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The LHC Surprise
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—> R, @RHIC and R,, @LHC at p;=10 GeV is remarkably similar!
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The LHC Surprise
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The LHC Surprise
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* |s the jet-medium coupling at LHC weaker? By how much?
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W. Horowitz et al., Nucl. Phys. A 872, 265 (2011)

Puzzle: RHIC constrained models

tend to overquench R,, @LHC

= Quantify the reduction of the jet-medium coupling @LHC
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QM'12 Discussion
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Are the data at RHIC and LHC the same?
Or is there a (clear?) shift between RHIC and LHC?
Is it ok to compare the R,, of ©° and charged hadrons?
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=> Include CMS data




QM'12 Discussion
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20

= For a straight extrapolation from RHIC to LHC, the model
iIntroduced here leads to an overquenching of R,, @LHC
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Energy-Loss Mechanisms

Generic model of jet-energy loss:

dP , . y eItz — generalized from
— (%0, 0, 7) = =k P (7)) 77 T =" “"*[Z (1), 7,b] Jia's survival model
dT J. Jia et al., PRC 82 (2010), 024902

see also S.Pal et al., PLB 709, 82 (2012)

considering Bjorken expansion for t, = 1fm, including fragmentation,
and examining an “averaged scenario” for Glauber and CGC-like in. cond.

B.Betz et al., PRC 84, 024913 (2011)

CGC-like, deformed Glauber Jet-energy and path-length
in. cond. (dcgcl.2): dependencies (4 main scenarios):
B.Betz et al., PRC 86, 024903 (2012)
T S,x, Y — S,y a | z | c in. cond.
. <332>CGC . <y2>CGC 0 1 3 GlaU.ber
x aDa Y (y2)a 13| 1 |s/3 Glauber
. . decgel.2
with the assumption e
1] 2|3 ["Jia” degel.2
cCcaoc — f'é(;l f =1.240.1 v v

A. Ficnar, arXiv: 1201.1780 pure blnary

collisions for a=1
J. Jia et al., PRC 82 (2010), 024902
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AA

Raa @nd v, at RHIC vs. LHC

B.Betz et al., PRC 86, 024903 (2012)
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Extrapolation from RHIC to LHC energies leads to an overquenching
Of the R at LHC energ|es W. Horowitz et al, Nucl. Phys. A 872 (2011) 265
AA
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Reduced Jet-Medium Coupling

What is the physical meaning of a reduced coupling?
pQCD: ~ x o

1/3

OLHC = (HJLHC/%RHIC) TORHIC argic ~ 0.3

fit to LHC most central data: ayc ~ 0.24 — 0.28

(independent of initial time) IF o is reduced at the LHC,
B.Betz et al., PRC 86, 024903 (2012) K is reduced as WE"'

—> Reasonable moderate reduction of the running coupling

AdS/CFT: x o< VA < t'Hooft coupling
ALnc = (FLuc/kruIc)? ARHIC Armrc ~ 20 (heavy quarks)

with the values used: M\uc ~ 5 — 10

—> Rather strong conformal symmetry breaking over a narrow
temperature interval (1-2)T. is required
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Raa(pr) at the LHC

. reduced coupling
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=> Linear p;-dependent (a=1) model describes RHIC p;<10 GeV data well
but is falsified at LHC

—> Rapid rise of Ry,(p7) rules out any model with dE/dx ~ E&>1/3
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Raa(pr) at RHIC

0.5 . . . . .
RHIC, oy c=0.3 PHENIX, 7%, QM12 —=—
— a=0and a=1/3 Glauber, E0 —& =
Glauber, ER —e -
energy exponents doge1 2, E'% —e—
r nsistent with 4t "Jia" dege1.2, E' -- @3-
are consistent wit %41 New PHENIX data i deg
data within error arXiv: 1208.2254
bars
E(t 0.3
—=> Higher statistics
measurements at
. 02}
RHIC with 5 < p; <
30 GeV are needed
sPHENIX Upgrade Concept, arXiv:1207.6378
0.1 }
0 5 1'0 115 éo és 30

_ pr [GeV] _
—> New data are in agreement with dE/dx ~ E°

and dE/dx ~ E/3
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The Path-Length Dependence

dpP - a z me=2—a+z7=
E((L‘Ua(iéa/r) = —kP (T)T T S [.’I)J_(T),T, b]




Raa @nd v, at RHIC

(z=1, pQCD-like)
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—> SMALL difference between path-length dependence z=1 and z=2
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Jia's Jet-Absorption Model

pQCD-like AdS/CFT—Ilke
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pQCD-like e-loss AdS/CFT-like e-loss
fails to describe data  works for CGC in. cond.
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Raa @nd v, at RHIC

— "Jia” dcgcl.2 mo-

del is excluded by
the p-depen-
dence of the Ry,
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THIS intermediate
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The intermediate p-range




Intermediate v,(p;) range (2<p:<10 GeV)
V
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While hadronization via Iparton — 17 or independent fragmentation approximately
preserves elliptic flow at high 2 < p; < 6 GeV [3], parton coalescence enhances vy two
times for mesons and three times for baryvons. Hence, the same hadron elliptic flow
can be reached from 2 — 3 times smaller parton vo. i.e., with smaller parton densities
and/or cross sections. D. Molnar, J. Phys. G 30, $235 (2004)

—> parts of the v,(intermediate p;) could originate from bulk tails

see Egs. (16) - (18) in M. Gyulassy et al., Phys. Rev. Lett. 86, 2537 (2001)

—=> pure jet fragmentation and absorption models should NOT be
expected to fully describe the intermediate p;-range
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W. Horowitz et al., J. Phys. G 38, 124064 (2011)

V,(py, Centrality) at LHC
B.Betz et al., in preparation
03 " ALICE Prel. 5-10% —=— 0T
40-50% —8— L '! 0 _
ATLAS Prel. 0-10% —&— - . n° WHDG LHC Extrapolation 1
0.25 r 40-50% —e— 1 o2k & a . E
CMS Prel. 0-10% —A— “r o e h_ ATLAS (Preliminary)
40-50% —&— - : = .
0.2 Glauber, 0-10% =— | [ = 40-50% .
’ Glauber, 40-50% ====== 0.15 I : - J
dcgel.2, 0-10% == =— = [ o -
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. o5 @ ] P .
>‘,\J 0.1 Ba 3 =
0,113 - -
dE/dx =-kE"T' T L&
0.1t | reduced k 1 i
: 0.05 =
e g i uv 1
005 f' | | h "':". .. :
Y . -.... 0 1 L 1 1 | 1 L 1 L 1 1 I 1 | 1 1 1 1
2 STy % _ 0 5 10 15 20
0r 1 p; (GeVic)
|UV -
10 50 100 300

1 5
pr [GeV]
Unlike the intermediate p;, the deep ultraviolet p:>10 GeV is much

better explained by standard jet tomography at LHC
— For 1< py< 5 GeV, it is difficult to separate the jet contribution to v,

from the high-p- tails of the bulk QGP elliptic flow
—> Very high p>10 GeV v, is rather insensitive to 20% variations in the
eccentricity between Glauber and CGC
High-pT Physics@LHC Wuhan 2012 Barbara Betz
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Fixed vs. Temperature-Dependent Coupling




Temperature-dependent Coupling

B.Betz et al., in preparation
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Raa(pr) at LHC

. B'.Be.tz. e,t gl., in preplaration
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=> Temperature-dependent and reduced couplings lead to similar Ry,(pt)
=> Running coupling CUJET and SL a=0 £=1/3,1 all similar for p; >10 GeV
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Summary & Open Problems

¥ ALICE,Pb+Pb(2.76,0-5%)—h" SL Model
.

Puzzle of overquenching R,, @LHC can be solved: -
— reduced jet-medium coupling at LHC, a ~ 0.27 — 0.28 '
— running coupling L
— temperature-dependent jet-medium coupling
— or a combination

Rapid rise of Ry,(py) rules out any model with dE/dx ~ Ea>1/3
An energy loss with dE/dx ~ E=0is slightly favoured over dE/dx ~ Ea=1/3

Disentangling of initial conditions with high-p; v, difficult once the
coupling is fixed to a single R,, reference point

Unlike the intermediate p;, the deep ultraviolet v,(p;>10 GeV) is much
better explained by standard jet tomography at LHC

—> Cross checking RHIC vs. LHC at all combinations of available data

IS essential to test consistency of all models
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R,a @nd v, at RHIC

_ a=0.3 :
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B.Betz et al., PRC 84, 024913 (2011)
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Initial time

(PQCD-like) (AdS/CFT-like)
- - - 0.2 - - -
RHIC  py=7.5GeV jg%%'é _
dE/dx=kE 37! T8
We set 1, = 1fm - '
H. Song et al., PRL 106, 192391 (2011) i' 'I' *
"o 04} “Ii 1 S04t
Jia’s model has
1, = 0fm
A. Adare et al., PRL 105, 142301 (2010) 0 ! : ' 0
ooy, ] ool
—=> A smaller t,re- 0.6 | *; : 0.6 | 'I'q.
EREN _ [
duces the v,(Centr.) o4 : 0.4 f
and increases the 2 02l ()2t |2 o2l (@2
difference between
0.1 1 01
the pQCD and G:auber,fc=1.00}‘m —— dcget .2,r=1.00Im —_—
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Energy-Loss Mechanisms

R, is a ratio of jet penetrating a QGP to the initial jet spectrum

ANGGp(Pr) jdNJEL(Py)  dB2 ANJEH[Po(Py)] ANt (Py)

vac vac

R%% (P, 2o, @ . = ‘
(B, To, ¢) = dydpdP} | dydpdPi — dP?  dydgdP? dydodl

One needs to determine the Py(P;) from the dP/dt ansatz

1

1—a

TZTC[-fL(T)fﬂdT] ; K = (1 - a)rCs

‘T

fﬂﬂ)[ﬁ“+K/

0

Frag mentatlon . momentum of the observed pion pQCD cross-sections fragmentation functions

1 /
(5, 0 % e () 1 (2.0 B )
Z0,Npart

a—4.9 Zmin

ZA (Prs @, i?\rpa?‘t) —

1

S % doa () Dasr (= 22)

pa

a=4q,9 Zmin

fdocos{?o} R A (Npart, @)
f dp Ry 4 (Npart, @)
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Energy-Loss Mechanisms

Having fixed «k, the harmonics can be calculated

_‘ér.‘ ) ‘ &
_ Jdcos (n]p— u)} Raa(d)  SORTEEERY
= . NS ’.

”Un(Npaqnt) f d@ RAA (Cb)

S I ’
B. Alver, Talk at the Glasma Workshop, BNL, May 2010

determining the angle with the reaction plane

1 rsin(no
U, (1) = —tan~ 1 < (n9))
n (rcos(no))

and the Fourier density components are given by

en(t) =

\/<7‘2 cos(ng))” + (r2sin(ng))”

(r?

31 10/23/12 High-pT Physics@LHC Wuhan 2012 Barbara Betz



The “Geometric Optics” Limit

For the generic energy-loss model

dP BN I
E(i"@, O, 7) = —kPU (1) T T=*"*T=[Z | (1), 7, 1]

the initial parton momentum depends on the final parton momentum

1

1—a

_ T e
Po(Py) = [P}‘“'+K/ TETEL(T), TldT |, K = (1 — a)rCs
TO

For a=1, this leads to a pure exponential dependence of the initial
parton momentum

PO(Pf) = Pf eXz:c

with the jet-energy independent effective opacity
Tf

Xz.cl@) = HZCQ/ drm*T°(T, )

T0

This corresponds to a generalized “geometric optics” limit.
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V,(p, Centrality) at LHC, LS model

B.Betz et al., in preparation
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=> V, (high-p;) is rather insensitive to the jet-medium coupling
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Running Coupling rc-CUJET
IET Alpha scales G

* Introduce one-loop alpha running
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LHC Pions
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August 16%, 2012 — Quark Matter 2012, Washington DC

Solid: LHC
Dashed: RHIC

See also B. Betz and M. Gyulassy, arXiv:1201.02181
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Running Coupling rc-CUJET
JET PHENIX Pions

0-5% Centrality m  PHENIX x° Au+Au 200GeV
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Falling String Scenario

Light quarks in AdS/CFT

Dressed quarks of mass mg are dual to strings in the
bulk with one or both endpoints on the D7-brane spanning
from r = 0 (boundary) to some 1,,~1/m, and physics of
the energy loss of these quarks is related to the dynamics
of their dual strings. For light quarks, the D7-brane fills the
entire AdS-BH geometry and a way to study their energy
loss is to investigate the free motion of the strings that
have both of their endpoints on the D7-brane
(representing dressed qg pairs), the so-called falling
strings [2].

P
= I n boundary
iy

F TR/
N —

Ax (r =)
(stopping distance)

A. Ficnar, QM’12 Poster

<Ras> for Pb @ LHC with b=3fm
1.0 T T : - r : :

fp=11m CMS data [1]
Tireeze=150MeV

0% - Tinit,center=357TMeV

ZIO 4I0 6:3 SIO 160
E/GeV

Using ¥ =~ 0.5 [2] and an unphysically small A = 1, we
obtain a minimal value of y = 8. Such a high value of y
gives an R, of a rather low magnitude, indicating strong
quenching. Using even lower values of y, we see that
Ry4 actually has the correct qualitative behavior as
displayed by the LHC data [1]. This suggests that the main
problem here could be simply in the magnitude of the
guenching.
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A. Ficnar, arXiv: 1201.1780

/
/
1.2F I ]
uncorrected — /
5 0.8F l’
S /
g 0.6 /
1 P/
0.4+ /
corrected
1.0 1.5 TIZ.O 25 3.0

FIG. 1. Comparison of the (normalized) instantaneous energy
loss as a function of time with and without the correction in
(4.8). The dashed red curve shows the (uncorrected) dpo/dt
in the radial o = r parametrization, while the solid blue curve
is the actual energy loss dpo/dt, as given by (4.8). The energy
loss was evaluated at points at a fixed spatial distance from
the string endpoint, chosen in such a way that the correction
in (4.8) appears clearly. The normalization constant Ejp is the
energy of half of the string and T' = 1/(7rs) is the tempera-
ture. The numerical parameters used are rp = 1, A = 50 and
re = 0.1.

The reason is the following. If,

(A)mazr ~ EY/3. it can be shown that this is actually
the typical qualitative behavior of energy loss of light
quarks in pQCD in the strong LPM regime [18]. This
suggests a tempting idea that the phenomenon of light
quark jet quenching may have a roughly universal qual-
itative character, regardless of whether we are dealing
with a strongly or a weakly coupled medium.

Furthermore, a known generic feature of pQCD cnergy
loss in the strong LPM regime is the rise of R44 at high
transverse momenta pr, a qualitative behavior exhibited
by the LHC data for light quarks [18]. And if we can
roughly conclude that here we have the same qualitative
behavior of energy loss as in pQCD, there is hope that
an R4 computed from a falling string energy loss would
vield the same characteristic rise at high pr.




