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Deconfined QCD matter and its probes

® Heavy-ion (HI) collisions at LHC energies
Deconfined QCD matter (Quark -Gluon Plasma phase) is expected

(lifetime ~ O(10 fm/c)) %
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e Hard (large Q?, large mass scale) probes are produced at the
beginning of the collisions — probe the whole evolution of the collisions
Relativistic Heavy-Ion Collisions
Hard processes:

- Charm, Beauty, W, Z,
photons, Jets

\/\ QCD probe out
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QCD medium
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What’s special about heavy quarks

Pole mass M

® Heavy quarks Charm ~ 1.3-1.7 GeV

Large mass (mq » Aqcp) Bottom ~ 4.5-5 GeV
Top 173.1 £ 0.6 £ 1.1 GeV (?)

— hard probes even at low pT

PDG; TevEWWG
— produced in the early stages of the HI collision

with short formation time;
tcharm ~ 1/m¢ ~ 0.1 fm/c << Tagp ~ O(10 fm/c)

Interactions with QGP don’t change flavour identity

Uniqueness of heavy quarks: cannot be destroyed/created
in the medium

=traverse the medium interacting with its constituents
— natural probe of the hot medium created in Hl interactions
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Heavy quarks as medium probes

g: colour triplet

u,d,s: m~0, Cr=4/3
(difficult to tag at LHC)

g: colour octet qurﬁb

g: m=0, Cr=3
> E loss, dominant at LHC
Q: colour triplet _/
c: m~1.5 GeV, Cy=4/3
small m, tagged by D’s
b: m~5GeV, Cg=4/3
large mass - dead cone
- < E loss

‘Quark Matter’

MindJung Kweon, Inha University

Parton Energy Loss by
— medium-induced gluon radiation
— collisions with medium constituents

AEﬂ(gmea’ium;(jR ’m’L)
Prediction: AE, > AE__ > AE,

Might translate into a hierarchy of

nuclear modification factors
Raa™ < RaaP < RanB?

Collectivity in the QGP
— in general: initial spatial asymmetry
— azimuthal asymmetry of particle
emission in momentum space
— heavy quarks participate in
collectivity of the medium in case of
sufficient re-scattering
— approach to thermalization
— high pt: path-length dependence of
energy loss introduces azimuthal
asymmetry as well
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Heavy-flavour Observables: measure decay products

Heavy-flavor hadrons decay via weak interaction: lifetimes ct ~ few 100 um

Full reconstruction of D-meson hadronic Semi-leptonic decays (c,b)
decays

rec. track

Primary BD
vertex T

dy

Non-prompt J/y
HF jets -
Correlations with HF

Displaced
cks

Secondary
Vertex

Primary
Vertex

b-jet reconstruction
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Heavy flavours
Results in pp collisions at /s =7 TeV and /s = 2.76 TeV

Baseline for AA and p-A collisions
Test perturbative QCD calculations
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Heavy-flavour cross sectionin pp ats =7, 2.76 TeV  ai&
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do /dp, | (ub/GeV/c)
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Data
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t lyl<0.5

- D mesons HF decay electrons HF decay muons
JHEP 1201 (2012) 128 Phys. Rev. D 86, 112007 (2012)
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e Heavy-flavour cross section measured in various channels
e pQCD-based calculations (FONLL, GM-VFNS, kT factorization) compatible

with data FONLL: JHEP 1210 (2012) 137, GM-VENS: Eur. Phys. J. C 72 (2012) 2082, k; factorisation: arXiv:1301.3033
e Similar conclusion at /s = 2.76 TeV
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Heavy-flavour cross section in pp at/s =2.76, 7 TeV  ai&
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e Statistical separation of e* from charm and beauty decays using
displaced secondary vertex and electron-hadron angular correlation

® Relative contributions of charm and beauty decays as well as beauty
decay electron cross section reproduced by pQCD-based calculations
(FONLL, GM-VFNS, kt factorization), similar conclusion at /s = 7 TeV

Phys. Lett. B 721 (2013) 13-23

FONLL: JHEP 1210 (2012) 137, GM-VFNS: Eur. Phys. J. C 72 (2012) 2082, k; factorisation: arXiv:1301.3033
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Heavy-flavour production cross sections
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e Calculation based on pQCD (ex. FONLL) describes consistently energy
dependence of total cross sections

® Charm (beauty) x~10 (~100) from RHIC (200 GeV) to LHC

® Precision measurement required for quarkonia reference!
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More on production mechanism:

Multiplicity dependence of heavy-

flavour production

.. /&_ 25
f'i’:}’, 2
'.“‘«.)" ) - : : S 20
\82 Q Particle production in pp P

%, 4 T, collisions at the LHC shows kS
)4 ~ abetter agreement with = 19
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S)s.% «—~,  Parton Interactions (MPlIs) 5 10
ok & Eur. Phys. J. C 73 (2013) 2674 %
' .‘(—f}:"
For heavy flavours:
> LHCb: double charm production S o
. . . s
agrees better with models including 8
double parton scattering §

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

MPIs involving only light quarks and gluons, or

arXiv:1505.00664
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¢ Average D°, D*, D** meson |y|<0.5, 2<p_<4 GeV/c

& Non-prompt J/y — e'e, |y|<0.9, P, >0 —
: E due to MPIs? -
- ¢l ot $ - +6%/-3% normalization unc. not shown -
- @ + 6% unc. on (dN/dn) / (dN/dn) not shown _]
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3 B fraction hypothesis: x 1/2 (2) at low (high) multiplicity

lllll L1l lllllllll

5 6 7 8 9
(dN,/dn) / (N /)

for heavy-flavour production?

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

MinJung Kweon, Inha University
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More on production mechanism:

Multiplicity dependence of heavy-flavour production  auce
- arXiv:1505.00664
g $%\ ALICE, pp vs =7 TeV
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J. High Energy Phys., 06 (2012) 141 0o 1 2 3 4 5 & 7 8

\/@|

(dN/dn) / (dN_/dn
MPIs involving only light quarks and gluons, or for heavy-flavour production?

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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Heavy flavours
Results in p-Pb collisions

Cold nuclear matter effects
= oM e Modification of the parton distribution functions
y in rame

inside nucleus

e k1 broadening via collisions inside the nucleus
Q@*: e Energy loss in cold nuclear matter...

dNIl))be 1o
=PDF(x,)PDF 3 D _
Proton Pb ion dp. @xl) @@9 dp, —n(2)

Yems = 0.465 in the p-beam direction

Nuclear modification factor Binary scaling based on the Glauber Model

dN ,, ! dp; _ dN,, /dp, R,, = 1: binary scaling

R = - .
AA <Nw”>depp /dp, <TAA>><dUpp /dp, R,, # 1: medium effect
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Heavy flavours in p-Pb collisions at the LHC at 5.02 TeV

® Rpp, Measured in various channels m@
e Rppb consistent with unity within
uncertainties
-@ DY D*, D* mesons (mid rapidity): can

be described by CGC calculations, (arXiv:1308.1258)

pQCD calculations with EPS09 nuclear PDF  JHEP 04(2009)065

and a model including energy loss in cold
nuclear matter, nuclear shadowing and kr-
broadening (PRC 75(2007)064906)

Full reconstruction of D-meson hadronic
decays

Mindung Kweon, Inha University ICNFP2015, August, 28

PRL 113(2014)232301
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Heavy flavours in p-Pb collisions at the LHC at 5.02 TeV

® Rppb Measured in various channels

e Rppb consistent with unity within
uncertainties

-@ DY D*, D* mesons (mid rapidity): can

F?pr

3

be described by CGC calculations, (arXiv:1308.1258) , 5

PQCD calculations with EPS09 nuclear PDF
and a model including energy loss in cold
nuclear matter, nuclear shadowing and kr-
broadening (PRC 75(2007)064906)

® c,b—e & b—e (mid rapidity)

Semi-leptonic decays (c,b)

[

rec. frack e,

Primary B,D
vertex &
(710 \

7~

Rpr

1.6

1.4

PRL 113(2014)232301
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Heavy flavours in p-Pb collisions at the LHC at 5.02 TeV

PRL 113(2014)232301
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e S
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— —
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Slightly larger than unity at backward rapidity for 2 < pr < 4 GeV/c
Mindung Kweon, Inha University ICNFP2015, August, 28 16



Heavy flavours in p-Pb collisions at the LHC at 5.02 TeV

® Rppb Measured in various channels

e Rppb consistent with unity within
uncertainties

-@ DY, D*, D* mesons (mid rapidity):

be described by CGC calculations, (arXiv:1308.12

PQCD calculations with EPS09 nuclear

and a model including energy loss in cold

nuclear matter, nuclear shadowing and
broadening (PRC 75(2007)064906)

® c,b—e & b—e (mid rapidity)

® Cc,b—p (forward, backward rapidity) o

CMS @B+, BY, Bs(mid rapidity): FONLL
expectation as a pp reference

M
m = 3.10 GeV/c? /

Jiy

T 7K
A G"
“lz_ B+ B* Decay

Vertex

b

Primary Collision
Vertex

Mindung Kweon, Inha University

Rpr

PRL 113(2014)232301
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Heavy flavours in p-Pb collisions at the LHC at 5.02 TeV

1

> CMS Preliminary |, =5.02TeV  L=35nb’
® Rop, measured in various channels £~ f | | | i
> < L ® | bjetR ,-2.4<n <16
- 2 A <16
E 2 Unfolding Uncertainty ]
@ i -
e Rpprbo consistent with unity within & - .
- a 1.5 _
uncertainties : . i
-@ D, D*, D™* mesons (mid rapidity): can 1I- [ — ' |
be described by CGC calculations, (arXiv:1308. i
PQCD calculations with EPS09 nuclear PDF [ i
and a model including energy loss in cold 0.5~ B L.minosity Uncerainy ~
nUCIGar matter, nUC|ear ShadOWing and kT_ B - Reference Uncertainty CMS PAS HIN-14-004 i
broadening (PRC 75(2007)064906) ol o v v 1 L R
. . 0 100 200 300 400
® c,b—e & b—e (mid rapidity) b-jet p_[GeV/c]
-]

® Cc,b—p (forward, backward rapidity) %

CMS ® B+, B, Bs(mid rapidity): FONLL 1
expectation as a pp reference
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. 0.5
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e Consistency with b-jet measurement
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Heavy flavours in p-Pb collisions at the LHC at 5.02 TeV

® Rppo measured in various channels =
> <
DEQ_

: : . . o
e Rppb consistent with unity within 4

uncertainties
-@ DY D*, D* mesons (mid rapidity): can

o CMS Preliminary  \'s, =5.02 TeV
. T T T T | T T T T | T T T T

—
O N

—h

L=35nb"

. .+ QPYTHIA
b-jet RpA , -2.4<nCM<1 .6

Unfolding Uncertainty

.

Described by pQCD models including cold nuclear matter effects

Cold nuclear matter effects are small at high pr!

)0
@ c,b—e & b—e (forward, backward rap 4~ [ ‘ ; +
- [
CMS ® B+, BO, Bs (mid rapidity): FONLL T +
expectation as a pp reference I 1
)/ g 0'5:_
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Heavy flavours
Results in Pb-Pb collisions

() Y o Dense/hot partonic
Centrality

Peripheral Central medium effect
from 100% to 0%

Nuclear modification factor

Binary scaling based on the Glauber Model
ANy, ! dpy ___ AN ldp R, = 1: binary scaling

<Ncoll>Xdep /dp; <TAA>XdOpp [ dp, R, # 1: medium effect

R, =

Anisotropic flow: v2
dN _ Ny (1+2v,cos(p—W,,)H2v,cos[2(p—-T .,)]}...)

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

anisotropy of particle emission

do 2x

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

20



D-meson Raa in p-Pb and Pb-Pb

ooooooooooooooooooo

PRL 113(2014)232301
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® 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

Talk by Paola PAGANO
on Wednesday!

¢ D; 0-7.5%, lyl<0.5

Filled markers : pp rescaled reference
Open markers: pp pT-extrapoIated reference
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O -
o 1.6_— PRELIMINARY
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® Ds* suppressed by a factor ~3 for
8 <pr<12 GeV/c
e more statistics needed at low pt
where an enhancement of Ds*/D due to

coalescence iIs predicted:

Kuznetsova, Rafelski EPJ C 51 (2007) 113
He et al. PRL 110 (2013) 112301
Andronic et al. PLB 659 (2008) 149
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D-meson Raa in p-Pb and Pb-Pb

ooooooooooooooooooo

Cold nuclear matter effects are small (Rppp ~ 1)

Suppression due to dense/hot partonic medium effect!

'—6 T _ — —o— centrality 4U-8U% |
S - .
2 L T
Rl t
onfll © T —:
: L il - —
< 0.6 | —%1%__%‘—%— ) -
0'4;_ H‘hp_; _E__‘}— _;
0.2~ Bt N —
0: oo v v b v b b by -

0 5 10 15 20 25

P, (GeV/e)

® 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

¢ Dg 0-7.5%, lyl<0.5

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

o T —f
oo :
Mﬁﬁ T I
i Mg a—t— 1 -

® Ds* suppressed by a factor ~3 for
8 <pr<12 GeV/c
e more statistics needed at low pt
where an enhancement of Ds*/D due to

coalescence iIs predicted:

Kuznetsova, Rafelski EPJ C 51 (2007) 113
He et al. PRL 110 (2013) 112301
Andronic et al. PLB 659 (2008) 149
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Heavy-flavour decay lepton Raa ALICE

i 2 : T T T T T T T T T T | llllll I ] é 2 K | L l L I LI l | L l | L I LI | L I llllll I ]
Tisf . Tiaf :
- ALICE - = ALICE -
1 6 o Pb'Pb, \SNN = 276 TeV RRRRRRRRRRR B 16 o Pb-Pb, \SNN = 2.76 TeV lllllllllll -

. A Heavy flavour decay u* 0-10% central, 2.5<y<4.0 ] . A Heavy flavour decay u* 40-80% central, 2.5<y<4.0
1.4 '_ Heavy flavour decay e* 0-10% central, lyl<0.6 _ 1.4 "_ Heavy flavour decay e* 40-50% central, |y|<0.6 _
"' e with pp ref. from scaled cross section at Vs = 7 TeV ] " [ e with pp ref. scaled cross section at \s = 7 TeV ]
1ob *  with pp ref. from FONLL calculation at Vs = 2.76 TeV B 1ok Y% with pp ref. FONLL calculation at \s = 2.76 TeV E
1] 1 frrmeren s -
i . 0 ]
0.8f 0.8f 40-50% -
- - 0/. 1
0.6] 0.6f 40-80% -
0.4} 0.4 .
0.2} 0.2F .
0 : 1 1 1 | L 1 | | L 1 | | 1 1 1 | 1 1 1 | L 1 | | L 1 | | L 1 | | L 1 | : O : L1l I L1l l Ll I L1 1 I L1 | l L1l I L1 | l L1 l L1 1 :
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
pT(GeV/c) pT(GeV/c)

e Significant suppression at high p;in central Pb-Pb collisions w.r.t.

binary scaled pp collisions
e HF decay electrons (ly| < 0.6) and muons (2.5 <y < 4) Raa are similar
® |Less suppression in more peripheral collisions
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Heavy-flavour decay lepton Raa ALICE
- 0-50% non-prompt J/P Raa 0-20% electrons from beauty decays RAA
< 25T LN LA BLELELELE B
= . < - .
S PO-PD, sy =276 TeV. A50500 oMS (vi<e4) | @& ¢ Pb-Pb, \/sN - 2.76 TeV, 0-20% centrality
a —@- 0-50% ALICE (lyl<0.8) - -
g 15 \ Alberico W. M. etal.  Vitevl. etal. Aichelin J. et al. or —4—Db(—=c)—elyl<0.8 -
< L - - EaTtBCD z x,/;%c;lh%,ssss 82:::+LPM Rad. B [ syst. uncertainty _
S < o - nomalization uncertainty -
c < ¥ \ 2/, WHDG He M. etal. X\ Djordjevic M. et al. 1.5 ]
C \\\:‘ AdS/CFT - — Uphoft J. et al _ + -
1=y ‘ - .
A LY T + """""""""""""""""""""""""""""""""""""""""""""""""""" ~
091" 0.5F t——¢ + -
L ALICE Preliminary :
| | | | | | | | | | | | | | | | | | | | | | | | | | | | -I L1 1 I L1 1 1 I L1 11 I | I . | I L1 11 I L1 11 I L1 11 I L1 1 I-
0 5 10 15 20 25 30 0 1 2 3 4 ) 6 7 8
pT(GeV/c) p. (GeV/c)
JHEP 07(2015)051 T

e Significant suppression at high p- in central Pb-Pb collisions w.r.t.

binary scaled pp collisions
e HF decay electrons (Jy] < 0.6) and muons (2.5 <y < 4) Raa are similar
® |Less suppression in more peripheral collisions
® Raa of non-prompt J/Y , electrons from beauty decays shows

hint of suppression
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Heavy-flavour decay lepton Raa ALICE

nnnnnnnnnnnnnnnnnnn

Cold nuclear matter effects are small (Rppp ~ 1)
Suppression due to dense/hot partonic medium effect!

<t ‘\\’\ 2/, WHDG He M. etal.  \\ Djordjevic M. et al. 1.0 —
C ’ Aa AdS/CFT ~ = Uphoff J. et al. ‘ _ + _
. - -
‘ pmm===ZITTo= 1__ ---------------------------------- + ------------------------------------------------------------------------------------ __
N ; c-==22TTTREESCT - -
\ e ! - -
0.5 B o SSSIMNSURESSSNAANNNNNIS AN NNNNNNNNNNNNY o5k + + + -
. ALICE Preliminary i
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | -I L_1_1 I L1 11 I L1 11 I | I . | I L1 11 I L1 11 I L1 11 I L_1_1 I-
0 ) 10 15 20 25 30 0 1 2 3 4 5 6 7 8
pT(GeV/ C) p. (GeV/c)
T

e Significant suppression at high p;in central Pb-Pb collisions w.r.t.

binary scaled pp collisions
e HF decay electrons (Jy] < 0.6) and muons (2.5 <y < 4) Raa are similar
® | ess suppression in more peripheral collisions
® Raa of non-prompt J/Y , electrons from beauty decays shows

hint of suppression
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b-Jet Raa

CMS
CMS Sy = 2.76 TeV CMS Sy = 2.76 TeV
1 _2 i ! ! ] I | L I ! | | I 1 I I | I | 1 _2 _I I T | ' TTT | ' T T T 11 | I'T T | T T | T T1 | I T I_
: 0-100% h]I < 7 '_" : " |r||| <2 :
1 I i
; Pbp:';?“bq i - ) S PbPb, 150 b ]
0.8 PPo=P - 0.8 8  pp.53pb’ 7
g : - : § i & = |
o ———— T R 1 @ - a o
5 0.6 e —— _ff,ff—;—_——":_' E 0.6 ~ E@ = ‘DDT B
s . BE— @ W 1 I L
o.aF- Ml ' N 0.4} " -
- pQCD: PLB 726 (2013) 251-256 - - &
[ B g™‘=18 i i Z
0.2 B g™ =20 = 0.2 [e]80< p. <90 GeV/c -
i -gmﬁd=2_2 . i A 90<pT<11UGeWc i
—J VAR [ TR, VO T VO [ VR MR T VA S S M t-' 0""|""|""l""l""l""l""l""
0 100 150 200 250 O 50 100 150 200 250 300 350 400
b-jet p_ (GeV/c) Nt

CMS HIN-12-003

e Evidence of b-jet suppression in PbPb collisions - 12 192301(2014)

e Suppression favors pQCD model with stronger jet-medium coupling
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b-Jet Raa

CMS

Cold nuclear matter effects are small (Rppp ~ 1)

Suppression due to dense/hot partonic medium effect!

0.8 n Dt :
B /’/ _ y
— l :
“t pQCD: PLB 726 (2013) 251-256 -
: Bl =138 .
el Bl g™ =20 -
I Bl g™=22 ]
i N R
0 100 150 200 25()
b-jet p_ (GeVi/c)

e Evidence of b-jet suppression in PbPb collisions

U.8

0.6

0.4

0.2

00 50 100 150 200 250 300 350 400

Hﬂ

A

s  pp, 5.3 pb"

%

10-30%
0-10%

=

L]
2]

80 < p, < 90 GeV/c

90 < p, < 110 GeV/c
| | | | | |

Npart

CMS HIN-12-003
PRL 113, 132301 (2014)

e Suppression favors pQCD model with stronger jet-medium coupling
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n +x
Color charge dependence?: D-meson Raa vs. TT ALICE
AE(g) > AE(u,d,s) > AE(c) > AE(b) could be reflected in Raa(B) >|Raa(D) > Raa(r1)
< 2 T T 71 | T T 71 | T T 1 | T T 1 | T T 1 | T T 1 | T T 1 | T T 1 < 1 _4 T T | T T | T T | T T | T T | T T | T T | T T
- ] <0 i
el g PoPb. sy =276 TeV ™ ] @ | Pb-Pb, sy =276TeV 1
N § 1.2~ A =*(ALICE) 8<p_<16 GeV/c, |y|<0.8 —
1.6 N FRELHIARY - [ m D mesons (ALICE) 8<p_<16 GeVi/c, |y|<0.5 ]
- ®Average D", D", D" lyl<0.5, 0-7.5% - - (empty) filled boxes: (un)correlated syst. uncert. .
1.4 owith pp pT-extrapoIated reference —] 1_— -------------------------------------------------------------- o
E = Charged particles, l<0.8, 0-10% E B Di'ordjevic et al. Phys.Lett.B 737 (2014) 298 |
- 12:_ ° Charged pions, |1’]|<0.8, 0-10% _: 08__ __ gmesons |
Al = - -
0.8 = 0.6/ 7
— — — .. \ —
- i | 50-80% -
06 ] 0.4 \F\\\ =
- - i F\\\\ -
0.2~ = 0.2 30-40% - 20-30% F\‘ g
0: | | | | | | | N [ shifted by +10in (N_) 10-20% 0-10% |
S S S S S S S S || | | | | | | | | Ial | | | | | | | | || | | |

6 5 10 15 20 25 30 G é?i/ /0)40 % 50 100 150 200 250 300 350 400
pT <Npart>
arXiv:1506.06604

e D-meson and it R,, are compatible within uncertainties Wicks et 2, NPA 872(2011)265

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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Quark mass dependence?: D-meson Raa vs. non-prompt J/¢
AE(g) > AE(u,d,s) > AE(c) > AE(b) could be reflected in]Raa(B) > Raa(D)|> Raa(r)

<1.4 | | | | | | L | L | | I T | |
<C |
T L Po-Pb, sy, =276 TeV ® ALICE prompt D mesons &
1.2 m ALICE Preliminary D mesons CMS non-prompt J/i:
- 8<pT<16 GeV/c, ly|<0.5

e B and D mesons <p1>~10 GeV/c,
slightly different rapidity ranges

I Correlated systematic uncertainties
(] Uncorrelated systematic uncertainties

- - = Djordjevic Non-prompt J/y (6.5< p. < 30 GeV/c)

T
o R

I Djordjevic Non-prompt J/iy (with ¢ quark energy loss) 3 .. : -

i - - - Dijordjevic D mesons (8 < p_< 16 GeVic) 1 ® Clear indication of RAAB o 5 RAAD
0.8\~ m -
0.6/ - ﬂ:::: ....... CMS - o -

A S N | BT E] ~~~~~~~ i No trivial relation
0.4l I\ ,,,,, 1 E =+ (Djordjevic, PLB 734(2014)286) between AE and Raa

- I’n.:.'l‘ ~..__ ,,,,,,,,,,,,,,,,,,,,,, . consequence of mass

- e Ty, . differences of ¢ and b quarks
0.2— @ CMS Preliminary Non-prompt J/y E— ______ E “ —

- 6.5<p_<30 GeVrc, ly|<1.2 =

~ [ ] Systematic uncertainties CMS-PAS-HIN-12-014 _AUCE, arXiv:1506.06604

O||11|1|1||||1|||1|||1||1|1|1||1||||||| pQCDmOdelinCIUdingmaSS-

0 50 100 150 200 250 300 350 400

(N_, weighted with N, 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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Azimuthal anisotropy of heavy flavours ALICE
D mesons HF decay muons
Phys. Rev. Lett. 111, 102301 (2013) -
N -||||lll|||||||||||||||||||||||||||||“III|III|III|III|III|III|III|III|III|“III|III|III|III|III IIIIIIIIIIIIIIII-
0.6 ALICE 4 @ pPrompt D°lyl<0.8, v,{EP} 1 |
: -Pb, s =02 e |:|Syst. from data
- o m SroTe + -Syst. from B feed-down + -
o.4_— T T ) arXiv:1507.03134

0 Charged particles, v {EP,IAn>2}

L O03pr 11T
T F Pb-Pb, \5,,=2.76 TeV ALICE
M 0.2 u<HF in 2.5<y<4 =
O 1 :_ '.O"b::"":‘;'.:.‘_-,_.l_.m_ $
- "/ BRI AR A i | | EEEIT PP | | ey
0_..‘;.' ......................................... —

- o1F B3 vi 2} in 20-40% 3
—o— [ oo MC@sHQ+EPOS 20-40% -

02t 0-10%

-30° -50° _ . ]
+ 10-30% + 30-50% 02F ----- TAMU elastic 20-40% E
[ Centrality 0-10% T Centrality 10-30% 1 Centrality 30-50% ] ] : BAMPS 30-50% .
i il rnananan rman an i 080 e e e T 1
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 0 1 2 3 4 5 6 7 8 9 10
p, (GeV/c) p, (GeV/c) p, (GeV/c) pT (GeV/c)

Similar to electrons

® Positive v2 for D mesons and leptons from heavy-flavor hadron decays
e Similar v2 for D mesons and charged-particles

® Hint for increasing flow from central to semi-central collisions

e Confirmation of significant interaction of charm quarks with the medium
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Azimuthal anisotropy of heavy flavours

ooooooooooooooooooo

0.4

-0.2
[ Centrality 0-10%

D mesons
Phys. Rev. Lett. 111, 102301 (2013)

HF decay muons

Heavy quarks participate in collective motion of the medium with

sufficient re-scatterings

v
=Na\|

T Centrality 10-30% 1 Centrality 30-50%

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/ce) P, (GeV/ce) P, (GeV/ce)

S 0.2 u<—HF in 2.5<y<4 =

01F o ii —f——#—
"/ B T v | T rryr R | | Mttt
0 S | | A
01 == vi {2} in 20-40% -
------- MC @sHQ+EPQOS 20-40% -
02F " TAMU elastic 20-40% 3

0 1 2 3 4 5 6

BAMPS 30-50%

7 8 9 1-0
P, (GeV/c)
Similar to electrons

® Positive v2 for D mesons and leptons from heavy-flavor hadron decays

e Similar v2 for D mesons and charged-particles
e Hint for increasing flow from central to semi-central

collisions

e Confirmation of significant interaction of charm quarks with the medium
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31



Raa and v2: Comparison with models ALTCE
PRL 111(2013)102301, PRC 90(2014)034904
>(\l LN N L N B I L [ L I B L B N Y L L B B N §1'2>-"/:”!Y"'["IIII'I"'lll'l’l'lll’l'-
4: = ALICED’D",D"average  Pb-Pb, |s,, =2.76 TeV ; x A ALICE D°, D*, D" average, |y|<0.5 -
0. [ Syst. from data Centrality 30-50% R 1_,_2
:[: Syst. from B feed-down . J S W k 0-20% Pb-Pb, \ s\, = 2.76 TeV 1
0.3 ] - \ - AA Centrality 0-20% .
- N 0.8 RV EE WHDG rad-+coll o
0.2F e - A TR  POWLANG y
& -~ " 0 = |17 & . - Cao, Qin, Bass i
u 4 ~ Ve 30 50 /0 . 0 6_:,' " eeies. MC@sHQ+EPOS, Coll+Rad(LPM) _|
F S S AR - Pl © ===- BAMPS I
0.9 ¢ r‘; o iy { -.'-_:7?‘—- ..... — = TAMU elastic -
[ &0, "'./'r‘.".‘.‘_'.».'::.:,;j.lf._g yie:: 4 L *—— UrQMD K
:"$/¢ ...... M"!“"‘ﬁ Pamerm—— | | N = 04u_' :/!
0.6:/ — - } ol - -
- WHDG rad+coll - B TRE g ol ::-r-l 2 -
- — . POWLANG ] L 3.7 s T x 1 e SROPE L N ’
- - Cao, Qin, Bass . 0.2 LA "'L,},”;,l‘,....-«r : i
-0.1.... MC@sHQ+EPOS, Coll+Rad(LPM) . - g P , C o
_ ...... BAMPS el. - - -~ TAMU elastic ] E g Tl O TP L L
- « BAMPS el.+rad. — — UrQMD - = o S D T —
_L T BT RET R RN SN TN NN N NN SN A R EA RN R A A TR B 0 . | | BTN I P P l
0O 2 4 6 8 10 12 14 16 o 2 4 6 8 10 12 14 16
[N (GeV/c) P, (GeV/c)

e Simultaneous reproduction of Raa and vz challenging for models

= provide understanding of heavy-quark energy loss mechanism, the degree of
thermalization of heavy-quarks within the medium

® Task to us: Precision measurements! — reduction of stat. and sys. uncertainties

Of data Uphoff et al. arXiv: 1112.1559, Aichelin et al. Aichelin et al. Phys. Rev. C 79 (2009) 044906,

WHDG W. A. Horowitz et al. J. Phys. G38, 124064 (2011), POWLANG W. M. Alberico et al. Eur. Phyis J. C 71,
1666 (2011), TAMU M. He, R. J. Fries and R. Rapp, arXiv:1204.4442[nucl-th],
UrQMD arXiv:1211.6912, J. Phys. Conf. Ser. 426, 012032 (2013), Cao, Quin, Bass arXiv:1308.0617
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Summary and Outlook

Summary
e pp data are described by perturbative QCD = Heavy flavours are a calibrated probe
e Pb-Pb data:
¢ Hints of a stronger suppression for charm than for beauty at intermediate/high pr.

e No strong conclusions drawn yet from the comparison of D-meson and pion Raa,
given the current uncertainties

e Positive flow of charm hadrons and heavy-flavour decay leptons = participating
in collectivity of the medium with sufficient re-scatterings
e p-Pb data:
e Results consistent with pQCD + shadowing = the observed suppression in Pb-Pb
collisions is due to a dense/hot partonic medium effect

Outlook
e High precision, more statistics, extended pr coverage (high and low pr)

e Smaller uncertainties and new differential measurements will help to
e constrain model calculations quantitatively

* address open questions concerning the flavour dependence of parton energy loss,
their path-length dependence, thermalization of charm and beauty, heavy-flavour
jet pair asymmetries and angular correlations, heavy-flavour jet fragmentation
functions/subjet structure, coalescence including heavy quarks ...

LHC run Il, Ill, IV data will answer to the open questions
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Thank you for your attention!
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Extra Slides

MindJung Kweon, Inha University
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ALICE detectors : D mesons

D"%K'ﬂ:+

pC D*> K nt*rw
D* -> D0 x*
TOF - = - Ds+ — (I) nt 2> K- Kttt

|7]| <0.9

ITS: tracking, vertexing
TPC: tracking, PID
TOF: K-ID

Mindung Kweon, Inha University ICNFP2015, August, 28 36



ALICE detectors : Heavy-flavour decay electrons

-
-
“

’
’
’
’
4
s
’
s
’
’
’
,I
’

D - e+X, BR~10%
B 2> e+X, BR~11%

m| < 0.9

ITS: tracking, vertexing, PID
TPC: tracking, PID

TOF, EMCal, TRD: e-ID
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ALICE detectors : Heavy-flavour decay muons

“

-

-

Muon Filter

D > u+X, BR ~ 10%
B > u+X, BR ~ 11%

-4 <n<-25
u-ID via tracks in the muon

spectrometer matched with

Dipole Magnet the trigger system

Trigger Chambers
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CMS detectors

EM and Hacdron calorimeters
photons, isolation, jet reco

Inner tracker:

Al =" /% " —
merwrackers [/ LR y - @

i< 2.4
HCAL n<s52  Irack impact

parameter resolution
3.0
ECAL s o 100 um @ 1 GeV/c

ni< 25 > 20 um @ 20 GeV/c
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More differential information:
Heavy flavour correlations

s [ Dmeson - charged particle correlation !
H fl ot t 8 3.5[ Average D°,D',D*
eavy avour Je proper €S o N 5< p? <8 GeV/c, p2*°°>0.5 GeV/c, IAnl < 1.0
Near Side g 3~ —e— pp Vs=7 TeV Data ALICE Preliminary
3 " Simulations, pp Vs=7 TeV

—#— Pythia8

N
&)

trigger —&¢— Pythia6, Perugia2010

hadron

+13%

—<¢— Pythia6, Perugia2011 “100 Scale uncertainty

‘ NS
L= - t
SEOSRE- - -
;
\

in Pb-Pb

1 dNassoc
Ny dAg
\©)

—_k
o1

Away side

Path length dependence 0.5

-1 0 1 2 3 4

- D-hadron correlations in pp show good agreement with expectations from
Pythia (different tunes)
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Heavy flavours in p-Pb collisions at the LHC at 5.02 TeV

CMS
CMS Preliminary  34.6 nb™' (pPb 5.02 TeV)
m C
T 44k Non-prompt J/p
S }-
.
0.8/ N +
0.7—
® 0< IyCMI <0.9
0.6 lO.9<IyCMI<1.5
- +1.5<IyCMI<1.93
_l [ | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | |
0'50 2 4 6 8 10 12 14 16
P, [GeV/c]

® nhon-prompt J/y:

- at forward, modest suppression
- at backward, consistent with unity within uncertainties

CMS PAS HIN-14-009

Mindung Kweon, Inha University

-y +y
y in CM frame

Proton Pb ion

N/t

R forward Apackward * Ebackward
FB '

Nl{;::kward Aforward * € forward

e NPDF depleted compared to proton PDF at low x
+ Characterized by forward/backward asymmetry

_Q 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
o 1.6 .
&t LHCb —#— LHCb, J/p fromb 1
= 1_4'_(b) pPb \'s, =5 TeV Ay Irom B 3
C P, < 14 GeV/c ]
1.2 —
I .
0.8 + 3
0.6 —
0.4F =
0.2 EPS09 LO -
- nDSg LO ]
0 [ | L L L | L L L | L L L | L L L | L

-4 -2 0 2 4

<
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More differential information:
Heavy-flavour electron-hadron correlations

p-Pb, |s,, =5.02 TeV
(0-20%) - (60-100%), Multiplicity Classes from VOA
(e from c,b)-h correlation
1.0<p°<2.0 GeV/c
05< pE <2.0 GeV/c

PF@LI;?}IEHERY SUPporting?

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

—

(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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Color charge dependence?: D-meson Raa vs. T1*

Raa

1

Pions
08+
Excellent
06t
e
041
0.2}
T e o
E(GeV)
1¥
ol 0.8}
o 06}
<
] Drnnees 0.4l
i 02}
04 ; | | | |
e dr
E(GeV)

Rya (D) =Ry, (charm)

> 4

1E

E(GeV)

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

! ¢

Ry, () =R,, (D)

MinJung Kweon, Inha University
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D mesans Calculation by M. Djordjevic
agreement! (rad+coll energy loss) can
08t describe both Raa
- 0.4 --% .
02+ u I
0% ! ! !
0 20 40 60
E(GeV)
1¢ 16
-

Shows strong colour
charge effect in
partonic R,, (g Vvs.

light and c)

Distortion by fragmentation!

Colour charge effect plays!
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Observables constraining models

>c\| L I B B B I B N B :((1.2_"/;.'??"" LR I TrTT T T T T T % e e
0 4: m ALICED’D",D*average  Pb-Pb, | Syn = 2.76 TeV - @ - .\ ! \t ALICE D°, D*, D * average, lyl<0.5 ¢<1 o ALICE Preliminary ]
4T Syst. fromd
T sﬁi Jﬁﬂ Bit:ed_down Centre HQ production Medium Modeling Heavy quarks interactions Hadronization
0.3 2 FONLL, no shadowing Glauber model collision radiative + fragmentation
0 2: (AIP Conf Proc. 1441 geometry, no hydro collisional energy loss
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