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Investigation of charm-quark hadronization

in proton-proton collisions with ALICE



Introduction

ALICE

e The production of heavy-flavor hadrons in hadronic collisions can be described
within QCD factorization:

doaB—n :[fi/A(Xia Qz) ® £/8(x;, QZ)]@)[dUijéqQ(Xin, Q2)]®[Dq—>h(z7 Q2)]

Hard scattering Fragmentation function
cross section (pQCD) (hadronization)

Parton distribution functions (PDF's)

heavy quarks

G m_~ 1.3 GeV/c?
0 m, ~ 4.2 GeV/c*

July.19th 10AM. M.Zhang

o  Test of perturbative QCD (pQCD) calculations
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Introduction

ALICE

e The production of heavy-flavor hadrons in hadronic collisions can be described
within QCD factorization:

doaB—n :[fi/A(Xia Q%) ® fj/B(XjaQ2)]®[(iaij—>qfl(xixij2)]®[ Dy_n(z, Q )]

Hard scattering Fragmentation function
cross section (pQCD) (hadronization)

Parton distribution functions (PDF's)

o PDFs and hadronization are parametrized and extracted from measurements
m PDFs e.g. deep-inelastic scattering
m Fragmentation functions & fractions, ete  and ep collisions

o  Test the universality of hadronization at the different collider experiments
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ALICE experiment in Run 2

Time Projection Chamber (TPC)
Tracking, PID via dE/dx

Wamaaes ;-
VQ dete.etor ), #
Triggering i

Inner Tracking System (ITS):
Tracking and vertexing

Time-of-Flight (TOF )detector:
PID via time of flight

A (udc) — pK— 7™, pK?

ot (dde, uuc) — AF 7t

Measured D*(dc) - K wtnt
i Zd(dsc) = E ey, 2 " +(_ ) N PR
particles .\ Dy (5¢) > &7 - KK 7
(talk here) B¢ (usc) = E-nrwt D**(dc) — D7t — K- wtat
Q(ssc) = Q7,0 e v, J/¢(ec) —ete”
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ALICE experiment in Run 3

ALICE
Run 3 upgrades: A e
e Upgraded ITS detector %103 b
Gas Electron Multipliers (GEMs) in TPC readout % . gﬁﬁga}:
e Data acquisition in continuous readout mode Lglmz ~ \“
e New Fast Interaction Trigger (FIT) trigger § = .f_
e Muon Forward Tracker(MFT) 2.5 <n < 3.6 T
o 1 P, (GeV/ ;)0

New entries for D* s ¢t — K+K-n+

the measured =04+ (2520) — At ot — pK-at ot

particles
(talk here)
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D-meson production in pp collisions

ALICE

e Yield ratios are sensitive to the hadronization mechanism

o  Meson-to-meson ratios in agreement with e™e and ep results and with models

o L A L B R R B R — T T L I
Q 1 22ALICE ly|<0.5 | O [ALICE ly|<0.5 |
A “lpp, s=13 TeV ] o 0.5.PP, Vs =13 TeV ;
3 - Prompt D Non-prompt D 1 e [ Prompt D Non-prompt D ]
Il 1.0 ¢ data e data ) . I odata e data ]
Q/ [| 7 FONLL FONLL+PYTHIA 8 | 0 0.4; FONLL+PYTHIA 8
3 4 |

i R v
= = 02 & ————
; . oz
| ] i Pt == _, , B
] 0.1 &7 e
[ 1.9% BR unc. not shown ] 3.3% BR unc. not shown

. C . ] HEP
0 5 10 15 0 5 10 15 50 J 10 (2022) 137

20
JHEP 12 (2023) 086
p, (GeVic) o P (GeVic) i oa02 16417

Prompt D meson: from charm-quark fragmentation or the decays of excited open charm states Run 2 results

Non-prompt D meson: coming from beauty-hadron decays
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D-meson production in pp collisions %

ALICE
e Results are compatible with the values measured in e™e” collisions
m L L L B A B
Dg . LEP e'e”, {s=m, ——
Q/ average | 1
H1ep O.5><1(S PS
DO D+ pT(D)>2.5 GeVic | 1
Q - ° i ZEUS yp 0.5y, e
B p.(D)>38GeVic | B
ATLAS 0.5xy_, pp Vs=7TeV — o
e No significant collision system and energy piDI>0 | B
. ALICE 0.5xy , pp Vs =7 TeV
dependence of charm quark fragmentation o PP o s
fraction ratios into strange and ALICE, pp Vs = 5.02 TeV -
pT(D)>1 GeV/c, p; constant fit | ]
non-strange D mesons
ALICE, pp Vs =13 TeV theory sys —
pT(D)>1GeV/c e
0 005 o1 015 02 025
charm f/(f+f))
Indicates no modification of the hadronization of
charm quarks into mesons! JHEP 12 (2023) 086 | R 2 results
arxiv:2402.16417
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Story for charm baryons

ALICE

e HF-baryon puzzle at the LHC

o  Disagreement from the results of the eTe” collisions

AL
OD [ T T T T | T T T T I
= 1-ALICE pp, /s =5.02 TeV g e Strong p, dependence
< [ <05 A& :
I —#=— ALIGE ] e Underestimated by PYTHIA 8 Monash
B —— PYTHIA 8 (Monash)  _|
L HERWIG7( onash) a o standard Lund fragmentation models with fragmentation
. — POWHEG i functions tuned on eTe™ data
0.6 HH —— GM-VFNS 7
o.4%L i -
j - ] -
w9 92 ete ~0.113 . 7 Ratio significantly higher w.r.t. L
— s - ——- eTe” and ep collisions “j",j
1 1 1 | | 1 1 1 1 | 1
0 5 10
P, (GeV/c) Run 2 results
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A T/D%in pp collisions

ALICE
AL
o [ T T T g e Strong p, dependence
~. J-ALICE pp, ¥s =5.02 Te¥ @« Underestimated by PYTHIA 8 Monash
< | y1<05 —=&— PRL 127 (2021) 202301 | o standard Lund fragmentation models with fragmentation

—&— This paper
—— PYTHIA 8 (Monash)
------ PYTHIA 8 (CR Mode 2)
0.6....ih— [ catania, fragm.+coal.
;- SH model + RQM

functions tuned on ete™ data
e Qualitatively described by models
o PYTHIA 8 CR Mode 2

m  Include additional junctions, increase baryon production

o
oo
S ——

0.4 o Catania

m  Hadronization via fragmentation and coalescence
o SHM + RQM
m  Feed-down from higher-mass charm baryons

o  Quark-recombination model (QCM)

-
L [
0.2 )
2 :

O 1 1 | 1 | | 1 | 1 | 1 1 |

S 10 GeV/ m  Recombination of charm and light quarks with same
oneaiine P T ( € C) velocity
Statistical hadronization model (SHM)
Relativistic quark model (RQM) PRC 107 (2023) 064901 Run 2 results
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= /D’ in pp collisions

ALICE

g T T T | T T T | T T T | T ) T I T T T | T T T | T T T
S | PYTHIA8.243 SHM+Ram ALICE 1 -
= ool Thonea301s - oo™ <05 | Charm-strange baryon puzzle at the LHC
2 = — Mode 0 — . QCM
O | --- Mode 2 -
£ — - Mode 3 — — POWLANG, HTL
e T — _ POWLANG, IQCD - .
c | BR unc. . 1 e All models underestimate the data
> =c
8 04r m pp, Is=13TeV | o Much larger enhancement than for

i z/D° pp, Vs = 13 TeV il

| ® p_>4GeV/c _ non-strange baryons?

o 3% p, < 4 GeV/c (this paper)
- ﬁ_‘é i} e (atania model describes best the data

o Related to the QGP in small systems?

2 4 6 8 10 12 14
p, (GeV/)

JEHP 12 (2023) 086 Run 2 results
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Q /D’ in pp collisions

ALICE

No absolute branching fraction for Q *—Q ™"
The p,, trend of baryon-to-meson ratio is similar as

other baryon results

Theoretical value BR(Q " —Q n") = (0.51=%

0.07)% used, which limits the conclusions

O\D/ e Data ALICE
L 1 []Catania (coal.+fragm.)
5o []Catania (coal.+fragm.+res.) pp, Vs =13 TeV
S 4o - CacMm ly| < 0.5
: PYTHIA8 CR-BLC ..
~ 1072 - [JMonash []Mode 2 BR(Q? —» Q7*) = 0.51% 550,
[ -—
G 1073 —
(=)&) _4
g 10
5107
10°° s
. ] . 1 " ] . I ; ! t | -
© — Tt —+— 11—+ 3
£ 6F BR-=051% — =
IS E BR unc. not shown | I S -
= —
O == =
slap o === E
g L I 1 I I =
L 2 4 6 8 10 12 1
P, (GeV/c)

PLB 846 (2023) 137625
EPJC 80 (2022) 1066
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Branching fraction constraints needed !
— Input to understand charm baryon produection

Run 2 results
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Q " branching ratios

LI IIIIIIIIIIIIIIIIIII||

xe®
CLEO —=
~ ALICE o
. Vs=13TeV
Belle +4 PP

— Light-front approach
EPJC 80 (2020) 11, 1066
Light-cone sum rules
PRD 106 (2022) 7, 074022
SU(3)f
PRD 109 (2024) 3, 033004

= CLEO
ALICE EE PRL 89 (2020), 171803

-©-Belle
PRD 105 (2022) 9, L091101

I[lllIlI|IIII|IIIl|IIlIIII]I|IIIl|III

05 1 15 2 25 3 35 4
BR(QY — Qe* v,)/BR(Q} — Qn¥)

arxiv: 2404.17272, accepted by PRD
Tiantian Cheng, ICHEP 2024

ALICE

Our new result for the BR:
o 1.12 &£ 0.22(stat.) £ 0.27(syst.)

Within 2.3c of Belle measurement

Belle
o 1.98=+ 0.13(stat.) &= 0.08(syst.)

In agreement with theory predictions

Run 2 results
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Charm-quark f{c—h ) in pp collisions

- 1 | | | | |
< | ALICE, pp ly| < 0.5 \
T . = V{s=13TeV |
= 0.8 =is=502TeV |
|
|

+ B factories, e'e”, Vs = 10.5 GeV
+LEP,e'e’, V\s=m, |
e HERA, ep, DIS

o HERA, ep, photoproduction }

|
|
|
|
m
|><20|

ALICE

Sum of prompt D', D, D A 7= 0/ production

cross section

e flc— A) larger than ete’, ep by X~ 3
e f(c— D° lower than eTe, ep by X~ 1.5
e No significant energy dependence in pp collisions

JHEP 12 (2023) 086

Tiantian Cheng, ICHEP 2024

Baryon enhancement at the LHC

e Observation of different fragmentation fractions
at the LHC with respect to eTe’, ep
e Modification of hadronization is needed !

Run 2 results
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New results from Run 3 o

s ALICE
'b 1:|||||||||||.||.|||||||||||||l||||ge«
» _F ALICE Preliminary  p*- ¢ga*— K*K_nk‘
0 0'9:_ pp collisions and charge conj. -
C lvl< 0.5 BR unc. (not shown): 7%
0.8~ 4 -0 (s=13.6TeV

C D ¢t K'K'n*

0.7F and charge con;. ‘
0.6 |
D'— oK m* m

and charge con;.

e First measurement of prompt D /D™ ratio

in pp collisions at 13.6 TeV

o  An improvement in granularity by a factor of 2
for 1< p, <6 GeV/c
o Downto p,=0.5GeV/c

0.5

0.4

0.3

III|IIII|IIII|IIII|IIII|IIII|[III|II]I|

0.2 BR unc. (not shown): 3.2%
C -0~ Vs = 13 TeV, JHEP 12 (2023) 086
0 13_ - (s =7 TeV, Eur. Phys. J. C 77 (2017) 550
" = Vs =5 TeV, JHEP 05 (2021) 220
O_III[|IIII|IIII|IIII|IIII|IIII|IIII|_
0 5 10 15 20 25 30 35

Run 3 results
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New results from Run 3 %

ALICE
+D 1:| T TT | T 1T | I. T I. T | T 1T | T T 17T | T 1T | ) ge« +D 1:| T T | TTT | TTT | T I.I | I.I T | TTT | TTT | TTT | TTT | TTT | TTT | TT |:
o oF ALICE Preliminary D*— ¢n'— K'K n* +» __F ALICE Preliminary D*— o' — KK o+ .
0'9:_ pp collisions and charge conj. - = 0'9:_ pp collisions and charge conj. =
C ly|<0.5 BR unc. (not shown): 7% C Vs =13.6 TeV BR unc. (not shown): 7% D
081 oo KK o (5=13.6TeV = 085 i s KK o1yl <05 E ¥ :
L s ] C “s . \
07 f_ and charge conj. m _f 0.7 and charge conj. - Q/
0.6~ [ ] 0.6:_ $ —: / D&
05U AE | - 051 % iF - Q,
A = ] - # .
041 Ty —H—TF E 04F 4 : E
0.31 D'~ x'K m* = o.s?ﬂ D'— K =
H and charge conj. ] u and charge con;. =
0.2 BR unc. (not shown): 3.2% - 0.2 BR unc. (not shown): 3.2% —
ot - {513 Tev, JHEP 12 (2023) 086 3 C LHCb, Vs = 13 TeV, JHEP 03 (2016) 159 ]
0 13_ - {s =7 TeV, Eur. Phys. J. C 77 (2017) 550 = 0.1 |20<y<25 —
" - (s =5 TeV, JHEP 05 (2021) 220 7 - +-25<y<3.0 E
: : L1111 I 111 | 111 | 111 | 111 | 111 | 111 | 111 I 111 | 111 | 111 | 1117
00 L 111 5| 111 |1|0| [ I1|5| (I |2|o| L1 ]2|5| [ I3|O| 11 |3|5 00 2 4 6 8 10 12 14 16 18 20 22 24
p. (GeVic) : p. (GeV/c)
e No significant energy and rapidity dependence observed Run 3 results
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New results from Run 3

6 4-0 _I T | T TT | 1T | T TT I T T | 1T TTT TTT | T ge«
S [ ALICE Preliminary

+ 35 pp, Vs=13.6 TeVv -

050 . ly| < 0.5 ¢ Data :

= F ]

0 300 pyTHIA 8, Mode 2 E

vl - [ probQQ1toQQOjoin_charm = 0.0275 (default)

<§ 2.5 [ probQQ1toQQOjoin_charm = 0.5 -

- [ probQQ1toQQOjoin_charm = 1 .

2.0~ - “\\\%6 ]

- e\)e\ = -

- a\ a'“\ ‘Za ]

1.5 A\ N‘ de (] | _]

e ] ]

1.0 i -

0.5 e -

L 0 i

04+ I N :

30,++ \e‘i‘c\““ -

%
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2 4 6 8 10 12 14 16 18 20
pT(GeV/c)

First time for the baryon resonance
x % (2520) measurement at the LHC
o Add further inputs to constraint
hadronization

New models with tuned parameters on
PYTHIA 8 Mode 2 can catch the data

o Modified parameters related to amount of
suppression for heavy diquark spin 1 state w.r.t
spin O

Constraint power for model !

Run 3 results
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Summary and outlook

e (Charm-hadron measurements with Run 2 data
o  Charm meson: in agreement with model calculations

o  Charm baryon: significantly enhanced production in pp collisions wrt leptonic collisions

e C(Charm-quark hadronization is not universal across colliding systems

S t ay Tune d‘

e (Charm-hadron measurements with Run 3 data

o  More precise studies with an extended observables in Run 2
o More differential measurement and extended p,, reach

e Better constraints to theoretical models implementing different hadronization

mechanisms

Thanks for your attention <




ADDITIONAL SLIDES
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Charm baryon-to-meson yield ratios

ALICE
20,++

Q O_8_||\||||‘||| LN N I L L L L O 0_6_ T T T T T T T T T T T T ]
™ - ALICE s . = - ALICE =0/0 .
r " ,V§=13TeV A © - e =D BR unc. ]
o 07 Wi<0s PP ] S 05E PR, (s=13TeV | s ]
T 06F o PYTHIA 8.243, Monash 2013 = 2 C <05 N SHM+RQM ]
ONO C PYTHIA 8.243, CR-BLC: 7 () 4 r 7 Catania (coal.+fragm.) 8
05F -~ Mode 0 ---wmo - Mode 2 = & o4r (|| 2 QCMm -
E o Wlode 3 sram e - PYTHIA8.243 ]
o % + - ! — LLELL —
0.4 | - Gatania ] c 0.3 - mOgasg .
- QCM ] (@] L 0909 -~ £ mmmas ode .
0.3F _ 3 > r Mode2 1
. BR uncertainty ] g 0.2 :l % L — — Mode 3 —
A 7 2 ]
z 0.1 .| % :

:I vl by e b by by Ly g | |: 0- peamaduenmannna JERREHE Sy A 1 P

2 4 6 8 10 12 M4 2 4 6 8 10 12 14

Pr - p. (GeV/c)

Run 2 results
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ALICE experiment in Run 3 %

ALICE

e Large data samples thanks to TPC continuous readout
e Improved impact parameter resolution

0,++
3 e
qy 4000
> [ ALICE Preliminary
> r
= 35 pp, (s =13.6 TeV -
= F 2O Al — pKom
2 30 d charge conj -3
& T 52(eass) anc ehatge conl. y A
S r ++ +y _ 2
3 o5 HE) -~ ulhc) = (167.23£ 0.06) MeVic S | ALICE Performance 1
o r o=1.2MeV/c? (fixed) éi =
C Signal = 17288 + 435 = Fpp, Vs =13.6 TeV 1
20— — 12—pT>5GeV/c .
u o L ,
15— /> 8<p <12GeVic S |
C 0, ++ 9
c 0+ (2520) o ,
10 L) - u(AD) = (231.34 + 0.53) MeV/c? B |
E & = 1.2 MeV/c2 (fixed) -(_%’ 10
5 Signal = 24758 + 1558 £ ¢
C o -
- Z 0 .
E 4000F - B — Ex*and charge con;.
2 3000E : g o Data
S ?888{ E | - Background |
% 0% Hrgtog '.w.w’“m“.”v‘.m OA;A_MMVA.»" Ym'b o" mé —TOta| ﬁt funCtion
a E. ) , K , . RARDE L A4 |
014 0.16 0.18 02 022 024 026 028 e L

M(pKrr) - M(pKr) (GeV/c?) 2 22 24 26 Run 3 results

M(En) (GeV/c?)
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New results from Run 3 %

ALICE

E(.D? 4.0:| T | TTT | TTT | TTT | TTT | TTT | TTT | TTT | TTT | TTT I I:: | ge«
N . 5:_ALICE Preliminary . Data x P integrate&/
So PP ‘%; 13.6 Tev PyTHAE T | e First time for the baryon resonance
S 3.0F i <0. [JMonash - SHMc GSI-Heidelberg - 0,44
S 7 CiModeo T ) ] X YT (2520) measurement at the LHC
o) - T [¢]T,=156.6 MeV 1 c
\C}.I/ C SHM+RQM DMOde2 T
t 257 _ —+ -
s Ty =170 Mev (IMode3 1 pele (PRD 87, 072005) ]
2.0F Fee-nszcev 1 e The two 3 Ot states ratios are consistent
| sE i m . = Diea _3 between eTe collisions and pp collisions within
T L ] ] ..
; -+ lll - =l uncertainties
1.0 ‘ - .
E/ 7 7L / E
05 k3 1 o Models fail to describe the p,-differential
:I L1 | L1l | L1l | 111 | 111 | L1l | | | 111 | L1l | L1l I I:- l ZO,++ -
002476 8 10 12 14 16 18 20 results
P, (GeV/c) \

Run 3 results
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