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Plan of lectures

r—O. Introduction: QCD matter, Heavy-ions, jet-quenching

1st ¢ 1. High-p, leading hadron suppression:
¢ pQCD factorization, quenching factor (R,,): QGP g-hat, dN¢/dy
:ﬁ o R, pT,\/s cent,L,C.,m ) data vs parton energy loss models
it 2. High-p. dihadron correlations
/

e Away-side suppression: QGP g-hat

e Away-side splitting: QGP speed-of-sound(?)
\

p
3. Full jet measurements:

3¢ S e Reconstruction: Clustering algo, bckgd subtraction, corrections

e v -jet: medium Fragmentation-Functions: QGP g-hat
\
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l. High-p_ leading hadron spectra
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High p, suppression vs. parton energy loss models

v FlatR,,(p,): AELM

rad

R,.(Vs):

AE o< 03 Cg

v E__ path-length oc L2 (static), L (expanding):

¢ Centrality:
log(R,,) ON

part
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High p.suppression (V): non-Abelian nature v

m Gluons radiate x2 more than quarks:

(AE) o< agCr{(G)L*

Gluon: C, =N_=3
Quark: C_ =(N_2-1)/2N_= 4/3

W TEST 1: Increase Vs & at fixed p, =
access lower x~2p./V/s = larger

gluon fraction = increased quenching

| parton — hadron+X at p, = 4 GeV/c : ‘

9.9

o

[=;]
HH‘IIH‘H\I‘I\

4
0 NLO pQCD, KKP FF [W.Vogelsang]
1 ‘ 1 1 | 1 L1 1 ‘
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3
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-
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s (GeV)
p; = 5 GeV/c, Vs = 10-5500 GeV
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Suppression at pr = 4 GeV/c: —

£ ol B PbiPb — n°+X 0-7% cenlral [WAS8]
% A PbtAu — X 0-5% central [CERES]
O S+AU — 70+X 0-8% central [WASD]
=r H @ AuiAu — m+X 0-10% central [PHENIX]
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High p.suppression (V): non-Abelian nature v'?

m TEST 2: ~90% high-p. (anti)protons

from gluon-fragmentation
= increased p over w quenching ?

1.2 L
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[ ¥t
c B
2 o8-
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PDF:CTEQ6M
AKK: S. Albino et al, NPB 725 (2005) 181

40% 7 from gluons

.1I0. L
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=

2

m Yet, (anti)proton production not well
“calibrated”: enhanced in d-Au
(extra non-pQCD mechanism ?)
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m But similar &t,p suppression ?!
no apparent stronger gluon
energy loss ?
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High p. suppression (V): non-Abelian nature v

m Besides ... gluons radiate 2.25 times more than quarks only asymptotically ...

Theory: Experiment:
. ! L ! L L NH |
ie [imit- = = 2 R=164+0.17 ~2 Vv
u° Analytic limit: AE JAE = C,/C; =225 S5 | 64 = 0.17 at Q~20 Ge
<] [ . |LLA&NLLA, r=C,/C =225
~ 3,
LIJU) 2_ S 20)- .....
< 8 I
& O
0 =
g,
15k ! O CDF,E,=41 GeV
. 1~ Gaffrey & Mueller,1985s ~ © CDF, E =53 GeV
| — — Catani et al., 1992
— Central Pb+Pb at LHC, dN%/dy = 3000 1 | L |!t:-'l-ll'-‘iﬂI : c::l-lﬂ‘zﬁa
—  Central Au+Au at RHIC, dN%dy = 1200 0 e ool : e —
| o sl . o sl 10 _ 100
11 10 100 . Q - Ejet mcone
L Vitev,oMos et [GEV] Latest LEP (OPAL) result:

r=1.51+0.04 at Q~90 GeV

m Effectively: AEg/AEq~1 .5 RHIC results do not disprove the colour-factor
dependence of high-p. suppression (if anything, the v/s-dependence supports it ...)
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High p.suppression (VI): Heavy-quark mass effect ?

m Theory: Massive quarks cannot

radiate gluons at low angles
(causality requirement: since v<c)

[Dokshitzer & Kharzeev]

7

“dead-cone

= Heavy-Q lose less energy than light-q (AE,__~M/m_):~25%(~75%) less for c,b

B Experiment: High-p, e* from heavy-quark decays as suppressed as

pions: R,,~0.2 above ~6 GeV/c !

< BT e
I'.'E‘( 1.5f (ﬂ) 0-10% central == Armesto et al. (I) _f
1_43 [ ] vanHees etal. (Il) _f
1.2E mimimm 3/(2rT) Moore & 7
gl L 12/(2nT) Teaney () 2
15Nt —
u.sf— : ._. —f
n.af—u Y Vo = o s —f
0.45— . =8 E
025 g @\ = 200 GeV el ? ..... - -
L R N E T A
PH._ENIX, PRL (2006) P, [GeVic]
®m Radiative energy loss fails !?
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zzzzzz. STAR charged hadrons pp > 6 GeVie 4
_____ I: DGLV R (c+b) i
—_— Il: BDMPS (c+b)

———— lll: DGLV R+EL (c+b)

-------------- IV: Hees/Rapp EL (c+b)

——— V: BDMPS (c only)

STAR, PRL (20086)
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2

4 6 8 10
pt (GeV/c)

David d'Enterria (MIT)



High p.suppression (VI): Heavy-quark mass effect v

“Heavy-quark puzzle” EXPLANATIONS ...

® Less B-mesons ? No. B/(D+B)~50% (preliminary PHENIX & STAR data)

© Extra quench from elastic Eloss: Likely. E_  not negligible for slower heavy-Q

©@ Strongly-coupled QGP: Larger heavy-quark diffusion coeff. (AdS/CFT)

© Coalescence of c-quarks from mesons into baryons (with reduced e* BR) ?

© Very short D,B formation time O(1 fm/c) !

g; No nuclear effect 1 05(e'+e), OG+P (:!issociation £=23
T ~ (ZP/M)(14y)~ 0.4-1.6fm (1) = T I oosese o |
i & STARO.5(e'+e), 0-12% Au+Au
0.8 -
| Adil & Vitev, PLB649(07)139
Heavy-quarks don't fragment P,
. ) . 0.6 * |
in vacuum but in the plasma (*) ! ! +\ At ¢ ||
041 \#j*_ ~.+ | L -
Parton-meson dissociation L ﬁ"ﬂ-‘—.}—’ : ]
- Central Au+Au +
(*) Note extra Lorentz boost: y = E/m~3-10 O "> T4 6 8§ 10 12

Py [GeV]
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High-p. leading hadron suppression: summary

Au+Au - 200 GeV (central collisions):
B [0 Directy [PHENIX], v [PHENLX Preliminary] ]
3 Inclusive h* [STAR]
i 7® [PHENIX preliminary]
[ ] 1 [PHENIX]
GLV parton energy loss (ng{dy =1100)

m High-p, hadron suppression:

D|||2|||4| 6 8 10 \12|||14|||16|||18|||20

m Validation pQCD E__ models:

R (Prsv/s,cent,L,C,m ) ~ OK
m Hot/dense QCD matter tomography:

g ~13 GeV?/fm
dN9/dy = 1400
T~0.4 GeV
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High p.suppression: outlook (CMS @ LHC)

= Physics reach (Pb-Pb @ 5.5 TeV, 0.5 nb™, HLT): spectra, R,,

High an" in central AA:

5013_' L L B L L L L R = ﬂ_‘ﬁ E 8] Pbe@\,ls_m=17,BGeV[‘a"JA98]
9F Charged particles <25 = - )
T qp°E ¢ 010% central = - f B AuAu @\, = 200 GeV [PHENIX]
'g 4 E: f it Central,xm'z :E - GLV energy loss (dN /dy = 400)
= 2-an% central, x 107 = L g
2 10 . O 30-40% central x 10° = SPS GLV energy loss (dN /dy = 1100)
A5 * 4050% central x 107° 3 o
':O 10 = i) E-F0% CEﬂtl’aL)(m-:; = 1 aCCRITTIED E)Cﬂ@ oo o o R A R EE R EE R EEEEREEE
— e B-70% central, x 107 3 - O GLV: dN./dy = 2000 - 4000
$108E0" s O 7080% central, x 107 = F, 0% Ny
SEP .. | BneTcentralx 107 3 - RHIC 11(#1
(5.10-115 o OOQ .I..ttitit.... i L ** LHC 'T"T“’
— o Ye, “Caogg 4 @@ @& (:) I
_16:: o} ] OOOOOOOQO o E - ** ..“.. .’
e Yo Yea,, = o ®
10 - @ Oo N ..I....... . — . .
'21500.. . OOOOOOOOOOO o = 10-1_ ’
107 e o0, " eennnin,,,,, = - PQM: <§> = 30 - 80 GeV¥fm
26E" e 0o ¢ *= B
100E 0 e, 0009000 000 3 R
_3122'.0009 . ."!ot.. = o Lo | |
£ o 3
1072 *e.,, 229000000440, = 1 10 10° p_(GeVic)
3BE AL T TN = Pr
- F 4. @ -
10 L 11 1 | L1 11 | L 111 | L1 11 | L 111 | [ I_:
0 50 100 10 200 230 | = R,, at the LHC not independent of p;:
o, [GeVic A !

’ more sensitivity to energy loss distribution

0.~300 GeV/c (Slower rise in BDMPS than in GLV)
.
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Il. High-p.. di-hadron

n¢ correlations
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Jet qguenching via high-p. leading hadrons

D+p —jet+jet [Vs = 200 GeV] Au+Au - X [Vs, =200 GeV]
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Jet quenching via high-p. dihadron ¢ correlations

D+p —jet+jet [Vs = 200 GeV] Au+Au - X [Vs, =200 GeV]
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Jet quenching via high-p. dihadron ¢ correlations

D+p —jet+jet [Vs = 200 GeV] Au+Au - X [Vs, =200 GeV]
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Jet fragmentation: azimuthal charge ordering

= Strong dynamical charge correlations are expected in jet fragmentation:

n’ n:‘ ' T n T

System (+-)/(++ & --)
p+p 2.7+-0.6
0-10% Au+Au 2.4+-0.6
o Jetset 2.6+-0.7
Ref: PLB 407 (1997) 174. ' S L T
Foo- s N 01 |m]|<0 S - |Aq[>0 S {sca}_:ed}nir:lmsfs:: same sig
| | | : y?‘ : } | |r“ — 0_05_ Au+Au A L\ :ssg-ll:msg'!]“
$ i e S
%h-
= Compare ++ and -- correlations to +- ¢
= Similar charge ordering observed e T
in pp, AuAu & jet-fragmentation MC. I e B R D

A ¢ (radians)
STAR, PRL, (2002)

p,> 4 GeV/c: same hadron production mechanism in central Au-Au & pp
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Dijets via di-hadron A@ correlations: pp, dAu

= Study dijet events “statistically”: via typical back-to-back azimuthal
correlations of produced hadron pairs (h* — h*, 1°*— h*):

=
2
- [
= r
8 E Saway
T C L
= r jet
underlying event
0 2 4
Ao (rad)
1 dN 1 Neon(A9)

Ntrig dA(]b a Ntm‘g Nmzx (Agb)

® Clear near-side (Ap~ 0)
and away-side (Ap~ 1)
jet signals:
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= Trigger: highest p; (leading) hadron.

= Associated Ag distribution (e.g. "assorted”:
2 GeV/c < pTassoc < p_l_trigger)

dN

0.2

e
3 PH ENIX |
[ 71N i
i - [
02h $ Jo.15
: ﬁ ] 01
ol ‘?\ |
' g N 1005
o % i

Adfrad)
p,*ssec= 2-3 GeV/c p,2sscc= 3-5 GeV/c
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Dijets via di-hadron A@ correlations: AuAu

® Au-Au: - trigger hadron: usually from parton at surface
- away-side hadron: from quenched parton

® Same analysis as in pp, dAu but: D
- larger underlying event > L
- elliptic flow subtraction \i.\f
underlying event %
0 2 4
Ao (rad)
" |, = “suppression factor” of strength of away-side associated yields:
1ri assoc hih tl‘lg
P _ /pT,;iﬂ - /pnmdp” / y Aq)d3GPL(ZAA)/dPT,1de,2dA¢ Tid= DAA(ZTJT;T. )
I ) ) . ri
pp(AA) TJim pésoe awayside dG?JjD(AA)/devl Djpp(ZTa D g)
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Dijets via dihadron A@correlations: central AUAU

m Strongly distorted back-to-back A ¢ correlations at intermediate p,'s :

Near-side peak: ~unmodified N
& g PHENIX
% 2 a'_ 5109041GeVic]  510812GeVic ] 510923 Ge%\:_ 510034 GeVic | 510 © 45 GeVic | I5—1D$5—1DGEWE§
o} 3.0 \ 6.0 } % 14.0 % 14.0
0 ! . |~ !
2 : -

0.9 I i . i |
T m m i |
o (] 0 ©° - ﬂﬂ
z y 0 g8 0 g ﬂ n‘ .

” : ﬂ\ ) i ) "L ey
"'1_"~ " .|...‘i‘..€.f/|...|..|..A‘.|...|... il il L L \-\I. .|...|. /..|.
N 0 2 /4 0 2 4 0 ¢ 0 2 4 0 2 4
| \/ Ao (rad)
broadening .« i s o “sunch-through”
Away- | J “splitting” at “disappearance” P hih J
%: SOﬂ:enmg intermediate pT at semi-hard Pr at hig pT

at low p,
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Dijets via dihadron A@correlations: central AUAU

m Strongly distorted back-to-back A ¢ correlations at intermediate p,'s :

Near-side peak: ~unmodified N

& g PH ENIX
% 3 4'- 5108041GeVlc | 5109 1-2GeV/ 510 ® 2-3 Ge%\j. 510034GeVic | 510845GeVic | I5—10®5-1069Wc§
a «3.0 \ $60 1 « 140 x 140
0 ! ! |~ !

. L !
% [}.2' is o i -+ ti |
? | "0 um:’ ¢ ~

" M 00 BEVE N : : Son
"'1_"~ et | .\i‘..“.’/l...l..I..“‘.I...I. L1 | ..|...|..\;\|...|...|.’/..|.
' 0 2 / 4 0 2 4 0 2 4 0 2 4 0 2 4

|| /“/ AD (f ﬂd) \\ / )
broadening «_u . | “sunch-through”
Away- o J “splitting”  “disappearance’ P g J
. softenin : . at hi
side: 9 at mid Pr  at semi-hard p; I Pr
at low p,
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AUAuU dihadron Ag@correlations: semi-hard

= Away-side peak disappears:
“monojet”- like topology:

et
N

1/N,ygqer AN/A(AQ)

o
-

STAR, PRL90, 082302 (03)

=4 -6 GeV/c
> 2 GeV/c

pT trigg

pTassoc

)

k- —— p+p min. bias

———
e d+Au FTPC-Au 0-20%

pn

* Au+Au Central

-1

1 2 3 4
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A ¢ (radians)

= Associated azimuthal yield
strengths (pp/AA) vs centrality :

IAA

22/33

m | A¢| <075 d<p.(trig)<6 GeVic
o | A0|>225 4<p,(trig)<6 GeVic

:j: Near-side peak: |, .~ 1
12F- D *_ 1 %
I S .
08 + _
"-“f‘i - Away-side peak: 1,,~ 0
oa- T 1 T \
n.zi— 3}1\?'* + + ?
0
0_ 5|0 | 1(|10 | 1!'|)0 | 2(|)0 | 2%0 | 3(|)0 | 3&0 | 4(|)0
part
o D aa(zr, py'®)
AA —

tri

Dpp(ZTaPT g)
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High p. di-hadron correlations = QCD medium properties

m |, ratio of “pseudo-FFs” provides valuable extra constraint on

. . trig
medium properties: 7, — DAA(vaPtr )
Dyp(zr, pr'®) ﬁ\ﬁ‘“
% I = ¢ & 1.5 & % .1 1-0--'|-‘--.---|-”|--~| 20
8GeV<p<15GeV STAR 200GeV i " :
' A d+Au x1.5 . “1 AuAu-7° 200GeV 0-10% Tre
10°L ¢ AuAu 20-40% Sl 1\ ~<- 1, P=B5GeV p°=r5GeV |
= AuAu 0-5% s | ! '. —— R, p,=8:5GeV
LA
$10°F
a [ - - - ppx1.5u=1.2M

I pp x1.5 11 =0.8-1.8M
e 20-40% u =1.2M ¢ =1.68 pQCD NLO
E

E —— 0-5% AuAu—h'h' p =1.2M g, =1.48, 1.68,2.08
0.8 B I 1 ' ] I [ I 1 I 'l I ] I [

T I T 2 W 5 20 2
-'fo:ﬁ'- % % } + ¢ I ¢, (GeVim)
Fopf T = '

o L A e, = 1.5-2.1 GeV/fim

- ' H-Z Zhang et al., PRL98(2007)212301
.
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Dijets via dihadron A@correlations: central AUAU

m Strongly distorted back-to-back A ¢ correlations at intermediate p,'s :

Near-side peak: ~unmodified .
& g PH ENIX
g il 5100041GeVic]  510812GeVic] 510823 Ge%\:. 510934GeVic | 510845GeVic | I5—1D$5—1DGEWE§
a x3.0 \ 60 1} x14.0 %140
> | ; 44 |
T 0.2 4 + 1 ti .
~ : 0 0, @ %
mz LM, H q.u 0 20 o
: . ‘\. A ;’ 1 : s ‘ . =

"'1_"~ Oty | .“i‘..“.“‘/l ||‘|| .|...|...|..\y\|...|...|.’/..|.
- 0 2 / 4 0 2 - 0 4 0 2 4 0 2 -

| |/ Ao (rad)
Away- broade.nlng “splitting” disappearance” puncr;]—lthr:ough
side:  S%"®M"9 atmid-p;  atsemi-hard p, At pr

at low p,
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AUAuU dihadron Ag@correlations: low-p.-

= “Jet remnants” reappear at low p, as a broader/softened structure:

1/Ntrigger dN/d(A(p)

Pr = 4 — 6 GeV/c
P:.....= 0.15-4 GeV/c

acenn

2_

3 P+p

Au+Au 5% central ]
| STAR, PRL95,152301(05) STAR 1

A ?radians)

= Soft p, “jet remnants” are “thermalized” <P->away-side hadrons (p-p) ~ 1. GeVic
<p,;> away-side hadrons (Au-Au) ~ 0.7 GeV/c

(<p>~<p”*>):

QGP School, Torino, Dec. 2008

<p;> inclusive hadrons (Au-Au): ~0.6 GeV/c
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Dijets via dihadron A@correlations: central AUAuU

m Strongly distorted back-to-back A ¢ correlations at intermediate p,'s :

ESTJ'-\FI

Near-side peak: ~unmodified N
& g PHENIX
% 2 d'- 5108041GeVic]  510812GeVic | 510823 Ge%\:_ 510834GeVlc | 510045GeVc | I5—1D$5—1DGEWE§
2 | <30 L <60 | <140 <140
@ . . |~
p4 09l d > ] | t .
R | o0 o0 i
o 0 0 ©° - ﬂﬂ ﬁ
z 'y H o M0 X ﬂ H‘ .

i 4 0 ) i L L
"'1_"~ " .|...D|...|...|..|..‘.|...|... il i L .|.\.\|. .|...|. /..|.
' 0 2 4 0 2 4 0 4 0 2 4 0 2 4
Ao (rad)
broadening  «_ i » o “sunch-through”

Away- N9 «splitting” at  “disappearance” P i J
side: softening intermediate Pt at semi-hard oR atnNigh py

at low p,
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AuAu dihadron Ag@correlations: mid-p_ splitting (I)

= Strongly modified away-side Ap correlations at intermediate p_'s

(1) Away-side “dip” at M

(2) Excess of activity (“double peak”, “shoulders”) at:

00% oxvosorsi . ¥ v -
E : 2.0-3.0 ® 2.0-3.0 GeV/c PH-“ENIX -
To.02 ]
Q : :
: | / o\
2001 5
z e
= i >

[ L |
0 2 4
Ao(rad)
M +1.2rad
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0.8

2.5 <Py <4.0GeVic
1.0 < Py ass0e < 2.5 GeV/e

06—

| |
[ | AuAu 0- 12% * 7
e AuAujan<072  RIAR]

® AuAu0.72<|An|<1.44
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AuAu dihadron Ag@correlations: mid-p. splitting (II)

= | arge angle gluon rad. = Mach cone = Cerenkov radiation
EDI_IE__|||||||||||||||||_L=ﬂ_1m||||||||__ 02:: I I 100 ' ! ' !
Jpqaf 10 CeViim o E | e - henks ol | 1 T mobmeT
= Wfm - = . — N 3 b — - | | -1
% - 15 02 | 1o longitudinal flow J. Ruppert L -——- m~0.5T,m,=3T
0.12¢ 1 S | |— includinglong flow Lo ----- m~0.5T,m=1T
- 2 01c ] Lo -
I].1:— / | E il—"m} . 60 ‘ '\‘ |. Dremin;
0.08C /[ 1.7 @ \ V.Koch,
0,06 ’ i 0.1 7 40 - '\‘\ A. Majumder,
0 04:— ERRS . X-N.Wang
P ] 005 4 Wr s uckh/0507063
0.02F “A. Polosa, C. Salgado E - TS
u-l 11 I L1 1 1 I L1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I 11 I- | | I 0 1 l 1 l.\ ~.
15 1 05 0 05 1 15 % 50 100 0 0.5 1 15
Ag
AP hep-ph/0411315 Casalderrey,Shuryak,Teaney p

Also: Vitev, PhyS Lett. B630 (2005) nucl-th/0406018 Stoecker

hep-ph/0503158 Muller,Ruppert

nucl-th/0503028 A. K. Chaudhuri Quenched-jet radiates at

Cerenkov gluons when
traversing medium at v > C.
Gluon dielectric coeffic. :

Quenched-jet scatters
through medium radiates
large-angle gluon
(“Mercedes” topology)

Supersonic-jet (v>v )
generates sonic-boom while
propagating thru medium.
Speed-of-sound accessible:

(6,) 1 1
. : COS ~—~ —
® But also: deflected jets ... cosh . = c ¢ VE n
M )
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AuAu dihadron Ag@correlations: mid-p_ splitting (lll)

m Splitting angle Ad

+1.2 rad doesn't vary much in wide p, & centrality

range: inconsistent with Cerenkov ? (6, decreases with speed of parton)

150 0-20% Au+Au | | -
L | i
r 0 ¢~ 1 -2 '%d ]
L o N
1 ~
: 2<p? <3GeVic i
05— —]
1.5j ]
6 : W '~1 _2 rad :
©

= - —
a - -
C 3<p? <4 GeVic uY ey
0.5 T PH-<ENIX J
1-5_ """""""""""""" ]
1= -
r $ ]

i 4<p? <5GeVic
05~ SR .
0 1 2 3 4 5

p (GeVic)

M.McCumber, QM'08
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2r
- ® Au+Au 0-12% 1.36+0.03
— 1.9F STAR
8 135—
@ ”5_ STAR Preliminary
T ¢
L9 J
| - C
; 1.5
5 Wi J 1 g I 13rad
C 13f ' !
©
O 1.2E
g 1.1E- B.Mohanty, QM'08
O d-}, | | | "l | 1 1 | 1-‘5 | | | | 2| | 1 1 \2-‘5 | 1 | | 3
pT(GeVIc)
[
T 2.0-3.0 ® 2.0-3.0 GeV/c ]
R o o] _
. pr—S—p—]~1.2rad
s | AT [ -
s ¢t
[ o
EI'.S_— —K —_
—e— FITH PH-<ENIX ]
L | —— FIT2 ]
I 1 PRC78, 014901 (2008)
a1 - - 5 - 0 5 5 5 5 1 5 5 5
D#" 100 200 300 400
N
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AuAu 3-particle Ag correlations: mid-p_ splitting (1)

[M.v Leeuwen, QMO06]
m 3-particleA@-A¢@ help discriminate among various physics mechanisms:

o
near S
/‘ 3

Event-by-event -
deflection of jets k

Med|um

aw ay

deflected jets

N'/‘near So-‘g
~ <]

N

Cone-like
structure
in each event

Mach cone 0 T[ A(pz_’_[
12

However: Large backgrounds, background shapes not simple
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AUAu 3-particle Ag correlations: mid-p. splitting (I1)

C. Pruneau, J. Ulery

) 100 200 300,
Au+Au 0-12% "
0.6 -
04 -
02— - _—— .
0—f0 =0 0 50 100
(A9, *A9,,)/2
0.65 —
0.4- - -
02- L B
= -
400 B0 0 50 100
(Ad,,-Ad,,)2

Cumulant analysis:
Model-independent
Non-zero 3-particle structure
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L DB
o b
= 4
43 A

|*||||,||||

1
(=Y

\[Syn=200GeV PHENIX Total 3-Ptcle Jet Corrin.
2.5<pl%<4 GeVic

-0.2

1<p3ao<2.5 GeVic

C. Zhang, N. Ajitanand

Cent = 10-20%

PHENIX

AP, 3< Pruig< 4GeVic
oap 1<p < 2 Gev/c PHENIX Preliminary
E T,assoc } i ) .
s [, e - S L e v corsion a0
5 = ¢¢¢ AD*=<1.65-2.2>rad  cent 10-20 %%
|;_. * +¢¢+ * *0-4__""|""|""\""I""\""I'
- ** * - —g =
Eﬂ E is&&R Preliminary e |
Z I S S I - S T 3 - S ) " 8 3 - \ i l ‘
o (z(p12+A(p13‘>72-T[ <;‘12302f+,7,| \l ll|lT+]+l“+l
- S PT RR 0 LT Ty TRt
0.3 5 o1 T T T | T 1
g - 8 r -
u'zg . . ¢¢ - % o |
01 e - §- O? ---------------------
u;- - ®* & - -l - [, L | el 1 L |
ok - - o 0.5 7 m;*?rad) B 2.5 3
—I2 -1 I_5 -1 -l:ll_ 5 l:ll [s] .I5 ‘Il 1 _I5 2'
(A('plZ_ A(plS)/ 2

Jet+backg

Model-dependent, more sensitive
Off-diagonal peaks consistent

round analysis:

with conical emission

31/33

(Different coordinates)

No ‘deflected-jet peak’
consistent with conical emission

Cone-like emission favoured
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AUAU dihadron A@corrs: splitting = Mach cone ?

W Supersonic (quenched) jet can generates Mach shock-boom in medium.
B Speed-of-sound accessible: cos 8, =c,

=« = KoS H

-----
-
-

N W
IIIIIIIIIII

g
w
™ .
RB. Neufeld
(preliminary) o'

W T

. '0|||||||||1||||||

" PQCD, AdS/CFT T
TR | - basm 5 5 | M& € (GeV/fm?3)

...... O — ....... B ..'..."".'--:--.,..., ....... ......... mﬂi@ .........
: : ; - arXiv:0712.005
Y S > . 0 — 1
: e 5 : 5 | ; € = — J' dic (1)~ 0.33
: ) i ; : : : Tf

(time-averaged)

aTal a1, O NG 0 u=075¢C
. I T
=T 30 4 wTa

Bneory = @rccos(<cy) ~ 1.2 rad

a0 45 -

ME

W Yet, unclear if signal survives at final hadronic state ...
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High p. dihadron correlations: summary

= High-p. 2-,3- hadron ¢ correlations: access medium-modified dijets

= Jet-like correlations clearly present: near-side shape, charge ordering
= Away-side associated hadrons strongly modified:
- Low p.: yield strongly enhanced, softened & broadened
- Mid-p.: double-peak structure with conical-like emission at ~1.2 rad
If Mach-cone: possibility to access QGP speed-of-sound ¢_~0.3

- Semi-hard p.: away-side peak strongly suppressed.

|, described by parton energy-loss models: € = 1.5-2.1 GeV/fm

- High-p_ (p,~8 GeV/c): away-side peak reappears (“punchthrough”)

= Rich phenomena at intermediate p.: Interesting connections to collective

medium response to hard partons (speed of sound, index of refraction, ...)
but theory-data comparison challenging.
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| ectures overview

g ~13 GeV?fm
dN¢/dy = 1400
T~0.4 GeV
c.~0.3 (?)

Au+Au - 200 GeV (central collisions):

m Suppressed :
high-p, hadron

Hot/dense QCD
matter properties
via “jet quenching”

QGP School, Torino, Dec. 2008

spectra:

< m O Directy,y* [PHENIX] i
o 2 Inclusive h* [STAR]
a n® [PHENIX]

® 1 [PHENIX]
GLV energy loss (dN%dy = 1400)

i1

__1_ _D__., _____ f— ——
R S
0 274 6 e 10 12 14 16 18 20
[ (GeVic)
3 0 0
e . g ~3-4 © 2-3 GeVic ] 4 —4-5® 2-3 GeVic
= Modified h|gh'p.|. S,10f % =23034Gevic] X % =23045Geve]
. zE [ 7 9 0-20% Au+Au -
dihadron Apn = 4 A
. . < : ] " i nﬂgﬂ.. '!'j"* . T '
correlations: $ dot el ot .**y'i'. i
o
- 0 fﬁ¢2 4 0 Ad 4

m Full jet reco, 1.
v-jet, modified

Fragm. Functions:

Au+Au 0-20% p:::l ~21 GeV
STAR preliminary

34/33

David d'Enterria (MIT)



Backup slides
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Dihadron An correlations: AuAu (200 GeV)

@ Significant broadening of pseudo-rapidity E-—-;{d+Au,4o-100% =
correlations in AuAu compared to pp,dAu. P t " B
(“stretching” of jet cone along n). = ) _

@ Coupb——————*—=——~xpanding mediurﬁan;_ _ .

L STAR preliminat 1 04D _1E _ ]
1 o :_': TI-STAR preliminary r,-,-,'

0-02' U+AU, 0-5% -1 1

0
Ad

1 0 1 & et
\_ An J oz o
| near-side width A : %
505 ] =
o B '|' 4 Au+Au, 0-5% o =
oab 1 o d+AU, 0-40% | joc3oeety
' C } B p+p, min bias =
" is ! i@“
r . 1
0.2 2 —
B i ]
0'1_| L L L | L L L | L L L l L 1
2 4 6 8 .
. 3 < p.(trig) < 6 GeV
L P(trig) (GeVic) ) [D. Magestro, HP'04] p+(trig) -
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Dijets via dihadron A@correlations: central AuAu

= Same dN__ /d¢ analysis as in pp (dAu) but 2 extra complications:

pair
(1) Increased underlying event background Gorelation Functicn Hormonic

AN =a| H(AG)+

(2) Collective elliptic flow (harmonic) contribution

1.06 -
104 Au+AU Sy, = 200 GeV; 1<py,,,.<2.5<p;, <4 r:;ew-::‘

102, (a) 0-5% . (b) 5-10%

1E__" ) I

gigp ™" T Tm = o Mo
—~ 096 f
-g- 0.94 :_ PHENIX PRELIMINARY 4
Z 11t (c) 10-20% 3 (d) 20-40%
= E Tu
= E3
1 +.
= :
~ =
O 3.
1.2 (e) 40-80% ER (f) 60-90%
E " ] 'w\/___
, ,**  PHIENIX
' i e £l OIS w * = Ajitanand, ICPAQGP'04
e : and nucl-ex/0501025
05 1 15 2 25 3
A ¢ (rad)

= Delicate subtraction procedure (esp. in finite acceptances).
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Dihadron Ag@correlations: AuAu away-side splitting

Emergence of a Volcano Shape PHENIX (nucl-ex/0507004)

eV/c |G
peripheral: normal jet
pattern

Ad ={D,r:}- data
={_r:,2r:}- reflected
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Dihadron A@ correlations: splitting

@ Double peak structure at 1+ 1.2 rad reminiscent of Mach wave

conical shock (“sonic boom”) in medium O speed of sound accessible

Mach cone:

cos8, =c

S

c_z)
) NS

dp/de (=
— o

o

<c$>:L J’ dic (1)~ ).33 (time-averaged)
T
f

1
I
|
=
=]
¥ »]
=

. ’
L) ’
v
.
» -
2 -

~ QGP (c,~1/3)

-----
-
-

- HRG (c,~V0.2)

d)

— phase transition (c_~0.)

1 2
e (GeV/fm?)

6 = arccos(<c_>) ~ 1.2 rad
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Jet properties from dihadron correlations

o Jet “width” j.

IT‘H’J"Q

. Ady A
jet w&[ ------------------ AG,, :
Y’LD‘

oN {_PT as-w} ="
/3D

where Zzp = DT,assof/PT,trig

pT,assoc
[']
{pr, mg}{pr sasn)
\/{PT e WAkl e 8

(JT )RMS =

(kT.u zi*'iy]RMs‘ =

#ﬁz} \/@T,mswu}z sinor — (1 + (z2)) (jT )ZR'V.I’?

h
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(1) 2-hadron correlation function:

LI L B By L B . S B B L L B B
PH:>>\/<<EN|X Preliminary

associate pr 1.5 - 2.0 GeVic

‘Ei | neaf—sideI | farl—side
- Ad(rad)

1 4N | Yieldy f—;’JrYzede maooon
d&@ \/ _}tJN V2Top

Iflt to 2-gaussians:
near-side o, far-side o_ widths

(3) Extraction of |, k. from ¢, 0_via

], [**] (and dN/dx, from Yield, )

[details in J.Jia, nucl-ex/0409024]
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Mean transverse momentum of jet hadrons (j.): pp, dAuU

< j;> ~ 500 MeV/c (from full jet reco)

Tzsmr::

Rt p+p

*Lﬂ{ﬁ-n.ﬁ GeV/c
—— Pythia + GEANT
Hﬂr

STAR Preliminary
\ls=200 GeV

= 3
=l=-.-|

py=2.0 GeV/c

0.2 0.4 0.6 08 1

QGP School, Torino, Dec. 2008

< jp,> ~350 MeV/c =< j.> ~ 500 MeV/c
———————

PHCENIX
d+Au\s = 200 GeV N 1

[J.Rak, QM'04] |
h h , Fix i}
h*-h* Assort , <Pryip> = 3.5 GeVie

+ h* Assort <pT1|g> 69GeV/c -

41/33

1 2 3 4 N 5
pT,associated [GEV/ C]

* <j.>~500MeV/c: Agreement
between RHIC and ISR data.

* No apparent difference
between dAu and pp.

* Fragmentation not affected
by cold QCD medium.
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Di-jet acoplanarity ( intrinsic k) : pp, dAu

@ Intrinsic k. (di-jet acoplanarity):  ,see——{romfuljetreco: E.~13 GeV)
- e p+p STAR Preliminary
2 [ .d+Au =200 GeV
Jet 1 S L
k; % - It 8¢=02210.02:0.06
;:E 3 11l Ap=0.31+0.05+0.06
s |
(n — \ =
g ESTAFI | | R=0.35
SHCEN - u K o
PH-“ENIX ¢ tifagederd . Creletll.) )
[ ] hf—hi Filx,d-lAu | | IPHEILIII:'( P;r-;‘limiln.'slrg,»'I | di-ietag
3 : ::;:; :55‘3:'13"‘:‘“ d+Au/p+p \'s = 200 GeV
T Assort, &l  Non-negligible pp k. broadening:
h*-h* Fix, p-p

oo

mt-h* Assort., p-p <k.|.y> ~1.1 GeV/c (not observed in

T
Wt

high p, spectra <k >__#<k > )

T pair T incl

~ * Non-null (but small) dAu

<kT>nuclear <kT2 > - <kT2 >pp T <kT2 >””Cle‘”

dAu

[Z[ = (0.75 taken as constant

Y (constraints models of multiple
10

scattering in cold nuclear medium
P, [GeVic] 9 )

IIIIIIIII|
I
EY
e
O Lol
- I
—0-+
A
i

o
5]
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Di-jet acoplanarity ( Intrinsic k): Excitation function (pp)

@ sqrt(s)-dependence of <kT>pair:
% 5
&)
A Dihadron in pp @ RHIC |,

<k;>~ 1.8 GeV/c

3 - — Tzsmr:: |

PH- <ENIX /

Diphoton

Dijet
1

o
O Dimuon
[ |
3

10 1(2)2 10 -
Vs (GeV)
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Jet properties (J., k-): AuAu (200 GeV)

@ Centrality dependence of [, |Cand [2[0k, ICin Au+Au:

thrigg =2.5-4.0 GeV/c s Prassoc = 1.0-2.5GeV/c

2-5_ ! I ! ! 1 I | I I I 1 | | T | T ]

5 | ° <z><[k|> | PHTENIX
%‘ 2_— o <|J-|-y|> | - Preliminary
O, i @ 1 [J.Rak, QM'04]
A 1.5 o -
il_ i
A 1:_ n i -
N
V i pp <z><lk > -
i f............................_
R Y Y S

: * 17 |

o . 1 .pP <.JTIY>| TR

0 100 200 300 N 40(

part
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Dijets via dihadron azimuthal correlations: AuAu (200 GeV)

Agg AuA 2
| [ni? d(Ag)[DAMA — B(1 4 205 cos(2A4)))]
Tpa Ay, Ady) = =22

[l d(Ag)Dep

= | A¢|<0.75, 4<p (trig)<6 GeVic
o | Ad|>225 4<p (trig)<6 GeVic

161 Near-side peak: |,,~ 1
1.4
o F B - 1
21.2:— B 1 %
-3 I N % *********************** -
=| 0.8 +
< uﬁi_i Away-side peak: |,,~ 0
< \
UU.II:— + +
0.2 I
: ﬁ.‘m + 1
)
C | | | | | | | | | | | |
0 50 100 150 2un 250 300 350 400
part

STAR, PRL90, 082302 (2003)
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Centrality dependence of near- and away- side correlations “strengths”:
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Reaction-plane dependence of away-side dissapeareance

p_l_trigger=4_6 GeV/C, 2<p_|_associated<p_l_trigger, |r| |<1

s —————
2 I
= - i%ﬁ‘”
3774 Out- of- plane 4 -e."L‘ 0.2
________________________ ﬂ,» I
S
B z 0.1
4 =

| X g
in- plir;lﬁ: 7 i £ 0 E
, E S .
__________________________ 0 1_. AU'I'AH, in-plﬁyﬂ -
3774 T4 ‘Lt AutAu outobplane
-1 0 1 2 3 4
[K.Filimonov, QM04] A ¢ (radians)
Back-to-back suppression out-of-plane stronger than in-plane
(consistent with increasing energy loss in larger path-length)
Constraints on path-length dependence of partonic “absorption”
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Dihadron azimuthal correlations: AuAu (62 GeV)

@ Away-side disappearance also at 62 GeV (statistics limited):

Pi®=4-6 GeVic, pr 52 GeVic, <09

; o ]
2 02 o . 62 GeV :
g 44 > 200 GeV
2 01 . :
2 e 6ud808 o o
z | 5
T 06040087 *ﬁ‘é-éﬁa %3993 T ¢%~¢
3 _
§H -0, 1 EElARpIEliminay Centrality: 40-60% -
0.2y - 4 . 62 GeV
1 g o 200 GeV ]
0.1} ¢ 9 | :
3 ? e . f? 8 ]
ph b 0s00  e80 b sonbdo
0¢¢¢ ¢¢¢ Qf§3&§ Qo'?’o 8*‘?4#6 - ¢ oo
0.1/ Centrallty: 0-20% -
-1 0 1 2 3 4
A ¢ (radians)
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@ [near side]

[away side]dIff.

Indicates similar suppression
pattern @ 200 and 63 GeV

015~

§ [ ptT"g-4GGeWc pT .2 GeV/c, [n<0.8
(7] I
S o1 - ..--r%
e - | STAR preliminary + +
o e
%\ 005_— 74}1 ------ 4‘#-‘ _-._+".’
= S S L+ '
('U 0' _.-‘é"”ﬂ "‘?’_ $ .... g
5 | Ll > 200 GeV
g | b 1
0.05 * » 62 GeV
0 50 100 150 200 250 300 350 400

N

[D. Magestro, HP'04]
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Dihadron azimuthal correlations: PbPb (17 GeV)

@ |arge broadening of away-side correlations seen in di-pion azimuthal

correlations at CERN-SPS:

‘_"'"" ﬂ-1"l""l" | L L L L L L
S CERES
-
= 0.00| i
1
o
Tk
= 0.08
c i
>
E 0.07 — o -
- Elliptic flow
0.06 - p,> 1.2 GeV/c N
PbPb: 21-26% central
I.IIIIIJI.JI.IIIIIJI.II.IIIIJJI.II.III
e -1 0 1 2 3 4
[J. Bielcikova, HP'04] A¢ (rad)
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Fragmentation functions : Central AuAu (200 GeV)

@ Associated (p,,.. .= 0.15 -4 GeV/c) near- and away- side hadron p. spectra:

| ' ' ' ' ' ' — T
10 |

_ = ®*pp i

0 m80-40% |

> Atop 5% 7

5 1 - E3

S i inclusive

[

o
e

5 .
=10
Q A

e
10° _ ’
[Near-side
3r | T

g4 atals 44

o 7 4° S i _:

3 -|___.*.__-.._*._j_.*._:.__* ________ _!.__...._....l..i....__._._+..___

- | | | ot B .'.=.=.4. . [F.Wang, QM'04]
0 1 2 3 4 3] 1 2 3 4 5

p+ (GeV/c)
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Fragmentation functions : Central AuAu (200 GeV)

@ Baryon-meson dependence of associated near- and away- side hadron p.
spectra:

Near Side

=25-4GeV/c
=1.7-25GeV/c

pT trigg

yield/trigger

—Hi—
HHE—
=

——

pTassoc

-
-
q--__.
-~
-
-
T A o o o o Ao

Near-side

=  trigger baryons, AuAu
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1

Z
&
<
nr
Q_
0
0

A trigger mesons, dAu

O  trigger baryons, dAu

yield/trigger

+« non-identified triggers, pp

SHZEN Away-side

=)
SETTTI T ||||J¢;||||||||||||||||||__||||||||| ARNENArIRRERRRNRRRNRARRES
L L i i

1! ——H—
I|III|III‘III|III|III|

nucl-ex/0408007
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Dihadron azimuthal correlations: AUAu nono-jets

@ Centrality dependence of near- and away- side correlations “strengths”:
a2 d(AG)[DAAY — B(1 + 203 cos(2A))]

Tan Ady, A
Aa A1, Agy) = fﬂ_@qus Dop

m | A¢| <075 d<p (trig)<6 GeVic
o | AQ|>225 dep (trig)<6 GeVic

C 4 - | - | - |
16— . @STAR p,_~4-6GeV, p,_ =2-4 GeV
“C Near-side peak: |~ 1 L OPHENIX p, =2.5-4GeV, p__=1.7-2.5GeV -
1.4 AA —— Pu=5GeV, p_ = 2-4GeV -
o - € 3 e Pue=8GeV, p_,.=3.2-64GeV  ___ o =
Q12 = T % —== Py~ 8GeV,p_ =2-4GeY -7
— - —— "_,
3 R S % fffffffffffffff - _ '
= 08 <2 | , T . -
| m + — 7 -""'Jlli‘—-—_ii- :i_
AR P A L 3 N
< E ~+Away-side peak 0 et -
0.4F AA 1 &= s o I * _
0.2F + ' T
of \‘ZSTAH [
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Summary: Jet quenching at RHIC

@ Results I: Leading hadron production in pp, dAu, AuAu @ RHIC:

- Strong (factor ~5) high p_ suppression in central AuAu: p,-, sgrt(s)- dependence

consistent with parton energy loss in dense QCD medium (dN9/dy~1100).

- Reaction-plane dependence of the suppression provides additional constraints to
the path-length dependence of the energy loss.

@ Results Il: Jet production in QCD vacuum (pp) & cold QCD medium (dAu):

- Small differences on the extracted properties (j,, k;) of the jets emitted in pp & dAu

- Relatively small initial state effects (multiple scattering) in cold nuclear matter.

@ Results Ill: Jet production in a hot & dense QCD medium (AA):

- Away-side disappearance consistent with:

() Mono-jet predictions due to high-energy parton absorption in dense QCD matter.

(enhanced suppression following line of longest path).
(i) Large broadening of di-jet acoplanarity (k.~3 GeV/c) due to multiple scattering of

QGP school. T@WAYsSIdg;Parton in the medium. (Cangyug extract a transport coeffic. congjsient W/ .. wm



Cartoon summary : Jet-quenching at RHIC

@ Jet profile in pp (dAu) collisions: @ Jet profile in AuAu central collisions:

An

Near-side width: <j.> ~ 600 MeV/c
Dijet acoplanarity: <k > ~ 1.8 GeV/c

A

QGP School, Torino, Dec. 2008

Factor ~5 suppression of leading hadron.
(Increased) dijet acoplanarity: <k > ~ 3 GeV/c

“Thermalized” associated low p. yields
Dijet broadening in eta.
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Fragmentation functions

. X_distributions pp,dAu

@ Away-side associated hadron p. spectra:

Xg ~ 2/<Z,,
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Dijets via dihadron azimuthal correlations: AuAu

2 .. dN_ /dAgfor “trigger” (p; > 4GeV/c) & associated (p; = 2- 4 GeV/c) charg.

STAR 200 GeV |A 1 |<1.4
s B60-80% Au+Au
flow: v2 = 24.4%
data + flow

N~

AR200GeV | An |<1.4
e Central 0-5% Au+Au

—— flow:v2 = 7.4%
—— pp data + flow
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1 2 3
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Red histogram: p+p (+flow)
Black points: Au+Au

_ ® Near-side peak: Au+Au = p+p.

Trigger hadrons (p; > 4GeV/c)
from jet fragmentation.

J
N ) +A/° Away-side peak: Au+Au << p+p

Back-to-back jets suppressed
("mono-jet") in central Au+Au !

David d'Enterria (MIT)



High p. azimuthal correlations: jets in dAu, pp

&
[T STAR '\]L'|""|' KL
—~ | 4<p.(trig)<6 GeV/c R Ge\{ _ i
< 0.2 s d+Au min. bias —
4 I p;(assoc.)>2 GeV/c T _—" . |
5 0<|An|<1.4 secimiiny Blas i ° Near- side: |
pd tlo o d+Au correlation strength and
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3
® Away-side: d+Au peak
broadens but small centrality

® Back-to-back jets do not disappear in gepdrabdasu !
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