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1. Background Deuteron and Protonium

Bound state?

Antiproton

Deuteron: p-n molecule

» Its mass locates just below the neutron proton threshold.

» It has a sizeable spatial extension.

v" These two features can be used for defining a hadronic J
molecule. Are Mesons Elementary Particles?

E. Ferumr anp C. N. Yanc*
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois
(Received August 24, 1949)

. . . . The hypothesis that m-mesons may be composite particles formed by the association of a nucleon with
[l] Feng -Kun Guo, ChrlStOph Hanhart, Ulf-G. Meilner, Qlan Wang: Qlang an anti-nucleon is discussed. From an extremely crude discussion of the model it appears that such a meson

Z7hao. and Bing -Song 70U Rev.l\/lod.Phys. 90 015004 would have in most respects properties similar to those of the meson of the Yukawa theory.
[2]. B. Q. Ma, arXiv:2406.19180 ?



The pp mass-threshold enhancement in the J /i — ypp
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BES, Phys. Rev. Lett. 91, 022001 (2003) BESIII, Phys. Rev. Lett. 108, 112003 (2012)
» A narrow enhancement was observed » The quantum number: 0~ *
near 2m,, for the first time. » With the inclusion of Julich-FSI effects:
» Using the S-wave fit; M = 1832*2%(stat) *18(syst) + 19 MeV
M = 185913, (stat)*3: (syst) MeV [ < 76 MeV
[ <30 MeV

The pp bound state?




:ELLCICITI Y Scarching pp mass-threshold enhancement 1n various processes

J/Y - ypp

]/ - n°pp
J/Y = wpp
J/W = npp
Y(2S) - Xpp
X =vy,7%n)

ee™ —pp

B - Xpp
(X =n"K K, D™)

(1859,<30)[1];
(1861,<38)[2]; X(1835)
(1837, 0)[3]; superposition

(1832,<76)[5];
(1831,<153)[6]

No similar structure [1,5]
No similar structure [7,8]

No similar structure [9]
No similar structure [3]

near-threshold enhancement is
observed [10]

near-threshold enhancement is
observed [11-17]

of two states?

v wia 01ev) |

0™ " [4]
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Observation of a structure at 1.84 GeV in J /Y = y3(n n ™)
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> A structure at 1.84 GeV is observed in the 3(m* 7 ™)

mass spectrum in J /i — y3(n ™) with a statistical
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significance of 7.6 .

» Modified Breit-Wigner function:
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BESIII, Phys. Rev. D 88, 091502(R) (2013)

o

X(1840)



The observation of X(1880) in the process of J /Y = y3(m n ™)

voaa (b) Model-I: one resonant structure (y?/ Nd0f2:3 17.9/44):.
20000 | = X(1840)+X(1880) 1
© T x(1880] A= ~ 3
> | - interference term M —s— lzj gjPj
()] i = total background
= : =**non-resonant 5 threshold
= 10000 |y -on () > pp thresho Model-II: two resonant structures (y?/Ngor=155.6/41):
= N | )
P | 1 g
2 : . A= —s—mrn P —s—nn|
ol S erETE T ..--..fl ‘ e L
o S B s Ganent R EERPRE & o =>X(1880)
2 PC -+ -+
0&* * I ‘{*? { 1*1}1TTT{1*}TT *{% }I ] L 4
SF (it {f% IR S AR } t I
of gl b fi ________________________ Moo Mass (MeV) 1832.5+3.1+25 18821+ 1.7 40.7
41 P R P R R
16 17 1.8 1.9 2 Width (MeV)  80.7 5.2 + 7.7 30.7 + 5.5 + 2.4
M(6r) (GeV/c?)

BESIII, Phys. Rev. Lett. 132, 151901 (2024)

This result further supports the

A simple resonant structure (Breit-Wigner) fails to . —
g ( gnen) existence of a pp bound state.

describe the M (61) spectrum (y?/Ngos=399.0/45).
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1. Background Theoretical works
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Although a great effort has been put forward, the
properties of the resonances in the mass region of
[1.8,1.9] GeV is still remain controversial.
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Can we describe J /Y — ypp and J /Y - y3(m* ™) simultaneously ?

I/

J
3(rtm7)

(a) (b)

® The NN and 3(r*7 ™) channels are considered dynamically and non-

dynamically, respectively.

® We would not include the contribution of resonances but focus on the
rescattering effect of the dynamic NN channel.

® Whether the dynamic generated states in the NN channel can describe the

experimental data.



m The NN interaction and the transition matrix TNNSNN

The leading and next-leading order NN contact
interactions in the chiral effective field theory:

0
LEVI)VZCS-I_CTal'O-Z’

Lg\}zl)v == Clqz + C2k2 + (C3q2 + C4k2 )0-1 . 0'2

#2001 +02) - (g X 1)+ Colq - 01)(q - 02)

+C,;(k-0,)(k-0a,).

1
I =1,1; =0) =—
’ V2

1
[ =0,I;=0)=—
| 3 ) \/E

The isospin basis and the particle basis:

(Ipp) + Inm))

(Ipp) — |nn))

The partial wave interaction: N N
L(*Sy) = Coq + Coz(p* + ")
L(3Sy) = Ci1 + Cl,(p* + ')
The NN interaction in the isospin basis N
Vig = Cn + Cra(p? + P?),1= 0,1

C;1: complex number to take into account the

=

Contact term

annihilation contribution

1
I=1 1=0
Vop-pp = Vniiona = 2 (V150 +V150

—

1 I=1 =0
Vpﬁ<—>nﬁ — E (VlSO +V150

The transition matrix of NN — NN is obtained with the LS equation:

!/ / dgp,, 144 144 144 !/
TnNoNN (@ D) = Vnnonn (2o p') + jWVNNﬁNN(p»p )G (E,p" ) Tnyrnonn(@", )

[1]. X. W. Kang, J. Haidenbauer and U. G. Meisner, JHEP 02, 113
[2]. L. Y. Dali, J. Haidenbauer and U. G. Mei3ner, JHEP 07, 078
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luction amplitudes

Y

J/
3(ntmT)

0
A J/p-y3(ntn™) — C]/1P—>V3(7T+n‘)

3(mtmT)

N

ANIV—>3(7T+7T_) = CNN_’)’E'TC

Y The physical decay amplitudes:

Vi _ 2
M poypp = 8T Ep i EyEpEs M) 1y,

M, ya(nn) =

JIb

3(rtm7)

where

= 3217/% [E} 1y E B EsEg M

0
M; sy = Ajpposyni + 2

J/p-3(ntnT)

p 40
a3 Aoy - G Tuiong,

M

L pweys(etae) = 4]

J/-y3(ntn”)

14
f(277,')3 M]/U"’)’NN G* .ANN—>3(7T+T[_)'

(- [1]. Q. H. Yang, D. Guo and L. Y. Dai, Phys. Rev. D 107, 034030
(mm™) [2]. L. Y. Dai, J. Haidenbauer and U. G. Mei@ner, Phys. Rev. D 98, 014005
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m The fitting functions

_ _ ar'j/p-ypp
1. Data 2003: Events(m,;) = facl X — =,

Mpp

, _ dl'yp-ypp
2. Data 2012: Events(mm;) = fac2 X Tamy /
ar®e

ar,.. .4 _ Ryl
3. Data 2024: Events(mg,) = fac3 x 3@ ) 4 Jovs@w)

Background for the J /¥ - y3(ntn™):
b9; jpsy3(ntn) = @+ bQ + cQ?.

Phase space: dd; = dd,:

]/

Y

P2, My

}(n LN

}(nﬂr‘)
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pP3, M3

P4, My
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The fitting results

800, (b) e ' ' m
150}, - - - Fit1 1 :: ®) - - Fit1 15000t (©) "
: —— Fit 2 | ——Fit2 === Fit1 I
: — Error Band . I 1Error Band s Fit 2 I
600-I 3 = = = background 1
I $ BES 2003 § BESIIl2012 background 2
@ 100/ ! ] » ¢ 10000 g
e h E E ——1Error Band
w M > 400 S $BESII 2024
E il C w
50 ! 5000r
dU
| 200t
|
: . . . . . . . . O _: . . I . =
190 195 500 505 1.90 1N-I95_ . 2.00 2.05 1.75 1.80 1.85 1.90 1.95
M(55)(GeV) (PP)(GeV) M(3(rt* 117))(GeV)

BES, Phys. Rev. Lett. 91, 022001 (2003)

BESIII, Phys. Rev. Lett. 108,

112003 (2012)

BESIII, Phys. Rev. Lett. 132, no.15, 151901 (2024)

Parameters

Solution-I

Solution-IT

Cor (GeV™2) (87.41+0.32) — (6.08 £0.10)i (97.24 + 0.66) — (—6.72 = 0.16)i

Coz (GeV™?) —102.36 +0.21 —109.26 4 0.47
Ci1 (GeV™?) (—33.47 £0.31) + (0.56 £ 0.76)i (153.79 £ 3.98) + (12.56 £ 8.26)i
Ci2 (GeV™H) 57.56 + 16.44 247.88 £2.01
C1pp—smpp (GeVT?) 168.06 + 9.08 —88.22 4 23.26
Ci/psynn (GEVT?) —372.26 £ 8.23 428.47 + 8.39
Crimer (GeV™7/2) —330.66 + 10.63 —111.08 4+ 2.12
Crnoer (GeV™/?) 263.04 +10.75 81.65 + 5.83
facl (107%) 1.42 4 0.10 0.85 + 0.048
fac2 (107*) 7.19 4+ 0.50 4.32 4+ 0.23
fac3 (10~%) 0.71 4 0.04 3.1440.11
a (GeV™')  —258 x 107 £ 1.61 x 10* —2.84 x 107 4 9.47 x 10°
b (GeV™?) 2.54 x 107 £ 8.50 x 10° 2.84 x 10" £1.12 x 10?
c(GeV™®)  —6.17 x 107 £4.38 x 10* —6.96 x 10° 4 2.62 x 10*
x?/d.o.f 2.32(2.24) 2.33(2.31)

» Fitting program: Minuit2
» The two solutions can describe the

experimental data almost equally well.
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m Riemann sheets of Ty

Two channels

RS-I: Imk; >0,Imk, >0, . )
K19 =
RS-1l: Imk; <0,Imk, >0, ky = 2 (a) + w)
. ,ll26 1
RS-1II: Im ey < 0,Im k, < O, k, = T(‘“ ‘Z)

RS-IV: Im k1 > 0, Im kz < 0.

o0=thr; — thr, =2.89 MeV

® Bound state: pole below threshold on real axis of the first
Riemann sheet of complex energy plane

® Virtual state: pole below threshold on real axis of the
second Riemann sheet

® Resonance: pole in the complex plane on the second

Riemann sheet

[1]. M. Kato, Annals Phys. 31, 130

Im w 4
thry physical region
71
7
IIOWa {+' +} / Iupa {+r +}
I/ Myp, {—+} | Wiows {—+}
! >
\—1 0 1, \ Re w
\ Miows () | Wyp {43/ 172
\ /
N /
N _ 1 Ve
Myp, {— =} S - Mow, {— —}
w plane

[2]. V. Baru, E. Epelbaum, A. A. Filin, C. Hanhart, A. V. Nefediev and Q. Wang, Phys. Rev. D 99, 094013
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m The pole positions and effective couplings

I T O R A TR

1851.901392 1866.0712231

ol BV — 80.497168; + 86.34%855
(Gppr Gr)(GEV1/2) (1.61,1.64) (3.42,2.22)
(91, 9o) (GeV~1/2) (0.017,2.37) 35,056
(Gpp> Gnir) (GeV~1/2) (1.85,1.88) (2.82,1.80)
(91, 9o) (GeV~1/2) (0.013,2.89) (2.68,1.99)

» Similar results

1875.4672061
+87.2013:3,i

(2.16,3.42)
(3.31,2.32)

1855.231832
+62.01+892;

(1.76,2.82)
(2.67,1.98)

1868.34118¢
—0.82+117i

(0.98,0.94)
(1.35,0.032)

1868.921113
—2.58%179;

(0.94,0.90)
(1.30,0.033)

2m,=1876.54 MeV

» All the poles positions are below the lowest threshold. Since the LECs Cy; and

(14 are set to be complex numbers.

» Only the pole on the physical sheet strongly couples to isospin singlet.



Ty5-pp Oon the complex energy plane

/ The upper half plane of the physical sheet

-> The physical range of the energy

T,..,.:\V‘,.;..\.;,‘¥, “

‘‘‘‘‘ : 7010
1.90 . P

ReE (GeV) 1927~

The lower half plane of the third sheet

1047 e 70

The pole position (1868.34 — 0.82i MeV)

The imaginary parts Ty, 5,5

» We can clearly see how the pole on the third sheet

results in the enhancement near NN threshold.

L e e T > Blow and far from the thry. only the pole on the first

180 o e D00 R.S. has significant affects on the line shape.
ReE (Gev) 192 . = _720.05 ImE (GeV)

1,94 S, 27 o

The real parts of Ty, 5,5 16



m Poles trajectories on the complex energy plane

(@) | | | | 1 By ® The poles trajectories on the complex
Of |
' R.S. 1 %0 : .
c o ///////ﬂ( energy plane with the variation of Im
=3 2 Copand Im C;; from the fitted values
o o 80
£~ g to zero in Solution-I.
£ E 75}
-60; ol ® For Solution-II, the behaviors are
_g80| IR o5l similar to those of Solution-I.

1842 1844 1846 1848 1850  1.852
Re Pole (GeV)

0.05_ R R R R R R R R R R

I
e
—
o

» The pole on the first R.S. can be
treated as a bound state.
» The pole one the third R.S. can be

Im Pole (MeV)
o
w
(S,

|
o
[$)]
(3]

treated as a virtual state.

188 1 90 19 194 196 1.8683  1.86831 186832 1.86833 1.86834 » The other two poles are resonance.
ole ( GeV) Re Pole (GeV)

thr,=1879.13 MeV
thr,=1876.54 MeV

I

e
~
ol
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m The pole structures of the X(1840) and the X(1880)

15000+

EVENTS

5000+

| $BESIII 2024

background 2

M(3(rt* 77))(GeV)

1851.90F39%2 — 80.497

_ 1868.
+— On the third R. S. of Ty 5 (virtual state)

[ === Fit1
= == background 1 .
10000¢

- 1 Error Band 800+

EVENTS
N
o
o

1.68 ;
1.631

On the first R. S. of Ty 5 (bound state)

+1.66 +1.17;
34 p;55 — 0.82Z117411

600+

200¢

=== Fit 1
Fit 2
1 Error Band

; ¢ BESIII 2012

1.90 1.95 2.00
M(pp)(GeV)

2.05
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m The scattering length, effective range and compositeness

Effective-Range-Expansion:

Compositeness: X =
21T 2 j 1+2
=

scattering length: a, = 27”T(k)|k_,0,

m

1 1
T-1(k) = — a [_a + =1ok? — ik + 0(k4)]
0

. 21
effective range: ry = —— Re [ : ,
H aE Solution-I -2.30  1.70  -65.46-31.94i 0.98
correction from isospin breaking effect: Solution-TI  1.50  5.50  -56.52-27.16i  0.91
, 1
=1+ |=—— . _ ;
2 1A There exists pp dynamical generated states.

[1]. V. Baru, X. K. Dong, M. L. Du, A. Filin, F. K. Guo,C. Hanhart, A. Nefediev, J. Nieves and Q. Wang, Phys. Lett. B 833,137290
[2]. M. L. Du, V. Baru, X. K. Dong, A. Filin, F. K. Guo, C. Hanhart, A. Nefediev, J. Nieves and Q. Wang, Phys. Rev. D 105, 014024 19



m The predicted nn line shapes for the two solutions

Events

150}
100} 1

50}

- == Fit 1
Fit 2
Error Band 7

190

195
M, - (GeV)

200

205

EVENTS

150}

-
o
o

S0¢

- == Fit1
Fit 2
Error Band

¢ BES 2003

1.90

1.95
M(pp)(GeV)

2.00

» We can see a clear threshold enhancement in the nn channel, but not

as significant as that in the pp channel.

» This result can be used to compare with the measurement of the

future experiment.

20

2.05



» The pp threshold enhancement are both observed in J /Y = ypp
and J /Y - y3(ntn).

> By constructing the NN interaction respecting chiral symmetry, we
extract the pole positions by fitting the experimental data.

» There exists pp dynamical generated states:
* RS-I: m = 1852 MeV, I' = 160 MeV (bound state)
* RS-III: m = 1868 MeV, I' =2 MeV (virtual state)

» We can see a clear threshold enhancement in the nn channel.

24,
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