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Heavy quarks: a unique probe
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e Mass of the GeV/c? order — charm and beauty quarks mainly produced
only in the hard scattering processes

e Pb-Pb collisions:
o quark gluon plasma (QGP) — parton d.o.f.

o charm and beauty (production timescale At~ 1/Q ~ 1/2m)
produced before the QGP (At ~ 1 fm/c)

o  full system evolution experienced

> Charm ., Beauty
° : .
Me;iurement oflilzavy he}drons access to charm & m_~ 1.3 GeV/c? v m_~ 4.2 GeV/c?
and beauty quark dynamics At_~0.08 fm/c At, ~0.03 fm/c
i il 8--8
Pb Pb Pb
Test of pQCD calculations Cold nuclear matter effects Hot nuclear matter effects
e Reference for heavy-ion e Modification of PDF in e Energylossin the QGP

collisions bound nucleons e C(Collective motion
e Modification of hadronization
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Charm and beauty hadrons from e*e™ to Pb-Pb

e e
—> <«—o Pb’—’<_.Pb
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e “Point-like” object interaction e QGP: complex system with partonic d.o.f
e Fragmentation in the vacuum ) e Hadronization is modified by coalescence
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Fragmentation 2 10* S Coalescence
. T . 16 recombining part . .
® Hard scattering: e’e’—qq R P02 Partba e Heavy quark recombinates with
. L q1+ q2+ q3 y . .
e C(Color s—t_rlng: VCOmeH(r) ~ KI . ORI light quarks in the QGP
e New qq pairs from multiple e Expected increase of hadrons at
string breaking (confinement) intermediate-low p.,
e QGP: interplay
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Charm and beauty hadrons from pp collisions
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e Superimposition of many “e*e™ collisions
e (Changes in hadronization due the the
surrounding color charges and those from MPI?

e Standard description of heavy-quark hadronization based on a factorization approach

e Fragmentation functions assumed universal among collision systems and constrained from e*e™ and
e’p measurements

N Z2
dotic do© \,7’1 =xh .Q/i
o (Pr; U, r) =|PDF(xy, ufp) - PDF (x3, up)|® W(xl'xz»#R'HF) QPDesn (z = PHC/??c:.UF) @ |
Pr T
] P, o 0, = x,P, \ )
Parton Fragmentation SSS
distribution function

functions (PDF) (pQCD) (hadronization)
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Charm (and beauty) mesons
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ALICE: JHEP 05 (2021) 220 LHCb: [HEP 03 (2016) 159
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https://link.springer.com/article/10.1007/JHEP05(2021)220
https://link.springer.com/content/pdf/10.1007/JHEP03(2016)159.pdf

Charm and beauty baryons
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ALICE: Phys. Rev. C 104 (2021) 054905 LEP: EP]C 75, 19 (2015) LHCb: Phys.Rev. D100 (2019) no.3, 031102
Phys. Rev. Lett. 127 (2021) 202301 CMS: Phys. Lett. B 803 (2020) 135328
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054905
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.202301
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.031102
https://link.springer.com/article/10.1140/epjc/s10052-014-3250-3
https://www.sciencedirect.com/science/article/pii/S0370269320301325?via%3Dihub

Charm and beauty baryons
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ALICE: Phys. Rev. C 104 (2021) 054905 LEP: EP]C 75,19 (2015) LHCb: Phys.Rev. D100 (2019) no.3, 031102
Phys. Rev. Lett. 127 (2021) 202301 CMS: Phys. Lett. B 803 (2020) 135328
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0 5 10 ) in pp collisions at the LHC?



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054905
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.202301
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.031102
https://link.springer.com/article/10.1140/epjc/s10052-014-3250-3
https://www.sciencedirect.com/science/article/pii/S0370269320301325?via%3Dihub

Charm “baryonization” - the Lund fragmentation

ALICE: Phys. Rev. C 104 (2021) 054905
Phys. Rev. Lett. 127 (2021) 202301
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< ——— PYTHIA 8 (Monash)
[ Rat PRAdbOR e HERWIG 7 i
L —— POWHEG ’
pQCD —— GM-VFNS
“simple” CR (next slide)
o Tty ‘
|| x5 @ l
L —_— CET T — =4 -
1 1 1 1 I 1 1 1 1 I 1 1 1
g 5 10

mfaggin@cern.ch

8/22

PO—><—GP

tm? tm? -
P(string breaking) « exp (— T'q> = exp (_ i i 4] exp <_ﬂ

K K
. . . . . _11 [ = ” ag s
u:d:s 1:1:1/3:{10 Tunneling” probability
q q L http://home.thep.lu.se/~torbjorn/talks/dur
@ ® (a) Original qq string

ham09.pdf

® C ® (b) Meson
q q q q
*—0—0 &—0—F@ (c) Baryon

—0—0 &—0@ &—O0—@ (d)Popcorn

Fragmentation parameters for these simulations (calculations) tuned to previous e*e” and e p collision



http://home.thep.lu.se/~torbjorn/talks/durham09.pdf
http://home.thep.lu.se/~torbjorn/talks/durham09.pdf
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.054905
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.202301
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Charm “baryonization” - color reconnection (CR)

9/22

PO—><—GP

e Initial state not insensitive to strong force (coloured partons, beam remnants)
e MPI — crucial to explain underlying event

Subleading topologies

No CR
W Partons from different MPIs do not interact /

— _-

1 el Baryon! (singlet)
3R3IR3 F (10/D|8D 8 I(%JL —> Probability = 1/27
uncorrelated
quarks
topology: incoherent addition of the 3
quarks — 3 color strings connected to the beam remnant
(B) CR within Leading Color
@ @ e (R allowed among partons from different MPIs to minimize string length

e Implemented in Monash
@ @ @ e A */D°underestimated by a factor ~5 at low p
c T

[HEP 08 (2015) 003



https://link.springer.com/article/10.1007/JHEP08(2015)003
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Charm “baryonization” - CR beyond leading color
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e Initial state not insensitive to strong force (coloured partons, beam remnants)
e MPI — crucial to explain underlying event

No CR CR beyond Leading Color approximation (CR-BLC)
0 “Simplified QCD” with 9 color indices to determine the string formation

. . String length minimization over all possible configurations, even those

beyond the Leading Color topology

— Monash: only CR among LC

e Enhanced leading color among MPIs and beam remnants

e Conditions for color reconnections:

CR-BLC: junctions o Invariant mass of string j-th must overcome a threshold m,
(D) @ @ C= moj/m0 >1 : enhanced reconnections
o  Causality: two strings must resolve each other between

formation and hadronization, according to the time dilation due
@ to the relative boost
—Mode 0, 2, 3: different “severity” on this condition

JHEP 08 (2015) 003



https://link.springer.com/article/10.1007/JHEP08(2015)003
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Charm “baryonization” - statistical approaches and coalescence
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SHM+RQM  PLB795(2019)117-121 P0—><—3 p

e Hadron formation driven by the mass at a hadronization temperature T, — stat. weights ni~miz THKZ(mi/ T,)
e Strong feed-down from an augmented set of excited charm baryon states
o PDG:5A,3%X,8E,2Q

o RQM: additional (not yet measured) 18 A ,42%,62=,34 Q n [X10 fm™] |, Z 0+ Qo
C C C C (T]-[ [MeV]) c c c

Quark Coalescence Mechanism (QCM)  EurPhys.|.C[2018) 78: 344 PDG (170) 0.3310 | 0.0874 | 0.0064

e Thermal weights to account for relative production of scalar and
vector mesons

e Hadron p_- spectrum from recombination of charm quarks from
the hard scattering with equal-velocity light quarks in the nearby in
phase-space

Catania coalescence model PLB821, 136622
e Thermalised system of u, d, s and gluons E

e Charm quark can hadronize either via fragmentation or coalescence

RQM (170) 0.6613 | 0.1173 | 0.0144

e (Charm hadronization into ground and (PDG) excited states

o The latter ones increase the abundance of the former ones
o Statistical “penalty” weight [m,./m ]*/*Xexp(-AE/T)



https://epjc.epj.org/articles/epjc/abs/2018/04/10052_2018_Article_5817/10052_2018_Article_5817.html
https://www.sciencedirect.com/science/article/pii/S037026931930382X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269321005621?via%3Dihub

A_*/D° ratio in pp at the LHC vs. model predictions
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ALICE: Phys. Rev. Lett. 128, 012001
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o pp, \s=5TeV
e pp, Vs=13TeV

ALICE
ly| < 0.5

PYTHIA 8.243, Monash 2013

PYTHIA 8.243, CR-BLC:
....... Mode 0 —== Mode 2

SHM+RQM
Catania
—— QCM

lIIIIIIlIIIIIIIIIllll

3
)
f
¢

llll;rlllllllllllll

PR I T AN I O N O Tl O O
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5 10 18 20 25
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Coalescence Excited Thermal A */D°
baryons | component c
X (not
CR-BLC X explicit) X e
SHM+ X L4 PDG V|
RQM + RQM e -
Catania 4 L4 PDG V| V|
X (not 7 slightly
QCM - explicit) e higher

AC"/D0 ratio underestimated by a factor ~5 at low p.. by Monash — only CR among LC topologies

At/ D° ratio described within uncertainties by other models introduced (QCM slightly higher) despite

the different mechanisms assumed

— Can we learn something more from other charm baryon measurements in pp collisions?



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.012001
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ZC°'+'++ production in pp collisions at the LHC
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| e*e- at Vs = 10.52 GeV et e | ALICE: Phys. Rev. Lett. 128, 012001 p 0—»
| Phys. Rev. D 97, 072005 o —r —@ | § 08—
: | @ [ ALICE . _ .
: wb M flm)=a expla,m) | X 07F |4<05 pp, s=13TeV 4
E ‘ a - 1
| (PYTHIA 8) _ | £ 06F - PYTHIA 8.243, Monash 2013 =
PP m(ud), = 579 MeV/c? N PYTHIA 8.243, CR-BLC: ]
bl T ey m(ud); = 771 Mev/c? | 05F T Nodes | M®E 3
| T f e P (2625 : 04 oA ]
| ¢ o e = : — QCM 1
| Pl | 0.3F W
"e >.(2520) | 5 N M BR uncertainty ]
: 02L 3
C h R ]
| I $.(2800) | 0.1 5, E
| 10_21 2I - I2‘3I - I2J4l - éls‘ - ‘2\6I - ]2‘7I - I2‘8l 1 | | E i E
3 2 5 . A . B = TR ) (T O VO N YOS 72 A e e T /00 A S YOr A 1| (A O R | |
| mass (GeV/c?) : 2 4 6 8 10 1%G il/‘}- )
p. (GeV/c
| e X states suppressed by ~3-4 than A ones T
| ¢ PP y ¢ l 0,+,++ 0 :
e String model: penalty due to the diguark mass! e X ™""/D”underestimated by Monash (larger
| g p @ » . + 0
| o A *(I=0): c-(ud) | discrepancy than for A */D")
C ' 0 o
| o X '(I=1): c-(ud), I £ %***/DP ratio described within uncertainties
| | by other models (CR-BLC slightly higher)
| Penalty due to mlud), > m{ud), i | —no diguark penalty factor assumed



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072005
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.012001

ALICE: Phys. Rev. Lett. 128, 012001

°
Q 1_2 L T T I T T T | T T T | T T T | T T T I T T T l T T I_
™ L ALICE ]
X n: ly] < 0.5 ¢ pp, \s=13TeV -
+ O f— —
= - PYTHIA 8.243, Monash 2013
£ r r:ﬂvzmxa 8.243, CR-BLC: ]
5 o — —wm= Mode 2 ]
I i Mode 3 o ] °
e TR SHM+ROM 7
+ 0 06 j S, :\::\ 8%':6{'"8 _‘ ®
0.0 R .
0 2 : S 1 N ;
X2 [eemmosmmamemmos €'
0—..|...|...|...|...|...|...—
2 4 6 8 10 12 14
p_ (GeV/c)

|* A(2595),A'(2625), A,'(2880), A "(2940),
| decaying into A _*n(Z >**)m |
I_o Mass difference with A "~ 300-650 MeV/c? |

_________________ -
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Fraction of prompt A " production from ZC"'*'** decays at
midrapidity in pp collisions at Vs = 13 TeV at the LHC:

(2 < p, <12 GeV/c) 0.38 + 0.06 + 0.06

~2 times larger than e*e” — relative increase of ECO""**

D

M o

A

A (<X "***) /A * ratio overestimated by CR-BLC \
c C C

-l /

Default parameter tunes not fully describing the inclusive

O
prompt A * production?
o  New: c-diguark role crucial. Re-tuning needed?
o Inputs from production measurements of excited
c-baryons?
P. Skands, PHENO meeting 2021 (https://indico.cern.ch/event/1028933/

Junction baryons (e.g, from CR) are expected to be different

» In junction fragmentation, two junction legs get combined, one of which can
be a ¢ quark —f charm diquarks + a quark from a string break.

string breaking
suppression in Monash
when the heaviest
quarkisu/d,s,corb

» Radically new possibility.
~probQQ1toQQO0join = {0.5,0.7,0.9,1.0} really only guesses
5

But note can be vastly different from that of string-breaks (0.0275)



https://indico.cern.ch/event/1028933/
https://pdg.lbl.gov/2022/tables/contents_tables_baryons.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.012001
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" production in pp collisions at the LHC
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ALICE: Phys. Rev. Lett. 128 (2022) 012001
9 06 [T | T | T T g | B | T T T 9 F T I T T T T & I T | T T : 3
< r ALICE . _2 D° BR unc. "é E AL[CE ZYAL E; \—E, E
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S "L Iv<05 - : o L |y] <0.5 PYTHIA8Monash — — 1
%) - N SHM+RQM ] > PYTHIA 8 Modeg 2 o
() O 4 r 7y Catania (coal.+fragm.) ] (4] 1 0 E Catania w# =
e Ve ‘ ----- QcMm = o, E BR unc. QCM  mosuser :
9o PYTHIAB243 1 2 C SHMFRAM S i
« 0.3F Monash g ]
@) L« B @0 mmee Mode 0 B .
> C $:$'_Jt Mode 2 ] - 1E. =
© 0.2 i3 — — Mode3 o & ﬁ# ]
m ; ] /// 5 - 1
0.1 :@: . M
L Aty 2 rm E 10 1 ,&\\\\\\\\\\\ RN \\\\\1 \\\\\\\:\\W |
1 e 0 2 4 6 8 10 12 14
8 1 O 1 2 14 p. (GeV/c)
P, (GeV/c) T
e = %*/D°underestimated by all the models - 1
< | Whatabout the strangeness enhancement |
+ + ] ] ] + - " . . - - "
e D/(D"+D")inline with e"e” results |  description in these models (missingin |
— are baryons “strange”?  IHEP 05 (2021) 220 e O] CR-BLC)? Does it play a role? |

o ED*/L%*** described by Monash -E—_—————————————— ~
— similar suppression in e+e- due to similar diquark masses? (m(uu, ud, dd),~m(us))


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.272001
https://link.springer.com/article/10.1007/JHEP05(2021)220

QCO production in pp collisions at the LHC

T
ALICE u

ALICE
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ALICE: arXiv:2205.13993 [nucl-ex]

69\ e Data 66\, e Data
© Catani |.+f . 2 Catani |.+f .
= TE SCana ol ragmures) PPy (5=13TeV % 1| SlCatna (coal-iragmires) PPy VS =13TeV
g“, 1071 QCM |y| <0.5 \6/ QCM |y| <05
S PYTHIA8 CR-BLC ) % +~4[ PYTHIA8 CRBLC = = = === ===},
X402 |- CIMonash BR(QD - Q1) = 0.51%'2/%% ~ 10 [IMonash [ ]Mode 2 :BR(QE - Q) = 0.51% 250
B FE e e e - - -
‘ T 102 '
T — ! : 1
o —==——=e 1 ® Huge BR uncertainty |
_ 107 —3 | due to lack of I
7 T 10 I measurements !
o Gt L L e e e A |
S L SRunc motshomn ' % E S LE B0 1 , @ Envelope of several :
© —_ - © - . — . .
O LE  —HE =5 E O o o ey 3 : theoretical calculations ,
2 0 :‘( 1 [ T T T B = 2 0F 1 1 1 1 1 1 = | :
g 0 2 4 6 8 10 12 14 g 0 2 4 6 8 10 12 14 |-
P, (GeV/c) P, (GeV/c)

_ | What about the strangeness enhancement
CR-BLC underestimates the data |  description in these models (missing in

Coalescence models get closer to the | CR-BLC)? Does it play a role?

measurements E—_———,e—,ee— e —_——— — —
Q °/E ° described by Catania model = P 50_) :f(;(’;:_l()—% ______ |
(coalescence + fragmentation) including | ¢ c |
higher-mass resonance decays @ O | Sizeable charm hadronization into QCO at the LHC? |


https://arxiv.org/abs/2205.13993

Charm production in pp as a function of multiplicity

Studies vs. multiplicity can provide insights into the multi-parton interactions, the interplay between hard
and soft mechanisms in particle production

T T T T T T

| LA

M B
o 0_5_ P . -
@) r AL'%E —— - T PYTHIA 8.243 Y. Chen and M. He ]
o L PP, ¥s = eV, lyl<0. 1 —— Monash TEFE CE-SH model
O o04F N, multiplicity classes I CR-BLC Mode 0 J
C (dN_/dn): ALICE; PYTHIA; SH model T BB CR-BLC Mode 2
—a— 3.1; 2.9; 3.1 L
—— 378 406 378 EEEEC Moo
0.3 — —
! |
0.1 + -
i ! ! ' ! ————————— b
o 1_ I T I T I P | I | I _
o T ™\
~ = + \
+ 0o o \
< o8| -\ .
06__ _“L:-m- \ 5)\‘ ]
0.4 —EE_ + I}] “ E-'EIL ]
<l . , + ] v‘;~;:: -
[— s I -
PRI T I NS SN NS ST S A NS S S S T S MR I R S R P TR | TR
5 10 15 20 5 10 15 20
P, (GeV/c) P, (GeV/c)

Phys. Lett. B 829 (2022) 137065

0 . = . = = =
D_*/D%ratio flat in p,. and in multiplicity

Ratio described by all PYTHIA tunes
(Monash included) and CE-SH model at
low multiplicity

Ratio overestimated at high multiplicity
by CE-SH

A */D° ratio decreasing in p.. at all event
[ T
multiplicities

Ratio described CE-SH model and
significantly underestimated by Monash

p, dependence described by PYTHIA
BR-BLC modes
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https://www.sciencedirect.com/science/article/pii/S037026932200199X?via%3Dihub
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Charm production in pp as a function of multiplicity
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Studies vs. multiplicity can provide insights into the multi-parton interactions, the interplay between hard
and soft mechanisms in particle production

o 05 a1 img T T T ]
o 08 ALICE T ™~ 1 ]
=~ [pp(5-13TeV, <05 T et B ceonmode |
O 04 N, multiplicity classes I CR-BLCMode 0 ! mm e o
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S ——— I 1 LHCb: arXiv:2210.06939 [hep-ex]
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ALICE: arXiv:2112.08156 [nucl-ex]
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SHMc (1HEP 07 (2021) 035)
e (Grand-canonical SHM, where charm quark
is an “impurity” with thermal distribution
(thermalization)

| SHM+RQM — extra excited c-baryon contribution

| In Pb-Pb Phys. Rev. Lett. 124, 042301

| e relativistic hydrodynamics model based on Langevin approach
e Total charm production from hard | ® 4-momentum conserving coalescence

I

I

scatterings fixed by measurements of open e baryon phase-space distribution from quark and diquark ones
charm cross sections —c-diquarks degrees of freedom also here, like in CR-BLC!
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e (Charm hadron production at the LHC explained by models going beyond a pure fragmentation scenario
— hadronization is not a universal process among collision systems

e Not a single model able to explain all the baryon-chemistry

e Available measurements still not precise enough to reject / support one model

= Thermal + 0 0,+,++ 0 + 0,+,++ + = 0,+ 0 0 0
Coalescence Excited baryons component A'/D )2 /D AS(X, )/A, E /D Q°/D
@ .
CR-BLC X % (not explicit) X ¢ slightly X X X
higher
SHM+RQM X PDG + RQM X X
Catania PDG X Wil
resonances
QCM X (not explicit) ? slightly X X
higher
o T T T T More precise production measurements in and Pb-Pb
| What next from the p p pp

| . e New measurements (e.g. A * resonances)
experiments? L ¢ . .
[ e Polarization measurements at midrapidity? (LHCb: arXiv:2208.03262 [hep-ex])
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[HEP 08 (2015) 003

A Model parameters

A complete list of all the parameters that differ from the Monash tune for the three different models
are listed in the table below.

Parameter Monash Mode 0 Mode 2 Mode 3
StringPT:sigma =0.335 =0.335 =0.335 =0.335
StringZ:al.und =0.68 =0.36 =0.36 =0.36
StringZ:bLund =0.98 =0.56 =0.56 =0.56
StringFlav:probQQtoQ =0.081 =0.078 =0.078 =0.078
StringFlav:ProbStoUD =0217 =02 =0.2 =0.2
=0.5, =0.0275, =0.0275, =0.0275,
. .. 0:7, 0.0275, 0.0275, 0.0275,
StringHlaviprabQTo0000tn 0.9, 0.0275,  0.0275,  0.0275,
1.0 0.0275 0.0275 0.0275
MultiPartonInteractions:pTOR ef =2.28 =2.12 =2.15 =205
BeamRemnants:remnantMode = =1 =1 =1
BeamRemnants:saturation - =5 =5 =15
ColourReconnection:mode =0 =1 =1 =1
ColourReconnection:allowDoubleJunRem =on = off = off = off
ColourReconnection:m0 - =29 =03 =03
ColourReconnection:allowJunctions - =on =on =on
ColourReconnection:junctionCorrection - =143 =1.20 =1.15
ColourReconnection:timeDilationMode - =0 =2, =3

ColourReconnection:timeDilationPar - - =0.18 =0.073
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— similar suppression in e+e- due to similar |
diquark masses? (m(uu ud dd) ~ m(us) ) | P Skands, iterations with ALICE PWGHF conveners in 2020 about CR-BLC
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