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% Heavy quarks in various collisions systems

ALICE

* Heavy quarks (charm and beauty): large mass, short formation
time
— Tep ~ 1/12mp, < 0.1 fm << Togp ~ 5-10 fm

* pp collisions:

Test for pQCD, reference for p-A and A-A collisions
Can we learn on Multi-Parton Interactions in the heavy-flavour sector?

 p-A collisions:

Explore cold nuclear matter effects

* A-A collisions: - (
“Self-generated” probes exposed to the medium evolution;‘v , ¥ b quark
How do heavy quarks interact with the medium? _*='™"
Information on medium properties?
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%Heavy Flavours and Heavy-lon Collisions

ALICE
Heavy-Flavour (HF) energy loss mechanism via:
— radiative gluon emission and elastic collisions

Which medium properties can be extracted via

energy loss? A\
— Medium density, transport parameter (q) in the medium

via path-length, colour charge, mass (“dead-cone”) dependence of energy
loss:

(AE) x a Cpogl’ AE, >AE,, >AE_>AE,

. Dokshitzer and Kharzeev, PLB 519 (2001) 199.
— Medium temperature

Do HF participate in collective motion?
— at low p; = information on the medium transport properties

How to disentangle cold and hot nuclear matter effects?

— Pb-Pb collisions: nuclear matter under extreme conditions of temperature/energy
density

— p-Pb collisions: control experiment used as reference (and test for “small-system
QGP?)
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ACORDE

( Stripﬁ) (' Drift ) ( Pixel )

TOF > PID w/Time ‘o= ed N %\ "‘*-
i e, : A e ——L =

Of Flight
-

pp collisions at Vs = 7 TeV

~3x108 events collected in 2010, L;,~5 nb-"
3 [eF 1 BT e | Min Bias trigger: VO and SPD
gamma PID, [n|<0.7 Min Bias + muon trigger (forward)
, pp collisions at Vs =2.76 TeV
/ R ~50x106 .events collected in 2011 (MB trigger) , L,,~0.9 nb"*
(N EMCal trigger
| Min Bias + muon trigger (forward)

PMD
0N

e p-Pb collisions at Vs, = 5.02 TeV
¥ ~ 108 events collected in 2013, L;,~48 ub

o Min Bias trigger: VO

i LRl Ep=4 TeV, Ep,=(208)x1.58 TeV, sy = 5.02 TeV
via dE/dx, |N]<0.9 DI Samass (in proton direction)

Min Bias + muon trigger (forward)

N

Pb-Pb collisions at Vs, = 2.76 TeV
~ 16x10°© central (0-10%) events in 2011, L, ,~21 pb™’
~ 18x10¢ semi-central (10-50%) events in 2011, L, ,~ 6 pb""
Min Bias + central trigger: VO+SPD
Min Bias + muon trigger (also shown data from 2010)
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arce  Heavy flavours with ALICE

Full reconstruction of D meson hadronic
decays (prompt D mesons)

DO — K-T7* Semi-leptonic decays (charm,
D* — K- (— S beauty)
D** — DOr*

DS+ R CI)TI""%K' K17+ rec. track e,

Pri m ary B ! D poeanaee®
vertex et
do

Displaced |/ (from B decays)
M+

Jhp w

Xy
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% Test for pQCD and reference for
p-A and A-A collisions

ALICE
o 103 Er T T T T3
> ; ALICE 1
(0] r “+ _ _ N i
G 102 D" ppVs=7TeV, L, =5nb" ]|
3 : :
L Prompt D mesons
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E [JronLL 3
E Dlowvens A
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JHEP 1201 (2012) 128

t

t

1/(2np,) Po/(dpdy) (mb/(GeV/c)? )

Data/FONLL

T T

pp, 1s = 7 TeV

oy, (c+b)9electrons_

- & ALICEc,b > e
10°F - ATLASc,b > e

 —_FONLLc,b —e,ly|<05 ]
10°F — FONLLc,b — e, |y| <2 excl. 1.37 < |y| < 1.52"%3

0’ PR L
4x10" 1 2 3 45678910

(ALICE) Phys. Rev. D86 (2012) 11268?
(ATLAS) PLB 707 (2012) 438

Cross sections described by FONLL, GM-VFNS, k; factorization pQCD
calculations

t

do“"‘“F/dp (nb/GeV/c)

data/FONLL

O\ ALICE pp {s=7 TeV, u*«HF in 2.5<y<4

102203 (c+b)>muons

\Vs=7 TeV

10 12
P, (GeVic)
PLB 708 (2012) 265

FONLL: JHEP0407 (2004) 033,

JHEP, 1210 (2012) 137.
GM-VFNS:Eur.Phys.J., C72 (2012) 2082.
LO k; fact: Phys.Rev., D87 (2013) 094022.

Low p; semi-leptonic cross section in good agreement with ATLAS at high p;
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() Leptons from heavy-flavour decay:

" beaut
Y Separation between charm and

S 102f ALICEpp,1s=276TeV | heauty via displaced deca

) g M 3

> .ol . s b(2>c)>electrons, .. y P y

8 10°F fn o ! electrons

€ 10¢f PHye. NS=2.76 TeV °C°F ]

s i ROR k. factorization § 14p -Iphu(yllTOéB;) ALICE pp, 18 =2.76 Tev

:°) -5 g ] - @ e-h(ly|<0. B

ﬁ*— 10 %_ (a) ~ '-“..:.,‘5,’ - _ GTM-VFNS E 9[2 12;_ . ":OfNE:L - b(e(:)ee l c,bee —;

£ 10°) e a 1 e \s=2.76 TeV -

’Q\:_ 107 | B 08;_(3) - ‘m

8 : T osf

= 10°} g _F

> 3k 5 04F E

g 23 0.2k .

5 15 _ =

g onl I ALICE pp, \s =2.76 TeV ]

3k 5> 107¢ E

g 25 ) 45 m e e-hb(>c) e :

% 18 g 10 E 1.1.-‘ B p,b(>c) e 3

© 1E 3 i~ , i

QO 05E - 10° = (0) L E

> 3F g o L 0§ | 7]

g 25 F Nb 10-6=_ "‘ —

< 2 F © E " E

& 15 F T g - ) E
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FONLL: JHEP, 1210 (2012) 137. p_ (GeV/c)
GM-VFNS:Eur.Phys.J., C72 (2012) 2082.

Phys. Rev. D 91, 012001 (2015), PLB 738 (2014) 97-108 LO kq fact: Phys.Rev., D87 (2013) 094022.

Same agreement with FONLL calculations as at 7 TeV
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% More differential measurements:
D mesons vs multiplicity

ALICE

ALICE, J

'_

[\]
9)]

N
o

(N/dydp.) / (N/dydp.)
> &

B feed-down unc.

0.4F

HEP 09 (2015) 148
- TUALICE.pp1s=7Tev 1 Study the effect of multi-parton interactions
- 0 —
- ’?"e;age D G‘ZWE meson, [y|<05 1 (MPI) on the hard heavy-flavour scale
e 1<p_< - 3
R 2<p < 4GeV/c - .,
. 4<pT< 8 GeV/c — ST
L < p, < 12GeV/c i S
- = 12< p < 20 GeV/c ] Ny, v
o m g S5
: # . o
: : SPD ~&
- . n|<1.4 ;:‘,4" PP N
j ) § +6%/-3% normalization unc. not shown T ) ‘ >’.‘:\’.’. 6{?‘{"‘ :
;_ml# el l 6% ‘unlc on (de]) de] nollsh0wn . » .,_.‘_.‘. _‘:.
= B fraction hypothesis: x 1/2 (2) at low (hlgh) multlpllcny = o ®

: voc VOA

-3.7<n<-1.7 2.0<n<5.1

I R R S S AR Multiplicity measured at mid-

(dN '/d” ) AN AW == rapidity (SPD tracklets)
Results from different p; ranges in agreement within the uncertainties

Increasing trend of D-meson yield vs charged multiplicity in pp
collisions = models including an MPI contribution seem to describe the data
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% More differential measurements:

ALICE

D mesons vs multiplicity

Multiplicity at mid-rapidity

MultlpI|C|ty at large rapldlty (VOA VOC)

“~ AR R IS SR IR R AR T 7
— [ 1~ ] I | \ I I I
] FoE :
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N L Average D°,D*, D** meson, |y|<0.5 1l T - 0 ]
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o T - 1< p, < 2 GeV/c 4 O - e 2 4 GeV/ 3
2 - o 2<p< 4 GeVl/c 1 3 E <p;< eV/c . SPD
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ALICE, JHEP 09 (2015) 148.

Investigate effect of auto-correlations using multiplicity measured in a
different rapidity range than heavy-flavour yields.

Qualitatively similar increasing trend of D-meson yields when a n gap is
introduced
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% More differential measurements:

ALICE
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Similar increase of open charm and open beauty as a function of multiplicity

at mid-rapidity
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% More differential measurements: D

ALICE

Sensitive to charm production and fragmentation

—>charm jet properties
—>constrain models

Charged

article
Away P

side

N ¢

Near 5%

side

meson

1 dNassoc
Ny dAg

- baseline (rad™)

n
(&
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(%))
T

- D meson -charged particle correlation
3.5t

w
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-
[$))
TT

e
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o
T

Average D°,D*,D"*
5< p? <8 GeVle, p?mc > 0.5 GeV/c, |An| < 1.0
[ —e— pp \s=7 TeV Data

[ Simulations, pp 1s=7 TeV

- — Pythia8

- —¢— Pythia6, Perugia2010
—4— Pythia6, Perugia2011

5<p,P<8 GeVIc
p;25%°¢>0.5 GeV/c

baselin

_0*511 11

ALICE Preliminary |
cena]nlyj

e uncertain

ty

- baseline (rad™)

meson - charged particles correlations

£ Dmeson - charged particle correlaion ' """ "]
3.5¢ Average D°,D*,D*
E 8<pP<16GeV/c, p2**°>1.0 GeV/c, lAnl <1.0
3~ —e— pp Vs=7 TeV Data ALICE Preliminary
[ Simulations, pp Vs=7 TeV ]
2 5% Pythia8 Db elin
! —&— Pythia6, Perugia2010 y
[ —¢— Pythia6, Perugia2011 o scale uncertainty
2 8<p;P<16 GeV/c

" p.2ss°c>1 GeVlc

certainty -

Compatible within uncertainties with expectations
from different Pythia tunes after baseline subtraction
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ALICE
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%E p-A: control experiment
(dO'/de)pr

R — Mid-rapidity
pPb
A x (do/dpr)
pPp
D mesons HF decay electrons
__ALICE, PRL 113 (2014) 232301 2.5 —ALICE, arXiv:1509.07491
[ T T T T I T T T T [ T T T T ‘ T T T T [ T T T T I T T ] e | 1
0:%1 - ALICE p-Pb, | 5,,=5.02 TeV [ p-Pb, |5, = 5.02 TeV ALICE |
1.6 _u_ Average O, D", D = fcb (" +€)/2,-1.06 <y_ _<0.14 1
r -0.96<y_ <0.04 ] o+ .
1.4 - |
] 1.5F | i
E a [ _
-1 Q_ L -
] Ay I ]
1—.. at- P
% Kang et al.: incoherent mul'tiple scattering ]
0.4 - 05" N\ Sharma et al.: coherent scattering + CNM |
I ---- CGC (Fuji-Watanabe) ] ~ FONLL + EPS09NLO shad.
02__ —— pQCD NLO (MNR) with CTEQ6M+EPS09 PDF _ F Blast wave calculation
[ === Vitev: power corr. + k_broad + CNM Eloss ] W Normalisation uncertainty
—1111|111111111l1-11[1111[11_ lIllIll'lJl[llllllJ lllll
% 5 10 15 20 25 O 2 4 6 8 10 12
p; (GeV/c) p. (GeV/c)

M. Mangano, P. Nason and G. Ridolfi, Nucl. Phys. B373 (1992) 295 . Vitev et al. Phys. Lett. B740 (2015) 23

K. J. Eskola, H. Paukkunen and C. A. Salgado, JHEP 04 (2009) 065 A. Sickles, Phys. Lett. B731 (2014) 51
R. Sharma, I. Vitev, B. Zhang, Phys. Rev. C 80 (2009) 054902 M. Cacciari et al. JHEP 05 (1998) 007
Fujii - Watanabe, private communication

Rpp~1 for D mesons (p:>2 GeV/c) and HF decay electrons in p-Pb collisions

Models with CNM describe the data within the uncertainties
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p -A: control experlment

ALICE

Forward and
backward rapidity

L]
-4.46<y<<-2.96
2ycMs 9 2.03<yys<3.53
<x<
10 X 5 10 10-5<x<8:10° Forward/backward

g ! ! ARG Frer T rr 3 F T 3
< . :_ p- Pb \sNN = 5 02 TeV W c,bdecays o5 C P-Pb | sy = 5.02 TeV, p*e cb decays 1 o 2.2 2 p Pb \ San = 5 02 TeV u «— c b decays E
. . 4<y <296 1 L 2.5<y <354 ] E 2.96<|]y  |<3.54 3
- ALICE Preliminary Pb oin ] - ALICE Preliminary . oms 1  '8F ALICE Preliminary oms 3
i3 going 3 =t p-going ; ;
1sE (backward)_ sk 3
L == NLO (MNR) with EPS09 shadowing 05 _:_ —— NLO (MNR) with EPS09 shadowing E E_ _E
0.5 —— Z.B.Kang et al.: incoherent multiple scattering 3 - Vitev: coherent scattering + k__broad + CNM Eloss - 0.4 E_ —— NLO (MNR) with EPS09 shadowing _E
C systematic uncertainty on normalization 1 r | SYSl?maliC u?cenain:y on norlmalizatilon | | ] 0.2 F systematic uncertainty on normalization =
Cov v b o b b o Uy b by by 1 P R T T B T N I
% 2 4 6 8 10 12 14 16 % 2 4 6 8 10 12 14 16 % 2 4 6 8 10 12 14 16
p, (GeV/c) p, (GeVic) P, (GeVic)

M. Mangano, P. Nason and G. Ridolfi, Nucl. Phys. B373 (1992) 295

K. J. Eskola, H. Paukkunen and C. A. Salgado, JHEP 0904 (2009) 065
R. Sharma, I. Vitev et al., PRC 80 (2009) 054902

Z.B. Kang et al., PLB 740 (2015) 23

Different x regimes explored in different rapidity ranges with HF probes
—>shadowing/saturation relevant at low p; at the LHC

Data described within uncertainties by the models with initial-state effects
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ALICE

p-A: D-h correlations

pp&p-Pb: 5<p;P<8 GeV/c

pre=°>0.5 GeV/c pr?*°°>1 GeVic

p.2ss°c>1 GeVlc

pp&p-Pb: 8<p;P<16 GeV/c p-Pb&PYTHIA: 8<p;P<16 GeVi/c

o T Dimeson ~charged partice correlaion T 1] %5 “F Dmeson - charged parile correlation "' 17" 1] g 4f Dmeson -charged pariicis corelaon """ 17T
g 350 Average D°,D*,D"* A g [ Average D°D*D* 1 £ [ Average D°D*,D* 1
@ “7E 5<pP<8GeVic, pi > 0.5 GeVic, Jan < 1.0 ] @ 35 g<pb<16GeVic, > 1.0 GeV/c, IA| < 1.0 1 2 35 8<p)<16GeVic, p*>1.0GeVio, il <1.0 E
2 g —4—pp1sTTev ALICE Preliminary T [ —4—ppie=7Tev ALICE Preliminary 3 & - —e— pPbys,=5.02TevData  ALICE Preliminary ]
< C - . ) 7 © C _ _ 1 & 3 Simulations, pp Vs=5.02 TeV —
.Cll E —4— p-Pb | 5,,=5.02 TeV ubasellne uncertainty pp 3 -L:J s —4— p-Pb |5,=5.02 TeV Dbaselme uncertainty pp ] : F —s— Pythiag Dbaseline uncertainty ]
é 2_2.5; J baseline uncertainty p-Po ] % 2_2.5} i baseline uncertainty p-Pb : g 2.2_5; i Ezm:gg' E::ﬂg:zggl? #1%% scale uncertainty =
“’2 3 r o scale uncertainty pp ] =5 F o scale uncertainty pp 4 g° r ]
9 [=) 2 fg‘i% scale uncertainty p-Pb = © o 2; fg';a% scale uncertainty p-Pb n :C_) o 2; —
=F 1 TR E 1 =t ]
1.5F - 5 ] 3
E . 1.5 45 - 15 1
= E = 1 1 =
o R R f |
0.5 -] C ] 0.5F -
++ + E 0.5 + + + - ]
; + ************* Bt T #] gl M R :
E ] =5, o s U A PL ++ SR B BT L ]
055 —: %# i # 0 . -0.5 =
C |1 (\) I-|1‘ 2\ \:\3\ 4 ||é* -0.5 1 1111 1111}1111}1111}1111!11111A 5
Ag (rad) Ag (rad) Ag (rad)
Compatibility within uncertainties between pp collisions at Vs = 7 TeV and
p-Pb collisions at Vs = 5.02 TeV after baseline subtraction
p-Pb data described well by Pythia
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ALICE

Pb-Pb

Pb+Pb @ sqrt(s) = 2.76 ATeV

2011-11-12 06:51:12
Fill : 2290

Run : 167693

Event : 0x3d94315a
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arce D=meson R

R (p.) dN , /dp;

aa\Pr) =

< - RS LR AR RERRE RS RN RS <TAA>XdOfD/de

@y g AUCE  010%PbPb s, -276Tev | Large suppression in a wide p;
1'6;_ e Average D% D', D**, |y|<0.5 —; range
1'4:_‘ o with p_-extrapolated pp reference _: ° factor Of 4_5 in 5<p_|_<15 GeV/C

# D,ly|<0.5

................................................................... - D, in Pb-Pb collisions:

TAMU, PLB 735 (2014) 445

— Non-strange D -« suppression by a factor 3-5 in 8-12 GeV/c
\ Dg , .
% = IIJ -+ low-p; Rys described by TAMU model
| g — . .
= - based on on heavy-quark diffusion and
L H - hadronization via recombination

| [0 |

1d . 115 Ly éO 2|5 l 30 L 315 Ly 140 TAMU, Phys. Lett. B 735 (2014) 445
p. (GeV/c) * more statistics needed to conclude on
.

ALICE: possible enhancement at low p; due to c-
arXiv:1509.06888 quark recombination with strange quarks
arXiv:1509.07287 Kuznetsova, Rafelski, EPJ C51(2007)113

He et al., arXiv:1204.4442;
Andronic et al., arXiv:0708.1488

Strong charm energy loss in the medium
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% ALICE:

e D=meson RAA arXiv:1509.06888

arXiv:1509.07287
STAR PRL113 (2014) 142301

- 2_T T [ L ] L T L ] TT 17T I TT 17T T L l TT 7T T—— . ‘
o r 0 7] [ T2 IIIIIIIIIIIIIIIIII
O 1.8 ALICE Average D', D', D** = & 18F
S r Pb-Pb, \ 5, = 2.76 TeV, |y|<0.5 ] 1eE % E
c 1 6; e 0-10% . 12F + +
o ' o with pp p_-extrap. reference ] oel: """"""""""""""""""""" ]
.'.(% 1 4; m 30-50% . :: 0:6‘+ H =
Rs! T 0 p-Pb, \s,, =5.02TeV,-0.96 <y_ <0.04 : “H ' 8;: —Biﬂ__mi ]
=102 — I R R S S S S
5 1.20 HH H ) ] 2F P (GeVie) ]
@) u ] E .
1 o | B ! L .
E - H H —f— -3 C ALICE, 0-10% Pb-Pb, | 5, = 2.76 TeV ;I—:
® 0.8F - o o Average D’, D', D**, |y|<0. 5 ;
L) r i o with pp p, -extrapolated reference ]
O I = 7 ]
= 0.6 STAR C-10% AL {5, 200 GV x
0.4_ - ﬁﬂﬁ i ] PRL113(2014) 142301 _:
0.21- EJ&++—B* = ﬁ'& + H -
0_1 11 Lo b by b by s by v s buaay ] L 11 1]
0 5 10 1 5 20 25 30 35 40 O0 5 B O 1 5 20 25 30 35 40
P, (GeV/c) P, (GeV/c)

Strong suppression in central and semi-central Pb-Pb coIIisions at
intermediate-high p; due to final-state effects (R p,~1)

D mesons at RHIC vs LHC: different R,, trend for p;<2 GeV/c?

Stronger shadowing, less steep pp spectrum at LHC, different effect of radial flow and
coalescence. Some models (TAMU, Phys. Lett. B 735 (2014) 445 ) can describe both results.

Low-p+ measurements crucial to test binary scaling in charm production
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% R, of heavy-flavour decay leptons

ALICE
< P o L B S I B B L B R
T 18E Comiyumsotow  ALICE Preliminay § _
i N 3 Similar suppression of electrons
I S e _5 and muons from heavy-flavour
T A .
0_; b,c>electrons, muons h_adrOn decays at the LHC.
osE H M‘H‘ Different rapidity ranges:
o.4§— %ﬂﬁwﬁm electrons: |y|<0.6
02F muons: 2.5<y<4
%% 012 14 16 18 20 ALICE, PRL 109 (2012) 112301 (HF decay muons)
P, (GeV/c)
< L B B B B B BRI U
« . Pb-Pb, Sy = 2.76 TeV, 0-20% centrality ]
2= ] —4—b(=c)—elyl<08
C L [ syst u_ncgrtainty _ ]
150 + B omaaionuncetany | El@ctrons from beauty-hadron
B b(2>c)~>electrons ] . _
E +| 1 decays in Pb-Pb collisions.
NN T 1 Hint for suppression for p>3 GeV/c
s T T g
E ALICE Preliminary

0 | 1 2 3 4 5 6 7 8
P, (GeV/c)
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) Raa: D mesons and charged hadrons

ALICE
? '
Mass/colour dependence of energy loss”
0.8}
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1 Gi D e Average D°, D, D**, |y|<0.5 i
T + o with pp p_-extrapolated reference 021
1.4 h_ s Charged particles, n|<0.8 —] ol . . . . .
- + e Charged pions, m|<0.8 - 0 10 20 30 40 50
1.2 JU- - E(GeV)
., i - 1 T
r ] 0.8t 0.8+
0.8 —
- . - 0.6
0.6 E oy
0.4} 2ﬁﬁ++§ 02
0.2 o5p? E H _; e % 20 4 %0 0 10 20 30 40 50
O1111111111111111111111111 11111111 1 EGeV) E(GeV)
0 5 10 15 20 25 30 35 40 SRRTIR
ALICE. arXiv:1509.06888 ,0 (GeV/c) M.Djordjevic, PRL 112, 042302 (2014)

Raa(D)~Raa(Tr,h%)  AE(udsg)>AE(c) PRau(D)>Ran(mr.h)
Described by models with:

- Mass and colour charge dependent energy loss

- Different quark p; spectra

- Different fragmentation functions for light quarks, heavy quarks and gluons
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%RAA: D mesons and non-prompt }J/y

ALICE

Mass dependence of energy loss?

<14 IIII]TIII[1IIIITITT]TTII]ITIIITITT[T|IT
<C -

@ | Pb-Pb, sy =276 TeV
10 n* (ALICE) 8<p_<16 GeV/c, |y|<0.8

Y
~ ® D mesons (ALICE) 8<p_<16 GeV/c, |y|<0.5
)

Non-prompt J/y (CMS It-’reliminary)
6.5<pT<30 GeV/e, |y|<1.2 cms-pas-HIN-12-014

ALICE, JHEP 1511 (2015) 205 | (empy) filed boes: (un)correlated syst. uncert.
CMS, PAS-HIN-12-014

oo o | :

0.6

- 50-809%" EI -
0.4 E!E " d -
I 40-50% .
0.2 30-40% 50500, =
_ 10-20% i

_ n* shifted by +10 in (N W 0-10% |

L1 11 I | .| l 1 I l 1 I 1111 I 1111 l L1 11 I
0O 50 1 00 1 50 200 250 300 350 400

(N ot

similar kinematics for D and B mesons (<p+>~10 GeV/c)
different y ranges for D and non-prompt J/y

Indication of a difference between charm and beauty
suppression in central collisions
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%RAA: D mesons and non-prompt }J/y

ALICE

Mass dependence of energy loss?

§1.4_TIIIIIIIIIIIII‘IIIIIITIIIIlllIIII
@+ Pb-Pb,\s, =276TeV
" m D mesons (ALICE) 8<p_<16 GeV/c, |y|<0.5 _
12 - @ Non-prompt J/y (CMS Igreliminary) . Theory mOdel
- 6.5<p_<30 GeV/c, |y|<1.2CMS-PAS-HIN-12-014 . . . .
[ (emp)filedboxes: (njcoreiated syst.uncer. | (Djordjevic):
ALICE, JHEP 1511 (2015) 205 __Dordevietal. meisreoazs - fwo assumptions on the
CMS’ PAS_HIN_12_O14 0.8 _- “82&8%% with ¢ quark energy Ioss—_ quark mass in the
] energy loss to calculate
o6 [T =g -1 non-prompt J/y R
i somt\ ..................... T S~ ]
0.4/ H:\\\ .................... ~~<——b quark mass
: ~ \\\ .............. :
i 40-50% S~ e ]
0.2 040 sz B =~~~ 5 ——-c quark mass
- (") 50-100% for non-prompt J/y 10-20% 0-10% |
O56~"160 186 500" 250306 550400 et
100 1 -
(N ) Difference comes from

Pt the different masses

similar kinematics for D and B mesons (<pr>~10 GeV/c)  M.Djordjevic, PRL 112, 042302 (2014)
different y ranges for D and non-prompt J/y

PQCD in-medium energy loss model based on mass dependent
energy loss in agreement with data
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ALICE

Heavy-flavour azimuthal anisotropy

In non-central Pb-Pb collisions:
initial spatial asymmetry — azimuthal anisotropy of final hadrons

—>non-isotropic azimuthal emission can be parametrized by:

dN N
do 2; (1 + 2vycos(pp — ¥q) + @008[2 0 —Uy)|+...)
Can originate from:

- thermalization/collective motion (low p;)
- path-length dependence of energy loss (high p;)

Elena Bruna (INFN-GSI) 25
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e Heavy=flavour azimuthal anisotropy

D meson
>N IlllIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIII IIllIII|II||||I|||Illlllllllllllllll IIIIIIlllIIIIII|III7|I|IIIII|II[|IIII
0.6~ ALICE 4+ @ Prompt D’ |y|<0.8, v,{EP} +
. F D spe romet (c,b)~>electrons, muons
L Pb-Pb, Sy, =2.76TeV 1 ystiremicala
— N _lll]lilIIIIIITIIIITIIIIIIT]
L Syst. from B feed-down >
0.4t

0.4 |- = Heavy-flavour decay ¢*, v,{EP, jAn| > 0.9}, |y| < 0.7

T ¢ cCharged particles, v,{EP,jAn>2) ALIGE Profimi
reliminary

- -=- Heavy-flavour decay p*, v,{2, |An| > 1.7},25 <y <4 -

0.3 arxiv:1507.03134
i Pb-Pb, \ s, =2.76 TeV
- 20-40% Centrality Class
0.2
¢
01_ ++ R |0 | —
[ Centrality 0-10% T Centrality 10-30% [ Centrality 30-50% b [ |
[P N O P O O Y R 1 Y O R Y e e R A A N AT N R Femu Aema At L i
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18

p, (GeVic) p. (GeVic) p. (GeVic) o) S I .

ALICE, PRL 111, 102301 (2013) [~
ALICE, Phys.Rev. C90 (2014) 3,034904 ollooalonlnnlanlaal,

ALICE, Phys.Lett. B753 (2016) 41 0 2 4 6 8 10 12 14
! ( : pT(GeV/c)

Positive v, for D mesons and e/p from heavy-flavour decays

D-meson v,>0 in 2<p;< 6 GeV/c (with 5.70), compatible
with v, of charged particles

Hint for collective motion of charm quarks at low p;

Elena Bruna (INFN-GSI) 26



<,

ice Rpa and v,: constraints to models

ALICE,arXiv:1509.06888

< 2:—* LI L TTT [ TT T T T T T T T T T T T T *t 2 TT T[T T T[T T T[T T T[T T T[T T T[T T T [ TTT[TTT ]
o ALICE 129 " auce 1
1.8[-0-10% Pb-Pb, | 5, = 2.76 TeV — @ 1.8[-30-50% Pb-Pb, | 5,,, = 2.76 TeV -
- BAMU elastic . oA D°. D*, D** 05 """ TAMU elastic h
1.6 ® Average D%, 0", D |y|<05_‘ ------- lordJQYr:cBass 1. 6k verage i< (D:]z?c;d |Vr:CBass -
[ O with pp p_-extrap. reference WHDG rad+coll ] e e WHDG rad+coll -
1 4: T T areias MC@sHQ+EPOS - + civieinn MC@sHQ+EPOS
H Vitev, Rad+dissoc ] 1.4 —— Vitev, Rad+dissoc ]
r Vitev, Rad N F Vitev, Ra

— . — POWLANG B F — . = POWLANG 1
1.2 BAMPS el. - 1.2 BAMPS el -
: e it
- Bl SUEDOT
= o - F 0 ]
o8l 0-10% | o8 30-50% s
0.6 4 0.6f , E—
RN Sl I ROt | e
O 2N — ey 04 CHe- =
0.2¢ &;—xs— N ' 7 02 S~ - _ .3
C ¢ ,_ ] r -]
OkI — | = : - \’ f\ \’ —Y J\ I 111 ‘ 111 I 111 ] 111 I 1 11 l 111 J 11l I 11 1H
0 5 10 15 20 25 30 35 40 Y2746 8 10 12 14 16 18 2
p. (GeV/c) p_ (GeV/c)

RA @and v, results start to provide
constraints to models.

Simultaneous description of heavy-
flavour Ry, and v, still challenging.

More precise measurements needed to
further constrain models

0

o
>

ALICE PRL 111 (2013) 102301

"""" |-
0 4_ . ALICE 0’0", D average  Pb-Pb, sy, =2.76 TeV 1
' D Syst. from data Centrality 30-50% -
H_] Syst. from B feed-down 0 .
0.3 30-50%
0.2 -
0-1;~ ri L T — q . ~
2 B o ot v % eidaidontio T2t ~
OF%. WHDG radscoll E
[ — . POWLANG ]
Fomeimeen Cao, Qin, Bass L 4
-0.1—..... MC@sHQ+EPOS, Coll+Rad(LPM) —
L BAMPS el. - - -~ TAMU elastic ]
L BAMPS el +rad. — — UrQMD .
Co o by by by by by by g by oy oy 137

0 2 4 6 8 10 12 14 16
[N (GeVlc)

BAMPS: Fochler et al., J. Phys. G38 (2011) 124152

POWLANG: Alberico et al., Eur.Phys.J C71 (2011) 1666
UrQMD: T. Lang et al, arXiv:1211.6912 [hep-ph];
T. Lang et al., arXiv:1212.0696 [hep-ph].
TAMU: Rapp, He et al., Phys. Rev. C 86 (2012) 014903
WHDG: Horowitz et al., JPhys G38 (2011) 124114
Aichelin et al.:Phys. Rev. C79 (2009) 044906

J. Phys. G37 (2010) 094019
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arce - SUumMmmarizing ALICE HF from Run |

HF in pp collisions: Layge

. fi Arry
« Reference system, test for pQCD at LHC energies fr:,‘:"" '"e:szf heavy_
[ of
- HF fragmentation properties via correlations Alicg y Mengg

« Access interplay of soft and hard processes in the charm sector

HF in p-Pb collisions:

* Investigate Cold Nuclear Matter Effects in different x ranges
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arce - SUumMmmarizing ALICE HF from Run |

HF in pp collisions: Lapg

. fi Arry
« Reference system, test for pQCD at LHC energies fr:,‘:"" me;'s:f heavy_
[ of
- HF fragmentation properties via correlations Alicg y Mengg

« Access interplay of soft and hard processes in the charm sector

HF in p-Pb collisions:

* Investigate Cold Nuclear Matter Effects in different x ranges

HF in Pb-Pb collisions:

* Open heavy flavours strongly affected by the medium
« Mass dependence of suppression trends in agreement with models
 Positive v, suggests collective motion for charm at low p;

Elena Bruna (INFN-GSI) 29
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2 HF erain Run 2

« pp collisions at Vs = 5 and 13 TeV, p-Pb,Pb-Pb collisions at Vs = 5 TeV
 Significant increase of statistics (L~1 nb-" for Pb-Pb collisions)

— Strangeness enhancement affects D, production?

— Extend p; range, to ~0 (D°) and to high p;

— Beauty at low p; to study collectivity in the beauty sector

— Smaller uncertainties and new differential measurements will help to
further constrain theory (and add information on path-length

dependence of energy loss, energy loss mechanisms, thermalization of
HF, coalescence for HF,...)

RN 1 o T T L B B BB e ;
<600~ ALICE Performance 4 2800 4 % ' [
%600: pp, \s = 13 TeV, 48M events 1 3.,k S(30)=653+59 | > | ALICEPerformance
= | PR ’ . 1 = 7008 SB@o)=021 1 = pp, \s = 13 TeV, 48M events
©5001- D" — K=" and charge conj., p, >2 GeV/c 1 o . 1 w400 p“, p° and charge conj., p_> 2 GeV/c 7
P 1 & 600 4 o | !
[ ‘E r ~
3400 S £00k Nt 2
3 3 500; 44 = D™
r ] E o
00 IR ] 400; ALICE Performance . . ¢
C 1= (1.866 + 0.001) GeV/c? o 1 300f- PP, \s=13TeV, 48M events = 200/
200 o = (0.014 £ 0.001) GeV/c? i Y - D'— Kn'n* and charge conj., p, > 2 GeV/c 1 w=(145.4 +£0.1) MeV/c®
:  (30) - 761+ 64 . 200F . E i o = (0.68 £ 0.07) MeV/c® |
100~ B (30‘) o ;6 ] 1001 D u=(1.870 +0.001) GeV/c® 4" S (30) =529 + 46
- =0. ] F 6 =(0.010 £ 0.001) GeV/c? S/B (30) =0.28
Covva b b b b by baa o Tl Eoo v b v b by b s b by
0 1.75 18 185 19 195 2 205 0 1.7 18 185 19 195 2 2.05

| L L 1 L | ) s L 1 | L
X 0.14 0.145 0.15
M(Kn) (GeV/c?) M(Knr) (GeV/c?) M(Knm)-M(Kn) (GeV/c?)
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ALICE

Extra slides
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ALICE

ALICE: D mesons

DO — Kr? BR: 3.88%
D** — DOY(—=K=x*)n* BR: 2.63%
D* - Kn*n* BR: 9.13%
Dt — ¢(—=K*K )t BR:2.24%

Invariant mass analysis based on displaced
secondary vertices, selected with topological
cuts and PID

Correction for beauty feed-down (based on
FONLL pQCD calculation) to extract results for
prompt D mesons

FONLL: JHEP, 1210 (2012) 137

® Measurements of Heavy Flavours in

A R I L I L I
- p-Pb, \(fs;,;,=5.02 TeV
;100Mevents

S (30) = 1824 + 75
S/B (30) = 0.47

D' Kn*rnt

and charge conj. -
L

o 3<p <4 GeV/c -

llllllll Lo by by v by v a by 03

171751818519195 2
M (Knr) (GeV/c?)
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Measurements of Heavy Flavours in
ALICE: electrons

Electr’ons mid-rapidity Beauty-decay electrons: extra cut on impact

parameter, separation via e-h correlations
Phys.Lett. B721 (2013) 13-23

7.3x10° coIInsnonsj

10
TOFreqUIred [t tel < 30

e
3
m T PYTHIA, s = 7 TeV, YI<08g o b(=c)—e
QP o [ 1<p,<6 GeV/c S X Co€
O x> < conversion elec.
& NG Dalitz elec.
Y (@ 3
L'g (0] :.}": :
O 5 el
& : - - s § %ﬂ:‘r"x".'_
10F 50-a09% PEPB. (o = 2.76 T » ¢ *
20-40% PL-Pb, Yowy =276 TeV, <08 i 0 W#*
1 10 % i aH(
p (GeV/c) ?L
Background (mainly m%/n Dalitz decays,
photon conversions) subtracted with: e L
BE O DaMC 192 GeVie (b)
—> Invariant mass of low-mass e*e" pairs : 25F 3 DataMC 2<pi<6 GeVic i
2F + :
. . & 15F E
—> Cocktail of different background sources s 1l. ARSI (tL% b 3
with MC hadron-decay generator 05F %T? 7 e Q—;
(-)6100‘ - 4|00 ‘ I-2I00I I (I) 2(I)O 4(I)0 - IG(;O
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ALICE

® Measurements of Heavy Flavours in

ALICE: electrons/muons fromcand b

Electrons: mid-rapidity

7.3x10° collisions j
TOF required: |tT0F-te| <30

TPC dE/dx - ( TPC dE/dx ) |, (o)

20-40% Pb-Pb, (s = 2.76 TeV, n<0.8
" n PR | I " L " PR

1 p(GeV/c1)0
Background (mainly %/n Dalitz decays,

photon conversions) subtracted with:

—> Invariant mass of low-mass e*e pairs

—> Cocktail of different background sources

with MC hadron-decay generator

Beauty-decay electrons: extra cut on impact

parameter, separation via e-h correlations

Muons: forward rapidity
)

rec. track

e,u

Pri
rimary g,p__,
vertex &

do \, X

7~
Geometrical cuts, track matching with
trigger (from muon chambers)

Impact parameter cut to reject part of
beam-gas interactions and decays

Remaining background (T1,K—> )
subtracted with MC (pp) and data-tuned
MC cocktail (p-Pb, Pb-Pb)

Low p; cut to reject T, K decays > 2 (4)
GeV/c in pp, p-Pb (Pb-Pb)
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ALICE

30 band around electron hypothesis

TOF:

10

tor- b (0)

[=]
IIIII“I‘I'IIIIIIIIIIIII'I

-10

LB | T T T

Pb-Pb, Sy, = 2.76
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0-

Electron identification
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B
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09F
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04"
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03F
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ALICE

Beauty decay electrons

in pp at 7 TeV

102 pp,\s =7 TeV,ILdt =22nb’

e b(—»c)—e
v cC—oe

—FONLLc — e

-

=)
e
T

1/(2rp_) d°c/(dp_dy) (mb/(GeV/c)* )

—FONLLb (5 ) > e ]

Data/FONLL
&

Data/FONLL
tn

R L L L L L b LAY LAY LAAR AN RN L LLLEN LALAY LALLI LLRRELRLAY AL L IR

pabslobinbidibih i Lo b b L b b b Lo L Dbl

b(—c)—e/c—e
n
(6]

i

i

5 6 7 8
P, (GeV/c)
Physics Letters B 721 (2013) 13

Elena Bruna (INFN-GSI)

36



® Measurements of Heavy Flavours in

ALICE

ALICE: Beauty decay electrons

Phys.Lett. B721 (2013) 13-23

(1) electron PID: dE/dx (TPC) + TOF T T <0, L S0

< conversion elec.

10 ‘ (@) _é

(2) Cut on d, to enhance the S/B <,, /
% 10°F .‘,‘N' * % »
(3) Background sources from light hadrons/quarkonia ° f’fﬁ% f %%

subtracted with a cocktail approach

(4) Here: residual electrons from charm decays need to | .
3F conversion electrons
be subtracted 25 0 DataMO 24pl <o Geve l

Data/MC
N

Estimated e* yield from measured D-meson S AT b e e T
cross sections (FONLL-extrapolated to 50 GeV/c) o§§_ %T? + %%%% ) o T Al
-400 200 0 E)um) 200 400 600
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&, Heavy-flavour azimuthal correlations

ALICE

Near side
trigger

particle
(D meson or

electron from
heavy-flavour)

In pp collisions:

 Extract relative contributions of electrons from charm
and beauty decays

Heavy-flavour (HF) electron - hadron

Away side
— - m P (jy|<0.8) _ =
'7’_; 45 (a) MB Trigger Sample  ALICE pp, \s = 2.76 TeV 1.4E . eh 0 ALICE pp, \s =2.76 TeV |
® 3.5F1.5<pe<2.5GeV/c 9r’ 1.2 - FONLL -
= - T L v k; factorization
< 3-_p$>0.3 GeV/c o) 1= ...GM-VFNS =
—~° . ° E
S g <03 5 08
° - 2/NDF = 19/18 L osf
S 2 e o e o? f ooub it
o 1 5%‘ * ¢“¢’ ge "y ¢’¢‘ ¢¢ 5 04 &)
Z Tikea * a¥ = * _atd 0.2F @l e
— - .',:..I"...‘ ..'II...I,," il
- K $e0e00e? \ Y0000t \ _ s s -
8F (b) EMCal Trigger Sample  _ ¢ Data: cb — © S . af ALICE pp, \s =2.76 TeV ]
7E-4.5 < p <6.0 GeV/c . 3 107¢
E 0.3 GoV — MC fit o] e chb(sc)e
B P; > 0.8 GeVie - MCic—e 5 10tk [y -
5E-Ml<0.7 . = MC:bo(c—)e = ..-‘ B Pb(—>c)—oe E
4f /NDF =85/9 TZF 10° L (b) -
E ) L ]
S e ot 10tk w 1 PLB 738 (2014) 97-108
25 :‘—0“_ : 7:7. _._—Q--Q—*'..‘. E’_ o o E
s s AN 4 & e S\ § 107k i ¢
-3 -2 -1 0 1 2 3 = E e
Ag (rad) / p. (GeV/c)

b/c ratio compatible with FONLL prediction
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szce D=h azimuthal correlations in p-Pb

Near side yield vs p;? p;2sscc>1 GeV/c

= [ T T T T T T T T T a7 —T T T T T T ] T 17T L o) 5 B I L l 177 l LI I LI I LI I LI I 1T I 1]
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. - —=— Pythia8 | baseline uncertainty © 35 - T '+' p-Pb, \s,,=5.02 TeV —
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2t ] 5 3 =
Ol o ol . %’ - o ]
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1.5 = - ]
- . 2 =
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0 - — ] !:::5 ]
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-05 - B 0 ull BNERE cao o b by by v b by g b o1
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[ ]

azce Qpen and hidden flavours
. 25T T e T
o [ ALICE,ppVs=7TeV 1 |, ALICEppis=7TeV ]
g - ¢ Average D°, D*, D™ meson lyl<0.5, 2<p <4GeVic | [ ¢ Average D, D", D™ meson lyl<0.5, 2<p <4 GeV/e ]
g 20F ¢ Jap —e*e, Iyl<0.9, pT>O _ - 4 Prompt Jy — e’e, lyl<0.9, pT>O —
L ¢ Jnp — wu, 2.5<y<4.0, p>0 1 G |
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ALICE

D mesons vs multiplicity in p-Pb

B feed-down unc.
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ALICE
. - S . ~ 0.5
g 2T 2 F ALICEPreIiminaryl : ‘h k
g AcsPamny 15 b ALY e 1 BAMPS: heavy quark transport using
S -Pb, | Sy = 2.76 TeV, 0-10% central . E 04F syst emor - . . ..
§1op 3 mrtmemommmetaw 1 B WS | Boltzmann equation with collisional energy
O 1.4F 7 BAMPS el + rad i - NG ] . .
§1 o Ty 3 go.s: .TME),\%FA%%EEPOS, Coll+Rad(LPM) 1 loss in an expandlng QGP .
8 L. - MC@sHG+EPOS,Coll+Rad(LPM ] Lo~ ]
y P | Soef 1 BAMPS el. + rad.: uses LPM (Landau-
30885 " s f ] . . . a.
= ha 8 o 1] 1 Pomeranchuk-Migdal) to include radiative
g NS s o oW % S S e v NN I
o4k S Jj-t,,_%#ﬁ"*‘ «[~ SN i eSS energy loss.
0.2 et S e b I : Pb-Pb, \s, = 2.76 TeV ] . h k .
| TR o _ 20-40% Centrality Class, [yl <0.7 ] TAMU: eavy quark transport using ressonant
Pt R e 0 2t e e e scatterings and recombination for the
! hadronization.

ey .. PRC90(2014)034%04  POWLANG: heavy quark transport using
- 13\ e "“"ED::::’\;“f’:j:‘i';“‘s_f °4ESM T e | Langevin equation with collisional energy loss.

) CERE Cehtvaw:y_oéo% ] 0.3F ’

7 MC@HG+EPOS Coll+Rad(LPM): includes
collisional and radiative energy loss in an

WHDG rad+coll

- POWLANG

--.=.=. Cao, Qin, Bass 0.2

«ieieo. MC@sHQ+EPOS, Coll+Rad(LPM)
-« BAMPS
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V= SSlIT T expanding medium, based on EPOS model.
: R L B 01_1;“030““ pQCD calculations including radiative
Woreee e e e ot v ] and collisional energy loss.
PGVl Cao,Quin,Bass: uses Langevin with a radiative
Simultaneous description of HFE and D term and includes recombination.
mesons are still challenging. UrQMD: uses Langevin approach implemented

within the UrQMD model.
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