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OPEN HEAVY-FLAVOUR SPECTRUM
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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-flavour 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 (¢ = , K, K,7)
» Heavy-quark expansion up to LO: broken by physical heavy meson masses (D, Ds, 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, Meiner, Oller and Rusetsky (2019)]



SCATTERING IN COUPLED CHANNELS

s-wave scattering amplitude of D™, D{*) mesons with =, K, K, n: Dilen) - Dy(ps)
£Vi(s,tu) = o [ Oy (s — ) — 4 G ho + 2/ G by e
12l PR
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s-wave scattering amplitude of D™, D{*) mesons with =, K, K, n: Di(p1)  Dj(ps)
£ V(s t,u) = fi,%[% Gl (s—w)—4 CJ ho+2 C Iy \:.)r

~2.0J} (2hap2 - pa) + ha(01 - p2)(ps - pa) + (b1 )2 - 23)) ) (ps) B (p)

+2 Cil (h3(pz “pa) + s ((p1 - p2)(p3 - pa) + (p1 - pa) (P2 'p3)))], Cii: isospin coefficients

Unitarization: Bethe-Salpeter equation
D; Dj D; Dj D; Dy Dj D; Dy, D Dj
:‘1 LN/ N\ . T TN e
= ° + ® ) + ) ) +...
7 A /‘\,/" {‘\V,‘\V/\
D, D, [oN D, [oN D Dy D, P P Py

Tij = Vij+ Vi Gy Vi + Vi Gr Via G Vi + ..
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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
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THERMAL MODIFICATION OF HEAVY MESONS IN A MESONIC BATH

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

—éan, /27r4 ,BZ/ 2m) (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 v
1 \ // \
\\// \ /\
P Sov
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
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SELF-CONSISTENT ITERATIVE PROCEDURE
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Bq , Sp(w, ¢ T)Sa(w', B~ G T)
dw | dw
o]

(BT = [ 5 e T D)+ W]

Spectral functions



SELF-CONSISTENT ITERATIVE PROCEDURE

v

Bq , Sp(w, ¢ T)Sa (W', p— ¢ 1) .
BT — 1
Gon(B T = [ gty [ o [ ==+ D) + (D)
Spectral functions
Bose distribution function at T:  flw, T) = TIT—:L (At zero temperature flw, T=0) =0.)



SELF-CONSISTENT ITERATIVE PROCEDURE

v

- &q , Sp(w, ¢ T)Sa(W', 5 — G T) .
GD@(E7p7T')_/(27T)3/dL‘J/d(‘J E—w—w +ic [1+ f(w77')+f(va’)]
Spectral functions
Bose distribution function at :  flw, T) = TIT—: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

v« 14 « 1 NIV



SELF-CONSISTENT ITERATIVE PROCEDURE
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SELF-CONSISTENT ITERATIVE PROCEDURE

v

Unitarized D-meson
amplitude propagator
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Results: Thermal modification of open-charm
mesons



LOOP FUNCTIONS

B 7 =0MeV
. 0.005 F—r—T—TT 771
Pionic bath _ReGp. |
-—-- ImGpr
. 0.000 ==z, ]
D and D, with
light mesons
—0.005 -
1500 2000 2500
E [MeV]
i . 0.005 : .
Unitary cut: T Reomn
E> (mp+ mg) e ImGpx
0.000

Landau cut:

Es (mD—mq;.) —0.005

15

00

.
2000 2500
E [MeV)]

B T =80MeV

T =120MeV

B T =150MeV




LOOP FUNCTIONS
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LOOP FUNCTIONS
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CHIRAL PARTNERS
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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)

Go(r, 5. T) = / do K(7,; T) p(w, 5: T)
0
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FROM SPECTRAL FUNCTIONS TO EUCLIDEAN CORRELATORS

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

oo coshlw(r — =
Gp(r,5; T) = / dw K(7,0; T) p(w, B; T) - KrwT)= M
o sinh(5%)
Euclidean correlator — Spectral function (ill-posed)
» 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)
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» Bayesian methods (e.g. MEM)
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FROM SPECTRAL FUNCTIONS TO EUCLIDEAN CORRELATORS

Spectral function p(w, p; T) — Euclidean correlator Gg(r, p; T)
cosh(w(T — 55)]
= Koe D= —aqn@

Go(r,7; T) /muK(rw,T)p<wp,T)

Euclidean correlator — Spectral function (ill-posed)
» Bayesian methods (e.g. MEM)
« Fitting Ansatze
1

1
S 7_‘; :_71
o &) wm(w2—a‘2—M%—HD(w,a‘;T)

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

> Full: p(w; T) = pgs(w; T) + apeont (w; T)

plw?

3
V\

N
’

)

13



EUCLIDEAN CORRELATORS WITH EFT

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

» The inclusion of the
continuum improves the
comparison at small +

» Good agreement at the
lowest temperature. At
larger temperatures: excited
states?

» Close and above T the
EFT breaks down

» Similiar results for the Dy

[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

gGB(t, k) = i{ Ak T) K'G5(t, k) + % [Bo(k; T) AY 4 Bi(kT) —} Gy (t, k)}

kil
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TRANSPORT COEFFICIENTS OF AN OFF-SHELL D-MESON

Fokker-Planck equation for the Green’s function

2 2k0 k2

0 19} - ; o] A . - KK
5,05 (LK) = %{ Ak 1) K G5 (1) + [Bo(k; ) AV + [ Bk 1) } a5t k)}
Off-shell transport coefficients
310 1 di} d°q 0o, 0 1k
+ Drag force ARG T = o5 | 5 @)’ WKk by, @) S5
0 53 12
« Diffusion coefficients Bo(k,k; T) = % % / % (;ﬂ; WKk, k), q) ['12 - (qk;() ]
0 3 12
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TRANSPORT COEFFICIENTS OF AN OFF-SHELL D-MESON

Fokker-Planck equation for the Green’s function
ﬁ < 9 A( 1 i < 9 i k' < }
5, 0p(6 k) = 75 { Ak ) KGH(6R) + 55 [Bo(k T) AY + By (k T) } G5 (t, k)

Off-shell transport coefficients

+ Drag force A(K X T) = ﬁ 2—’:? (;1;;13 WK, k, &, q) q—k

- Diffusion coefficients Bo(K,k; T) = % % / %If (:i; WKk, K, @) ['12 - (ql;:()2]
L [de & WKk, k2, q) ST / K] /H Sp(K, k1) » Thermal effects
210 ) 2m (27)3 2k0 Nt (271' E 2E22E
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X | T(k" + X B, k +ks) > £ (N B3)f” (AE2) ) (k) » Off-shell effects
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RESULTS: D MESON TRANSPORT COEFFIECIENTS

In the static limitk — 0

For k° = E}, solution of
E}—k%—m? —Rell(Ep, k T) = 0
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RESU : D MESON TRANSPORT COEFFIECIEN

In the static limitk — 0

[J. Torres-Rincon, GM, A. Ramos, L. Tolos, arXiv:2106.01156]
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RESU D MESON TRANSPORT COEFFIECIENTS

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

In the static limitk — 0 70 8 -
--- D meson, Vacuum — D meson, OffShell « Brambilla et al.
0 _ i 60 — D meson, OffShell --- D meson, Vacuum  « Banerjee et al.
For £’ = Ej, solution of
2 2 2 - « Brambilla et al. 6 + Kaczmarek
Ei—k*—m$pH—Rell(Ey, k; T) =0 50 . Banerjee et al. + Altenkort et al.
Spatial diffusion coefficient o 40 | } | + Francis et al.
o T3 E ~ v Altenkort et al. / i
20 TD(T) = lim —————— & 1 '
k—0 Bo(Ek,k; T) >l ~ Keetal :
20 (Bayesian) l e
Momentum diffusion . o
coefficient 10
Ii(T)ZQBo(Ek,k%O;T) o
100 200 300 400 500 200 300 400 500
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 heavy-flavour 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 heavy-flavour 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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