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OUTLINE

A Heavy-flavour measurements
A Open charm hadrons at LHC
A Charm cross section

Q@ Summary and Outlook

Focus on charm production in pp collisions!
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Heavy flavor measurements

Q ldeal probes of initial- and final-state effects on particle production in pp, p-A and A-A
A Parton Distribution Functions
Q Parton energy loss
A Hadronization mechanisms
(fragmentation/coalescence/dissociation/(re)generation)
Q Important for testing perturbative QCD

-2 Intrinsic charm in the proton, NNPDF Coll. Nature 608, 483—487 (2022)
— Dead-cone measurement for charm quark, ALICE Coll. Nature 605, 440-446 (2022)
— Baryon vs meson hadronization mechanism, ALICE Coll. Phys. Rev. Lett. 127 (2021) 202301

Transport and thermodynamic properties of the Quark-Gluon Plasma

h (PDFU)
PDFU)
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Open charm hadrons at LHC

Measurements in pp collisions

Experiment/ ALICE ATLAS CMS LHCb
Vs (TeV)
2.76 D°, D*, D™ - - -
5.02 DO, D*, D™, Dg*, - DO, At DY, D*, D™, Ds*
A + = 0
C,=C
7 DO, D*, D™, D", D*, D™, D¢* DO, D*, D™ DY, D*, D™, D¢*,
At At
13 DO, D*, D™, D¢*, - DO, D*, D™ D, D*, D™, D¢*
AC+1 ECO'+1 ZCO'++r
Q0

O Prompt open charm mesons and baryons (and their charge conjugates) are

measured at central and forward rapidity and over wide p; range

— Total charm cross section determination using combined results from LHC

experiments
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Open charm hadrons in pp at 5 TeV

ALICE Eur.Phys.J. C79 (2019) no.5, 388, JHEP 05 (2021) 220, CMS Phys. Lett. B782 (2018) 474-493 LHCb JHEPO6 (2017) 147
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ALICE Phys. Rev. C 104 (2021) 054905
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CMS Phys. Lett. B 803 (2020) 135328
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6873-6
https://doi.org/10.1007/JHEP05(2021)220
https://doi.org/10.1016/j.physletb.2018.05.074
https://doi.org/10.1007/JHEP06%282017%29147
https://doi.org/10.1103/PhysRevC.104.054905
https://doi.org/10.1007/JHEP10(2021)159
https://doi.org/10.1016/j.physletb.2020.135328

D meson ratios in pp and Pb-Pb

ALICE JHEP 2022, 174 (2022)

ALICE
Pb-Pb, {5y = 5.02 TeV

o 0-10% e 0-10%

g 30-50%
¢ pp, (s=5.02TeV — SHMc + FastReso + corona

+1.9%

27-April-2024

ALICE Phys. Lett. B 827 (2022) 136986

-10% Pb-Pb 30-50% Pb-Pb

%ﬁﬁﬁﬂﬁﬁﬁ

+3.7% BR uncertainty not shown +3.7% BR uncertainty not shown +3.7% BR uncertainty not shown

0-10% Pb-Pb 30-50% Pb-Pb 2 345 10 2030

P, (GeV/c)

ALICE
% SNN =5.02 TeV
% %ﬁ» lyl<0.5
% % - SHMc + FastReso + corona
LGR

TAMU
Catania
PHSD

2 3456 10 2030 1 2 3456 10 20 30
P, (GeV/c) p. (GeV/c)
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https://doi.org/10.1016/j.physletb.2022.136986
https://doi.org/10.1007/JHEP01(2022)174

NAc vs D? hadronization mechanism

ALICE, Phys. Rev. Lett. 127 (2021) 202301

System: pp
ALICE @ 5.02 TeV, |n|<0.5
PRL127(2021)202301
ALICE @ 7 TeV, ||<0.5
JHEP04(2018)108
CMS @ 5.02 TeV, |n|<1
PLB803(2020)135328
LHCb @ 7 TeV, 2.0 <n <45
Nucl.Phys.B871(2013)1

—e— pp, Vs =5.02 TeV
——— PYTHIA 8 (Monash)
PYTHIA 8 (CR Mode 2)
HERWIG 7
Catania, fragm.+coal.
M. He and R. Rapp:
—— SH model + PDG
SH model + RQM

Q Different A¢c vs D9 production mechanism at central and forward rapidity?
a Pythia 8 with CR consistent with data at central rapidity
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https://doi.org/10.1103/PhysRevLett.127.202301

Charm fragmentation

ALICE Phys. Rev. D 105 (2022) L011103

= ALICE, pp, (s = 5.02 TeV

+ B factories, e'e”, Vs = 10.5 GeV ® ALICE, pp, \s = 5.02 TeV

SHM: Phys. Lett. B 795 (2019) 117-121

= ALICE, pp, Vs = 5.02 TeV

PYTHIA 8: JHEP 08 (2015) 003
—— Monash 2013

+LEP,e'e’, Vs=m, PDG, T, = 160 MeV

RQM, T, = 160 MeV
* HERA, ep, DIS ene PDG, T, = 170 MeV

L ]
J4 oHERA, ep, PHP — RQM, T, = 170 MeV

----- - CR Mode 3

2o Jy

2 o Jy

Charm fragmentation depends on collision system (broken universality)
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https://link.aps.org/doi/10.1103/PhysRevD.105.L011103

Total charm cross section in pp at 5 TeV
(ALICE data)

ALICE, Phys. Rev. D 105 (2022) L011103

O Total charm cross section at |y|<0.5

* ALICE | g B 0. = a(D°) + a(D*) + a(D*s) + o(Ac*) +2* 0 (E(°)

o PHENIX

¢ STAR O o(Ec) ~ a(EL) from 13 TeV ALICE
measurement

Q o(QPO) ~ a(EL) from Catania model
(included in syst. uncert.)

Q J/y contribution neglected

—
o
w

o
=
wn
S
v
S
>~
O
0
Q
O
go!

O Measurements at the upper edge of pQCD
calculations

4x1072 107"'2x10™
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https://link.aps.org/doi/10.1103/PhysRevD.105.L011103

Total charm cross section in pp at 5 TeV
(ALICE and LHCb data)

Y. Yang and A. Geiser arXiv:2311.07523

Q Total charm cross section
determination using D° mesons fHC(pT') .
Q Extrapolation to the full phase space
based on FONLL with non-universal - '
. , _FONLL with x 7 FONLL NP
charm fragmentation dO'HC T = fu.(p1)- ((I(T,),)_)05®DC_>HC

doy.

— funi F ( p )
= T
E\"d(/(TH(_ HC

this work
pp — cC NNLO

#Irl‘\llllr-ﬁ';%} . m¢(m_)=1.275 GeV
u=2m (m,)

HERAPDF
JR14 PDF unc.

CTi8 u unc.
ABMP16 LHCb+ALICE extrapolation

20 25
o(cC) [mb]

+0.25 +0.40 ; +0.67 \+0.13 +0.65
oce = 8.437 ;55 (data)" 575 ()T s (PDE) g 15 (1, ptr, e, ak )~ g3 (fFP)[mb]
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https://doi.org/10.48550/arXiv.2311.07523

* %
o
* *
* *

***

Open charm cross section measurement from combined LHC experiments
(Strong2020/HonexComb)

C. Bierlich (Pythia), J. Wilkinson (ALICE), J.Sun (LHCb), G. Manca (LHCb),
R. Granier de Cassagnac (CMS), and JO (ALICE) arXiv:2311.11426
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https://arxiv.org/abs/2311.11426

Total charm cross section determination in pp
at 5 TeV

Goal: Combine LHC results to determine total charm cross section, extrapolated to the
full phase space (|y|<8, pr < 36 GeV/c)

Experiment ALICE CMS LHCb
Luminosity (pb™) (19.34+0.4)x 10~ 27.4+0.6 8.60+0.33

Hadrons DY D+ D*+, Df,z\c,Eg DY A. DY D+, D**, D7
pr range (GeV/c) 0-36 2-100 0-10
y range y| <0.5 ly| <1.0 2.0< y <4.5

Q Different prrange depending on particle species
O CMS data used only for estimation of systematic uncertainties
Q Extrapolation to a full phase space requires a good parametrization
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Extrapolation procedure with PYTHIA

A dedicated PYTHIA tune (CR2) used for the kinematic charm quark mass
estimation and extrapolation

. . Parameter name Monash 2013 [43]
A Charm hadron production in PYTHIA ColourReconnection:mode .
ColourReconnection:allowDoubleJunRem
d own to IOW pT BeamRemnants : remnantMode

Ropewalk:ropeHadronization

At LO (qqecc, ggQCC) Ropewalk:doFlavour
Ropewalk:doShoving

Pa rton Shower (gQCC) PartonVertex:setVertex

R . . StringFlav:probStoUD
Multiparton interactions StringFlav:probgqtoq

StringZ:alund

Lund string model for fragmentation |[Fem,

StringFlav:mesonCvector

Colour reconnection + rope model StringFlav: probQQitoqQojoin

U000 O0

MultipartonInteractions:pTORef
Ropewalk:beta

Ropewalk:deltat
Ropewalk:gAmplitude
Ropewalk:tShove

27-April-2024 Varous Faces of QCD 2024

Used value [30,31]

1
off
1
on
on
on
on
0.2

0.078

0.0275,0.
0.0275,0.

13

0.36
0.56
1.35
0275
0275
2.15

0.2
0.05

0.0

0.1




Kinematic charm quark mass estimation

Kinematic charm mass is the only free parameter to be fixed for the cross-section
calculations in PYTHIA

O The value of m¢~ 1.5 GeV/c2 was previously used based on the results from
WAS82, E769 and E791 experiments
O Large sample of data from LHC on D° mesons is used for this estimation

00< py< 1.0 GeV/ce

D’ pp Vs =502 TeV

-$-Cms -8~ ALICE
-~ LHCb
m, =1.1 GeV/c?— m, =1.2 GeV/c?
— m, =1.3 GeV/c? — m, =1.4 GeV/c?
m, =1.5 GeV/c? m, =1.6 GeV/c?
— m, =1.7 GeV/c? m, =1.8 GeV/c?
m, =1.9 GeV/c?

. 0.12
minimum at m, = 1.45:) 1o GeVi/c?

Uncorrelated uncertainty
Fully correlated uncertainty, upper limit
Fully correlated uncertainty, lower limit

40< pp< 50GeV/c

1.8
m, [GeV/c?]

O x? calculated between data points and PYTHIA
O Minimum from the 5% order polynomial fit
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PYTHIA tune for D° extrapolation

Results shown for the +10 variation around m, = 1.45 GeV/c?

00<p, <10GeVic 10<p, <20GeVic

D’ pp Vs =5.02 TeV

—3— CMms
—$— ALICE
—$— LHCb
m, =1.45 GeV/c?
-+ m,=1.29 GeV/c?
m, =1.57 GeV/c?

40<p <50 GeV/c

N

—_ —
o o
3 3
= =
= =
] <]
2 2
o] o
S S

do/dy [ub]
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PYTHIA tune for D* extrapolation

Results shown for the +10 variation around m, = 1.45 GeV/c?

00<p, <10 GeV/c 0 l.O<pT<2.0 GeV/c 7 2.0<pT<3.0 GeV/c

60<p, <80GeV/c
5 > + .
508 % pp Vs =502 TeV
—3— ALICE
—$— LHCb

m, =1.45 GeV/c?
m, =1.29 GeV/c?
m, =1.57 GeV/c?
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PYTHIA tune for D_.* extrapolation

Results shown for the +10 variation around m, = 1.45 GeV/c?

=)
=
>
o
~—~
o]
o

27-April-2024

do/dy [ub]

20<p.<30GeV/c

Varous Faces of QCD 2024

30<p . <40GeVic

do/dy [ub]

Ve
wpp Vs =5.02 TeV
—35— ALICE
—3— LHCb

m, =1.45 GeV/c?
m, =1.29 GeV/c?
m, =1.57 GeV/c?
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PYTHIA tune for A" extrapolation

Results shown for the 10 variation around m, = 1.45 GeV/c?
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PYTHIA tune for Z.° extrapolation

Results shown for the +10 variation around m, = 1.45 GeV/c?

20<p_<30GeV/c ' 30<p. . <40GeV/c 40<p_<50GeV/c
T T 4 T

o
{

50 6.0 GeV/c
SPr SR 2 pp Vs =5.02 TeV

o

O
=
-~
o
<
o)
o

—&$— ALICE

m, = 1.45 GeV/c?
—— m, =1.28 GeV/c?
—— m, = 1.57 GeV/c?
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Total charm cross section in pp at 5 TeV

Q 0. =0(D° + a(D*) + (D+s) + 0(Ac*) +2*0(EL)
O o(E:) ~ a(EL) from 13 TeV ALICE measurement
Q o(Q0) ~ a(EL) from Catania model (included in syst. uncert.)
Q J/y contribution neglected

O Extrapolation to full phase space (|y|<8, pr < 36 GeV/c) using Pythia tune with
m. = 1.45 GeV/c?
Q Fractions extracted using exclusively Pythia spectra

O Systematic uncertainties include

O *1o variation around minimum m, = 1.45 GeV/c?

A Correlated and uncorrelated contributions propagated from measurements

O Monash2013 tune used for E:° extrapolation (rapidity dependence not
measured) — lower limit

A o(Q0L) ~ o(EL) — upper limit

Q Alternative extrapolation with Tsallis (in p;) and Gaussian (iny)
parametrizations
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Total charm cross section in pp at 5 TeV

arXiv:2311.11426

O Total charm cross section, extrapolated to the full phase space (|y|<8, pr < 36 GeV/c)
O Measurements at the upper edge of pQCD calculations (m, = 1.5 GeV/c?)

D°+ D"+ D
ALICE
ATLAS
LHCb

» 0 @

PHENIX

STAR

HERA-B (pA)

E653 (pA)

E743 (pA)

NA27 (pA)

NA16 (pA)

E769 (pA) D%+ D" + D + AL + 207
NLO (MNR) »

S e «a<|EHO *D»

—&— HonexComb

4
7
4
‘] % |:| HonexComb (extr. unc.)

4

oe=(pp, 5.02 TeV) = 8.34 + 0.22(stat.) 937 (syst.) 1936 (extr.) *9-8(Q2.) mb
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https://arxiv.org/abs/2311.11426

Summary

O Non-universal charm fragmentation in pp and ep/ee collisions
QO Total charm cross section estimation, extrapolated to the full phase space

FONLL based data driven approach (D° mesons from ALICE and LHCb) arXiv:2311.07523

Tee = 8.4375% (data)™ ) (/)P OSLPDF G (i g, ptr, e, ak ) 755 (FPP) [mb]

Pythia 8 tune (CR + rope model, m.=1.45 GeV/c2) based extrapolation using open charm
mesons and baryons from ALICE, CMS and LHCb) arXiv:2311.11426

oz(pp,5.02TeV) = 8.34 + 0.22(stat. ) syst.) o3¢ (extr.) 75-°%(Q,) mb

More data on charm baryons from LHC experiment would be beneficial!
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https://doi.org/10.48550/arXiv.2311.07523
https://arxiv.org/abs/2311.11426
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2024 | 2025

2030 2031 | 2032 | 2033 2034 2035 2036 2037
A 1ot 3 FM A3 [2]AISIOINDI[FMAM I3 A [ASIONDI[FMAM

SO BAz l|:

Shutdown/Technical stop
Protons physics

ITons

Commissioning with beam
Hardware commissioning

LS3 upgrade: ITS3

ALICE Upgrade

A, = pK*

Pb-Pb 0-10%, {Syy = 5.5 TeV
L =10 b’

Significance

Cylindrical
Structural Shell

Half Barrels
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ALICE Performance

10-30% Pb-Pb, s, = 5.36 TeV
2< p, < 4 GeVic

Ds — ¢n" — K'K'* and charge conj.

e Data
-- Background
— Total fit function

175 18 185 19 195 2 205 2.1
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LS4: Future heavy-ion detector (ALICE 3)
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Vertex
ECal Detector
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PYTHIA tune for D° extrapolation
(HonexComb)

—T T T T T T T T T T
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102 E Ei,

——

d*c/dp_dy [ub]
d*o/dp,_dy [ub]

10 =

I FEERTTTT EETETE R BT A RETT

H

8 10
P, [GeV/c]

LHCb 3<lyl<3.5 LHCb 35<lyl<4

LHCb 4<lyl<4.5

d’o/dp, dy [pb]

T T

|

dzc/dedy [ub]

|

+

|qul MERETTT B AR ETTT BT AR RIT
{ PRI B AR RTTIT RN RTTT R AR ETT

1
1

I é - I10 IlO — — — — I 10
P, [GeV/c] P, [GeV/c] P, [GeV/c]

27-April-2024 Varous Faces of QCD 2024




PYTHIA tune for D° extrapolation
(HonexComb)

LHCb 25<lyl<3

H+

T
r

8 6 }
Py [GeVi/c] P [GeVi/c]

LHCb 3<hi<35 4 Z | LHCb 3.5<lyl<4

in s in

n 1o

..
=
i

8

s

6
Py [GeVi/c]
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Open charm hadrons at

Eur.Phys.J. C79 (2019) no.5, 388

LU

T HIIII‘

ALICE
pp, \s =5.02 TeV

L

g Ca— g
p, (Gevic)

1 1110

11 HHIIl

(wlo vertexing)/a(with vertexing)

an
+°*

o

1| IIIIlI|

Prompt D°, |y|<0.5

¢ with vertexing

= w/o vertexing

11 IIIIII\

—¢—

+ 2.1% lumi, £ 1.0% BR uncertainty not shown

C_1 IHIIII]

o v by b b b by |l
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25 30 35
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pp, \s =5.02 TeV

Prompt D°, y|<0.5
—=— ALICE

E= FonLL
===
+21%

lumi, + 1.0% BR uncertainty not shown
PN U AU R R

pp, 1s=5.02 TeV

Prompt D’ |y|<0.5
—=— ALICE
[ k; factorisation

IRRLLL

H

2.1% lumi, = 1.0% BR uncertainty not show!

P e e e by
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-019-6873-6

Open charm hadrons at LHC

JHEP 05 (2021) 220

1C)

ALICE
pp, Vs =5.02 TeV

Prompt D° Prompt D*
Data « Data
FONLL FONLL

Non-prompt  Prompt
«D° -p°
sD" D"
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dy)(ub GeV™' ¢
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Data
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B
e
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1073 4+2.1% lumi. unc. not sh
EBR syst. unc. not shown

N NN NN N il
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pT(GeV/C)

ALICE
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Data ”
Non-prompt D’
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R unc. not shown

10 12 14 16
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https://doi.org/10.1007/JHEP05(2021)220

Open charm hadrons at LHC

Phys. Rev. Lett. 127 (2021) 202301

)

Prompt Ag _
pp, Vs =5.02 TeV —e— pp, Vs =5.02 TeV
T yl<05 ——— PYTHIA 8 (Monash)
p-Pb /A, \s, = 5.02 TeV PYTHIA 8 (CR Mode 2)
-096<y<0.04 I <ieieier. HERWIG 7
Catania, fragm.+coal.
M. He and R. Rapp:
T <05 . —— SH model + PDG
p-Pb /A, \s, =5.02 TeV SH model + RQM

NN

~0.96 <y <0.04

T

Prompt D’
pp, Vs =5.02 TeV

do/dydp_ (Lb/GeV/c
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Open charm hadrons at LHC

Phys. Rev. C 104 (2021) 054905
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Open charm hadrons at LHC

JHEP 10 (2021) 159
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Open charm hadrons at LHC

Phys. Rev. D 105 (2022) L011103
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Open charm hadrons at LHC

CMS, Phys. Lett. B782 (2018) 474-493 CMS, Phys. Lett. B 803 (2020) 135328
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Open charm hadrons at LHC
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Open charm hadrons at LHC

LHCb Coll., Nucl. Phys. B 871 (2013) 1-20
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Prompt A, baryon production in pp and Pb-Pb

Constraining hadronization mechanisms Phys. Lett. B 839 (2023) 137796

D 1.4FALICE 0-10% Pb-Pb+lyl <0.5  30-50% Pb-Pb+|s,, = 5.02 TeV pp

SHMc + FastReso + corona
Catania
TAMU

* Prompt Ac/ D meson ratio in pp and Pb-Pb compared to model predictions

 Ac/ D ratio increases from pp to central Pb-Pb collisions at intermediate p; =2
enhanced production via coalescence

* All models include hadronization mechanisms via coalescence and fragmentation (at

high p)
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