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Heavy-flavour physics

ALICE

Heavy Quarks (HQ), charm and beauty, as probes of the QGP properties
* Mmaq>> Nacp
* their production cross section calculable with pQCD
°* maqa>> Taep
e production restricted to initial hard scatterings (formation time 1/2 mq ~0.02 - 0.1 fm/c)

* long relaxation time 1q, possibly comparable to the fireball lifetime (~ few fm/c) o) t T
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QGP investigation with HQs:
* Open heavy flavours —> probe the opacity of the QGP

« tomography via HQ energy loss at high prand HQ as brownian motion markers at low pr. 0: _
—> spatial diffusion coefficient: 2nTDs

 Quarkonia —> sensitive to the temperature of QGP, probe suppression of charmonia due
to color screening and regeneration in medium - T,

.
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statistical recombination

[

J/ W Production Probability

thermal dissociation

Energy Density
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ALICE

Heavy Quarks (HQ), charm and beauty, as probes of the QGP properties
* Mmaq>> Nacp
* their production cross section calculable with pQCD
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QGP investigation with HQs:

* Open heavy flavours —> probe the opacity of the QGP

« tomography via HQ energy loss at high prand HQ as brownian motion markers at low pr. 0: _
—> spatial diffusion coefficient: 2nTDs
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 Quarkonia —> sensitive to the temperature of QGP, probe suppression of charmonia due >
to color screening and regeneration in medium - T, § SiE S eA reCon oy
Not only Pb-Pb collisions! Heavy-flavour measurements in small systems: § S N~
* pp collisions: provide constraint to pQCD calculations E
» p-Pb collisions: investigate Cold Nuclear Matter effects s e
=¥ High multiplicity pp and p-Pb: onset of the QGP? )

Energy Density
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Space-time evolution
From heavy-quark production to hadronization into heavy-flavour ALICE
hadrons

4 U T, K, p, +

|

Central region

Hadronic final state

Hadronization 5-10 fm/c

Expanding medium
QGP formed at ~1 fm/c

| Collision
HQ time formation < 0.1 fm/c

| Incoming nuclei

beam beam
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Space-time evolution

From heavy-quark production to hadronization into heavy-flavour ALICE
hadrons
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Charm production and interaction in the medium

ALICE

Charm production
mechanisms and
test of the pQCD

calculations
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Charm production and interaction in the medium

ALICE

Charm production
mechanisms and

test of the pQCD
calculations

Hadronization
mechanisms:
fragmentation in vacuum?
recombination with light
partons?
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Charm production
mechanisms and

test of the pQCD
calculations
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Hadronization
mechanisms:
fragmentation in vacuum?
recombination with light
partons?
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Charm production and interaction in the medium

Energy loss mechanisms,
flavour dependence,
radiative and collisional
processes, suppression and
recombination
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Charm production and interaction in the medium (®

ALICE

Charm production Energy loss mechanisms, Thermalization of

mechanisms and Hadronization flavour dependence, charm quarks

test of the pQCD mechanisms: , radiative and collisional
fragmentation in vacuum?
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TPC: tracking, PID |n|<0.9

TRD:elD |n|<0.9

[
[/
)

TOF: PID |n|<0.9

VO, ZDC: trigger and
event characterization

A -
4 -

Open Heavy Flavour (HF) via fully reconstructed D
mesons, A¢, =c hadronic decays: ITS, TPC, TOF

DO = K-+, D+ = K-rttrtt, D*+ — DOrt+, Dt = 011t = K-KH1TH,
Nt THKp, Act—=pKOs, =+c = 1rK-p, =0 = 1T+="

and partially reconstructed semi-leptonic decays
Muons: forward muon spectrometer. D, B = ps+ X
Electrons: ITS, TPC, TOF, EMICAL, .D,B = ex+ X,

and =0 2 et++ =

C. Terrevoli

Open heavy flavour and quarkonia reconstruction

— (- —

ALICE

EMCaL: elD,
trigger |n|<0.7

ITS: vertexing, tracking
and PID |n|<0.9

-y

Muon spectrometer:
-d<n<-2.5
Tracking, Trigger

pointing angle ©
- & point

=

-
-

- -

=

Quarkonia measurement via their dielectron
(mid-y) and dimuon (forward-y, only inclusive)
decay channels:

JIp —erer, JAY =, Y(2S) - P

9 WWND 2020



Integrated luminosity [pb]

| ALICE Performance - Run2 - pp Vs = 13 TeV
~  Min. bias: 0.098 pb™' (3200 M full-B, 730 M low-B evts)
50— High Mult. (SPD): 1.1 pb™ (530 M evts)
[ High Mult. (V0): 13 pb™ (1700 M evts)
" Di-y, single  high-p_: 36 pb’’
40— Single low-p_:2.5 pb”’
~ TRD: 2.0 pb’
- E/DCal high: 16 pb
30— E/DCal low: 1.5 pb™
- PHOS: 14 pb”
— Double Gap: 10 pb'1
20—
10—

J§%15 Jan16 Dec17

Dec16

Jan19

selection of the most

recent HF results

Focusing on :
*5.02 TeV pp
*13 TeV pp
5.02, 8.16 TeV p-Pb
*5.02 TeV Pb-Pb

New preliminary shown at QM 2019
m New preliminary shown at SQM 2019

m New publication

Recorded triggers / 10°

300

250

200

150

100

50

Charm measurements in ALICE

ALICE

- ALICE Performance Run2, PbPb \s,, = 5.02 TeV

Min Bias: 315M
Cent. 0-10%: 149M
Mid-cent. 30-50%: 149M

C. Terrevoli
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ALICE

Production cross section of heavy-flavour hadrons
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Open HF and quarkonia production in pp collisions

ALICE
do® do® ' "-':""I'-Iadronisation
— (P13 UF, UR) = PDF (x1, g )PDF (x2, ) @ —— (x1,%2, U, UF) ® Desp(2 = pp/ Pe;s UF) D _
dprt dp5 (non-perturbative)
’G I I I I I I *g‘ @
% ol _i D meson, Hard Sc;t:fering
(_g % mid rapidity (perturbative) { Parton distribu?ion in nucleon
3 10. Prompt D°, Iy1<0.5 = (non-perturbative)
= - —=— ALICE a
S 1= ] FONLL -
S - 5.02 TeV pp
S F -
B 107 =
Al — 3
° -
107 = =
107 = + 2.1% lumi, = 1.0% BR uncertainty not shown IE
e P b b e Ly |
FONLL: M. Cacciari et al. JHEP 05 (1998), JHEP 10 (2012)
* =
~ 5 10 15 20 2|5' B '3|O' B '3|5'_
p_ (GeV/c)

D-meson production cross section in pp collisions at \/s= 5.02 TeV at
mid rapidity

* precise reference, measured at the same energy in Pb-Pb and p-Pb
e DOmeasured down to pt=0
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(prs UF, Ur) = PDF (x1, up)PDF (x2, Up) ®

do°®
dp§

(xlax2,HR,HF) ®l)c—>D(‘Z — pD/PmuF)

Open HF and quarkonia production in pp collisions

i~~~ Hadronisation

(non-perturbative)
(¥
fA X4
X2 f
Hard Scattering H

m

ALICE

do® = f,(x,).f,(x,)xd& X<0§q>

(perturbative) Parton distribution in nucleon - =
S | EEEE | | = " (non-perturbative) J/ LIJ, forward rapldlty
1I_ E 1I_/\ 1 O I 1 I 1 I 1 I I 1 1 I | L I | L I I 1 1 I | L I | L I 1 I 1 I I 1 PE
% 10° & = D meson, § ALICE Preliminary, pp V\s=5.02TeV,25< y <4 3
(_g sl Mid rapidity § L Le=n - Inclusive J/y, BR uncert.:0.6% -
= 10¢ Prompt D°, lyl<0.5 = g - Syst uncertainty (Uncorrelated) =
= —=— ALICE . N ) L =1.23+1.8%pb’ -
S 1E | FONLL E © 107 IE
3T : 3  F New BE
S~ R _ I~ — =
5 - 6 102 E
1072 = = B B
E :Z:::;:;:;:I:;:j:;:Z:;:Z:;:;:I:;:1:::1:::1:::Z:;:Z:::;:;:;:j:;:j:;:::;:::;:;:j:;:j:;:j:;:::;:::: 10_3 = NRQCD, M ButenSChoen et a/ —
B N = + FONLL M. Cacciari et al. =
107 = + 2.1% lumi, = 1.0% BR uncertainty not shown = E 1] NRQCD, Y-Q. Ma et al. :
_l | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | 1] H H
----------------------------------- A - FONLL M. Cacciari et al.
FONLL: M. Cacciari et al. JHEP 05 (1998), JHEP 10 (2012) 3 107 = KIRQCD+CGC V.Q Ma ef g/ PPRL 106 (2011) 022003,
- = y 17 " PRL. 113 (2014) 192301,
* E - + FONLL M. Cacciari et al. PRL106 (2011) 042002
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, E 0 4 6 8 10 12 14 16 18 20
25 30 35 V/
p_ (GeV/c) P (GeVic)

Inclusive (prompt and non-prompt) J/W production cross

section in pp collisions at \/s= 5.02 TeV at forward rapidity

e precise reference, measured at the same energy in Pb-Pb
and p-Pb

e measured downtopr=0

e well described by NRQCD+FONLL

D-meson production cross section in pp collisions at \/s= 5.02 TeV at
mid rapidity

* precise reference, measured at the same energy in Pb-Pb and p-Pb
e DOmeasured down to pt=0
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D-meson production in pp collisions

doP do®
a,D (p1; Ur,Ur) = PDF (x1, U )PDF (x2, Ur) ® T (x1,%2, U, UF) ® D¢ (2 = pp/Pc, UF)
Pt Pt
L R R = ) L B L N L B L L B L B — — N —_ — T T T T T =
- = = O = = © = =
pp, s = 5.02 TeV B S F pp, Is=5.02TeV - - op, Is=5.02TeV | S  F Ds*t pp, \s=5.02 TeV -
{1 o | 15 ICIN :
0 | B Prompt D*, lyl<0.5 ] o - "+ - fo) - 7
3 = —=— ALICE 3 = CE = = E s e
—s— ALICE 5 N 1 = F —=— ALICE 1Tk —=— ALICE =
_ §®) L ~ ) GM-VFNS, mod-u _ B _ ] B 7]
_ |FONLL = Ql_ 1e | S O 1 = GM-VFNS, SACOT s S 1 = | k; factorisation E
T8 = S - = 85 -
] \\-/ _1_ | 9 — E ] E B ]
E e 107 = == E B 107 —— = B 10 =
1% . i = % - = -
= 1072k - = 10—2;— . —; 102 # —;
RRRRARARARARARRRRARARI. :.:.;.;4.:‘:.H.;.:‘:.;.:.,,:.;.j‘:.“.;.j‘i E — E E E E
= 10_32_ ) i ) i = - __ —_ - i _
3 EI:IZ.I1 I/olllIJrrlu,I:ISlJI /<I> IIBITR :Jr?c.er.télr:t){ rI\OIt ?hlony‘ IIIIII .E 107° =+ 2.1% lumi, + 1.3% BR uncertainty not shown = 107 E_i 2.1% lumi, = 3.5% BR uncertainty not shown _E
----------------------------------- = s g T e B S S I S ISR BV ST o S BRI =
E E% ﬁi?’, S e o 5 g8 2 E
T > I el 3 . = O e SN VS ey rerrrrre WU
3 05¢ N E = 05F E = * 3
"""""""""" ° 0 5 10 15 20 25 30 35 R T T g U S
(GeV/c) 0 35 0 5 10 15 20 25
Pr GeV/c) p_ (GeV/c)

Eur.Phys.J. C79 (2019) no.5, 388

e Systematic comparison with several pQCD calculations with different schemes: agreement within uncertainties
e Data: smaller uncertainties than theoretical ones:
» dominated by factorisation and renormalisation scales of the perturbative calculations
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D-meson production in pp collisions %
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Eur.Phys.J. C79 (2019) no.5, 388

Important measurement to constrain
theoretical calculations and
fundamental input for models to
describe kinematics modification in
the QGP

e Systematic comparison with several pQCD calculations with different schemes: agreeme
e Data: smaller uncertainties than theoretical ones:
e dominated by factorisation and renormalisation scales of the perturbative calculations
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ALICE

Particle ratios and hadronization mechanisms
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D-meson ratios in different systems @

ALICE
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0

I\)IIII|IIII|IIII|IIII|IIII

5 10 15 20
P, (GeV/e

5

N

* Relative abundances of D-meson-specie ratios in different collision systems and energies
e Consistent with ratios measured in ete- and ep collisions cladiiin, EPy c75 (2015) 19

* no dependency on collision systems
 Universality of D-meson Fragmentation Functions
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D-meson ratios in different systems @
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* Relative abundances of D-meson-specie ratios in different collision systems and energies

e Consistent with ratios measured in ete- and ep collisions Giadiin, EPJ €75 (2015) 19

* no dependency on collision systems
 Universality of D-meson Fragmentation Functions
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Baryon-to meson ratios in pp collisions ®

ALICE
% [1]J.R. Christiansen, P. Skands: JHEP 1508 (2015) 003 -
[2] M.He, R. Rapp: Phys.Lett. B795 (2019) 117-121 —C/ D NeW
>~ F | | 1 & 10'E —— 77— | =
— 1.4~ ALICE Preliminary E = ALICE Preliminary . Data -
+<Q _ pp, \s=5.02 TeV pp, \s =7 TeV 1 = - pp, Vs=5.02 TeV 4/, PYTHIA8 Monash2013 default -
1.2 lyl<0.5 lyl <0.5 — oo 1072 lyl <0.5 N\ PYTHIAS Mode 2 —=
- —e— data —e— data (JHEP 04 (2018) 108) - S = =
1 0l [JM.HeandR.Rapp —— PYTHIA8 (Monash) B 3 - == —— i
L aeaaa PYTHIA8 gg,q9— cc, ModeO - ] 3
- -=.+ PYTHIA8 SoftQCD, Mode0 | % 107 F \\\\\\\ N S
0.8 o DIPSY (ropes) ] 1\ E \x OOOOOOEEC5¢5¢5¢5¢5¢5¢5¢5¢5¢5¢5¢5¢5¢5¢S E
- - HERWIG7 3 C[DIi-’ B y 920 ’0’0’0’0‘0‘0’0‘0:0:0:0:0:0:0::‘ _
0.61 4L 1 K 10-4;//// 7, —
: § | p-Pb, |5, =5.02 TeV i m = =
-0.96 <y___<0.04 - m =
0.4 — i 1
: ? —m— data _ 107° ' ' ' '
- 0 2 4 6 8
0.2 - g — P, (GeV/c)
| '''''' ]
O.OO 50

ee, ep collisions p_ (GeVic)

* A:/DO in pp higher than in ete- and ep collisions, and models tend to underestimate the ratios
 Also =./DO0ratio underestimated by theoretical calculations
 Universality of charmed baryon Fragmentation Functions broken?

[1] with string formation beyond leading colour approximation (enhanced CR
mechanisms with 3-leg junctions), and Statistical Hadronization Model (SHM) with increased number baryon-over-meson ratios:
of higher-mass baryon states [2] among possible explanations for the enhancement System dependent?
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Baryon-to meson ratios in pp collisions

o | | | | |

o i . i
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[1] J.R. Christiansen, P. Skands: JHEP 1508 (2015) 003
[2] M.He, R. Rapp: Phys.Lett. B795 (2019) 117-121
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; == :
3 \ =
E \\\\\\\\\ OO0 0.0.0‘o‘o.0.0:0:0:020:0:0:0:0:0:0:0:0:0:0: E
- SIRARARARLILILLLIEELLEL
i | | | 1 | |
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Baryon-to-meson ratio
o
o

(B

ALICE

Nc/DO vs A/KOs

i pp, 1s=5TeV -
. lyl < 0.5 .

—a— AYD°

pp, Is=7 TeV -
lyl <0.5 7

—e— A/KZ, PRL 111 (2013) 222301
—e— p/m, PLB 760 (2016) 720

e A:/DOin pp higher than in e+e- and ep collisions, and models tend to underestimate the ratios
* Also =./D%ratio underestimated by theoretical calculations
 Universality of charmed baryon Fragmentation Functions broken?
e Similar trend of baryon-to-meson ratio in Light and Heavy Flavour sector:
 HF sector hadronisation is quite different due to the hard scale (the ¢/b quark produced in the hard scattering not
in the fragmentation)

C. Terrevoli
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Strangeness enhancement

If coalescence plays a role, in Pb-Pb collisions, enhanced Ds over non-strange D mesons

Strange - non Strange D Mesons

Ds/D0%in Pb-Pb, pp m

ALICE Preliminary lyl<0.5
Pb-Pb, \s,, = 5.02 TeV
e 0-10%
30-50%
¢ pp, {s=5.02 TeV, Eur. Phys. J. C (2019) 79: 388_5

ff%@@% iy 4

|
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g S

D?/D°

e i et
N o ©

o O
o

o O
w N

— IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

o ©O
P )

| %ﬁ
+ 3.7% BR uncertainty not shown

10

P, (GeV/c)

* Hint of enhanced Ds/D0 ratio at
low, intermediate ptin Pb
with respect to pp collisions,
measured at the same energy
e compatible measurements at

high pt

ALICE
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Strangeness enhancement

ALICE
If coalescence plays a role, in Pb-Pb collisions, enhanced Ds over non-strange D mesons
Strange - non Strange D Mesons
] More differential Measurements:
Ds/DOin Pb s PP m pp vs multiplicity N
o 1_ I I I I I [ I| I I I I ] OD OI6_I ! ! ! | I. I. ! ! | ! ! ! ! | ! ! ! ! | ! ! ! I_
= 0.of ALICE Preliminary yl0s 3~ [ ALEEPemnay ]
D | g Pb_Pb’ \/S—NN = 502 TeV g D 05:_ | | Multiplicity classes: Inl < 1.0 _:
085_ o  0-10% _: B dN,,/dn: [ min-max], mean i
0.75 = 80-50% - 0.4 e ismam
0 65— o pp, Vs =5.02 TeV, Eur. Phys. J. C (2019) 79:388_5 - [ Syst. from data ]
s - B Syst. from B feed-down |
055 B\ - 0.3:— B
0 42— _ﬂ_%‘%% _ 0.2:_ E
o3t T ST 4 |
0.2 i EE{%L s==gas ~~# - 0.1 -
0.1 +3.7% BR uncertainty not shown = e 3223%52382 m{?ﬁﬁé?y"lévﬁimauon o | -
E ] ] ] ] ] III| ] ] ] ] IE OOI | | I5I | | I10I | | I15I | | I20I | | |25
1 10 P, (GeV/e)
P, (GeV/c)
* Hint of enhanced Ds/Dratio at ||, ,@13TeV, large statistics, more
low, intermediate pr in Pb differential measurements:
with respect to pp collisions, compatible ratios in pp at high
measured at the same energy || itiplicity wrt low multiplicity.
e compatible measurements at
high pr dNch/dn = 3.9
dNch/dn = 28.1
chh/dn =7
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Strangeness enhancement

If coalescence plays a role, in Pb-Pb collisions, enhanced Ds over non-strange D mesons ALICE
and enhanced baryon-over-meson ratios are expected with respect to pp collisions

‘Strange - non Strange D Mesons —> Charmed Baryons\

D:/D°

] More differential Measurements:
Ds/D0in Pb s PP m pp vs multiplicity New N:/DOin Pb-Pb, PP m

1_ : : — T : : — ] C)D 06_ L B I_ |. N L s L L B B B B OD 12_| T T T T T T T T i
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. :_ _ _: D —_ ’ - ’ ) _— + O B _ —&— 30-50% Pb-Pb 7
- Pb_Pb’ VSNN =5.02 TeV 7 05_ Multiplicity classes: Inl < 1.0 - < 1__ \/S—NN 5.02 TeV, Iyl <035 —— pp __
0.8 :_ o 0-10% _: B dN_,/dn: [ min—max], mean i n -
- o u - —8— [ 1.4- 7.5], 3.9 - _ ]
0-7:_ 30-50% _: 0-4__ —d— [24.5-45.8], 28.1 ] 0.8 ]
06 ° PP (s = 5.02 TeV, Eur. Phys. J. C (2019) 79: 388 ] - 7 syst. from data . - :
- - . | .| Syst. from B feed-down ] L = _
0.50 {H - O3F 10— ==%m*{F |J ]
0.4t gﬁ E 0.2F - 0.4 & .
030 -+ L AU | i ] — ]
S = = AR e ad= = ; ; : : :
02:_ I -EE- 'E@' __?__T 1 I —: 0.1_— - 02 ‘ N
O. 1 :_ + 3.7% BR uncertainty not shown _: i i :733:;: ﬂﬂggﬁg:ﬂg 82 r?’nﬁltri]rc))lti;{]yogsr;imation not shown i i Open marker: f,,.,, calc. with p_-extrapolated pp reference :
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: ] ] ] ] ] 11 1 | ] ] ] ] ] : OO 5 1 O 1 5 20 25 O 1 1 O

1 10 p. (GeVic) p_(GeV/c)
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* Hint of enhanced Ds/D0 ratio at
low, intermediate ptin Pb
with respect to pp collisions,
measured at the same energy
e compatible measurements at

pp@13TeV, large statistics, more | |Ac/D° in Pb-Pb enhanced at low

differential measurements: p1wrt minimum bias pp, at the
compatible ratios in pp at high | |same energy.

multiplicity wrt low multiplicity.

high pr dNch/dn = 3.9
dNcw/dn = 28.1
chh/dn =7
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Strangeness enhancement

(B

If coalescence plays a role, in Pb-Pb collisions, enhanced Ds over non-strange D mesons ALICE
and enhanced baryon-over-meson ratios are expected with respect to pp collisions
‘Strange - non Strange D Mesons —> Charmed Baryons\
- More differential Measurements: - More differential Measurements:
Ds/D0%in Pb s PP m pp vs multiplicity New NAc/DOin Pb-Pb, PP m pp vs multiplicity m
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08E . 0-10% _E : dN/dn: [ min- max], mean : L - 1__ £ Syst. from B feed-down —db— [24.5-45.8], 28.1 __
0.7t 30-50% — 0.4:— : Egl::422 2::? —: 0.8 _ _ B PYTHIAS (dN,,/dn mean): ]
- o pp, s=5.02 TeV, Eur. Phys. J. C (2019) 79: 388 - i et fom data : i 1 | i 0.8/ Monash: Mode2: —
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0 5:— - 0'3—_ N 0.6 M __l-- B B e JPZZE;8(2O15) 003 |
Wi E\ %ﬁ E 0 25 : : Rl | 1 7521 g s o
E - 4% 1 %__l_- 1Ll E . B ] 0.4 __ —I}]_j: __ 0.4 __ __
0.3 ‘EE'_ B | T - B i - . - _
- TT it ™ g Bl : o1 N - - i ]
0.2- =5 e O % - I . : 0.2F ‘ ) g t -
01:_ + 3.70/0 BR uncertainty not Shown _: : igg://: 3233::%23 82 aﬁl{;glti;{]y()lgsqimation not Shon | : i Open marker: fprornpt calc. with pT-extrapoIated pp reference : : ) e < 724 :
— - [N I [ T [ I [ T - [ I - | | | | | Lo | I L R Sae” NE= ST .
- | | L] | | e OO 5 10 15 20 25 0 1 10 OO L1 5| L1 |1|O| L |1|5| L |2|O| L |25
1 10 p_ (GeV/e) GeV/c
p_ (GeVic) T Py ( ) p. (GeV/e)
° I 0 I . ] . .
:_“nt of enhagf:ed Ds/D Prst'O at|lhh@13TeV, large statistics, more | |A/DO in Pb-Pb enhanced at low | |+ A«/DC enhancement in high vs low
ow, intermeaiate pr in P differential measurements: ptwrt minimum bias pp, at the | | multiplicity pp collisions
with respect to pp collisions, compatible ratios in pp at high | |same energy. * Enhancement over default Pythia
measured at the same energy || itiplicity wrt low multiplicity. - Color reconnection models with
e compatible measurements at junctions describe data
high pr dNch/dn = 3.9

dNcn/dn = 28.1
chh/dn =7
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Strangeness and baryon-to-meson enhancement
from pp, p-Pb to Pb-Pb
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* More pronounced increasing trend from low towards higher multiplicities, in pp collisions for Ac/D° at low-intermediate pr,
than Ds/DO
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Strangeness and baryon-to-meson enhancement
from pp, p-Pb to Pb-Pb
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* More pronounced increasing trend from low towards higher multiplicities, in pp collisions for Ac/D° at low-intermediate pr,
than Ds/DO
* Ac/DO: high-multiplicity pp and minimum bias p-Pb, and semicentral and central Pb-Pb: measurements in agreement
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&) Strangeness and baryon-to-meson: comparison with models in Pb-Pb ®

ALICE
% 3_ [ [ [ . [ . [ T 1 | [ [ m OD 1 _2 | | | | | | | T T T m
X - ALICE Preliminary yl<0.5 - BT ALICE Preliminary ’
+o o [ 0-10% Pb-Pb, |Sy, = 5.02 TeV - 20 i
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— - i i lyl <0.5 _
g T Ds/D%in Pb-Pb/pp i g -
’_\i 2— ., T T 08 [ ]
S - R - - —e— data .
0 - LU i . Catania, fragm.+coal. EPJC78 (20 8) 348
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* Theoretical models that include charm quark hadronization via coalescence +
fragmentation describe the Ds enhancement in Pb-Pb wrt pp and the Ac/D°
measurements in Pb-Pb

e Statistical Hadronization Model describes the A:/D%in Pb-Pb

C. Terrevoli 24 WWND 2020



ALICE

Nuclear modification factor
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Nuclear modification factor in p-Pb
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----- Vitev et al.: power corr. + k; broad + CNM Eloss
"""""" Kang et al.: incoherent multiple scattering
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Nuclear modification factor in p-Pb ¥

R (x,0?

ALICE
o) _|||||||||||||||||||||||||||||||||||_ 3||||||||||||||| .
m%' 16:—A-LICE p-Pb, \/S—NN=5.02 TeV _: :p_Pb’|m=é'02 Te\l, | | NeW' JHEP02 (2020) 077
[ 3 Prompt D mesons, -0.96 <y__<0.04 - :_b’c - (e +e)2,-1.06 <y, <0.14
1_4:_ = Average D°, D, D** _: 2'5: -~ Minimum bias trigger (PLB 754(2016)81) eleCtronS
B o D° ] i - Trigger E $oe > 7 GeV from HF
1.2— :ﬂ~ /m ] 2_— - Trigger E 3" > 11 GeV
® o 1__ chatn” UG | s | IE i .Normalisation uncertainty decays
. 15~ .
0.8/ — T T i
. . g i 7 . E: ////’”//,,,, + il
Mld—rapldlty 0.63— / / D mesons ] 1_H ApRL SPEmS _"‘“ AR ATCNIRTY| TRRNRURIRYY SO \qg\u\qy\q*y\qyg.wg.l\xi.:
0_4:_/---- CGC (Fujii-Watanabe) NeW: JHEP1 2(201 9)092 it o 7/, Incoherent rlnultiple scattering :
:/ —— FONLL with EPPS16 nPDF i 0.5 _— X Coherent scattering + CNM energy loss .
14 O.Zi ----- Vitev et al.: power corr. + k; broad + CNM Eloss | I |//| FONLL + EPS09NLO shadowing |
o 12 - L Kang et al.: incoherent multiple scattering ] i — Blast wave calculation ]
% - 0_|||||||||||||||||||||||||||||||||||||_ O_|||||||||||||||||||||||||||||||||||||||||_
S\ I 0 5 10 15 20 o5 30 35 0 2 4 6 8 10 12 14 16 18 20
5 [ (GeV/c) p. (GeV/c)
0.6 |
0.4% 2 promptD 0 2_]]|IIIlIIIIlllllllllllllllllllllll_
- ¢ 1 d 0-pr / dprdy o | gf  ALICE Preliminary, p-Pb {5, = 8.16 TeV -
L T PR Rpr _ —— o 1.8 . Iy - &€ ATy, <043
x A @B [dprdy | [iwoes
1.4F | =
1.2F | -
W
Ryrb of D-meson, electrons from HF, J/W at mid rapidity is compatible 0.8kl
with unity within uncertainties o_e E
and compatible with models that include Cold Nuclear Matter Effects 0_4;\\ "] GEM EPS09NLO (R. Vog k
L | | nCTEQ15 reweighted (J. Lansberg et al.) -
02 :— [ ] EPPS16 reweighted (J. Lansberg et al.) —:
- [ ] Transport (X. Duet al.) -
O_lllllllllillllilIllillllilllllllll_

1 2 3 4 5 6 7
pT(GeV/c)
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Nuclear modification factor in p-Pb 5

R (x,0?

ALICE
& _||||||||||||||||||||II|IIII|IIII|II_ bQ_ _|||||||||||||||||||||||||||||||||||_ N
mo- 1 6:_A|_|CE p—Pb, |[5,,=5.02 TeV _: Q:Q' 1 6Z_ALICE p-Pb, |s=5.02 TeV _Z 3:p—Pb,|VSTW=;.02 Te\'/ BN New: JHEPO2 (2020) 077
T Prompt D mesons, -0.96 <y <0.04 - E Prompt D mesons, -0.96 <y __ <0.04 E :_b’°_>(e++e')/2’ —1.06<y <014
1.4:— = Average D’, D", D*+Cms —: 1.4~ = Average D°, D', D** - 2.5: * Minimum bias trigger (PLE 754(2076) eleCtronS
B WY LY | | fomHF
o mmbt 4 ket TR
| : | 1 Sl -
0.8/} —~ 0.8/4 — [,
. T i / - . . E: ///”///,,,, ++ ]
Mid-rapidity oof / D mesons 1 o6 D mesons - TMWHWH“H*H—#H»{“ $\‘*‘4\”\“\y\“\%\“\“\'*@“"~“‘**"
0.4_—/"" CGC (Fujii-Watanabe) _: L 77 Incoherent rlnultiple scattering
:/ —— FONLL with EPPS16 nPDF i ~  =v=u= Duke i 0_5_— N\ Coherent scattering + CNM energy loss .
1.4 F O.Zi ----- Vitev et al.: power corr. + k; broad + CNM Eloss  _ 0.0 — ' POWLANG (HTL) ] I |//| FONLL + EPS09NLO shadowing i
N: 1.2: - | Kang elt al.: incclaherent rlnultiple Tcatterinlg | E E ————— POWLANG (IQCD) E i | §|Blast walwe calclulation | | | | | ]
g ’ % 5 10 15 20 25 30 35 oo TR R e %2 4 6 8 10 12 14 16 18 20
= 08 pT (GeV/e) pT (GeV/c) p. (GeV/c)
0.6
0.45 3 2 promptD g 2_II'IIIIIIIIIII.IIIllllllllllllllllll_
02 ; 1 d“o / dprdy L . of  ALICE Preliminary, p-Pb {5y, = 8.16 TeV
e R.pp, = pPb o 1.8 o Jy sete ~1.37<y_ <043
’ ’ B ’ pro — romptD = = i -
A @™ [aprdy N M=
1.4F | =
1.2F | :
Rorn of D-meson, electrons from HF, J/W at mid rapidity is compatible with o
unity within uncertainties .
and compatible with models that include Cold Nuclear Matter Effects =
- Ex. for D-mesons: data do not favour a suppression larger than 10-15% for 0_4'_15\ B c= Ps0mL0 . Voo k
. . . = nCTEQ15 reweighted (J. Lansberg et al.) -
5<pr<12 GeV/c: models that include QGP in p-Pb, are disfavored by the data 0.2F B EPPS16 oweighted (. Lansberg et al) —
- [ ] Transport (X. Du et al.) .

O1|||||1|||1||1||||||||||||||||||||

1 2 3 4 5 6 7
pT(GeV/c)
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Nuclear modification factor in p-Pb

Forward:
p-going

|

0 =R i A BAAE BRid o =, R YTV Y VNN
m% 2; 1 Pb' \sNN -5.02TeV ALICE & 2; 1 Pb \sNN _5.02TeV ALICE woF E
o Wi HF, 2.08<y <3.53 (p-going) x~10-5 LN HF, 446 <y, <-2.96 (Pb-going)  x~10-2 O 12
1.8E —— pp rescaled reference 1.8E —— pp rescaled reference S g :
1.6 —e— PP p -extrapolated reference 1.6 I I I —— PP p -extrapolated reference § 0.8 5
= - “ I ]
1.4 1.4 !llllll g i Q06 :
1.2 N00nank 12 OSSO || = ol f
Forward and 1l ghasesdect . R nanale ; ” it ' l l 1% 1Eg----2R1202250RA U :ﬂir'l' I :l:'EI!s; a,!-IE gt :
. s - --:---- - L Silmmgtapleany: E : lullll.‘l_g!.._f oL :
backward rapidity 08F T shufif g IIIII“|rr= 08F |||||HE i . . :
0.6 E-——: NLO (MNR) with EPS09 shadowing 0.6 F-——: NLO (MNR) with EPS09 shadowung 0 e e 1(‘) | 1(‘), -
0.4 ;— Vitev: coherent scattering + k; broad + CNM Eloss 0.4 ===_ = Kang et al.: incoherent multiple scattering
0.2 ;—_1 Systlematic l:ncertair:ty on n?rmaliza}tion 1 : 0.2 E__ Syst?matlc ulncertalrlny on n?rmallza}tlon | |
% 2 4 6 8 10 12 14 16 % % 4 6 8 10 12 14 16
Phys. Lett. B 770 (2017) 459-472 P, (GeV/ce) Phys. Lett. B 770 (2017) 459-472  p_ (GeV/ce)
Different rapidity ranges allow access to different
Bjorken-x regimes
* The shadowing calculations describe well the yems
dependence of the Ropp at forward-y and backward-y
e hint of enhancement at backward rapidity at low pr
e described by models including CNM effects
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Nuclear modification factor in p-Pb
‘@q\ M .., Forver s

= .-_' T 1 I T 1 71 l T 1 1 l LI B ' LI B ] LI B | I LU B l LI . 0 —_' LI ] LN ) ] LI | ] LI | ] LI ] LI ] L ] R D |
mod 2; E_p"Pb \SNN =5.02 TeV ALICE m%- 2; E_p'Pb \SNN =5.02 TeV ALICE G4 :
-2 E_pu_HF, 2.03<y_ <3.53 (p-going) x~10-5 '2 E_uf<—HF, -4.46 < Yo < -2.96 (Pb-going) x~10-2 == ia
= - L -
1.8 *— Pp rescaled reference 1.8 —— pp rescaled reference S
1.6 E— —e— PP pT-extrapoIated reference 1.6 ;— I —e— Pp pT-extrapoIated reference % 0.8
1.4F 14 X || -
12F ' I 12F “;!”nn"n [ [ e
T E | = — e [ o . B
Forward and 1 E-I' """ ! !.! ! ! . VEnNA . . AR~ Nn ne= n ".I l.l ' '. l l SG 1 :*.....::.:.::.:.‘..'.: N ‘.‘ E'Eq:;:qﬁ"-r: :;~:--'3-!-.l|! !;l da!u!E Q%% . .
= e R A [T [T R z Ll E RS
backward rapidity 08F - Taoouy 08F Ui ae ;
0.6 =——": NLO (MNR) with EPS09 shadowing 0.6 =——": NLO (MNR) with EPS09 shadowing 0™ > - ' -
Wi B i 10° 10 10° 10 10 i
0.4 Vitev: coherent scattering + k; broad + CNM Eloss 0.4 ===_ = Kang et al.: incoherent multiple scattering X
0.2 ;__ Systematic uncertainty on normalization 0.2 ;__ Systematic uncertainty on normalization
= 2 1 1 I 1 1 1 l 1 1 L l L L 1 l L L 1 l 1 1 1 I L 1 1 l L L L l T 1 1 L l L 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l L L L l 1 1 1 l 1 1 1 l
00 2 4 6 8 10 12 14 16 0O 2 4 6 8 10 12 14 16
Phys. Lett. B 770 (2017) 459-472 P, (GeV/c) Phys. Lett. B 770 (2017) 459-472  p_ (GeV/ce)
g 14 ALICE, inclusive Jiy, w(2S) — puw
5 , inclusive J/y, v — Uu J/W and W(2S)- u+u-
n 15 p-Pb ys,, =8.16 TeV ® J/y (arXiv:1805.04381) ( ) H™H
. . . ' S) (Preliminary)
Different rapidity ranges allow access to different o ve
Biork pidity rang 1 « Strong CNM effects on J/W at
orken-x regimes TR e AT
J 9 forward rapidity

* The shadowing calculations describe well the yems
dependence of the Ropp at forward-y and backward-y

e hint of enhancement at backward rapidity at low pr 0.6
e described by models including CNM effects

0.8 o Strong CNM effects on W(2S) at
forward and backward rapidity,

more suppressed than J/W

L | L | L | L | L l T T | T T

0.4 EPS09NLO + CEM (R. Vogt) = described by models that
nCTEQ15 (J. Lansberg et al. include effect of shadowing
0-2 oOC + OEM (B, Ducloue etal) and comover dissociation
Energy loss (F. Arleo et al.)
0IIIIIIIIIlIIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII
‘5 4 3 2 -1 0 1 2 3 4 5
ycms
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1 dN?

Pb . . L
mult /dpT  Centrality classes: slicing the distribution of the energy

Qpr —

(Trppt) doPP/dpr

deposited in the neutron calorimeter in the Pb-going side (ZNA)

SE e ALICEbc— (e +e)2
L ¢ PHENIXb,c — (6" +&)/2
2.0F m ALICE charged particles
> [
S oF
SR
- 1.5
e el .
QQ = i:'_:;::;!!gi;E::—-"
ALICE
0.5 p-Pb, |5y = 5.02 TeV

—1.06<ycms<0.14
I R I B 1

m normalisation uncertainty

New: JHEPO2 (2020) 077 g

40-60% T

Similar 20-40%
charged-
particle

60-100% (ALICE)
60-88% (PHENIX)

11 _1 L1 I L1 I L1 I 1

g 10 12
P, (GeV/ce)

-
2 4 6

i R
14 16

> 276 "8 10 12 14 16
o (GeV/ce)

Qopb consistent with unity within uncertainties
More radial flow in RHIC d—Au than at the LHC?

ALICE
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HF production in p-Pb vs multiplicity

ALICE
1 NPPD /g . - o B (d>NPromP'P /dprdy )gl;bm (Topp)” "
Qup, = mult / pT ((j)en’[re}’:l’q(;I glatsr]ses. sltlcmg thle .dIS’[:IbU.'[IOtI‘rl] of nge epergyd ZNA) Ocp = (2N PrompiD /gl dy)éggmo (T 90100
p o eposited In the neutron calorimeter In tine -going Siae p
(Tmult> do-pp / de P going
T e T L L H L B oo 2 New: JHEP12(2019)092 &2 —
3E e ALICEbc — (e" +e)2 E & 1af 52 1 ALcE
- e PHENIXb,c— (" +€)/2 Similar 20-40% 7 : 1 ] p-Pb, {syy = 5.02 TeV
. 2.55— m ALICE charged particles charged- _E 096<y,_<0.04
O% 2;_ partiCIe _; B Prompt D mesons
- 15: ||||” | _: Sys’[.ondN/dpT
@. I:: ||III |:- ______ - B syston(7,,)
Q | - - A Charged particles
- ALICE . : I : Syst. on dN/dp_
0'55 ZPS’(S\/ST\LN = 5-82119\/ : *F 0-10% ZN energy E 10-20% ZN energy E Qcp more precise
OF e - e L L B
3 __ SIRE: S + 1l measurement than Qppb
3 60-100% (ALICE)  : 16F T E e SOMe sources of
60-88% (PHENIX) 1_4;_ __ _ Systematic
: 12 EEE:E*@L“ —5- ﬁlﬁaﬁﬁﬂ# H'-I‘H' : uncertainties cancel
171- """"""""""""""" | Wt ) ‘*‘l_{lJr INn the ratio
0.8)- + =
0.5E 0'6;_ 20 40% ZN | energy " 40 60% ZN energy E
"L m normalisation uncertainty : : L ]
. T ; \ 10 P (GeV/c) 10 p_ (GeV/c)
(0] = S I S B SR RPN SR B = EFEPENE SR AR R RPN B S B
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
P (GeV/c) P (GeV/c)

Hint of Qcp > 1 in 3 < pr < 8 GeV/c for D mesons with 30 significance.

Qupp consistent with unity within uncertainties Similar trend as for charged particles. Shifted mean?
More radial flow in RHIC d=Au than at the LHC? = Radial flow? Initial or final-state effect?
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Strong

suppression in
0-10% central
Pb-Pb collisions

C. Terrevoli

< 2.2

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

Nuclear modification factor: Rppb VS Raa

ALICE Preliminary
Pb-Pb, |5, = 5.02 TeV New

Prompt D°, lyl<0.5 ‘

¢ 0-10%
30-50%
e 60-80% JHEP 10 (2018) 174 '

&

H

ALICE

Ml H

15 20 25 30 35 40 45 50

p_(GeVic)

First measurement of HF in Pb-Pb down to pr =0 at LHC
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Strong
suppression in
0-10% central

Pb-Pb collisions

< 2.2

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

Nuclear modification factor: Rppb VS Raa

ALICE Preliminary
Pb-Pb, \'s,, =5.02 TeV

Prompt D°, lyl<0.5

¢ 0-10%
30-50%

New

&

» 60-80% JHEP 10 (2018) 174 '

'%qmﬂmmﬂﬁL | H
g ﬂ]":]'_q]_ f

f

H

5

10

15 20 25 30 35 40 45 50
p_(GeVic)

0

o

o
QC

First measurement of HF in Pb-Pb down to pt =0 at LHC

C. Terrevoli

1.8
1.6
1.4
1.2
:

0.8

ALICE Preliminary  p-Pb, \s\, = 5.02 TeV
: Prompt D mesons, -0.96<y__ <0.04

Average D°, D*, D™

measured pp reference at Vs = 5.02 TeV

M : T
1
1
\ B |
. '
4

0.6 y
o = = = CGC (Fujii-Watanabe)
0 4P/ — FONLL with EPPS16 nPDF
' —/ IIIIIIIIIII Kang et al.: incoherent multiple scattering
:/ ----- Vitev et al.: power corr. + kT broad + CNM Eloss
02]l_ - Duke
== POWLANG (HTL)
- mima POWLANG (IQCD)
o v b v v v v by
0 5 10 15 20 25 30 35
p. (GeV/ce)

Rppo compatible with unity for pt>3 GeV/c
= Strong suppression in Pb-Pb is due to final state effects!
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Open HF nuclear modification factor Raa (®

ALICE
Energy loss mechanisms, flavour dependence, radiative and collisional processes, suppression and recombination
:EE 2.5 i | | | | |
@C - ALICE Preliminary D mesons
o[ 0-10% Pb-Pb, \/s, =5.02TeV, lyl <0.5
- T A Nc
- —=— Average D', D", D" charged-particles
15— D =
i —¥— charged particles, Iyl < 0.8, JHEP 1811 (2018) 13 ]
— Filled markers: pp measured reference ]
— Open markers: pp pT-extrapoIated reference —
L T B | R BRI
0.5 —
[ abe——
| | | | | | |
0 10 20
p_ (GeV/c)
» Similar suppression of D mesons and at
high pT

- less suppression for D at low/intermediate pr
* Interplay of harder charm pr distributions and different
fragmentation functions w.r.t. light quarks and gluons
* Bump at low pr: charm quarks gain collective motion in
the medium evolution?
* Hint of less suppressed - and Ac
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Open HF nuclear modification factor Raa

Energy loss mechanisms, flavour dependence, radiative and collisional processes, suppression and recombination

:E 25 B | | I I |
@C - ALICE Preliminary D mesons
o[ 0-10% Pb-Pb, \/s, =5.02TeV, lyl <0.5
~ e AC Nc
- —=— Average D', D", D" charged-particles
15— D =
i —¥— charged particles, Iyl < 0.8, JHEP 1811 (2018) 13 ]
— Filled markers: pp measured reference — RAA nO't determ|ned Just by ‘energy IOSS,
— Open markers: pp pT-extrapoIated reference — _ ]
A [ i =|nterplay of energy loss, collective motion
- and hadronization mechanisms
0.5 —
, jﬁiﬂfﬁ H i )
| | | | | | |
0 10 20
p_ (GeV/c)
» Similar suppression of D mesons and at
high pT

- less suppression for D at low/intermediate pr
* Interplay of harder charm pr distributions and different
fragmentation functions w.r.t. light quarks and gluons
* Bump at low pr: charm quarks gain collective motion in
the medium evolution?
* Hint of less suppressed - and Ac
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Open HF nuclear modification factor Raa

(B

ALICE
Energy loss mechanisms, flavour dependence, radiative and collisional processes, suppression and recombination
} 2'5 B | | ! ! | :[( H I I 1 I ] 1 1 1 1 l 1 | | | I I I I I I I | 1 1 _1
T | ALICE Preliminary D mesons i3  IpALICE Bioiminary Non-prompt D° -
o[ 0-10% Pb-Pb, {5, =5.02 TeV, Iyl <0.5 - Pb-Pb, sy =5.02 TeV -
: —— A: AC 14_— 0'100/0, |y|<05 .
- —&— Average DO, D", D* Charged_particles [ « Non-prompt D°
1.5_— D, — 1'2;. = Prompt D°
-~ —+— charged particles, lyl <0.8, JHEP 1811 (2018) 13 - 1: __________________________________________________________________________ =
— Filled markers: pp measured reference ] :
— Open markers: pp pT-extrapoIated reference — l
L B 0.8f D-mesons
- 0.6 D-from_—B
0'5/ N 0.4 0§ i ¢ .
“EEMI ¥ AH_ﬁ_ - - R $ .
- I I - 0.2 ::::: ‘ =
O | | | | | i 2
10 20 / 0_ W] |1|O| Jicig |2|O| R |3|01 im| 14|O| [t -IO
P (GeV/c) pT(GeV/cS$
- Similar suppression of D mesons and at
high pr * Larger suppression for Hint of hierarchy observed ad
- less suppression for D at low/intermediate pr 0 0 Y
. . prompt D mesons wrt D low-p1 Raa(Tt)<Raa(D)<Raa(B)
* Interplay of harder charm pr distributions and different .
. . . from B in 5 <pr<10 GeV/c
fragmentation functions w.r.t. light quarks and gluons . :
. . o * Hint of mq ordering from
 Bump at low pr: charm quarks gain collective motion In B w.rt. D at low Color charge and mass
the medium evolution? bl Ll dependence of Raa
* Hint of less suppressed - and Ac
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Open HF hadron Raa: theoretical model comparison

ALICE
Energy loss mechanisms, flavour dependence, radiative and collisional processes, suppression and recombination
_ Q collisional Q radiative “
quarks are expected to lose energy via ~ g
collisional (dominant at low pt) and “lo Q .
. ( . . p1) -y - arXiv:1910.09110v2
radiative (dominant at high pr) energy loss - : Y —— —
q  mediul < - _
< - [ T T 11 | [ [ [ T T 11 | [ [ 1 ! B o _ |
22 ALICE Preliminary T 48 cAIBEEe 0-10% Pb-Pb, Sy =5.02 TeV
2:_ Y, 0—100/0 Pb_Pb’ m — 502 TeV B ’ T BAMPS el. |
- Prompt D°, D*, D** average, lyl<0.5 1.6 E’ﬁ'ggs el.+rad. -
1.8F D mesons =y Djordjevic :
S BAMPS el.+rad. mmm BAMPS el. . e from HF decays " T,JAMLJJ —
1.6 — POWLANG HTL -+++ PHSD = el MC @SsHQ+EPOS?2 -
= i, --= LIDO — - Catania - 1.2 Q_Mm”"””""o — - GUJET 3.0 =
1.4E 7 mran 7 MC@sHa+EPOS? - : % o ALICE data -
120 L% = L B o £ "
L — N 2o . 5 + +’a 1 yl<08,p <3GeVic m— I
|| 3 B ] 0.8 %21 ¢ 3 lyl<0.6,p_>3GeVic ]
: //4%%%% \. Filled r?wgrrg?st?nmc:asured - DL I ! :?"%5;?'3*\ ' i -
0.8F %/%%/ %ﬁ’%ééé% \ Open markers: p'T-extrapoIated ] 0.6+ * //"’””//m ”..;h Nl —
- 7 | ;% ) 7 - C = G i -_w‘"—
0.4 e 24N At - - S e M
— . T %é/ffj’”///////«///////// s 4 /////'/ / 0.2 | Filled markers: pp measured reference "*+**"" * B
0.2 ’ 7 4 - Open markers: pp rescaled reference :
O_ L] | I:””|Hl,“:“[l”“””l;' N L 111 ||: O o l —
1 10 0? 1 10 GeV/
p_ (GeV/c) p. (GeV/c)
- POWLANG, BAMPS el, . do not include radiative energy loss
= determination of onset of radiative contributions by deviations from experimental data at a certain pr
 PHSD MC@sHQ+EPOS2, BAMPS el.rad, Djordjevic: both elastic and radiative contributions are included
- Quark recombination: in POWLANG, PHSD, MC@sHQ, LBT, Catania
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Open HF hadron Raa: theoretical model comparison

ALICE
Energy loss mechanisms, flavour dependence, radiative and collisional processes, suppression and recombination
. Q collisional Q@ radiative <
quarks are expected to lose energy via ~_ g
collisional (dominant at low pt) and g Q .
. ( . . p1) - — arXiv:1910.09110v2
radiative (dominant at high pt) energy loss _— : Y — S
q  mediul < - _
< - [ T T I| [ [ [ T T I| [ [ 1 ! B o _ ]
22 ALICE Preliminary T 48 cAIBEEe 0-10% Pb-Pb, Sy =5.02 TeV
2:_ “’e%% 0—100/0 Pb_Pb’ m — 502 TeV B ’ T BAMPS el. |
- % Prompt D, D', D*" average, lyl<0.5 1.6 v BAMPS el +rad. E
1.8F D mesons =y Djordjevic :
S BAMPS el.+rad. mmm BAMPS el. . e from HF decays " T,JAMLJJ —
1.6 — POWLANG HTL -+++ PHSD = el MC @SsHQ+EPOS?2 -
= i, --= LIDO — - Catania - 1.2 Q_M"”m”’”"'o — - GUJET 3.0 =
1.4¢ \‘“@w\* v Tamy B MO@sHOHEPOS2 1: %, o ALICE data -
1.20 L3 = N B O I 2 .
N 5Vt o Interplay with coll + rad energy  jgb |t | bl PSP RS
- , %%/% \ ~ppreference - loss, hadronization via TR [ PoF S M £ T i -
0.8 1 7| HINBILL | Openmarkers: p-extrapolated - 0.6 g Y SR
. e% \ P pyrextiapolated 3 coal+frag, hydrodynamic o L 7 N SR
[ ‘ /x/“z/// - A = . B e e T .
0.61... TN I E expansion of medium needed 0.4 AR R
0.4 _ 7 2R ey’ = - B -
e %,j:f////////({/////// s 7 % 0.2 (— Filled markers: pp measured referenc —
0.2 ’//’ 4= - Open markers: pp rescaled reference :
O_ L] L 1 |”|,“;“[l”“m""“ " L 111 ||: O — I-|I l — lI|O
1 10 °
p_ (GeV/c) p. (GeV/c)
- POWLANG, BAMPS el, . do not include radiative energy loss
= determination of onset of radiative contributions by deviations from experimental data at a certain pr
 PHSD MC@sHQ+EPOS2, BAMPS el.rad, Djordjevic: both elastic and radiative contributions are included
- Quark recombination: in POWLANG, PHSD, MC@sHQ, LBT, Catania
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statistical recombination

ALICE

Quarkonia: J/W Raa

[

J/ W Production Probability

thermal dissociation

m Energy Density
! I ! | | | | | I | | |

RAA

| ALICE Preliminary, Pb-Pb 0-10%, {Syy = 5.02 TeV f 4 nclusive iy —» it ' ' ' ' ' :
5 Inclusive J/y, |y|<0.9 B N ® ALICE, Pb-Pb |s,, =502 TeV,25<y <4,p_<8GeV/c )
| 1ok ® ALICE, Pb-Pb y’@ 276 TeV,25<y <4,p_<8GeV/c
- g O PHENIX, Au-Au s, =02 TeV, 12 <|y| <22, p_> 0 GeVi/c

'
—
I-
4

e Data (2018) .
| SHM (Andronic et al.) .

TM1 (Du et al.) 0.8 | T -
T f ol (o] -
1:$?@-‘ """"""""""""""""""" . @Bmmm ® @ -
ﬂ i Phys Lett B797 (2019) 134836 | ospll HH o ™ ] E
: u :
B ‘H‘ 7 04 a 8 B -
‘ ® I o @ :
0 T | T B P P IS U P PR
0 S 10 1 0 50 100 150 200 250 300 350 400
p_ (GeV/c) N
T ( part)
Statistical hadronization model Suppression and regeneration of
describes the measurement at low quarkonia
pr, while the transport model * |ess suppressed J/W at ALICE than
agrees with data for all pr at Phenix: larger amount of

regeneration in medium at LHC
 Small dependence of Raa at the
LHC energies
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RAA

ALICE Preliminary, Pb-Pb 0-10%, \/ Syy =20-02 TeV
Inclusive J/v, |y|<0.9

e Data (2018)
SHM (Andronic et al.)
TM1 (Du et al.)

i

0.85 TR -

0.6} HH e Rt E e ey R EE
: u :

0.4:— Eﬁ A -

0.2F 8 H g 6 B E

- - Phys Lett B797 (2019) 134836 -
i - |
i & _
i £ = -

0 ! ! . ! | : I | | | | | | |
0 5 10 1
p_ (GeV/c)

Statistical hadronization model
describes the measurement at low
pr, while the transport model
agrees with data for all pr

Quarkonia: J/W Raa

lU'Y]llllllli'lilllllll"‘llllllll"'illl
Inclusive J/y — u'yw

® ALICE, Pb-Pb |s,, =5.02TeV,25<y <4,p <8GeVic
® ALICE, Pb-Pb\s,, =276 TeV,25<y <4,p_<8GeV/c

pr—

O PHENIX, Au-Au\s,, =02 TeV,12<y| <22, p. > 0 GeV/c

0:.,.1....|..“1....l....l....l....l....l:
0 50 100 150 200 250 300 350 400

N ot

Suppression and regeneration of

quarkonia

* |ess suppressed J/W at ALICE than
at Phenix: larger amount of
regeneration in medium at LHC

 Small dependence of Raa at the
LHC energies

2
;‘?—3‘ statistical recombination %
5
£ ALICE
I
&
z thermal dissociation
Energy Density
é 2 B 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I NeW
c 18 - ALICE Preliminary, Inclusive J/y, Pb-Pb \'s, =5.02 TeV 1
"~ 0-20% —¢-35<y<4 —¢-lyl <0.9 (2018), 0-10% ]
1.6 —4-3<y<35 Systematic uncertainty =~ —
- —-25<y<3 Global uncertainity 0.72 %
1.4 Systematic uncertainty —
- Global uncertainity 2.5 % -
1.2 | —
1f ‘ﬁHH ------------------------------------------------------------ -]
0.8 H J/l|) —> ete- -
06F g T EH o =
o4 18 § @ E
- i§/ @ =
O [ 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 ]
0 2 4 6 8 10 12 14
P, (GeV/ce)

 Rapidity dependence of J/U Raa at low pr
« Consistent with regeneration models:
e charm quark density increases towards
mid rapidity
* rise of Raaat low pr as a further sign of
regeneration
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charm v»

- ALICE
Thermalization = Positive charm hadrons v-> observed
as a consequence of HQ coupling with medium - charm quarks largely thermalize in QGP until hadronization
(q\| IIII|IIII|IIII|IIII|IIII|IIIIIIIII
> 0.4 ALICE Preliminary
" 30-50% Pb-Pb, {5, = 5.02 TeV
- e PromptD’, D', D** average, ly|<0.8
B v, {SP, |IAnI>0.9}
0.3 s Jhp, 2.5<y<4 N
i v, {SP, IAnI>1} JHEP 02 (2019) 012 i
u ¢ 75, lyl<O. |
Pb-Pb L v, {}S/P,OIA577I>2}JHEP1809 (2018) 006 1
0.2—* E‘ o  charged particles, I11<0.8 —
—’El, * v, {SP, IAnI>2} JHEP 07 (2018) 103 .
D mesons N ]
N il i
J/LIJ . 0.1; + #I |_.J ~
Charged particles . L -
: % =
o? -
i J Syst. from data |
i B Syst. from B feed-down
_0.1_IIII|IIII|IIII|IIII|IIII|IIII|IIII|I_
5 10 15 20 25 30 35
p. (GeV/e)
 Similar vz for charged particles and D mesons for pt> 3 GeV/c
- Slightly higher v2 for charged particles than D mesons at low pr
- indication of radial flow? mass scaling also in charm sector?
- similar v2 for J/W for pt> 6 GeV/c and v2(D)>v2(J/W) at low pr (different y-interval though)
* non-zero J/W vz is likely dominated at low and intermediate pt by J/W from | |
recombination that should inherit charm quark flow Charm is strongly coupled in QGF.
—
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charm v» @

ALICE

Thermalization = Positive charm hadrons v» observed
as a consequence of HQ coupling with medium - charm quarks largely thermalize in QGP until hadronization

(q\| T T 1 | T T 1 | T 11 | T 11 | T 11 | T T 1 T T 1 I
> 0_4__ ALICE Preliminary | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
" 30-50% Pb-Pb, |5, =5.02 TeV _ ALICE e (6b) — o, Inl <08, Ayl <1.2 _
0 ~+ ([«t : W) — €, -0, . _
i ° I‘:/’rc?{rglgt |DA’ IEO, 9D} average, ly1<0.8 _ p-Pb, \/37NN =5.02TeV —i— Charg. part., Inl <0.8,0.8 <IAnl < 1.6 -
0.3 - J/2 , 2_é< 77<4 . — ~ (0-20%) - (60-100%) —¢— u, p-going -4 < n<-2.5,1.5<IAnl <5 |
B W y il
- v, {IS::’,OIA577I>1}JHEP 02 (2019) 012 - 015 4+ Pbgoing-4<n<-2515<ai<s — |HFe, HFY, charged
o ¢ 7, Iy I<O. _ — = i
Pb-Pb S v, {ép, IAnI>2} JHEP 1809 (2018) 006 | - _m 1 |particles
0.2+H* i ¢  charged particles, 1171<0.8 — B i ;+; |
—‘Eli * v, {SP, IAnI>2} JHEP 07 (2018) 103 . 0.1— —H— m ]
D mesons N - Tk EILE]L | Phys.Rev.Lett. 122 (2019) no.7, 072301
CE 0 — i =[] -
J o, ¢ ——1 . T ot k
Charged particles| SR L - s % == & -
i i % ] L 13 i )
Oﬁ ~ ~ -
i J Syst. from data | Us | | | | | .
: - Syst. from B feed_down : | | | | 1 | | | | 2 | | | | 3 | | | | 4 | | | | 5 | | | | 6
_0.1_| L 1 1 | [ 11 1 | I I | I I | I I | [ [ 1 1 | I I | | T ]
5 10 15 20 25 30 35 p_ (GeV/c)

P, (GeV/e)

 Similar vz for charged particles and D mesons for pt> 3 GeV/c
- Slightly higher v> for charged particles than D mesons at low pr
- indication of radial flow? mass scaling also in charm sector?
* similar v2 for J/W for pt> 6 GeV/c and vz(D)>v2(J/W) at low pr (different y-interval though)

* non-zero J/W v2 is likely dominated at low and intermediate prt by J/W from Charm is strongly coupled in QGP.
recombination that should inherit charm quark flow Onset of collectivity motion in p-Pb?
* Non zero v2 for HFe and HFp in p-Pb at JJsnn = 5.02 TeV: collectivity in p-Pb? E——

C. Terrevoli 40 WWND 2020



Raa and vo

- - ALICE
Comparison with models
< [T T T | T T T New 2018 Pb-Pb ~= L L L I L B L B
<2 Ok, . () - . 7
@c =<~ ALICE F’Ff)i“fg'gary . . - 0.4— ALICE Preliminary yl<0.8
2 = 0-10% Pb-Pb, \'Syn = 5.02 Te — A i Eo _ — _
1.65 uuuuuuuuuu BAMPS el.+rad. mmm BAMPS el. ] E 0.3 e Prompt D°. D* D** average o
O = POWLANG HTL =+= PHSD i N - S n
- 3 N I st. from data -
14F e, T LDO — - Catania - T [ & T Syst tom B feed-down _ POWLANG: EPJC 75,121(2015)
P& e [TAaw MC@sHQ+EPOS2 ] > 0.2 yst. - MC@sHQ+EPOS2: PRC 89 014905 (2014)
T Y - N _ LBT: PLB 777 (2018) 255-259
. N\t % . TE AN i LIDO: arXiv:1810.08177
= . 2 - 7N _ I
. el - - - e . _ y [1] B
= //%:%% \ I 0'1-_5*£ 2 &\\\\y@ 1 - Djordevic: PRC 92, 024918 (2015)
- 4 4%?%%}%;% ; Filled markers: measured  _] —§' 5 s e O x ' ’
0.8 1T 11l Open markers: p,-extrapolated - E s, . CUJETS3.0: JHEP 02 (2016) 169
7 ‘ N A% \ ) 3 2 Il
i X i oi’fF | = N SCET: JHEP 03 (2017) 146
- z// ) 0". %’%: 2/ B = h ] _ .
g\ P S DA HOD: PRC 90 L0V 004903
S %j,,///// /////////// i o - ----PHSD L BAMPS el+rad . atania: Eur. Phys. J. C ( ) 78:
0.0 W kel 04 — POWLANGHTL BAMPS ef 1 . e —
e T - —J. T myMC@sHQ+EPOS?2 DAB-MODM&T 1 Q| | oop oo :
O_ BN ETEA A B ENIENEE — . ~  -avce 000\’ QCD LO 0.e=0.4 7
2 v e v v v P P g e = Ff © Ding ?t al. ““Q ........ D vanaanes Fannnne -
1 10 10 5 10 15 20 25 30 35 N 30 [ * Banerie otal vvuunereenerees™ 088 E
p (G eV/C) B 4 Kaczmarek et al. -
T P (GeV/c) i :
- :"-‘;, T-Matrix V=F -
20 |- % —

= Simultaneous description of Raa and v2 is challenging in the whole measured pt range!

= Experimental measurements start to provide constraint to the models for the characterization of 10
the charm and beauty interaction with the medium

I I I I | I I 1 I |

= constraints on plasma transport parameters, such as the heavy-quark diffusion coefficient 0
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Future physics goals for charm (®

ALICE

The improved measurements are expected to offer new constraints to models
and help gain further insights into the hot and dense medium created

With the help of improved precision and statistics baryon vz, precise measurement of
Dsand J/W v»

Further insights into the energy loss mechanisms Role of recombination in hadronization? & 03 ]
= - ALICE Upgrade Simulation N
ﬁ 0.25/- Pb-Pb, |5 =5.5TeV, L =10nb"  —
—AE + 10— [ rrrrJrrrrrrrrJrrrr[r3 :_ H B B _:
:E 2_""|""|""|"'.'|'".'l """"""" . < 2r T LI B B B B B B L B NI n\a_o 95 ALICE Upgrade simulation _E 02: B - DS,30'SO:/0CGntr. i
EE 18__ ALICE Upgrade SImU|at|On _: m 1.8:_:‘% ALICE Upgrade SimUIation e < E Pb-Pb VS_NN _55 TeV, Centra]ity 0-20% E : Di, 30‘500/0 Centr. :
% 0-10% Pb-Pb, \s=5.5 TeV, L. = 10 nb" EL S e 4 81 L =10nb" 3 0.15} : " Ao 10-40%centr.
16 , |Syn=D- , Ly E 1.6F  0-10% Pb-Pb, |s\=5.5TeV, L;, =10nb" - : it 1 - -$- Jﬁg*& i
Prompt D> Kz* _: 142i -“' 0 _f 7:_ \ Ko three-quark model, Au-Au 200 GeV—: O 1:— ' _:
D° from B 7 -, ‘._H_ D - 6: ------- Ko e?(trthree-quark __ - E+ _
- 12_—: e D+ — ¢ Ko dlqua.rk model, Au-Au 200 GeV . B -E—E E E
B*— Do7t+ - C - S . - e B B & N Ko extr diquark 7] | —
" - - £ — PHSD, D E a Ko e E 0.055 E
JIy(— e’e) from B (mid rapidity) E - Y TAMU, D E - . ) -
(= nw) from B (2.5<y<3.6) - O.Sﬁ = 41 — E .
. - . - Ll 1 1 Lol | |
; E 0.6 —Brmaesiert - E % 24 6 8 10 12 14 16
i g E 0.4f e — 13 . p, (GeV/c)
_; 0'2: T~ E 1__ 7
............ P I B s : : e - ~ 02 ~——7T—— T T 7T
20 25 30 35 40 0 S 10 15 20 25 G 39 0 é 1'0 1'5 2'0 l '2'5' iE - ALICE Upgrade Projection, 10 nb™ -
p- (GeV/c) p; (GeVic) p, (GeV/o) I .15 F. Pb-Pb 20-40% |5 =5.02TeV, 25 <y <4 E
) - Inclusive Jiy — pru- .
: . Al -
* Investigate deeper the low pTt regime ~ F :
- Charm and beauty baryons 005 E
- More differential measurements of -
= Precise measurements of the QGP properties oo reer Model (TAMY E
VY —— Inclusive J/y i
IR Primordial JAp -
S S S S S TR T P
- 0
arXiv:1812.06772v2 p. (GeV/c)
N
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Summary and conclusions

Investigation of heavy quark interaction with the hot and dense medium created in heavy-ion
collisions, from the production to their “journey” into the medium until the formation of heavy-flavour

hadrons

Recent charm measurement presented

* Production cross section measurements:
» constrain theoretical calculations and input for models to describe kinematics
modification in the QGP
* Particle ratios: sensitive to hadronization
* meson-to-meson ratios: universality of FF
* baryon-over-meson ratios: system dependent?
- coalescence+fragmentation and SHM describe data in Pb-Pb
* Nuclear modification factor:
» Mass ordering of Raa and interplay of recombination, fragmentation, collisions
and radiative energy loss, collectivity to describe Raa
- J/psi Raa: recombination and suppression needed to explain the measurements

- Elliptic flow: thermalization of charm quark in the medium, onset of QGP in p-
Pb?
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Run3: ready for the precision era of the QGP characterization:
improved precision and new measurements to fully characterize the QGP
and to further constrain theory
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C. Terrevoli

Heavy-flavour production: particle ratios ®

Particle species ratio at different energies: /s = 5.02, 7 TeV ALICE

doP do*®
_D(pT;aanuR):PDF(xlﬂuF)PDF('xZHuF)® c
dpr dpt

(-xl)xZHuRﬂuF) X C—)D(Z — PD/PCaUF)

Sensitive to ratio of Fragmentation Functions for different hadronisation of charm quark

1.2 T : o 0.8 | | | | | | | -
i ] 0 - -
[ ALICE 1 ®orp =
- 7 - m ALICE 7

E 0-6F s FONLL E
_ 0.5F = = = GM-VFNS i
i i - — = | Ok fact. -

0.6 — 0.4 —

0. - 0.3 =
; : 0.2F _$_—E=_&—_"E E
-+ 2.7% BR uncertainty not shown } " F +3.7% BR uncertainty not shown .
E EEEE NN NN TS S N I NS N N I T S T N T TR TR [N TN TR O T WO TR T NN TR T T NN T TR N NN T RN WA NN NN S R
246 8 10 12 14 16 18 20 22 24 % 2 4 6 8 10 12 14 16

P (GeV/c) p_ (GeV/c)

* no differences between D-meson ratios in different collision energies
e compatible with ratios measured in ete- and ep collisions

» no dependency on collision systems D-meson ratios

. t with del flat vs ptand independent on
agreement with moaels _ _ the collision energy and

e Universality of D-meson Fragmentation Functions collision system
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ALICE
¢ baryon,
mid rapidity Nc/DO
o B | | | | ]
g - pys=7Tev i - 1.4— ALICE Preliminary o
S My Laono E < [ ppis=502Tev PP, 15=7 TeV -
> - - pK*, ng and e'v A analyses " 1 2__ lyl <0.5 lyl <0.5 ]
N e b1<05 i - —e— data —e— data (JHEP 04 (2018) 108) -
QI_ 10| | F—=— —e— ALICE 3 1 O_— [ ]M.Heand R. Rapp —— PYTHIA8 (Monash) N
O - U /§:§§§ iy ] GM-VFNS i L PYTHIA8 gg,q9— cc, ModeO
> L | bE—}@w [ PowHEG - - -..=..« PYTHIA8 SoftQCD, Mode0 -
B 1= — +PYTHIA6 - - o DIPSY (ropes) -
T g - -.=.. HERWIG? -
1071 =+ 3.5% lumi. uncertair/lt;/ r;ot/shown = ! p-Pb, \/?NN =502 TeV _:
= — ' m -0.96 < <0.04 ~
Q 10 & _E_—m—_m__!_ = Y cms _
RE L & —=— data ]
DE 15U 0077707 = GM-VFN ]
= 0,%% s 3 Eur. Phy |
— — POWHE 8 _
%)10 =T ————— 2T 0T TN T —
%L>L - 5 | “ae® |
R N R ~ 20
; e - e, ep collisions P (GeV/c)
p (GeV/C) [1] J.R. Christiansen, P. Skands: JHEP 1508 (2015) 003
[2] M.He, R. Rapp: Phys.Lett. B795 (2019) 117-121
Cross section of charmed baryons: » A/DO in pp higher than in e+e- and ep collisions,
not described by pQCD-based models: and models tend to underestimate the ratios
fragmentation in models from ee/ep:
baryon fragmentation non-universal? Colour reconnection [1] (reconnection between uncorrelated
interactions), and increased number of higher-mass baryon
states [2] among possible explanations for the enhancement
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P(2S) Rppb Vs y and p; : theoretical models (®

ALICE
.18 ALICE
Q:%l hl: ALICE, inclusive J/w, w(2S) — i I‘)"P(f)s)(ycms) <1
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1.2 ® WieS) (FreSunany) CGC+ICEM (Y.Ma et al, PRC 97 (2018) 014909) — R;)DIEIZ) ) < R;)/I.)‘t
- A y(2S)
T S I
i Comovers: particles produced in the interaction
0.8 _ which move with the hadronizing cc pair
0.6 - __ 'Iil' __ “CGC+ iICEM”: soft color exchanges between cc
I hadronizing pair and comoving partons
0.4 - “Comovers": final-state interactions with the
0oL comoving medium
O :l 1 1 | L1 1 1 | | I .| I | I | I L1 1 1 | L1 1 1 | L1 1 1 I 111 I L1 1 1 I L1 1 1
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" |Further

Investigation:
Charmed baryon
energy loss

arXiv:1906.03322
PbPb 44/102 ub™”, pp 38 nb™ (5.02 TeV)
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» Large Ac suppression observed up to a factor of 5 at high pt both in ALICE and CMS
- compatibility of CMS and ALICE results (slightly different pt and centrality ranges)
 Hint of smaller Raa in semicentral collisions
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“Transport models” based on Boltzmann/Fokker-Plank/Langevin equations
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Table 11: Comgamliw: overview ol the models tor Iwa\)_'_-cluark energy loss or transport in the medium described in the Prcvious sections,

MODELS Pb-Pb

J. Phys. G43 no.
9 093002 (2016)

Model Heavy-quark Medium modelling Quark-medium Heavy-quark  Tuning of medium-coupling From:
production interactions hadronisation  (or density) parameter(s)
Djord jevic et al. FONLL Glauber model rad. + coll. energy loss fragmentation Medium temperature
[511-515] no PDF shadowing nuclear overlap finite magnetic mass fixed separately
no fl. dyn. evolution at RHIC and LLHC
WHDG FONLL Glauber model rad. + coll. energy loss fragmentation RHIC
[459,519] no PDF shadowing nuclear overlap (then scaled with ANy, /dn)
no fl. dyn. evolution
Vitev et al. non-zero-mass VENS Glauber model radiative energy loss fragmentation RHIC
1422, 460] no PDF shadowing nuclear overlap in-medium meson dissociation (then scaled with ANy, /dn)
ideal fl. dyn. 1+1d
Bjorken expansion
AdS/CFT (HG) FONLL Glauber model AdS/CFT drag fragmentation RHIC
[624, 625] no PDF shadowing nuclear overlap (then scaled with AN, /dn)
no fl. dyn. evolution
POWLANG POWHEG (NLO) 2+ 1d expansion transport with Langevin eq. fragmentation  assume pQCD (or 1-QCD
[507-509, 585, 586) EPS09 (NLO) with viscous collisional energy loss recombinaton U potential)
PDF shadowing fl. dyn. evolution
MC@ HQ+EPOS2 FONLL 3+ 1d expansion transport with Boltzmann eq.  fragmentation  QGP transport coefficient
[528-530] EPS09 (LO) (EPOS model) rad. + coll. energy loss recombination fixed at LHC, slightly
PDF shadowing adapted for RHIC
BAMPS MC@NILO 3+ 1d expansion transport with Boltzmann eq.  fragmentation RHIC
[537-540] no PDF shadowing parton cascade rad. + coll. energy loss (then scaled with AN, /dn)
TAMU FONLL 2+ 1d expansion transport with Langevin eq. fragmentation assume 1-QCD
[491, 565, 606] EPS09 (NLO) ideal fl. dyn. collisional energy loss recombination U potenual
PDF shadowing diffusion in hadronic phase
UrQMD PYTHIA 3+ 1d expansion transport with Langevin eq. fragmentation assume -QCD
[608-610) no PDF shadowing ideal fl. dyn. collisional energy loss recombination U/ potential
Duke PYTHIA 2+ 1d expansion transport with Langevin eq. fragmentation  QGP transport coefficient
[587, 628) EPS09 (1.O) viscous fl. dyn. rad. + coll. energy loss recombination fixed at RHIC and LHC
PDF shadowing a0 (same value)
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CGC: arXiv:1706.06728

FONLL (JHEP 1210 (2012) 137, arXiv:1205.6344)
with EPPS16 nPDFs (Eur. Phys. J. C77 no. 3, (2017)
163, arXiv:1612.05741).

Vitev et al: Phys.Rev. C80 (2009) 054902, arXiv:
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Kang et al.: Phys. Lett. B740 (2015) 23-29, arXiv:
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Duke: Nucl. xPart. Phys. Proc. 276-278 (2016) 225—
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Nuclear modification factor: Rppb VS Raa

Strong suppression in 0-10%
central Pb-Pb collisions
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