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e Results from RHIC
* Results from p-p at 0.9&7TeV
e Results from Pb-Pb at 2.76TeV




. The QGP Search via Hadronic Jets Modification

® One of the most awaited RHI analyses: test bench for parton energy loss

* Anticipated: high p; hadron suppression (R, ,) and angular distribution

modification (correlations)

® Surprises: medium response (the “shoulder” and the “ridge”), large hadron

v, at high p, lack of broadening at high p, ...
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. High p; Hadron Suppression at RHIC!

PHENIX Au+Au (central collisions):

. . . . [ Directy
Nuclear modification factor: n:é 10 a = Prelminary

® n
ll GLV parton energy loss (dN°dy = 1100)
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- consistency: R, ,(M)~R,,(T0)
- control: R, ,(Y)~1, Ry, (m)=1
- GLV Model: Theory~Data for ng/dyzl 100

However...

e RNM Workshop
. /




g Little Discerning Power... A

Several pQCD models of high-p parton interaction

1 " I K I v 1

with an expanding QGP: N e |
- Opacity expansion (GLV) PLB 538 (2002) PN O e = %2 ONly - 2000 |
0.6 Radonly | Xeldee=TE o GG =000
- Multiple soft scattering (BDMPS-Z-ASW) 3 — F/y = 0
0.4 , i
NPB 588 (2000) T | ]
. . 0.2 y T '____‘_-_._:_:_Z_______T_—-:E__g_
- Higher-twist (HT) PRL 85, 3591 (2000) i =" i
D M 1 3 1 " 1 M
- Thermal field theory (AMY) JHEP 11, 001(2000) 0 ° 0 5 o
1 : ' . ' . . .
All successtully describe the jet quenching: — e i
diff hvsi . 1 0.8 pheNixo-s% = | i'i;n?_;& . ::;ig;:;ggu -
- very di erent physics assumptlons, same results . s- . A g:gm: Egg 1
" — X, Opay = W4 g!dy =1 =
- large theoretical uncertainty in QGP parameters #
0.4 .. . ]
Horowitz, Cole, PRC 81, 024909 (2010) [ | 1
0.2 e ]
Renk Phys. Rev. C 79, 054906 (2009) _ s i
% ' 5 g:u 5 20
Horowitz, Cole, PRC 81, 024909 (2010)
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Not Everything Fits

Phys. Rev. Lett. 105, 142301 (2010)
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Large Hadron V, at High p;
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4 More discriminative measurements:
Angular Correlations

Dihadron correlations: trigger on high p hadron, associate with lower p; hadron

Less surface bias. Information on jet broadening.

T. Renk, K. Eskola hep-ph/0610059

Hydrodynamics Box density

=¥
trigger hadron < — L'i (

¥ [fm]

y [fm]

N v/ 3 S
A i 4 G %

yIfm] (8<p, <15)®(4< p, <6) GeVic
Direct photon-hadron correlations: trigger on isolated high pr photon

Tag the hadronic jet with a direct photon. Difticult to isolate direct photons.
Jet-hadron correlations: trigger on a reconstructed jet

Direct measurement of jet properties. Difficult to reconstruct in high backgrounds.
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Two-Particle Angular Correlations
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Background Subtraction: the “Shoulder”

PHENIX PRL 98 232302 (2007)

1.02
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What v, should be used? Non-tlow and flow fluctuation ettects should be reduced...

After subtraction, a surprise at intermediate p;: the “shoulder” = away-side peak

shifted by ~1rad from A¢p=m.

The “shoulder” is independent on momentum and collision centrality, energy, system.
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d+Au minimum bias
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Rapidity Correlations: the “Ridge”
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= The“Ridge”: a wide flat An plateau in the

near-side (AQ~0) also present only in Au-Au

‘ collisions and only for intermediate p; (1-4GeV)
...___:: PHOBOS: ridge extends up to | An | <4

Au+Au central
4<p19<6 GeV/c

- Rev-C.80 (2009) 6491

o m o M

d®N/(dA¢ dAn)

hmmgmmmo,
m oM

AR
}i’% <3 5SS
SRS




g The “Shoulder” and the “Ridge”:

Medium Response to Jets?

Both are associated with mini-jets but have medium like properties (<p;>, hadron
composition): describe medium-response to jets?
Many medium-response models on the market for both... Leading contenders:
the “shoulder”: sonic shock waves (from supersonic partons)
Casalderrey-Solana et al Nucl Phys A774, 577 (2006); Renk et al Phys Lett B646, 19 (2007)
the “ridge”: color flux tubes (from CGC initial state)
Dumitru et al Nucl Phys 810, 91 (2008); Gavin et al Phys Rev C79, 051902 (2009)

Energy loss models have succeeded also to produce similar angular features

Salgado and Polosa Phys Rev C75, 041901(R) (2007); Vitev Phys Lett B630, 78 (2005)

HOWEVER, a simpler explanation could be...
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... or flow fluctuations?

Hydrodynamic simulations: Takahashi et al Phys Rev Lett 103, 242301 (2009)

1000 event average 1 single event
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real collisions start from lumpy initial conditions that break symmetry
no parton-medium coupling required

generates both the “shoulder” and the “ridge”

unclear yet if it fits with the rest
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Broad range of trigger

thrigg

thrigg>7GeV: back-to-back
peaks for all measured

associated pT

No jet broadening

Away-side suppression

at large associated pT
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. High p; Correlations: “Normal” Away-Side

Trigger Particle: T1° (4-9 GeV/c),
Associated Particlg: h* (0.5-7 GeV/c)

4-5 ® 0.5-1 GeV/c

4-5®2-3 GeV/c - 0-20% Au+Au

Phys Rev Lett 104, 252301 (2010)
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1N, dN/dAG

Direct y-Hadron Correlations

PHENIX Phys Rev C80,024908 (2009)
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LS

+ Run 7Au+Au 20l}GeV 9 12 X 3 5 Ge\ﬂc |

Inclusive y-h
# Decay v-h
® Direct v-h

Ad [rad]

Statistical subtraction method

Small near-side component (fragmentation Y)
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Towards a fragmentation function:
avvay—side per trigger yield VS
21=Prh/ Pry-

Fit with dN/dz; —=Ne b=
bpp:6.89i0.64 (quark b=38)
by, =9.4911.37
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e

I, is the equivalent for R, , that uses per trigger yields of correlated hadrons instead

of single hadron yields in the AA/ pp ratio. Rui(pp) = {],I’Ni;f) lefﬁi /dndpr

AT (Neow) (1/NPP) d2NPP [ dndpr

' L O L B B L BB
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FOr Pryige=>GeV 0.8)%* PHENX
O\ 0 1\ - reliminary ]
Rya () ~1ya(m°-h)~1,,(Y-h)  p.6F ‘. B .
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with slightly higher I, , (7). 0.4 B -
This kind of complex set of - = = ; .
, 0.2 *
measurements puts strlngent - .

constraints on models.
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High p; Hadron Suppression: Ry, and |,,
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LHC Results from
pp Collisions at Vs=0.9&7TeV
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: Dihadron Azimuthal Correlations in p-p
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|. Pythia (Perugia tune) doesn’t get right CFs below trigg. pr, ~ 4 GeV/s

2. Uncorrelated background much larger at 7TeV than at 0.9TeV.
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» Angular ordering

9 07"
)
q EI’_" lllll /( . h,
------- *—0— D — D)=
q, %

Dokshitzer, Y. L. et al:
Hard Processes in QCD

Phys.Rept., 1980, 58, 269-395
Fong, C.P., Webber, B.R.:
Phys.Lett.B 229 (1989) 289.

» Modified Leading
Logarithmic Approximation

MLLA
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Fragmentation Angular Ordering

ppNs=7TeV, 1.0<p_<p_GeVic

- ALICE
= preliminary
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» Dispersion of | from nearside
width

* Average transverse
momentum of fragmentation
products relative to jet axis

* EXpected independence on
trigger particle p, confirmed

RNM Workshop
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4 Fragmentation Transverse Momentum
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Partonic Transverse Momentum k;

calculable Phys Rev D74, 072002 (2006)
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Confirmed expected increase of
momentum imbalance of parton pair.
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Same event pairs

An=mn,-n,
Ap=g -g¢,

(-

CMS: Angular Correlations in p-p at 7/TeV

Signal distribution: Background distribution:

1 2N.ﬂjgm[ 2§ 7 bkg
S, (AnAg) - d B,(AnAg)= . 4N

;0.04—:- '. @“-U}
:n.n} gﬂ 02
=1 0.024 <]

"

w014 &g 0.014

arXiv:1009.4122v1 Mixed event pairs
Ratio Signal/Background

Sy (An.Ap)
R(AnA@) ={ (N —D)| 2x—202F7
anie <( )[BN(A'-'?,MP) J>

pr-inclusive two-particle
angular correlations in

min bias collisions

CMSpp7TeV %Z 0 2 50
b} 3
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~ CMS: Ridge in p-p at 7TeV (1) A

(a) CMS MinBias, pT>0.1GeWc

The Ridge appears

In pp collisions at high
multiplicity (N>110) and
iIntermediate p-.

No structure around
A$=0 at large An in
Pythia6/8 and
Herwig++
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(c) CMS N= 110, pT>ﬁ.1GeWc
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(b) CMS MinBias, 1.0Ger0qu-:3.UGerc

arXiv:1009.4122v1

(d) CMS N= 110, 1.0GeWc<pT<3.0GeWc




" CMS: Ridge in p-p at 7TeV (lI)

(-

Zero Yield At Minimum (ZYAM)

e N>110
<] - 2.0<|An|<4.8
Associated yield: EZ 0 1GeV/c<p,<2GeV/c
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" CMS: Ridge in p-p at 7TeV (lll)

™
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Ridge presence in pp collisions will constrain the models.

v [ r [ t g 1 1 .t [ T T 1 1 [ Tt T 1 1 [ T T T T [ I T T T T T [ 1 T T T [ T T 4§
L DIGeV/e<p <L0GeVie 11 .I]Ge\"fc'ipT'ﬂ.'l}G eVic 1 2.0GeV ."(:{pr*:lﬂ[}e‘b’fu 1 3.[!(“rt\f.fc{pT{4.ﬂ{}e Vie
I w Like sign 1
= 0.04 | | . - T -
= i O Unlike sign 1 1
= | |
T | — I
k= T ®
20.02f + U ot -
2 | 1 | 1
< % | ' % % |
L — Y — 4 - |
0.00 —&— ¥ 5 LI— e —— > 3 i H
1 I |l_|. TR N i I T R A [ 4 1 . | | 1 IlT N [ T
0 50 100 ] 50 100 0 50 100 0 50 100
N N N N

No dependence on relative charge sign

Interesting to see if it looks like jets or like “bulk” (<p;>, hadron composition)




First LHC Results from
Pb-Pb Collisions at Vs,,=2.76TeV

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693
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" Elliptic Flow v,

v, as function of p,: very small

difference compared to RHIC

v, integrated over pt
- 30% increase from RHIC

In agreement with hydro limits

Phys Rev Lett 105, 252302 (2010)
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: Jet quenching: High-p; Hadron Suppression (l) A

10° I B B B B

10° @ Pb-Pb \[Sy =2.76 TeV

10° —— scaled pp reference
.F / o 0-5%
10 - o 70-80%

For the pp reference: data driven
interpolation 900 GeV & 7TeV

or using NLO for change in shape
7TeV * NLO (2.76 TeV)/NLO(7 TeV).

Then, compute

1N, 127 p,) (d*N,y) / (dn dp. ) (GeV/c)?

(1/N44y d‘szﬁ’i /dndpr
(Neon) (1/N7D) d>NZ7 [dndpr

Rua(pr) =

Phys Lett B 696 (2011) 30-39

_L_LLLI.I.I.IjJIIIIIIII| IIII||.IJ.| IIIII.I.I.I] IIIIIIII| IIII||.|J.| IIIIII.I.I] IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| L1

[N
o

P, (GeVic)
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Significantly larger suppression than

at RHIC (~1.5-2 larger)
Clear rising trend with p,!

Phys Lett B 696 (2011) 30-39
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Jet quenching: High-p; Hadron Suppression

™

= ALICE Pb-Pb \[s, = 2.76 TeV (0 - 5%)
STAR Au-Au \[s,, = 200 GeV (0 - 5%)
L PHENIX Au-Au \[s,,, = 200 GeV (0 - 10%)
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P, associated 2 — 6 GeV

Jet quenching: Dihadron Correlations
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ALICE performance

. 6-10 GeVie —+—

p. . 10-20 GeVic
T, trig

i i =+

P trig 6-10 GeV/c
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Star@RHIC
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. The “Shoulder” and the “Ridge” A

ALICE performance ALICE performance
. PbPb same/mixed PbPb

pT>15GeV/C central

samelmixed sa
au, —— N i u.
Ug = pT>15 GeVlc. ”Perlph?ral ]

Results not even preliminary yet, but:
* clear near-side ridge in central collisions.

* away-side shoulder should develop in central collisions. ..
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1.02

—

same/mixed (a.u.)

0.98

o

The “Shoulder” at LHC

ALICE performance

- 00-05%

- 1 p.> 1.5 GeV/c
I Pb+Pb 2.76TeV
L+

: HeeHH
TR ﬁ* e
HT et

The wide flat plateau in the away—side before

1.02

PHENIX

PRL 98, 232302 (2007)

assoc

1 <P;
Au+Au 200 GeV 0-5%

2 5<pT gg<4GeV/C —
:0.02

10.01

flow (mainly v,) subtraction will lead to a shoulder

similar to that at RHIC.
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" ATLAS&CMS: Jet Quenching via Dijet Assymetry

Use anti-k- jets with leading jet (highest in event) E;>100GeV and sub-leading jet

(highest in opposite hemisphere) E,>25GeV with |1 |<2.8 and compute the dijet

J

40-100%,

(1N ) eNiaA
L

) ANIEAD

ot

1M

10°

3
A

| GNitA
I

[

(1IN

it

{14

—_.
[

§ dNfEAD

| 20-40%

e

Comparison with PYTHIA dijet events embedded in HIJING.
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Lessons from RHIC and Outlook for LHC

* THE QGP model will require:

° large variety of precise measurements in all sectors of global and hard

physics and, of course,

® advanced theoretical models capable of simultaneous computation of all

measured quantities

® Other programs will need to advance: p-Pb collisions (initial state), lattice

(-

QCD (EOS)

RNM Workshop




BACKUP SLIDES
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Increasing multiplicity

“Ridge"
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Increasing p+
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Multiplicity and Energy density e
E 1 dN
E(r)=—= <m, >
° V T OA dy
somewhat on high side of expectations
gI'OVVth with \/S faster in AA than PP (\/S dependent ‘nuclear amplification”)
o (fixed 1)
lower limit, likelv To(LHC) < 1,(RHIC)
Phys Rev Lett 105, 252301 (2010)
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e

Volume and Lifetime from HBT

QM enhancement of identical Bosons at small momentum difference

measures Space-Time evolution of the ‘dense matter’ system in heavy ions coll.

o (=300 fm?) o 18
® (=10 fm/c) 16
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® Identical particle interferometry (HBT, Bose-Einstein correlations) (E’ p) _)(T X)

T
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‘Lifetime’: from collision to
pp 7 TeV freeze out’ (hadron decouplmg)
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. The Hydro Limits Passed... A

® Hydro passed the first test !

¢ many more tests of Hydro and the HI-SM to come....

LHC |
ey
e LI I I
o B A
> 0.25| HYDRO
0.2
0.15F
0.1 —F— E,./A=11.8 GaV, Ea77
N i — B E,A=40 GV, NALY
0.05 [ —@— E_'A=158 GeV. MA4S ]
[ ;‘ e =130 GeV, STAR ]
B f —afe— V5, =200 GeV, STAR Pretim. |
0 L | | Lo =-r-r-r-rrretrereee i
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4 ATLAS: Jet Reconstruction A

® Take maximum advantage of ATLAS segmentation

° Underlying event estimated and subtracted for each longitudinal layer and for 100 slices of

An=0.1
. ETﬂ _ E&!‘au _ pluuar (ﬂ] x Acell

© pis energy density estimated event-by-event
gy y y

® From average over 0 < @ <27

® Avoid biasing p due to jets

© Using anti-kt jets:

e Exclude cells from p if

D = Erge" KEFY") > 5

* Cross check

0.1x0.1 =&
towers s -
: == e

° Sliding Window algorithm

Oé() jet removal on basis of D, or any other quantity
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4 Parton Energy Loss in HI - Theory A

Hard parton propagating through excited QCD: medium-induced gluon bremsstrahlung

Production A

Fragmen-
«- L. - tation

In-medium Energy Loss

dE  a,N. , q transport coefficient

Parton Energy LLoss — = —
= dz 5 momentum kick
Momentum broadening p} = gL L medium size

Other energy loss mechanisms can be significant: collisional, dissociation.
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" Hadron Elliptic Flow v,

Bulk hydrodynarnics: initial spatial anisotropy is converted by pressure gradients into

final momentum anisotropy reflected in hadron yield modulation w.r.t. collision RP.
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s 1031 % :

0,

o
N
—af
D
X
Te

04

o 05 1 15 2 25 3
@ RNM Workshop Ot e (1) /




He&yy quark sulloprelzssion underpredicted
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