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Open heavy flavor in QGP

Open HF hadron and decays *Reivew of quarkonia:
by Jaebeom Park

Detect '
o Quakonium*
—— HF jet**

**Reivew of HF jet:
by Saehanseul Oh

Heavy flavor quark hadronization
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Heavy flavor quark-QGP interaction

Production
Q=corb
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https://indico.cern.ch/event/1037821/contributions/4853808/
https://indico.cern.ch/event/1037821/contributions/4853810/

HF production in pp — cross section

ALICE D¢: JHEP 05 (2021) 220
CMS Dv: PLB 782 (2018) 474
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o Data/FONLL of charm and bottom cross sections in pp collisions

e FONLL describe bottom cross section better. Charm data/FONLL ratio stays flat above 6 GeV, still good
input for HF-QGP interaction
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https://www.sciencedirect.com/science/article/pii/S0550321316300700
http://dx.doi.org/10.1103/PhysRevLett.119.152301
https://www.sciencedirect.com/science/article/pii/S0370269322002118?via=ihub

Open heavy flavor in medium

Open charm probes:
® Prompt D hadron

oCc — [

Open bottom probes:

o b — D/yll
e [Fully reconstructed B hadron
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Observables:
® Precise and differential: Raa, V2
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Charm-hadron in medium

Raa
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ALICE Raa, JHEP 01 (2022) 174
CMS Raa, PLB 782 (2018) 474
STAR Raa PRC 99 (2019) 034908

® Precise Raa and v2 measured down to pt ~ 0 GeV. Open charm is stronlgy modified in a pr dpenent way

® Perfect consistency between L

e Similarity between LHC and R

IC

HC experiments: ALICE, CMS, ATLAS
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https://link.springer.com/content/pdf/10.1007/JHEP01(2022)174.pdf
http://dx.doi.org/10.1016/j.physletb.2018.05.074
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.034908
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CMS B+: PRL 119 (2017) 152301

Bottom-hadron in medium — Raa

ALICE non-prompt D?: arXiv:2202.00815
CMS non-prompt J/yw: EPJC 78 (2018) 509

ATLAS non-prompt J/y: EPJIC 78 (2018) 762
ALICE non-prompt J/y: Preliminary

ATLAS muon: PLB 829 (2022) 137077
ALICE electron: JHEP 07 (2017) 052
PHENIX electron: arXiv:2203.17058
STAR electron: arXiv:2111.14615
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® 5+ [Raa has limited kinematic coverage and precision

® Bottom Raa measured via B decays can reach much higher precision
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Bottom-hadron in medium — v»

ATLAS muon: PLB 807 (2020) 135595
ALICE electron: PRL 126 (2021) 162001

CMS non-prompt J/y: CMS-PAS-HIN-21-008 (preliminary)
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e B hadron vo measured via B decays: b—u/e, b—D0, b—=>J/y

e Consistent results from different experiements showing significant non-zero vo(B) with pr > 2 GeV
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Charm vs. light / quarkonium

ALICE D Raa: JHEP 01 (2022) 174
R Vo ALICE charged hadron Raa: JHEP 11 (2018) 013
AA ALICE pion Raa: PRC 101 (2020) 044907
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° o Char'j particle > prompt D > prompt J/y ® o Charg.l particle ~ prompt D ~ prompt J/y
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Bottom vs. charm / quarkonium / light
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® Raa (B decay) > Raa (D), slightly higher than the universal trend at high pr

® V> (B decay) < v2 (anything else)

Qipeng Hu (LLNL & CU Boulder)

ALICE D Raa: JHEP 01 (2022) 174
ALICE charged hadron Raa: JHEP 11 (2018) 013
ALICE pion Raa: PRC 101 (2020) 044907

ALICE J/w Raa: PLB 805 (2020) 135434
ATLAS J/w Raa: EPJC 78 (2018) 762

CMS D v,: PLB 816 (2021) 136253
CMS charged hadron v2: PLB 776 (2017) 195

CMS J/y vo: CMS-PAS-HIN-21-008

ATLAS muon: PLB 807 (2020) 135595
ALICE non-prompt D% Raa: arXiv:2202.00815
CMS non-prompt D?v;: CMS-PAS-HIN-21-003
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Charm-hadron — model comparison

JHEP 01 (2022) 174
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® Open charm experiences the entire QGP evolution; models also contain each stage of charm evolution

® Most models describe data over wide kinematic and centrality ranges
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Bottom vs. charm in QGP — model comparison

ALICE prompt D0, JHEP 01 (2022) 174
ALICE non-prompt D?: arXiv:2202.00815
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® 5 hadron experience weaker interaction with QGP

compared to D meson baseline

® | GR model demonstrate strong effects due to mass-
— dependent QGP interaction and coalescence
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Open heavy flavor in small systems

ALICE p+Pb D: JHEP 2019 (2019) 92
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ATLAS Pb+Pb muon: PLB 807 (2020) 135595
ATLAS pp muon: PRL 124 (2020) 082301

CMS p+Pb prompt DO: PRL 121 (2018) 082301
CMS p+Pb non-promt D% PLB 813 (2021) 136036

& ATLAS 13 TeV pp, c—u ¢ ATLAS 5.02 TeV Pb+Pb, c—

X CMS 8.16 TeV p+Pb, prompt D°

;_¢ ATLAS 13 TeV pp, b—u ¢ ATLAS 5.02 TeV Pb+Pb, b%,LT-_
~ p, ~ 45 GeV | + -
- | H 1 Charm
: ¢ b, b3
- ¢+ 7 Bottom

¥ CMS 8.16 TeV p+Pb, b—D°

10° 10
pp  p+Pb | Pb+Pb Multiplicity

® Prompt D meson show no spectra modification in p+Pb wrt. pp

e O
e O

oen charm vz > 0 In both pp and p+Pb

oen bottom vo ~ 0 in both pp and p+Pb

Qipeng Hu (LLNL & CU Boulder) 12


https://www.sciencedirect.com/science/article/pii/S0370269320303993?via=ihub
http://dx.doi.org/10.1103/PhysRevLett.124.082301
http://dx.doi.org/10.1103/PhysRevLett.121.082301
http://dx.doi.org/10.1016/j.physletb.2020.136036
https://doi.org/10.1007/JHEP12(2019)092
https://indico.cern.ch/event/1037821/contributions/4841777/
https://indico.cern.ch/event/1037821/contributions/4841782/

Open heavy flavor hadronization

Relative production heavy flavor hadrons

Charmed, strange hadron D" @

Bottom, strange hadron B!

Bottom, charmed hadron B"

Charmed baryon A

Qipeng Hu (LLNL & CU Boulder)

with additional s/c wrt heavy flavor harons:
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D/D° and BY/B" in pp

ALICE Ds: PLB 829 (2022) 137065
LHCDb Bs: arXiv:2204.13042
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[ pp, Is=13TeV, ly] < 0.5 + Monash GE-SH model - < F } pp—BB+X 541b" 3
4F N, multiplicity classes T CR-BLC Mode 0 ] @ 08’E B -
- (dN_/dn): ALICE; PYTHIA; SH model T EEE CR-BLC Mode 2 ’ N S ete-—7"—BB !
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+ 0 . : o TR : 0 2 4 6

e D"/D" in pp No significant pt or multiplicity dependence, can be well described NVELO/ N\ VELO

by PYTHIA Monash/CR tracks tracks = NoBias
e BY/B" is enhanced in high multiplicity pp events with full tracking multiplicity Low multi. > High multi.
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DY/D'in A-A

STAR: PRL 127 (2021) 092301
ALICE: PLB 827 (2022) 136986
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e D is significantly enhanced compared to D0 in Pb+Pb at LHC and RHIC

e Qualitively captured by different models with coalesce

Qipeng Hu (LLNL & CU Boulder) 15


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.127.092301
https://doi.org/10.1016/j.physletb.2022.136986
https://indico.cern.ch/event/1037821/contributions/4841775/

BY/B™ in Pb+Pb

CMS: PLB 829 (2022) 137062

ALICE ALICE: arXiv:2204.10386
Pb-Pb, \/TNN =5.02 TeV CMS: arXiv:2201.02659
CMS PbPb 5.02 TeV (1.7 nb”) 5.02 TeV PbPb (0.37-1.6 nb” 27-302 pb”
C)’D-\ 3 5i| | vl | v | i Iyl < 0-5 Data 0.9:I T | T T T T T T | T T | T T | T T | T T | [ I: 3_ e ( 2215)0-'6-”?::/;}/ 0-100%p )
- [ #0-10% ; - Centrality 0-90% - - CMS ’
‘El - ¢30-50% | 0.8:— s 15<lyl<24 - Supplementary
S 3-0p 1 TAMU - 0.7F PbPb: TAMU ¢ lyl<2.4 - 29[ ¢ B lyl<24
= - 0-10% g 5 h —PbPb: Langevin (Centrality 0-80%) 1 [ 5 + BYlyl<24
o 2.5F — = 0.6 PbPb: EVC - - ; s
= i i 30-50% 1 © \ pp: EVC ] 2 : 2017-18, centrality 0-90%
< . - N . LHCb 7 TeV E - | By (visible kin.)
o 2.0 | ~ E 0'55 §§ P | ) - 5:1 5: ’ L o 1.3(;”3:2.2
g i . 0.4 o — — A - : o lyl<23
ey K= eI\ _ = o . | - i
5 g | | w3 J — — R | ——
- [ | | ~ 000 |"--... ' n L -
5 1.0 10 : 0.2 ° ° : ; ‘ol
N ; z : 0.5 o
S 0.5 | — 0.1 global uncertainty: + 8.0% g f " +
£ - open markers: pT-extrap. reference - - | | | | | | | | - B | |
ol b b bea by b by bns bona by Lo o 1 O"" T B IS O L1111 I
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p_(GeVic) p_ (GeVic) P; [GeV]
Raaratioof b — DJ / b — DY Yield ratio of B)/B* Raa(B") vs. Raa(BY) vs. Raa(B™)

e Hint of Bf) enhancement wrt. B in (central) Pb+Pb collisions at low pt, described by model predictions

e First B" measurements in Pb+Pb, Raa(B.") ~ RAA(BSO) > Raa(B™)
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AYID inpp

ALICE
pp, Vs =13 TeV, |y| < 0.5

N,,, multiplicity classes

(dN_/dn): ALICE; PYTHIA; SH model

PYTHIA 8.243

s \lONASh
CR-BLC Mode 0

B CR-BLC Mode 2

Y. Chen and M. He
CE-SH model

arxXiv:2112.08156

—l— 3.1; 2.9; 3.1 i - T T
—— 378 406 378 oRBLe Mode S 7 ,9f ALICE, |y| <05 E
o 1E JRLE L B B B UL +\008E_°pp,ﬁ=13Tev r
e i - < V°F 4 pp, (5=5.02TeV .
+ ! . 1 . - 0.7 » _Pb, - 5.02 TeV =
< o8k Low multi. aE High multi. "3 P-PP. Vs ° |i| 3
: %n 0'5; E"il |E| —i
061 A Nu E ¢ E
0.4: -
1 - PYTHIA 8.243 S
= 0.3 Monash 2013 —e— stat. E
SHHHHTT O 2 :— CR'BLC Mode O : SySt —:
TE 2528 CR-BLC Mode 2 e extr. 3
7 CR-BLC Mode 3 E
B A'.:‘.:"::’ ;M 1 - | | | | | | | | | | | | | | | | | | | | | :
— — -y 0 10 20 30 40
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
5 10 15 20 (dN_./dn),, o

e pr- and multiplicity-dependent Aj/DO enhancement in pp collisions, significantly different from Pythia Monash

e Pythia with CR can qualitatively describe pt dependence but not the multiplicity dependence

® SH model can quantitatively describe the results

Qipeng Hu (LLNL & CU Boulder) 17


http://arxiv.org/abs/2112.08156
https://indico.cern.ch/event/1037821/contributions/4841770/

AT/DY in A-A

ALICE arXiv:2112.08156

SHMc + FastReso + corona LHCb: LHCb-PAPER-2021-046
Catania
ALICE 777) TAMU LHCDb preliminary ALICE
0-10% Pb-Pb¥|y| <0.5  30-50% Pb-Pb- VS = 5.02 TeV op -

I — . SHMc + FastReso + corona
-:.thb.pbp.b..%ﬁs,ga.;e.v .......................................... ..;E.. ................... .Cat.am.a .................................................. ...E ......

T ¢ 2<y<45,<N art> = 1575+ 10.01

1 ] Uncorr. uncert, T 7 ]
5 Global uncert. 5.16 % 4 m TAMU —

LHCb pPb@5.02TeV - 2.5 <1yl <4
T ¢ LHCDbPbp@5.02TeV - 2.5 <lyl <4

0-10% Pb+Pb 30-50% Pb+Pb 60-90% Pb+Pb / p+Pb pp

° A:F/DO show increasing trend with increasing <Npart> at low 4 < pr < 6 GeV

e Similar Aj/DO at high pt in pp, p+Pb and Pb+Pb
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http://arxiv.org/abs/2112.08156
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Summary

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

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

° ® [hanks to tremendous experimental efforts, charm and bottom _ BN  (0CD. D. Banerice ot al, PRD 85 (2012) 014510
Q(O‘o hgdron E’AA / V2 measuremen?sl are pushed to unprecedented | D 7R, PRL 118 (2017) 212501
Kinematic coverage and precision . D e eissts 2021) 136054
e Systematic data-model comparisons lead to improved L ewmnemnio
modeling and tightener estimation of medium property 2 4 6 8 10 12 14 16 18 20
ALI-DER-499016 2nD . T.at T, ~ 155 MeV
e Measurements of DF/D% A*/D° BY/B*, B}/B* provide EEEEE e

valuable insight into hadronization heavy flavor quark in Pb+Pb
...... and high multiplicity pp

Due to limited time, a lot of interesting results cannot be covered in my talk,
such as:

STAR D meson vy,

CMS D meson va2{4}/v2{2}, D meson va

[ |
n
l.l“
[ |
]

ALICE D-hadron angular correlation

Special thanks to A. Dainese, S. Lim, X. Dong, J. Nagle, P. Onyisi, M.

ATLAS HF muon pair correlation, muon va , | |
Rybar for suggestions and discussions

LHCb HF probes in p+Pb
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SQM2022 experimental open HF hadron parallel talks

Charm production: constraint to transport models and
charm diffusion coefficient with ALICE

Martin Andreas Volkl

Constraining hadronization processes with charm
baryons in pp and p-Pb collisions with ALICE

o PHENIX Probing QCD Matter Through Heavy Flavor and
Ao e Quarkonium at RHIC

Rachid Nouicer

Beauty production in heavy-ion collisions with ALICE at
the LHC

Stefano Politano

Heavy flavor and hard probes of the Quark Gluon

Plasma with ATLAS
ALICE determines the scattering parameters of D Wenkai Zou
mesons with light-flavor hadrons
Emma Chizzali
ALICE CMS LHCb/PHENIX/ATLAS
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Charm-hadron in medium — DO, D+ and D*+

JHEP 01 (2022) 174

Filled markers: pp measured reference
Open markers: pp pT-extrapoIated reference
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https://link.springer.com/content/pdf/10.1007/JHEP01(2022)174.pdf

-0.05

0.05

Av1
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Charm-hadron in medium — vs

Au+Au \/s, =200 GeV, 10-80%

— -

S

I i PR Ll . ——F—
STAR  __ E
e D°+ D (Tc +uc)
- o K + K" (Us + us)
Model:(D° + D°)
—— Hydro+EM (Chatterjee et.al.) — — AMPT
| | | |
STAR __
b) D - DY (Tc - uc)
- A K - K" (Us -us)
1
[]
............... u L
A1 A __.ff LT Y P il Ao A __[jj]__A_ _____ A----
Sl
L o it
— Model:(D° - D°)
-------- EM (Das et. al.)
——— Hydro+EM (Chatterjee et.al)
I I I I I
-1 -0.5 0 0.5 1

Rapidity (y)

PRL 123 (2019) 162301

° v7(DO) 25 times larger than vs(K)

® Negative V7(DO) slope qualitatively described by hydro
with an initially tilted QGP source and AMPT
° V7(DO) has better sensitivity to the T-dependence

diffusion coefficient. Avs between D and DY offers a
unigue access to the initial B-field.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.162301

Bottom-hadron in medium — B hadron vs. B decay

CMS B+: PRL 119 (2017) 152301
CMS non-prompt D: PRL 123 (2019) 022001

0-100%
2 T
| Pb+Pb 5.02 TeV, 0-100%
- $CMS B” |
1 5 ¢ CMS non-prompt D° .

RAA

o.5f— ++++++*+ ++ ++ —

p_[GeV]
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http://dx.doi.org/10.1103/PhysRevLett.123.022001

HF jets vs open bottom hadron decays

<
<
C
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1.2

1

0.8
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0

arXiv:2204.13530

| | | | | | | | | | | | | | | | | |
- ATLAS | - -
- Pb+Pb 2018, 1.4 b ® b — bjet, CentraTllty 0-20% -
- pp 2017, 260 pb'1 Q b — Jhyp, Centrality 0-10% i
- \Sy=502Tev ¢b% M : Centrahtyom ........... _:
— { —
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- +++ ‘ + -
:. C ] | | | Co o | -
4 567810 20 30 40 10°  2x10?
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https://arxiv.org/abs/2204.13530

Prompt D v2 In central collisions

CMS: PLB 816 (2021) 136253
ALICE: PLB 813 (2021) 136054

>C\l 03:| T T T T 1 -
~ ¢ CMS prompt D°, Pb+Pb 5.02 TeV .
0'25;_ & ALICE prompt D average, Pb+Pb 5.02 TeV -
0.2F -
0.1 5— 0-10% —
0.1 -

- ;': -
0.05[f + g i 1 -
N I = X X

E @ E
-0.051- =
_| | I I | | | 1 1 1 | |

1 10 10°
p_[GeV]
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http://dx.doi.org/10.1016/j.physletb.2021.136253
https://doi.org/10.1016/j.physletb.2020.136054

Prompt D meson v2{2} vs. vo{4}

arXiv:2112.12236

PbPb 0.58 b (5.02 TeV)

Prompt D° + DO, Iyl < 1

Syst.
e e )

o= v {4}

Calculation for prompt D’
- === V{2}, Coll. E-loss (Langevin)
v,{4}, Coll. E-loss (Langevin)
v,{2}, Rad. E-loss
v,{4}, Rad. E-loss

A- 10-30%

NI RN BRI
Calculation for prompt D°

—
N ,
!|||||||||

|f||||||| |

3 —e— Prompt D° +D° - : ]
% —é— Charged particles B — ggg‘ IE-llcc))sssé. (Langevin ]
> dhprrremrrTTTTTTTTTTTm — '—_%' .............................................................................. -
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& o08F Templ= 1] x —Ii'l— = ]
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D meson measurements vs. models — 30-50%

JHEP 01 (2022) 174
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https://link.springer.com/content/pdf/10.1007/JHEP01(2022)174.pdf
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BS/BO in pp
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LHCDb Bs: arXiv:2204.13042

L BSO/BO IS enhanced In high multiplicity pp
events with full tracking multiplicity

® Being flat wrt. backwad multiplicity indicates

the enhancement is due to BY local particle
density


https://arxiv.org/abs/2204.13042

AT/DY in A-A

STAR: PRL 124 (2020) 172301

CMS: PLB 803 (2020) 135328

-1 -1
2 STAR  Au+Au Sy, =200 GeV, 3 <p_<6 GeV/c 0.7; PbPb 44 ub™, pp 38 nb™ (5.02 TeV)
Cé 3 OA:+A;: OA;K O p+5_ ECMS I:%Data
% D%+D° 2K, T 0.6yl <1 25 PYTHIA 8
_ i B v PYTHIA 8 + CR
% | - Catania (coal ) PYTHIA s~ [ PbPb — EPJC78 (2018) 348
S -- Catania (coal.+frag.) YPYTHIA,CR . | O 0.5 = Data: Cent. 0-100% ... pPLB 795 (2019) 117
c(g ol T i Global uncertainty
................ - pp: 20%
i S i PbPb: 31%
o _
0 : L
! <> , | a
o 0 Q_____._._.—-—----""'ﬁ """""" O . Y]
------------- O B
v D& - — w
O' | | | O:III|III|III|III|III|III|III||||
0 100 200 300 4 6 8 10 12 14 16 18 20
Number of Participants (Npart) pT (GeV/C)

STAR and CMS results are consistent with ALICE/LLHCb results:
e PYTHIA with CR can describe A/D" in pp and peripheral Pb+Pb

° Aj/DO stays the same at high pt in pp and Pb+Pb
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v, {SP, |Anl>0.9}

DS+ v2 INn Pb+Pb

Phys. Lett. B 827 (2022) 136986
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_ e No significant difference between D" vz
and average prompt D meson vz
20 30 40
p_ (GeV/c)

Qipeng Hu (LLNL & CU Boulder) 31


https://doi.org/10.1016/j.physletb.2022.136986

LHCb D/B cross sections in pp

JHEP 06 (2017) 147

(d*0)/(dydpr) - 107" [ub/(GeVe ™))
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D-charged particle correlation in pp
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Associated yield

Peak width (rad)

D-charged particle correlation in pp and p+Pb
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HF pair correlation in Pb+Pb
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