Istituto Nazionale
di Fisica Nucleare

Open heavy-flavor production
in pA and AA at LHC

3N

;L HCPzois

August 31 - September 5 2015
St.Petersburg,Rusﬂa

nrepr-e

1 September 2015 - LHCP 2015 P. Antonioli 1



Physics motivation

A nt Heavy-ion (HI) collision
t K Freeze-put A fime f
Lifetime of QGP = 10 fm/c T T f
Formation time of the QGP < 0.1 fm/c =

heavy-flavor (HF) early production during the

collision: 1/2m_=0.08 fm/c c\ [acp
a probe of the medium from production to Y 4 ' z
observation that gives a unique access to HF W@ %
interactions in the QGP.

production cross sections (hard scattering)
calculable with perturbative QCD

We can investigate:
1. Parton energy loss in the QGP

2. Participation of heavy quarks in the collective expansion of the medium

1 September 2015 - LHCP 2015 P. Antonioli 2



The baseline: HF production in pp

for charm production there is fair agreement among 102 SENRRRRE
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Pb-Pb interactions: testing parton energy loss

heavy flavour: testing our understanding of QCD %,
energy loss in the medium I é
1 A long story:
— almost 20 years on since original paper
2 & from Dokshitzer et al.
o'e
AE xa C.ql

Expected: AEQ >SAE > AE( > AE,,

u,ds

ar,

ity % By
2

2
22y, 7
’“’““qu -

Casimir factors and dead-cone effect: gluon/quark
hierarchy and mass hierarchy

This is tested/quantified via the study of nuclear
modification factor

Yield, (p,)
NCOLL A Yieldpp () >\ pp reference!

RAA (pr)=
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O,

R,, of D mesons (I)

ALICE
ALICE, arXiv:1506.06604
D 1.2_1 L l L I L l | L I | L I | L I | L I | L I-
e
9 [ ALICE  Pb-Pb, (S =2.76TeV -
e | —
S| | m D° |
S ik . S5<p_<8GeVic -
ol A D yl <0.5 1
0.8__ J ® D"+ . j
- 1T (empty) filled boxes: (un)correlated syst. uncert. -|
0.6 —]
04— % ‘” -
LG ¥ W
. - o+ + . . ]
- D7, D" shifted by = 10 in (Npan) :
| | I L I | | I | I L1 I | .| I L1 I L1

SV,
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D0 2 Kt

Dt 2Kttt

D** > D"

* prompt D mesons

* suppression =2 effect of the medium

O 2_[ T 1171 T T 17T W T 1T 171 l T ] T T 17T I TT1 T I T T 17T I T T 7T l_
S 1 g Po-PbASy=276TeV E
(@) C .
5. 1.6 » pnellfzxcnsnv ]
< . ]
14l * Average D°, D", D'* 0-7.5%, |y|<0.5 -
E ¢ D 0-7.5%, |y|<0.5 E
1.2~ Filled markers : pp rescaled reference |
C Open markers: pp p,-extrapolated reference |
o =
C T 7
08F Dt Do DKKmt
0.6- =
0.4f H | I =
0.2F HE & —ﬁ—_ﬁ— ” -

0O 5 10 15 20 25 30 35 40

P, (GeVlc)

hint of a larger R,, value for D, at low p;
(expected by strangeness enhancemsent)



R,, of D mesons (ll): color-charge dependence?

ALICE, arXiv:1506.06604

<1.4 LI ] I | I I | I I l LI I LI % T
< e comparison between D mesons and
C Pb-Pb, \s\, = 2.76 TeV :

b-PD, Sy 6Te ALICE charged pions = color-charge

lllllll
lllllll

1.2 A 7= (ALICE) 8<p <16 GeV/c, lyl<0.8
m D mesons (ALICE) 8<p <16 GeV/c, lyl<0.5 dependencg
. , * compensation of the effect due to
(empty) filled boxes: (un)correlated syst. uncert. ]
L o softer p; fragmentation and gluons
B Djordjevic et al. Phys.Lett.B 737 (2014) 298 | Py spectrum - similar values of RAA
L asmuas nz‘ n
0.8— — — D mesons — expected
i | * Djordievic et al. reproduces exp.
- . results
0.6 ]
i ~ |
0.4 \'ﬁ\ —
L 40-50% L~ .
o " ~ ~.--......\. . —
0.2~ 30-40% 0 500, P‘\\ i
i _ _ 10-20% i
[+ shifted by +10in (N_ ) 0-10% |
0 L1 1 1 l L1 | L1 1 1 I L1 11 l L1l I L1 1 I L1 1 l L1l
0 50 100 150 200 250 300 350 400
(N )

OO
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R,, of D mesons (I1): ma

ALICE, arXiv:1506.06604
CMS, CMS-PAS-HIN-12-014

ss dependence?

1.4 e comparison between D mesons and
< . _] | l LI L I | L I Fr T I 1T I 1 IHLICE TH i non prompt J/LIJ 9 mass
- Pb-Pb, \s,=2.76 TeV 1
- 4 dependence
.~ m D mesons (ALICE) 8<pT<16 GeV/e, ly|<0.5 . f ) db
- @ Non-prompt J/yv (CMS Preliminary) - non prompt fraction extractea by
= 6.5<p_<30 GeV/c, |y|<1.2 CMS-PAS-HIN-12-014 B CMS’ ﬁthng Simultaneously
- (empty) filled boxes: (un)correlated syst. uncert. . . . .
IR M 0SSR S AT A — invariant u mass pair + pseudo-
- Djordjevic et al. Phys.Lett.B 737 (2014) 298 -
i —_— D'mejsons 1 proper decay IengthD ]
—~ - = Non-prompt J/y 4o imi i ] ~
R | I 1 ¢ [ Non-prompt J/y with ¢ quark energy loss — similar kinematics Pr~Pr
- — - _
N S “ﬂ~::E:\\ i AE, < AE,
i 7 .{ ............... ~— — -
- F :ﬂ\\ ................ ~F=- )
—tre,, Tea.,
I~ ~— \...\.' .......... “ H
- = T~ S tteen, - b mass in energy loss
- 40-50% ‘\i S ﬁ\ energy
- 30-40% ~a— e computation
H 20-30% - -
— (*) 50-100% for non-prompt J/y 10-20% - - .
. l | l | I I 0'1104’ c mass in energy loss
| . | - | - | L1l I - | L1 .
OO 50 100 150 200 250 300 350 400 computation
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R, of non-prompt J/Y: testing models

ALICE, arXiv:1504.07151
CMS, JHEP 1205 (2012) 063

®

ALICE

> 2 A

5 Pb-Pb, s\ =2.76 TeV ggoz%o% CMS (lyl<2.4)
E‘ —®- 0-50% ALICE (lyl<0.8)
o \ Alberico W. M. etal.  Vitev |. et al. Aichelin J. et al.

a 1.5~ HTL x& w/o Coll. Diss. Coll.

é N - - LatQCD mm with Coll. Diss. Coll.+LPM Rad.
gmi \ 77 WHDG He M. et al. W\ Djordjevic M. et al.

1 AdS/CFT - — Uphoft J. et al. ‘

/
0.5 ‘\\\} Wk DA \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
T — — T s
1 1 1 1 l 1 1 | | l 1 L 1 1 I 1 1 1 L [ 1 | 1 1 l L | 1 1 l 1
0 5 10 15 20 25 30

pT(GeV/c)

* R,,seems overestimated by most of the models in
the 4.5 < p;< 10 GeV/c range

* We need more precise data!
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ALICE non prompt J/{ at mid-
rapidity studied in e*e channel
—> prcomplementarity with CMS

m 1 II T T T T T 11 IN
N—
—A— CMS 0-100% Pb-Pb, |5,,=2.76 TeV

—®— ALICE 0-50% Pb-Pb, {5=2.76 TeV

f] N .
0.8 ©  ALICE pp, s=7 TeV

V. ATLAS pp, Vs=7 TeV |
0.6 = CMS pp, Vs=7Tev -

¢ CDF pp, Vs=1.96 TeV ﬁ'%
0.4+ '

0.2




Comparing models....

4.5< pT(J/w) <10 GeV/c Aichelin et al. (PRD 89 (2014) 074018) :
ALICE ® radiative gluon emission in the
------------------- interactions between light/heavy quarks

Aichelin J. et al. | |  Alberico et al. (EPJC 73 (2013) 2481):
| ' relativistic Langevin equation, R,, p;

..................... dependence highly dependent on
Alberico W.M. parameters

e - i Duataco | + He et al. (PLB 735 (2014) 445): non
| ' perturbative interactions for heavy

He M. et al. —
____________________________________________________ qguarks, no radiative process
Uphoff J. etal | | «  Uphoff et al. (PLB 717 (2012) 430:
..................... transport Boltzmann based, no radiative

. 5 o Coll. DES. process for quarks
Vitevl. M. et al. - o . Vitev et al. (PRC 87 (2013) 044905):

AT DR et , modified beauty quark PDF and
0 0.5 fragmentation function / collisional
Rnon-prompt Jhp dissociation important for suppression
AA

Too many models (and parameters), not yet enough data precision
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e

CMS, Phys. Rev. Lett. 113, 132301 (2014)
CMS VSun =2.76 TeV
1.2 -lllllllillll'llIlll]'lll'llll'l'lll'l'lq
[ o ml<2 i
— 8 °\° 1 —
I & PbPb, 150 ub )
08 |- 8  pp.5.3pb’ -
& | @ 3 ]
5 06 2 £ -
? = - e
L0 - % oy .
0.4 - B -
I ® ]
0.2 - [#]80 < p_<90 GeVic -
- | A 90<pT<110GeV/c 7
O '-l Ll lll LAl I Ll Ll l LA Ll l LA Al ' LA Ll l LA Ll l LAl l-‘
0 50 100 150 200 250 300 350 400

Noar
Evidence of increased suppression in most
central collisions
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R,A: b-jet tagging

CMS, CMS-PAS-HIN-12-004

150 ub™ (PbPb 2.76 TeV)

T T T T T T T T | T T T T I T T T T I T T T T

"CMS Prellmlnary

=+~ Inclusive jet R,, (0-5%) Inl<2
—=— b-jet (0-10%) Ml <2

2.5

1.5

~

b-jet = inclusive jet

I I | | N | I | T |

| I | T T | T T

Nuclear Modification Factor

o
($)}
| O | | T T

| I l | N N I l | | l | I I | I | I |
QSO 100 150 200 250 300

P, [GeV/c]

No clear dependence of R,, on b-jet p;
observed
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Heavy-flavor: collectivity?

initial space anisotropy of the collision 2
anisotropy of particles in momentum space

Fourier expansion in azimuthal angle with
respect to reaction plane

dN Ny

(]+21/ cos(p-Y¥,)+2v,cos(p-V¥,)+...)

dp
a “smoking gun” for collectivity of the
e medium created
of heavy quarks: heavy probes which can be
B easily tagged moving in a collective liquid

low p; = v, >0 for charm = participation of charm in collective motion
high p; = path-length dependence = energy loss
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D mesons: elliptic flow

u € HF
5.7 o effect for 2 < p; < 6 GeV/c
ALICE, PRC 90 (2914) 934904 / ALICE, arXiv:1507.03134
N _ll||||||||l|||||ll|||||||||ll|||||II.-IIIIIIIIII[|III|III|III|I]I|III|III|_Illllllllllllllllll IIIIIIIIIIIIIIII- L 03 lllllll S — S—
o.s»— ALICE T © Prompt D’ [y|<0.8, v,{EP} T il :5 - 10- 20% Pb- Pb \SNN_2 76 TeV ALICE é
| Pb-Pb, \sy,=2.76TeV [ [ syst. rom cata i xNo2 _—u<—HF|n25<y<4 -
3 T -Syst. from B feed-down - 7]
0'4__ __ QO Charged particles, v,{EP,JAn|>2} ___ _ 0.1;— —;
O ---seeeareacareaces o # ------ =
0.1 -
F —+— vh TSPy ;
02F —+ V“FHF{2} =
- |:|Syst uncertainty .
0.3-....I....I....I....I....I....I....I....I....I....-

-0.2+ <+ +

o

[ Centrality 0-10% T Centrality 10-30% | Centrality 30-50%
.lIIélHalllIltlil”ELHI‘IIOI“1|2“I114I”1|6”l1|!;l“é“letlH(!}“lél;I|1|0”|1|2H|114|”1|6”11'8-'“;“Itlil”(Ii”[f|3|“1|()l”1|2|“1[4“I116]H1IE; v O3 a
p, (GeVic) . (GeVic) p. (Gevic) | T C 20-40% Pb-Pb, \sNN_2 76 TeV  ALICE .
N 02 peHF in 2.5<y<4 -
* positive v, and similar to charged particles =2 oE E
charm is part of collective expansion ) %: :

. . . Of-----------oo----

* hint for an increase of v, from central to semi- - - :
01 —+ vhT T {SP} =
central E "?:32} :
° 1 02F —— Vb {4} -
more data needed for high p; ) St snertainty E
R I R R R B S S R S

positive v, and similar centrality dependence seen also with HF-decay leptons
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Use both R,, and v, to challenge models

ALICE, PRC 90 (2014) 034904
< 1 _2 | T T/V' ‘ \l T T ] T T T I T T T ] T T T ] T T T I L T L] I T T T I T |
ALICE D’, D*, D™ average, y|<0.5 -
1 )
E Pb-Pb, \ s\ = 2.76 TeV i
i , Centrality 0-20% i
0.8/ : WHDG rad+coll =
[ . .« POWLANG ]
Ky t mnmne Cao, Qin, Bass i
0.6/ ] «.eis. MC@sHQ+EPOS, Coll+Rad(LPM)
. ww=- BAMPS
e ~ TAMU elastic
L *— — UrQMD
0.4 \ '
0'2? b = -,',-_'\A-z-_\g,'.l ":w' T
| i it
0’— A L A l A A ' l L A ' l ' L A l A ' I l A A ' l A L A l L A A l '
0 2 4 6 8 10 12 14 16

® .

ALICE

'_l T 1 l T 1 71 l T 7T I | I L | ] T 17T I | L | I T 1 7T l L B I l-—«
0.4 " m ALICED’D',D*average  Pb-Pb, \ Sy = 2.76 TeV ]
“*[ ) Syst. from data . .
- ntrali -50% s
-] Syst. from B feed-down iy =60 .
0.2f -
" Ty e
- WHDG rad-+coll .
- = POWLANG -
-0.{f—"-- Cao, Qin, Bass -
- oo MC@sHQ+EPOS, Coll+Rad(LPM) - TAMU elastic
L === BAMPS — — UrQMD -
C 1 L l L1 1 l 1 1 1 l 1 1 1 I 1 1 1 l 1 1 1 l 1 1 1 l L 1 1 l lq

0 2 4 6 8 10 12 14 a 1\/6/
p, (GeVic)

difficult to fit both simultaneuosly: “R,,-v, puzzle”

we start constraining models with current precision

anisotropy qualitatively described by models including charm-quark energy loss
and collisional mechanisms or resonance scattering (to transfer elliptic flow)

but...
(especially at high p;)!
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models that describe better R,, tend to underestimate v, and viceversa
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p-Pb: is really a QGP effect what we see in Pb-Pb?

p-Pb collisions allows one to study cold nuclear matter (CNM) effects and check their role
(if any) in Pb-Pb collisions

 Ratio of nucleus/nucleon PDF anti-shadowing
* larger uncertainties for gluons shadowing

* k; broadening from multiple soft scatterings
(Vitev et al., PRC 75 (2007) 064906)

Ph Ph t @
Ii)" ]{\ h)(.'

r\; 1.4 __.Y Pb ‘”llll 'll"“l I"ll' lIl"I"' R B i ll'”llll rrm o III"I'Vl Y Illl‘[‘l\l'nl ].4 8
312 i | EPSOSNLO A _ 12 8
2 10} S : 410 o
. . —_ . '] 1 o
p-Pb collisions 08 i 1108 2

~ g e A .
are a tool to ey 06 , , o 06 o
: : o 041 Q=169GeV’ 404 £
differentiate = 02f 402 ™
between initial- " .
_ 14} I 14

and final-state Lol N kY
o ' o
effects O 10fF 410 ©
% 0.8 ‘::::::::: ::::: > - ' 0-8 |{_|OU
% 06 . : P06 ¥
E 041 Q=100GeV T 404 ™
£.02F -+ 402 -
—~ 00 I N T T um] umJ 1 IhlL‘l Ll ml [T | nm] Loud (TR m| [T I 00 >£

10" 10° 107 10" 10" 107 10° 10" 10* 10° 107 10" 1
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R pp, fOr D mesons

ALICE, PRL 113 (2014) 232301 %

ALICE

Rpr Compatible With unity & B L L L I L L L I LI L I L L I L B B | l L | il

—> suppression seen in Pb-Pb is a o - ALICE p-Pb, |\ 5,,=5.02 TeV -

final-state effect! 1.6~ _o_ Average D°, D', D" =~

" -0.96<y_ <0.04 i

1.4 =]

1.2F =

ppb described by: - | T

CGC — color glass condensate | '”m":"': o

e MNR pQCD calculation with EPS09 - Il .

parameterisation of shadowing 0.8/~ p

* Vitev — coherent scattering, k; n 1 -

: : 0.6 -]

broadening and energy loss in cold 0 .

nuclear matter 0.4/ -

' ~ ----CGC (Fujii-Watanabe) y

NPA 920 (2013) 78 02—_ —— pQCD NLO (MNR) with CTEQ6M+EPS09 PDF  _|

NPB 373 (1992) 295, JHEP 0904 (2009 E === \itev: power corr. + kT broad + CNM Eloss i
PRC75 (2007) 064906 00 L1 1 1 é 1 1 l1lol 1 l1lsl 11 l2101 L1 l2lsl 1

P, (GeV/e)
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HF lepton decays

% : ot idi Backward rapidity
Mid rapidit Forward rapidity
ALICE pidity
P Pb
Pb P
Heavy-flavor decay electrons
Probe low Bjorken x Probe hi h Bjorken x
Beauty-decay electrons x ~10% ) g 0. J
Heavy-flavor decay muons Heavy-flavor decay muons
mg 3':— ALICEPfellmlnary ™rT T ™rT T T T T ™rT ™rT oL [ L [ gy L [
» + AUCEbc e £§ 7 d "t obdecave £ F P | 5.0, = 5.02 TeV, uc c,b decays ]
C 1 4-ALICED (-+¢) » e T sk pr\sNN_502TeVp(—cbdecays 3 T 2sF P \s“"‘- ’ HE » 3
25 - 2. 5<y <3.54 1 C o -4<ym<-2.96 ]
; (.« ‘ § normalization uncertainty , :— ALICE Preliminary 5 8 :_ ALICE Preliminary _:
15;’[ : 1.55— _3 1,55—
& | - '
- LT ) E R ) e b -
1? Y : A‘ = o = T ................. .- : F annt ..n"‘ E D .-‘ ST HHHH : - 3
" L ) E . [ == NLO (MNR) with EPS09 shadowing . 0.5:_ === NLO (MNR) with EPS09 shadowing 3
05— . 0.5 __ viev: coherent scattering + k_broad + CNM Eloss = F === Z B.Kang et al.: incoherent multiple scattering ~
: S DM AN S [ systematc uncerainty on nommalizaton ] A Sorvwrrvwni botnr v BTN
OAAAéAAAllAAAG‘AA é AiloAAv#zA =7 00...é...;...el...é...‘lo...112...114...116 00 2 n 6 8 10 12 14 16
p, (GeV/c) P, (GeV/c) P, (GeV/c)

* Within measured p; range covered by ALICE, cold nuclear matter effects don’t bring
significant suppression

* Within uncertainties, models which include CNM effects describe data (Z. B. Kang et al.:
incoherent multiple scattering PLB 740 (2015) 23, Vitev and MNR/EPS09 see previous
slide)
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and non-prompt J/

LHCb, JHEP@2 (2014) 072
* The good agreement of CNM models with "°;"ib; tHeb LHCbIJqurom]b—
data indicate we need to include them to 14" " PPO{S, = 8TV b <14 GeVic .
then interpret HI data 121 :
* The measurement indicates that cold nuclear T e
matter effects are less pronounced for J/{ 08f =
mesons from b-hadron decays than for 0.6} -
prompt J/P mesons 04f % E
* Similar results from ALICE (JHEP 02 (2014) 0.2 EER PaNeLO c
073) (inclusive J/{) and ATLAS (arXiv: e S . ”

1505.08141) ® ¢ y
® Y

ALICE CMS Preliminary ~ 34.6 nb™ (pPb 5.02 TeV)

n»r-»
n
[¢)}

Non-prompt JA)

S

g |

> |

ity O CMS LHCb

CMS / LHCb co.mplementarlty. key to >3 7 e
measure p; going down to 0 = + om om

'U}_15*

s |

L %*

©

L
o ﬁ .
0.5~ i?»

20 25 30
P, [GeV/c]
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B* >

I K

34.6 nb" (pPb 5.02 TeV)

After the D mesons, the B are coming...

34.6 nb” (pPb 5.02 TeV)

34.6 nb” (pPb 5.02 TeV)

20 10<p <15Gevic | _OFCMS  10.p <15Gevic
BO 9 J/l.IJ K*(892) %1 Iylabl <24 %6258%80 Iylabl <24
50 -e-Data 50F -»-Data
> /LIJ q) & Slignal 8/405_ Slignal
<100 == Combinatorial ~ 30F = = Combinatorial
@ 1B — Jiy X @t B — Jp X
= = 20
€ S0f =
w i w1
P 1 . L ] N I f
. 5254 56 58 6 & 52 54 56 58
arXiv:1508.06678 mg (GeV/c?) mg (GeV/c?)
3 34.6 nb™ (pPb 5.02 TeV) 34.6 nb” (pPb 5.02 TeV)
' CMS B [CMS B’
2-5:_ RFONLL 2,5:— RFONLL 25
; DS{}st pPb data : DS{}st pPb data
of () Syst. FONLL pp ref. ok (O Syst. FONLL pp ref.
- r [JSyst. int. lumi + B - - [JSyst. int. lumi + B -
z - z - z
EBI &1-5F - %: 2
15~{E1.
0.55— .
; Iyl J <24 ;
Qb L ot

10 20 30 40 50 60
P, (GeV/c)

_70FCMS  40<p_<60Gevic
N§ 60 B Iylabl <24
g 50 -»-Data
— Fit

40
‘8’ Signal
=~ 30
3 == Combinatorial
= 20
o=

10 20 30 40 50 60
P, (GeV/c)

: DIS§At. pPb data
- [J)Syst. FONLL pp ref.
[JSyst. int. lumi + B

. . I N 1 N +| ¥
6 %55 54 56 58 6
mg (GeV/c?)
34.6 nb™ (pPb 5.02 TeV)
[ CMS BY
- RFONLL

10 20 30 40 50 60
P, (GeV/c)

R p, cOMpatible with unity within stat/sys uncertainties.
Important baseline for the studies of B-meson suppression and b-quark energy loss in Hl
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15
1
0.5
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Rpr for b-jet

b-jet cross sections compared to a pp cross
section obtained with PYTHIA simulation
consistent with unity (may show slight

CMS Preliminary \/ 5 02TeV  L=385 nb1

T T T T I T T T B

B E b-jet R, -2.4<n | <1.6 ]

__ Ij Unfolding Uncertainty ]

- :

. -

= e R Y. T
B ] 1.2

C I Luminosity Uncertainty ]
= [:| Reference Uncertainty - 1

C 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]

0 100 200 300 400

b-jet p_[GeV/c] 0.8

enhancement due to CNM)
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To be compared with results
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Summary and outlook

LHC allows to study open heavy flavor production in different ways

— In heavy-ion collision (Pb-Pb and p-Pb) with D mesons and non prompt J/y for b (+ CMS now
directly measuring B mesons also in p-Pb)

— HF semi-leptonic decays are also intensively studied.
— LHCb indicated prospects for nucleus-nucleus collisions.

ALICE, CMS, LHCb, ATLAS contributed to measure/evaluate pp reference where
detector complementarity is particularly visible (PID vs high p;vs rapidity
interval)

With Run 1 Pb-Pb data we were able to test our basic understanding of energy
loss in the medium (parton energy loss and transport properties of the QGP):
mass hierarchy and collectivity signals

p-Pb data allowed to study cold nuclear matter effects and claim suppression
observed in Pb-Pb results is due to final-state effects

More data precision is now needed to constrain models and solve some
tensions emerged (simultaneous description of R,, and v,). Run 2 will extend p;
range (down to 0 and at higher p;). Promising results expected from azimuthal
correlations, beauty and heavy flavor in jets.
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R, and v,: tested models
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WHDG (S. Wicks et al., Nucl. Phys A 784 (2007) 426): parton energy
loss (rad+coll) no hydro

POWLANG (W. Alberico et al., Eur. Phys. J. C71 (2011) 1666)
collisional processes + Langevin + relat. hydro dynamics

Cao, Qin, Bass (S. Cao et al., PRC 88 (2013) 044907 ) Langevin + coll.
+ radiative energy loss (gluon radiation as additive force term).

MC@sHQ+EPOS, Coll+Rad(LPM) (
) collisional and radiative energy loss mechanisms for heavy
quarks. Fluid dynamics with EPOS + heavy quark recombination.

BAMPS (J. Uphoff et al, PRC 84 (2011) 024908)
Boltzmann approach + collisional for heavy quarks.
Radiative energy loss computed via corr. factor tuned
on RHIC data.

TAMU (M. He et al, PLB 735 (2014) 445) collisional
energy loss only. Hydro evolution constrained by light-
flavor data + recombination

UrQMD (Lang T. et al, arXiv:1211.6912) Langevin
approach with UrQMD. Heavy quarks transport with
resonance model tuned on RHIC data.
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