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Evolution of collision

Initial states
Pre-equilibrium
Highest energy density
Quark Gluon Plasma:
Strongly interacting fluid
Hydrodynamic evolution
Freeze-out & Hadronization
Chemical freeze-out

Kinetic freeze-out

Time:

0 fm/c

<1fm/c

Final detected
particles

~10 fm/c ~10'5 fm/e
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https://arxiv.org/abs/2303.17254

Heavy Quarks

The charm and beauty (bottom) quarks
Masses much larger than Aqcp ~ 200 MeV

m. ~ 1.27 GeV/c
my ~ 4.18 GeV/c

Top quark decays fast — no hadronic states

Open heavy-flavor hadrons
A heavy-quark paired with lighter quarks
Ac(udc), DO (iic), Ag(udb), B°(db)

down J strange |
——r V 4

PTONS

LEI

Standard Model of Elementary Particles

three generations of matter interactions / force carriers

(bosons)

124.97 GeV/c?

H
higgs



Why Study Heavy Quarks?

Heavy quarks are formed early in the collision (hard scattering)

= Production can be calculated using pQCD
= Probe of Quark-Gluon Plasma (QGP) medium (in heavy-ion collisions)
= Sensitive to energy loss mechanism and hadronization (fragmentation vs recombination)

= Reference for nuclear modification factor and fragmentation function (in pp collisions)


https://madai.phy.duke.edu/index01ff01ff.html?page_id=447

LHC Experiments

ALICE: Optimized for heavy-ion collisions
Excellent particle identification (PID) at mid-rapidity

Good at reconstructing low-pt heavy-flavor hadrons

CMS and ATLAS: General-purpose detectors with good tracking and calorimetry
Capable of measuring high- pt heavy flavors

Reconstructing decays to muons and electrons

LHCb: Forward spectrometer, specialized in heavy-flavor physics at forward rapidity

Excellent vertex resolution and PID



Prompt D® and D¢ in pp collisions
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Prompt A7 in pp collisions

pp 252 nb™" (5.02 TeV)
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U PYTHIA8+CR(mode2) is consistent with pp
data.

» Final partons in the string fragmentation
are color connected to minimize total string
length

 GM-VFNS systematically below data for pr< 10
GeV/c
» Fragmentation tuned from Belle/OPAL
(ete™ data)
» Breakdown of the universality of charm
quark fragmentation functions?



Prompt A} in pp & pPb collisions
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Prompt A7 in PbPb collisions
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Q A% p; spectra measured for 4 centrality

classes, and inclusive centrality (0-90%)

U For pr > 10 GeV/c, the T4 scaled yields of
PbPb systematically lower than cross-section

in pp collision.
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QA Larger suppression of A} production for central
PbPDb collisions

U R, 4 decreases from low p up to ~14 GeV/c, then
increases for higher pr
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Prompt A-CI-_ RAA
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[ Similar trend observed for prompt D meson measurements

U For4 — 8 GeV/cin 0 — 10% centrality, ordering of D < D; < A, is observed
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» Coalescence process does not play a
significant role for high p;

Q Ratio consistent with e* e~ for higher p; region
] Results consistent between CMS and ALICE
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B°® meson production in pp collisions
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A B° measurement (first direct detection) to low pr

O In agreement with FONLL predictions
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B™ meson production in pPb collisions
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B meson production

PbPb (1.61 nb™) + pp (302 pb™), 5.02 TeV
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Anisotropic flow (v,,)

In Heavy-ion collisions (mainly)
o Non-central collisions — spatial anisotropy
o Anisotropic distribution in ¢

o Insight into medium interaction

Elliptic flow, v,

Triangular flow, v,

17



Prompt D flow in PbPb collisions
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Prompt D flow in PbPb collisions
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Prompt/non-prompt D° flow
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Prompt A7 flow in PbPb collisions

A First measurement of AL v, in PbPb
collisions (pt < 3 GeV/c) in 30-50%
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Prompt A7 flow in PbPb collisions
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Insight into NCQ scaling

:CF 02__' LR | LELELE | T T T ""'l____'l IITT'II 'III['[ 'I'Il III'I T 'I'I'II IT'I__
S 0 1'8E_ALICE Preliminary v, (2, |ag| > 0.8}, m=5.02TeV_EE_ Transport models, Y5, = 5.02 TeV Transport models, Y5, = 5.02 TeV _
0.165_Pb—Pb, 30-50% K2 JHEP 05 (2023) 243 F = POWLANGHTLA; = POWLANGHTLD’ ¥ **'"' EPOS4HRQA; EPOS4HQD’ 3
0'1 aE SA(R) JHEP 05 (2023) 243 F POWLANG IQCD A; POWLANG 1QCD D° = T LBT-PNPA; = = LBT-PNPD’
" F v,(sP, jan > 1.3}, Y5 =536 TeV I TAMU A2 allTe = = = Langevin A; = = = Langevin D
0'125_. Prompt A 8 o, _EE_ Catania A] Catania D"
0‘;;5‘ Prompt D° . -¢ ] E;
0.06F J$L$JE¢ Ed *’H'
O.4EIII|IIII\\\‘I\\llllllllllll‘\l\‘\\IIIIIlIIIIII\E 0045_ ‘$ Aﬁ& ;; %@
0_35__ALICE Preliminary v, {SP, |an| > 1.3}, {5, = 5.36 TeV N :—
 Popb, 30-50% | Promplt - e | = = - b
0.3E « Prompt D° e 3102 10210 I 2345 10 107 2><10‘ 2 345 10 107'2x10™ 1 2345 10
OF =J ] KE,/n, (GeV/c) KE./n, (GeV/c) KE,/n, (GeV/c)
- D“ n v, {2, |An] > 0.8}, {sy, = 5.02 TeV .
0.251 o A(R) JHEP 05 (2023) 243 =
E dog, E} 0 K JHEP 05 (2023) 243 4 .
O.2p % _EE_H[J i ng, — number of constituent quarks
- 7
0.15 = .
i -&i- = ] 5
0.1 = = kE~ = \/ 2 —
o = - T =M~ + m
0.05* R = —1— Pr
’ :ﬁ 7
R R VR R NCQ scaling is violated for both light and heavy
flavors

p. (GeV/c)

Similar trends for data and model
23



Correlation of prompt D° flow
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3 Correlation plot of prompt D v, vs charged particle v, (1 < pr < 3 GeV/c)in|y| < 1

Q Prompt D° and charged particle v, normalized by the respective g,-inclusive v,

 The low- pr charged particle v, is a proxy for initial shape eccentricity

O Approximate linear correlation between prompt D° v, and charged particle v,
[ Slope (intercept) consistent with unity (zero)



Correlation of prompt D° flow

0.607 nb™" (PbPb 5.02 TeV)
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Summary & Outlook

O New heavy-flavor measurements from LHC
experiments

A First measurements of A¥ v, (30-50% centrality)
Q DY v, measurements in low pg (< 1 GeV/c)

 NCQ scaling broken at low pt, charm baryon-meson
splitting at intermediate py

QA D? v, correlation with light particles shows
linear correlation

O The initial geometry eccentricity is the primary
origin of the D® meson elliptic flow

1 New insights into QCD with Run3 data from LHC
experiments

0.607 nb™' (PbPb 5.02 TeV)

3 CMS Preliminary ~ Cent: 20-30%
- <1 4<p_<6GeVic

Slope: 0.96 + 0.06 (stat) + 0.04 (sys)
Intercept: 0.01+ 0.07 (stat) £ 0.04 (sys)

Vol(V,)

)

_0-5__||111|||L
0 0204

JIIIILI\Illllllllltllllltl\I

608 112141618 2
V) ()

O:

— 0.40—

o

w

< 0.35

>
0.30
0.25
0.20
0.15
0.10

0.05

TT T T[T T T T[T T T T[T T T T[T T TT [T T T T[T T T T[T TTT
| | | | | | \

1

o >

L ‘ T T T T T T
LICE Preliminary
b-Pb |s,, = 5.36 TeV, 30-50%

llll‘

% Prompt A> e Prompt D°

1

¥

000 poemnte

&

&

ﬁ'ﬁ*ﬁ

L IIII\Il

4x10™

1

2

3 4567 10 20
p; (GeV/c) 26



Thank you!



Back-up



Anisotropic flow (v,,)

Extracting D° flow
A Using flow vectors (Q,,)

_ \'M ing;
O Qn_ i=1 Wi€ ¢i

o M = Multiplicity (#offline reconstructed tracks)
o w; = Weight (E7 for HE pr for tracks)

o ¢; = Azimuthal angle of tracks

(QR°Qz )

<QnAQ;BMQnAQ;C>
(@nBQnc)

O Anisotropic flow (v,){SP} =

N

Elliptic flow, v,

AN

0
a

Triangular flow, v,
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Prompt AL & D in pPb collisions

1CI\/IS Preliminary pPb 97.8 nb™ (8.16 TeV) CMS Preliminary pPb 97.8 nb™ (8.16 TeV)
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B meson production

28.0 pb™ (pp 5.02 TeV)

351ub™ (PbPb 5.02 TeV)
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