern is due to Mach-cooekshiaves, then the extracted value
of 0 reflects the speed of sound in the medium over the entire ewolaf the collision. In [41]

it was suggested that statistical global momentum congervanfluences the shape of the three-
particle correlation functions. However, the predictete#hparticle correlation from statistical
global momentum conservation [41] is inconsistent wittad&0].

The second method used in STAR is based on three-particlelanta and unlike the first
method, it is a fully model independent method based on meddhree-particle densities from
which combinatorial terms are subtracted based on measuedand one-particle densities [42,
43, 44]. Figure 7 shows the centrality dependence of theethagticle cumulant in Au+Au col-
lisions. The data show four prominent peaks at (0,@)r), (0,71), and {t,0). In addition there
are weaker peaks positioned at regular intervals which momgest in semi-central collisions
(10-30%), wherev, and v, flow Fourier coefficients are also the largest. This could balig
tatively understood as arising from irreducible non-dizgjocollective flow contributions of the
order VooV, [42]. Parameterizing the measureg and v, values yields amplitudes compatible
with those observed in the data. While the presence of the ard away-side peaks can be a re-
sult of jet emission alone, they may also result from therpiéyy of jet correlations with the event
plane and collective flow. As for the previous method, we erann detail the projections of the
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Figure 7: 3-particle cumulants (top row) for 50-80% (scaled x 10)t{le10-30% (middle) and 0-10%
(right) Au+Au collisions together with projections (battaow) along the main (blue squares) and alternate
diagonals (red circles) [43].
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Figure 8: Di-hadron correlations as a function g = @ig — Wep and pF°° for 3 < ptTrig < 4 GeVk
in 20-60% Au+Au collisions at/syn [17]. The ¢ range increases from 0-1§left column) to 75-90
(right column); thepd=° range increases from 0.15-0.5 Ge\{top row) to 2-3 Ge\g (bottom row). The
histograms and dashed lines indicate the systematic amages from elliptic flow and background normal-
ization, respectively. The red lines are the correspondisttadron correlation function in d+Au collisions.

three-particle cumulants which are displayed at the bottbfigure 7. Although the projections
demonstrate structures consistent witkbv, terms and no clear evidence for conical emission is
observed the possibility that conical emission is maskefidwy terms, or is too weak to be visible
in this analysis, is not excluded. We note that the cumulrats this analysis use azimuthal angle
measured in the laboratory frame. Three-particle cumwaatyzed in azimuthal angle relative to
event plane, shown in the histogram in Figure 6(b), indEatmical emission.

Path length effects on the away-side correlation are silpilavestigated as was done for
the near-side correlation. Figure 8 displays the backgtaubtracted di-hadron correlations as
a function of g and p§ [17]. The shape of the away-side correlation evolves fronngle
Gaussian peak to a double peak@increases from in-planeg ~ 0°) to out-of-plane ¢ ~ 90°)
for most p°° bins studied. To quantify the modification of the away-siéalp in Figure 9 the
RMS of the away-side correlation function fdrp— 11} < 71— 1 for central (0-5%) and semi-central
(20-60%) Au+Au collisions is shown [17]. The away-side disition broadens with increasing
@, but this broadening is weaker in central Au+Au collisioRsr g ~ 0° the RMS in semi-central
Au+Au collisions is comparable to that in d+Au collisionshite in central Au+Au collisions it
displays a noticeable broadening relative to d+Au colfisioT his could be qualitatively understood
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Figure 9: The RMS of the away-side correlation functions as a funatibtihe angle of the trigger particle
relative to the orientation of the event plarg)(in 20-60% (blue) and top 5% (red) Au+Au collisions at
VSuN = 200 GeV [17]. The triggepr range is 3< ptT”g < 4 GeVk and the associated partighe range is

1 < p§€ < 1.5 GeVEt. The curves indicate systematic uncertainties due totiellffow subtraction. The
corresponding d+Au result is indicated by the arrow.

as a consequence of different path lengths that the awaypsidon traverses in-plane for the
two studied centralities. On the other hand, the RMS valugsobplane are not much different
between the two centralities, which is again consistenh Wit collision geometry as the path
lengths perpendicular to the event plane are similar.

3. System size dependence of di-hadron correlations withrige pr

The ultimate goal of the heavy-ion experimental programtdlQRis to determine the proper-
ties of the hot and dense medium created in heavy-ion awmiisi Several theoretical calculations
of partonic energy loss in the nuclear medium have been wsddrive quantities characterizing
the medium properties such as the transport coefficj@otrresponding to the average momentum
kick per mean free path of the parton. In general, the eneggy ¢f individual partons is different
for light quarks (u, d, s), heavy quarks (c, b) and gluons dube QCD color factor and the dead
cone effect. In addition, the energy loss depends on thelgatjthL the parton traverses through
the medium. For radiative energy loss, which is thought tddmainant for light quarks, the energy
loss depends oh? due to coherence effects [45, 46, 47]. On the other hand Jdstie scattering
energy loss a linear dependence lois expected [48]. Finally, a realistic calculation mustoals
incorporate fragmentation, collision geometry and timagl@ion of the medium. The combination
of measurements of suppression observed in inclusivecfgapi spectra with di-hadron suppres-
sion on the away side is expected to provide better sengitivithe model parameters [49, 50].
Below, we present results of the system size dependencehafdidon correlations at higpr in
Cu+Cu and Au+Au collisions ay/syn =200 GeV and compare them to those measured in d+Au
collisions where no hot and dense medium is formed.

The system size dependence of the near-side associatedepgeld in |An| <0.7 andAg| <
0.7 is presented as a function of number of participalg,{) in Figure 10 [51]. It is observed
that the near-side associated yields in Cu+Cu and Au+Aisamik are consistent within errors for

10
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Figure 10: Centrality dependence of the near-side yield of chargetitpes associated (3 Gevk pF>° <
ptT”g) with charged trigger particles of 6 Ged/« ptT”g < 10 GeVE [51]. The open symbols are horizontally
offset for clarity.

similar Npart and within errors agree with those measured in d+Au colisid he independence of
the near-side associated yields on centrality indicaw@sitithe studiedpr range fragmentation is
largely unmodified by the presence of the medium and partkely fragment outside the medium
after energy loss.

Although di-hadron correlations are more sensitive to teetral part of the medium, the
choice of a highpt trigger particle still leads to a surface bias in the distiitin of hard scattering
points [49]. Consequently, the away-side parton has a lopgih length through the medium and
the measurements of the away-side associated yields pravidmportant tool for studying the
path length dependence of energy loss. After subtractiageliiptic flow contribution the away-
side associated yield is calculated in the azimuthal raAge- 11| < 1.3 covering the range of the
away-side jet. The nuclear modification fact@k, which has been calculated in our case as the
ratio of the away-side associated yield in A+A collisionghwiespect to d+Au collisions, is shown
in Figure 11 [51]. For both Cu+Cu and Au+Au collision systeims away-side yield is suppressed
relative to d+Au collisions and the amount of the suppressnreases witiNyq. Despite the
differences in density and path length distributions in Cu-eind Au+Au collisiongaa is found to
be the same within errors at the saMgy.

The system size dependencelgf in Figure 11 is also compared with two model calcula-
tions. The first one, the Parton Quenching Model (PQM) [53, 68es the Salgado-Wiedemann
guenching weights [54] and a Glauber-overlap geometry tier local density scales with binary
collisions. The PQM calculations are shown for three vahfethe transport coefficieng}.” The
second model, the Modified Fragmentation Model (MFM), is st#te-leading order QCD calcu-
lation with modified fragmentation functions from a highwesist formalism [55]. The MFM uses
hard-sphere geometry and the local participant densitingcp6]. We note that the MFM model
has been tuned to the STAR di-hadron correlation measutsnirenentral Au+Au collisions [5].
As can be seen, the PQM and MFM models predict rather diffexgstem size dependences of
Iaa. While MFM predictslaa values that are independent of the collision system at aineéMpart,
in line with the data, the PQM predictions show a clear déffexe between Cu+Cu and Au+Au

11
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Figure 11: Centrality (Npart) dependence of the away-sitg for 6 GeVe < ptTrig < 10 GeVE charged
trigger particles and 3 GeW/< pP®°¢ < ptTrlg associated charged particles [51]. The error bars represen
statistical errors and the boxes represent the point-iotggstematic errors. The gray band represents the
correlated error due to the statistical error in the d+Auadathe lines represent calculations using the
PQM [52, 53] and MFM [55, 56] models. The valuesipdre expressed in GéXm.

collision systems for similaNpst. Further model studies with realistic evolution of the nuedli
are therefore required to disentangle effects from enargy dnd medium density profiles.

4. Summary and outlook

We reported recent results from the STAR experiment foagssi in-medium modifications
of di-hadron correlations in A+A collisions at RHIC enerdpy.particular, we discussed properties
of the ridge which accompanies the near-side jet-like ¢atica in central A+A collisions. In many
aspects the ridge properties (transverse momentum sppatticle composition) are found to be
close to those of particles produced in the bulk. In addjtiba sensitivity of the ridge to path length
effects, the observation of a uniform distribution of asatmtl particles in three-particlén;, Anz)
correlation studies, and the independence of jet-likgéigields on collision energy provide further
constraints on the physical origin of the ridge. The shapdifivation of the away-side correlation
peak was investigated using two- and three-particle atrosl techniques. Using a two component
analysis method evidence for a conical emission in centtedAdi collisions at,/Syv =200 GeV
was found. Finally, we discussed the system size depenadidgh-pr di-hadron correlations in
order to get further insight into the path length dependearigertonic energy loss. Although the
density and path length distributions in Cu+Cu and Au+Adisiohs are different]aa was found
to be the same at the samga.

We refer the reader to other presentations of STAR datsecetathighpr physics which were
presented in other talks at this workshop and are thereforeavered in this paper. The results
obtained from a multi-hadron ('2+1’) correlation techneguwere discussed in [57] and in the future
will enable STAR to access the medium properties in a mor¢raited way. Due to geometrical
biases the correlation measurements have only a limitesltseétly to medium properties. There-
fore, the results for diregt-hadron correlations discussed in [58] and their futurdisgiwith even

12
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higher statistics will provide a unique tool for investigat of partonic energy loss. The STAR
experiment has also recently reported the first measursnoémally reconstructed jets in heavy-
ion collisions which will allow e.g. a direct access to thediven modification of fragmentation
functions. The discussion of this topic is summarized if.[59
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