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Physics Motivations

pp collisions adliR. |

Heavy quarks (charm and beauty quarks) are produced in hard-scattering processes:
e Test of pQCD calculations
e Benchmark for p-Pb and Pb-Pb systems
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Physics Motivations

pp collisions
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1d beauty quarks) are produced in hard-scattering processes:

p-Pb collisions
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Study cold nuclear matter (CNM) effects
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Open questions: Collectivity?
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Physics Motivations: in particular...

Why HF jets and correlations?

Study heavy-flavour quark production, fragmentation and hadronization
— Reference for the energy and direction of the initial parton

Heavy-flavour correlations complementary characterize heavy-flavour jet properties
— Give access to the production mechanisms: LO and NLO

Why multiplicity dependent HF studies?

Investigate the possible influence of mutiparton interactions (MPI) to the particle production

Study the interplay between soft and hard mechanisms
Good observable related to the underlying event associated with the HF production

Further insights into the role of Colour Reconnection in the hadronization mechanism
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ALICE detector
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'» PID via time-of-flight -
-
L
|
| Muon spectrometer:
/ ~~_| » Muon trigger
— '» Muon tracking
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Heavy-Flavour jets and

correlations
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HFe-jets in pp and in p-Pb collisions

pp@5 02TeV

o 1073 SEERERRRR [T T T T[T T T T[T L B LU N R = — = T I | | I I =
= = S = =
§ - ALICE Prellmlnary . > = ALICE Preliminary .
S B i S B p-Pb, \ s, = 5.02 TeV i
g fot PP; | Sy = 5-02 TeV | _ = 102 = Charged Jets, Anti-k;, R = 0.4, |nJet 1<0.5 _
Jets are: oS = Charged Jets, Anti-k;, R = 0.4, [*|<0.5 3 o 5 E & withcb —e,4<p <18 GeV/c, Ty <06 =
oy LA withcb > e, 4<p <18GeV/c, [y*l<0.6 oy [ . .
: (o _ & _ Y _
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electrons, 4 < pre< 18 GeV/c - ® - - - -
107° = & = 10 = =
: ~ B ) = - ) -
® reconstructed using tracks of charged particle - ; = - 8 -
. . B e Data O N B e Data -
(a ntl-kT algorlth m) 1077 =5 Syst. Unc. (data) _§ 107 =5 Syst. Unc. (data) =
B O POWHEG+PYTHIAS = - O POWHEG+PYTHIAS x A .
. . N Syst. Unc. (theory) i - Syst. Unc. (theory) -
@‘I]Jet‘<09—R,10<pTJEt<()OGeV/C . e e b e b b b b b b ey - EEENE NS T N NN SRR SRR N NN SR
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ALI-PREL-322283 T,ch jet LI-PREL-322271 T,ch jet

Good agreement with NLO pQCD POWHEG + PYTHIAS predictions

PYTHIA8: Comput. Phys. Commun. 178, 852—867 (2008)
POWHEG: JHEP 11, 040 (2004), JHEP 1200 11, 070 (2007)
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HFe-jets: final state effects?

Final state effects? -> Measurement performed with different R: R=0.2,0.3,0.4, 0.6

R dependence of Rypy, Ratio of cross sections o(R= 0.3)/a(R = 0.6) in pp and p-Pb c;S 2
o — jet — x>

B R =0.3, 6, |y®|<O0. © = . _ AL
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Pr o jet(G.eV/ c) Pr o jet( 3 § ®
dop./d . . .
R o, L Toppo Pr * No modification of the jet spectra in small system
p

No evidence of fina
productions in sma
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| systems as well as initial state effects

A do,,/dp;
state effect (energy loss) on heavy-flavour

S

POWHEG describes also the radial shower development of HFe-jet:
No modification of jet shape of heavy-flavour jets
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DO-tagged charged-particle jets

Jets are:

@ identified by the presence of DY mesons,
2(3) < prP< 36 GeV/c

® reconstructed using charged particle (anti-
kr algorithm)

® |niet|<0.9 - R, 5 < priet< 50 GeV/c

PYTHIA6: JHEP 05, 026 (2006)

POWHEG: JHEP 11, 040 (2004) JHEP 1200 11, 070 (2007)
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_pp@Vs=13TeV

Z\G -~ ALIGE Preliminary - P§ _  ALICE Preliminary -
o 107'=pp. 15=5.02TeV = o 10’ pp.Vs=13TeV —=
S = charged jets, anti-k;, R = 0.3, In'e‘l <0.6 1 Q9 s charged jets, anti-k;, R = 0.4, |77""‘t |<0.5 -
o 5 with D%, 3 < p < 36 GeV/c 1L e with D’ 2< p < 36 GeV/ic N
i 102% E Etm_zgom Dat =
= = - — ° ata =
o5  H° » Data 1 L2 o Syst. unc. (data) :
“ola. 418 Syst. unc. (data) B ola b ofs yst. Une. -
©107E s o POWHEG+PYTHIA6 =  10°& i — 2 gos\:VHff ;’;Z;H;AG =
- Syst. unc. (theory) N - N yst. une. y .
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055 B 110 . 115 » 210 » 215 » 310 B 315 » 410 . 415 B 50 055_ ...................................................................... ;
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@ pr-differential cross section of DO jets —> consistent trend between the energies:
Js =5.02TeV (piP> 3 GeV/c, R=0.3), 13 TeV (pi®> 2 GeV/c, R=0.3).
@ Consistent with theory predictions (POWHEG+PYTHIAb)
decreasing minimum priet increased difference from the central POWHEG+PYTHIAG.
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DO and Ac-tagged charged-particle jets: fragmentation function
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Zch 0.4 0.5 06 0.7 08 0.9 . PYTHIA6: JHEP 05, 026 (2006)
I Z\"  PYTHIA8: Comput. Phys. Commun. 178, 852-867 (2008)
ALI-PREL-332972 — POWHEG: JHEP 11, 040 (2004), JHEP 1200 11, 070 (2007)
Momentum fraction carried by the DO meson in t?\edlre3c3t3|(<))4; of the jetaxis: z{" = Fyet ~ ZHF :
- ) : Measurements point towards a softer

fragmentation at lower pr e
Good agreement with NLO (POWHEG+PYTHIA6) pQCD predictions for higher prjet

Peak at z"~T1or5 < prjer < 7 GeV/c only DO as jet component
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DO and Ac-tagged charged-particle jets: fragmentation function
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Momentum fraction carried by the D meson in the direction of the jet axis:
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ALICE Preliminary

pp, Vs =13 TeV

charged jets, anti-k;, R = 0.4, 1% | <0.5
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Syst. unc. (theory)

Probability Density
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350  charged jets, anti-k;, R = 0.4, In::‘bl <05 =
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3.0 T.b =
— 15<p_.  <50GeV/c _
— T,ch. jet —
25— + —
- o —
2.0 — O * —]
1 5_ % ? e Data (+) _E
1.0= Syst. unc. (data) =
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0.0 —
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1 .2 .................................................................................... o RN it S ._;
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08— PSS I O e Q.3
0 G —
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C _—
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Good agreement with NLO (POWHEG+PYTHIA6) pQCD predictions for higher prjet

__Peakat z"~11or7 < prjer < 10 GeV/c only DO as jet component
M. MaZZ|II|
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pp @ Vs =13 TeV

_I | | | | | | | | | | | | | | | | | | | | | | I l I I | —
~ ALICE Preliminary, pp, Vs = 13 TeV -
i A (and charge conj.) in charged jets with 0.4 < zﬁ“ <1 A C _
| anti-k;, R=0.4, [Ty | < 0.5 |
4 ) Jet O data
- 7<p" <15GeV/c .
, T, jet syst. unc. _
- 3<p, . <15CGeVic ! o POWHEG +PYTHIA 6 -
3 B ¢ PYTHIA 8 (Monash) N
B &+ PYTHIA 8 SoftQCD, mode 0 -
E . ——
2 ¥ " o ——
= 1 = 0 R — _
= v i_ i -
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E 3 I | a—
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z"
PYTHIA6: JHEP 05, 026 (2006)
PYTHIA8: Comput. Phys. Commun. 178, 852—867 (2008)
POWHEG: JHEP 11, 040 (2004), JHEP 1200 11, 070 (2007)
Measurements point towards a softer

fragmentation at lower pr e
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D-hadron correlations: pp vs. p-Pb collisions

\Na\Js\de 7_""|""|""| """" I
o) " Average D°, D", D" ALICE
. “ea‘ c\0e 6 —e— pp, Vs = 5.02 TeV -
gOV .- AT - |yP | <0.5, |An| < 1 -
D “'\3 5:_ g, < 8 GeV/e, p°> 0.3 GeV/c -
Complementary to jet studies: A TN Toml E
internal composition, spatial profile | B A~
= | -
DO, D*+, D+-meson (trigger particle) correlated with primary I N fscalounceriainty ... -
. . 0 0.5 1 1.5 2 2.5 3
charged tracks (associated particles) NEAR SIDE - Ao (rad) arXiv:1910.14403
. . . . 0.3< p?_ssoc <1 GeV/c :: 1< p?ssoc <2 GeV/c 2< pissoc <3 GeV/c
NS Yield and width vs. p(D) describe the charged-particle & E o ppis=502Tev, 0 <05 §
o . . . ] I —= p-Pb, |5 =502TeV, i
multiplicity and the spatial profile of the charm jet L 096 <5, <004
> B i
.. . . o i
Compatibility throughout all kinematic ranges betweenthe &

two collision systems

No evidence of CNM effects

WIDTHS

- B S TV R T- ST RT3
Dmesonp GeV/c Dmesonp (GeV/c)
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https://arxiv.org/abs/1910.14403
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D-hadron correlations: comparison with models

NEAR SIDE . ALICE Nearside } T e pp1s=502Tev T 2 <05 An|<1 :
3:53: p2° > 0.3 GeVic : 0.3 < p2¥° <1 GeVic : 1< p¥ <2 GeVic : 2 < p2** <3 GeV/c
I 2.5%— i <3 -—+ PYTHIA6,PerugiaZO11é:—O—HERWIG7
: : A = 3 —*— 3 F o PYTHIAS, TunedC 1 —5— POWHEG+PYTHIAG
Most of the models provide a fair description of the NS i i § o POWHEG LOAPYTHIAS
. > 3 ER
correlation peak 05 : —a—
2%
. _t o
© POWHEG+PYTHIA6 and PYTHIAS provide the best @ & = 15 H
L . s = £ T 5
description —> the best candidates for building model ® = &£ % %ﬁi
. = 2 . 08 —t— 3
references for Pb-Pb studies o - -
8%2 .......,....,....,....,....,.::::::{::::::::::::::%::::::i
0.5f 3 S
@ HERWIG misses completely the near-side peak yield at 2 04 Q% g
|— i :
i a 03 — ¥ 3
|OW pT,D and hlghp]”aggoc = oof i prk ;
; 3 1 :
0.1 = <
. . . O o o o o o o o I e o e
® EPOS 3 predicts too large near-side yields 1.6f -
3 ;; o 4 -
T w < 1o
- L I :
PYTHIA6: JHEP 05, 026 (2006) Q=g 1
PYTHIAS: Comput. Phys. Commun. 178, 852-867 (2008) = O a0y
POWHEG: JHEP 11, 040 (2004), JHEP 1200 11, 070 (2007) 0.6f

EPOS 3: Phys. Rev. C 82, 044904 (2010), Phys. Rept. 350, 119 393-289 (2001).
'HERWIG: Eur. Phys. J. C 76(4), 196 (2016)
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https://arxiv.org/abs/1910.14403
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Multiplicity dependent heavy-flavour
hadrons measurements
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J/W production vs. multiplicity in pp collisions at 13 TeV (midrapidity)

. arXiV:1910.144 .
JIp = e*e P rAiv:1910.14403 arXiv:1910.14403
m —ALICE p\l_—13TeV 5 230 BEEESREsEE RS -
S 16 Inclusive Jhy, |y| < 0.9, p_ integrated ] I ALICE pp \s= 13 TeV ]
: : SRS N H 1 S 'S”Iglgs've Jhy, ly| <0.9 -
Stronger-than-linear increase of the J/P self- 5|55 ™F - SPD event selection n B . 1:"em Se'zg“c‘;”w >
. . 33 C e VO | 1 3|5 [ <p_< eV/c -
normalized yield 12 event selection S BB 4 o 8<p.<15GeVic ﬁ B
10 *E - - +4<pT<8GeV/c ~
: : : L , - - ~ e p_<4GeV/c -
Differentially in pr: significant increase of the 8L ol = 1SE ' - $ H -
self-normalized J/W yield with relative 6 g ) \J,wk = 1o g . : 5
multiplicity between the J/ printervals 0-4 o & = : -, :
and 4-8 GeV/c o T - 5 I e
- oW - - g 8 -
Ozﬁf|....|...| | —: - 8 -
. _g_/g 25__'"'|"~|-|-!|HH|HHIHHIHHIHH —la O-®, | | | | _
* Associated J/\p production with other R s 5 8IS 4r _
hadrons in jet fragmentation RS , w - 1 3B I 0 . oa W -
% -/.?\‘ i .- __ \/\ oL B @ | ® |§| .
\g \g 1—..l'. ---------------------------------------------------------- - 5 5 | — o ... 5 ..... % ...... . ° °
» Beauty-quark fragmentation? 2|13 %% 123 e "
I e e e e s 2y B T2 s e s s 78
chh/dn Inl<1 chh/dn In|<1
ALI-PUB-348219 <chh/d77> <dN h/d n>
INEL>0 ALI-PUB-348228 & INEL>0
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J/W production vs. multiplicity in pp collisions at 13 TeV (midrapidity)

. , , arXiv:1910.14403 arXiv:1910.14403
@ Slgnlflcant redUCtlon Of the Correlatlon CR 20 T | [ | | | T | N | N | L L I_ ? 20 L | I | L | I | L | L | L | L I_
observed when only including the prompt 2 g ALICEpp Is=13Tev / __Z4qg AUCEppis=13Tev -
. YR ~— Inclusive J/y, |y| < 0.9, P integrated EE " Inclusive J/vy, |y| < 0.9, P, integrated :
componentin PYTHIA =|=s 16~ SPD event selection 7 ) 2= 16l PO Vo =
505 T 2 I R §
%-\% 141 -0 Data ﬂ - %-\% 14 —* —=- Data [ﬂ —
: : : N CPP : - — ---PYTHIA H ]
® Various mechanisms (e.g. CSR, percolation, 1ol - jol -
, , -~ — EPOS3 (no hydro) ~ [ § - — ==-PYTHIA, prompt -
gluon saturation) responsible for 10 — 3-Pomeron CGC , E 101 -
multiplicity-dependent reduction of dN/ or ePYTHAB2 &7 7 E o | -
dn in all models g Percolaon " 27 E N :
- —CGC o T y=* . - .
4 b - 4 -
@ Good agreement with CGC, CPP and 3- o E o E
PomerOn mOdels O_ ‘ I I | | I I | I I | | I I | I I | | I | | | 1 1 I: O_ | | I | | L 11 1 | I I | | I I | | I I | | L 1 1 1 | 1 1 | I:
o 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

dNCh/dn Inl<1 chh/dn Inl<1
© PYTHIA8 and EPOS3 underestimate the (dNyfam (N Jfam

data CPP: Phys. Rev. D88 no. 11, (2013)116002,
EPOS 3: Phys. Rev. C 82, 044904 (2010), Phys. Rept. 350, 119 393-289 (2001).
3-Pomeron CGC: arXiv:1910.13579.

PYTHIA8: Comput. Phys. Commun. 178, 852—-867 (2008)
Percolation: Phys. Rev. C86 (2012) 034903
CGC: Phys. Rev. D98 no. 7, (2018) 074025.
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Charmonium and Y(nS) production vs. multiplicity in pp collisions (fwd rapidity)

J/P, P2S), Y(1S), Y(2S) — p+u-

compatible with linear de

on multiplicity (unlike J/AP mid-y

results)

- : ~ | 16 — e Inclusive J/y, 2.5 < y < 4, Preliminary -

© I, Y(15) and Y(25) relative yields - |5 b+ 7(19).25< y <4 Prolminan * :
pendence =|= Tf +Y(2S),25<y <4, Preliminary 1 '

O 12F - y=x :

10 * -

8 ol * + =~

® No energy dependence observed for

the J/Y results

® New Y(2S) results on the
data sample also compati
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18E ALICE, pp, Vs = 13 TeV
L x Inclusive J/vy, |y| < 0.9, arXiv: 2005.11123 [nucl-ex]
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Relative Y(2S)/J/P and Y(2S)/Y(1S) production vs. multiplicity in pp collisions

forward rapidity

NEW
2 16— 71— 7 1 < LA LA LA AL BNLENLENL L BN
, 2 ALICE Preliminary, pp, Vs = 13 TeV J [ ALICE Preliminary, pp, /s = 13 TeV -
©New selt-normalized Y(25)J/Y L AR I w(@S) s 25 <y <4 1 T [ W, w(@S), Y(1S), Y(2S) - u'u, 25< y < 4
results (on full Run 2 data 3; 3; I Comovers (E. Ferreiro, PLB 749 (2015) 98) : ‘;; E} 2:_ . Y(2S)Y(1S) _
sample): maximum deviation  >|5* z|z [ VSN :
from unity ~2.20 (first bin) = - S i " -
int of a mult|pI|C|.ty dependence 1 22 1___§ ______ * _____ %EE ______ g g ==l
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stronger in the model (comovers c dN,/dn |™E-
(dN h/d77> In|<1
’ ALI-DER-346203 <chh/d77> Inl<1

approach) than in the

measurement at high multiplicit
. P @ Charmonium ratio compatible with Y(2S)/Y(1S) within large

statistical and systematic uncertainties
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J/U production vs. multiplicity in p-Pb collisions

Pb-going P-going

. . . o | ] a [ | ' ]
@Slightly faster-than-linearincrease of  2__ [ ALcE p-pb, {5 = 8.16 Tev 1 2 [ ALICE, p-Pb, {5 = 8.16 TeV _
. . >, />\x 8 [ - utu — > />\‘ 8 — et —
JIP relative yield at backward SIS Tt Lie<y < 296 (Pogong 1 I3 TF 2eey a5t pgong :
. 1 . % % : T i % % i ¢ data '_
rapidity (Pb-going) ~ 6 - =~ 61 EPOS without hydro -
- - - EPOS with hydro )
. . 4t - 4t == -
®Slower-than-linear increase at - : — :
forward rapidity (p-going) 2 : - o :
i '.(Iii“ ' = 1% norm. unc. not shown i i + 1% norm. unc. not shown i
obe®™ . l o

0 2 4 6 4 6
@EPOS3 well reproduces the observed <§Z0“f 377> ™ gxch; gn> "
. . I c n) linl<i c 1) linl<t

yields at backward/forward rapidity = v v
arXiv:2004.12673

@Small influence of hydrodynamic
evolutior

EPOS 3: Phys. Rev. C 82, 044904 (2010), Phys. Rept. 350, 119 393—-289 (2001).
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J/U production vs. multiplicity in p-Pb collisions

Pb-going p-going
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@ Increase of yields + saturation
of <pr> point towards an
incoherent superposition of
parton-parton interaction

Jp — ut
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+ 3.0 (3.4)% norm. unc. not shown

B —446<y_ <-2.96 (Pb-going) (o the p(Pb)-going

| —ilFE—
=
(3
I I | [ 1 1 | | I I | [ 1 1 |

| | | | | | | | |
2 4 6
dN, /dn NP

NEW (dN_ 7dn)

Inl<i
ALI-PUB-348813

— — P e—



https://arxiv.org/abs/2004.12673
https://arxiv.org/abs/2004.12673

HFe production vs. multiplicity
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—> |s MPI the main

bla? Similar trend in both pp and p-Pb collisions.
responsible’

High-multiplicity p-Pb collisions: MPI (like pp) but also higher number of binary
nucleon-nucleon collisions.

PYTHIA8: Comput. Phys. Commun. 178, 852—-867 (2008)
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Summary

|
|

Heavy-flavour jets and correlations measurements:

|

'@ Heavy-flavour jets measurements consistent with theory NLO predictions

'@ DOand A—jet momentum fraction consistent with theory: hint for softer fragmentation in data for low pret
—>constrain models?

® No evidence of CNM effects nor final-state effects within current uncertainties

Heavy-flavour production vs multiplicity:
@ Quarkonium and HFe normalized yields as a function of the normalized charged-particle multiplicity:
* rapidity dependence behavior in pp collisions

* evidence of CNM effects in p—Pb collisions

* several models (based on different physics mechanisms) describe well the trend of data
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Elliptic flow in small systems
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7 012 = ALICE Preliminary Multiplicity class VOM: 0-20% 1/—\ 0,12 - ALICE Preliminary Inclusive p* E

&) [ | e |p-Pb, \'Syy = 8-16 TeV, pt, p-going, -4 < 1 <-2.5 N = L Multiplicity class VOM: 0-20% Pb-going: -4.46 < Y oys < -2.96

& 0.1 - p-Pb, \'s,,, =5.02 TeV, (c,b) > e, 7] < 0.8 —: ﬁ., 0.1¢ e |p-Pb,\s,, =8.16TeV g

N - Phys. Rev. Lett. 122, 072301 ] O - J

> 0.08 |- | - Q. 0.08F _$_ & ] p-Pb, {5, = 5.02 TeV —

_ _ ey B _-ﬁ-_ 'E'EIB- Phys. Lett. B 753 (2016) 126
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Positive muon v, measured at high multiplicity in p-Pb@8.16 TeV with significance > 50 for 0.5<pr < 6 GeV/c

Compatible with inclusive muons v2 at forward rapidity and HF-e v, at midrapidity in p-Pb collisions 5.02 TeV



J/W production vs. multiplicity in p-Pb collisions at 5.02 and 8.16 TeV

forward rapidity

J/Y = prpr
backward rapidity
. : : - & L a A E—
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Nucleus in the initial state influences the J/
\p yield in p-Pb (linear in pp results) ?
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\P(2S) measurement in p-Pb will provide the possibility to

directly compare 25/1S results to the pp ones
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D-jet substructure: z4, Ry and nsp

6,= Ry/R
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o - ALICE Preliminary, pp, Vs =13 TeV . " ALICE Preliminary, pp, Vs =13 TeV 1 @ 0.7
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» DO-tagged charged-jet groomed momentum fraction
pp Vs=13 TeV, zcw=0.1, f=0
* Nsp: charm jets typically have less hard splitting than light jets
— Consistent with harder heavy-flavor fragmentation (mass and color charge effects)




Pb—Pb:

*Q*

D < Yems < 4

p—Pb, p-going:

2.03 < Yems < 3.93

p—Pb, Pb-going:

) By,

—4.46 < ycms < —2.96







