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Heavy flavours in pp and Pb—Pb collisions

> Large masses of charm and beauty quarks » produced in hadronic collisions from hard
parton-scattering processes

5.
@

> proton-proton collisions

Central region

— test of perturbative-QCD calculations
— insights on heavy-flavour hadronisation
— reference for p-Pb and Pb—Pb measurements

» Pb—Pb collisions

— heavy quarks produced before quark-gluon plasma
(QGP) formation
— experience the full evolution of the system

— strongly interacting with the medium
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Collider

Time Projection Chamber
— Track reconstruction

— Particle identification (PID)
via specific energy loss

Inner Tracking System
— Tracking

— Reconstruction of primary
and decay vertices

V0 detectors

Time of Flight detector ~ Trigger

— PID with time-of-flight

— Centrality and event-plane
measurement

determination

Data samples
— pp at /s =5.02 TeV > ~ 990M minimum-bias events
— Pb-Pb at /sy = 5.02 TeV > ~ 100M central events

~ 85M semicentral events
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D;"-meson reconstruction -

D mesons are measured via their resonant hadronic decay K*

m
Meson M (GeV/c?) cr (um) Decay BR (%) %
OFointing
DF (c3) ~ 1.968 ~151  ¢(— K KN)nt  ~2.24 ’
P.A. Zyla et al. (PDG) PTEP 2020 8, 083C01 (2020)
3
q, 12
s L ALICE Preliminary 4
2 o 0-10% Pb-Pb, {5, = 5.02 TeV ] hd
© [ Dg — ¢on" — K'K'n* and charge conj. 1
8 g ‘ePrecceve ] » Candidates built from triplets of tracks at midrapidity
£ 1 . . L
AL A ] (In] < 0.8) with proper charge-sign combination
r ! 1 > To reduce the combinatorial background
0.4 K L e
[ 1= (19711 1) Mev/c? ] — particle identification of decay tracks
L o=10MeV/c 4 . . . . .
0.2 5_789+73 . — geometrical and kinematic selections based on displaced
[ Foonprompt = 0.73 +0.03 (stat) £ 0.06 (syst) | :
1030 T R M AN IV N AT AW WA decayvertextopology
P18 185 19 195 2 205 21

M(KKR) (GeV/c?) » Machine learning (ML) tools for candidate selection
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https://academic.oup.com/ptep/article/2020/8/083C01/5891211

Prompt and non-prompt D} mesons

> D mesons

— Prompt, from charm-quark hadronisation or excited charm-hadron decays
— Non-prompt, from beauty-hadron decays

> Non-prompt DI mesons » beauty-quark production

— ~ 50% from BY decays and ~ 50% from non-strange B

Non-prompt D
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Prompt and non-prompt D} mesons o

ALICE

P.A. Zyla et al. (PDG) PTEP 2020 8, 083C01 (2020)
> D mesons

— Prompt, from charm-quark hadronisation or excited charm-hadron decays
— Non-prompt, from beauty-hadron decays

> Possible to disentangle prompt and non-prompt DI

— beauty hadrons have c¢7 ~ 500 um

— non-prompt DI on average more displaced from the
interaction vertex

— different topology and kinematic features

+ - +
Non-prompt D > ML to separate prompt DI mesons, non-prompt D

mesons and combinatorial background
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https://academic.oup.com/ptep/article/2020/8/083C01/5891211

D* production in pp collisions at 5 TeV — pQCD calculations

D mesons: arXiv:2102.1360

FONLL: M. Cacciari et al. JHEP 1210 137 (2012)

measurement

42.1% lumi. unc. not shown 2.1% lumi. unc. not shown

6\ F T T T T T T T T T T T | T T T L
© P ALICE PYTHIA8: T. Sjéstrand et al. JHEP 05 026 (2006)
> 10 o =502 Tev i <°5§ bi<05 GM-VFNS
[0 102 [P)r(imp( D ] Promp( D T. Kneesch et al. Nucl. Phys. B 799 34-59 (2008)
o . ata 3 .
% 10 Non-prompt D 1 GM VFNS
- + Data 3 Non-prompt D H
g:— - FONLL + PYTHIA8 Decayer + Data N > GM—VFNS calculatlons
T 1L == = 4 GM-VFNS
£ o 3 — describe within uncertainties
10° ] 3 —
——— ] —— the prompt DI -meson
3 [ E

|

10 43.6% BR unc. not shown 3.6% BR unc. not shown
\\}\\\}\\\}\\\}\\\}\\\}\\\}\\\}\\\}\\\}\\\}\\\7 } “H“H}H}“H}H}“H“H“H“H“H}H(
2 3 s ] » FONLL calculations not
] et ™ e . .,
. 1 p S— .
o3 ] b L available for prompt DI
S ﬂ} J$L ] TSR TTTH FT TINT FT
OlE ¢ - m6107 —
1 Slo
4 lﬂos 4
] o|g ey
PO O i i s s IV S A A OO WO
H\2\\\\4\\\\\6\Hé\\\1\0\\\1\2\\\1\4\\\1\6\\\1\8\\\2\()\\22 S > T 3 850 12946 Y850 2224
p, (GeV/c) P, (GeV/c)

> Non-prompt D compatible with FONLL central values and underestimated by GM-VFNS
— FONLL » f(b — Hy,) FFs from eTe™ and PYTHIAS to describe Hy, — DI + X decays
— GM-VFNS > “single-step” description of b — D + X using FF from ete™ measurements
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https://link.springer.com/article/10.1007/JHEP10(2012)137
https://iopscience.iop.org/article/10.1088/1126-6708/2006/05/026
https://www.sciencedirect.com/science/article/pii/S0550321317303462
https://www.sciencedirect.com/science/article/abs/pii/S0550321308001363
https://arxiv.org/abs/2102.13601v1

D-meson yield ratios in pp collisions

FONLL: M. Cacciari et al. JHEP 1210 137 (2012) PYTHIAS8: T. Sjéstrand et al. JHEP 05 026 (2006) D mesons: arXiv:2102.1360
OD T L e e e ~ 08— g
= 1 o ALICE ly| <0.5 ] Q [ ALICE pp, Vs =5.02TeV |y|<0.5 1
| - (=} — —
[ pp, (s =5.02 TeV ] al 7; Prompt Non-prompt ]
1_0; Prompt Non-prompt ] T 060 ° Data = Data E
e Data = Data 1 o C FONLL + PYTHIA8 Dec. 1
FONLL FONLL + PYTHIAS Dec. | 05k D « B+B*+Bl+AL E
b F D! « Bg+B* E
1 04" D: - B .
; 0.3F % W$L :
g g e e e
] E EE?E—E— ]
2 7 0.1 ‘$L == =
[ +1.9% BR uncertainty not shown 1 £ ]
o b b b b b by by 107 Eeo b b b b b 1A
0 10 12 14 16 0
P (GeV/c) P, (GeV/c)

> D-meson ratios flat in pr and in good agreement with FONLL calculations
— Compatible prompt and non-prompt D*’/D0 ratios
- DI /(D° + D) ratio higher for non-prompt D mesons. Substantial contribution
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https://link.springer.com/article/10.1007/JHEP10(2012)137
https://iopscience.iop.org/article/10.1088/1126-6708/2006/05/026
https://arxiv.org/abs/2102.13601v1

arm-quark fragmentation fractions in pp collisions

PYTHIAS: P. Skands et al. EPJC 74 3024 (2014) ZEUS: JHEP 09 058 (2013) D mesons: arXiv:2102.1360
LEP: L. Gladilin EPJC 75 19 (2015) ATLAS: Nucl. Phys. B 907 717-763 (2016)
H1: EPJC 38 447-459 (2005) ALICE, 7 TeV: PLB 718 279-294 (2012)
e » Charm-quark f,/(f, + f3) ratio from
LEP e'e’, (5= m, — o PYTHIAS 4 constant fit to prompt D} /(D° + D%)
average | pT>0 £
H1:ep 0.5y, |— — > Very precise measurement in agreement

pT(D) >2.5GeV/c

ZEUS yp 0.5><ys [

I

I . : :

| with previous observations
pT(D) >3.8 GeVic I

» Compatible with PYTHIA8 Monash-13

ATLAS 0.5y, pp {s=7TeV | _ ] )
oo tune simulations (2.7 o)
T

I

ALICE, pp Vs =7 TeV |— }
p,(D)>0 |
I

Ll

ALICE, pp Vs =5.02 TeV |— .theory sys
pT(D) >1GeVie, Py constant fit

0 0.05 0 1 0.15

7 fs
R (7) = 0.137 £ 0.005 (stat)
0.2 0.25 fu + ﬁl charm

charm f/(f +f,) +0.008 (tot.syst)
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-014-3024-y
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-014-3250-3
https://link.springer.com/article/10.1140%2Fepjc%2Fs2004-02069-x
https://link.springer.com/article/10.1007%2FJHEP09%282013%29058
https://www.sciencedirect.com/science/article/pii/S0550321316300700
https://www.sciencedirect.com/science/article/pii/S0370269312011033
https://arxiv.org/abs/2102.13601v1

Beauty-quark fragmentation fractions in pp collisions

PYTHIAS: P. Skands et al. EPJC 74 3024 (2014) ATLAS: PRL 115 262001 (2015) D mesons: arXiv:2102.1360
LEP: Y. Amhis et al. (HFLAV) arXiv:1909.12524 LHCb, 7 TeV: Phys. Rev. D 85 032008 (2012)
CDF: Phys. Rev. D 77 072003 (2008) LHCb, 13 TeV: Phys. Rev. D 100 031102 (2019)

L > Beauty-quark f,/(fy + fa) from constant
LEP &'e” 0.5x1,/f, 15 = m, fo-  — PYTHIAS fit to non-prompt D7 /(D 4+ D*) ratio

HFLAV average | pT >0

CDF, pp V5 =1.96 TeV |— |
p,(B)>7 GeVic |

+ D mesons from B® and B* decays

7 » Correction to account for non-prompt

ATLAS 0.5xf/fy, pp (s =7 TeV | —
pT(B) >8GeV/c . . .
> Value compatible with previous

measurements and PYTHIA8

LHCb, pp Vs =7 TeV [— | —— —
pT(B) >0, Py constant fit

I
LHCb, pp s =13 TeV [— fe- —

p,(B) >4 GeVic
ALICE, pp Vs = 5.02 TeV |— [litheory sys = fs
p(D) >2GeV/c, p_constant fit L —— ﬁ = 0127 + 0036 (stat)
0 0.05 0.1 0.15 0.2 0.25 u T 1d/ beauty
beauty f/(7u+fy) + 0.014 (tot.syst)
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https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-014-3024-y
https://arxiv.org/abs/1909.12524
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.77.072003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.262001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.032008
https://www.sciencedirect.com/science/article/pii/S0370269312011033
https://arxiv.org/abs/2102.13601v1

Strange and non-strange prompt D-meson Ry,

> Strong suppression of D-meson Raa in central

18 T

Pb-Pb collisions Digl Gi ALICE Preliminary B

- factor ~ 5 in magnitude at 8 — 12 GeV/c n 0-10% Pb-Pb, |/s = 5.02 TeV ]

145 ly|<0.5 =

» Hint of reduced suppression for DI w.r.t. 1.2F * Average D, D", D%
non-strange D mesons at pp < 8 GeV/c r * 0 ]

1
. n
Filled markers: pp measured reference

— expected for hadronization via coalescence + Open markers: pp p -exirapolated reference
) T

strangeness enhancement in the QGP 0.8/l
I. Kuznetsova et al. EPJ C51 113 (2007)

0.6
0.4 n i
r Y =
0.2 ¥ ! 5
0:\ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ L1l \:

5 10 15 20 25 30 35 40 45 50
P, (GeV/c)
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https://link.springer.com/article/10.1140/epjc/s10052-007-0268-9

Strange and non-strange prompt D-meson Ry,

PHSD: T. Song et al. PRC 92 014910 (2015) TAMU: M. He et al. PLB 735 445-450 (2014) Catania: S. Plumari et al. EPJC 78 348 (2018)
§2_4,HHH‘ —
@ p oF  ALICE Preliminary
"““E 0-10% Pb-Pb, |5, =5.02 TeV
2 yl<05
1.8; D°, D', D** average D}
1.6 ® data + data
£ < PHSD «+s: PHSD
14 1tamu []TAMU

— Catania Catania

1.2

1
4

0.8

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, n
pp reference
Filled markers: measured
Open markers: pT-exIrapoIated

» Charm-quark transport models including 82 2
coalescence describe the hierarch ' //‘ :%:%
Y 0.2 e
Raa(DF) > Raa(D) ot ° L

P, (GeVl/c)
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https://link.springer.com/article/10.1140/epjc/s10052-007-0268-9
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.92.014910
https://www.sciencedirect.com/science/article/pii/S0370269314003591
https://link.springer.com/article/10.1140/epjc/s10052-018-5828-7

Strange and non-strange prompt D-meson elliptic flow

Non-strange D: PLB 813 136054 (2021)

—_— Fro o ‘ T T ‘ T \-\ ‘-\ T ‘ T T ‘ TTTT T T ]

2 050 ALICE Preliminary E

> Positive v, of prompt D mesons » charm & T 80-50% Pb-Pb, (s =5.02TeV 1
quarks participate in the QGP collective L o4r + Prompt D, [y|<0.8 B

H o r s’ : ]
motion @(_\,‘ 0.3F « Prompt D°, D*, D** average, |y|<0.8 ]

> f arXiv:2005.11131 1

> No significant difference between strange and 020 E
non-strange D mesons 0.1~ $ $ -
0.0F %

-0.1= [ Syst. from data B

[l Syst. from B feed-down ]

_0'27\\ | ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘\7

5
P, (GeV/c)

20/05/2021 F. Catalano (PoliTo and INFN) 12


https://www.sciencedirect.com/science/article/pii/S0370269320308571

Strange and non-strange prompt D-meson elliptic flow

Non-strange D: PLB 813 136054 (2021) TAMU: M. He et al. PRL 124 042301 (2020) PHSD: T. Song et al. PRC 92 014910 (2015)
&-\ 7\ T 1T ‘ T T 1T ‘ TT \-\ ‘-\ T 1T ‘ T T 1T TT 1T ‘ T T 1T ‘ \7
cAs 0.6 ALICE Preliminary ly|<0.8 —
T o5 30-50% Pb-Pb, |, = 5.02 TeV ]
[« Be i -
s F Prompt D; Prompt D°, D, D** E
% 0.4 + data e data arXivi2005.11131 —
~ o F TAMU TAMU ]

03¢ —-PHSD ----PHSD =
0.2 -
0.1~ ﬂi{
0.0 i

> Strange and non-strange D-meson elliptic flow
reproduced by TAMU and PHSD models -0.1

-0.2

[ Syst. from data
I Syst. from B feed-down

5

P, (GeV/c)

20/05/2021 F. Catalano (PoliTo and INFN) 13


https://www.sciencedirect.com/science/article/pii/S0370269320308571
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.042301
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.92.014910

Non-prompt Df-meson Ry, A

TAMU: M. He et al. PLB 735 445-450 (2014)

g2.57””‘””_”“_m_wm‘wwwwm $25 T T T
@ | ALICE Preliminary = @ [ ALICE Preliminary =
[ 0-10% Pb—Pb, s = 5.02 TeV ] [ 0-10% Pb-Pb, |5y = 5.02 TeV ]
Lly|<0.5 . — Llyl<05 _
2.0p 4 = Prompt D i 2.0r 4 ¢ Non-prompt D° i
L e Non-prompt D; ] [ e Non-prompt D; ]
15[ . 151 .
= TAMU ~ = TAMU ~
L Prompt D] ] L - Non-prompt D° ]
H Non-prompt D* q - Non-prompt D* q
1.0 B 1.0 B
L open markers: pp extrapolated reference | o Y\ open markers: pp extrapolated reference |
L i LBl i
0.5~ P os- [ .@r ——————————— -
L i 1 L @ _E_—@—:
. L (. LS T ,
IS N N F N T B AT AT AT r IS AN N I R A A

0.00 5 10 15 20 25 30 35 40 45 50 0'00

P, (GeV/c) P, (GeV/c)

> First measurement of non-prompt DI mesons in central (0-10%) Pb—Pb collisions

» Hint of larger Raa than prompt DI and non-prompt D mesons in the low pr region
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https://www.sciencedirect.com/science/article/pii/S0370269314003591

Non-prompt and prompt D-meson Ry,

TAMU: M. He et al. PLB 735 445-450 (2014)
Pms-c—‘“““““““““““‘““
a] - ALICE Preliminary
E‘ 551 0-10% Pb-Pb, s, = 5.02 TeV > Indication of smaller suppression of D
g [ Iv<05 mesons from B-meson decays than prompt
< 20F ones below ~ 8 GeV/c
o 200
=~ i — described by TAMU model predictions
S 15
= 1-9[
£ N
o [
g0 | U= ——
s r > Interplay of charm and beauty energy loss and
(= L
<osL ° data recombination in the medium
T T TAMU _
L open markers: pp extrapolated reference
7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\
0 15 20 25 30 35

P, (GeV/ce)
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https://www.sciencedirect.com/science/article/pii/S0370269314003591

Non-prompt and prompt D-meson Ry,

CUJET3.0: J. Xu et al. JHEP 02 169 (2016) MC@sHQ+EPOS: M. Nahrgang et al. PRC 89 014905 (2014)

—_ 3_0 \\\\‘\\\\‘\\\\‘\\\\‘\\\\ \\\\‘m > Do_meson RAA 9 hint Of AE(, > AE})

a” | ALICE Preliminary

a = T T T
0-10% Pb-Pb, \'s,,, = 5.02 TeV g C ‘ ‘ ‘ ]

g 2.5 Wl < 005 NN émg 30 ALICE Preliminary D° meson 1

9; £ Pb-Pb, S, =5.02 TeV -

o 20 & 25 0-10%, ly|<0.5 ]|

g g ]

1.5 2.0

1.50f

1.0

(non-prompt D7
\\\\\\\\\‘\\\\‘\\

[ ]

g | =0

=)

F ol

‘\\\\‘\\\\‘\\\\‘\\\\‘\\\

R
g i e

B = B

- ol

< C i

< 0.5 1.0 4 il
© b TAMU 1 i ]
C open markers: pp extrapolated reference ] L —4— Daa [ ] TAMU 0-20% i
Fov b b b b b Lo L r e s oy ]
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p. (GeV/c) ’H\\éwwl\owwl%u”m”f
T
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https://indico.cern.ch/event/985652/contributions/4305089/
https://arxiv.org/abs/1912.08965
https://www.sciencedirect.com/science/article/pii/S0370269314003591
https://link.springer.com/article/10.1007/JHEP02(2016)169
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.89.014905

Strange and non-strange meson R,

CMS: PLB 796 168-190 [2019) TAMU: M. He et al. PLB 735 445-450 (2014)
o o ALICE Preliminary ]
8 °L Po-Pb, {5, =5.02 TeV ] > Raa(D{)/Raa(D°) ratio for non-prompt
[%2] L 7
¢ 75 NonpromptD;/D°  CMSBJ/B" above one at low pr
£ £ 0-10%, |<05 = 0- 100%' V<24 7 — B% production enhanced by beauty
< 6 —TAMU TAMU E N
o r ] hadronisation via coalescence
~ 5F =
o ] » TAMU model describes the observed trend
S 4 E
& o E
< E ]
o, E » Larger Raa(B2)/Raa(B™) ratio than
B E'_ 3 non-prompt D
1;7 77777777777 = — D{ from non-strange B-meson decays
i open markers: pp extrapolated reference -
P e R — different decay kinematics
diff d ki i

3 4567810 20 3040
p, (GeV/c)
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https://www.sciencedirect.com/science/article/pii/S0370269319304708
https://www.sciencedirect.com/science/article/pii/S0370269314003591

Prospects for Run 3 st

> Major upgrade of ALICE detectors and read-out electronics ongoing
— increase collected Pb-Pb luminosity by more than 50 times
— upgraded Inner Tracking System (ITS2) » improved track and secondary-vertex resolution

s T T T T T T R AR N s A AR AR AR AR
v~ 3.5-ALICE Upgrade Projection e [ ALICE Upgrade Projection ]
: 0-10% Pb- 1Pb Sy =55 Tev E 0.25 32 50‘7; 5P_|I39\P/b Non-| pr?Trrépt D; - BDT selected ]
- ] = NN — =
3.0 Ly = 10 nb" B . Dy 1 FLy=t0mb’ o TS 1
25:, 0 oITS2 ,: 0'20; Tola\sy‘s;esrgancuneenainiy 7: | 4 Measurements
s 4 I —— 1TS3 -
E / ° ITS3 ] 0.15F TAMU - of Bg RAA and
2.0~ N TAMU b r ——Nnn prompt D 1
0 \ 0 ] F @z Promet, ] non-prompt
E —-B ] 0.10F ///////// . promp
s T[N B (non-strange) g 1 D v, possible
F , \ ] 0.05 3 .
LoD ] g with good
. 0.00[% B precision
0.5 C ]
E 0055, 1T
N I I P T P I 0
0 4 6 8 10 12 14 16 18 20
P, p_ (GeV/c) p; (GeV/c)
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https://indico.cern.ch/event/985652/contributions/4298255/

Conclusions

+ % m:égvlflgisoz'rev ) lvI<054 50‘: 06; AL‘ICE F"re\irr‘ﬂnary‘ ‘ \‘ykos‘é
» Prompt and non-prompt D mesons 8 o L ok o, 52 Tov E
. - 2 Non-prompt D' - F PromptD} PromptD’,D’,D*" 3
measured in pp collisions 3 © B pvrias becarer % 04L + daa - calmarcvaosiiie
S o S
— potential to constrain pQCD calculations o sk E
— 2 & 3
— precise study of charm and beauty ! P — o|%$fk%—;
CESEINL | B F ALICE Prefimin| g of S ]
i 1 AT e 0.07HH =
hadronisation Pttty B L o q0% po-pb, 5| | E
of s <05 —0.F [ Syst. from data E
_ = [ [ Syst. from B feed-down E
£ 43} ﬂ} o 20- ORh
.. g & o
> In Pb—Pb collisions 1 #ﬁb 2. . (GoVIE)
— non-prompt D" measured for the first time RO gw
— insights into heavy-flavour recombination Py P ——— e ——
% ‘ 205 Zvinns
.. . o poF ALICEPreliminary | o 0 — proa
— charm quarks participate in the QGP o e PP g \ "
. . 18F 5 10 15 20 25 30 35 ]
collective motion e . p, (Gevio) |
LN |
. 100 — Caania Catania ] o (5o —— -
> Just an appetizer for ALICE measurements of P T = | e a4
Run 3 with upgraded detectors and larger ' e st s | R
data samples . T e
0! L L
: 10 pT(GeV/c)
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Backup



Heavy flavours in proton-proton collisions

> Heavy flavours (c and b quarks) produced in hadronic collisions from hard-scattering processes

» Production described with perturbative QCD
calculations based on the factorisation theorem

Ohh—Hh — PDF(Xa‘-, QQ) PDF(Xb7 QQ) ® Tab—qg ®

Parton distribution functions (non perturbative)
Partonic cross section (perturbative)
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Quark-Gluon Plasma in ultra-relativistic heavy-ion collisions

Quantum chromodynamics (QCD) calculations predict a phase transition of nuclear matter to a

colour-deconfined medium, the quark—gluon plasma (QGP), under extreme conditions of temperature
and/or density

+~——  9s1aAlUN Alieg

Temperature T [MeV]

Critical point?

Hadrons

\—— oMY
2

—re

Nuclei

Quarks and Gluons

@
\,o\\\s

Net Baryon Density

» The QGP can be created in the laboratory by ultra-relativistic heavy-ion collisions

F. Catalano (PoliTo and INFN)



Heavy flavours in Pb—Pb collisions — Observables

Heavy flavours propagate through the QGP and interact with the medium constituents

> Energy loss via elastic scatterings and gluon radiation
— nuclear modification factor Raa

1 dNaa/pr
<NAA> dNpp/pr

coll

Raa (pr) =

» Participation in the fireball collective motion

— azimuthal anisotropy of produced particle momenta

v2 = (cos[2(p — W2)])

» Hadronisation via recombination in the medium

— pr-dependent yield ratios, Raa and v, of different

hadron species
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Prompt and non-prompt D} mesons

P.A. Zyla et al. (PDG) PTEP 2020 8, 083C01 (2020)
» DI mesons

— Prompt, from charm-quark hadronisation or excited charm-hadron decays
— Non-prompt, from beauty-hadron decays

» Non-prompt D mesons » beauty-quark production and
hadronisation

— different B-meson contributions for each D species

from B from B from B!

non-prompt D°  ~ 40% ~ 60% -

non-prompt D™~ 75% ~ 25% -

non-prompt D}~ 25% ~ 20% ~ 55%

(PDG BRs and FFs from Z — bb decays,
contributions from baryons negligible)

Non-prompt D
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https://academic.oup.com/ptep/article/2020/8/083C01/5891211

Analysis tools — Supervised machine learning

Training
» Supervised ML models "learn” to make CHE)

predictions from a set of examples, where the Machine

correct classification is known learning
algorithm

> They can perform more complex selections
w.r.t. the linear selections traditionally used m

» To train the model a training set is needed. It is built from
— Monte Carlo productions » prompt and non-prompt D mesons
— data collected by the experiment » combinatorial background from sidebands of invariant-mass
distribution

v

After the training, the ML model is used to predict the class of unknown particle candidates
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Analysis tools — Multi-class classification

v

Multi-class Boosted Decision Trees (BDT) employed to separate prompt D mesons, non-prompt
D mesons and combinatorial background
— different BDTs for D°, DT and DI mesons and for different transverse-momentum (pr) intervals

B e e K K KRR AN
-f‘:_’ 1L ALICE Performance |
S F] ppVs=5.02TeV E > . ] . . . .
& b B et - KK and charge con ] BDT mput.. .cand|date kinematic, geometrical and
& [ | 2<p <4Gevic 1 PID quantities
©
§1of1; - » BDT output: 3 scores related to the candidate
= r ] probability to be prompt, non-prompt and
F 1 background
1072 E
— Prompt D > Selections applied on these scores to reduce
| Non-prompt D] combinatorial background and reject prompt or
10° — Combinatorial bkg. =
IR N WS WA NI WS Wi Suws Swwn S nOn-prOmptDmeSOnS

0 0.10203 040506 070809 1
ML score for non-prompt hyp.

Prompt/Non-prompt D: from MC, bkg. from data
20/05/2021 F. Catalano (PoliTo and INFN)



Non-prompt D mesons — Selection efficiencies

>
[9)
c
o
(3]
£
)
x
©
o
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5]
I
o
[
Q
Q
<

2

pp, Vs = 5.02 TeV

D" — K vt and charge conj.
o Prompt
+ Non-prompt

D’ — K and charge conj.
o Prompt
+ Non-prompt

D; ~ @t - K'K'1r and charge conj. 3
o Prompt E
+ Non-prompt

—_
o
W
-
-
-
-l

non-prompt
prompt
332
R
)
o

i sl
A=
ol
o
“3

L e A R R PR T 1R VR S R [N RV R SR S B aea
p, (GeV/c) P, (GeV/ce) p_ (GeV/c)

» Non-prompt D-meson measurements - selections on BDT scores tuned to suppress the prompt
contribution and enhance the non-prompt one in the raw yields
> Prompt efficiencies smaller by a factor ~ 5 — 700 depending on the species and pr
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Non-prompt D mesons — Raw-yield extraction

100/ ALICE

§=103%15

Counts per 8 MeV/c?
D ©
o o

404,

20f

pp, Vs =5.02 TeV
D° - K 1" and charge conj.
1<p,<2GeVic

Fronprompr = 0-95 £ 0.01 (stat.) + 0.03 (syt.)

DO

A

175 18

1.85

1.9 1.95

M(KT) (GeV/c?)

-
n
o

Counts per 8 MeV/c?

o
o

T 1
ALICE D+
pp, V5 = 5.02 TeV

D' - K'r'mr and charge conj.
8

S

<p,<10GeV/c
=178+33

© oongroms = 0.6 % 0.06 (stat) + 0.02 (syst) |
| IR RSN AR R I N PR B
75 18 185 19 195

M(KTm) (GeV/c?)

ALICE D+
pp, Vs =5.02 TeV S

D} - @' — K'K 1t and charge conj.

2<p <4GeVic

S$=137+16
fnon-prompt = 0.62  0.06 (stat.) £ 0.01 (syst.

12 2 (A T W W T W e |

1

P Ll
8 18 19 19 2 205 21

M(KKm) (GeV/c?)

» DO DT and DY yields extracted from fit to the invariant-mass distributions of particle candidates

» Enhanced fraction of non-prompt D mesons in the raw yields » estimated with a data-driven

approach

20/05/2021
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Data-driven estimation of non-prompt fraction

» Define n sets of selections with different
prompt and non-prompt D-meson
contributions

Acceptance x efficiency
3
T

» For each selection set the and the
efficiencies are related to the corrected yields 10

of prompt Nprompt and non-prompt

Nnonfprompt D mesons

ALICE Performance iy
[ pp, (5=5.02TeV o Prompt D ]
8<p, <10GeVic + Non-prompt D

Loose sel. Tight sel. E
— — 1]
Non-prompt _|
10"—010710‘ ]

‘o,

o, Prompt |
-0;

oy

> An algebraic system is obtained

. prompt . non-prompt
(Acc x €)} * Nprompt + (Acc X €)] .

(A(?(i N E)%)r-(nupl . Nprompt 4 (A(?(’, % e)lnl()u—l)r()[nl)t .

L[ = I P P P PO T T T P T
2 4 6 8

10 12 14 16 18 20
ML based selection

Nnnn—prompt -

Nn()n-pronxpf -
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Data-driven estimation of non-prompt fraction

I N B N B PR B
2 4 6 8 10 12 14 16 18 20
ML based selection

A aaa e e aaga e
. . . . g [ Loose sel. Tight sel.
> Define n sets of selections with different s L —
prompt and non-prompt D-meson v .
I @l Non-prompt |
contributions g prompt
a E ‘0:'010— E
- e & o ]
o 500 — s} L O, i
2 ALICE 1 < "0, Prompt
2 pp, Vs =5.02 TeV 8<p_<10GeV/c 2| o,
T T ] 107°F ®io,
[ast e Data | E Lo
Prompt D* 4 r o1
— VA ALICE Performance
[ Non-prompt D" | [ pp. =502 Tev o PromptD’ i
— Total _ [ 8<p, <10GeVic + Non-prompt D* |
] 10

////////////////////// 44, > Corrected yields of -

//////// hyl orrected yields of prompt and non-prompt D

10 12 14 16 18 20
ML based selection

mesons obtained from y? minimization of the
system
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Data-driven estimation of non-prompt fraction

ALICE
@r@ pp, Vs = 5.02 TeV

L "0

T T
T

1.0

°a
e "
¢ Mg
3

0.8

0.4

"Natural“ foon—prompt (FONLL + PYTHIA)

0.2 —_
D°, D* D; I e
== nn RN
» Non-prompt fraction fon—prompt €valuated 2 4 6 8 10 12 14 16 1§’T2(%625/02)4

for a given set of selections as

non-prompt
i (ACC X 6)1 P P Nnon-prompt

non-prompt — non-prompt prompt
(ACC X E)i . Nnon—prompt + (ACC X e)j ) Nprompt
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Beauty-quark fragmentation fractions

PDG: PTEP 2020 8, 083C01 (2020)

b-hadron  Fraction at Z (%) Fraction at pp (%)

BY, B* 40.8+0.7 34.44+2.1
B? 10.0 £ 0.8 11.5+1.3
A 8.4+1.1 19.8 £ 4.6
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https://academic.oup.com/ptep/article/2020/8/083C01/5891211

Results — Cross sections

’G :\ TTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘:
T 42 LALICE ly| <05 |
T P Is=5.02TeV
2 102;%1. Non-prompt  Prompt 7 » Prompt and non-prompt D mesons
~ w® 0 0 =
s e 'g+ ”g+ ] measured down to very low transverse
10 = b 4 —
%'_ 0;.,“:% 0! .0 E momenta
= [ oge ;’nzﬂn ]
o TE Fpeome 3
-o = w * QQ‘D’ =)
L e ] » Prompt D° from EPJC 79 388 (2019)
107 e
Lf 3 o : » Prompt D" and measurements
107 — 3 .
E —a—— updated using ML - larger pr reach
L 4#7407,
10—3?12.1%Iumi. unc. not shown - w.r.t. previous results
EBR syst. unc. not shown E
7\ L1l ‘ Ll ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ Ll ‘7

0 5 10 15 20 25 30 35
P, (GeV/c)
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https://link.springer.com/article/10.1140/epjc/s10052-019-6873-6

Results — Non-prompt over prompt ratios

Prompt D°: EPJC 79 388 (2019)

:é\- 037\ L ‘ T T T ‘ T T T T T T ‘ LI \7
) ) € |ALICE ly| <0.5 |
» Cross section ratios of non-prompt and g_ | pp, Vs =5.02 TeV |
prompt D mesons increase with pp up to N 00
© [ L] 7
12 GeV/c %" | D" |
— beauty-hadron pr distribution harder NB 0.2 D -
‘O +*
than D mesons =~ T ¢ )
“5’_ L i
£ L |
o
> Hint of larger ratio for DI mesons ol 1 1
— larger contribution of beauty-hadron g 0.1— E}» $ ‘ 7
decays compared to non-strange D -é"_ | %& T T |
mesons s | %@ |
B L
= 1 = -o L | ‘ | ‘ | ‘ | ‘ L1l
b—ccs b —ccs 0 5 10 15 20 25
P, (GeV/c)
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https://link.springer.com/article/10.1140/epjc/s10052-019-6873-6

Prompt D" and D/ cross sections vs. 2019 paper

T T T T T T > Measurement of prompt Dt and DI mesons

)
v 10°LALICE ly] <0.5 ] updated using ML - extension to lower transverse
& [P (s =5.02Tev momenta w.r.t. 2019 result
9 102 L, Non-prompt  Prompt -
EXag SN 0 0 E EPJC 79 388 (2019)
N = D oD ] Tl o B e e B I
=) L =% D 5D i o E ALICE 3
— 10k < h E > r 7
g E*e 2 4D <D} E D 107 e pp, (5=502Tev ]
= [ oge = 1 o e y|<0.5 E
R 1 8 . °f :
© ok PO £ = 10 o D =
F *_o- : = E I~ 3
0y e o 3 s f . ]
E e 3 a 1 a D"x5 —
B H’ﬁg T ] S E + D! 3
107277 ———— _ ¢} [ —— 7
E —— 3 S 107 — =
E —_—— E —— 3
r AT—4D7: E = ]
1078 L#2.1% lumi. unc. not shown - 102 e —— —
EBR syst. unc. not sh 3 E —_— g
:\ | \S\y\swlw-lrw]c\ ?‘\) \S\ \O‘\N?\ I I IR B \: 73: ;;.i;/;lluﬂiéunn;;f;;:own _ a7
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https://link.springer.com/article/10.1140/epjc/s10052-019-6873-6

Results — Beauty-quark production cross section

Dielectron: Phys. Rev. C 102 055204 (2020) FONLL: M. Cacciari et al. JHEP 1210 137 (2012) NNLO: S. Catani et al. JHEP 03 029 (2021)
» pr-differential non-prompt D-meson measurement - pr-integrated cross section » bb
production cross section at midrapidity

B R e _ _
Dielectron 7,<0.8 PYTHAG |- = ALICE - > D-meson average compatible with
pp, Vs = 5.02 TeV .
| previous ALICE measurements
Dielectron [ |<0.8 POWHEG |- —El—l —— FONLL
— — NNLO i
I ] datasys > Good agreement with FONLL and
0 . . .
b~ DlyI<05— = [0 extrap sys — calculations including NNLO QCD
X | radiative corrections
b - D' yI<05 |- m— -
|
b - D;yI<05 |~ L= .
| do o
bb _
b - D average |y|<0.5 — 1 J 1 | | | _ dyf <o =345+ 2.4(stat)
0 10 20 30 40 50 60 70 80 47 (tot.syst) ub

dog/dy,_, (HO)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.055204
https://link.springer.com/article/10.1007/JHEP10(2012)137
https://link.springer.com/article/10.1007%2FJHEP03(2021)029

ction cross section

PHENIX: PRL 103 082002 (2009)

3 5 L T UA1: PLB 256 121-128 (1991)
= 10° = CDF: Phys. Rev. D 75 012010 (2007)
= E *PHENIX pp. ly|<1.5 //j 3 b — J/w: JHEP 11 065 (2012)
I —
= £ DUA1 pp, ly|<1.5 G- ? -~ b — e: PLB 721 13-23 (2013)
%\ [ _ //L%/ "] Dielectron, 5 TeV: PRC 102 055204 (2020)
S r ©CDF pp, |y|<0.6 T Dielectron, 7 Tev: JHEP 09 064 (2018)
o 10l _| Dielectron, 13 TeV: PLB 788 505-518 (2019)
° E 3 FONLL: M. Cacciari et al. JHEP 1210 137 (2012)
F 4 NNLO: S. Catani et al. JHEP 03 029 (2021)
1 =
E ALICE pp E
F *b - DIyl<05 dielectron |17,<0.8 7
| Afit with PYTHIA6 -
—— FONLL  ©b - JWlyI<0.9 Vit with POWHEG
107 —— NNLO  op _ e |y<08 =
E L Ll L) ]
107" 2x107" 1 2 3 4567810 20
Vs (TeV)

» Beauty-quark production described by FONLL and NNLO calculations over a wide interval of
center-of-mass energies
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.082002
https://www.sciencedirect.com/science/article/abs/pii/037026939190228I
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.71.032001
https://link.springer.com/article/10.1007%2FJHEP11%282012%29065
https://www.sciencedirect.com/science/article/pii/S0370269313001275
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.102.055204
https://link.springer.com/article/10.1007%2FJHEP09%282018%29064
https://www.sciencedirect.com/science/article/pii/S0370269318308475
https://link.springer.com/article/10.1007/JHEP10(2012)137
https://link.springer.com/article/10.1007%2FJHEP03(2021)029

Beauty FF ratio and cross section corrections

» Correction for beauty-quark FF ratio

( fs > B |:N(D:_ . BS) N(DO,D+ — Hb) FONLL+PYTHIA 8 ( D;_ )
beauty non—prompt

fotfa N(Df < H,) N(DO,D* « BOT) DO DT

» Extrapolation factor for beauty-quark cross section

e 65 /dyFONLL

ly|<0.5
extr — FONLL+PYTHIA 8/ .. min max
Gb—>D (PT <pT<pT 7’);‘ <05)
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Selections improved with machine learning

* BDT selection

N T ‘ T T T ‘ T T T ‘ T T T ‘ T T T T T T
o - . . 4
S 3.5 ALICE Preliminary E
2 [ 0-10% Pb-Pb, Sy, =5.02 TeV ]
© 3.0 88 x10°events E
@ D! - @ - KK ] .
; 250 ars1d charge conj. | » Example from Pb—Pb collisions
g C 2< p. < 3 GeVic ]
§ 20F 1 . o :
L, : » Using ML selections it is possible to extract
1.5% ] the signal in a region (2 < pr < 3 GeV/c)
- Caas) where the linear selections do not give a clear
1.0; B D peak
[ © Standard selection x 0.25 ]
0.5 -

1.85 1.9 1.95 2 2.05 2.1
M(KKT) (GeV/c?)
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Non-strange D-meson Ry,

g2.2:uww‘uu‘uu‘uu‘uu‘uuuuuuuuuu:
24 20 ALICE Preliminary e
180 PoPb. (5, =502Tev E
[ Average D°, D', D', |y|<0.5 1

1.6 = 5 ]

) + 0-10% 1 S 14~ ALICE Preliminary D’meson

4 30-50% E £ - ]

1 2im  60-80% JHEP 10 (2018) 174 E £ 120 (S =5.02 Tev E

e E 3 0 ; ]

] 1H g t ]

— E 5 08 + -

S L

WIS ;

=T T IR A I T IR o E

5 10 15 20 25 30 35 40 45 50 of |

pT (Gevrc) p-Pb, 0-100% Pb-Pb, 0-10%
-0.96<y<0.04 ly|<0.5
» Hierarchy in the D-meson Raa suppression: > Integrated Raa around (below) unity in p-Pb
increasing from peripheral to and (Pb—Pb) > observed suppression due to final
central Pb—Pb collisions state effects
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Prompt D}-meson abundance in Pb—Pb collisions

PHSD: T. Song et al. PRC 92 014910 (2015) TAMU: M. He et al. PLB 735 445-450 (2014] Catania: S. Plumari et al. EPJC 78 348 (2018)
& 37 T T L ‘ T T ]

60‘ L ALICE Prehmmary y|<0.5 -

Q |- - . . . + 0 . . o

¢ o5 0-10% Pb-Pb, {5, =502 TeV B > Indication of higher D /D ratio in Pb—Pb

= r ] compared to pp at pr < 8 GeV/c
T ]

& ol N

OQ - E » DI enhancement qualitatively described by

+_ n [ —

) 1.5 % ] transport models including charm-quark
. “ ] recombination in a strangeness-rich medium
R S WL I 7
© 7/ tamu 1% ] » Quantitative differences between TAMU,

0.5~ —- Catania frag+coal B PHSD and Catania
[ - PHSD ] — more precise Run 3 data will permit to
: : ] discriminate
1 10

P, (GeVic)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.92.014910
https://www.sciencedirect.com/science/article/pii/S0370269314003591
https://link.springer.com/article/10.1140/epjc/s10052-018-5828-7

-meson elliptic flow in Pb-Pb collisions

» D-meson v, measured at mid-rapidity (|y| < 0.8) with the scalar-product (SP) method

(u2- Q5 /M%)

(Q4/MA QB /MB) (@4 /MA.QS /MC)
(@F/ME-QF /MT)

V2{5P} =

J

M 20 j
where Q> = ijo WjeIZwJ and up = e2¢D

» Sub-events:

- A:VOC (-37<n< —17)
- B:VOA (28 <n<5.1)
- C: TPC (|| <0.8))

> v, of the signal extracted from a v vs mass
fit

_ 5 vsig
S+B™?

B
S+B

bkg
V2

VQ(M)
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Counts per 8 MeV/c?

v, {SP, |An|>0.9}

Pl — . . N X0 . . . " x10° . .
16F ALICE is 30-50%, Pb-Pb, {5, =5.02Tev § £ D . D . Kt
' D° ~ K't" and charge conj 2 3 p' . K andchargeconj. § 2 I and charge conj. ]
3<p, <4Gevic @ ,of 5<p <6GevIc E 8<p_<10GeVic
12- T 5 N S osf T
= 8
106 ER by
3 2
8 ERC 3
o - 3 o
. — Total it function
- - Combinatorial background
2F —K-nreflected
— —— —_— ; ; ; s ; s
+ + + = t t t + = t +
5 5
0.4f v,(D°) = 0.167 £0.012 1% v,(D) =0.139 £ 0.020 < v,(D*) =0.128 +0.041
= =
< < 04f -
o o
2 2
03 e K *
03} A
N4
02+ = ook 1
L . s . . . s | s
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D} vs B? transverse momentum

pT(D*) (GeV/c)

20/05/2021

ALICE Simulation
PYTHIA 8

ly(D)l <0.5

- Op (D) O
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e
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10 12 14 16 18 20
p,(BY) (GeV/c)

normalised counts

—_

_.
<

1072
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Prospects for Run 3 and beyond

» Major upgrade of ALICE detectors and read-out electronics ongoing

— increase collected Pb-Pb luminosity by more than one order of magnitude

> Inner Tracking System (ITS) upgrades crucial for heavy-flavour measurements

> Run 3 > completely new detector (ITS2) » Run 4 - three truly cylindrical layers based on

ultra-thin curved silicon-pixel sensors (1TS3)

CERN-LHCC-2019-018

]
L =
nner Barrel s
IR 16 mm
AR 0.5mm
Beam pipe
ITS ITS2 ITS3
# of layers 6 7 7
X /Xo 1.14% 0.38% 0.05%
innermost radius 39 mm 22 mm 18 mm
J. Phys. G 41 087001 (2014) pixel size 50 x 425 pm® 30 x 30 pm?®  O(15 x 15 pm?)
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https://iopscience.iop.org/article/10.1088/0954-3899/41/8/087001
https://cds.cern.ch/record/2703140
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