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Basic scales of heavy flavour

®* Mcp » Nacp pQCD initial production
® Mcb » TrHic,LHC hegdligible thermal production
* 7o = 1/2mq (<0.1 fm/c) « taep (O(10fm/c)) witness of all the QGP

> “Calibrated probes" of the medium
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T [fm/c]

v

*¢* Initial production
- PQCD-NLO < pynamics in QGP

*2» Hadronization
- via quark coalescence and/

- MC-NLO - energy loss via radiative
- CNM effect (“gluon Bremsstrahlung”) or fragm.
and collisional processes - hadronic rescattering B
» color charge (Casimir factor) A . °
> quark mass (dead-cone effect) N iy D

> path length and medium density A
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Heavy quark energy loss

Dead Cone Effect

e Gluon radiation is suppressed at angles smaller
than the ratio of the quark mass Mq to its energy
Eo(6< Ma/Eq)

* In medium, dead cone implies lower energy loss

(Dokshitzer and Kharzeev, PLB 519 (2001) 199.)
gluon radiation spectrum by the quark

propagation in the medium:
2
[ (M) 1)
~L1 + k 5 ) 02J
Light in Medium 0

k
Wwhere 6=-L ~ (i)
w \w

dl
= () —
dw

Heavy in Medium

— suppression of high-energy tail

for heavy quarks
— more pronounced for beauty
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Dead cone effect in other model

medium induced gluon energy distribution
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Armesto, Dainese, Salgado, Wiedemann, PRD 71 (2005) 054027 . M.Djordjevic J.Phys.G30:5S1183-51188,2004

Baier, Dokshitzer, Mueller, Peigne®, Schiff, NPB 483 (1997)
291. Salgado, Wiedemann, PRD 68(2003) 014008.
Armesto, Salgado, Wiedemann, PRD 69 (2004) 114003.

Massive calculation confirms this qualitative feature
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Heavy quark energy loss

Dead Cone Effect Color charge dependence of energy loss
e In vacuum, gluon radiation is suppressed at gluon radiation spectrum by the parton
angles smaller than the ratio of the quark mass  Propagation in the medium:
Mq to its energy Ea(6< Mqa/Eq) a)ﬂ o, Cpf(w)
* In medium, dead cone implies lower energy loss dw S
(Dokshitzer and Kharzeev, PLB 519 (2001) 199.) 4

gluon radiation spectrum by the quark ,where Cp =3 forg, 3 forq

propagation in the medium:
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N 4 [ (M) 1) B
2 \ \ B
d(l) Heavy in Medium d(l) Light in Medium L k EQ ) 0 J 0.8 \‘ \\\\ \\\\ Lglue =3.5fm B
k é 1/4 L ip.down = 5-:0 fm
Wwhere 6=-L ~ (—3) i |
@ w 06 @O’}'o g |
—_— \\ \\ \\\\ /)7 \\\\
ﬂ:o \\\\% ~-
0.4 — h
0.2
1 | 1
0-00 2 4 6 8 10 12 14 16 18 20
: : : GeV
= suppression of high-energy tail Py (GeV)
1 nitial .
for heavy quarks here, RQ - do gna I'd ng ial(artonic
— more pronounced for beauty modification factor before hadronization)
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Heavy quark energy loss

Dead Cone Effect Color charge dependence of energy loss
e In vacuum, gluon radiation is suppressed at gluon radiation spectrum by the parton
angles smaller than the ratio of the quark mass  Propagation in the medium:
Mq to its energy Ea(6< Mqa/Eq) wﬂ o, Cpf(w)
* In medium, dead cone implies lower energy loss dw S
(Dokshitzer and Kharzeev, PLB 519 (2001) 199.) 4

gluon radiation spectrum hv the anark ,where Cp =3 forg, 3 Jorq

propagation in the medi

a)ﬂ —_ wﬂ AE(gmedlum;CR ’m9L) ng/dy=1000 |
d(l) Heavy in Medium d(l) Light ii \\\ Lglue =3.5fm

AEg > AECzq > AL, " Lipdown =5-01m |

W, Might translate into a hierarchy of o |

nuclear modification factors %, -

Raa™ < Raal < RanB?

- u,u yuarmns
0.2
i Gluons
o 22 N I B B
o 0'00 2 4 6 8 10 12 14 16 18 20
: : i p, (GeV)
— suppression of high-energy tail
for heavy quarks here, R, =do}™ /do,™ (partonic
= more pronounced for beauty modification factor before hadronization)
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How can we measure medium effects?

Nuclear modification factor (Raa): compare particle production in Pb-Pb with
that in pp scaled by a geometrical factor

Binary scaling based on the Glauber Model
R dN,, /dp, _ dN,,/dp, R =1-bi _
A= aa = 1: binary scaling

(N, )xdN, Idp, (T,)xdo, |dp, R, # 1: medium effect

Trivial but important caveat: Parton interaction B
~—— With the medium (Modified?)
dND dS¢ hadronization
e <DF () POFC)E - HPOEO0. ()
dp; ~ dp;
Initial-state effects N/ What we want to
“Vacuum” parton spectra probe

Measured spectra in AA collisions result from a convolution of many pieces
=> interpretation of the results requires comparison with models

= must measure observables with different sensitivity to the various ingredients
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Color charge effect and mass effect

Heavy'tO'Iight ratiOS: RD(B)/h (pT) = REA(B) (pt) / RIZA (pt)
(Light flavour hadrons mainly from gluons)
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Armesto, Dainese, Salgado, Wiedemann,
PRD 71 (2005) 054027.

Note:

At pt > 10 GeV, the charm
mass dependence of parton
energy loss becomes
negligible since m¢/pt — 0

At smaller Bjorken x, a larger
fraction of the produced
light-flavored hadrons have
gluon parents and thus the
color charge dependence of
parton energy loss can leave
a much more sizable effect In
the heavy-to-light ratio Rp/ at
LHC

1 Ro/n enhancement probes

colour-charge dependence of
energy loss

— Rg/m enhancement probes mass

dependence of energy loss



b quark fragmentation

SII_D Collaboration, PRL 84(2000) 4300

e SLD ¢
3 Model Dependence ¢ § -
o OPAL
_ i1y
< e'e” —> QX —> H,X
> &
Z 2 ;
©
<
*ﬁ
1+ ® _|
' 4
i -ﬁl)! j! ' +_
g aw®
0 Pl | | | I | | | °
0 0.2 0.4 0.6 0.8 1.0
XB

e Hard fragmentation

b-quark fragments much harder
than light quarks(due to dead
cone effect in the vacuum)

for gluon e'e 5 +X Vs=91.2 GeV

10 g™

f AKKII| -
10°) DSS. !

| —-- HKNS | .

10} ~ {

: . > ALEPH ;

| do | - e DELPHI :
10°| . + OPAL !

Cdx : . + SLD

=» measured meson properties closer to parton ones
=» Jet energy can be measured more precisely
=better handle on the fragmentation function to extract medium

modification effect
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pp and p-Pb collisions (small systems!)

pp collisions
e Testing ground for perturbative QCD calculations

e Relevant production mechanisms on the parton level
» LO: gluon fusion, quark-antiquark annihilation
» NLO: gluon splitting, flavor excitation

» Multi Parton Interactions (MPI)

4 [ e EPSO 1.4
l 4 : :\\All 1.0 'on\\

e Reference for p-Pb and Pb-Pb collisions 3 TR —~ B
2 .: IR /A 08

0.6 | =/ 0.6

o« — —

0.4

p'Pb collisions B 0.2 :: _,.—"" 0.2
. ") L 1
e Quantify cold nuclear matter effects: measure effects, not T
due to QGP formation, that can modify the yield of hard K. J. Eskola et al: JHEP04(2009)065
u = = D ~Nce
probes in nuclear collisions dl(\;;bpb _ @)@ c(ll;r & P(AE)® D, (2)
» nuclear modification of Parton Distribution ' e csoore o

1<P . <2CGeVic 7 ‘ \(0-20%) - (60-100%)

Functions (shadowing, gluon saturation)

» k1 broadening via multiple scattering of the parton
before the hard scattering

» energy loss In cold nuclear matter
e Final state effects? (e.g. from system collectivitiy/hydro)

R ‘ g
charged particles:
long range correlation
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pp and p-Pb collisions, more differential measurements

HF production vs. multiplicity in pp and p-Pb collisions A
* Interplay between hard and soft processes in particle production .' N

e Study the role of multi-parton interactions (MPI) in the heavy- .4
flavour sector af

o7

Ty >
0,
Vg -

* |Investigate a possible centrality dependence of the modification -
of the prt spectra in p-Pb w.r.t. pp collisions

Azimuthal correlation of D meson with charged particles in pp and
p-Pb collisions

e Sensitive to charm quark fragmentation properties = address
charm jet properties

e Modification of angular correlations in p-Pb w.r.t. pp collisions?
* may arise from both initial and final-state effects

* Reference for Pb-Pb measurements =& complementary
information to Raa and v2 measurements to study in-medium

energy loss (e.g. path-length dependence)
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Heavy flavours
Results in pp and p-Pb collisions

Small systems!
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D mesons down to pr=0

arXiv:1702.00766
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[1] JHEP 05 (1998) 007, JHEP10(2012)137

New analysis of 2010 pp data at /s = 7 TeV (D°,D*,D™*,D+s)

Extended pr coverage w.r.t. previous analysis systematic
uncertainty reduced by a factor 2!

e pQCD-based theoretical calculations reproduce the data

e Data much more precise than theoretical calculations!
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—- 7 TeV scaling

[] syst. unc.

+ 3.5% lumi (7 TeV scaling), +2.3% lumi (5 TeV data)

+ 2.5% BR uncertainty (not shown)
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20 25
P, (GeV/c)

New analysis of 2015 pp
data at Vs = 5.02 TeV

D-meson cross sections in pp
at 5 TeV compatible within
uncertainties with FONLL!
predictions at 5 TeV and with
extrapolated cross section
from 7 TeV data
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Total Charm Cross Section

arXiv:1605.07569
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Important input

!
Factor ~2 reduction on systematic uncertainty for model!

Mindung Kweon, Inha University HIM Meeting, April 222017 15



D-meson Rppp

D% and D-mesons

arXiv:1605.07569
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e D-meson Rpprp compatible with unity within uncertainties

e Data are described by models including initial-state and cold nuclear matter effects
(left panel), as well as by models assuming the formation of a small-size QGP in p-Pb
collisions (right panel)

* Need larger samples of both p-Pb and pp collisions @5 TeV for constraining models
at low pt where predictions differentiate.
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Results Iin pp and p-Pb collisions:
Toward more differential measurements!

Mindung Kweon, Inha University HIM Meeting, April 222017
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More on production mechanism:
Multiplicity dependence of heavy-flavour production

ooooooooooooooooooo

._ ~_ 25 e St -
lg S8 Q i ALICE pp \S = 7TeV |
.'«, . B g - ¢ Average D°, D*, D** meson |y|<0.5, 2<p <4 GeVic ]|
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\ @2 r Particle production in Z - :

% 1o P PP & | due to MPIs? :

% & T, collisions at the LHC shows & [ D-mesons

% - abett twith = 150 E

a better agreement wi —~ 90 :

_ #& %+ models including Multi- g i

(¥ "~ Parton Interactions (MPIs) T 10 Non-prompt J/P-
oR &8 Eur. Phys. J. C 73 (2013) 2674 < - -
,‘ ‘?o g‘f ur ys ( ) % B n
% = 5 -
e/ 3 $ - B
For heavy flavours: e Lo e ckian v shown

R P W I I I I I Bl S T

- e 0.4 i is: i iplici =

> LHCb dOUble Charm prOdUCt|On 2 02:_ B fraction hypothesis: x 1/2 (2) at low (high) multiplicity E

. . . s Tk 3

agrees better with models including 8 :

- 3 -0.2F .

double parton scattering g E

J. High Energy Phys., 06 (2012) 141

JHEPO9 (2015) 148

0 1 2 3 4 5 6 7 8 9
charged particle multiplicity (dN_,/dn) / (chh/dn>

MPIs involving only light quarks and gluons, or for heavy-flavour production?

® D-meson, non-prompt J/P yields increase with charged-particle multiplicity
— presence of MPIs and contribution on the harder scale?

MinJung Kweon, Inha University

HIM Meeting, April 22"42017
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More on production mechanism:
Multiplicity dependence of heavy-flavour production  auce

JHEPO9 (2015) 148

..»..,‘ /\|_25_ """""" ISR DL B BN R ]
lg % Q i ALICE pp \s=7 TeV I
o e Bl . g ~ ¢ Average D°, D*, D** meson |y|<0.5, 2<p_<4 GeV/c
\-. _‘» . - O 20r ¢ Jy e, lyI<0.9,p >0 —
03 @5 Particle productioninpp 2 T 4 yy o ww, 25<y<4.0, p 50 i

%, & T, collisions at the LHC shows 2 PLB 712(2012)165 i

-4 a better agreement with = 19 ~

_\ <~ models including Multi- -§: - _..Open -
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5 . mE -
- L ot 5% mormaliaati .

For heavy flavours: i £ 6% uno. on (dNicin) / <cidm not shown |

> LHCb: double charm production s E

. . . = 3

agrees better with models including 8 o ;
double parton scattering 8 E

(a8 N N T T N T T T T

J. High Energy Phys., 06 (2012) 141 0
charged particle multiplicity (dN,/dn) / (chh/dn

\/@|

MPIs involving only light quarks and gluons, or for heavy-flavour production?

e Same behavior for open and hidden charm production
— this behaviour is most likely related to the cc and bb production processes,

but not significantly influenced by hadronisation!
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D-meson yields vs. multipicity: comparison with models (pp)

e Percolation (Ferreiro, Pajares, PRC 86 (2012) 034903)

R -D'mesons"HEpog(zm)”s Particle production via exchange of colour
~20F C .! | I_;_ --l ercloailm, I> T 1 1
S izt L ltosaee sources between projectile and target (close to
2 16, s wiramaaton | b oo 8099 1 Hydo g MPI scenario) = Faster than linear increase
cgo 14F uncertainties not shown ,“i T fl :
= 12 1<p1<2 GeV/c T
g% =3 g 4 _* EPOS 3.099 (Werner et al., PRC 89 (2014) 064903)
g% $/¢/ E3 // 3 » Gribov-Regge multiple-scattering formalism
2 4 b3 P E: ‘::L)g‘}("ﬁ‘ .
2 " 1<p <20eVic] » Saturation scale to model non-linear effects

- 207 -
S g : » Number of MPI directly related to multiplicity
© C A . .
=0 E — slightly faster than linear
S I
ijﬁ B ; » With hydrodynamical evolution applied to the
29 7 ; core of the collision—faster than linear
g4 T > increase
- 2_ v}) 4<pT<8GeV/c_i‘ P /y\ 8<pT<12 GeV/c‘;
s en
(dN/dn) / (dN_ /) (dNg/dn) / @N_/am) ~ © PYTHIA 8 (Sjostrand et al., Comput. Phys. Commun.
charged particle multiplicity 178 (2008) 852)
» Soft-QCD tune
» Colour reconnection
» MPI
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More differential information:
Azimuthal correlations of D mesons with charged particles

Away side

7IIII|IIII|IIII|IIIIIIII|IIII|
Average D°, D*, D™ ALICE
6~ —— p-Pb, |5, = 5.02 TeV
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1.5

e Sensitive to charm quark fragmentation properties = address charm jet properties
e Modification of angular correlations in p-Pb w.r.t. pp collisions?

» may arise from both initial and final-state effects
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More differential information:
Heavy-flavour electron-muon correlation in d+Au
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Phys. Rev. C 89, 034915 (2014) Cold nuclear medium modifies the cc correlations
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More differential information:
Azimuthal correlations of D mesons with charged particles
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e A range, though a hint for a more

T POWHEGPYTHAG pronounced peak in the near side in

ey 1 d@ta than in models is present for D
mesons at high pr

4 0
E chmsl <0.5, A0l <1
3k 4-pp,Vs=7TeV
C [l baseline-subtraction uncertainty

2r +13%

“10% Scale uncertainty

- baseline (rad™)

+13% .
“10% Scale uncertainty

a1

dNassoc
Ny dAg

0 05 1 15 2 25 30 05 1 15 2 25 30 05 1 15 2 25 3
Ag (rad) Ag (rad) Ag (rad) Near Slde

Heavy flavour jet properties

trigger

e Reference for future Pb-Pb measurements — hadron

complementary information to Raa and v2 in Pb-Pb
measurements to study in-medium energy loss
(e.g. path-length dependence) Away side

Path length dependence
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More differential information: Hydro?
Enhancement in central d+Au at RHIC

IIIIIIII |IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
N

< B o L'ar'ge' enharicement (x2)
:\5 1o7i N — Blast Wave -
fcl"m < 3_
°|% m"’ - I PYTHIA + EPS09s LO, D—y @ HF v, -2.0 <y <-1.4
[ s o 5[ -~ PYTHIA+EPS09s LO,D—u ® HFy, 1.4<y<2.0
10°E - N ) R R broadening <k:>=2.25 GeV?/c?
3 ol ] ; S broadening <k:>=2.25 GeV?/c?
E ~ E é im"él*"}"+ ~,_ ] i
o 1 2 3 4 5 6 7 N (zewz) 1.5 :— H 7._'_‘,4 o _~ +.%:~:+.~~B3Ck’¥vard
2_| T T T T T T T | T T | T T | T T T T T I_ : /f."':' . ? o
Lt% 18- . 1:_1'.' e '_'Q"H H””“;“%"“T' R '-I
- arXiv:1309.6924 : - HH [
1.6 _ - 05 . - Forward
aF Mid rapidity 1 - 0-20% centrality
E + E _I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
1.2~ I ] O0 1 2 3 4 5 6 7
o E . p_ (GeV/c)
Rl ] B T
0.8 = : .
o[ ® electrons, 0-20% PRL 109 242301 ( 012)H_Z <— Radial flow qualitatively reproduces
. . the data!
0'4:_ —— Blast Wave calculation _:
02 E Enhancement at mid- and backward
Oo_ll||-|I|||||2||||:|3||||‘|I.||||5|||||6|||||;||||8|||||_9 rapidity pOSSibly due to hydrOdynamiCS?

P (GeV/c)
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More differential information:
Heavy-flavour electron-hadron correlations

- | Multiplicity class: electron
| (0-20%) - (60-100%)

p-Pb, \/STN =5.02 TeV

(0-20%) - (60-100%), Multiplicity Classes from VOA

(e from c,b)-h correlation . %
1.0 <p° <2.0 GeV/c

O.5<pE<2.0 GeV/c HLICE

PRELIMINARY

hadron

Iy

Resembles the structure
that in AA is interpreted
in terms of collective flow

0
.=

(1/N) (d°N,/ dAndAg) (rad™)

The double ridge also observed in heavy-flavour sector!

The mechanism (CGC? Hydro?) that generates it affects also HF
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Heavy flavours
Results in Pb-PDb collisions

Large systems!

—_—_—
‘) Centrality ‘)
Peripheral Central

from 100% to 0%

Mindung Kweon, Inha University HIM Meeting, April 222017
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Observables to measure medium effect

Parton interaction
with the medium (Modified?)

hadronization
/)

What we want to

“Vacuum”\parton spectra 1 probe
[
Constrain models with 0
measurements from p-Pb collisions

Charm and beauty energy loss
— via radiative (“gluon Bremsstrahlung”)
and collisional processes

 quark mass (dead-cone effect)
» color charge (Casimir factor)
“* path length and medium density

— hadronization via coalescence with
medium quarks?

MindJung Kweon, Inha University HIM Meeting, April 22742017
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D-meson Raa in p-Pb and Pb-Pb collisions

ooooooooooooooooooo

| - 2_| T T ] ' T T1 | T T | T T | T T | T T T T T I_
O B i
G 18l ALICE Average D°, D", D*' e
L Pb-Pb, \ s, = 2.76 TeV, |y|<0.5 .
c 1 6__ e 0-10% .
O C o with pp p_-extrap. reference g
.-'c__ﬁ, 1 4__ m 30-50% s
O | r - O p-Pb,\s,, =92.02TeV, -0.96 <y __<0.04 i
5 1.20 7 -
-8 s(I11 # ot | p'Pb :
SR [t 5] H """""""""""""""""""""" -
E 0.8:—,_ E
O N 1 N
0.6~ _4100/—
2 OOy 30-50% m°1°/°
0.4~ HH‘H‘ M -
02~ Mg g 5 H -

_I | 1 1 ‘ L 1 1 1 | L 11 1 | I | 1 1 1 1 | L 11 1 | I | L 1 1 I_

OO 5 10 15 20 25 30 35 40
JHEP 03 (2016) 081

p_ (GeV/ce)

| |
ALICE Preliminary
Average D°, D*, D**, lyl<0.5

® 30-50% Pb-Pb \s,, = 5.02 TeV
= 30-50% Pb-Pb \s,, = 2.76 TeV, JHEP 03 (2016) 081 —:
¢ 0-10% Pb-Pb \/STN =2.76 TeV, JHEP 03 (2016) 081

extended pr coverage up to .
______________________________________________ 3 G_Ge_\_l_lc____.___-

Filled markers : pp rescaled reference
Open markers: pp pT-extrapolated reference

0.2 B T
|||||||||||||||||||||||||||||| ||||||||
Y5 10 15 20 25 30 35 40

e D-meson Ryp» consistent with unity within uncertainties

P, (GeV/c)

® p-Pb results indicate that the suppression observed in Pb-Pb comes from strong
interaction of charm quarks with the medium

MinJung Kweon, Inha University

HIM Meeting, April 2242017
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Color charge dependence?: D-meson Raa vs. TT* ALICE

ooooooooooooooooooo

} 2 _[ T T 1 T T 1 | T T 1 | T T T 1 | T ||A[LI|C||E| T | T T 1 | T T 7T l— E 1 _4 _I T T | T T | T T | T T | T 1T | T T | T T | T I_
- - C - PDb-Pb, \s\\=2.76 TeV -
T 18- 0-10% Pb-Pb, | 5, = 2.76 TeV — I NN |
B 0 i 1.2— A 7t (ALICE) 8<p_<16 GeV/c, |y|<0.8 —
1.6  Average D", D', D", y|<0.5 = | = Dmesons (ALICE) 8<p <16 GeV/c, ly|<0.5 i
’ 4: © \(IDVIFtIZrZF; (f E:r::élalez Olatle% r86ference _ 1— (empty) filled boxes: (un)correlated syst. uncert. N
- 5] , M|<0. —] b e e —
E e Charged pions, |<0.8 E i Djordjevic et al. Phys.Lett.B 737 (2014) 298 |
1 2__ — L aseuas ot .
- JHEP 11 (2015) 205 T 5 0.8— — — D mesons —
| ] - i
81 : - 0.6/ - -
08¢ D & pions - : E‘@‘ D &pions
0.6 ] - 50-8637:::' . -
- : 0.4~ T~ -
0.4-4 1ﬁﬁ‘+‘_+—: i SmEs ]
= . . 40-50% | b et .
0.2¢ ) .ﬁfiﬂiﬂ#; — 0.2~ 30-40%  50.30% F\‘\\.__
O_|||||||||||||||||||||||||||||||||||||||r :nishiftedby+10in<Nan> 10-20% 0_100/0:

O 5 1 O 1 5 20 25 30 35 40 0 || | | | | | | | | ? 1 | | | | | | | | || | | |

p. (GeV/c) 0 50 100 150 200 250 300 3<50 4>oo
T N
part

JHEP 11 (2015) 205

e D-meson and it R,, are compatible within uncertainties i oto. NA a0t 258

Djordjevic, PLB 737(2014)298

o Agreement with models including energy loss hierarchy: AE(g) > AE(u,d,s) > AE(c),
different shapes of the parton pr distributions, different fragmentation functions, soft

production mechanisms for low-pt 11
® Measurement not yet conclusive — precision measurement required!
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Color charge dependence?: D-meson Raa vs. 11*

1

1F . .
Pions D mesons Ca|CU|at|0n by M. DjOrdjeVIC
08+ 08+
Excellent lagreement! (rad+coll energy loss) can
_ 067 08 % describe both Raa
i i
04+ 0.4+ .
021 V 021 W |
oL, | | | Djordjevic, arXiv:1307.4098
: 0 10 2 30 10 0 20 40 60
E(GeV) E(GeV)
1F 1F 1
08+ 0.8+ osl
- o Shows strong colour
S ; S charge effect in
041 04t .
- ) s partonic R, (g Vvs.
1 N light and c)
0 10 20 30 40 50 0
E(GeV) E(GeV) E(GeV)

Rya (D) =Ry, (charm)

> 4

Ry, () =R,, (D)

MinJung Kweon, Inha University

R, (light quarks) =R, , (charm)

! ¢

HIM Meeting, April 22742017

Distortion by fragmentation!

Colour charge effect helps!
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Quark mass dependence?: D-meson Raa vs. non-prompt J/¢

AE(g) > AE(u,d,s) > AE(c) > AE(b) could be reflected injRaa(B) > Raa(D)} > Raa(m)

§1.4_llllIllllllllllllllllllllllllllllllllll-
@C | Pb-Pb, sy =276TeV 1 o ALICE prompt D mesons &
{92 = D mesons (ALICE) 8<pT<16 GeV/e, |y|<0.5 . _ .
" o Novpompluy (Cms Prlminary - CMS non-prompt J/:
- 5<p_< eV/c, |y|<1.2 CMS-PAS-HIN-12-014 -
- (empty) filled boxes: (un)correlated syst. uncert. - * B and D mesons <pt>~10 GeV/c,
1_—"-"""-""""-""-D.l:ar-d_j-e-\_/i_(.;-é-téi__-;h-y-s-.l:e-n_l._B.-7;3:/’-(_2.0_1;.)_2;8_ """" B slightly different rapidity ranges
. - = D mesons - . . . J/ LB D
- — = Non-prompt J/y 4+ e Clear indication of Raa"%“° > Raa
0.8 & I Non-prompt J/y with ¢ quark energy loss —
0.6 :E: _ non-prompt J/¢p _|
- 50BN \‘:E:::\\§ - No trivial relation
0.4 \\\\ ............... = B~ (Diordjevic, PLB 734(2014)286) | between AE and Raa
. K, e N
‘ T T: B, 1L consequence of mass
i\‘: e differences of ¢ and b quarks
20-30% - -
— (") 50-100% for non-prompt J/y 10-20% 0-10% ..
- ° ALICE, arXiv:1506.06604
0 | - l | - l | - l L Ll l L il l | I . l | . l | I

0 50 100 150 200 250 300 350 400 PQCD model including mass-
(Npa,) dependent rad+coll energy loss
predict a difference

>
. Centrality ' Similar pattern from other calculations

(e.g. BAMPS, WHDG, Vitev et al.).
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Quark mass dependence?: D-meson Raa vs. non-prompt J/

[F2a(B) > Ran(D)

\/ Syny = 2.76 TeV

é _I T 1 | T T | T T | T T | T T | T 11 | T 11 | T 1 I_ . ALICE prompt D mesons &
o 1.4 Open beauty: nonprompt J/ B CMS non-prompt J/ll)
i ® 6.5<p_<30GeVlc,lyl<1.2 ] .
1.2 Open charm: prompt D (ALICE) - e B and D mesons <pt>~10 GeV/c,
- O 8<p_<16GeV/c, lyl<0.F - sliahtlv different rapiditv ranaes
1 Same conclusion with final CMS results!
i non-prompt J/
O.8+ + Result consistent with the picture of
- H mass-dependent energy loss
0.6 + . 6 - No trivial relation
5 4:_ | (Diordievic, PLB 734(2014)286) between AE and Raa
T i O 5 ® 1 consequence of mass
‘_ 1 differences of ¢ and b quarks
0.2 [BIGEH S
_I 1 1 | L 11 1 | L 11 1 | L 11 1 | L 11 1 | L 111 | L 111 | 1 1 I_ - -
% 50 100 150 200 250 300 350 400 PQCD model including mass-
Npart dependent rad+coll energy loss

predict a difference
>
Centrality ‘) Similar pattern from other calculations

(e.g. BAMPS, WHDG, Vitev et al.).
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Ds vs. non-strange D mesons ALICE
wp D ioae | nevsnEzmsTeve @

< 2_| [ | T T | T T | T T | T T | T T | T T | T I_ é 2:| ro | P | rrrd | rrrd | P | rrrd | L | rr I:
G:< - ALICE Preliminary . OC 4 gf ALICE 0-10% Pb-Pb, \'s,, = 2.76 TeV
1.8 30-50% Pb-Pb, 5, = 5.02 TeV - o _ :
1.6 ly1<0.5 - 1'6;_ e Average D, D', D*", lyl<0.5 -
T W 0 N+ (At 7 - o) with pT-extrapoIated pp reference -
1.4+ Aersce 00" 0" [TV, 30950% 4] + :
-+ Dg ] N # D;,lyl<0.5 §
1.9F 7 1.2 —
"= - [ [JHEP 03 (2016) 082] -
L - ] ]
L D* ; 3 TAMU, PLB 735 (2014) 445 -
0.8 S D_mesons_: O.8j D+ — gi)n-strange D ALICE,

- H § 0.6 S s : JHEP 03 (2016) 081

0.6 H H = N /,,/{/' JHEP 03 (2016) 082
L L ] B \ A - [ |
L ) : oar N Jopanels g
- pE - - ijj H [ -
02:_ o Filled T(arkers:pp refcaleldtreéerefnce _: 02:_ E D-m_esons _:
L pen markers: pp p_-extrapolated reference_ B |
_I 1 1 | | | | | | | I | | | | [ -Ir | | | | | 1 1 | I_ O = | = | —— | - | —— | - | - | -

% 5 10 15 20 25 30 35 40 °oY T 2 R Gevic)
p_ (GeVic) P

e Charm hadronization through recombination in medium? — strangeness enhancement
(predicted in models)

e Hint of Raa(D) < Raa(Ds*) in data, to be confirmed with higher precision measurements
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Observables to measure medium effect

Parton interaction
with the medium (Modified?)

hadronization
(PeEo0. ()

What we want to

“Vacuum”\parton spectra 1 probe

Constrain models with
measurements from p-Pb collisions

I T
v Pl .
et égjaﬂﬂﬂHjL s0.50% 010% |
Charm and beauty energy loss . i....

P(GV/)

— via radiative (“gluon Bremsstrahlung”) and

20 25
Py (GeVic) p, (GeV/c)

collisional processes R ]
A +'+ +
*+ quark mass (dead-cone effect) 2 ':: . |

* color charge (Casimir factor)
# path length and medium density  *j5__"

\\\\\\\
u: 18- ALICE 0% Pb-Pb, | 5y = 2.76 TeV

— hadronization via coalescence %
4‘

p(G )

— collective motion = azimuthal anlsotropy
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Elliptic flow (azimuthal anisotropy)

Reaction plane

Study azimuthal distribution of produced
particles w.r.t. the reaction plane (Wrp)

impact parameter

Anisotropic flow: v2
dN N

de

= ~(1+2v,cos(@—W,,) H2v, cos[2(p =W g, )]f+...)
T

. : : via re-scatterings
Initial spatial anisotropy > momentum

anisotropy of particle emission

The anisotropy is quantified via a Fourier expansion in
azimuthal angle () with respect to the reaction plane (Wrp)

Thermalization/collective motion vo+ Raa: complementary information —

/ (at low py)

v,>0

Improve sensitivity to relative contribution
of collisional and radiative energy losses

\ Path length dependence of energy loss ~ and to coalescence

(at high p;)

MinJung Kweon, Inha University
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Anisotropic flow vz of D mesons ALICE

W PEL. ol DY, D* average v: at
B g O e JSNN=2.76 TeV

S L R R L L R L L Ry R L Ry L L Ly R LAY Ry R AR R KA AR ) KA LALEV NS o T T
0.6 ALICE 1 © PromptD’lyl<08, v,{EP} + - 0. 4_2 76 TeV ALICE Prellmlnary_

[ Pb-Pb, {5y 276 TeV | [ Jsyst trom aata | : 30-50% Pb-Pb ]

I L [0 syst. from B feed-down 4 ] 0.3 lyl<0.8 -
0.4f - _ |

[ ] Syst. from data

# IF ) Syst. from B feed- down—

i D - m eso n s __ 0 Charged particles, v {EP,IAnI>2} _ |
I T T 1 0.2
I 1 1 Aty ]
- T i TSP
i T Srotorie: TA 9 1 0.1
L 4+ A ._ 4
rc\\\ AV :\;\f

()
: ‘ ?
N | | |<

~0.1 e Prompt D%, D" average, |5, = 5.02 TeV
vAEP, IAwal>O .9}
[ Centrality 0-10% T Centrality 10-30% 1 Centrality 30-50% u 0.2 e Prompt D", D ,D* average, \s,, =2.76 TeV
bbb b ben b b b b o b b e B B b o s b b e L b b L 1 e IVZ{EIPI} IIDhySReVLett111 102301
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
p_ (GeV/c) p_ (GeV/c) p_ (GeV/c) 5 10 15 20 25

P, (GeV/c)

® Heavy quarks participate in collectivity of the medium in case of sufficient re-
scattering; accessible via measuring azimuthal asymmetry of particle emission in
momentum space, v2

e Positive v2(D) observed (50 effect for 2 < pt < 6 GeV/c in 30-50% centrality class)

e D-meson vz similar to charged-particle v2
— Confirms significant interaction of charm quarks with the medium

e Similar v2 at different energies observed (confirmed with better precision at Run2!!!)
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Anisotropic flow v2 of D mesons

fm'J.H 0.5_| T T T | T T T T .| T .| T T | T T T T 1] >N : T T T T | T T T T | T T T T | T T T T | T T T T | I:
¢ ALICE Preliminary : 04 2.76 TeV. ALICE Preliminary -
:5 0.4 _ - 30-50% Pb-Pb .
- B +  Prompt D | - lvl<0.8 7
& 0 3: D+S e Prompt D°, D* average - 0'3: y .
R :_ [ ] Syst. from data _: B ~$‘ ‘ [__] Syst. from data :
> % lel- B syst. from B feed-down- 0.2 5 I Syst. from B feed-down—

: H@g D-mesons 0.1 +

0.1~ *EH— . - $_
- O:_ ............................................................................................................

()
: . ?
| | | |<

~0.1 e Prompt D%, D" average, |5, = 5.02 TeV
0 1= o Je  — vAEP, IAn>0.9}
01: 30'50 /O Pb'Pb, SNN -_— 502 TeV ° P?’ompt Dg, D+, D*+ average’ VS_NN =276 TeV
- IyI<O.|8 | | | | -0.2 v.{EP}, Phys.Rev.Lett.|1 11, 10230|1 |
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | | | | I | | | | | | | | | | 1 1 1 1 1 1
-0.2 5 10 15 20 2 5 10 15 20 2
P, (GeV/c) P, (GeV/c)

e Heavy quarks participate in collectivity of the medium in case of sufficient re-
scattering; accessible via measuring azimuthal asymmetry of particle emission in
momentum space, v2

e Positive v2(D) observed (50 effect for 2 < pt < 6 GeV/c in 30-50% centrality class)

e D-meson vz similar to charged-particle v2
— Confirms significant interaction of charm quarks with the medium

e Similar v2 at different energies observed (confirmed with better precision at Run2!!!)

® First measurement of Ds-meson v2 at the LHC!
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Comparison with models

O
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e Highlight importance that models include a realistic description of the medium
evolution and of initial conditions

e v2 and Raa measurements over a wide pt range can set stringent constraints to

model

e Experimental results with improved precision — potential to constrain models giving
a simultaneous description of quenching and collectivity

Mindung Kweon, Inha University
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Observables to measure medium effect

Parton interaction
with the medium (Modified?)

hadronization
{Pane0... )

What we want to

“Vacuum”\parton spectra probe

Constrain models with

measurements from p-Pb collisions
.. Charm and beauty energy loss %

— energy loss via radiative (“gluon Bremsstrahlung”)
and collisional processes o EEET

* quark mass (dead-cone effect)
* color charge (Casimir factor)
» path length and medium den5|ty

\\\\\\\
u: 18- ALICE 0% Pb-Pb, | 5y = 2.76 TeV

» 04
E o winp e forence 7 02
u [ ] [ ] i + DI,li<05 E 0 L L L L L L
0 50 100 150 200 250 300 350 400
dadronization via coa escence |- )
U, PLE735(20|6)M5 PREL-113666
reree = e 5%, Pop
» ALICE D°,D", D" average :

0451 Syt from data \Suy =276 TeV

04 %‘2 ¢—ﬁf Syst. from B feed-down
++ 0.3

2
p(G )

— collective motion = azimuthal anlsotropy
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Observables to measure medium effect

Parton interaction
with the medium (Modified?)

hadronization
{Pane0... )

What we want to
“Vacuum™parton spectra probe

DF (x,)PDF (x

Initial-state effects

We are walking toward
differential and precision measurements!

— energy loss via radiative (“gluon Bremsstrahlung”)

and collisional processes $EEL
+H 3 pEn
< quark mass (dead-cone effect) 4. . " - .

* color charge (Casimir factor) e S T
* path length and medium density - g

— hadronization via coalescence 3; o

— collective motion = azimuthal anisotropy ~“_
HIM Meeting, April 22742017
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Plans for Run2 and beyond

Goals for ongoing run-2
e Improve precision of multiplicity-differential studies in pp and p-Pb collisions

e New measurements of azimuthal correlations in Pb-Pb collisions and small systems
also as a function of the multiplicity

» D mesons with charged particles

» HF-decay electrons with charged particles

Long-shutdown 2 — Detector upgrade

* New ITS, addition of MFT — improve spatial resolution at impact point at mid- and
forward rapidity

e New readout for several sub-detectors

— Tremendous improvement for reconstructing charm and beauty signals (including
Ds, Ac, non- prompt J/P at mid and forward rapidity, B meson, Ap) down to very low pr
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Thank you for your attention!
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