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Outline PH ENIX
2 Physics Motivation
> \Why High-p+ is important to Heavy-lon Collisions

@ Measuring High-p; production
> The PHENIX detector
» Calibrated measurements

¢ Results
> Single-particle spectra
® Inclusive R,, for Au+Au and Cu+Cu

> Differential measurements
® R,, with respect to the Reaction Plane
® Jets/di-hadron correlations

9 Summary
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The Case for Relativistic Heavy-lon Collisions PHZ*ENIX
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[ F. Karsch, Prog. Theor. Phys. Suppl. 153, 106 (2004)

® Seeking the Quark Gluon Plasma (QGP)
> Existed early in the universe
> Expected to be created in RHIC collisions

& Lattice QCD predicts a transition to the QGP
> T~170 MeV
> ¢~1.0 GeV/fm3

@ For QGP, strong interaction plays critical role
> Deconfinement of quarks and gluons

> Need to study properties and dynamics of this strongly interacting
system
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Why high-p-? PHENIX
P+ . Pi 01+2 jd)gdx ka X f (Xk /j) (Xi ”u)
k Ijk
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Fragmentation
Function

2 Domain of hard scattering processes
> Partonic collisions are characterized by large Q? (~p;?)
> Cross-sections are factorizable f
s p+p \
> Fragmentation into QCD-vacuum Ham

‘ A+A Quark-Gluon- Piafs
> Qcecurs early in reaction phase :

Pre-equilibrium \‘!P/
> Probe for evolution of later hot
Initial State=""

and dense phase Nuckus A

Initial hard

parton-partgn Ml 5.
scatterings
Zh-

B i
Nucleus B
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Hard-scattering cross-section is large in high energy collisions

Initial yields and p distributions can be predicted from p+p
measurements + pQCD + collision geometry + cold (initial) nuclear
effects

> Critical to perform measurements in reference p+p and p(d)+A systems

¢ Observed deviations from reference measurements can be
attributed to the medium

o Noeoe)d observables that can shed insight even with large BG (dN/dy ~
7
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Summary of high-p; data in PHENIX PH ENIX

@ 1% m (and y) important sources of information
> They are identified particles
» Test different aspects of the medium
> Highest p; reach of all measured particles

p+p d+Au Au+Au Cu+Cu

246ev O O
624Gev = @ O O

130 GeV ‘
200 GeV ‘ ‘ ‘ ® 9

Reference sQGP ? Comp.

‘ 0 O n ‘ Current run
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High-p; measurement with the PHENIX DetectorPH-==ENIX

EMCAL --- measure energy deposit of electrons and gammas

DC --- obtain momentum of charged particles

PC --- measure hit
position of charged
particles

: Tracking and Matching .
i (DC, PC)
i >charged hadrons

: EMCAL (PbSc +
: PbGl)

Aerogel

19 June 2007 ——— West Beam View East




Do we observe hard-scattering?
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PH  ENIX

an

—
Q|

E*d%c/dp’ (mb-GeV2cd)

p+p — n0+X

E PHENIX Data
—KKP FF
----- Kretzer FF

PHENIX Collab.
PRLO1, 241803
hep-ex/0304038
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Single-particle spectrum and QCD

predictions

1/[2r p,] d°N/dp -dy (GeV/c)™
=)
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Au+Au — 10 + X (central)

™ pp — 71X @ 200 GeV (N_,[0-10%)] scaled)

M AuAu - X @ 200 GeV [0-10%)
m NLO pQCD, EKS nPDF, Q; = p, [I.Sarcevic et al.]

R ® L 4
] —— I [ [ 10
B -20 S -5
< 40 J 10 / *44*
‘E 10° on
a ¢) Strong suppression
g 2F -7
8 f e _ 107
Q 0 ¥
9 i E 10-3 PH ~ENIX
%25_:."“'5.:“'\ ______ . d) [ I|III|III|III|III|III|III|III
a : o "_':'!'!"’--'-53-'-:.:__'_.-;;,__"_-_---;—--_-_-_'_'_'_'I 0 2 4 6 8 10 12 14 16
0 = Rl Peripheral spectra agree well with p+p (GBVIC)
0 5 10 5 (data & pQCD) scaled by N, Pr
pr (GeV/c)
[ Central data exhibits suppression! ]
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n® measurement in Au+Au and Cu+Cu PH ENIX
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RHIC Run4 Au+Au data

@ Sampled 241 pb™
#1972 x 241 ub™' ~ 1 pb-! p+p equivalent
2 1.5 B events recorded

” Cu+Cu at \|s,, = 200 GeV
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RHIC Run5 Cu+Cu data Pr (GeVic)

# Sampled 3 nb-?
2632 x 3 nb'~ 1 pb'p+p equivalent
2 2.2 B events sampled

> 59 M minimum bias events
> 1.9 M high-p- triggered
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m0 Ryain 5w =200 GeV Au+Au PH ENIX
Nuclear Modlflcatlon Factor R B Measured yieldin A+ A
3 ' | Raa(Pr) = Expectation for indep. N + N scatterings
<15  80-92% Central P p. g
FHENIX prEIlmlnﬂr}'l | T “TID T T | TI T T T T T T T T | T T T T
0-5% Central 0 i
PHENIX preliminary *m =

= 1

o __-—_-—
- —i—

——

0
p(GeVic)
@ Strong suppression (R,, ~ 0.2) is seen even at high p;

@ Constant for p>4GeV/c for all centralities
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10 Ryain Vs = 200 GeV Cu+Cu

T "

PH  ENIX

T T T T T T

1.5 —
. PHENIX preliminary d

i 0 0-10 % L

L —

— v! —
. il

I"i-.i.
0-5_ * @ ) oy, . =
SN

% 5 10 [ 20
p;(GeV/c)

2 R, ~ 0.4 for central collisions
@2 Similar suppression pattern as Au+Au

> Constant for p>4 GeV/c
> Strength of suppression increases with centrality

Cu+Cu

19 June 2007
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Au+Au vs. Cu+Cu

T
PH  ENIX

5 T T T
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19 June 2007

System size dependence

@2 Centrality (in % bins)
dependence differs between
AuAu and CuCu

2 For cent bins with ~ same
number of participants,
suppression pattern is identical!

Integrated Ry,
@ Similar qualitative N ., dependence

2 Vitev: Fair agreement with AuAu, but
misses trend in CuCu
> Fixed to AuAu, no surface effects
2 Pantuev: geometrical model including
“‘corona”
» Surface jet bias, ellipticity included
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Modeling Raa(py) of Au+Au and Cu+Cu  PH:ENIX

é L : y ’ g I y g n ; , . r I b p y
Measured yieldin A+ A " 1-31" PHENIX preliminary = h*+h/2
Expectation for indep. N + N scatterings | Au+Au200GeV 0-10% | .o

RAA(pT) -

theoretical curves for n°

"""" |.Vitev dNdy=800
— |.Vitev dNdy=1200

@ R, for central Au+Au

> Suppression strong and nearly  os
constant up to 20 GeV/c

» Consistent with dN/dy ~ 1200 0
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o8 151 PHENIX preliminary ; h"|+h/2l =
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Direct Photons

T "

2 Prompt photons
don’t interact
strongly — ideal
hard scattering
probe

2 Run 4 |Ldt
extends

measurement to
20 GeV/c

2 And Rya... ?

PH  ENIX
10° Direct Photon Spectra vs Centrality
:-::1-" E: * e S— PbSc direct photon p; spectra
> 1c $$I._ PH O ENIX  au.Au\sy = 200Gev
gh1 03 ; L?II-.'.'"‘."' . PHENIX preliminary
> :_ fI ll'.- . - WLLLL ; ........... E IS
© Eu{ - iil“" e . - ’ "8 0-10%x10°
:1[]'9:: él II‘ . E ’ ¢ . 1G—Eﬂ"-:x1ﬂ"=
1—2: ol bllil"- ‘‘‘‘‘ ol . ; 20-30% 107
2‘1“12:: l‘{_IéI ™ ..'.."' . ‘ : “ E- B0-40% % 10
N _15:—£ Iti I ....-Il e \I: . E .
10 :: Lllifitlahi -I T .: . - l mc%xm-m
10_13:: l iI . e, N - Ea aa-ac%xm-u
O T RIRE s a
-245: ltilii\” Ilfi "-u b I: ¢ m 80929 % 10"
e iy highpy
1u-ETI:_II||||||||||||||I.ll|||||||||||||||||||||||||||||
0 2 4 6 8 10 12 14 16 18 20 22 2

p;(GeV/c)
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Photons shine, hadrons don't PH  ENIX
Au+Au\ls,, =200GeV,0-10%  First direct y R,, using p+p data as reference!
518
=
1.6— TS L
- PH:  ENIX PHENIX preliminary
1.4 _— —‘—-;n:n
- N\
2 i phatar (Drop possibly due to
1:I isospin difference
0.8 I — between p+p and
- A+A, other
06 investigations
=l underwa
0.4 n H{ k Yy p
0.2 .*-'l' llilu.nt-.t.-.ll,ll.IIl

u||||| | Ll i
1] 2 4 6 8 10 12 14 1 1E 20

pT(GeVic)

2 Mesons suppressed = 5 — energy-lost in QGP
> Same suppression pattern for both ©% n

@ v scale with parton flux
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10 Ry, 62.4 GeV : NEW!! PHENIX

‘:: ]_.4 T 1T 1 T T T T T T 1 T 171 T T T T T 171 T T T T T T 1 I T
Df : _
1.2 [ vertical normalization error on 62.4 GeV ptp ref. not shown: 19 % _
| - PHENIX preliminary -
- [ | GLV parton E. loss (dN*/dy = 650-800) 5
0.8 ® 62.4 GeV —
B A& 200 GeV 7]
0.6 /\ =
- _ .. LA - —
0.4 N ]
02F :
— " Preliminary, 0-10 % central
0 _I 11 1 | 11 11 | L1 1 1 | 1 11 1 | 11 1 1 | L1 1 1 | L1 11 | L1 1 1 I 1 I_
0 | 2 3 4 5 6 7 8

pr (GeV/c)

@ “Old”: p+p reference from fit to ISR data
2 “New”: p+p reference measured at RHIC!
& Suppression in 62.4 GeV is now more similar to that for 200 GeV
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Measuring R,, as fcn of angle wrt React Plane PH :ENIX

n® Raa(Ad,p+) plotted in polar coords (folded to 2n)

< 1.6
€ 4 4F n° 50-60% Central
"'t PHENIX preliminary
1.2E
|
0.8
0.6
0.4F
ook * ‘ ‘ Au+AU Vs, = 200 GeV
:||||||||||||||||||||||||||||||||||||||| - Y I
%274 e e 0 12 14 16 18 20 50-60 % Centrality

p.(GeVic)
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70 Rya s, “p L dL” PH " ENIX
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PHEHNIX Preliminary
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L
L+,

| 10-20 % Centralit
| 20-30 % Centralit
| 30-40 % Centralit

| 40-50 % Centralit

| 50-60 % Centrality

02040608 1 1.214161.8 2 2224

T, _? p <L>/tdL

Angular and centrality
dependence described by single
curve!l Implies energy loss is
dominant at high-p;

19 June 2007
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Azimuthal Correlations (Concept) PH - ENIX
0' TR . AL (3 R LR | T2 [ELE
e gapenee : ' 30<p_=3.22<35
0_44; with 1.40-5.00
- o4 o+p, PHENIX -
%gm T PRD, 74 072202 (06).

leading particle

¢ Tag (high-p+) particle: “trigger” partic|e
@ Calculate Ad = ¢,—¢, for “associated’/particlesin event

¢ EXxpect to observe correlations at
> Ad =0 : “near side”
> Ad = n: “away side”
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Azimuthal Correlations and Jet Suppression

T "

PH  ENIX

@ Azimuthal correlation
functions show
~ complete absence of
“away-side” jet
> Pryig: 4-6 or 3-4

> pT,assoc: 2 - pT,trig

leading particle

1N igger AN/A(40)

d+Au FTPC-A

0.2
— p+p min. bias

* Au+Au Central

0-20%

A ¢ (radians)

=» Further evidence for surface emission only (?)
@ Thatis, “partner” in hard scatter is absorbed

in the dense medium

2 Question: where has the energy gone?
> (Partial) Answer: need to widen “search” in p-

wr 2007 RHIC&AGS Annual User’s Meeting
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Studying the far-side production of particles PH ENIX
PHENIX, nucl-ex/0611019

L S S L B
i o* | ™ Au+Au 0-20% | —
0.004[ % | o= PP B i () 1<pt,assoc<2'5<pt,trig<4 GeV/c & ¥ i
=1 -, ¢ 23x34GeVic - I ] $" B
S 0.0031 Observation of particles T | it & . % .
% C produced ~1 rad away g_ B $ . deAU 200 GeV 7
- o i ' — —
.90_002__ .o o] from back-to-back! Q05 ‘} . Au+Au 200 GeV ]
Z= - ¢ \ % ' T s Cu+Cu 200 GeV ]
< - ¢ ° ° . ' o AutAu 62.4 GeV i
0.001[; $¢° O - |
SR N L JGCRRR A N 1 IR i ok SN
[* o O ¢ c00 %ee’ o0 0 100 200 300 400
e Cate
. . . PHENIX Prelimipary , |
0 2 4

Fit away-side peak with double
Gaussian, each centered at
Ap=nxD

Ao(rad)

¢ D scales with collision energy and system size!

¢ Emission consistent with strong medium response to
energy deposited by the traversing medium
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pr Evolution of the Jet Shape PH ENIX

AutAu & p+p \s = 200 GeV | |
o (2) 34041 Gevie (b aeaew 1 » Establish the punch-through jet

RS component (“Head Region”)
208, e N ™ 3> and the medium-induced
‘ s odbe | ’ — component (“Shoulder Region”)

concave - convex

W . @ Suppression in HR,
_ f_(g) 510 ® 3.5 Gevic _;_(h) " 5-10®5-10(3er<:_§ Enhancement |n SR

-~ @ Reappearance of

)

peak is not due to
A¢ (rad) : f sig k
Per-trigger yield vs. A¢ for various trigger m_erglng_o S| e_ peaxs.
and partner p; (pA; ® pB&;), arranged by ngh P1 IS consistent
increasing pair momentum (pA; + p&;) with jet fragmentation.

| arxiv:0705.3238 [nuc-ex] |
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Yield modification (1) PH ENIX

' Au—Au p—p Analogous to R,,, but
INy = /a.@:u AAOT ot //&WH AR5 describes jet yield

T e eaee T sesiiseei ]
- 111 0-20% RaLALUELLL LU ¢ HR exhibits
: : F I D early onset of
N [ suppression,
A T E T relative to p+p
S0 sospiesoseve | sowlcoosevie | g H+S (entire
o away side)
i r ®° ] o
Te R T ¢ ; exhibits overall
b %50 . o1 .8 - enhancement

p3 (GeV/c)

HR is suppressed due to jet quenching, SR is enhanced,
reflecting the response of medium to deposited energy.
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Future directions: y-h correlations PH ENIX

. o -
¢ Normal dijet (rt°-h): Proposed in hep-ph/9605213
>Trigger bias: E; < Ejq; ~10 years ago

> Possible surface bias
¢ Direct y tagged jet:
>No fragmentation: E, ~ E
>No strong interaction, sensitive
to the whole medium

* InCIUSive y-h Yield associated h™" py<[2,5]GeV/c, trigger pre[7.9]GeV/c

. . . F~N— AutAu ﬁ:ﬁﬂggg}z

> Trigger photon is a mixture of S o
direct and hadron-decay photon

>Need to subtract decay part

hot dense medium

=]
(]

=]
na

- !, PHENIX-Preliminary

o
i

ZYAM subtr. 1/N,_ dN/dA¢
rig

i
t 4 Mm K M
HH *T'TH 3

[
0 1 2 3 4

=]

Ad (rad)
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v-h: the method PH ENIX
p+p collisions at 200 200 GeV

3 ~— é P Py <12 inciusive -h ] PHENIX Preliminary
'%- 04— PH“END{ R 1< Prassoc S T SRS ' ................
z 0 Inclusive y-h

g {]14__ .............................. ........ PHENIXP ...... I ........................ * .................. T
. F 5 relimina : —
EE 0.2:_ .............................. ............................................ .......... ry ............................. ................ @ Decay y_h Contrlbutlon
— ﬂ?_ el s .................................... ..................................... et (V|a no'hadron)
02 0 2 4 ¢ [rad]
0.6 :
§ 04: RT = 1 4 Direct y-h h
= o4t e i T R
tl-g ﬂ,if_ ............................... ............................................. ........................ + ................... ................ e DII’eCt _h |
£ % | ‘- v-n:
— g__.. ............ L Fem PO W » P + ................................. ........ o
025 j' 2 ‘ i 04PHENIX Preliminary 4 PHENIX Preliminary
g :17: Pruig <<92'G‘:VV § 7 < Py, <9 GeV
I AN CEILI
3 Reasonable agreement between g“ +ﬁ g“u.z:_ .......................................
-

data and Pythia o Y
> Pythia 6.1, k; = 2.5 GeV o

d0.2h
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Direct y-h Yield in p+p and Au+Au

T "
PH  ENIX

Black: Au+Au Red: p+p

associated h*" pre[1.2]GeVie, trigger pr[7,9]GeV/ie

o
o

o T I

=}

T

'
=
K

PHENIX Preliminary —

T I
sy=200GeV 7]
Cent=0-20% A

ZYAM subtr. 1/N__ dN/dAg
]
o
N

o
N
N

;l
3
R
}
i

#Delta#phi (rad)

o
(X

dN/dAg

1ri
e
—

ZYAM subtr. 1/N
o

-0.1

associated h*" pre[2,5)GeVie, trigger pr[7,9]GeV/ie

-o- AutAu Ydirect_h
-8 p+p

PHENIX Preliminary

T l ]
gu=200GeV —
Cent=0-20% |

% First yield measurement in Au+Au!

¢ Hint of away side modification in Au+Au
> Au+Au data systematically lower than p+p

» \We have the tools, now we need the statistics ...

Ad (rad)

19 June 2007
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T
Summary PH  ENIX

¢ High-p; particle production gives access to hard-scattering
processes

2 |mportant observables:
> Spectra with high-p; reach

> Suppression seen in R,A(pr) at high-p-
® Similar patterns in AuAu vs. CuCu for same N
® Hints for corona/surface effects
® Evidence for energy loss as dominant effect

> Azimuthal Correlations provide path to jet studies of medium

2 PHENIX physn:s program has steady progressed beyond
“discovery” stage, have begun addressing next level of
guestions:

> How are jets affected by passage through the medium created in
RHIC collisions?

> How does the medium respond to the impact of a high-pT probe?
> Future directions involve mapping out properties of the plasma

@ Results shown here only scratch the surface of the methods
for studying the medium in PHENIX!

part
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Mass dependence at high p. PH " ENIX
PHENIX Au+Au (central collisions):

- > m Directy il

l:r-“l()_— B LT
E ° T(IELV parton energy loss (dN*dy = 1100)

ad

3 *? W‘”* ? %

107"
o ST I T R TR T

p; (GeV/c)
¢ 1 same quark content as i nucl-ex/0601037

¢ Factor 4 heavier

¢ Same R,, as 1’
> Suppression does not depend on hadron-mass
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Measurements wrt the R.P. in PHENIX PH ENIX

(a)

(XN

L

Regefion pfne

3—2 ocl+2v,c082(p—¥y)|

> Use the Beam-Beam Counters @ 3<|n|<4, azimuthally symmetric

> Measure charged particle multiplicity as function of ¢

> Event-by-event determination

> 2 independent measurements from N and S counters — estimate of resolution
¢ Relative Yields as a function of A¢

> Measure n° dN/dp+ in 6 A¢ bins over [0,7/2]. (corrected for resolution)

> Multiply the ratio - -
r,, = Yield(Ag) /Yield = R, (Ag) /RAA‘

¢ Reaction Plane determination

> With previously measured Ry, = Raa(49)
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Quantifying Evolution: Ratio of Head/Shoulder PH ENIX

Rus = [ dAGY , (Ag) / [dagy . (Ag)

Head Shoulder

Rys characterizes the evolution ofthe . . . . .

two regions. It qualitatively shows the i 2;;2?0 Govie T30<prea0cevic
transition between Shoulder-dominated "¢ -e-au+auo20% . s 2=
(concave) region and Head-dominated f6000° ° Tooo??® * ¢ ]
(convex) region in pA; and p&;. 'E i i E: - A
1 I . F st
i I
o RHS iS Symmetric wirt pAT, n._.% i 4.D<p:'lﬁ5.0 Gevic 1 5.0<p:<|1ﬂ.0 Gevic | .
pBT_ ; Oooq)q; Q Offoocooo © +
2 Non-monotonic evolution Logy T4 e, %4
with trigger and partnerp; | l ] rd
1) Ryg~1 for pAB< 1 e S U S S

2) Rys<1 for 1<pAB< 4
3) Rys>1 for pAB>5
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T
Truncated mean-pT for 1<p{< 5, vs. N, PH " ENIX

Intermediate p;: shows a very different 1y
centrality and p* dependence of the <pT> "4 Nearside T o Awayside Head
| —®— Awayside Shoulder | Inclusive
between HR and SR.

o 0.8 -+ -

* HR behavior consistent with jet quenching E ‘5:::. S q‘-..

* SR however, shows an universal partner Qo Mt ®EEL I T
spectra shape, reflecting the property of v /’—T 4;’\”—1‘ ;
response of medium to lost energy. v R ]

> |
L u i
@ Nearside: flat with N, VML IS f
(>100), increase with pA. s,

o
[=2]

2 S reglon flat with N, (>100) %ﬂu bty '

and p-A~. f +
T ++++++ !

2 H region: smooth decrease
I art
with NP up to 200. o400 200 300 o 400 200 300

=
I
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