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o Motivations

o J /1 suppression data in p A collisions
@ Revisiting energy loss

o New scaling properties from medium-induced coherent radiation
@ Phenomenology

o Model for J/1¢ and T suppression in p A collisions
o Comparison with data from SPS to LHC
o Extrapolation to heavy-ion collisions
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Data on J/4 suppression in p A collisions

E866 /s = 38.7 GeV PHENIX /s = 200 GeV
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o Strong J/v suppression reported at large x. and y
@ Weaker suppression in the Drell-Yan process
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o Strong J/v suppression reported at large x. and y
@ Weaker suppression in the Drell-Yan process

Francois Arleo (LLR & LAPTh) Parton energy loss in pA & AA collisions INT Seattle — Oct 2014 3/33



Interpretations

Many explanations suggested .. .yet none of them fully satisfactory

@ Nuclear absorption
o requires unrealistically large cross section
o nPDF effects and saturation
o constrained by Drell-Yan
@ Intrinsic charm
e assuming a large amount of charm in the proton
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Interpretations

Many explanations suggested .. .yet none of them fully satisfactory

@ Nuclear absorption
o requires unrealistically large cross section
o nPDF effects and saturation
o constrained by Drell-Yan
@ Intrinsic charm
e assuming a large amount of charm in the proton

All these effects may lead to some J/v) suppression

but cannot alone explain current p A data
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Interpretations

Many explanations suggested .. .yet none of them fully satisfactory

@ Nuclear absorption
o requires unrealistically large cross section
o nPDF effects and saturation
o constrained by Drell-Yan
@ Intrinsic charm
e assuming a large amount of charm in the proton

All these effects may lead to some J/v) suppression

but cannot alone explain current p A data

This talk: revisiting energy loss processes in a simple approach
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Gavin—Milana model

Simple model assuming (mean) energy loss scaling like parton energy

AE xx E L M2

[ Gavin Milana 1992 ]

for both Drell-Yan and J/1) (though larger due to final-state energy loss)
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Gavin—Milana model

Simple model assuming (mean) energy loss scaling like parton energy
[ Gavin Milana 1992 ]

AE x E L M2
for both Drell-Yan and J/1) (though larger due to final-state energy loss)

@ Ad hoc assumption regarding E, L, and M dependence of parton
energy loss, no link with induced gluon radiation

o Failure to describe T suppression

o AFE « E claimed to be incorrect in the high energy limit due to
uncertainty principle — so-called Brodsky-Hoyer bound
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A bound on energy loss ?

Considering an asymptotic charge in a QED model [ Brodsky Hoyer 93 |

@ No contribution from large formation times tf > L
@ Induced gluon radiation needs to resolve the medium

w N
thk—z,sL wS kP L~g L
€1

o Bound independent of the parton energy
o Energy loss cannot be arbitrarily large in a finite medium
o Apparently rules out energy loss models as a possible explanation
However
@ Not true in QED when the charge is deflected

o Not necessarily true in QCD due to color rotation
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Revisiting energy loss scaling properties

Coherent radiation (interference) in the initial /final state crucial for tr > L

R ot e
hi 3%_ hi %(QJ_ hi 3&

@ IS and FS radiation cancels out in the induced spectrum

o Interference terms do not cancel in the induced spectrum !

@ Induced gluon spectrum dominated by large formation times

2
dl \VAdL
AE = /dww % L = NCQSM—J_E
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Two regimes

Incoherent energy loss (small formation time tf ~ L)

AE x as § L?

@ No color flow in the initial or final state
o Large angle particle production

@ Hadron production in nuclear DIS or Drell-Yan in p A collisions

Coherent energy loss (large formation time tr > L)

val o
M

€L

AE x o

@ Needs color in both initial & final state
o Important at all energies, especially at large rapidity
@ Hadron production in p A collisions
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Phenomenology

Goal

Explore phenomenological consequences of coherent energy loss
Approach as simple as possible with the least number of assumptions

Observable: J/1¢ and T suppression in p A collisions

Compare to all available p A data

o rapidity and transverse momentum dependence
o predictions for the p Pb run at the LHC

@ Provide baseline predictions in heavy-ion collisions
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Model for quarkonium suppression

Physical picture and assumptions

thard ~ E/M2 toctet
by
E 0 l
2999985 — tl:):'Qb
b QJ_i Q TF,PL

Color neutralization happens on long time scales: tyctet = thard
Medium rescatterings do not resolve the octet cc pair

Hadronization happens outside of the nucleus: t; 2 L

cc pair produced by gluon fusion
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Model for quarkonium suppression

1 dafA

A dE

e e
(E,5) = /0 dePle, E) 02 (£ +¢, v3)

Ingredients

@ pp cross section fitted from experimental data

1 P oM n(y/s)
E dpp = d0pp x [1——=Fcoshy
dE dy NG
o Length L given by Glauber model for minimum bias and centrality

dependence

o P(e): probability distribution (quenching weight)
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Quenching weight

o Usually one assumes independent emission — Poisson approximation

oS [ =52 o 5)

o However, radiating w; takes time tr(w;) ~ wi/Aqi > L

For w; ~ wj = emissions / and j are not independent

Francois Arleo (LLR & LAPTh) Parton energy loss in pA & AA collisions INT Seattle — Oct 2014 11 /33



Quenching weight

o Usually one assumes independent emission — Poisson approximation

oS [ =52 o 5)

o However, radiating w; takes time tr(w;) ~ w;/Aqi > L

For w; ~ wj = emissions / and j are not independent
@ For self-consistency, constrain w; < wy K ... < wpy

dl(e) < dl dl Neas E%§L
P((—t):wexp{—/E dwm} wdw.d: - In 1+W
n L

o P(e) scaling function of & = /gL/M, x E
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Transport coefficient

g related to gluon distribution in a proton [ BDMPS 1997 ]

R 4720, C, .
a(x) = Nz—le pxG(x,qL)
(o}

For simplicity we assume
. . (1072
a0 = (1

03
) (§ frozen at x > 1072)
X

, = g(x = 1072) only free parameter of the model
(x) related to the saturation scale: Q2(x,L) = g(x)L [ Mueller 1999 ]

o o
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Procedure

Q Fit g, from J/¢ E866 data in p W collisions J

@ Predict J/v¢ and T suppression for all nuclei and c.m. energies

g, = 0.075 GeV?/fm

[ Q=0.075 GeVZ/im (fit) { ]

E866 s = 38.7 GeV

. . . . .
02 0 02 04 06 08 1
Xg

o Corresponds to Q2(x = 1072) = 0.11 — 0.14 GeV? consistent with fits
to DIS data [ Albacete et al AAMQS 2011 ]
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Procedure

Q Fit g, from J/¢ E866 data in p W collisions

@ Predict J/v¢ and T suppression for all nuclei and c.m. energies

02l o = 0.075 GeV*/fm (fit) 1 02l qp = 0.075 GeV*/fm 1
E866 Vs = 38.7 GeV E866 Vs = 38.7 GeV
o . . . . . 0 . . . . .
0.2 0 02 04 06 08 1 0.2 0 02 04 06 08 1
Xg Xe

o Fe/Be ratio well described, supporting the L dependence of the model
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SPS predictions

9o = 0.075 GeV?/im

[ NA3 Vs=19.4GeV (r beam) | NA3 s =22.9 GeV (x beam) |

L L L L L L 0
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
Xg Xg

o Agreement even at small x_

o Natural explanation from the different suppression in p A vs 7 A
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HERA-B predictions

0.4f 1
Q, = 0.075 GeVZ/fm

021 B
HERA-B Vs = 41.5 GeV

0 -0.4 -6.3 -d.2 -d.1 2) 011 0.2

Xg

o Also good agreement in the nuclear fragmentation region (x. < 0)

@ Enhancement predicted at very negative x.
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Two sources of uncertainties are identified

o Transport coefficient §o (default 0.075 GeV?/fm) to be varied from
0.07 to 0.09 GeV?/fm

o Parameter (“slope”) of the pp cross section to be varied within its
uncertainty extracted from the fit of pp data

Francois Arleo (LLR & LAPTh) Parton energy loss in pA & AA collisions INT Seattle — Oct 2014 16 / 33



Two sources of uncertainties are identified

o Transport coefficient §o (default 0.075 GeV?/fm) to be varied from
0.07 to 0.09 GeV?/fm

o Parameter (“slope”) of the pp cross section to be varied within its
uncertainty extracted from the fit of pp data

Uncertainty band determined from the independent variation of §g and n
(4 error sets)

(ART) = Y [max{R(S}) — R(5%),R(S;) — R(5°),0}]?
k=4qo,n

(AR = 3 [max{R(S°) — R(5{). R(S°) — R(S; ). 0}
k=4§o,n
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Two sources of uncertainties are identified

o Transport coefficient §o (default 0.075 GeV?/fm) to be varied from
0.07 to 0.09 GeV?/fm

o Parameter (“slope”) of the pp cross section to be varied within its
uncertainty extracted from the fit of pp data

@ Largest uncertainty comes from the variation of g around
mid-rapidity

@ At very large rapidity (e.g. y = 4 at LHC), uncertainty coming from n
becomes comparable or larger than that coming from gg

Francois Arleo (LLR & LAPTh) Parton energy loss in pA & AA collisions INT Seattle — Oct 2014 16 / 33



RHIC predictions

d-Au Jp \'s = 0.2 TeV]

Raauly)
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< o

o Good agreement for Rya vs rapidity

@ Rather small uncertainty coming from the variation of the pp cross
section and the transport coefficient
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p. dependence

Most general case
¥ v
1 dUpA do
—__pA E E - A
AdE dzﬁj_ \/6'/9(J P(E’ )dE d2—» ( +6 pJ_ PL)

@ pp cross section fitted from experimental data

do 2 \" 2M n
Ug‘j oc( 2p0 2) x(l— Lcoshy>
dyd?py — \p+pi Vs

o Overall depletion due to parton energy loss

@ Possible Cronin peak due to momentum broadening
pA(%Pi) ~ RIOSS(y, PJ_) broad(p )
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p. dependence at E866

E866 Vs=38.7GeV — E.loss+broad. -- Broad. only
1.4

[ Fe/Be (x)=048
\ \

[ W/Be (xz)=0.48
|

2 4
pr (GeV)

2
pr (GeV)

4

[N

Rowipse(Pr)

© oo o o =
N A OO

12
08%
8
06 5
:
0.4
0.2

o Good description of E866 data (except at large p; and large x;)

o Broadening effects only not sufficient to reproduce the data
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p1 dependence at RHIC

y=[-22;-12]

Centrqlity 0-2q%
T T

R

Centra‘lity 40-6‘0%

Centra‘lity 60—8‘8%

0

4 4
pr (GeV) pr (GeV)

@ Good description of p; and centrality dependence at y = —1.7
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p1 dependence at RHIC

Centra‘lity 20—4‘0%
T T

T 0
L
r 415
> —
i <
[ L %
i miE
g o
r 17 0.5
Centra‘lity 40-69% ‘ Centra‘lity 60—8‘8%
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4 4
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o Good description of p; and centrality dependence at y = 1.7
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LHC predictions

3 1.4 e e e
£ N p-PbNs=5TeV ]
1.2 -
\ h
£ h
o8f
0.6
04
Y E. loss Jhp h
02— N E. loss Y -
ol | | | [ | | | | ]
5 4 -3 2 -1 0 1 2 3 4

< o

o Moderate effects (~ 20%) around mid-rapidity, smaller at y < 0
o Large effects above y > 2 -3

o Slightly smaller suppression expected in the T channel
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LHC predictions

1.4 e e

p-Pb Jp \'s = 5 TeV

Rppb(y)

1.2

0.8

0.6

0.4

E. loss

o ALICE (1308.6726) -

0.2

IS IS NS A WA A W S FE s N
- 83 2 A 5

QT TT

o Very good agreement despite large uncertainty on normalization
o Data at y 2 4 would be helpful
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LHC predictions

Comparing to other model predictions [ ALICE 1308.6726 ]
n:§1 4K P-Pb \s=5.02 TeV, inclusive JAy—u*w’, 0<p <15 GeV/c
A Lt (-4.4S<ycm'<-2.96)= 5.8 nb™, le (2.03<ycm'd.53)= 5.0 nb™
1.2
1r

0.8

o’..\l.\..\.‘..l...l.. el b b by
4 3 2 41 0 1 2 3 4
ycms

e Forward J/v suppression underestimated using EPS09 NLO

e Forward J/1) suppression overestimated in the CGC calculation
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LHC predictions

Transverse momentum dependence [ ALICE 1308.6726 ]
21.6
c [ P-Pb (s =5.02 TeV, inclusive JAp—>u*y, 296 < |y_ | <3.53
1.4
1.2F
L T
0.8F

o
)]
]

0.4
[ ESSSSY] EPS09 NLO (Vogt)
02F ------ ELoss, q,=0.075 GeV?m (Arleo et al.)
[ EPS09 NLO + Eloss, q;=0.055 GeV*/fm (Arleo et al.)
0'..Iy.yl...I...I.‘.\.‘.I...I.
(0] 2 4 6 8 10

12 14
P, (GeV/c)

o R.;(pL): good agreement, better agreement with energy loss
supplemented by nPDF effects
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Extrapolation to heavy-ion collisions

The model successfully reproduces all p A (7 A) data vs y and p,

— can be used to predict J/v suppression in heavy-ion collisions

Naturally
@ Many other effects possibly at work: Debye screening, recombination,
energy loss in hot medium. ..
o Goal: to set a baseline for the effects of energy loss in cold QCD
matter
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Extrapolation to heavy-ion collisions

Model for A B collisions

@ Both incoming (projectile & target) partons lose energy in the (target
& projectile) nucleus, respectively

@ Two distinct regions of phase space for gluon emission — no
interference effects in the radiation induced by nucleus A and B

Z : Z
1
1
| y
7 [ 7
B i A
~ 4 -~/ W_J
radiation radiation
induced by B induced by A

Francois Arleo (LLR & LAPTh) Parton energy loss in pA & AA collisions INT Seattle — Oct 2014 24 /33



Extrapolation to heavy-ion collisions

Model for A B collisions

@ Both incoming (projectile & target) partons lose energy in the (target
& projectile) nucleus, respectively

@ Two distinct regions of phase space for gluon emission — no
interference effects in the radiation induced by nucleus A and B

1 do?
AE 220D = [doePolesy) [ divaPaen—y)

do?
d;p (v + dys — dya,\/s)

with dypg defined as E(y + dyg) = E(y) + €8
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Extrapolation to heavy-ion collisions

Model for A B collisions

@ Both incoming (projectile & target) partons lose energy in the (target
& projectile) nucleus, respectively

@ Two distinct regions of phase space for gluon emission — no
interference effects in the radiation induced by nucleus A and B

1 do?
AE 220D = [doePolesy) [ divaPaen—y)

do?
d;p (v + dys — dya,\/s)

A good approximation (at not too large y)

Rius(+y) = Ry, (+y) X Rp(+y) = R ,(—y) x Rz(+y)
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Rapidity dependence in A A collisions

< e e
& [ 1 & [ % E ]
'If% L 1 ,_-.:‘% L } f ]
L 0 1% r . i ]
& [ 1 £ L ]
0.8~ = 0.8~ —
0.6~ = 0.6/~ —
0.4~ = 0.4 —

[ —- Au-Au Vs = 200 GeV Jip ] [ —— Au-Au \'s = 200 GeV Y ]

02— = 0.2~ —

[ —— Pb-Pb \s=2.76 TeV Jip ] [ — Pb-Pb\s=276TeVY ]
P P U IS SR AP B o) P P U IS AR I B

] 4 2 0 2 4 6 6 -4 2 0 2 4 6

y

<

o Rather pronounced suppression, especially for J /1
o R,, slightly decreasing at not too large y

o Fast increase at edge of phase space due to energy gain fluctuations
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Rapidity dependence in A A collisions at RHIC

5 12 T T e A A A

Qo L 4 < L E
g ]
S 1 & T Jhp 0-20% Au-Au \s = 200 GeV 1
] Ly E.loss ]
= - = o PHENIX (syst global =+ 10 %) ~
0.8 0.8 —
06/ $ H H HH m 06/ B
04 E H $ m 04 E B
[ Jhp 0-20% Cu-Cu Vs = 200 GeV ] [ é ﬁ % ]
0.2 E.loss ] 021~ é ]
e PHENIX (systglobal == 12 %) ] [ ]
coon b b e b e e b e Ly v b e b e e b e b e e Ly
= 2 -1 0 1 2 = 2 -1 0 1 2

y

o Disagreement in both Cu Cu and Au Au collisions

<

@ Disagreement more pronounced in Au Au collisions
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Centrality dependence in A A collisions at RHIC

ROuCu

12 T B e B e A N A
[ Jhp Cu-Cu \s = 200 GeV < [ Jhy Cu-Cu \'s = 200 GeV
e 1

08l 4 o.a:H !m“\ -
[ ] [ EI H h

0.5— — 0.6 H H H —

04l ] 04 -

o2f Y& lossy=0 m o2 Y E lossy=17 -
[ e PHENIX lyl<0.35 (syst glob =+ 12 %) ] [ e PHENIX1.2<lyl<2.2 (systglob==x=8 %) ]

[ B L
% 20 20 60 80 100 120 % 20 20 60 80 100 120
part Npar\

@ Disagreement only in most central Cu Cu collisions
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Centrality dependence in A A collisions at RHIC

Rauau
RAuAu

Jhp Au-Au s = 200 GeV Jhy Au-Au \s = 200 GeV

[=e=]

==

==
el b b b

0.4 . B8
F Yy = ' =
0.sz.Iossy_O B 02 E,Iossy-1A7 s E
r @ PHENIX lyl <0.35 (syst glob =+ 12 %) ® PHENIX1.2<lyl <2.2 (systglob =+9.2 %)
P il -
Gf.l 50 100 150 200 250 300 350 400 G0 50 100 150 200 250 300 350 400
Noan Noar

@ Disagreement only in most central Cu Cu collisions

o Strong disagreement in most central Au Au collisions, fair agreement
within uncertainties in peripheral collisions
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Rapidity dependence in Pb Pb collisions at LHC

a
=
=
@

1

0-90% Pb-Pb \/s = 2.76 TeV

0.8

0.6

0.4

0.2

e

L B L S 7 BB

é}

=

y

@ Very good agreement with ALICE data, except in the largest y bins

@ No hot medium effects ? Or medium effects compensate ?
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Centrality dependence in Pb Pb collisions at LHC

g 12T T T g 12 .
& £
o r Jhp Pb-Pb \s =2.76 TeV o Jhp Pb-Pb \s=276TeV
1 1
0.8 $ g - —
0.6 - — =
0.4 - 0.4 —
02 ] E. lossy =0 — 0.2~ — E.lossy =3.25 —
[ e ALICElyl <0.8 (syst global = = 13 %) ] [ e ALICE25<y<4(systglobal = = 15 %) ]
I I

% ~""50 {00 150 200 250 800 350 400 % ~""50 700 150 200 250 300 850 400

Npan Npar\

o Excellent agreement with ALICE J/1 data
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Centrality dependence in Pb Pb collisions at LHC

RPtJF’b

0.8

0.6

0.4

=)

U R B B B I R
Y Pb-Pb \s =2.76 TeV

A

E.lossy=3.25
E.lossy=0

® CMS lyl<2.4 (syst global = = 13.6 %)

NI O A

250 300 0

%)
a
S

50 100 150 200

zZ
o
B
E

o Excellent agreement with ALICE J/1 data
o Disagreement with CMS T data
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Centrality dependence in Pb Pb collisions at LHC

U R B B B I R

Y Pb-Pb \s =2.76 TeV

w b

: E.lossy =325
0‘2} E.lossy=0

r e CMSlyl<2.4 (systglobal = + 13.6 %)

0

0 50 100 150 200 250 300 350

N

o Excellent agreement with ALICE J/1 data

Disagreement with CMS T data

F g g

Indication of hot suppression medium effects for T
...implying (?) hot enhancement medium effects for J /4

J
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nPDF effects

o nPDF effects may affect quarkonium suppression in p A & A A
collisions and could be added (incoherently) to present energy loss
effects

o However sill large uncertainty on small x gluon shadowing (within a
single set or comparing existing sets)

For simplicity we provided “energy loss only” calculations
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nPDF effects

Ratio of gluon densities (using EPS09 NLO, x3, x> given by 2 — 1 kin.)

1.2

Rauau(y)

0.8/

0.6 3

0.4l B
[ — EPS09 ]

02" __pssz Jhp \[s =200 GeV ]
Lot b v b b by v ]
%3 2 ] 0 1 2

y

Reopo(Y)

1.2

0.8

0.6

0.4

— EPS09
— DSsz

Jhy s = 2.76 TeV

L I

T R FEETE SRS N N SN S S

-1

o At RHIC, energy loss is the leading effect
o At LHC

o Energy loss leading effect as compared to DSSZ
o Same order of magnitude as EPS09 around mid-rapidity but leading
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o Energy loss AE « E due to coherent radiation

o Parametric dependence of dI/dw predicted and used for
phenomenology

@ Phenomenology of quarkonium suppression in p A collisions

o Good agreement with all existing data vs. y and p,, from SPS to LHC
o Natural explanation for the large x. J/1) suppression
o Predictions in good agreement with LHC pPb data

@ Phenomenology of quarkonium suppression in A A collisions

o Model extrapolated from p A to AA collisions

o Disagreement observed for J/v¢ at RHIC, especially in most central
collisions and heavier systems

o Excellent (accidental?) agreement observed for J/4 at LHC,
disagreement observed for T
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Medium-induced gluon spectrum

Gluon spectrum d/ /dw ~ Bethe-Heitler spectrum of massive (color) charge

N E2Aq3 E?N2
= B i (1 S ) <o (14
ind ™ WML WML

/ VAGE — A
AE:/dwwd— :NCQSME
dw ind M

4

dl
v dw

o AE  E neither initial nor final state effect nor ‘parton’ energy loss:
arises from coherent radiation

o Physical origin: broad tr interval : L, thaq < tf < toctet fOr
medium-induced radiation
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Fit to pp
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Fit to pp data
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