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What’s special about heavy quarks ALICE

ooooooooooooooooooo

® Heavy-ion (HI) collisions at LHC energies
QGP phase expected (lifetime ~ O(10 fm/c))

® QGP tomography with heavy quarks: efficient probes for understanding the
transport properties of the medium

Early production in hard-scattering processes with high Q2 , transported

through the full system evolution at all p; for charm and beauty
(large masses >> Ayqp)

Production cross sections calculable with perturbative QCD
Traversing the medium while interacting with its constituents

Hard fragmentation =% measured hadron properties closer to parton ones

‘ -
final detected

Relativisti&Heavy-Ion Collisions particles distributions

— > “Calibrated probes"
of the medium T ARk

"4 Hadron

“ .
o -

Heavy flavours not only give information about
the QGP phase, but also about the hadronization
phase (i.e. to study hadronization mechanisms like ore.
fragmentation vs recombination -Ds,...) ynamics'|  viscousydrodymamics | freg streaming

calliéion evolution
t~0fm/c T~1fm/c T ~ 10 fm/c T ~ 101 fm/c
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What we learn from small systems: pp and p-Pb collisions

® pp collisions
¢ Testing ground for perturbative QCD calculations

* Relevant production mechanisms on the parton level
> LO: gluon fusion, quark-antiquark annihilation
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> NLO: gluon splitting, flavor excitation

* Multi Parton Interactions (MPI)
» Reference for p-Pb and Pb-Pb collisions

12,0%=1.69 GeV?)

P

R.

1

® p-Pb collisions

“* Quantify cold nuclear matter effects: measure effects, > & @ HEPOHE0I068

due to QGP formation, that can modify the yield of hard

. U N2 d6°
probes in nuclear collisions @m —— @ P(AE)®D,_,(2)
.gn - . . . T_ 2<Py,, <3 GeVie A P-Pb s, =5.02Te\
> nuclear modification of Parton Distribution Functions ep<2oe | oam soios

(shadowing, gluon saturation)

> kT broadening via multiple of the parton before the hard
scattering

> energy loss In cold nuclear matter
“* Final-state effects? (e.g. from system collectivitiy/hydro)

. . charged particles:
“* Reference for Pb-Pb collisions long range correlation

“ A
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Physics observables with different sensitivity

HF production vs. multiplicity in pp and p-Pb collisions 2
 Interplay between hard and soft processes in particle production ,‘ ‘ o~
% Study the role of multi-parton interactions (MPI) in the heavy-flavour ;

sector AN
s ;Lf &

% Investigate a possible centrality dependence of the modification of .so“‘
the the pr spectra in p-Pb w.r.t. pp collisions

Nuclear modification factor

Binary scaling based on the Glauber Model
ANy ! dpy ___ ANy ldp, R, = 1: binary scaling

(Neu)xdN,, 1 dp; (T, )xdo,, | dp; Rua # 1: medium effect

R, =

Anisotropic flow: vo

dN N
i = 2;7): (I+2v,cos(p—W,,)H2v, cos[2(p —W pp)]f+...)

e : : via re-scatterings
Initial spatial anisotropy > mMmomentum

anisotropy of particle emission

The anisotropv is auantified via a Fourier expansion in
the reaction plane (Prp)

"o
.....
Rl T

R s

= must measure observables with different sensitivity to the various ingredients
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Heavy-flavour reconstruction in ALICE
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Heavy-flavour reconstruction in ALICE

Central Barrel (|n|<0.9)
2n tracking & PID

ITS i

TPC
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Forward detectors

= | Charm hadrons in |y| < 0.5
DO—K-rt, D**-»DOrt, D* =K trnt, D" — G(K*K)m
A = pKrt, pKO, etAv, EL —etE v,

Leptons from heavy-flavor hadron decay
Electrons in [y]<0.9
Muonsin 2.5 <y <4
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D mesons in pp collisions

[1]
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reliminary

analysis; allows full mid-rapidity cross section to be
measured without extrapolation

—— stat. unc.
[ Jsyst. unc.
~ |FONLL

Prompt D*, pp \s|=1|3 eV D meson production cross section measured at several
Y| <U.0 4 = . . *
o 1 collision energies (D°D*,D™,D*s)
| — * D% -mesons measured down to pt= 0 using non-topological

* pQCD-based theoretical calculations reproduce the data

[

e Data much more precise than theoretical calculations
0 5 10 15 20 25 30 35

p, (GeVic) [1] Eur.Phys.J. C77 (2017) 550
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Heavy-flavour leptons in pp collisions

Q — . . - B =
S = ALICE Preliminary ] & F :
o) q — 3 108 ut « HF, FONLL —
G 10E pp, \s=13TeV, |y| <0.8 3 "B z
= = = = C u* « charm, FONLL Z
g - —-c,b — (e +e')/2 . LE% 10" gy B :: < beauty, FONLL E
. 102 | = 3 s .
o° E . |[FONLLc,b e = 10 - + data 5
© Q n | — ]
‘U _ — —
o 10 = = 105 - -
e = 7] - ]
AN B ] 10% = —=
_4 - I——— ——— | § §
- S ; 10°E ALice Preliminary =
— 5% normalisation uncertainty not shown - = =

10_5 — — 102 ~  pp, \s=8 TeV, 2.5<y <4
— 3 i T o = E 3% normalization uncertainty not included 3
— - _
% : N =
Z 25F =
LL 2 ok E
E 8 st -+ E
E S 1= MRSt + ’WMWT’:T‘?‘ITH‘HTI\—*—_
© 0.5 =
I S—" 5 S | B e V S T S TR}

e Beauty is the main component from pt> ~5 GeV/c

* Precise data to constrain charm and beauty production over a wide rapidity interval
e Similar agreement with FONLL is found in the two rapidity intervals
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Total charm cross section

Phys. Rev. C 94, 054908 (2016)

3 IIII| I IIIIII| I I IIIIII| I I IIIIII|
= | —@— ALICE (totalunc) e
104__ :ALICEeXtr.unC. . ’ __ E _|III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
|8 ~  —©&— ATLAS (total unc.) ﬂ” . - T q4f ALICE Preliminary, Pb-Pb \'s, = 5.02 TeV
B ] C Inclusive Jhy — e*e
b L |:| f:c_;ﬁs(te:t:. unc). ,/ | - 1.2 lyl<0.8, p_>0.15 GeVl/e
. otal unc. e - C
& STAR B T
A PHENIX oo 038 ;
103:_ —— NLO (MNR) /,x — 0_65 ]
. g - 04F = 1
! _ 0p o T s uara e ;
r Statistical hadronization (Andronic et al.) ]
| ] | Co-n|1overs(E.|Ferreiro)I T T T
O ||||||||||||||||
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ol [ ] HERA-B (pA) B N
= B E653 (pA) -
- V E743(pA) ] Transport and statistical models
i V¥ NA27 (pA) ] have large uncertainties
| Vi — .
K ,V ¢ NA16 (pA) (shadowing+open charm cross
10 ,’I O E769 (pA) — section)
— ! / ]
| 111 | I)IIIII| | IIIIII| | IIIIII|
3
10 10° 10 10°*
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Important to

' !
Factor ~2 reduction on systematic uncertainty constraint model!
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Multiplicity dependence of heavy-flavour production

ooooooooooooooooooo

Particle production in pp

é ” a better agreement with
4 ™+ models including Multi-
I ) »~~..  Parton Interactions (MPIs)
5 o Eur. Phys. J. C 73 (2013) 2674

For heavy flavours:

> LHCDb: double charm production
agrees better with models including

double parton scattering
J. High Energy Phys., 06 (2012) 141

ﬁm collisions at the LHC shows

JHEPO9 (2015) 148

/w_ 25 L L) l llllllll I L B A I lllllll I L l LI L |
Q i ALICE pp \s=7 TeV i
-g i ¢ Average D’, D*, D** meson ly|<0.5, 2<p <4 GeV/ic 7
O 2o+ # Non-promptJiy — e’e, ly|<0.9, p. >0 —
% " due to MIPIs? .
> i D-mesons
~~ 1 5 - —
——~ - -
Q :
g f -
= 10— Non-prompt J/p-
S~ — —
~— B -
5 E? | -

: ¢l +6%/-3% normalization unc. not shown :

- @ + 6% unc. on (dN/dn) / (dN/dn) not shown _]

. _m ! Ll L.l l LAl L.l ! Ll L.l 4 Ll Ll L ! LA L.l L LA Ll ! Ll L.l ! Ll l_

€ 04fF B fraction hypothesis: x 1/2 (2) at low (high) multiplicity =

% 0.2:~ —E

o OF S
®-0.2 Z

2 = .

o —0.4F =

I A
charged particle multiplicitydN r/dﬂ /(dN /dn>

MPIs involving only light quarks and gluons, or for heavy-flavour production?

® D-meson, non-prompt J/YP vyields increase with charged-particle multiplicity
— presence of MPIs and contribution on the harder scale?

MinJung Kweon, Inha University
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Multiplicity dependence of heavy-flavour production 3¢

ooooooooooooooooooo

JHEPO9 (2015) 148

.._,.‘ /\|_25 """""" BRI R B T
KA Q. i ALICE pp \s=7 TeV t
S5 A “ . g B ¢ Average D°, D*, D** meson ly|<0.5, 2<pT<4 GeVic 7]
\'. . @) , . o D 20F ¢ Jy >e'e, lyI<0.9,p >0 —
03/ @5 Particle productioninpp 2 T 4 yy o ww, 25<y<4.0, p 50 i

%, & Ty, collisions at the LHC shows & PLB 712(2012)165 i

-4 ~ abetter agreement with = 150 ~

.. & -~ models including Multi- -§ - _..Open -
o8 . Partonlinteractions (MPls) 5 10 ST q d -
S5 o Eur. Phys. J. C 73 (2013) 2674 < [ %4"':' iaden..
\e "/.” E | ‘f’/_/-—‘/ _|
i @ +6%/-3% normalization unc. notshown |

For heavy flavours: B -4 + 6% unc. on (dN/dn) / (dN/dm) not shown _|

> LHCDb: double charm production 5 E

. . . = .

agrees better with models including 3 ;
double parton scattering 3 E

J. High Energy Phys., 06 (2012) 141

\/@I

(dN/dm) / (dN_ /dn
MPIs involving only light quarks and gluons, or for heavy-flavour production?

Same behavior for open and hidden charm production
— this behaviour is most likely related to the cc and bb production processes,

but not significantly influenced by hadronisation!
MinJung Kweon, Inha University DIS2018, April 1812018 12



D-meson yields vs. multipicity: comparison with models (pp)

e Percolation (Ferreiro, Pajares, PRC 86 (2012) 034903)
- D-mesons JHEP09 (2015) 148

Particle production via exchange of colour

20 UALCE. ¢ T - peoionps0 L P P
S izt L ltosaee . sources between projectile and target (close to
SR S veniti | 1 MPI scenario) = Faster than linear increase
cyo 14F uncertainties not shown ,“' T _il B
~ 12F ‘ = ' E
gm; T - 1 o EPOS 3.099 (Werner et al., PRC 89 (2014) 064903)
g% $/¢/ E3 (/ E » Gribov-Regge multiple-scattering formalism
S T ;

2 o~

1<p, <2GeVic f‘”“ 2<p, <4 GeV/c » Saturation scale to model non-linear effects

/\'_20: + ! . . . o
S g » Number of MPI directly related to multiplicity
© o T ’ ] . .
=0 i ; — slightly faster than linear
S I ]
ijﬁ B " » With hydrodynamical evolution applied to the
. J o3 e core of the collision—faster than linear
% ‘& " e " : Increase
= 2 4<p <8GeVicE s 8<p <12
0‘/1{23456789 T e T e _
(dN /) / (IN_ /) (ANgy/dn) / @N_jdm) ~ © PYTHIA 8 (Sjostrand et al., Comput. Phys. Commun.
charged particle multiplicity 178 (2008) 852)
» Sok-QCD tune
» Colour reconnection
» MPI
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Charm jet in pp and p-Pb collisions

~ ALICE Preliminary
10Ep-Po, |'s,, = 5.02 TeV
~ Charged Jets, Anti-k;, R = 0.4, miet\ <05
withD*, p_ . >3 GeV/c
T.D

e Data

Syst. Unc. (data)
o POWHEG+PYTHIAG x A

* [ ] Syst. Unc. (theory)

= ALICE Preliminary
~pp, \s=7TeV

= Charged Jets, Anti-k;, R = 0.4, |njet| <0.5
with D°, p,,>3GeVic
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e Charm jets tagged by the presence of a fully reconstructed D meson
e D-jet spectrum measured from pt=5 GeV/c to 30 GeV/c
e Described by POWHEG+PYTHIAG (Perugia 2011 tune) simulation within uncertainty

» Data uncertainty smaller than theoretical ones
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Nt & =<0 in pp and p-Pb collisions

S pp, \S=7/ le i ‘:G‘ - 1 - i
—~ + [ !
= 102 A B B - p-Pb, \sy=5.02TeV 1 > i Ll ALICE i
Q 10 c —Ei_—m— cocr_nbination of 3 % i Ad 7 8 A pp, Vs =7 TeV
g - o pKr*, ng and e+veA analyses | O) 104 = & combination of - 0o 1 E_ |y| <05 _E
O B ¥l <05 1~ - pKn* and ng analyses 13 - —0 . - .
:"-'_ 10 — —e— data E '% - 0.96<y__<0.04 I %"_ - $ Sc T €=V, ]
Q | ~Jemvens 1 kT - . 12 i |
E., - RR—— [: POWHEG _8- 103 - T data _ % 10_1 | —$— _
O 4L +PYTHIAG _| X = POWHEG 3 « = 3
= = _ EE o) = +PYTHIA6 - © - —$— ]
cyg - ALICE 100 i —®—  with EPS09 nPDF | ’;aa C ]
- . . - ol N | | | i
i Preliminary | "o L Not corrected for =, decays $
1 . . ] 20 ] QO o _
107 g £3.5% lumi. uncertainty not shown E 10%E # 3 0 107°E + 3.5% norm. uncertainty not shown 3
S L | 3 - ] = 3
TR | ] C 1 oo = R R E IS S R~
8? 1 ;_ _______________________________________________________________ ?i 10 Preliminary . m p. (GeVic)
- - -+ 3.7% lumi. uncertainty not shown 1 - Measured using 3 decay Channels
%) | | C | | | ! ] | ] | ]. | | | __ . . . .
4210 Biol - . | (hadronic + semileptonic) in pp
S g i © § i ;
I - Blamn {-—~ - Measured using 2 decay channels
0 5 10 0 5 10 (hadronic) in p-Pb
p_ (GeV/c) p. (GeV/c)

e Study charm hadronization mechanisms using baryons
* Actcross section underestimated by theory in pp and p-Pb collisions
» x 2-3 higher than GM-VFNS
» Up to x 20 higher than POWHEG+PYTHIA6
e = baryon in pp collisions at /s = 7 TeV, using semileptonic decay channel (Z° = e*="ve)

> First measurement of =% baryon production at the LHC
MindJung Kweon, Inha University DIS2018, April 1812018 15



Baryon-to-meson ratio

(=] T T T T | T T T T | T T T [ -] : T T L 'I' L L L] 'I T L T 'I L L L
0 - . - ] o -
~ 1.4 PP, \s= 7 TeV ALICE Prellmlnary ] ~ = ALICE PrEI'm'naW Data
W[ WI<05 - | 7 TeV " (D° from arXiv:1702.00766)
{ ol —e— data (D° from arXiv:1702.00766) 7 m 10 PP, \s=/71¢€
' - —— PYTHIA8 (Monash) : -":'.]J : |y| <0.5 =i PYTHIAB Monash x BR
I PYTHIA8 (CR Mode0) . i n PYTHIAS (CR. Mode0) x BR
1.0 -- - DIPSY (ropes) P-Pb, |y =5.02TeV  — T B B ( 0de0)
[ .- HERWIG7 096<y_ <004 - T 109 # (0.3% < BR < 3.2%)
0.8 data (D° from Phys. Rev. — -
SR " C94 (2016) no.5, 054908) -
0.6~ _+_ o — 10—3 E-
0.4 L ¢ — + . i
: ......................... : _4 I HH1
02 e - 10 ,_ b
P U OLLID T PPN E e T - W
1 1 1 | | | | | | |
0.% 5 10 0 8
p. (GeV/c) P, (GeV/c)

* Ac/DC in pp and p-Pb collisions compatible within uncertainties
* A¢*/DP ratio higher than expectation from MC

» Enhanced color reconnection mode [1] in PYTHIA 8 closer to data
e =:9/D0 in pp collisions

» Bands represent the range of the currently available theoretical predictions of

the branching ratio = Experimental values are awaited!

[1] J. Christiansen, P. Skands JHEP 08 (2015) 003
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D-meson, Act, charm and beauty electron Rpeb

Rpr

pPb

T q.8f

1.6
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25 T T T | L T T 1 T 1T 1 T T T LI T 3IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
B ] [ | I I I I I [ I I I I I I I I I ]
ok ALICE p-Pb, (5=5.02 TeV ] | p—Pb, sy = 5.02 TeV ALICE | % i b(—c)—e ALICE |
g HE i "c,b — (e" +¢e)/2,-1.065 < <0.135 i - o p-Pb, =5.02 TeV, -1.06 0.14
- Prompt D mesons, -0.96<y  <0.04 - - ( ) Yoms C 2.5+ PP, VS ¢ = Yoms = .
1.4l 0 LCms, ] 2+ = - {00 FONLL + EPSO9NLO shad.
H Average D', D', D . r i %22 Blast wave calculation
] 2 B Il Sharma et al.: Coherent scattering + CNM energy loss ]|
- Il Kang et al.: Incoherent multiple scattering
i 1.5 . i
IE - _
o .
4 & |
i ] 1+ igale .
R B -
K i - % ,Kang et al.: incoherent multiple scattering -
0.4~ --- CGC (Fuji-Watanabe) — 05 L N\ Sharma et al.: coherent scattering + CNM ]
~ == pQCD NLO (MNR) with CTEQ6M+EPS09 PDF ]| ' |I:FONLL + EPS09NLO shad.
02 - Vitev et al.: power corr. + k_broad + CNM Eloss ] = Blast wave calculation
IR Kang et al.: incoherent multiple scattering i Bl Normalisation uncertainty s | | | | | | | | | 1
_IllllllllllllllIlllllllllll_ ||||||||||||||||||||||||| 1 A A o v
p. (GeV/c) p_ (GeV/c) P, (GeV/ce)

ALICE Preliminary
p-Pb, |5y, = 5.02 TeV
096 <y <004

—¢ D meson, Ac*, charm and beauty electron Rppb

compatible with unity within uncertainties

* Data are described by models including initial-
state and cold nuclear matter effects

1* Need larger samples of both p-Pb and pp

0 + ‘4
-+ D mesons (average D", D", D7)

Phys. Rev. C94 (2016) no.5, 054908
I|III|III|IIIIIII

POWHEG+PYTHIA6 ]
~ with CT10NLO+EPS09 PDF (A,) ~

POWLANG transport model

(charmed hadrons)

2 4 6 8 10

MindJung Kweon, Inha University

P (GeV/c)

B 6 g 10 12
pT(GeV/c)

DIS2018, April 18172018

collisions at 5 TeV for constraining models at
low pt where predictions differentiate.

[1] PHYSICAL REVIEW C 94, 054908 (2016)
[2] Physics Letters B 754 (2016) 81-93
[3] JHEPO7 (2017) 052
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Heavy-flavour electron-hadron correlations

” . ‘:""‘\ U-B N I I I I | I I I | I I I I | | I I I I | I I I | I I I I | | I | | I_
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(0-20%) - (60-100%), Multiplicity Classes from VOA o - VS 1.5<p’<2GeVic,-1.26 <V .
(e from ¢,b)-h correlation 1 % 04 :_ Anl<1.2 0.3 < p?5°¢ < 2 GeV/c _:
1.0< pE <2.0 GeV/c % e T —
0.5<p" < 2.0 GeV/c - - --0-20% VOA class -
— T ALICE ) < 0.3F- - | o E
g PRELIMINARY 8 | o - _¢__¢_-L.J- = 60-100% VOA class ]
- g - -0 ]
~ 2 g 0'2 __ L A __
@ © n " " :gz o ]
< -S o1 < = ]
3 9 o1 2% S, T .
: 3.2 (a}] - . _—11"5— . :$: ]
- E o = .. .
3 L oo 4= L]
>~ 2 - _ 3% syst. Ag-uncorrelated unc.
NZ 3.0 ~0.1 __.Basellne stat. unc. 0-20% 1% syst. unc. in [Ag| < 1 N
E 15 ~ M Baseline stat. unc. 60-100% not shown ]
Aq, _0'2 B 1 I 1 | 1 1 I 1 1 1 1 I 1 | 1 1 I 1 | 1 1 I 1 1 1 1 I 1 | 1 ] n
2 -1 0 1 2 3 4 5
N
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'

* Analysis of electron-hadron azimuthal
correlation in 0-20% events with
highest multiplicity

» Jet contribution estimated and
subtracted with peripheral events

Resembles the structure observed in
Pb-Pb collisions that is interpreted in
terms of collective flow

The double ridge also observed in heavy-flavour sector!

The mechanism (CGC? Hydro?) that generates it affects also heavy flavor?
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Heavy-flavour electron-hadron correlations and v2

p-Pb, |s,, =5.02 TeV

(0-20%) - (60-100%), Multiplicity Classes from VOA
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1.0 <p® < 2.0 GeV/c
05< p; < 2.0 GeV/c

(1/N) (N, / dAndAg) (rad™)

—— 0.2 _I I T | I T T 1 | T I I I I T 1 _]
'g 0 18: ALICE Preliminary b - ]
A8 . —

n ~ p-Pb, (5 =5.02Tey - (GP)—elAni<d. -
Oﬁ 0.16 i <0.8 -=— Charg. particles, 0.8 < [An| < 1.6 -
% 0.14f— (0-20%) - (60-100%) PLB 726 2013 164-177 -
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* Analysis of electron-hadron azimuthal
correlation in 0-20% events with
highest multiplicity

» Jet contribution estimated and
subtracted with peripheral events

e Positive vz, almost comparable with
the charged-particles (decay particles
vs hadrons: not same pr)

> Initial-state effects, collective

effects?
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Summary and plans for Run2 and beyond

Summary
* Open heavy-flavour production in pp collisions described by perturbative QCD
o First measurement of Ac+ (at mid-rapidity) and =c° at the LHC: baryon-to-meson ratio

underpredicted by models
* |In p-Pb collisions, nuclear modification factor consistent with unity
 In p-Pb collisions, positive v, of heavy-flavour decay electrons

Outlook
* Improve precision of multiplicity-differential studies in pp and p-Pb collisions
o Improved pp reference at 5.02 TeV will allow refinements to Rppb

* New measurements of A¢, =c° production in pp collisions at 5 and 13 TeV, in p-Pb
collisions (run 2, x6 more statistics)

* Measurements of charm- and beauty-jet properties in pp and p-Pb collisions (ongoing)

Run3: Long-shutdown 2 — Detector upgrade

* New ITS, addition of MFT — improve spatial resolution at impact point at mid- and
forward rapidity

e New readout for several subdetectors

— tremendous improvement for reconstructing charm and beauty signals (including Ds,

N\c, non- prompt J/ at mid and forward rapidity, B meson, Av) down to very low pr
Mindung Kweon, Inha University DIS2018, April 1812018 20



Thank you for your attention!

MindJung Kweon, Inha University
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