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@ Heavy °avorin elementary collisionas benchmark

s of our understanding of pQCD
e to quantify medium-e®ectin the AA case;

@ Heavy °avorin heavy-ion collisions

s understanding of theparton-medium interaction
o tomographyof the produced matter T (x); 2(x); §; dNg=dy...)

@ A particular approach:the relativistic Langevin equatign
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Heavy °avor in elementary collisions Theory setup
Results

Heavy-°avor production in pQCD

The large massM of ¢ and b quarksmakes apQCD calculation 0fQQ
production possible:

@ It sets aminimal o®-shellnessf the intermediate propagators
(diagrams don't diverge

@ It sets ahard scalefor the evaluation of®s(*) (speeding the
convergence of the perturbative sefes

@ It prevents collinear singularitigsuppressiorof emissionof
small-angle gluon
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Heavy-°avor production in pQCD

The large masdvl of ¢ and b quarksmakes a
possible:

@ It sets aminimal o®-shellnessf the intermediate propagators
(diagrams don't diverge

@ It sets ahard scalefor the evaluation of®s(*) (speeding the
convergence of the perturbative sefes

@ It prevents collinear singularitigsuppressiorof emissionof
small-angle gluon

Both the total cross-section and theinvariant single-particle spectru
are well-de ned quantities which can be calculated in pQ(
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Heavy °avor in elementary collisions Theory setup
Results

Suppression of collinear radiation

kK, 2

MXP*
@

1 x)pP*

Massless case

dx dk,

X k3

Due to collinear gluon-radiation(» du=}), partonic cross-sectionef hard
processes areot well de ned but require the introduction of acuto®"

(factorization scale ) to regularize collinear divergence®nly hadronic
cross-section

d%ad - d%ard %

X

d¥% d¥%(* =) - DMNz;'r)
f

are collinear-safeobservables
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Heavy °avor in elementary collisions Theory setup
Results

Suppression of collinear radiation

kK, 2

M xP*
. p* @ x)P*
& K3
%% = d9™ G —dko ?
[k3 + x?M 72
Gluon radiation at angles is suppresseddead-cone e®elt and

heavy-quark productioris well-de ned even at the partoni¢for what
concerns the "nal state)evel
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Heavy °avor in elementary collisions Theory setup
Results

Leading Order contribution

@ The LO processes are:
q Q 9 Q
9
>/ym< M )
q Q 9 Q

@ The propagators introduce in the amplitudes the denominators:

(p1+ p2)?=2m7(1+cosh¢y)
(Psi p)2=imi 1+el ¢

|
(Psi p2)?=im? 1+ e

@ Minimal o®-shellness m7 ;
o Q and Q close in rapidity.
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Heavy °avor in elementary collisions Theory setup
Results

Next to Leading Order process

Real Emission Diagrams

:ji t:ﬁ W o Real emissionjM (eqj%» O (€%2)

o Virtual corrections:

Virtual Emission Diagrams ,& 2ReM OM virt ))O (®§)

B I I e

+

@ NLO calculation gives theD(®2) result for 3/%% and E(d¥%g)=d®p;
@ It is implemented inevent generatordike POWHEGor MC@NLG
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Next to Leading Order process

Real Emission Diagrams

:ji t:ﬁ W o Real emissionjM (eqj%» O (€%2)

o Virtual corrections:

Virtual Emission Diagrams ,& 2ReM OM virt ))O (®§)

B I I e

+

@ NLO calculation gives theD(®2) result for 3/%% and E(d¥%g)=d®p;
@ It is implemented inevent generatordike POWHEGor MC@NLG

@ Output of hard event can bénterfaced with a Parton Shower
(PYTHIA or HERWIG)
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Heavy °avor in elementary collisions Theory setup
Results

NLO calculation: gluon-splitting contribution

very hardo shell

9

highpr; @mualily

It can be written in a factorized way:

d¥gg! QQ)= d¥%gg! gg°)- Splitting (g°! QQ)
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Heavy °avor in elementary collisions Theory setup
Results

NLO calculation: gluon-splitting contribution

very hardo shell

9

highpr; @mualily

It can be written in a factorized way:
d¥(gg! QQ)= d¥gg! gg°)- Spliting(g”! QQ)
More explicitly (in terms of the APsplitting function Po (7)):

dt

®
3 — = d¥. — —
d /bQ d% 21/4PQ9(Z)dZ =
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Heavy °avor in elementary collisions Theory setup
Results

NLO calculation: gluon-splitting contribution

very hardo shell

9

highpr; @mualily

It can be written in a factorized way:
d¥gg! QQ)= d¥gg! gg°)- Splitting (g°! QQ)

More explicitly (in terms of the APsplitting function Po (7)):

dt 5 » S P
— il —
T I N(QQ) » 6]/4|n M2

®
A%y = d%: 5 Po.(2)dz

QQ multiplicity in a gluon jetof transverse energgr : » ®sIn(pr =M)
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Heavy °avor in elementary collisions Theory setup
Results

NLO calculation: gluon-splitting contribution

very hardo shell

9

highpr; @mualily

It can be written in a factorized way:

d¥gg! QQ)= d¥%gg! gg°)- Splitting (g°! QQ)

More explicitly (in terms of the APsplitting function ):
_ e B dt. = & pF
d:yba - d:s/gﬂ 27]/4 dZT, |' N(QQ) » 67]/4“’] M2

QQ multiplicity in a gluon jetof transverse energgr : » ®sIn(pr =M)
The NLO calculationcontainsan

term, potentially large
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Heavy °avor in elementary collisions Theory setup
Results

Resummation of (Next to) Leading Logs: FONLL

@ Using the above result as theitial condition of the DGLAP
evolution forthe D FF:

2
Qry1 - Bl o 27 0
Dg(z;to) = 2—1/45[2 +(1j Z)]mm

amounts toresummingall [®; In(pr =M)]" terms ®s[®s In(pt =M )]"
with NLO splitting functions)
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Resummation of (Next to) Leading Logs: FONLL

@ Using the above result as theitial condition of the DGLAP
evolution forthe D FF:

N N A
D§(zit0) = 5[ +(Li 21 S
amounts toresummingall [®; In(pr =M)]" terms ®s[®s In(pt =M )]"
with NLO splitting functions)

@ In terms ofdiagrams

QQ from the shower of light partonproduced in the hard event!
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Heavy °avor in elementary collisions Theory setup
Results

Resummation of (Next to) Leading Logs: FONLL

@ Using the above result as theitial condition of the DGLAP
evolution forthe D FF:

N N A
D§(zit0) = 5[ +(Li 21 S
amounts toresummingall [®; In(pr =M)]" terms ®s[®s In(pt =M )]"
with NLO splitting functions)

@ In terms ofdiagrams

QQ from the shower of light partonproduced in the hard event!
@ A code likeFONLL provides acalculation ofd%g at this accuracy!
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Heavy °avor in elementary collisions Theory setup

Results

NLO calculation + Parton Shower

ISR
(PYTHIA)
(PYTHIA)

Hard Process
EG)

o A di®erent strategys to interface the output of aNLO
event-generatofor the hard proceswith a parton-shower
describinglnitial and Final State Radiation

@ This provides dully exclusive information on the nal state
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Heavy °avor in elementary collisions Theory setup
Results

FONLL vs POWHEG+PS

POWHEG+PS

ISR
(PYTHIA) FSR
(PYTHIA)

Hard Process
EG)

@ It is a calculation

@ Itis anevent generator

@ It provides NNL accuracy, . .
resumming large Ingr =M) @ Results compatible with FONLL

@ It includes processes missed by @ Itis amore “exible too allowing

L to address more di®erential
E;Yg:;e (hard events with light observablege.g. QQ correlations)
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Heavy °avor in elementary collisions Theory setup
Results

Heavy quark production in pQCD: some references

@ For ageneral introduction M. Mangano, hep-ph/9711337

(lectures);

@ For POWHEG S. Frixione, P. Nason and G. Ridol’, JHEP 0709
(2007) 126;

@ For FONLL: M. Cacciari, M. Greco and P. Nason, JHEP 9805
(1998) 007.

@ For asystematic compariso(POWHEG vs MC@NLO vs FONLL):
M. Cacciariet al., JHEP 1210 (2012) 137.
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Heavy °avor in elementary collisions Theory se
Results

Heavy °avour: experimental observables

o D and B mesons;

@ Non-promptJ=A's (B! J=AX)

@ Heavy-°avour electrons, from the decays
¢ of charm &)

D! X°e
o of beauty @&)
B ! D°e
B ! D%e ! X°ee
B ! DY ! X°eY
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Heavy °avor in elementary collisions Theory setup
Results

Results: D and B mesons @ 7 TeV

6 . . . T :

— pQCD FF: ¢ > D (1~0.2)
s - - pQCD FF: ¢ --> D* (1~0.2] )
— pQCD FF: ¢ ---> D (r=0.1) v
r —— PQCD FF: ¢ ---> D* (r=0.1, oA
-~ Peterson (eps=0.034) | !

D(z) (normalized to 1)
N w
T T

@ D-meson FF from HQET (Braatert al., PRD 51 (1995) 4819);
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Heavy °avor in elementary collisions Theory setup
Results

Results: D and B mesons @ 7 TeV

— PpQCDFF:b-—->B
10l —— pQCD FF: b ---> B*
— Kartvelishvili FF (alpha=29.1): b ---> B
r -« . Peterson FF (eps=0.05): b ---> B

D(z) (normalized to 1)
S
T

5
] 0.2 0.4 0.6 0.8 1
z

@ D-meson FF from HQET (Braatert al., PRD 51 (1995) 4819);
@ B-meson FF from Kartvelishvikt al., PLB 78 (1978) 615.
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Heavy °avor in elementary collisions Theory setup
Results

Results: D and B mesons @ 7 TeV

‘ D” in pp at LHC (N5=7 TeV, |y|<0.5): POWHEG-BOX+PYTHIA Parton Shower ‘

—~ 10°E 5 10°
> E FONLL 3
] = |
0] [ I(Braaten) -
raaien
£ 10 T ceam H 102
T 3
£ E
@ ]
o
S 10k — 10
P E E
4 E E
1= - 1
10t <10t
102 M 102
Evooo e e by Lo 0§
0 1 1

25
P, (GeV)

@ Our choice(M. Monteno talk at HP2012,arXiv:1208.070%
POWHEGfor the hard eventinterfaced withPYTHIA for the
showerstage;

@ With the same default parameterar;=1:5 GeV,my=1:5 GeV,
1r=1e=my ) and FFresults in agreement with, FONLL
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Results: D and B mesons @ 7 TeV
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@ Our choice(M. Monteno talk at HP2012,arXiv:1208.070%
POWHEGfor the hard eventinterfaced withPYTHIA for the
showerstage;

@ With the same default parameterar;=1:5 GeV,my=1:5 GeV,
1r=1e=my ) and FFresults in agreement with, FONLL
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Heavy °avor in elementary collisions Theo etup
Results

Results in p-p @ 2.76 TeV (benchmarkAdY)

D’ in pp at LHC (N5=2.76 TeV, |y[<0.5): POWHEG-BOX+PYTHIA Parton Shower ‘

—~ 10°g = 10°
> E T=0.06 ; intrinsic K 3
b C r(Braaten) ; intrinsic k 1
£ 10 4 ALICE data H 102
o
o 10 = 10
2] E 3
o E 3
1 = 1
0t <10t
102 ‘ ‘ =102
0 5 10 15 2 5
p. (Gev)

The p-p benchmarkappearsunder control(from now onm;=1:3 GeV)
@ both for the D-meson spectra...
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Heavy °avor in elementary collisions
Results

Results in p-p @ 2.76 TeV (benchmarkAdY)

RV e R oV I
¢ 1.2; POWHEG+PYTHIA é 1.2
o CASCADE -
1= . ALICE prelim. data: HFE in |y|<0.7 g 1
osf- 3 os
0.6; : 0.6
0.4; 04
0.2; 0.2
0: 0

The p-p benchmarkappearsunder control(from now onm;=1:3 GeV)
@ both for the D-meson spectra...
@ and for the heavy-°avour electrone{ and e;)
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coexcients
Heavy-quarks in AA collisions and the Langevin equation

Heavy quarks as probes of the QGP

A realistic study requires developirggmulti-step setup

@ Initial productiort pQCD + possible nuclear e®ects (nPDFs,
kt -broadening);
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A realistic study requires developirggmulti-step setup

@ Initial productiort pQCD + possible nuclear e®ects (nPDFs,
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@ Description of thebackground mediun(T (x), u’ (x), local value of
transport coezxcients..)
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rt coexcients
Heavy-quarks in AA collisions and the Langevin equation

Heavy quarks as probes of the QGP

A realistic study requires developirggmulti-step setup

@ Initial productiort pQCD + possible nuclear e®ects (nPDFs,
kt -broadening);

@ Description of thebackground mediun(T (x), u’ (x), local value of
transport coezxcients..)

@ Dynamics in the mediunfspeci ¢ of each model!);

@ Hadronization not well under control (fragmentation in the
vacuum? coalescence?)

s An item of interest in itself(change of hadrochemistrin AA)
@ However,a source ofsystematicuncertainty forstudies of
parton-medium interaction
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T coexcients
Heavy-quarks in AA collisions and the Langevin equation res

Heavy quarks as probes of the QGP

A realistic study requires developirggmulti-step setup

@ Initial productiort pQCD + possible nuclear e®ects (nPDFs,
kt -broadening);

@ Description of thebackground mediun(T (x), u’ (x), local value of
transport coezxcients..)

@ Dynamics in the mediunfspeci ¢ of each model!);

@ Hadronization not well under control (fragmentation in the
vacuum? coalescence?)

s An item of interest in itself(change of hadrochemistrin AA)
@ However,a source ofsystematicuncertainty forstudies of
parton-medium interaction

@ Final decaydD! X°e, B! X )
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T coexcients
Heavy-quarks in AA collisions and the Langevin equation res

Heavy quarks as probes of the QGP

A realistic study requires developirggmulti-step setup

@ Initial productiort pQCD + possible nuclear e®ects (nPDFs,
kt -broadening);

@ Description of thebackground mediun(T (x), u’ (x), local value of
transport coezxcients..)

@ Dynamics in the mediunfspeci ¢ of each model!);

@ Hadronization not well under control (fragmentation in the
vacuum? coalescence?)

s An item of interest in itself(change of hadrochemistrin AA)
@ However,a source ofsystematicuncertainty forstudies of
parton-medium interaction

@ Final decaydD! X°e, B! X )

Ideally only the parton-medium interaction should be model-depende
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Transport coezxcients
Heavy-quarks in AA collisions and the Langevin equation results

Heavy quarks as probes of the QGP

A realistic study requires developirggmulti-step setup

@ Initial productionn pQCD + possible nuclear e®ects (nPDFs,
kT -broadening);

@ Description of thebackground mediun(T (x), u® (x), local value of
transport coezxcients..)

@ Dynamics in the mediunfspeci ¢ of each model!);

@ Hadronization not well under control (fragmentation in the
vacuum? coalescence?)

@ An item of interest in itself(change of hadrochemistrin AA)
s However,a source ofsystematicuncertainty forstudies of
parton-medium interaction

@ Final decaydD! X°e, B! X )

In practice each model deals with the other points in a di®erent (ofte
rather schematic) way:
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Heavy-quarks in AA collisions and the Langevin equation

Heavy Flavour in the QGP: the conceptual setup

@ Description ofsoft observablebased onhydrodynamics
assuming to deal witla system close to local thermal
equilibrim (no matter why);

@ Description ofjet-quenchingbased onenergy-degradatiomof
external probeghigh-pr partons);

Heavy °avor spectra in AA collision within a Langevin approach



coexcients
Heavy-quarks in AA collisions and the Langevin equation

Heavy Flavour in the QGP: the conceptual setup

@ Description ofsoft observablebased onhydrodynamics
assuming to deal witla system close to local thermal
equilibrim (no matter why);

@ Description ofjet-quenchingbased onenergy-degradatiomof
external probeghigh-pr partons);

@ Description ofheavy-°avourobservables requires to
employ/develop a setuptf(ansport theory allowing to deal
with more general situations and in particular to describew
particleswould (asymptotically)approach equilibrium
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Heavy-quarks in AA collisions and the Langevin equation r

Transport theory: the Boltzmann equation

Time evolution of HQ phase-space distributidg(t; x; p):

d
afq(t;x; p) = Clfol

@ Total derivativealong particle trajectory

d. @, @ _@
i @ &' @,
Neglectingx-dependence and mean eld@fq(t;p) = Clfol

@ Collision integral
Z

Clfql = dk[YV(p+ k; @fq(rﬂ K}i YV(p: @fq(p;]

gainterm loss term

w(p; k): HQ transition ratep! pj k



Heavy-quarks in AA collisions and the Langevin equation r

From Boltzmann to Fokker-Planck

Expanding the collision integral fagmall momentum exchandelLandau)
L@ 1 @
i @ i
Clfo]l ¥ dk k'— + 2kk @

[w(p; K)fa(t; p)]
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Heavy-quarks in AA collisions and the Langevin equation results

From Boltzmann to Fokker-Planck

Expanding the coIIision integral famall momentum exchandgLandau)
Z

i @ @ " .
Clfo]¥» dk k @+ fk K/ @@ w(p; k)fo(t;p)]
The Boltzmann equatlonr(aducesto the Fokker- Planckequatlor}
2
@
—folt; —.A'ft+—B"ft
@Q( p) = @ (Pfa(t;p) @[ (Pfa(t;p)]
where 7
Al(p)=  dkk'w(p;k) f\'(p)={ZA(p)p}'
z friction
BI(p) = 5 dkKIOW(pk) 1 PR = P Bep) x (# i 0By

momentum broadening
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Heavy-quarks in AA collisions and the Langevin equation results

From Boltzmann to Fokker-Planck

Expanding the coIIision integral famall momentum exchandgLandau)
Z

i @ @ " .
Clfo]¥» dk k @+ fk K/ @@ w(p; k)fo(t;p)]
The Boltzmann equatlonr(aducesto the Fokker- Planckequatlor}
2
@
—folt; —.A'ft+—B"ft
@o( p) = @ (Pfa(t;p) @[ (Pfa(t;p)]
where 7
Al(p)=  dkk'w(p;k) f\'(p)={ZA(P)|O}'
z friction
BI(p) = 5 dkKIOW(pk) 1 PR = P Bep) x (# i 0By

momentum broadening

Problem reduced to thevaluation of
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Heavy-quarks in AA collisions and the Langevin equation r

The relativistic Langevin equation

The Fokker-Planck equation can be recast into a form suitable to follow
the dynamics of each individual quark: theangevin equation

¢p_ . i ey -
oo bRt opgy
determ : stochastic

with the properties of the noise encoded in

' (pg)» (pro)i = b”(pt)% bi(p)” k(PP + - (P p'P)
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Heavy-quarks in AA collisions and the Langevin equation

The relativistic Langevin equation

The Fokker-Planck equation can be recast into a form suitable to follow
the dynamics of each individual quark: theangevin equation
¢p . i i
= + t 1
X L
determ : stochastic

with the properties of the noise encoded in
' (pg)» (pro)i = b"(pt)g—‘: b'(p)” k(PP + -2 (P)(Fi p'P)
Transport coexcients to calculate:

1 2 m p2|
@ Momentum di®usion » ~ = e P <
2 ¢t ¢t

@ Friction term (dependent on thaliscretization schemnig

AP 1 2 @p) i 1) 2 ()
i = (@i Vv9) +

2TE,  Ef @? 2 v2

“xed in order to insure approach to equilibriunE{nstein relation:
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and- .~

" (p) =




t coexcients
Heavy-quarks in AA collisions and the Langevin equation

The background medium

The "elds u’ (x) and T (x) so far weretaken from the output of two
longitudinally boost-invarian{\Hubble-law" longitudinal expansion

v, = z=t)
1 , - . , P ——
X =(¢cosh’;rs;ésinh™)  with ¢ t2j z2
1 , S . , 1
u = °,(cosh’; u,;sinh”) with °, pﬁ
i u;

hydro codes.
@ U (x) used to perform the update each time in tHeid rest-frameg

@ T (x) allows to "x at each step the value of theansport
coezxcients

2p.F. Kolb, J. Sollfrank and U. Heinz, Phys. Rev. &2 (2000) 054909
P. Romatschke and U.Romatschke, Phys. Rev. Letf9 (2007) 17230%
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rt coexcients
Heavy-quarks in AA collisions and the Langevin equation

A rst check: thermalization in a static medium

I t=8fm T=400 MeV + T=400 MeV
— HTL (n=2pT)| t=4 fm HTL (mepT)
> 0.04F <« t=1 fm[ i
() - <—t=1fm
o L
: t=2 fm t=2 fm
o - 4 -
Nu‘-’ 0.02 t=4 fm
o
0 f 1 " 1 1 1 " 1 " 1 1 1
0 1 2 3 0 1 2 3
p (GeV) p (GeV)

Fort A 1="; one approaches eelativistic Maxwell-JAittner distributioh

z

i Ep=T
e with 3 fus(p) = 1

HMZT Ky(M=T)’

fma(p)

(Test with a sample ofc quarks withpg=2 GeV/c)

3A.B., A. De Pace, W.M. Alberico and A. Molinari, NPA:831,-59 (2009)




Transport coezxcients
Heavy-quarks in AA collisions and the Langevin equation results

The Langevin equation provides a link betweehat is possible to
calculatein QCD ( 3 and what one actually
measureq nal pr spectra)

4Our approach W.M. Alberico et al., Eur.Phys.J. C71 (2011)-1666



Transport coezxcients
Heavy-quarks in AA collisions and the Langevin equation results

The Langevin equation provides a link betweehat is possible to
calculatein QCD ( 3 and what one actually
measureq nal pr spectra)

Evaluation of transport coexcients
e Weak-couplinghot-QCD calculation$
o Non perturbative approaches
o Lattice-QCD

s AdS/CFT correspondence
s Resonant scattering

4Our approach W.M. Alberico et al., Eur.Phys.J. C71 (2011)-1666



Transport coezxcients
Heavy-quarks in AA collisions and the Langevin equation results

Transport coexcients: perturbative evaluation

It's the stage where the various models di®er
We account for the e®ect of 2 2 collisions in the medium

SSimilar strategy for the evaluation ofdE=dx in S. Peigne and A. Peshier,
Phys.Rev.D77:114017 (2008).
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Transport coezxcients
Heavy-quarks in AA collisions and the Langevin equation results

Transport coexcients: perturbative evaluation

It's the stage where the various models di®er
We account for the e®ect of 2 2 collisions in the medium

Intermediate cuto®tj®» m3° separating the contributions of

@ hard collisiongjtj > jt]”): kinetic pQCD calculation

@ soft collisions(jt] < jtj”): Hard Thermal Loop approximation
(resummation of medium e®egts

SSimilar strategy for the evaluation ofdE=dx in S. Peigne and A. Peshier,
Phys.Rev.D77:114017 (2008).
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Transport coezxcients
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Transport coezxcients - (p): hard contribution

z z
g=qehard) _ 1 1 ne=r(K) — 18 ng=r (k9 L it e
T 22E v 2k 2KO g0 2E07HH T

£ QNP+ K| PO KO M goq(sit) - 2

z z Z
_g=q(hard) _ i Ng=r (K) 18 nB=F(k(b il»l(]t] i tjﬂ)£
L 2E « 2Kk o 20 po 2E° o

£ (24P + K| PO KO M geg(sit) o2

where: {tj” q?j ! ?)
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Transport coezxcients - (p): soft contribution

(soft) (soft)

When the exchanged 4-momentum ésft the t-channel gluon feels the
presence of the mediurand requiresresummation.
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Transport coezxcients - (p): soft contribution

(soft) (soft)

When the exchanged 4-momentum ésft the t-channel gluon feels the
presence of the mediurand requiresresummation.

The blob represents thedressed gluon propagatowhich has longitudinal
and transverse components:

i1l

. il
Q2+ | L(z;0)

2 ?j | 1(z:q)’

¢L(z;0) = ¢r(z;0) =

wheremedium e®ectare embedded in thélTL gluon self-energy
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Transport coexcients: numerical results

Combining together the hard and soft contributions...

_ - _ PS5 _ - _ PS5
m=1.3GeV, T=400 MeV, m =15T, m_ =Itf m,=4.8 GeV, T=400 MeV,m_=15T, m, =Itf
S — T T T
2 [|— kp lti=m?
— Ky, [ti=my [ ™ ]
. 2 251 |- ky, [f=4m) Bl
4 = Ky lt=4my, [ o2 ]
ok, [f=m? — ko lU=m,
v _7mD ) kg Iti=am?
T3 + It =4m, B
[ Q
x?2 X
1 I P ]
0 L L L S S SR |
0 5 10 15 20 5 10 5 20
p (GeV) p (GeVic)

...the dependence othe intermediate cuto®tj” is very mild
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Lattice-QCD transport coexcients

Ongoing e®orts to extractransport coe+cients from lattice-QCD
simulationsassuming a non-relativistic Langevin dynamics of the HQs

@ - from electric-"eld correlator$;

@ “p from current-current correlators, exploting the di®usive dynamics
of conserved chargés

6Solana and Teaney, PRD 74, 085012 (2006)
"Petreczky and Teaney, PRD 73, 014508 (2006)
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Lattice-QCD transport coexcients

Ongoing e®orts to extractransport coe+cients from lattice-QCD
simulationsassuming a non-relativistic Langevin dynamics of the HQs

@ - from electric-"eld correlator$;

@ “p from current-current correlators, exploting the di®usive dynamics
of conserved chargés

General considerations:

@ In principlelattice-QCD would provide anexact" non-perturbative
result

@ Dizculties in extractingreal-time quantities(transport coezcients)
from euclidean(t = i¢) simulations

@ Current results limited to the staticf = 1 ) or at most
non-relativistic limit.

6Solana and Teaney, PRD 74, 085012 (2006)
"Petreczky and Teaney, PRD 73, 014508 (2006)
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Lattice-QCD transport coexcients: setup

One consider the non-relativistic limit of the Langevin equation:

g i pp +»(t); with h ()Y (tYi=HHt; t9.
Hence, in thep! O limit;
z +1

) . 1Z +1
3 dthy' (t)»' (0)ing Ya =
il

5 K[FOFOing;

)
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Lattice-QCD transport coexcients: setup

One consider the non-relativistic limit of the Langevin equation:

g i pp +»(t); with h ()Y (tYi=HHt; t9.
Hence, in thep! O limit;

1Z+1 1Z+l

5 K[FOFOing;

" D> (1)
In the static limit the forc%is due to thecolor-electric "eld

dth' (t)»' (0)i g ¥4
il

F(t)= g dxQY(t;x)t2Q(t;X)E3(t; Xx)
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Lattice-QCD transport coexcients: setup

One consider the non-relativistic limit of the Langevin equation:

G “opt+ Y () with ()Y (%i=H Kt t9-
Hence, in thep! O limit;

1Z +1 Z +1
3 dth (t)» (0)i o 1/47 | dt|"F (t)F! (O)IH%

il

’ D> (t)
In the static limit the forc%is due to thecolor-electric "eld

F(t)= g dxQY(t;x)t2Q(t;X)E3(t; Xx)

In a thermal ensemblé(! )" D> (!)j D<(!)= (1j e ' )D>(!) and
>(') 1 S/(I) 1T,
!Il!o _l“m031| e ! 11031 AL)
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Lattice-QCD transport coexcients: results

The spectral function¥{! ) has to be reconstructed starting from the
euclidean electric- eld correlator
De(d) = | FRe Tr[U(7; ¢ )gE' (¢,;0)U(< ;0)gE' (0; 0)]i
S Re Tr[U(; 0)]i

according to 7

+1 L. T
De(c) = d! coshg¢i =2)

2% sinh(1= 2) A
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Lattice-QCD transport coexcients: results

The spectral function¥{! ) has to be reconstructed starting from the
euclidean electric- eld correlator
De(d) = | FRe Tr[U(7; ¢ )gE' (¢,;0)U(< ;0)gE' (0; 0)]i
S Re Tr[U(; 0)]i

according to 7

+1 L. T
De(c) = d! coshg¢i =2)

2% sinh(1= 2) A

One get§2 m=4.8GeV, T=400MeV,m,=L5T, m, =l
T T T
3 3 b
L Va25T 3 4T | ]
- kt Ii=4m,’ B

» 3-5 times larger then th@=0 perturbative
result

2A. Franciset al., PoS LATTICE2011 202;
D. Banerjeeet al., Phys.Rev. D85 (2012) 014510

10 15 0
p (Gevic)
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POWLANG: results

In the following we will show results obtained within our
POWHEG+Langevin setup

@ Formalism developed inucl.Phys. A831 (2009) 5%&nd Eur.Phys.J.
C71 (2011) 1666

@ Some for LHC @ 2.76 TeV presentedJifthys. G38 (2011) 124144
and arXiv:1208.0705

@ All the following plots are part ofvork in progress
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Initialization and cross-sections

Nuclei] Psw | o (fmic) | s (fm 3) | To (MeV)
AU-AU | 200 GeV| 1.0 84 333
Pb-Pb | 2.76 TeV| 0.6 278 475
Pb-Pb | 2.76 TeV| 0.1 1668 828

Collision] P Sw | %o (mb) | %g(mb)
p-p 200 GeV| 0.405 | 1.77£ 103
AU-AU | 200 GeV| 0.356 | 2203£ 10 3

pp | 2.76 Tev| 2.425 0.091

Pb-Pb | 2.76 Tev| 1.828 0.085
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D mesonRya at RHIC

Au-Au,\[sy =200 GeV; central.=0-10%
T

RAA

\/\\\\

e
e

18 POWLANG: tr.coeff. HTL

1.6
14
1.2

\ . D% STAR prelim. data

=

0.8
0.6
0.4
0.2 +

P E I T I  H  IN N HNVY  AO HAHNI  H  HA SAVEN Y HAY HA T
% 12 3 a5 e 7
P, (GeV/c,

RN RARNRARARARNRRRRRE:
e
.

<

@ Quenching ofpy -spectra nicely reproduced f@r 3 2 GeV;
@ Sharp peak aroungt ¥4 1:5 GeV: coming from coalescence?

NB peak visible thanks to very "ne binning at lop#
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Heavy-°avour electronBaa at RHIC

§ T T 2
= Au-Au, \[5,=200 GeV, central. (0-10)% g 18
161~ o efomcsbinlyl<i: STAR prefim. data | 16
1.4 — 14
E e from c+b in y|<0.8: HTL transp. coeff. 4
1.2~ + - 12
1 =
0.8 4 4 - o8
0.6~ 1L { 4 - o8
0.4~ \+\ - o4
0.2 ¥ 3 02
= | Ll | | | Lod
00 1 2 3 4 5 6 7 10

@ Rough agreement with the data fqur 3 4 GeV;

@ Langevin results underestimate the data at lowsr
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Heavy-°avour electronBaa at RHIC

g T T T 2
= Au-Au, \[s,=200 GeV, central. (10-20)% g 18
1-6;7 . e from c+b in |y|<1: STAR prelim. dalai 1.6
14 — 14
E e from c+b in y|<0.8: HTL transp. coeff. 4
1.2 + + - 12
1 =
0.8 4 3 os
0.6 T + + - os
0.4 L - Y
|- |
0.2 Y 4 o2
= | Ll | | Lod
00 1 2 3 4 5 6 7 10

@ Rough agreement with the data fqur 3 4 GeV;

@ Langevin results underestimate the data at lowsr
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Heavy-°avour electronBaa at RHIC

§ T T 2
A= Au-Au, \[s,=200 GeV, central. (20-40)% g 18
161~ o efomcsbinlyl<i: STAR prefim. data | 16
1.4 — 14
E e from c+b in y|<0.8: HTL transp. coeff. 4
1.2 4 4 12
1 =
0.8 + + + — o8
0.6 +_+__‘L+ 4 o6
0.4 \+\—’ 0.4
0.2 = 02
S | Lol | | | Lod
00 1 2 3 4 5 6 7 10

@ Rough agreement with the data fqur 3 4 GeV;

@ Langevin results underestimate the data at lowsr

Heavy °avor spectra in AA collision within a Langevin approach



Transport coexcients
Heavy-quarks in AA collisions and the Langevin equation results

Heavy-°avour electronBaa at RHIC

S A A R A A RS AR AR AR
@ j8F Au-AU, \[5,,;=200 GeV, central. (40-60)%—| 1.8
16E E
1.4F + =
12 4 12

i 1™ 1
0.8}\_,—+—+—+ + 1 os
0.6 T 3 os
0_4; . e from c+b in [y|<1: STAR prelim. data + é 04
02 ; e from c+b i |y|<0.8: HTL transp. coeff. é 0.2

S U D N DU F U T P R

N T S R R S S 10

8 9
P, (GeVic)

@ Rough agreement with the data fqur 3 4 GeV;

@ Langevin results underestimate the data at lowsr
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D mesonRya at LHC

s 12 S .
@ = i
i Pb-Pb, \[S=2.76 TeV ]
e D°,D"; 0-20%: t=0.6 fm/c; LatLcolnt]
0.8~ D°,D"; 0-20%; t=0.6 fm/c; HTLMU=2.0*p*T
B\ D°,D"; 0-20%; t=0.6 fm/c; HTLmu=4.5*p*T
06 D,D’; 0-20%; 1=0.6 f/c; HTLMu=10*p*T
oo ¢ ALICE data: D°D",D* -
0.4
02f

Cooc b b b e e b e b b
% 2 4 6 8 10 12 14 16
P, (GeVic)

Possibility to discriminateHTL (with * = %I j 2% ) and [-QCD results
at high-pr, where however:

@ Langevin approach becomes questionable

@ No info on momentum dependence of - is available from I-QCD
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D mesonRya at LHC

< L2r —_— T
o LY ---- <D%+D"> - LatLcolnt ]
i <D%D"> - HTL:me1.5p T

L e ALICE data: D°D'D* |

L ]
0.8f -
o =
0.4 -
0.2-Pb-Pb, \[5,=2.76 TeV .

[ Centrality: 40-80% ]

Cooc b b b e e b e b b
% 2 4 6 8 10 12 14 16
P, (GeVic)

Possibility to discriminateHTL (with * = %I j 2% ) and I-QCD results
at high-pr, where however:

@ Langevin approach becomes questionable

@ No info on momentum dependence of - is available from I-QCD
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Heavy-°avour electronBaa at LHC

2 e e e e 2
n:é 1 gE- Pb-Pb, \[s\=2.76 TeV; central. 0-10% g 18
1.6 . e from c+b in |y|<0.6: ALICE prelim. data — 16
14 - e from c+b in [y|<0.8: Lattice = A
1 2i e from c+b in |y|<0.8: HTL 7: 12

1+ 1 1
0.8f — o8
0.6~ +% 0.6
0.4 = 04
0.2 = 02

P R R RN RN B R R
"2 7 6 8 10 12 14 16 18 °
p((GeV/c)

@ Good agreement between HTL-Langevin and ALICE data up to
» 10 GeV;

@ For largerpr data stays beween HTL and I-QCD predictions.
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General considerations

Experimental heavy-°avour data at highr always stay between the
Langevin results with HTL and I-QCD tranport coezcients, suggesting
for - L(p) a mild rise with the quark momentumdi®erent from

@ the strong rise foreseen by the HTL+pQCD result;

@ the constant behaviour assumed for the I-QCD case.
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Elliptic-°ow: D-mesonv, at LHC

~ = T
> 04 Pb-Pb, \[5,,=2.76 TeV 3
E centrality: 30-50%; t=0.6 fm/c

0.3 3
0.2~ —
0.1 =

- v, of D% HTL
v, of D Lattice -
v, of D’ ALICE preliminary data

18
P, (GeVic)

@ Langevinoutcomes undershoot the datdoth with HTL and I-QCD
transport coexcients;
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Elliptic-°ow: D-mesonv, at LHC

R R
Pb-Pb, \[5,,=2.76 TeV
centrality: 30-50%

-- POWLANG: v, of D’ at LHC (30-50%); t=0.6 fm
POWLANG: v, of D’ at LHC (30-50%); t=0.1 fm

NI I R ot W A

0 2 4 6 8 10 12
P, (GeVic)

@ Langevinoutcomes undershoot the datdoth with HTL and I-QCD
transport coexcients;

@ Even assuming a very short thermalization time is not suzcient to
reproduce the observed °ow at low-modergte .
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Beauty in AA collisions

Beauty: a golden probe of the medium

@ Clean theoretical setupdue to itslarge mass
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Beauty in AA collisions

Beauty: a golden probe of the medium
@ Clean theoretical setupdue to itslarge mass

¢ Description viaindependent random collisiorworking over an
extendedpr -range;
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Beauty in AA collisions

Beauty: a golden probe of the medium
@ Clean theoretical setupdue to itslarge mass

¢ Description viaindependent random collisiorworking over an
extendedpr -range;

o Information ontransport coexcientsby lattice-QCD studies
performed in the staticf!1 ) limit
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Beauty in AA collisions

Beauty: a golden probe of the medium
@ Clean theoretical setupdue to itslarge mass

¢ Description viaindependent random collisiorworking over an
extendedpr -range;

o Information ontransport coexcientsby lattice-QCD studies
performed in the staticf!1 ) limit

9 Less a®ected bgystematic uncertainties due tbadronization
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Beauty in AA collisions

Beauty: a golden probe of the medium
@ Clean theoretical setupdue to itslarge mass

¢ Description viaindependent random collisiorworking over an
extendedpr -range;

o Information ontransport coexcientsby lattice-QCD studies
performed in the staticf!1 ) limit

9 Less a®ected bgystematic uncertainties due tbadronization

e Kinematics very hard Fragmentation Function (smab -loss),
very smallpt -gain in case of coalescence
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Beauty in AA collisions

Beauty: a golden probe of the medium

@ Clean theoretical setupdue to itslarge mass

¢ Description viaindependent random collisiorworking over an
extendedpr -range;

o Information ontransport coexcientsby lattice-QCD studies
performed in the staticf!1 ) limit

9 Less a®ected bgystematic uncertainties due tbadronization

e Kinematics very hard Fragmentation Function (smab -loss),
very smallpt -gain in case of coalescence

e Hadrochemistry B! J=AX less sensitive to changes in
hadrochemistry
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Beauty in AA collisions

Beauty: a golden probe of the medium

@ Clean theoretical setupdue to itslarge mass

¢ Description viaindependent random collisiorworking over an
extendedpr -range;

o Information ontransport coexcientsby lattice-QCD studies
performed in the staticf!1 ) limit

9 Less a®ected bgystematic uncertainties due tbadronization

e Kinematics very hard Fragmentation Function (smab -loss),
very smallpt -gain in case of coalescence

e Hadrochemistry B! J=AX less sensitive to changes in
hadrochemistry

Beauty provides clean information on what happens in the partonic phg
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Raa Of displaced)=A's at LHC

Pb-Pb\[5,,,=2.76 TeV; Min Bias=(0-100)%

- [ NOnpromBU Y <24 HTL s Lo uanspooett,
o« 16 —— HTL E
1'45“ ---- Lattice (LatLcolnt) 7;
120" «  CMS Preliminary (CMS-PAS-HIN-12-014) ]

1= -
0sE E
06 E
0t E
02F E

E coc b b b b e L ]

R

20
p, (GeVic)
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Raa Of displaced)=A's at LHC

Pb-Pb,\[5,,=2.76 TeV

& 1aF Non-prompt J/y in |y{<2.4 HTL Vs Lat 3
1.2 - - - Lattice (LatLcolnt) -
C — HTL |
1= * CMS Preliminary (CMS-PAS-HIN-12-014)—]
0.8 =
0.6/~ -
0.4 -
F 6.5<p_<30 GeV/c ]
0.2~ T =
E e b s L b L L]
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Npart
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Raa Of displaced)=A's at LHC

Pb-Pb\[5,,,=2.76 TeV; Min Bias=(0-100)%

Non-prompt J/y in ly|<2.4 - HTL vs LatLcolnt transp.coeff.
L B e B LA e e s

g16
e - — HTL

1.4 - === Lattice (LatLcolnt)

T

12 e CMS Preliminary (CMS-PAS-HIN-12-014)

.

0.8
0.6
0.4

0.2

5
p, (GeVic)

R

@ [-QCD transport coezxcients provide darger suppression at
moderate g wrt perturbative predictions

@ Ignoring momentum-dependence of I-QCD transport coexcients
leads to milder suppression at high- wrt HTL results;
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Raa Of displaced)=A's at LHC

Pb-Pb\[S=2.76 TeV; Min.Bias=(0-100)%

Non-prompt Jfy in |y<2.4 - HTL vs LatLcolnt transp.coeff.
T R B e e e AR

—— HTL

=t
i
ARARRN

- === Lattice (LatLcolnt)

| e CMS Preliminary (CMS-PAS-HIN-12-014)

i

0.8

0.6

0.4] T
T

0.2

P, (GeVic)

OO
o

potentially able to

in a regime in which the uncertainty on the momentum
dependence of the transport coe+cients shouldn't play a big role
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Summary and perspectives

@ The Langevin equations avery general too(of which | tried to
illustrate in this talk the conceptual basis):

Heavy °avor spectra in AA collision within a Langevin approach



Transport coexcients
Heavy-quarks in AA collisions and the Langevin equation results

Summary and perspectives

@ The Langevin equations avery general too(of which | tried to
illustrate in this talk the conceptual basis):

s it can be intefaced to di®erent theory calculations
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Summary and perspectives

@ The Langevin equations avery general too(of which | tried to
illustrate in this talk the conceptual basis):

s it can be intefaced to di®erent theory calculations
¢ it enters into the de nition itself of the transport coexcients in
terms of QFT correlators
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Summary and perspectives

@ The Langevin equations avery general too(of which | tried to
illustrate in this talk the conceptual basis):

s it can be intefaced to di®erent theory calculations
¢ it enters into the de nition itself of the transport coexcients in
terms of QFT correlators

@ Predictions withperturbativeand non-perturbativetransport
coezcients have been displayed;
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Summary and perspectives

@ The Langevin equations avery general too(of which | tried to
illustrate in this talk the conceptual basis):

s it can be intefaced to di®erent theory calculations
¢ it enters into the de nition itself of the transport coexcients in
terms of QFT correlators

@ Predictions withperturbativeand non-perturbativetransport
coezcients have been displayed;

@ For the future:
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Summary and perspectives

@ The Langevin equations avery general too(of which | tried to
illustrate in this talk the conceptual basis):

s it can be intefaced to di®erent theory calculations
¢ it enters into the de nition itself of the transport coexcients in
terms of QFT correlators

@ Predictions withperturbativeand non-perturbativetransport
coezcients have been displayed;

@ For the future:

e extending the analysis to forward HF observableith a
realistic 3+1 hydro background (under development);
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Summary and perspectives

@ The Langevin equations avery general too(of which | tried to
illustrate in this talk the conceptual basis):

s it can be intefaced to di®erent theory calculations
¢ it enters into the de nition itself of the transport coexcients in
terms of QFT correlators

@ Predictions withperturbativeand non-perturbativetransport
coezcients have been displayed;

@ For the future:

e extending the analysis to forward HF observableith a
realistic 3+1 hydro background (under development);
s implementation ofcoalescence
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