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Heavy-flavour and quarkonium
production at RHIC and LHC.

Elena Bruna (INFN Torino)
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Open heavy-flavours

- tomographic probes of the QGP -
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Why Heavy Flavours (charm and beauty)?

Heavy quarks are produced in initial high-Q? processes  ucr o7 2012) 191
arXiv:1405.4144v1

—_

3 [ L B e - LA
- ppitest for pQCD |
At LHC, larger cross-section: g ik E *l
G.(LHC)~5-10 o (RHIC) iRt [ T
0, (LHC)~ 50 o, (RHIC) AL . b
Reference for pA and AA _ _ L i
g /7 o o E A
’ * N B (é(gV) h o \;(TGeV)
* pPb: reference for cold nuclear matter effects (and more...)
* PbPb:“self-generated” probes exposed to the medium evolution. f
Thermal production negligible? Va1 4 e

~60cC/collision depenging
on centrality-

Questions:

How do partons interact with the medium?

How does the energy loss depend on path-length,
medium density, parton mass!?

How to disentangle cold from hot nuclear state effects!?
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Heavy Flavours and Heavy-lon Collisions

How do partons interact with the medium?

— Energy loss mechanism via: '
radiative gluon emission and elastic collisions
3
energy loss in
What does the energy loss depend on!? the medium

— Medium density, path-length <AE> o O{SCR@L2
— Colour-charge, Mass (“dead-cone”) AE, >AE, , > AE > AE,

Dokshitzer and Kharzeev, PLB 519 (2001) 199.

Do heavy flavours participate in collective motion!?

— at low pq, this gives information on the transport properties of the medium

How to disentangle cold and dense hot nuclear matter effects!?

— PbPb collisions: nuclear matter under extreme conditions of temperature/energy
density. From Lattice QCD the phase transition occurs at:T.~170 MeV, €. ~0.6 GeV/fm? these
conditions are reached at RHIC and the LHC

— pPb collisions: control experiment used as reference
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Measurements of Heavy Flavours at RHIC

and LHC in A-A (and pp)

Semi-leptonic decays

Displaced J/\p (from B decays)
U

D0 — Kt . T
D* — K-Tr* 11 @ !
D** — DOt decay length

D — o1 2>K-K* 11t
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Measurements of Heavy Flavours at RHIC H

INEN

and LHC in A-A (and pp) -
Semi-leptonic decays Displaced J/ (from B decal)ﬁ.)
(charm,beauty) Iy "

rec. track

B
L,y
Primary BD .
vertex &7 Jet b-tagglng
Displaced
cks
Full reconstruction of beauty decays: B Secondany
and A\, hadrons (pp:ATLAS/CMS,LHCb) f
AE = A+ same technique as for Primary
BO = Ko JWKTT b mesons based on verex
B® — Jip K7 displaced vertex

B =W ¢ topologies
pPb (CMS) :B=> J/w K, T
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pp: Test for pQCD and reference
for pA and AA
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STAR Coll., PRD 86 (2012) 072013

INEN
L/
—_ L \ J
o 102k ALICE pp, \s =2.76 TeV
s E b(—)c)%electronsb ]
8 10.3 :F :;"'v ., qg
g el \/8—2 76 TeV - ;
= FONLL
=) 5[ S, « k; factorization
g 1 (@ e GM-VENS |
) - (a = <L - ]
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° i et ;
9" 107
a i 4
: 10.8 ; 1 1 1 1 1 -?
e a5F FONLL 3
:oro 0
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S 05 : i
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5 18]
S o5
> 3t
E 15}
] 1
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GM-VENS: Eur.Phys.J., C72(2012)2082
Nucl. Phys. B, 872(2013) 253
k; factorization: Phys.Rev., D87(2013)094022

ALICE Coll.,

arXiv:1405.4117v1

Cross sections at both RHIC and LHC energies well described by pQCD predictions
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pp: Test for pQCD and reference

for pA and AA

[N k|
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pPp: D-meson and )}/ yields vs event B
multiplicity

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

~ r 0 DL L B L B B B AL B BN L B L >\/>\\10_
Q 14 ALICE — —
T el 7Tev : Q}g} i ALICE pp \s =7 TeV
g 121~ D° meson, |y|<0.5, 2<p_<4 GeV/c (Preliminary) ] Zﬁ Z_D B Jyopu(25<y<4) 1
C\-JO | +7%/-3% normalization unc. not shown ] DO meson © E ® Jy—e'e (ly|<0.9) ®
< 10 4 Iy - py, 2.5<y<4.0, p,>0 _‘77
E}_ 8:_ 1.5% normalization unc. not shown __ J/LIJ% IJ+IJ_ | | | ]
S - { 3 4 Normalization uncert.: 1.5% )
S 6 / S [w]
> C ] I i
B o4F 0 E JIy > e*e n
~ & ] : PRITR— na
of o E at mid-rapidity i\éi |
. :‘-":nuwuusuuluulf J/LIJ9U+U' //’7[']
8 0.4 raction hypothesis: x 1/. at low (high) multiplicit = HH
Y (@ atiow e mullpiely : at forward-rapidity, & . |
g o ' 0 2 4
- -0.2F
by dN, /dn
m 0 1 2 3 4 5 <dN—/dT]>
dNo/dn / (N /) Phys.Lett. B712 (2012) 165 ch
Caveat: different rapidity and p; intervals for More on Y in the next slides...
D and J/y measurements CMS Coll.,, JHEP 04 (2014) 103

Increasing trend with multiplicity for both D mesons and J/y in pp collisions
- MPI are dominating the high-multiplicity events and affecting heavy-
flavour production
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pPA: control experiment (and more...)

(-
(do /dpr)
Rpr — pPb Mid-rapidity -
A x (do/dpr),, LHC
D mesons B mesons
o onoECol,aXviia0n s ._(exclusive reconstruction for first time in p-Pb)
o 1_6‘_ Auce PP, 5502 TeV ] "CMS Preliminary  pPb {s,,= 5.02 TeV
- —=— Average D°, D", D" : chul <1.93 L=348nb"
B 2+ L
- [ El R:.EN ' B“
. - [ | Syst. L+BR
I‘ . 1,5:— Syst. err. from FONLL pp ref.
. Emé : * | 200;_ CMS Preliminary  pPb s, _502TeV
1 1 + : + 180 10<p®<15 GeVic L=348nb’
7 [ i * t 60 IyCMI<1.9’3 .
0.4f . [ Lot 4 T B
"I ---' CGC (Fuji-Watanabe) . 0.5+ 20k ‘f’ Ez?gicg)]rrr]\?)[inatorial
0.2[- == PQCD NLO (MNR) with CTEQEM+EPS09 PDF | r & 00t ) 1B — iy X
- === Vitev: power corr. + k_broad + CNM Eloss gsoz— ; JT
oL TR RTEI BRI B B I E7F |
0 5 10 15 20 25 W50 20 30 40 B0 &0 oy
p, (GeVic) 5. (GeVic) of W%é m
M. Mangano, P. Nason and G. Ridolfi, Nucl. PThys. B373 (1992) 295 ! 20 ﬁi#%%%.{%{# f
K.]. Eskola, H. Paukkunen and C.A. Salgado, JHEP 0904 (2009) 065 bmz il bbb b |
R. Sharma, I.Vitey, B. Zhang, Phys. Rev. C 80 (2009) 054902 M,, (GeV/c?)

Fujii - Watanabe, private communication

R p,~1 for D and B mesons in p-Pb collisions
Models with CNM describe the data within the uncertainties
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pA: control experiment (and more...)
(da/de)pr

Rpr — Mid-rapidity -
A x (do/dpr) RHIC
pp

2_[ I'TT TTTT TTTT | TTTT | TTTT T TT TTTT TTTT TTT I_
& [T R < ]
. 16:_ Auci - p-Pb, {5,,=5.02 TeV ] o 1.8_— =
F -—=— Average D', D', L i |
T RHICex -
1.2 N ] E E
U e peete— = by E
o | 12 I s
08} : . - a .

a 1 17 e
0.4 - NS -
I ----CGC (Fuji-Watanabe) i — —
02’ ——= pQCD NLO (MNR) with CTEQ6M+EPS09 PDF N 08__ __
. : === Vitev: power corr. + k_broad + CNM Eloss - B -
o —T T —- 06:— e electrons, 0-20% PRL 109 242301 ( 012)|H_:
ALICE Coll., arXiv:1405.3452 p, (GeV/c) L i
04— Blast Wave calculation -]
0.2 =
:I 111 l L 111 | 1111 | 1111 | || I | | l L 111 I 111 | 111 I:
0 9

0 1 2 3 4 5 6 7 8
PHENIX Coll., PRL 109 (2012) 242301 pT (GeV/c)

RHIC: Ry, ,>1 for electrons from heavy-flavours at low p;. Compatible with

radial flow?
LHC: smaller effect could be due to harder initial spectrum
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Forward and
backward rapidity at

4.46<y/0ys<-2.96 L2 e 2.03<y;ys<3.53
10-2<x<5:10-2 10-°<x<8:10-°
g LA LA BN I LN LI BN L g @ AR AL LA
o 2_52_ p-Pb | 5, = 5.02 TeV, p* c,b decays 1 T ,.r p-Pb\ sy, =5.02 TeV, u« c,b decays
C -4<y  <-2.96 3 : o 2.5<y  <3.54 ]
- ALICE Preliminary o . - ALICE Preliminary . .
i Pb-going - ’F p-going -

15F

1

0.5 —— NLO (MNR) with EPS09 shadowing . 0.5 ——— NLO (MNR) with EPS09 shadowing -
C systematic uncertainty on normalization i N systematic uncertainty on normalization ]

0 C 11 1 I 1 L 1 I 1 11 I 1 L 1 I 1 L 1 I 1 1 L I 1 1 1 I 1 1 1 I_ 0 C 1 1 L I ' ' ' I 1 ' ' l 1 ' L l ' ' L I L — I L.l ' I ' ' ' l—‘
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
P, (GeV/c) [ (GeV/c)

M. Mangano, P. Nason and G. Ridolfi, Nucl. Phys. B373 (1992) 295
K.]. Eskola, H. Paukkunen and C.A. Salgado, JHEP 0904 (2009) 065

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 different models of initial state effects
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- PYTHIA + EPS09s LO, D—u & HFu,-20<y<-1.4

©

o

2.5

1.

0.5

RyinAu

U'I N

—l
TTT

PA: control experiment (and more...) ~

x)

Z

is HF production affected by the nucleus?

PHENIX Coll., arXiv:1310.1005

“PYTHIA + EPS09s LO, D—u ® HFu, 1.4<y<2.0

----- broadening <k >—2 25 GeV?/c?
I IIM ------ broadening <k >—2 25 GeV?/c?

1.2

0.8

0.4

0.2

1.4—

0.6

\ 3 6|| L1 17
P; (GeV/c)

— Fwd - Mid - Bwd

EPS09 NLO Q*=13.0 GeV?

— Error sets 2-31

Central set 1

Uncertainty band
_ll L 1 1 | I - I 1 L 1 LI I L \
10° 1072 10"

Bjorken x

Forward and backward
rapidity at RHIC

Models based on different initial-state
effects fail to reproduce d+Au data at
both forward and backward rapidities
at RHIC energies
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PA: more differential measurements INEN

mid-rapidity electrons (from HF) —

PHENIX: e-p correlations
forward-rapidity muons (from HF)

_10¢ Pair yields in pp and d+Au

—~ 0.7
T [ ef:p>05GeVic, ni<0.5 \[Syn = 200 GeV -
= 0'6;_ iz p>1 Gev/e, 1.4<n<2.1 E
g 0.5 o <N, >-scaled p+p i
o E col
5040 = aau ﬁ peak at 1T is suppressed in d+Au
S 0.3
S ﬂil @ compared to p+p
" 02 i @ﬁ H
0.1¢ il 1
0:_"_.-".""@ _@ ""f ___________ Tun — d + Au pair yield
0 2 (Neon) p + p pair yield’
< 2 T T T T H T T T T T
. . . - 1.8 b)

Suppression in d+Au: b

cold nuclear matter modification of cc pairs 14
(low-x gluons dominating the away side and suffering 1.2
more shadowing? initial/final state effects ?) 1
0.8
0.6
0.4
0.2
0 I L 1 | L L L 1

lII|III|III|III|III|III|I]I|I]I|III|III
|
|
® t
®
lII|IIIIIIIIIII|Illllllllllllllllllllll

o
N
F =N

PHENIX Coll.:arXiv:1311.1427vl

>
-5
—_
-
)
o
~
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PA: more differential measurements

ALICE: e-h correlations

L~ 2 —
. | p-Pb, {5, =5.02TeV ——e— p-Pb, VOA Multiplicity class: 0 - 20 %
(] | (e from c,b)-h correlation i D-Pb, VOA Multiplicity class: 20 - 60 %
= » o s p-Pb, VOA Multiplicity class: 60 - 100 %
3 i 1.0< p' <2.0 GeV/c B Syst. on ped. estimation
g 15-05< P} <2.0 GeVic [ syst. from secondary particles
~ ~ il <0.9,lAnl < 1.6 pp, (s=7TeV
Z’dca . pp, stat. uncertainty
=) n Térrér
: 11— o Global normalization uncertainty = 0.06 rad™' .
©
=" kil
~ = i,
Z [ e - ==
05— e h Y
B =l=
o —————k —_——
-1 0 1 2 3 4 5 6
A¢ (rad)
1<p<2 GeV/c

Indications for long-range correlations in
An for two-particle correlations triggered

by heavy-flavour decay electrons.

Similar to what was observed for light
particles. Same mechanism (CGC/hydro)

for light and heavy flavours?
B.Arbuzov et al, Eur.Phys.]. C71 (2011) 1730

K. Dusling and R.Venugopalan, arXiv:1302.7018.
S.Alderweireldt and P.Van Mechelen, arXiv:1203.2048
K.Werner et al, PR.L. 106 (201 1) 122004

p-Pb collisions in two multiplicity
ranges:
> 0-20% (high multiplicity)
60-100% (low multiplicity)

von 1o -smrer (0-20%) — (60-100%)

(0-20%) - (60-100%), Multiplicity Classes from VOA
(e from ¢,b)-h correlation i

x)

Jet contribution reduced by subtracting
low-multiplicity events

1.0<p; <2.0 GeVic //./ T ’\,\7\
05<p"<2.0 GeVic T S N
i e B ALICE
o 7 T, PRELIMINARY
© .
= ~
= : o
e g
LR e )
3 g . e
% 30]’, <
-
z“’ . ) 6’6\
——
-~
N
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pp and pPb: D-h correlations cF

pp: 5<p;°<8 GeV/c, p;255°¢>0.5 GeV/c pp&pPb: 5<p;P<8 GeV/c, p;ss°c>0. 5 GeVic
e o e e S — — 4 ........................... T
5 -~ D meson - charged particle correlation I ] 5 D meson charged particle correlation ! =
£ 3.5F AverageD°D',D" = g 350 Average D°,D*,D ]
@ - 5<pP<8GeV/c, p*° > 0.5 GeV/c, |an| < 1.0 @ "L 5<pP<8GeVic, p?° > 0.5 GeV/c, jAn| < 1.0 .
Q@ 3 —e— pp1s=7 TeV Data ALICE Prehmmary ©  3F ——ppi1s=7TeV ALICE Preliminary
8 "~ Simulations, pp \s=7 TeV ] S - Pb\s. =502 TeV i i ]
'(.D 5 s— Pythia8 baseline uncertainty -} . B —4$— p-Pb sy, e baseline uncertainty pp
8 . S Pythia6, Perugia2010 - = 8 92'5*_ baseline uncertainty p-Pb ]
“"?2 '8 : —4— Pythia6, Perugia2011 'Jow Scale uncertainty %’Z _<cl E Ho% scale uncertainty pp
Ol 4 2 ] O A 2 2% scale uncertainty p-Pb
s 2 - - 2 —
1.5F 1-5F E
" 1= -
I = +$¥| t
. 0.5k ++ # N
0.5 % + ++ t
LT H AR
: Y
- -0.5—
_0.5“ll :|||||||||||||||||||||||| | L
1 0 1 2 3 4 5
Ao (rad)

pp: compatible within uncertainties with expectations from different Pythia
tunes

Compatibility within uncertainties between pp collisions at Vs = 7 TeV and p-
Pb collisions at \syy = 5.02 TeV after baseline subtraction
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AA: D-meson R,, at RHIC and LHC

STAR: D
2 STAR Au+Au— D° + X @ 200 GeV Central 0-10% ]
u @® data (©) -
- — TAMU .
- T X === SUBATECH 7
1.5 [ === TOriNO -
é = Duke wshad. -
% - Duke w/o shad.
o 1
O :
0.5
[ . | . 1 , 1 i
0 0 2 4 6 8
STAR Coll., arXiv:1404.6185 p (GeV/C)

Ras prompt D

ALICE: D°,D*,D™

INF
C

2 | rtri1i I rri1i ‘ LI | LI I I LI L L ]
18 ALICE Preliminary ]
- Pb-Pb, \s, =2.76 TeV ]
1.6F =
C sAverage D, D*, D**, 0-7.5%,|y|<0.5
40 =Average D°, D', D**, 30-50%,y|<0.5 -
12 o Filled markers : pp rescaled reference ]
’ .- Open markers: pp pT-extrapoIated reference 7
N[ U ]
- peripheral 1 5
0811 (30-50%) central
0.6] (0-10%)
- -
0.4 E ‘ ’ / =
0.2 B =
0 : | I .| | L1 11 ‘ 1111 | L1 11 l 111 I 111 I | | 1111 :

0 5 10 15 20 25 30 35 40

P, (GeV/ce)

Similar suppression in central A-A collisions at high p+
Differences at low p+: radial flow? Shadowing? Recombination?

Crucial to go to p~0 at the LHC
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Leptons from HF at RHIC INEN
3
Ie;p 0-20%
i’ 0-10%
62 GeV|
C eetttriaag g L L] | Aveau s =szcey Different suppression trend at
ofom gl i 62 and 200 GeV.
PHENIX Coll. arXiv:1405.3301v2 P, [GeV/c]
S [ we Ry, Bn°R g, Different effects at two energies:
&c oF me Ry, A TOR ,, interplay between initial-state
< f 200 GeV ki-broadening, final-state flow and
aclsE I l | energy loss
1F 50005 o e 0. 2 - of
] Note: 62 GeV pp reference comes from
05F o i i ISR. More data at 62 GeV
0 T T s e T s e

p, [GeV/c]
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E)
He?vy flavou INEN
>3 AR RN RN AR AR RARN R
T 8f :
1.6; Pb-Pb,\FNN=2.76 TeV _
i A Heavy flavour decay ui 0-10% central, 2.5<y<4.0 .
S A ARV
1 23_ *  with pp ref. from FONLL calculation at Vs = 2.76 TeV R
1. b,c>electrons, muons
0.8;—
06F .. .
04l Similar suppression of electrons
02f i and muons from heavy-flavour
O—IIII]Il]Il]|III|IIIIIIIIIII|I[I|[II—
ALICE PRL 189 (013) 112301 © Redve®  decays at LHC
Sl L B L L L L L R R
o ; Pb-Pb, \j% =2.76 TeV, 0-20% centrality E
°F ~ eeo-aw<os 3 First measurement of electrons
- nomalization uncertainty . _
15} ++_ b(>¢)Selectrons from .beauty decays in Pb-Pb
£ e | collisions.
osf 41 1 Hint of suppression for pr>3 GeVi/c
- ALICE Preliminary

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

1 f =
Mass dependence of energy loss?
< 2_] T 1T I T TT I T T TT I T T 1T I T TT I T T 1T I T 1T I T TT I_ 078-—
o s gf Pb-PD, (s =276 TeV 7N S £ 051
- B -
1.6 . , B 04 B e
~ eAverage D°, D, D " lyl<0.5, 0-7.5% ] = c
1.4 owith pp p_-extrapolated reference = 02r .
- = Charged patrticles, nl<0.8, 0-10% ] 0k ; ; ! ; ;
1.2« Charged pions, Ini<0.8, 0-10% E 0 10 20 30 40 50
. = E(GeV)
- 1 1
. 0.8+ 0.8}
. 06}
eI
C . 041
- E 02!
O_I 111 | | | | | | | | l | .| | | | | .| | 111 I_ )
0 5 10 15 20 25 30 35 40 O‘“l } } } } } 0 } } } } }
p (GeV/c) 0 10 20 30 40 50 0 10 20 30 40 50

E(GeV) E(GeV)
RAA(D) RAA('IT h+ M.Djordjevic, PRL 112,042302 (2014)
What about AE(udsg)>AE(c RAA )>R A (T7,0%)
- Different quark spectra

2> Ra(h) affected by fragmentation
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R,A: D mesons and non-prompt )/ INEN
Mass dependence of energy loss?
> RN AR R RN AR AR AR AR
T " bep.cio GoVIe 05
12— Correlated systematic uncertainties
B [ Uncorrelated systematic uncertainties
1:_ __________________________ ¢ CMS Preliminary Non-prompt J/y
- 6.5<p <30 GeVie, lyl<1.2 L
0.8:— H [_] Systematic uncertainties _:
0.6/ —
LI R z
0.4:— & —
02" B @
- Pb-Pb, Sy =2.76 TeV :
%50 100" 150 200 256" 500 350 400
( Npa " weighted with Nco">
similar kinematics for D and B mesons (<pr>~10 GeV/c)
different y ranges for D and non-prompt J/\Pp
Indication of a difference between charm and beauty
suppression in central collisions
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Raat D mesons and non-prompt )/ NN

Mass dependence of energy loss?

<1.4lllllllIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
< L
T L Pb-Pb, |5 =276 TeV
1.2 C imi
: " e o Theory model
B Correlated systematic uncertainties . . .
) [ Unconelated systematic uncerainties | (Djordjevic):
B - - Djordjevic Non-prompt J/y (6.5< p_< 30 GeV/c) H
L wonn Djordjevic Non-prompt J/wy (withctT]uark energy loss) X tWO assumptlons On the
B - == Djordjevic D mesons (8 < p, < 16 GeV/c) _ .
o8 b 7 quark mass in the
- |1 energy loss to calculate
0.6 % N -1 non-prompt J/y Rpx:
F e, TR ]
0.4 E[E{ ,,,,,,,,,,,,,,,,,,,,,,,,, ¥ b quark mass
: e e
0.2— @ CMS Preliminary Non-prompt J/y E _______ E | —-C quark Mmass
- 6.5<pT<30 GeVle, |y|<1.2 s
|~ [] Systematic uncertainties  CMS-PAS-HIN-12-014 ] @
lllllllllllllllllllllllllllllllllll
o | I

0 50 100 150 200 250 300 350 400 Difference comes from

{ Nogq Weighted with Noop— the different masses
similar kinematics for D and B mesons (<p>~10 GeVic)

different y ranges for D and non-prompt J/\p

PQCD in-medium energy loss model based on mass dependent
energy loss in agreement with data
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Beauty jets in Pb-Pb collisions i
pPb {5, = 5.02 TeV PbPb {5, = 2.76 TeV b
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Nuclear Modification Factor

©
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IIII|IIII|IIII | I | | .| | | | 1 11 I| | 0 1 | L 1 1 1 | 1 1 1 1 | 1 L L
0 50 100 150 200 250 300 350 400 100 200 300 400
P, [GeV/c] Jet P, (GeV/c)

B-jet tagging method based on displaced secondary vertices in jets.
B-jet fraction based on template fits to the invariant mass of secondary vertices.

Quark-jets tagged.
B-jet suppression (0-10%) is consistent with inclusive jet (0-5%)
suppression. Quark mass effect negligible at high jet p-.
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System size dependence of R,, at RHIC

electrons from heavy-flavour decays

2 LI LI LI LU I LI | L LI T | LI | LI I LI | 1 I LI LI B | I T
I Global error: + 9.9%] Global error: + 9.9% | : *Rauau ,20-40% NN"_1 40 4 I RA"AU 40-60% Npm_SQ 95
r (a) (b) 1 RCuCu ,0-10% Npan_ga 2 T CuOu 0-20% Npan_as 9 |
1.5[ ] ] l ] arX|v.1310.8286‘_
it -

——
' —_
T T T

| B : |
[ ] _ ! ] ¥ f i y _
[ arXiv:1310.8286 : 1 ]
0.5/ - ! l | (b) -
- *Ryau020% NparF15-4 ::‘RdAu,meo‘:f, Npart=7-0 1 - ]
:-F{Cuou,'ﬂHiO‘?-':ND&ﬂ:21 2 : -RCuCU..G(Hﬁ; Npari=6'4 | | Global error: +9.9% 1 | ailobal error: + 9.9% b ]
o PRI I AN AN AP R EFAIS AArare i S S o ISP PSPV SN B I TR RN A
0O 2 4 6 8 2 4 6 8 10 0O 2 4 6 8 2 4 6 8 10
p [GeVic] p [GeVic] p [GeV/c] p [GeV/c]
PHENIX Coll., arXiv:1310.8286v
CENTRAL d+Au ~ PERIPHERAL Cu+Cu CENTRAL Cu+Cu ~ MID Au+Au
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System size dependence of R, , at RHIC

electrons from heavy-flavour decays

L |

ad+Au
= Cu+Cu

e Au+Au

Global error: = 9.9%

2
o I
> L
3 1.5:— +‘ 1P
(3»- i
U ]
A<<:
a 0.5
Vv - (a)
0- PRI | N PR
10 N

P
2
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part

PHENIX Coll., arXiv:1310.8286v |

Nuclear Modification Factor (RAA)

N

[y
S,

—

ot
o

o

DO

STAR Preliminary
B U+U193Gev D% lyl<1, 3<pT<5 GeV/c
® Au+Au 200 GeV D°: lyl<1, 3<p1<8 GeV/c, arXiv:1404.6185 (submitted to PRL)

Au+Au 200 GeV n*: lyl<0.5, p >6 GeV/c, PLB655, 104 (2007)

=
40-80% | 10-4C|)% | 0-10% |
0 100 200 300 400
Noa

STAR Coll., arXiv:1404.6 185

From d+Au to peripheral Cu+Cu: enhancement effects dominating

From Cu+Cu to central Au+Au: suppression dominating

U+U: could have 20% higher energy density than Au+Au
similar D° suppression as for Au+Au, extends the trend
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Charm collective motion i

Charm v, at low energy (62 GeV):
is flowing? is recombination with light quarks?

[ T T T ] T T T T I T T T T ] T T T T
0.4 AuAuat62.4GeV 5 Gl by S0y —
| 20<Centrality<40% T Ny Seae ]
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0af. 035y<035 T mix KLN (by SCao) ]
" Vheavy flavor e* v, ]
Q - ]
0.2 Y -
0.1 I ]
0 ]
-0. C oo by e by [
b 1 2 3 4
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-
N IIIIIIIIIIIIIII]III]IIIIIIIIIIIIIIIIlllllllllllllll||]I|I]I|II||II]IIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIII
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-0.2-
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| Centrality 10-30%

¢ Charged particles, v,{EP,|An|>2}
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Centrality 30-50%

-IllllIlllllllllIIIllllllllllllllllll-
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14 16 18
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2 4 6 8
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ALICE collaboration, PRL 'l 1, 102301 (2013)
ALICE collaboration, arXiv:1405.2001

N 0.5 T L I T LI I T L] I T T T l T T T l T T T l T T T

> B . . ]

[ ALICE Preliminary ]

0.4 :— —e— Heavy-flavour decay e*, v,{EP, |An| > 0.9}, |y| < 0.7 —:

[ = Heavy-flavour decay 1%, v,{2}, 25 <y < 4 J

0.3 Pb-Pb, Sy = 2.76 TeV

C 20-40% Centrality Class

0.2 N ]

N * i

0.1 N ¢ + L [T | : ]

- r 1 e

(0] o | Sttt iedeieleietel sty -

_0.1 C oo be v b v bwv v b o by o baa g i
0 2 4 6 8 10 12 14

P, (GeV/c)

Positive v, for D mesons and
e/u from heavy-flavour
decays at LHC

Hint for collective motion of
charm quarks at low p;
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R,A and v,: constraints to models i

ALICE,PRL 11l (2013) 102301

o Trr|rrrjrrryjrrryjrrr|yrrr|yrrr|yrrurgr

0.4 ALICE D°,.D', D" average  Pb-Pb, | Sn = 2.76 TeV
“*[T ] Syst. from data
-] Syst. from B feed-down

WHDG rad+coll
POWLANG
Cao, Qin, Bass
.. MC@sHQ+EPQOS, Coll+Rad(LPM)

- BAMPS el. - - -~ TAMU elastic
BAMPS el.+rad. — — UrQMD

1

Centrality 30-50%

Illllllllllljllllll

lIllIllll!

Lo by v o by by o by by

< 2——& LI I 7T TT | 1T { 1T I 1T 1T LI IR —
< Lo |
@ ALICE Preliminary .
8 Pb-Pb, \/s =276 TeV - > f
= NN B - om
16— ®Average D°, D", D*" |yi<0.5 3
B o Lo e TAMU elastic (*) ]
i af 0-7.5% centrality o DJord v|c éass N u
= WHDG rad+co|l ) = 0.3
I\ - s MC@sHQ+EPO ] r
1oL — Vitev, rad+dissoc (*) _]| N
e - = PO LANG() - 0.2
_\ : <= == BAMPS el. (*) = B
Pt BAMPS el.+rad () g1 C
—“ H (*) predictions for 0-10% - .
:-,-\L . (**) predictions for 0-5% 1 0 1 C
0.8 L ‘ : Filled markers : pp rescaled reference ] s
:, i Open markers: pp pT»extrapolated reference ] O £
0.6 f'_ o = C
0.4 M IS et -‘ m _________ _ —: -0.1 :—- ......
i S i .
0.2+ E- - = C,
L i:-- : - ] O
0 '_l 111 l 1111 1 l_l- 1 f_ll lﬁ 1 J L1 l L 11 ﬁ 1 l 1 l I L1l l—
0 5 10 15 20 25 30 40

(GeV/c)
Theoretical models reproduce reasonably

well R,, but are challenged by

simultaneously reproducing results from
heavy-flavour R, and v,.

Differential observables needed to constrain

models

4 6 8 10 12 14 16
pT(GeV/c)

BAMPS: Fochler et al., . Phys. G38 (201 1) 124152
POWLANG:AIberico et al., Eur.Phys.] C71 (201 1) 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 (201 1) 124114
Aichelin et al.:Phys. Rev. C79 (2009) 044906

J. Phys. G37 (2010) 094019
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R,A ¢ constraints to models i

< 2-—& LI I 7T TT I 1T I 1T I T T LI LI IR —
< b~ -
@ ALICE Preliminary . I . I . I . I .
18- Pb-Pb, \ls =276 TeV = 2 STAR Au+Au— D’ + X @ 200 GeV Central 0-10% ]
E I . B @® data -
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i Dttt A e TAMU olasic () - TAMU
C 0-7.5% centrality Diord] V'Cé ’ A N Y SUBATECH 7
1.4~ = ass ( — 15+ b —
o Kn"é%‘;’ﬁ%dféé"é’ : T ~=-- Torino :
1.2 3‘ — Vitev Lrglﬂ»édlssoc( ) § - Duke wshad. -
ik T Baupes () . o - Duke w/o shad. A
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0.8 Fye - Filled markers : pp rescaled reference ] |
:, Open markers: pp pT-extrapolated reference ] |
0.6 ' = 05
0.4 j _: :
0.2 :_ - = s ' Yy v e —E 0 _I 1 | 1 | 1 | 1 ]
0 :l 111 l 1111 I L1 11 [_ll lﬁ 1 ] L1 I L 11 ﬁ 1 l 1 l l L1l l: 0 2 4 6 8
0 5 10 15 20 25 30 40 .
p_(G ev/c) STAR Coll., arXiv:1404.6185 P, (GeV/c)

Theoretical models (i.e. TAMU) can reproduce the general R,, trends
at both energies in the low p; range common to both
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Quarkonia

- thermometer of the QGP -

2

1.2

T/T¢ 1/{r) [fm1]
)

Y(1S)
xb(IP)

J/9(1S) Y'(2S)

X (2P) Y"(3S)
x.(1P)  w'(25)
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Quarkonium in the QGP Ck
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 Ay(T)
—>No resonance can be formed
—>suppression of J/y as a signature
for the QGP (Matsui, Satz, 1986)

Differences in the binding T/TE\ 1/4r) thm ] ‘
energies of qq states 2 |- [Yas)

- sequential suppression _ %, (1P)

of the states with 14l

increasing temperature I TS Y(@S)

%y (2P) Y'(3S)
=Tc w(P) w(2s)
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Quarkonium in the QGP: suppression WD

(=
and/or enhancement?

Incr_e.asmg the_ene,rgy Of_ th,e_ In most central SPS RHIC LHC
collision the cc pair multiplicity AA collisions | 20 GeV | 200GeV | 2.76TeV
INCreases N /event | ~0.2 ~10 ~60

% statistical regeneration

=

o

S ] g oo mm e e

é "N\__|

> \U(lllcllll.ll suppression

Energy Density P. Braun-Muzinger and J. Stachel, Phys. Lett. B490(2000) 196,
N R. Thews et al, Phys.ReV.C63:054905(2001)

This mechanism can lead to charmonium enhancement via (re)combination of
cC pairs at hadronization or during QGP stage

If so, charmonium is no longer a “thermometer” of QGP ...but becomes an
observable for the phase boundary
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RAA

J/P Ry, at RHIC and LHC &

1.4
B Inclusive J/y — p*w’, Pb-Pb | s, = 2.76 TeV and Au-Au \ s, = 0.2 TeV
19 if B ALICE (arXiv:1311.0214), 2.5<y<4, 0<p <8 GeV/c global syst.= + 15%
< O PHENIX (PRC 84(2011) 054912), 1.2<ly|<2.2, p >0 GeV/c  global syst.= + 9.2%
1 I
0.8} | !
: H.H
0.6 C ’ @@E ||
0.2+ & & i
O—IIII|IIII|III\|IIII|IIII|II\I|IIII|IJII
0 50 100 150 200 250 300 350 400
<Npart>

ALICE Coll.,PLB 743 (2014) 314

)
N

J/p less suppressed at LHC than at RHIC.

Could it be (re)combination at LHC
energies?

-i.e. quarkonium formed by (re)combination of cC
guarks close in momentum

-if so, it should be at low p;
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RAA

R AA

J/P Ry, at RHIC and LHC nin

1 4 B Inclusive J/y — p*w’, Pb-Pb | s, = 2.76 TeV and Au-Au \ s, = 0.2 TeV
19 if B ALICE (arXiv:1311.0214), 2.5<y<4, 0<p <8 GeV/c global syst.= + 15%
< O PHENIX (PRC 84(2011) 054912), 1.2<ly|<2.2, p >0 GeV/c  global syst.= + 9.2%
1 e
0.8 1 .
; HEH
0.6 : @@E w
0.4F
i & o o
0.2 & & & & i
O—Illllllllllll\lllllllIII|II\I|IIII|I1II
0 50 100 150 200 250 300 350 400
(N__J
part
1.4 ALICE Coll.,PLB 743 (2014) 314
| Inclusive Jiy — p*y, Pb-Pb {5y = 2.76 TeV
1.2 :_ M ALICE (arXiv:1311.0214), centrality 0%—90%, 2.5<y<4 global sys.= + 8%
i ///% Transport model (X. Zhao & al., NPA 859 (2011) 114)
1 ]
T — Primordial J/y (w/ shadowing)
0.8 ;/ - Regenerated J/y (w/ shadowing)
0.6 / /%
0.4 _ W Wil 7
0 L | \ \ T | | |

o 1 2 3 4 5 & 7 8

P, (GeV/ce)

J/p less suppressed at LHC than at RHIC.

Could it be (re)combination at LHC
energies?

-i.e. quarkonium formed by (re)combination of cC
guarks close in momentum

-if so, it should be at low p;

Strong dependence of J/y suppression
VS pq!

Models: ~50% of low-p; J/hp are produced via
(re)combination, while at high p; the
contribution is negligible
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RAA

J/P Ry, at RHIC and LHC nin

1.4
r Inclusive J/y — p*w’, Pb-Pb | s, = 2.76 TeV and Au-Au \ s, = 0.2 TeV
if W ALICE (arXiv:1311.0214), 2.5<y<4, 0<p <8 GeV/c global syst.= + 15%
1.2 I [ PHENIX (PRC 84(2011) 054912), 1.2<|y|<2.2, p >0 GeV/c  global syst.= +9.2% J/LIJ |eSS Suppressed at LHC than at RHIC
1_ ..................................................................................................................................................
o8] . Could it be (re)combination at LHC
0.6 @ E ™ e_nergles? | o _
oak 8 g -i.e. quarkonium formed by (re)combination of cC
S quarks close in momentum
o2 “ @ & | ifso, itshould be at low p;
T L >N AR RN LN AR RN RN RN RS
% 50 100 150 200 250 300 350 400 14 PbPb Preliminary (5. =276 o ]
<Npa t> - m CMS: prompt JAy ]
ALICE Coll., PLB 743 (2014) 314 Lof . -
T ﬁ 6.5< p_ <30 Gev/c T
At high J/p p? oo * -
0.6:— -
strong JAp suppression at LHC 0al E
. . TAUAU \s, =200 GeV 7]
(re-comblr)atlon should not play o 4 o o206, 2736)' " .
a role at high py) : L“T;’Gev,c y
0_.. o b bea s b b b o Lol

0 50 100 150 200 250 300 350 400
STAR Coll., PLB 722 (2013) 55 Noar
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J/P at RHIC o

Beam energy scan Collision system scan
g 2 - 71 r T 1 11 T 17 . g T L T T T T T T T T T T T T T T T T T u
o - = 200 GeV — 200 GeV theoretical curve ] 1 E| Jy—
1.8 e PH “ENIX Y—uUU
T E ——— 62.4 GeV theoretical curve] 1 preliminary 1.2<|yl<2.2 7
5 = 39 GeV [ N, uncertainty ° ]
1.4} 1 p+p uncertainty 62.4 GeV Lg o U+U |5, =193 GeV (gl. sys. 8.1%)
~ . [ p+p uncertainty 39 GeV = pp reference: {5=200 GeV x 0.964 7
1.2 SrAR Freliminan 1 p*p 200 GeV(statistics) 3 O It AutAu \5,=200 GeV (gl. sys. 9.2%) |
| S S —— _— S . @J ¢ CutCu |5 =200 GeV (gl. sys. 8.0%) |
0.8\ [* 1 571 LN " _
0.6 q|5 % : El[ [*] ]
0.4F 3 | B .
- i 2 00b——— o+ L v v
0.2 94 Z0 100 200 300 400
ok i BRI B ] Number of Participants
0 100 200 300 408

Similar suppression trends for different energies and collision systems at
RHIC

Important testing ground to tune models with different energies/systems
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J/y flow at LHC

ALICE Coll.,PRL I'I'l (2013) 162301

0.2

0.1

X. Zhao et al., b thermalized

- ® ALICE (Pb-Pb VS =2.76 TeV), centrality 20%-60%, 2.5 <y <4.0
| = Y_Liuetal., bthermalized
- mmmee. Y. Liu et al., b not thermalized

global syst. =+ 1.4%
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(W ALICE Inclusive J/y, 20-60%
2.5<y<4.0, pT<1 0 GeVic

& STAR Inclusive Jhp, 10-40%
lyl<1.0 pT<10 GeVic

11
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IllIIIIlII
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+ |

I
Cent. 10-60 %

1111111]11111

11 1

Lovalo o b by bvaa oy
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Results support production in QGP or at chemical freeze-out at the LHC

RHIC: compatible with v,(J/p)~0

Wide p; range explored: from J/ regeneration to path-length dependence of
charm energy loss
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Bottomonium at the LHC

PRL 109, 222301 (2012)

— [T TTT ] T TTT I mTTT I T TT I mTTT I T TT l T T T
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CMS Coll.,PRL 109 (2012) 222301
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14— CMS PbPb \s,,=2.76 TeV .
i m Prompt JAy (Preliminary) ]
120 4 y@s) R
i ® Y(2S) ]
1._ —
0.8 .
R o 1
0.6 + o -
5 #%a ]
- L ¢ j
0.4 I
i - i
- + L 1
At 8 -
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0O
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N

part

Y(2S) suppressed more suppressed than Y(1S) (also in periph.). Y(3S) melted.
Y(1S) suppression might be compatible with feed-down suppression (50%).
Possibly Y(1S) dissociation threshold still beyond LHC reach

—> wait for LHC full energy!
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Bottomonium at the LHC INgh

PRL 109, 222301 (2012)

)

_IIII]IIII|IIII|IIII|IIII|IIIIIIIII_

‘lb>J 200 CMS PbPb |5, = 2.76 TeV ] mﬁ 14 Pb-Pb |5, = 2.76 TeV, inclusive Y(1S), p_>0
8 i i Cent. 0-100%, Iyt <2.4 ’ 1.2 e ALICE: L,,=69 ub™, 0%-90% (open: reflected)
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Events /(0
(@]
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i -1 o8
e
600 . i1 —— total PbPbfit 0.6¢ m
T/T, 1/(r) [fm] : — background i 7/////// /////////;
¥(15) 100} {41~ ppshape
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-2 -1 0 1 2 3 4
12wl 7/y(15) Y'(29) S CMS: PRL109 (2012) 222301 y

Lol ] ALICE Coll., arXiv:1405.4493

Xb'(ZP) Y‘”(as) 07—1 Ll 18 L1l Igl Ll I10I L1 |1|1I 11 12 13 14

(P) W

X w(25) Mass . (GeVic?) CMS Coll.,, PRL 109 (2012) 222301
Transport model:

A. Emerick et al., EP] A48 (2012) 72

Model does not reproduce the strong rapidity dependence of the
Raa @nd underestimates the Y(1S) suppression at forward rapidity:
Regeneration? CNM?
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Bottomonium at RHIC wa
u L
% 2_LI LI I LI I | T 1T T 17T LI B L L LI LI L I_ <
2 - ® 7 02: 1_8_—. PHENIX Y'(18+25+3S) {[5,... =200 GeV  |y| <0.35
e 1'8:_ b E 1.6—0o cMSY(1S+2S =276TeV 24
~ b () STAR Au+Au, Centrality Integrated Strickland.Bazow Model = S0 (15+25) Spppp = 2-/0TeV |y <2.
g E H emandiu Emerick-Zhao-Rapp Model - 14+ .
$ 1.4F- BB prp stat Uncertainty merick-Zhao-Rapp Mo = L 40% Global Syst. Uncertainty PHENIX
? . C [ p+p Syst. Uncertainty ] 12— 25% Global Syst. Uncertainty CMS
n 12 = i
S 1
S [ e s e L
C - 08—
08— —] - % +
C . 0.6—
0.6 — L @
1oyt I U 5
0.4 —] L o @)
- STAR Y(1S+2S+3S) ] 02
0-2':—\SNN=200GeV Iyrl<0.5 _:' O_[IlllllIllIlIlIIlIlllIlIIlIlIlII[Illlll
00" e0 200 550500 380 400 0 50 100 150 200 250 300 350 400
N
. N v part
STAR CO”., arXiv:1312.3675 part PHENIX CO”., arXiv:1404.2246
1.4
0:51.2:_ VsAuAu=200GeV |y|<0.35
. - * PHENIX Y(1S+2S+3S)
Results compatible at RHIC and LHC I o bl o .
) osk. # % Global Syst. Uncertainty
- more data needed to draw conclusions on - | Complete suppression of 2S and| 3S
. . 0.6
different scenarios . ‘
. 0.4 | )
> wait for LHC fu” energy! b Complete suppression of 2S, 3S and xg
O 80 700 150 200 250 300 380 400
Npart
Elena Bruna (INFN) 39



(]
Cold Nuclear Matter effects in
[J [
quarkonium production
g ; Pb 5.02 TeV
: Syun= - e
o 14 P B ALICE (JHEP 02 (2014) 073): inclusive J/y -y, 0<p <15 GeVic | __ %
Ly (-4.46<y_ <-2.96)= 5.8 nb", L _ (2.03<y__<3.53)= 5.0 nb" ~mjy, 7z
1.2 i ALICE Preliminary: inclusive J/y—e'e’, p >0 1 Pb
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global uncertainty = 3.4%

.* t b §
osf N P —r 10-°<x<8-10

-
.....
- -y
------------
..............
..

0.6 pre e,

- 1111] EPS09 NLO (Vogt) G e
0.4 [ cGe (Fuijii etal.) it cio et N
"~ [l ELoss, q =0.075 GeV*/fm (Arleo et al.) S e

[ 2] EPS09 NLO + ELoss, q_=0.055 GeV’/fm (Arleo et al.)

0 2 .~ EPS09 LO central set (Ferreiro et al.)
"~ | =..« EPS09 LO central set + o, _ = 1.5 mb (Ferreiro et al.)
-« EPS09 LO central set + o, = 2.8 mb (Ferreiro et al.)

01.1111111111111111111111111111111111111111111111 '4.46<yCMS<-2_96
4 3 2 1 0 1 2 3 4 Dey<B ()2
ALICE Coll,, JHEP 02 (2014) 073 Y, 102<x<5-10

also: LHCb Coll., JHEP 02 (2014) 072
J/p production is modified also in pA because of CNM effects
Reasonable agreement with theoretical predictions (shadowing/e.loss
depends on y)

Elena Bruna (INFN)



CNM on J/p and P(25) (e

JIY Ranpn) VS Pr

el

% I ALICE inclusive J/w—su*u
D:O- 1.4 [ @ Ry (2.03<y,_ <3.53)X Ryp, (-4.46<y, <-2.96), {S=5.02 TeV

- (preliminary)
% 10 [ A Py (25<y_ <4, {Sy= 276 TeV, 0-90%)
oy - (submitted to arXiv)
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ALICE Coll., arXiv:1405.3796 Yems

I hypothesis: factorization of shadowing effects from the two
™ nuclei in Pb-Pb and 2->1 kinematics for J/\y production
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ALICE Coll., arXiv:1311.0214  P;(GeVic)

Contribution of CNM effects in Pb-Pb
extrapolated from p-Pb.
Evidence for hot nuclear matter effects.

W(2S) suppression is stronger
than the one of J/y

Same initial state CNM effects
for J/p and w(2S)

Other mechanisms needed to
explain @(2S) behaviour?
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CNM for Y o

Rpr

14 p-Pb \'s,, =5.02 TeV
Inclusive Y(1S)—p'w
1.2
Hint of Y suppression at forward
1 $ rapidities
O.ST
081 LHCb: . <15 GeV/c (arXiv:1405.5152) ﬁ Qualitative agreement with models
0.4:_ e ALICE: pT>O(preIiminary) W|th|n the Uncerta|nt|es
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Excited/ground state ratio seems to 015 + /Y(3S)N (1S)

vary wrt to event multiplicity (at 01 "4 .
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CMS Coll., JHEP 04 (2014) 103 Nrecs
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Conclusions &

* Llarge array of heavy flavour measurements at RHIC and LHC
— different energies and collision systems

— p(d)-A is the system to study CNM effects, but also different x regimes and
possible collective effects on heavy flavours

* Open charm/beauty strongly affected by the medium

— from RHIC to LHC: similar suppression at high p1, enhancement at low p; at
RHIC

— mass dependence of suppression trends in agreement with models
— positive v, suggests collective motion for ¢ quarks at low p; at the LHC
* Quarkonia
— from RHIC to LHC :J/Y (re)combination effects at LHC, less relevant at RHIC?

— Y hierarchy in suppression according to their binding energies

* Next: more precise measurements to sharpen the conclusions
— RHIC: High-statistics runs, new detectors and future upgrades

— LHC: Run 2 and detectors/machine upgrades

23
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D- hadron azimuthal correlations:

pp vs p-Pb
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QpPb for D mesons
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(PNP/d ydp.) / (PNP/d ydp_)
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RpPb: ALICE and LHCDb INH
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