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The figures in slides 23, 33, 34 have been updated due to a normalisation problem that was discovered after the conference.
The physics message is unchanged.

QCD challenges in pp, pA and AA
collisions at high energies
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Heavy Flavours: unique probes

ALICE

« Produced in initial high-Q? processes - calculable with pQCD

» Large mass - short formation time = experience medium evolution
1/2m, (~0.07 fm/c) < QGP formation time (~0.1-1fm/c) << QGP life time (10 fm/c)

* Expected small rate of thermal production in the QGP (m_, >> T)

(to< 1 fmlc)

beam bea
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% Heavy Flavours: unique probes INFN

ALICE

« Produced in initial high-Q? processes - calculable with pQCD

» Large mass > short formation time - experience medium evolution
1/2m, (~0.07 fm/c) < QGP formation time (~0.1-1fm/c) << QGP life time (10 fm/c)

* Expected small rate of thermal production in the QGP (m_, >> T)

Collision evolution stages probed by
™ K.p. f / ] heavy quarks:
»

o Teh
o »7, Initial stages:
- test pQCD
- probe nPDF

=
3
]

/ /
—
—>
Central region

QGP/partonic phase:

- energy loss: radiative and collisional

- collectivity

- quarkonium melting and (re)generation

’zHadronizatiqn: Different collision
\ - fragmentation  systems to gain
pear oY - recombination  insight in these

evolution stages !
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pp collisions
Vs = 7 TeV: ~3x108 events collected in 2010, L, ,~6 nb"

Ll e s = 2.76 TeV: ~50x106 events collected in 2011, L,+~0.9 nb
O MI01l Vs = 5 TeV: ~108 events collected in 2015, L, ~2 nb-"

Min. bias trigger: VO and SPD

Min. bias + muon trigger (forward)

-
EMCal > 2
electron/gamma PID, p-Pb collisions at Vs, = 5.02 TeV

f ~ 108 events collected in 2013, L;,,~48 pb-’
' Min. bias trigger: VO
y N 4 E,=4 TeV, E;,=(208)x1.58 TeV, sy = 5.02 TeV
LA V.ns=0.465 (in proton direction)
7| Min. bias + muon trigger (forward, L,,~5 nb-'(p-Pb),
i L.+~5.8 nb1 (Pb-p))
p-Pb collisions at Vsy, = 8.16 TeV
Muon trigger (2016): L;,,~8.7 nb-" (p-Pb), : L,,,~12.9 nb-' (Pb-p)

: Pb-Pb collisions at \sy, = 2.76 TeV
LR LR AL 16x105 central (0-10%) events in 2011, L, ~21 b
EXCZE SR — 18x106 semi-central (10-50%) events in 2011, L, ~ 6 pb-"
Min. bias + central trigger: VO
~ Min. bias + muon trigger (forward, L,,,~70 ub-")
B ~ 5x108 peripheral (50-80%) in 2010, L;~2 pb-’
— Pb-Pb collisions at \sy, = 5.02 TeV
~ 150x106 events (~24x106 in 30-50%) in 2015
Min. bias: VO
Min. bias + muon trigger (forward, L;,~225 ub)




%ﬁ Heavy flavours with ALICE

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

DO > Knt . T

D* > Kttt
D* —» Dontt
DSt —» ¢t >KK* rt*

Displaced |/ (from B decays)
M+

A" W

Semi-leptonic decays (charm,

beauty)
N

rec. track \l

Primary D
vertex .'\—

Xy
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% Quarkonia in ALICE

Central barrel:
Jiy-> e*e, |y|<0.8

Forward muon arm:
JI@, Y(2S), Y2 pry, 2.5<y<4

Ultra-peripheral collisions
Forward:
J@, Y(2S)> pru

Central:

J/Ip, Y(2S)> e*e-
JIg> pp

W(2S)=>J/yp Tr1T

- see M. Broz’s talk

Hlilgiin
i
| ﬂ"{

i
oy

-
®

N ALICE Performance 23/06/2016
. Pb-Pb, {s, =5.02 TeV, L,=225 ub!

Centrality 0-90 %
25<y<4, P < 12 GeV/ic
¥2/ndf = 1.59, S/Baa =0.14
my,, = 3.1002 £ 0.0005
G, = 0.069 £ 0.001
N, = 285202 = 2787

NP BPUErT), I JOU ISP I
25 3 35 4 45

m,, (GeV/c?)
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ALICE

Open heavy flavours

- tomographic probes of the QGP -

%".
0]

Central region

(to< 1 fm/c)

beam
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%Heavy Flavours in small collision systems/nrn

ALICE
Phys.Lett. B738 (2014) 97
o P . Ei | emcem e yos
pp collisions: g e e
— test for pQCD ST e
— reference for p-A and AA 10r e .
— role of Multi Parton Interactions (MPI) 7
— study heavy-flavour (HF) production processes 1 -
and fragmentation A
10? 10° 10*
\s (GeV)

IS) “f_—:lpsoo AL~ (

—reference for cold nuclear matter (CNM) effects
—initial/final-state effects

R x.0°=1.69 GeV?)
S S

5 N [ Co

TTTT Q l

* nPDF, saturation and more effects Z
(k; broadening, energy 10ss) e B ;
—role of collision geometry/multiplicity density '\ kT

—collective effects in small systems?

E. Bruna (INFN To) 9



%ﬁ Heavy Flavours in Pb-Pb collisions f & N

 Energy loss of heavy-quarks in the medium:

— modifies phase-space distribution of HQ, and |
of final-state observables
— mechanisms: gluon radiation, elastic collisions energy loss in
— depends on: the medium
« Medium density, path-length <AE> X aSCRéLZ
* Colour-charge, parton mass AE, >AE, , >AE, > AE,

“dead-cone” effect in radiative energy loss
Dokshitzer and Kharzeev, PLB 519 (2001) 199.

E. Bruna (INFN To) 10



%ﬁ Heavy Flavours in Pb-Pb collisions f a N

 Energy loss of heavy-quarks in the medium:

— modifies phase-space distribution of HQ, and 0
of final-state observables
— mechanisms: gluon radiation, elastic collisions energy loss in
— depends on: the medium
« Medium density, path-length <AE> X aSCRéLZ
* Colour-charge, parton mass AE, >AE, , >AE, > AE,

“dead-cone” effect in radiative energy loss
Dokshitzer and Kharzeev, PLB 519 (2001) 199.

* Do heavy flavours take part into collective motion of the
system?
— at low p; = information on the transport properties of the medium,
collectivity and thermalization of HQ

* Hadronization mechanism
— role of coalescence of HQ with low-p light quarks in the medium

Goal: extract medium properties with heavy-flavour observables

E. Bruna (INFN To) I



ﬂ.%uﬁ Charm in pp collisions: test for pQCD V'V
DO, 7 TeV D*, 7 TeV D™, 5 TeV
*.0 | | | ‘pp,\(E‘=7Te\‘/ E pp, Vs=7 TeV ] - ]
- 107 . : E £ ALICE Preliminary, pp, (s=5 TeV &
ORI Prompt D°, [y|<0.5 3 S Prompt D, [y|<0.5 A - Prompt D™, |y|<0.5 ]
24 = " ALICE < = T AUCE E ! —-— daa -
,%: % [] FONLL ; ; R LO K, fact ; E [77] FONLL E
Q'_ 1= = - Eﬂ - L _
= E g i = : E
5 f | - ] - ]
%10*1? —% 171? - ;7 ﬁ_*_ *;
102 ] - ] i :
Ei 3.5% uncertainty not F_E ?i 3.5% lumi, £ 2.5% BR uncertainty not shown é ; i, £ 1.3% BR uncertainty not shown é
oo
0-50 20 25 30 5 10 15 20 : ; 2;
P, (GeV/c) P (GeV/c GeV/c)
. FONLL: JHEP, 1210 (2012) 137
ALICE, arXiv: 1702.00766 GM-VFNS: Eur.Phys.J., C72(2012)2082
Phys. Rev. C 94, 054908 (2016)
JHEP 1201 (2012) 128 Nucl. Phys. B, 872(2013) 253
LO k; fact: Phys.Rev., D87 (2013) 094022
Cross sections at LHC energies well described by pQCD predictions.
Charm cross-section on the upper side of the FONLL uncertainty band
pp collisions provide reference for p-A and AA collisions
" E.Bruna (INFN To) 12



Leptons from heavy-flavour decays: .,

ALICE

o/(dp.dy) (mb/(GeV/c) )

beauty

102
107 7
10_4 S ., .
107°

\Vs=2.76 TeV b0 —e

e Data
-- FONLL

- GM-VENS

ALICE pp, Vs = 2.76 TeV

- K factorization

Phys. Rev. D 91, 012001 (2015)
PLB 738 (2014) 97

Beauty production at 2.76 TeV described by FONLL

)
C

Separation between charm and
beauty via displaced decay electrons
and e-h correlations

1.4
1.2
1
0.8
0.6
0.4
0.2

b(—c)—e/c,b —e

" E.Bruna (INFN To)

C  m IP(]y|<0.8)
® e-h (Jy|<0.7)

ALICE pp, Vs = 2.76 TeV

FONLL

b(=>c)>e/c,b>e

ALICE pp, (s =2.76 TeV

e e-h,b(—>c)—>e
H IP,b(—c)—>e
(b)
R 5§
O
! ¢
L | L L L | L L L | L L L | L L L |
2 4 6 8 10
(GeV/c)

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



)
HF yields vs event multiplicity in pp /"N

ALICE

Study the effect of multi-parton interactions (MPI) on the hard heavy-flavour scale

s 25 TTT‘TTTT‘TTTT{TTTY{TTTT{TYYY{YYTT{YYYY{YYY
|_
ALICE, pp \s =7 TeV

Q. B i
g - ¢ Average D, D*, D** meson |y|<0.5, 2<p_<4 GeVic 7]
S 20 ¢ Jy > ee, |y]<0.9, p>0 —
NZ T ¢ Jiy o i, 2.5<y<4.0, p_>0 ]
o - * .
~ __ Average D%,D* D™ -
~ 15 e —
Al— - I i @% e -
% : “J//\{I[D '—> A=) (91 :
-

> i d .
S 10 /q’ - HH ]
< - A
Al L et _|
5? ™ Etl -
: @ +6%/-3% normalization unc. not shown :
L _gE + 6% unc. on (dN/dn) / (dN/dn) not shown _|
I e B I RN U EA R I I

0.4 B fraction hypothesis: x 1/2 (2) at low (high) multiplicity
0.2 =

B
(AN, /dn) / (AN _/cin
ALICE, Phys.Lett. B712 (2012) 165
JHEP 09 (2015) 148

B feed-down unc.

Increasing trend with multiplicity for D mesons and J/yg in pp:
» similarity D vs J/y - behaviour related to HQ production process rather than t
hadronisation mechanism

" E.Bruna (INFN To) 14



ALICE

)

(BN/dydp.) / (N/dydp_

B feed-down unc.

)

HF yields vs event multiplicity in pp /"N

Study the effect of multi-particle interactions (MPI) on the hard heavy-flavour scale

25 TTTTTTTTTTTTTTTTTTTTTTT ‘TTTT‘TTTT‘TTT
" ALICE, pp Vs = 7 TeV

¢ Average D°, D¥, D*" meson |y|<0.5, 2<p_<4 GeV/c
¢ Jwv — e'e, |y|<0.9, p>0
¢ Jly > p, 2.5<y<4.0, p_>0 [H

N
o

Average D°,D*,D"+
kU//QﬂD = @%‘e@u
J/(p _) p+".

i

+6%/-3% normalization unc. not shown

—_ —_
o (6]

[$)]

3]

+ 6% unc. on (dN/dn) / (dN/dn) not shown _|
e b e e e e ey

0.4
0.2

B fraction hypothesis: x 1/2 (2) at low (high) multiplicity

oF

~0.2f
-0.4F

0 1 2 3 4 5 6 7 8

9
(dNy/dm) / IN_/d)

ALICE, Phys.Lett. B712 (2012) 165

JHEP 09 (2015) 148

dN,,/dy
A w/dy)
n nN
o nN
1 ] LI I_
4]

@n,

~ e Jy —e'e,|y<0.9

— \s=13 TeV, Preliminary

—
@

T

16f—0 Jy = e'e, |y|<0.9
\s=7 TeV, PLB 712 (2012) 165

14

m D, |y|<0.5, 2<p <4 GeV/c
12 \s=7 TeV, JHEP 1509 (2015) 148 $
10

11111llllllllllllllllllllllllllllllll]lll

(o2 Lo}
I EGRER B RREEE A BB EE EEEF LG
R MLAE Lhdd bhid RALE RS |
=

4 o $
B
i I J/l|J in pp 13 TeV
0 PIRY YT N BTYONT OO TN T N TS AT Y T O YO VT 1T T O O B A YO VT T O O O YO U 0 YO0 1O TN O 10 10 1
0 1 2 3 4 7 8 9
dN_/dn
(dN_/dn)

Increasing trend with multiplicity for D mesons and J/yg in pp:
« similar increase in pp VYs=7 and 13 TeV, multiplicity range for J/p at 13 TeV
extended by ~factor 2

» suggests that MPI are influencing HQ production in high-multiplicity events

" E.Bruna (INFN To) 15



% IN/I‘7

ace  Charged jets with D mesons o
S [ AUCEPreliminay ]
> - pp, (s =7 TeV 1 Anti-k; jet-finding algorithm,
o} 107" E-Charged Jets, Anti-k;, R = 0.4, |l <0.5 = charged constituents, R=0.4
2 Ewith D, p.,>3GeVic | oo E ’ ]
SJEUEL - rownEGsPvTias 3 Jets tagged with D°
T [ [ISyst. Unc. (theory) 7 reconstructed via their KTr
10°E 9 5 decay.
- s -
10 ; —  b-decay feed-down subtracted
- | ———=  with POWHEG+PYTHIAG
s e o o 3 simulations
2 “F - |
z 15 e e —
% 1:_ ................................ + ........................ + ......................................... T ....................... . Corrected to partide level (D_
© ospleded 3 tagging efficiency, unfolding)
O5 10 15 20 25 30
pT’chj t (GeV/c)

Measurement described by POWHEG +PYTHIAG simulations

E. Bruna (INFN To) 6




IN?

acc D=h correlations in pp and p-Pb C

5<p;P<8 GeVlc, p;**°c>0.3 GeV/c

&e%%

| *#—’* Eﬁir / Away
Hg;#;ﬂi-ﬁ-i## ___________ 7 3 side
S g

Ao (rad) . D meson

47\ T T ‘ T 1T ‘ T 1T ‘ T T ‘ T 1T ‘ T T | T T L ASSeSS charm fragmentation and jet
C Average D°,D*,D* ALICE ] . .
a5F 1 properties, also in presence of the
F 5<pP<8GeVic, pi > 0.3 GeV/c, [An| < 1 ]
. 3:,,—+—pp,\/§=7TeV ¥ <05 = nUCIeUS
S - 4 p-Pb, Sy =5.02TeV, -0.96 < y° < 0.04 ] Charged
= 25— —
.GEJ - baseline-subtraction uncertainty (pp) . hadron
9 2} baseline-subtraction uncertainty (p-Pb) {
© - i
< 1 5i scale uncertainty: jij (Pp), jg; (p-Pb)

1 dNaSSOC
Ny dAg
o
mﬂﬂw

o

|

o

()]
[

o
o
&
—
s
o[
N
N
o

ALICE, arXiv:1605.06963
Compatibility within uncertainties between pp collisions at Vs = 7 TeV and
p-Pb collisions at Vs, = 5.02 TeV after baseline subtraction

" E.Bruna (INFN To) 17



ALICE

- baseline (rad™)

dNaSSOC

1

dAo

D-h correlations in pp and p-Pb

5<p;P<8 GeVlc, p;**°c>0.3 GeV/c
4\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\l\\\

Average D°.D*,D*
3.5

3;—+— pp, Vs=7TeV,|y? |<0.5
25

2

ND

o

6] —
H!ﬂu

—_
(6]

-10%

|
o
(&)

- 5<pP<8GeVic, pi** > 0.3 GeV/c, |an] < 1

- —- p-Pb, 5 =5.02TeV, -0.96 < y° < 0.04
baseline-subtraction uncertainty (pp)
baseline-subtraction uncertainty (p-Pb)

scale uncertainty: '>” (pp), jg; (p-Pb)

ALICE

o
of
oL
—

;

ALICE, arXiv:1605.06963

Quantitative observables extracted

L B LB B [N B
- Average D°,D",D* ALICE
- —4+=pp, \s=7TeV ]
- chDms| <0.5,|An| < 1
- 5< p? <8 GeV/c, p$55°° >1GeV/c b
Total fit ]
— —- Near side i
-------- Away side ]

Baseline

N -+ -+
j \\ +13% | . i
N lou: scale uncertainty 1
TR S T Tt el T T

A (rad)

from the fit:
 Near-side yield
 Near-side width
« Baseline value

Compatibility within uncertainties between pp collisions at Vs = 7 TeV and
p-Pb collisions at Vs, = 5.02 TeV after baseline subtraction

" E.Bruna (INFN To)



% IN/fy

acc D=h correlations in pp and p-Pb C

5<p;P<8 GeV/c, p;?s°¢>0.3 GeV/c 3k Near side ALICE 3+ «4-pp,Vs=7TeV,® |<05+ E
. o E pas° 5 0.3 GeV/e, |An| <1 I -# p-Pb, VsN =5.02TeV,  I-x- POWHEG+PYTHIA6 pp simulation ]
:X\\\‘\\\\‘\\*\\‘\\\\ \\\\‘\\\\‘\\\: () =] 25__ T oI -0.96 0.04 o \s =5.02 TeV, with EPS09 nPDF
[ Average D°,D*,D* ALICE ] = O o I < y < T 1
3.5 5 500 . > > 2'_ T <7% variation expected from different T ]
F 5 < py <8 GeVic, pi¥°> 0.3 GeV/c, |an| <1 ] V3 C _B_ I energy and rapidity (Pythia, Perugia 2011) I ]
—~ BFhepls=TTeV. g <05 1 |= § 15 eeees ¥ommnnn F0.3<p?*°<1GeVic, [an < 1f  p2°>1GeV/c, A <1

3 F - pPb, {5y =502TeV,-0.96 <2 <004 ] 'i’ S F ¥ - 1
= 25— -] r [ I _Q: 4
GCJ E baseline-subtraction uncertainty (pp) 8 g() 1: .......... E
g 2} baseline-subtraction uncertainty (p-Pb) - 2 05'_ ----- . :E: -
@ B E ]
° 1 5:* scale uncertainty:jg:z (pp),jg:;: (o-Pb) Lo | L | ?‘ | | Ly ]
g . b C:::.: i R
1—‘20 05k ¢ E % 0.55— I E
E $ # 5= =F r I =
Op===--- ##Eﬂ%_{._ """""""""" 3£ 0'4; E - —$— ]
r » o r e h
_05;\ | | Lo b b by ] w z" 03:_ _:_ :é: ----------- _:
0 05 1 15 2 25 3 S $ . s el
Ag (rad) v 0.2F T E

= y
& of kS i E
ALICE, arXiv:1605.06963 Z ST 1.1,
’ 2 68 101214160 2
n

1 il S AR Pl I A A
4 4 6 8101214160 274 6 810121416
D_meso P, (GeV/ce) Dmesonp (GeV/c) Dmesonp (GeV/e)

Compatibility within uncertainties between pp collisions at Vs = 7 TeV and
p-Pb collisions at Vs, = 5.02 TeV after baseline subtraction

Near-side yields and widths compatible in data and simulations within
uncertainties.
No modifications due to CNM effects in p-Pb seen within uncertainties

E. Bruna (INFN To) 19



: )
p-A: control experiment (and more...)/N/N

ALICE §
ALICE, Phys. Rev. C 94, 054908 (2016) (do/dpT )pr
i B T T T ‘ T T T T T T ‘ T T T ‘ T T T | T ] f [ T T 7T { T T 7T { 1T T T Rpr :
Q:Q' 1 _ ALICE p-Pb, \s,=5.02 TeV ] Q:Q 1 6: ALICE A X (dO'/de)pp
6 - = 6
- Prompt D mesons, -0.96<y__ <0.04 - 5 Prompt D mesons, -0.96<y _ <0.04 ]
1.4 —s=— Average D°, D", D* ] 1.44 —=— Average D°, D, D" ]
I i 1.2 -
i o : ; ;" R [ 1 E" N ’” I;
I || - 0.8} =
060 - 0.6/ : . .
'~ Theory with CNM only: - * Theory with small-size QGP:]
0.4[- ---* CGC (Fiji-Watanabe) ] 04f Dk 7
- — pQCD NLO (MNR) with CTEQ6M+EPS09 PDF . 0 zi — . POWLANG (HTL) j
0.2 == Vitev et al.: power corr. + kT broad + CNM Eloss  _| “L i
B _ _ _ ] [ --.-- POWLANG (IQCD) ,
L o Kang et al.: incoherent multiple scattering - 071 ol L ol T
B | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | | | | i
00 5 10 15 20 25 0 10 15 20P (GZ?//C)
[ (GeV/c) T

Roypp described within uncertainties by models with:
- initial-state (cold nuclear matter — CNM) effects

- final-state effects due to the presence of hot

nuclear medium (high-p; suppression, radial flow

bump at intermediate p;)

H. Fuji et al., Nucl Phys A920 (2013) 78

M. Mangano et al., Nucl. Phys. B373 (1992) 295
K. J. Eskola et al., JHEP 0904 (2009) 065

Vitev et al., Phys. Rev. C 80 (2009) 05490

Z.-B. Kang et al., Phys. Lett.B740 (2015)23

Y. Xu et al., arXiv:1510.07520
A. Beraudo et al., JHEP 03 (2016) 123

R,py, Is compatible with unity within uncertainty, down to pr=0

" E.Bruna (INFN To)
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1y — I.lal’ir
'4.46<yCMS<'2.96 X~10_2

Pb-gomg (backward) [ b%p

R,pp =

cc& Z: p-Pb Sy, = 5.02 TeV ' ALICE
> E weHF,-4.46 <y <-2.96 (Pb-going)
18F —— pp rescaled reference
1.6 ;— —— pp pT-extrapoIated reference—z
1.4F 3
12F
1 ;...

0.8

06 3
04¢ -
0. 2 E _I Systtlamatlc L:ncertalrllty on n?rmahza:non | I_;
00 2 4 6 8 10 12 14 16
p_ (GeV/c)

(do/dpr )pr

c,b>e

A x (do/dpr),,

2.5» T T T { T T T { T T T { T T T
L p—Pb, sy = 5.02 TeV

T T

[cb— (e +€)2,-1.065<y__<0.135

mid-rapidity

T T

ALICE |

= Blast wave calculation

% Kang et al.: incoherent multiple scattering ]
N\ Sharma et al.: coherent scattering + CNM ]
FONLL + EPS09NLO shad.

[l Normalisation uncertainty
‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘

0 2 4

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

6 8
P, (GeV/c)

10

2 03<yCMS<3 53 X~1O =

Different x regimes explored in different rapidity ranges - HF probe
shadowing/saturation expected to be relevant at low p; at the LHC

Data described within uncertainties by the models with CNM effects

E. Bruna (INFN To)

p-going (forward) ¢ b9|1

] m@ 2: SD-Pb (s =5.02TeV ' ALICE _:

i ’ _u *«HF, 2. 03<y, <3.53 (p-going) E

. 1.8 f— —— pp rescaled reference =

] 1.6 z— — = pp pT—extrapoIated reference—z

1 1.4 —
........ ‘IH 12 ;_
, :
0.8E
0.6E

0.4 :— Vitev: coherent scattering + k; broad + CNM Eloss—

i 0.2 _ Systematlc ulncertamty on n?rmallzatlon | E

‘1‘2‘ 0o R S ST R R VR

P, (GeV/c)

ALICE: arXiv:1702.01479
Phys. Lett. B 754 (2016) 81
21



AA: D-meson R,, at LHC in Run | (NN

:E 2:””11”1”']”"]”'1”'l”"l"”:
o 4 g ALICE 0-10% Pb-Pb, | S, = 2.76 TeV -
1O A0t or s
e R () = dN?, /dp,
| 0-10% (T,,) x do® |dp,

0.8
0.6

0.4-4

0.2

TAMU, PLB 735 (2014) 445
— Non-strange D

Average D°,D*,D™

Jlllllllllllllllllllll

0

(@)

o
AR~ ] = D
11 L1 L l L1 1 l L1l J 11 L l L1 l L1 1 J—
5 10 15 20 25 30 35 40
P, (GeV/c)

ALICE, JHEP1603 (2016) 081

JHEP1603 (2016) 082

Strong suppression of prompt D-meson yield in central Pb-Pb collisions
- by to a factor of 5 at p~10 GeV/c

Hint for less suppression of D_.* than non-strange D at intermediate p;

- expected if recombination plays a role in charm hadronization

" E.Bruna (INFN To) 22



)
%AA: D-meson R,, at LHC in Run 2 (NN

30-50%, 5.02 TeV

< 2 T 1T ‘ T 1T ‘ T T ‘ T T ‘ T ‘ T 30-500/0, 2'76 Tev
< L ..
@ | g~ ALICE Preliminary |0-10%.2.76 TeV
- Average D°, D¥, D**, |y|<0.5 E
[ e 30-50% Pb-Pb |5, = 5.02 TeV ]
1.4 = 30-50% Pb-Pb |/s, = 2.76 TeV, JHEP 03 (2016) 081 —
1 2i ¢+ 0-10% Pb-Pb \/STW=2.76TeV,JHEP 03 (2016) 081 ;
A -
L Filled markers : pp rescaled reference _
O . 8: Open markers: pp pT-extrapoIated reference {
O.GM H & =
0.4 E =
0.2 * m =
7\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7
OO 5 10 15 20 25 30 35 40
P, (GeV/c)

ALICE, JHEP1603 (2016) 081

< 2
U1<1 8

1.6

1.4

1.2
1
0.8
0.6
0.45
0.2
0

+ o

g\;/erage D°, D*, D* 30_50%

TI{TTII‘IITT{ITII‘TIIT‘ITT

ALICE Preliminary
30-50% Pb-Pb, |s, = 5.02 TeV*
ly|<0.5

Filled markers : pp rescaled reference ™|
Open markers: pp pT-extrapolated reference_|

[T

0

ll‘lll
10

| ‘ | ‘ L1 l |
15 20 25 30 35 40
P, (GeV/c)

Strong suppression of D%,D*,D™* mesons in Pb-Pb at Vs\=5.02 TeV

Similar suppression as in Pb-Pb at Vsy,=2.76 TeV, better precision
achieved with Run 2 data

D.* Rya in 30-50% at 5.02 TeV similar to that of non-strange D mesons

E. Bruna (INFN To)
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%Leptons from HF hadron decays INFN

3 electrons muons
6 _llllllllllllllllll’llllllll]lllllllllll LIL 2- IIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIII
13} [ 0-10% Pb-Pb, |5, = 2.76 TeV - Pb-Pb _
ke - ITS+TOF+TPC\eTD. ¥ <08 . ALICE ] ~% 1.8 — 25<y<4 ALICE Preliminary
c 2.5  ALICE Preliminary arXiv:1609.07104 @« - .
S [ —TPC+EMCale, Iy <06 Phys. Lett. B 754 (2016) 81 1.6 —+— Centrality 0-10%, \ s = 5.02 TeV
+= Xiv:1609.07104 . C .
S of - ;EPIt;/, \Suy = 5.02TeV, -1.065 < y__<0.135 _ 141 t— Centrality 0-10%, \ s, = 2.76 TeV
% Phys. Lett. B 754 (2016) 81 ] 12E :l Syst. uncertainty 0_10%
o cb— (e +e)2 i -
= - 1MW gy
c ] I 2.76 TeV
<)) - .0 [
s L ] o] 3 5.02 TeV
=z i s
oo
: | 3 Sendbaliat——H—
! nn“ o b : 02 -
L1l I L1l l L1l I L1l I L1l I L1 l— 0 -l : I o I o I S I o I S I S l — l S I S
10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20

PRL 109 (2012) 112301 p, (GeV/c)

3 R R LR LN LN LN LR LN RN R
— , b(—c)—e ALICE | \ \ .
%25 T e e aere 1 Similar suppression of electrons and muons
s | 1Y <08 | from heavy-flavour hadron decays at the
= N —Pb, s =5.02 TeV ] . .
g 2 ) oF e Sana | LHC (dominated by beauty at high p;).
515/ _—+_ b(=>c)>electrons - o _
g | M % | Similar suppression at 2.76 and 5.02 TeV
T ks L I e B -
s | Im BT | .—Electrons from beauty-hadron decays in
=05 L« Pb-Pb collisions.

Lol Hint for suppression for p>3 GeV/c
:1609.03898 P, (GeV/e) E. Bruna (INFN To) 24



)
Raant D mesons and charged hadrons  /NAN

ALICE (-
Mass/colour dependence of energy loss?
< 2T T TITITTIT ARRRNRARRR!
< 3 ALICE
X 48f 0-10% Pb-Pb, | 5, = 2.76 TeV -
1.6 o AverageD D’, D*', |y|<0.5 -
s D o with pp pT—extrapolated reference ]
1.4 s Charged particles, [n|<0.8 ]
C h e Charged pions, n|<0.8 N
1.2 -
r =+ ]
,,,,,,,,,,,,,, _-T
T+
1 JHEP1603 (2016) 081
zﬁﬁ+—+—5
“5 10 15 20 25 30 35 40
P, (GeV/c)
~ =+
RaA(D)~Rpa(TT,h) 2

What about AE(g)>AE(uds)>AE(c) = Raa(D)>Raa(1r,h%)

—> Different quark/gluon spectra
=2 RaA(TT,h*) affected by g/q fragmentation, while Rya(D)~Raa(C) because

of harder HQ fragmentation M.Djordjevic, PRL 112, 042302 (2014)
" E.Bruna (INFN To) 25




)
%ERAA: D mesons and non-prompt }J/p NN

Mass dependence of energy loss?

\'Sp =2.76 TeV
< ’_TYT TT\‘[Y T TTY T TTY‘TT TYTTT TYT‘(TTY-
<

o 1.4 Open beauty: nonprompt J/ B

i * 65<p <30GeVlc,lyl<1.2 )

1.2 Open charm: prompt D (ALICE) B

ALICE, JHEP 1511 (2015) 205 O 8<p,<16CoVh v <05 :

CMS, arXiv:1610.00613 I

o.t3}+H + -

0.6} + 0 .
i ¢ | > non-prompt
9 0.4 B . s 1 g
N 0.2 @ 5 -
AE(c)>AE(b) D RpA(B)>Rpa(D) < o—> D mesons
P PR FEETY FETT PR ST FERTE fe ey
00 50 100 150 200 250 300 350 400
Npart

Indication of a difference between charm and beauty suppression in central
collisions

In agreement with pQCD in-medium energy loss models predicting mass
dependent energy loss
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)

In non-central AA
collisions: %

. initial azimuthal anisotropy
spatial ‘ of final hadrons in
asymmetry momentum space

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

dN N
dp — 0 (1 + 2vy cos(p — ¥,) + @005[2 ©—Uo)|+...)
Azimuthal anisotropy originates from: Are heavy quarks

- thermalization/collective motion (low p5)
- path-length dependence of energy loss (high p+)

E. Bruna (INFN To)

medium?

“flowing” with the

)

Nyl Heavy-flavour azimuthal anisotropy ("'"
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. o INFN
1c:  D=meson azimuthal anisotropy C
Average DO,D* and D
8 AL N T IR = 5 0.5 A
o4k 2.76 TeV ALICE Prehmmary_ s ALICE Prellmlnary
- 5.02TeV ' 30-50% Pb-Pb ] = 04- E
- ly|<0.8 E = C +  Prompt D
0'3: . & B e Prompt D°, D* average -
L CISyst fromdata 1 % 03F st omdan
0.2 m¢ Syst. from B feed-down—] > E __| Syst. from B feed-down]
B 4 0.2 ]
0.1F +- 1 & : 33% ® |
' ¢r x . 0.1 ! %H— 1 -
LS SR T AN =
—0.1~ e Prompt D’ D" average, |s,, = 5.02 TeV - - ]
{EP, |An|>0.9} - - o _
. I‘Z/’zrompt D13 >D D* average, s = 2.76 TeV ] =0.1= 30-50% Pb-Pb, ﬁ =5.02 TeV .
-0.2 ‘vz{EP} Phys Rev Lett111 102301 ] : |y|<0.|8 | | | .
5 10 15 20 25 _02 L1 1 \5\ [ \10\ [ \15\ [ \20\ [ \25\

P, (GeV/c)

P, (GeV/c)

ALICE, PRL 111, 102301 (2013)
ALICE, PRC 90 (2014) 3, 034904

D-meson v,>0 in 30-50%
« Improved precision with Run 2 data
* D, v, measured (first timel!)
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ALICE

D-meson and pion v, in Run 2 C

(qV] [T T T T | T T T T ‘ T T T T ‘ T T T T ‘ T T T T ]
> 0.3= ALICE Preliminary E
0. 25f Pb-Pb, ﬁ =5.02 TeV é
0.2} "y =

% [ ] Syst. from data ]
0. 155_' Syst. from B feed-down—
0.1«'H

HL —

S Prompt D°, D average, |y|<08

0050 VP AN[>0.9}, 30-50%

PE L 2 <05

V{2, |A|>0.9}, 30-40%

| | | | | | ‘ | | | | ‘ | | | | ‘ | | | | | |

5 10 15 20 25
P, (GeV/c)

04

Low p+: hint of v,(charged pions) slightly higher than v,(D)
High p+: similar v, for D and charged pions

Strong interaction of charm quarks with the medium at
LHC
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)
%ﬁ HF lepton azimuthal anisotropy L’ﬁFN

(c,b)>electrons, muons

>N !_"""'""""""""""_:E"'|'"l"'l"'l"'l"'I"'_:F_l'"l'"l"'l"'l"'l"'l"'_
00 F 0-10% Pb-Pb, \ s\ =2.76 TeV ¥ 10-20% Pb-Pb, | s,y =2.76 TeV I 20-40% Pb-Pb, | s, = 2.76 TeV 1
0.4F T wet e HF, v (EP, |An|> 09} Iy <07 F E
0.3 ‘ ALICE ' “ pt  HF, V2, ]| >17},25<y <4 “ 1
02 & + I —
0.1F + ¢l E ma :
T LRSS R | o SR
—01F = -+ =
—02'Er 9-1 IO%I | + | 1 —Eéf 10I-20I(y0 ] | ] ] —Et 201-40I0/0 | | | | -
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
P; (GeV/ce) P, (GeV/e) P, (GeV/c)
= 0.4¢ T L I I I B B
S 035E e  HF, |y | <07 ALICE Preliminary 5 ALICE, Phys.Lett. B753 (2016) 41
A 03F ° 30-50% Pb-Pb, {5, =5.02 Tev E JHEP 09 (2016) 028
g 02'5§ * 20-40% Pb-Pb, s, = 2.76 TeV §
o V°YE  JHEP 09 (2016) 028 =
W oo2F = r
SR L1 1 Positive v, for e/p from heavy-
CUE T 3 .
011 ] ——  s.02Tev flavour decays at LHC energies
e | 276 TeV:
- 4] E :
005 1 V, compatible at 2.76 and 5.02 TeV
I e S ST R T
P, (GeV/c)

E. Bruna (INFN To) 30



® Event-shape engineering with D’s INFN
ALICE (%
Idea: measure D v, in events with different eccentricity
Is charm affected by event-by-event initial fluctuations?
gcm 2 LIcE Preliminary Divide events on thg basis of their q,:
1o PP, (5 =5.02 TeV 1+ 20% of events with large q, |Q2 ‘
m_.J<08

llI

g 10°>  60% of events with small g, qdr = ——

. ;;60%_ small-q2 — = 20% Iarge-q;PC ; \ / M
; M: multiplicity
0| = \/m

M
Oy = 2 Cos2q; , Qry= ) Sin2;

=1 1

<

I
—_

|
930 32 34 36 38 40 42 44 46 48 50 1
Centrality (%)
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o (] (] /j
Event-shape engineering with D’s INFN
ALICE (-
Idea: measure D v, in events with different eccentricity
Is charm affected by event-by-event initial fluctuations?
N "2 ALIGE Preliminary 1 Divide events on thg basis of theirq,: ¢ = %
1o PP, (5 =5.02 TeV 1+ 20% of events with large q, 1} murtiplicity
8 Ii l; ;Z.:ma”_quc I —§1os. 60% of events with small q, |Q2|:1M/Q%’X+Q%7y )
Orx = ;COS 20, Qoy= leianJ,-
N L L L L L

vAEP, IAn|>0.9}
o o o
H (6] D

gO 32 34 36 38 40 42 44 46 48 50
Centrality (%)

0.2
Significant separation of D-meson v, in
events with large and small q, 01
0
Charm sensitive to collectivity of light-  -o0.1

hadron bulk, and by event-by-event initial- _; ,
state fluctuations

E. Bruna (INFN To)

- ALICE Preliminary

- 30-50% Pb-Pb, |5, = 5.02 TeV

L Prompt D°, D* average

A4 |:| Syst. data

Syst. B feed-down

TPC—]
,

= 20% Iarge-q;PC

®* 60% small-q

¢ unbiased

IIIIIIII]IIIIIIIIIIIIII|IIII|IIII|II

g —EE—_E+E,_
- i—*—ﬁ,ﬁ_ i
_ AAAAAAAAA | }]‘mi“;ﬁ;é AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
= hr]qTPCI <0.8
: | | I2 1 | | 1 | | 1 | | | 1 | 1 I 1 | 1 | ]
2 4 6 8 10 12
p_ (GeV/c)
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INFN

i Rpa and v, constraints to models C

< 2 7\ T 1T T T 1T ‘ L ‘ T 1T ‘ T T 1T ‘ T .\ T .\ ‘ T 1T ‘ T TT \A < 2k\ T TT L ‘ T T TT ‘ T T 1T ‘ L ‘ T .\ T .\ ‘ T T 1T ‘ T TT \A
Q:< 1 ALICE Preliminary ] m‘: B ALICE Preliminary ]
1.85 30-50% Pb-Pb, |5y = 5.02 TeV 1.8~ 30-50% Pb-Pb, Sy, = 5.02 TeV
EN 0 nt qe  YI<0.5 - r ly|<0.5 I

1 .6: Average D°, D*, D ] 1.6: AGS/CET: HH 1

[ = MC@sHQ+EPOS2  — . POWLANG HTL ; s — - D(p) D mesons ~ =sseeee PHSD D mesons ;

30 _50% 1 '4; ------- PHSD — — AdS/CFT:HHD(p) 1 14p: - D@)DE  eeeeees PHSD Dt ]
1.9 Xu,Cao,Bass AdS/CFT:HH Doy 7 1.2 . Dyt D mesons  ---- TAMU D mesons .

“ChR —— SCET,GNLO BAMPS el.+rad. 7 : 4 D, Dt TAMU D ]

A o Dlordlevie i TAMUL ] o1 P ]

, ] n "‘. « Average D°, D*, D** 1

0.8F = 0.81 + D¢ -
0.6/l i 0 0.64 i -
N - b 1

04% - 0.4 —

el el

0.27 - 02 Filled markers : pp rescaled reference |
L *+Open markers: pp pT-extrapoIated reference_|
I A N N RN N N N NI I T A NS S A N

0O 5 10 15 20 25 30 35 40 O0 5 10 15 20 25 30 _ 35 40

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

*  AdS/CFT: Ads/CFT correspondence, Langevin Eloss + fluctuations, hydro JHEP 1411 (2014) 017; PR D91 (2015) 8, 085019

«  BAMPS (Boltzman equation with collisional energy loss —and radiative- in expanding QGP): Fochler et al., J. Phys. G38 (2011) 124152, PRC
84 (2011) 024908

. Cao, Quin, Bass(Langevin with coll and rad term and recombination+hydro) arXiv:1605.06447v1

+ Djordjevic (energy loss due to both radiative and collisional processes in a finite size dynamical QCD medium) Phys. Rev. C 92 (2015)
024918

*  MC@sHQ+EPOS (coll and rad e.loss in expanding medium based on EPOS model):Aichelin et al., Phys. Rev. C79 (2009) 044906, J. Phys.
G37 (2010) 094019

PHSD (Parton-Hadron-String Dynamics transport approach, coalescence): E. Bratkovskaya et al., PRC 93 (2016) 034906

«  POWLANG (HQ transport with Langevin equation with collisional energy loss and, recombination, viscous hydrodynamic expansion):
Alberico et al., Eur.Phys.J C71 (2011) 1666

UrQMD (Langevin equation in UrQMD): T. Lang et al, arXiv:1211.6912 [hep-ph];T. Lang et al., arXiv:1212.0696 [hep-ph].

+  TAMU (HQ transport with resonant scattering and coalescence+hydro): Rapp, He et al., Phys. Rev. C 86 (2012) 014903

* Vitev (in-medium formation and dissociation of D and B, ideal fluid with Bjorken expansion):PLB 639 (2006) 38, PRC 80.5 (2009) 054902

«  WHDG (pQCD calculation with radiative and collisional energy loss): Horowitz et al., JPhys G38 (2011) 124114
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)

i Rpa and v, constraints to models C

< 2 7\ L T T 1T ‘ L ‘ T 1T ‘ T T 1T ‘ T .\ T .\ ‘ T 1T ‘ T TT \7 < 27\ L LI ‘ L ‘ T 1T ‘ L ‘ T .\ T .\ ‘ T T 1T ‘ T TT \7
Q:< 3 ALICE Preliminary ] Q:< B ALICE Preliminary ]
1.8+ 30-50% Pb-Pb, Sy = 5.02 TeV 1.8 30-50% Pb-Pb, Sy, = 5.02 TeV
1.6[= « Average D°, D*, D** 1<0.5 — 1.6 AGS/CET: HH r1<0.5 =
30 _50% 14F MC@sHQ+EPOS2 — . POWLANGHTL 14 —-D@)Dmesons oo PHSD D mesons |
TR e PHSD — — AdS/CFT:HH D(p) r — - D()Df e PHSD D} ]
10 )S(érg_?ovBsst gifll/ggT:IHH chonsi . 1.2 D,y D mesons  ---- TAMU D mesons .
s W el.+rad. ] e : ]
1 oo Dodievie oo TAMU_ E T R S e E
| ] - « Average D°, D*, D** ]
0.8 i , 7 0.85 + D¢ 7
0.6:41% e 0.6 e E
;: [ :’\“‘“ ____________________ . it [ E
0.4 \ I 4 04f E
02} ....... { 02} '."~ . Filled markers : pp rescaled reference {
L 4 L *-Open markers: pp pT—extrapolated reference |
07\ 111 ‘ L1l ‘ L1l ‘ L 111 ‘ L1l ‘ L1l ‘ L 111 ‘ L1 \7 Oi\ 11 ‘ L1l ‘ L1 1| ‘ L1l ‘ L1l ‘ L1l ‘ L1l ‘ L1 \7

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
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Ra and v, results start to provide constraints to different
in-medium energy loss models, and therefore to medium
parameters (transport and diffusion coefficient,...)
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ALICE

Quarkonia

- thermometer of the QGP -

E. Bruna (INFN To)

2

1.2

T/T,
)

1/{r) [fm1]
Y(15)
Xb(lP)

J/p(1S) Y'(2S)

%y (2P) Y'(3S)

x.(1P)  w'(2s)
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%ﬁ Quarkonia in the QGP L'iFN

What happens to a qq pair in the Quark-Gluon Plasma?
The binding of the qq pair is subject to the effects of the colour screening

If resonance radius > screening radius Ap(T)
—>Nno resonance can be formed
—>suppression of J/y as a signature

for the QGP (Matsui, Satz, 1986)

T/Te 1/{r) [fm1]
Differences in the binding a

energies of qq states 2|~ [Yas)
-> sequential suppression - | %,(1P)
of the states with 12al 77001 Y25)

increasing temperature

%'(2P) Y(35)
=T WCaR) wizs)

J/P production probability

energy density
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Quarkonia in the QGP: INFN
" suppression and/or enhancement?

With enough cc pairs, charmonium can be (re)generated

o .
L A ¥ onsed (\,W’ y . @D.@P

o [ L NANP ) R

Can lead to charmonium
enhancement via (re)combination
of cc pairs at hadronization or
during QGP stage

(predicted differently by various models)

J/Y production probability

: P. Braun-Muzinger and J. Stachel, Phys. Lett. B490(2000) 196,
energy densny R. Thews et al, Phys.ReV.C63:054905(2001)
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J/Y R, Vs centrality o

J/y 2>ty forward rapidity

< L LI UL BLELELEL LELELEL LN LN R T
<
4 ALICE, inclusive J/y — ptu
2.5<y<4,pT<8GeV/C
1.2
1T
0.8} m
: %E@@@@ LE
0.6__ 1} ] -
0.4F .
r 5.02 TeV ® Pb-Pb s, = 5.02 TeV )
0.2 L 276 TeV ® Pb-Pb |5, = 2.76 TeV E
PEPEPIPE IPEPEPEP PUPUPIT PRPEPIT EPUVEPEF EPUPEPIF EPRPEPIT EPUPEPIT AP
00 50 100 150 200 250 300 350 400
(N_

arXiv:1606.08197
PLB 734 (2014) 314-327

Clear J/p suppression and almost no centrality dependence
for N,,+>100 (centrality <50%)
Precision improved w.r.t. Vsy,=2.76 TeV data
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% IN?!?
J/® Rap

ALICE

J/y 2>ty forward rapidity
LBLELELEN BLELALELE BLELELELE UL BLELALELE BLRLEL LN LELELEL BLELELELE B 51.4 LU L L L L LR LR [ L R

ALICE, inclusive J/y — py’ c
25<y<4,p_<8GeVic 1.2 '

ALICE Pb-Pb | s, = 5.02 TeV
L J Jy «»e'e |yl <0.8, p.>0 GeV/c (Preliminary)

1.2 ; B Uy p'u25<y<4.0,0<p <8 GeV/c (arXiv:1606.08197)
1_ ......................................................................
| - i
o8] . E$@ 1 E
f %El@ : : “BguiE iy ey @@
; 0 1 06F -
06 CCRLg- ®® |§l__ 0.6 ]

04f ] o4l J/w Sp*y- forward rapidity

f 5.02 TeV ® Pb-Pb |5, = 5.02 TeV 1 oob J/W—>e*e mid rapidity E
0.2 - 2.76 TeV ® Pb-Pb |5, = 2.76 TeV E -
T T T T T T ] T 1 [T V| [NV v | [T Y O ) PO I v | [ TN i Yo [V Y 0 | U Y o
00750 700 150 200 250 300 350 400 0 50 100 150 200 250 300 350 40
(N, (N on?

arXiv:1606.08197
PLB 734 (2014) 314-327

Clear J/p suppression and almost no centrality dependence
for N,,+>100 (centrality <50%)

Precision improved w.r.t. Vsy=2.76 TeV data

Results consistent at mid and forward rapidity

E. Bruna (INFN To) 39




N
i J/P Raa and models [NEN

g pTTTTTTTTTTITITITI T T IO kv Nyl Phys. A 859 (2011) 114—125

@ q4fF ALICE, Po-Pb ysyy=5.02TeV J 1no. phys. Rev. C 89 no. 5, 459 (2014) 054911
- Inclusive J/iy — pu 1 Stat. hadr.: Nucl. Phys. A 904-905 (2013) 535¢
1.2 25<y<4,03<p <8 GeV/c - Comovers: Phys. Lett. B 731 (2014) 57-63

h:
0.8 F e
Uncertainties on models:
« charm cross section

« nPDF

0.6}

0.4}

| |Transport, p_> 0.3 GeV/c (TM1, Duand Rapp) —  ————— ]
0.2 [ | Transport (TK/IZ, Zhou et al.) —

Statistical hadronization (Andronic et al.)

Co-n|10vers (Felrreiro)

IIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIII:l
00 50 100 150 200 250 300 350 400 450

N
arXiv:1606.08197 { part>

Clear J/y suppression and almost no centrality dependence
for N,,x>100 (centrality <50%)

Measurement is precise to constrain the models
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INFN

ace  J/P Rpa in different p ranges o

QD O

< | T T L] 1 I T T L] L] I T T T L] I L] T L] 1 I T L] 1 L] I L] T L] 1 I T T 1 L] I L] 1 L] 1
0.3< p, < 2 GeV/c

T4 — ALICE Preliminary, inclusive J/y — p*u : 2<p <5GeVic - _
r b 5<p <8GeVic 1 If quarkonium formed
1.2F T . C —
- Pb-Pb\s, =5.02TeV,25<y <4 ¢ 8<p <12GeVic_ by (re)comb|nat|on of cc
L _ quarks close in
0.8F E . momentum
! 5 ) 1) . .
06 B @ - L - it should be at low p;
0.4 — . W m —
I o
0.2F ]
[ i ] ] ] ] | ]

0 50 100 150 200 250 300 350N 400
part

Central events: suppression is smaller at lower p+
R, Shows a stronger centrality dependence at high p;
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J/YP elliptic flow

E\ 0_25 B I 1 ] I 1 1 1 l I 1 ] I 1 1 1 I ] I _
o L ALICE, Pb-Pb, 20-40% ]
™ 0.2F Inclusive Jiy — uu, 25<y <4 —
0.15 -
0.1 * + + =
0.05 |- # =
o ] -
OF—1 .
E v {EP, An = 1_1}, 18...=5.02 TeV | gobalsyst. = + 1.3%, PRL 111(2013)162301 E
~0.05 F ¢ o =
: + V2{EP, AT] = 53}, \“SNN = 276 TeV global syst. = + 1.0%, Preliminary :
_O 1 u L 1 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 L n

0 2 4 6 8 10 12
P, (GeV/c)

INFN
C

If quarkonium formed

by (re)combination of cC
quarks close in
momentum

-2 v,>0

PRL 11 (2013) 162301

Positive v, in semi-central collisions (20-40%), 7.60
significance in 4< p; < 6 GeV/c at sy =5.02 TeV

Improved precision w.r.t Run 1 results

" E.Bruna (INFN To)
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N
i J/P and D-meson elliptic flow (NN

® Inclusive J/y — -, V{EP, An = 1.1}, 2.5 < y < 4, 20-40%, global syst: 1%

EO-ZS_"'I""I""I""l""_
Ty C ALICE Preliminary, Pb-Pb |'s,, = 5.02 TeV ]
0.15 ‘ﬁﬁ' + 3  If quarkonium formed
015 | +’+‘% 1 by (re)combination of c€
e ; 1 quarks close in
0.05 : #{ 3 momentum
1 1 2> v>0
0F . .
-0.05 :— B Prompt D°, D* average, v,{EP, |An| = 0.9}, Iyl < 0.8, 30-50% —:
N Syst from B feed-down : I .
— u 1 1 1 L L 1 1 1 1 1 1 1 1 1 1 I 1 1 L I-l
0.1 = 10 P 20 o= PRLIII(2013) 162301
P, (GeV/c)

Positive v, in semi-central collisions (20-40%)

Similar v, values for open and hidden charm
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_
i P(2S) Raa VS centrality [NEN

< 2_""I""I'"'I""I""I""I""I""I_
T 48 — ALICE inclusive J/y, w(2S), Pb-Pb |s = 5.02 TeV, 2.5<y<4, 0<p_<8 GeV/c
1.6
14 - ——— y(2S) (Preliminary)
— J/v (arXiv:1606.08197)

1.2

Upper limits include global uncertainties

=
|
lI|III|IIIIBI*II'III'III[II

080
. 0
06:—[] Emmmmm Mm@ 0 mp®m
0.4F
0.2F [ﬂ
0 B 1 1 1 1 I 1 g 1 1 l 1 1 1 1 I ' 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I n
0 50 100 150 200 250 300 350 400
(Npan>

The @(2S) is more suppressed than the J/yp in semi-central
and central collisions

E. Bruna (INFN To) 44



ALICE

<
<
c

1.2

1

08}

0.6

04

0.2}

0

Bottomonia in ALICE: Y(IS)

INF

C
Rup VS Npart Rap VS Pr
ALICE, Inclusive Y(1S) - p'u’,25< y <4 Q::E E ALICE Preliminary, Pb-Pb |s,, = 5.02 TeV
B m e sy s v gwaonesos
, 5.02 TeV
+ : 2.76 TeV
- +J " ; 0.4 —_E’_—E— m ]
+ ozf
050 i 750 so0 0 300 380 Oc;' 2 : ; TR T E—
(Nood p. (GeV/c)
Strong suppression of Y(1S) in central collisions
Suppression increasing with centrality
No evident p; dependence
" E.Bruna (INFN To)
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~)
Y(1S) R, .t model comparison (NN

Rapp et al. EPJA 48 (2012) 72

<
< - . .
o - ALICE Preliminary, Pb-Pb |s, = 5.02 TeV
1.2
| m Inclusive Y(1S) — pu'n, 0 < p.<12GeVic,25<y <4, global sys.= + 10%
LN Transport Model [Rapp et al. EPJA 48(2012)72, private comm.]
i without regeration
0.8 with regeration
0.6 - $ \
0.4
0.2
O i 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0 50 100 150 200 250 300 350
<Npart>

Different models with or without (re)generation
component can describe the data within uncertainties
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% p-Pb: Cold Nuclear Matter effects .,

™ in quarkonium production —
o 147
Q:‘l i ALICE, inclusive J/ly — puw :
1.2 B
i |
0.8F

: ~10-5
0.6 5.02TeV 0<p;<8 GeVic x~10

8.16 TeV 0<p;<20 GeV/c

0.4F
j ® p-Pb s, = 5.02 TeV (JHEP 02 (2014) 073)
0'2:_ ® p-Pb |s,, =8.16 TeV (preliminary)
0|||||||||

Run1: JHEP 02 (2014) 073

Clear suppression at positive y, and compatible with unity at negative y

Ropp at Vsyy=8.16 TeV is similar to the one measured at Vsy,= 5.02 TeV
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p-Pb: Cold Nuclear Matter effects .,

ALICE o o o ( .
in quarkonium production
o 1.4 —
S I ALICE Preliminary
@ 19 - Inclusive J/y — p ', p-Pb VS_NN =8.16 TeV

0<p.<20 GeV/c

15 B I

0.8}
: % x~10-°
0.6 N EPSO09INLO + CEM (R. Vogt)

nCTEQ15 (J. Lansberg et al.)

0.4 o CGC + NRQCD (R. Venugopalan et al.)
- CGC + CEM (B. Ducloue et al.) -
B Energy loss (F. Arlec et al.)
0.2 N ~— Transport (hot + cold nuclear effects) (P. Zhuang et al.) .
: = = = Comovers (E. Ferreiro)
011111111vi1v RN TN NN F NS NN NN NN B
5 4 3 -2 -1 0 1 2 3 4 5 -4.46<yys<-2.96

ycms x~1 0-2

J/hy production is modified in p-A because of CNM effects at forward rapidity
Reasonable agreement with theoretical predictions (shadowing/e.loss/CGC
depend on y)
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)
%E J/© in p-Pb collisions at 8.02 Tev /"""

p-going (forward) Pb-going (backward)
g 2.2¢ g 22¢
o t  ALICE preliminary o 5 t  ALICE preliminary
Inclusive Jiy — 'y : Inclusive Jiy — pw
1.8 pPbys,=816TeV,203<y__ <353 1.8 p-Pbys,=816TeV,-446<y__<-296
1.6
1.4F
1.2F

0.8 M———
0.6 EPSO09NLO + CEM (R. Vogt)

0.4 = nCTEQ15 (J. Lansberg et al.)

EPS09NLO + CEM (R. Vogt)

0.2 E ggg : ::2((:3_ (:;"2::9;‘:"3’“ ) 0.2 ; nCTEQ15 (J. Lansberg et al)
<t — Transport (hot + cold effects) (P. Zhuang e} al) r - Transport (hot + cold effects) (P. Zhuang e: al.)
C1 0 - 2 ) 0 C s 3 4 )
00 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
P, (GeV/c) P, (GeV/c)

The suppression is higher at low p; for the positive rapidity range

Different models (shadowing, energy loss, CGC) can describe well the
data in the two rapidity ranges
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% IN/I‘7

e Conclusions N

« Large array of heavy-flavour and quarkonium measurements
— pp provides test pQCD (and more), p(d)-A is the system to study CNM
effects, but also different x regimes and possible collective effects
* Open charm/beauty strongly affected by the medium
— strong HF suppression intermediate/high p+
— mass dependence of suppression trends in agreement with models
— ¢ quarks participate to collective motion (v,>0 for D and J/© )

« Quarkonia
— J/yg (re)generation relevant at LHC energies, J/y flows!
— Y(2S) more suppressed than J/yp
— strong suppression of Y

* Next: more precise measurements to sharpen the conclusions
— detector and LHC upgrades

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

energy loss, energy loss mechanisms, thermalization, hadronization, ...)
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ALICE

Backup
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(¥ Measurements of Heavy Flavours in /v

ALICE

ALICE: D mesons

DO — Kn* BR: 3.88% c
D** - DY(—K*)n* BR: 2.63% =
D* - K-tret BR: 9.13% (-

D." - ¢(—>K*K)n* BR:2.24% decay length

T
x10°

& A4Sk T rrTTTTTTTTTTTT
3 - ALICE Preliminary -
[} - B
. . . = 4r 30-50% Pb-Pb, =5.02 TeV
Invariant mass analysis based on displaced *  f Vo .
secondary vertices, selected with topological ¢ 33 D’ - K
S - and charge conj.
cuts and PID 3 s 1<p,<2GeVic -
_ 2.5 -

Correction for beauty feed-down (based on - (1.866 £ 0.001) GoVic?

FONLL pQCD calculation) to extract results for % o-@x1mevic

prompt D mesons s N TRITOTI

FONLL: JHEP, 1210 (2012) 137
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)
i D=meson efficiencies in pp 7 TeV C

ALICE, arXiv: 1702.00766

b 1 S B A L B
S ALICE pp,Vs=7TeV 1}
(¢)] i Drnn L
O [
T
% 107
()]
(&)
C
©
o == Prompt D 1
§10 o Feed-down D %
< I
10°F D% 5 K f D> D%* 5> KantT D — on" - KK+ 3
L L to by by by by T I ] I I I I ] T
5 10 15 20 5 10
P, (GeV/ce) P, (GeV/ce)
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TT [T T[T T T[T T T[T T T[T T T[T T T[T T T[T T T[T T T [TTT [T

n ALICE
= FONLL
= w & GM-VENS
= O Kk, fact.

llllllllll

llllllllllll

+ 0.7% BR uncertainty not shown

sl by by s by by b b by by g by v g gy

2 4 6 8 10 12 14 16 18 20 22 24
pT(GeV/c)

rr|rrr|rrr|rrrrrrrrr | 11117

%&H

lllllllllllllllllllllllllllllllllllll

* 4.3% BR uncertainty not shown

PRI TN T T T SN T [N SN S T AN SN TN S [N O T T NN SN N S N U

ALICE

12 LINL I L I B N N B B N B N N B O O N I Y 12
R AR R AR L AR AL R RARR RS ML RRAL RN A B
= [ ALICE pp, Vs=7TeV 1 = [
[ ly|<0.5 - o 1
0.8F . 0.8
0.6 = 0.6
0.4f . 04F
0.2 - 0.2

[ +2.7% BR uncertainty not shown ] N

0 .l l - l - l - l - l Ll l - l - l - l - l - l . 0

0 2 4 6 8 10 12 14 16 18 20 22 24 0

P, (GeV/c)

OQ 0,8: T I L I T T I T T I L I T T I L I T : é 0.8:
o’ 0.7k = o 0.7
0.6 = 0.6F
0.5 2 0.5F
0.4F 3 0.4F
0.3F 2 0.3F
0.2F $ = H 3 0.2F
0.1F = 0.1

r * 3.7% BR uncertainty not shown . r

O PRI ST T T N T U T SN S S N T S S [N T N T S B N 0

0 2 4 6 8 10 12 14 16 0

P, (GeV/c)

ALICE, arXiv: 1702.00766

2 4 6 8 10 12 14 16
pT(GeV/c)
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. )
() Measurements of Heavy Flavours in [NEN

ALICE
ALICE: electrons

Electrons mid-rapidity Beauty-decay electrons: extra cut on impact

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

: 7.3x10° colllsmns g
TOF required: lt ot <30

10

1 " PYTHIA, Vs = 7 TeV, Iyl < 0. e b(—=c)—e
nnnnnnnnnnn ] 1<p<GGeV/C Jo) 2 X C—>e )
,,,,,, | ¢ conversion elec.
3, O Dalitz elec.
%
-
(o, _-!.'_

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

counts

107 20-40% Pb-Pb, (s = 2.76 TeV, [n/<0.8
L L X PR | s L X L P S S

1 10
p (GeV/c)

Background (mainly 1%/n Dalitz decays,
photon conversions) subtracted with:

3F conversion electrons 3

. . - Data/MC 1<p. <2 GeV/ (b) 3
—> Invariant mass of low-mass e*e" pairs : 250 0 DataMo 2<p! <6 GeVio :
2F Jf Jf E
: : 8 150 E
—> Cocktail of different background sources s 1_l, l# S A}% e |3
with MC hadron-decay generator 05F %W o e ‘ ﬁJ—;
96100I I I-4IOOI ‘ ‘-22)0I — (l) II ‘2(I)0‘ I I4(I)Ol I I660

d, (um)
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ALICE

Measurements of Heavy Flavours in

INFN

ALICE: electrons/muons from c and b

Electrons: mid-rapidity

7.3x10° collisions |
St TOF required: [t optel<30 {0 10°

—_
o
T T

)]

(=)
g o

'
[$)]
T T

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

—_
o

19T 20-40% Pb-Pb, sy = 2.76 TeV, [1/<0.8
X s X PR | s L X L L

1 | 110
p (GeV/c)

Background (mainly 1%/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
AN

rec. track

e,

Pl‘i mar
Y BD_,
vertex

b X

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

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

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

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

1200

Entries

1000
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9

Counts

Electron identification

(=TT I LI I LI I LI I LI I T 1T I LI I 1T 1
. ALICE Performance 4<p <6GeVic ]
[ 0-10% Pb-Pb, Sy = 5.02 TeV # ]
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Efficiency
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©

~

W .
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0 10°

o

-

e R

1.0 -

= p-Pb, \'s,, =5.02 TeV, 0-20% VOA multiplicity class
09

E Electrons from y conversions and light meson Dalitz decays
0.8 I
07f- ¢ I

- —_—
0.6 +

FE —e I
05F
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0.4

E —o—
0.3

= ALICE
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0.2}

Charm meson ratios

D*l D°

0.4F

ALICE Prellmlnary

i

ARREN RRRNRRRN ERRN RN AR RS
ly|<0.5 —

e 30-50% Pb-Pb, |5, = 5.02 TeV ]

s 0-10% Pb-Pb, s\, =2.76 TeV

+ pp,{s=7TeV

i

)
ISR

| *2.7% BR uncertainty not shown

O\\\

0 2 4 6 8 101214 16 18 20 22 24

P, (GeV/c)

D{/D°

PbPb 0-10%

PbPb 30-50%

pp

INFN
D_/D¢
S
L T 1 I LI I LI I LI I LI I LI I LI ] T 7T T_
140 ALICE Preliminary ly|<0.5 ]
L e 30-50% Pb-Pb, | s, = 5.02 TeV
i = 0-10% Pb-Pb, s, =2.76 TeV
1.2~ + pp,\s=7TeV o
1’; —
0.8 et 1Ll -
0.4 niAn 1 4$—
¢ [ —t :
- - wul i
0.2 _Eb_—aa——EB— s -
I £3.7% BR uncertainty not shown ]
L1 1 I L1 1 I | I I L1l I 11 1 I 11 1 I 11 1 ‘ 11 1
00 2 4 6 8 10 12 14 16
P, (GeV/ce)

D*/DO ratio: compatibility between different collision systems
D./DP ratio: increasing trend from pp to semi-central to central
Pb-Pb.
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m
ace  J/P rapidity dependence (NN

e Rapidity dependence of the Raa is studied in three centrality ranges

>SN L L I L B L B ] $ F - T T T T
T 14 - ALICE Preliminary, inclusive Jiy — p’ t 0-20% - T4 — ALICE Preliminary, inclusive J/y — p*p’ + 25<y<325 T
- ¢ 20-40% 1 i 1
121 Popb (s,=5.02TeV,0<p_<12GeVic § 40-90% E 125 pppp, 5,0 = 5.02 TeV, 0-20% f 325<y<s B
L ] L n
08f g E - q B : 0.8 @ i .
0.6F . B § E ] o6 [ & % .
04F . 04F 0 H [ 2 -

¥ ; _ = B

0.2F . 0.2 ]
PN YT SRS AN ST SRS NSNS UN TR U SR N S S RS . v v o ey ey

2.6 2.8 3 3.2 3.4 3.6 3.8 4 0 2 4 6 8 10 12
y [ (GeV/c)

e A negligible rapidity dependence of the Raa in different centrality and pr ranges

e Would be interesting to have comparison with model calculations !
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ALICE

entries per GeV/c

R aa e M ARASEaRaR s e e e e e e
r ALICE Preliminary :

Low-p+ J/P excess

J/y 2>e*e” mid rapidity

-

Pb-Pb |5, = 5.02 TeV
Jy = e'e, yl<0.9
292 <m,, <3.16 GeV/c*

4
-
-

. |

4

-~ centrality 70-90%
— ultra-peripheral (scaled)

P, (GeV/c)

Raw counts per 0.1 GeV/¢c

)
INF

C
J/y >ty forward rapidity

- - 8 n w w
o o o o 5
I I I

TTIIIIIII

o

TTT1T

o

T wJdoa s o e e da g g da g ly

ALICE, Pb-Pb | s, = 2.76 TeV

25<y<4
28<m,, <3.4GeV/ic

70-90%

L

+ OS dimuons (data)
——— Coherent photoproduced J/y

o

0.2

0.4 0.6 0.8 1 1.2 14

16 1.8
p, (GeV/c)

In agreement with measurements in ultra-peripheral
collisions - mostly coherent photoproduction origin
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