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Physics motivation

+ Heavy (charm and beauty) quarks: sensitive probes of the Quark-Gluon Plasma (QGP)

» Produced in initial hard scatterings, prior to the formation of the QGP \ g1 ] //
O Tew ~ 0.01-0.1 fm/c < Taap (~0.3 fM/C)  [PRC 89 (2014) 034906 :

> Flavour conserved by the strong interaction
> EXperience the whole collision evolution

> High momentum transfer: calculable within perturbative QCD (pQCD)
o Excellent tool for studying the physics of strong interactions

O— —0 .
* Proton-proton (pp) collisions: * p-Pb collisions: * Pb-Pb collisions:
» Test pQCD-based calculations » Cold nuclear matter effects » Transport properties of the QGP
. Production mechanisms g Elcﬁl\:\gllc;l;es phenomena in high-multiplicity + In-medium energy loss
~ Reference for p-Pb and Pb-Pb » Nuclear PDF > Collective expansion

collisions

> Reference for Pb-Pb collisions > Thermal degree of freedom
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Heavy-flavour measurements in Run 1 & 2

+ Heavy-flavour measurements in different collision systems during Run 1 & 2 provided key insights into QGP
properties and initial-state effects

» Strong suppression of nuclear modification factor Raa measured in Pb-Pb collisions due to hot nuclear matter effects
> Positive muon elliptic flow vo measured in small systems, indicating the interplay of initial- and final-state effects
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Phys. Lett. B 820 (2021) 136558 P (GeV/c) s Phys. Lett. B 846 (2023) 137782 P (GeV/c)
ALICE, PLB 708 (2012) 265
» Raa: how particle production in heavy-ion collisions differs + vz: second-order coefficient of the Fourier expansion of the ALICE, PRL 109 (2012) 112301
from that in pp collisions, indicating medium effects azimuthal (¢) distribution w.r.t. to the reaction plane ALICE, PLB 753 (2016) 41
. ALICE, PLB 770 ( 2017) 459
1 d*N, ,/dpd CD Medium '
Ryn(proy) = X — aaldprdy _ Q U, = < COS [2(¢ _ \pRP)] > ALICE, JHEP 09 (2019) 008
<Tan>  dopp/dprdy  QCD Vacuum ALICE, PLB 819 (2021) 136637 &
CERN Courier Jan./Feb. 2021
+ Fruitful results achieved with support from the FCPPN/L framework ALICE, PLB 820 (2021) 136558

+ ALICE Run 3 opens access to new Heavy-flavour correlation observables with improved precision and acceptance

16th France-China Particle Physics Network/Laboratory workshop 3



ALICE detector in Run 3 &5

ALICE
+ Major upgrades installed in 2019-2021

Inner Tracking System (ITS2)
Tracking, Primary and secondary

+ |n production since mid 2022
vertexing

‘\'// Fast interaction Trigger (FIT)
| Triggering estimation, luminosity
estimation

. »
’ ‘illl'” ”Ill

,"/"

Muon Forward Tracker (MFT)
Vertexing at forward rapidity

: - | Muon Spectrometer (-4 < n < -2.5)
Time projection Chamber (TPC) Muon trigger, tracking

Tracking, vertexing, Particle

identification
+ New Inner Tracking System: better pointing resolution at mid-rapidity

+ New Muon Forward Tracker: secondary vertexing at forward rapidity
Time-Of-Flight detector (TOF)

Particle identification + New TPC: readout based on Gas Electron Multipliers
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Associated heavy-flavour measurements in ALICE Run 3 %

RALICE

Analysis Note by M.Pennisi

+ ALICE in Run 3: more differential measurements with larger statistics

Ef, IALI&)EIP;eIiImiInaIryI S
> Long range correlations between mid- and forward-rapidities % P o0 ports: e
10° £ E
: : : : : © —F==
> Study the production mechanisms and the role of multi-parton interactions e
+ Associated heavy flavour production in ALICE Run 3: ol _
_ o - FONLL NNPDF f (Moo Py, ) PYTHIA f‘”
> Heavy-flavour e-p correlations/coincidences : _ﬂﬂﬁzts%‘ale g
. . - unc. mde}ss b — h,, arXiv:2402.16417 —
» J/P-D° associated production A il .‘r(.) i e
. . . Y
> D°-D° pair associated production I ——
5 10— T T T 1 T — T T T T
= ALICE Preliminary :
? pp ¥s =13 TeV open points: reflected
8 —— == =
c e L —————
- 10° £ =
\1 FONLL CTEQG.s 1 (o Pru) PYTHIAT
u unc. tot. (Mg P, e+e) PYTHIA fit ]
B unc. scale + Phys. Lett. B788 (2019) 505
[ unc. mass addendum arXiv:2409.12025
10 & | unc. IOIdf + Ic—>hC,JHEP12(I2023)086 | E
4 II—4III—2II0III2III4III
Y

y ALI-PREL-581604

+ Towards the measurement of the correlated charm/
beauty production cross section in the rapidity region
not covered by ALICE

16th France-China Particle Physics Network/Laboratory workshop 5


https://alice-notes.web.cern.ch/system/files/notes/analysis/1367/2024-05-02-high_mass_dimuon_production_in_pp_at_13_TeV_v1.pdf

Associated heavy-flavour measurements in ALICE Run 3 %

+ ALICE in Run 3: more differential measurements with larger statistics

> Long range correlations between mid- and forward-rapidities SPS
> Study the production mechanisms and the role of multi-parton interactions

+ Associated heavy flavour production in ALICE Run 3:

llllIlIIlIlIlIlIlll

+ Separation of Single Parton Scattering pp eI Tey

s LHCb (JAy-J/y)

» M0 . . .
J/-D" associated production (SPS) and Double Parton Scattering ; LHCb (Ay-1(15)
> DP-D° pair associated production (DPS) via Ay(Ag) == e
- ATLAS (JAy-Z°)*
+ Key observable for DPS studies: " LHCh (11,0
pp @7 TeV
. _ : - ATLAS (JAy-W*)*
+ effective cross section Oeff CMS (ry-Iry)*
" LHCb (JAy-D")*
LHCb (D"-D°)
il ATLAS (W=-2 jets)
1 040p - CMS (W*-2 jet:)
p@1.96 TeV
OaB OXB - b0 um-*
B DO (JAy-Ihy)
— DO (-3 jets)
. pP@1.8 TeV
~ % Assumed to be independent - CDF (4 jts)

_— CDF (7-3 jets)

/l|)—’|,l|.l W.r.1. A) Lol oty b by
n< -2.5) 0 20 40 60 80 100

> Heavy-flavour e-p correlations/coincidences

Oclf =7
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Associated production of D°-D° pairs in pp collisions %

RALICE

+ D°-D° pairs measured at |y| < 0.5, with D° candidate preselection and prompt fraction fprompt
extraction using data-driven method

+ Unbinned-likelihood fit to the 2D invariant mass of the D° to extract the raw yields Nraw

ALICE Preliminary D’ — K and charge con;.
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Q S1000F --- Bkg.D°-Bkg. D0 3
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e 0T _
- PYTHIA 8 N T4 N
0.05  Momash CRBLC O 4757178 18 1.9 195 2 205
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0O 2 4 o6 8 10 12 14 16 18 20 22 24
pT(GeV/c)

Analysis note by A. Tavira Gacia

16th France-China Particle Physics Network/Laboratory workshop /
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Associated production of D°-D° pairs in pp collisions %

RALICE

+ The D°-D° integrated cross section and cross section ratio of single D° to D°-D° pairs calculated as

Counts

1000

800
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400

200

N 2

raw ~J prompt

Gpmmpt —
DD (Acc X €) -
opOp
Rpp =«
Opp
R I R R
] ALICE Preliminary -

pp, s=13.6TeV -
_ +Pgafr min. =0 D’D°+ DD pairs 4
— +pTa" min. =4 GeV/c —

_—+ Statistical uncertainties only —
i D° — K and charge conj. |
! ++ 4+ 20< pP<240GeVic -
L b M MG - myl<30 ]
I Sl —

— +—+— RS _

-
T Ty

BRYDO - K+z~) - L, .
o = 1/4: both particles are

1dentical and non-self-conjugate

Single D cross section oy, taken
from Run 2 data [JHEP2023,86(2023)]
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pp, Vs=13.6TeV, |y| <0.5
D° — Kt and charge conj.

2.0 < p? <24.0 GeV/c

. DD°+ DD

DD’ + DD°

10 10°
Opp (LD)

ALICE Preliminary

pp, Vs=13.6TeV, |y|<0.5

D° — Kr* and charge coni.

2.0 < p? <24.0 GeV/c

-

DDY +

DD + D

10

Ry, (Mb)

+ (Cross section ratio Rpp is of the same order of magnitude as the effective
cross section, promising for the measurement of DPS

+ Ongoing:

» Separate the SPS and DPS components with Ag distribution in the D°D°

measurement to extract the real effective cross section
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Heavy-flavour electron-muon pairs with PYTHIA &3

+ PYTHIA 8 simulation for a better understanding of the e-u pair production

» The effect of Multi-Parton Interactions (MPI)
o MPI used as an approximation of DPS

Correlated pairs:

Pair production Gluon splitting Flavour excitation

> The contributions of the chain decays and
uncorrelated pairs are included as well

16th France-China Particle Physics Network/Laboratory workshop

SPS ‘

c

w/o MPI

Correlated pairs tagged according to the their heavy-quark
production mechanism

o Different processes such as pair production, gluon splitting and
flavour excitation used to reproduce the NLO production

.....

OR < 7D(B)

Correlated decays Chain decay (BDsame) Uncorrelated pairs

[T. Sjostrand et al., Comput. Phys. Commun. 191 (2015) 159-177]

RALICE



Electron-muon pairs from heavy-flavour decays with PYTHIA %

RALICE

; Charm ; Beauty
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+ Non-negligible uncorrelated pairs coming from MPI (~80%): illustrating DPS contributions
» Uncorrelated pairs from B-hadron decays is less pronounced compared to D-hadron decays

> Difference in Ay: approach of SPS/DPS separation

+ Chain decay contributions (D-chain & BDsame) suppressed by the acceptance selection
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Heavy flavour electron-muon pairs in pp collisions %
ALICE

+ First look of e-u correlation distributions in ALICE
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(background to be subtracted)

+ e-J pairs measured in an interesting pair y region, between central barrel and muon arm of the ALICE detector

> Complementary to existing mid-rapidity and forward rapidity measurements
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Heavy flavour electron-muon pairs in pp collisions %
ALICE

+ First look of e-u correlation distributions in ALICE
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+ Unique rapidity gap at LHC provided by ALICE, up to about 5 units
> Advanced in SPS/DPS separation: DPS more pronounced at larger Ay
+ Similar distributions in PYTHIA simulation and data: promising new measurement with ALICE in Run 3
12
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Associated production of quarkonia and open heavy-flavour

hadrons In pp collisions

RALICE

J/P-D° associated production measured in two channels, covered rapidity gap from 0 to 4.6

107

% g [ T T T 'g c\b 2000 T 11 rT T T[T T T T[T T T T[T [ TTT] T T T
ALICE Performance .l <06 > F ALICE Performance ¢ data - > - ALICE Performance + data -
=13. -4 -2. - — total fit . 1800 — total fit —
EE, Vs K_13 6 TeV < >775”5<Ge\?/c § 106 PP, \s=13.6 TeV .. sig Jiy-sig. D’ - = - pp, Vs=13.6 TeV . sg Juy-sig.0° ]
- Tt gt D . . = ~ . = = B o 7]
Dy e T 5 [ D > mK o uw et a1 B 1e0ED o K e -
P R > J /Ll) — IJ” at _ 4 < n < _2 5 ” 105_J/\|; - W sig. y(2S)-sig. D° | @ CJy > e sig. y(2S)-sig. D° ]
G 600 e T - € = mn |<06 sig. y(2S) - bkg. 7K 3 5 1400_—|77 <06 4+ sig. y(2S) - bkg. 7K ]
= R e N T o R sig. y(28) - refl. K 3 3 - ok T A e sig. y(28) -refl. 7K 7
2 500_:,‘.~ ‘‘‘‘‘ P i S R DO K O 6 © 104 -4 < nuu <-2.6 e EEQ HpL - Elkg D’ K ] 1200—- -4 < 7] <-2.6 --bkg. uu - sig. D° ]
g 1o NS > — | | = 505 GeVic --bkg. piu-bkg. 7K 3 - ~bkg. pyi-bkg. 7K
% 400—;~ ...... o . A ! at r] < . : Prax > ~-bkg. py-refl. 7K 3 1000 ---bkg. wo-refl. 1K -
E 300_; i ' =y N 1 03 K ST —; E
= 200_5 e . I > - . ", oo VOl ; 800 =
!g. E . e e TR 4 P R R TR S - e ]
o 1007% 10— RN = 600 e —
§ E‘""""';:ff ----- ;gf,’f.:::::\:‘_::\"'\ ............. - - T
& 2.4 17 - T 400— el ]
2.6 28 3 a0 1 0 L "'\ "O.' ‘-\—‘ \‘ ;ﬁ-..______ ---------- L :'- ST e, :
© 34 5 . = K E LT S -
3.8 2.05 Ge\, | A : ,":,f‘ \:“ v %, ] 2001~ .", K "-"‘- ------------ ]
. (GeV/ce) m“\‘& i u{'; T [ IR R N A R R A |“||‘ 1| ! 1J| L |f 1 1 1 i ‘ ‘
LI-PERF- 2.6 2.8 3 3.2 3.4 3.6 3.8 4
m,,, (GeV/c?)
ALICI\(E_pequrgn_?_n(\:/e y |<06 R
pp, Vs=13.6Te Vel < 0.8 N
DO IS :eK>O_5GeV/C > J/L') _’ ee a‘t |I7‘ < 0.9 Qé 1O7§||| T T[T T T[T T T[T T T[T T T[T T T[T TT[TT1 IIIE (é CTT N L L L O B B |:
Wy oee i > £ ALICE performance ¢ data . > 8000—ALICE performance + data -
.............................. - — total fit 7 S - .
— P . DO K t 0.6 § (PLpp, Vs=13.6TeV sig. v -5l 3 = 7000: pp, Vs=136TeV ;?;?'j,';,_sig_ > ]
2 1 - e R Ve - _ - sig. - bkg. nK3 - — _ . -
I B * Knat |n] < 0. 2 D o wK et o BB 3 R
E 1 =l T | 5 L@ 2 10° :—J/W — €€ ~r-+ bkg. ee - sig. D — % 6000—_J/\|f — e'e -- bkg. ee - sig. D° ]
N 800~ e | | S E Iy |<0.6 ---= bkg. ee - bkg. nK3 3 B |y |< 0.6 ---- bkg. ee - bkg. 7K
% 1 e e o} - K -- bkg. ee - refl. 7K 3 O ---- bkg. ee - refl. 7K J
S / L ' © rly,l<08 y - Iy, | <08 ]
g ] e B\ e 104 _ ee - 5000__ —
NPT - : = Pra” 0.5 GeV/c = C P> 0.5 GeV/c .
E’_ 200_:'"""”. : 3!“*""-"",\ _________ 7 4000:_ _:
2 ] 10° Pie “ = - ]
5 5] E e ' E - ]
S B 17 e, : . 3000 —
O honmmmmmmnnne S b L L LT T . = _
1951.91' ' 102 et NG . o i
3.5 4 2.05 2 = e mamrETITS :'.':.l:.':.l ............. w___"‘. _‘- 3 2000 T, ]
\”C‘Z\ o \/’ S : ----------------------- :. L T
mee (GeV/CZ) kGe - e ‘- -‘- . | - e LT
10 i Lh — - ST i
ALI-PERF-599459 = il 3 1000— B \‘ —
_I 11 | 111 | 1 11 I 111 | 111 | 111 -r‘—!l-l_ll | | L 1 | | 1 1 1 | 1 1 I—
, . . 0 . 2 22 24 26 28 3 32 34 36 38 4
2D fits to the invariant mass of the D” and the J/{ to extract the signal Mes (GeV/c)

A notable J/-D° signal can be observed in both channels
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https://indico.cern.ch/event/1334113/contributions/6351017/

Summary G

+ Detector upgrades and large Run 3 data samples enable new measurements in ALICE

> Associated measurements between the central barrel and muon spectrometer now feasible in pp, and
promising in Pb—Pb collisions

» Rapidity gap coverage extended up to |Ay| = 5, allowing exploration of wide-range correlations

+ Associated e—p production from heavy-flavour decays, J/{—-D° and D°-D° associated production
measured in pp collisions at \/E = 13.6 TeV

> Access to charm/beauty correlation cross sections in a novel rapidity configuration
> Open opportunities to disentangle SPS and DPS contributions in the heavy-flavour sector

+ These measurements will provide new insights into charm/beauty production mechanisms and the
role of multi-parton interactions in proton-proton collisions

16th France-China Particle Physics Network/Laboratory workshop 14
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SPS/DPS

SPS

e o6

+ SPS: Access the internal dynamics of protons

»  Study the transverse-momentum dependent distributions of gluons
> Investigate the puzzle surrounding the quarkonium production mechanism

+ DPS: Study the parton transverse profile and correlations

> Improve our understanding of the background (, etc.) in searches for new physics
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DO selections

1 <p<2GeVic

. " i er e
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d  Only selection to the BDT output score related to the probabilit
to be backgrouna
, 4 A cut onthe BDT score for prompt/non-prompt to be
considered to reduce contamination from beauty decays
05 pT (GeV/C) [0, 1] [1! 3] [3! 4] [4! 8] [8! 50]
BDT(bkg) < 0.05 < 0.1 <0.2 <0.3 < 0.5
° o o o Blg.? output for prc1>'r(:1pt
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+ Like-sign Nraw of DO pairs

ALICE Preliminary
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Electron-muon pairs from charm decays with PYTHIA %{%

RALICE

x107°
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+ Non-negligible uncorrelated pairs coming from MPI (~80%) observed within the heavy flavour signals

+ Correlated e-p pairs from D-hadron decays dominated by gluon splitting process

> Maximum at Ag = 180° with selection condition due to the acceptance asymmetry

+ Chain decay contributions (D-chain & BDsame) Nnegligible with selection condition
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Electron-muon pairs from beauty decays with PYTHIA

x107°
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+ Significant chain decay contributions (BDsame) observed and maximum at small Ag =0

> Successfully suppressed by applying n and pt selections

Uncorrelated e-p pairs from B-hadron decays is less pronounced compared to D-hadron decays

> Negligible compared to the correlated signal
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Heavy flavour electron-muon pairs in pp collisions %
ALICE
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(background to be subtracted)
+ Pair M¢, spreads over several GeV/c2 without structure: challenging for background estimation

+ Pair A¢p maximum at 180° as observed in PYTHIA

+ Ongoing: background subtraction, dedicated e-p software trigger for 2025 data
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Comparison of the distributions w/o and w/ MPI

ALICE
* The MPI contributes to ~80% of the e-mu pairs from D hadron decays and ~40% pairs from B hadron decays

> Dominates at large Ay

> The uncorrelated pairs and other processes pairs from D hadron decays mainly come from MPI (90%)
> No significant difference between low and high pr regions
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SPS/DPS

e o6

+ SPS: Access the internal dynamics of protons

»  Study the transverse-momentum dependent distributions of gluons
> Investigate the puzzle surrounding the quarkonium production mechanism

+ DPS: Study the parton transverse profile and correlations

> Improve our understanding of the background in searches for new physics
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Heavy-flavour production in pp collisions at forward y via dimuons %

RALICE

* Charm and beauty production measured at 2.5 <y < 4.0 in pp collisions at \/E = 13 TeV, exploiting the
dimuon high-mass continuum dominated by the semimuonic decays of heavy-flavour hadrons

+ Simultaneous fit of the mass and pr distributions with a combined template of the main sources in the
continuum

» Templates extracted from the heavy-flavour enriched PYTHIA 8 simulation
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https://alice-notes.web.cern.ch/system/files/notes/analysis/1367/2024-05-02-high_mass_dimuon_production_in_pp_at_13_TeV_v1.pdf

Charm and beauty production cross sections at forward y in pp collisions at %

\/s =13 TeV

Charm Beauty
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+ Charm and beauty production cross sections measured separately at forward rapidity via the dimuon
continuum

+ Results in agreement with FONLL predictions within uncertainties, although they lie at the upper and
lower limit of the calculations for charm and beauty production cross section, respectively

+ Complement the previously published results at midrapidity in the dielectron channel iacice pays. Lew B.788 2019 505)
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