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Outline PH: ENIX

« RHIC and PHENIX

 The nuclear medium and jet modifications
— Correlation Functions
— Hard scattering

— Near (Same)-side and Away-side (di-jet)
correlations

o Jet modifications in Heavy-lon Collisions
e Future measurement technique
e Summary
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RHIC and PHENIX PH ENIX

—T . \ & :

* Brookhaven National Laboratory
— 70 mi from Manhattan

Two rings / 3.83 km circumference

Capable of colliding ~ any nuclear species on
~ any other species

Energy:
» 500 GeV for p-p
» 200 GeV for Au-Au (per N-N collision)

Luminosity
— Au-Au: 2 x 10?6 cm? 51
— p-p :2x10% cm?s? (polarized)

Event characterization

) Acceptance
detectors in center -

PH>“ENIX

-

200

Two central arms for
measuring hadrons,
photons and electrons

¢ (angle)
.

-120°—

Two forward arms for
measuring muons

-20 0.0 2.0

Rapidity
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The Nuclear Medium

* Nuclear modification factor s

PHENIX Preliminary

d+Au

. 1'8; d+Aus = 200 GeV é
_ Yield (Central ),scaled - b=
* *® Yield (Periph ),scaled 2 g il l
P :
 Multiple scattering in the s E
medium results in k; broadening Zj: . 0-20%100-60% E
» Thought to be source of Cronin o, & wemesrmenca E
Enhancement R T S T P e
p; (GeV/c)
 Nuclear modification factor _# :: ® Contra® (©0.10%)
- B Peripheral i (80-92%)
. 1.4
= Yield(AA), scaled ol 0
Yield , scaled LT B + ----------------------------
(ppP) 0.8) +++++++ x4-5
_ ) 0.6 suppression
* Medium-induced energy I ; +
loss? 02l . 5. %eeece oV, H
+ T T T T T T E T T T LT T LI T E NI EITTEITTTICaIT: IO A0 s, . SOTUUUON N S SN AP
Au+Au 5 o e |
0 2 4 6 8 10
p; (GeVic)

Let’s go beyond single-particle observables -- What can study of jet observables tell us?
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Correlation Functions PH ENIX

» Azimuthal correlations are an alternative approach to jet studies where
full reconstruction is impractical o+p ht Correlation Function

* A¢is ¢ between leading and associated particles s b <6.0

» Correlation functions typically defined as :
(A¢) =  Same-event pairs

( ¢) oC COTT
(A@p) = Mixed-event pairs

mIX

C(AD)

Fit with: 2 Gaussians + Constant Bg term

" A® [rad]

« Conditional Yields can be extracted from correlation when properly

normalized and corrected for acceptance and efficiency;
Correct for limited n

1 corr (A¢ ) RAU acceptance and
single-particle

trlg dA¢ N trig 27N mix (A¢)/j dA¢ N mix (A & efficiency
-

Real yield per
| | Y
trigger particle Observed yield per trigger

David Winter
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Hard-scattering PH ENIX

h—

P: jet 2 » Partons scatter with large Q?
A/v » Outgoing partons fragment into cone of hadrons

3 R=1Ag?+An® ~0.7
y » Parameters of interest

jet ‘1/ » Spread of particles around jet axis (j)
» Acoplanarity of back-to-back jets (k)

Leading hadron

» Hadronic spectrum (Frag. Func. D(z))

Transverse plane:

kT,z]T Kr o

It
— S (N A

Partons have intrinsic transverse

momentum Kk j+ = hadron’s momentum transverse
_ _ R» — to the jet axis
Projers T Projerz = Ky 1 T Ky o
Lake Louise Winter Institute David Winter
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Near-side Correlation PH  ENIX

Projection onto transverse plane _
j . trigger-parton
lTwr,trlg ¢tj efe _ P

_ P trig ¢,; associated-parton

A¢ = ¢tj + ¢aj
= Angle between Trigger & Associated

Assume angles are statistically independent

pT,assoc

« Leading (highest p;) “Trigger” particle used as estimator for jet axis
« “Near-Side”: particles from same jet will be correlated in a peak around A¢ ~ 0
* Simple relations can be derived (assume pr i, >> jy):

5 . . . P
Near-side <p§ut,N > - < pTZ,assoc sz A¢> - < JTZy >(1+ <Xﬁ>)' with Xy = e

47 pT trig

g o

a f 2

(&) 2 (j ) . < pout,N > - O-N < pT,assoc>
: T - 2 2 ~
! L (X7) = 2(X ) | (L ()
"_5‘3 e 2| - ‘3‘5 Note there are corrections to these expressions, but they are small

A® [rad] See J. Jia, nucl-ex/0409024 for further details
Lake Louise Winter Institute David Winter
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Away-side Correlation PH ENIX

Y Projection onto transverse plane _
¢,; trigger-parton
X ' ¢,; associated-parton

¢; parton-parton

A¢:7f_(¢tj + @ +¢jj)

Assume angles are statistically independent ‘

jet, Poutr

« “Away-Side”: particles from (nearly) back-back jets form a peak at A¢p ~ =«
« Average di-jet acoplanarity k; can be extracted from angles btn hadrons:

50 Away-side peak

(kTy Zuig )RMS ~ <I:)T’$°">\/<sin2 o > = <sin2 o\ >

2<xﬁ>

. pT trig ) _
- ] Ztrig - Again, there are small corrections...
B2 'Erad]1 2 3 T, jet cf. nucl-ex/0409024
Lake Louise Winter Institute David Winter
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Jet Modifications PH ENIX

One of the most exciting results at RHIC has been
the behavior of the away-side peak in azimuthal
correlations

0'3 ' T n T 0.3 3 %
C +d+ Au =p+p - I AU+AU \[Syy = 200 GeV; 1<py, . <2.5<p}, <4 GeVic |
[ _ i S o4l g4
= 15 < Py < &0 GeVic | 2.0 < py,,,.. <30 GeVic 5 ke ‘a)___o_ ?’ - 0l (b) 5-10%
S oz2f D02 % 1 & .2 1 H ;
% % 2 R S ¥ = UM iy e
= i [ i S : I ”-"L;,h* u Yl _,_|-T__T— :
= 0.1 0.1 2 0L IR AU 7L |
= . T § Tt = 04L ]
W - 8 g fo' % — (d) 20-40%
E g & AN § 0.3:E -:.
[ 5 02f ' e
Q E ]
0.1k e o1k S :_I.+,ih -
_e_ A= p Tmaee < 4 o Cﬂ‘““’u : ‘g fl :‘ LATDLTT L L. '*-- '":-.-:-‘:‘-}-‘.-‘L-‘;;’-i.'-.-r'.- ......
%m g ol (e) 40-60% i (f) 60-90%
= 0.05 2 03 A
Zl'-I = ' i -‘l
% é! h 0. 1 - I_l-r L.__-L l—.__- *_‘ﬁ §
0 P lycedl “J . Lm #‘ltf
0L ) S
0 056 1 15 2 256 3) 05 1 15 2 25 3
A ¢ (rad) A ¢ (rad)

ﬁq) (rad) Courtesy W.Holzmann, 215t WWND

There is little if any difference between p+p, d+Au away-side peak (esp. at high
p;), but the broadening of away-side peak in Au+Au is striking!
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ks comparison PH ENIX

<kL2>AA — <kJ_2>vac + <kJ_2>IS nucl + <kJ_2>FS nucl

p+p p+A A+A

» Comparison of p+p/d+Au/Au+Au allows separation of medium effects
« We see little, if any, difference between k; of p+p & d+Au
— Disappearance of away-side in Au+Au complicates this comparison...

A<k'lgy> = (kTy )ZRMS,dAu B (k-?y )ZRMS’pp

- 4 T T T T T 22— 77— 77— Nl—l U DL B B
5.9 L PHENIX Preliminary | = | 5‘3 0
g 3 opw 1> qs5[ 3 & 5 |
~ I @ d+Au 4 @ - El;:l l%):l —
%) r o . [ A
E C I ~ % IFI T a2 G]
B 2,_ 7 % 1+ re] - -ﬁ_
N . % % ? ; " no-h ! QO i
= 9 1 NZpsl op+P 1
g _(? if x oe e d+Au [%l [ﬁ
i 1 i PHENIX Prellmlnary
S B e PR 0 — 5| :
P i (GEV/C) b (GeVic) |
e _ Tt - PHENIX Preliminary
1d RMS k-z,.. product using =n° and =* as triggers s % e 7 &
T=trig 4 5 6 7 8 9
Pr.trig [GeV/c]
A(k?,) =—0.25+0.68(stat.) = 0.27(sys.)
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Future Measurements
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PH  ENIX

» Correlation method requires rough

binning in p; T 6<py < 10GeVic | % " PHENIX Prefiminary’
— Observables extracted as w %, o m-n "

averages within these rough bins 3 %, o m-f "
— Corresponding bin widths also S *‘ﬁa— ] ﬁ:i*

need to be “extracted” F LN "ﬁw—

» Alternatively, statistical weighting = | Near side ﬁﬁ” Far side Mﬁ "
can be used to extract 0% Yol oo
distributions directly 0 02 04 06 0f 0z 04 06 08

* Example: _ I_jT trig I_jT,assoc Enear e far

E_ 2 [ 1 L L

. I —— 5<p; < 6 GeVic —=— B <p,, < 10 GeVic

Pr rig _g —-— quij.:?GeWc | —— 10 <py, <12 GeV/e
_ o xl'u 10 —a— ?<pT:trig<BGeWc ] W 12 -:pT:mg-:TBGeWc_

— Away-side dN/dx, sensitive tothe 2 | . nearsie Tsi  Farside

fragmentation function (e.g.. at T LM | + _ 4

high-pT, slopes of dN/dx; and 2 | il Mo
D(z) are related) < | (i Tt N +

. ) ™ 10 | i

e See upcoming d+Au Correlations : ‘ | ﬁﬁ_ PHENIX Preliminary W

paper1 to be SmeItted to PRC 0 IDiZ D.I4I IDiBI | ID.IEI:II II:I[ZI | II:IL-I-I | II:IIEI | II:I.IB
E,near xE,far
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Summary PH ENIX

e Traditional jet-finding methods are unpractical in RHIC
collisions. Azimuthal Correlations make jet studies possible
this high multiplicity environment

« Study of the jet structure (J;, k;) allows us to distinguish
between vacuum, initial-state, and final-state effects

« Evolution of jet structure from pp to AuAu collisions
— No difference btn pp & dAu, but broadening of di-jet peak in AuAu

* Look for upcoming publications

— (nucl-ex/0410003) “Formation of dense partonic matter in relativistic
heavy-ion nucleus-nucleus collisions at RHIC: Experimental
evaluation by the PHENIX collaboration”

— (nucl-ex/0408007) “Jet Structure of Baryon Excess in Au+Au
collisions at Vs, = 200 GeV”

— (nucl-ex/0404024) J. Jia, HotQuarks04 proceedings
— Jets and correlations: p+p, d+Au, and Au+Au

Lake Louise Winter Institute David Winter
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PH ENIX

Backup Slides
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Relative Gluon/Quark Contrib. PH ENIX

* In current measurement, 7% mainly produced by gg and qg
scattering

gg%gg gq—gq | 4944

=
1n

=
s

Kretzler,
hep-ph/0410219

Fraction of produced =°s
=
(A k]

n.z2
n.1
1] 2 4 E 2 10 1z
pr (GeV/c)
Lake Louise Winter Institute David Winter
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Is It Hard-scattering? PH ENIX

& a) Single-particle spectrum and QCD
2 10 Y redictions .
§ v P Au+Au — 10 + X (peripheral)
MLE, P EPHENIX Data 'q'ﬁ 10-1; 8 pp— X @ 200 GeV (N_,[80-92%] scaled)
§' " — KKP FF ..9_ = ¥ AuAu - %X @ 200 GeV [80-92%)]
m_g 105 _____ Kretzer FF % 10'2;_ lNLO pQCD, EKS nPDF, Q. = p; [I.8arcevic et al.|
i 10 =
3 3
10 ..('?... 10 E
10" & PHENIX Collab. > 10-4f_
4o* L PRLOL, 241803 'Ul_
E hep-ex/0304038 &F
e s . o 10>
X WE b) -
< 2F L [ > 1 6
L ot a2 I * = 0 =
© 20C ! l J l _7Z
< a0g O 107
*E c) L ~8f
§ 2 [ o 10 =
B 0 ey S i
N St 8107
& E T e d) —=an10f PH--ENIX
é 2 :_ ' ‘.T!-!-"'!t;.at!__z 10 §_| co e b P b b P P
| S— S 0 2 4 6§ 8 10 12 14 166
Peripheral spectra agree well with p+p
Ps (Geie) (data & pQCD) scaled by N, Pr (GeVic)
Lake Louise Winter Institute David Winter
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Correlations Example
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PH  ENIX

d+Au Vs=200 GeV

5<P7 4g<10 GeVic

2<Pr ass0c <3 GeVic

400F S .
: ! ame-event sl Mixed-event
\ 3002— K : oy
§ - a 15__ : ..
S 200 "4 E | ﬁ :
g vy " S 10f s *
100 ¢ b ) t* - ....r 5,
‘ L] - - ¢* 5_— w.. c.‘
F 2 \
DJ.‘ I ..\M/. . .h_lb 0 L |
0 2 4 0 2 3
Ad(rad) Ad(ra
\TMimics acceptance
L . k)
15, f Same / Mixed = | *  Fully-corrected
i ++ Acceptance divides out s %4
= | 3 ot '
5 10F ¢ g 't
E i ‘ ++ © B ¢
3 5- t ¢ ﬂ e i ¢ .
c = #* “ w #t+ H B . [ ] . ¢+
J M i X
Oém‘##‘* | *&‘ w; #‘ #*I* * *I&% 4 0 F‘..... “..0‘“¢++¢+ [ ¢++¢+ +
0o 2 a_ o 2 a
Ag(rad) Arad)
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Comparison with Pythia

% IR RS R R R E:g: : L L L R
2 Red: data - z | S<P7 1rig<6
f1l 4o Bluerpythia | g1 %, _
= Qo. 1 £ %
Q. 'Y
LI i .1'
o¢ - u
10 ¢ "u i 10 +U+ :
° ] i 1
b, - - t,
ot #MY
, +i+ *o#
10 ? 10 *:
||||+ T D D
0 1 2 3 4 5 0 1 2 3 4 5
pT *°(GeV/c) pT°°(GeV/c)

p+p Vs=200 GeV (Run3)
Pythia results agree within ~20%

Lake Louise Winter Institute
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How high is high (multiplicity)? PH ENIX

 Central events: N, ~ 300
e dN,/dn ~ 450 N |
 Most particles are m's b ermilob &
P ouss S
dN/dn ~ 670 Lt . [ ¥ Tevatron < '&@
-8 6 — L7 M ]
= U [ HNA49 o &
) . [ @PHOBCS ‘z.} 3
O T . A RHIC Average g’- .
4 b % PHENIX ;‘“ ;
g‘:'- - -
—D B t
N S v
L ool
% 2F wr pp PP ]
| F ]
0 - 1l I
10 10 10°
V3 (GeV)
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