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Heavy-ion collisions

* Cosmological models:
- Our universe was born from the Big Bang ~13.8 billion years ago (+/- 20 million years).
* Quark-gluon plasma (QGP): e
- The matter which existed a few microseconds after the Big Bang. e
- It forms at high T and densities, which makes the calculations extremely challenging. T
- Important testing ground for finite temperature field theory and needed to understand the early evolution of our universe.

* T. D. Lee: “In high-energy physics we have concentrated on experiments in which we distribute a higher and higher amount of
energy into a region with smaller and smaller dimensions. But, in order to study the question of ‘vacuum’, we must turn to a
different direction; we should investigate bulk phenomena by distributing high energy over a relatively large volume.”

* Multiple experiments: e.g. ALICE at the LHC.

The ALICE experiment at
the CERN LHC, JINST 3
(2008) s08002
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Heavy-flavor quarks

Production of heavy-flavor quarks (charm, beauty) ,

6 - =
occurs in initial hard scatterings of quarks and . Q
gluons,
while the production of light quarks (in the
( Q « Q

underlying event) is dominated by soft processes.

=

pair creation

Heavy-flavor quarks are mostly produced in the

initial processes with large momentum transfer. g Q 9
Q
Main processes: Q

o~
L

- Paircreation: ¢g — QQ; qq — QQ

flavor excitation gluon splitting

- Flavor excitation: (g — (Qg: Qq — Qq

- Gluon splitting: g — QQ 3



Heavy-flavor quarks
* In pp collisions:

- Test pQCD predictions (cross sections).
- Gaining information about parton shower: dead-cone effect (mass-ordering) and Casimir color factor (color charge effect).
- Test of different fragmentation models: meson vs. baryon, jet substructure.
- Provide a baseline for p-Pb and Pb-Pb collisions.
* In p-Pb collisions:
- Help isolating initial state and cold nuclear matter effects.
- Used in studying possible collective effects.
* In Pb-Pb collisions:

- Produced before the QGP (m>>T ), therefore experience the full evolution of the medium - probing the transport
properties of the medium.

- Measuring the energy loss via gluon radiation and collisional energy loss.

pp (min bias) L 4



Production of heavy-flavor baryons

* Heavy-flavor production is usually described with the factorization approach, in
which incoming hadron PDFs, hard parton-parton scattering and

fragmentation are independent: LT
_ Fragmentation
dolisd, - =3, foyalxa, Q2) @ fiyp(x6, Q2) € dolir? (xa, %5, Q*) ® Deyc(2, Q%) [ z
Parton Distribution Function Partonic hard scattering  Fragmentation Ai Xj v X \jfB“‘:w—
(PDF) cross-section Function (FF) 12?5&2 Y

in nucleon
(non-perturbative)

 Traditional assumption: fragmentation functions are universal for different
collision systems

- Frag. functions are often determined from e-e+ (or e-p) collisions, where PDF
plays no (or less important) role

* Recent experimental results (ALICE, CMS, LHCDb) on charmed baryon
production do not support this assumption! 5




Charm baryon enhancement

ALICE Coll., “Measurement of prompt DO, Lambda_c+, and Sigma_c{0,++}(2455) production in pp collisions at sqrt(s) = 13% TeV” (arXiv:2106.08278)
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Ratios of charm-baryon to charm-meson yields show a p. dependent enhancement compared to e‘e* results

. L . No CR New CR
Several scenarios are proposed to explain this observation: © ew

- String formation beyond leading color (CR-BLC) (arXiv:1505.01681 [hep-ph]), @
- Augmented set of charm baryon states (SHM + RQM) (arXiv:1902.08889 [nucl-th]), .

og@

- Coalescence models: Catania (arXiv:1712.00730 [hep-ph]) and Quark Comb. Mech. (QCM) (arXiv:1801.09402 [hep-ph]).



The enhancement depends on the multiplicity

ALICE Coll. Observation of a multiplicity dependence in the pT-differential charm baryon-to-meson ratios in proton-proton collisions at sv=13 TeV (Phys.Lett.B 829 (2022) 137065)
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« The enhancement in A _ID° also depends on the final state multiplicity at mid-/forward rapidity.
« The A_ID° enhancement with respect to event-activity qualifiers provides a sensitive probe to

access the source of the enhancement and to differentiate between the different proposed
mechanisms.

* Multiplicity: provides insights into the interplay between soft and hard mechanisms of the
particle production!



The enhancement depends on the multiplicity

ALICE Coll. Observation of a multiplicity dependence in the pT-differential charm baryon-to-meson ratios in proton-proton collisions at sv=13 TeV (Phys.Lett.B 829 (2022) 137065)
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The enhancement in A /D° also depends on the final state multiplicity at mid-/forward rapidity.
The A /D° enhancement with respect to event-activity qualifiers provides a sensitive probe to

access the source of the enhancement and to differentiate between the different proposed
mechanisms.

Goal: Understand the origin of the enhancement with detailed event activity studies!
Using standalone PYTHIA 8 to test the observable effects of the CR-BLC model.
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Event activity classifiers

* Ny — multiplicity at mid-rapidity (Jn| < 1): number of final state charged particles,
describing the activity of the whole event. P —

N, - forward multiplicity at forward rapidity (2 < n < 5),

R; = Nytransverse [ <N ransverse>: underlying event activity,

region excluding jets from the leading process. (11/3<|A¢|<211/3)

Ry\c = Ngynear-side cone / <N near-side cone>: activity connected to

the jet region, containing the leading process. V(A$p2+An32)<0.5

S,: spherocity, measures how v

Jetty (Sq— 0)
Isotropic (§y— 1)

spherical or jet-like the event is.

) - A 2
o a . | pp Xl
Sp = — X min. —
' i =(n,n.0) Zf P

X *Fig. taken from ALICE,
arXiv:2204.10157 [nucl-ex]




A, to D, ratio

A_ID° yield ratios for central and forward rapidity

Central rapidity classifier

E PYTHIA8 mode2 pp (s=13 TeV
0.9 —&— Minimum bias
Ry —#— N class #1
0.8y * —+— N, class #2
S N, class #3
0.7 %% —s— N, class #4
g N, class #5
0.6 2. & e
- + .~ === ALICE, arXiv:2011.06078
0.5/ % N
04 N
N
03w o
02
0.1
:II\IIII‘III|\II|I\IlII\IIII‘IIIl\IIlI\IlII\[III
0 2 4 8 10 12 14 16 18 20 22 24

P, (GeVlc)

A(ggc), 1=0

class| #1 #2 #3 #4
Nay | <15 | 16-30 31-40 41-50
Npw | <45 | 46-90 | 91-120 | 121-150
Rr | <05 | 051 115 1.5~
Rnc| <05 | 0.5-1 1-1.5 1.5-
So |0-0.25/0.25-0.45|0.45-0.55|0.55-0.75

A to D, ratio

Z.V.,R.V,, J. Phys. G: Nucl. Part. Phys. 49 (2022) 075005 0.1

(arXiv:2111.00060)
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* Simulation results are in agreement with the ALICE experimental data.
« For N_: a rapidity gap is present, which reduces the correlation between leading hard

processes and the multiplicity.

* Multiplicity dependence not driven by charm production in jets!
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A, to D ratio

A_ID° yield ratios for central and forward rapidity

Central rapidity classifier A (qqc), 1= 0 Forward rapidity classifier
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* Simulation results are in agreement with the ALICE experimental data.
« For N_: arapidity gap is present, which reduces the correlation between leading hard

processes and the multiplicity.
* Multiplicity dependence not driven by charm production in jets.
* Recently observed multiplicity trends also reproduced. 1
 p, dependence may be sensitive to the baryon type.



A to D, ratio

A_ID° yield for triggered events

UE activity classifier
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« Events require p.>5 GeV/c hadron trigger.
« Significant difference is observable in case of R_(UE activity).
- No significant difference when classified by R, _ classes (jet activity). ,



A_ID° yield in Min Bias Events

1; PYTHIA8 mode2 pp Vs=13 TeV
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» Spherocity provides a measure for the jettines/isotropy of events.
* Significant difference is observed for different spherocity classes at fixed event-

multiplicity.
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A ID° yield ratios - triggersvs. minbias
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- In case we require a hard process (P,"%*" > 5 GeV/c)

- Strong dependence of ratios on the UE activity,
- No pronounced dependence on the jet multiplicity.
* In minimum-bias events
- In case of high final-state multiplicity, ratio depends on jettiness,
- Dependence is minute for low final-state multiplicity.
« For S,, dependence on jettiness observable in minimum-bias events. No need to use a trigger 14

which biases the sample + decreases available statistics.



A, to D, ratio

Other (higher-mass) charmed baryon to meson ratios

Z.\V., A.M., R.V,, arXiv:2302.09740 (accepted in J.Phys.G)

/\C(qqc), |=0

Zc(qqc), =1

=.(gsc)

» Study extended for higher-mass baryons.
e Similar trend for all baryon/meson ratios, just as for the

A /D°yield ratio.
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 There is a low p_ enhancement connected to the charm content
 There is a high p_ enhancement connected to the strange content
e Strange enhancement is different from charm enhancement

16



Integrated plots for strange content
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£/ A, in semi-soft regime
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Ei/ A, in semi-soft regime
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A, to D ratio

« Forthe A_there is a significant feed-down from = :

A_and Z_ - the isospin-related effect

A.(qqc), 1 =0

o
o

PYTHIAS mode2ALICE [2111.11948]

- pp 15=13TeV <dN_/dn>
08t FMinimum bias g ¢ o |NELo0
0.8 [ IN“' =15 31

- 1630

- e m 105
0.7k N, 31-40

g +N,, 41-50 228
0.6 :_ Nm > 51 378
0.5 —alla,  ---direct A,
0.4

........

=
o

=]
—_

C’IIII

2 4 6 8
P, (GeV/c)

10 12 14 16 18 20 22 24

I, to A ratio

Zc(qqc), =1

1'4: PYTHIA8 mode2 pp s=13 TeV
- —+— Minimum bias
ler —4#— Nmpi class #1
i —+— Nmpi class #2
11— Nmpi class #3
L —&— Nmpi class #4
0.8 Nmpi class #5
e
0.6/ %, ks T
[ wm T R
L =, :‘:‘Ar.:EQE__@T
0.4 t‘___._:.‘,::::;i;i T j}___’*
L - : ~-.| e
0.2 :
_III|III|III|III|III|III|III|III|III|III|III|III
% 2 4 6 8 10 12 14 16 18 20 22 24

P, (GeV/c)

1. The result is expected to be an admixture of prompt A_* and = °*

« 2. Pattern can be attributed to presence or lack of strange content
» Difference in the enhancement in semi-soft region (from UE), might be caused by an isospin-related

effect.
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Charm and Strange enhancement

= (asc) 0 “(ssc) A(gac)

0.25 0.018 0.8
- PYTHIA8 mode2 pp ys=13 TeV C PYTHIA8 mode2 pp Ys=13 TeV F PYTHIA8 mode2 pp ¥s=13 TeV
i —¢— Minimum bias 0.016- —+— Minimum bias 0.7 —+— Minimum bias
02l —#— Nmpi class #1 - —#— Nmpi class #1 - —#— Nmpi class #1
L —— Nmpi class #2 0.014- —— Nmpi class #2 0.6 —— Nmpi class #2
B Nmpi class #3 C Nmpi class #3 u Nmpi class #3
s —&— Nmpi class #4 0.0121- —o— Nmpi class #4 o5E —&— Nmpi class #4
S015[° & Nmpi class #5 2 o Nmpi class #5 2 Nmpi class #5
S NS P 80017 e, P s p
= S - fa e < 0.4
I S 2,008 e e
L :"*{}‘-ﬁ_ S e e W |
i R oA 0.006 4. W™ C
i e e O, C “ T C
1"-.: -.‘:;‘,; ‘_\‘,_ﬁ‘_‘@T___ o 0.00 4‘ e 3, :h.- "‘. 02: A
0.05 T, R i R ™ R S :
B l"‘.— . ' _.‘ L I__._ -1:‘_-4#" LY ‘;‘:‘- 1 F
- - - 0.002|— R I S T, e S| 0.1
i C *. ‘#H-ﬂ-; — C
III|III|III|III|III|III|III|III|III|III|III|III _III|III|III|III|III|III|III|IImILJIIII _III|III|III|III|III|III|III|III|III|III|III|III
% 2 4 6 @& 10 12 14 16 18 20 22 24 % 2 4 6 8 10 12 14 16 18 20 22 24 % 2 4 6 8 10 12 14 16 18 20 22 24
P, (GeVic) P, (GeVic) P, (GeVic)

 Strange enhancement trend slightly different in p_, but no
dependence on event activity class!
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Flatenicity

A. Ortiz, G. Paic, arXiv:2204.13733

Motivated by looking into very rare “hedgehog” events in pp collisions (reported first by UA1
and CDF collaborations).
Flatenicity (p): the relative standard deviation of the p_*"distribution (event-by-event):

— cell cell
p=0, [ <p. >

The whole phase space is divided into 80 elementary cells (10 n bins, 8 ¢ bins).

Charged particles within [n| < 4 and p_> 0.15 GeV/c (ALICE 3 acceptance).

R . N
PYTHIA 8.303 (Monash 2013). pp Vs = 13 TeV. N, =24, N,=325, p=0.58 ) PYTHIA 8.303 (Monash 2013}, pp Vs = 13 TeV, Ny=1, N,;h=235:kg=1 .55/A




A to D, ratio

A D° yield for the flatenicity classes

1 r
c PYTHIA8 mode2 pp Vs=13 TeV - PYTHIA8 mode2 pp {s=13 TeV
0.9 n —+— Minimum bias 4.5F —=— N, classes_Flaten0
) BE— ‘:‘- —+#— Flaten class #1 4;_ —a— N, classes_Flatent
TEN —+— Flaten class #2 . N, classes_Flaten2
.‘* " -
0.7 Flaten class #3 ® 35k —o— mch 0:35595_:;:3:9”3
e, ®  —%— Flatenclass #4 S o ‘:::?;— aten
06 S = Flaten class #5 s 3¢ ———
C i ™ v C » 0 &
0.5 : E 25 - -,
— m -
L w - 4
045 £ 2k |l o P e Sam—
X = ‘ -
0.3 > 15F DN
il = A
0.2 1= —Oo—

- e .
01 0-5¢ flatenicity
:I 11 | 111 | 111 | 111 | 1 11 | 111 | 111 | 111 | 111 | 1 11 | 111 | 111 D: | | | | |
0 2 4 B 8 10 12 14 16 18 20 22 24 #1 #2 #3 #a #5

p, (GeVic) N, class

For lower flatenicity, the event is more flat up to high rapidities.
The A_ID°ratio decreases with increasing flatenicity.

Flatenicity correlates with N_ , might be a better quantity than spherocity to represent MPI.
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A D° yield for the flatenicity classes

5
F PYTHIA8 mode2 pp s=13 TeV o, - PYTHIA8 mode2 pp s=13 TeV
4.5 —=— N, classes, S, class #1  son 4.5 —=— N, classes_Flaten0
. —+— N, classes, S class #2 N /% ) - —+— N, classes_Flaten1
4 N, classes, S, class #3 A 4 N, classes_Flaten2
© 4 F —o— N classes, S class #4 \ L agF —&— N, classes Flaten3
ch’.-f ~ N, classes, S, class #5 ﬂ% ~r N,, classes_Flaten4
E 3 :_ .................. MB events E 3 :_ .................. MB events
5 —— P S
E 2 5:_ E 2 5:— —a— "
w C . - .
£ 2F £ 2F . . 2
Qﬂ - Qﬁ - " — O
= 155 @ 1o —o—
E = A
= 1 —O0——
I E— . :—o— -
0.5 spherocity 0.5 flatenicity
of | | | | | of | | | | |
#1 #2 #3 #4 #5 #1 #2 #3 #4 #3
N, class N, class

* For lower flatenicity, the event is more flat up to high rapidities.
« The A_ID°ratio decreases with increasing flatenicity.

- Flatenicity correlates with N_, might be a better quantity than spherocity to represent MPI.
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Summary

« Enhancement of A./Do in pp collisions compared to e+e- collisions question the
universality of charm fragmentation.

* We propose event-activity classifiers which provide great sensitivity to the production
mechanisms

- directly accesible experimental observables in LHC Run 3

* In a model class considering color reconnection beyond leading approximation, the
A. enhancement comes from the underlying event, not from the jets.

* The observables are sensitive to differences between mechanisms of strangeness
and charm enhancement.

* Flatenicity might be a better quantity than spherocity to represent MPI, and it is

measurable in ALICE 3.
S icles f detailg: 2V RV 3 Phys: G: Nucl. Part. Phys. 49 (2022) 075005 (arXiv:2111.00060)
ee arlicles for more detalls. Z.V., A.M., R.V., arXiv:2302.09740 (accepted in J.Phys.G)

Thank you for your attention! o
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