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Hadron physics
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the broken "‘eightfold way" , we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-
namical "bootstrap' model for all the strongly in-
teracting particles within which one may try to de-
rive isotopic spin and strangeness conservation and
broken eightfold symmetry from self-consistency
alone 4). of course, with only strong interactions,
the orientation of the asymmetry in the unitary
space cannot be specified; one hopes that in some
way the selection of specific components of the F-
spin by electromagnetism and the weak interactions
determines the choice of isotopic spin and hyper-
charge directions.

ﬁ we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of

ber ny - ng would be zero for all known baryons and
mesons. The most interesting example of such a
model is one in which the triplet has spin 3 and

z = -1, so that the four particles d-, s, u® and b®
exhibit a parallel with the leptons.

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin 3, z = -3, and baryon number 3.
We then refer to the members u3, d-3, and s-3 of

anti-triplet as anti-quarks q. Baryons can now be
constructed from quarks by using the combinations
(@qq), (@aqqq), etc., while mesons are made out
of (qd), (qaqq), etc. It is assuming that the lowest
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AN SU, MODEL FOR STRONG INTERACTION SYMMETRY AND ITS BREAKING
-
Xy )

G. Zweig

CERNw~--Geneva

Hadronic molecule *)

Version I is CERN preprint 8182/TH.401, Jan. 17, 1964.

6
) In general, we would expect that Jaryons are built not only from the product

of three aces, AAA, but also from IAAAA, KKAAAAA. etc,, where I

denotes an anti-ace, Similarly, mesons could be formed from AN, AAAA

etc. For the low mass mesons and baryons we will assume the simplest

possibilities, AA and AMA, that is, "deuces and treys",




GI quark model

The relativized quark model:
H=Hy+V

Hy = y/m? + p% + \/m$ + p?

V= Geff(T‘) + Seff(’r')

Hy) = Mth,) == Mass & wave tunction

Mesons in a Relativized Quark Model with Chromodynamics

S. Godfrey (Toronto U.), Nathan Isgur (Toronto U.) (1985)
Published in: Phys.Rev.D 32 (1985) 189-231
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Charmonium state in the GI quark model
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X(3872)

Experiment Mass [MeV] Width [MeV]
Belle [63] | 3872+0.6+0.5 <23 Observation of a narrow charmonium-like state in exclusive B* — K=n "1~ J /1 decays
Belle [75] - - Belle Collaboration « S.K. Choi (Gyeongsang Natl. U.) et al. (Sep, 2003)
Belle [76] | 3875.4 +0.71)7 + 0.9 — Published in: Phys.Rev.Lett. 91 (2003) 262001 « e-Print: hep-ex/0309032 [hep-ex]
Belle [77] | 3871.46 + 0.37 + 0.07 - ‘ _ o
pdf @ links @ DOl [S cite 3) 2,295 citations
Belle [78] 38729155 o g
Belle [79] - -
Belle [80] | 3871.84 +0.27 +0.19 212
CDF [67] 38713 +0.7 + 0.4 -
CDF [81] . _ 5
2.
CDF [82] - - @>
CDF[83] | 3871.61+0.16 +0.19 - T
D@ [68] 3871.8 +3.1 +3.0 -
BaBar [84] 3873.4 + 1.4 -
BaBar [85] | 3871.3+0.6+0.1 <41
3868.6 +1.2+0.2 -
0o *( *x0 1 0
BaBar [86] : - Closeto DD /D™D thresholds
BaBar [87] 3875.1731 £ 0.5 3.0119+£0.9
BaBar [88] | 3871.4+0.6+0.1 <33 om = mDOH*O — Mx(3872)
3868.7 + 1.5+ 0.4 =
BaBar [89] - - = 0.00 £+ 0.18 MeV PDG 22
BaBar [90] 3873.0*18 + 1.3 -
LHCb [91] | 3871.95 + 0.48 +0.12 =
LHCb [70] - _
LHCb [92] = . X(3872)_ 3.2 81.4
|
CMS [73] - - DO DO+ D+D—* Energy (MeV)
BESINI [93] | 3871.9+0.7+0.2 <24

Phys. Rept. 639 (2016) 1-121 6



Theoretical interpretation of X(3872)

 The DD " /D*D molecular state.

Swanson, Wong, Guo, Liu,....

Where is the y.;(2P) in quark model?

. . — . I~ * T~
* The mixing of the cc core with DD /D™D component.
Chao, H. Q. Zheng, Yu. S. Kalashnikova, P. G. Ortega...

Close to charmonium y .1 (2P): m=3953.5 MeV
om = mxcl(zp) — mx(3872) = 81.35 MeV

— Complicated coupled-channel effect: cc & DD ) /D*D

Phys. Rev. D 32, 189 (1985)



Coupled-channel effect

* Coupled-channel effect due to hadron loop could cause sizable mass shift on
the state in quark model.

e In the T-matrix, the

V(kp, G; E)T(d,kpe; E)

E—\/m%+q2—\/m12)*+q2+ie

g(kp)g (k)
E — mB

0% v 31
bare state core -> channel : B _< channel -> channel : X
a9 Qo B2

.

V(kp kps E) = + v(kp+, kp+)




Coupled-channel framework Ug%c v

2

Y 1 ;’3 1
bare state core -> channel: B { channel -> channel :
9 2 G
Z.Yang,G.J. Wang, J.J. Wu, M. Oka, S.L. Zhu, Phys.Rev.Lett. 128,112001(2022)
9=y / &k { (k) ga 5 (IKl)(B] + h.c.} v=) / kK |a(k)) Ve 5 (IKl, K]) (B(K)
OC,B anB
Quark pair creation model (QPC): Effective Lagrangian: (exchanging p/w)
— — ko2 _
9o B(IE]) = vI, p(|k|)e 22 L= Lppv +Lyvv
\ = ig, Tr(0" P[P, V,\]) + 19, Tr (0" V[V, V1))
P. G. Ortega, et al, truncate the hard vertices
Phys. Rev. D 94, 074037 (2016) given by usual QPC




How to determine the component 1n the X(3872): from T,

o 10— | S
~ [ BW i LHCb > 2 | 1
g 605— 9fp-1 %%‘E" + I
= 50f " i S
2 ¢ i =10
Sof | ot
30 :_ i |£] g?;ti DODOrrt 87 Mmpopor+  [GeV/c?]
- o -
20 ﬁ e y
of Pt i P
ob-tadt s M BT jfﬁH H ﬁ | + ﬂﬁ + Hﬂ f
S | A B
3.87 3.88 3.89 3.9
Mpopos+ |GeV/c?]

¢ Quark content: ccud

¢ Only the D* D coupled channel effect

l C-parity

D*D /DD* interaction

DDOtt channel
Close to D**D? thresholds:

Conventional Breit-Wigner: assumed J© = 1.

5mBW = mTCC — Mp=+po
= —273 + 61 keV

sy = 410 £ 165keV

EPS-HEP conference, lvan Polyakov’s talk,29/07/2021; Nature Physics,22’

Unitarized Breit-Wigner:
Omy = Mg, — Mpw+po
= —361 + 40 keV
[y =47.8 £ 1.9 keV

LHCb, Nature Commun. 13 (2022) 1, 3351

T* 03 1.7
(:c\..= I

D**p°® p*Op+

Energ}j (MeV)
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One-boson-exchange model

DD* DD*

H@ = 2 p P, Q) @p-1)" -1 (Q)+ @, ]11=#
o = —5 Fa" v = Pas] H EC(CHa C ) C :[Pw y# — Pl 75]?
7 ¥ 1+ _ 5 . s S _
A = 1y H@tng = [Priy, 1 Plng] : 4 (@ = H Oy, T/’ [ P@+top pCSQ)T%)]
P (DO,D+,D;_) & P* = (D*O,D*+,D:+) P = (DO’D_,DS_) & P* = (D*O’D*—7D:_)
Lyp@ge =1tgTr [HéQ)w%Aé‘aﬁéQ)] Lya@ g =tgTr [ﬁcgé)%%AZbHé@]
o (@) PR (2) . _
Lvn@pe =10 ?;)[Hb U (Voo —(gz;a) | Lomarma =— BT [B D, (V4 — o) B
AT [H Frv(p)y, H ] o = .
FATY | Hy W o B (p)saHa +iATr Hg@aw,Fgg”(p)HgQ)]

* g = 0.57 1s determined by the strong decays D* — Dm.

* undetermined 1 & .

plw plw

11



The 1nclusive production of the T, “”*;.,‘

pp - D°(pp,)D°(pp, )t (pr)X, X denotes all the other produced particles

X

The amplitude of the process

1

Mypspx = Ay e {910 = gz [ €'90-Grulao)Golp, + o, + pr — a0 YT (a9, + 92)

XG%é (pD2 +p7r)(gp7r,ﬁ) + (le — pDz)’

The 1so-vector and iso-scalar assignment for the <A with the production amplitudes
satisfying

7 _ 7
pp—DtDO*X i‘ﬂpp—wop*w

» We can only find a satisfactory fit to the experimental data only in the 1so-scalar case. 19



T-matrix

The T-matrix can be solved from the Lippmann-Schwinger equation

V(kp,G; E)T(d,kpe; E)

E—\/mlz)+q2—\/mlz)*+q2+ie

The effective potential 1s obtained with light-meson exchange potentials

AZ 2 AZ 2
V=V, +V:, +V¥ ( ) < )
( n p/w p/w) A2 _|_p]% A2 +pl2

with

P ) (G R Dk O
p/w — gy qz — mg/w )
.l.
Vt :Bzg% (E/‘l €y
p/w 2 _ an2

13



Fitting result

A =0.8GeV, y?/dof =0.76 Without resolution function
40 —————————————— : 40 ———— | — | ..
e Ft | | = Fit '
=L | . 35fF — = Moo+ mp | i
_ mp+ + Mmp ' : Mp+ + mp | 5
—~ 30F ¥ LHCDb ' { 30} # LHCb | _-
> ' l : | ;
- 25 | I b | :
o il o 23F T— | ;
Q | o - :
N 2k | 1 N | _-
= | = 20p T ;
S 15} l 19 1 i :
=, i | 1 o5 } : 1
Z 10} 1 Z 10f + )
5t I st .+. ++ :
O : A A A 1 A A A A 1 1 A A A A i A A O H -+-.+ - . ) | l ) ) ) ) . ) ) )
3.873 3.874 3.875 3.876 3.877 3873 3.874 3.875 3 876 3877

Mpepon+ [GeV] - Mpopoy+ [GeV]
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Fitting result

A =0.8GeV, y?/dof =0.76 A = 1.0 GeV, y?/dof =0.76
M0 s ot oyl — ’ . 80 e e
— Ft | — Fit |
| e i 35 {—"= mor +mo- :
S 0f 4 i : 2} + $0C~b+mo= |
L st ' E f :
S | : = 25} |
% o | 8 20} !
2 35t ' 3 | !
" ' ul :
Z 10} 2 105 _
5 :
S
%73 3874 3.875 3876  3.877 0' ‘‘‘‘ il
Mpopon+ [GeV] 3.873 3.874 3.875 3.876 3.877
Mmpepon+ [GeV]
A =1.2GeV, y?/dof =0.78
40 —— — s :
mp-+ +Mmp
S 0+ i : _ 0.8 GeV 0.890 + 0.20 0.810 + 0.11
< 5} | .‘ 1 GeV 0.683 + 0.025  0.687 + 0.017
S 50} | 1.2 GeV 0.587 £0.027  0.550 + 0.027
é 15} : 1.17 GeV [1] 0.56 0.9
3. |
10}
. : [1] Cheng, et al. Phys. Rev. D 106,016012 (2022).
%873 3874 3.875 3876  3.877

Mp°pn+ [GeV] 15



Complex scaling method

The radius and momentum will rotate with an angle 6:

r— rew, q— qe‘w
2
q- _»; i —i
Hy®y = EQ(I)Q, H,= H(ry, qp) =Ze 2i0 4 V(re g,qe 9)
Im(E)

.

S.Aoyama et al. PTP. 116, 1 (2006).
T. Myo et al. PPNP. 79, 1 (2014)
N. Moiseyev, Physics reports 302, 212 (1998)

Bound states

Continuum states

With the varying 6:
* the scattering states will rotate with 26

* while the bound and resonant states will stay stable

16



Results with A = 0.8 GeV

* Only one pole appears—bound states

mr,.=3874.7 MeV, AE = —387.7 keV
[y, = 67.3 keV

+ J(r2) =48 fm .

. 70.1% D**D° 30% D*D*" 4mmp 7°-3%:
’ t ’ 4.2% DD*(I = 1) =1 =

(D*+DO . D*0D+)

(DD D Dib)

Q= Sl

Mass differences of D**D% and DT D*°

0.5 0 1
-== DD
— DD -
_2-
& >
T %J -3
g =
S W —4-
> =t
> 0 —5 -
&~ =
_— e ~ . \Q
= --=- D°D"*,0=15 ‘o
— DD+, 8=15" )
N\
74 --- D°D**,0=25" .
. —— D"D*,0=25"
50 60 _8 T T T T T T
-1 0 1 2 | 4 5 6 17

Real(E) [MeV]



Results with three A

A (GeV)| BE (keV) T (keV) +/r2) I=0 I=1 P{D°D*Y) P(D*D*) e
0.8 -387.7 67.3 48fm  95.8%  4.2% 70.0% 30.0% —1.063 + 0.0017
1.0 -393.0 70.4 A7fm  95.8%  4.2% 70.0% 30.0% —1.055 + 0.0011
1.2 -391.6 72.7 A7fm  95.7%  4.3% 70.3% 29.7% —1.052 + 0.0011

* The conclusion remains the same using the three different cutoff values.

* The binding energy of the bound state is around AE~ — 390keV, which is consistent

with that of the measurement (AEexp = —360(40)keV). LHCb, Nature Commun. 13 (2022) 1, 3351

18



Direct application to DD*: X(3872)

« Without the cc core, there are no bound states.

Imag.(E) [MeV]

-10 -5 0 5 10 15 200 -5 0 5 10 15 20 s c S 10 15 20
Real(E) [MeV] Real(E) [MeV] Real(E) [MeV]

DD* interaction is attractive but not

Inclusion of cc core
strong enough to form a bound state. = /

19



X(3872): DD* + c¢

e The DD* system with quantum number [(JF¢) = 0(1*") can couple with the y.; (2P).
* The coupled channel effect between them can be described by the quark-pair-creation

model:

)

) = VIDD*,CC"(|EDD*

gDﬁ*,cE(ll_()Dﬁ*

where ED 5+ is the relative momentum in the DD* channel.

Ip 5*,CC(|I_€D D ) 1s the overlap of the meson wave functions <« GI quark model

e v is determined to reproduce the 1 (3770):

Yy = 4.69
* The the X(3872) can be obtained:
X(3872)I BE (keV) I' (keV) (r2) I= ‘o_ I _ 1 P(DOD;“O) P(D+D;*‘) P(éa)
-80.4 32.5 11.2 bm 71.9% 28.1% 94.0% 4.8% 1.2%

20



Direct application to DD* : X(3872)

Wave functions of Tcc and X(3872)

 Long tails for the radius distribution.

« X(3872) has a even longer tails than T,

v r <2 fm, c¢ + DD* are important.

v r < 0.5 fm, cC core dominates.

v DD* plays the dominant role in the long-
distance region, which contributes to /{r?).

-0.2 - —— D90 X(3872)
—— D+D*_
—0.4 - = ¥c1(2P)
0 10 20 30 40
r[fm]

21



Direct application to DD*: Candidate for X(3940)?

* Besides the X(3872), we also find a signal of the resonant state y.;(2P) with

M = 39579MeV, I' = 16.7MeV,

which might be related to the X(3940) observed in the DD* channel.

0
== DD 4¢c.c,06=15"
D-D'* +c.c 8=15° X(3940) MASS 3942 + 9 Mev
50~*0 _ oo
=21 -=- D07 +c.c,6=25 X(3940) WIDTH 37727 Mev
—— D D"t +c.c,06=25"
_ 3 X(3940) Decay Modes
> 414 0.0 .
S e . Mode Fraction (T; /T)
| -] ' *
~ e % Iy DD +cc. seen
= 64 & % %
: : —-0.8f .'q
* %
4 ()
s{ | KX
t —-1.6 %0 o
*' 0.0 0.5 1.0 1.5
—10 T L| T T T T T T T
0 10 20 30 40 50 60 70 80

Real(E) [MeV]
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Compare with the lattice results

Ours: y.1(2P) » M = 3957.9MeV

Haozheng Li et al, arXiv: 2402.14541

mx(MeV) 250(3) 307(2) 362(1) 417(1)
mr(MeV)  3924(5)  3926(6)  3969(4)  3995(4)
T'r(MeV) 63(23) 57(18) 37(13) 57(10)

X ~ 1 and indicates a predominant DD* component. This state may correspond to X (3872). On
the other hand, our results of the finite volume energies also hint at the existence of a 17" resonance
below 4.0 GeV with a width around 60 MeV.

23



Compare with the experimental results

Ours: virtual state with 17~ and M = 3870.2 MeV

COMPASS: X(3872) with M = 3860.0 4 10.4 MeV  cowmpass, PLB783,334

Ours: h.(2P) > M = 3961.3MeV

—-

¥c1(2P) > M = 3957.9MeV

LHCDb, arXiv:2406.03156

This work Known states [I6 cc prediction ﬂ34:
1.(3945) T =l X (3940) ﬂg] 10 JEC =71 n:(38) JFC =0t
mo = 39458137 T =130+31+100 | mo=23942+9 Dy=—31 2L mo = 4064 Ty = 80
h(4000) JPC = 1+~ T.z(4020)° [35 JFC =7"- ho(2P) JPC =17
mp =4000115 72 To=184102 12 |lmg=4025.5120 +3.1 Ty =23.0+ 6.0+ 1.0{mo = 3956 Ty =87
Xe1(4010) T it WAl2P] J5¢ =17
=012 5 50 e Ty =627 110, mo = 3953 Ty = 165

24



Summary and discussion

PRD110, 074007(2024)

Thp

c—ob

+/ /Y1, nep

T.. Wemsssm) D D*_  DD* interaction mmeeesssmmmm) Z:(3900)

arXiv 2409.10865
+ccC

X(3872) wmmmmmmmm) X (3872) decay, soon...

Sci.Bull. 69,3036(2024)

> T, is used to fix the DD* interactions in X (3872).

» Short-range interactions and structures of X(3872) should be studied by considering

the cc core.

25



Summary and discussion

PRD110, 074007(2024)

Thp

c—ob

+/ /Y1, nep

T.. Wemsssm) D D*_  DD* interaction mmeeesssmmmm) Z:(3900)

arXiv 2409.10865
+ccC

X(3872) wmmmmmmmm) X (3872) decay, soon...

Sci.Bull. 69,3036(2024)

X(3872) production?

» What important role the c¢ core can play in the production of the X(3872)?

26



Summary and discussion

The probability of the c¢ component in the X(3872) can be obtained from fitting its

production:
do(pp = X(J/yrtn7)) =do(pp = X.y) -k, k = Zee - Bro

— o = (28'44)% C. Meng, H. Han, K.T. Chao, Phys. Rev. D 96, 074014

Thank you !
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