Electromagnetic properties of possible

triple-charm molecular hexaquarks

CHRA: KR
aEE: 8%k, Tia, X
Eur. Phys. J. C 85, 582 (2025)
FhEBETFSERYERERSEUNKEMITS
2026. 3. 30 ;AdEARE







Background

Meson : qg, Qg, QQ

Baryon: qqq, Qqq, QQq,
r Molecular state

Hybrid meson

Conventional QM states {

Hadron Exotic states fueRall
Tetraquark
Pentaquark

® Identifying exotic states is one of the most
Important research topics in particle physics.

® The observed XY Z states provide us a good
platform to identify exotic states.

® \arious types of heavy-flavor hadronic

molecular states have been identified.
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FIG. 1: A revolution of hadronic molecular states with different
charm numbers.
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Exotic triple-charm deuteronlike hexaquarks
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Adopting the one-boson-exchange model, we perform a systematic investigation of interactions between a
doubly charmed baryon (E,.) and an S-wave charmed baryon (A,, Z,(_f), and aﬁ"*) ). Both the §—D mixing
effect and coupled-channel effect are considered in this work. Our results suggest that there may exist several
possible triple-charm deuteronlike hexaquarks. Meanwhile, we further study the interactions between a
doubly charmed baryon and an S-wave anticharmed baryon. We find that a doubly charmed baryon and an S-
wave anticharmed baryon can be easily bound together to form shallow molecular hexaquarks. These heavy
flavor hexaquarks predicted here can be accessible at future experiment like LHCb.
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TABLE I: The predicted triple-charm molecular hexaquarks and their
channels referred to be [**'L,) [19]. Here, I is the isospin of the
triple-charm molecular hexaquarks, and S, L, and J are the quantum
numbers of spin, orbital, and total angular momentum, respectively.
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Background

Magnetic momentum can reflect the inner structrues of hadrons
But it is diffcult to directly measure this physical quantity
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The radiative decay width can be linked
to the transition magnetic moment

Ui = <JH’,JZ Az]pln —1krj + Aorbnal Ja, J) 3.1 ,
Joo 1 Ju

Here, pn—rr is the transition magnetic moment between the 3 T .y 0J 5)
hadrons H and H’, J, is the lowest value between Jy and Jy, Thon,|= k_ ¥EM e 1z ) | M|
the spatial wave function of the emitted photon for the H — m12] 2Ju+1 T 1 J 2 ,ufv
H’y process is denoted by e 7/, and k refers to the momen- H "
tum of the emitted photon, which is k = (mi. - mfi,)/ZmH. -J, 0 J,
Within the constituent quark model, the magnetic moment op- (3.4)

erator is composed of the spin magnetic moment operator and
the orbital magnetic moment operator, which can be written

explicitly as [50-95] Here, m, = 0.938GeV [99], agm =~ 1/137, un = e/2m,, and

Jw 1 Jgy Ju 1 Jg .
aspin _ € . (32) the constants and are the 3-j
AT om0 : Iz 0 Jy: -J. 0 J.
ol _ My eh my_ em )\ (33) coefficients.
: My + My 2my My + My 2my, |

Magnetic moments of the hadrons within the constituent
quark model:

Ug = < JHa ]H Z spm Aorbltal ] JH>
J

F.L. Wang and X. Liu, PRD108 074022 (2023)




The general expression for the M1 adiative decay width
IS given by

B3 Ja+l

% T e for Ja = Jg,
3

Cassy =4 CJaluassl® for Ja=Jg+1, (3.1)
CULED iy o for = Jg - 1.

The transition magnetic moment K#—3, is defined as

UAE = <¢’JB i Zlaspln —ikr; n 'uorbltal wJﬂ,JZ> , (32)
where .
ASpin J

I R (3.3)

ilorbltal _ ( mp, €h, " Mp, €h, ) i (3.4)
z - 7, (.
mpy, + mpy, 2mh2 mp, + mp, th]

and

_lk T = Z Z 47(( l)l]l(er)Ylm(Qk)Ylm(Q ) (35)

=0 m=-I[

For M1 radiative decays, the expansion is truncated at | = 0
and m = 0.




The total wave functions, ¥7....? , are composed of spatial,
flavor, color, and spin components. The baryons spatial wave

function can be decomposed into p-mode and A-mode
Ql’np,n/l,lp,l,i,L,M(p, >\) = Cllpd{‘;lnp;lﬂ,m/{(pnp,lp,mp (ﬂps p)¢n,l,l,{,m,l (ﬁ/l, A)a
(3.7)
each mode can be described by simple harmonic oscillator

(SHO) wave function
2n!
TC(n+1+32)

The spatial wave functions between baryons are taken directly
from Ref. [1].

[1] R.Chen, F.L.Wang, A.Hosaka and X.Liu, Phys.Rev.D 97, 114011 (2018).
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The intrinsic magnetic moments
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Hadrons m (GeV) B (GeV) B (GeV)
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= 2.52 0.212 0.315
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Numerical result

Radiative decays

Single channel analysis

§-D wave mixing analysis

HAE I any (keV) HAB I asny (keV)
Eee ELO(I)]TT = B B[00 Ty 0.51,0.62,0.63 0.93,1.34, 1.38 0.51,0.61, 0.62 0.92,1.32, 1.36
Eec EL0(1T)] T = ELE 01Ty —0.51, —0.62, —0.63  1.86,2.68,2.76 —0.51, —0.61, —0.62  1.84,2.64,2.72
EEL1O0N)]T = B E [0(11)]T Ty —0.62, —0.74, —0.74  4.07,5.75,5.83 —0.62, —0.73, —0.73  4.05,5.61,5.64
B ZL0O0N)HT = B E[0(11)]TTy 0.51,0.61,0.61 2.70,3.87,3.89 0.50,0.59. 0.59 2.67,3.70, 3.64
E EX02D)TT - 2L E 01Ty 0.48,0.68,0.71 6.62,13.68, 14.53  0.47.0.68.0.70 6.55.13.37. 14.14
e X0 = Ece B [0(0)] Ty 0.54,0.58. 0.80 4.18.4.95,9.24 0.53.0.46,0.77 4.10,3.13,8.62
B ZX0(ID]TT — Z 20010ty 0.27,0.29,0.40 2.09,2.48,4.62 0.27.0.23,0.38 2.05,1.56,4.31
EEHLEDIT = 2L E [0ty —0.57,—0.81, —0.82 045 18.97,19.84 —0.57.-0.79, —0.80  9.32, 18.03, 18.49
B EX0Q2T)T = ZLEL0(1H)] Ty —0.36, —0.38, —0.38  0.21,0.24,0.24 —0.35, —0.38, —0.38  0.21,0.23,0.23
B EX0(NTT = B EL00T)] Ty —0.20, —0.17, -0.21  0.07,0.05,0.08 —0.20, —0.14, =0.21  0.07,0.03, 0.07
S EX0D]TT - B BL10T)] Ty —0.58, —0.47, —0.60  0.28,0.18,0.30 —0.57, —0.35, -0.56  0.27,0.10,0.26
e 01T — B ELIOOF)]FFy —0.41,-0.37, —0.43  0.14,0.11,0.15 —0.41,-0.31, 041  0.14,0.08, 0.14
e EX1Q2DTF = ELEL0(1F)] Ty —0.51, —0.54, —0.54  0.43,0.48,0.47 —0.50, =0.52, =0.52  0.42,0.45,0.44
B2 [0(1)]FY = ELE[0(0T)] Ty —0.02, —0.03, =0.03  <=2.17 x 10~° —0.02, —=0.02, —0.03 = 1.18 x 10~°
B EL[1ON)H — ELEL0(1H)]y 0.36,0.39, 0.46 < 1.59x 1073 0.27,0.33,0.45 <936 x 1074
Ecc ZL0(0D)]H — B ELI0(1H)] Ty 0.41,047.0.56 <2.07x 1073 0.27.0.36, 0.52 < 8.94 x 107
e ZE0(ID)]TT = 225002y 0.17,0.20,0.17 <427 x 107 0.12,0.16,0.12 <2.02x 1074
B EX[1Q2D)]TT — EEX020)] Ty —1.41,-1.56,-1.79 < 1.24x 1072 —1.06, 1.30, —1.73 <7.09 x 1073
ELEM2Q0H = B E (12000 Yy 0.74,0.79,0.79 0.80,0.91,0.92 0.73,0.77,0.77 0.77. 0.86, 0.86
B ZA1/22N)F = BB [1/2010)1THy —0.61, —0.65, —0.65  0.54,0.62,0.62 —0.60, —0.63, —0.63  0.53,0.59,0.59
B ZAL200H T 5 BB 1200011y 042,044,044 0.26,0.29,0.29 041,042,041 0.25.0.26,0.25
B ZX /20007 = Bee Be[1/200] Ty —0.35, —0.37. =036 0.18.0.20,0.19 —0.34, —0.35, -0.34  0.17,0.18,0.17
B D200 = BB [3/2(00))TH )y —0.54, —0.56, —0.55  0.22,0.23,0.23 —0.53, -0.53, =051  0.21,0.20,0.19
E D200 = E L Z[3/2(000)]Ty —0.54, —0.56, —0.55  0.22,0.23,0.23 —0.53,-0.53, =051  0.21,0.20,0.19
ELEAL2000) 1 = 2B 12000y 0.84,0.90,0.88 0.52,0.59,0.58 0.83, 0.86, 0.83 0.51,0.54, 0.51
E L IA12000)]H = ., T [1/2(00)]THy —0.70, —0.74, —0.73  0.36,0.40,0.39 —0.69, —0.71, —0.69  0.35,0.37,0.35
S BX3/220TTT 5 Eae B 12000y 047, —0.49, —048  0.32,0.35.0.34 —0.45, 045, 044  0.30,0.30,0.29
Zee DEB3/22D]TT = B Ec[1/200)] Ty —0.47, —0.49, —0.48  0.32,0.35,0.34 —0.45. —0.45, —0.44  0.30,0.30.0.29
Bee Be[3/2000)77F = B T [1/200)]7 034,037,043 <144 x 1073 0.26,0.32,0.42 < 8.60 x 1074
Zee T [3/2005))7F = Z 12010y 0.34,0.37,0.43 <144 x 1073 0.26,0.32, 0.42 < 8.60 x 107+
Zee 1200017 = 2z 172001y —0.80,-094,—1.13 <807 x 1073 —0.52,-0.71,-1.03 <337 x 107°
S EA1/2000) 17— 2 B (172010 Ty 0.60, 0.70, 0.85 <454 %1073 0.39,0.53,0.77 < 1.90 x 1073
Zee DH/2(10) ] — 2, T4[1/2027)]F Ty —0.33,-037,-045 < 148x 1073 —0.22,-0.29, =041 < 6.69 x 107*
B IX2000)F = B ZX1/220) y 0.22,0.25,0.30 < 6.59 x 107* 0.15,0.19, 0.27 <299 x 10~*
B EX320TT = B 2212200y —132,-1.45,-1.63 < 1.09 x 1072 —0.99, —1.20, —1.52 =< 6.16 x 1072
e DF3/2021)F — ELZX1220) y —1.32,-1.45,-1.63 <1.09x1072 -0.99. -1.20, -1.52 < 6.16 x 1073

Tip:
Three typical binding energies for different components
(0.5 MeV, -6 MeV, and —12 MeV)

Three distinct combinations of energies for same components:
(—0.5 MeV, —12 MeV), (0.5 MeV, —6 MeV) , (—6 MeV, —12 MeV).

Observations:

® S-wave components remain dominant

® The radiative decays between the same components are
remarkably small

® The biggest radiative decay channel is
BecEe[1(2)T]T = EqcEe [0(1)F]TY

® This helps distinguish the spin-parity quantum numbers
of the E,.2, and Z..Z. system

® |t is sensitive to the third components of their isospin

guantum numbers



Numerical result

The radiative decay behavior for different binding
energies of the initial and final molecules

Table 4 Transition magnetic moment, photon momentum, and M1 radiative decay width of the E¢EZ[0(27)]TF — Eq Ec[0(1T)]TFy process
when considering different binding energies of the initial and final molecules in the single-channel analysis

Binding energy (MeV) HA-B(UN) k (MeV) I'anp (keV)
Initial state Final state

—-0.5 —6 0.53 179.41 8.87

-0.5 —-12 0.49 185.23 8.48

—6 —-0.5 0.53 168.72 7.51

-6 —-12 0.68 179.89 14.95

—12 —-0.5 0.50 162.88 6.03

—12 —6 0.69 168.23 12.56

® The experimental determination of the binding
energies can advance our understanding of their
Inner structures and radiative decay behaviors.

The magnetic moment properties through the single-
channel analysis and the S-D wave mixing analysis

Molecules wy (uy)
Single channel S-D wave mixing

Ecc B[0TI 0.71 0.71,0.71,0.71
EccELI0(1T)]TTF 0.06 0.06, 0.06, 0.06

Ecc ZX[0(1))TTF —0.05 —0.05, —0.05, —0.05
Ecc EX[0(2T))TF 0.48 0.48,0.47,0.47

Ecc EX[1(2H))H 1.41 1.41,1.41,1.40

Ecc EX1(2D)TF 0.48 0.48,0.47,0.47

Ecc ZX[1(2D)]T —0.45 —0.45, —-0.47, —0.47
EceZe[l1/2(1))HH* 2.23 2.18,2.14,2.14
EceZe[1/2(1)]HF —0.56 —0.54, —0.53, —0.53
Ece ZF[1/2(17) T+ 2.39 2.36, 2.30, 2.27

Ece ZTH1/2(11)]T —0.56 —0.55, —0.54, —0.53
EccZH[1/220)) 3.66 3.63,3.61, 3.60
EccZF[1/2(2)FF —0.37 -0.37, —0.37, —0.37
EccZF[3/2020)) 3.97 3.93,3.87,3.86
Ecc TF3/227)THF 242 2.38,2.34,2.33
EecZE[3/220)% 0.87 0.84, 0.80, 0.80
EccZF[3/22)]T —0.68 -0.70, —0.73, —0.74




summary

® This study focuses on triple-charm molecular
hexaquarks, analyzing their electromagnetic
properties (radiative decays and magnetic
moments).

® |t provides key insights for experimental
identification, complementing spectrum predictions.

® |t promotes connection between theory and
experiment to deepen understanding of multiquark
systems and the strong force.







