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Abstract

We will review the latest physics developments from PHENDficentrating on cold nuclear
matter éfects, the initial state for heavy-ion collisions, and pobéthe earliest stages of the
hot-dense medium created in those collisions. Recent ghyssults fromp + p andd + Au
collisions; and from direct photons, quarkonia and low-sn&sctor mesons in AA collisions
will be highlighted. Insights from these measurements théocharacteristics of the initial state
and about the earliest times in heavy-ion collisions wildsussed.

1. Introduction

In this overview, we will discuss selected highlights froMENIX in the areas relating to the
initial state and early times, focusing only on those whighbelieve to be the most significant
new results. These will include 1) the suppression of rapisieparated hadron pairs éh+ Au
collisions, 2) the contributions of quarkonia and DrellrYa the non-photonic single electrons
used to detect heavy quarks, 3) the continued suppressite dfy in Cu + Cu collisions to
high-pr, 4) the suppression afs in Au+ Au collisions, and 5) estimates of the initial temperature
from direct photons irAu + Au collisions.

2. Cold Nuclear Matter (CNM) and Gluon Saturation

The physics that modifies hard processes in nuclei relativlkedse on a free nucleon, often
called cold nuclear matter (CNMXtects, includes 1) traditional shadowing either from global
fits or from coherence models, 2) gluon saturation at smalnerdum fraction X) which is
amplified in the nuclear environment, and 3) initial-statergy loss and multiple scattering.
For hadron pairs with a rapidity separation between the tadrdns in the pair, where one
"triggers” on a mid-rapidity || < 0.35) hadron and studies correlations with a forward-rapidit
(3.1 < < 3.9) hadron, there are two pictures which attempt to desctibecharacteristics
of the process. QCD based pictures, such as those used mMtihat include non-leading-
twist shadowing, give suppression of the pairs comparedeomid-rapidity trigger particle.
An alternative approach which represents gluon saturatitime color-glass-condensate (CGC)
model [2] also gives suppression and gives broadening cditigellar correlation peak between
the two particles in the pair. In the CGC picture, a mono-jechanism becomes important,
where a single jet has its momentum balanced by multiplerg@oupling to the saturated gluon
field.

Using the new Muon Piston Calorimeters (MPC) in PHENIX we aoée to study correla-
tions of rapidity-separated hadrort(br z°) pairs, where one triggers on a hadron at mid-rapidity
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Figure 1: (Color online) Centrality dependencel g, for rapidity-separated hadron pairs (left). Correlatioidtiv, Ag,
vs pr of the associated mid-rapidityy{ < 0.35) z° (filled points) forp + p and for diferent centralityd + Au collisions,
showing no broadening within the substantial uncertasntiethe data points (right). Also shown are similar resuits f
higher energy clusters (open symbols) whets and photons are not resolved.

and studies correlations with hadrons at forward rapiditthe MPC. For these studies we use
the ratiolyay, which is the pair fiiciency relative to the mid-rapidity "trigger” hadron fdr Au
divided by that forp + p,

Nfeal(n = 35) + (n = O/NGS,(n = 0)

d+A d+Al
IdAu — -;aiu +AU (1)

NpZpl(7 = 35) + (7 = O)l/Np. 37 = 0)

Preliminary results [3] for the centrality dependence énrts of number of collisionSNg)
of Igay in Fig. 1 (left) show increasing suppression for more céragodlisions. The angular
correlations of the pairs were also studied, but showed nadaning in the relative angled
outside the substantial uncertainties in the presentrpirgdiry result, Fig. 1 (right).

We have also studied hadron pairglirAu collisions where both hadrons are at mid-rapidity,
this time in terms oflya, Which is basically the same &ga, for a single particle, but in this case
for pairs,

Jon (PairYield)gay @)
AT < Noart > (PairYield) pp
These pairs exhibit a very large Cronin-like enhancementtliey scale faster thdMy, (Jgau >
1) and bothlya, and the angular correlation width decrease for laggefd].

3. Open Heavy Quarks

Recent studies of the contribution of quarkonia and Drali ¥ the spectrum of single elec-
trons from heavy quarks have determined that for transveoseenta above about 5 Gg\these
contributions can amount to up to 16% of the total non-phiatelectron yield [5]. The contri-
butions ofJ/y, T, and Drell-Yan are shown in Fig. 2 (left) and one can see thadty gives
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the dominant contribution. After subtracting these estimates of the contributions to the p
collision data, with careful attention to their uncertgjrghown in Fig. 2 (right), the net yield of
electrons from heavy quark decay has moved from a little aptavslightly below, the FONLL
model’s upper uncertainty limit. Similar corrections, lwith larger uncertainties have been ap-
plied for Au+ Au collisions. However, because bgth p andAu + Au are lowered by about the
same amount, the resulting nuclear depencendaiim Au collisions,Raa, is not significantly
changed.
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Figure 2: (Color online) Contributions of quarkonia and ID¥an to the background for single electrons from heavy
meson decays and the change relative to the backgroundebtéteir inclusion (left). Single electron spectrum from
heavy quarks corrected for these contributions comparad=ONLL calculation [6] (right).

Most open-heavy flavor meson measurements at RHIC to dateoaable to separate con-
tributions to the single electrons from charm and beautylentheoretical predictions of energy
loss and flow in the hot-dense medium created in high-enezgyyhion collisions are gener-
ally quite diferent for charm and beauty. Recently a new method has beeloywdpwhere
one studies the correlations of hadrons near the obsergeti@ and exploits the fact that the
decay of a beauty meson into an electron and hadron produmeseder correlation and lower
efficiency for observing the pair than that of a charm meson. gJgiis technique, the fraction
of (b — €)/(b+ c — €) has been determined [7] and is showrpysn Fig. 3 (left).

PHENIX has also measured open-heavy flavor mesons at forapidity via their decay to
single muons, but so far not with enough precision to defieestiape of the cross section vs
rapidity. However, three élierent methods in PHENIX now yield consistent cross sections
p + p collisions at mid rapidity: single electrons via cocktaibsraction, a converter method,
and with di-electrons. Using the beauty fraction determlinbove, a beauty cross section of
opp = 3.212(stat) 13(sys) ub has also been determined [7].

Finally, the first proof-of-princible measurement of chapairs via electron-muon correla-
tions inp + p collisions has been made [8] and is shown in Fig. 3 (righte pbak atr radians
in A® is from these correlated pairs. This method promises toigeanother independent mea-
surement of charm in the near future, as luminosities irsereand allow substantial yields for
this rare signal.



4. Quarkonia Production and Suppression

The simultaneous theoretical description of both the ceasdion and the polarization of
the J/y in hadron production has long been a challenge. A new arsabfshe 2006 PHENIX
p + p data agrees well with the previous results, has signifigdrigher precision, and agrees
well with the Lansberg s-channel cut color-singlet modgl The decay polarization of th&/y
measured by PHENIX at mid and forward rapidity is shown in Bigleft), where the Lansberg
model reproduces the small polarization falling withat mid rapidity (red points), but predicts a
larger polization than the null polarization seen at fovapidity (by 2-3 sigma) [10]. Improved
polarization measurements at forward rapidity in seveired  pr are expected soon, and may
help clarify the situation.
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Figure 3: (Color online) Fraction of beauty & €)/(b + ¢ — €), vs single-electron transverse momentum compared to
FONLL calculations [6] (left). Early electron-muon pairarim signal forp + p collisions (right).

New results for thel/y from the 2008d + Au run with approximately thirty times larger
integrated luminosity than that of the previous (2083) Au results are beginning to emerge,
with the first preliminary result in terms &&p,
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shown in Fig. 4 (right) vs rapidity for threeffierent centrality bins [10, 11]. One sees essentially
no nuclear dependence at backward rapidity, a little at eaidity, and increasing suppression
with centrality at forward rapidity in the nuclear shadogiregion (large rapidity corresponds
to small momentum fraction down to aboxt= 2 x 1073 and is in the shadowing region).
PHENIX is working on more comprehensive results for the rature in terms ofRyay, the
nuclear dependence relative po+ p - the much higher statistical precision of this new data
requires precision systematics and more careful analysis.

New preliminary results fod/iy Raa in Cu + Cu collisions show continuing suppression up
to at least 7 GeX¢t in py. In Fig. 5 (left) this suppression is compared to severabréical
models, including the "hot-wind” AJE€FT inspired model [12] which is inconsistent with the
data. Eventually, due to the Croniffect seen ird + Au collisons, which causes a change from
suppression to enhancement at higlh-one would expedRaa to return to unity at larger, but
there is no evidence of that yet from these results.

With the increasing luminosities provided by the RHIC maehiPHENIX is now beginning
to accumulate useful number t% for various kinds of collisions. From the 20@6+ p run,
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Figure 4: (Color online) Polarization ysr in the helicity frame ford/y production in 200 Ge\p + p collisions with
mid-rapidity points as red circles and forward rapiditymeias blue squares (leffRcp vs rapidity forJ/y production
in 200 GeVd + Au collisions for three dferent centrality bins, with the most central collisions2@) on the bottom

(right).

as shown in Fig. 5 (right), we now have a preliminary crossieedor dielectron events in the
T(1S + 2S + 3S) mass region [8.5,11.5 Gé&#] of BRx* do/dy (ly| < 0.35) = 11438 pb. A
small number of dielectron pairs from Drell-Yan and from ojpeauty pairs may also contribute
in that mass region, but this contribution is estimated ttelse than 15% and is included in the
systematic uncertaintiy. Using a similar signal far+ Au collisions, shown in Fig. 6 (left), and
doing a very careful statistical analysis which takes irdcoaint the small numbers of counts in
both theAu + Au andp + p T mass regions, we have obtained the probability distriloutie
Rauay in this mass region shown in Fig. 6 (right). From this an ugpeit of Rayay < 0.64 at
90% C.L. is determined [13].

Althoughr's have long been touted as the standard candle for the meftingarkonia in the
Quark Gluon Plasma (QGP), i.e. that they would not be sckepé¢o very high temperatures, it
is clear that there are a number of simple non-Q@€cts that could easily cause a suppression
at or below the upper limit determined above. These inclydbe. suppression oOf states seen
in fixed target experiments [14] which would give abou81 in Rauay, 2) the fact that only
about 52% of thér;s do not come from feeddown from the higher mass (2S,BS)ates and
B decays [15], and 3) that we do not resolve the thfestates (1$2S+3S) and the 1S is only
about 73% of the total [16].
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Figure 5: (Color onlineRcycy Vs pr for mid-rapidity J/y¢s out to 9 GeYc compared to several theoretical models [12,
17] (left). Invariant mass spectrum at mid rapidity for p collisions at high mass showing thefamily and other
components of the spectrum.

> L
H =0.012—
Zm 10° ?ﬁ PHENIX preliminary Q L
E = AU+ AU at \Byy=200 GeV ] F
L 3 S 001~
L == ® e a F -
10°E =9=¢ s e'et e 0008 PHENIX preliminary
C -0 O e'e mixed L
1oL igifg_ 0.006; Rpuay <0.64 at 90 % CL
E :é: 0004
1= L
E 0.002
"l ) ) ) btk T I I I
1074 5 3 7 12 0 02 04 06 08 1 12 14 16 18 2
mee (GeV/cZ) Rpuau for m, 0[8.5,11.5] in (GeVic 2

Figure 6: (Color online) Di-electron pair mass at mid rafyidor 200 GeV AurAu collisions in theY mass region, where
e"e pairs are shown as black points, like-sign pairs as red pcamd mixede* e~ background pairs in green (left). The
probability distribution vaRayay determined from théu + Au and p + p data (right).

5. Initial Stateand Temperature

Direct photon production in nucleus-nucleus collisionth@ugh a dificult measurement,
is a clean probe of the initial-state gluon distributionghe colliding nuclei. The latest mea-
surements in PHENIX show no modification relativepta p collisions except for transverse
momenta above about 12 G&V These modifications are likely due to CNMfects (Cronin)
and isopin (neutrons vs protons) [18].

A new method has been used recently to extract the yield aiopisan the lowpr thermal
region where the production of these photons is inferreahfitoe low-massNle < 300 GeVc?)

1 < pt <5 GeVc ete spectrum [19]. These low-mass photons show an enhancement o
the scaledb + p reference, as shown in Fig. 7 (left). If interpreted as trempmotons from the
hot-dense medium and fit to an exponential slope, an aveeaggerature of the medium (for
central collisions) offa,g = 221+ 23+18 MeV is obtained. Since this is the average over the
expansion, one can ask within various theoretical deseoriptfor that expansion, what the initial
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Figure 7: (Color online) Direct photon spectrapsin p+ p andAu + Au collisions at 200 GeV, with the scalgg+ p
reference compared to the data from various centrality- Au data as a black dashed line. The enhancement over the
p + p reference at smalbr for Au+ Au collisions is fit to an exponential (solid black lines) torext an inverse slope
and an fective temperature (left). Estimates of the initial tengpere of the hot-dense medium from severafedent
models for the expansion of that medium, given the averagpeeature of 221 MeV determined from the cenfkak Au
spectra (right).

temperature is. Fig. 7 (right) shows various initial tengteres vs the formation time assumed
in each theoretical picture. All models indicate an initedinperature of at least 300 MeV, well
above the predicted QGP phase transition at 170 MeV.

6. Summary

We highlight here some of the recent PHENIX results that wibeto be most interesting
in areas that relate to the initial state and early timeduyding:

1. Quarkonia contribute substantially to the electronsnfizeavy flavor forpr > 5 GeVjc
and should be taken into account when comparing to theatetiedictions.

2. Beauty decays give 50% or more of the single electrongfas 4 GeV/c, so any difer-
ences between beauty and charm for energy loss and flow maynkeegpparent at these
pr values.

3. J/y polarization measurements at mid rapidity agree with thresbarg color singlet model,
but at forward rapidity ther-integrated value does not.

4. ForCu + Cu collisions,J/yss continue to be strongly supressed upto~ 8 GeVjc.

5. Events in ther(1S + 2S + 3S) mass region at mid rapidity are suppressedin Au
collisions by at least 36%, but this is not unexpected giv@d nuclear matterféects and
the likely strong suppression for central + Au collisions of the higher maseg states.

6. Direct photons measured in the thermal region for ceAal Au collisions indicate intial
temperatures of at least 300 MeV, well above the expected giaBe transition.
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