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poSummary - N

v" The potential between heavy quarkonia in a thermal pion gas has an imaginary part
due to interactions with thermal pions.

v The imaginary part of the potential is found to show % behavior at long distances.
\
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~Motivation~

v" Low-energy hadron-hadron interactions

— Exotic hadrons, nuclear many-body systems, etc.
v Recent developments at zero temperature

— Numerical calculations Ex. HAL-QCL method
— Model calculations
EX.

distance : r_

potential : V(r)

A 4

[Nora Brambilla et al., Phys. Rev. D 93, 054002 (2016).]

@ ! pion
@ : quarkonium
nc(Cc), np(bb)

Why finite temperature now?
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~Motivation~
v" Improve the control of impurities

[S. Trotzky et al, . Nature Physics 8, 325-330(2012)]

v" Recent developments in a finite temperature

The value of the potential takes on a complex value.
[M. Laine et al. , J. High Energy Phys. 2007 (03), 054.]

The real part of the potential at long distance between Heavy Polarons in Superfluids.

o 1"_6 [Keisuke Fujii et al., Phys. Rev. Lett. 129, 233401(2024)]
The imaginary part of the potential at long distance in a cold atom system.
o 1"_2 [Y. Akamatsu et al., Phys. Rev. A 110, 033304 (2024)]

e

What behavior does the potential show

between quarkonia as impurities in a thermal pion gas?

~‘_ - dlst_ance>-_r o pion
W = - ® : quarkonium
potential : V(r) « _ _
nc(cc),np(bb)
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v The Hamiltonian operator as a toy model :
v = Hy+ o 42 / B 3 (2)d(@) [Vi(2)]’
v" Definition of the potential : V(r,Vv,)
— Suppose the correlation function involving two quarkonia can be well described
by the two-body Schrddinger equation.
- The correlation function :
b(r,1) = / R0 (,0)0(R — r/2)d(R + r/2)0 (1,04 (1)3' (x2) )

where
(---)y=tr[--pr]  pr =1[04) (0g| ® P53
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v The Hamiltonian operator as a toy model :
v = Hy+ o 42 / B 3 (2)d(@) [Vi(2)]’
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— Suppose the correlation function involving two quarkonia can be well described
by the two-body Schrddinger equation.
- The correlation function :
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- The two-body Schrddinger equation :

i%w(r,w ~ [—% + V(r,xm] W(r,t) b(r,t) = e=V Dy (r, 0)
S
Ao .

,rheavy mass

|
)
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L y ] 1 f=doo
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|
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v The Hamiltonian operator as a toy model :
fe =y + 1, + 2 /d% 5 (@)d(2) [V ()]
v" Definition of the potential : V(r,Vv,)

— Suppose the correlation function involving two quarkonia can be well described

by the two-body Schrddinger equation.

- The correlation function :
wirt) = | BRIOHE0SR — r/2HR 4 1/20 (1018 (210 (0) Vit Dlrt) = e (r.0)

B v -2 [ (oronr)s 2 [ [wl(xveoorymrony)

1 Al 4! 21 #b 1y12
+<T [V ()L [V7%(0.1)] >{ﬂ2(mzo}
D) bzvf +7 <r,xﬂ~>J o wlrit) = e (o)
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~Theory~

.
v" The potential between quarkonia > PTG
| |Connected \ /;' @
N interactions. ——R
AY 8 /
— Suitable as a potential between quarkonia
2 t t 1 1
Vir)= 9—/ dt’/ dt” <T —[V'fr“‘('r,t’)]g—[Vﬁb(O,t”)]2>
o Jo 2 2 (v2(1))=0
v" The imaginary part of the potential V (r): T o
. 2T o
Vim(r) = —ll_}l’noj Im Gr(r,w) ‘,
where '
_ ot 19 Tw e (m )12 L1900, 0012 T
Gr(r,s) =i0(s) <[2 Vat(r,s)], > [V#°(0,0)] }>(w‘2(t))=0 . t

S

Leading-order poten;[ial IS
the Two-Pion Exchange Potential
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~Analysis~

v The chiral lagrangian :
L1 = E¢> + L+ £¢>_ﬂ- + o0 (p4)
e v?
£o=o' (it + 5. ) 0
F2
Lo = —{ 0,00V +t: U+ U] |

2
Cor = ¢T¢FI{CO r [QU°UT] + citr [BUDUT] + e tr [x1U + U] }

|' * L7 has the symmetry SU(2); ® SU(2)g ‘I
: * NG modes : U(x) = e!®@/F  where ®(z) = 7%7%(x), 7¢ isthe Pauli matrices. I
I
2
I _(mz 0 . A are coupling constants I
oo (0 ) eccomecopigongans §
» L= (i0 +V_2 qb—i—l?r“ (—=0,0" —mZ) T + - -
T 0 2mg 2 : "

" ¢T¢{ % {CU (aoﬂa)g — G (v’”a)g - cmmi (Wa)z] T }
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~Analysis~

v" Introduce the Hamiltonian through a Legendre transformation :
Hr = @'0p0" + @0y + N0y — L1=Hy + Hr + Ho—r + Hrn

VQ
Hy =o' (—27%) ¢
_ 1 a2 | 1 a2 | 1 a\2
He = 5 (I1°)7 + 5 (V) +§m§(w )
Hprn = ;{ [1 +coptp(1+ - )]_l — 1}(1'[“)2 + qud){; {c,,; (Vr)? + cpym? (?Ta)g} + - }

v' Feynman rule

s e T mm m e em e e em e En Em e Em e e e e ~
w. = _______ =
| M ns P w2 + Eg | 3 X 11 o+ 5 X :
I Wn, P E2 ) t :7 I o ~ 4 8
I BE{ H(wn p) = 2 £ 267"7 (%] ®/
I wy + By = —0%co =G (k,i%m) ~ G (K, i)
Wn, P i ,J — -
I A?T—H ((..d _ _ _ Wn ij \ ’ ’
M n P) = o - A PR Ak . T N 1
| By PINGAR o 5 (e ki cm?) | i %\Oﬂf} N '
11 I
w'.'l,p —_ ~ -
'\ R (wnp) = e = 6 " - @
wy + »

zé}{}j(k.mm) gélf\r/["(k,mm)
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v The imaginary part of the potential

A’k d°q  iktrq)r 2 21" 1
Vim(r) = =37 / o / e {C()Ek + [ei (k- q) —cmmﬂ]} E—inB(Ek)[l + n(Ex) | 0(By - Ey)

where
E,% =K%+ m?r
r [fm] 1
ng(Ey) = FE 1

Co = —2.55 GOV_3
¢; = —5.00 GeV~?
¢y = —6.58 GeV 2
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v" Behavior the imaginary part of the potential at long distance

[Aa] (D"1a

r~2 behavior at long distance
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~Conclusion~

- ~Summary~

N

v" The potential between heavy quarkonia in a thermal pion gas has an imaginary part

due to interactions with thermal pions.

v The imaginary part of the potential is found to show 2 behavior at long distance.
\

- ~ Future work ~
v" Analysis of the real part of the potential.

v" Applications to exotic states of hadrons such as mesonic molecule states.

v" Analysis of other models like those including nucleons.
\

Thank you for your attention.
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