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Introduction: 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

[1 : Molecule ]< Compositeness > 0 : Elementary
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Formulation: 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 vh |

Vt:Transition potential

« Schrodinger equation with wave functions of quark and hadron channels | g), | h)
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Formulation: X(38

72)

===) ¢ Quark channel : cc
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g (r,7’' E) = [wi(E) +wh]V('P)V('r')
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p u: cut-off

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

95(B) = (B + Eo) - (-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
1 = /dr dr’' UL (r")(6(r —r") — a—EV('r,r',E))\IIE(r)

mDefinition of compositeness 1=X+27
X= [arfup pr)?  Z=- [drdr' Vi) gL Vin e E)Pa(r)

0
OF

X=[1+

gg&”(ﬁ - H’)g ]—1
8mm?2 (g5 + (E — Eog)w")?

» Phase shift § (k)

pldmrmw(E) +p°] | 1 247 > 1
kcotd(k) = — — |1 — ke — k
) 8rmw(F) i 21 drmw(E) 8rmw(F)
_d&(k) d kcotd(k)
Qo = —x k0 7o = 4 12 [k—0
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Parameters

E 4

B Parameters in this model

Physical observable Typical value

Ey 78 [MeV] (x¢1(2P))

B 0.04 [MeV]

u 140 [MeV]

w 0 [dim’less]
Vi P(r,v',E) H El’
» Next...

v Vary 1 and fix other 3 parameters
v' Compute X and 6, a,, 1,
v" Apply to other exotics




Result :E, dependence

® Compare with X and scattering observables (phase shift 8, scattering length a,, effective range )
with changing cc bare mass E, and fixing the others (B, u, ")

1.0 =/°~s 3 ”—’—_-——-
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wn —
5 quark model | o == E=7ediMev | T — - )
_%04_ XCl(ZP) "61 . v.0 . .
- p "~ (78.31 1 24 3

0.2 Ao (ahc—»o) e e—.

0( 4—E0 = — B limit
| | \ \ \ \ \ \
0. 0 20 40 60 80 0.00 0.25 050 0.75 1.00 1.25
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» When E, is extremely small (enough to break the low-energy universality)
v'X changes significantly
v'neither the scatter length (slope of k=0) nor the effective range matches
» Scatter length is always positive but effective range changes from negative to positive




Formulation: Application

; . E .
mCalculate compositeness X by changing u and o” [ ’ ] — fix

Parameters

mSet the limits of a, and r, (given by 4 parameters), [ Z ] e
by the respective experimental values and errors

mApply to other exotics (approximation: w/o charged and decay cﬁ.)

___Exotic | System | B[MeV]| Eo[MeV] | __aplfm] | r.lfm

X(3872)[1,2] D° D*® 0.040 78 [5] 28.6 + 5.7 -278<r1,<1
T..(3875)* [3] D° D** 0.36 6.9 [6] 1.3+ 0.5+ 0.1 —0.14+0.3+0.1
D:(2317)* [4] D* K= 45.0 117 [5] 1.1+ 0.5+ 0.2 -0.24+03+0,1
D,,(2460)* [4] D*fK* 44.7 25.8 [5] 7.16 + 0.51 0<r7,<11.9
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Result: Application

o o
o 0o
| |
I
I

mComparing compositeness X
»X(3872) and T,..(3875)" — molecule
>D?,(2317)* — Prefer to molecule

>D¢,(2460)* — Prefer to elementary

X [dimensionless]

o o
N &
| |
I
I

.X(3872) V.S. TCC(3875)+ 0.0 | | | |
X(3872)  T.(3875)* D,(2317)* Ds1(2460)*
»T.. has smaller E, so that X can be smaller Exotic hadron 1

D}, (2317)% v.s. D, (2460)* f
» D¢, has smaller E, so that X can be smaller
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Summary

: _ 4
#®Channel coupling between ¢c and DD* in X(3872) A LS
Tee 0 yee  yt IE ________ DFDT
o ( 0 TDDy A) y (vt VD*D) = R | R
¢ Effective potential with explicit v? and v" o n o
VEP(r ¢ E) = [wi(E) + W (E)]V(r)V(r') e
{' ‘”QZEQ&E \\I {’ wh cR \I
¢ Compositeness X in analytical form N, o ! |
X — [1_|_ 90"3#("3‘|‘H) ] 1 i : +i x !
8rm?(gg + (E — Eo)w")? ! | |
®Parameter dependences for compositeness N ——
»Especially for Ey, changes from O (elementary) to 1 (molecule). ... r
# Application to other exotics
£0.4-
| X(3872) | T.(3875)* | D:(2317)* | Dy (2460)* [NESIE
X [dim’less] 0.96%0:01 1.0015%0 0.621533 0.36133% 0% 20 40 60 80

Eo [MeV]
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change in wave function

1.

X [dimensionless]

©

0.

o

©

o

0 - ;\1
R
8l 1
6 4
quark model
4 Xc1(2P)
4= F, = B limit

0 | \ | | |

0 20.0 40.0 60.0 80.0

EO [MeV]

Result :E dependenc

B Comparison of change in compositeness X and

> Binding energy < Quark model (x.;(2P))

<0.100
>

50.075
O
E 0.050

20.025
=
0.000

v When E, is extremely small (enough to break the low-energy universality),

the compositeness changes significantly

U — \/)—(IU‘G(LH'@ (8_
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i 2
/ The shape of the wave function changes with compositeness x from 27 (¥ = &)
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B Comparison of changes in phase shift 6(k) with :
. ' . )78.31 1 24 3
changes in scattering length a, and effective range r, :
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vWhen E, is extremely small = neither the scatter length (slope of k=0)
nor the effective range matches

v'Scatter length is always positive but effective range changes from
negative to positiveV
12
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