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Motivation
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=> Both charm and beauty quarks ( m. ~ 1.29 GeV and m, ~ 4.19 GeV ) are heavy compared to the light u, d, and s quarks and
significantly exceed the QCD scale parameter of 0.2 GeV.

=> The heavy-flavour (charm and beauty) hadron production can be theoretically calculated within the framework of perturbative
Quantum Chromodynamics (pQCD) over all momenta.

=> The measurements of heavy-flavour production in proton-proton (pp) collisions at the LHC provide stringent test for pQCD
calculations.
=> Additionally, studies in pp collisions serve as a necessary baseline for the same measurement in proton-nucleus (p-A) and

nucleus-nucleus (A-A) collisions in order to investigate the influence of cold and hot nuclear matter effects on heavy-flavour
production.
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Heavy quark production in A-A collisions

—=> Investigation of strongly-interacting matter at high energy density and temperature in ultra-relativistic heavy-ion collisions.

==> Heavy-quarks (charm and beauty) are very important probe to study such QGP properties.

) due to their large mass, predominantly produced in the early stage on a time scale (about 1 fm/c) before the QGP
formation.

T]? <— (m.~1.29GeV, my~ 419 GeV, #hc =0.197 GeV. fm)
m
q

ii) experience the full evolution of the hot and dense QCD medium.

i) lose energy via radiative and collisional processes during their propagation through the medium.

==> The energy loss of the heavy-quarks passing through the hot and dense medium produced in heavy-ion collisions can be

quantified in terms of Nuclear Modification Factor (R, ,) of final state particles, e.g. muons from heavy-flavour (HF) hadron

decays
1 d*N /dpdy

X 2
<N Coll> d-N, pp/ dedy

Raa(pp,y) = (N..;;) being average number of binary nucleon-nucleon collisions

==> Hadronisation of heavy quarks into heavy-flavour hadrons,

) Open heavy-flavour hadrons: heavy quarks and anti-quarks fragment (or coalesce) into hadrons.
i) Quarkonia: heavy quark and anti-quark pair forms a bound state. (typically 1-2%)
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Energy loss mechanism

==> Radiative energy loss :

) Heavy quarks emit gluons during their propagation, losing energy.

i) Gluons exhibit a larger color coupling factor than quarks and so the energy loss of quarks is expected to be smaller than that
of gluons.

i) Heavy quark energy loss is reduced compared to light quarks due to dead-cone effect (gluon radiation at small angles
@ < mq/Eq) with respect to the quark momentum vector is suppressed ).

small parton mass  large parton mass
==> distinct mass hierarchy, (Ra)iight quarks < Raa)e < (Raadb

..... Radiative energy loss is more relevant at higher momenta.

g =_4 4
cone—P —
q q
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Energy loss mechanism .... %
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==> Collisional process:

Heavy quarks also lose energy through elastic scattering with the light quarks, antiquarks, and gluons in the QGP.
) Elastic scattering : preserve the identity of heavy quarks.

i) Depends on the path length and medium density, transport coefficients (like spatial diffusion coefficient, momentum
broadening etc.)

i) More significant at lower momentum

==> Combined (radiative + collisional) effect:

) charm quarks, being lighter than bottom quarks, generally experience more significant energy loss through both collisional and
radiative processes.

i) total energy loss is reflected in the Ry x.
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Measurements of open heavy-flavour hadron decay leptons with ALICE

) Electrons from semi-electronic channel decays at midrapidity. D—— u +

—D—> u +

B— > U T

—>QQ—> /4+ +u \

i) Muons from semi-muonic channel decays at forward rapidity.

background

Here we discuss, the results of the open heavy-flavour decay muon (HFM) production at forward rapidity with ALICE.

==> ALICE has measured the production of muons from open heavy flavour hadron decays
in pp and heavy-ion collisions during Run 1 (2009-2012) and Run 2 (2015-2018).

-

PEERAIAW. YU\ YL 1w “l't

) pp collisions at \/_ = 0.9, 2.76 & 7 TeV (Run 1) and 5.02 TeV (Run 2).
ii) p-Pb collisions at /sy = 5.02 TeV.

iii) Xe-Xe collisions at /sy = 5.44 TeV. OO e
i isi Tt N
ii) Pb-Pb collisions at | /sy =2.76 TeV and 5.02 TeV. N e e
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® Event Selection Cuts :

— Physics selection: Offline event selection to reject any

background events at the hardware level.
— Vertex: z-component of vertex selection within [V, | < 10 cm

® Track Selection Cuts:

— Pseudo-rapidity : -4.0 <n<-2.5

— Polar angle: 170°< 0 < 178°

— track-trigger matching

_PDCA: 60 e

Analysis procedure
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Muon Triggered events:

Muon Single Low (MSL) => p -threshold ~ 1 GeV/c
Muon Single High (MSH) => pt -threshold ~ 4.2 GeV/c

* A beam-induced background track does not point towards the
interaction vertex

* Multiple coulomb scattering inside the front absorber => tracks
pointing toward interaction vertex => DCA distribution follows

Gaussian => width of gaussian proportional to 1/p => proposed to

study p x DCA distribution

The pr-differential R, » of muons from open heavy-
flavour hadron decays in a given centrality class

v

RoA(P1,Y) =

(dZNﬂi z a12]\7n0n—HF—>/,¢i >
dedy dedy Pb—Pb
d2NC,b—>,ui
(Nea) % (22 )
coll dp-d
Prady pp

2

d2 Nnon—HF—> u*

dprdy

dzN//t(—]T,K

d2 NSEC H

dZN;u—J/l//

dZN;u—W/Z/}/*

dprdy

dprdy

dprdy

dprdy
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Background contributions in heavy-flavour decay muon measurement

pp collisions @ \/E = 5.02 TeV

CO-6'I"'I"'I"'I"'I"'I"'I Y I
e, B — i
S - Q‘LICE’ pp4‘/§ =502 TeV . ) The total contribution of muons from primary z* and K* decays
E 0.5 - S<y< —4— Total E decreases with increasing p from about 39% at pr = 2 GeV/c down to
S 04 - H —— uwKx E about 4% at pr =20 GeV/c.
2 H —— w<=W,Ziy* -
2 N —— rJ/ .
ﬁ 0.3 H M+ s;Pcondary Yo i) Muons from secondary ¥ and K& decays relative to the inclusive muon
Q —t— Ut JU ]
S X HH - . Z yield decreases with increasing pt from about 4% at p1 =2 GeV/c to less
= i H [] Syst. uncertainty
7 02 HEEE . than 1% at p; = 5 GeV/c.
L _ EE'EEE _H_:
0.1F Eﬂﬂggﬂﬂﬂiliﬂﬂ-ﬂ-*++ g .
- — L i o —f— - iii) The relative contribution of muons from W and Z/y*with respect to
ot ; : A = 2 TR inclusive muons is negligible for p; < 12 GeV/c and increases with p
p_ (GeVic) from about 1% at pr =12 GeV/c up to 12% in 18 < p1 < 20 GeV/c.

iv) The relative contribution of J/y decay muon to the inclusive muons yield
varies from 4% to less than 1%, with the maximum fraction at

intermediate pr (4 < pr < 6 GeV/c).
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pr -differential production cross-section
of open heavy-flavour decay muons with ALICE

* The measured production cross section of muons decaying from heavy-flavour §
nadrons are compared with FONLL (Fixed-Order + Next-to-Leading 5 10°
_ogarithms) calculations. S

s, 107°

®* FONLL predictions are provided for muons from charm and beauty decays, % Z.-

separately. © 10
>
~—|_®

* FONLL predictions are compatible with data within uncertainties. < 40

107°

§ 8 _ ALICE pp Vs=2.76 TeV, u*«HF in 2.5<y<4 - § 8 \ ALICE, pp, Vs = 5.02 TeV, uz<c,b in 2.5 < y < 4 _f B
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F 1.9% normalization uncertainty not included . E 2.1% normalization uncertainty not included \\\\:\ -
j 28_ I U S SR R I S SR S l— g 25;_ Cl b b b e e L0 | 10—6
Z 3 i 2 F ]
O 15} P o o e o e o e o B9 15¢ : 7
S ol B & 1 == 10
.’6 05_ I S S S S S S AT S S S S S S — : |—~ -cg 0.5¢ | | | | | | | |_:
° % 2 4 6 8 10 %2774 "6 B8 10 12 14 16 18 20
P, (GeVic) p. (GeVic)

10th Asian Triangle Heavy-lon Conference

13-16 January 2025

ALICE Pb-Pb c,b—u 2.5
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Sy = 5.02 TeV

0.3% (0.7%) norm. unc. for MSL (MSH) not shown

_ 0-10%
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0.4% (1.6%) norm. unc. for MSL (MSH) not shown
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T 1 2F ALICE Pb-Pb 0-10%
c 2 F25< y<4

MC@sHQ+EPOS2

-‘--1:- ..................................

', = cOll. + rad. E loss
-=== COll. E lOoss

=> HFM distributions are predominantly sensitive to the charm in-medium energy
loss for pr <5 GeV/e.

e Data

=> At high pt the dominant contribution is from beauty-hadron decays rather than
charm, so 1t 1s more sensitive to the suppression of beauty

.-------- --_

=> MC@sHQ+EPOS2 predictions provide a fair description in central Pb—Pb
collisions at 4 /sy = 502 TeV within uncertainties, while at /sy = 2.76 TeV, the

model tends to slightly overestimate the measured R, 5 at low/intermediate pr.
0.8

0.6
=> MC@sHQ+EPOS2 model reproduces better the data at large pr when

0.4 L . .
considering both elastic and radiative energy loss.

0.2

S

0 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
pT(GeV/c)

0
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=> The observed R, » at mid rapidity (from heavy-flavour decay electrons) and forward rapidity (from heavy-flavour decay muons) are similar.

Comparison of R, , measured at forward and midrapidity

- ALICE Pb-Pb
. 0-10% 25<y <4
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=> Heavy quarks suffer a strong in-medium energy loss over a wide rapidity interval.

10

1

10

[ (GeV/c)

=> In both cases, the measured yield suppression at 4 /sy = 5.02 TeV 1s comparable to that observed at 4 /sy = 2.76 TeV.

=> This similarity of the R, 5 at two different energies may results from the interplay of the following two etfects:
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1) a flattening of the py spectra of charm and beauty quarks with increasing collision energy, which would reduce the suppression.

11) a medium temperature estimated to be higher by about 7% at
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0-10% Xe-Xe, +/snn = 5.44 TeV

<E1_1_IIII|IIIIIIII|IIIIIIII|II|||||__||||||||||

® 0-10%, Xe-Xe, \ Sy, = 5.44 TeV
0-9:_ <dNy/dn>,, ~ =1388+91-95 T
" m  0-10%, Pb—Pb, |5, = 5.02 TeV Y
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® 0-10%, Xe-Xe, \ s\ = 5-44 TeV
<dNg/dn>, 4= 1388+91-95
B 10-20%, Pb-Pb, \ s, = 5.02 TeV

| the
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0-10% Pb-Pb, /sy = 5.02 TeV
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Comparison of R, , at forward rapidity in Xe-Xe and Pb-Pb collisions

==> Different charged particle multiplicities (and hence energy densities) are present to

the
different suppression in the two collision systems at the same centrality class.

same centrality class in Pb-Pb and Xe-Xe collision systems and hence we expect a

==> The evolution of R, , in Pb-Pb and Xe-Xe collision systems 1s similar, although

suppression 1s stronger in Pb-Pb collisions at the same centrality class.

==> The pr-integrated R, , values in the range 3 < pr < 8 GeV/c differ by about 2.5
standard deviations which may result from the difference in the system size.

=> The MC@sHQ+EPOS2 model describes the suppression observed in the data for

botd

n Pb—Pb and Xe—Xe systems in central (0—10%) collisions. The PHSD calculations

underestimate the measured suppression over the entire pr interval in these two

col

1s10n systems.
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Scope with MFT+ Muon Spectrometer of ALICE in Run 3

Muon physics program suffered several limitations during Run 1 and Run 2, specially due to the multiple scattering experienced by
the muon tracks inside hadron absorber => vertex region is smeared.

Matching of tracks reconstructed in the tracking system of Muon Spectrometer and that with MFT cluster =>

) Separation of prompt J/y from b-decay J/.
i) Open charm and open beauty via semi-muonic decays can be distinguished because of the different lifetimes of

charm (ct ~ 100 um) and beauty (ct ~ 500 um) hadrons.

iii) Study of heavy-flavour (HF) using single muons down to p ~1 GeV/c. D——m u +
—D—> u +
B — » U T
@ MFT Standalone Track | | QQ | ﬂ+ +u-

® MCH Standalone Track
@® MUON Standalone Track
® GlobalForward Track

® GlobalMuon Track

MCH

MID
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Charm & beauty separation: An analysis of the Offset distribution

— Y g b,c decay

l)CAXy = \/(XV — xext)z + (yV o yext)z

( Xy, yy ) => Transverse coordinate of the primary vertex (PV) measured by the Inner Tracking System (ITS). -
(X,..» V.., ) => Coordinates in the plane transverse to the beam line of the extrapolated track evaluated at the z-axis of the PV.

The total DCA distribution are decomposed into three components via a fit with the function:

AIDCAy) = C.f(DCA) + B .fy(DCAy) + D fi,(DCA —> fuprk) = AeTOT

Xy)

fC(DCAXy), fb(DCAXy), JA(DCA,,) => Monte Carlo templates for charm(c), beauty(b) and background respectively.

Xy)

B,C,D => free parameters corresponding to the normalisation of the three components.
% B ! | ! ! ! | ! ! ! | ! ! ! | ! ! ! | ! ! ! | ! ! ! | ! ! ! | ! ! ! | ! ! I_
> ALICE Simulation
=4 pp collisions, Vs = 13.6 TeV —=
B , 1LV U —=C Ongoing Run 3 analyses
g :'..:?}:\ T W -
© . ha -:"F-'"':":‘-:.L:‘r:'i - . . .
B ==> Multi-differential measurements for u < c, u < b
e S (vs pr, ¥, centrality/multiplicity)
““MM‘“ e
Mum — o . o o
Total S S 1) production cross-sections, ratios & R, 4 down to lower pr
L —— C+omb|ned distribution - )
L T TR Snbadded MO - and higher p+ compared to Run 2.
108 —— llgt Etgl’ embedded MC N . . . . .
= Fittemplate of u* < x, K 36<n<-25 - b 11) Azimuthal anisotropies (v2, v3 and higher harmonics).
U < m K N Fit template of u* < b 05<p <1Gevie 1 |MU €
- Fit template of u* <= ¢ T -
—9 L1l | | L1 1 | L1l | | L1 1 | | L1l | L1 1 | | L1l | Ll | | L1l | | Ll |
1070002 004 006 008 0.1 012 014 0.16 0.18 0.2

DCA,, (cm)
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Summary
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==> ALICE has measured the pp-differential production cross-section of open heavy-flavour decay muon in pp and AA (Pb-Pb & Xe-Xe)
collisions in Run 1 & Run 2.

==> The measured R, , shows evidence of a strong suppression, a factor of about 4 in the 10% most central collisions with respect to the
binary-scaled pp reference in both collision energies of Pb-Pb collisions while it 1s upto a factor of 2.5 in the case of Xe-Xe collisions.

==> The observed suppression 1s compatible with a large in-medium energy loss of heavy-quarks.

==> The suppression becomes weaker from central to peripheral collisions, reflecting the dependence of energy loss on the path length in the
QGP.

==> The R, , measurements have the potential to discriminate between different model calculations with different implementation of the
dynamics of the heavy-quarks in the QGP.

==> The measured R, , 1s in fair agreement with transport model calculations that consider both collisional and radiative energy loss.

==> Various multi-differential measurements for y < c, u < b are ongoing in Run 3 with much higher statistics compared to Run 2.
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