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+ Heavy quarks dynamics in QGP within transport approach

» The puzzling relation between R,, and v,(p;) for Heavy Flavors
@ Comparison to IQCD Diffusion coefficient

+ Initial state fluctuations within transport approach:
@ vV (p;) of D mesons

s v (heavy)-v (light) correlations

* Impact of initial ElectroMagnetic field and vorticity on Heavy
quarks dynamics:
» sizeable v, for charm quarks (anti-charms)

¢+ Conclusions
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Relativistic Boltzmann transport at finite n/s
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free-streaming field interaction collisions
e-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
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Relativistic Boltzmann transport at finite n/s
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Relativistic Boltzmann transport at finite n/s

p"0.f(x, p)+M(x)0, M(x)0, f(x,p)=Cylf]
G N J \. v J \ J
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)]

Hadronization by coalescence plus fragmentation
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RHIC results: R,, - v,
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* In (0-10)% coalescence implies an increase of the
Raa for p; > 1 GeV.

« The impact of coalescence decreases with p;and
fragmentation is dominant at high p;.

« 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.
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LHC results: R,, - v,
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Comparison to IQCD Diff. coef.
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Comparison to IQCD Diff. coef.
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Extended to study B quarks

Within current uncertainties B and D can be
explained with the same underlying model
which imply also a very similar Dg
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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. Plumatri, G.L. Guardo, F. Scardina, V. Greco PRC92 (2015) no.5, 054902
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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.
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G-Y. Qin, H. Petersen, S.A. Bass, B. Muller, PRC82,064903 (2010). 0.2:-
H.Holopainen, H. Niemi, K.J. Eskola, PRC83, 034901 (2011). i

a8 -\ Y

r" cos[n(@—@,)]] b (fm)

03

0.1

c =

i \ > pd oL AN S oy (py)cosin(o—,)]

i sin(ng) d*p 2mprdprdy n
d =—arctan-——

" on <r’lcos(ncp)>




Heavy Flavour dynamics:

event-by-event transport approach

Data taken from CMS coll. arXiv: 1708.03497 [nucl-eX]
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Heavy Flavour dynamics:

event-by-event transport approach
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Going to Magnetic vortical HQ dynamics

* Intense magnetic field B: B,
created on Earth = 10" Gauss JFaraday
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) 260-264.

» 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?

|

overlap zone



Vorticity in Heavy lon Collisions

Velocity profile similar to Deng and Huang,
PRC93, 064907 (2016)
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Electromagnetic field: time evolution

Solve the Maxwell eq.s by starting with a point- 10 L B B B
like charge at the Xx; in the transverse plane and RHIC: AutAu @ 200 GeV. e 6 20,0 fim”
] . . . - . =/. I'Il,T]Z e 4
moving in the +z direction with velocity . 10! — 6,=0.0115 fm™| -
~ _1 =
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4 V-B=0 vxg=-98 > 10
ot &)
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\VXB:E"‘GezE"' eBd(z—Ppt)d(x—x;) 2107
]
Fold them with the nuclear transverse density
profile of the spectator nuclei and sum forward | +Lform. time
(+) and backward (-) g l l
% xout(¢/) :
Byo = ~2 [ agf [ aatial (o)
—z Zin(¢') 107 0.5 1 ] 1.5 2 2.5
X (6BJ(777%$J_77T—¢>+€B;(Ta—nyﬂﬁ_a¢)) ’ . t(m/C) .
x Toue(6) S. K. Das, S. Plumari, S. Chatterjee, J. Alam, F. Scardina,
CE. - 7 / Ca [ de @) V. Greco, PLB768 (2017) 260-264.
’ -5 Jaw(@) :
’ Assumptions:
—eE;F - Et(r,— AssUMpPIIons. . L
like in: < (—eBr(rmas,m—¢) +eBr (T, —maL,9)) e Electric conductivity o, const. in time
K. Tuchin, PRC 88, 024911 (2013). @ Modification in the bulk due to

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

U. Gursoy, D. Kharzeev, K. Rajagopal PRC 89, 054905 (2014). currents Is neg“glble

@ No event-by-event fluctuations



Electromagnetic field: time evolution

Solve the Maxwell eq.s by starting with a point-
like charge at the X; in the transverse plane and

moving in the +z direction with velocity .
V-E=ed(z—pt)d(x—x;)
VxE——a—B

ot
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Fold them with the nuclear transverse density
profile of the spectator nuclei and sum forward
(+) and backward (-)
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K. Tuchin, PRC 88, 024911 (2013).

K. Tuchin, Adv. High Energy Phys. 2013, 1 (2013).
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Assumptions:
@ Electric conductivity o, const. in time

@ Modification in the bulk due to
currents is negligible
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V. Greco, PLB768 (2017) 260-264.

@ No event-by-event fluctuations



Direct Flow v, of charm quarks

@ We solve the relativistic Boltzmann
eq coupled with the external EM
field.

p o, f (x,p)+ F* oy f(x,p)=C,,lf]

@ Charm diffusion constrained by
experimental data on the R,,(p; )

and v, of D meson
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(By<0




Direct Flow v, of charm quarks

0.02 3 For light quarks was predicted v,= 10° -10*
- w—= == D (only EM field) 1 - .
st _ < P, > DlonyEVie 1 U.Girsoy, D. Kharzeev, K. Rajagopal PRC 89, 054905 (2014).
a p E i
. ! 1 For charm quarks due to early production we
0.005 find a sizeable v, with the same E-B evolution
of S. K. Das, S. Plumari, S. Chatterjee, J. Alam, F. Scardina, V.
: Greco, PLB768 (2017) 260-264.
-0.005F
-0.012—
L (10-80) % :
-0.015| 7]
00 T T s T s 2
4 X A q
F,.=qE+—-|pXB|
<px>> 0 P
JFarada
C Y ¢C
. =
| \J >
S —2vd
<— —> Vi
<— E —>
c X c
(By<0




Direct Flow v, of charm quarks

0.02_---l|l=ll|llll|llll,"‘1‘~‘~' LT
- D (EM field+ voticity) ]
D (EM field+ voticity) 1
0.01F Pr = == D (only EM field)

- D (only EM field)

a2 p
0015} v1:<_x

0.005

-

0005 ——

-0.0IF  RHIC: Au+Au@200 GeV
L (10-80) %
20.015F
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With Becattini's profile
we expect a factor of 3
larger v,

For light quarks was predicted v,= 10*° -10*
U. Gursoy, D. Kharzeeyv, 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.
Greco, PLB768 (2017) 260-264.
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Conclusions

s Simultaneous predict of both R, , and v,:
needs T dep. of Ds + coal. + BM dynamics

s Good description of R,, and v,(p;) from RHIC to LHC with (2itT)D_~T
s At RHIC hadronization by coal.+fragm. increases v,(p;) of about 30%
s At LHC energies the effect is smaller of about 20%

s Event-by-event transport approach: new observables
s Novel constraints for transport coefficients from v,(p;) and v;(p;)

s Strong correlation between v,(light) and v,(heavy)
s weaker correlation between v,(light) and v;(heavy)

s Heavy quarks v1 larger w.r.t. light quarks thanks to early formation time
(t,= 0.1 fmlic) and larger kinetic equilibration time.

Large charm v,(p;) permits to access to the and initial E-M
field






Direct Flow v, of charm quarks

I - - _ -3 -4
AUFAU@200 AGEV. b7.5 fn o For light quarks was predicted v,= 10~ -10
v1:<—"> U. Gursoy, D. Kharzeev, K. Rajagopal PRC 89, 054905 (2014).
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» ) - -
o P . For charm quarks due to early production we
A e find a sizeable v, with the same E-B evolution
:5_; ,,El"f S. K. Das, S. Plumari, S. Chatterjee, J. Alam, F. Scardina,
Sl 4 i V. Greco, PLB768 (2017) 260-264.
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Summary on the build-up of v2 at = fixed RAA

I | | | I | | | I
i il Drag
12 . { = o == V(1) = cost
= L Var 8, ~w» Coal. Space- diffusion
r 08 e PHENIX data gepends - Ds=T
= QPM on d/4° _
m  AdS/CFT
0.4 ™ EQCD (-Tk; factor —  Y(T) for HQ more
-QPM :
- @ az-QPM(T) _BM | impact
0 T T T T T than n/s(T) for bulk
0 0.02 0.04 0.06 0.08 0.1 QGP:
V,(Py) - factor 2.5 vs 20%

Tc =TQGP >> Ta,g



Resonance decay

In our calculations we take into account main hadronic channels, including
the ground states and the first excited states for D and A,

MESONS

s Dt (1=1/2,)=0)
s D° (1=1/2,)=0)

s D.* (1=0,/=0)

Resonances

a D** (1=1/2)=1) > D°nt B.R. 68%
- D+ X B.R 32%

a D*° (1=1/2)=1)-> D°m® B.R. 62%
-D°y B.R 38%

a D** (1=0/=1) »D.,* X B.R. 100%

a D_** (1=0,/=0) » D_.* X B.R. 100%

( Statistical factor h
(20+1)(21+ 1), [my, P (E,.—E,)IT
\[(2J+ 1)(21+1)], | my )

BARYONS

s N\t (1=0,J=1/2)

Resonances

a N *(2595) (/1=0/=1/2) > AN+t B.R 100%
s N*(2625) (/1=0,/=3/2)-> Nt B.R. 100%
s 2 _*(2455) (/1=1,)=1/2) > A.*t B.R. 100%

a 2 1(2520) (I1=1,)=3/2) > A *m B.R. 100%



RHIC: results

Data from STAR Coll. PRL 113 (2014) no.14, 142301
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RHIC: Baryon/meson

Following: L.W.Chen, C.M. Ko, W. Liu, M. Nielsen, PRC

76, 014906 (2007). K.-J. Sun, L.-W. Chen, PRC 95, Data from STAR Coll., arXiv:1704.04364 [nucl-ex].
044905 (2017). 10 [ T
For hypersurface of proper time 1 and non relativistic limit: ' O  STAR (10-60)% 1
A g m? ( | coa}esfcence
<< c o 9a (M} —(m"=m")iT, coal+fragm
for pr<<m DO o« 9o | m2 THy = == fragmentation

—
H|

——m3(m1+ m,) Is the reduced mass of the baryon
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Blast Wave model: o
N A A 0 1 2 3 4 5 6 7 8
Ay g, my K (my/T,) Py (GeV)

D' gpm; K,(m}IT,)

s Coal+fragm with wave function
width o, of D® and A, changed to

e "M~ 0.17
have A /D°=thermal ratio at p; — 0

A
m
for p<<m ~In

dp
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