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Meson beam experiments

Traditional hadronic states

A meson is composed of a
quark and an antiquark.

A baryon is composed of
three quarks.

A tightly bound multiquark state
without clear substructure.

hybrid state

e

Ne

A quark-antiquark pair coupled
with excited gluonic field.

A loosely bound state of two
mesons.

glueball

A bound state consisting purely
of gluons.
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Layout diagrams of the Hadron Experimental Hall,
charged secondary beamlines, and various

IoDEEE

experimental areas at J-PARC
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ght had d by b D t
Table 1. Light-Meson Spectrum Listed in the PDG [5] (Check-Marked Particles Have Been Measured in Molecular-Beam Experiments)
Particle Iz Tl few Particle Iz . Particle Iz S Particle Iz =
n 0~ v 0(1450) 1- n2(1870) 2= v 05(2350) 5~ v
fo 5C2) o* n(1475) 0~ 7 1,(1880) 2- fs(2510) 6" v
p(770) 1= v fo(1500) o* v p(1900) 1~ 0* .V
w(782) 1 % f1(1510) % 7 £,(1910) 2d 7 (‘ K*(892) LOW'S p | ﬂ
n'(958) 0~ v f(1525) 2* v a0(1950) 0* K1(1270) 1* v
f5(980) o* v £,(1565) 2if 7 £(1950) 2 v K1(1400) 1 v
a0(980) o* % p(1570) 1- ¥ 03(1990) 3- K*(1410) 1- v
$(1020) 1- % h1(1595) i 7 1,(2005) 2- v K3(1430) o* 7
h1(1170) 1* v m(1600) 1- v £,(2010) 2+ v K3(1430) 2+ v
b1(1235) 1E v a1(1640) i v £,(2020) 0* v K(1460) 0~ v
a1(1260) e K2(1580) 2- v
£(1270) % K(1630) ? 7
f1(1285) 1* v w(1650) 1- M,(2100) 2- v K1(1650) 1* v
n(1295) 0~ ws3(1670) 3- v f,(2100) oF K*(1680) 1~ v
m(1300) 0~ M,(1670) 2- v £(2150) 2F v K»(1770) 2- v
a,(1320) 2 7 $(1680) 1- 0(2150) 1- K3(1780) 3= 7
f(1370) o* 03(1690) 3- v $(2170) 1- K»(1820) 2- v
h1(1380) 1t p(1700) i v f(2200) o* v/ K(1830) 0~ v
1,(1400) 1- v a,(1700) 2* v £(2220) 2%, 4% K§(1950) o* v
n(1405) 0~ v f5(1710) 0* 7 n(2225) 0~ K3(1980) 2 %
f1(1420) 1 v n(1760) 0~ 03(2250) 3~ v K;(2045) 4* v
w(1420) 1~ m(1800) 0~ 7 £(2300) 2 v K>(2250) H Igh _S p | n
a1(1420) 1* v £,(1810) 2% v £,(2300) 4+ K5(2320) i v
£(1430) 24 % X(1835) 0~ f5(2330) of K%(2380) 55 7
ao(1450) o* v M5(1850) 3- v £,(2340) 2* 4(2500) 4- v
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High-orbital kaons

TABLE I: Summary of the high-orbital kaon states considered in this

K;‘ (2380) K;‘(l G) \ivork. The }apels 1~L J a.n? 1L den30te the two ph.ysical states arising
3 _ 3 from the mixing of the 1'L; and 1°L; configurations.
1°G; 1G,4 1°Gy
States  J& ¥t Status Assignment

KF(2045) | Eeavi)) K3(1F) K3(1980) K:(1780) 3~  13D;  Established

1°F, 1F; I°F, K»(1770) 2= 1D,  Established i

1D g meson
K>(1820) 27 1D, Established

K;(1780) 1
13D,

Ky(1770) T K*(1680)
1D, 1°D;,

K*(1680) 1~ 13D,  Established
K:(2045) 4*  13F,  Established
K,(2120) 3" 1F} Candidate

FIG. 1: A collection of high-orbital ka0n§. Two newly observed LE K;(1F)  3* 1F, Peediciad dq meson
kaons, K7(2120) and K4(2210), are marked in red, as reported by the . . ; .
COMPASS Collaboration in 2025 [13]. Four states marked with as- K,(1980) 2 FEy Candidate
terisks have corresponding experimental cross-section data available K:(2380) 57 13G5 Candidate
Sl e K«(2210) 4~ 1G4  Candidate  _
1G gg meson

K, (1G) 4~ 1G Predicted
K;(1G)  3° 1°G; Predicted

Phys.Rev.D 114 (2026) 3, 034049
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MY(GeV?)

Meson spectroscopy and strong decay for high-orbital kaons

TABLE II. The mass spectrum of the high spin kaons. The results of “this work™ do not take into account spin-mixing. The unit of
mass is MeV. “Exp.” represents the experimental value.

TABLE III.
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The decay information of K3%(1780)(1°Dj). The

unit of the width is MeV. The abbreviation “Br” denotes the
branching ratio. The data in {} means the width calculated using
the theoretical mass of the initial state.

Channel Br (%) Exp. [11] Value
pK* 43.2{44.3} 48.7{57.8}
wK* 13.4{14.0} e 15.1{18.2}
7K 12.8{11.7} 0.188 £ 0.01 14.4{15.3}
zK* 10.5{9.99} 0.2 +0.05 11.8{13.0}
Kp 8.51{8.27} 0.31 +0.09 9.59{10.8}
Ky 4.26{4.02} 0.3 +0.13 4.8{5.25}
Ko 2.73{2.66} it 3.08{3.47}
7K’} 1.35{1.53} <0.16 1.52{2}
7K, 1.29{1.32} e 1.45{1.72}
Total 100{100} 161 + 17 113{130}

2407 . . .

220k K; (2320) am T TTTES

Width (MeV)

States Jr nz”'}[.“r This work Gl [57] Segovia [9] Ebert |3] Exp.
K;(1F) 3+ 1'F, 2066 2130 2047 2009 e
K% (2120) 3t I’F; 2004 2146 2132 2080 21194 1345 [1]
K3(1780) = 13D, 1794 1780 1810 1789 1779 £ 8 [11]
K5(2320) 3* poc o 2347 2524 2340 2384 2324 + 24 [11]
K4 (2F) 3* 23F, 2347 2539 2387 e e
K4(2210) 4= i'G, 2307 2422 2270 2255 2210 £+ 4015 [1]
K\ (1G) 4= 1¥G, 2306 2435 2337 2285 ‘e
K3(2045) 4+ 13F, 2075 2097 2080 2096 2060 + 5*11 [1], 204818 [11]
K4(2500) 4= 21G, 2538 2778 2476 2575 2490 + 20 [11]
K,(2G) 4= 3G, 2538 2790 2510 e e
Ks(1H) 5F 1'Hy 2509 2682 2442
KL(1H) 5 1’H; 2509 2693 2489 e
KZ(2380) 5= 13Gs 2309 2379 2201 2382 1+ 24 [11]
8 [ T T T T T 350 i '| (21-20)- T T T T T T T T
: Ks'(1H) O o 1
. / Ks(1H)
or K'® k060 / , 300
[ // ?manm | & i
i KO kp1200® O/ 1=
af < -
| K3(1F) | = 250
'@ k18200 o// | 2 :
// K>(1770) | =
2F LeyO) o ® /
] ! ® =125 GeV? 200
| 2
0 L i
-2

180 f

140}

200}
160 |

120}

The establishment of the kaon meson family remains to be improved
Phys.Rev.D 112 (2025) 9, 094039
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The effective Lagrangian apprOaCh MOTIVATION FRAMEWORK RESULTS OUTLOOK
da i b E C E d
o k Ky .:( ) k, k, :( ) k k, :( ) k, k, .
K —=> —> K@B8) K _—= _—> k16 K —= __—> K0k —= —=> K0
p : >— p L p — > P P > . p L p p— —- D
P % i P P : % P, | 2 p;
e :' i E h
© " 0, . © . (I
K __—> —_—> K:(2045) i K __— —t K_;(2120) E K- —> — K, (1F) i K- _ —> K,(1980)
d : w/p @/ p i ol/pln
pe———pe— 5 | pe———F—0p W o ) P ——e———— j;
Py P, ; P 12 ! 2 P ! Py P
(i) k k, 5 () B K, i (k) k K, i (I k K, |
K=  —> K80 g —>  —> K(820) K > —> K,(770) i g _—=>  —=> K'(1680)
mlp i @/ p | @/ p i T
p —— — ) D > > D P N > » D >— > D
J2 |25 E P P i P pz_) E J20 p2_>
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Feynman diagrams for the K+ p - K; + N reactions.




Representative effective interactions MOTIVATION  FRAMEWORK  RESULTS  OUTLOOK
High-spin upper vertex
Li:arsokr = &r:amsoke K3 7 [K_ (0,,0,0,n") L, apwk = 80wk K, ""ﬁ”wgaﬁa},x—,

—n (0,0,0,K 7).
Li;1980wk = 8K;(1980)wKE" MJKZL&(&MAWJ@“K o,

Lr,182000k = &r,182000k K3 ™ wo 05K, " _
arisste s = L (1980)nk =gK3(1980)JrKK2+ﬂﬁ[K (0o 0pm")

il i + 1 (0udpK )|
Li,1717000k = &K2(1770)00k K5 ™" o 0pK ™, e
Lk:3somk = gk:2380nk K5 - [K_(afraﬁayaﬁao'ﬂﬂ)

i D " o
Lx-(6s0kr = gr(1680kr K" (K 0on* = 17 0,K"). (00,030,050, K )].

r+.afyo i
L 16wk = 8k,160wk K, " wa050,05K .

L0045k = 8K2(2045)HKK:+#V)OJ [K_(apavapaaﬂo)

+ ?To(ay@vf?pf%K_)]- Lx:aemk = SK;(lG}nKK;Jr’aﬁy[K_(aaaﬁayﬂo)

4, — _ 0 —
Li 0wk = 8r;212000k K wo 050, K, (0,080, K )]
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Vertices and amplitudes MOTIVATION FRAMEWORK RESULTS OUTLOOK
1NN Vertex Feynman amplitude
NN ]
Lown = f”“:" N»},ﬂfa#ﬂN IMg: 178000k = 8K:(1780)nK fn?j u(p2)yaysu(p) q =

X €4 (k) (quatvdp + kikivkip) Fi(g). (1D
Vector VNN (V = p, w)

_ , _ LfwNN .
. - — IMk, 1820wk = IgK2(182ﬂ)wKu(p2)(ngN7p = JZCTG'M )M(Pl)
Lonn = 8unnNyW'N + T ——No, ("d" - 0"@W') N, P
: 2
fe SR Ak L P
Lonn = ¢ —0p)N. g t—mg, o
P

iMi; 198000k = — i8k3(198000kE" €50 (k2) gy k1o k]

; :
iMiy120)pk = 8K;2120pK H(P2) (&)NNYM B #wo'mqv) u(p1) X u(p2) (ngNYE = !ngN O‘agqé) u(p1)
2 mp (31)
~i (8o + ¢"qalm}) I T
0 8 ai1tqq /mw
% t—m2 e k)kigkiyFi(q). X ( 5 - )F (@),
P I—m
(28) “

arXiv:2606.15736v2 09/17



MOdel parameter MOTIVATION ~FRAMEWORK ~ RESULTS OUTLOOK

Common vertex form factor TABLE II: Coupling constants used in this work. The listed three-
) )2 meson coupling constants are determined by fitting the decay widths

Fiq) = (A; — M ) from Refs. [20, 23]. The meson-nucleon-nucleon coupling constants
Af — g? ’ entering the lower vertices of the diagrams in Fig. 2 are taken from

: : Ref. [33]. Couplings with mass dimensions are given with explicit
The only adjustable production parameter units, while those without units are dimensionless.

— +
At 1 5 - 02 Gev gx:(1780nk = 3.84 GeV™ gx;as0pk = 12.36 GeV™

8Ky (1820)wk = 3.83 8K, (18200 = .70
Reggeized propagators
1 o) : 8k,(1770)wk = 3.93 8K,(1770)p = 3. 79
. ( s ) nal 43)
fi m;zr Sscale [a,(7) + 1] sin[ra,(1)] ’ 8K*(1680)y1K = 1.76 gK;(sz-S)JTK =13.15 GeV‘“3
1 ag(t)-1 na’ 81{5(2120@1{ = 3.2 GeVMI gﬁg(zu()]pg =2.97 GCVWI
= R , 44
t—my (Si) [ag(D)] sin[mag(r)] 9 gamwk =271 GeV™' griarpk = 2.63 GeV™!
the Co}'responding Regge trajectories for the exchanged 8K (1980)0K = 1.09 GeV~2 8K:(1980)pK = 1.06 GeV ™2
mesons are
ar() =1+ a1 - mz), R=p, w, (45) gk;980k = 0.24 GeV™ gk: 2302k = 1.51 GeV ™
EK;(IG)&;K =2.13 Gev_z 8K4(22100wK = 2.09 Gtﬂf“2
an(t) = Ayt — m}), (46) gk:(Gmk = 0.33 GeV™?
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Cross section calculation

The differential cross section in the center-of-mass

(c.m.) frame is given by The boson propagator can be written as

do _ i
dcosO  32ns

_ . 1 Bl o
[2 Z M ] S(p) = m(? + M)Ay, ..o (Js P)-

-
klcm‘ 1

The explicit expressions for the projection operators of fields from spin-3 to spin-5 are
given as follows

y 1 3 6 1 2 _
AL =G —— (gﬁ — Fpapﬁ) . Adlal(2,p) =5 (Qa o + o Gy — §9a1a293132 -
BB, I 3_
Af? :rzzc;3(3* P) - % Z ( /5| gﬁzgtn - gdgrr rr,gﬁ ﬁl’g ) 1
P(a),P(B) g}uv :g)uv - ?pppv'
6 3
Natasia (4, p) = % 2, (gﬁ‘ Bor B, — =B, brg g + + 3580,0,800 gB'ﬁZQBf*ﬁ4),

P(a).P(B)

2
1 B By B BB 10_ 5 g B 3 _B
- —(—120) Y, (ga‘ Zo,8u,Ba\Ba, — g Baya,@ 2808 it + o1 Zae B0 B K B,

Phys.Rev.D 111 (2025) 5, 054031 Ha).PE)
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Parameter validation

Total cross section

¢

! Total
---- n exchange
—-— p exchange

Exp. data

FIG. 3: The calculated total production cross section for the
K3 (1780) state is presented, along with comparisons to experimental
data. The experimental data are taken from Refs. [14—-16]. All error
bands and the solid lines within them correspond to results obtained

with the cutoff parameter set to 1.5 +£ 0.2 GeV.

MOTIVATION FRAMEWORK RESULTS OUTLOOK

Differential cross section

=
o
w

]

do/dcos 6 (ub)
o

Total (m + p)
---- mexchange
—-— p exchange
Exp. data

o —
"

o o
o e o ® —
—
- —
-
-—

0.92 0.94 0.96 0.98 1.00
cosBOcm

FIG. 4: The calculated differential production cross section for the
K (1780) state is presented, along with comparisons to experimental
data. The differential cross section is evaluated at a center-of-mass
energy of 4.08 GeV. The experimental data are taken from Ref. [15].

p exchange is a small correction. The same A; band also describes the forward distribution at /s = 4.08 GeV.

12717



MOTIVATION FRAMEWORK RESULTS OUTLOOK

Production of the two mixed 1D states —

Vs = 4.67 GeV

The two states are described by the same mixing angle 645 = —-30°,

but their production processes depend on different coupling constants.

Theory band Exp. band
— A=15GeV ---Exp. central value
14p i 2 (1K21770)) ) _ ( cosbip sin6ip ) (11'D2)
4 § 2 | K> (1820)) —sin6;p cosbip ) \ |1°Dy)
10F |
sF ; """""""""""""""""""""""""
65 i K,(1770) 8.7+1.7 ub
e Vs = 4.67 GeV
S 3 i
5 i 1 L | 1 L I
12}f i (b)
10} ; Uk (1820) 6.6+1.6 ub
+

1 1 1 1 1 1 1 1 | 1

40 =20 0 20 40
Mixing angle 61p

13717



Results for 1D-wave states

2.0 x10?

5.0 x 101

2.0x 10!

do/dcos 8 (ub)

101_

5.0 x 10°
0.

Total cross section

K~ p-K>(1820)p

" Total

w exchange

—-— pexchange
e Exp. data

(a)

Vs (GeV)
Differential cross section

102,

Total (w + p)
--- w exchange
—-= pexchange

—

o o — — —
s = = "
—
— :
o —
. —
o —

90 092 094 0.96
C058:m

MOTIVATION FRAMEWORK RESULTS

K,(1770) and K,(1820) are w dominated; K*(1680) is 1 dominated.
All three channels become strongly forward peaked.

K=p-Ky(1770)p

(b) Em  Total
---- W exchange
—-— p exchange
e Exp. data

2.0 x 102
107

5.0 x 10!

2.0x 10!

101,

5.0 x 180

Vs (GeV)

Total (w + p)
-—-- w exchange
—-— pexchange

_—="""  E.,=3.5GeV (e)
90 092 0.94 096 098 1.00
CO58:m

K~ p-K*(1680)p

70
()

nm exchange

4 5 6 7 8
Vs (GeV)

10°

5.0 x 102

2.0 x 102

102

5.0 x 101

Total (m)

()

Ecm =3.5GeV

0.90

0.94 0.96 0.98 1.00

COS0:m

0.92

OUTLOOK

14117



do/dcos 8 (ub)

Results for 1F-wave states

50

Total cross section

K~ p-K;(2045)p

(a) m mexchange (b) e Total
¢ Exp. data 2.0 ---- w exchange
40 —:— p exchange
30
L0
=2
© 20
10
0
3 4 5 6 7 8
Vs (GeV) Vs (GeV)
Differential cross section
Total () =10} Total (w + p)
-=-=-- w exchange
4.0 x 102 101 —— pexchange
4.0 x 10°
100
107l — ey TT W
sox10p—""""""
Ecm = 3.5GeV (d) Ecm = 3.5GeV (e)
090 092 094 096 098 1.00 090 092 094 096 0.98 1.00
C056: Cos Bcm

K- p-Kj;(2120)p

MOTIVATION FRAMEWORK RESULTS OUTLOOK
Peak values: K,*(2045) =25.6 pb; K5'(2120) =1.1 pb; K3(1F) =0.9 ub; K,*(1980) =0.5 pb.
K- p-K3(1F)p K= p-K,(1980)p
1.75} (c) e Total (d) W Total
---- w exchange 0.8 ---- w exchange
1.50 —-— pexchange —-— pexchange
1.25 W m exchange
:5_1.00
2078
0.50
0.25
0.00
Vs (GeV) Vs (GeV)
4.0 x 10 Total (w + p) T Total (W+p+m)
-=-=- @ exchange ===+ @ exchange
—— pexchange 1| —— pexchange
10* LUy e m exchange
4.0 x 10°
4.0 x 10°
1O
100 4.0x107!
4.0x107! 10-1 N
Ecm = 3.5GeV () Eem = 3.5 GeV (@
090 092 094 096 098 1.00 0.90 092 094 096 0.98 1.00

cosOcm

Cos O
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Results for 1G-wave states

Total cross section

K~ p-K.(2380)p

MOTIVATION FRAMEWORK RESULTS OUTLOOK

Peak values: K5*(2380) =6.5 pb; K,'(1G) =0.32 pb: K,4(2210) =0.29 pb: K5*(1G) =0.46 pb.

K~ p=K,(1G)p

K~ p=Ks(2210)p

8 (a) I mexchange (b) | w exchange 0.5 (c) w exchange
0.5
0.4
6 0.4
—_— —_— —_— 0.3
o o) o
2 203 =
o4 o 5
0.2 0.2
2
0.1 0.1
0 3 5 6 3 00 7 5 6 g 00 ] 5 6 7
Vs (GeV) Vs (GeV) Vs (GeV)
Differential cross section
2.0 x 10* 2.0x10!

2.0 % 107 10! 10! J
— = 5.0x 10° | 5.0x10° /’
_g 102 /// -/./ /,/

2 s ] g 1o s

@ 5.0x10' ’..’.',/ 20%10 ):*./ 2.0% 10 ,-f”’

8 e 100 et 10° B I,

(W] e ,—f’ e | =T

B 20x10 il 5.0%10-1 i ] 50x 1071 =T~ — —

=) = /"‘ o e =" .---J.;'."'-b—

o] B gt s g T e o = "

T S e L 20101 SEEREDE - 201072 (S
- | 10_1' 10-1}
5.0 10° m exchange (e) w exchange (f) w exchange (9)
50x107? 5.0x10°?
0.90 0.92 0.94 0.96 0.98 1.00 0.90 0.92 0.94 0.96 0.98 1.00 0.90 0.92 0.94 0.96 0.98 1.00
cosB¢m cosB.m cosOcm
wos FomBBGEV e EgpmfDGEY  sseene Eem =4.5GeV

K-p-K:(1G)p

0.6
(d) n exchange

4 5 6 7
Vs (GeV)

2.0x10!
10! o

5.0 x 10° o

2.0 % 10° =

----
10} el el

50x 107!

— n exchange (h)

0.90 0.92 0.94 0.96 0.98 1.00
cosBm



MOTIVATION FRAMEWORK RESULTS OUTLOOK

Conclusion and outlook —

» The same cutoff parameter describes the available
production data for several high-orbital kaon states.

» We predict the production cross sections of other high-
orbital kaon states using the same model.

» Experiments can search for these states in the invariant-
mass spectra of their decay products.
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