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Zhi-Yu Sun, Report of CNUF (2023).

Epogm =9.3GeV  — /s ~ 4.4 GeV, pp¢ threshold ~2.9 GeV.

Epeam = 25.GeV — /s ~ 7.0 GeV, pp]/y threshold ~ 5.0 GeV.
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Proton-Proton Scattering

Nucleon Excitations

Near threshold experiments of pp — pp®, pp = KA, pp - pKX ......

f qu/a) ~ 8 X Rpz; M. Hartmann et al., PRL 97 (2006)

'@' SS pair excited —

— Internally in nucleon

Introduce N*(1535) in pp — pp¢ to explain the experimental data near threshold.
Ju-Jun Xie et al., PRC 77 (2008).

For J /1 case, cC pair needed.
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Hadronic Molecular States
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LHCb: P, states

R. Aaij et al. (LHCb Collaboration), PRL 115 (2015).
R. Aaij et al. (LHCb Collaboration), PRL 122 (2019).
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In hadronic molecular picture: DX}, D*X. including c¢ pair.
Jia-Jun Wu et al., PRL 105 (2010), Meng-Lin Du et al., PRL 124 (2020).

Analogous cc to sS pair: KX*, K*X. Jun He, PRD 95 (2017). ©

Nucleon excitations naturally contains a pair of ss (N or P.) or cc (P,).

2025/11/30 ¢ and J/ Production in Proton-Proton Scattering, Di Ben 6



Aim

\\\\\\\“. .
2 7
>
n... &

Tsinghua University

Can be observed? — Production cross section
Where to observe? — Distribution of the final state particles
What to observe? — Polarization Observables

For pp — pp¢:
Threshold ~ 2.9 GeV, involving N,z (P;) states.

p \p

Epoam = 9.3 GeV — /s ~ 4.4 GeV — ~1.5 GeV above.

For pp — ppJ /: »

|
|
!
t
|
|
| p
(a) ¢ production

Threshold ~ 5.0 GeV, involving P. states.
Epoam = 25.GeV — /s ~ 7.0 GeV — ~2.0 GeV above.
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(b) J/1 production
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Photoproduction: yp — p¢

TEZE
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(2MpN)?

191 ()
I'"~'N+
RM |:2MN v
g3 (+) v
BNy, | v,
T @My ]

YP — PP : Shu-Ming Wu et al., PRC 108 (2023)
N (P,) states: N*(2080)3/27 and N*(2270)3/2~
Ratios of coupling constants and total width

can be extracted.

97211&)@“]\]

[
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0.1937 = 0.0034

cos@ = -0.8
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N*

Decay Behaviors of Ngz (F;)

Tsinghua University

Ratios of couplings

Total width

Decay Ratios

Determined couplings

C1

2025/11/30

C2

A EP

FS T'(MeV) Ti/T(%)
k k
N(2270) as K*X* molecule —
( ) (JOY| 1/27| 3/27| 5/27|| 1/27| 3/27| 5/2°
KX |[2935] 667 | 2.02 || 11.85 | 1.82 | 2.56
KA |[93.60 | 25.15 | 13.37 || 37.80 | 6.88 | 16.95
K¥*|| 9.90 | 45.67 | 13.42 || 4.00 | 12.50 | 17.02
Widths (MeV)
Mode JF =3/2" JF=1/2" K*2|| 213 | 1432 | 1.74 0.86 | 3.91 | 2.21
N(1875) K&* N(2030) K'Y N(2080) K*%
NU(500) 26 0.05 0.3 K Al 24.68 [194.66| 18.94 997 | 53.26 | 24.01
FS I'(MeV) T, /T(%)
oY - i J¥ /27| 3/27| 5/27|| 1/27| 3/27| 5/2~
K 0.03 1.4 9.1 Sl /2] 3/ / /2] 3/
KA 0.7 3.7 19.3 7N || 16.98 | 2.35 | 1.55 || 6.86 | 0.64 | 1.97
np 0.6 0.4 1.8
WA 201.4 82-6 469 7A || 10.93 | 40.32 | 12.69 || 4.41 | 11.03 | 16.08
F1
44 - 19.2 27.0 nN || 2.51 | 2.24 | 3.10 || 1.01 | 0.61 | 3.93
K A(1520) - 0.1 1.3
K A(1405) . 8.0 8.8
KA 101 o ” WwN || 7.25 | 451 | 1.68 || 293 | 1.23 | 2.13
172 Total 298.2 181.7 216.8

Yong-Hui Lin et al., NPA 980 (2018)

¢ and J/Y Production in Proton-Proton Scattering, Di Ben

Di Ben et al

., PRC 112 (2025)
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Near Threshold: DISTO

1000
® DISTO 1 ~ ~ ~ ” quqv
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fo(l7) = 579 In(q”) = | 33 M?2
Determined . . . A p [ ( )
. @D
Solution A Ap — 13 GCV - o -7
30 | 02s| o Ay = 1.5 GeV » -
Solution B . : : : \
- e p
_ K |
Lynp = —9NNpN(Vy — m52—0,,0")p"N K, = 6.1 P ' ?
NP AN ( L 2M “up ) (a) ¢ production

R. Koch, ZPC 59 (1985), D. Ronchen et al., EPJA 49 (2013)
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Cross Sections

TEZE
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----- Solution A 2MN
----- - Solution B Molecules 5/20ub
Proton(-0.4,-0.5)
........ Proton(—0.4,-4.0) Proton 0.5/3 ub
K. Tsushima and K. Nakayama, PRC 68 (2003).
100
_________________________ Solution A
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© 0.100} !
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Higher Spin Effects
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Initial state ['(MeV)
N*(2270)1/2™ 247.61
N™(2270)3/2~ 365.52
N™*(2270)5/2~ 78.89

Di Ben et al., PRC 112 (2025)
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Spin Observables & Cascade Decay
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ZA Txy 2 (W, 0) ;/‘,A(I'Vs 0)

Py, (W, 0) =

3

Z,\V,\ [T 2, 8)

WHETK® (cos®) = Z(l — poo) (1 + BETET (os? O)

Decay anisotropy:

A. 1. Titov et al., PRC 59 (1999)

BK+K—
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STAR: Global Spin Alignment pg,
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M. S. Abdallah et al. [STAR], Nature 614 (2023).

Averaged /syy between 11 ~ 62 GeV:
Poo = 0.3512 + 0.0017(stat.)
+0.0017(syst.)

Above 1/3 with 7.40

Deeply-Internal Resonances Excitation
Mechanism (DIREM)

J* Parameter Value 4 Error
3/2° 92/91 —0.19+0.16
(x> =0.69)| gs/g 1.24 + 0.04
5/2~ 92/ 91 —1.24 +0.16
(x> =2.16)| gs/g 3.45 + 0.70
0.40
B = STAR
0.38} 3

036F—~_s% % ...  tmeC

£00

0.34} -

0.32}

0.30 : : - . :
10 20 30 40 50 60

Vsan (GeV)
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Photoproduction: yp — pJ /i

Yp — p] / II) + Ming-Xiao Duan et al., arXiv: 2409.10364

Coupling constants of P. states can be restricted

\/ L pppp
LP,_,(I/Q—)Vp :gPC(l/Q—)N’YE)’Yp (_gm 1 M2 > Pcv;u
15

a(p—Jiwp) [nb]

Widths (MeV) with (f,. f)

Lp.3/2-)vp =9pP.3/2- ) NPV, D¥; DX

P,(4376)  P.(4500)  P,(4511)  P,(4523)

Mode 7 3 3 3
~ DA, 216 6.4 16.7 Il F
J /v J /1 J/wp 0.7 36.7 44 02 =
DA, ~0 2.0 0.09 07 =
= aN 0.6 49.9 6.0 0.5 i
P YeoP 0.1 47 0.5 ~ £
c n.p ~0 135 0.1 0.04 ©

N 0.2 116 0.6 0.1

p P wp 0.8 44.0 23 0.4

Yong-Hui Lin and Bing-Song Zou, PRD 100 (2019)

2025/11/30 ¢ and J/Y Production in Proton-Proton Scattering, D

0.5

0.0
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E, [GeV]



Scattering: pp — pP. — pp] /Y

State |Molecule|J"[26]| Mp,(MeV)|Tp,(MeV) D, (s,t) = D, (t) - (— infra(t)] 2
o\t

50

P.(4312)| DX. 1/27 | 4311.9[25] | 9.8[25]
P.(4380)| Dx: |3/2- |4372.2 [26]| 9.6 [26] VDI
P.(4440)| D*S. | 1/2~ |4440.3[25] | 20.6[25) Dyuw(t) = _i(gwr(_a.(é:)q)l//]”ﬁ)
P.(4457)| D*X. | 3/27 |4457.3[25] | 6.4[25] -
P.(4500)| D*x | 1/2- [4502.7 [26]| 28 [26] And the Regge trajectory of p meson is given by [27]:
P.(4511)| D*Z; | 3/2~ |4510.5 [26]| 14.4[26] a(t) = ag + o't = 0.55 + 0.8t
[25] S. Navas et al. [PDG], PRD 110 (2024). Here S represents the signature factor, which for p
[26] Jia-Ming Xie et al., EPJC 82 (2022) mesons is S = +1.
[27] M. Guidal et al., NPA 627 (1997). I
p . _° -
ch(V =]/1I)) =0.05,ng(V=p) =0.01 Lo \p
p : p

2025/11/30 ¢ and J/y Production in Proton-Proton Scattering, Di Ben (b)) J/4 production 18
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Production of [/

J /W production at HIAF-U: 0.1 nb a5
_ 0.100 i . 10"4 L
g 5
= 0.001 [ -7
o
3
1077 -
=10 -0.5 0.0 0.5 1.0 5.0
cos 6y, W (GeV)

Predominantly produced along the beam direction in CM frame.

2025/11/30 ¢ and J/Y Production in Proton-Proton Scattering, Di Ben 19



Predictions of | /i
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;

WIH. M

where BX 1™ is given by:
A. 1. Titov et al., PRC 59 (1999)

B,u.* T 1 — 5.“{1{1.

L + poo
0 30 60 90 120 150 180 O 30 60 90 120 150 180
25 ' 25 25

20 20 20
S 15 15| 15
5}

S
=10 10 10
5 5 | 5
0 - I 0 ! _—0
0 30 60 90 120 150 180 0 30 60 90 120 150 180

2025/11/30

({'.'{‘}H(')) = é(] -+ f?[][})(] + B’” | H '['.'I:!:--‘r2 (')),

£oo

Giab (deg) & and J/Y Production in Proton-Proton Scattering, Di Ben

1.0
0.8
0.6
0.2
0.0 i A
-1.0 -0.5 0.0 0.5 1.0
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Summary

v" Production cross section of ¢ and J /1 mesons at HIAF and HIAF-U
reaches 10 ub and 0.1 nb, respectively.

v States with higher orbital angular momenta (L) are more likely to be
observed at sufficiently high energies.

v’ Deeply-Internal Resonances Excitation Mechanism (DiREM) can well
reproduce the global spin alignment of ¢.

v" Spin observables and cascade decay properties are provided as the model
predictions.

v' Final state particle distribution are provided as the guidance for future

experiments at HIAF and HIAF-U.
Thank you very much!
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