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Space time evolution of A-A collision

. K, p. ... f [0 Thermal freeze-out
T

Elastic interactions
cease

Particle dynamics
g“momentum spectra”)
ixed

Tfo ~ 110-120 MeV

[0 Chemical freeze-out
B Inelastic interactions

cease
B Particle abundances
(“chemical
pre-Equibrivem composition”) are fixed
Phase (< 1,) B T, ~ 155 MeV

Z

[0 Thermalization time
B System reaches local
A B equilibrium

B ., ~ 0.5fm/c
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Hard probes of A-A collision
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Hard probes in
nucleus-nucleus
collisions:

produced at the very
early stage of the
collisions in partonic
processes with large Q?

QCD can be used to
calculate initial cross
sections

traverse the hot and
dense medium

can be used to probe
the properties of the

meaium
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Electromagnetic probes

W M+ K KD s . .
/ [0 Electromagnetic probes in
% nucleus-nucleus collisions
® photons, W and Z bosons,

B do not carry a color charge

B provide information about
Iinitial state / nuclear PDFs

O Also, prompt photons or Z° to
study the medium suppression:
B Prompt photon and jet

Pre-Equilibrium production follow the pQCD

Phase (< %) B Photons do not interact with the

created medium (mfp~100 fm)

Jets (hadrons) are sensitive to

final state effects also.

Very precise measurement of the
energy of the outgoing parton
> from the hard scattering
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EM probes: from “control experiment”
to “constrainer” of initial conditions

PRL 127 (2021) 102002
CMS, JHEPO3 (2015) 022 CMS 1.7 nb'(5.02 TeV PbPb 0-100%)

52-5_'C|SVL'| SERIRARNRERNRARS RERNRRRS I T I I ILELELE L R
[ CMSys =276TeV i .
o L e Z -, p, >0 GeVic, 0-100% centrality - i - 60 < m, < 120 GeV ]
2__ I pp luminosity uncertainty ] 5 N T o al
L Taa uncertainty - )
15F = s | i ]
i ] > i
: " 1 S A zr o ‘
¢] él I% - b |Z‘ I + -
1 0 $ —8 C® 2l
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B T L1 1 l 3 __§-:-3 l L1 1l I L1 1 l L1 1 I L1 1 I L1 1 l L1 1
%0 02040608 1 12141618 2 0 03 06 09 12 15 18 21 24
— Iyl ly |
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MadGraph5_aMC@NLO



Z0 boson in Pb-Pb

PRL 127 (2021) 102002

005 IS 1700 (5,02 TeV PP 0gCMS ___ 17nb"(5.02TeV PbPY)
ooaft 2T T o osab. 60 <m, <120 GeV £
003E * ATLAS2.76 TeV PbPb | - TF ly <21 ;
: 5 : ~ 0.5k —
1 e I T — B3
0.01;_ ‘ e \';' 0.45:— "E""‘*ﬂ"—' =
i : B E ] > o 2.2¢ 5
> OE : + E 1—’ b 0‘4:__}_ Zy* > I e
~0.01 + M|l . 0.35F ‘El— 3
-0.02 il il 0_35_ ------- 0-90% data E
-0.03 F ly | <2.1 ] z !
g z | ] 0.25F HG-PYTHIA scaled by 0-90% -]
—0.04 £ 60 <m, <120 GeV E : i
0.05 =50 20 60 80 0-90% o8 12 | E
Centrality (%) a S 0;?“"&*_‘:_}“ .... anil i
0 20 40 60 80 0-90
Centrality (%)
O V, consistent with O [0 Depletion not expected by
> unaffected by final- final state interactions
ﬁtacilie gffeCtS_Sufflih as ; - Initial-state geometry ?
roaynamic riow an . - -
yarocy > centrality selection in

energy loss . —L!
9y peripheral collisions ?
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Jets: what we expected and learned

PLB 790 (2019) 108 =
& | ATLAas anti-k,(R=o.4je2s C T y<2d Jets are CluenChed In

[5]0 - 10%, {5y = 2.76 TeV [PRL 114 (2015) 072302] AA I I

1,,,E,9,‘,,1,9%,}3:?7'«,,?,5:9?,1‘?,\( ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ||||,_ CO I S I O n S
(5130 740%, s, = 2.76 TeV [PRL 114 (2015) 072302]

[2130 - 40%, {5,y, = 5.02 TeV

| [ ] (T ) @nd luminosity uncer.

_ - up to pr =1 TeV

40 60 100 200 300 500 900
p, [GeV]

25/11/21 Giuseppe E. Bruno



Jets: what we expected and learned

L9 (POTI TR _ -5 PRC 08 (2016).0249
Cohe T T Ig Jets are quenched in ; | <21 ani, 08 [[]
océ ATLAS I anti-k, R = 0.4 jets | <2.1 q < | ATLAS v | < 2.1 anti-k, R=0.4 jets | ]
0-10%, Sy = 2.76 TeV [PRL 114 (2015) 072302 ici = [ I
B 10% (G 27eToy P 1 i s AA collisions S 5 e e o
L R L . | @ < o 200 o o 251 oV
30 - 40%, |[sy = 5.02 TeV — o
ll:illl (T ar;j,\llﬂminosity uencer. /’ u p to pT = 1 TeV % 316 < Py < 398 GeV

Jets in the medium /" | Eﬁﬁ;

appears softer S

m;;ﬂﬁﬂ | T 1.5

[ Pb+Pb, s, =5.02 TeV, 0.49 nb™, 0-10% i
0.5~ pp,\s=5.02TeV,25pb" -

| | L
107" 1

1072

enhancement of particles carrying
a small fraction of the jet
momentum is observed in Pb-Pb
w.r.t. pp, which increases with
centrality and with increasing jet
transverse momentum

25/11/21 Giuseppe E. Bruno 10



Jets: what we expected and learned

PRC 98 (2018) 0249

PLB 790 (2019) 108 : 2.5 R LR U
ATLAS ‘ antlk(R 04192S S yl<24 JetS are quenChed N E ATLAS b | <2.1 antik, R=0.4jets | ]
Eg_lgé,,zﬁ::;ggg:z[PRL114(2015)072302] AA COIIISIOnS 3

I DL 0 ST oY 1Oy II - 2 ® 126 < P < 158 GeV
[=130-40%, sy = 2.76 TeV [PRL 114 (2015) 072302] m L ® 200 < p* < 251Gev

[+]30 - 40%, |syy = 5.02 TeV t — 1 T V 3
HEEN (7,,) and luminosity uncer. /— u p O pT = e < 398 GeV

1.5

Jets in the medium /" | *ﬁ;

T g appears softer

* Via

[ Pb+Pb, s, =5.02 TeV, 0.49 nb™, 0-10%

o [GOV] 0.5 pp.1s=502Tev.25p0" i
-2 -
The hard core of the 10 10 !
TR L e B B B LA . .
f F 0-10% Pb-Pb s, =276 TeV ALICE _]etS get narrower in
> 30~ Anti-k; charged jets, R =0.2 - / .
B[ s0sp", <60GeVie e the medium
2, 250 ' W ALICE data .
= ® PYTHIA Perugia 2011 ] | (55
20 O PYTHIA8Tune4C - |CND
- .
- T 1 | = . _ . :
s, 1| | Girth = Wldth of a jet
r = o
L —o— o= —
B - H 19 — —
- - Q g= ZLE]et ]et lAR ,]etJ
5= 312
—eo— —- ™~
- —s— o
—.—
L S SRS oy T
S e 1 1E
S . ) . )
3 | e B
0.5 _,_:._/——.—i
0 0027004 006 008 01 og.12
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Jets: what we expected and learned

PLB 790 (2019) 108

& | ATLAS | antik, R=04jets
[2]0 - 10%, {Syy = 2.76 TeV [PRL 114 (2015) 072302]

[+10-10%, Sy = 5.02 TeV

[+130 - 40%, |s\y =5.02 TeV

I PNN
[ [ ]] (TAA) and luminosity uncer.

1 F5130 740%, sy = 2.76 TeV [PRL 114 (2015) 672302]

l<2.4

/

o 5[ \ \ \ T \
ko) C
o~ [ 0-10% Pb—Pb |5y, =2.76 TeV ALICE
> 30~ Anti-k; charged jets, R =0.2 -
S ch ]
" - 40 < pleel <60 GeV/c L
s, 25 W ALICE data -
= @ PYTHIA Perugia 2011 ]
20% O PYTHIA8 Tune 4C
F b
15— - -
F =
F —o— —o—
== e
5;]'\: » -]
r P N—
| —.—
o= , |, L by
O r | | |
S ke ]
% 1.5 —o— |
r —_
Q i .
0.5~ e e
0 002 004 006 008 0.1 012
g9

\

JHEP 10 (2018) 139

Jets are quenched in
AA collisions

- up to pr =1 TeV

Jets in the medium /

appears softer

The hard core of the

| ATLAS b | < 2.1 anti-k, R=0.4 jets
—_~
N
N L
mQ o= ® 126 < P < 158 GeV
F ¢ 200 < dj‘ < 251 GeV
& 316 < ;ﬂ:‘ < 398 GeV
1.5
L 1
m K]}
I ,
= L L")
L L -

[ Pb+Pb, s, =5.02 TeV, 0.49 nb™, 0-10%

2.5 LG 98 (2018) 0249

0.5~ pp,\}s=5.02TeV,25pb" —
L ! Lol L L

1072 107"

jets get narrower in
the medium

the soft part diffuses -

to large angles

P(Ar) distribution of ch.track
(weighted by p+tk) in anular
ring around the jet axis
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V4
anti-k; R=0.4 jets, P> 120 GeV, mie'|<1 6
3_— ' p™ > 0.7 GeV CMS E
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Z tagged jets

cn

' 7
O

Z vs y -tagged jets:

10£220 (1202) 9¢1T 14d

2 PbPb
1 d*Nep 0 both provide (@LO) the pr and azimuthal
Nz dpStAg : P P
— T direction of the partner hard-scattered
e d2N PP parton =
ch
( /Nz)< d %hAcp) O At fixed pr jets balancing Z and y arise
from different Q2 values
FRET26-(2021) 972301 - sensitivity of the energy loss process to parton
3r :F ATLAS p; > 60 GeV A virtuality
21 pp, Vs = 5.02 TeV, 260 pb’ g i . i
1*& ________ it Poseo (s, -scetev 141 700" | The per-Z yields modified in PbPb compared to pp
osf L : 10O Softer pst distribution with suppressnon at high
ol + T ] pch and “enhancement at low p&”
‘ PR R B significant centrality dependence
7 O Hybrid model, JEWEL and COLBT catch the low
- 8 U s + ................................................... — p Increase Only by Includlng back_reactlon
b3 = *l (0] ; - T
= o6f [1-3 - T : medium recoils, and jet-induced medium
0l * 4 ‘*’* ] excitations (detalls in the back-up)
L _ e | IN Bz e, P\ - S
0.6; 3 * ~$-1 30-80%/pp ] - £ ’ -
oal | W *[+] [+J - =] 10-30%/pp ] 3 07‘“
0.2+ lT [f 010//pp 4 g;
1 2 3 4 567 10 20 30 40 60 Zz bk gail
pcn [GeV] 1 2 3;7"?(‘,02/ 10 2 3 in? IGG;V]'IO 2 3 45;"[(;1.:?V] 20 3040
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Jets with heavy flavour

[0 ALICE quite competitive; covered by Marianna

First direct observation of dead-cone effect in QCD (in pp)

QCD vacuum is not transparent -

0 jets inc.jets
R(O) dn® 1 dn™’
= 0, inc.jets
nP%ets din(1/6)/ yinciets din(1/6)
Reclustering step 1 ) Reclustering step 2
5 =
Reclustering step 3 s
- . 3 ’ i
\ﬁ,,fg,
.5
) " 1 2. - ’ , Fully reclustered jet
GJ?VVER(MI;;:T 4 5 e o A : charm

ol quark
v - O

Dead-cone effect
Gluon emissions are
SJDDFeSSed In a cone

with 84c = my/ERadiator

— Charm quark
»> Gluon emission vertex
v Emitted gluon

0,>0,> ...> 0,

ERadialm:l Z > ERadialm:_?

Expectation: radiation suppressed for 6. < %

PYTHIA 8 LQ / inclusive

L] fa ==~
ALICE Data no dead-cone limit

— PYTHIA 8
- -~ SHERPA LQ/ inclusive

— SHERPA no dead-cone limit
6 (rad)

0.37 0.22 0.14 0.08

oy 1!11]IIIIIIIITIITII

2
Q: 5 < E‘hrﬁwﬁ.!.’:r < 10 Gev

N chleading track |

1.5 pT,inclusivejet =28 GeV/C
- sz=z=z===k=zz=zz=224

1._---*--- Al
™M
~ = /.70
LN
3 0.5} w
o
—i
(Q\|
;OIIIIIIIIIIIIIIIIIII
x| 1 1.5 2 2.5
> In(1/6)
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http://arxiv.org/abs/2106.05713

First measurements of N-subjettiness in AA

|
Suppression of combinatorial

1
PTjet X R

N =

ZPT r minimum (AR, ARy g, ...., ARN )

jets with data driven method

motivations:

15/ 11 sensitive to the rate of
two-pronged jet substructure

two-prongness of jets might
be sensitive to coherence

effects in the QGP

« if resolved by the
medium, these jets
should lose more energy
than jets with energy
flow in a single core

0 pp: important input for MC generators (observed a syst. shift)

1/N** dN/d(z /7))

Data/MC

T ,"rl l dzl\'
Nirig Sig dp&"r':rldrg_,/' T

prepcTTey

1

arX|v 2105. 04936

E pp (s=7TeV ]
— Anti-k; charged jets, R=0.4 —
: 40 < p < 60 GeV/c 7

=k reclusterlng = ALICE Data

o PYTHIA6 Perugia 117
s PYTHIA8 Monash -

d(z,/T,)

TJT,
recoil

d(A

Data/MC

5—

Two-pronged jet

A

A

Xarge T

L TT{15, 45} TT{8,9}
F 40< p , <60 GeVic
: k reclusterlng

e PYTHIAG Perugia 11
4 PYTHIA8 Monash

&N
— Small 7,
Niig Ref dpSP._d1> /T 2
a.Ref AP d72/T1 Prig € TTiar
PG AN
':7
1 < 2
E ALICE 1
[ 0-10% Pb-Pb ys,, =2.76 TeV ;
[ Anti-k; charged jets, R =0.4 ]
4= 1% = Bl €106 = ALICE Data 3

2: self normalised _E
17 :‘:
EE,E
o—. . . | |
2F =
6.2 0.4 0.6 0.8 1
7,7,

[0 Pb-Pb: not yet direct indication of modifications in central collisions
- Medium induced radiation may have slightly modified the structure
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Heavy Flavour: open

HF
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Heavy flavour: charm hadro-chemistry

=

xe) ¥ I

/ 09 oo B0

mr = m2+P72~ G@g—’@l) <
@9 (d] )

c¢ (and bb) pairs produced only initially in

hard partonic scatterings (pQCD)
B no sizeable thermal production at the LHC

e

ALICE Preliminary
Sy = 5.02TeV, y| < 0.5

T T T T

—e— 0-10% Pb-Pb
—=— 30-50% Pb-Pb
—4+—pp

0.2:— i
-> hadro-chemistry at the freeze-out reflects e :
how these quarks have “"dressed” while .
escaping from the fireball '
o T T gmi Pb-;b,m:&o;TeV, 0-10% | B
% ® STAR Au+AU |Sy, = 200 GeV il
g [ i iy =] = | |
T | ” -
10 [l sHm . I s+
- — PYTHIA ; E 3
: | | | | |
D*/D° D2/D° AL/D° >0 T
Discussed at length tomorrow
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Heavy Flavour: open HF

energy loss in
the medium

Energy loss depends on:

e Color charge AE; > AE, 45
e Parton mass AE. > AE,
At the parton level.

AEg > AE 4> AE. > AEy

Naive expectation:
Raa(m) > Raa(D) > Raa(B) ?

Pre-Equilibrium 1
c quark e ek More complicated due to
- different production kinematics

b qua{k / \ ‘ and fragmentation of light and
/ \ heavy quarks
- B




Heavy Flavour: open HF

Soon understood with LHC runl data

HEP 11 (2015) 205, CMS-PAS-HIN-12-014 the medium

energy loss in

§14 R B AR RS Energy loss depends on:
R0, By 12,16 IO, e Color charge AE; > AE, 4«

T
O'

0.4

T

1 .2:_ A ™ (ALICE) 8<p <16 GeV/c, ly|<0.8 _:
- o ey euEeimiey T ® Parton mass AFc > A
e T e e i At the parton level:
gy Ceeea : AE, > AE, 4> AE. > AE,
0.6:_ H] IH E Na ation
4 o palm) > Raa(DP> Ran(B) ?

More complicated due to

40-50% ,
= o,
30-40% 50 n00s [T

50-80%™* # E
B g

\

|ll

0.2

- . U different production kinematics
T A AT T T e and fragmentation of light and
0 50 100 150 200 250 300 350 400

(N__) heavy quarks

part



Heavy Flavour: open HF

Soon understood with LHC runl data

HEP 11 (2015) 205 the medium

energy loss in

n:5:1-4 ‘F;t')xl;k')"|""|2'7'E;lrl'v"'l"" ARLNERE Enel‘gy loss depends on:
-PD, \ S\ = 2. e
\Snn e Color charge AE; > AE, 4«

1.2 A 7 (ALICE) 8<pT<16 GeV/c, |y|<0.8
m D mesons (ALICE) 8<p <16 GeV/c, ly|<0.5 P Pa rton mass AEC > AEb
(empty) filled boxes: (un)correlated syst. uncert.
L e - At the parton level:
jordjevic et al. Phys.Lett.B 737 (2014) 298
....... nE AEg > AEU d S> AEC > AEb
0.8 — = D mesons r=r

Naive expectation:
Raa(m) > Raa(D) > Ran(B) ?

0.6 8<pr<16 GeV/c

0.4

s B BB ST Em More complicated due to
02 ey, BRERE different production kinematics
A R T T IO NY and fragmentation of light and
0 50 100 150 200 250 300 350 400
(N_) heavy quarks

part



Heavy Flavour: open HF

Soon understood with LHC runl data

L-IEP 11 (2015) 205, CMS-PAS-HIN-12-014 the medium

S VNS T BT T GRS L Il el N B T e T B .
o PhPb [ 27676V ] Energy loss depends on
1oL = D mesons (ALICE) 8<p, <16 GeV/c, ly|<0.5 ] e Color Charge AEg > AEu,d,s
ey ?.%25:)2:3:?'0;(;‘%%(cc.m[ﬂ?irzerm%?%%)mmtz.om ) ] e Parton mass AEC > AEb
- empty) Tilie oxes: (un)correlated syst. uncert. 1
ETTTT tpdievicetal, matmarman At the parton level:
0.8/ o Non-promet Jiw with ¢ quark energy loss | AEQ > AEu,d,s> AEC > AEb
i IH with AEp ] : :
0.6F ::zﬂ:: . k/ - Naive expectation:
- Q\E“:B::\:\§ g Rpa(m) > Raa(D) > Raa(B) ?
S e i s
[ s 0 WA T More complicated due to
0.2~ U0 50.90% [ \\i::—_ : - : ;
() 50-100% for non-prompi 1y 1020% W07 different production kinematics
%50 700" 150" /606" 256" 300" 580 400 and fragmentation of light and

with AE. L heavy quarks



Spectacular performance of CMS

_ _ § 5.02 TeV PbPb (0.37-1.6 nb™") + pp (27-302 pb™)
= E'rSt obdserE/atlon of S 3 CMS 2015, centrality 0-100%
production In z g 8 e h' m<1
heavy ion collisions! % | Prefminary . DO jyj<
EE.) 2'5:_ ¢ B |y<24
O Similar suppression 2 : + BJly<24
for B, and B.* 2r 2017-18, centrality 0-90%
B B s pr iS partlally : : B;, (visible kin.)
reconstructed (tri- i ¢ N 1< <2
muon) o 1.5 i T S h=23
i : o |y|<23
O At high pt: Raa of all et E LT KR, e
flavor identified i ; 5 . oot {
hadrons seem to ) > ligh, s
converge above ~ 0.5 f- 4 :"
20-30 GeV i Cealke
B | | | 1 111 | | | | 1 1 1 1 II | |
0 2
1 10 10
but P, [GeV]
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... pr range still drives the physics

also for the
v, observables

ALICE ly| < 0.5
Pb-Pb, {s,, = 5.02 TeV
Centrality 0-10%

ni

llllllllllllllllllllllllllll

o o
er 0.8 o Charged particles
< ¢ Jhy, 0-20%, ly] <0.9
o 06 0 Prompt Jiy, |y| < 2.4, CMS
= o Non-prompt J/vy, |y| < 2.4, CMS
oN
> 04 g =3
= - 0
(o] [ ;' ' B
0.2 -
Sopsem™
i 1 1 | 1 Tl the lower
10 20 30 40 50 the better |

ALI——PUW pT (GeV/c)
Collisional ———————
dE/dx relevant Radiative dE/dx dominates

<>

Bulk of production

recombination relevant (even dominant for J/vy)
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... pr range still drives the physics

’G : T T T T | T T T T | T T T T | T T T T | T T T T | |:
S 4oL ALGE vi<05 also for the
> = 0-10% Pb—Pb, \Sy = 5.02 TeV E v, observables
g ;‘g prompt D° ¢ vertexing .
%'_ 1 §_ % m w/o vertexing _§
> - o o 3 T ' T T E _
g 1 0_1 E_ ‘% 1 i ;_ R = yield (w/o vert.)/yield (with vert.) _; _E
%5 F . e JEELJ&J& # J$J$L T
B = 0.8 = —
10 = S 0.6 F 7$L 4 =
— S = 0.4 F _E ]
Q 107° & —o— 9Pz TTA T T8 Ti0 12 3
< = p. (GeV/c) =
(@) — — 56— _
2 10t & =
o = =
i — © —
- ~ 7
™ 107° & =
= - + 0.8% BR syst. unc. not shown o =
E 1 0—6 B 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | I_ the IOWer
(0) 10 20 30 40 50 |
< 5 b (GeV/c) the better !

Collisional ————
dE/dx relevant Radiative dE/dx dominates
<>
Bulk of production
recombination relevant (even dominant for J/vy)
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arXiv:2110.09420

0.05

-0.05F

Prompt D mesons at high p+

0 Gluon radiation dominant energy loss mechanism
0 Collective flow effects and modification to the

L D mesons

Pb Pb VSN 502TeV0 10/ E

ALICE
L] AverageD D*, D*" ]

0-10%
Ao 0
L ALICE ]

0.8 e Pions 7]
C o Charged hadrons 7
0.6~ |
- % //////Aﬂ

hadronization mechanlsm negligible

The three models
have different
implementations

of radiative energy
loss with dependence

p (G.e\‘//c) p (G.e\‘//c)
o L | | ______on color charge,
E D mesons 30-50% 7 = E Pions 30-50%
3 s oni-‘\ ] parton mass and |_3ath
FII oREENAA 4 PRy { length in the medium
- SCET, 4 = 015 4 3
: _; 0'1:: . - A\ ”
- Mmoo I %%m% - This is “state of the art
o E L 2 Gz v///}
1 E I 3 % after LHC run1&run2
- R R P B P _0'055_ NP PR R TP R |_'
10 20 30 40 50 10 20 30 40 50
P, (GeV/c) P, (GeV/c)
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prompt

non-prompt

Prompt vs. non-prompt D mesons

L L B N I B B B O B CUJET3.0: JHEPO2 (2016) 169

<, | ALICE Preliminary D°meson |  LGR: EPJC 80 (2020) 671
b 2.5
~ Pb-Pb, \(s =5.02 TeV | TAMU: PLB 735 (2014) 445
30-50%, lyl<0.5 | MC@sHQ+EPOS2: PRC 89(2014)014905
1 Raa(prompt D) > Raa(non-prompt D)
15 : .---"---..i.‘.* ,..,: ....... - l.”'””"::'“.I,,”'““////""//;,; .
i it e e E'T< 5 GeV/c different decay
- (M M ) iInematics / radial flow
L T TR g tE> 5 GeV/c smaller energy loss
[ ] or B
: _+_~ Data [ | TAMU 30-50% :
© 1 CUJET3 seunen MC@sHQ+EPOS2 el. . . .
05__ """"""" LGR = semuss MC @sHQ+EPOS2 el.+rad.+gluon damping __ D Des.crlbed by mOd.eIS |nCIUd|ng
T T T collisional and radiative energy
10 15 20 losses

pT(GeV/c)

small parton mass  large parton mass
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https://link.springer.com/article/10.1007/JHEP02(2016)169
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-8243-9
https://www.sciencedirect.com/science/article/pii/S0370269314003591
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.014905

Prompt D meson R,, and v,

-
“““

vl <05 7

arXiv:2110.09420
< T T T T T T T T ] o 1] T T T T T T T ™]
= O ALCE 1 > o20F TAMU MC@sHQ+EPOS2
. — - ] r -- ]
1.4F Po-Pb. fSyy = 5.02TeV 3 [ ——PHSD  --- POWLANG-HTL
3 Centrality 0-10% . 0 15-_ DAB-MOD LGR h
1.2 Prompt D°, D*, D** average "} =i Catania 1

MC@sHQ+EPOS2: PRC89(2014) 014905

BHHGH

[IDO: PRC 98(2018) 064901
& PHSD: PRC 93 (2016) 034906
& Catania: PLB 805(2020) 135460

$ POWLANG: EPJC (2019) 79:494
$ LBT: PRC94(2016) 014909
, B
| S e 11 Model ingredients:
4x10 1 2 34567 10 2(;)1—3((256\//0) 1 2 3 4 5678910 pTZ(OGef;;C) D transport Of C ql:larks in
an hydrodynamically
e - expanding medium (via
1o l Pb_Pble—=5_§2L-lrc;5_E = o vtABcT@'sHmEposz : Bo|tzm ann or Langevin
4 T | e T equArne) oy loss
<05 : 0.20
(elastic and/or inelastic
collisions)
P e O c-quark hadronisation
i 3 via coalescence
r E Centrality 30-50%, |y| < 0.8
| L | L -0.10k . vl . .
R R R e bR T e This is “state of the art”
after LHC runl1&run2
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... deeper insight into models

arXiv:2110.09420
< 1-6_ L III T T T LI II T T T T I_ >N _I T T T T T LI I T |
« f ALICE 0-35 S N E
1.4 Pb-Pb, ys,,, = 5.02 TeV 1 0.302_ - LID & LIDO w/o radiative E

B Centrality 0-10% ] E LGR LGR w/o radiative E
1.2k - 0.25F E

N ly| <05 ] F ]
1.0 H 0.205— _@@ 3
o ] 0.150 # E
8- ] E AN ]

. ] 0.10F = A N\ .
0.6 — E N ]

R 0.0 N 3

0.4 = r ,_—| A S N 1

. = ] 0.00— =
ook I EH R _0.055_ Centrality 30-50%

N ] o ly|<0.8

[l L] L -0.10K . L] . i
4x107" 1 2 34567 10 20 30 1 2 3 45678910 20 30

P, (GeV/c) P, (GeV/c)
g 1~6‘ L I T T T L I T T T T T >N O 35__ T T T I __
S ALICE B —— PHSD = = PHSD w/o recomb. 3
e Pb-Pb, {5, =5.02TeV 0.30FF —— POWLANG - -- POWLANG w/o recomb.
lity 0-10% 1 E ]
Centrality 0-10% 0.25F- —— DAB-MOD - - - DAB-MOD w/o recomb. -]
ly| < 0.5 ] o 7
H 0.20F
] 0.15F. -
] 0.10F
B 0.05E
7 0.00
i t+ Ell 1 g , .
0.2 =+ = _0.05F- Centrality 30-50%

C > ] E lyl<0.8
0.0lrssl Ll L -0.10E ] M
4x107" 1 2 34567 10 20 30 1 2 3 4 5678910 20 30

P, (GeV/c) p; (GeV/ce)

Role of
radiative dE/dx
vs. elastic
collisions

B Switching off
radiative E loss

Role of
hadronization

B Switching off
recombination
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Charm spatial diffusion coefficient

[0 Kkey transport parameter (quantifies drag, thermal, recoil forces)

A [ ——— LGR(ModelA) i
= i LGR (Model-B) i
(ﬁ 30 B —e— LQCD: Static -
— == LQCD: Static, Conti —
B —a— LQCD: Cl'?alrcr:n o 1 From that one
& Charm, CUJET3 i derives the drag and
b Charm, LIDO (Bolt.+Bayesian) . : :
20 [©  ——. Charm. Bolt. (2<-2) N momentum diffusion
% wiems D-meson, HRG - coefficients:
& | 3} 1 2T
10 - “/,/‘ H (P, T) = onTD. E
i 1
n P s (T') = -4 \TS.
_ u S =,
0 1 | 1 1
1
Li, Liao, EPJC 80 (2020) 671 T/T,
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Charm spatial diffusion coefficient

[0 Kkey transport parameter (quantifies drag, thermal, recoil forces)

I

2D,

30

I I_”I.-I"'T I I T T

-

20

10

1 1 T 1 l
LGR (Model-A)

LGR (Model-B)

LQCD: Static

LQCD: Static, Continuum
LQCD: Charm

Charm, CUJETS3

Charm, LIDO (Bolt.+Bayesian)

« Charm, Bolt. (2<>2)

D-meson, HRG

IIIIIIIlIIIlII

0

Li, Liao, EPJC 80 (2020) 671

From that one
derives the drag and
momentum diffusion
coefficients:

1 T2
-‘~'T : :
e Ul 7o
k(T) = S TD. 47T°.

latest ALICE data (including v,), arXiv:2110.09420: 1.5<27T.Ds<4.5
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T/T,

N 1/(r) [fm!]

- [ Y(1S)
- X‘b(lp)
J/y(1S)

Y(25)
1'(35) 1, (2P)
((1P) ¥(29)

Quarkonium 12

, n.K.p..H_H+
I'll discuss a few | / i
results

Detailed
experimental
review covered
by Fiorella this
morning

Pre-Equilibrium
Phase (< 1)




J/W Rap VS. Dy

i LI I LI L I L I LI I LI I LI I LI [ L i
D:é 14 F Jy Pb—Pb |s,, =5.02 TeV, 0-10% 4
" ® ALICE, 2.5< y<4 0-20% (preliminary) i StI‘Ong RAA P
- ® ALICE, | y|<0.9 (preliminary) ] dependence
1.2 ® CMS, | y|<2.4 (EPJC 78 (2018) 509) ] low pr
ATLAS, | y|<2 (EPJC 78 (2018) 762) 10 stron
N boicisiomivr .1 . .St e 0 g gy
E 7 dependence
0.8 | J high py
%E 10 common behavior,
0.6 - ! iIndependent on y
: 10 nice compatibility
04 =g ~ of results from
Z g < ] different
0.2 F e o 1  experiments
0 _I L1 1 l L1 1 1 l L1 1 1 I L1 1 1 l L1 1 1 I L1 1 1 I L1 1 1 l L1 1 l_
0 5 10 15 20 25 30 35 40
P; (GeV/c)
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0.8

0.6

0.4

0.2

0

J/W Rap VS. Dy

EEAS BRI EAEAD B3 AR EASEI AR BB ED BERRY REAES LEALN
Jy Pb—Pb s\, = 5.02 TeV, 0-10%
® ALICE, |y|<0.9 (preliminary)
® CMS, |y|<2.4 (EPJC 78 (2018) 509)
ATLAS, |y|<2 (EPJC 78 (2018) 762) ]
® charg. hadrons, CMS, |y|<1 (JHEP 04 (2017) 039)

+
'

- e T ]

{ Strong Raa Pt
] dependence

low Pr

[0 strongy
dependence

high pr

10 common behavior,

independent on y

[0 nice compatibility
of results from
different

experiments

1 very high p+

g % 10 15 20 256 30 38 40 45 B
pT(GeV/c)

[0 Raa rise due to

0 partonic energy
loss mechanisms
observed for
hadrons?
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1/N dN/dz

CMS, arXiv:2106.13235

J/y in jets

pp 302 pb™! (5.02 TeV)

In pp prompt J/y are

- CMS produced less isolated
B Dt than predicted by
C p,,, > 65GeV event generator
dr. 3o'<pT‘Jet<4o GeV (PYTHIA)
-, | <2 = O J/y production
- —=— Prompt data later in parton
3 Prompt PYTHIA8 showers
i Nonprompt PYTHIAS underestimated
C o ey S
2 = =
1: - CE——
B 4 SR
- 1 | | | | | |
0= 03,04 05 06 07 08,09 1
[ I/ I .
_ br
J/v and large Z = jet J/y and small
Jet activity Pr Jet activity
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J/y in jets

PbPb 1.6 nb™', pp 302 pb™' (5.02 TeV)

< 167 In pp prompt J/y are
 F CMS produced less isolated
e than predicted by
K pTJ/ >65 GeV event generatOI‘
1-2:" 3o’<préJet<4o GeV I(:IIDY;I-/HLS)od ion
s \y proaucti
' cent 0-00% later in parton
- showers
- underestimated
0 06 $
.. In Pb-Pb
g : O 1/ v produced with
N ooF . . a large degree of
2 - surrounding jet
fti O_I 1 l I | | I 1111 | | EESET [ S | | | | | Ll ls) | 151 | I|IIII aCtIVIty more
%) 03 o404 05 06 07 08 09 1 Suppressed than
O [ Py’ [ 2 those isolated
J/v and large Z = jet J/y and small
Jet activity Pr Jet activity
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Upsilon

CMS, PLB 790 (2019) 270

Spectacular IO oA 02 e
signature of the I N CMS :
“sequential” s 7w :
dissociation O S R
m Y(15) g 4

suppression as g 5

due to 2

suppression of t

its feed-down %

components
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Y RAA versus mode|s CMS, PLB 790 (2019) 270

ALICE, PLB 822 (2021) 136579

Many calculations with different approaches and ingredients (detailed in backup)
Globally reproducing the experimental trends sometimes within large uncertainties

< p VIR e 1 =S5 [ e a Pbe368/464pb pp280pb (5.02Tev)
12 PoP 5,02 Te T 7 T 125 PoPbys,=502TeV,25<y <40 - 1ol pesoGev cMs .
- Iyl <2. Cent. B ALICE « Y(1S) = Y(2S) 3 lyl <24 Supplementary
L | ovisy Tl oo L R SRS ‘ e R Cent.
H f + 1 i Transport model B \ 68% CL 95% CL 0-100%
0.8f " YE@9) T ] H 3 Y(1S)  with ZZwithout regeneration - N ® Y(1S) P T1(@S) T Y(@2S)
“H (vesjeswct 1 : 08 % T(2S) Mwith 7Zwithout regeneration - 08N,  =rEs) O1ES) JIE) ]
r .. (35) 95% CL ] W2 Coupled Bolt tions+ = NN Krouppa, Strickiand ]
L N —— R T 0.6 A8} /{//{7,// e s x| osp ¥ |
Clhpg, S T T T ] - "‘f :// 2 2 7 . ~
0.4 g 1 A\ TW - 04\ PN, N 9§ -
_ ] - & 2009 1 IR — - ]
0.4 T 1 o2 Wi o < /////////////////////# 02 M Moy L
: . & ] - . R T I
4 %T + L B L L ‘ \/./Z\J/y ‘/z/[/, praans P — 1 N
%56 100 150 200 250 300 350 400 00 ""50 100 150 200 250 300 350 400 %0100 150 Ef\?o 2>50 300 350 400
Npart (N ) part
part
Break-up by comover Transport description Hydrodynamic
interaction + in-medium dissociation framework
NnCTEQ15 and recombination + modification of the
parametrisation NPDF sets heavy-quark potential
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Conclusions / outlook

Hard probes allow us to infer the
properties of the fireball since the very
early stage of the collisions all along
its evolution

Hard probes are rare probes

B a lot to come with LHC run3 & run4 data,
and beyond
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KETM 111 TR 1 b I

Moments of a heavy ion collision

hadronic phase

QGP and . and freeze-out
hydrodynamic expansion o 0a%s T8 et o %O

initial state

pre-equilibrium hadronization

. . 2R t~1023s, V=~ 1040 m3
initial collisions (t <t ,;; = ﬁ;RPb ~7fm)

thermalization: equilibrium is established (t < 1’%’" = 310" %%s)
expansion ({(v) =) and cooling (t < 10-15 fm/c) ...deconfined
stage

hadronization (quarks and gluons form hadrons)

chemical freeze-out: inelastic collisions cease; particle
identities (yields) frozen

kinetic freeze-out: elastic collisions cease; spectra are frozen

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 824093.
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Nuclear modification factor

[0 Production of hard probes in A-A expected to scale
with the number of nucleon-nucleon collisions N
(binary scaling)

[0 Observable: nuclear modification factor

R - 1 dN,,/dp;, 1 dN,,/dp; QCDmedium% é @
AA ~ ~

N, dN_/dp, T,, do, /dp, QCD vacuum e

0%0
0 If no nuclear effects are present > Rya=1

[0 Effects from the hot and deconfined medium created
in the collision > breakup of binary scaling > Raa#1

B Parton energy loss via gluon radiation and collisions in
the medium

B Quarkonium melting in the QGP
[0 But also initial state effects (e.g. nuclear modification
of PDFs) may lead to Rap # 1

B Need control experiments: medium-blind probes (photons,
W, Z) + p-A collisions
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Tagged Jets - EW Boson Recoil

[0 At leading order, the boson and the jet are produced
back to back in the azimuthal plane, with equal pt

LHCb collaboration
Phys. Rev. Lett. 123(2019)

- d _ R
— dN | InCIUSIve JetS 2 09F PyTHIAS23S —gq=ay
D(r) — H = 2 08E  A=8TeV =
dr dominated by £ °* . ol
\ | P 2
gluons g os
r=vAn?+A9? g 3
03
02F
’ 0.1
1 f Jets recoiling % 0 % Wi
Tre(r,r+ér) o/ . Py [GeV)
p(r)= ET \ against an EW-
Boson dominated
light quarks s
= D9F
g o é :;b_ PYTHIA 8235 3
1 <t 3 :"‘::‘;" 3
\ E IC::— H=cs -.:'l:ll .-J.
03k
02F
' 0.1F
()»' A A A» A A J» A A o~ A A A — A A A s
0 20 40 60 80 100
p{ |GeV]
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Modifications of jet substructure in the QGP

Follow up on groomed jet substructure in AA => subjet tagging — quark vs. gluon
]

motivations:

PYTHIAS pp \F 5TeV

1.6 ————1— _—

ratio

Wk WR*_’:,:S.L::;.;:';’" : = .
- investigate redistribution of energy from ) B -

the leading subjet (at different r<R) -
collimation and z=1 suppression
« sensitivity to quark vs. gluon jet in-medium

energy loss:
pEh subet Fully corrected leading subjet distributions
&= T chpt
SN - ALICE Preliminary _—
=05 x &L San = 5.02 TeV M Pb-Pb 0-10%
=3 | Charged jets anti-k Sys. uncsrtainty
PYTHIA 8 o r R=04 In 1<05
. . »~
Simulation °  6[ 80<p <120GeVic

. [ anti-ky subjets r=0.1 i
7=085 1 v g :
o[ B
S
¢ < -~ & &
o] . e = R e, RS nen ne, goe s e gesp g
Ko

{ 2=0.99 % i 2 i w= JETSCAPE ]
. ° o 151 Medium jet functions -

25/11/21 Giuseppe E. Bruno 43



v + jet in Pythia 8

pp, Vs =5.02 TeV

7+quark 1.4%[[;;11elalllllll'llalrlklllll llllllll;l;';.lllélélllll:
dominantly via QCD Compton scattering 120 mmii ghtvéfa 2% y \'{a+ j;at 7
~ E=gluon i
1
=
2
8 0.8
L
S 06
>
L
0.4
y+gluon
: : o 0.2
dominantly via qgbar annihilation
. . 07700 200 300 400 500 600 700 800 900 1000
subdominantly via
Py pz (GeV/c)

Process here is prompt photon (not isolated photon)
Quark dominated across the spectrum

> 80-90% from p_~ 50 GeV to ~ 1 TeV
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Z-tagged Jets — comparison to models

T T lllllll

ATLAS 0-10%
PRL 126 (2021) 072301

1530 3060 >60 p? [GeV]
@ [ [#] Data
[ 1 [] [ ] Hybrid w/wake

[ [ [.] Hybrid w/out wake

Does a jet in medium leave a wake? 250

 Check in Hybrid model - jet 244
quenching theory with strong- 150 W)
coupling \

[— NI

[ﬂ»g_g 126 (2021) 07230

« Hybrid model does not describe low- i
pt excess in data without such a “ — _
back-reaction e 53 4567 10 20 30
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Medium modification of y-jets

® ® CM50-10%

Enhancement of soft hadrons = s ':' i Rt i
NE-CELHER |

. -
With recoil

jet+im.e - - j=t-anly ® ® CM50-10%
jet+i.m.e - - - Jet-only A A CMS 10-30%(+1)
jpt+jiime -~ 2 jEt-only BB OMS 30-50%(+2)

O
S ————

Luo, Cao, He & XNW, arXiv:1803.06785

Chen, Cao, Luo, Pang & XNW, 2005.09678
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Fermi National Accelerator Laboratory

e

FERMILAB-Pub-82/59-THY
August, 1982

Energy Loss of Energetic Partons in Quark-Gluon Plasma:
Possible Extinction of High P Jets in Hadron-Hadron Collisions.

J. D. BJORKEN
Fermi National Accelerator Laboratory
P.0. Box 500, Batavia, Illinois 60510

should be made to look for it. In particular, it should be interesting
to carefully study all jet phenomena as function of associated
multiplicity. In addition, one might anticipate, even in the presence
of quark-glucon plasma and "extinction," special classes of events
associated with particular collision geometries (Fig. 3). Most
spectacular would be events (Fig. 3b) containing one clean observable
high—pT jet, with no sign whatsoever of a recoiling jet, and where the
Pr of the observed jet is (visibly) balanced by a large aggregation of

low pT particles.

modify the produced jets.

We also note that, while "extinction"™ may be an important
phenomenon, it should not be dominant for hadron-jets from the
anticipated W and Z electroweak bosons. And as one enters the high-p.l.
region of hundreds of GeV, it would require an increase in the height of

the central-plateau by an order of magnitude to extinguish or greatly

25/11/21
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Dead cone effect in pp

= o
ALICE Data no dead-cone limit

PYTHIA 8 LQ / inclusive

pp Vs =13 TeV

>h,leading trac f
p-eadnp IRck 5.0 8 GeV/e

I.inclusive jet

— PYTHIA 8 charged jets, anti-k,, R=0.4 kt > Agep » Aacp = 200 MeV/c
— - -- SHERPA LQ/inclusive _‘ .
SHERPA 0 Asad sbr it C/A reclustering n_|<05 6 (rad)
0.37 0.22 0.14 0.08 0.22 0.14 0.08 0.22 0.14 0.08 0.05
B DN I | ] Immismieal I | [ B G I | e il | (RN G S | I LI B | I | [ B L I 1 B L B B | I 5 I L l | L L I 1 1 glsml
5 < Eppgaer < 10 GeV 10 < By < 20 GeV 20 < Eqynior < 35 GeV
1.5} ° 202020929 DT 0000000202020 maEsade === 1
) Ceibesigmeceesd 0 _______ - .
1 - l...“-nn:::::::t::::::j- et o in T T ; |
e [ ¥ . A
——— ] " [ . ’
@
0.5F W |
O IO B I [ [ 3 | I | | | | 2 5 | o D ] | I i1 I = I | I | Y Ll b 1 I | RS 1S I | l | e | I L1 =1
1 1.5 2 25 1.5 2 2.5 12D 2 2D 3
In(1/6)
/.70 3.50 1.0c
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N-subjetiness R prongaces
Quantifies to which degree a jet has N (or fewer)-pronged structure

1
Ty = min(AR, ..AR,,.....AR
N Pr,je(XR;pT'k (AR, ;. AR5, N i)

N axes determined by declustering jet by N-1 steps

Axes depend on reclustering algorithm
(different reclustering algorithms -> axes sensitive to different
regions of splitting phase space)

1) kr reclustering: first splitting exposes hardest two subjets Small 7,

2) C/A: first splitting exposes largest-angle subjets
3) Soft-drop (C/A, zew = 0.1, f = 0): first accepted structure
correlated to earliest hard splitting in jet 1 q &

7,/ T, sensitive to exactly 2-prongs in a jet
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Z° boson as a function of p+

10_ 1 10

CMS 1.7 nb"(5.02 TeV PbPb 0-100%)
-=-="”w

|

LI IIIIII
1 llllllll

IyZI <21 rm.
60 < m, < 120 GeV e
—4—Zy* ST &
N\ MG5_aMC@NLO + CT14 i
77, MG5_aMC@NLO + nCTEQ15

- MG5_aMC@NLO + CT14 + EPPS16

-

= st sl I PR T | l l
2

—

1 IIIIIHI
1 llllllll

| B | IIIIHI

11 lllllll

“ Syst uncertalnty

i , |24

—e CT14 v nCTEQ15 o CT14 + EPPS16 7

107
pZ (GeV)

general trend correctly
reproduced by the
simulation, but

O

MadGraph5_aMC@NLO calculations with different (n)PDF

Low p+: lack of soft g
resummation in the
model (also in pp)

NPDF sets 10% lower
then free PDF at low
pt, trend reversed for
pr >50 GeV/c

Differences between
two NnPDF sets smaller
than deviations of
model from data

->modelling improvements
more urgent
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In-medium energy loss: charm vs. beauty

ALICE: prompt

< [ T T T T | T T T | T T T T | T T T T | T T T T _1 -
°:<1 6: ALICE Preliminary Non-prompt D° an d non p rom pt
o Pb-Pb, |5y, = 5.02 TeV ] D mesons,
0-10%, lyl<0.5 . _
« Non-prompt D° - C M S . n O n
= Prompt D’ ]
+ CMS J/y from b, lyl<2.4 0-10% n
Eur. Ph;/l;. JO.C (20328)78:509 ] p ro m pt J/\V
.......................................................................... H
lr H -
O_ | | | | 1|O | | | | 2|O | | | | 3|0 | | | | 4|O | | | | rto

pT(GeV/8
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B.* Rya Compared to Quarkonia at CMS

2017-18, centrality 0-90%

B; ® 13<|y<23

(visiblekin.) o |y|<23

* Binding energy between J/y and Y(1S)
 Large experimental uncertainties prevent o2 1.5
a firm conclusion

State w2s) Y(2S) /Y B  Y(1S) 5.02 TeV PbPb (0.37-1.6 nb'1) + pp (27-302 pb'1)
Mass (GeV) 3.68 10.02 3.10 6.27 9.46 3 CMS 2015, centrality 0-100%
A E (GeV) 005 054 064 087 1.10 " Preliminary orompt JIy zj |1.|8<<2|;;[ <24
P y :
Small binding energy Large binding energy 2.5 Y(2S) = |y|<16
Y(1S) = |y|<24
* B_* Ruy is higher than Quarkonia 2 Y(2S) I Iyl <24
o

illllll_!\llllllllllllllll

« Recombination of charm and beauty could ? et (2015
increase the B.* Ryx 050 * : T ¥
. : | ’4&44 x % X ¥
* Would be interesting to go to low p; < 5 GeV - PP . *
with future CMS and ALICE data in Run 3+4 el e

p, [GeV]

| CMS-PAS-HIN-20-004 |
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PbPb 1.6 nb™', pp 302 pb™ (5.02 TeV)

51.6_
« r CMS
14
E pm'>8.5GeV
121~ 30<p, <40 GeV - 20-90%
C e
| e b
0.8
0 -
N 0.6
o T ¢ » *
O B
8 0.4_—'
N B @
> -
< 02f . E
© : =4
g o-llllllllllllllllllllllllllllllllllllll
O 03 04 05 06 07 08 09 1

Z
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Y R, Versus centrality

CMS, PLB 790 (2019) 270

xff

PbPb 368/464 ub™", pp 28.0 pb™ (5.02 TeV)

|||l|||||||||||||||||||||||||||||l|||||||
12  P.<30GeV CMS | -4 O Down to a plateau of
i |y|<2.4 T ] = 0.3-0.4 for
- Cent. - (Af
1__ + 68% CL 95% CL E"o 100% 2> Is the direct contribution
Z e Y(1S) 7 Y(2S) T r(2S) T ] even affected?
0.8/0 ®Y(2S) 7Y(3S) TY(3s T B
e 85) SRES) i 1+ 0O Y(2S) production
061 ﬁ’ﬂ T N suppressed by a factor
s T ) 10 for the most central
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Phenomenological models for Y

_ : _ ; nuclear effects / nPDF
Semi-classical calculations based on transport or rate equations

regeneration term

» Comover interaction model [JHEP 10 (2018) 094]
Final-state suppression by interaction with comoving particles + nCTEQ15 parametrisation

» Transport descriptions: in-medium dissociation and recombination processes
* « transport model » a.k.a TAMU = isotropic fireball + effective absorbtion [PRC 96 (2017) 054907)

* « coupled Boltzmann equations » = 2+1d viscous hydrodynamics + EPPS16 parametrisation
[JHEP 01 (2021) 046]

» Hydrodynamic calculations [Universe 2 (2016) 3]
Thermal modification of the heavy-quark potential inside a 3+1d anisotropic medium.
No nPDF parametrisation nor regeneration mechanism.

All account for the suppression of feed-down contributions but with different treatments.
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ALICE HF v, results (ALICE) vs TAMU
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Open charm v, compilation

Open charm v2 compilation
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