Status and perspectives of jets and high-
pr physics

Peter Jacobs
CERN and Lawrence Berkeley National Laboratory

* Where does pQCD work at RHIC?

« What have we learned from inclusive hadron suppression?
* Where does jet behavior emerge in nuclear collisions?
 Can we see the interaction of the probe with the medium?
*Future
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What I will not discuss

Time 1s limited and the subject 1s vast.

I will concentrate on jet physics = mainly at the highest
available p, at midrapidity

Among the important topics I will not discuss in any
detail are:

e recombination

* Cronin effect
 forward physics
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Energy Loas of Energetic Partons in Quark-Gluon Plasmas;
Poasible Extinetion of High P Jets in Hadron-Hadron Collisions.
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P.C. Bex 500, Batavia, Illinois 60510

Abstraot

High energy quarks and gluons propagating through quark-gluon
plasma suffer differential energy loss via elastic scattering from
quanta in the plasme. This mechanisz ia very similar In structure to
fenization losa of charged particles in ordinary matter. The dE/dx 18

roughly proportional to the aguare of the plasma temperature. For
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Energy Loas of Energetic Partons in Quark-Gluon Plasma:
Posalble Exkinction of Hign Py Jeta in Hadron-Hadpon Colli=zlona.

J. 0. BJOREEN
Farmi Natlonal hocelerator Labosratory
F.0. Box SOC, Batavia, Illinolas BO510

producad {n its loeal enviromment. Hipgh energy hadron Jet experiments

should be analysed as function of mRssocimted multiplicity to asarch for

this effect. An Intereating sigpature may be eventa in which the hard
porlision oaoure near the edge of the overlap regicon, Wwith one Jet

escapicg without absorption and the other fully absarbed.
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Jets 1n RHI Collisions

Find this..........in this

l

ptp —jettjet
(STAR@RHIC) jet

parton

nucleon ——stea———> . >  nucleon

AutAu —?7?
(STAR@RHIC)
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Partonic energy loss 1n a colored medium

Bjorken, Gyulassy, Pluemer, Wang, Baier, Dokshitzer, Mueller, Pegne, Schiff, Levai,
Vitev, Zhakarov, Wang, Salgado, Wiedemann,...

» Elastic scattering generated unmeasurably small effects
e But bremsstrahlung 1s more effective:

3
‘‘‘‘‘‘‘

medium

* Essential physics: radiated gluon decoheres due to multiple
interactions with medium

* AE sensitive to color-charge density

 Unique non-abelian feature: system size dependence AE ~ L2
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Modified fragmentation in cold matter
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Hadronization versus Thermalization of Jets

="

Urs Wiedemann
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p+p spectra vs NLO pQCD
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X1 scaling of p(bar)+p(bar) spectra
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As expected for hard scattering
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ptp direct photons (PHENIX)
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High p; yields in central Au+Au are suppressed

g - Au+Au — h™ @ \syy =200 GeV [ ]
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Factor 5 suppression: huge effect!
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d+Au yields are not su;
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Hadron suppression in central Au+Au 1s a final state effect
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Cross check: direct photons in Au+Au

15 Klaus Reygers
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* Photons scale as binary collisions while ©t¥ are suppressed:
consistent with energy loss picture

* but what does fragmentation component of photon yield do?
Hard Probes ‘04 Jets and High pT
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Another test: 1) production

||||;||

Aut+au =0 {0-20% central)

a Au+Au 1 {0-20% central)

-1 suppression follows m°
 /n0 ~invariant with system

e fully consistent with partonic energy

loss
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What do we learn from the suppression?

Comparison to energy loss calculations: suppression requires
initial density >~30 times cold nuclear matter density

1.0
0.9
0.8 [ _

Eskola et al., hep-ph/0406319

STAR (0-5%) Urs Wiedemann

PHENLI (0-10%)

BRAHMS (0-10% n 2
PHOBOS (0-6%) q — OG@V /fm

Vi =200 GeV, (k' +H )2
Ay = 181 (0-5%)
Log=5.0fm

— ézlGeVz/fm

G=5-15GeV?/ fin

But suppression only supplies lower bound on density
(see also Drees et al., Loizedes et al.)
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Surface emission (“trigger bias”)

Urs Wiedemann

Eskola et al., hep-ph/0406319
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» Opaque core =>sensitivity only to minor variations in surface opacity
* R,2~0.2-0.3 for broad range of ghat
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R, A: pr (In-)dependence

Brian Cole, Urs Wiedemann

----- Wang, with abs.
---- Wang, no abs.
— GLV
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e Suppression level 1s a parameter (that’s the measurement)
* pr and centrality dependence are predictions of the theory
* so why 1s R, , ~independent of pat high p?

Jets and High pT
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R, A: pr (in-)dependence (II)
Bremsstrahlung energy loss AE~log (E)

Multiple explanations for ~p-independence of R, 4:

* Gyulassy, Levai and Vitev: intricate interplay between energy
loss, Cronin effect and shadowing

 Wang and Wang: feedback from medium at moderate E

» Eskola, Honkanen, Salgado and Wiedemann: interplay between
energy loss and p-dependence of underlying spectrum

~1/pr"n(pr)

More generally: how to disentagle the physics underlying the
suppression? Vary initial conditions by varying sqrt(s)....

Hard Probes ‘04 Jets and High pT
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0.01
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R, .: pr (in-)dependence (111)

Significant differences expected at the LHC

Vitev and Gyulassy
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But that’s a long time from now...
Jets and High pT
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* Henner Buesching R AA for Aut+Au at
PHENIX preliminary 7 62.4 GeV
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The 62 GeV Reference Spectrum Problem

Carl Gagliardi

E*d sldp’ {mb*c Gev?

Po =

A=49.43 +/-0.64 5
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Charged Hadrons, (h+ +h)/2

o y=0.7and 0.75

. y = 0 and 0.25 (n°*1.6 for p;>6 G

1.63 +/- 0.01

n = 15.36 +/- 0.10
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 [rreducible uncertainties in ISR data of order 30%
* need to measure at RHIC
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Rip for AutAu at 62.4 GeV
*‘AR Carl Gagliardi

< Binary scaling
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B0 gy

2 4 6 8 10 12 200GeV|n|<05
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* 62 GeV: clear suppression at high p, similar in magnitude to 200 GeV
* but statistics insufficient for detailed studies beyond the “baryon
enhancement” regime
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R, @ 62 GeV: comparison to theory
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e Rough agreement with
theoretical predictions

'R, 4,~0.3 for dN,/dy~800
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High p at the SPS, revisited

David d’Enterria

B PbiPb— x4 X 0--7% central [WA98] (/s = 17.3 GeV)
A Pb+Au— n*+X 0--5% central [CERES] (Ns = 17.3 GeV)

10 S+AU - 104X 0--8% central [WASO] (s = 19.4 GeV)

W o+ a—n+X min. bias [ISR] (s = 31 GeV)
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- reassessment of p+p reference at 17.3 GeV

» dN/dy ~ 400-600(Vitev nucl-th/0404052)
- more consistent with estimated gg;~ 3 GeV/fm’
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High p; hadron suppression: summary

* Suppression 1s a large effect for all hadrons at high p
 Gross features described by energy loss models
 Supplies significant lower bound on initial color charge

density
* Intrinsically limited as an observable, insensitive to density

beyond a moderate limit

Current data insufficient to disentangle underlying mechanisms

Need: run V Cu+Cu, run IV analysis for 200 GeV, better p+p
and Aut+Au at 62 GeV, much better data at lower energies
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Azimuthal anisotropy at high p;

nucl-ex/0407007
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v, {2-particle}
v, {AuAu —pp}
v, {4-particle}

* Flow reaches a maximum ~3 GeV/c, then decreases slowly

 Non-zero real “flow” to ~& GeV/c in mid-central collisions

e But
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uncertainties are large at p>5 GeV/c
Jets and High pT
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v, vs. Geometry 1n 200 GeV Aut+Au
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Maybe non-perturbative
mechanisms at play at
intermediate p?
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Energy Loss vs Path Length
PHENIX preliminary Brian Cole

N _ pr >3 GeVic
0| — S -1 . .
: : loss ™ Perhaps not surprising
i ] S~ L that simple geometric

approaches to AE
extract very strong
dependence on L
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Where does jet behavior emerge?

Urs Wiedemann

Dynamics of ~ Dynamics of ~ Partonic equilibration processes

100fm T ‘thebulk  hadronization Jet
absorption
MMM
L. —
medium enens therm™™V E/QD Qhad —1GeV
““““““““ . r
1 fm 1 T e ‘ Lh.qdrm E / Qindr - GeV2
““““ inter= q-1——
soft ~ mediate hard
R M— —
1GeV \ 19 GeV 100 GeV
Y

Look at intermediate p: evidence of interplay between
soft processes and fragmentation?
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Intermediate p;: anomalous baryon production

o wl.D
X ® AutAu, 0-5% central
< |STAR B Au+Au 20-40% central
PRL 91, 172301 (2003) Preliminary A AuthAu, 40-60% central
1 PHENIX AutAU Nsw =200 GeV 2 ¥ Au+Au, 60-80% central
o protonipion anti-protonipion ) pp
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Central Au+Au: baryon/meson yields substantially in excess of
expectations from jet fragmentation

Hard Probes ‘04
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Initial state contribution? Check d+Au
Au+Au

STAR Preliminary (Au+Au @ 200 GeV)
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Baryon excess persists for d+Au but at

much reduced magnitude

e Cronin effect?
* Recombination? (Rudi Hwa)
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Formation time of fragmentation hadrons

Barbara’s time scale estimates:
e Uncertainty principle:
Ty~ 9-18 fm/c for pions; R;~0.5-1 fm
T~ 2.7 fm/c for baryons (R;~1 fm)
 color singlet dipole formation:
1.~ 2E, (1-2)/(k*+m;?)
for z=0.6-0.8 ard k1 ~ Agcp (Tybaryons) ~ 1-2 tm/c

R(Au nucleus) ~ 7 fm
— Baryon formation is INside the medium!

Jet energy loss interpretation:
Early hadronization = color charge is neutralized early
Strong L dependence of AE = substantially reduced suppression?
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“Jets” via dihadron azimuthal distributions

ptp — dijet

e trigger: highest p track
A distribution: 2 GeV/c<p <p iieeer
e normalize to number of triggers

Phys Rev Lett 90, 082302

0_2_— — p+p min. bias
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trigger
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Meson vs baryon trigger: associated yields

o . near side
U} —
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* Associated yields similar everywhere for meson and baryon
triggers (perhaps weak dilution for baryons in central collisions)

* Dominance of jet-like production but widely differing suppression
4 for baryons and mesons???



[.ook 1n detail at near-side

Near side: small A

correlations

Two components in An:
1. Short range, jet-like

2. Long range, flat

Hard Probes ‘04
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Jet-like An correlation: p; systematics

correlation width

e correlated yield
sosf T T T T - , —
° 4 AutAu, 0-5% | S | |
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Dan Magestro
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* Significant nuclear broadening at low p(trig), disappears with

increasing p(trig)

* associated yields invariant with system
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An correlations (cont’d)

correlation width

4 Au+Au, 0-5% ]

[ ]
I s d+Au, 0-40%
} ®  p+p, min bias
% STAR
i Lo ﬁ

i3

e s
Pt(trig) (GeV/c)

* Recombination effects? Coupling of

radiation to flow medium?

» Long-range correlation: interplay of jet
quenching and transverse radial flow?

Voloshin, nucl-th/0312065

No simple, consistent picture emerges
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Armesto et al.
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RHIC 1s a hard probes machine

RHIC Delivered Au-Au Luminosity
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_________________________________________________________________________________________

Run-4 (FY04) f£F

_________________________________________________________________________________________

Weeks into the run (to 03/2

Most 200 GeV Au+Au results to date are from here
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RHIC IT and LHC

John Harris, Bolek Wyslouch

Increased luminosity (RHIC II) and increased energy (LHC):

Enormous increases in p reach, huge increases in statistics:
qualitatively new probes of the fragmentation
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Summary and Outlook

Partonic energy loss in nuclear collisions at RHIC 1s firmly
established

* broadly consistent with pQCD-based energy loss models
e present measurements supply significant lower bound to
initial color charge density

But it promises much more: detailed study of interplay between
fragmentation and thermalization may supply new and unique
probes of the dynamics

* This 1s hard, we are only at the beginning
* Intermediate p;~5-10 GeV/c appears to provide a laboratory
in which we can 1solate the various physics
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