rleavy Quaris cdynarmics in the QGP:
cdirected rlow, anisotropic flows and transport
properties of heavy quarss

UNIVERSITA
degli STUDI

S. Plumari _
di CATANIA

Universita degli Studi di Catania

INFN-LNS INFN

IN COLLABORATION
WITH:

V. Minissale
G. Coci

L. Oliva

S. K. Das

V. Greco




» Heavy quarks dynamics in QGP within transport approach
s Determination of space Diffusion coefficient
Boltzmann and Langevin

» New observables: v _(light)- v (heavy) correlations, o _Iv_

+* Impact of initial ElectroMagnetic field and vorticity on Heavy
quarks dynamics:
» sizeable v, for charm quarks (anti-charm)
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The v,/e measures efficiency in

converting the eccentricity from
Coordinate to Momentum space
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Specific of Heavy Quarks

@ m., >> Ay produced by pQCD
process (out of equilibrium)

@ m., >> T, no thermal production s

@ Tp<< Togp Probes all the QGP life time y

Quark Mass [MeV]

@ m>>T, g°<<m?® -~ dynamics reduced to Brownian motion
(statement that can be challenged for charm quarks PRC90, 044901 (2014))

-0 SPS ﬁ
[ |@@RHIC o
£ [mELHC
f b

v heavy
light
d
1

10° 10’ 10°

S.K. Das, F. Scardina, S. Plumari, V Greco PLB747 (2015) 260

T [GeV]

T T7 T T T 1 1T 1 T 1T T T T 7T T 1 T 4
m PHENIX
y const. (BM) 15 —— y=const (BM) _| 3 — yoon t-t B’\L/IV
—— y=const. (LV) : «T —— y=const (LV) 012k —— z;?rons.- ]
06F |=—— y=T ! ! L
— -7 _
— Il Iz Of¢, -
=" | |z o an 1
> _ / ] 0C v\/\
7 004- ~F
02k - .04 - -
Y rescaled to fit R, , . | . |
o 0.2 — 0.25 — 0.3 — 0.35 — 0.4 00 2 4

p, [GeV]




Relativistic Boltzmann eq. at finite n/s

Bulk evolution

p"0,.f.(x,p)+m(x)0,m(x)d;f,(x,p)=C|f,,f,] Eaquivalentto

viscous hydro

P 0.f(x,p)+m(x)0,m(x)0,f,(x, p)=C[f,.f,] nis=01

free-streaming field interaction collision term
€-3pz0 gauged to some n/sz0

Heavy quark evolution
pMaMfQ<X)p>:C[fq)fgan]
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Relativistic Boltzmann eq. at finite n/s

Bulk evolution

p"0,.f.(x,p)+m(x)0,m(x)d;f,(x,p)=C|f,,f,] Eaquivalentto

viscous hydro

P 0.f(x,p)+m(x)0,m(x)0,f,(x, p)=C[f,.f,] nis=01

free-streaming field interaction collision term
€-3pz0 gauged to some n/sz0

Heavy quark evolution

pMaMfQ<X)p>:C[fq’fgﬁfQ]
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Hadronization by coalescence plus fragmentation paf. | oS08 Gev ;
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RHIC results: R,, - v,

Data from STAR Coll. , PRL 113, 142301 (2014)
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Data from STAR Coll. PRL 118, 212301 (2017)

i In (0-10)% coalescence implies an increase of the R,, for p; > 1 GeV.
i The impact of coalescence decreases with p;and fragmentation is dominant at high p-.

i In (0-80)% the v,(p;) due to only coalescence increase a factor 2 compared to the
V,(p;) charm.

& In (0-80)% coalescence+fragmentation give a good description of exp. data.

F. Scardina, S. K. Das, V. Minissale, S. Plumari, V. Greco, PRC96 (2017) no.4, 044905.



LHC results: R,, - v,

Data from ALICE Coll. JHEP 03 (2016) 081 Data from CMS Coll. PRL 120 (2018) no.20, 202301

Pb+Pb @ 2.76 AGeV (30-50)%
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& Shadowing appear necessary EPS09, Eskola-Salgado JHEP(2009)

i At LHC the coalescence implies an increasing of the R,, for p;>1GeV similar to
RHIC energies.

i Due to hadronization D meson v,(p;) get an enhancement of about 20% respect
to charm v,(p-).

F. Scardina, S. K. Das, V. Minissale, S. Plumari, V. Greco, PRC96 (2017) no.4, 044905.



(2xT)D

Comparison to IQCD Diff. coef.

F. Scardlna S K Das V Mlnlssale S. Plumari, V. Greco, PRC96 (2017) no.4, 044905.
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& Not a model fit to IQCD data!
but the result from R, (p;) & v, (p,)
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Comparison to IQCD Diff. coef.
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 With the same coalescence plus
fragmentation model we describe
the A IDO S. Plumatri, V. Minissale, S.K. Das, G. Coci,

V. Greco, EPJ C78 (2018) no.4, 348
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New observables are coming:
v,, V,, V (light)- v (heavy) correlations...

[tz 0.6 fm t=1.6 fm 1= 2.6 fm [1=4.6tm
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Heavy Flavour dynamics:

event-by-event transport approach

We have developed an event-by-event transport approach for the bulk:

Not almond shape ——

S. Plumari, G.L. Guardo, F. Scardina, V. Greco PRC92 (2015) no.5, 054902
S. Plumari EPJ C79 (2019) no.1, 2 2 e i 03
Extented to study: - e
§0 s E §0 0.15'%
| o : . 0.1
a 1% T 0 i % X((‘f)m) 10 °
Some recent calculations using event-by-event viscous hydro
M. Nahrgang, J. Aichelin, S. Bass, P.B. Gossiaux, K. Werner PRC91 (2015) no.1, 014904.
C.A. G. Prado et al., Phys.Rev. C96 (2017) no.6, 064903. O3 P e
A. Beraudo, A. De Pace, M. Monteno, M. Nardi, F. Prino, JHEP 1802 (2018) 043. MC Glauber Glauber
0.4_— —_— 52 - 52 =

We implement Monte Carlo Glauber initial conditions

Characterization of the initial profile in terms of Fourier coefficients |-

G-Y. Qin, H. Petersen, S.A. Bass, B. Muller, PRC82,064903 (2010).
H.Holopainen, H. Niemi, K.J. Eskola, PRC83, 034901 (2011).
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Heavy Flavour dynamics:

-event transport approach

Data taken from CMS Collaboration PRL 120 (2018) no.20, 202301
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Initial state fluctuation: v _{"9"Y ys y_(heawy)
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Initial state fluctuation: v _{"9"Y ys y_(heawy)
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Initial state fluctuation: v _{"9"Y ys y_(heawy)
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o v,(light) and v, light) linearly correlated to the
corresponding v,(heavy) and v (heavy) respectively.

© C(2,2)>C(4,4)>C(5,5) for all centralities.

o v,(light) and v,(heavy) weak correlated.

e For central collisions v are strongly correlated:
v (light)x v _(heavy) for n=2,3,4.



Initial state fluctuation: v _{"9"Y ys y_(heawy)
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Initial state fluctuation: v _{"9"Y ys y_(heawy)
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Heavy Flavour dynamics: sources of v, for charm quarks

« Vorticity due to the large orbital angular momentum
in URHIC J=10°-10°h

Becattini, Piccinini e Rizzo, PRC 77, 024906 (2008)

Csernai, Magas and Wang - Phys. Rev. C 87 (2013) 034906
Becattini et al, EPJ C 75, 406 (2015)

Deng and Huang, PRC 93, 064907 (2016)

Jiang, Lin and Liao, PRC 94, 044910 (2016); PRC 95, 049904 (2017)

« Are HQ affected by the initial vorticity of the QGP?
Solving the relativistic Langevin eq. with tilted initial distribution in
the reaction plane produce a v, of D meson several times larger

than that of charged patrticle.
S. Chatterjee, P. Bozek PRL 120 (2018) no.19, 192301

- ¥ "_‘_g ;.4”‘
a0

A B

/ /
collision ‘
overlap zone




« Vorticity due to the large orbital angular momentum

* Intense magnetic field B:

Heavy Flavour dynamics: sources of v, for charm quarks

in URHIC J=10°-10°h

Becattini, Piccinini e Rizzo, PRC 77, 024906 (2008)

Csernai, Magas and Wang - Phys. Rev. C 87 (2013) 034906
Becattini et al, EPJ C 75, 406 (2015)

Deng and Huang, PRC 93, 064907 (2016)

Jiang, Lin and Liao, PRC 94, 044910 (2016); PRC 95, 049904 (2017)

- Are HQ affected by the initial vorticity of the QGP? [N

Solving the relativistic Langevin eq. with tilted initial distribution in overlap z0ne
the reaction plane produce a v, of D meson several times larger

than that of charged patrticle.
S. Chatterjee, P. Bozek PRL 120 (2018) no.19, 192301
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created on Earth = 10" Gauss
in Neutron Star = 10" Gauss
in uRHIC = 10*° Gauss =10 m,’?

A. Bzdak, V. Skokov, PLB 710 (2012) 171-174

K. Tuchin, PRC 88, 024911 (2013).

K. Tuchin, Adv. High Energy Phys. 2013, 1 (2013).

K. Hattori, X.-G. Huang Nucl.Sci.Tech. 28 (2017) no.2, 26.

 Are HQ affected by the initial EM field produced in
a HIC?
Solving the relativistic Langevin eq. with Lorentz force a sizeable v,

for charm (anti-charm) quarks is produced.
S.K. Das,S. Plumari,S. Chatterjee,J. Alam,F. Scardina,V. Greco, PLB768 (2017)
260.




Vorticity in Heavy lon Collisions

6
4
2
Eo
=
2
4
6
3 P R 0 1 > 3
1

time evolution of vorticity field in agreement
with Jiang, Lin, Liao, PRC 94, 044910 (2016);
PRC 95, 049904 (2017)

Sketch of non-central collision.
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Vorticity in Heavy lon Collisions

Sketch of non-central collision.
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Vorticity in Heavy lon Collisions
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Sketch of non-central collision. - )
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Large D meson v, : order of magnitude
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Electromagnetic field: time evolution

Solve the Maxwell eq.s by starting with a point- 10 L B B N
like charge at the X; in the transverse plane and %H%CS: fAu+A% @200GeV | — G 20,0 fm”

] . . . - . =/. I'Il,T]= e 4
moving in the +z direction with velocity . 10! — 6,=0.0115 fm'| |
V E=ed(z—Bt)d(x—x;) — 6,,=0.023 fm’

] E — 6,,=0.046 fm '
<V -B=0 Vxg=_98B S0
ot O
OE =
VXB_ o1 +o0,E+ 666( )6(X—XT) .E 1()'3_
Fold them with the nuclear transverse density _
profile of the spectator nuclei and sum forward | +Lform. time
(+) and backward (-) : l l
xout(¢ ) :
eByS:—Z/dgb/ dx' 2’ p_ () ] R U R Ha L
-3 in(¢) 0 0.5 1 (Fm/e) 1.5 2 2.5
t C
X (eBf (t,n,x1,m— ¢) +eBy (1,—n,21,9)) , S. K. Das, S. Plumari, S. Chatterjee, J. Alam, F. Scardina, V.
z ZCON , Greco, PLB768 (2017) 260-264.
B = 2 [ i | oy =) Assumptions:
X (—eEy (r,n, a1, m—¢) +eEf (1,-n,21,¢)) ., @ Electric conductivity o, const. in time
like in:
K. Tachin. Adv. :%hoéﬁgrlgly(ég;?'2013 1 (2013) ® Modification in the bulk due to
U.. GUI‘SO)’/, D. kharzeev, K. Rajagc.)pal Pi?C 89, 054905 (2014). currents is neg"g'ble

2 No event-hy-event fluctuations



Electromagnetic field: time evolution

Solve the Maxwell eq.s by starting with a point- RHIC: Au+Au @ 200 GeV, b=7.5 fm

. . 0

like charge at the X; in the transverse plane and 10 Fm T FrTT T ETTTITITTTTTT

moving in the +z direction with velocity B. | =0 1 n=1.0 1f n=1.5 ]
~ | — y 1L 11

V-E=ed(z—pt)d(x—x;)

A

V- -B=0 VXE——%—?

VxB=5T+ 0, E+ eBd(2=Pe)d(x—x;)

Fold them with the nuclear transverse density
profile of the spectator nuclei and sum forward

eField (GeV/fm)

(+) and backward (-) ok 1L 1l il
Zou(9) : 1t i 5
eB, s = —Z/ d¢’ / dx' ' p_(2')) T B B
-3 in(9’) t (fm/c) t (fm/c) t (fm/c)
_|_
(BBy (T,mx1,m—¢)+eB,(1,—n,x1, 9)) , S. K. Das, S. Plumari, S. Chatterjee, J. Alam, F. Scardina, V.
z Tout (@) o , Greco, PLB768 (2017) 260-264.
Eacs = 7 —_ AR
i /_g a4 /mw deyalp-(@)) Assumptions:
o (B mmeL T =g +eBi(nmm.2.,6) . o Electric conductivity o, const. in time
ike in:
K. Tuchin, PRC 88, 024911 (2013).
K. Tuchin, Adv. High Energy Phys. 2013, 1 (2013). @ Modification in the bulk due to

U. Gursoy, D. Kharzeev, K. Rajagopal PRC 89, 054905 (2014). currents is negligible



Direct Flow v, of charm quarks

We solve the relativistic Boltzmann eq coupled with the external EM field.
p“0,fq(x,p)+m(x)8,m(x)0,f,(x,p)+qFeip,0,.f(x,p)=Clfq, f,]
p“0,f(x,p)+m(x)a,m(x)0,f (x, p)=Clf . ]

Heavy quark evolution

P“0ufo(x,p)+qFiip,0,f o(x.p)=Clfq.fq:f0]

@ Charm diffusion constrained by experimental
data on the R, ,(p; ) and v, of D meson




Impact of EM field on heavy quark dynamics

The direct flow v_ originates from two competing effects:

Hall effect
Faraday effect _
o Lorentz force induced
Electric field induced by moving charges
by decreasing B, Fext:qE-I-Eip(pXB)
BY BY \ §Fext
J y

Faraday




0,2

0,1}

v, (¥)

0,11

0,2F

Balance between Magnetic and Electric fields

= Decreasing magnetic field B, creates E,
that induces a current in opposite

direction w.r.t. to the Magnetic Hall
drift: delicate balance!

= Larger initial (t<1 fm/c) field important
to determine a sizeable v, flow

S.K. Das et al., PLB 768 (2017)




v, (y)

0,01

Direct Flow v, of charm quarks

v:&>
_1 Pr

= = D (only EM field)

For light quarks was predicted v,= 10 -10*

U. Gursoy, D. Kharzeev, K. Rajagopal PRC 89, 054905 (2014).
D (only EM field) }

For charm quarks due to early production we
find a sizeable v, with the same E-B evolution

07 NS ...l sS.KDas,s.Plumari,S. Chatterjee, J. Alam, F. Scardina, V.
I Greco, PLB768 (2017) 260-264.
~~__-7 HQ best probe for v, from e.m. field:
-t ~ 0.1 fm/c
" RHIC: Au+Au@200 GeV form /
_0,01_— (10-80)% T T (€) = Toep™> Tom
» » . do not mix vorticity [Odd- parity]
2 -1 0 1 2
y

0,01

(=4
T T T

v, 0)v,D"

I RHIC: Au+Au@200 GeV
-0,01 (10-80)%

AR T T AN N T M T A S T T S I Y S SO HU Y S
2 -1 0 1 2
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-0,05

-0,1

Direct Flow v, of charm quarks

@® STAR 10-80% D°
@® STAR10-80% D'

—
. 1| = 10300
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p>1.5GeV

De}ta takeln fromISTAR ICoII. arIXiv:19C|)5.0205|2
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y
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For light quarks was predicted v,= 10 -10*
U. Gursoy, D. Kharzeev, K. Rajagopal PRC 89, 054905 (2014).

For charm quarks due to early production we

] find a sizeable v, with the same E-B evolution

| S. K. Das, S. Plumari, S. Chatterjee, J. Alam, F. Scardina, V.
1 Greco, PLB768 (2017) 260-264.

HQ best probe for v, from e.m. field:
t.m = 0.1 fm/c

Ten(€) = Toep™>> Tem

do not mix vorticity [Odd- parity]




Conclusions

s Good description of R,, and v,(p;) from RHIC to LHC with (2rtT)D_~T
within IQCD results. (2rtT)D_~ 3-4 around Tc

s Event-by-event transport approach: new observables
s v (HQ)-v_ (QGP) correlation new sensitive observable

s Strong correlation between v,(QGP) and v, (HF)
s ¢ _Iv_much more sensitive to T dependence of D_

s Heavy flavor directed flow as a probe of initial state physics:
s |nitial vorticity: Heavy flavor directed flow order of magnitude larger
than the bulk directed flow explained by tilted initial condition.

s The electromagnetic field and medium conductivity

s Splitting of particle antiparticle v, of the order of 1% both at RHIC and
LHC






Information from non-equilibrium: elliptic flow

INITIAL OLD VI=W

2 2 The v,/e measures efficiency in p2_ p2
Yy =X 2, . _ _ [ Fx Yy
€=\ > converting the eccentricity from V,= <C052¢> =\
y +x Coordinate to Momentum space by D,
i avavazoocey ~
- (20-30)%
Can be seen also as Fourier expansion
d’N d'N :
E—= 1+ 2v,c0s(2¢)+ 2v,cos(4gl+...| | of
dp” 2nprdprdm = |

by symmetry v_ with n odd expected

to be zero ... (but event by event _
fluctuations) of

t (fm/c)




Information from non-equilibrium: v_(p.)

A=(op)™ or /s viscosity

¢ =dPlde , EoS-10CD
n The v,/e measures efficiency in _ .
c :<rLCOS[n(Cp_(D“)]> converting the eccentricity from <vn>—<cos[n(cp ql”)”
! <rfi> Coordinate to Momentum space 02 . - .
Vo — | ATLAS 20-30%, EP
Vg ==
0.15 | _
n= n=4 n=5 n=6 e=0
: oo
Can be seen also as Fourier expansion 7 -+
d’N d°N 0.05 t .
E—= [1+ 2v2c052(cp—\112)+2v3C053(cp—1P3)+...] - e
dp> 2mprdprdnm g Lo a--
by symmetry v_ with n odd expected to STTE T 0 o
be zero ... (but event by event

fluctuations)

pr [GeV]
C. Gale et al., PRL 110, 012302 (2013).



Boltzmann

p*d, f(x,p)+M(X)o,M(X)0} f(X,p]=C,,

N Y Y / Y
free-streaming field interaction collisions
£-3p#0 n#0

s Describes the evolution of the one body distribution function f(x,p)
s |t is valid to study the evolution of both bulk and Heavy quarks
a Possible to include f(x,p) out of equilibrium

Cp=[ d’k[o(p+ k,K)f(p+ k)—o(p,k)f(p)] olp,k)=] dq F'(Q)VierO g pok.ar

3
(27)

P S.Plumari, et al. PRD84 (2011)094004.
( : Wlippertal-Bl}dapCSt : 1400 | 1 I LI I LI L I LI L L] I LI L I 1 i
D. P k2 i ] r ]
p(T)= Z — &'k filk) = B(T) *F & Y owf — M, -
= _npdo o 3E(K) R, _ : MM, ]
< —e 33 _ 1000 M b
D [® © | : k
dT)= ), — | @REWK)S(K) +B(T) & f I -
i=g,4,q (21’() J 0 <o ] = r M =T .
\ 4 i ] 600&//{
| ' _
. D L J
M(T) and B(T) are fitted to rgproduce IQCD data on . #F o (3T ] b ]
Datataken from S Borsanyl et aI’JHEP 11 (2010) 077 0["'I""l""l""|""_ :I Lo vy by v g by g by 1 |:

100 200 300 400 500 600 1 13 2 2.5 3

T (MeV) T



Data taken from S
L rrrrprer

R, A(Pp)

R (pp

Comparison to IQCD Diff. coef.

TAR C

1,54

ollaboration PRC99 (2019) no.3, 034908
rrrrrrrrrrprrrrprrrrfrrrr)

RHIC Au-Au @200 AGeV

® D'STAR0-10% [y|<1 (2018)
= = Coal. + Fragm.
m  Coal. + Fragm. with A _effect

1,5+

RHIC Au-Au @200 AGeV

® D’STAR10-40% , |y|<1 (2018)
= == Coal. + Fragm.
e Coal. + Fragm. with A_effect

s This open a new paradigma in
studying HF in the low p_region

s The impact will be even larger for
B meson where A IB =4

& With the same coalescence plus
fragmentation model we describe

the /\CIDO S. Plumari, V. Minissale, S.K. Das, G. Coci,
V. Greco, EPJ C78 (2018) no.4, 348

10__...,...,..., |__..|...|..|...|..|...__

] ALICE 1[ = === « only coal.
O STAR J[ s coal. + fragm.
LIS
. -
S
< F
| RHIC:
Au+Au @200 GeV
071_||||||||||||||||__|||||||||||||||||||
0 2 4 6 8 0 2 4 6 8 10 12
py (GeV) py (GeV)

Data taken from STAR Coll. NPA982 (2019) 659.
ALICE Coll. PLB793 (2019) 212.



Summary on the build-up of v2 at = fixed RAA

| | | | | | | | |
i il Drag
12 . { = o W= V(1) = cost
= | . 8, “» Coal _ Space- diffusion
= Varying Y (T) am j
r 08 e PHENIX data gepends - Ds=T
= QPM on dold® _
B AdS/CFT
0.4 ™ EQCD (-Tk; factor —  Y(T) for HQ more
s-QPM .
- O % ey (T) - BM 4 1mpact
0 T T T T T than n/s(T) for bulk
0 0.02 0.04 0.06 0.08 0.1 QGP:
Vz(pT) - factor 2.5 vs 20%

Tc =TQGP >> Ta,g
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