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Brief reminder on jet quenchlng

Boam Pic: fda.gov
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S. Bass, Talk Quark Matter 2001

Motorized
Table

Jet Quenching is a way of learning about the opacity
of a system e

Two observables:

Idea: Jet moving through dense * jet quenching: nuclear modification
matfer, depositing its energy factor parametrizes the jet suppression

should eventually disappear R __ dNaa/dpr
aa(pr) ;\7 colldNpp /dpr
=> What does jet quenching tell us number of binary collisions

about the jet-medium interaction? elliptic flow: flow induced by high-p;

particles

‘fg 1+2 z vy cos(ng)

n=1
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Jet quenching in pQCD vs. AdS/CFT

QCD View AdS View d _
e G, 9 S Long-standing question:
R %.M "'q.b'q OO,)O’ R g g
o gr""\p‘d‘l\ ":\
Quark Gluon T~ N Ads, Can the jet-energy loss be described
Plasma "7~ 30— by pQCD or does one need an
“b” AdS/CFT prescription?
String
_4 pQCD-lik RHIC | AdS/CFT-like
Black Hole o2 @ W b ;m-,:“;p: S ISCHEA ',-,}R.-'A;.}.rbp'r' ]
M. Gyulassy, Physics 2, 107 (2009) 0_151_ + e f‘”P;:" It _‘; JW jd”z:r ]
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PHENIX results seem to os- ““Qg\ -
indicate an AdS/CFT-inspired ; $ | c-ocovc
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gy :;u:a dp/dq-r\,q-l r dP/d’T’\-’Tz
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PHENIX, PRL 105, 142301 (2010)
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pQCD vs. AdS/CFT @RHIC
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RHIC results seem to prefer AdS-inspired models
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reaction plane

dNaa/dpr

R‘ A\PT) —
AA (PI ) A‘N‘C()lld‘;\l‘l)l)/dp’r
Riaa = Raa(l + 2vo)

t
RaA = Raa(l — 2v)
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Overquenching @LHC

In contrast to predictions: remarkable similarity 10 po il B PR AR

of RHIC & LHC results at p>15 GeV

SPS ® WAZE i° (17.4 AGeV) 1
7 WHDG RHIC Constrained

—— dN®idy=800-1200
® PHENIX ° (130 AGeV) |
7’ WHDG LHC Extrapolation ’ .- ¥ PHENX " (200 A(\;;N)
m 7 PHENIX 0-5% 2 decpp * STAR h* (200 AGeV)

—— dN%dy=2000-3500
hen PHENIX 0-5%

% he STAR 0-5% —
@ g, ALICE 0-5% T %
1 :. O O hen ALICE 70-80% T T ‘ _‘, - . |
: F— 01} .
: pQCD-based predictions
mﬁ [ Au+Au at s"=17, 200, 5500 AGeV
001 1 1 LA 1 1 LILELLLLIL]
2 10 100
p; [GeV]
01F W. Horowitz et aI.,_' _Eo
: NPABTD 265 1 (a) 0-5% PHENIX, PRC 87, 034911 (2013)
PP TP SR -1 .« 1) PP L
0 5 10 15 20 - ® PHENIXr® Au+Au 200GeV
P; (GeVic) § 3 ALICE h*" Pb+Pb 2.76TeV
. . . r [PLB 696(2011)30]
—> The jet-medium coupling @LHC e T R T
o) l. T, 505 vh
s mgSr —OmN Ll I L
seems to be smaller than @RHIC Lo
. . . 104—.....,111...l........,.,
(points to a running-coupling effect B S R R TR R

p. (GeV/c)
. . W. Horowitz et al., NPA 872,265 (2011) ;BB et al., PRC T
ConS|Stent Wlth pQCD) 86,024903 (2012); S. Pal et al., PLB 709, 82 (2012)
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Energy-loss mechanism

Generic model of jet-energy loss:

dP g a < C=z2—a—r+=z
S 0.7) = —R(T)P (1) 7 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); JHEP 80, 090 (2014)

: Ry @RHIC & LHC T =
(overquenching & reduction of jet-medium coupling) os - Q=1
Bullet #2: v,@RHIC & LHC SRTI N
(transverse expansion) = g:g: ]

Bullet #3: path-length dependence 0.1 | |

(pQCD vs. AdS/CFT) P

Bullet #4: jet-energy dependence R

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:

dpP B .

——(#0,9,7) = —K(T)P(7) 77 T4 ¢, ;
T o

calculate Ry, and RO @RHIC & Ry, and v, @LHC for:

BB et al., JHEP 80, 090 (2014)

QCDrad: a=0, z=1, const. «

M. Gyulassy et al,. PRL 86, 2537 (2001)

Blast wave model: v=0.6

C. Shen et al. , PRC 82, 054904 (2010); PRC

VISH2+1 84 044903 2011

QCDel: a=0, z=0, const. «

RL H d M. Luzum et al., PRC 78, 034915 (2008);
y ro PRL 103, 262302 (2009).

AdS: a=0, z=2 , const. «

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
T=113MeV Tl.=1'."3McV T-; and LHC.

J.Liao et al., PRL102, 202302 (2009)

Kj=3K]
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Survey of results

BB et al., JHEP 80, 909 (2014)

RHIC LHC
name fluct. | (z.c.q) | temp. profile | RER™ Ri;lferiph ROLP eriph Repytr Rfﬂiph v eriph
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 1no (V') v no
QCDel no | (0,2,—1) | VISH2+1 v v v no v no
QCDel no | (0,2,—1) | RL Hydro v v v no (V') no
QCDel no | (0,2,-1) v=20.6 v 1no v 1no (V') no
AdS no | (2,4,-1) VISH2+1 v (V) v no no v
AdS no | (2,4,—1) | RL Hydro v (V') v no no v
AdS no | (2,4,-1) v=0.6 (V') (V') 1no 1no 1no (V')
SLTc no | (1,3,-1) VISH2+1 v v v no no no
SLTc no | (1.,3,—1) | RL Hydro v v v v v (V')
SLTc no | (1,3,—1) v=20.6 (V') v (V) no no no
QCDrad ves | (1,3,+1) | VISH2+1 v v v v (V') (v')
QCDel ves | (0,2,+1) | VISH2+1 v v 1no v 1no (V')
AdS ves | (2,4,+1) | VISH2+1 v v v no 1o v
ncAdS no | (2,4,—1) | VISH2+1 v no v v (V') v
ncAdS ves | (2,4,+1) VISH2+1 v v v v (V') 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 (V') (v') v
exp. k(1) QCDrad | no | (1,3,—1) | VISH2+1 v no (V') v v v
exp. k(1) QCDrad | yes (1,3,0) VISH2+1 v v v v (v') v
exp. k(1) ncAdS no | (2,4,-1) VISH2+1 v no (V') (V') v v
exp. k(1) ncAdS yes (2,4,0) VISH2+1 v v v (V) (V') v

8 09/08/14 ConfinementXI Conference, St. Petersburg, Russia Barbara Betz



TRaA(PT)

nRaa(PT)

0.1

0.1

n and R3S @RHIC, no fluctuations

[ —— VISH2+1 Ria RO
| — = RL Hydro 1
[ veans v=0.6 e

- -t
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- -
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[ —— VISH2+1
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e —
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-
-
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amE"
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-
-
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PHENIX, n°, 0-5%
0°< AG <15°, 20-30%
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01

F —— VISH2+1

| — = RL Hydro
AREEEEE v=0.6

PHENIX, °, 0-5%
0°< A <15°, 20-30%

r o= VISH2+1
| === RL Hydro

-
I‘-.
-
-

PHENIX, 7°, 0-5%
0°< AQ <15°, 20-30%

6 8 10 12 14 16 1
pr [GeV]
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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
| PHENIX results due to
“1 details of hydro simu-
| lation and jet-energy

loss prescription.

More similar to new
HT results.

Barbara Betz



pQCD-like models @LHC, no fluctuatlons

w 0.2 .
0.1 -3 0_1+3
; [tan) Lhc acorad (E% L _ 7] (@2 LHC. QCDrad [x E™! TP ] | dErad/dx ~ EO7IT3
P m— VISH2+1 + 1 — \ISH2+1
0.8  — - RL Hydro ==+ RL Hydro

I v-0.6 | reproduces BOTH
Raa@nd v, within

_ = cus.20-30%] the uncertainties of
ALICE, 20-30%

I TAEES bk space time

- ALICE,0-5% | 0.05 ¢ ! + ]

wili= CMS, 0-5%

-9

ALICE, 20-30%
-E- CMS 10- 30%

-
cccc
-

m KLHC < KRHIC
()

wo(pr)
o

evolution (IC, n/s, 1)

08 i:‘é‘f’ﬂi;‘o + I Running coupling
""" v=0.6 1

IRRALL v=0.6

radiative QCDrad
¥ (we=rmo ]| (~ EOtl) appears

| i ~ arce 00 to be preferred over
- ALICE, 20-30%
t i ’

0« ATLAS, 20-30%

ALIGE oge,| 005 running coupling
CMS, 0-5%
ALICE, 20-30% QCDel (~ EO’CO).
[ , , CMS, 10-30% 0 , , , , ‘
10 20 30 40 50 10 20 30 40 50
pr [GeV] pr [GeV]

10 09/08/14 ConfinementXI Conference, St. Petersburg, Russia Barbara Betz



Non-perturb. models @LHC, no fluctuations

0.2 r
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The conformal AdS
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\
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.
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rapid rise of Raa(Pr))

SLTc «(T) closer to
the LHC data, de-
pending on the
background.

K

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

T=113MeV T=173MeV
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QCDrad with jet-energy loss fluctuations

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

7RaalPT)

8 [2) o, Qobrat (e T°Eg 1] 4 [ELHe Gobme R Th ] [ HG GoBad e X e __
[ — ﬂ . =— T — . =—
T ek e 08 [ a0 b O I R R
06 === = fluc (3;1) 0.6 :- = = fluc. (g=+1) 2= 0.15 &- = = flue. (q=+1)
VISH2+1 — R
05 r . i b
o4 1T KLHC < KRHIC
04 | E: 01 ﬁ =  CMS, 20-30%
= " ° - ALICE, 20-30%
0.3 KLHC < ¥RHIC * &« ATLAS, 20-30%
0.2 0.2t & ALICE, 0-5% | 0.05 ¢ }
. .- CMS, 0-5% )
0.1 004 6 S18e 20 300 e ALICE, 20-30%
...... rsoemos8002090% | ool . & owstosow| | 0V
6 8 10 12 14 18 18 10 20 30 40 50 10 20 30 40 50
or [GeV] pr [GeV] or [GeV]
0.8 —
07 | _ ‘é;‘&
=> R, 4 gets smaller, v, less affected, v,@LHC too low 06 [, RSl
05 =] —-= ]
. S 04 ..
Background impacts results (v,@LHC larger ERFE Y
02} T
. . 4 - . i N
for RL hydro) energy-loss fluctuation distribution S I
| 14 ¢ ( o4l
Y= _ 1 0051152253 354
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The high-p; v, problem




0.25 v T
PHENIX (0-10% & ~30%)
02} — 3D, =026 .
— — - 3D, stochastic, o, = 0.29
~ 0.15 }
>
& 0.1 f
0-05 i :__-?::'t‘ﬁ——————_-
0 4 —
5 10 15
pr [GeV]
D. M?Inar etal., arXiv:1£09.2430
PHENIX (0-10% & ~30%)
0.8 F—— 3D, 0,=0.26
— —~ 3D, stochastic, o, = 0.29
p 0.6
2
e 04t
02t
O L i i
5 10 15 20
pr [GeV]

= High-p; Vv, is about a factor of 2 too
small for D. Molnar, HT, and ASW

RHIC

.A0)

The high-p v, problem of pQCD models

Au+Au 20-30% |5,,=200GeV

[ ==« AMY-pQCD (in)
[ == AMY-pQCD (out)

—— 0°<Ap<15°
- 75°<A0 < 90°
I 1 I 1

T
_Ia 1
d g
N 48
C = <
N

O 06
>

_______ 5 &
22
E q
S -
g3 .00 1L

(@)= = s 10 v 20
p; (Ge

7° Raa(p.

PHENIX, PRC 871034911 (2013)

[ ==+ ASW-QCD (in)
I — ASW-pQcD (out)

[ ==+ ASW-AdS/CFT (in)
[ — ASW-AdSICFT (out)

107

LHC

Vo(pT)

* Yield of CUJET2.0 v, depends on o .,
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g ——— l
—— 0°<AH<15° —— 0°<AH<15°
= 75° < A0 < 90° (c) —a- 75° < A) < 90° (d)
1 1 1 1 1 1 1 1 1 1 1 1
6 ] 10 12 14 16 18 6 ] 0 12 14 16 18 20
P; (GeVic) P, (GeVic)
T T

0.16

0.12

0.08 -

0.04 ¢

(Gtmaxs Mp=XeMp, Magnetic screening

T T T T T
ALICE Pb+Pb 2.76ATeV hi 20-30%
ATLAS Pb+Pb 2.76ATeV h 20-30%
Pb+Pb 2.76ATeV h™ 20-30%

cMS
CUJET2.0 7 (0.23,1,0) Ap=0" & (0.26,1,0) A0=80°

CUJET2.0 7 (0.20,1,0) b=.7.55m @LHC
0.21,1,0)
1,0

CUJET2.0 =
rc DGLV + VISH2+1

AAAAAAAAAAAAAA
00000806000 000
WWWWWWRNNNNNDNNND
SERONISODNSHEON
SLNNIEARAAANY
[==l=lelelolelelolelolole]
Sobobokteoboele

LI rooT

J. Xu et al., JHEP 1408, 063 (2014)
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Path-variation of the jet-medium coupling

Ansatz to solve the high-p; v,-puzzle:
J. Xu et al., JHEP 1408, 063 (2014)

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

I T I T I T [ T
ALICE Pb+Pb 2.76ATeV h* 20-30%
ATLAS Pb+Pb 2.76ATeV h: 20-30%
CMS Pb+Pb 2.76ATeV h™ 20-30%
CUJET2.0 n (0.23,1,0) A9=0° & (0.26,1,0) Ap=90°
CUJET2.0  (0.20,1,0) b=7.5fm @LHC
.1,0)

0.16

| 1] iveooT

CUJET2.0 =
rc DGLV + VISH2+1

0.12

Vo(PT)
000000 000000000

ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
G0 G0 L LI L NN R DRI Y,
SQbRELNm,OORNOO RGN =
B e e e T e T e e e A A P P
coooooocooooooo
S22

0.08 | %
Empirical result, I f
may be due to a combination 0.04 | o

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

Path-variation of the jet-medium coupling

To mimic this ansatz with
Omax (OUt-of-plane) > o, (in-plane)

we assume an increase of the jet-medium coupling
out-of-plane

on plane

k(¢) = k- (1+]sin(¢)|- X) X: value in percentage

....................... T T T T T T T T T T T 0.2 T T T
08 [ (a) RHIC, [x(9) E%' T £ | TR RS S () LHG [x@ B P4~ |
07 | == VISH2+1 AK($)=15% : 08 [——VISH2+1 ,AK(¢)=15%+ .H, ] s \f|SH2+1,AK(0)=15%
= = RL AK(0)=10% I
06 L == RLAK($)=10% L ’ i x(0) 4 0.15 § === RL Ax(0)=10%
05 t [
T —_— i KLHC < ¥RHIC
e [ ] - e 0.1 F m J
0.4 L] F = CMS, 20-30%
03 . - ALICE, 20-30%
S E . KLHC < ¥RHIC & ATLAS, 20-30%
0.2 . ] o ALICE, 0-5% | 0.05 } .
o - CMS,0-5% | | = i
01 - PHENIX, n~, 0-5% _30%
o 0°< A® <15°, 20—-30% - ALICE, 20 300/ *
Cm L 7595 A0<90°,20:80% o L OMS080% ] . . . .
6 8 10 12 14 18 18 ' 10 20 30 40 50 10 20 30 40 50
pr [GeV] pr [GeV] pr [GeV]

—> R,, and v, can be described BOTH @RHIC & @LHC, assuming
running coupling and a fluctuating, pQCD-like dE™d/dx~ E%¢1T3
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TRAAPT)

Exponential «(T) ansatz
K(T) A

Inspired by the SLTc model, [1/the)]
we consider an exponential ansatz:

k(T) = kpe =T

—> One possible ansatz to describe the LHC

transparency.
P l@AHC D EN TG vishen | ] [lHG D ER Doy istent __
07 | == no fluc (q=—1) . 0.5 |[no fluc (g=—1) + 1 ] s 110 flUC (g=—1)
05 L == fluc(g=0) } - - _—-fluC(Q=0) I 1. L_—% 015§ === fluc (g=0)
| pbar L. .

501 ﬁ
1£° - CMS, 20-30%

°*i - ALICE, 20-30%
@ ATLAS, 20-30%

o ALICE, 0-5% | 0.05 ™.
- CMS, 0-5%
2

01 | m PHENIX, 7°, 0-6% ~30%
- 0°< Ad <15°, 20-30% ALICE, 20 300/
1 '-I.-I' (| |7|5°|<|‘A|¢ |<|9qo!| 2|0|_3|0|cyc|, |||||| O 1 1 1 1 1 1 -El- 1 CMSl 1|0_3|0 /0 0 1 1 1 1 1
6 8 10 12 14 16 18 . 10 20 30 40 50 10 20 30 40 50
pr [GeV] pr [GeV] pr [GeV]

—> Data are fairly described.
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The Flowing Medium




The flow factor

The generic model of jet-energy loss discussed above

dP
dT

(To, ¢, 7) = —R(T) P (1) T T2

BB et al., PRC 86, 024903 (2012); JHEP 80, 090 (2014)

did NOT consider the effect of transverse flow on the jet-energy loss.

For that, one needs to include a flow factor Lustal. Jep 070,066 (2007) Baier et al, PL&.

(2005); Armesto et al., PRC 72, 064910 (2005)

dpPhiov dP
dr _ dr\ ——f [1 — Uf COS(@Jet Cbﬂow)]

|

)

flow factor

19 09/08/14 ConfinementXI Conference, St. Petersburg, Russia Barbara Betz



The flow factor

nRAAPT)

TRAAPT)

T T T T T T T T 0.2 T T T T
08 [ (a) RHIC, [k E%' T° £ 41, VISH2«1 (€ LHC [xE%' o4l VisHa+1 |
0.7 | == no flow factor NO jet'energy
08 L == = = flow factor ® 015 i |
loss fluctuations
05 |
. ; — & - K He < ¥RHIC
® == - = a L m i
04k ¢ L ] cE‘E é\.OJ -  CMS, 20-30%
0 R \° t - ALICE, 20-30%
: L : KL HC < ¥RHIC 3 & ATLAS, 20-30%
00 Ty ] |02y -  ALICE, 0-5% ] 0.05 o
. - CMS, 0-5%
01 | = PHENIX, m~, 0-5% _30%
.- 0°< AG <15°, 20-30% @ ALICE, 20-30%
S T A0 S90°,20-80% L, 0.1 B | OMS, 10-30% 0
6 § 10 12 14 16 18 10 20 30 40 50
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 0.2
08 [ (a) RHIC, [k E%' T®£,], VISH2+1 1 [EHe e E% Tgl isherl_ T |
0.7 | == no flow factor 1 08 } + ++ Jet-enel‘gy IOSS
06 L == = = flow factor s | 0.6 | Y 015 i i
fluctuations
"o T 04 - KL HC < KRHIC
.. % oot
0.4 ¢ e ® EI é\.m I - CMS, 20-30% |
S o - ALICE, 20-30%
0.3 K HC < ¥RHIC @ ATLAS, 20-30%
0o . n 02T -  ALICE, 0-5% | 0.05 ¢
. - CMS, 0-5%
0.1 F = PHENIX, m~, 0-5% _30%
o 0°< Ab <15°, 20-30% 9 ALICE, 20 300/
S 7%= A0 90°,20-80% A B | OMS, 10-30% 0 . . . . .
6 g8 10 12 14 16 18 10 20 30 40 50 10 20 30 40 50
pr [GeV] pr [GeV] pr [GeV]

=> Including the flow factor, v, increases @LHC, R,, described @RHIC & LHC
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(Non-conformal) AdS/CFT




Non-conformal holography @LHC

Conformal AdS: scale cannot change, - A Horowltz et al, PLB 666, 320-323 (2008)

I —— pQCD Rad+El
—— AdS/CFT,D=3

l.e. the coupling cannot run " =&

>

s
$06F

Using conformal AdS, a flat Raa(pr)@LHC
was predicted, to measured data ¢

AdS/CFT

S
N

AdS/CFT

1 1 1 1 1
0 10 20 30 40 50 50 100 150
pr(GeV) p;(GeV)

Allowing for non-conformal, non-standard AdS (i.e. dE/dx ~ E%2T*
Wlth 3 rEd. Coupllng @LHC). A. Ficnar et al., arXiv: 1311.6160

02 — : : . :
LHC. ncAdS [x E%” T* ¢ ] b) LHC, ncAdS [ % T*
1 HallHe, neAdS [k E w1 | LHC, ncAdS [k E 7 T_Col. Miuc<Famic)—
- w0 fluc. (q=-1) + e 10 flUC. (g=—1)

0.8 = = «fluc (g=+1) = = «fluc (q=+1)

0 | VISH2+1 015 ¥ VISH2+1
E o.4i =
< i < 0.1 r
< Ik ¢

= CMS, 20-30% |
°* - ALICE, 20-30%
-0 ATLAS, 20-30%

3

0.2 .
- ALICE, 0-5% 0.05 }+
- CMS, 0-5%
- ALICE, 20-30%

o1 | B CMS, 10-30%

10 20 30 40 50 ° 10 20 30 40 50
pr [GeV] _ pr [GeV]
=>0nly conformal AdS fails to describe the (Ry, & v,) data BOTH @RHIC & LHC
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A Hybrid Strong/Weak Approach




Hybrid Strong/Weak Approach

J. Casalderrey-Solana et al., arXiv: 1405.3864

Gauge Theory

Any partons of the jet propagating in the ST /
plasma may suffer hard splittings (weak

coupling), described by DGLAP.
Additionally, these partons possess soft
fields that interact strongly with the medium.

Energy loss based on falling strings by Chesler et al.:

P. Chesler et al., PRD 90, 025033 (2014)

1 dE 4 2? 1 | gl
—E —d = ——— xqrg _ m

in ax T X3 2 2 stop 4/3

tH stop \/xstop — & 2/‘125) T

1/3
kI =K —CA /
SC SC OF

The main difference to our generic energy loss model is the square root.
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Raa

Hybrid Strong/Weak Approach
Procedure:
- Create showers with PHYTHIA until 1, 4,,=0.6fm
- Embed jets in (3+1)d ideal hydro

T. Hirano et al., PRC 84,011901 (2011)
- Calculate the energy loss
- Determine the reconstructed jets with FAST]et

M. Cacciari et al., Eur. Phys. J. C 72,1896 (2012)

L2 b | — 12 - - - -
LES ] fixing point 1 Ir AuAu /s =200 GeV
F el S ] y I 0-10% Centrality
()8 = ] - " L - - - \ -1 ()8 - R - “2

n|<1-R

=
q
Jet Raa
p
T

Strong Coupling

0.2 F LHC Data +—— . 0.2 | RHIC Strong Coupling
0 N 1 . 1 " 1 1 1 M 1 1 1 1 1 1 1 M 1 M 0 . ; . ,
100 120 140 160 180 200 220 240 260 280 300 g 0 m
Pr (GeV) J. Casalderrey-Solana et al., arXiv: 1405.3864 Pr (GeV)

—=> Using the same coupling . the yield of the Jet Ry, @RHIC & LHC
is reproduced
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nRaalPT)

Hybrid Strong/Weak Approach

Using the falling strings energy loss ansatz

P. Chesler et al., PRD 90, 025033 (2014)

1 dE 4 x? 1

T o dr 2

stop

in our model for the VISH2+1 background, we need a reduction from
Kruie=0.38 to « =0.3 to describe the Ry, !!

......................... —————— 0.2 . . . :

0-8 [(a) RHIC, Hybrid Eloss, VISH2+1 | 4 [(eLLHGC. Hybrid Eloss, VISH2+1 _ _ _ _ | (c) LHG, Hybrid Eloss, VISH2+1 _ _
= KRHIC = KLHC

07t 8o KRHIC < ¥LHC +

086

05

++}+ 0.15 k_ Ej:::

i CMS, 20-30% 1
» ALICE, 20-30%
9 ATLAS, 20-30%

04 r

0.3

ALICE, 0-5% |

0.2 -
- CMS, 0-5% [ JRCCCTTT S
e

-
»
.....
T,

01| PHENIX, 7°, 0-5% 309 B ey e e
o 0°< A0 <15°, 20-30% ALICE, 20 30% 0}
1 '-I.-I| 11 |7|5C:<|A|¢ |<|90|°'| 2|0|_3|(:)|D/c|> |||||| 0 -1 1 1 1 1 .?. 1 CMS! 1|0_3|0 /0 1 1 1 1 1
6 8 10 12 14 16 18 10 20 30 40 50 10 20 30 40 50
pr[GeV] pr [GeV] prlGeV]
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Hybrid Strong/Weak Approach

Casalderrey-Solana et al. plotted Jet Ry, NOT 7t Ry, for py >

We assume Jet Ra4(pr)

100 GeV:

R(gélA (pT)ng (pr) + R%A (pT)qu (pr)

LHC, Hybrid Eloss, VISH2+1
— KiHo = Kppiig =0-38

08 t — KLH.C = < KRH|C 0. 38
0.6
0.4
0.2
JetRAA =
ALICE, 0-5% »—a—
CMS, 0-5% =t
Jet RAA CMS, 0-5% setms
0.1 - ' ' ' '
50 100 150 200 250 300
pr [GeV]

—> Never compare apples and oranges!
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Raa(PT)
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0.7 r

0.6 r
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03 1

0.2 |

0.1
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dgg(pT) + daq(pT)
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— JetRAA
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Summary

Never compare apples and oranges!

Running coupling is essential to describe n data @LHC
An additional flow factor might be needed to describe v2

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

There is a high degeneracy of solutions

- dEad/dx~ E%1T3 without fluctuations,

- dErad/dx~ EO0t1T3 with an SLTc «(T),

- dErad/dx~ E%1T3 with jet-energy loss fluctuations and «(¢),
- dErad/dx~ E0t1T3 with an exponential «(T),

- and non-conformal dE/dx~ EO0t2T*#

=>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 equally!
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Backup




Energy-loss mechanism

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

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

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

1

1—a

P .| K = (- akC

‘T

Py(Py) = [Pl “+K/

<+ T0

Frag mentat|0n . momentum of the observed pion pQCD cross-sections fragmentation functions

! e
< 2 . % doq (pf) AA (p; ; "-’T"‘) Do sn (4 P;)>
To,Npart

a—=q,q9 Zmin

:IELJL (.p’h' 3 (_—'T)- E\rpa?*t) —

> Fdoa (%) Do (= 5)

a=4q.,9g Zmin

inti docos {20} R”, [ oart @
Elliptic Flow: ] (Npurt) = f ¢ 5{ (',_} ,:}A( p £y Q)
f d’@ RLZLA (A’part (7))
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Energy-loss mechanism with fluctuations
ANGGe(Pr) dANIL(Py) _ dB3 ANEL[Ry(Py)] dNIst (Py)

dydqde% /dydqdeg B de dydgdeJ? /dydqde(;2
grzq,g[PO(Pf)] dP(;Z
g (Py)  dPF
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:

(%o, 0, 7) = —r(T)P(T) T° Te=2-atz (q

dP

dT

e a=1, z=0:

e a~Q, z~1:

* a=1/3, z=1:

*a=1, z=2:

* a<0, z=0:

32

Bethe-Heitler limit

09/08/14

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

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

lower bound of power a in falling string scenario

A. Ficnar, PRD 86 , 046010 (2012)

“AdS/CFT” model

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

cold atoms . Nishida, PRA 85, 053643 (2012)
Boltzmann eqg. with 2 and 3-body
scatterings.
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TRAA(PT)

QCDrad with fluctuations, diff. background

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

08 T

0.7 r
—= R

VISH2+1

01 r

VISH2+1, fluc. (g=+1)

L Hydro, fluc. (q=+1)

PHENIX, °, 0-5%

g
o~ 0°«< A¢ <15°, 20-30%
-

pr [GeV]

(b) LHC, QCDrad [x Ex' T°¢.]

P m—V|SH2+1, g=+1
0.8 [ ==« = RL Hydro, g=+1 + +

KLHC < ¥RHIC

CMS, 0-5%
ALICE, 20-30%
CMS, 10-30%

0.1

ALICE, 0-5% |

] 0.15

10 20 30 40 50
pr [GeV]

= Ry, @LHC more affected for RL Hydro

33
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1 ¥LHC < ¥RHIC
Soq il _
[ - CMS, 20-30%
°*t - ALICE, 20-30%
& ATLAS, 20-30%
0.05 [t ]
0

2 ' ' 5713
(c) LHC, QCDrad [ E%%' T2 ¢ ]

___________ 9
—— VISH2+1, fluc. (g=+1)

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

10 20 30 40 50
pr [GeV]
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TRAAPT)

Exponential «(T) ansatz, ncAdS

. K(T) A
Inspired by the SLTc model, [1/(h0)"]
we consider an exponential ansatz: K|

k(T) = kpe =T

—> One possible ansatz to describe the LHC

R .
e
transparency.
08 Fr o T T 02 h L e T ] e o f0 2 T e s 0.2
© [ (a) RHIC, &(T) %% T* ¢, VISH2+1 1 HBYLHC, (M) ExZ T g VISH2+1
0.7 | == no fluc (g=—1) 0.8 |=no fluc (q=—1) + ] s 110 flUC (Q=—1)
= = fluc (q=0
0} — = fluc(a=0) 06 | e (a=0) 0.15 f§ === fluc (g=0)
5 Sor -
= -EN : = CMS, 20-30%
R - ALICE, 20-30%
it ) @« ATLAS, 20-30%
02T &  ALICE, 0-5% | 0.05 |
o -=- CMS, 0-5% e
0.1 | = PHENIX, 7°, 0-5% ~30% —
o 0°< A0 <152, 20-30% 8- ALICE, 20-30%
|'-|.-|| [ |7|5°|<|A|¢|<|90|°'| 2|0|_3|0|cyc|> |||||| 01 1 1 1 1 -?- 1 CMS! 1|0_3|0cyo 0 1 1 1 1 1
6 8 10 12 14 16 18 ' 10 20 30 40 50 10 20 30 40 50
pr [GeV] pr [GeV] pr [GeV]
—> Data are fairly described.
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Hybrid Strong/Weak Approach

Ry apr)doy(pr) + B, (pT)doy(pr)

W me Jet Ria(pr) = , \
e assume Jet Raa(pr) dog(pr) + doy(pr)

LHC, Hybrid Eloss, VISH2+1

| — KLHC K IC —0 38
08 = KLHC Fg_|< KRH|C 0. 38

0.6
T 04
=
< .®
o
0.2
g quarks == == =
g|u0ns .......
ALICE, 0-5% »=———
CMS, 0-5% —a—
0.1 Jet RAA CMS, 0-5% smmtms

50 100 150 200 250 300
o1 [GeV]
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Survey of results

BB et al., JHEP 80, 090 (2014)

36

# name fluct. (z,c,q) | temp. profile KRITIC KLHC Fig. #
1 QCDrad no | (1,3, —1) | VISH2+1 0.970 0.834 1,45

2 QCDrad no | (1,3,—1) | RL Hydro 0.505 0.485 1,4

3 QCDrad no | (1,3,—1) v=0.6 3.338 2.135 1,4

4 QCDel no | (0,2,—1) | VISH2+1 2.266 2.266 1,4

5 QCDel no | (0,2,—1) | RL Hydro 1.497 1.497 1,4

§ QCDel no | (0,2,-1) v=0.6 5.91 5.221 1,4

7 AdS no | (2,4,—1) | VISH2+1 0.382 0.382 1,9

8 AdS no | (2,4,—1) RL Hydro 0.168 0.168 1,9

9 AdS no | (2,4,-1) v=0..6 1.781 1.781 1,9

10 SLTc no | (1,3,—1) | VISH2+1 0.408 0.408 1,9

11 SLTc no | (1,3,—=1) RL Hydro 0.334 0.334 1,9

12 SLTc no | (1,3,—-1) v=10.6 552 552 1,9

13 QCDrad ves | (1.3,+1) | VISH2+1 1.859 1.358 2.5

14 QCDel ves | (1,3,+1) | VISH2+1 4.236 4.039 2.5

15 AdS ves | (2.4,+1) | VISH2+1 0.703 0.703 | 2,10(a,h)
16 ncAdS no | (2,4,—1) | VISH2+1 0.382 0.210 2.10(c,d)
17 ncAdS ves | (2,4,+1) | VISH2+1 0.703 0.417 2,10(c,d)
18 k(@) QCDrad yes (1,3,0) VISH2+1 1.475 1.203 8

19 r(d) QCDrad ves (1,3,0) RL Hydro 0.854 0.710 8

20 | exp. k(T) QCDrad | no | (1,3.—1) VISH2+1 k1=2.057 | k1=2.057 12

21 | exp. r(T) QCDrad | yes (1,3,0) VISH2+1 rk1=3.609 | k1=3.609 12

22 | exp. k(T') ncAdS no | (2,4,—1) | VISH2+1 r1=0.849 | r1=0.849 13

23 | exp. &(T) ncAdS ves (2,4,0) VISH2+1 rk1=1.529 | k1=1.529 13
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Survey of results

Scenario RHIC LHC Score
1 v v v v v (V) 5
2 v v v (V) v v 5
3 v v no (V') v no 0
4 v v v no v 1no 2
5 v v v no (V') no 1
6 v 10 v no (v') 10 -1
S 7 v (v') v no no v 1
2 8 v (V') v no no v 1
g 9_ (v') (V') no no no (V') -.3
S 10 v v v no no no 0
o 11 v v v v v (V) 5
S 12 (v) v (v) no no no -2
T 13 v v v v V) | (V) 4
;.é 14 v v no v no (V') 1
15 v v v no no v 2
16 v no v v (v') v 3
17 v v v v (v') v 5
18 v v v v v v G
19 v v v (v') (v') v 4
20 v no (v') v v v 3
21 v v v v (v) v 5
22 v no (v') (v') v v 2
23 v v v (V') (v) v 5
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T [MeV]

Path-variation of the jet-medium coupling

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

J. Xu et aI JHEP 1408 063 (2014)

ALICE Pb+ F’b 2. 76AT \ h 20- 30/
ATLAS Pb+Pb 2.76ATeV h* 20-30%

CMS Pb+Pb 2.76ATeV h* 20-30%
CUJET2.0 7t (0.23,1,0) Ap=0° & (0.26,1,0) Ap=90°

0.16

I|I|!l>l=l0

. . . . CUJET20m (0 20,1,0) b= 75frggL1H63
Assume a modest variation of the jet-medium wEme- Gz
- - - (0.24,1,0) |
coupling in- and out-of-plane, corresponding o1z reDoLY IsH2D 218
g (0.28.1,0)
to a temperature dependence of o,y S oos %{ §§ |
Y (0.33,1,0) —
Effectlvely, ocmax (out-of-plane) > o, (in-plane) S aRig =

200

0.04

150

non-central event

Jetrmedium coupling

enhanced for 100<T<150 MeV

100 e
50
out-of-plane
0 in-plane | |
0 2 4 6 8 10
X; [fm]
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