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ALICE

4. Hard probes of QGP: heavy-flavors
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Heavy Quarks: charm and beauty ALICE
Charm (m ~ 1.3 GeV/c?) and Beauty (m ~ 4.7 GeV/c?)

e produced in initial hard parton scatterings
T_b(~ 0.02) <t _¢(~0.07) <7t QGP(~0.1-1) fm/c

large production cross sections
(~7 D > 2 GeV/c per central event)

[ ]
-
10%cm-2s"

Essentially not produced in the QGP
== |deal probes of the QGP at the LHC

Cross section
3
e p

“brownian” motion through the medium, diffusion wb;

Event rate at L

sensitive to QGP hadronisation (into baryon/meson)%
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Hadronic decays (|y| < 0.8)
® DK m*
DF—K m*m*
D*+_’DOJT+_’K_JT+JT+
Ds"— & 1 KK 7 *
Ac+—’pK_JT+
> Ott— At T

ALICE heavy quark programme

Collisions systems (so far) :
Pb-Pb, pp, p-Pb, Pb-p, Xe-Xe

BN >E-nt(nt)
Q. —>Q0gt

Semi—leptonic decays
® ¢, b—e* (ly] <0.7)
® ¢, b—=u* (2.5< y<4)
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DO reconstruction ALICE

« DOmeson: m=1.87 GeV/c2; ct=123um
— Rather short lived

— Many decay modes
— DO =» K 1t (branching ratio 3.9%)

« Standard method: invariant mass of opposite charge pairs
— Per central event (D= K 11, > 2 GeV/c, Incl. efficiencies):

0.001 compared to ~700 K and up to ~2500 1t
— Signal over background far too small to extract a peak

« Method to reduce combinatorial background (see next slides)
— Topological cuts
— Particle identification (PID) of K and 1t
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Invariant mass

ALICE

« DO=>»K 1t without PID and without topological cuts

, Candidates vs. Mg

o 4000 >_<r110| T | L L | rTTT '| LI |' T TTT | L I T T T | LI r_
U - ALICE Preliminary E
% 3500 [ p-Pb, | s, =5.02 TeV, L, =49ub” E
s 3000 - D 5 Kn*and charge conj. E
Lo B ]
~ 2500 = Peak not visible without cuts
@ - i
£ 2000 |- .
L ]

1500

e Same event

1000 f— — Event mixing —f
- === Like sign ]
500 0< p, < 1 GeV/c E
:l 1 1 1 | | - I 1 1 11 ] Il 11 I. 1 111 I 11 11 l 1 1 11 I 111 l:

9.4 15 16 1.7 18 19 2 2.1

M(Kr) (GeV/c?)
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Topological cuts

4) Require distance of primary and secondary vertex

ALICE

(impact parameter) [~100 um challenging for pixel 1) Require that K and & share a
detectors!] secondary vertex

D° decay length: ct (charm) ~123 pm

2) Request PV 4 N reconstructed D
information momentum

--.--..._........... _’
", B

04 P m oo S
DO Flight line H

T

primary secondary

P
...-......,____._...
e,
.I....

ny
ny
ny
ny
0y
v
n....
ny
ny
ny
ny
ny
ny

vertex vertex
3) Require impact parameter d, cuts 5) Require poinfing
(DCA: distance of close approach) angle 6 to be small

Plane transverse to beam
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1000Pb Pb 2011 run, m =2.76 TeV negatwe partlcles *
P I D ook 4 --p d 1sm'm AW ALICE E
= [ N v TR * ISP duly 4™ 2012
G ookl W A% LN ety ALICE
D 700F -
. g (Vp] 3
» Specific Energy Loss — 600 3 TPC
. . O 500 —
— Particles passing through matter loose energy = 400 E
mainly by ionization E 400 _
— Average energy loss calculated with Bethe-Bloch © 200 _. e offline = i
formula 100 @/ & i
— ldentify particle by measuring energy deposition ' 02 03 ; > 1§ 45
and momentum Momentum p/z (GeV/c)

» Time Of Flight

— Particles with the same momentum have slightly
different speed due to their different mass

— Needed flight time precision, e.g. for a particle
with p = 3 GeV/c, flying length 3.5 m: TOF
t(m) ~ 12 ns | t(K) — t(11) ~ 140 ps

» Methods can be combined

0 05 1 15 2 25 3 35 4 45 5

Momentum p (GeV/c)
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* Reconstruct D meson decay to K, 1rbased
on the following methods

— Combinatorial pairs
— background reduced

with particle identification
and topological cuts

— Invariant mass distribution

— Background subtraction with like-sign
combinations

— Apply fitting to extract yield

Invariant mass

M.

% | L B LN B NN BRI

—_— 0 - | (a)

> T D' > Knt o ALICE i

s and charge con. Pb-Pb, 30-50%

N 1 \ Sy = 2.76 TeV
o)
a
7]
Q2
[S
L

102 - -

- Fit without reflections template d

L S=673+45 -

L1 I L1 1 1 I L1 1 1 1 L1 1 1 | 11

II|IIIIIIIII
1.75 18 18 19 195 2

M(Kn) (GeV/c?)

Similar procedure apply to D*, D** and Ds*
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Non-prompt D
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Non-promt DO signal extraction

ci(charm) ~ 100 um Training e p e ——

data

Machine
learning Combinatory background

algorithm

Non-prompt D

Prediction

Select significant

Non-prompt D Prompt D

in MC in MC

Training

Selection

Non-prompt fraction

enhanced 1
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Non-promt DO signal extraction

ci(charm) ~ 100 um Training Non-prompt D

data
Machine ,
Hp learning Combinatory background
P = algorithm
PV »

Non-prompt D

Prediction

New data

Select significant

Non-prompt D Prompt D

Select S/B

Non-prompt D Sideband in MC in MC
in MC as bkg.
Training
Training
. Selection
Selection
Signal-to-background ratio Non-prompt fraction

I enhanced enhanced
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Non-promt DO signal extraction

ci(charm) ~ 100 um Training
data

Non-prompt D

Machine

learning Combinatory background

algorithm

New data m Prediction

Select S/B

Select significant

Non-prompt D Prompt D
in MC in MC

10!

10° 1 Non-prompt D Sideband
in MC as bkg.

Counts (arb. units)

Training
Training

10—1 4

. Selection
Selection
1072 4
Signal-to-background ratio Non-prompt fraction
0.0 0.2 0.4 0.6 0.8 1.0
BDT output for Feed-down DO I enhanced enhanced 1
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ci(charm) ~ 100 um

Non-prompt D

B‘ 1:I I TT1T | TT1 7T | T 11 ‘ LI TT1T T 11 ‘ I.I T ‘ T 1T | T 11 | T \:
c - Loose sel. Tight sel.
.g _—
2
a) -
X
810 Non-prompt |
C (o ]
34} E G,
E B "@:_e_
@ .
Q 6, i
< Fioy -
o, Prompt
-2 O, |
10 E @:.@.: E
- "O':-Oi ]
- ALICE Performance ‘-@ie_ ]
. pp, Vs =5.02TeV o PromptD" i ]
8<p.<10GeVic + Non-prompt D*
107 b e b LT

2 4 6 8 10 12 14 16 18 2
ML based selection
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Non-promt DO signal extraction

Training
LEE

Machine

<+

Non-prompt D

learning Combinatory background

algorithm

Select S/B

Prediction

Select significant

Non-prompt D
in MC

Non-prompt D Sideband
in MC as bkg.

Training
Training

! Selection

Signal-to-background ratio
I enhanced

Selection

Non-prompt fraction
enhanced

e
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Acceptance x efficiency
o

1072

107°K

Non-promt D° signal extract

Non-prompt D

©  Loose sel.
- %

- ALICE Performance Pley ]
. pp, /s =5.02 TeV

TT | TTT ‘ T TT | TTT | T \:
Tight sel. ]
—_— ]

Non-prompt |

Fo™

P, Prompt |

:'G)':

o PromptD* %]

8<p.<10GeVic + Non-prompt D*

K(Acc x €)PromPt .

2 4 6 8 10 12 14 16 18 20
ML based selection
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| (Acc x €)prompt .

2 L ALICE
= | pp(s=502Tev
s |
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Cascade decay reconstruction

ALICE
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Cascade decay reconstruction

ALICE

KFI path -this work-
steps :’ layer
1. \ ‘ seed tracklet I 5

T particle track

W

N

S N
ey

4 corrected estimate \ 6. r / 0
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DCA AtoPV

CT(ECO) ~ 34 Mm

Update

i

ALICE

i

s (arb. units)

Co

0.0 0.2 0.4 0.6 0.8 1

KFI pat h -this work-
steps i layer

1. '\ | seed tracklet / 5

> 7 4
}

L ] s *
4. 'ﬁx / 2

T particle track \

"‘ measurement \

4 prediction

4 corrected estimate \
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Cascade decay reconstruction

™

ALICE

s (arb. units)

DCA between A daughters

Cou

DCA Ato PV

p

0.0 0.2 0.4 0.6 0.8 1.0
BDT output
Prediction Update KF th “this work-
r A " A 1 ! pa = =
- Sensor reading for H = 2
Omamic model efec emsor reading fo steps ! layer 0.350 sBDT <1,6 = p- <8 GeVic 0.350=BDT < 1,82 o <12 GeVic
1
U 12900 prepregereepreererTeY SOOI
> seed tracklet 3 3
_ scoinn 7 \ L \ x / 3 1@oof  s=12802304 ] 8 §=310+71
e et ! B (30} = 119131 = 134 700 B (30)= 6517 = 34 ;
> \ 2. 1 T / 4 11000F g 3y = 001057 7 S8 (30) = 0.04748
PO 600F & im L 4
Signif (30} = 3.6 = 0.8 Signif (30) =37 = 0.8
uncertinty of the “ 10500 7
dynamic system \ 3 T\ N / 3
. 10000 3
\ a. ‘t p / 3 9500
T particle track
9000 \

measurement 5 T 1 Mean = 2.468 + 0.004 300k Mean = 2.473 + 0.004 ]

" : 8500 Sigma = 0.010 + 0,000 Sigma = 0.011=0.000

prediction

i CrER N 5000 bbb ialinbd bl PPN PP PPN THP PP THOR POPIR PP PRPRE FOPPY
6- O 2.22.252.32.352.42.45252.552.62.652.7 222252323524245252552.62.65
Mia==") (GeVle?) M==") (GeV/c2)
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Heavy flavor decay muons

ALICE Muon-Detector ALICE
TR o Background muon sources
ABSOREBER HelEiy _) CL I |
—TF RILEP - é g0-6_I'"I"'I"'I"'I"'I"'I"'I"'I' ]
— - & - ALICE, pp Vs =5.02 TeV -
t © n i
_ ; = C 25<y<4 _
g = 05F -
_____ E- 13_9?\'1_13% 'g - + Total ]
FRONT VIEV AR 7 E 04 :— _+_ Mi‘—K,JE _:
—_— < === 5 8 | g r —4— wW,Z* .
7405 rlia— sogy e | 2o E . - HH + T Secondary K .
' £ n B [] Syst. uncertainty 1
MCH MID I--I-;j 0.2 HHEE —HE
- ﬂﬁgﬂﬂﬁ .
01 Cogo® Byfag S g B
ol R n“uu-m*:a:_n_;
0 B =" ..:':.' x -0 .-_.-. = =
ﬂ 2 4 6 8 10 12 14 16 18 20

P, (GeV/c)

Hadrons

Front
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Charm partlcle RAA

§ _I\I\|\III|I\I\ TTTT TTTTTTTTTTTTTT \I\II\III\I\ Tj‘ ! | I I I III I I HLICE
1.8 - .
o 185 avice S A'—'CE Pb Pb syy=502TeV
16 Po-Pb.(sw=502TeV +o-10% +3060% | @@ | 0-10% 2.5<y <4

" Average D, D*, D**

* 60-80% * p-Pb

1.4 <05 -
- D mesons |1 < 0.5 §&
Mgl —H— :

pr < 6 GeV/c: dominant by charm

Insensitive to V snN

0.2 I i
|\|\|\|||||\|\||||||\|\||||||‘||\||\|\|‘|\||‘|\|\: 0 e Lo Lo Lo e b Lo T B n 1
0570 15 20 25 30 35 40 45 50 c 2 4 6 8 10 12 14 16 18 20
ALICE JHEP 2201 (2022) 174 p, (GeVic) ALICE Phys. Lett. B820 (2021) 136558 P (GeVic)

Suppression increases from peripheral to central collisions

Slméllar suppression in the most central collisions between mid- and forward-
rapidity

— Charm quarks undergo strong energy loss in a wide rapidity range
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Light floavor, charm and beauty Ry,  a1é

§14 T T T | T T T T T T T T T T T T | T T T T | 51.4_1III]IIIIIIIII]IIII]IIIIIll\llllllIII]_
x - __ @ | Pb-Pb, |5y, =276TeV 1
ALICE |y| <05 — 1.2 = D mesons (ALICE) 8<pT<16 GeV/c, |y|<0.5 ]
19 Pb-Pb, \’ Syny = 2.02 TeV T "L e Non-prompt Jiy (CMS) 4
i . | - 6.5<p_<30 GeV/c, |y|<1.2 EPJC 77 (2017) 252 .
Centrality 0-10% B i (empty) filled boxes: (un)correlated syst. uncert. R
g ' L MC@SHQ+EPOS2 PhysRev.C 89 (2014) 014905 -
0 M+ M+ — - — = D mesons -
. Average D", D", D ] L N\ — = Non-prompt J/\y -
. it | 0.8 \ﬁ\ Non-prompt J/y with ¢ quark energy loss —|
0.8 ; — i i
Charged particles _ - o 108 E
o Jiy, 0-20%, |y| < 0.9 ] 0.6; ’3‘ I fromB . __ _]
0.6 o PromptJiy, Iyl < 2.4, CMS i U M ‘H\\,‘ ]
Non-prompt J/y, ly| < 2.4, CMS ] i . \\ i
B 0. 4_50-80 %o ﬁf.,'.\\ N
0.4 = ] " . D mesons | s o E i
— - 40-50% s """’H’.".,.."“ B
021 # B 0.2~ 30-40% 0 309, ] "'"; =
' - L (*) 50-100% for non-prompt J/y 10-20% 6-10% ]
: _llll]lllllllll]llllllllllllllllllllllll-

0 " 20 20 . . 4'0 . . 5|0 % 50 100 150 200 250 300 350 400
EPJC 77 (2017) 252 <Npaﬂ>

JHEP 01(2022)174 Py (GeVic)

® A strong suppression is observed in the R, 0f D mesons, J/psi from b decay
® J/y from beauty is less suppressed than D mesons from charm
» NEm > AEC >AEb

2024%8H9H-12H 20245 B KZBHER/EAKE (CCNU) 22



EE SRR AR R

Mass matters when quarks cross a ALICE
quark-gluon plasma

Anew ana lysis by the ALICE collaboration confirms the expected role of quark massin

the interactions of quarks with a quark-gluon plasma $ — ! -1
25 MARCH, 2022 | By ALICE collaboration OA 0 3 = A LI C E I_yl < 0.8 -
é _""'I ' UL L ' ' """_ E O _ =
i 0-10%, lyl < 0.5 l o i e Non-prompt D’ i

15 B ¢ non-prompt D° | 2 i o PromptD’, D*, D** average |
~t 441« promptD’ ] N (PLB 813 (2021) 136054) _|

B 4$$ [ ] Syst. from data i

i = ﬁ‘&@, Syst. from B feed-down -
1.0F----- i |
L {H ) 8Tk 4%99#‘*" ]

0 5 -_ | B ﬁ' : -1
L al -

- open markells: by extrapolated pp reference = -

C 1 l 1 n

1 10 p.(GeVic) -
JHEP 12 (2022) 126
JHEP 05 Ezozlg 920 EPJC 83(2023)1123  p_(GeVic)

o F KERFWQGPYIFRER TRENREERK, BE-EFEBHEESR, AE (88) > AE (&) . FREMNAE
o B IRSHHEIRANE, SETHEDBD FRIEAKEE], KEboHAt, B-EFRMUEEERE

—
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é _I LI I 1 1 1 LI I 1 1 1 I I_
1.8-ALICE, Prompt D E
1.6-Pb—Pb, ys\ = 5.02 TeV =

- Centrality 0-10% i
1.4p EELDO LGR .

N I LIDO LGR w/o coailer.scence -
1 2k @l LIDO LGR w/o radiative -
1.0} ]
0.8F =
0.6} ]
0.4 ¥
0.2F 3
OO:I Ll 1 1 Lol 1 1 [

4x107 1 2 345 10 2030

2024%8H9H-12H

P; (GeV/c)

JHEP 2201 (2022) 174

ALICE

 W/o coalescence: large deviation from data
— Hadronization via coalescence is
Important to interpret data

 W/o radiative energy loss: reasonably
describe data in pt <5 GeV/c, but largely
overestimate data at high pr

— Radiative energy loss is dominant at high
pT, while collisional energy loss is
predominant at low and intermediate pr
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Charm quark transform

ALICE
§ RERELE R ' L ' L }N - L =
1.8F - 0.35f .
« S-ALICE, Prompt D : : LGR S MC@sHQ+EPOS2 -
1.6-Pb—Pb, s, = 5.02 TeV 3 0.30F- Ef[\)r\gu E/BA_Il_B—MOD E
s Centrality 0-10% E 025E ——PHSD  -...Catania E
AL - - —— POWLANG .
0.20F - =
0.15F 7 1 =
C oy ]
01 0;— g‘f{\ ’ -EEE'-EE;Eis;:;. —;
0.050 /] O 3
7 i .
0.00f ]
: 1 09 Gentrality 30-50% E
0.0-||||||| 1 ] Lol 1 1 L1 —010__ 1 1 Lol 1 1 -
4x10" 1 2 345 10 2030 1 2 3 4567 10 20 3
p. (GeVic) p. (GeV/c)
®  Most charm quark transport models able to describe both the Raa and v2
°

Use to estimate the spatial diffusion coefficient Ds
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Charm quark transport

ALICE

Diffusion coefficient Ds

- ] IQCD, L. Altenkort et al, PRD 103 (2021) 014511 R

Almost independent of

quark mass
a B QCD, D. Banerjee et al., PRD 85 (2012) 014510 | @ Characterization of the

- N STAR, PRL 118 (2017) 212301 transport properties of the
- I ALiCE, PLB 813 (2021) 136054 medium

. BB ALIGE, JHEP 01 (2022) 174 Constrains the specific
shear viscosity 17/s

- T IQCD, H.T. Ding et al, PRD 86 (2012) 014509

2 4 6 8 10 12 14 16 18 20
2nD T, at T, =155 MeV
The newest constraints from ALICE by combining D meson Raa and v2
¢ 1.5 <21Ds(T) < 4.5, 7charm = (Mcharm/ T) Ds(T) = 3—9 fm/C < 7 medium = 10 fm/c
® Indicate charm may thermalize in the medium
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Summary for lecture 2 ALTCE

» Strong nuclear suppression of particle production observed in central
heavy ion collisions, which provides the evidence that a dense
strongly coupling medium is produced in HI collisions

» Mass dependence of energy loss of colored partons inthe QGP is

observed:
R7™ ~RP <RE
AA AA AA

» Radiative energy loss dominates at high p+ for light flavors u, d,
gluons and charm
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ALICE

5. Quarkonia
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Quarkonia

c-cbar (J/¥, W’,..) and b-bar (Y’, Y”,Y’") pairs from hard process
« Small decay width (~keV), significant BR into dileptons

 Intrinsic separation of energy scales: E

» Avariety of states characterized by different binding energies mg >> Aqcp

— Goal: understand mechanisms of dissociation and regeneration in QGP

<> - 0.56fm
Eping y U-00Ge 0.64GeV

Y(’Sy)  Xo(®Por2)  JIW(’Sy) Y(381(n=2)) Y(3S1(n=3)) lI"(3S1(n=2))

To larger radius >

To lower binding energy >
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ALICE

T/TC ﬁl/(f‘) [fm-l]
- | Y(15)

- | J/yw(1S)

7b (2P)
1.(1P)

Y"é3 Sg
V'(2S
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Quarkonium as a thermometer for QGP  ALICE

: : , ED|UM
Charmonium suppression (J/Y, 1’,..) suggested as IN VACUUM —r<‘rw 3 lT>'Tb
“smoking gun” signatures for the QGP back in the 1980’s. -
el o P @
' L}
In vacuum (T=0), qgbar is bound by the Cornell potential @ ..®; @; )
o - o] i:
V(r)=—Z vk Reosen WECED : NNSE
r )\,, no lQOUV\D‘ §l’°"€1
When the ggbar is immersed in the high density of quarks
and gluons (QGP) (T>0), the surrounding color charges Effective coupling from (2+1) QCD at various T
screen the binding potentials (color Debye screening), oy oo T
resulting in B L L 2 0Vs(r)
o i =
V(r)=——e""* o R
r 06 1§§§—e~
The effective coupling between g and gbar at large o B
distances gets reduced - ¢-gbar melting o et
w®r rim © :Ajm M
202448H9H-12H 202448 B k2 B4/ EAE (CCNU) 0501 002 005 006 0. 02 03
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ALICE

J/@ suppression

Raa VS. multiplicity

1.4
Q'_? E ® ALICE (Pb-Pb \s,,, = 2.76 TeV), 2.5<y<4 global sys.=+ 12% . \/ _

1 o= @ PHENIX (Au-Au s, = 200 GeV), 1.2<ly|<2.2  global sys.=+9.2% ® Suppression early observed at the SPS (Vsyy = 17

O PHENIX (Au-Au |\ sy, = 200 GeV), |y|<0.35 global sys.=+ 12% GeV), due to Debye Screening

1l

Il suppressed suppressed ® Later measured at RHIC (Vsyy=200 GeV) up to
0.8/ very high multiplicities
06 \ H) “) ! LHC

: ] % -—t ﬂt - —$— ————— =§= ® Atthe LHC, Vsyy=2.76 TeV, yet J/y is less
BH . i

0.4

0.2

)

Ill]fll]ll

|

I

|

OO

llllll | | L=x-—0 1
200 400 600 800

2024%8H9H-12H

1 | l | | | 1 1 | 1 l 1 1
1000 1dZRI0 &400
Ch/ U n=0
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suppressed, due to the larger charm cross section
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c-cbar production vs Collision energy  ALICE

c-cbar production cross section The cross section for producing a c-cbar pair
9 " T E iIncreases with collision energy
g | “ALCE LHC | .
L10° | g -
S ERENIX —~  Inacentral event
o= + STAR
i atSPS ~ 0.1 c-cbar
at RHIC ~ 10 c-cbar
at LHC ~ 100 c-cbar

c from one c-cbhar pair may combine with
FoNLL - cbar from another c-cbar pair at
10 - ———NNLO . hadronization to form a J/y

1 =>regeneration!

el 1 Lol L A |
4x10% 10 '2x10™ 1 9 34 10
2021 update: arXiv:2105.06335 'S (T€V)
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J/Y suppression & regeneration

ALICE

a Development of ‘s . )
&fart of collision quark-glugn plasma il J/P modification vs. energy density
= H. Satz
e regeneration
Low ‘ L gy =
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P. Braun-Munzinger, J. Stachel., Nature 448, 302—309 (2007)

Regeneration of charmonium and charmed hadron production take place at the

phase boundary or in QGP.
Dissociation and regeneration take place in opposite directions vs energy density.
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J/Y suppression vs regeneration

ALICE

[1] Phys. Lett. B 849 (2024) 138451;
[2] JHEP 02 (2024) 066
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* Raa(LHC) > Raa(RHIC)
* Raa midrapidity > Raa forward rapidity, increase with centrality BEeiets
» Evidence for the deconfinement and (re)generation
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» Measurements reveal a sequential suppression of high mass bottomonium states.

» The centrality dependence of the asymptotical suppression in a hotter medium is
observed.
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Quarkonia as probes

ALICE
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Charm is partially equilibrated (thermalized) Beauty/bottomonia: no evidence that beauty is
with the medium even partially equilibrated with the medium

» A partially-equilibrated probe of the late > Non-equilibrium probe (open question)
hadronization stages
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Summary for Quarkonia —

The study of quarkonium (ccbar, bbar) states provides information on the
mechanisms of dissociation and regeneration of strongly-bound state in a
medium (T>0).

* The high density of color charges in the QGP leads to melting of quarkonia

« The large abundance of charm quarks at LHC results in regeneration of the
amount of J/y

« States with smaller binding energies are more suppressed
(“QGP thermometer”)
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ALICE

Backup
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The nuclear modification factor, Raa

R, (p)= 1 dN,./dp;
i <Ncoll> dN pp/de
RMA
1 Parton energy
loss in QGP
M- - =
HARD
RAA </l
9.5
SFT
Raacl

2024%8H9H-12H

)

ALICE

If a AA collision is a incoherent superposition of
independent pp collisions, the prspectra in AAcollisions
can be obtained by scaling the p; spectra in pp collisions
by the number of nucleon-nucleon collisions, N¢g :

dN AA/ de: |\Icoll xdN pp/de

A

and Raa=1 at hlgh Pt
— the medium is transparent to the
passage of partons

sl

If Raa< 1 at high pt
— the medium is opaque to the passage of partons

— parton-medium final state interactions, energy
loss, modification of fragmentation in the medium
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