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MOTIVATION

» Matter at very high temperatures and vanishing baryon densities (QGP?) is produced in HICs at
RHIC and LHC — hot mesonic (pionic) matter

» Due to the large mass and relaxation time of the ¢ quark, charmed mesons are a powerful probe
of the QGP — quarkonia suppression: color screening + comover scattering

» Properties of hadrons and their thermal modification are contained in their spectral functions

» Spectral functions can be directly calculated using effective hadronic theories within a unitarized
approach



Scattering of open heavy-flavour mesons off light
mesons in free space



EFFECTIVE THEORY

Lagrangian at NLO in the chiral expansion and LO in the heavy-quark expansion
LD, @) = L16(D"), @) + Laro(D™), @)

L1o= (V*DV,DY — m3(DDYy —(V*D*'V, D5y + mb(D™ D)

+ig(D"u, D' — DU D31y + ﬁ(DZuaVBDZT — Vs Dlua DL ye o’

[Kolomeitsev and Lutz (2004)] D mesons:

[Lutz and Soyeur (2008)]

[Guo, Hanhart and MeiRner (2009)] D=(D° Dt DI),

[Geng, Kaiser, Martin-Camalich and Weise (2010)] " o o
D, =(p* Dt DY),

Light mesons:
\/Lﬁﬂ'o + %67) rt Kt
P = T —Lg0 4 L77 K
K~ K° — %n
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EFFECTIVE THEORY

Lagrangian at NLO in the chiral expansion and LO in the heavy-quark expansion
L(D(*), ‘I)) = EL()(D(*>. (T)) =+ L‘,NLo(D(*)7 '1))
Lio= (V*DV,D"Y —mh(DDYY —(V*D*'V Dty + mh(D™ Dyt
+ ig(D™u, D' — Du* DTy + ﬁ(DZuaVBD’;T — Vg Djyua Dy ?
D
Lyro == ho (DD')(x4) + h (Dx4-D') + ha (DD"){u"uy)
+ hs (Duu, D" 4+ hy (V,DV,DY(u'u") + hs (V,D{u",u'}V,D")
+ ho (D™D (x+) = T (D™x4 D) — ho (D™ DT (u”wy)
— by (D™ u, DY) — ha (V. DV, DY (' u”) — hs (VD™ {u*,u}V, D)

[Liu, Orginos, Guo, Hanhart and MeiR3ner (2013)]

. 7 [Tolos and Torres-Rincon (2013)]
LECs : h07_._75, ho,...,s [Albaladejo, Fernandez-Soler, Guo and Nieves (2017)]
[ Guo, Liu, MeiRner, Oller and Rusetsky (2019)]



SCATTERING IN COUPLED CHANNELS

s-wave scattering amplitude of D), DE*) mesons with 7, K, K, n Di(p1)  Dj(ps)

mesons: 3 LN 4

L — Vi(s) P\

v

Unitarization: Bethe-Salpeter equation ’ :

peiered i () D;(pa)
D; D; D; D, D Dy Dj D D, Dy D
:.: = T 4 ‘(’“.’ + KM' +
« A {‘\V/\ {‘\V/‘\y/\

D, D; D, D; P; [ [oN] D P Dy

Ty = Vij+ VaGip Vig + Vi G Via Gi Vi +- ..
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SCATTERING IN COUPLED CHANNELS
s-wave scattering amplitude of D), D{*) mesons with =, K, K, Di(p1) Dj(ps)
mesons: - 7
L — Vi(s) ®
v
Unitarization: Bethe-Salpeter equation ’ ‘
petered Bi(p2) B (pa)
D; D; D; D;
o - N \ K’\(
e = 4/ < — Tij = Vijg+ Vi G Ty
&, ‘ ) 3 o, q)j ‘I% \” o On-shell factorization of the
T-matrix:
» The two-meson propagator is regularized with a cutoff T=(1- Vg)—l
. /A dq 1 1
Gk =1 . .
(2m)% ¢2 — mQDJC +ic (P—¢q)? — mé,k + i

» Poles in different Riemann sheets — bound staes, resonances and virtual states.

» Identification of the dynamically generated states with the experimental Dj(2300), D%, (2317),
D7 (2430) and D} (2460).
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RESULTS: DYNAMICALLY GENERATED STATES

D;(2300) D% (2317)  D;(2430) D7 (2460)
Mg (MeV) 2300+£19 2317.840.5 2427440 2459.5+ 0.6

Lr(MeV) 274+40 <38 38417130 <35
JP (S, 1) Coupled channels RS Poles Couplings
(MeV) (GeV)
0t (0,3) Dr Dn DK (= +,+) 20819 —i86.0 |g,.[=8.9,]gp,|=04,|g, .| =54
(2005.28) (2415.10) (2463.98) (=, —, +) 2529.3 = i145.4 |9, | = 6.7, |g,, | = 9.9, |g,, ;| = 19.4
(1,0) DK Dy (+,4)  22525—140.0 |gp.l =133, g, ,| =92

(2364.88) (2516.20)
1t(0,3) Dm D' DK (=) 222230847 gy [ =95, (g, | =04, [g,. | = 5.7
(2146.59) (2556.42) (2607.84) (—, —,+) 2654.6 — i117.3 |g,. | = 6.5, [g,., [ = 10.0, |g,. | = 18.5
(1,00 D*K  Din (+:4) 239333000 |g.,|=142,1g,., [ =9.7
(2504.20) (2660.06)




Thermal corrections
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THERMAL MODIFICATION OF HEAVY MESONS IN A MESONIC BATH

» Imaginary-time formalism
» Sum over Matsubara frequencies — Bose-Einstein distribution functions

) dyq ) dq
— 2 —

3 ™™, /(27r4) —>IB En /(271_)3 (bosons)
» Dressing the mesons in the loop function

 Self-energy corrections
» Pion mass varies slightly below 7. — only the heavy meson is dressed

D D
D - D . D/l\D \‘/
1 \ // \
N . /\
P .7
P

In the bath, processes that are forbidden in free space become possible: both production and
absorption of heavy-light pairs.



SELF-CONSISTENT ITERATIVE PROCEDURE

v

E DS 53 )
oot 1) = [ 20 [ [ar ZETDECTTED gy 4 )

Spectral functions

Bose distribution function at :  flw, T) = ew/—lT—l (At zero temperature flw, T=0)=0.)

Regularized with a cutoff A



SELF-CONSISTENT ITERATIVE PROCEDURE

v

Unitarized
amplitude
Tpe

Ty = Vi + Vi Gy Ty
D; D Dy D

R NPT

A v« 4 DA PR



SELF-CONSISTENT ITERATIVE PROCEDURE

Unitarized
amplitude
Tpe
Ip(E,p; T) = - -Ime(ﬂ P+qT)
(27r)3 w<p E? — (ws — Q)2+

D



SELF-CONSISTENT ITERATIVE PROCEDURE

v

Unitarized D-meson
amplitude propagator
TD.;p DD
S(w"'T)——lIm'D(w‘“T)——lIm( ! )
D\W, @, - p D(W, @; - T wz—ﬁ?—m%—ﬂp(w,?j;T)
D _ D D D

—_ = > t >



Results: Thermal modification of open-charm
mesons
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LOOP FUNCTIONS

B 7T =0MeV B T =80MeV 0 T =120MeV B T =150MeV

. . 0.005 0.005 0.005 P77
Pionic bath — ReGpy,
---- ImGp,
. 0.000 0.000 0.000 [============= =23
D and D, with § N
light mesons
—0.005 —0.005 —0.005 -
1 1 X
1500 2000 2500 1500 2000 2500 1500 2000 2500
E[MeV] E[MeV] E [MeV]
i . 0.005 0.005 0.005
Lénl>tary out _ ReGp.. — ReGpx — ReGp,y
2 (mp + me) R Y e ceee ImGp,x e ImGp,,y
0.000 0.000 0.000
Landau cut:
E < (mp— m.
7( b (I)) —0.005 —0.005 —0.005
AN

1 1 1 1 1
1500 2000 2500 1500 2000 2500 1500 2000 2500
E [MeV)] E[MeV] E[MeV]
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LOOP FUNCTIONS

B 7T =0MeV B T =80MeV 0 T =120MeV B T =150MeV

— 0.005 0.005 0.005
Pionic bath — ReGpey
---- ImGp~y
, 0.000 0.000 0.000
D* and D: with
light mesons
—0.005 —0.005 ~0.005
1 1 1 1
1500 2000 2500 1500 2000 2500 1500 2000 2500
E[MeV] E[MeV] E [MeV]
: . 0.005 0.005 0.005
Unitary cut: RIeGD;;« ' R,IeGD;K I —_ RIQGD;‘W I
E > (mp +ma) - ImGp:r o ImGp:k .- ImGpsy
0.000 0.000 fpm==mmmmmmmmmmmmana <5 1 0.000f---mm-mmmmmemeaaa =5
Landau cut:
E< (mp —mg) ~0.005 —0.005 ~0.005 |
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CHIRAL PARTNERS

Evolution of masses and widths D;(2300)° 1 200F e (2300)° | 1
of the open-charm chira T 0 oot —
partners in a pionic = s Dy(2300)° 1
(or m + K + K) bath S 2060 s 1
. 1. N = 160 b
1) = S0%), 00%) ,
1820 0 n s
0 2 50 75 100 125 150
T [MeV]
2260 sof " " " " " ]
2250 —— 7bath /
z 20 = —eee 74 K4 Khath 2
= 2230 = ool
< 1970 g ol
= 1960 ~
1950 10f
[GM, A. Ramos, L. Tolos, J. Torres-Rincon, 1940 . . . , , 0
Phys.Rev.D 102 (2020)] 0 25 50 75 100 125 150 0 25 50 75 100 125 150
T [MeV] T'[MeV]
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CHIRAL PARTNERS

2600 . , , . . . . . . .
: . 2580 R 22
e 200f ]
Evolution of masses gnd widths N 1 Dr(aasop L
of the open-charm chiral g % ok
. . . — -
partners in a pionic © zgg Dr(2430)° | = /—‘—“’"‘
7 5 ) .
(or m+ K+ K) bath = 000 5 100t D;(2430)° 1 ]
= =
1 2000 a sob
1(J") = 5(1:‘:), 0(1%) 1080 .
1960 0 . .
0 2 50 75 100 125 150
T [MeV]
2400 sof ! ! ! " " /'A
2390 ob T b ,’/ ]
Z B0 = ---- 7+ K + K bath J
= 2370 2 gyl i
< a0 5 ol !
= 2100 ]
2090 of s
[GM, A. Ramos, L. Tolos, J. Torres-Rincon, 2080 \ \ , , , o - 1,(2460)4
Phys.Rev.D 102 (2020)] 0 25 50 75 100 125 150 0 25 50 75 100 125 150
T [MeV] T'[MeV]



Euclidean correlators: comparison with lattice QCD
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Motivation Free space Thermal corrections
FROM SPECTRAL FUNCTIONS TO EUCLIDEAN CORRELATORS

Spectral function p(w, §; T) — Euclidean correlator Gg(r, p; T)
cosh[w(r — %T)]

- K(Tyw;ﬂzw

oo
GolriBi 1) = [ do K(rwi 1) plen 55 D)
0
Euclidean correlator — Spectral function (ill-posed)
» Bayesian methods (e.g. MEM)
« Fitting Ansatze

1 1
S 7_‘; =——I
pw, g; T) Fm(wz_aa_MQD_HD(w,a;T))

— T=0
at unphysical meson masses (used in the lattice)

-==-T>0
> Full: p(w; T) = pes(w; T) + apeont(w; T)

plw?

€
V\
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EUCLIDEAN CORRELATORS WITH EFT

[GM, O. Kaczmarek, L. Tolos, A. Ramos, Eur.Phys.J.A 56 (2020)]

my = 384 MeV Lo £l D-meson L0 e DmcsOn
my = 546 MeV 235
my = 589 MeV 08l 1 o
mp = 1880 MeV a E 201 -
mp, = 1943 MeV E 06y N 06 .- 135§
o 0df 105 o4 e =
[Kelly, Rothkopf, Skullerud (2018)] o) % o
0.2F 1 0.2
» The inclusion of the - 00 T,=m
continuum improves the 1800 1900 2000 ’
i E[MeV]
comparison at small 7 s ‘ ‘ ‘ - ‘ ‘ ‘
» Good agreement at the | 25
lowest temperature. At —~ 100 1] HII, ~
. LI T TTY! c
larger temperatures: excited PR NS o L
= \Qi——‘rf"’ = T. =185 =
states? & 095 j" {HH & w2
» Close and above T the & ** & gi o &
EFT breaks down S oo} H%H < o i“ﬁ 1
» Similiar results for the Dy ‘ ‘ ‘ ) ‘ ‘ ‘ A
0'8'1%)0 0.2 04 0.6 O'&h.O 0.2 0.4 0.6
7 [fm] 7 [fm]

§  Lattice QCD [Kelly ctal]




Transport coefficients of an off-shell D meson
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TRANSPORT COEFFICIENTS OF AN OFF-SHELL D-MESON

Fokker-Planck equation for the Green’s function

0 o] - ; o] 5
—G5(tk A(k; EGS(t k By (k: AY By (k: G5(t k
S asen = o { A Kasen + [ Bk a7+ Bk 5] 6500
Off-shell transport coefficients
40,0 1 k) d’q 0 0 q k
+ Drag force ARG T = o5 | 5 @)’ WKk, by, ) —5-
R - P T B K] d%q > (a-k)?
Diffusion coefficients Bo(k',k; T) = 1 ﬁ/ or (2m)8 W(k k k. q) |q 2
P S B | d d3q (q k)
Bk D =5 ﬁ/ﬁuﬁ) WK ke )
L[ da 0 K.q AN dko Sp(K, k
55 | 5 G "k, K. q 2k0 Z H (27732E22E p(ky, k1) » Thermal effects
in | 7% and E,
x (2m) 5(3)(k+k3 —k1 —k2)8(K° + N Bz — AEa2 — k) » Landau cut

X | T(k" + X B, k +ks) > £ (N B3)f” (AE2) ) (k) » Off-shell effects
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RESULTS: D MESON TRANSPORT COEFFIECIENTS

[J. Torres-Rincon, GM, A. Ramos, L. Tolos (in preparation)]
In the static limitk — 0 70 8 -
1 --- D meson, Vacuum — D meson, OffShell « Brambilla et al.
FOF kO — Ek solution Of 60 |l — D meson, OffShell --- D meson, Vacuum  « Banerjee et al.
5 19 5 - ‘ « Brambilla.et al. 6 + Kaczmarek
Ei—k*—m$pH—Rell(Ey, k; T) =0 soffi ? . Barieriee et al. + ‘Altenkort et al.
. . . . 8| .
Spatial diffusion coefficient o a0l o | } | «Francis et al.
a | 4 ~ v Altenkort et al B >\
. 2r T ol : X
27 TDs(T) = lim a 30 _— e | { \
k—0 B (EIW k’ T) - Keetal :
20 (Bayesian) l e
Momentum diffusion *Y o
coefficient 10
Ii(T)ZQBo(Ek,k%O;T') o
100 200 300 400 200 300 400 500
T (MeV) T (MeV)

Good matching around T of our results with the lattice QCD data and a Bayesian analysis, specially
when thermal and off-shell effects are included.
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CONCLUSIONS

» We have described the scattering of open charm mesons off light mesons including temperature
corrections in a self-consistent manner.

» We have obtained spectral functions at various temperatures below T..

» The mass of the open-charm ground-state mesons decreases with temperature while they
acquire a substantial width.

» Modification also of the dynamically generated resonances, but still far from chiral degeneracy
at the temperatures explored.

» The largest effect comes form the pions in the bath. Heavier light mesons are less abundant.

» We have obtained Euclidean correlators from spectral functions at unphysical masses, which
are in good agreement with LQCD results well below T'.. The the discrepancy close to T'.
indicates the missing contribution of higher-excited states.

» We have introduced thermal and off-shell effects in the computattion of D-meson transport
coefficients. The Landau Cut contributes sizeably at moderate temperatures.
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