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Exotic hadron X(3872)

B There is no restriction by QCD which prohibits the mixing with each d.o.f

» States with same quantum numbers mix by definition

W Structure of X(3872) [A. Hosaka, T. lijima, K. Miyabayashi, Y. Sakai, and S. Yasui, PTEP 2016 (2016)]

» Mixing with and hadron degrees of freedom
» Not enough experimental data and lattice QCD results

» How about a channel coupling between
and hadron degrees of freedom like X(3872)7?
» Revealing the internal structure of exotic
hadrons by compositeness
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https://inspirehep.net/literature/1436498

Channel coupling

v Formulation according to Feshbach method [H. Feshbach, Ann. Phys. 5. 357 (1958); ibid., 19, 287 (1962)]

mHamiltonian H with channel between quark potential V¢ and
hadron V" T4, T":Kinetic energy

H = (Tq 4 ) + (Vq Vt) A:Threshold energy
~\0 Th+A vt yh |

Vt:Transition potential

« Schrodinger equation with wave functions of quark and hadron channels | g), | h)
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https://inspirehep.net/literature/33542
https://inspirehep.net/literature/3901

Formulation of X(3872)

===) ¢ Quark channel : cc

- Pty (B

msmp € Hadron channel : D° D*°

(ry | V' | r,) v Separable
v' Yukawa

VDD

£ (r,r',E) = [w(E) +w"[V(r)V(r')

/
e KT e HT

p u: cut-off

= w(E)
,r
Jo(B): coupling constant
» Determine to reproduce mass of X(3872)

63(B) = (B + Fo) - (~1/G(E = —B) + ")

G(E) is a loop function
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Formulation: Compositeness

mBound state wave function is normaé%ized as: e rec st T
14 / dr dr Wy (') (5(r — ') = =V (1,77, ) Up(r)
mDefinition of compositeness 1=X;+7; =X+ 2>

/ a /
Xi= [arlUo p()? 2= [drdr' V() 2V (e’ B)Ys()

9(2) K ]_1 X, from L-S e.q.
(B + Eo)? p(p + k)

sinlkr + 6(k)| —sind(k)e#"
kr

gorp(k + p)?

X1 =11
1 = [ 8mm2(gs + (E — Eg)wh)?

Tt =Xy =[142n

* Scattering wave function ¥° 7 (r) =

pldmrmw(E) +p°] | 1 247 > 1
kcotd(k) = — — |1 — k< — k
) 8rmw(F) i 24 drmw(E) 8rmw(F)
— KT — T
- Bound state wave function y? ep,‘;:m(r) =N, (— ok as )
r r N,: normalization constan
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Parameters

E ’
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Result : £, dependence

Ey - 0.0078 [GeV] (xc1(2P))  E, = B limit quark model
B 4 x 1075 [GeV] 4 x 1075 [GeV] 1 1
0.14 [GeV] 0.14 [GeV] X v.s. Eq
ol 0 [dim’less] 0 [dim’less] 1.0 . . "]
— 0.8
> > A ;.-
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" B0 jncrease X ncrease 2964
—Reason: -
Q
B Self energy increases as quark channel §0.4—
energy E, is far from the bare mass X 0.2
~-Memao: | 0.0 T | | | |
v'Changes are huge in X(3872) 0.00  0.02 ?,04 ] 0.06  0.08
Eo [GeV
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Result : »" dependence

Physical observable Fixed quantity Typical value

lwh(attractive)A iy x A

m o"(repulsive) A P X v

0.0078 [GeV] (xc1(2P))

4 x 107> [GeV]
0.14 [GeV]

Strength
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4x107°[GeV]
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local approximation of V. (r,r’. )

Energy
independent

W To visualize the effective potential, we need to,
h / h
VGH(T,T 7E) E> Veff(rkai,kj,'“

BSchrodinger equation with non-local potential atn + 1 points of k; (i = 0,1, -+ @
—QLV%/);%(T) iy [dBT' Vn(T,T’,E)I/)k@- ('r') — Ekﬂ% (,,,) order of derivative
m

@ Obtain wavefunctionsx, () Unknown: ¢ (r)
@

m\Wave functions ¥, (T) satisfy the Schrodinger equation with local potentials

(_LVZ 4+ Vn(’r, V)) @bk@ ('r) — Ek%wkz (’T‘), Unknown: Vn(ra V)

2m
_ _ _ HAL QCD method .
» Obtain local potential V,,(r, V) by solving above equation for the potential inversely

[S.Aoki and K.Yazaki, PTEP 2022, no.3, 033B04 (2022)]



https://inspirehep.net/literature/1922902

Result: Bound state wavefunctions

BHAL potentials: Energy independent potential so that ye*act < yHAL

1= /dr dr’ U, (r")(0(r — 'r')[— %V(T,T,,E)])\IJE(T)- X = /d’r\\I’E=—B(7‘)|2
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Result: Compare §¢*?‘! and §74*

my" dependences of X and § / Case: exact A=
. X v.s. w" Xpar =1
Ore ‘ T - M O6(K)HaL Vs k
— 0.8 3"
a \\» k [GeV -
“qc_.z 0 6 — — [ e ] 6exact(amh — _0-50000)
c 0.6 : : =ol 52t (@, = 0.00000)
.g RGpUIS'Ve Attractive E 2 — 5 (q_» = 0.50000)
) B 644 (@, = — 0.50000)
£0.41 =2 s 6HAL (@ = 0.00000)
= e 6HAL(a,» = 0.50000)
> _
0.2 e  mu=0.14[GeV]
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w/[wI(E = 0) + (0" = 0)] [dim’less]

msexect gnd §H4L are not so different especially for low energy region
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Result: Compare §¢*%‘! and §74"

1.

I£<[dim’less] v.S. Eq

mE, dependences of X and 6

Xpar =1

o o o
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Eo [geV]

) Case:exactX <1

O6(K)naL vs k

0.05 0.10

k [GeV]

solid : exact
dotted: HAL

6t (Ey =0.07831)
6exat(E; = 0.00078)
6¥Y(Ey = 0.00016)

_____ 6HAL(Eo = 0.07831)
_____ 5HAL(Eo = 0.00078)
_____ 6HAL(E, = 0.00016)

mseract gnd 674 are different even for low energy region
»X = 1 for universality from small B, but E, fine-tuned to be X « 1

»HAL potentials dislike of odd parameters
* Tbuki. Terashima (Tokyo Metropolitan University) “EAWEH 2024@Nanjing, On Dec. 10% 7
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Summary

- SR AL

®Channel coupling between c¢c and DD* in X(3872) R Ll

H B TCE ) 0 Vcé ‘_/t IEO:' _______ Q:Ri---
“\o 70p4A) T vt yDD = Db | i

¢ Effective potential with explicitv?andv®* 77 ) /;,';';"(ﬂo)

VR P(r v E) = (WI(E) +w"(E)|V(r)V(r) - 2 L
. . . wq=Ef°E [ " eR ]
¢ Compositeness X in analytical form - +§ |
goru(k + )’ 1 9 K ~1 i °>< E
i [HSWmQ (E — Ep)w")? ol =1 +27T(B+Eo) ? p(p + )] Q L J

OParameter doependences for comp05|teness

6(k) k 1.0 Xldim'less] v.s. Eq

E, (quark channel energy) Positive (large) g :
w!,,. (attractive hadron-ch. potential) Positive (small) <) ;
w{p. (repulsive hadron-ch. potential) Negative (small) b wos_oio e o %5 gz o3 s

kGeV] Eo [geV]

®Compare 6(k) from the non-local exact potential and from the local HAL potential
> 614l get disclosed from §74% in the specialized parameters
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