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Motivation %

ALICE

¢ Heavy quarks (c, b) are primarily produced through hard scattering processes.

¢ The production of c-hadron pairs provides an opportunity to study both Single Parton Scattering ( )

and Double Parton Scattering (DPS).

x'/ ///,/‘

P

® Access the internal dynamics of protons ' @ Study the parton transverse profile and correlations

o Study the transverse-momentum dependent distributions < : T o aD LA
11 [2] 0 Pocket formula: 0,4 = TR org = 1ifA =DBelse(

of gluons
® Investigate the puzzle surrounding the quarkonium

'i @ Improve our understanding of the background (£ + bb,
\ . [3] |
production mechanism

Wt 4+ W etc.) in searches for new physics

[1] JPL et al., PLB 784 (2018) 217 [3] JPL et al., Eur.Phys.J.C 79 (2019) 12, 1006 2
[2] CMS Collaboration, JHEP 06 (2017) 247 [4] G. Calucci et al., Phys.Rev.D 57 (1998) 503-511
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Effective cross-section summary ®
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ALICE

@ TIhe general purpose of DPS measurements is to measure the o

O

O

Commonly used in phenomenological models

Considered independent of the process and energy in the simplest possible
models

Measurements show process-dependent differences

Aim to validate its universality or probe its dependence on process and

energy

The production of charm-hadron pairs at ALICE will serve as

important input

[5] LHCb Collaboration, JHEP 03 (2024) 088 3



The ALICE detector (Run 2)

T Oi-F

tInner Tracking System |
i Track reconstruction |
4t Vertex reconstruction ' |

ALICE

® Jw — eTe” and open heavy-

flavour states measurements
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at midrapidity (| y|< 0.9)
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i Trigger |
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® Inclusive Jiy — u*u~

measurements with di-u triggered

imrojeti'n Chamber| /
{ Track reconstruction |
|Particle identification

data at forward rapidity (2.5 <y <
4.0)

1T spectrometer |
I Trigger and Tracking

During Run 2, ALICE already conducted measurements of J/ys pair production at forward

rapidity (2.5 <y < 4.0)



Jy—=J/y at forward rapidity: analysis strategy

Loop over all combinations of double di-x pairs in the same event:

® Compute the 2D invariant mass spectrum
o Arbitrary ordering between the double di-u pairs
@ Model the 2D spectrum with J/ys shape constrained from the J/y standard alone analysis

F (ml, mz) — NS{/U/’Sg/U/ X Sim// (ml) X SzJ/w (mz) + NB{/V/,Sg/l// X BlJ/w (ml) X SzJ/w (mz)

—+ NS{/V/,Bg/l// X Sim// (ml) X sz/w (m2) —+ NB{/W’Bg/w X Bf/"” (ml) X sz/w (mz)

® Acceptance-times-efficiency correction and lumi. normalisation
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[6] ALICE Collaboration, Phys.Rev.C 108 (2023) 045203

ALICE



Estimation of the non-prompt contribution %E
® Inclusive o(J/y, Jy) = 10.3 + 2.3 (stat.) = 1.3 (syst.) nb™ Prompt J%

. . . ; Non- tJ/
Estimation on the non-prompt contributon @ Fenao.. onpromp %

@ For single J/ys production: Primary Vertex

© Opon_promptd/W) = 2 X 62 X f X B (h, — Iy + X), B is the acc. simulated by PYTHIA 8

b
AT
P Gprompt(‘] W) = GincrusiveJ /W) — non—prompt(J [y)
N
@ For the J/y pair production:
UG
© non—prompt /W JW) = o0 X a X B* (h, — Iy + X), ais the acc.
N 41
v Gprompt(‘] / v, 1/ W) i inclusive(J / v, 1/ W) £ n()n—plrompt(J / v 1/ l//) X |
6
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Estimation on the eff. 0 and Results discussion
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[7]
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ALICE

|® Assuming solely DPS production, one can

calculate the o, using the prompt sources

1 Gprornpt(:l / l//)z
2 Gprompt(J / v, J/ l//)

= 6.7 £ 1.6 (stat.) = 2.7 (syst.) mb

It is an approximation, since we
should expect the SPS as well

® First charmonium pair production measurement
in ALICE

® Despite caveats from SPS and DPS
contributions, this effective value aligns with
guarkonium-pair production measurements

ALICE requires more precise measurements

[7] QM2023, Andre Stahl talk
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ALICE detector upgrades for Run 3 ()

ALICE
Major upgrade of the ALICE detector (2019-2021), and in production since 2022

® Continuous readout: up to 500 kHz in pp and 50 kHz in Pb—PDb
o Full Online and Offline software upgrade (O32)
® Already now improvement 2—3 times in x-y direction and 5—6 in z direction

® Secondary vertexing at forward rapidity ,
& Excellent performance across all upgraded detectors
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Opportunities on ALICE Run 3

ALICE
bl : DO, L=8.1fb"
@ In Run 3, ALICE has the possibility to conduct many wfs&m bty
new analyses, such as: - SIIZ l\lclg

s Syst. uncertainty

o Combined analyses of the central barrel — i

—
o

N, ont/AlAN(J y, /)

spectrometer (DO(|y| < 0.6)-J/w(2.5 <y < 4.0))

o Prompt/non-prompt separation for forward rapidity J/ys

reconstruction

@ SPS -DPS separation sensitive to Ay
® Exploit ALICE’s unigue capabilities at the LHC to

extend Ay coverage up to ~ 5 1
e B N S AR VR

IAN(J/ vy, J/y)

Pengzhong Lu - CLHCP2025 - 30/10/2025 [8] DO Collaboration, Phys. Rev. D 90, 111101 9



J/y—DO production in Run 3

ALICE
pp collisions at \/E = 13.6 TeV

® Use the ALICE Ofﬂlne Trigger SeleCtion to Se|ected channels:
select J/y candidates, which are later paired Jw— utu= (25 <y < 4.0, p; > 0)
0 ' A
to D° candidates D? - K=zt (|y| < 0.6, p; > 0.5 GeV/c)
® Adopt a Machine Learning based approach ; :
| v My % 2008 P e RRmas
for DO selection > [ ALICE Preliminary 1 3 g ALICE Preliminary E
= 250 pp, {s=13.6 TeV, L, =39.7 pb’ 12 = pp, Vs=13.6TeV, L =39.7pb" -
g ! |ynK|<O.6, p. . >05GeVic ¢ dataf 7 E’_ 1602_ |ynK|<O.6, p, . >0.5GeVic ¢ ?Tﬁf't _Z
- ’ —— total fit ] - ’ — lotalti |
® Analysis strategies: g 2001 25<y,<40 pr, >0 masg yosg 0’ g A0 B8 K<t Py, >0 =g y-sig. 0’
.y J | _ _ S 0 Sl vt 108 a0k A
® Yields extracted using a two-dimensional © . s : s
AL . : he vl 1% T ke w0
|nva|’|ant mass f|t - bkg. w—refl. D - 80 bkg. w—refl. D _:
\ 1005 — 5
® A X € correction performed on a ~ : 60F-... E
candidate-by-candidate basis 50 A = A S 5
e, i 20
® Prompt DO fraction extracted using a data- NP N o .
26 2.8 3 3.2 34 36 38 4 9.7 1.7 18 185 19 1.95 2 2.05
) m_. (GeV/c?)

driven method m,.. (GeV/e
1.9 < |Ay(J/y, DY) | < 4.6

*reflection: D°( — K~z "and c.c.) built with the wrong mass hypothesis 1 O
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J/y—DO cross section N

® pr-integrated associated cross section compared to the

IIIIIII| I IIIIIII| I IIIIIII| T T TTHH T T o

ALICE Preliminary _ _ _ _
op, Vs = 13.6 TeV single prompt D9 and inclusive J/ys cross sections and
L. =39.7 pb”’ _ A
o P - theoretical predictions
Prompt DY |y| < 0.6 : : .
b >0.5GeVic 9 ® PYTHIA 8 simulations:
- - (Monash tune + CharmoniumShower:all)
Inclusive J/& g o Compatible with single agf)ompt and 0}}:;1“”6

2.5<y<4-05p-|-> O
- - o Overestimate the ODO_Jy

D°-J/¥
19<Ay <46 EI ® HELAC-onia: See more in backup
[9] [10] [
PYTHIA 8 Monash HELAC-Onia o Reproduce the considering a o.¢ =31 mb
CharmoniumShower:all SPS LO + PYTHIA 8
—SPS  —DPS
DPS o =31 mb inti
Total oy o o Large opo_y, uncertainties from SPS (LO+PYTHIA 8)
IIIIIII| I IIIIIII| ] IIIIIII| I IIIIIIII I IIIlIII| 1
107 1 10 102 10° calculations — to be improved using NLO calculations

G (ub)

[9] Torbjérn Sjéstrand et al., Comput.Phys.Commun. 191 (2015) 159-177 1 1

Pengzhong Lu - CLHCP2025 - 30/10/2025 [10] Hua-Sheng Shao, Comput.Phys.Commun. 184 (2013) 2562-2570



o(J/y)/ G(DO) and Ry,

ALICE, Ys=13.6 TeV
Prompt D°, |y| < 0.8, p_>0.5GeVic

Inclusive J/¥, 2.5 < y < 4.0, p. > 0

LHCb, ¥ys=7TeV,2<y <4
Prompt D°, 3 < p, <12 GeVic
Prompt J/\¥, p. < 12 GeV/c
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ALICE Preliminary
PP

PYTHIA 8 Monash 2
CharmoniumShower:all
—SPS ~ ==DPS

Total

[11]

o

| |

R mb)

D/ (

]
10 20 30 40 50 60 70

B

ALICE

@ Left panel (c(J/y)/o(D")):
o Cancel the common initial-state effects
o Compatible with PYTHIA 8 simulations

(Monash+CharmoniumShower:all)

@ Right panel (Rpojy,):

o PYTHIA tends to underestimate the Ry,
results from both ALICE and LHCDb

o(D°)o(J/y)
(DO /y)

RDOJ/y/ —

[9] Torbjorn Sjostrand et al., Comput.Phys.Commun. 191 (2015) 159-177 1 2
[11] LHCb Collaboration, JHEP 06 (2012) 141



\

J/y—DO production at midrapidity <
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® The associated production of Jiy—DO% at midrapidity is on-going DY - Kzt (|y| < O..é)

@ Results will come soon...

*reflection: D°( — K~z "and c.c.) built with the wrong mass hypothesis 1 3
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D0—-DO associated production %

ALICE
pp collisions at \/E = 13.6 TeV
® Adopt a Machine Learning based approach Selected channels:
0 ' ) :
for D selection oy DY — K=z and its charge conjugation
@ ITwo types of pairs.: DD (domlnated by (‘y‘ < 05,2< D < 24 GGV/C)
SPS contribution) and D'DY (both SPS and
DPS) x> «10°
% T | | | | | ] o, 14007 T
% 1400 ALICE Preliminary - % - D° — K and charge coni. .
AR ! _ = [ pp, Vs=13.6TeV = 1200 pp°, B°%5° pai ]
® Similar Analysis strategies: o 12000 . 1 & P Db pars
. . o] - 20< p <24.0GeV/c 1 31000_ ¢ - '[I?c?’;[aal " 7
® Yields extracted using a two-dimensional o 1000 yl<0.5 1 2 ¢ A A
. . . S cant S 800F -~ Bkg.D'-Bkg. DT
invariant mass fit S %% S I o D - 0,

. 600§
® A X € correction performed on a POOE Htes : AR
. . N YT N 1 T S PN R : a00F Tl
candidate-by-candidate basis I Tt > i R k. B
. . 200F . 2001 .
® Prompt DO fraction extracted using a data- : : : :
e st R R ke I T R R
: : : : : : 75 1.8 185 19 195 2 205
riven metho M, (GeV/c?) My, (GeV/c?)
See more in backup
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DO associated production cross section

ALICE
I | I I I I I | I I I
ALICE Preliminary ALICE Preliminary
op, Vs=13.6TeV, |y| <0.5 pp, Vs=13.6TeV, |y|<0.5
D° — K=+ and charge conj. D° — K=* and charge conj.
2.0 < p? <24.0 GeV/c 2.0 < p? <24.0 GeV/c
— 00— —0—=0
. pD’D°+ DD ~|DD°+ DD
—0 —0 —0 —0
| DD+ DD’ > DD + DD’
L ! | | L L | | | L N G(DO_I_ﬁO)G(DO_l_ﬁO)
10 10° 1 10 Rpopospome = @ (DD + DIDY)
Opp (ub) Rpp (Mb) ,a=1/4
N . {2 0RO HOHO
0 prompt COIT. pI'OIIlpt D"D DD
O. e x

e O Rpopoypopo ~ the average of 0~ and o

2 0 =) . .
BR (D - Kz ) Zint O Single DO production cross section taken from

o Data-driven method to determine the fpmmpt measurement at 13 TeV'

Sl ieredle  © Rpp Is of the same order of magnitude as the o 4

[12] ALICE Collaboration, JHEP. 2023, 86 (2023) 1 5
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Summary ®

ALICE

@ ALICE has a unique rapidity coverage to study MPls via J/y—J/y, D%—J/ys, and DO-DO.
® Studies on J/y~J/y production in Run 2 provided compatible results with previous

measurements of open and hidden charm pair production, but limited by available dataset sizes
® Thanks to the detector upgrades and the large data samples in ALICE Run 3,
o The J/y—D%and D%-D% measurements offer new possibilities to compute the o

o Extend the Ay coverage up to ~ 5 for SPS and DPS separation

V i y J 7 i 4 / ] ; i J 4 : ﬁ.: : ;’/ !’,: y
/i 4 ‘ : /i ‘ 2 ) K ; 4 g ‘ ’1 4 !, !

Pengzhong Lu - CLHCP2025 - 30/10/2025 1 6



ALICE

Additional slides



The cut-variation method

A data-driven procedure to extract the (non-)prompt fraction

x10°

111ttt tt 1 1 T T 1T ]

~ ALICE Preliminary
- pp, Vs=13.6 TeV, |y| < 0.5

e Procedure based on solving a set of equations of the form:

non-prompt N

prompt L
(ACC X E) ' Nprompt + (ACC X E)i non-prompt — Y;

(

O<pT< 1 GeV/e

e Data

Prompt D’

Non-prompt D’
— Total

b

%
7

Each equation corresponds to a different selection on the
ML output score

e The full system of equations can be solved iteratively by
minimising the x?, obtaining N,omp: and Nyon-prompt

e The final non-prompt fraction can be calculated as:

o

z

(ACC X E)non-prompt - IV non-prompt

Acc X 6)non—prompt . Nnon—prompt -+ (ACC X G)Prompt - Nprompt

e L L e
Minimum BDT score for non-prompt D°

f non-prompt — (

Pengzhong Lu - CLHCP2025 - 30/10/2025



Estimation of o

- Experimental unc.

...............................................................................................................................

+H[£LAC Ongla unc. (SPS)
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ALICE

- ALICE Preliminary
- pp,Vs=13.6 TeV, L_ =39.7 pb™

- Prompt D°, |y| < 0.6, p.>0.5GeV/c
i IncIusweJ/\P 25<y<40 p. >0

HELAC-Onia

Total

SPS LO.+PYTHIA 8
DPS O =31 mMb

1T T

D 2 2.5 3 3.5 4

4.5

>
< o
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o(J/y, DY) ®

ALICE
T i e N M ® pr-integrated associated cross section compared to the
E ALICE Preliminary _ g it AR U r 9
2 - op, [s=13.6 TeV, L _ 397 pb— - Singie promp dna Inciusive J/Yy/ Cross sections an
S 0.5—Prompt D°, |y| < 0.6, p > 0.5 GeV/c — - L
8 | Inclusive W, 25 <ylao p_ >0 - theoretical predictions
" PYTHIA 8 Monash !/ HELAC—Onla[m] _ ® PYTHIA 8 simulations:
0.4— CharmoniumShower:all SPS LO + PYTHIA8 —
- TSPs DS DPS o, =31mb - (Monash tune + CharmoniumShower:all)
I Total Total _ ; 1
031 — o Compatible with single ¢/ ”"*" and GJI;IC Y
02:_ - o Overestimate the opo_y,,
IR : ® HELAC-onia:
0.1~ : ~ o Reproduce the considering a .4 =31 mb
i | | | | | | i o Large uncertaintiesaDo_J/w from SPS (LO+PYTHIA 8)
095 2I I2.5I [ 1 I3I 27 I3.5I 2 I4I 2 I4.5I [ | I5

calculations — to be improved using NLO calculations

[9] Comput.Phys.Commun. 191 (2015) 159-177 O
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Double charm production in p—Pb collisions

SPS
pl

A% RPN T e
-&éi 1'8;_ LHCb [12]_2
® The double c-hadron are correlated in SPS, uncorrelated in DPS s OF  Rw-sieTey UL

AR
INYA = T
® Correlations can be modified relative to pp due to the nuclear effects: 1E—fH gﬁ 3
0.8 i
i K 'Enterria et al. N
o Modifications of the nuclear PDF? s AN R O
0.2F + Iy D" =
o Cronin effect, energy loss crossing nucleus, hydrodynamic effects? Y AT TR S Do
y(D°, Jly)
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