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Heavy Quarks in HI collisions

QGP Hadronization Hadron Gas

Collision

e Heavy quarks (me¢,b >> Aacp): high Q2 processes — production well understood in pQCD.

e Produced in the initial hard scattering — experience the full space-time evolution of the QGP.

e QCD conserves quantum numbers: HF quarks retain the history of the collision.

e HF hadrons and jets can provide an experimental tag for an HF quark parent.

e HF hadrons e HF-tag jets
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Cold nuclear matter effects

Hadronization Hadron Gas

Collision
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https://link.springer.com/article/10.1140/epjc/s10052-017-4725-9

QGP medium effects
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Collision QGP
The QGP is expected to modify the HF hadron production
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Suppression +Enhancement +Quark diffusion +Parton energy loss +Dead-cone effect

Medium-induced Regeneration Brownian motion via collisional and suppression of
dissociation Coalescence at low pr radiative interactions radiative energy loss
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Probing QGP effects
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HF production in pp
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HF production in pp

ATLAS, PLB 829 (2022) 137077

ALICE, JHEP 05 (2021)
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* Precise pp data measured over a wide range of beam energies — reference for HF in HI collisions.

« FONLL (pQCD) describe bottom production in pp, while slightly underestimate charm at pr > 10 GeV.
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https://link.springer.com/article/10.1007/JHEP05(2021)220
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J/Win jets in pp

CMS, PLB 825 (2021) 136842
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» Results at LHC show that prompt J/W is less isolated than expected by LO NRQCD in PYTHIA.

- Measurements from STAR also see more jet activity with no z-dependence.
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J/Win jets in pp

» Parton-parton scattering not enough to describe J/W production in pp.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.032002
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Observation of dead cone effect in pp

Cambridge-Aachen reclustering ALICE, Nature 605 (2022) 440
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 Declustered each splitting into two prongs, measuring the kr, splitting angle (8), and energy sum (Eradiator)-
- Significant (>50) suppression (R<1) at small-angle splittings is observed in D9-jets relative inclusive jets.
» Measurement sensitive to charm quark mass — first direct observation of dead cone eftect.

- Paves the way to study dead cone effect in heavy ions and constrain quark mass.

Snazs L

QCD WS 2023 Andre Stahl - HF production, energy loss, and flow in large and small collision


https://doi.org/10.1038/s41586-022-04572-w

QCD WS 2023

Andre Stahl - HF production, energy loss, and flow in large and small collision



pPb @ 5.02 TeV

DO production in pPb
pPb @ 8.16 TeV
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- NPDF slightly overestimates backward D9 Rppy at pt > 6 GeV — final state effects in backward region?
 DOin pPb provides strong nPDF constraints down to small x regions of ~10-6.
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W(nS) production in pPb
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 J/W production suppressed at pt <3 GeV in mid rapidity.
» Energy loss model captures pt dependence of J/W Rppo.
» Y(2S) Rprb < J/W Rppb in Pb-going side (backward rapidity).
Final state comover model describe the trend of W(nS) production in pPb.
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Y(nS) production in pPb
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 Hint of stronger Y(nS) suppression towards low pr.

* Y(1S) Rpprb > Y(2S) Rprb > Y(3S) Rppn = sequential suppression of bottomonium states
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 Hint of stronger Y(nS) suppression towards low pr.

* Y(1S) Rpprb > Y(2S) Rprb > Y(3S) Rppn = sequential suppression of bottomonium states

- NPDF models overestimate Y(1S) Rprp at backward rapidities.

« Comover + nPDF model predicts the suppression trend of Y(nS) production in pPb.
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b-jet production in pPb

ALICE, JHEP 01 (2022) 178
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e NLO pQCD calculations able to describe b-jet results in pPb collisions.
e Rppp Of b jets consistent with unity — no significant CNM modifications at mid-rapidity in pPb.

e Similar nuclear modification for b and inclusive jets in pPb collisions.
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Probing QGP effects
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c-hadron production in PbPb
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e LIDO: Boltzmann tra ns‘po t+ energyloss o]

e LGR: Langevin transport + gluon radiation
* Model results include nPDF + recombination |

e Models including charm recombination and energy loss describe well D-meson Raa.
e Radiative energy loss crucial to describe c-quark modification and flow at high pr.
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HF production in PbPb
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HF production in PbPb
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HF flow in PbPb

CMS, arXiv:2212.02309
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e D0 v2>b—D0%v; >0 — mass ordering of heavy flavour elliptic flow.
e D0 v3 > 0 — Initial geometry fluctuations probed by charm quarks.
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HF flow in PbPb
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V3 :

e D0 v2>b—D0%v; >0 — mass ordering of heavy flavour elliptic flow.
e D0 v3 > 0 — Initial geometry fluctuations probed by charm quarks.
e \Weak centrality dependence of b—D?9 flow — qualitatively described by models.
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Summary of HF v2 in PbPb

CMS, PAS-HIN-21-008
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* Low pr:
* va(h) > v2(D) > va(J/W) > va(b) > v2(Y) ~ 0
» Thermalization = mass ordering

* High pr:
* va(h) ~ v2(D) ~ v2(J/W) ~ va(b)

* Energy loss
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b-jet production in PbPb

ATLAS, arXiv:2204.13530
Submitted to EPJC
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e Raa(b jet) < 1 towards central PbPb collisions.
e LIDO model describe well b-jet Raa, while Li&Vitev and Dai underpredict the data.
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HF production, energy Ioss and flow in large and small collision
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b-jet production in PbPb

ATLAS, arXiv:2204.13530
Submitted to EPJC
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o LIDO: FONLL + HF diffusion+energy loss |
e Dai et al.: Sherpa + Langevin transport+radiation |

e LIDO model describe well b-jet Raa, while and Dai underpredict the data.

o Raa(b jet) ~ Raa(inc. jet) in peripheral while Raa(b jet) > Raa(inc. jet) in central collisions.
e Dai calculations describe better the b / inclusive jet Raa ratio.

¢ Differences between b and inclusive jets dominated by quark vs gluon energy loss eff

ects.
QCD WS 2023 Andre Stahl - HF production, energy Ioss and flow in large and small collision M



https://arxiv.org/abs/2204.13530

J/W in jets in PbPb

PbPb 1.6 nb™", pp 302 pb™ (5.02 TeV)
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e CMS results show that isolated J/W less suppressed than J/W¥Y with larger jet activity in PbPDb.
e J/W¥Y with lower z are produced later in the parton shower — interacts more with QGP
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J/W in jets in PbPb

16 PbPb 1.6 nb™", pp 302 pb™ (5.02 TeV) Pbe 368 ub™, pp 28.0 pb™ (5.02 TeV)
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e CMS results show that isolated J/W less suppressed than J/W¥Y with larger jet activity in PbPDb.
e J/W¥Y with lower z are produced later in the parton shower — interacts more with QGP
e Parton energy loss in QGP could explain rising trend of inclusive prompt J/¥Y Raa at high pr.
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High multiplicity small systems
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HF flow in high multiplicity pp

CMS, PLB 813 (2021) 136036
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¢ Indication of nonzero charm flow — comparable with light hadrons.
e b — p flow compatible with zero.
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¢ Indication of nonzero charm flow — comparable with light hadrons.

e b — p flow compatible with zero.
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e Positive charm vz of observed at high multiplicities — diminish towards lower multiplicities.
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HF flow Iin high multiplicity pPb

CMS, PLB 813 (2021) 136036 CMS, PAS-HIN-21-001
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e v2(D) ~ v2(J/W) > 0 also in high multiplicity pPb — What is the source of the charm flow?
e Charm flow described by CGC in pPb — could it be from initial state effect?

e But CGC expects v2(Y(1S)) ~ v2(J/W) > 0 while data shows v2(Y(1S)) ~ 0.
e HF flow in small systems still a puzzle.
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SUMMARY

Several exciting HF results published since last QCD workshop.

, —BPb34.6 nb’, pp 28.0 pb” (5.02 TeV) CMS pPb 186 nb™ (8.16 TeV)
1 .6; _ [ L L L L L L
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e Final state effects needed to describe quarkonium production in pPb. ;

e Radiative energy loss crucial to describe HF production at high pr.

e Raa(b—D9) > Raa(c—D?) — mass dependent medium energy loss.

e HF flow in high multiplicity small systems a puzzle.
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e Heavy Flavor Jets:

e Observation of dead cone effect in pp.

e No significant b-jet modifications in pPb collisions.
i Tl F -0y <05 : : L : :
e iy e b vsinc. jet PbPb modification dominated by color-dep. energy loss.

e J/y in jets provides insights into production at high pr.
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HF muons in PbPb
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e HF muons more suppressed towards central PbPDb.
Suppression largest at intermediate pr.

e Results described by model with gluon radiation
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e Suppression pattern is compatible with a large
heavy-quark in-medium energy loss.
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HF muons in PbPb

ATLAS, PLB 829 (2022) 137077
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e Strong centrality dependence of c—u and b—u suppression in PbPb collisions.
¢ Raa(c—HM) < Raa(b—p) at pt < 8 GeV: c—u more suppressed than b—p.
e Models including energy loss and heavy-quark diffusion in QGP fairly describe data.
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b-hadron production in PbPb
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¢ Raa(c—Ds) ~ Raa(b—Ds) ~ Raa(b—D?) ~ 0.3 at ptr > 6 GeV in central PbPb collisions.
e TAMU (Langevin+recombination) model describes well the Raa(b—D?) but overestimates the
Raa(b—Ds) and Raa(c—Ds) at high pr.
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DO flow in PbPb

CMS, PLB 816 (2021) 136253
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e htv, >D0v,>0 at pr <6 GeV — collective motion of light quarks larger than charm quarks.
e D0 and ht* flow converges at high ptr— path-dependent energy loss.
e No model is able to describe the data over the full centrality and pr ranges.
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HF hadron production in pPb

pr @ 5.02 TeV pr @ 8.16 TeV pPb @ 5.02 TeV ALICE, PRC 104 (2021) 054905
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» DO in pPb provides strong nPDF constraints down to small x regions of ~10-5.

- NnPDF slightly overestimates backward D? Rppp at pr > 6 GeV — final state effects in backward region.

 Hints of A¢; suppression at pr <2 GeV and enhancement at pr > 4 GeV.
 A¢ production in pPb not described neither by nPDF or QGP (POWLANG) models.
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J/W production in pp
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Precise pp data measured over a wide range of beam energies.
NRQCD + FONLL (b-hadron decays) describe pp measurements at
both RHIC and LHC.
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HF production in high multiplicity pp
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Mid rapidity ' Forward rapidity

+ c-hadron yield grows faster than linear. | | - QQ yields consistent with linear growth.
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HF production in high multiplicity pp
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{ ° c-hadron yield grows faster than linear. » QQ yields consistent with linear growth.
* Y(nS)/Y(1S) reduced at larger dN/dn.
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HF production in high multiplicity pp
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- J/W production in high multiplicity pp well described by models:

» Percolation: collisions driven by exchange of color strings.

» 3-pomeron CGC: assumes gluon fusion dominates + HF quark—QQ emits soft gluons.

. . parametrisation derived from p-Pb assuming Ncoi linear dependence.
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Summary of HF vz in pPb

* Low pr:

* va(h) > v2(D) ~ va(J/W) > vao(b—D) ~ vo(Y) ~ 0
* High pr:

 va(h) ? v2(D) ~ vao(J/W) ~ va(b— D) ~ vo(Y) ~ 0
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» J/W production suppressed in all centrality bins, decreasing from peripheral to central events.
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Interplay of J/W primordial and regenerated production in central AA vs beam energy.

» LHC > RHIC Raa at low pr: higher charm production at LHC — larger regeneration.

» LHC < RHIC Raa at high pT: primordial production — larger suppression at LHC.

Andre Stahl -

HF production, energy loss, and flow In large and small collision

Sazs 9


https://www.sciencedirect.com/science/article/pii/S0370269319306392?via=ihub

QCD WS 2023 Andre Stahl - HF production, energy loss, and flow in large and small collision

ALICE, PLB 805 (2020) 135434
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- Y(2S) Raa < J/WRaa— sequential suppression of charmonia.

» Hint of less J/W suppression at mid-rapidity compared to forward rapidity.

» Models including W(nS) production via regeneration (TAMU) are able to describe data at low pr.
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* Y(3S) Raa < Y(25) Raa < Y(1S) Raa — sequential suppression of bottomonia.

» Y(2S) and Y(1S) data favours model with regeneration and hydrodynamics.

* Y(3S)/Y(2S) not fully resolved by models across centrality.

- Hydrodynamic model show tension in Y(1S) Raa at forward rapidity.
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Quarkonium polarization

 Polarization is defined as the spin alignment with respect to a chosen direction. ps

/

sin 20 cos qb) <<

* Measured as anisotropies in the angular distributions of decay products in the QQ CM w.r.t:
 : Quarkonium |

» Helicity (HX): quarkonium pr direction. | & rost frame

GJ

» Collins-Soper (CS): bisector of angle between beams.
- Gottfried-dackson (GJ): direction of one beam.

 Constrains J/W production mechanism:
- LO NRQCD: transverse polarization (Ae > 0) at high pr.
« NLO CSM: longitudinal polarization (Ae < 0).
» Medium effects could possible modify J/W polarization.
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STAR, pp @ 200 GeV

J/W polarization in pp at RHIC

N i B iEanan \ ;-
N 3 O Jly—e'e, HX, lyl<1.0 - e J¥ —e'e
§ 3 |y|<1 () Jhy—e'e, CS, lyl<1.0 0.8 . (s=510GeV, lyl<0.35
o ; B B ® Jvy-uy, HX lyl<0.5 - N o le ]
< 2 |y|<0'5 ¢ Jy-uw, CS, lyl<0.5 06r . ...
o : '///] CGC+NRQCD, lyl<1.0 : ...
éi - <> — .~ CGC+NRQCD, lyl<0.5 0.4 :_ \\\____/@C/M/
8.— y ET ~ Q2 - % [ ]NRQCD
N A ! ‘Q."' T T 0 B (Butenschon et al.)
o ) — - A
A ] 1." e e T L A/ - .
0 0 @ it /fz,\é;[l[z 0ol ®  Helicity
o " g :f - M Collins-Soper
Q. X ﬁ T _0.41— A Gottfried-Jackson
m" _1 :_ - o
ﬁ C 0.6
b - STAR p+p Vs =200 GeV -

C 1 1 | 1 1 1 | 1 | g BT ek

0.8
0 5 1 0 0 1 2 3 4 5 6 7 8 9 10
P (GeV/c)

» J/W production at mid-rapidity do not exhibit significant polarization.

« CGC+NRQCD expects no polarization in agreement with data.

« CSM and NRQCD predicts non-zero polarization towards high pr.
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PHENIX, pp @ 510 GeV

PHENIX @® Helicity frame
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. J/W production at forward rapidity shows hint of longitudinal polarization (/f < 0).
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Charmonium polarization in pp at LHC
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» W(nS) production in pp at LHC shows no significant polarization up to pt ~ 60 GeV.
- NRQCD and CSM also fail to describe W(nS) polarization @ 8 TeV.
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Charmonium polarization in pp at LHC
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» W(nS) production in pp at LHC shows no polarization up to ptr ~ 60 GeV.
- NRQCD and CSM also fail to describe W(nS) polarization @ 8 TeV.

» Prompt X = J/W+y production favours scenario where at least one X state is polarized.

Emmiln

* Need to be careful with feed-down contribution when studying J/W polarization.
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Quarkonium polarization in PbPb
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» J/W polarization in PbPb:

» Polarization parameters close to zero.
 Hint of J/W polarization towards low pr.
» Tension with pp LHCb Ag at low pt in HX frame.
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Quarkonium polarization in PbPb

ALICE, PLB 815 (2021) 136146
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» J/W polarization in PbPb:

HF production, energy loss, and flow In large and small collision

Polarization parameters close to zero.

Hint of J/W polarization towards low pr.
Tension with pp LHCb A at low pt in HX frame.
No significant centrality dependence.

Differences between reference frames.



https://www.sciencedirect.com/science/article/pii/S0370269321000861?via=ihub

Quarkonium polarization in PbPb

ALICE, PLB 815 (2021) 136146

82: Y(1 S) Helicity :: CoIIins—Soper:§ | | |
0.4F + H : - J/W polarization in PbPb:

/1(9_0_2;? """""" e T E : » Polarization parameters close to zero.
§§E E ALICE PbPb E - Hint of J/W polarization towards low pr.

» Tension with pp LHCb Ag at low pt in HX frame.

0-8E ALIGE, Pb-Pb |5, = 5.02 TeV, 0-90%
0-65_ Inclusive Y(1S) — u'p-

04F p <15GeVic,25<y <4 + -
/1 02F ' ;
¢ | s =

ik = g  Differences between reference frames.

* No significant centrality dependence.

* Y(1S) polarization in PbPDb:

« Compatible with zero within uncertainties.

2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
p. (GeV/c) p_ (GeV/c)
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https://www.sciencedirect.com/science/article/pii/S0370269321000861?via=ihub

Quarkonium collectivity in PbPb

ALICE, JHEP 2020 (2020) 141

L L L L B L LI L R
ALICE 20-40% Pb-Pb \s,, =5.02 TeV
Inclusive Jp,2.5< y <4

e v, {SP, |[An| > 1.1}
Syst. (uncorrelated)

TAMU (X. Du et al.)
Inclusive J/Ay
= Primordial J/

QCD WS 2023

» Models with recombination describe low pr.
» Large vz at high pt not explained by TAMU.
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0.9 CMS Pbe 1 7 nb (5. 02 TeV)
. _I 11 | L | 11 I| IIIIIIIIIIIIIIIIIIIIIIIIIIII
- pt>3.5GeV/c = Hong Lee (10 90%)

- IyTI <24 —— Yao (10-90%)
0.15 | | Du, Rapp (20-40%)  —

. Cent. 10-90%

i Reygers et al. x1 0-1

(10-20, 40-50, 60-70%)

----- Bhaduri et al. (10-90%) |

G8€9¢€l (1202) 618 91d ‘SND

pT

(GeV/c)

HF production, energy loss, and flow In large and small collision

« Models predict small vo at low pT as in data.
 Clear differences start to appear at high pr.



https://link.springer.com/article/10.1007/JHEP10(2020)141
http://dx.doi.org/10.1016/j.physletb.2021.136385

DO flow fluctuations in PbPb

CMS, PRL 129 (2022) 022001

CMS PbPb 0.58 nb’ (5.02 TeV) CMS PbPb 0.58 nb' (5.02 TeV)
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e v2{n} probe event-by-event fluctuations from initial geometry and final state effects.
o h*f ~ DO0v2{4}/v2{2} at cent < 40%— suggest initial state fluctuations are dominant.
e Hint of larger charm quark final state fluctuations at peripheral collisions.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.022001

Charmonium flow in PbPb

CMS, PAS'HlN'ZI" '008 PbPb 1.6 nb (5.02 TeV)
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https://cds.cern.ch/record/2805923

Charmonium flow in PbPb

CMS, PAS-HIN-21-008 PbPb 1.6 nb™" (5.02 TeV)

0.12F Scalar Product Prompt J/y Nonprompt JA)p — CMS Preliminary
- Cent. 10-60 % O16<lyl<24 O16<lyl<2.4 - 6.5-50 GeV/c, lyl < 2.4
0.1
¢ lyl <2.4 Qlyl <24
0.08

1 o First measurement of W(2S) flow.

o W(2S) v2 = J/W v2 > 0 — hint of larger
v2 for excited states.

o J/W vz > b—-J/¥W vz >0 — different flow
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-
4

2R
O
1 l
P
.

~004% | A | - for charm and beauty quarks.
3 E | e vz increase and then decrease from
0.08]- = | central to peripheral events — as
/\ 0.06 £ 1 expected by hydrodynamics.
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https://cds.cern.ch/record/2805923

Bottomonium flow in PbPb

CMS, PLB 819 (2021) 136385

015 PbPb 1.7 nb™ (5.02 TeV) 0.0 .CMS PbPb 1.7 nb™" (5.02 TeV)
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e Y(1S) v2 consistent with 0 — no significant bottomonium collectivity.
e Current precision will be improved with future LHC Run 3/4 data — help constrain models.
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https://www.sciencedirect.com/science/article/pii/S0370269321003257?via=ihub
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DO-jet production in PbPb

ALICE Preliminary
0-10% Pb-Pb \/s, = 5.02 TeV
charged jets, anti-k

@ 0-10%

ALICE, Preliminary

e D%jet, R=0.3
3 < P < 36 GeV/c

e Inclusive jets, R =0.2

: Do-jet (741 Inc. jet -
; .__“. . | , __“H—O-H'+'~f
T

10°
p_ (GeV/c)

10

1 dNJD

PbPb

Generator
PP

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

(5.02 TeV PbPb)

- CMS
i D°+jet

4 < p? < 20I GeV/c _
ly°l < 2 g
ij:tl > 60 GeV/c
'l < 1.6

e Hint of less suppression of D9%-jets compared to inclusive jets.
e Comparison sensitive to energy loss differences between quarks and gluons.
¢ Raa values may also be affected by different dN/dpt slopes and fragmentation.
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HF production, energy loss, and flow In large and small collision
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https://alice-figure.web.cern.ch/node/22030
http://dx.doi.org/10.1103/PhysRevLett.125.102001

b-jet radial shape in PbPb

Ar) — 1 EjetztrkE(Ara,Arb)p%
(Ar) = > SRS CMS, arXiv:2210.08547
L gt kD Submitted to PLB

: S, = 5.02 TeV, PbPb 1.69 nb™’, pp 27.4 pb™, anti-k jet (R = 0.4): p**' > 120 GeV, m 1< 1.6
JetAaX|S ) NN _ T _ T jet
i1 -CMS [®]bjets (PbPb) | i
D - 5] b jets (pp) |
_ ____ I'I 10 g B | Inclusive (PbPb)} !:
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I ! g i‘ P = e
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e b and inclusive jet shapes are broader in PbPb collisions.
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https://arxiv.org/abs/2210.08547

b-jet radial shape in PbPb

1 Ejet Etrke (Arg ,Arb)p%

p(Ar) = i CMS, arXiv:2210.08547
or 2jet 2itrkpP Submitted to PLB
Jet axis VSyn = 5-02 TeV, PbPb 1.69 nb™, pp 27.4 pb™, anti-k, jet (R = 0.4): plft > 120 GeV, |njet| <16
il 50 mem b (PbPo)b (pp) | g
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e b and inclusive jet shapes are broader in PbPb collisions.
e Relative modification of b jets slightly stronger than inclusive jets.
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https://arxiv.org/abs/2210.08547

b-jet radial shape in PbPb

CMS, arXiv:2210.08547
Submitted to PLB

VSyn = 5-02 TeV, PbPb 1.69 nb™, pp 27.4 pb™, anti-k, jet (R = 0.4): pjet> 120 GeV, hq 1<1.6

Jet axis
] 20 - e b (PbPb) - b (pp) 0 @ 0
i >y g [ @3 incl(PbPb) —incl.(op) | 10-30% 0-10 /°
- d-- *4 E | 1< p"k <4 GeV -
;= 30-90%
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e b and inclusive jet shapes are broader in PbPb collisions.
e Relative modification of b jets slightly stronger than inclusive jets.

e b jets accumulate more low pr tracks at large radius than inclusive jets.
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