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Quark-gluon plasma (QGP) with heavy quarks

Time (fm/c)
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Quark-gluon plasma (QGP) with heavy quarks

* mq>>Aacp — early pQCD production
* mq>> Tqagp = no thermal production
- charm/beauty content is conserved!

Time (fm/c)
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Quarkonia suppression in heavy-ion collisions

1 dNldpAAA)
N, coll dN/ dp T(pp )

Raa =1 & No medium modification

Rpp =

Raa

* Dissociation:
» J/Y melt inside the medium (colour screening) Dissociation

Phys.Lett.B 178 (1986) 416-422
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https://www.sciencedirect.com/science/article/pii/0370269386914048
https://www.sciencedirect.com/science/article/pii/0370269386914048

J/P in the QGP: suppression vs recombination

1 dNldpAAA)
N, coll dN/ dp T(pp )

Raa =1 & No medium modification

Rpp =

Raa

Dissociation + recombination?

* Dissociation:

* J/Y melt inside the medium (colour screening) Dissociation
* Recombination:

» J/Y created in the QGP by combination of c-cbar pairs

"
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Charmonium recombination

Effects of recombination: > L L — | _
x | ALICE Preliminary )
- overall enhancement of the Raa at low pr 5 | Pb-Pb |sy, = 5.02 TeV _
i Inclusive J/y vyl < 0.9 25< y<4 |
® Data 0-10% ® Data 0-20%
| TAMU TAMU )
SHM SHM

1 Hﬁ% ... Raa=12 No medium modification
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Charmonium

Effects of recombination:

- overall enhancement of the Raa at low pr

* more J/Y at central rapidities than at
forward rapidities:

dN/dy of charm quarks

0 rapidity

<C
<C
C

recombination

ALICE Preliminary
Pb-Pb |s,, =5.02 TeV
Inclusive J/y

vyl < 0.9 25< y<4 |

® Data 0-10% @ Data 0-20%
TAMU TAMU i
SHM SHM

Raa =1 @ No medium modification

—Recombination allows for a coherent description of the data!
—model uncertainty dominated by total c-cbar cross section uncertainty, need for measurements down to pr =0
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Bottomonium suppression in PobPb collisions

Bottomonia less affected by recombination due to lower b-bbar cross section!

Y Y, Y”

different radii/binding energies
— different suppression

* Dissociation:
« Bottomonia melt inside the medium
(colour screening)
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https://www.sciencedirect.com/science/article/pii/0370269386914048
https://www.sciencedirect.com/science/article/pii/0370269386914048

Bottomonium suppression in PobPb collisions

Bottomonia less affected by recombination due to lower b-bbar cross section! CMS-PAS-HIN-18-005
«10° PbPb 368 ub™ (5.02 TeV)
9:_I L | | Inl | | L | L | L | L I_: Y,,
- f o pi<30 Gev CMS - Y Y’

8 Hy"M<24 = D\ _
N | - 000000
O 6+ : i Centrality 0-100% $ PbPb Data —

5 5;_ A — Total fit __
~ A ---- Background
L Ar 11— —
R YR no modification -
> 3 B I O Em = . i
LI - IR S .
} T ‘W
- :
Yas)l 1 yas) yes)
O_ I I I I | I I | 1 1 1 I I | 1 1 1
8 9 10 11 12 13 14
m,.,- (GeV)

» Strong suppression w.r.t. to pp collisions
in PbPDb collisions!
» Loosely bound states more suppressed
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https://cds.cern.ch/record/2699566

Bottomonium suppression in PbPb and pPb collisions

Bottomonia less affected by recombination due to lower b-bar cross section!

2<|‘I |O:|3 L PITI? |3£|I.|6|ﬂ|b-|dI |(5|(|)2| :I-le\ll2
3 PbPb 368 ub™ (5.02 TeV 4 -
9§I1IOI I N I O I B B O B l|/L| |(| T T |_2 Y!! B p$M<30 GeV/c CMS E
8§ p; <30 GeV CMS g Y Y 3.5 |yi‘;/l|<1_93 Preliminary -
— oy <24 E D\ _ — - E
N i 000000 :° >4 Gl
% - Lohfl<24 - ® opL ' <24 —
O  6F : i Centrality 0-100% + PbPb Data — O = lab
C1_>' 55_ : — Total fit _E S oF + ¢ pPb Data ]
= g : ---- Background g ; " — Total Fit
-'g 4 cee e ] € 1.o0 f B e Background
S Ar 2% i no modification: % " U
23_ e “‘ —f - Bl B = -
A — REALW
1= —_ i
:Y(IS) Y(ZS) E O_IIYI(II SI)I [ |Y|(2|s)| T B R
08_| L1 |9| L 1 | |1|O| L1 |1|1| L1 |1|2| L1 |1|3| L1 |14 8 9 O 11 12 13 14
2
m . - (GeV/c?)
m,..- (GeV) 1805.09215 Tyt

* (Milder)Y suppression of loosely bound states
* Need for final state effects in pPb collisions
(e.g. hadronic rescattering)

» Strong suppression w.r.t. to pp collisions
in PbPDb collisions!
» Loosely bound states more suppressed

JHEP10 (2018) 094
10

How much of the PbPb suppression can be explained by “cold” final state processes?
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP10%25282018%2529094&v=cf6531a3
http://arxiv.org/abs/1805.09215

Open heavy flavour in PbPb collisions

LHCP2020, Overview of heavy flavour and quarkonia
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Flavour dependence of Ejoss in PbPb

In-medium energy loss as a consequence of radiative and collisional processes.

* 0 20 40 60 80 100
| I I I I I
K@ % CUJET LHC (PbPb)
@S@Q\ 0.5+ T 0.5
g; :
J\ 0.4“B | +0.4
S
QCD predicts modifications in the 20-3" T0.3
presence of QGP due to: i
- different Casimir factors for quarks vs gluons 0l | P
- dead cone effect: ' '
. D7
_____ \m/E '
a1 04t/ Raa(B)>Raa(D)  tfos
X | | | | —
0 20 40 60 80 100
— Eioss (gluon) > Eioss (Charm) > Eioss (beauty) pr (GeV)
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Flavour dependence of Ejoss in PbPb

In-medium energy loss as a consequence of radiative and collisional processes.

* Phys. Lett. B 782 (2018) 474 et al.
| 27.4 pb'(5.02 TeV pp) + 530 ub™' (5.02 TeV PbPb)
o |
@@Q\ o e charged hadrons
- $ | B'ly|<24
1.4 I nonprompt J/y
E ° 1 2F + 18<|y|<24
4 B TAA and lumi. * ly|<24
\ gmuncertainty .. ..
QCD predicts modifications in the 0.8 _.|..+“
resen f QGP : L ‘
presence 0 QG due to 0.6 n + N (P
- different Casimir factors for quarks vs gluons - e Pl =/
- dead cone effect: 0.4 M=tz
> N O 2:_ ‘ + |Y| < 1
----- 1 “E‘;/ = 4L Cent. 0-100%
_— 1
....... | ‘: O-lll 1 111111[ ] 1 111||1| ] |
1 10 107
GeV/c
— Eioss (gluon) > Eioss (Ccharm) > Ejoss (beauty) pT ( )

Raa (b—J/P) > D meson

— Hint of flavour dependence of in-medium energy loss
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http://cms-results.web.cern.ch/cms-results/public-results/publications/HIN-16-001/index.html

Collectivity in PbPb collisions:

Testing the collective behaviour
of the medium

14



“Elliptic” flow (v2) in PbPb collisions

smaller particle

density
[ —> |

In the presence of a strongly interacting medium:

initial azimuthal
asymmetry of ———————————
the fireball

azimuthal particle
momentum anisotropy

—Large v2 at low prt suggests collective expansion of the medium

LHCP2020, Overview of heavy flavour and quarkonia

v2>0

higher particle
density
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http://dx.doi.org/10.1103/PhysRevLett.119.082301
https://www.sciencedirect.com/science/article/pii/S037026931830995X

“Elliptic” flow (v2) in PbPb collisions

smaller particle
density

=== e

In the presence of a strongly interacting medium:

initial azimuthal
asymmetry of ———————————
the fireball

azimuthal particle
momentum anisotropy

—Large v2 at low prt suggests collective expansion of the medium
—Are heavy quarks sensitive to the medium espansion?
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v2>0

higher particle
density
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http://dx.doi.org/10.1103/PhysRevLett.119.082301
https://www.sciencedirect.com/science/article/pii/S037026931830995X

Quarkonia flow in PbPb collisions A. Lebedev

(Q\| I | I | I | I | I | I | I | I |
- ALICE 20-40% Pb—-Pb \s,, =5.02 TeV -
0.2 J/[p Inclusive JAy,2.5<y <4
- e v, {SP, |An| > 1.1} -
I Syst. (uncorrelated) -
0.1 o ¥ g =

o
|

TAMU (X. Du et al.)
Inclusive J/y
--- Primordial J/y

8 10 12 14 16
arXiv:2005.14518 P, (GeVic)

I s=1 7
— |
+ V2> 0 e

* positive vz at high-pt? charm energy loss?
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http://dx.doi.org/10.1103/PhysRevLett.119.082301
https://www.sciencedirect.com/science/article/pii/S037026931830995X
https://arxiv.org/abs/2005.14518

Quarkonia flow in PbPb collisions A. Lebedev

PbPb 1.7 nb™ (5.02 TeV)
| |

LF

« T T T T T T T T T T T T T T 0.15¢ | ]
- ALICE 20-40% Pb—Pb \s,, =5.02 TeV - p" >3.5 GeV CMS T
0.2 JI[IJ Inclusive JAy, 25 <y <4 _ 01 W<24 Preliminary - -
i e v, {SP, [An| > 1.1} - pY <50 GeV eY(1S) T -
- Syst. (uncorrelated) 7 - -
i P ‘ i oes -
0.1 % $ _ 0.05( + -
i | i 5 T ]
I @ H : N O S CH L B A
O_ T T T T - i ¢
TAMU (X. Du et al.) - -0.05 T -
Inclusive J/y i - ]
--- Primordial J/y B ok -
A R BTN BN BRI R T Y(1 S) Y(ZS)
8 10 12 14 16 -
. | | |
arXiv:2005.14518 P, (GeVic) 015030 1080 3050 5090  10-90
Centrality (%) CMS-PAS-HIN-19-002
Y Al
Yy (O =
— | — |
- v2> 0 N LN
- positive vz at high-pt? charm energy loss? *v2 ~ 0 for both Y(1S) and Y(2S5)
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http://dx.doi.org/10.1103/PhysRevLett.119.082301
https://www.sciencedirect.com/science/article/pii/S037026931830995X
https://cds.cern.ch/record/2698580
https://arxiv.org/abs/2005.14518

Charm and beauty “flow” in PbPb collisions

smaller particle
density here  y5>()

c-hadrons--‘\— T <D /' -
R = \ higher
—

"‘ particle

| ' density
b-hadrons |

| =y /' here

- v2 significantly > 0 for HF muons < ¢
- v2 smaller but still >0 for HF muons < b

~ 0.25

0.2

0.15

0.1

0.05

Il-IF muons < ¢ ATLAS 1 NS

4 5 o6 7 8 910 20
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https://cds.cern.ch/record/2712429

Charm and beauty “flow” in AA collisions

o — arxXiv.2005.11130 —
J/ l'IJ — > a — 71 r 1 ' 1 ' 1 " 17 " 17 71 ' 1 T 717 Pb Pb f/’:{’:;\‘:\g
' =  ALICE Pb-Pb \/S =5.02 TeV _ e NAL_
30-50% o=, lyl < 0.5 ot
- e Prompt D, Iyl <0.8 -
%ﬂﬁﬁ% o Inclus?ve Jhp,25<y<4
0.2 ;3“ @Eﬂ: e Inclusive Jhp, Iyl < 0.9 —
L b — e, lyl <0.8
] @ % mY(1S) 5-60%,25<y<4 -
op
kg
c-hadron ~.t 2 - T _
[—- I'| O—*]_ _____ |:.j __________ [.] _______________________ ]
‘ - 1¥:2005.14518
| | | | | | | | | | | | | | | | | | |
b-hadron 2 4 6 8 1 12 14 16 18
KA p. (GeV/c)
—> |
NPT = — seems likely that the charm quarks are “flowing”
A T—N | — v2> 0 for open beauty and ~ O for bottomonium! Effect of recombination processes?
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https://arxiv.org/pdf/2005.11130.pdf
https://arxiv.org/abs/2005.14518

C- hadron

Charm and beauty “flow” in pPb collisions

CMS-PAS-HIN-19-009

0.3

CMS Prel/m/nary

pr 186 nb™ (8.16 TeV)

Prompt DO
DOfrom b
J/¥
4 P ~
P o -
® O 4 &
. ° ¢+¢c P ~
d]f"'++"“/ | ’i‘L .
i ]

185 < NO\'"® < 250
[
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High multiplicity
p Pb

) -
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http://cds.cern.ch/record/2699456

Charm and beauty “flow” in pp collisions

PRL 124, 082301 (2020)

>' 0.05"HF muons « b

045 T .
- ATLAS -
i pp Vs=13 TeV, 150 pb™’ _ PP
01l  60sN;'<120 - — @0 «—
E HE 1-9<AIF<S “ i - High multiplicity
B muons C _

c-hadron 0 ’" -------------------------- %H --------- % ..........

-0.05—~
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http://cds.cern.ch/record/2699456
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.082301

Charm and beauty “flow” in pp collisions

CMS-PAS-HIN-19-009
PRL 124, 082301 (2020)

lllllllllllllIIIIIIIIIIIIIIIIIII

0.15 —
- ATLAS
- pp Vs=13 TeV, 150 pb™’ PP
01  60sN;°<120 — @0 «—

High multiplicity

>' 0.05"HF muons « b

------------------------------------- i

I A AT ST AT BTN BT AN B
0 1 2 3 4 5 6 /
p. [GeV]

1.5<|AnI<5
" HF muons <« ¢ | +

c-hadron

(I)_|""[""|""|""|—

* indication of charm quark flow
* b-hadron flow v ~ 0 . Is beauty too heavy to flow?
— suggest the presence of final state interactions in pp and pPb collisions
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http://cds.cern.ch/record/2699456
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.124.082301

Open heavy flavour:
probing hadronisation mechanisms



In-medium hadronisation for charmed hadrons

N\c/DO (baryon/meson) ratio is also expected to increase In the presence of charm recombination in the QGP

o
0 PbPb collisions
< pp collisions
ete-?
0.‘ »

~3-4 GeV PT
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C.-L. Huang

et IN-Medium hadronisation for charmed hadrons

N\c/DO (baryon/meson) ratio is also expected to increase In the presence of charm recombination in the QGP

1.2

Nc/ DO

0.8

0.6

0.4

‘e ete o2

—>

0

L ALICE Preliminary
{5y =5.02TeV, lyl <0.5

PbPb 0-10%
PbPb 30-50%

o

A

n Har!er:!pmm.Iot ca!c. %th.pT-%xtrgpoFateEpp.refe.re

(¢)

—h

p. (GeV/c)

- Moderate enhancement from pp to Pb-Pb

— Hadronization is modified already in pp collisions?

at intermediate pr within uncertainties
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C.-L. Huang
C. Terrevoli

Modification of hadronisation in pp collisions?

o 1_ LI I A O B L L B B T T 1 T 1T T
O [ ALIGE Prelim - gpang
- reliminary . / o
~ 0.9~ - ¢ Llicrs
+ o Y pp, Vs=13TeV,lyl<0.5 ]  mrmemsmemnens |
B . j NEW _'_
C Multiplicity classes: Iyl < 1.0 - v 2020 ¢ ¢
0.8 plicity 7 . \:"”’ .y
— dN_/dn:[ min—- max], mean ] : o 4
- § onfdm: [ ] . S
0.7 \§ —8— [ 14— 7.5, 3.9 3
o e |§\§| —4— [38.6-152.0], 44.0 s
06—_ \ T & [ ] Syst. from data i
V’ C | 9 % . Syst. from B feed-down _
\» —_ NN \ __
0.9 g \ -
7 4 - (1 §_ 1l -
0.4F Ul ]
0.3 —
E + 7.0% uncertainty on multiplicity estimation not shown E
O_ T N R R R N N N R R R R R N
2

0 5 E 15 20
p_ (GeV/c

5

p —

* A¢/DO shows an increase from low pp multiplicity to high pp multiplicity
- large increase from ete- to pp
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C.-L. Huang

cwreoir  Modification of hadronisation in pp collisions?

(@) | | | | | | | | | | | | | | | | | | | | | | | | s
e 1.2 __ ALICE Preliminary Multiplicity classes: Inl < 1.0 __ ,Q{?'L’:;{;\t
+ O - pp, Vs=13TeV, Iyl <0.5 Data: - E werem—, i
< — dN/dn:[ min—- max], mean .  prwmem s §
B [] Syst. from data —&— [ 1.4- 7.5], 3.9 B \&2352/ ©
1 __ Syst. from B feed-down —— [38.6-152.0], 44.0 __ " s ¥
B + 7.0% unc. on multiplicity estimation not shown |
— PYTHIA8 (Monash): —
0.8— dN_ /dn: mean |
v’ i 3.7 7
“‘ i 7777 41.4 |
A 0.6 —
0.4 =
= |
O ] ] ] ] ] ] ]
0 5

p_ (GeV/c)

- Standard Pythia calculation (tuned on e+e-) do not describe the observed ratios
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C.-L. Huang

cwreoir  Modification of hadronisation in pp collisions?

o | | | | | | | | | | | | | | | | | | | | | | | |
e 1 2__ ALICE Preliminary Multiplicity classes: Inl <1.0 _—
+ O - pp, \s=13TeV, Iyl <0.5 Data: -
< - dN/dn:[ min—- max], mean -
B [] Syst. from data —m— [ 1.4- 7.5], 3.9 ~
1 //‘\ Syst. from B feed-down —— [38.6-152.0], 44.0 __
N X + 7.0% unc. on multiplicity estimation not shown _|
— PYTHIA8 (Mode2): JHEP 08 (2015) 003 —
0.8 dN, /dn: mean —
v’ i 3.8 7
‘-» B ) 41.2 N
4"\ 0.6 _
0.4 —
ete | _
' 0.2 —
O i ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] |
0 5 10 15 20 25

* Pythia tunes including color “junction” formation + MPI can describe the measurements

— Significant modification of the fragmentation process already in pp collisions driven by multiplicity
— Alternative mechanisms without hot medium can explain the observed enhancement?
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cLnag - Heavier charmed/beauty baryons in pp collisions

N
L J U '
Sisia,
~~~~~~~

by

. 207 x3/2/D° B 0.2

ete-

o T 1 T 1 T 1 T 1 T 1 T 1 T 1 " o N
SN R T I B I B Pt AN
+ ALICE Preliminary 0 0 e srasnecens |
+ z ,+! ++/D ; NEW '- (@) 1 T T 1 1 1 1
S [ PP (s=13TeV C 1 "R omgy 2 i | | | | | | }
y[<0.5 PYTHIA 8.243 \ W ra ~ - ALICE Preliminary O O B
1= Monash 2013, EPJC 74 (2014) 8, 3024  — + B 3 _— + ]
- CR beyond LC approx., JHEP 08 (2015) 003 . s o 0.8 PP is=13TeV, lyl <0.5 —C "’ /D 1
B -==-Mode 0 — [1] - _.o/Do -
e Mode 2 ° — G ---=- M. He and R. Rapp _
R Mode 3 1 0.6 .~ =D° PYTHIA 8.243 —
""""""""""""""""" o e — Monash 2013, EPJC 74 (2014) 8, 3024 ]
i * %,, """""""""""" i CR beyond LC approx., JHEP 08 (2015) 003 -
— e, 0.4 - - = Mode 2 —

+ 5.2% BR uncertainty not shown _

10 /
] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ]

0 2 4 6 8 10 12 14

+ 22.0% branching ratio uncertainty on E not shown -

= 44.4% branching ratio uncertainty on E’ not shown
] I ] I ] I ] I ] I ] I ]

0 2 4 6 8 10 12 14

* Indication of large enhancement w.r.t ete- fragmentation ratios for 2.0+ ++and =0+
—More constraints on the microscopic description of the enhancement
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New experimental probes
for HF studies



R. Vertes Substructure of soft charm jet

D0-tagged jets with 15 < pJett < 30 GeV/c (track-based)
— testing QCD in an unexplored kinematic region

JHEP 05 (2014) 146
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Number of Soft-Dropped splittings nsp:
» sub-leading prong carries > 10% of splitting pr
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https://link.springer.com/article/10.1007/JHEP05(2014)146

R. Vertes Substructure of soft charm jet

D0-tagged jets with 15 < pJett < 30 GeV/c (track-based)
— testing QCD in an unexplored kinematic region

a
JHEP 05 (2014) 146 » 0.7~ - _
_g ~ ALICE Preliminary, pp, \s=13TeV D-tagged -
“““““ ] S L - - _ -
; 29‘ 0 6__chargejglt ihets, anti-k, R=0.4 Hinclusive -
“““““““““ S - 155pOT <30 GeV/e, ‘njet‘ <0.5 -
""""" — - 5<p” <30GeV/c,|y | <08 7
"""" © 0.5 " T Yool 0- ~
““““““““ — 2 [ assceve D -tagged -
r— > T (.4[-Soft Drop (z,,=0.1, 5 =0) Inclusive _
................... \69\ %y E ’+... ’.-.,... E
..................... 0.3} i % ol -
0.2 & ’ =
1 2 3 n S D : ”’- 0."' + ‘0“‘ :
ol o T o
o - & Tty
Number Of SOft-Dropped spllttlngs nSD: O:I | | | | 1 | | | | | | | | | | | | | 1 | | | | | | | | | | | | L 1 1 | | 1 | | | | | I:
» sub-leading prong carries > 10% of splitting pr 0 1 2 3 4
Nsp

- charm jets have fewer “hard” splittings than inclusive jets
» described by PYTHIA

— Consistent with harder fragmentation of HF jets (quark) w.r.t. inclusive jets (gluon)
— New technique for studying quark/gluon jet quenching in PbPb collisions

LHCP2020, Overview of heavy flavour and quarkonia 33


https://link.springer.com/article/10.1007/JHEP05(2014)146

X(3872) particle

X(3872) observed for the first time by Belle in 2003 (Mx3s72) ~ 2 Mp) BELLE PRL 91, 262001 (2003)
X(3872) — J/Y m*ras P(2S)

D°? — D*Y molecule

Tetraquark (4q) D?

@;@ VS

How does it interact with a “hadronic” environment
and in presence of QGP?
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.91.262001

B. Audurier

X(3872) observed for the first time by Belle in 2003 (Mx3s72) ~ 2 Mp)
X(3872) — J/Y m*ras P(2S)

X(3872) in pp collisions

LHCb-CONF-2019-005
R = Nx(3s72)/ Ny(2s)

«

LHCDb Preliminary

I_._I
[

pp \s =8 TeV
- —+ Prompt
+ B -+ b decays
+ ) _
B t I
JET%V - p.. >__5 GeV/c

0.12-
J/Y B
0.1
s B
- 0.08—
. o
0.06 —
| 0.04—
Primary Vertex —
Primary Vertex B
0.02F
Prompt: b-feeddown: 0 -
interact with the medium interact with the medium 0
as a X(3872) as a b-hadron

Prompt Nxa3s72)/ Ny@2s) decreases as a function of multiplicity:
— loosely bound states destroyed by hadronic interactions?
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Phys. Rev. D 81, 114018
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https://cds.cern.ch/record/2701519?ln=en
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.81.114018

Prompt X(3872) in PbPb collisions

X(3872) observed for the first time by Belle in 2003 (Mx3s72) ~ 2 Mp)

X(3872) — J/Y m*ras P(2S)

CMS Preliminary 1.7 nb™ (2018 PbPb 5.02 TeV)

450 14
Inclusive 15 < P < 50 GeV/c -

400 yl<1.6 13

Cent. 0-90% - 5

S ‘ }

3 300 3 IV " ES

n -
Pull £
—-1
32

365 37 375 3.8 38 39 395 4
Myurr (GEV/CY)

Prompt:
interact with the medium
as a X(3872)

Prompt Nx@s72)/ Ny@2s) in PbPb significantly enhanced with respect to pp:
— sensitive to mechanisms of recombination in the QGP?

— more statistics is needed

R = Nx3s72)/ Ny(2s)

1.7 nb”' (2018 PbPb 5.02 TeV)
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CMS Preliminary

PbPb (5.02 TeV, CMS)

ly| < 1.6, Cent. 0-90%
m Prompt

pp (7 TeV, CMS)
ly| < 1.2

¢ Inclusive
pp (8 TeV, ATLAS)

ly| < 0.75
e Prompt

O  Nonprompt

________________________ + e
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B. Audurier

Fresh result from

A SP

S

LHCDb!

Double charm production in pPb collisions

Double Parton Scattering (DPS):
two independent scatterings in one pp collisions
— transverse parton density and correlations

LHCB-PAPER-2020-010

In pA collisions:

« enhanced DPS cross section due to

t
) -

J. Gaunt, Quarkonia as Tools 2020

Preliminary
I -

—~ 2.5 —
= - Pb DO
2 b &gl oo :
~ 2 _ HH o=" .
J ' j
2 1.5F —
N 4 i
e [ 1 :
o 1 u ]
S : bt
05K T _
i pr >2 GeV/c
0 i I . , , , 1
0 0.5 1
A¢(DD)/m

* General good agreement with Pythia 8

DPS

arXiv:1708.07519

p Pb
—>|'><—

larger transverse parton density

s ZE e
O 1OF  (s=8 Tev i E
Lap A I 3
1.2F E —
AP 1 n_Y | E
O ff & ¢ V N
c 0.6 3 I 4+ D°-D° =
04F - Jhp-D° -
02 f_ ~ Model _f
| |

. -5 0 5
» Ocff different for pPb and Pbp Y

« Oeff different for DO-D% and J/p-DO
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Conclusions

New insights into QCD matter in large systems: x10® __ PbPb368 ub(5.02 TeV)
» quarkonia dissociation 3 | p<s0Gov CMS -
» energy loss measurements E e

- “flow” observables - e

- i | Centrality 0-100% ¢ PbPb Data

—heavy quark interactions, QCD fluid-dynamic properties

— Total fit

---- Background

---- R, scaled

Events / (0.1 GeV)
N W pH Ol'l o N o O

Constraints on the properties of pp, pPb collisions:
—insights into the small system collective properties

—h
TTTTTRITTTTTTT

—modification of hadronisation mechanisms i i L L

—indication of final state interactions in small systems M, (GeV)
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Conclusions

New insights into QCD matter in large systems:

» quarkonia dissociation

* energy loss measurements

» “flow” observables

—heavy quark interactions, QCD fluid-dynamic properties

Constraints on the properties of pp, pPb collisions:
—insights into the small system collective properties
—modification of hadronization mechanisms
—indication of final state interactions in small systems

Opening new fields of exploration:
- soft jet measurements in pp/PbPb collisions with HF-jets
 Exotic states

Run3/4 are approaching:
» extensive upgrade projects in various experiments
* high-precision large statistics pp/pPb/PbPb datasets

Events / (0.1 GeV)
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Gl e Inclusive J/yp, 2.5 < y <4
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New ALICE full-pixel Inner
Tracker (ITS2) for Run3
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Conclusions

New insights into QCD matter in large systems x10? _ PbPb368 ub(5.02 TeV) . ——————————r
- quarkonia dissociation 3 LY CMS - > 03F g\glgg/ Zt:::; @=5-O2 TeV _
- energy loss measurements ] | roay : - + PrompiD, 1y <08
« “flow” observables g '““'n?rz-: L reebous E 02 ¢ @ﬁg’% o Inclusive J/tpp: Iy.I<O}./9 .
—heavy quark interactions, QCD fluid-dynamic properties : T e ®8 (o 5o os<y<a -

on
|
0P
0n
0P
L
on

g ) ---- Background g 0.1 () m @ %*q}% é_
- .': ---- Ry, scaled . J_P Q}% %

SR A

Events / (0.1 GeV)
N W pH Ol'l o N o O
|

Constraints on the properties of pp, pPb collisions

—h
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—insights into the small system collective properties ; L

Lo - . . . :| oo v b b e v e gy |: 2 4 6 8 10 12 14 16 18
—>_mo_d|f|<?at|on qf hadrom;atlon mechgmsms e e 11 1e 13 14 p_ (GeV/c)
—indication of final state interactions in small systems M, (GeV)

Thank you for your attention!
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J/Y suppression from RHIC to LHC

The historic “static” picture « ———aa=1- No medium modification
Q:< 14 :_ Inclusive J/y — u*u, 0-20% centrality

' ® ALICE, Pb-Pb\s,, =5.02TeV,25<y <4

B ALICE, Pb-Pb s, =2.76TeV,25<y <4

1.2F

- m PHENIX, Au-Au\s,, =02TeV,12<y| <22
] '
1 dN/dp(AA) 0.8k ALICE 5.02 TeV -
Ry, = HL ALICE 2.76 TeV :
Ad dN/d 0.6 - -
Neou dN/dpr(pp) 6 AR PHENIX 200 GeV -
i | i
0.4 — * * . 5 ’ ¢ ~
W’ : | I . :
Yy Jw 7 O2f@ w B -
_ O I T T A TR T TR NN S TN N N TN TR SN NN TN TR T NN TR T
> ~\ (@ : 0 2 4 6 38 10 12
D @ (&) (€ ¢ ¢ p. (GeV/c)

- J/Y AA/pp production larger at LHC than at RHIC,
even in the presence of a hotter medium

— Hadronisation by recombination:
J/Y created in the QGP by combination of c-cbar pairs, more abundant at LHC w.r.t. RHIC
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Charm and beauty “flow” in PbPb collisions

||
AN arXiv.2005.11130
o [ L L A DL L L R R B >NO'25 I'_IF":_"I
= 3 ALICE Pb-Pb |s,, =5.02 TeV _ il muons Cb
30-50% ¢ %, lyl <0.5 muons ¢« _ o
i o PrompTD, lyl <0.8 . 02 30 40 /O
&%, e Inclusive JAp, 2.5 <y < 4
02— %, ¢ o Inclusive JAp, Iyl <0.9
LR b — e, Iyl <0.8 0.15
- & % mY(1S) 5-60%,2.5<y<4
0.4 | e ® Rko _
. Yy # * 0.1
| o
Oﬁ-*--- Jq- ..... R -
_ |
L | | | | | | I

> 14 16 18
P, (GeV/c)

II|I|I
2 4 6 8 10 1

- v2 significantly > 0 for HF muons < ¢ 4 5 6 7 8 910
- v2 smaller but still > 0 for HF muons < b p

— Both charm and beauty quarks take part in the collective expansion of the medium
— vo(Y) consistent with zero! Mass effect?
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Bottomonium suppression in pPb collisions

CMS-PAS-HIN-18-005

Events / (0.1 GeV/c?)

, g’
103 pPb 34.6 nb™ (5.02 TeV) Y J/l]J Y I PPP :134 |6 nb pp|22|3 OI pP |(5| 012 Tey)
4§I L | L | I 1T 1 | I 1T 1 | L | L I_: N\ B — 1 _6 :_ CMS ]
- pi* < 30 GeVie CMS - 06| ©)@ @ |(° ° 14 - * ¥ (95) Preliminary -
3.5F v*1<193 Preliminary - Cp i CRnt QL p; <30 GeVic -
- CM . 12 - (CIM+EPS09 LO ]
3r p! > 4 GeV/c - i -
- ’ : 1_— ------------------------------------- ]
25:— Inlabl <24 —: _D;- E E
2:_ ¢ pPb Data - s 0-8:_1_:.‘\ T -
; — Total Fi : 06F.. [ ' =
1 -5:_ e Background B E ‘ """""""""""""""""""""""""" T
- A 7 04 B | -
1= o R p, SCaled - B -
: L : 0.21 -
0.5 gooe®™ | - i | | | ’
. - O | | |
O_ (I$)| e [ |(2$)|| AT _1 (Y) 1
8 0 12 13 14 Yem

. GueV/c2
My ( ) - “cold” final state interaction in pPb

llisi | t i
* Y suppression observed in pPb collisions! cO |S|ons-probab y needed to describe
suppression of Y states

* Milder suppression w.r.t. Y(1S)

How much of the PbPb suppression can be explain with “cold” final state processes? JHEP10 (2018) 094
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Flavour dependence of Ejoss

In-medium energy loss as a consequence of radiative and collisional processes.

o,
Yo
N\

Flavour dependence of radiative Ejoss:

- different Casimir factors for quark and gluons
Cr =3 for gluons, Cr =4/3 for quarks
- dead cone effect:

[}
-— =z y =
_"'"""""F:“m7E ~~~~~ ' )

~ o

— Eloss (gIUOn) > Eloss (Charm) > Eloss (beaUty)

A~
% — I I I | I I I I | I I I I I I I I | I I I I
< 30 ALICE Preliminary D° meson
< - ]
0<:E - Pb-Pb, \'s,, =5.02 TeV -
- 290 0-10%, lyl<0.5
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O - ]
2 29 -
o L
~ ! e
< 1.5p ]
QEE -\
1 O :_ .......................................... —

i T TAMU 0-20% |

— MC@sHQ+EPOS2 el. —

05 — MC@sHQ+EPOS2 el.+rad.+gluon damping —]
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» Described by theoretical calculations that include
different Eioss for charm and beauty quarks

— Quantitive indication of flavour dependence of Eioss as predicted by pQCD calculations
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A.Levedev  Bottomonium suppression in PbPDb

Bottomonia less affected by recombination due to lower b-bar cross section! 1805.09215
PbPb 368 ub pp 28.0 pb™' (5.02 TeV)
_IIII|IIII|II III|IIII|IIII_
x10° PbPb 368 ub (5.02 TeV) - lyl<2.4 CMS -
o . » V' | - " 1™ "Cent 05100% S up';;/éha'e‘ﬁtar'y‘{
gF A CMS - Y Juw Y i Du, He, Rapp i
_ oy 1<24 _ - _‘ |
- s Gev . . N _ 0.8~ [ ]Y(1S) Total ® Y(15) .
%\ 75_ mTM|<2_4 E p & (c )@ € c c I Y (1S) Regeneration & Y(25) |
O 6 |\ Centrality 0-100% ¢ PbPbData = - - [ Y(2S) Total -
g- 53_ E — Total fit _f m< 0'6__ Y (2S) Regeneration _
= : ---- Background - i |
_,UE) 45— AL scaled _E 0.4 -1 e, = B
Y 3F VA - B
e A : —
2:— M ° 2__
- Y(||S) | Y|(2$) | | :
O | I I I I | | I I | I I | I I | I I
8 9 10 11 12 13 14
m,.,- (GeV)
« Suppression pattern well described by models
* Looser bound Y states more suppressed! with melting + recombination

— Unambiguous indication of sequential suppression?
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CTEQ4L, Q°=5 GeV?
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HF/Quarkonia for Run3 and beyond

Run 3:
« ALICE

* Inner Tracking system (ITS2) + new

TPC readout (x100 more stats)
* Muon Forward Tracker
- LHCb:
* VELO detector
* push to more central HI collisions!

Upgrade sessions Monday Afternoon

Structural Shell e
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CMS g
Z : ;
7
ng (47.8
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Run 4:

* ALICE: “massless” full pixel
inner barrel (ITS3)
- CMS:
* new tracker and calorimetry
- Time-of-Flight detector
- ATLAS:
* new tracker and calorimetry
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Shower Pixel Detector (SPD)

Time Of Flight
(TOF)

1

1 .

. insert-able
onversion layer

Run 5

- new full pixel HI experiment!
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) for p/M=7
T

o(yIY) /o (2m,

Quarkonia family

TF
0.5/

- state J/ | Xxe ) T Yo T’ X4 T

i mass |GeV] | 3.10 | 3.53 | 3.68 | 9.46 | 9.99 | 10.02 | 10.26 | 10.36
0.2} AFE [GeV] [0.64 | 0.20 | 0.05 | 1.10 | 0.67 | 0.54 | 0.31 | 0.20

AM (GeV] [ 0.02 | -0.03 | 0.03 | 0.06 | -0.06 | -0.06 | -0.08 | -0.07
1+ ro |fm] 0.50 | 0.72 1 0.90 | 0.28 | 0.44 | 0.56 | 0.68 | 0.78
5 5: Table 3: Quarkonium Spectroscopy from Non-Relativistic Potential Theory [9)]
0.2+
01l TveS)
50 100 200 500 1000

Binding energy [MeV]

https://link.springer.com/article/10.1140/epjc/s10052-018-6216-z

https://arxiv.org/pdi/0901.3831.pdf
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Sequential suppression and medium T
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J/Y suppression from RHIC to LHC

The historical “static’ picture

» Different states have different binding energies
* loosely bound melt first

* From suppression pattern = QGP temperature

<
<
C

Raa =1 = No medium modification

1.4}
1.2F
0.8}
0.6 F
0.4 F

0.2F

1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
Inclusive J/y — u*u, 0-20% centrality

m PHENIX, Au-Au |5, = 0.2 TeV, 1.2 < [y| < 2.2

PHENIX 200 GeV -
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Bottomonium sequential suppression in PoPb?

CMS-PAS-HIN-18-005

1.2

O
o0

Rpr’ RAA
O
(@)

0.2

PbPb 368 ub™, pPb 34.6 nb™, pp 28.0 pb' (5.02 TeV)

- suppression in pPb can be explained by “cold” final state effects
R p» |sz| <1.93 CMS
=R, ,, |y‘CfM| <24 Preliminary * Suppression in PbPb:

* due to remnant sequential melting

‘_l ““““““““““““““““““““““““ —  cold state effect sufficient to describe the data?

L]

JHEP10 (2018) 094

~
~
i

e pPb -
: CRRE :
: J
B O -
- PbPb -
i W 95% CL i
i ;I; i
Y(15) Y (2S) Y (3S)
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DO-jet radial distance in PbPDb collisions

— Measure the radial distribution of D9 inside a jet with respect to the jet axis

27.4 pb (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)
1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1

I ' I
. CMS 4<p’<20GeVic _
u . D -
iot axi S D’ + jet yl1<2
et axis let axis ol p_1>60GeVic _
§ njetl <1.6 E
- - -
Z'|T 7
O n -
9
1 arXiv:1911.01461 ¢ i =
E s PbPb e E
i e pp CCNU i
- - PbPb -
+ PYTHIA e (GHERPA
107! o | | |
o 2 =+CCNU =
2 (o] — u —
0|0 — + -
al 1 [ [P T YERE R000 REAE AL mliuminiminEIE -

R distance w.r.t. jet

* In PbPb D9 "pushed” far from the jet cone

— Sensitive to mechanism of charm diffusion inside the QGP medium —t0 be confirmed by future measurement

— First insights into the inner structure of HF jets
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Modification of hadronisation in pp collisions?

22N

) I I I I | I I I I | I I I I | I I I I | I I I I Y’ . -
e 12__ ALICE Preliminary Multiplicity classes: Inl < 1.0 _— » o LR ALY v rrrrm T oo | B \\:ﬁ,;{/
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B [] Syst. from data —&— [ 14- 73], 39 7 ~~ - T
//x\ | Syst. from B feed-down —— [38.6-152.0], 44.0 __ +<O i
N X + 7.0% unc. on multiplicity estimation not shown - -
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i — 37 A se i )
B == 414 ]41.2 |
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* Ac/D9 shows an increase from low (d N /d 77>
multiplicity to high multiplicity ch Inl<0.5

- large increase from ete- to pp

— Significant modification of the fragmentation process already in pp collisions driven by multiplicity
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HF jets: a new dimension for HF studies

* More differential studies of quenching mechanisms in AA collisions
» Study hadronisation mechanisms with fragmentation functions
- Substructure techniques to study HF parton shower in vacuum

and inside the QGP

LHCP2020, Overview of heavy flavour and quarkonia
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DO Raa In central Pb-Pb collisions

First measurement of charm production down to 0 GeV/c!
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— Strong experimental constraints on charm Eigss and initial state effects (e.g. shadowing)
— New constraints on the total charm cross section at the LHC!
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Flavour dependence of Ejoss

In-medium energy loss as a consequence of radiative and collisional processes.
* 0 20 40 60 80 100
\Q %, | | | | |
< CUJET LHC (PbPb)
@@Q\ 0.5+ r 405
O B
J\ . B 104

0.3

Raasr(PT)

Flavour dependence of radiative Ejoss:
- different Casimir factors for quark and gluons
Cr =3 for gluons, Cr =4/3 for quarks

0.2
- dead cone effect:
______ e ‘“Fi Nucl.Phys.A 910-911 (2013) 490-493] %1
———-O-D-I-E-E—IWE "E__.....-‘J, | I I I I
0 20 40 60 80 100
— Eioss (gluon) > Eioss (Charm) > Eioss (beauty) pr (GeV)

— Raa () > Raa(light) > Eioss (beauty)?
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D meson Raa : comparison to models
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» Strong discrimination power at 0-1 GeV/c
- TAMU (Langevin) well describes the data from

low to high pr
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ALICE Preliminary
30-50% Pb-Pb, {5 = 5.02 TeV
Prompt D°, D*, D** average, lyl<0.5

m BAMPS el.+rad. "t BAMPS el.
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* In semi- peripheral events, most of the models
show a good agreement with the data
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D meson Raa : comparison to models
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D meson Raa : comparison to models

R AA
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ALICE Preliminary

BAMPS el. + rad., BAMPS el.:

 overestimate the low pr region probably because of absence of PDF modification in nuclei
(shadowing)

* In presence of radiative energy loss the Pb-Pb is pushed more at lower momenta and

0-10% Pb-Pb, \[s,, = 5.02 TeV
Prompt D°, D*, D** average, lyl<0.5

win BAMPS el.+rad. mm BAMPS el.

therefore the Raa goes higher

« Good description of the low pr region including very low printervals thanks to EPS09 + shadowing.

— POWLANG HTL
== LIDO

TAMU

’ .tl‘, { w3 \\

///l
/Z

PHSD

Filled markers: measured
Open markers: pT-extrapoIated
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2, /// wiw
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— - Catania

MC @sHQ+EPOS?2

pp reference

2
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o
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« FONLL as production mechanisms helps having a proper initial ptr shape
 Description at high pr suffers from missing radiative component

POWLANG:

- The Raa shape is shifted at high pt . Effect of different HQ production mechanisms?

- The effect of PDF modification is visible at low momenta where the Raa decreases significantly,
more than in TAMU

- At high pt. The Raa is smaller than data, which is surprising given that there is no radiative
energy loss

Catania:
 Results similar to TAMU, but with a shift of the pt spectrum (or Raa) at lower pr. Effects of the
different recombination?

LIDO:
+ Results similar to TAMU. Not available for the very low pt region

MC@sHQ+EPOS2:
- Pretty good agreement at high pT.
- Underestimate the low pr region
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non-prompt DO Raa : comparison to CMS b—J/y

:E _I 1 1 | (1 T 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | [ 1 1 |_|
T [ ALICE Preliminary Non-prompt D° _
1.6— —]
; Pb-Pb, S =5.02 TeV -
1.4 30-50%, lyl<0.5 —
—  Non-prompt D’ -

1 ol = Prompt D° _
ml . CMS J/y from b, lyl<2.4 30-100% )

| Eur. Phys. J. C (2018)78:509 —
il B cEvrsa E
0.8 * H ) -
— ! E]H _
0.6 T n | n —
: HH@@H I ﬁr e
0.4r Hﬂﬂﬂ% + -
0.2 —
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D° meson -
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Overview of theoretical calculations

HQ : :
Model HQ production Medium modelling Quark-medium interaction hadronisatio Tun"l%:;:i?;d'um References
n
https://
BAMPS ol MC@NLO 3d+1 expansion Transport with Boltzmann cra RHIC (then scaled by dN/ arxiv.org/
| No PDF shadowing parton cascade rad. + coll. J dn abs/
1408.2964
Transport with Langevin https://
TAMU EPIS:(%N(LNLLO) 2d+1 expansion coll. only Crag. + Rec Assume 1-QCD arxiV.org/
SDE shadowin parton cascade Diffusion in hadronic phase J | U potential abs/
J Improved space-mom correlation 1401.3817
. . . https://
POWLANG 2d+1 expansion Transport with Langevin Assume 1-QCD arxiv ora/
POWLANG EPS09 (NLO) with viscous fluido- coll. only Frag. + Rec. . R
PDF shadowing dyn evolution U potential abs/
1410.6082
. . https://
. FONLL 2d+1 expansion Iransport with Langevin Ffag' + Rec. Assume 1-QCD arxiv.org/
Catania EPS09 (NLO) coll. only (different from o df
PDF shadowing parton cascade TAMU?) U potentia pdf/
| 1712.00730.
. . g . . . https://
FONLL od+1 rel fluido- Transport with Langevin + empirical Coefficients fixed with arxiv.ora/
LIDO EPS09 (NLO) " transport coefficients to capture the | Frag. + Rec. | Bayesian analysis to LHC D o
PDF shadowing dynamics non-perturbative part. (Boltzmann) and B results pdt/
' 1806.08848.
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https://arxiv.org/pdf/1806.08848.pdf

aLtebedev - Gharm and beauty “flow” in PbPDb collisions

smaller particle 0.95 IA‘};\g
density here > . 1 — T T 1 AL e |
v2>0 N HF muons < ¢ 1 =
c-hadrons- 5 . -409 —
/ \ higher 0.15
* ‘ particle
density
\ here 0.1
/ o o 0.05
0
- v2 significantly > 0 for HF muons < ¢ 4 5 6 7 8910 20

p_[GeV]
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Overview of theoretical calculations

Model HQ production Medium modelling Quark-medium interaction HQ hadronisation Tunlr;?)gglrirllqzdlum References
https://
| | | Microscopic covariant transport | ocal covariant arxiv.org/
1908.00451.
FONLL QGP transport https://
MC@ sHQ+ £PS09 (NLO) 3d+1 expansion Transport with Boltzmann Crag. + Rec coefficients fixed at | arxiv.org/
EPOS2 PDE shadowin (EPOS model) coll. (+rad when mentioned) I | LHC, adapted for abs/
0 RHIC 1305.6544
FONLL Glauber mode RHIC (then scaled by
WHDG . nuclear overlap rad. + coll. Frag.
no PDF shadowing . dN/dn
No fluido-dyn evol.
Glauber model
Vitev et al Non-zero mass VENS nuclear overlap rad. + coll. Cra RHIC (then scaled by
| no PDF shadowing |deal fluido-dyn In medium meson dissociation J dN/dn
Bjorken expansion
Semi quark gluon Model parameters arrlgf/) i):r/c/J/
CUJETS3 rad. Frag. tuned on light flavour —
monopole plasma data abs/
1704.04577
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D</D0 as a test for recombination

Ds/D0 to be enhanced in Pb-Pb vs pp in presence of charm recombination and strangeness enhancement

o 3_ I I I I I I | I I I |
551 . ALICE Preliminary yl<0.5 -
£ 5 [ 0-10% Pb-Pb, |5, = 5.02 TeV -
~ 0 Centrality 0-10% -
al | _
© & 2k _
o B —
o e | :
Q 1.9 T -
o ;_:; . - . y ;{///éﬁ' :
.’0. 1__ ____________ el o _-_\_i ______ . _
.0. - ‘\_ g \\\ _
O o "a - TAMU iR -
0.5:— — - Catania frag+coal —:
L --- PHSD -
i | | | | | I | | | | ~
10
P, (GeV/c)

— Relevant contribution of coalescence in charm hadronisation in Pb-Pb
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Ds/DOIn pp collisions vs multiplicity

Can we observe Ds/D% enhancement in high multiplicity collisions?

r -Ip'i'-l-*

2<pT<4GeV/c

i

1 4<pT<6GeV/C

B I B S NI

T 6<pT<8GeV/C

—0.7

- 8<pT<12 GeV/c

10 102 10°
(dN_/dn)

|nl<0.5

ALICE Preliminary

dh pp, s=13 TeV
SPD multiplicity classes
O p-Pb Minimum Bias, \s,, = 5.02 TeV
N arXiv:1906.03425
¢ 7 ¢ Pb-Pb(2015), s, =5.02 TeV
] JHEP 10 (2018) 174
-] VO multiplicity classes
] () Pb-Pb(2018),ys,, =5.02 TeV
- VO multiplicity classes

+3.7% BR uncertainty not shown

10 10°

10°

(dN_ /dn)

10 10°

|nl<0.5

10°

(dN _/dn)

|nl<0.5

— Ds/D0 shows a hint of enhancement from low to high pp multiplicities
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Baryon-over-meson ratio

Baryon/meson zoo

O
o

O
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N

 ALICE Preliminary
pp, Vs =13 TeV, lyl <0.5

Syst. from data
. Syst. from B feed-down

Y, v o

N
DN

I I I I | I I I I | I I I I
AL 1D’
Multiplicity classes: Inl < 1.0
dN_/dn: [ min—max], mean
—@— [ 1.4- 7.5], 3.9 _
—— [24.5-45.8], 28.1 —

+ 7.0% uncertainty on multiplicity —
estimation not shown

A/ Kg (Eur.Phys.J.C 80, 167 (2020)) —

Multiplicity classes: Inl < 0.8 -
dN,/dn: interval, mean

—0— 50-70%, 3.8 = 0.1

—&— 1- 5%,23.4 04
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N\c/DO vs multiplicity in pp, pPb, PbPb

A 2<pT<4GeV/c

i

b

1 4<pT<6GeV/c

1 6<pT<SGeV/c

i 8<p <12 GeV/c

: 12<p_<24GeVic

10 10? 10°
(dN_/dn)

|nl<0.5

ALICE Preliminary

1 dh pp, ¥s=13TeV

SPD multiplicity classes
O p-Pb Minimum Bias, \s,, = 5.02 TeV

1 ) Pb-Pb,ys,, =5.02TeV

VO multiplicity classes

10 102 10°
(dN_ /dn)

|nl<0.5

102 10°

(dN_ /dn)

|nl<0.5

LHCP2020, Overview of heavy flavour and quarkonia

/2



Ds/D0 vs multiplicity in pp, pPb, PbPb

- ALICE Preliminary -

" pp, Vs=13TeV, lyl <0.5 -
Multiplicity classes: Inl <1.0

| —&— Mult. integrated —

dN/dn:[ min- max], mean

—@— [ 1.4- 7.5], 3.9 —

—4&— [ 8.4- 24.3],13.7

— —— [24.5- 45.8], 28.1 —
—¢— [38.6-152.0], 44.0

Syst. from data
0.4 ~\\ Syst. from B feed-down

O . 3 [ S N ]
0.2 |
0.1 —
: + 7.0% uncertainty on multiplicity estimation not shown :
OL—L— 1 | I R N R N R Y N (NN AT N AN N N B
0 ) 1 1 20 29

p_ (GeV/c)
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Ds/D0 vs multiplicity in pp, pPb, PbPb

B L cor
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: : 1 ALICE Preliminary
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0.4F e 1 O p-Pb Minimum Bias, {5, = 5.02 TeV
0 3' Q ¢ . arXiv:1906.03435_
- ] - Pb-Pb (2015), s.. = 5.02 TeV
#O%ﬂj ¢ : .p.l. O : ¢ JHEP 10 (2018) 174
0.2r Eij E + - VO multiplicity classes
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0.1 T - VO multiplicity classes
T N +3.7% BR uncertainty not shown
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Nec—2c0++++and 20.++++1n pp collisions

T A* flight line » A\c measurement largely underestimated by PY THIA calculations with
p / different tunes like Monash, DIPSY (rope hadronisation) and do not
’ describe pr shape.
* Feed-down from higher baryon states in presence of large enhancement
(PLB 795 117-121 (2019)) was suggested as a possible explanation

9p0inting

Af » Further test for PYTHIA tunes with string formation beyond Leading Color
e rrimary (SU3 weights, string-length minimization and junction reconnections)
vertex -
20 K
C
CDD ! ! ! | ! ! ! | ! ! ! | ! ! ! | ! ! ! ! ! ! ! ! ! +<0 1 2 I I I | | | | | | | | | | | | | | | | | | | | |
£ o5 ALICE Preliminary ] ~ | ALIGE Preliminary _
wWor pp, Vs =13 TeV . < L ppVs=13TeV i
= |}/| <05 _ A 1= |y| <0.5 )
Al O 8>I<1I03I L T T T T T T T T T T T T T T : ‘”“’,""' PYTHIA 8243 : 'T'\I/Z) B 7]
e | B | . 0.4l Monash 2013, EPJC 74 (2014) 8, 3024 | B PYTHIA 8.243 B
é - ALICE Prellmlnary . L CR beyond LC approx., JHEP 08 (2015) 003 | B Monash 2013, EPJC 74 (2014) 8, 3024 |
o 07 PP Is=13TeV E E— %, oeees Moded _ 0.8 GR beyond LC approx., JHEP 08 (2015) 003 _
S vl < 0.5 ’ - X A Mode 3 | Tl seeeaas Mode 0 |
€ 0.6 Tho e = 1.89 MeV/c? (fixed to PDG 2019)  — - . - | L, Mode 2 |
5 L Breit-Wigner _ . ., . Mode 3
Q B = 2 7 03 — s “, — ey e, TTIRE
A [ Og,uss = 0-98 MeV/e ] i . | o g .
0.5F M. H,= 0.22 MeV/c? (fixed to PDG 2019) = - . ] 0.6 RS ; —
B O ++ -4+ A+ -+ - ] I "0 """ — R N u Z(FZC’*—-‘-) X 3/2 /A::- ]
C Y oSnTA - TpK Tt ] B | R |
045 and charge conj. L 0.2 % _| T e » ]
03:_ ™ - 'hI:’:“A ",""'l"" | 0.4__ I .'..'...... LT P —_
: + +’ """ : B ] I\’_.'_‘;:' ~ "":':, | — o ..... Srag, .“”"":'I".l,,“ —]
02 6<p <8GeVic E 0.1 *+ _ ; I "
1 7] B 0,++ 0 - l':'._l"'""""u-,,. 7 0.2 ]
0.4F M,..=(0.1680+0.0003) GeV/c? = - = X x32/D - JRRREEIAC L - i
- ] — ] iy
- |S=6|21ir86| | | | | | : u J_r5.2°|/oBRunc:ler’[aintyniotshowni i i . I e T
1| | I | I | | | I | I | L [ ———— | | | | | | | | | | ] ] ] ] ] | |
07015 0.155 0.16 0.165 0.17 0.175 0.18 0.185 0.19 0 o 4 6 8 10 12 14 0 2 4 6 8 10 12 14
M M. (GEV/C?) GeV p. (GeV/c)
p, (GeV/c) :
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2.c enhancement and di-quark states

4

4

- Only way to produce 2. states in ordinary string fragmentation is via the production of

dd or uu di quark states which must be in state spin-1 and combine with ¢ quark

» But spin-1 di-quarks are suppressed!

Supported by e’e’

data Belle, PRD 97,

072005 (2018)

q

q

{
J
- >
{q {q

(b) Type II: junction-style reconnection
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» With junctions recombination, there is no penalty for having two legs with

the same flavour.
* uu, ud, dd have ~ same probability, simply combinatorial effect
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Jadl
3 -
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Overview of color reconnection in PYTHIA

No CR MPIl-based CR More-QCD CR

i (2) 0 (%)
® O-mn @ OO

» Uses a simple model of the colour rules of

' 35‘”0?3_ c;reatetd In ditterent MPls - Color reconnection allowed between QCD to determine the formation of strings
O notinterac partons from different MPIs to and introduce junctions
minimize string length » Minimization of the string length over all

possible configurations
+ As implemented in Monash

« ColorReconnection:mode =0 * Include CR with MPIs and with beam
remnants

« ColorReconnection:mode = 1

JHEP 08 (2015) 003, arXiv:1505.01681v1
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PY THIA color reconnection parameters

Parameter Monash Mode 0 Mode 2 Mode 3
StringPT:sigma =0.335 =0.335 =0.335 = (0.335
StringZ:alLund =0.68 =0.36 =0.36 = (.36
StringZ:bLund =098 =0.56 =0.56 = (.56
StringFlav:probQQtoQ =0.081 =0.078 =0.078 = 0.078
StringFlav:ProbStoUD =0.217 =0.2 =0.2 = (.2
= 0.5, =0.0275, =0.0275, =0.0275,

. .. 0.7, 0.0275, 0.0275, 0.0275,

stringFlav:probQQIteQQOjo1n 0.9, 0.0275, 00275,  0.0275,
1.0 0.0275 0.0275 0.0275

MultiPartonInteractions:pTORef =228 =212 =2.15 = 2.05
BeamRemnants:remnantMode =0 =1 =] =]
BeamRemnants:saturation - = ) =) =35
ColourReconnection:mode =0 =1 =] =1
ColourReconnection:allowDoubleJunRem =on = off = off = off
ColourReconnection:m0 : =2.9 =0.3 =0.3
ColourReconnection:allowJunctions - = 0on =0n = 0on
ColourReconnection:junctionCorrection - = 1.43 =1.20 = 1.15
ColourReconnection:timeDilationMode - =0 =2 =3
ColourReconnection:timeDilationPar - - =0.18 = 0.073

JHEP 08 (2015) 003, arXiv:1505.01681v1
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Charm and beauty flow in small systems

CMS-PAS-HIN-19-009

P . CMS Pre//mmary pp 1.5 pb pPb 186 b’
~o O+ < | <|> :
B0 0.1 -+ “
P P erUAr —— |
o i i
S O"“ """"""""""""""""""""""""""""""""""""""" =
Q_ -
cE> " epPb 8.16 TeV ly <1
— Same DO v in pp and pPb at = 01-_ mpp 13 TeV 2<p <4GeV
same multiplicities I | | | | i
0 50 100 150 200 250 300
offline
I\|trk
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http://cds.cern.ch/record/2699456
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Beauty flow in pp collisions?

o« 0.25—

0.2}

0.1

30-40%

arXiv:2003.03565

I T T TR TR SR T 1
4 5 o6 7 8910 20

p_[GeV]

0.15

0.1

0.05

—-0.05

!IIIIIIIII'IIII|
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pp Vs=13 TeV, 150 pb”
60<N*°<120
1.5<IAnl<5
C—U

O O

b—u

| | 1
ATLAS PRL 124, 082301 (2020)
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https://cds.cern.ch/record/2712429

HF jets to test QCD predictions: dead cone effect

Dead cone: suppression of small angle radiation

________ 1 .ﬁ/E for heavy quarks.
—Fundamental QCD effect never observed directly
e In 20
' : : In R

““
““
-+

soft, large-angle radiation

Inl/R In1/6
—E 5 m
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Grooming techniques

Remove soft radiation at large angles to isolate largest hard structures in the jets:
— study the coherent vs incoherent behaviour of jets inside the medium

Considering the two main sub-jets j1, j2

- Momentum asymmetry: zg= P2
P12 +PT,1
usoft dropu: ° H{ad|a| d|Stance Rg
lteratively test the soft drop condition at each
splitting. » Groomed mass My
min(pri, pr2) ( AR ) P
| | > Zeut
pr1 + Pr2 R

remove softer subjet if soft drop is not
satisfied. Can be tuned for sensitivity to:
» large pt unbalance (pt2 < pr1)

- large angle between subjects

G.M. Innocenti, Overview of hard probes and heavy flavor QM measurements 82



First measurement of A; fragmentation at the LHC

~Fraction of the momentum of the jet carried by the heavy flavour particle:
- directly linked to the hadronisation mechanism!

. :Z 5 | | | | | | | | | | | | | | | | | | | | | | | | | | | | |—
h p]et ch pHF i’c'\l3 L ALICE Preliminary, pp, s = 13 TeV -
C . - .
Z” — =t ch ~t ch & % _ A (and charge conj.) in charged jets with 0.4 < zi" < 1 _
C C p _ _
p’ - P! P anti-ky, A= 0.4, 7 <05
o 41— T | Tiet| d —
= 7<ph <15GeVic - data -
= - T jet syst. unc. _
- 3<p, . <15GeVic | o POWHEG +PYTHIA 6 -
3l o6 PYTHIA 8 (Monash) ]
| == PYTHIA 8 SoftQCD, mode 0 4
[ | M —
21— T ~ O =
. "-:' % —_—— _
& v T %L .
E L
Y e | | i
O i | ] | | I | | | | I | | | | I | ] | | I ] | | | I | ] | | |
0.5 0.6 0.7 0.8 0.9 1
ze"

HF fragmentation studies and jet hadrochemistry:
— New constraints into the mechanisms of charm hadronisation in small and large systems
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HF/Quarkonia for Run3 and beyond

Cylindrical
Structural Shell

Half Barrels

7

Shower Pixel Detector (SPD)

Time Of Flight
(TOF)

£20-L102-00HT1-NH3D

Long (47.8mm) “100em
Strips x 2
(r=762mm, 1000mm)
Disc
£ Stub Strips x 7 v
Lo Layer x 1 (r=862mm) (z=1415mm,1582mm,1800mm,2040mm,
- 2320mm,2620mm,3000mm) |“
eta =00 ela=1.0 '\'&_ __  insert-able
'l e | conversion layer
| Pd L0
o |y
v -~ | sy eta=20
—_— I ” 7 _ - -—
| / _ -
I = |-
| / -
Short (23.8mm) ! P |- ,
Strips x3 — 7] | 7 -t - :
(r=405mm,519mm, ! — -7 - ~~ eta=30 "~
631mm) | e | l I - -—"
— - - - -
L———‘—_g———/ ”’/l T I 1 | Sttt ( ~400cm )
W% == . == =====""7
o -é?--——- S ——
S 3
Pixel Barrel x 4/ Pixel Discs x 6
(r=39mm, 78mm, 155mm,250mm) (z=877mm,1059mm,1209mm,1359mm,1509mm,1675mm)

| | | | | | | |
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

z (m)

Thank you for your attention!
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8. avdurier Heavier charmed/beauty baryons in pp collisions

o | | | | | | | | | | | | | | | | | | | | | | | | | | |
S [ ALICE Preliminary 1 - A——
C-E\]O - pp, Vs =13 TeV ZCO’+’ ++/DO i JNEW 8 e L ALICE Preliminary
YI<0.5  pyrhia 8243 L. 0.8 pp,Vs=13TeV, Iyl <0.5
1 Monash 2013, EPJC 74 (2014) 8, 3024  — [1] B .
- CR beyond LC approx., JHEP 08 (2015) 003 . - ——=yD° -+= M. He and R. Rapp i
B ---.Mode 0 _ 0.6 — =D° PYTHIA 8.243 —
T, Mode 2 7 B —— Monash 2013, EPJC 74 (2014) 8, 3024 ]
IR Mode 3 7 _ CR beyond LC approx., JHEP 08 (2015) 003 A
_.......,_'“'."u.,_.' """" h 0-4__ _& - == Mode 2 ]
k 02k J&J&:ELF__ 7
10 = . s -
: : 1€ omsmswi i i E e rr '
B . EO’++ % 3/2 / Do a — = 22.0% branching ratio uncertainty on Z_not shown -
| ¢ _ [~ +44.4% branching ratio uncertainty on E: not shown 7
] ] ] ] ] ] ] ] ] ] ] ] ]
i ) | | 0) 2 4 6 8 10 12 14
e+e- |+ 5.2% BR uncertainty not shown _ pT (GeV/c)
102_Jyl1‘fllllll’llll__l| e —
B T N N A R TR T N TN TR N AN N S N N RN M TNN N N RN [)Pb,2.5<\‘<3.5
0 2 4 6 8 10 12 14 ' .
p. (GeV/c) PRD 99 052011
- Indication of large enhancement w.r.t e+e- F A\b/B+
fragmentation ratios for X0+ ++and =0+ b E
- Modification of baryon/meson ratio in the beauty sector :
05 _g_—ﬁ— ]
- E:‘ 5 ‘l
— Stronger constraints on the microscopic mechanisms responsible 0
for baryon/meson modifications in pp collisions p. [GeVic]
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HF jets to test QCD predictions: dead cone effect

R. Vertesi " Dead cone: suppression of small angle radiation for heavy quarks.
F —+Fundamental QCD effect never observed at colliders directly

J. Phys. G17, 1602-1604 (1991).

Phys. Rev. D 99, 074027 (2019)

0c < My/Eq suppressed
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https://iopscience.iop.org/article/10.1088/0954-3899/17/10/023/pdf
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.99.074027

HF jets to test QCD predictions: dead cone effect

Dead cone: suppression of small angle radiation for heavy quarks.
—Fundamental QCD effect never observed at colliders directly

0 < My/Eq suppressed 6 (rad)
0.37 0.30 0.25 0.20 0.17 0.14 0.11 0.09 0.0/ 0.06 0.05 .
’|: 5_I [ | 1Tl | L | 11 | [ | 11 | 11 | [ | 11 | T X1 O_
=< [ ALICE Preliminary 2<p. <36GeVic { _g
< 4_— ‘/*_ cf’w o
- pp Vs =13 TeV 5 < Pl < 50 GeV/c
Sf— D’ in charged jets, anti-k,, R=0.4 _f —7/
u mlab' <0.5 side-band subtracted -
o 4 —6
. . . 18 =
For both inclusive and charm jets: -
- lterative declustering with C/A - access to each splitting O: Bl 2
* Fill a Lund plane with 0, kt of each splitting -1 -
* project in 6 of ]
2
_3_
“P L8~k _af 1
Ky Ll
_5 L 1 1| | 1 1 | | 1 1 | 1 1 | 1 1 | | |
1 12 14 16 1.8 2 22 24
E 6

I -
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HF jets to test QCD predictions: dead cone effect

) Dead cone: suppression of small angle radiation for heavy quarks.
“““““““““ — Fundamental QCD effect never observed at colliders directly

J. Phys. G17, 1602-1604 (1991).

ratio of DO-tagged / inclusive jet distributions

0 (rad)
0.37 0.30 0.25 0.20 0.17 0.14 0.11 0.09 0.07 0.06 0.05
1.8 III|IIIIlllllllllllllllllIlllllllllllll

ALICE Preliminary

—E}—kT>2*AQCD

1.6~ ppVs=13TeV —
_ charged jets, anti-k;, R=0.4 —o— Ky > Aqcp i
1.4 —
- Inlabl <05 —— K> Agep / 2 }

_ [ Agep =200 MeV/e |

—

For both inclusive and charm jets:
- lterative declustering with C/A - access to each splitting
* Fill a Lund plane with 0, kt of each splitting

o
o

Illlllllllllllllll]

D°- tagged jets / Inclusive jets
N

s

- project in 6 0-6 | : _
0.4 i =

5<p®" <50 GeV/c -

0.2 Tiet —

5 < Epgiatr < 15 GeV i

. . . . " L1 1 | L1 1 | L1 1 | L1 | | | | L1 1 | L1 | | L1 | I L1 1 I | l—
—Evidence of suppression of small angle radiation for DO-tagged jets 07 12 14 16 18 2 22 24 26 28 3
“dead cone effect” In(1/6)

_£ | v
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