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MOTIVATION (1)

- Heavy-ion-collision (HIC) programmes in on-going and upcoming experimental facilities
(RHIC, LHC, FAIR) highly demand the theoretical study of hadronic properties under
extreme conditions of temperature and density.
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MOTIVATION ()

- 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.

- We focus on finite-temperature mesonic matter to study the high temperature (< 7)
and low density region of the QCD phase diagram (matter generated in HICs in RHIC and
LHC).

- Ground-state heavy mesons (e.g. D, D, D*, D*) modify their properties in hot matter.

- Consequences in the behavior of excited mesonic states, such as the non-strange
Dj5(2300) and Dj(2430) and the strange D%,(2317) and D%, (2460), dynamically generated
in a heavy-light molecular model at finite temperature.

- Spectral functions can be obtained at unphysical meson masses and used to calculate
Euclidean correlators to compare with lattice QCD results.



Hadronic molecular model:
Effective hadronic interaction & Unitarization



QUARK MODEL

Although the basic constituents in QCD are quarks and gluons, the conventional quark model
(Gell-Mann, 1964; Zweig, 1964) has been very successful in describing hadron structure.
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EXOTIC HADRONS

There are many (excited) hadrons that do not accommadate in the ¢qqq or ¢g picture.

Other configurations allowed by QCD, e.g., ¢qqq, gqqqq, etc., are called exotic.

Baryonic systems

Pentaquarks ¢qqqq
Compact pentaquark Meson-baryon molecule
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EXOTIC HADRONS

Mesonic systems

Tetraquarks ¢qqq

Compact Meson-meson
tetraquark molecule
q qa
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EXOTIC HADRONS

Mesonic systems
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HADRONIC MOLECULES

Hadronic molecules are deuteron-like quasi-bound
states of two mesons (tetraquark), a meson and a
baryon (pentaquark) or two baryons (hexaquark).

- Dynamically generated via multiple scattering of
their meson/baryon components.

- Located near threshold m; + ma

- Studied using effective hadronic theories.

- Mesons and baryons are the degrees of freedom.
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The most general effective Lagrangian, up to a given order, consistent with the symmetries
of the underlying theory.

Heavy-light meson-meson interaction - Symmetries of QCD:
+ Chiral symmetry in the limit m,, mgq, ms — 0
+ Heavy-quark symmetry in the limit m., m, — oo

Mesons and baryons are the degrees of freedom.

Interaction mediated by the exchange of mesons.

Interaction of D™*) and Dg*) with light mesons:

- Lagrangian at NLO in the chiral expansion and LO in the heavy-quark expansion

L =Lro+ Lxro



INTERACTION LAGRANGIAN (LO)

Lagrangian at NLO in the chiral expansion and LO in the heavy-quark expansion
L= Lo+ £LxLo

L16 = (VADV, DY) —m(DDT) —(V*D*V, D5ty + m%(D* D)

+ig(D*¥u, D' — DU D7) + %w;uavﬁz)ﬁ — VyDhu, Dy e o
D

1
v,.D" =9,D") — pHre T, = 5(uTa,mL ud,ul)

w, = i(u' 0, u— ud,ul) u:\/ﬁ:exp(\}; )

[Kolomeitsev and Lutz (2004)]

[Lutz and Soyeur (2008)]

[Guo, Hanhart and Meif3ner (2009)]

[Geng, Kaiser, Martin-Camalich and Weise (2010)]
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INTERACTION LAGRANGIAN (LO)

Lagrangian at NLO in the chiral expansion and LO in the heavy-quark expansion
L= Lo+ £LxLo

L16 = (VADV, DY) —m(DDT) —(V*D*V, D5ty + m%(D* D)

+ig(D*¥u, D' — DU D7) + %w;uavﬁz)ﬁ — VyDhu, Dy e o
D

D mesons:
D= (p* bt DY), Dp=(p° D D), D, D,
Light mesons: \./
%W°+%n 7t Kt < A
P = T 7%71’0 + %n D; q>j

K
K- KO —\/gn
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INTERACTION LAGRANGIAN (NLO)

Lagrangian at NLO in the chiral expansion and LO in the heavy-quark expansion
L= Lro+ LxLo
(DD')(x+) + hi (Dx+D') + ha (DD'){uwu,)
hs (Dw'u, DY) + hy (V,DV, DY (w'u”) + hs (V,,D{u*, v}V, D)
ho <D*“D*T><X+> — I <D*“X+D*T> — Iy <D*HD:,T><UUUV>
s (D*uu, DY) — hy (V, D™V, D) (uu’) — hs (VD" {u, v}V, DT

Xt = uTqu + uxu X = diag(mi, mi, 2m§( - mfr) LECs: hg,.. 5, %5

[Liu, Orginos, Guo, Hanhart and Meif3ner (2013)]
[Tolos and Torres-Rincon (2013)]

[Albaladejo, Fernandez-Soler, Guo and Nieves (2017)]
[ Guo, Liu, Meif3ner, Oller and Rusetsky (2019)]
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Lagrangian at NLO in the chiral expansion and LO in the heavy-quark expansion
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SCATTERING AMPLITUDE

D; (p1) D;j (ps)
L= Lro+ LxLo \ //
,.\
Tree-level scattering amplitude of D), D AR %
mesons with 7, K, K, n mesons: . )
T g ®; (p2) P (pa)

Vi(s, tiu) = Cﬁ% (s—u)—4 ng ho +2 Clij h

171
7l
- 2 C;ﬂ (2 hy (p2 - pa) + Dy ((Pl “p2)(p3 - pa) + (p1 - pa)(p2 'PB)))

+ 20 ( hs (p2 - pa) + hs ((p1- p2)(ps - pa) + (p1 - pa)(p2 'Ps)))}
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D; (p1) D;j (ps)

L= Lro+ LxLo \ //

,.\

Tree-level scattering amplitude of D), D AR %

mesons with 7, K, K, : ’ X
7r 7 Mesons ®; (ps) ®; (pa)

4 Lripai ij ij
VY(s, t,u) = F[ZCLO(S_U)_4CO ho +2 CY My

- 2 Czii (2 hy (p2 - pa) + Dy ((Pl “p2)(p3 - pa) + (p1 - pa)(p2 'PB)))

+ 20058 ( hs (p2 - pa) + hs ((p1- p2)(ps - pa) + (p1 - pa)(p2 'Ps)))}

CL0.0.1,24,35 isospin coefficients for the transition ¢ — j



SCATTERING AMPLITUDE

D; (p1) D; (ps)
L=Lro+ £LxLo \ //
,.\
Tree-level scattering amplitude of D), Dy AR %
mesons with 7, K, K, n mesons: ®, (p;) (I;j (ps)
ij _o1rl ij ij
VY(s, t,u) = f—Q[ZCLO(s—u)—ZLCO ho +2 CY 'y

- 2 C;ﬂ (2 hy (p2 - pa) + ha ((Pl “p2)(p3 - pa) + (p1 - pa)(p2 'PB)))
+ 20 ( hg (p2 - pa) + s ((p1 - p2)(ps - pa) + (p1 - pa)(p2 'Ps)))}

LECs fitted to LQCD data of scattering lengths [Guo, Liu, MeiBner, Oller Rusetsky (2019)]



UNITARIZATION

Bethe-Salpeter equation in coupled-channels:

D; Dj D; Dj D; D Dj D; D, D Dj
v - 4 ¢ Y « < P
{.A - .( + {?\ /,‘ + {,\ /?\ /,‘ + ...
D, D, D, D; D, ), ®; ®; %5, %D, o,

Ty = Vij+ Vi G Vig + Vi G Ve Gi Vg + ..



UNITARIZATION

Bethe-Salpeter equation in coupled-channels:

D; Dj D; Dj D; D Dj D; D, D Dj
\.: _ \.: VAR N VA 4

L 4 YN a4 ' b %
D, D, D, D; D, B, @ ®; %5, b, D

Ty = Vij+ Vi G Vig + Vi G Ve Gi Vg + ..

o = D) + °
A x A P AN

Tj= Vi+ VaGpTyy — T=(1-VG) "'V (On-shell factorization)



LOOP FUNCTION

The two-meson propagator

[ d*q 1 1
Gy =1 i) 2 : D) 2 -
(2m)t ¢ —mp  +ie (P— @) —mg , + i

has to be regularized:
- Dimensional regularization: subtraction constants a(u)
- Cutoff regularization with |g| < A

At threshold: \/sinr = m1 + mo
GpR(V/Sthrs (1)) = Ga(/hrs A)
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DYNAMICALLY GENERATED STATES

- Identification of states in the unitarized scattering amplitudes
- Analytical continuation and poles in the complex-energy plane

- Bound states, resonances and virtual states in different Riemann sheets

| Ta(V/3)]
* Mass Mg =Re /sr
* Half-width £ =1Im/sz
+ Coupling constants |gs|

. Im /s
- Compositeness X; = |9?BG(§(ZZP)
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Results I:
Dynamically generated states at T'= 0



COUPLED CHANNELS

In isospin basis:

(S, 1) Channels Threshold (MeV) (S, D Channels Threshold (MeV)
JP=0"®0" JF=1"a@0"

(=1,0) DK 2364.88 (=1,0) D*K 2504.20
(—1,1) DK 2364.88 (—1,1) D*K 2504.20
(0,%) Dr 2005.28 0,3) D*m 2146.59
Dn 2415.10 D*n 2556.42
DsK 2463.98 DK 2607.84
(0,3 Dr 2005.28 0,2) D*x 2146.59
(1,0) DK 2364.88 (1,0) D*K 2504.20
Dsn 2516.20 Din 2660.06
(1,1) Dym 2106.38 (1,1) D¥w 2250.24
DK 2364.88 D*K 2504.20
(2,3) DsK 2463.98 (2,3) DK 2607.84
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DYNAMICALLY GENERATED STATES

Scalars (JF = 0%): ' D§(2300) and | D%,(2317)

(S, 1) RS Mg Tr/2 gl i
(MeV)  (MeV) (GeV)

(0,5) (=4 +) 2081.9 860 |gos| =89  xpx = 0.40
lgpn| = 0.4 XDpn = 0.00
lgp.xl =54  xp,x=0.05

(= —+) 25293 1454  |gp<| =6.7  xpr =0.10
lgpn| = 9.9 XDy = 0.40
l9p.x| =194  xp.g =1.63

(1,0)  (+,+) 22525 0.0 |gpx| =13.3 xpx = 0.66
lgpen| =9.2 xpey =0.17

Experimental values:
Mp = 2300+ 19 MeV, TI'p =274+ 40 MeV
Mpr =2317.8 £0.5MeV, TI'r < 3.8MeV

2500
E [MeV]




DYNAMICALLY GENERATED STATES

N

Axial vectors (JF = 17F):

D;(2430) and D%, (2460)

(8, 1) RS Mg Lr/2 [gil Xi
(MeV)  (MeV) (GeV)

0,3) (=, +,+) 22223 847 |[gp+| =95 xprr = 0.40
lgp*y| = 0.4 Xxpe, = 0.00
lgprr|l =57  Xxprg =0.05

(=, —,+) 26546 117.3 |gps| =6.5 xp+r = 0.09
lgpsy| = 10.0  xps, = 0.40
lgpsi| = 18.5  xprg = 1.47

(1,0) (+,+) 2393.3 0.0 |gprx| =142 xpsx = 0.68
lgpsnl = 9.7 xpry = 0.17

Experimental values:

+130 MeV

Mpr = 2427 £40MeV, T'r =384

—110

Mg = 2459.5 £ 0.6 MeV, TI'r < 3.5MeV

x10%

2.5

20F

051

=~

—— Tprpn A

---- Tpik sk

0%{00

2200

2300

24b0 25b0 ZGbO
E [MeV]

2700
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Finite temperature corrections



MESONIC BATH

N

N

N

Mesonic matter at a temperature 0 < T'< T,
Vanishing baryon density
Heavy mesons behave as Brownian particles

Modification of the properties of the D mesons
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MESONIC BATH

® a®

- Mesonic matter at a temperature 0 < T'< T, @ @ @ @

- | @ @ @
- Vanishing baryon density . ®
- Heavy mesons behave as Brownian particles @ @ @

. . @ ®
- Modification of the properties of the D mesons @ ® @ @

(=

Both production and absorption processes of heavy-light pairs are possible



Outline Motivation Molecular model Results | Finite temperature Results Il Euclidean correlators Results Il Conclusions
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MODIFICATION OF HEAVY MESONS IN A HOT MEDIUM

+ Sum over Matsubara frequencies

0 i d*q i / dq
= 72 — S S
¢ — wy 3 ™, /(27r4) — 5 En Gn) (bosons)




MODIFICATION OF HEAVY MESONS IN A HOT MEDIUM

Imaginary time formalism

+ Sum over Matsubara frequencies

. d4 . d3
¢ = w, = é27rn7 / (27rZ) — éZ/ (27513 (bosons)

Dressing the mesons in the loop function

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

-2 Lot o
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SELF-CONSISTENCY

2 I
Loop
function o
Gpas

Cpo (B T —/d3 [ [ a (b DT ED | oty + 1))

F—w—-uWw +i




SELF-CONSISTENCY

2 I
Loop
function [
Gpas
d3 SD(W, 67 T')S<1>(w,aﬁ_ aa T')
Goo(EF T _/ / / EF—w—uw +ie L+ fw. D) + [ D]

Spectral functions: SD, Sp = L26(w? —wi), we=+/q3% +m}



SELF-CONSISTENCY

Loop
function [
Gpo
P4 p(w, G T)S0 (', 5 — G 1) ,
Gon(5.7 1) = [ (20 [ o [ ag T ROT R 1 ) + )
Spectral functions: SD, Sp = L26(w? —wi), we=+/q3% +m}
Bose distribution functionat T:  flw, T) = 74—



SELF-CONSISTENCY

v I

Loop
function
Gpas

Cpo (B T —/d3 [ [ a (b DT ED | oty + 1))

F—w—-uWw +i

Spectral functions:  Sp, S = L0(w? —wi), we = /@5 + M3
Bose distribution functionat T:  flw, T) = 74—

Regularized with a cutoff |g| < A



SELF-CONSISTENCY

v I

Loop
function
Gpas

Ty = Vij+ Vi G Ty

oL V}’

@, Q@ P; P;



Outline Motivation Molecular model Results | Finite temperature Results Il Euclidean correlators Results Il Conclusions
o [e]e] 00000000000 000 0000 00000 00 00 (e]e]

SELF-CONSISTENCY

Loop Unitarized Self-
function amplitude energy
Gpa Tps Ilp

1/($%t/ﬂ)E 1) — flwe, T)

Up(Ep T =—— | 22 [ 4=
p(E,F; 1) T ) (2m) we B2 — (we — Q)2 +ie

Im Tpe (2,5 + ¢ T)

D D
o’
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SELF-CONSISTENCY

Loop Self- D-meson
function energy S propagator
Gpa Iip Dp
Sple. 7 1) =~ Im [ DR@ET)]| = —~1m : )
w,q T)=——Im w, G = ——Im —
e o R m\w? =@ = mf, — (@, 1)

D _ D D/I\D

\ /

)



PHYSICAL INTERPRETATION OF THE THERMAL BATH

bath — bath + D® bath + | D® — bath
[1 +f(UJD, T’)][l +f(w<1>> T‘)] - f(wDa T')f(w@a T')

FE—wp—wse + ie

Gpa(E,p; T) ~ {

bath + D® — bath bath — bath + D® N
flwp, Dflwe, T) — [1+ flwp, T[1 + flws, T)] e

+ E+wp+we +ie i)/(

bath + D — bath + & bath + @® — bath+ D D
fwp, T) [+ fws, 7)) — fws, T) [1+fwp, )] ..

+ E—‘er — Wo =+ i€ ‘\

bath + @® — bath+ D bath + D — bath + & D

| Mo, [+ fop, D)~ fn, ) (14 S, T } S

E—wp+we +ic ~

At zero temperature f(w, T=0) =0



PHYSICAL INTERPRETATION OF THE THERMAL BATH

1+ flwp, D1 + flws, T] — flwp, DHfwe, T)

FE—wp—we + i

Gpa(E,p; T) ~ {

flwp, T)f(we, T) — [1+ flwp, D1+ flwe, T)]
E+wp+we +ie

f(wDaT') [1+f(w<1>7T)] - f(w<1>7T) [1+f(wD7 T)]

E—l—wD—w@—l-'iz-:

flwa, T) 1+ flwp, T)] — flwp, T) [1+ flws, T)] }

E—wp+ws + i

+

At zero temperature f(w, T=0) =0

First branch cut
(T = 0 unitary cut):
E> (mp + me)

Additional branch cut
(Landau cut):

E< (mp — ma)
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LOOP FUNCTIONS

B T=0MeV M T=80MeV T=120MeV M T =150 MeV
Pionic bath 0.005 —————— — 0.005 —————1— .
| —— ReGpxr B ReGDSw
——-- ImGp, -—— In'lc'ng?r
D and D, with

light mesons

0.000 1 0.000 f

Unitary cut:

E> (mp+ ma) 4 —0.005

—0.005

Landau cut:
E < (mp—mas)

1500 2000 2500 1500
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LOOP FUNCTIONS

B 7=0MeV M T=80MeV T=120MeV M T =150MeV
Pionic bath 0.005 —————7—————7—— 0.005 —————7— T
| —— ReGp+*x ] I — ReGD;“zr
-=-- ImGper . ImGp:x

D* and D; with
light mesons

0.000 0.000

Unitary cut:

~0.005
E> (mpx + ma)

—0.005

Landau cut:

E< (mD* - m‘i’) 1500 1500 2000 2500
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SPECTRAL FUNCTIONS

— T=0MeV — T =80MeV T=120MeV ~ — T =150MeV
Open-charm w03k D 1 0l Ds
pseudoscalar
mesons ) )
in a pionic bath 107 3 107
>
[
21070k i 107}
wn
=, 106k 4 10°%F
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1
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1700 1800 1900 20001900 1920 1940 1960 1980 2000
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Mass shift and width acquisition of the D and Dy mesons in a thermal bath



SPECTRAL FUNCTIONS

Open-charm

yectqr mesons
in a pionic bath

SD(W) ij T) =

1
- 7ImDD(w’ 67 T)
s

— T =0MeV — T =80MeV T =120 MeV —— T =150 MeV

*
ey D | w0sf Ds

1074E 4 10t

S MeV~2
3
—

10—7 i 1 1 7 1 1 1 L L
1900 2000 2100 2060 2080 2100 2120 2140
E [MeV] E [MeV]

Mass shift and width acquisition of the D* and ' D; mesons in a thermal bath
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DYNAMICALLY GENERATED STATES

Scalars (JF = 01):

T-matrix in sector (C, S, I) = (1,0,1/2)
- Two-pole structure of the  Df;(2300)

Experimental values:
Mp = 2300+ 19MeV, T'p =274+ 40MeV

T-matrix in sector (C, S, I) = (1,1,0)
> D5(2317)

Experimental values:
Mp =2317.8 £0.5MeV, TI'r < 3.8MeV

—Im T}; [MeV?]

~Im Ty; [MeV?]

N




DYNAMICALLY GENERATED STATES

Axial vectors (JF = 1)

T-matrix in sector (C, S, I) = (1,0,1/2)
- Two-pole structure of the | D} (2430)

Experimental values:
Mp = 2427+ 40 MeV, T = 3847130 MeV

T-matrix in sector (C, S, 1) = (1,1,0)
> Dr,(2460)

Experimental values:
Mp = 2459.5 + 0.6 MeV, TI'r < 3.5MeV

W 7=0MeV M T =80MeV T=120MeV M T =150MeV
25 x10%
=)
= 2.0 i
= Iy
< 1.5F o 1
=1 @ “h
& 1of Y T
PR S .
o5k —— Tpupn ]
---- Tpig i

09100 2200 2300 2400 2500 2600 2700
107 . .
— Tpkpk
5
% 105
=)
% 103F

\————

1 L
1%300 2325

2350 2375 2400 2425 2450 2475 2500
E [MeV]
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CHIRAL PARTNERS

. 2450
Evolution of masses and ok

widths of the open-charm 2u10f

* 0
D;(2300)" 200F ps(2300)0 | 9

. o = 1000 % —

mesons in a pionic < T pyas00)e | S O ]
— = 2080 N D;(2300)°

(or m + K + K) bath “% soo of ]

= 1s0f p . A

1) = 5(0%), 0(0%) T T~ .

1820 2% 50 75 100 125 150
T [MeV]
2260 F i
2250¢ —— mhbath I/
= 2u0f ---- 7+ K + K bath I
= 2230F /]
— /
£ 1970F YA
= 1960f
1950 N 10} S
3 L
) 1940 F ] “(2317)4
M, A. Ramos, L. Tolos, J. Torres-Rincon, . . L . L - )
6 amos, L. Tolos, J. Torres-Rinco 0 25 50 75 100 125 150 0725 0 % 100 125 130

arXiv:2007.12601]
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CHIRAL PARTNERS
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1 2000F D ok ]
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2 1960
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Euclidean correlators: comparison with lattice QCD
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FROM SPECTRAL FUNCTIONS TO EUCLIDEAN CORRELATORS

Spectral function —  Euclidean correlator

Gulr, s T) = / RGBT o(o, 5; T)
0

Spectral function p(w, p; T) )
K1 = el )
sinh(5%)
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Spectral function —  Euclidean correlator

Gulr, s T) = / do K(ryo; T) plw, s )
0

Spectral function p(w, p; T)
~ coshlw(r )]

K(rw; 1) = sinh(2)
Euclidean correlator —  Spectral function (ill-posed)
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FROM SPECTRAL FUNCTIONS TO EUCLIDEAN CORRELATORS

Spectral function —  Euclidean correlator

Gulr, s T) = / do K(ryo; T) plw, s )
0

Spectral function p(w, p; T)
~ coshlw(r )]

K(rw; 1) = sinh(2)
Euclidean correlator —  Spectral function (ill-posed)

+ Bayesian methods (e.g. MEM)
« Fitting Anséatze

Reconstructed

(o]
correlator Ggp(r; T, T,) = / dwK(r,w; Tp(w; Tr)  —
o0

Gg(t; T)

Go(r; T, T,) 2



EUCLIDEAN CORRELATORS WITH EFT

A SD(w7 aa T’) = _7ImDD(wa q; TI)
- 7-0 _ —lIm ( 1 )
e T \w? = @ — M, —lp(w, ¢ 1)
N% at unphysical meson masses (used in the lattice)




EUCLIDEAN CORRELATORS WITH EFT

p/w’

— T=0
== T>0

1 1
Lo )
T\ = = M, —Tlp(w, G T)
at unphysical meson masses (used in the lattice)
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— T=0
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EUCLIDEAN CORRELATORS WITH EFT

1
- (w2 - @ — M3 —p(w, G T))
at unphysical meson masses (used in the lattice)
Ground-state: pgs(w; T) = MbSp(w; T)
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p/w’

— T=0
—-- T>0

1
s i}
| N hA
A A 1 -
w

EUCLIDEAN CORRELATORS WITH EFT

:_llm( 2 _ = MQI = )
m w? — @ — Mp —lp(w, ¢ T)
at unphysical meson masses (used in the lattice)
Ground-state: pgs(w; T) = MbSp(w; T)

Full: p(w; T) = pgs(w; T) + a | Peont(wi T)

3 m2 — m2 2 4m;
pcont("-);j—'):i < L b} 2 +1) *72002
327 w

(m1 —2m2)2)

X 2(1 — »
X [n(—wo, T) — n(w — wo, T)] O(w — (M1 + m2)) .



EUCLIDEAN CORRELATORS WITH EFT

— T=0
—-- T>0

p/w’

1
s i}
| N hA
7 |\ o I’
o’ -
w

m; = m. = 1.5 GeV
mo = my =0, my = ms, = 100 MeV

= _Im (w2 - - MQDI_ p(w, g T)>

at unphysical meson masses (used in the lattice)
Ground-state: pgs(w; T) = MbSp(w; T)
Full: p(w; T) = pes(w; T) + a | peons(w; T)

3 m2 — m2 2 4m;
pcont("-);j—'):i < L b} 2 +1) *72002
327 w

% 2(1 _(m ;2m2)2)
X [n(—wo, T) — n(w — wo, T)] O(w — (M1 + m2)) .



EUCLIDEAN CORRELATORS WITH EFT

p/w’

— T=0
—-- T>0

a: weight factor

= _Im (w2 - - MQDI_ p(w, g T)>

at unphysical meson masses (used in the lattice)
Ground-state: pgs(w; T) = MbSp(w; T)
Fulll p(w; T) = pes(w; T) + @ poont (w; T)

3 m2 — m2 2 4m;
pcont("-);j—'):i < L b} 2 +1) *72002
327 w

% 2(1 _(m ;2m2)2)
X [n(—wo, T) — n(w — wo, T)] O(w — (M1 + m2)) .



Results lll: Open-charm Euclidean correlators



EFT SPECTRAL FUNCTIONS AT UNPHYSICAL MASSES

x10~°

m. = 384 MeV
myg = 546 MeV
m, = 589 MeV
mp = 1880 MeV

mp, = 1943 MeV

[Kelly, Rothkopf, Skullerud
(2018)]

D-meson
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0.8F
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04r

1800

1900
E [MeV]

2000
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201
T, =185
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EFT SPECTRAL FUNCTIONS AT UNPHYSICAL MASSES

10 x10~5 D-meson
’ 235 235
0.8 g —
E\\]_‘ 201 - H3 201 —
> 0.6F 1 T;l&%%J 3 TC:185%
my = 384 MeV § o= im L
= 04r 1 156 [ 156 =
mg = 546 MeV a2 ak 1« 3 141
my = 589 MeV T, =44 T, =44
1800 1900 2000
mp = 1880 MeV E [MeV]
%10~ D,-meson
2.0 T T
mp, = 1943 MeV 235 235
=
& 1.5F B 5
| 201 — 3 201 —
Z T, =185 7%, E T, =185 %
= 10f 11t 176 s X 176 =
[Kelly, Rothkopf, Skullerud 2% & 156 &
(2018)] IS 156 N 3 =
© 05 10141 8 141
T, =44 T, =44
1800 1900 2000
E [MeV] 30



COMPARISON WITH LQCD

D meson

Gu(T)/Gy(T.T;)

Without continuum With continuum
1.05 1.05
235
1.00 l 1 I L
L] 227‘/ c 201
\i——l'-*‘ @ & T, =185
0.95 3 g‘ 176 z
5 ) =)
T 5 :
i & 156
0.90 i i i i % % 141
T -u
0‘8%. 0.2 0.4 0.6 0 s%.() 0.2 0.4 0.6
7 [fm] 7 [fm]
¢ Lattice QCD [Kelly et al] — a=0 --=-a=1 e a=10

- Inclusion of the continuum improves the matching at small
- Very good agreement at the lowest temperature. At larger temperatures: excited states?

- Close and above T, the EFT breaks down. [GM, 0. Kaczmarek, L. Tolos, A. Ramos, arXiv:2007.15690]
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COMPARISON WITH LQCD

Without continuum With continuum

235

1.00

201

Ds; meson

11855
176

T [Me

156

Gu(T)/Gy(T, T;)
Gp(T)/Gy(T. T;)

0.90 4 0.90 141

0‘8%.0 0.2 0.4 0.6 0 s?).() 0.2 0.4 0.6
7 [fm] 7 [fm]

¢ Lattice QCD [Kelly et al] — a=0 ---- a=1
- Inclusion of the continuum improves the matching at small
- Very good agreement at the lowest temperature. At larger temperatures: excited states?

- Close and above T, the EFT breaks down. [GM, 0. Kaczmarek, L. Tolos, A. Ramos, arXiv:2007.15690]
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CONCLUSIONS AND OUTLOOK

- We have introduced finite-temperature corrections to the description of the interaction

of open charm mesons with light mesons in a self-consistent manner.
We have obtained spectral functions at various temperatures below T..

The mass of the charmed D™)- and D{")-mesons decreases with temperature (~ 40
MeV for the D*) and ~ 20 MeV for the D{*) at T = 150 MeV) while they acquire a
substantial width (~ 70 MeV for the D*) and ~ 20 MeV for the DS at T'= 150 MeV).

The dynamically generated resonances shift their mass and get wider as temperature
increases. Still far from chiral degeneracy.

The effect of the addition of kaons in the bath is mild.
We have calculated Euclidean correlators from spectral functions at the unphysical
masses used in the lattice. Well below Tc there is a good agreement with LQCD

results, whereas close or above T the discrepancy indicates the missing contribution of
higher-excited states.
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CONCLUSIONS AND OUTLOOK

In the near future we aim to:

Include thermal modification of light mesons
Extend our calculations to the bottom sector

Study transport properties of heavy mesons at finite temperature

Further test our results against lattice QCD calculations and make predictions at the
physical point

N
N
- Explore the hidden heavy-flavor sector
N
N



Thank you!

Gracies!
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- lteration 1: Undressed mesons

Tij = Vig+ Vi G T



UNITARIZED T-MATRIX AT T'# 0

Tij = Vig+ Vi G T

- lteration 1: Undressed mesons

D; D; D; D;
\./ _ \./
PR ~ A
(I)z (I)J (I)Z (I)J
- Iteration > 1: Dressed heavy meson
D; Dj D; DJ
\./ _ \./

D; Dy D
RN «
i 4 "
'
®, "B, O



LOOP FUNCTION AT T'> 0

Sp(w, @ T)Se(w', 7 — G
/dw/dw/ p(w, ¢ T)Se(w',p— ¢ T) 4 . ) + [T

F—w—uWw +1i

3
Gpa(E,p; T) = / (;iﬂ_;]?,



LOOP FUNCTION AT T'> 0

_' d3q SD(CU, ?ja T')S<1>(w/7l_j_ Zj, T')
GD@(E>P§T)/(27T)3/dw/dw/ EF—w—uw +i

: []- + f(w7 T) + f(w/a T) }

Spectral functions:

Sp, Su = Tpo? —wh), we=\/qh+m}
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3
GD@(Eaﬁ; T) - / (57_[_33

Spectral functions:
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Bose distribution function at T:
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LOOP FUNCTION AT T'> 0

Sp(w, @ T)Se(w', 7 — G
/dw/dw/ p(w, ¢ T)Se(w',p— ¢ T) 4 . ) + [T

F—w—uWw +1i

3
GD@(Eaﬁ; T) - / (57_[_33

Spectral functions:

Sp, So — L:J—?d(wa —w3), we =+/qk+m3

Bose distribution function at T:

Regularized with a cutoff |g] < A



SELF-ENERGY AT T > 0

1 [ &q E 1) - flws, T)
/ /dQ

Ip(E, 7, T) = —— —
p(EF 1) === (2m)3 we B2 — (we — Q)2 + i

Im TDQ(Q7ﬁ+ 67 T)

[teration 1 [teration > 1

D D D D
L $
o s

P P



SPECTRAL FUNCTION

. 1 - 1
Sp(w,q; T) = —;Im Dp(w, ¢ T) = —;Im (

w?

[teration 1 _.,L = D, + M
P
[teration > 1 _.'L = +D + i._?_



SELF-CONSISTENCY

Loop

function =
Gpa
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SELF-CONSISTENCY

Loop Self- D-meson
function e energy e propagator
Gpa IIp Dp




SELF-ENERGY

B T=0Mev M T=80MeV T=120MeV M T =150MeV
x10° x10°
oo p— T — T T T T T 0.0 ===
Pionic bath & &
> S —0.5F
o —0.5 [
, = 2 ok
D and D, with CH Ol
light mesons o E -15F
—15F | | | B —20F
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
x10° E [MeV] x10° E [MeV]
LN B R B L R L B R L LA BN R BN R |
0.0 0 f-=======z=z==
. . . — \V/ — —""——\s‘_
First opening: £ 02k 1 e b
E> (mp —2mx) S _oaf 1 =
S —06F S —4F
. = =
Second opening: s _osh E -
o~ = -6
E < (mp+ 2mx) ~10F 1
1 1 1 _ 1 1 1
1000 1500 2000 2500 3000 18000 1500 2000 2500 3000

E[MeV] E[MeV] 0



SELF-ENERGY
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LATTICE EUCLIDEAN CORRELATORS
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LATTICE EUCLIDEAN CORRELATORS

Temperature of the system on a lattice of size N3 x N, — related to the temporal extent:

1
~ aN,’

a : Lattice spacing

Euclidean correlators of some operators O

<61<T,f>62<0,6>>=§/DMD[M@[ 5,410

Sp[U,, 4] and S¢[U] : fermion and gluon
parts of the discritized QCD action

1 >
gluon quark n



LATTICE EUCLIDEAN CORRELATORS

Temperature of the system on a lattice of size N3 x N, — related to the temporal extent:
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Meson Euclidean temporal correlator:
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LATTICE EUCLIDEAN CORRELATORS

Temperature of the system on a lattice of size N3 x N, — related to the temporal extent:

1
~ aN,’

a : Lattice spacing

Euclidean correlators of some operators O

(01(7,7) 0:(0,0)) /D VD[, 6]0a[ U, y] O [U 6, e SFLU05¥] = Sl

Meson Euclidean temporal correlator:
o 1 -
(J(,7)J(0,0)) = —E/D[U}e*SGmdet [MTr[Dg M~Y(0,0;7,%) Ty M~ '(r,%0,0) ],

I'w=1,75,7u, V57, : Tor scalar, pseudoscalar, vector and axial vector channels



LATTICE EUCLIDEAN CORRELATORS

Temperature of the system on a lattice of size N3 x N, — related to the temporal extent:

1
~ aN,’

a : Lattice spacing

Euclidean correlators of some operators O

(01(7,7) 0:(0,0)) /D VD[, 6]0a[ U, y] O [U 6, e SFLU05¥] = Sl

Meson Euclidean temporal correlator:
o 1 = =
(J(,7)J(0,0)) = —E/D[U}e*SG[U}det [M|Tr [ Ty | M-40,0;7,%) Tx M (7, %0,0) ],

M~1: fermion propagator
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