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Introduction: Heavy flavor

(A. Bazavov et al., 1904.09951)

The Phases of QCD Infer QCD properties at high temperatures
through final state of RHICs

Quark-Gluon Plasma

Find clean and solid observables to
connect detections to early stages

Temperature (MeV)

Hard Probes: Jets, hard electromagnetic
emission, heavy flavor (quarkonia,
500 eéo\ 7000 1200 1400 1600 open-heavy flavor hadrons...)

Baryon Chemical Potential p,(MeV)

mass =23 Mevier ~173.07 Goviet o

Heavy quarks: formed at the initial Pt L@
stage of the collision (short formation N o
time) and difficult to equilibrate along - @ - @

their evolution (large relaxation time) dm | aEwn | b

Interactions in a thermal medium? Transport coefficients?



Thermal Effective Field Theory for D mesons

Based on:

G. Montafia, A. Ramos, L. Tolos and JMT-R,
Phys.Lett.B 806 (2020) 135464 > axiv

G. Montafa, A. Ramos, L. Tolos and JMT-R,
Phys.Rev.D 102 (2020) 096020 * amiv


https://arxiv.org/pdf/2001.11877
https://arxiv.org/pdf/2007.12601

Effective field theory

Effective Lagrangian based on chiral and heavy-quark spin-flavor
Symmetries » Effective Lagrangian

Chiral expansion is performed up to NLO _
: also explicitly broken due to light-meson masses (w, K, K, ).

Heavy-quark mass expansion is kept to LO
: broken by heavy meson masses (D, Ds, D*, D5).

E.E. Kolomeitsev and M.F.M. Lutz Phys.Lett. B582 (2004) 39

J. Hofmann and M.E.M. Lutz Nucl.Phys. A733 (2004) 142

FK.Guo et al Phys.Lett. B641 (2006) 278

M.FM. Lutz and M. Soyeur Nucl.Phys. A813 (2008) 14

F.K.Guo, C.Hanhart. S. Krewald, U.G. Meissner Phys.Lett. B666 (2008) 251

F-K.Guo, C. Hanhart, U.G. Meissner Eur.Phys.J. A40 (2009) 171

L.S. Geng, N. Kaiser, J. Martin-Camalich and W. Weise Phys.Rev.D82,05422 (2010)
L.M. Abreu, D. Cabrera, F.J. Llanes-Estrada and JMT-R. Annals Phys. 326 (2011) 2737



Perturbative potential

Tree-level scattering amplitudes at LO in m51 expansion:

Perturbative amplitude at lowest order

C
V(k, ks, ki, ko) = 4T5’2[(k + ks)? — (k — ka)?]

f=: pion decay constant
Co, isospin coefficients: fixed by symmetry

Amplitude accounts for elastic scatterings:
Dr, DK, DK, Dn
Dsm, DsK, DsK, Dsn - and their inelastic channels.




Unitarization

We impose exact unitarity to the scattering amplitudes, lost upon truncation
of the effective Lagrangian

Unitarization: Bethe-Salpeter equation

ngzwg+/vmwg

D; D;  Di D; Di Dy Dj
Y NP N Y
) = o * O
LA 2 E AN

On-shell factorization method
(J.A.Oller and E. Oset Nucl.Phys.A620 (1997) 438, L. Roca, E. Oset and J. Singh Phys.Rev.D72 (2005) 014002)

Unitarized scattering amplitude

V(s)

T6) = =G Ve



Resonances

Resonances and Bound states are poles in the complex energy plane

mg = Re zg, R =2Im zR (Z:\/EG(C)
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Double pole structure of Dg(2300)
M. Albadalejo et al. Phys.Lett.B 767 (2017) 465 , Z.-H. Guo et al. Eur.Phys.J.C79 (2019)13,
U.G MeiBner, Symmetry 12 (2020) 6, 981



Finite temperature

At T # 0 we use Imaginary Time Formalism
(energies become Matsubara frequencies, g° — wn = 27 Tn)

T-matrix equation

D; D; D; D; D; Dy Dj
o' = N+ N b
o X o X PN AN

D; @, ; @, D; ¢ P

Propagator equation

D _ D , D_D

= —— ——0
.

Self-consistency is required at 7 # 0
M. Cleven, V.K. Magas. A. Ramos,
Phys.Rev.C 96 (2017) 045201



Spectral functions

1 (probability distribution of an
= ——ImDp(E,k=0;T) excitation with energy E and
" momentum k)
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G. Montana et al., Phys.Lett.B 806 (2020) 135464, Phys.Rev.D 102 (2020) 9, 096020

» other spectral functions

D meson gets lighter and broader with increasing temperature > mass



Off-shell Kinetic Theory for D mesons

Based on:

JMT-R, G. Montafia, A. Ramos, L. Tolos,
arXiv:2106.01156 * axiv


https://arxiv.org//abs/2106.01156

Kadanoff-Baym approach

Kinetic theory description with off-shell effects
4

Kadanoff-Baym equations
L. Kadanoff, G.Baym, “Quantum statistical mechanics” 1962, P. Danielewicz, Annals Phys. 152, 239 (1984), W. Botermans and R.
Malfliet, Phys. Rept. 198, 115 (1990), J.-P. Blaizot and E. lancu, Nucl. Phys. B557, 183 (1999), J. Rammer "Quantum field theory of
non-equilibrium states” (2007), W. Cassing, Eur. Phys. J.168, 3 (2009)

Transport equation from QFT e —
Relativistic and quantum effects 52
Generic non-equilibrium evolution <

Off-shell effects of quasiparticles <

/‘J
10° I
v \
1078 =
1600 1700 1s00 1900 2000

E[MeV

(Boltzmann equation can be recovered in the appropriate limit)




Kadanoff-Baym approach

Kinetic theory description with off-shell effects

I
|

Kadanoff-Baym equations
L. Kadanoff, G.Baym, “Quantum statistical mechanics” 1962, P. Danielewicz, Annals Phys. 152, 239 (1984), W. Botermans and R.
Malfliet, Phys. Rept. 198, 115 (1990), J.-P. Blaizot and E. lancu, Nucl. Phys. B557, 183 (1999), J. Rammer "Quantum field theory of
non-equilibrium states” (2007), W. Cassing, Eur. Phys. J.168, 3 (2009)

Advective term Collision term
1 ORe I'IR(X k) \ 9iG5 (X, k) 1, . 1, )
W 2 D ) — _in< > in> <
(k 3 ok, ) XK 21I'I (X, k)iGp (X, k) — > in= (X, k)iGp (X, k)

Gain term Loss term
Kadanoff-Baym Ansatz:
IG5 (X, k) = 2r Sp(X, k) fo(X, k°)
iGp (X, k) = 2m Sp(X, k) [1 + fo(X, k)]

Specify self-energies M<(X, k), > (X, k), Nf(X, k) to close equation



T—matrix approximation

T—matrix approximation: L. Kadanoff, G.Baym, “Quantum statistical mechanics” 1962, P. Danielewicz,

Annals Phys. 152, 239 (1984), W. Botermans and R. Malfliet, Phys. Rept. 198, 115 (1990)
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Kinetic Theory

Employ mass scale hierarchy, e
small momentum
mp > me, T RN transfer in collision
. ks o Ak
to exploit k — k1 < k 2 N
On-shell D meson E.M. Lifshitz and L. P. Pitaevskil, "Physical Kinetics”
Boltzmann Equation B. Svetitsky, Phys. Rev. D37, 2484 (1988)

R. Rapp and H. van Hees, in "Quark-Gluon Plasma 4"

Fokker-Planck Equation L.M. Abreu, D. Cabrera, F.J. Llanes-Estrada, and JMTR, Annals Phys. 326
(2011) 2737

Off-shell D meson
Equivalent reduction in the off-shell case?

JMTR, G. Montana, A. Ramos, L. Tolos, arXiv:2106.0115



Fokker-Planck equation reduction

Off-shell Fokker-Planck equation

8GD(t k) = 9 { (k; T)kGD(t k)+—|:§0( TAY + By (k; T)

'f]] Gj (t, k)}

where Al = 57 — KK/ /k?

AKOKT) = 1 _ Kk 1
Off-shell . 1 <2 (k:k1) k 1
Transport By(K%k;T) = 7 <k1 _ T>

ici Y AN
Coefficients Bi(K0.k;T) = %<[k(k;72k1))lz> ko o Ak
/7 ’ N N

with
(FkKn) = 55 Z AN /dk°/H zﬂ)s 2,:_22,:_ 5k k) (@m)P s (k + ks — Ky — ke)

x (27r)6(k + N Es — Az — KO)| T(K® + X Es, k + k3) PO (N E) O (AE2) F(k, ki)



Diffusion Coefficient

Fick’s diffusion law oo
[ it e o©
ji = —DsVn; S ¢ . :
Ji= —=DsVn; .:.:.: —|® e® .
) 0. o ©®
Ds depends on interaction (o) o o o°
and medium properties (T, ;) e o o ©

Brownian motion
Mean squared displacement

(Ir(t) — o]*) = 6Dst




Spatial diffusion coefficient

Spatial diffusion coefficient

5 JMTR, G. Montana, A. Ramos, L. Tolos,
2xT arxiv: 2106.01156

2nTDs(T) =
1Ds(T) Bo(kO = Ex,k — 0; T)
oF Lattice-QCD calculations
--- D meson, Vacuum N B bill tal
. Brambilla et al.
60  —— Dmeson, OffShell Phys. Rev. D102, 074503 (2020)
« Brambilla et al. b.B . .
50 — N . Banerjee et al.
i SELDCE Phys. Rev. D85, 014510 (2012)
paofl, & R ranas etel A. Francis et al.
a a0t v Altenk I o :
e 2 enkort et Phys. Rev. D92, 116003 (2015)
o 80 T=15Tc Ke et al. L. Altenkort et al.
wol \ \ (Bayesian) Phys. Rev. D103, 014511 (2021)
\
N
10 * | { Bayesian study of RHICs
LRI ; W. Ke et al.
0 100 200 300 400 500 PhyS Rev. 098, 064901 (2018)

T (MeV)



Conclusions

We extend the EFT description of D mesons to finite temperature
in a self-consistent manner

We describe the thermal dependence of masses and widths
of ground states, bound states, and resonances

We revisit the D-meson kinetic theory from QFT.
Kadanoff-Baym equations to obtain an off-shell Fokker-Planck
equation

We compute of heavy-flavor transport coefficients below T,
including thermal amplitudes and off-shell effects.
Good agreement with lattice-QCD and Bayesian analyses above T .
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Effective Lagrangian at NLO

L.S. Geng, N. Kaiser, J. Martin-Camalich and W. Weise Phys.Rev.D82,05422 (2010)

Lio = T[V*DV, D' — m3 TW[DD'] — T[V*D**V,, D31 + mb. Tr[D** D]

+igT [ (D0, 0t — DurD;1)] + 52

mp L [(DZ“aVﬁDZT — VgDiua D;‘r) euuaﬂ]

Lnro = —ho TI[DDY Tr[x+] + hy Tr[Dx+ DY) + hy TH{DD'] Tr{ut u,] + hs Tr[Dutu,, DY)

+hy TF[V DV, D] Tr{u u?] + hs TF[V . D{u*, u*}V,,D'] + {D — D*}

vk = ok — L(utoru + uorut)
_(po +
b= (DD, D7) uk = i(utdru — udrut)
0 + +
V2T s N K
_ i li = s 0
u_exp[\/éF¢]_exp ToF T _\/§+% K
K= KO —
» back



Heavy meson—light meson interaction

\J \ / Tree-level diagrams for
D) — ¢ scattering

' (elastic and inelastic).
\/ \\~ «/ Y \=/ X

Solid line: D meson, Double solid line: D* meson, Dashed line: light meson (& = {, K, K, n})

Born exchanges are suppressed by 1/my.
In particular, spin-flip processes vanish in the HQ limit.

Only contact terms survive at lowest order!

» back



Finite temperature

At T # 0 we use the Imaginary Time Formalism
(energies become Matsubara frequencies, g° — wn = 27 Tn)

v oy X «
= + N
B P % Tj = [1—Goe V1 ' Vig

So(w',B— K T) ’
Goo(E, B: T) / o /dw/dw P S D o, T+, T)]
1
= ——Im = ——Im — —
T e <w2*k27m%7|'lg(w,k;T))
D _ D . D_D . . .
™ —— 0 Self-consistency is required at T # 0

i
N ’

™

Mp(wn, k; T) = T/ @ny > > Dr(wmn—wn, B—K) Tox (wm, P)



Spectral functions

D-meson myy Dy-meson mp,
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G. Montana et al., Phys.Lett.B 806 (2020) 135464, Phys.Rev.D 102 (2020) 9, 096020

Ground and bound states reduce their mass and acquire a width.
Resonant states remain stable with temperature.

> back



Thermal masses

solid line: dashed line:
/ ~s / s G. Montafa et al. (JMT-R),
m KK Phys.Lett.B 806 (2020) 135464,

\ s \ Y Phys.Rev.D 102 (2020) 9, 096020
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Small reduction with temperature.
Negligible contribution of K, K to self-energy

(T =100 MeV/kg = 1.1 x 102 K)



Thermal masses and widths

Chiral parity partners

2450
230 pa300)° 1 200 s o300 |
— 2410 = !
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G. Montafia et al., Phys.Lett.B 806 (2020) 135464, Phys.Rev.D 102 (2020) 9, 096020

No evidence of chiral partner degeneracy due to chiral symmetry restoration



Loop function: Unitary and Landau cuts

B 7T =0MeV B T =380MeV T = 120 MeV B T = 150MeV
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Thermal width (damping rate) of D mesons

On-shell D meson with momentum k at equilibrium

1 R 1 <
Mk = ——1Im N7 (Ex, k My = ——[N"(Ex, k) — N~ (Ex, k
K £ (Exk, k) K 2Ek[ (Exk, k) (Ex, k)]

1
fu)
2B f

2 0
——\T(E + Ez, k + k3)|° Sp(k?, kq)
1(2")3 26, 26, k + E3 3)1” Sp(ky, Ky

x (2) 5(3)(k +kg — kg — k2)6(Ek + B3 — K — AE)HO (k)0 (£5)7O) (AEp)

3
w_ 1 / / 1 2 0
o = A [ ok ——\T(E — E3,k+Kkg)|? Sp(K?, k)
kT o, ,(0 Z 1 H(zw)S 2£, 26, k — E3 3)1” Sp(ki, Ky

x @m)* 6@kt k3 — kg — ka)3(E — E3 — k) — AEQHO ()T (£3)H0) (1)



Thermal width (damping rate) of D mesons

On-shell D meson with momentum k at equilibrium

1 R 1 <
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o _ I
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Langevin equation

It is an alternative (but equivalent) description to the Fokker-Planck equation.
|

ax’
ak’
where (A7 = 67 — k'k/ /k?)

. . K ki
Cll = W/ ZBo(k)AU + V 2B1 (k) ?

and p’ a stochastic Gaussian noise
|

K'dt/Ex -
—A(K)K'dt + C'(k)p/Vdt ,

(1)) =0
(PO (t) =6t -t



On-shell Fokker-Planck equation

Narrow quasiparticle limit
G5 (t, K° k) = 27Sp(K°, k)fp(t, k°)

So(k%. k) = = [a(k" Ei) + 8(K + Ey)|

On-shell Fokker-Planck equation

8 0 0

2t fo(t, Ex) = K {A(k)k'fo(t Ek)+ i [Bo(k)A” + B (k) ] fo(t, Ek)}

where Al = §1 — kil /k?

with

L Bk, Pk, Bks
2E, J (2m)*2E; (2m)32E;, (27)32E3

x (IT(Ek + B,k + ka) 2 + | T(Ex — Eo, k — ko) 2) fO(£5)FO(E2)

@m)* 6@ (ks + ko — ks — k)

We recover standard formula, but with Landau contribution



Relaxation time

Average momentum loss
|

<d7kti> = —Ak) K'

Assuming constant A one can solve the equation for k()
|

(k(t)) = k(0) e~

The inverse of A plays the role of a relaxation time 75 for the average
heavy-hadron momentum



Fluctuation-Dissipation Theorem

A(k) is a deterministic drag force that causes energy loss (dissipation)
whereas the diffusion coefficients are related to the strength of a stochastic
(or fluctuating) force.

The fluctuation-dissipation theorem relates the 3 coefficients:

Fluctuation-Dissipation Theorem

AK) + 1}‘93{;,2")

+ 2 18k - B = 2

In the static limit, i.e. when k — 0 the two diffusion coefficients become
degenerate and the Einstein relation is recovered

Einstein Relation

A=

mDT



Off-shell Fokker-Planck equation

1 ORe NA(X, k) \ QIG5 (X, k) 1. ) 1. )
w U 5 D \"*» _ in< > _ > <(X.k
(k 5 ok o 5N~ (X, K)Gp (X, k) + — 57 (X, K)iGg (X, k)

Off-shell transport equation can be rewritten as a master equation:

1 0ReN?\ o
wo_ <
(k 2 9k, > OXH Go (X, k)

_ dk1
27 (271‘)3
with transition probability rate
|

TIWK, k + a, kK, a)G5 (X, K,k + a) — WK, k, k0, @) G5 (X, k°, K)]

d*ks d*ko
(2m)* (2m)*
X|T(K? + K + ie, k — q + ka2)|° Gy (X, ko) Gy (X, ks)Gp (X, k2, k — q)

W(K°, k, K, q) = @r)* (K + K — kS — K°)6® (ko — ks — q)



Off-shell Fokker-Planck equation

Using k > q one can Taylor expand

N 10f(k) 1 9Pf(K)
flk+a) = (k) +q ok 299 grioki

for the combination
f(k+q) = WK,k + q, k7, )G (X, k°, k + q)

One gets:
2c-;<(t k) = 9 Al(k; T)G5 (t, k) + iE*"f'(k- T)G5 (t, k)
ot P ok I T
with
, 1 dk® o®q ;
kT)=— [ =L W(K®, k, K? /
AT)= o5 | o @y (k. k, ki, Q) q
BTy =1 L [9999 0 10 q) g

2 2k | 27 (27)3

» back



Momentum diffusion coefficient

K =2By(k — 0) =2

®

—— D meson, OffShell « Brambilla et al
--- D meson, Vacuum + Banerjee et al.
» Kaczmarek
v Altenkort et al.

i (L

200 300 400
T (MeV)

500

Lattice-QCD calculations

D. Banerjee et al.
Phys. Rev. D85, 014510 (2012)

O. Kaczmarek
Nucl. Phys. A931, 633 (2014)

N. Brambilla et al.
Phys. Rev. D102, 074503 (2020)

L. Altenkort et al.
Phys. Rev. D103, 014511 (2021)

Our result with thermal and offshell effects is compatible with lattice-QCD calculations



Diffusion coefficient

Spatial diffusion coefficient

60
on T3 \
71- A
27TD(T) = = 5 \ Vacuum
Bo(k — 0, T) v --== Thermal U
". —— Thermal U+L
: . : 40 L
it &
(m=1.5 GeV) [
» Tolos et al. ] t 30
o
© 1QCD, Banerjee et al.
E 20+ 20
10- 10
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T (MeV)
T > T.: DQPM for ¢ quarks.
T < T¢ : Our result for D meson.
T. Song et al., Phys. Rev. C 96, 014905 New results
(2017)



Quasiparticle properties

2200 Ky
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Total Width

40 60 80 100
T (MeV)

—— This work, full

—~ Clevenetal.

—— This work, w/o Landau cut
------ Fuchs et al.

He et al.




