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Survey of results
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RHIC LHC
name fluct. | (z,¢,q) | temp. profile | RS R?f’eriph Rjﬁ‘periph Regytr R_ﬂiiph vh eriph
QCDrad no | (1,3,—-1) VISH2+1 v v v v v (v')
QCDrad no | (1,3,—1) VISH2+1 v v v (V') (V') (V')
QCDrad no | (1,3,—1) | RL Hydro v v v v v (v')
QCDrad no | (1,3,—1) v=0.6 (V) v no v v no
QCDel no | (0,2,—1) | VISH2+1 v v v ) | ) (V)
QCDel no | (0,2,—1)| RL Hydro v v v v (v') (v')
QCDel no (0,2,—-1) v=0.6 v no v (v') (V') no
AdS no (2,4,—1) VISH2+1 v v v no no v
AdS no (2,4,—1) RL Hydro v v ve no no no
AdS no | (2,4,-1) v=10.6 v v no no no (v')
SLTe no (1,3,—1) VISH2+1 v v v no no v
SLTc no (1,3,—1) RL Hydro v v v no no v
SLTe no | (1,3,-1) v=0.6 (V') no no no no no
QCDrad ves | (1,3,+1) VISH2+1 v (v') (V') (v') no (v')
QCDrad ves | (1,3,+1) VISH2+1 v (v') (V') v (v') (v')
QCDel ves | (1,3,+1) VISH2+1 v no no v no no
AdS ves | (2,4,+1) VISH2+1 v v (V') no no (V')
ncAdS no (2,4, —1) VISH2+-1 v (v') v v v Wi
ncAdS yes (2,4, +1) VISH2+1 v v (v") no no v
k(@) QCDrad ves (1,3,0) VISH2+1 v v v v v v
k(@) QCDrad ves (1.3.0) RL Hydro v v v no no (V')
exp. kK(T) QCDrad | no (1,3,-1) VISH2+1 v (v') v v v v
exp. k(1) QCDrad | vyes (1.3.0) VISH2+1 v v (v') (V') no v
exp. k(T) ncAdS no (2,4, —1) VISH2-+-1 v v (v') v v v
exp. (1) ncAdS ves (2,4,0) VISH2+1 v v v (V') no v
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Jet quenching in pQCD vs. AdS/CFT

QCD View

R+8 g%ﬂqg%
—

b glﬁrﬂ"‘

Quark Gluon
Plasma

Black Hole

M. Gyulassy ,Physics 2, 107 (2009)

PHENIX results seem to
indicate an AdS/CFT-inspired

energy-loss???
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AdS View

Long-standing question:
Can the jet-energy loss be described

by pQCD or does one need an
AdS/CFT prescription?
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A. Adare et al, Phys. Rev. Lett. 105, 142301 (2010)
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0QCD vs. AdS/CFT @RHIC

A. Adare et al., Phys. Rev. C 87, 034911 (2013)
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PHENIX results strongly suggest that pQCD-based jet tomography
fails at RHIC and only AdS-inspired models explain jet asymmetry

Caveat: Result may depend on analysis method g | acey, Phys. Rev. ¢ 80, 051901 (2009)
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Energy-loss mechanism

Generic model of jet-energy loss:

dp — a 2 me=2—a+z
(i, 0,7) = —R(T)P(r) T T304

including more realistic fluctuations of the jet-energy loss about its path
averaged mean via Cq and fragmentation for “averaged scenarios”

BB et al., PRC 86, 024903 (2012); arXiv:1404.6378

: Ruy@RHIC & LHC I
(overquenching & reduction of jet-medium coupling) os - Q=1
Bullet #2: v,@RHIC & LHC ST N
(transverse expansion) = 08 "

Bullet #3: path-length dependence 0.1 | |

(PQCD vs. AdS/CFT) SO

Bullet #4: jet-energy dependence B e;z e

Bullet #5: different initial conditions energy-loss fluctuation distribution
F0.6) = g (042 = G
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Energy-loss mechanism

Generic model of jet-energy loss:

dP .
— . a z mc=2—a+z e
— (@0, 6.7) = —R(T)P"(7) T°T Co :
i t RS
calculate Ry, and Ry, @RHIC & Ry, and v, @LHC for: A
BB et al., arXiv: arXiv:1404.6378
M. Gyulassy et al,. PRL 86, 2537 (2001)
 QCDrad: a=0, z=1, const. « e Blast wave model: v=0.6
 QCDel: a=0, z=0, const. k o VISH2+41 81088003 potn) oo GOTONPRE
« AdS: a=0, z=2, const. « o RL Hydro pi'ios seasos moony o 200

SLTc: a=0, z=1, «(T)

< 4 We asked for hydro expansions that reproduce
the bulk properties. For the results used, some
parameters (viscosity, ...) differ between RHIC
i and LHC.

J.Liao et al., PRL 102, 202302 (2009)

Kj=3K]
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™ and RA% @RHIC, no fluctuations

1 All scenarios based on

= (visc.) hydro background
"] account for p;>8 GeV

1 data, while blast wave

model (v=0.6) fails

1 Qualitative difference to
=1 PHENIX results due to
-1 details of hydro simu-

1 lation and jet-energy

| loss prescription.

Barbara Betz



pQCD-like models @LHC, no quctuatlons
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dErd/dx ~ EOIT3
reproduces BOTH
Raa @nd v, within
the uncertainties of

_bulk space time

evolution (IC, n/s, 1)

Running coupling
radiative QCDrad

(~ EOt1) appears

to be preferred over
running coupling
QCDel (~ E9).

Barbara Betz



Non-perturb. models @LHC, no fluctuations
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The conformal AdS
and the SLTc model
overquench for a
fixed coupling @LHC
N

[Conformal AdS is
ruled out by the

rapid rise of Rya(Pr) )

SLTc «(T) is not
enough to describe
the LHC data,
more running

iS needed.

J.Liao et al,. PRL
= 102 (2009) 202302

Barbara Betz
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nRaalPT)

QCDrad with jet-energy loss fluctuations

Including more realistic fluctuations of the jet-energy loss about its path-
averaged mean:

0.8 [2) RHIC, QCDrad [ E% T3 ¢ ]

T T T T T T T T T 02 T T T
, [l LHT, Geprad [x % Tog ) T ] (c) LHC, QCDrad [k E' T84 |

____________ Q1
- = 110 fluc. (g=—1 w0 fluc. {g=—1
0.7 no fluc. (g=—1) 0.8 |« = fluc, (q=(0C; ) + (a=—1)
== fluc(a=0) M = = flue. (get1)
0 p==m==" fluc {g=+1) 0.6 F

VISH2+1

D iy = = = fluc. (q=0)
'] 0.15 k‘ = = fluc. (q=+1) ]
] KLHC < ¥RHIC

Soqldf _
3" - CMS, 20-30%

@ ALICE, 20-30%
8- ATLAS, 20-30%

05 r

04 r

0.3 KL HC < ¥RHIC

e ALICE, 0-5% | 0.05 M,
- CMS, 0-5%
@ ALICE, 20-30%
B CMS, 10-30%

0.2

PHENIX, n°, 0-5%

01
0°< Ap <15°, 20-30%

5 8 10 12 14 16 18 o 0 20 a0 40 50 ° 10 20 30 40 50
pr [GeV] pr [GeV] pr [GeV]
0.8 jE———
0.7; —_—— =01
= R,, gets smaller, v, less affected, v,@LHC too low 06 [\ TR iF
05 —-—~fj—-— 1
Background impacts results (v,@LHC larger ERp :
02} N
for RL hydro) energy-loss fluctuation distribution S L
flq,¢,) = 1+4q (q+2—¢)° 005 115 2253 35 4

(Q + 2) 14q 4
10 05/20/14 Quark Matter 2014, Darmstadt, Germany Barbara Betz



The hlgh P+ V, problem of pQCD models
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High-p; v, is about a factor of 2 too
small for D. Molnar, AMY, HT, and ASW

* Yield of CUJET2.0 v, depends on o,
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pt (GeVic)
J. Xu et al., arXiv:1402.2956
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Path-variation of the jet-medium coupling

Ansatz to solve the high-p; v,-puzzle:

J. Xu et al., arXiv:1402.2956

reaction ple Assume a modest (~10%) variation of the
' jet-medium coupling in- vs. out-of-plane,
amax (OUt-of-plane) > o, (in-plane)

I T I T I ! I T
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I
o
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0 12 CUJET2.0 = (0.24,1,0) i
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o (0.29.1,0)
~ 0.30,1.0
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;\1 \ ( )
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. . 3
may be due to a combination 0.04 i

of various effects from
O(,(T,Q=momentum transfer) and T(X,y,t)
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nRAAPT)

Path-variation of the jet-medium coupling

on plane

To mimic this ansatz with

amax (OUt-Of-plane) > o, (in-plane)
we assume an increase of the jet-medium coupling

out-of-plane

k(¢) = k- (1+]sin(¢)|- X) X: value in percentage
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—> R, and v, can be described BOTH @RHIC & @LHC, assuming
running coupling and a fluctuating, pQCD-like dE™@d/dx~ EO0t1T3
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nRAAPT)

Exponential «(T) ansatz

Inspired by the SLTc model that did

NOT reproduce opacity of the LHC medium,
we consider an exponential ansatz:

k(T) = e =T

—> One possible ansatz to describe the LHC

transparency.
I
0.7 | = no fluc (gq=—1)
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—> Data are fairly described.
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Non-conformal holography @LHC

W. A. Horowitz et al., PLB 666, 320-323 (2008)

Conformal AdS: scale cannot change,

i.e. the coupling cannot run "}
Using conformal AdS, a flat Ru(pr)@LHC s 7™/ ™ |
was predicted, to measured data [ e —

pr(GeV) p;(GeV)

Allowing for non-conformal, non-standard AdS (i.e. dE/dx ~ E0¢2T#
Wlth a rEd. Coupllng @LHC): A. Ficnar et al., arXiv: 1311.6160
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=>0nly conformal AdS fails to describe the (Ry, & v,) data BOTH @RHIC & LHC
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Summary

Comparison of Ry, & v, @RHIC & LHC with pQCD & AdS/CFT-inspired
energy-loss models for various hydrodynamic backgrounds shows:

Conformal AdS seems to be ruled out
However, non-conformal generalizations of AdS may provide an alternative

Running coupling is essential to describe data @LHC

There is a high degeneracy of solutions

- dEad/dx~ EOt1T3 or dE€/dx~ E%t0T2 without fluctuations,

- dErad/dx~ E%t1T3 with jet-energy loss fluctuations and «(¢),
- dErad/dx~ E%t1T3 with an exponential «(T),

- and non-conformal dE/dx~ E0t2T#

provide a decent description to BOTH RHIC & LHC data.

—> Path-length exponent cannot be constrained narrower than z=[0-2]
—>New jet observables and reduced experimental errors are needed

The evolution of the bulk medium influences the jet-energy loss &
all details of both bulk evolution and jet-energy loss matter!
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Energy-loss mechanism

Raa IS @ ratio of jets penetrating a QGP to the initial jet spectrum

R Py i ) = Yacr D ) JdNGGE(Py) _ B NG PPy)] NP
Ja 0 deodpz dydodP3 — dP? dydpdPg dydpd P2

One needs to determine the P,(Ps) from the dP/dt ansatz

1

1—a

P .| K = (- akC

‘T

fﬂﬂ)[ﬁ“+K/

<+ T0

Fra 9 mentatl on. momentum of the observed pion pQCD cross-sections fragmentation functions

! e
< 2. . % doq (pf) AA (p;'(___,)) Do sn (4 P;)>
To,Npart

a—=q,q9 Zmin

j‘gfl (I)TF . (—D- i?\rpa?wf_) —

S [ € dog (%) Dasr (= 2)

a=4q.,9g Zmin

inti docos{20} R, A
Elliptic Flow: v (Nput) = J ds 5{ (',_} ,:}A( P £y Q)
f d’@ RLZLA (A’part (7))
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Energy-loss mechanism with fluctuations
ANGGp(Pr) dANEL(Py) — dP§ dNIL[R(Pp)] dNIL(Py)
dydqde% /dydqdeg B de dydgdeJ? /dydqde(;2
grzq,g[PO(Pf)] dP(;Z
g(Pr)  dP;
Thus, without fluctuations
9:[Pr + AE(Zy, ¢)] dPg
gr(Pf) dPJ%

r=q,g __
RAA o

However, with fluctuations

prc _ 3dSf (@, Qael Pr + CAE(To, ¢)] dFy
Al g (Pr) dP%

applying skewed fluctuations of jet-energy loss about its path-averaged
mean using a scaling factor 0 < ( < g + 2

T +4gq
f(QC) o (q_|_2)1+q
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Energy-loss mechanism .

Generic model of jet-energy loss:

d_P(f(); 0, 7) = —k(T)PY () 77 T2 02 (q

dT - N

e a=1,z=0: Bethe-Heitler limit
energy loss of charged particles passing through matter, based on the Dirac equation

and the Born approximation for the interaction of the particle with the field of a nucleus

Landau-Pomeranchuk Migdal (LPM) pQCD

guantum interferences between successive scatterings (LPM effect) leads to a
suppression of the radiation spectrum compared to Bethe-Heitler.

e a~(Q, z~1:

e a=1/3, z=1: lower bound of power a in falling string scenario

A. Ficnar, arXiv: 1201.1780

e a=1,z=2: “AdS/CFT"” model

J. Jia et. al., PRC 82 (2010), 024902

® a<0, z=0: cold atoms . nishida, arxiv: 1110.5926
Boltzmann eq. with 2 and 3-body G
scatterings.
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7RAA(PT)

QCDrad with fluctuations, diff. background

Including more realistic fluctuations of the jet-energy loss shows the
impact of different hydrodynamic backgrounds

08 fa) RHIC, QCDrad [k E%' T°¢) | ]
0.7 | === VISH2+1, fluc. (q=+1)

==« = R Hydro, fluc. (g=+1)
06

| VISH2+1

01 L == PHENIX, 7°, 0-5%
- 0°< AQ <15°, 20-30%
S TR ARQ%20730% L L
6 8 10 12 14 16
pr [GeV]

(b) LHG, QCDrad [ E%' T° ¢
- m— V|SH2+1, g=+1
(=== Rl Hydro, q=+1

KL He < ¥RHIC
ALICE, 0-5% |
CMS, 0-5%
ALICE, 20-30%

g R bR e S - — — —

Py

0.15

0.05

CMS, 10-30%
40

50

= R,, @LHC more affected for RL Hydro
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2 ! . 0_1-3
(c) LHC, QCDrad [x E%' T3 ¢ ]

0.1 r

___________ Lo L ——
— VISH2+1, fluc. (g=+1)

== = = RL Hydro, fluc. (g=+1)

KL HC < ¥RHIC

il

CMS, 20-30% |
@ ALICE, 20-30%
@« ATLAS, 20-30%
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TRAAPT)

Exponential «(T) ansatz, ncAdS

Inspired by the SLTc model that did

NOT reproduce opacity of the LHC medium,
we consider an exponential ansatz:

k(T) = e =T

—> One possible ansatz to describe the LHC

transparency.
08 [ AR o B2 T £ VSREr | ]
0.7 [ = 1o fluc (q=—1)

0.6 r

01

== fluc (q=0)

PHENIX, 7°, 0-5%
0°< AG <15°, 20-30%

K| =

1
e

[(b) LHO, (M) E%C° T ¢ ViSH2vt |
|[==—==n10 fluc (g=—1) + i

=== fluc (g=0)

e ALICE, 0-5% |
- CMS, 0-5%
@« ALICE, 20-30%
. . &  CMS, 10-30%
10 20 30 40 50
pr [GeV]

—> Data are fairly described.
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K(T) A
[1/(he)"™]

0.2

e 0 fluc (g=—1)

= = fluc (g=0)

0.1 - CMS, 20-30% |
-9 ALIGE, 20-30%
™. @ ATLAS, 20-30%
0.05 |

______

0 1 1 1 L L

10 20 30 40 50

pr [GeV]
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Survey of results

# name fluct. (z,¢,q) temp. profile KRHIC KIHC Fig. #
1 QCDrad no | (1,3,—1) VISH2+1 0.380 0.167 1.4.5
1a QCDrad no | (1.3,-1) VISH2+1 0.380 0.136 1.6
2 QCDrad no | (1.3,—=1) | RL Hydro 0.477 0.241 1,4
: QCDrad no | (1,3,-1) v=0.6 3.182 2.096 14
4 QCDel no | (0,2,-1) VISH2+1 0.887 0.483 1.4
5 QCDel no | (0,2,—1) | RL Hydro 1.497 0.906 1.4
6 QCDel no | (0,2,-1) v=20.6 5.713 5.024 1,4
7 AdS no | (2,4,—-1) VISH2+1 0.092 0.092 1,9

® 8 AdS no | (2,4.,—1) | RL Hydro 0.145 0.145 1.9

% 9 AdS no | (2,4,-1) v=0.6 1.911 1.911 1.9

S 10 SLTc no | (1,3,—-1) VISH2+1 0.167 0.167 1,9

§ 11 SLTc no | (1.3,—1) | RL Hydro 0.330 0.330 1.9

X 12 SLTc no | (1.3,-1) v=10.6 1.591 1.591 1.9

C_Gr 13 QCDrad ves | (1,3,+1) VISH2+1 0.718 0.349 2.5

g 13a QCDrad ves | (1,3,+1) VISH2+1 0.718 0.269 2.6

@ 14 QCDel ves | (1,3,+1) VISH2+1 1.615 1.024 2.5
15 AdS ves | (2,4,+1) VISH2+1 (.283 0.283 2.10(a,b)
16 ncAdsS no | (2,4,—-1) VISH2+1 0.092 0.047 2,10(c,d)
17 ncAdsS ves | (2,4, +1) VISH2+1 0.283 0.111 2,10(c,d)
18 k() QCDrad ves (1,3,0) VISH2+1 0.543 0.235 8
19 k(¢) QCDrad ves (1,3,0) RL Hydro 0.776 0.345 8
20 | exp. k(1) QCDrad | no | (1,3,—1) VISH2+1 rk1=1.281 | r1=1.281 12
21 | exp. k(T) QCDrad | yes (1,3,0) VISH2+1 k1=2.134 | k1=2.134 12
22 | exp. k(T) ncAdS no | (2,4,—1) VISH2+1 k1=0.589 | k1=0.589 13
23 | exp. k(T) ncAdS yes (2,4,0) VISH2+1 | kr1=0.956 | k1=0.956 13
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Survey of results

24

Scenario RHIC LHC Score
1 v v v v v (V') 5
la v v v (V') (v) (V') 3
2 v v v v v (V) 5
3 (v) v no v v no 1
4 v v v (V') (v) (V') 3
5 v v v v (V) (V) 4
6 v no v (V') (v) no 0
© 7 v v v 1o no v 2
5 8 v v v no no no 0
g 9 v v no no no (V) -1
A 10 v v v 1o no v 2
E 11 v v v 1o no v 2
© 12 (V) no no no no no -5
5—5 13 v (V) (V') (V) 1no (V) 0
- 13a v (V) (v) v (V) (V) 2
@ 14 v no no v no no -2
15 v v (v') no no (V') 0
16 v (V) v v v v 5
17 v v (v') no no v 1
18 v v v v v v 6
19 v v v no no (v') 1
20 v (V') v v v v 5
21 v v (v) (v') no v 1
22 v v (v) v v v 5
23 v v v (V') no v 3
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T [MeV]

Path-variation of the jet-medium coupling

J. Xu et aI arX|v 1402 2956

ALICE Pb+ F’b 2.76ATeV h 20- 30/

Ansatz tO SOIVe the high-pT VZ'pUZZIG: 0.16 A%ﬁggg Egg;gﬂgn@ggg; :i:: |
) CUJET2.0 m (0.23,1,0) Ap=0° & (0.26,1,0) Ap=90° ==-
. . . . CUJET20m ( .20,1,0) b= 75fmgL1H6’.‘ -
Assume a modest variation of the jet-medium 0. Gz =
. . . (0.24,1,0) |
coupling in- and out-of-plane, corresponding 12 e DGl +IsH2eD 518
& A
to a temperature dependence of o, ,,- S o iR
(0.33,1,0)
(0.34,1,0)
(0.35,1,0)

Effectively, o, (out-of—plane) > gy (IN-plane)

200

0.04

150

non-central event

-medium coupling

100

1anced for 100<T<150 MeV

50 |
out-of-plane
in-plane
O L F)l L Il 1
0 2 4 6 8 10
x; [fm]
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