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What happens to heavy hadrons
at nonzero temperature and density?
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Charm under Extreme Conditions

J/¥ suppression D-mesic nuclei

Gonin et al (NA50) '96, Matsui and Satz '86
Tsushima et al '99,
Garcia-Recio et al '10

. ‘ ‘ ‘ Garcia-Recio et al '12

Yasui et al 12,
' Yamagata-Sekihara ‘16..

C, Qo (T 208pp

- o D9,D-,D°
Color Screening
taken fromHirano@CISS07

but also comover scattering

JW+nag<>D+D

Capella, Armesto, Ferreiro, Vogt, Wang,
Bratkovskaya, Cassing, Andronic..
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Theoretical models in matter
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Suzuki, Gubler and Oka ‘15

Gubler, Hayashigaki,
Hilger, Kaempfer, Leupold,
Nielsen, Navarra, Oka,
Suzuki, Thomas, Weise, ..

operator product
expansion forin-
medium correlation
function and relate it
to the spectral
function
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Unitarized theory in matter:
selfconsistent coupled-channel procedure
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Unitarized theory in matter
selfconsistent coupled-channel procedure
(bare interaction saturated by t-channel vector-meson exchange)
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Meson-baryon interaction with heavy quarks:
Incorporate Heavy-Quark Spin Symmetry

HQSS*: spin interactions vanish for infinitely massive quarks
*Isgur, Wise, Manohar, Neubert

To construct a model for four flavors for pseudoscalar and vector mesons as
well as 1/2* and 3/2* baryons that incorporates HQSS in the charm sector:
extended WT interaction that fulfills SU(6)xHQSS and it is consistent with
chiral symmetry in the light sector

V= 4];2 Her, Hyr = He, + HL. U

\
K(s): depends on meson-baryon energy W

f. decay constant

C A BEF CB BEF
H H,

. L]
* *
3 . 3 . . o * *
. o . * . Q * *
. * . * 3 . e *
. B . B LR K ), o exX

/.\ — A -+ Hec exchange of quarks
H’..: annhilation and creation of quark-

antiquark pairs, corrected with HQSS
constraints (only light quarks)



Spectroscopy of excited charmed baryons

coupling constant
A, : C=1,5=0,1=0 L1 (s) (9:1;
s 7 ~J
Garcia-Recio et al.’09; *J \/g — mass and width
Romanets et al. '12

SUS)imep  SUG)imep SUG)imep My T, Couplings to main channels SawsPDG ]

16 T 89.8 ATV T N.(2595) has large DN

and D*N components
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168 15, o M0 BT gy, =2l gy =204y, =08 i
= * Double-pole pattern for

b
18 3 1.2 o= 0035 g =50Y A 1) A(2595), like for A(1405)

. ty % BR0 g =gy =gze=lh 1« Identification of A,(2625)
gAD; - ]']’ gEcP - ]']’ gE:P - ]’09
g =08




Candidates / (1 MeV)
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Charmed hadrons in matter

Unitarized theory in matter:
selfconsistent coupled-channel procedure
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PDG
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Unitarized theory in matter:
selfconsistent coupled-channel procedure

D meson D* meson
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calculation of
D and D*

self-energies

Garcia-Recio et al ‘09

LT et al. 10;

Gamermann et al. ‘10
Garcia-Recio et al. ‘10
Garcia-Recio et al.’12
Romanets et al. ’12
Garcia-Recio et al.(1) “13
Garcia-Recio et al.(2) “13
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D-mesic nuclei

Solving Schroedingeror Klein-Gordon equation with
- potential from QMC model

- potential from SU(6) x HQSS model

- potential from 1 exchange modelwith HQS

DY and D*

=0 0,1

' SU(6) x HQSS model

Garcia-Recio, Nieves, Tolos ‘10 L;2

L:O —8—
L=3 —fr—
4

a

01 01 01 01 012 01,23

i 12C 24Mg 27A| 28Si 328 40C3 118Sn 208Pb i

D -nucleus bound states

- SU(6) x HQSS model: weakly bound
DO-nucleus states with important
widths in contrastto previous QMC

model
208Pp
State D°(v9)
ls —06.2
1p —03.0
2s —88.5

Tsushima et al. ‘99
Krein et al ‘17 (review)

- SU(6) x HQSS model:
D* does not bind



SU(6) x HQSS model:

Garcia-Recio, Nieves, Salcedo and Tolos ‘12

D- and DO

10 1 125 405,  118g, 208py) 51 120 4004 118g, 208,
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D™ - nucleus bound states D, - nucleus bound states
T exchange model with HQS
QMC model Yasui and Sudoh ‘13
Tsushima, Lu,Thomas, Saito and Landau " 99 “8Ca 208Pb
Krein, Thomas and Tsushima ‘17 (review) 208 2.0 MeV 1.9 MeV
Pb 5.9 MeV 7.3 MeV
~ - - \ p o~ . prwave 9.2 MeV p-wave
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Experimental observation is, though, a difficult task (PANDA, J-PARC?)

= |

Yamagata-Sekihara, Garcia-Recio, Nieves,
Salcedo and Tolos “16
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Large momentum transfer
(about 1 GeV/c) makes any structure
due to bound states not noticeable.

Need of reactions with lower
momentum transfer, such as

p+p—D" +D",
D +A; -’ +[A, - D],



B decays: Belle, BaBar, LHCD, etc.

X
o
B+‘é

S

B— KX;X = n"n~J/v at Belle

PRL91,262001 (2003)

(]
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Events / ( 0.005 GeV )
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P e |

A e T g
36.82 3.84 3.86 3.88 3.9 392

Charm resonances in matter: X(3872)

as D D* molecule

D* D~ o -

X 5 9 X g 91 X X 5 a1 X X g gy X
=0= =0 0= =0 - ¢ Q> =0
v 2 2 v 2 2 v 2 2 v 2 2
\ 7 \ 7’ \ 7/ \ 7
D*— D*+ D*° D*°

0.12
—0.10p) ——
B.E.=2MeV e 0300
. p po
A= ‘ B.E. =2 MeV Pl =——
Py =0.999 p= (llgspo
- T 008 e
3 c
E -~
:% 50.06-
- -
Eg 2 0.04
0.02 [

M(J/y mr) (GeV)
i Py, = 0.999

P/ Po | Emax (MeV) Eqp (MeV)
0.10 | 3873.3 3878.0
0.30 | 3870.8 -
0.50 | 3866.9 -
0.75| 3860.3 -
1.00 | 3851.9 -

3800 3820 3840 3860 3880 3900 3920 3940

3800 3820 3840 3860 3880 3900 3920 3940

E (MeV) E (MeV)

o Spectral function:
SPNE) = —LIimA,(E) =

7 (B2 — m§ — ReM,(E))? + (ImM(E))?

© Quasi-particle peak:
El, — m§ — ReN(Eqp) = O.

Albaladejo, Nieves and LT, in preparation



D meson propagation in dense hot matter

D-mesons: One of the cleanest probes of the early stages of the collision
Fokker-Planck equation (m p>>m a4, Mp>> Toan)

rag force diffusion coefficient
of(e, p) _ ‘(r p) + —.[(t p)]
dt dp,

Isotropic bath

ip'
F — d ’
n=] oo [mpan
[
1 , _ (kip')’
o) = 5 [ dkvte o2 - 25 T?C/

2
r\(p) ——fdkw(p k)(’”’) A

Previous works Laine “11; He, Fries, Rapp ‘“11; Ghosh, Das, Sarkar, -eAlam ’11

We need scattering amplitudes |T|? (first approximation: |T|?in free space)
Abreu, Cabrera, Llanes-Estrada, Torres-Rincon '11; LT and Torres-Rincon 13



(Vacuum) cross sections for open charm with mesons and baryons

D-mesons with light mesons

(m, K, K, n)

D-mesons with baryons (N, A)

150

-------- SU(4) WT
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— — He, Fries and Rapp
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100
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3100

Tolos and Torres-Rincon ‘13
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Some results for CBM@FAIR energies

LT and Torres-Rincon ‘13

40

This work

......... Rapp and van Hees

140
L ——e—— Banerjee, Datta, Gavai and Majumdar

120

100

> 80 =31
= B =
- 0T - s/ing=10 _
221 T 2o ~.| FAIR energies
o~ .. .| 5-40AGeV
0 200 400 600 800
n_ (MeV)

100 35
80? 30;
i 25t
60_ 4 [
E I =):
& A0f 15}
ol e T 10
: TR—I/F. ................
100 110 20 10 140 :
T (MeV) 0 50 100 150 200 250 300 350
Shorter relaxation time for lower . T [MeV]
5 5 I but Continuous matching at T,
energy beams ( aryons.) u Berrehrah et al “14; Ozvenchuk et al (LT) '14;

do not relax (Tfepa~10 fm) Song et al (LT) “15



Beauty under Extreme Conditions

AMg [MeV]
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Spectroscopy of excited beauty baryons

| | |

- Exb . . -
:.bﬂ
ot R X
i — | N\p(5912) and A*,(5920) found by LHCb*
'_'Zz collaboration are described as meson-
b’ bar lecular states belonging t
yon molecular states belonging to a
0. Zpt 2 HQSS doublet. New HQSS partners are
[ —— | predicted: =,(6035) and =,(6043)
Apnn N
* Aaij et al (LHCb) ‘12
—_—
I

Garcia-Recio, Nieves,
Romanets, Salcedo and LT ‘13



Beauty propagation in dense hot matter

Fokker-Planck equation

of(tp) _ 9 | i |
¥ 37, @ (r,p) + o7, £z, p)]},

drag force diffusion coefficient

Results from FAIR to RHIC energies (LHC?)

Torres-Rincon, LT and Romanets ’14; LT, Torres-Rincon and Das ‘16; Song et al (LT) 16
20

20

2nTD,

5 — Fokker-Planck eq.

S — Boltzmann-Ushling-Uhlenback eq.

f.,
-~
-
T~
‘.,

1 | 1 1 1 | 1 1 1 | 1 1 1 1

5 1 1 1 1 1
100 110 120 130 140

1 I L I 1 I 1 I
80 100 120 140 160
T (MeV)

T (MeV)

- Results insensitive to trajectory for high s/ng:
prediction for behaviour of hadronic medium at RHIC energies
- Similar behaviour of diffusion coefficient for B meson and A,



Summary

» 1t is an exciting moment

» moving from the light to the heavy sector

» a lot of theoretical effort is needed
(how to construct a reliable effective theory that implements
the correct symmetries)

» but in close connection to experiments/lattice

(how to provide feedback between theory and
experiments/lattice: spectroscopy of excited states, spectra
of meson-nucleus, transport coefficients,..)
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