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HLICE Outline

Why heavy flavour?

— heavy quarks (charm and beauty) probe the properties of
the Quark Gluon Plasma (QGP)

Heavy-flavour hadrons in ALICE

— Reconstruction strategy
— Results

Why and how to upgrade the detector?

Heavy-flavour prospects with upgraded detector



% Why heavy flavour at the LHC ?

ALICE

LHC as a heavy-flavour factory
> Large cross section for ccand bb production

_ . i 10°
> for example: cc cross section >5 times ‘

larger than at RHIC energy

m.~1.5 GeV, m,~5 GeV
» produced at the early stage of the collision
At<1/2m_~0.1fm/c<< 1,2 ~1fm/c
= temporal and spatial scales sufficiently small for
the production to be unaffected by the properties
of the medium
» while propagating through the medium heavy quarks
interact with its constituents
= elastic and inelastic QCD processes depend on
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Heavy-quark interaction with the QGP

ALICE

» Energy loss via radiative and collisional processes:

Theoretical prediction: AEg> AE, 4> AE > AE,, color charge and mass dependence of energy loss

u.d.s dN,., / dp,

Key measurement: Nuclear modification factor: RAA(pT):(N TN, /b, E

Prediction: R,, (1t) ~ Ry, (D) (or slightly smaller) w

difficult to compare: different production kinematics and fragmentation between light E-AE

partons and charm quark tend to compensate the color-charge dependence of AE Y.L.Dokshitzer, D. Kharzeev
and RAA (D) < RAA (B) Phys. Lett. B 519 (2001) 199



Heavy-quark interaction with the QGP

ALICE

» Energy loss via radiative and collisional processes:

Theoretical prediction: AEg> AE, 4> AE> AE, color charge and mass dependence of energy loss

Key measurement: Nuclear modification factor: RAA(pT):(N >3EM;SpT E
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difficult to compare: different production kinematics and fragmentation between light E-AE

partons and charm quark tend to compensate the color-charge dependence of AE Y.L.Dokshitzer, D. Kharzeev
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and R,, (D) <R,, (B)

Azimuthal anisotropy:
sensitive to the thermalization of c and b quarks in QGP
low-p; c and b quarks participate in the collective expansion of the system?

path-length dependence of energy loss?
Key measurement: elliptic flow v, and R,, dependence Initial spatial anisotropy >
2 AA momentum anisotropy of particles

on the azimuthal angle relative to the reaction plane




% Heavy-quark interaction with the QGP

ALICE

» Energy loss via radiative and collisional processes:
Theoretical prediction: AEg> AE, 4> AE> AE, color charge and mass dependence of energy loss

Key measurement: Nuclear modification factor: RAA(pT):(N >3'I:M;:pT E

Prediction: R,, (1t) ~ Ry, (D) (or slightly smaller) 17 on P

difficult to compare: different production kinematics and fragmentation between light E-AE
partons and charm quark tend to compensate the color-charge dependence of AE Y.L.Dokshitzer, D. Kharzeev

Phys. Lett. B 519 (2001) 199

and R,, (D) <R,, (B)

» Azimuthal anisotropy:
= sensitive to the thermalization of c and b quarks in QGP
= low-p; c and b quarks participate in the collective expansion of the system? s

= path-length dependence of energy loss?
Key measurement: elliptic flow v, and R,, dependence Initial spatial anisotropy >
_ _ 2 AA . momentum anisotropy of particles
on the azimuthal angle relative to the reaction plane

» Hadronization mechanisms:
Recombination of quarks from the QGP might contribute to HF hadron production

Coalescence models predict an increase of baryon-to-meson ratio for light and heavy flavour
(S.H.Lee Phys. Rev. Lett. 100, 222301 (2008); Y. Oh, C.M.Ko et al., Phys. Rev. C79, 044905 (2009))

Prediction: enhancement of ratios strange/non-strange (D./D)
a nd ba ryO n/meson ( /\C/D) (M. He, R. J. Fries and R. Rapp, (2012) arXiv:1204.4442; Kuznetsova, Rafelski, Eur.Phys.J. C51 (2007) 113.)



Reconstruction of heavy-flavour hadrons
ALICE in ALICE

Where does charm go? Channels studied:

charmonium DO—) K_T[+ B CT = 100 - 300 u.m:

9.4% /  1.5%

20.0% D*— K_Tg ' __| displaced decay vertex is
D*™*— Dox*
49 ) signature of heavy-quark
7 D>t — KKt
213%  Ongoing studies: decay
At K-1c*
AC’:)) EO ;c } ct = 60 um ! challenge!
C S
15.2 %

T

Phys Rev D 86 010001 (2012) Courtesy of J. Mercado, 2013

pointing angle 6
e < pointing

0
D reconstructed momentum

secondary vertex

impact parameters ~100 um

Open-charm reconstruction based
on invariant mass analysis of the » tracking and vertexing precision
secondary vertex topology, displaced crucial for heavy-flavour analysis
from the primary vertex,

selected using geometrical cuts and
particle identification




D-meson reconstruction with
ALICE the ALICE detector

+»» Excellent track and vertex reconstruction capabilities in a high multiplicity environment in
a wide transverse momentum range
* Particle Identification in wide p; range (auce co. cern-pr-ep-2014-031)

» Inner Tracking System (ITS)

i \' eSS e > Vertex reconstruction
i Chambe“ o) > Tracking
» Time Projection Chamber (TPC)
» Tracking

> Particle Identification
» Time Of Flight (TOF)
> Particle Identification
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» Vertex reconstruction
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D-meson reconstruction with
ALICE the ALICE detector

¢ Excellent track and vertex reconstruction capabilities in a high multiplicity environment in
a wide transverse momentum range
* Particle Identification in wide p; range (auce co. cern-pr-ep-2014-031)

» Inner Tracking System (ITS)
» Vertex reconstruction
» Tracking

» Time Projection Chamber (TPC)
» Tracking
» Particle Identification

» Time Of Flight (TOF)
> Particle Identification
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D-meson reconstruction with
ALICE the ALICE detector

¢ Excellent track and vertex reconstruction capabilities in a high multiplicity environment in
a wide transverse momentum range
* Particle Identification in wide p; range (auce co. cern-pr-ep-2014-031)

» Inner Tracking System (ITS)
» Vertex reconstruction
» Tracking
» Time Projection Chamber (TPC)
» Tracking
» Particle Identification

» Time Of Flight (TOF)
> Particle Identification

Pb-Pb \Sy=2.76 TeV




ALICE

D-meson R,,

R =
alPr) (N ) dN_ / dlp;

1 dN AA / de sped'itors

i,
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participants

Central collision:
= Small impact parameter b

:-/

G i
e ::'.:' * lLarge number of nucleon-nucleon
. . .
¥ collisions <N ;>
spectators

D meson R,, vs p;0-7.5% centrality class

» Strong suppression observed
w.r.t the binary scaled pp reference in
the p;range 2-24 GeV/c

» Factor 3-5 for p;>5 GeV/c

» Same suppression for different
non-strange D-meson species




ALICE

D-meson R, ,

1 dN, /dp;
(N ) AN / dp;

Ru(Pr) =

spectators
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Central collision:

= Small impact parameter b

= Large number of nucleon-nucleon
collisions <N ;>

- ALICE —=—p-Pb, {5=5.02 TeV -
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Comparison with p-Pb results indicates that the
suppression observed in Pb-Pb is due to
final state effects induced by partonic medium

ALICE Coll. CERN-PH-EP-2014-90 arXiv: 1405.3452




D.-meson R,,
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. Study of flavour dependence of RAA

ALICE

» Rya (1) ~R,, (D)

compatible within uncertainties

Hint of Ry, (D) >R, (1) at pr~ 4-5 GeV/c ?
= Higher precision needed!

» Comparison with beauty (CMS):

" p,interval for D mesons chosen in order
to have similar kinematics w.r.t. B mesons
decaying in J/Y
—> <p;>of about 10 -11 GeV/c

for both D and B mesons
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Pb-Pb collisions, described by models including the
mass dependence of in-medium parton energy loss

0.4

0.2f

35
P, (GeVlic

0

4
)

8<pT<16 GeVlc, ly|<0.5

[0 Correlated systematic uncertainties —|
] Uncorrelated systematic uncertainties

\\I\II\I‘I\\I I\\\Il\l
m ALICE Preliminary D mesons

i
[

¢ CMS F'-r-éﬁ-n-winary Non—prorﬁb_l_:J:‘{J“_

6.5<pT<30 GeV/c, lyl<1.2
[ Systematic uncertainties

CMS-PAS-HIN-12-014

B g
M o

L Pb-Pb, {5y = 2.76 TeV

50

100 150 200 250 300 350 400

{ Npa ], weighted with Nco">

10



Elliptic flow: v,

ALICE

The anisotropy is quantified via a Fourier expansion
in azimuthal angle () w.r.t. the reaction plane (\Yyp)

N N
AN _No 140, cos(qo-l}fﬂpp{zu, CDS[Z(Q?—IIIRP)]I-F...)
dp 2x -

Do heavy quarks take part in the collective expansion of the medium?
D-meson v, >0 in 2-6 GeV/c and comparable with charged-particle v,

] e L B R =
 ALICE Pb-Pb, sy = 2.76 TeV |

Centrality 30-50% _
B » Information on the initial azimuthal
0.0 <§> \ —E— anisotropy of the medium transferred
| to charm quarks

j $ o JT : » Consistent with strong coupling of ¢

4 o quarks with the medium
- (ALICE Collaboration, Phys. Rev. Lett. 111, 102301 (2013)

¢ Charged particles, v,{EP,|An[>2}
= PromptD°.D', D~ average, |y|<0.8, VQ{EP}
~ [__] Syst. from data

-0.2—[ ] Syst. from B feed-down —

A AR RS AT B R I N T SRR

0 2 4 6 8 10 12 14 16 18
P; (GeV/c)




. R, @and v, compared with models
ALICE
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(ALICE Collaboration, Phys. Rev. C 90 034904 (2014))

medium energy loss models

Challenging for models to describe simultaneously R,, and v,

* large suppression of D mesons in central collisions

e azimuthal anisotropy in non-central collisions.

- R,,and v, measurements together start to provide constraints for the in-
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ALICE Upgrade: Why and How?
ALICE

Improve precision of heavy-flavour measurements " ;
e e . . « | FullALICEU trategy:
to get further insight in the properties of the QGP [ ALICE Upgrade: | B e e e ruesdos 2:00

¢ Higher integrated luminosities

< Improved resolution of the primary and decay - .Fast(?r-readout- of ALICE sub-detectors
vertex _in m|n|mum-b|asj mode |
> higher statistical precision to put more “% New Inner Tracking System with
stringent constraints to models improved tracking precision and

—>possibility of measuring rare probes (A_A, ...) efficiency

which are not accessible with current setup
» Allow for the measurement of D

mesons with higher precision and

= 400

ETOR: ALICE :
%’ 222 . Current ITS (data) 4 extend to low Pt I’egion
= t L{ JPYraucu o ]
2 250 \\ y - | » Open the way to the measurement of
€ 200/ b § B-meson R,,, A and A,
S 150/ T f
£ [ z Heag :
S 100 \\ N Ehiiann e
P . ]
50; R, eee, ]
E S My o N 1
(CERN-LHCC-2013-024) 0 ] 0
P, (GeVic)
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Upgrade: D-meson R,, and v,

g 27I T T ‘ T 171 | T T | | L ‘ T 171 | T T | ] >C\| 0.47\ T T \| T | 1T | T ‘ T ‘ T | ITT ‘ T \7
s - o 1 - . — ]
1.8-ALICE Upgrade = Pb-Pb.\js,,=5.5TeV - 0.35- Pb-Pb, sy, =5.5 TeV 4

- _ -1 i 0.109% r ]

- Li: =10 nb", centrality 0-10% = . 3: penans s Centrality 30-50% 1

= D% Kt B . o0 1.6x10"% events -
o L : ] - D= Kn ]

A Non-prompt J/y— ee” ALICE 1 0.251 B

C (stat. only) 23092013 ] C —=— prompt .

o . —— = a " —e— from B -

+ E - ° }

. ﬂ + ] 0/15F o, Study quark mass
i) + 3 C Poao dependence of v,
- -::l- E - "Pogg —

C —_— & b E s®*° %0 ., . DDDDDDDDDDDD;
- T - ] olosE s tetrea... s I
- — f{; TR F
L | TN T S T T A B N B O B B C |||||||\||\||\\||\||||\||\:

|
o~ 5 10 15 20 25 30
pT(GeV/c)

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

D-meson reconstruction with the upgraded ALICE detector:
% D°R,,: down to p; = 0 and higher precision
s D° from B meson :
B-meson measurement via displaced D°and J/{
% D-meson v, :
= precise measurement of prompt D and D from B meson
= downtop;=0
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Upgrade: heavy-flavour hadronization?
ALICE A.and A,

Baryon/meson enhancement: measured in ALICE in p/nt and A/K
Extend measurement to HF sector? A /D, A, /B

N, (ct = 60 um) not accessible with the current ITS in Pb-Pb collisions
+* Upgrade:
* Improvement in resolution allows for cleaner vertex separation
—> N\, production measurable down to 2 GeV/c with good precision
= N,— At accessible for the first time in ALICE  (cern-LHcC-2013-024)

o 10 TTT TTT TTT TTT ‘ T 1T | T 1T | T 1T ‘ TTT | T 1T | TTT ‘ TTT q) TT ‘ TTT ‘ TTT ‘ TTT | TTT | TTT | TTT | TTT ‘ TTT ‘ TTT ‘ T 1T | TTT | T
= T S 4L i — I
8 : Pb-PbAS g =55 TeV - .§ 14: Ap— AlT Pb-F_>1b,\ SN = 5.5 TeV]
§Q - L. =10 nb", centrality 0-20% - "'cén 1o Liny = 10 nb", centrality 0-20% 7

o L 4 = i Bl
& . —— ALICE A/K{ param (2.76 TeV) ® ok e
% [ | TR Ko et al. (200 GeV) i - .
< | m ——TAMU, Rapp et al. (2.76 TeV) | Bi | =

L/ ﬂ - 6 T -

4a- L -

0 : | -

1 “ ] 2 ]
[ ‘ L1 | L1 | ‘ L 11 | L 11 | 111 ‘ 111 | L 11 | 111 ‘ L1l O:\ 11 ‘ 111 ‘ 111 ‘ I 11 | I 11 | I 11 | 111 | 111 ‘ 111 ‘ 111 ‘ 111 | 111 | I:
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p; (GeVic) p, (GeVic)
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% Upgrade: heavy-flavour hadronization?
ALICE Ds

Coalescence mechanism and strangeness enhancement: D vs D

*» Upgrade:
% Reduce strongly the uncertainties and extend the measurement in the low p; region
% Possibility to measure v, of D,

Raa: Uncertainties reduced; extended p; coverage

Opsn markers: pp p,-&xirapolatsd refarance - 1 . 2 D ; —> K _ K _TE N (stat. only) pEEFIE!}EE:E

|- =
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oaf H i ] 0-8ﬂ .

< 2_ T T T 1 | T T T | T T 1 | T T 1T 1 | T T T | T T T | ]
o - — ]
Q 2T ....|... T 18__AL|CE Upgrade Pb_Pb,\l,‘SNst_s TeV —
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g8 NN : -+ _ -1 L1010
S o NG 3 1.65 L = 10 nb", centrality 0-10%
2 F « Average D°, D", D'* 0-7.5%, [y|<0.5 - - N
1A oD;D-??S%, yl<0.5 ’ ] 1.4~ D' Knt (Zi?'ﬁ?]
1.2 Filled markars pp rescaled red derence | : -+~

1

02f ﬂl‘r&i—ﬂ——ﬂ— m — o6 Tt
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Conclusions
ALICE

HF results in Pb-Pb collisions:
» Strong suppression for p;>5 GeV/c in central Pb-Pb collisions w.r.t. the binary scaled pp
reference in the same range

= due to the charm quark energy loss in the QGP, confirmed by R ;,~1
» Ry, (D) < Ry, (B) larger suppression for charm than beauty

= described by models with mass-dependent energy loss
» Comparison between R,, () and R,, (D) not conclusive with current statistics
» D-meson v, >0 in 2<p;<6 GeV/c

= compatible with light-hadron v,

—>charm quarks participate in the collective expansion of the medium

ALICE has a strong upgrade programme for precision QGP studies through HF measurements
» better tracking precision
» enhanced readout capabilities
= R, and v, measurement possible down to zero p; , higher precision, open the possibility to
study other interesting channels

The ALICE upgrade will mark the transition from the exploratory phase to the era of precision
measurements with heavy quarks
17
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Semi Leptonic decays: R, ,

ALICE

R,a: €lectrons and muons from
charm and beauty hadron decays
Clear suppression in 3<pt<18 GeV/c
for electrons

and in 4<pT<10 GeV/c for muons
in the 10% most central Pb-Pb
collisions

Different rapidity range:
ML:2.5<y<4
e: |y|<0.6

Cig

1.6}

1.4

1.2

0

:|||||||||||||||||||||||| ------ |:
- :_ — BLICE _:
Pb-Pb, U Sppy = 276 TelV CALEUATIE o

1A
0.8f
06f
0.4f
02f

4 Hesony Pavour decay p= 0-105¢ cantral, 2 5=y<4.0
Hesvy favour decay & 0-107: cantral, hi<0.8

®  with pp ref. from scaled cross section at V5= 7 TaV

#  with pp ref. from FONLL calculation at ¥s =278 TeV

0 2 4 G a 10 12 14 1 8
pT{Geﬁ‘-.-'fcu

Heavy-flavour decay muon R,, at forward rapidity compatible
with that of heavy-flavour decay electrons at mid-rapidity
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Study of flavour dependence of R, ,

:1.4_||||||||||||||I||||I|I|II||||||||IIII_ . .
T [ PoPo, fS =276 TeV : » Similar <p;>~ 10 GeV/c for D and B
1.2+ L redimina mesons ] —
: sespemeere | mesons (B /)
B Caorrelated systematic uncertaintiss
B [ Uncorrelated aystematic uncernaintas
I - = Diordjsvic Nor-prorgt iy (85<p, <30 GeVe) » Rapidity range slightly different
e Djordjevic Mon-prompt Jhy (with c quark energy loe=) §
| == = Djordjevic O mazonz (B < p_< 16 GaVic) ]
0.8 -
L i V' Djordjevic: non-prompt J/W
oekL __;___:::;_-:H____ - _ Raa considering for energy
: “1 _____ ! ----:::E:::-—.—“"”--. i loss
0.4 EI -8 - b quark mass to testthe
TR e i ———" cquarkmass } d ma; X
- .. TR = S Wi ependence
02 ¢ grerere sy (0] P
i [] Systematic uncertaintiss  CMS-PAS-HIN-12-014

|||||||||||||||||||I||||I|||||||||||||I_ - H e w
%50 100 150 200 250 300 350 400 v’ Djordjevic: D meson Raa
{ N Weighted with N
Djordjevic: arXiv:1307.4098

@® pQCD model including mass-dependent radiative and collisional
energy loss predicts a difference between the D-meson and non-
prompt J/P similar to that observed.

@ Similar pattern from other calculations (e.g. BAMPS, WHDG, Vitev et al.).



