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Outline

4 Physics motivations
O Open-heavy flavours and quarkonia with ALICE
[ Selection of results in p-Pb and Pb-Pb collisions
» Nuclear modification factor
= Elliptic flow
» Model comparisons
 Conclusion



Heavy flavours as a medium probe

» Large mass (m,~ 1.5 GeV, m, ~ 5 GeV) — heavy quarks are produced in initial hard
scatterings with a short formation time t; ~ 1/2m_,, ~ 0.1 fm/c << 14gp ~ 5-10 fm/c
» Experience the full collision history, sensitive to the medium properties

path length L

Open heavy flavours in A-A collisions
O Probe parton energy loss (high py)
O Participation in the collective expansion (low py)

statistical regeneration

Quarkonia (cC, bb) in A-A collisions “ s - ©

0 Suppression by colour screening O o O

O Regeneration via recombination o o
of heavy quarks

—

sequential suppression

3/ Production Probability

\C:T'Stu ;

Phys.Lett B 178 (1986) 416 Energy Density
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Observables dNpp /dp
U Nuclear modification factor: R = LHi N e
aa(pr) = 1/(Neon) X A
- . 27 dN B
Q Elliptic flow, v.: il N + Z‘Zvncos{n(gp —U,)] with va = (cos[2(¢ — ¥,)])

N dy — .



Heavy flavours in pp and p-A collisions

The heavy-ion physics program with heavy flavours requires also:

p-A collisions
O Control experiment for A-A collisions
O Cold nuclear matter effects
* Nuclear modification of Parton
Distribution Functions (PDF):
shadowing or gluon saturation
= Energy loss
= K;broadening, multiple interactions
= Nuclear absorption of quarkonia

pp collisions

 Reference for A-A collisions

O Test of perturbative QCD calculations
O Insights into production mechanisms
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ALICE central barrel

central barrel

Semi-electronic decays
D, B, A, ... > e + anything
Hadronic decays:

D » Knt  D* > K*Kn*

D* » Kn*tnt D** — DOx*
Charmonium:
JI¥Y — ete
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Track selection
sl = Acceptance & geometrical cuts
— = Tracks matched with trigger

= Pointing angle to the vertex

ut <« b, c

» Subtract remaining background
U <« primary rt, K decays with
data-tuned MC cocktail

Quarkonia
» Invariant mass analysis
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Open heavy-flavour results

3 p-Pb collisions at \syy = 5.02 TeV

v Rapidity shift: |Ay| = 0.465 in the p-beam direction (positive y)
v" Two configurations:

» p-Pb, muon spectrometer in p-going direction

» PDb-p, muon spectrometer in Pb-going direction

3 Pb-Pb collisions at Vsy, = 2.76 TeV

D-meson results: see also M. Figueredo talk, July 22", 12:25
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minimum bias collisions
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1 Nuclear modification factor (R,p,,) consistent with unity within uncertainties
in the region p; > 2 GeV/c
1 D-meson Rp,, in agreement with:
= Perturbative QCD calculations including EPS09 parameterization of shadowing
» Color Glass Condensate (CDG) predictions
= Model including energy loss, shadowing and k; broadening 8



Heavy-flavour decay electrons: R 5, vs p;
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0 R, p, consistent with unity within uncertainties for electrons from
heavy-flavour hadron decays and beauty-hadron decays

0 R,p, in agreement with perturbative QCD calculations including EPS09
parameterization of shadowing

FONLL: M. Cacciari et al., JHEP 007 (1998) 9805, JHEP 006 (2001) 0103
pQCD NLO (MNR): Nucl. Phys. B 373 (1992) 295, EPS09: K. J. Eskola et al., JHEP 04 (2009) 065
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- p-Pb | 5, = 5.02 TeV, ¥ c,b decays 1

F 2.5<y_ <3.54 1

- ALICE Preliminary 5
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p-Pb | 5y = 5.02 TeV, u* c,b decays ]
-4<y,<-2.96 ]

ALICE Preliminary

—— NLO (MNR) with EPS09 shadowing
systematic uncertainty on normalization

1]

2 4 6 8 10 12 14 16
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d R,pp at forward rapidity consistent with unity within uncertainties over the

whole measured p;region

d R,pp at backward rapidity slightly larger than unity in 2 < p; <4 GeV/c and

close to unity at higher p;

0 Rypp in agreement with perturbative QCD calculations including EPS09

parameterization

pQCD NLO (MNR): Nucl. Phys. B 373 (1992) 295, EPS09: K. J. Eskola et al., JHEP 04 (2009) 065
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D mesons: Ry, VS pr and centrality
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d Strong suppression at high p; in central Pb-Pb collisions relative to the
binary scaled pp reference (a factor of about 4 at pr=5 GeV/c in 0-7.5%)

1 Measured suppression is a final-state effect (R,p, close to unity)

O Non-prompt J/V¥ (i.e from B decays) measured by CMS more suppressed
than D mesons in central collisions: consistent with the expectation

AE. > AE, (due to the dead cone effect, phys. Lett. B 519 (2001) 1999)
[Similar <p;> (~10 GeV/c) for D and B — J/V¥, rapidity range slightly different] 11



Heavy-flavour decay leptons: R, VS pr
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d Strong suppression measured at high p; in the most central Pb-Pb
collisions (a factor 3-4 in 4 < p;< 10 GeV/c) for both heavy-flavour decay
electrons (|y| < 0.6) and muons (2.5 <y <4)

1 Measured suppression is a final-state effect (R, close to unity)

O Hint for a suppression of electrons from beauty-hadron decays in Pb-Pb:
Raa< 1 for p;>3 GeVic
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Heavy-flavour decay lepton v, in Pb-Pb

initial spatial anisotropy — momentum anisotropy

— — = n - \I}n
W 3 1+ Z 2upcos[n(p ]

n=1

with vo = (cos[2(p — W,,)])

ef«c,b;ut<«c,b
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[ ALICE Preliminary ] . . . .
0.4F o Hoauy favour decay o, voE. o 03], 1 <07 (> 30 effect) in semi-central collisions and
E —=— Heavy-flavour decay i, v,{2}, 25 <y < 4 E at intermediate pT
e Pb-Pb, Sy = 2.76 TeV > Significant interaction of heavy quarks

20-40% Centrality Class . .
] with the medium

» Suggest collective motion of low p;
: B 5 heavy quarks (mainly charm) in the
L U= =¥ E expanding fireball

O Positive v, also measured for D mesons

11 1 11 1 11 1 11 1 11 | | | I 11 1 i
0O 2 4 6 8 10 12 14 (ALICE, Phys. Rev. Lett. 111 (2013) 102301 )
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U Reasonable agreement with models including in-medium energy loss
O Simultaneous measurement of R,, and v, allows one to constrain models 4,



Quarkonium results

3 p-Pb collisions at \syy = 5.02 TeV

v Rapidity shift: |Ay| = 0.465 in the p-beam direction (positive y)
v" Two configurations:

» p-Pb, muon spectrometer in p-going direction

» PDb-p, muon spectrometer in Pb-going direction

3 Pb-Pb collisions at Vsy, = 2.76 TeV




Backward Mid-rapidity
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calculations including EPS09 shadowing
O Coherent energy loss model

== overestimates the suppression at forward
rapidity and low p+

O CGC model overestimates suppression
at forward rapidity

[ EPS09 NLO (Vogt)
[ CGC (Fuijii etal.)
[ ELoss with g _=0.075 GeV'/fm (Arleo et al.)

[ £°509 ML ELoss with 4,005 Geviim oot JMP E22 (2013) 1330007; K.Eskola et al., JHEP 04467 (2009) 065;
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JIY Ru,: differential measurements in Pb-Pb

ALICE rapidity regions: |y| <0.8,2.5<y <4

< 1.4 < 141
< | ALICE Pb-Pb |, = 2.76 TeV < | Pb-Pb |5, = 2.76 TeV and Au-Au |, = 0.2 TeV
Ay [ o [
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’H m Jv - pt, 2.5<y<4, 0<pT<8 GeV/c global syst.= + 15% i ¢ PHENIXJhy — p*y, 1.2<|y|<2.2, centrality 0%—20%  global syst. = + 10%
] 1 L
0.8 :—H 0.8
s } f L
0.6 __ 0.6 :_ H
0.4 0.4F B
0.2} 02b@m @ B [T ;
0:Illl|llllllllllllllllllllllJJ]JJ]JIJIJI 0_""l""I""I""I"lll"'llll'llllll
0 50 100 150 200 250 300 350 400 0 1 2 3 4 S 6 7 8
(Npa W P, (GeV/c)

ALICE, Phys. Lett. B 734 (2014) 314

O Clear suppression at forward rapidity, slightly larger than measured at mid-rapidity
in central collisions

O Suppression measured at the LHC increases with increasing p; and is smaller than
that observed at RHIC

L Results consistent with a significant fraction of J/'¥ from recombination at
low pr 17



J/V elliptic flow in Pb-Pb

« 0.3
> " ® ALICE (Pb-Pb\s, =2.76 TeV), centrality 20%-40%, 2.5 <y < 4.0

0.2F
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ALICE, Phys. Rew. Lett. 111 (2014) 162301

4 Positive v, in semi-central collisions (20-40% centrality) at intermediate p;
(2.70 effect)

O Consistent with a significant fraction of J/¥ from the recombination of
charm quarks in a flowing medium
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¥(2S): R,py, VS pywith comparisons to %

J/¥Y results and models

p-Pb: backward rapidity p-Pb: forward rapidity
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ALICE, arXiv: 1405.3796

O W(2S) more suppressed than J/V at forward and backward rapidity
O W(2S) suppression not described by model predictions including only initial-state
effects

O Indication for sizeable final-state effects on W(2S) production such as the
interaction of the cc pair with the final state hadronic system formed in
p-Pb collisions 19



p-Pb Pb-Pb ALICE, arxiv:1405.4493

< 1.4r , ,
p-Pb {5y, = 5.02 TeV %% lf: ~ Pb-Pb\s,, =276 TeV, inclusive T(1S), P> 0

B . -1 i
Inclusive Y(1S)-y'\r, p,>0 ALIGE 1.2 e ALICE: L, =69 ub”, 0-90% (open: reflected)

12 - = CMS: L, =150 ub™, 0-100% (PRL 109 (2012) 222301)

A. Emerick et al., EPJ A48 (2012) 72

0.8 [ Total Primordial - -- Regenerated

. Backward

T
+

- Forward
0.4
~ Ly (-4.46<y__<-2.96)=5.8 nb™
02— Lin(2.04<y_ _ <3.54)=5.0 nb"’
o ' I : : - ' : ' Rl edririeted
0y 3 2 1 0 1 2 3 4 5 z A
yCmS y

p-Pb: indication of a suppression at forward rapidity and consistent with
no suppression at backward rapidity
Pb-Pb: strong suppression at forward rapidity that cannot be ascribed to
only cold nuclear matter effects

= Larger at forward rapidity than at mid-rapidity
Pb-Pb: transport model does not reproduce the R,, rapidity dependence
and underestimates the measured suppression

20



Conclusion

Open heavy-flavour measurements

O Open heavy-flavour production in p-Pb collisions is well described by pQCD
calculations including shadowing predictions

O The measured suppression of open heavy-flavour production at high p in
central Pb-Pb collisions is a medium effect (R,p,, close to unity at high py)
related to in-medium parton energy loss

O Heavy quarks participate in the collective expansion of the system

Quarkonium measurements

O J/Y¥Y suppression in p-Pb collisions is in reasonable agreement with
shadowing and coherent energy loss models

O Final-state effects on the W(2S) production in p-Pb collisions

U The measured J/YV suppression in Pb-Pb collisions is consistent with
a significant fraction of J/'¥ from regeneration (low p+)

U The Y suppression in Pb-Pb collisions is not reproduced by models

More measurements to come with the LHC run Il and ALICE upgrades
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Data samples: p-Pb, Vsyy = 5.02 TeV

Observable Integrated luminosity

254 ub (low p; p trigger, backward rapidity)
5.8x103 pb! (high p+ p trigger, backward rapidity)

5.0 nb-" (unlike-sign u trigger, forward rapidity)

L 2SN 5.8 nb™' (unlike-sign p trigger, backward rapidity)

[Ty
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Data samples: Pb-Pb, Vs, = 2.76 TeV

Observable Integrated luminosity

2010: 2.0 ub(0-80%)
2011: 22 (37) ubin 0-10% and 6 (34) ub" in 20-40% with
MB (EMCAL) triggers

2010 & 2011:: 27.7 ub'in 0-90%

25
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- ALICE p-Pb, | $,,=5.02 TeV
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5 - " O —=— Average D°, D", D* E
Prompt D° Prompt D Prompt D ALICE C [t
me rompt 4 Frompt § Frompt I s -0.96<y_ <0.04

F p-Pb, | 5,,=5.02 TeV 1.4f =]

16 -0.96<y, <0.04

-t E

! ; -- | o4 :

. [ ----CGC (Fujii-Watanabe) 7

0_2:_ 1 3 + 4 0.2 [ == pQCD NLO (MNR) with CTEQ6M+EPS09 PDF ]
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» Reconstruction of hadronic decays displaced from the interaction vertex
O Nuclear modification factor (Rp,) consistent with unity within uncertainties
for all D-meson species with no significant p; dependence
1 D-meson Rp, in agreement with:
» Perturbative QCD calculations with EPS09 shadowing
= Color Glass Condensate (CDG) predictions
= Model including energy loss, shadowing and k; broadening

ALICE: arXiv:1405.3452

CGC: H.Fujii and K. Watanable, arXiv: 1308.1258

pQCD NLO (MNR): Nucl. Phys. B 373 (1992) 295, EPS09: K. J. Eskola et al., JHEP 04 (2009) 065

Vitev: Phys. Rev. C 80461 (2009) 054901 26



W-boson production in p-Pb
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O Production cross sections of muons from W-boson decays measured at
forward and backward rapidity
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The LHC: a heavy-flavour factory
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@ ALICE,pp 1s=7TeV, |y|<0.9
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PLB 721 (2013) 13 & arXiv:1405.4144

0 Abundant heavy-flavour production rates at the LHC, have been

measured in pp collisions
* o.(LHC)=0,(RHIC) x 10
* o,(LHC) = 6,(RHIC) x 50

Q Central (5%) Pb-Pb (LHC, 2.76TeV) : ~60 cc & ~2 bb

(MNR code: Nucl. Phys. B 373 (1992) 295; EKS98, EPS08: EPJ C9 (1999) 61, JHEPO7 (2008) 102)



Differential cross sections in pp, Vs = 2.76 TeV

D mesons s« Db, c et <« Db
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0 Good agreement within uncertainties with Pqcd calculations
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Heavy-flavour decay muons in p-Pb

forward-to-backward ratio

o LN LR L NN NS BN BLELELE B
c 22 p-Pb | 5, = 5.02 TeV, u*« c,b decays
2.96<|ycms|<3.54

1.8 ALICE Preliminary

0.4 NLO (MNR) with EPS09 shadowing
0.2 systematic uncertainty on normalization
0 L 1 1 I 1 L 1 I 1 1 L I L 1 L I 1 L L I L 1 L l L L L I L L L I

0 2 4 6 8 10 12 14 16
pT(GeV/c)
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Particle IDentification (PID) in ALICE
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« quarkonium detection down to p;= 0 (unique at LHC) o\ artexing *# « o... ..
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Charmonium production in pp

ALICE pp, 2.5<y<4
— pp y

—

— '%w
;

:

q,/dydpt (ub / GeV/c)

B Vs=2.76 TeV 3% luminosity)

2
d°o,,
o

A V5= 7 TeV (£5.5% luminosity)
E;

(M. Butenschoen et al., priv. comm.)

= 2.76 TeV, CS+CO NLO

Vs= 7 TeV, CS+CO NLO

(M. Butenschoen et al., Phys. Rev. D84 (2011) 05150

'2|\I\‘I\II‘IIII‘IIII‘\I\I'\III'
09— 1 2 3 4 5 6 7 8

P, (GeV/c)

O J/¥Y measured in pp collisions at 2.76 TeV and 7 TeV
O Good agreement between data and theory
O Reference data for p-Pb and Pb-Pb
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J/VY production in p-Pb collisions

Ct% 1,4:— ALICE inclusive J/y—p*y
- p-Pb, backward
£1.2F _m_
oc i H .__m_
e i """"" p-Pb, forward
[ —8 - - ’
0.8 __ E [}
0.6 —#— "
0'4;_ ¢ : — @ Pb-Pb, forward
N @ p-Pb: 2.03<ycms<3.53, \ S\= 5:02 TeV (preliminary)
02 N @ p-Pb: -4.45<ycms<-2.96, | S\= 5-02 TeV (preliminary)
[ A Pb-Pb:25<y <4, |s,=2.76 TeV, 0-90% (arXiv:1311.0214)
0IIIIiIIllniwlllllllllllIIIIIIIIIIIIIIIIII

0 1 2 3 4 5 6 7 8
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Cold nuclear matter effects are not negligible, in particular at forward rapidity
Different p; dependencies of the nuclear modification factor in p-Pb and
Pb-Pb collisions

d Hint for enhancement at low p; in Pb-Pb relative to p-Pb and the
suppression at high p; is a hot matter effect 33
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J/V elliptic flow

K 0.3
i %%%% Pb-Pb \s,, = 2.76 TeV, Centrality 20% - 60%
3 Jy:25<y<4.0, p 20GeVic
. ALICE iminary: 6- i _
O.EP PRELIMINARY B ALICE preliminary: 6-A¢ method with VZERO-AEP

-

~— Transport model: R. Rapp et al. (priv. comm.)

T '|' LA A

Transport model: P. Zhuang et al., b thermalizedl{priv. comm.)

------ Transport model: P. Zhuang et al., b not thermalized (priv. comm.)

JlIIIJLI]IJIILIJI.IJI|.IJlIJIllILIlIILIJlI]IlIJI.II.I

0 1 2 3 4 5 6 7 8 9 10
p; (GeV/c)

4 Indication of a non-zero v, at the LHC
Q In favour of production in the QGP i.e. from charm quarks (regeneration)
4 In contrast to this observation, STAR experiment at RHIC measures v, =0
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Y production in pp collisions

d?s/(dp_dy) (nb/(GeV/c))

10

L) I T I Ll I L) T T I L] Ll I I Ll
pp \S'= 7 TeV, inclusive Y(1S), 2.5<y<4

m%

é

Hﬂ-l

1 lllllll

=~

1 lllllll

O Nice agreement between the ALICE and LHCb experiments
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" Scaled CSM direct Y(19)
Lo
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—e— ALICE, inclusive Y(1S)
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2 4 6

O pp results: understanding production mechanisms
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10 12

P, (GeV/e)
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ALICE, arXiv:1405.4493

<1.4 <1.4 ; ;
B ° ALICE: Pb-Pb \SNN =276 TeV Lmt - 69 ub-1 Q:< N Pb-Pb \SNN =2.76 TeV, inclusive T(1S), pT >0
10 1 o e ALICE: L, =69 pub", 0-90% (open: reflected)
. Inclusive Y(1S), 2.5 <y <4,p >0 C w COMS: L, = 150 ub™, 0-100% (PRL 109 (2012) 222301)
| bl | bty
B . ~  A.Emerick et al., EPJ A48 (2012) 72
- A. Emerick et al., EPJ A48 (2012) 72 o _
08 [ Total ) Primordial - - Regenerated 0.8~ [[@Total Primordial - -- Regenerated
0.6 0.6
0.2 2 0.2
0: ----- ) et s Sl A i AU S S S S T Srur S IS S S Ojrl--l-l--rl--ll ' III-I-I-I-I--l-I-I-I-l-I TR I |-|-|-r|--|-|-|-|
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N y

O Strong Y suppression at forward rapidity in Pb-Pb collisions that cannot be
ascribed to only cold nuclear matter effects
» Increases with increasing centrality
= Larger at forward rapidity than at mid-rapidity
d Transport model does not reproduce the R,, rapidity dependence and
underestimates the measured suppression at forward rapidity
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Y measurements in p-Pb collisions

R pPb

14— p-Pb |5, = 5.02 TeV

. ALICE

1.2 ‘\ PRELIMINARY)]

Consistent with
NO suppression
at backward

- Consistent with
- suppression
E e Inclusive Y(18)—p"w, p_> 0 (preliminary) ~ at forward

0.4

Eloss (Arleo et al., arXiv:1212.0434):

I Eloss
[ ELoss + EPS09 NLO

0.2

O Forward: better agreement with energy loss and shadowing
O Backward: better agreement with energy loss
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