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Color screening

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

Comover scattering » Spectral functions can be calculated with effective hadronic

> \ "_~\ /\\ . . . . .
@ N (® theories within a unitarized approach



OPEN HEAVY-FLAVOR SPECTRUM
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» Broad resonances with S =0
» Narrow states with S =1

[P.A. Zyla et al. (Particle Data Group), Prog. Theor.
Exp. Phys. 2020, 083C01 (2020)]
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How do these states change with temperature?

» Broad resonances with S =0
» Narrow states with S =1

[P.A. Zyla et al. (Particle Data Group), Prog. Theor.
Exp. Phys. 2020, 083C01 (2020)]



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



EFFECTIVE THEORY

Effective Lagrangian based on approximate chiral and heavy-quark spin symmetries

» Chiral expansion up to NLO: broken by light-meson masses (® = {r, K, K, n})
» Heavy-quark expansion up to LO: broken by physical heavy-meson masses (D, D,, D*, D})

LD, ®) = L1o(D™), @) + Laro (D™, @)

Lio = (V*DV,D") = mp(DDY) —(V*D™V,D;f) + mp(D™ D;f)

+ig(D"u, D' — DU D31y + ﬁ(DzuavﬂDﬁ — Vs Dua DTy ?
iD 1
u = exp (ﬁ) , VH=0¢— E(uTa“u—l- wduly,  wt = i(uf oty — udt uh)
[Kolomeitsev and Lutz (2004)] D=(p° D+ DI),
[Lutz and Soyeur (2008)]
[Guo, Hanhart and Meifiner (2009)] Dy, =(p* Dt DiF),

[Geng, Kaiser, Martin-Camalich and Weise (2010)]
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‘C(D(*)v (I)) - ﬁL()(D<*), ‘I)) + ﬁA\IL()(D@F\)7 <I>)
Lio = (V"DV,D") = mp(DDY) —(V'D™V,D;f) + mi(D™ D;f)

+ig(D*u, D' — Du* D31 (D5 uaV gDyt — Vg Dhua Dy ™”

9
+ 2mD

u = exp (%) , VH =0t - %(ufﬁ“u—l- whul),  wt = i(uf O u — udrul)

Laio =— ho (DD {(x+) + h1 (Dx+D') + he (DD")(u"w,) + hs (Du'u,D')
+ ha (V. DV, DY (u'u") + hs (V,D{u", v}V, D) +{D — D}

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

. 7 [Tolos and Torres-Rincon (2013)]
LEGCs : 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™, D{*) mesons with =, K, K, n: Dilen) - Dy(ps)
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s-wave scattering amplitude of D™, D{*) mesons with =, K, K, n: Di(p1)  Dj(ps)
L Vii(s tu) = fi,%[% Cil (s—u)—4 G ho+2 O by \:o{

—2 G (2ha(p2 - pa) + ha((p1 - p2)(p3 - Pa) + (p1 - Pa)(p2 - p3)) ) (ps) B (p)
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Unitarization: Bethe-Salpeter equation
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SCATTERING IN COUPLED CHANNELS

s-wave scattering amplitude of D™, D{*) mesons with =, K, K, n: D (pl\)\ /5]’ (ps)
i 1711y i i
£—>V7(s,t,u):f—7%[z Gl (s—u)—4 CTho+2 G In Y
-2 0 (2h2(p2 - pa) + ha((p1 - p2)(p3 - pa) + (p1 - pa)(p2 'p3))) D;(p2)  Pj(pa)
+2 03”5 (h3(P2 “pa) + hs ((p1 - p2)(ps - pa) + (p1 - pa)(p2 'PB)))} C: isospin coefficients

Unitarization: Bethe-Salpeter equation

:‘1 _ LY n A q N On-shell factorization of the
7 A P AN > T-matrix:
®; D, D, D Dy P T=01-VGe 'V
» The two-meson propagator is regularized with a cutoff
(N dg 1 1
Gk =1 1 2 N 2 .
(2m)* 2 — mi ), + i (P—q)?— mg, ), + i

» Poles in different Riemann sheets: bound states, resonances and virtual states, mp = Rezp ,I'r = 2Im 2
» Identification of the dynamically generated states with the experimental ones




RESULTS: DYNAMICALLY GENERATED STATES WITH OPEN HEAVY FLAVOR
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Thermal Effective Field Theory



THERMAL MODIFICATION OF HEAVY MESONS IN A MESONIC BATH

» Imaginary-time formalism
» Sum over Matsubara frequencies — Bose-Einstein distribution functions
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THERMAL MODIFICATION OF HEAVY MESONS IN A MESONIC BATH

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

. . 3
¢ = iw, = é%’n, /(;flTZ) — éZ/ (517:)13 (bosons)

» Dressing the mesons in the loop function
 Self-energy corrections
» Pion mass varies slightly below 7. — only the heavy meson is dressed
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[ \ // \
\\// \ /\
P oo
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New processes that are absent in free space are now possible: real mesons present in the thermal
medium can be absorbed.



SELF-CONSISTENT ITERATIVE PROCEDURE

v

: Sole, 8 1) Soe/ 5= 1 T)
Gou(5. 1) = [ oty [[aw [ ar ZE T @) + )

D-meson spectral function

Bose distribution function :  f(w, T) = ﬁ (At zero temperature f(w, T=10) =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

v« 14 « 1 NIV



SELF-CONSISTENT ITERATIVE PROCEDURE

v

Unitarized
amplitude
Tpe

E f(Q,T) - f(wq>,T)

1
Ip(E,p; T) = — — P+ G
p(E, p; / (27)3 /dQ o B2 — (wo — Q)2 + i Im Tpe (2,5 + ¢ 1)

d3q

D D



SELF-CONSISTENT ITERATIVE PROCEDURE

v

Unitarized D-meson
amplitude propagator
TD<1> DD
S(w‘"T)——lIm'D(w_"T)——lIm( ! )
D\W, @, - p D(W, @; - T wg_aq_mQD_HD(w,ZI»;Ty)
D D D D

— = % T g



Results: Thermal modification of open-charm
mesons



LOOP FUNCTIONS
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LOOP FUNCTIONS
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D MESONS: MASSES AND WIDTHS. CHIRAL PARTNERS
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D MESONS: MASSES AND WIDTHS. CHIRAL PARTNERS
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AND WIDTHS
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Euclidean correlators: comparison with lattice QCD



FROM SPECTRAL FUNCTIONS TO EUCLIDEAN CORRELATORS

Spectral function p(w, p; T) — Euclidean correlator Gg(r, p; T)

GE(T,TJ;T)=/ dwK(7,w; T)p(w, p; T) , K(r,w; T) = —;)”
0



FROM SPECTRAL FUNCTIONS TO EUCLIDEAN CORRELATORS

Spectral function p(w, p; T) — Euclidean correlator Gg(r, p; T)
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» Bayesian methods (e.g. MEM)
« Fitting Ansatze
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FROM SPECTRAL FUNCTIONS TO EUCLIDEAN CORRELATORS

Spectral function p(w, p; T) — Euclidean correlator Gg(r, p; T)
(oo}
Gu(r,p; 1) =/ dwK(r,w; T)p(w, p; T) ,
0
Euclidean correlator — Spectral function (ill-posed)
» Bayesian methods (e.g. MEM)
« Fitting Ansatze
1

1
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EUCLIDEAN CORRELATORS WITH EFT

my = 384 MeV
my = 546 MeV
my = 589 MeV

mp = 1880 MeV
mp, = 1943 MeV

[Kelly, Rothkopf, Skullerud (2018)]

» Behavior at small ~
improved by the continuum

» Good agreement at low
temperatures

At larger temperatures:
excited states?

» ~ T.the EFT breaks down
» Similiar results for the D,

[GM, O. Kaczmarek, L. Tolos, A. Ramos, Eur.Phys.J.A 56 (2020)]
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Transport coefficients of an off-shell D meson



TRANSPORT COEFFICIENTS OF AN OFF-SHELL D-MESON

Fokker-Planck equation for the Green’s function

gtc#(t k) = ai {A(k T) KG5(LK) + 5 9 {Bo(k T) A%+ By (k; T)

14



TRANSPORT COEFFICIENTS OF AN OFF-SHELL D-MESON

Fokker-Planck equation for the Green’s function

9 Gstm = ai { Ak 1) K G5 (4 F) + 0 [Bo(k 7) AV Bk T) ] Gp(t ’“)} A=t ilj

)

i 2
- k1)2> » Thermal effects in | 71% and Ej,

Off-shell transport coefficients
* Drag force AR,k T) = <
1
1

» Landau cut contribution

« Diffusion coefficients Bo(K0,k; T) = <k12 =

» Off-shell effects

(k- (k—k1>2>
k2

B (K, 1) = 5<
(Flkk) = o g [ / H s g SPOk) X 206 Kkt —ka — k) Flck)
{ 1T + By k+ka)[* 6(K + By = X2 — k)1 + fDI[L + F(AE2)] f(Bs)

+ | O — Ba,k+ko)|* 8(K° — By — AEz — K)[L+ F(R)][L + F(AE2)][1 + f (Ba)] }
14



TRANSPORT COEFFICIENTS OF AN OFF-SHELL D-MESON

Fokker-Planck equation for the Green’s function

0 0 3] K
5,06 R = 2 { Ak T) KG3(0K) + o {Bo(k Ty AT+ By (k; T) —] G5t k)} N
Off-shell transport coefficients

. - k-k

Drag force AR,k T) = <1_ k21>
k- k)’ » Thermal effects in | 7|2 and E,
+ Diffusion coefficients Bo(K, k; T) = <k : k21 » Landau cut contribution
(k- (k—ki)*

» Off-shell effects
B (K, 1) = 2< = >

(Flk,ky)) = ko Z ,\/ il / H (277)3 2E22E Sp(k, k1) x (2m)1 6™ (k 4+ ks — ki — ko) F(k, ki)

{ 1T + By k+ka)[* 6(K + By = X2 — k)1 + fDI[L + F(AE2)] f(Bs)

+ | T(° = Ba,k +ko)|* 6(K° — By — Bz — K)[L+ ()] + F(AE2)][1 + f(Ba)] }
14



RESU : D-MESON TRANSPORT COEFFIECIEN

Spatial diffusion coefficient

Momentum diffusion coefficient
2n TDs(T) = lim 21’ 2By (Er, k — 0
S = ~ g — 0
k=0 By( B, k; T) w(T) o(B, 1)
70

--- D meson, Vacuum

1 — D meson, OffShell « Brambilla et al.
60 '| — D meson, OffShell --- D meson, Vacuum  « Banerjee et al.
H « Brambilla et al. + Kaczmarek . .
| 5l .
\ + Banerjee et al. v Altenkort et al. Companson with:
| | % ‘ + Francis et al. » lattice QCD calculations
\ I v Altenkort et al. 73 . .
\ 4 { } » Bayesian analysis
\ THSTe ~ Keetal. hE }
) 1 .
. \ (Bayesian) e Good matching at 7,
\,
N .
specially when thermal and
off-shell effects are included
200 300 400 500 300 400 500
T (MeV) T (MeV)

(black solid lines)

[J. Torres-Rincon, GM, A. Ramos, L. Tolos, arXiv:2106.01156]



Summary



SUMMARY

» We have extended the EFT describing the scattering of open heavy-flavor mesons off light
mesons to finite temperature in a self-consistent way.

» Thermal effects: masses decrease moderately while the widths increase substantially with
increasing temperatures. Pions contribute the most (most abundant mesons in the bath).

» The thermal modification of chiral partners is comparable, being far from chiral degeneracy at
the temperatures explored.

» Euclidean correlators computed from spectral functions at unphysical masses are in good
agreement with LQCD results well below T.. Discrepancies close to T, possibly indicate the
missing contribution of higher-excited states.

» D-meson transport coefficients below T. from an off-shell kinetic theory including thermal
effects. The new contribution coming from the Landau Cut of the loop function improves
considerably the comparison with lattice QCD calculations and Bayesian analyses.
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RESULTS: DYNAMICALLY GENERATED OPEN-CHARM STATES

D;(2300) D%, (2317)  Dj(2430) D, (2460)
Mg (MeV) 2343+£10 2317.84+0.5 2412+9 2459.5 4 0.6

I'r (MeV) 229+ 16 <38 314 +29 <35
JP (S, 1) Coupled channels RS Poles Couplings
(MeV) (GeV)
0t (0,3) Dr Dn DK (=, +,+) 2081.9—1486.0 [g,,|=89,1g,,| =04, g, .| =54
(2005.28) (2415.10) (2463.98) (=, —,+) 2529.3 — i145.4 |g,, | = 6.7, |g,,| = 9.9, |g,, ;| = 19.4
(1,0) DK Dsn (+,+) 2252.5 — 0.0 |gpx| = 13.3, |gDsn| =92

(2364.88) (2516.20)
1t (0,4) D'n D*n DiK (= +,+) 22223 - 0847 |gp [ =95, |9, [ =04 [g,. | =57
(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) 23933000 gy, | =14.2, g, | =9.7

(2504.20) (2660.06)




RESULTS: DYNAMICALLY GENERATED OPEN-BEAUTY STATES

Bi(5721) B*,(5830)
Mg, (MeV) 5725.9722 5828.7 + 0.2
Ip(MeV)  Bj(5721)T: 31+6 0.5+0.4
B;(5721)9 : 27.5+3.4

JP (S, 1) Coupled channels RS Poles Couplings
(MeV) (GeV)
0t (0,3)  Br Bn BsK (=, +,+) 5483.1 — 0718 |g, | =224, g, | = 0.8, |g; .| = 144
(5417.51) (5827.34) (5862.53) (—, —, +) 5848.0 — i65.9 |g, | = 10.9, |g;, | = 18.0, g, .| = 32.0
(1,00  BK Bgn (+,+) 5639.3 —i0.0 |g,,| =356, g, | =238

(5775.12) (5914.75)
1+ (0,3) B« B*n BiK (=, +) 5528.6 —i72.3 |g. | = 22.6, |95, | = 0.8, g, | = 14.4
(5462.69) (5872.51) (5911.04) (—, —,+) 5893.3 — i65.0 |g5. | = 10.7, |gp., | = 18.0, [g5. | = 32.1
(1,0) B*K B (+,+) 5686.0—i0.0 |g,., | =142, |g]-3:n|:9.7

(5820.29) (5963.26)




PHYSICAL INTERPRETATION OF THE THERMAL BATH

bath — bath + D® bath + D® — bath
1+ f(wp, DI + f(ws, T)] — f(wp, f(wa, T)

Gpe (E,p; T) ~ {
E—wD—wq)+i€
bath + D® — bath bath — bath + D®
f(wp, T)f (we, T) — [1+ f(wp, D[+ f(we, T)]
+
E+ wp + ws + ic

bath + D — bath + @ bath + & — bath + D
. f(wp, T) [1+f(wse, T)] — flwe, T) [L+ f(wp, T)]

E+ wp — we + ie

bath + ® — bath + D bath + D — bath + @
" f(w@aT) [1+f(WD, T)] - f(wDr T) [1+f(w§” Tr)]

FE—wp+ we + ie

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



PHYSICAL INTERPRETATION OF THE THERMAL BATH

First branch cut
[+ f(wp, DI + f(wa, T)] — f(wp, Df(wa, T) (7= 0 unitary cut):

Goa (8,75 7) ~ - = E> (mp + ma)
— Wp — Wa €

f(wp, )f(we, T) — [1+ f(wp, DI + f(we, T)]
E+wp+we + i

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

Additional branch cut
flwe, T) [1+ f(wp, T)] — f(wp, T) [1+ f(wae, T)] } (Landau cut):

E— wp + we + ie

E < (mp —mg)

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



SPECTRAL FUNCTIONS

Open-charm pseudoscalar mesons in a pionic bath  Open-charm vector mesons in a pionic bath

— T=0MeV — T =80MeV ~— T=120MeV  — T =150MeV
10—3 L D o 10—3 L DS 10—3 L D* 4 10—3 L ‘D: 4
a1071 3 1074 a0 3 1074 E
> =
[ <
2 10 {105} 2 10-5F 1 105} ;
0 0
1070 1 107%F 1070 3 107% E
—7 L L —7 L —7 L h -7 fl
107700 1800 1900 2000'" 1900 1950 000 0 G900 2000 2100 2050 2100 2150
E[MeV] E[MeV] E[MeV] E [MeV]

_ 1 -
Sp(w, §; T) = —;ImDD(w, G 7)

Widening and mass shift to lower energies of the ground-state heavy mesons with increasing 7.
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DYNAMICALLY GENERATED STATES

W 7 =0MeV B T =80MeV T =120MeV B T =150MeV
%102

Scalars (J© = 07):
20
>
o CRE}
T-matrix in sector (C, S, I) = (1,0,1/2) =
1.0p
» Two-pole structure of the Dj(2300) TE .
0.5F . b
Experimental values: . / . . T T.D~RD-3”‘
Mp = 2300 + 19 MeV, g = 274 + 40 MeV %000 2100 2200 2300 2400 2500 2600
10 T
— Tbkpk
T-matrix in sector (C, S, I) = (1,1,0) % 1wl
=)
> D}(2317) &
E 10%t 1
Experimental values: [ E
Mp =2317.8 4+ 0.5 MeV, T'p < 3.8 MeV ) , : \ , ,
1%150 2175 2200 2225 2250 2275 2300 2325 2350

E [MeV]
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DYNAMICALLY GENERATED STATES

W 7 =0MeV B T =80MeV T =120MeV B T =150MeV
5 %102

Axial vectors (J© = 17):

T-matrix in sector (C, S, I) = (1,0,1/2)

—Im T}; [MeV')]
&

» Two-pole structure of the Dj(2430) o
Experimental values: Z; ) ) ) ) !
Mp = 242740 MeV, T'p, = 3847130 Mev 107100 2200 2300 2400 2500 | 2600 2700

— Tpxpk

T-matrix in sector (C, S, I) = (1,1,0) % 109k

> D (2460) 5
Experimental values: TE T &
Mp = 2459.5 + 0.6 MeV, T'p < 3.5 MeV \

2400 2425 2450 2475 2500
E [MeV]

1 L L
1%300 2325 2350 2375
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