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Motivation: why to study open heavy

flavours?
Excelletlllﬁ]?vglsl;ster
* Heavy-flavour (HF) particles contain \ e ...
charm or beauty quarks: :

v' B meson, D meson, A_and A,

 Charm and beauty are produced (in hard
scatterings) in the early stages of the

collision:
v’ Large mass (m_,>> A\ p ) i

-> short formation time / \
-> hard probes, even at low p; beam/ \beam

* Charm and beauty can experience the full evolution of the

(to< 1 fmic)

system:
v’ They live much longer than the duration of the QGP (around

1023 S) PRD 74(2006)054010



Motivation: why to study Pb-Pb, p-Pb
Excellence Cluster and pp CO"iSionS?
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* Pb-Pb collisions: ‘_)«‘

v’ Formation of a Quark-Gluon Plasma (QGP) is expected.
v’ Study parton energy loss mechanisms: radiative vs. elastic processes.

v’ Possible thermalization of heavy-quarks in the medium.

v’ Evaluate the properties of the medium like density, temperature,
transport properties, etc.




Motivation: why to study Pb-Pb, p-Pb
and pp collisions?
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* p-Pb collisions:

v’ Intermediate state between pp collisions and Pb-Pb collisions.
v’ Control experiment for Pb-Pb measurements.
v’ Cold nuclear matter effects can be studied:

" Nuclear modification of Parton Distribution Function

JHEP 0904 (2009) 065

(shadowing/saturation/CGC) e wo R

" k; broadening ~ 2

" Energy loss e ]
v’ Possible final-state effects. alzm” L L S
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pp collisions:

v’ Reference for studies with p-Pb collisions and Pb-Pb collisions.
v’ Test for perturbative QCD calculations.



How to study open heavy flavours?
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Nuclear modification factor:

1 dN,,/dp;
T,, do,, /dp,

RAA =

v It is used to quantify medium effects and helps to understand the energy loss in the
QGP:

* If Ry, = 1 (at high p;) -> no hot medium effects and no cold nuclear matter effects.
*If R,, < 1 (at high p;) -> energy loss and/or cold nuclear matter effects.

v’ Expected mass dependence of energy loss:

AE(g) > AE(u,d,s) > AE(c) > AE(b) [ Rua() <Ry, (D) <Ry, (B) ?

PLB 519(2001)199

= Energy loss is expected to depend on the parton colour-charge, parton mass and path
length.
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Anisotropic flow:
4N _ 1 AN
d’p 27 pydp,dy

v (pr,y) = <cos[n((p - lI'RP):|>

1+ 25 v, cos[n(q) — ‘PRP)])

n=1

v' The second Fourier coefficient is called elliptic flow (v,).

v’ Anisotropic flow is caused by the initial
asymmetries in the geometry of the system produced in a
non-central collision.

Zz
y
v’ Initial spatial anisotropy of the created particles is ]<b,
. . X,
converted in momentum anisotropy due to the pressure

gradients. arXiv:1102.3010v2

v Thermalized particles participate in the collective motion
of the system.
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- Open heavy flavours in ALICE
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Open heavy-flavour studies with ALICE are done via the following channels:

v’ Hadronic decays: reconstruction of D*, D%, D** and D.*via their hadronic decays.

Primary
vertex @
v Semileptonic decays (electrons and muons): branching d,
ratio of the order of 10%: -
*B,D->1+X

 Separation of electrons from beauty-hadron decays using the impact parameter
(long life time of beauty hadrons).

= At high p;, it is expected that most of the leptons are from beauty-hadron decays (B).



ALICE

Excellence Cluster A Large Ion CO"ider Experiment
ALICE

Dedicated experiment to study heavy-ion collisions and the QGP.

ITS (Inner Tracking System): TRD (Transition Radiation Detector):
* Tracking *PID
* Vertexing * Trigger
* Particle identification (PID) TOF (Time Of Flight):
TPC (Time Projection Chamber): * PID
* Tracking EMCal (Electromagnetic Calorimeter):
* PID * PID
(GOmR * Trigger
Muon spectrometer:
* Muon ID
* Trigger
* Tracking
VO detector:
 Centrality
* Trigger
ZDC (Zero Degree Calorimeter):
 Centrality

2 9
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Particle Identification with ALICE

Hadron and electron identification
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v TPC signal: specific energy deposit dE/dx in
the TPC expressed in terms of the deviation from
the expected particle dE/dx

v’ Time of flight signal is used to identify
electrons and hadrons.
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ALICE

= Electrons and hadrons are measured
at midrapidity

= Muons are measured at forward and
backward rapidity (p-Pb collisions)

Muon identification
=Absorber: to absorb hadrons and

photons;

= Tracking chambers: two-dimensional
hit information;

= Filter: passive muon-filter wall;

= Trigger chambers: muon tracks
required (above a p; cut).

Magnet Filter




Particle Identification with ALICE:
analysis strategy
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v’ Electrons: TPC, TOF and EMCal detectors : B e R
f ¥ D-meson ID via the S [ 0-10% Pb-Pb, \ s, = 2.76 TeV
are used to select electrons and to remove reconstruction of 2 aoof. D> K* and charge conj. ]
hadron contamination. their hadronic decays: .| ]
. __TPC+TOF TPC+EMCal invariant mass and 5 aep <o cews
2 ””ﬂLj"i?V ’ R 40001- § (36) = 4301 + 247
IS T T secondary vertex. [ B (30) - 0.09

17578 786 19 195 2
© M(Kn) (GeV/c?)

JHEP 1209(2012)112

TPC dE/dx - <dE/dx>| o

s - - 10
] . P 1 dE/d (dE/dx>.
3x10 1 2 3 45 SG7 8o .. T g

pioee ALICE pp, \s=2.76 TeV PYTHIA
v Non-HFE background (photon v Separation of I . Sheseneo 11000
conversions, n and n® Dalitz decays, electrons from ; ol ﬁﬂ%mz;:a”‘”“mw _
mainly) removed using cocktail or invariant beauty-hadron %,’ i},,fg%*f %i?u,
mass method. decays using the ¢ T ? ‘?ﬂfﬁ
V Muone: impact parameter. 22;;’: inv;rsions&m L + ]
* Tracks are matched with trigger bLB 738 (2014) 97 Ed Tt ety % ,,,,,,,
* Pointing angle to the vertex %00 400 200 0 200 400 mri?O
* Muons from i, K and W subtracted with v’ Longer life time of beauty hadrons |mpI|es a
MC or data-tuned MC cocktail broader distribution of impact parameter.
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Results in pp collisions
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pp results: semi-muonic decay channel

Vs =7 TeV ALICE
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* pQCD calculations in reasonable agreement with data within uncertainties

14



pp results: hadronic decay channels
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* pQCD calculations in reasonable agreement with data within uncertainties
for all D-meson species.

pQCD calculations:
* FONLL: JHEP 1210(2012)37
« GM-VFNS: EPJ C72(2012)2082
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Results in p-Pb collisions
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|Universe HF d +
ecay e~
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2 PLB 754 (2016) 81
1.5 .
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o
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0.5 B N\ Sharma et al.: coherent scattering + CNM ]
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= Blast wave calculation
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*Ropp of ¢,b -> e and b -> e are both consistent with unity;

* R,pp, consistent with small deviations expected by CNM

effects (~10%);

* Extension of HF-decay e* to high p; using the EMCal trigger.

Rpr

p-Pb results: semi-electronic decay
channel

e* from beauty decay H I. I C E
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. HF decay e* at high-p;
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p-Pb results: semi-muonic decay
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" . . L 7 B systematic uncertainty on normalization 7]
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Muons:

* Different rapidity ranges allows the study of different x regimes of heavy-flavour production.
* R,p, Of HF decay muons is consistent with unity at forward rapidity and slightly larger than
unity at backward rapidity for 2 < p; < 4 GeV/c.

* Described within uncertainties by models including cold nuclear matter effects.
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DO

D+

D**

o P T T[T [T [T T [ R T[T T [T T[T T[T [T T T[T T TT T [TT T[T R
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1.8f I I ]
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r 1PRL 113(2014)232301]
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* R,p, cOnsistent with unity for all D-meson species;
* Described within uncertainties by models including initial-state

effects;

* No indication for suppression at intermediate/high p;;
* No multiplicity dependence.

R pPb

p-Pb results: hadronic decay channels

ALICE
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Results in Pb-Pb collisions
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Pb-Pb results: semi-leptonic decay

Excellence Cluster
|Universe ChﬂﬂﬂElS HLICE

HF d dp
ecave an P e from beauty decav
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< E Pbe\s _276TeV ) = < 25 T EEEEE R
R e Centrallty'::Tass 0-10% AL|CE Pre“m'nary = e r 7
16E 3 C Pb Pb VSyn =2.76 TeV 0-20% centrallty ]
14 E_ —4— e*«HF*, -0.6<y<0.6 _E 2 C —4—b(>c) e |y <08 .
(oF —t+— wreHF, 2.5<y<4 3 C - [ syst. uncertainty ]

. 2 :] Syst. uncertainty 3 15 C nomalization uncertainty h
A | B B C ] ]
0.8F = C + | ]
0.6 = T T :
04f Mﬁ& ﬂﬁ 3 B pn = O I I ]

E m — T —

0-2F (*) €*<W contribution not subtracted = 0 C ' T 7
O:‘"""""""""""""""""": L ALICE Preliminary i

0 2 4 6 8 10 12 14 16 18 20 I I BT I I N T
P (GeV/c) 0 1 2 3 4 5 6 7 8
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v’ Similar suppression for HF-decay electrons (|y| < 0.6) and muons (2.5 < y < 4) at intermediate/
high p;;

v’ Electrons from beauty decays suppressed above 3 GeV/c;

= Strong suppression of the yields of HF-decay e* and p* is due to the energy loss in the QGP (R, is

compatible with unity);
P y); v, e: arXiv:1606.00321  p: PLB 753 (2016) 41
i 0'52_ -10% Pb-Pb, | s = 2. T 1020% Pb-Pb, | sy = 2.76 TeV “ 20-40% Pb-Pb, | s = 2.76 TeV E
et HF, v,{EP, |an| > 0.9}, [y| <0.7

St HF, V2, AN >17),25<y<4

v v, > 0 confirms the strong interaction
of heavy quarks with the medium;

= Indication that heavy quarks participate
in the collective expansion of the QGP.

0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
p, (GeV/c) p, (GeVic) p, (GeVrc) 21
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5 JHEP 1603 (2016) 081
IIIIIIII|III]|IIYI|IIII|II]I|IIII

ALICE Average D°, D', D**
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R 1 '8: Pb-Pb, \ 5, = 2.76 TeV, |y|<0.5 ]
c 16; e 0-10% ]
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=140 m 30-50% E
3 . E 0 p-Pb, \ s, =5.02 TeV, -0.96 <y <0.04 E
(@] B i
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<04 H JEF ] ]
02 Mg o g :
_I L1 1 | L 111 | 111 | | | I | | | .| | .| | 111 I_
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* No suppression in p-Pb collisions;

* Observed suppression at p; > 2 GeV/cin
central Pb-Pb collisions is due to the
interaction of charm quarks with the QGP.

PRC90(2014)034904

Pb-Pb results: hadronic decay channels

®  Prompt D° |y[<0.8, v,{EP}

D Syst. from data

D Syst. from B feed-down

0.6~ ALICE -+

Pb-Pb, |5y =276 TeV

0.4 T ¢ Charged particles, v,{EP,)An>2}

Centrality 0-10% Centrality 10-30%

wlbhobobobobobobobodbobobobobobo ool

LA AN AR LR RARN RN RRRE AR R |||||||II|||||||||I|III|III|III|I|||-III TTT]TTT[TT

Centrality 30-50%

ALICE

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

2

4 6 8 10 12 14 16 18
pT(GeV/c)

* D-meson v, > 0 and similar to charged-particle v,;
* Increasing v, with decreasing centrality;
* Indication of collective motion of low-p; charm

quarks in the medium.
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Pb-Pb results: D mesons vs. light
particles
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O 0-10% Pb-Pb, | sy =2.76 TeV 12 A 7 (ALICE) 8<p <16 GeV/c, [y|<0.8 .
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At e Charged pions, [n/<0.8 4 L Djordjevic et al. Phys.Lett.B 737 (2014) 298
F ] L e P
1.2 - 0.8— — — D mesons
] 0.6 L a
E : & JHEP 1511(2015)205"
JHEP 1603 (2016) 081 1 5080y
— 0.4 N~ —
n L ) ﬁ..."\'\\
] ——] C 40-50% TEETER IS~ ]
8 iﬁt"‘#ﬁﬂ ] 0.2 3040% pog0,  EEEERES:
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111 ‘ IIIIIIIIIIIIIIIIIIIIIIIIIIII OO 50 100 150 200 250 300 350 400
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* D-meson R, , is compatible with pion R,, within the uncertainties:
* Effects could counterbalance the energy loss for light hadrons:
v’ Colour-charge energy loss dependence;
v’ Softer fragmentation of gluons (light-flavour originates mainly from gluon
fragmentation at LHC energy) ;
v’ Different shapes of the parton-p; distributions.
* Models including mass dependence of energy loss, different shape of parton-p; distributions
and different fragmentation functions can explain: R, (1) = R, , (D) PprL1124(2014)042302
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Pb-Pb results: D mesons vs. hon-

Excellence Cluster p rom pt J/ I/j
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* Different suppression observed for D mesons and non-prompt J/:
v’ Radiative energy loss mass dependence;
v’ Collisional energy loss expected to be reduced for heavier quarks;
* Difference predicted by models including mass dependence of the energy loss.

PRL 112(2014)042302
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gl Pb-Pb results: comparison with models
Excellence Cluster
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Conclusions

Excellellllﬁ]?vg!sl;ster
pp collisions H LICE
* Heavy-flavour cross sections are described by pQCD calculations within uncertainties.
p-Pb collisions
e Cold nuclear matter effects are small.
 Some models including collectivity in small systems can describe the data.
Pb-Pb collisions
e Strong interaction of heavy quarks with the QGP.
* Suppression of yields at high p; consistent with partonic energy loss models.

* The strong suppression at high p; is due to the hot and dense medium, since R, is
consistent with unity.

Indication for charm participating in the collective expansion of the QGP.
More ALICE results:
. Yields versus multiplicity: JHEP 09 (2015) 148  JHEP 8 (2016) 1-44

— Interplay between hard and soft mechanisms in particle production;

— Studies of Multiple-Parton Interactions (MPI);

— Investigations of CNM effects;
*  Correlations between D mesons and charged hadrons in pp and p-Pb collisions: arXiv: 1605.06963
— Investigations of heavy-flavour quark fragmentation (pp collisions) and CNM (p-Pb collisions).
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e ALICE

Thank you for your attention!
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Extra slides
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Excellence Cluster
|Universe
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@ » pp and p-Pb yields versus multiplicity
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ALICE

= Some aspects are expected to be dependent on the energy and on the impact
parameter of the collisions:

v’ Interplay between the hard and soft mechanisms in particle production.

v’ Multiple-Parton Interactions (MPI)

v’ Assess CNM effects in p-Pb collisions.
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e Ple D-meson correlation to charged
hadrons in pp and p-Pb collisions
Excellence Cluster

|Universe
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LMU

Elf Pb-Pb results: comparison with models

p; (GeVic) hadronization.

|Universe
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[ = ALICED°D*, D™ average
0.4 ] Syst. from data
H__] Syst. from B feed-down
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- MC@HOQ+EPOS Coll+Rad(LPM): includes collisional
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| = . POWLANG
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1 collisional energy loss.

ALICE

BAMPS: heavy-quark transport using Boltzmann
equation with collisional energy loss in an
expanding QGP. JPG38(2011) 124152

BAMPS el. + rad.: uses LPM (Landau-Pomeranchuk-

1 Migdal) to include radiative energy loss.

JPG(2015)11,115106

| TAMU: heavy-quark transport using resonant
—J scatterings and recombination for the

PRC 86 (2012) 014903

POWLANG: heavy-quark transport using Langevin
equation with collisional energy loss. Eic71 (2011) 1666

and radiative energy loss in an expanding medium,
based on EPOS model. PRC79(2009)044906

pQCD calculations including radiative and
JG38 (2011) 124114

1 Cao,Quin,Bass: uses Langevin with a radiative term

/e and includes recombination. PRc 92(2015)2,024907

* R,, and v, provides constraints to models;
» Simultaneous description of R,, and v, still challenging; Within the UrQMD model. arXiv:1211.6912

UrQMD: uses Langevin approach implemented
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pp results: electrons from beauty-hadron
decays

Excellence Cluster

|Universe 2.76 TeV . 7 TeV . H L IC E
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S El [©) 3 b ]
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%:" 15 F E
L4k e
pQCD calculations: < 05f Lt 3

« FONLL: JHEP 1210(2012)37 0
* GM-VFNS: EPJ C72(2012)2082
* kT factorization: PRD 87(2013)094022

* e* from beauty decays at mid-rapidity
* pQCD calculations in reasonable agreement with data within uncertainties
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Particle Identification with ALICE:
muons

Excellence Cluster

e ALICE

Muons reconstructed in the forward muon spectrometer

I~ u from

| P — Labsorber heavy flavours
W o~ |- u from
O L asoter primary K/
and W
= x u from
'"@” """ b secondary K/rr

< punch through

Trigger —
chambers

Absorber

Tracking
chambers

Magnet Filter

Figure from Zuman Zhang poster presented in
Qm2015

Figures from http://aliceinfo.cern.ch/Public/en/Chapter2/Chap2_dim_spec.html
v’ Absorber: to absorb hadrons and photons from the interaction vertex;
v’ Tracking chambers: 10 detection planes, which gives two-dimensional hit information;
v Filter: passive muon-filter wall to protect the trigger chambers;
v’ Trigger chambers: requires at least one single muon tracks, or at least two unlike-sign muon tracks, or at
least two like-sign muon tracks (above a p; cut).
v'Geometrical cuts, tracking-trigger matching and pointing angle to vertex are used;
v Impact parameter cut to reject part of beam-gas interactions and decays;
v Remaining background subtracted with MC (pp) and data-tuned MC cocktail (p-Pb, Pb-Pb).
v' Low p; cut to reject muons from secondary pions and kaons decays.
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D-meson R,,: 30-50%
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Open heavy flavours in ALICE

Excellence Cluster
|Universe

Open heavy-flavour studies with ALICE are done via the following channels: H LIC E

v Hadronic decays: K
Reconstruction of D*, D°, D** and D.* via their hadronic decays: K
*D*-> Km'm* (BR=9.13%) D, ) D
* D0 -> Kt (BR=3.88%)

« D**-> DOrr* (BR=67.7%) _ |
Dt -> $rt-> K*KTtt  (BR=2.28%) o raerats "

rec. track e,

v’ Semileptonic decays (electrons and muons)
* Semi-leptonic decay channels have a branching ratio Primary Bp
of the order of 10%: vereex =

e BBD->I1+X S

 Separation of electrons from beauty-hadron decays using the impact parameter

(long life time of beauty hadrons).

= At high p,, it is expected that most of the leptons are [
from beauty-hadron decays (B). b
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