Heavy flavour
production and suppression
in ultra-relativistic heavy-ion collisions

Silvia Masciocchi
GSI| and EMMI
Darmstadt, Germany

EM/@D EuNPC, Groningen, September 1, 2015
S




Outline

e Quark-gluon plasma
e Heavy-ion collisions

e Heavy flavours
e Experimental results
e Summary and outlook

Many results not included here, apologies!
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Dense and hot nuclear matter: why?

Status of matter in:

e Neutron stars and core-
collapse supernovae

The Big Bang

e First instants of our universe
10° seconds
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Dense and hot nuclear matter: why?

Determine fundamental properties of

QCD matter at extreme conditions:
high pressure and/or temperature,
gluons and quarks de-confined,
chiral symmetry restored

Describe matter thermodynamic properties and transport properties:
e Bulk viscosity
e Shear viscosity n
e Shear viscosity to entropy ratio n/s
e Heat conductivity
e Drag and diffusion coefficient (heavy quarks)
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QGP in the laboratory: HIC

Produced in the collisions of heavy nuclei at high energies
Since ~1975

Vs, from few GeV at Bevalac, AGS,
SPS, GSI
up to 200 GeV at RHIC

UraMb up to 2.76 TeV at LHC
I=5= 1
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Ultra-relativistic heavy-ion collisions

Collision phases:

- Energy Stopping Hydrodynamic ) o
Initial state Hard Collisions Evolution Hadron Freezeout
Thermalization Expansion and Chemical freeze-out
equilibrium is cooling: (particle yields)
established (t < 10-15 fm/c) Kinetic freeze-out
(t<1fm/c) (particle spectra)
I=5= 1l
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Heavy quarks: charm and beauty

&

Charm:
m ~ 1.5 GeV/c?

Beauty:
m ~ 5 GeV/c?

Hard probes even at low momentum

Large mass — perturbative QCD approaches used!

Dominant production diagrams: gluon-gluon fusion, hard scattering

Pictures from http://www.particlezoo.net/

Pair production Gluon splitting Flavor excitation
(LO) (NLO) (NLO)
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Heavy quarks and heavy-ion collisions

e Heavy quarks are produced in initial hard scattering processes, before the thermalized
QPG phase
e Flavor is conserved by the strong interaction

Energy Stopping Hydrodynamic ) ot
Hard Collisions Evolution Hadron Freezeout

Initial state

= 5= 1L
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Heavy quarks: probes of the QGP

e Heavy quarks produced in initial hard scattering processes, before the thermalized QPG
phase
e Flavor is conserved by the strong interaction

: I
e,

Ay
- Energy Stopping Hydrodynamic ) o
Initial state Hard Collisions Evolution Hadron Freezeout
Heavy flavors experience the full evolution
of the deconfined medium
— QGP properties
I=5 1l
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Heavy flavors, probes of the QGP

Two fundamental questions and observables:

e Energy loss in the QGP

How do the heavy quarks interact with the partons in the QGP?
Via the study of their energy loss in the medium we can learn
information about the strongly interacting matter transport coefficients

e Nuclear modification factor

e Thermalization?

Do the heavy quarks thermalize in the medium? To what degree do
they participate to the collective motion?

e Elliptic flow
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In-medium parton energy loss

e Energy loss by:

e Medium-induced gluon radiation
e Collisions with medium constituents

e Depends on: Compare

e Colour charge AEgluon > AEq — heavy to light hadrons
e Partonmass  AE_>AE,_ — charm and beauty

Quantifier: the nuclear modification factor

Yield in AA
Yield in pp

Raa

as function of p_ and centrality
binary collisions

energy loss in
the medium

-
289 coll
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Nuclear modification factor

No medium effect — R,, =1

Medium effect — medium “slows” down particles — R,, <1
0 o B B B LR I B B B B . g .
r:r:%l - . N, Po-Po(ALICE) N, pPbys, =502Tev.nsDauce) | ©  No modification for vector
1.8 4 N, Pb-Po(CMS) % v.Pb-Pb\s  =276TeV,0-10% (CMS) | . +
a [\Syy =276 TeV. 0-5% & W, Pb-Pby/s,, =276 TeV.0-10% (CMS) bosons: Y W .
5 1er v Z°,Pb-Pb\s, =2.76 TeV, 0-10% (CMS) |
I ] n
e Strong suppression for
| charged hadrons, still
""""""""""""""" “}‘ significant at 100 GeV/c !

= =1

i B | e Look at charm and beauty

1 ALICE: (Pb-Pb) PLB720 (2013) 52, (p-Pb) PRL
b 1 110, 082302 (2013)

0O 10 20 30 40 S50 €0 70 80 90 100 CMS: (W)PLB 715 (2012)66; (Z) PRL 1086,

P (GEVFC), E (GEV), or mass (GEVJ"CE) 212301 (2011); (y) PLB 710 (2012) 256;
T T (charged) EPJC (2012) 72:1945
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Nuclear modification factor

e Energy loss by:
e Medium-induced gluon radiation
e (Collisions with medium constituents

e Depends on: Compare
e Colourcharge AE >AE_— heavy to light hadrons
e Parton mass AE_> AE_ — charm and beauty energy loss in
the medium

e Considering all effects together: the predicted energy loss was

AE,. 2AE_ > AE,

gluon
o Thinking of the spectra modification (R,,), we could expect:

“suppression”: =D > B ibeion
1T D B
RAA = RAA < RAA
consider that other effects contribute, like different production
kinematics and fragmentation of light and heavy quarks
I=5= 1l
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Experimental program

RHIC
Brookhaven National Laboratory

e AU-Au \/SNN = 200 GeV i
e Pb-Pb \/SNN =2.76 TeV , p, Pb
p, d, °*He, Cu, U. Beam Energy
Scan (BES): 7.7 ... 200 GeV e ALICE, ATLAS, CMS,
e PHENIX, STAR LHCb (p-Pb only)
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Open charm: D mesons

Invariant-mass reconstruction of hadronic decay channels:

.. D°—-Krm, D*-Kmw'm, D*->Dm, Df— ¢m— KK %

STAR
X \ ALICE
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PRL 113, 142301 (2014) JHEPO01(2012)128

ntine o
pointing angle epoiminn

e Particle identification: TPC, TOF

e TJopological selection, precise vertexing — » <
(not for STAR results shown here)
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Sse at RHIC: D° — K

PRL 113, 142301 (2014)

Nuclear modification factor R

- I ' | ' | ' |
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e Significant suppression above 3 GeV/c

o Enhancement in the intermediate p. region

(0.7-2.2 GeV/c)

e Described by models including strong charm-
medium interactions and hadronization by

coalescence

STAR Detector

Silicon Vertex

—Tracker

Magnet

Calorimeter

Forward Time Projection Chamber

Running with
Heavy Flavor Tracker
(HFT) since 2014 !l
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RHIC
(measurement 400 [T
downtop. ~0 - d+Au Sy = 200 GeV
T - (D'+e) a ]
GeV/c needed) i Sys. error 1
r-uined DR, S NLOer,
= i |
g [@DY Au+Au (DY) 1
% 200} =
> Be’ Tl ek~ “at H
3 T Prun12 ﬁ H
100 -_’?f"g FONLL in p+p I_
- - HE
- STAR Preliminary _ rosiLer. | -
N R e e

1 10 10° 10°
number of binary collisions Nbin

Consistent with charm quarks originating predominantly from initial
hard scattering at RHIC
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ALICE at the LHC

ALICE

Central barrel ‘ Inner Tracking System

In| < 0.9
L3 magnet: 0.5 T

Time
Projection
Chamber

ElectroMagnetic
Calorimeter

Time Of
Flight

Transition
Radiation
Detector

Muon spectrometer
-4<n<-25
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ALICE at the LHC

Inner Tracking System ﬂ I- IC E

Central barrel

In| < 0.9
L3 magnet: 0.5 T

High resolution
track and vertex
reconstruction
(tens of microns)
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ALICE: D meson R
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R
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Charm mesons exhibit strong suppression
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Beauty via non-prompt J/y

e Detect J/y decay M
vertices detached from Jhp U
the primary interaction

Ly
e Measure the pseudo-
proper decay length
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CMS,

Compact Muon Solenoid

Beauty: B — J/@ X and b-jets

Nuclear modification factor as function of

centrality and p, Beauty jets
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CMS PAS HIN-12-014  Strong suppression of beauty
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CMS.

Compact Muon Solenoid

Beauty: B — J/yp X

ALICE starts to  ALICE

reach lower p_! JHEP 1507
(2015) 051

3 4l CMS Preliminary =~ '/' - = Pb-Pb, {s,, = 2.76 TeV ggo?%%% CMS (ly|<2.4)
- PbPby\s\y=2.76 TeV ] o ~@— 0-50% ALICE (ly|<0.8)
12 g % \  Abericow. M. etal  Vitev . etal Aichelin J. et al.
" 5 1.5\ —HTL nZ wio Coll. Diss. Coll
1I é < 2‘ == LatQCD B with Coll. Diss. Coll +LPM Rad.
i i O % . o
0.8 Non-prompt J/y] Cmd: "-\\\\ /7. WHDG He M. et af W Djordjevic M. et af.
] 3
] — 1

0.63—+ * - 1

AdS/CFT - = Uphott J. et a. ‘

C * * ]
04r . * ] e amesaEILTE
02 Iyl <24 E 05— B A S A NN AN
- 65<p <30GeVic 1 . o e | -
L 111 | 1111 | 1111 | | | I L1111 I L1 11 I L1 11 | | I | — - p—
% 50 100 150 200 250 300 350 400 e o e — T B —ee e
Npar‘t

<§> @ - [ R T T B S s
p(GeVic)

CMS PAS HIN-12-014  Strong suppression of beauty
ESI

S.Masciocchi@gsi.de Heavy flavours in HIC, EUNPC, September 2015 24



Mass ordering of energy loss

é 1 .4_I T ‘ T T | T 17 | 7T T ‘ T 1T | T 17 T T | T T ’I_
C - Pb-Pb, \S\n = 2.76 TeV i
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- (*) 50-100% for non-prompt J/y .
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L i
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No significant difference between D mesons and T1t's
Indication of mass ordering for charm and beauty
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Elliptic flow: v,

e |nitial spatial asymmetry in semi-central
collisions — azimuthal anisotropy of final geaction

hadrons plane

dN N,
o — 2—72 (1 4+ 2v; cos(p — ¥y) + 205 cos[2(p — Ua)| +...)

e Degree of participation of charm to the
collective motion of the medium:
v,> 0 atlow p_

e Path length dependence of energy loss:
at high p_
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PRL 111(2013)102301

Heavy-flavor v, measurements

Prompt D meson v,
compared to v, of charged particles
Comparable behavior!

PRC90(2014)034904

>N 0-4 [ T l T | T T T T T [ T | T ]_

| ALICE Pb Pb \Ssyy=2.76 TeV |

Centrality 30-50% |

o i

0.2 &%{@ —

¢ G o o]

0 T —]

i ¢ Charged particles, v {EP,IAn>2} |

| = Prompt D°,D*, D average, lyl<0.8, vz{EP} ]

"~ [__] Syst. from data N

-0.2—[ ] Syst. from B feed-down —
| I IR N T IR I T RN B BT

0 | 2 4 6 8 10 12 14 16 18
pT(GeV/c)

Non-zero v, coefficient at low p._:

hint for participation of charm to the collective motion
==

S.Masciocchi@gsi.de Heavy flavours in HIC, EUNPC, September 2015 27




(*) references in spares £

Data and theory

Theoretical model to translate the measured observables to fundamental
properties of the QGP: transport coefficients
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Simultaneous description of R, , and v, challenging!

Data start to be precise enough to constrain energy loss models
E=I
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| have omitted (see backup!)

* Measurements with inclusive leptons from semi-leptonic decays of
heavy-flavour hadrons TN

e FIRST evidence of heavy-flavour hadron suppression! PH>>><<<EN|X

Recent results from % @

ALICE

ne»r-p

e Discussion of cold nuclear matter effects (incoming nuclear-PDFs,
gluon saturation/shadowing, k. broadening, CNM energy loss ...).

Measurements show that heavy flavour suppression is a QGP, final
state effect

CMS

e Beauty jet measurements by
insights into parton shower in the QGP
Study heavy-flavour fragmentation (ALICE potential for charm in jets)
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Summary

* Heavy quark energy loss
R,.(M=R, (e, —HQ) =R, (D) < R,, (Jiy « B)nsner

described by model calculations based on pQCD, with collisional and
radiative energy loss

e Charm flow
R,, of D’ at RHIC — hint of charm flow + coalescence

v,(D)~v,(h)atLHC — charm flow
More precise data needed!

e Extraction of transport coefficients?

Unify different theory models (initial conditions, medium evolution,
coherent description of R,, and v, etc)
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Coming up

e RHIC: both STAR and PHENIX have new microvertex detectors
— new results very soon

e LHC:
e Run 2 on-going: Pb-Pb run at Vs, = 5.1 TeV, high statistics

e Run 3 from 2020 with upgraded detectors

2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022+

RHIC Spin BES-II

ALICE ITS upgrade
LHC Run 2 (x10 statistics) CMS/ATLAS upgrades
Run 3 (x100 statistics)

Courtesy of X. Dong, Hard Probes 2015
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Outlook

High precision experimental data:
o Extend measurements to low p.and high p_

< 147

o Essential to determine o in AA collisions ¢

Discriminate models which interpret
J/p suppression at the LHC

0.2F

e Extend beauty measurements

Inclusive J/y — e*e’, Pb-Pb |s =276 TeV

@ ALICE (PLB 734 (2014) 314), lyl<0.8, pT>O GeVic global syst.= + 13%

= === Stat. Hadronization model (A. Andronic & al., JPG 38 (2011) 124081)
22\ Transport model (Y.-P. Liu & al, PLB 678 (2009) 72)

77/ Transport model (X. Zhao & al., NPA 859 (2011) 114)
Shadowing+comovers+recombination (E. Ferreiro, PLB 731 (2014) 57)
11 ‘ 11 1 ‘ I I - | L1 | - ‘

e p,range, uncertainties, new methods 0

50 100 150 200 250 300 350 400

(N

Coherent extraction of QGP transport coefficients

and properties
e |mportant work on the theoretical side
e [|nitial conditions
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Outlook

High precision experimental data:
o Extend measurements to low p.and high p_

< 14

o Essential to determine o in AA collisions o | weeeseweerr e

@ ALICE (PLB 734 (2014) 314), lyl<0.8, pT>O GeVic global syst.= + 13%

Discriminate models which interpret
J/p suppression at the LHC

- = === Stat. Hadronization model (A. Andronic & al., JPG 38 (2011) 124081)
o 2 — 20\ Transport model (Y.-P. Liu & al, PLB 678 (2009) 72)

e Extend beauty measurements G et it R
OWWII\I S T S N I N N S S N S —

e p,range, uncertainties, new methods 0 50 100 150 200 250 300 352‘,’\, 4;’0
part

Coherent extraction of QGP transport coefficients
and properties

e |mportant work on the theoretical side
e [|nitial conditions
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Spares
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QCD phase diagram

In analogy to QED, phase diagram for strongly interacting matter:

4 bondd Gordon Baym, 1983
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I=5= 1L
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QCD phase diagram

In analogy to QED, phase diagram for strongly interacting matter:

L

Temperature

Temperature T

-~

\ -
Hadronic Phase ‘' Quarkyonic "~ -.
' Regime

Te0mm Pressure

\
!
1 .
Liquid-Gas  Crystalline St
|

Colorsuperconauctors

Nuclear Superfluid Chemical Potential g

I=5= 1l
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QCD phase diagram

In analogy to QED, phase diagram for strongly interacting matter:

|

‘Water Vapor

Temperature

5

Te0mm Pressure

Hadronic Gas

[ = [ —
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Ultra-relativistic heavy-ion collisions

QGP and

initial state hydrodynamic expansion

pre-equilibrium
Initial collision, pre-equilibrium
Thermalization: equilibrium is established (t < 1 fm/c)
Expansion and cooling (t < 10 — 15 fm/c)
Hadronization (quarks and gluons form hadrons)
Chemical freeze-out: inelastic collisions cease, yields are defined

Kinetic freeze-out: elastic collisions cease, spectra are frozen (a few
fm/c later)

SRl i\

Measurements can only be performed at stages 5 and 6. From

those, we want to deduce information on phases 1, 2, and 3
I=5= 1L

S.Masciocchi@gsi.de Heavy flavours in HIC, EUNPC, September 2015 38




Phys. Rev. Lett. 106, 032301 (2011)

Geometry of a Pb-Pb collision

-
©
™
N
<
o
™
Y.
=
X

®

Central collisions — high number of participants
— high multiplicity T
Peripheral collisions — low number of participants
— low multiplicity

-~ | &
23
il
23
23

E.g. measure by VZERO scintillators +
reproduced by Glauber model fit

s — Glauber fit = -
. Centrality:
10 \mw%% o percentile of
! E total hadronic
ol 82188 8 |2 & W] cross section
102G =" T6000 75000 20000

VZERO Amplitude (a.u.)

peripheral @D @ central
I=5= 1l
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http://arXiv.org/abs/arXiv:1301.4361

Total(*) cross section in pp: 2.76 and 7 TeV

LHC energies: large production cross sections!
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Beauty

Abundant hard probe at the LHC!

pPQCD: large theoretical uncertainties
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ssme at RHIC: charm cross section

[

Integrated D° R, , over full p. region:

RHIC
| ' | P ' ! ' | 400 [T
oL S Au+Au— D"+ X @ 200 GeV, |y|<1 - - d+Au Sy = 200 GeV -
R (D0+e) NI i
M 0<p_<80GeVic ¢ 07<p.<22GeV/c - Sys. error
3 B
T {5 $ 5 300 e NLOer.
o .
) > 200}~ =
5 1 g ----------- e W FN W
3 L9 2 [t 8 W
E + i © ol i
— 0.5 ¢ — 100 7 FONLLinp+p |: -
o — HE
® 30<p <80GeVc ~ O[]0 0-80%MB LSTAR Preliminary _ romer.|;
ol . | . | . ! . | 0 b : il
0 100 200 300 400 ‘ o 100 10
N number of binary collisions me
(N

Consistent with unity:
— charm production cross section scales with the number of binary collisions

— consistent with charm quarks originating predominantly from initial hard
scattering at RHIC
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D-meson reconstruction

pointing angle Bpoimim

-_—
—_—
-

e Reconstruction of secondary vertices
e Particle identification
e |nvariant mass analysis

e Minimum bias data
e Mid-rapidity
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Charm: DS mesons

D 2_ T | L | L | L | L | L | L | L ]

. B, o Pb-Pb)\ sy, =276 TeV * -

D¢ D*, D* averaged S .
, ’ g g_ 16:_ PR#R? _:
51 b « Average D°, D*, D" 0-7.5%, |y|<0.5 -

s + D! 0-7.5%, |y|<0.5 -

D 1.2 :_ Filled markers : pp rescaled reference _:
S C Open markers: pp pT—extrapoIated reference 7]
expected to be slightly il :
different from non-strange A E
D mesons at intermediate p_: 08¢ H ] H E
possible enhancement due 041 H T ﬂ E
to recombination / 02 Hﬁ%ﬂ:—ﬁ— H .

Coalescence 00_ L 5| L1 1 I1 |0I 11 I1|5I | I2|0I 11 I2|5I | I3|0I 11 I3|5I | 4_0
P, (GeV/c)

Kuznetsova, Rafelski, EPJC 51(2007) 113; He et al, PRL 110(2013)112301; Andronic, PLB 659(2008)149
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Semileptonic decays

Measure the cc and bb production cross sections through
semi-leptonic decays of open charm and open beauty hadrons:

Branching Ratios:

c—oe+X 0 (9.6%)
b—-e+X 0 (11%)
b—oc—e+X 0(10%)

First measurement of heavy-flavor hadron
suppression in HIC with this method by

N
PH-<ENIX

Recent results by ATLAS and ALICE
I=5= 1l
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N _ _
PH-<ENIX : semileptonic decays

< 18— 7777 T T T .
< - .
0C 16— (a)  0-10% central - = Armesto et al. (l) —]
1_45 [ | vanHeesetal. (Il) —f
12l «imimims 3/(2:T) Moore&
i\ -------- % 12/(21T) Teaney (lll) =
1 = . .
. E First evidence of strong
E . suppression of leptons
06— 7 VOO, —
= =R ] from heavy-flavour
e Heng 5 hadron decays
0.2— 2gs ‘Q-f-.@-..émq Q Q ? %: .
25 asshue\Eg=200Gey TR §iomm . comparable to light
LILN 0.2:: ——— I ——— l l l l ] flavours
> - (b) o .TI:O RAA ]
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] [ ] PRL 96(2006) 032301
(I I TR R S S S A R PRL 98(2007) 172301
P, [GeV/c]
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Semileptonic decays: beauty

Exploit longer lifetime of [ PYTHIA, [5=7TeV, Iyl <08, * bioc)—e
[ 1<p,<6 GeVic S : g:;l}uz:siun elec.
beauty hadrons .o Dalitz clec.

10°

— larger impact parameter of
electrons to the primary vertex

Counts

3 - conversion electrons 3
F o DataMC 'I:q:tT::E GelVic .[t,J
g DataMC E:q:rT::ﬂ- GsWic

secondary vertex -

DataM™C
T
_L¢ | |
_¢_
B
Ty
—ud
[ i
R i
-
. e
T

primary vertex

Phys.Lett. B721 (2013) 13-23
I=5= 1L
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ALICE: R,, of leptons from HF hadron decays

< 2 | T TT T 1T T 177 1T T 1T 1T T T | IIIIII T ]
< | ]
CI:1-8:F>|o|°b\F 2.76 TeV : $ 2o B
r - , \'S =Z2. eV  PRELIMINARY h m B o .
16 [ A Heavy fl:\:)ur decay p* 0-10% central, 2.5<y<4.0 B Pb-Pb’ ﬁ =2.76 TeV, 0-20% Centra“ty
14F Heavy flavour decay e* 0-10% central, lyl<0.6 ] 2 N
- with pp ref. from scaled cross section at Vs = 7 TeV R —4—b(—c)—elyl<0.8
1-2} *  with pp ref. from FONLL calculation at Vs = 2.76 TeV B : :I syst. uncertainty
0 U ] 15 :_ nomalization uncertainty
0.8} - N
oal j& % i + ...................................................................................
o Ty T f
0.2 7 %@% E 0.5 + +
O :I L1 | 1 11 ‘ L1 1 | L 11 ‘ | 11 | 1 1 1 | 1 11 | 1 1 1 ‘ L1 I_ : ALICE Preliminary
0 2 4 6 8 10 12 14 16 18 [ S N S NS
pT(GeV/C) 0 3 é:f 5I EIS 7I
Suppression of leptons from charm-hadron decays,
similar at mid and at forward rapidity.
Hint for suppression of beauty-decay electrons

HF,, — M 2.5<y<4.0
HF,, —e |y[<0.6

Electron at mid rapidity:
beauty R,
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Semi-leptonic decays

c, b — lepton + X Inclusive measurements
Low p,: background subtraction needed

Above 4-5 GeV/c: beauty dominant

g 2 :I T T T T T T T T T T T | T T I T T | |||||| T : R
= &1 R

1.8F @ NI ATLAS-CONF-2012-050
16 :_ Pb-Pb, \SNN =276TeV = creutmmary _: % 1_4_| T T [ T T I T[T T T [T T T T [T T T T [T T T T[T T T T [ TTTT]
[ A Heavy flavour decay p* 0-10% central, 2.5<y<4.0 ] o : Ldi=7 ub" Pb+Pb _
140 Heavy flavour decay e* 0-10% central, |y|<0.6 ] o 1.2 . o ]
"' e with pp ref. from scaled cross section at \s = 7 TeV 1 3 - ATLAS Preliminary \/Syy = 2.76 TeV
- % with pp ref. from FONLL calculation at \s =2.76 TeV 1 = — ) -
R 1.2 . 1— ml < 1.05 ]
AA | 0.8 -}Jf .
08¢ 0.6 %-H‘ -
0.6} C H“ {% ]
i D4__ +4{pT€5GEV TH‘ ]
0.4 = —e—E-ipT-:t?GEV .
i 02 ——8<p_<9GeV _‘
0.2] - . 10<p <14 GeV .
L ol e e e e b e L 1 0 Cov v v b v by v bov v by by o b o b ]

00 o 4 6 8 10 12 14 G.I 6V/ 18 0 50 100 150 200 250 300 350 400
pT( eVic) <Noar>
Significant suppression of both charm and beauty
I=5= 1L
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Mass ordering of energy loss

CMS, /|
% Charm compared to beauty (B — J/p)
ALICE
§1_4_IIII‘\III‘I\II|IIII‘III\|IIIIIIIII\I\_
- Pb-Pb, {Syy =2.76 TeV .
12 ® D mesons(ALLE) Bep,<ib sevie <05 - e Similar kinematic region selected
= @ Non-prompt J/y (CMS Preliminary) 1
- 6.5<p_<30 GeV/c, |y|<1.2 CMS-PAS-HIN-12-014 =
([_.........tempty) fled boxes: (umjcorrelated syst. uncert.
i __Dodenoetal. mamerremezm 1 e |ndication of mass ordering in
08l H o Nonbrombt Jhy with ¢ quark energy foss central Pb-Pb collision
- 1 R(D) <R, (B — Jy)
06? "-::_S: '-—:E__. i
: Q"'\- ........................ h%:::-—.__ : . . .
0.4 H\:\"‘* .................... #~- ¢ Comparison with theoretical
: F PSSl : model based on pQCD
r A0 [ Djordjevic, PL B734(2014)286
0.2 30-40% 54 309 ~
— (*) 50-100% for non-prompt J/y 10-20% 0-10% |
_IIII‘\III‘I\II|IIII‘III\|IIII|IIII|I\I\_
0O 50 100 150 200 250 300 350 400
(N .
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Cold-nuclear matter effects

What is the effect of having a nucleus as incoming projectile?
Modification of nuclear PDFs:

i - Anti-shadowi
Gluon saturation/shadowing nti-shadowing

at IOW X, kT-broadening’ . "'f \} ‘: ???IOIOI' "'f\‘l T?;I?Il" L | I L
CNM energy loss ... s

Fermi-motion

NMC Ca/D
SLAC ER7Fe/D
SLAC E139 Fe/D
E665 Ca/D

— Parameterization ;
-~ EITOT In parameterization
-‘ —al \‘ II_IIII | ll!lllll....l I‘II_IIIVT
0.001 2 3 4567 001 2 3 4567 01 2 3 4567 1 EMC_effect

X

>Hed

Shadowing

EPS90 Eskola, Paukkunen, Salgado

Investigated with p-Pb collisions to discriminate between initial-state and
final-state effects (Vs = 5.02 TeV)

S.Masciocchi@gsi.de Heavy flavours in HIC, EUNPC, September 2015 o0



PRL 113 (2014) 232301

ALICE: D meson R
pPb

dop,/dpr 1
— pPb T :
Ropo (P7) do_ldp, A Compared to R,

| - B T T T | T T | T T 1 | T 1T 1 | 1T 1T 1 | T ]
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C . © 08 |IH ~ "

- i > it ]

> ~ 0.6~ JT - %—%— - =

0.4 ] B | 1 | ]

- ----CGC (Fuiji-Watanabe) ] 0.4 U - 1 —

0.0l == pQCD NLO (MNR) with CTEQEM+EPS09 PDF | el * } _EI I .

[ mem Vitev: power corr. + k_broad + CNM Eloss ] 0.2 LI B —
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The suppression at large p_ in Pb-Pb collisions

is a final-state effect =1
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Heavy-flavor fragmentation

e |mportant to understand interplay
between production, interaction with
medium, and fragmentation

e ATLAS results on charm fragmentation
in pp not described by theory at low p.

and low z PRD 85 (2012)

e ALICE has the best chance to address
this region with low p_ coverage and

particle identification
e D™in jets
e |mportant program for Run2 (statistics)

Entries

=

production

150

100

50

—
0.30 < z°°° < 0.60
Signif.(30) = (4.3 = 1.2)

S/B (30) = (0.24 + 0.08)
ALICE Preliminary +

0.14 0.15 0.16
M(Kn)-M(Kn) (GeV/c?)

=> hadrons

fragmentation

30F

20F

10

Anti-k., A=04,

TTTTTT

LI DL B L B B |

0.70 < z°° < 0.80 -
Signif.(30) = (7.3 + 0.8)
S/B (30) = (1.91+ 0.33)

>0.15 GeV/c,
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CMS

Beauty jets

e Jets tagged by their secondary vertices

e Template fits to the secondary vertex mass distribution

Jet

Displaced tracks

Flight Distance
Lxy
Primary

Vertex (PV) Secondary Vertex

(SV)

Prompt tracks ~~

PRL 113, 132301 (2014)

1.2

CMS VS = 2.76 TeV

PbPb, 150 ub™
pp, 5.3 pb’”

pQCD: PLB 726 (2013) 251-256

B o= 18
T gmi=20

T 1 I 1 1 I

B gi=22
1 1 1 1 I

100 150 200 250
b-jet P, (GeV/c)
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Chas, |

' Beauty and inclusive jets

Nuclear Modification Factor

b jet: (PbPb) PRL 113, 132301 (2014) Inclusive jet: (PbPb) CMS PAS HIN-12-004
(pA) CMS PAS HIN-14-007 (PA) CMS PAS HIN-14-001
o5 CMS Preliminary pPb L=35nb™; PbPb L = 150 b’ pPb \'s,, = 5.02 TeV PbPb s, =2.76 TeV
. B I I I L | I I 1 I | I I T T I T T T I | i UL | L | UL I LI I LI I LI l LI l LI ]
: - pPb Luminosity Unc. - b-jet R, (0-10%), <2 : : —* " Inclusive jet RAA (0-5%) Inl <2 :
2 _ B o e e 0 | pjet RY™A 2.4n_ <1.6 a o —8— Inclusive jet R, Mg, <05 _
150 1 F .
_ 5 1 _ hl i
1 _ o 1
B [ _af8_ 88880 o g __ "%
S )
0 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 ] _I L1 1 | L1 11 | L1 11 I L1 11 I L1 11 I L1 11 I L1 11 I L1 1 I-
0 100 200 300 400 0 50 100 150 200 250 300 350 400

b-jet P [GeV/c] P, [GeV/c]

No jet flavor dependence observed at high p_
S
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J/y production: results for p.20

midrapidity forward rapidity
< §1'2_ m ALICE (lyl<0.8, +13% syst)), |5 =276 TeV 1 = 51'2_ mALICE (2.5<y<4.0, +15% syst.), |5,,=2.76 TeV -
C | ePHENIX (lyl<0.35, 12% syst), (s, =02 TeV | [ [ @PHENIX (1.2<y<2.2, 9% syst.), |5 =02 TeV |
L | e -
0.8 ; . 0.8 -
- $ I 1 + i
0.6~ H H . 0.6/ m 0 N (] W
0.4] E ﬁ EI ] 0.4 HH ]
0.2 - I}f] ] 0.2 ~ E H E l_?r] [1?] 7
I midrlapiditx ‘ ‘ ‘ ‘ | Ii L forward rapldlty y | | | :
0o 200 400 600 800 1000 1200 1400 1600 %~ 200 400 600 "800 1000 1200 1400 1600
dN,, /dn In=0 dN_/dn ITI=O

e Shown as function of energy density (proportional to dN/dn)
e ALICE compared to RHIC, PHENIX result (lower energy density)

 Higher yield at the LHC !! ALICE, PLB 734 (2014) 314
=1
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J/@ production: mechanism?

can be explained by regeneration in the QGP or by statistical hadronization
— signature of deconfinement

Developrment of

Start of collision quark-gluon plasma Hadronization
Low =
{(RHIC) ol —> ED" — © D
Co
energy E%_._ CQ\* ®D
- %/ff G {__JA\___, @D e
9 F )
. 23800 e §%o% 0 il RN L SN
High o EE s s g = D “@\ iy /
LHC) g °°y —> N aefose ° || —>» @Y, &
( * e o % q 2o o=y o0 @0 I/"“\K
energy - o Koo o0 % @~ @0 o=
» T ¥ ®0
@0 o
@0
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J/@: models

midrapidity forward rapidity

m ALICE (2.5<y<4.0, +15% syst. uncert.)
------- Statistical Hadronization Model

Iﬂ .. Transport Model (Zhou et al./Tsinghua)

m ALICE (lyl<0.8, +13% syst. uncert.)
------- Statistical Hadronization Model
- Transport Model (Zhou et al./Tsinghua)

----- Transport Model (Zhao et al./TAMU) ---- Transport Model (Zhao et al./TAMU)

.....
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0 50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
N N

part part

Pb-Pb |s,=2.76 TeV

=
O

Both model categories reproduce the data ...doqz/dy values rather different:
midrapidity: Stat. Hadr.: 0.3-0.4 mb
Transport: 0.5-0.75 mb (TAMU), 0.65-0.8 mb (Tsinghua)
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JIy versus p;

midrapidity forward rapidity
« 1.4
< | Pb-Pb |5 =2.76 TeV and Au-A =0.2TeV
é 1.4 [ Inclusive Jiy—e'e’ m [ Vo eV and Au-Au sy, ¢
C - [ W ALICE Preliminary, Pb-Pb, V5,,=2.76 TeV, Iyl<0.8, centrality 0-40% 1.2 W ALICE Jiy — w’w', 2.5<y<4, centrality 0%—20% global syst. = + 8%
1.2 [ ¢ PHENIX, Au-Au, {5,,=0.2 TeV, ly1<0.35, centrality 0-40% [ & PHENIXJhy — u'y, 1.2<lyl<2.2, centrality 0%—20%  global syst. = + 10%
- '{F + STAR, Au-Au, U'S_-DQ TeV, Iyl<1, centrality 0-60% 1 e etetesetereseee e et ene et eatesnat et sttt asseseserere e re e reneseem st na s et ettt ateseseterene e e resmnnneame sttt atatararaserererer

o T 17 ot
o6k E——# } % F # [h
Ja} e

0.4 : 0.4 — E

|
i=al

0.2F 02rmg m ® c}: T ;
I - A R T N T SR 0|||||||
0 2 4 6 8 10 0 1 2 3 4 5 6 7 8
P, (GeV/c) P, (GeV/c)

Further support of (dominance of) a new production mechanism:
(re)generation in the QGP or at chemical freeze-out
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Remarks

e Heavy quarks are excellent probes of strongly-interacting matter
produced in heavy-ion collisions

e Heavy quarks are interacting with the dense medium and being
significantly slowed down, by collisional and radiative energy loss

e Flow measurements hint at participation of charm to the collective
motion of the medium

e |mportant theoretical work needed now, to provide coherent
description of observables and extract fundamental
properties of the QGP
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Theory references - Pb-Pb

e QCD-based models with in-medium radiative/collisional energy loss
e Dokshitzer, Kharzeev, PL B519(2001)199
e Armesto et al., PRD 69(2004)114003
e Dijorjevic et al., NP A783(2007)493

e Mass hierarchy of parton energy loss included
e Djorjevic, PL B734(2014)286
e Wicks et al., NP A872(2011)265

e More
e BAMPS, JPG 38(2011)124152
e WHDG, JPG 38(2011)124114
e Vitev et al., PR C(2009)054902
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Theory references - Pb-Pb

e Descriptionof R ,and v,

e TAMU elastic: PL B735(2014)445

e Djordjevic: PL B734(2014)286

e Cao, Qin, Bass: PR C88(2013)044907

e WHDG rad+coll: NP A872(2011)265

e MC@sHQ+EPOS: PR C89(2014)014905
e Vitev, rad+dissoc: PR C80(2009)054902
e POWLANG: JP G38(2011)124144

e BAMPS: PL B717(2012)430
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