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What is X(3915)?

- X(3915) was first observed by Belle Collaboration in 2004 from the
analysis of the wJ/v invariant mass in the B meson decay.
Phys. Rev. Lett. 94, 182002 (2005)

-« From the W distribution for the final yy — «J/¢ candidate events, a
prominent resonance-like peak around 3.92 GeV is observed.
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Fig 1. W distribution for the final YY — @J/
candidate events.
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X(3915) is a charmonium-like resonance with its qguantum numbers
IG (]PC): 0+(0++).
« X(3915) — w.J/V is dominant 2 not a conventional cc.
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Phys. Rev. Lett. 104, 092001 (2010) | | Phys. Rev. D 86, 072002 (2012)




Mar. 8th, 2026

What is X(3915)?

- Diquark model proposes that X(3915) is the lightest ccss state based on its
decay pattern and the mass lying slightly below D,D, threshold.
Phys. Rev. D 93, 094024 (2016)

« QCD Sum-Rule studies compute masses and decay constants showing
X(3915) fits a ccss tetraquark.

Eur. Phys. J. C 77, 78 (2017) Phys. Rev. D 96, 114017 (2017)

« X(3915) provides insight into the internal structure of exotic hadrons,
Including other hidden charm exaotics.

- We will discuss the internal structure of X(3915) as a ccss configuration
from the perspective of D, D, threshold.
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Quark Model Description

Hamiltonian

where n goes to 4 for tetraquarks.

= Quark potentials
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= Additional mass dependences

cs
Vi~ = T 0;
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= Our model Hamiltonian well describes hadron spectra



Quark Model Description
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v

= Our Hamiltonian is based on two-body interactions |¢1 = ¢, ¢2 = 5, g3 = ¢, q4 = s for X(3915)
2 c
n p: 3 & /lc /]L IG(]PC): 0+(0++).
H = (ml.+_l)__ L VC VLCS ,
= 2m, 172 ( 7°)
q1 X1 q, a1 qa 1 q4
y .
: z Z9 ® : quark
X3 Y1 y2 Z
O : antiquark
9, Xy 43 q, qs q, qs
Setl Set 2 Set 3
Coordinate Set 1
X = L(I' — 1‘4) Xo = i(1‘2 - I") X3 = l (mlrl RLY _ b +m3r3)
1 \/5 1 \/5 3) 43 I my + my ms +m3
Coordinate Set 2
1 T 1 (rs — 1) 1 (m1r1+m3r3_m2rg+m4r4)
yi = 5 1 3).¥Y2 = 5 4 2>Ya—}u M1+ ma s + M
Coordinate Set 3
1 ( ) 1 ( ) 1 (mlrl + Maols  Mary + m4r4)
7y = ——=(r| —1r3) .20 = —(r3 —14) .23 = — —
1 \/§ 1 2 2 ﬂ 3 4 3 ,u M1+ s e + 1
where = { mi +mj m3 +mj3 }]/2 v
(m14+myg)? (M2 +ms)? Under permutations (13)(24)
X1 — —Xo
Spatial Function / Xy — —X1
Spatial 2 % 3 3 3 2 2
VTP (X, Xe, X3) = (= | afaja §1€XP[ @X1 @Xz - a3x3]
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Fitting Results

Table |. Measured and fitted masses of mesons. Table Il. Measured and fitted masses of baryons.

Variational Experimental  Mass Variationz_il , Error
Experimental Mass parameter Error Baryons value (MeV) (MeV) parameters (fm™-) (%)
Mesons value (MeV) (MeV) (fm™2) (%) A 1115.7 11120 a; =26,a,=2.6 0.33
5 13643 804 a_ux 024 A 22865 22654 a; =27,a;=35 092
. c 36214 3609.6 a, =73,a, =30 033

D 2007.0 20052  a=35 0.08 B -
A, 5619.4 56088 a; =27.a,=39 0.19

e 2983.6 29954  a =143 0.39 - -
¥, 24529 24446 a, =20,a, =35 037

J/¥ 3096.9 31175 a=110 0.67 ¢ B N
¥ 25175 25282 a, =18,a,=3.1 039

D, 1968.3 1961.0  a=70 0.37 B B
N 58113 58255 a;=19,a, =38 0.17

D! 2112.1 2097.6  a=5.4 0.69 5 52351 58582 g — B
| : : 2 a,=19,a,=36 040

K 493.68 503.7 a=143 1.23 B B
) 11926 11997 a; =20,a, =29 059

K* 891.66 8750  a=126 1.87 . _ -
> 1383.7 14053 a,=17,a,=22 156
B 5279.3 52835 a=43 0.07 = 13149 13166 a, =32, a,=27 0.13
B 53252 53392  a=39 0.27 = 15318 15327 @, =28,a, =21 0.6
My 9398.0 93706 a=527 030 E, 24678 24595 ay=3.,a, =44 044
T 9460.3 9485.7  a =408 0.27 = 26459 26399 a, =23,a, =40 024
By 5415.4 34103 a=66 0.09 =; 59455 59580 a; =24,a,=49 0.04
B, 6275.6 62732 a=212 0.02 » 93827 95893 @, =2.2,a, =22 220
B; 6357.7 a=174 - A 1232 1269.5 a, =1.7,a, = 1.7  3.04

2 2 1 e ey — p
e 3 hPc2K emTidlrois e k=107.7MeV fim, ag = 0.0327338 (MeV ™' fm) /2,
16 mumjct (roij)ri; D = 950 MeV,

m, = 320 MeV, mg = 612 MeV,
m. = 1893 MeV, mp = 5285 MeV,

1 i, e i, a = 1.1349fm~", A = 0.0011554 (MeV fm)~?
roij =1/ |a+f———|, K =k 1 + y———|. : ; : ;
m; + m; m; + mJ o -1 o

~ = 0.001370 MeV ™", kg = 230.244 MeV.

where
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Color-Spin States of X(3915)

For €cSs with 16(JP€)= 0+ (0+H)
= Color Space

- Decomposition in terms of color SU(3)
3]c ® 3] @ [3]s @ [3]s = ([1]ac & [8]ec) @ ([1]ss & [8]ss)
=(([ae ® [1ss) @ ([1ae ® [8]s5) @ ([8ec @ [L]ss) B|((8]ac ® [8]ss)

® [1]5)
(cc)” ® (55)" . (ce)® ® (59)°

= Spin Space

- Decomposition in terms of spin SU(2)
2] ®@[2]®@[2]®@[2] =[5]®[3]® [3]® [3] & [1] ® [1].

Spin 2 Spin 1 Spin0

- For Spin 0, (EC)O & (58)0 . (ec), @ (8s) fe Satisfying charge conjugation (+)

All possible 4 CS bases satisfy the symmetry of X(3915)

- For Spin 1, (¢c), ® (5s), ., (éc), ® (5s), , |(éc), @ (Ss),|«] Satisfying charge conjugation (+)
If s — q, CS bases correspond to X(3872) with I¢(JP¢)=0*(1*)

Only 2 of 6 CS bases satisfy the symmetry of X(3872)




Color-Spin States of X(3915)
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: CoIor-Spin Bases of X(3915)

|C87) = |(ec 88)o> CS3) = |(ce) (55)5)
|CS5) = [(ee)1(59)1) , 1CSy) = [(ec)i(59)7)

= Transformation between CS Basis Sets
1 1 2 V2
CS)) = —2\/§ |CSy) + 6 |C'Ss) — \/j‘CS;g) + — |C5y)

CS}) = —\/gcsl + ﬁ CS,) + f 10S3) — = |cs4>

More appropriate for investigating the properties
of D,D, threshold

1
|CS3) = —= \CSH \/— |CSs) — — |C~93> \/7|CS4

|cs4>f——\cs] \[|052 S1085) + >

f|cs4
= Color-Spin Interaction Factor

3 K2R eTTulmon

cs cc

16 mymiet (roi;)ri;

2 !
C51) = ~5=1CS) - \f cp) — Loy - L jesy
2
|CSy) = — |CS’> + —1C53) — 7 |CS) — 3 |CSf;>-,
.' \/5 ! ]' !
059 =~ 2108 b= losg) - 22 iesi) + g [0Sy
0Sy) = \/_|CS’ \052 \fcsg \/_|CS4
n
1 cC\C
- ,mz-mj
1<J

H. Yun, S. Noh, A. Park, S. Cho, S. H. Lee, et al, Phys. Rev. C 107, 014906 (2023)
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Color-Spin Structure of X(3915)

Table Ill. Masses of X(3915) and the corresponding thresholds, obtained through variational method and our
model Hamiltonian.

Configuration J©¢ Threshold(MeV) Measured mass(MeV) Mass(MeV) Variational parameters (fm~?)

éscs 07" DYD;(3922.0) 3922.1 3922.1 a1 = 7.0{az = 0.001 2

C a;x;
. . ¢ 5| lag — 0
= Color-Spin Interaction Factor
n 1 asz x;
c\C
. mz»mj a;x;
K = =7
X (3915) —
16 1 1 0 8v2(mz—ms)(ms—m.) 4V2(ma+me)(ms+me)
3 Mmamsg MmszmMe Imzmzmemsg Vi3memzmemsg
16 16 4vV2(mz+ms)(ms+me)
0 —_— = — : 0
Mg g mMmzme \/gm.g'mgmcm_g
Sﬁ(ma—ms)(“rng—mc) 4\/§(ma+7n3)(n1§+mc) _8n1cms+(28mc+27ns+8m§)7ng+(2mc+28m__q)mg _dmems—ldmeme—1l4dmsme+4dmems
Imzmzmemg V3memsmem g Imamzmemyg V3memzmems
4V 2(mz+ms)(mz+m,) 0 _dmemes—1dmezm.—ldmzmst+4dmemsz 2 + 2
V3memzm,.m. fm MM Mg Mams MmzMe

where |[CS)) = |(es){(30)}). |CSs) = |(es)§(5c) @53 = [(es)}(30)D)) [OSs) = |(es)§(50)8)

‘ me = mgz = 0.5 GeV, m, =m; = 1.5 GeV

142 0 —6.70 23.2

Ky (so15) — —42.7 23.2
—6.70 23.2 ‘ £50.1) 29.8
23.2 20.8 5.33
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Color-Spin Structure of X(3915)

Table Ill. Masses of X(3915) and the corresponding thresholds, obtained through variational method and our
model Hamiltonian.

Configuration J©¢ Threshold(MeV) Measured mass(MeV) Mass(MeV) Variational parameters (fm~?)

éscs 07" DYD;(3922.0) 3922.1 3922.1 a1 = 7.0{az = 0.001 2

¢ aq Xq s
. . as — 0
= Color-Spin Interaction Factor
n 1 asz x;
K = — )\f)\;a’z * 0 — c
S
i< mz»mj a;Xs
Kx3915) =
\/_ma—ms Ms—Me \/_mé ms)lmsrme
% (ma]ms + m;mc) 0 - 2(37755771.573'1(07“5 ) - Qi/gm—zmg)ﬂ(’tcmt :
0 16 16 — Av2(me+ms ) (ms+me) 0
mam m m( Bmeamameme
8vV2(mae—me)(ms—me)  AV2(mat+mg)(ms+ mmm -{DS 2ms+8mzs)me+(2me+28mg)ms  Admems—ldmeme—ldmsme+4dmems
Imemzmemg \/ﬁfrnamgm(--m; 3mamzmemsg \/ﬁmmngnln?ns
4\/§(m5+m5)(m.;+*m(;) 0 E ;' —1ldmzm,.—1ldmzsm +4dmzmsz 2 + 2
ﬁmg"rngmcvns ﬁmafmgm,cms - maMms mzme
where [CS)) = | (@)} (Ge)t) [|CSs) = |(cs )\se) g, |033§1>@(gc)§>, CS4) = | (@) (5)8)
\
= Color-Spin Part of Hamiltonian (a; = 0. 001)
74.99 0 —0.41  0.36 55 ;
, 7=.. 7» . .
<ZV€S> ! 0.36 0 Ve = — 5 W e OZJO‘- O AN
.7 T . . L J" )
— —0.41  0.36  —10.39 0.88 & 16 mymjct (roij)ri; t

0.36 0 0.88 28.12
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Color-Spin Structure of X(3915)

Table Ill. Masses of X(3915) and the corresponding thresholds, obtained through variational method and our
model Hamiltonian.

Configuration J©¢ Threshold(MeV) Measured mass(MeV) Mass(MeV) Variational parameters (fm~?)

éscs 07" DYD;(3922.0) 3922.1 3922.1 a1 = 7.0{az = 0.001 2

e a;xy
. . ¢ 5| lag — 0
= Color-Spin Interaction Factor
n 1 asz x;
c\C
. mz»mj a;xX;
K. = =
X (3915) —
16 1 + 1 0 8v2(mz—ms)(ms—m.) 4V2(ma+me)(ms+me)
3 MmzMsg mzme Imzmzmemg V3memzmems
0 16 16 — Az 2(me+ms)(ms+m.) 0
Mam . m m( 3mamasmems
8vV2(mae—me)(ms—me)  AV2(mat+mg)(ms+ mmm . S 2ms+8mzs)me+(2me+28mg)ms  Admems—ldmeme—ldmsme+4dmems
Imazmzmemg \/ﬁfrnamgm(--m; 3mazmzme.mg \/ﬁmmngnln?ns
4\/§(m5+m5)(m.;+*m(;) 0 ;' —1ldmzm,.—1ldmzsm +4dmzmsz 2 + 2
V3memzmeme Vi3mamzmemy - mems mzme

where [CS)) = | (@)} (Ge)t) [|CSs) = |(cs )se) {9 |033§1>@(gc)§>, CSy) = |(e5)5(5¢)8)
= Color-Spin Part of Hamiltonian (as = 1. 010710 )\

74.99 0.0 —0.0002 0.0009

2.2, 7‘3"/7’03','

0.0 0.0009 0.0 , 3 N7tk ema/ou
Vos @3 VoS — T; TN\
Z —0.0002 00000  —938 0.0011 ||V 16 im0, 2 (ron, ), 3N A
1<J 3 J t] ]
0.0009 0.0  0.0011 2812
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Color-Spin Structure of X(3915)

Table Ill. Masses of X(3915) and the corresponding thresholds, obtained through variational method and our
model Hamiltonian.

Configuration J©¢ Threshold(MeV) Measured mass(MeV) Mass(MeV) Variational parameters (fm~?)

éscs 07" DYD;(3922.0) 3922.1 3922.1 a1 = 7.0{az = 0.001 2

C a; Xy S
. . as — 0
= Color-Spin Interaction Factor
n 1 asz x;
K = — MNNoo; - o _ c
P A J 5
’[,<J mzmj a;Xs -
Kx3915) =
16 ( 1 1 ) 0 8v2(mz—ms)(ms—m.) 4V2(ma+me)(ms+me)
3 MEMe MzMe V2 Imzmzmemeg Vi3memzmemsg
3 2(mz+ms)(ms+m.
0 _mifn,,,. o m;?n(, - E/gm_:fmg)gmcmt ) 0
8vV2(me—me)(ms—me)  4V2(mat+mg)(ms+me) _ 8mems+(28me+2ms+8mg)me+(2mo+28mg)ms dmems—ldmeme—ldmsms+4mems
3mzmzmmg V3meamsmems 3mamsm e mg V3memsmems
4\/§(m5+m5)(m.;+*m(;) 0 _dmemes—1dmezm.—ldmzmst+4dmemsz 2 + 2
ﬁmg"rngmcvns ﬁmafmgm,cms maMms mzme
where [05,) = |(@) o)1) (|C%) = @G (CS SHT GAD) 105 = | @508
P S~
= In threshold limit (ignoring|1/(mzm.), 1/(msms). 1/(mems), 1/(m.m,)| t€rms)
37713027?13 0 0 0
0 0 0
K sors) =
X (3915) 0 0 . %nfm 0
0 0 0
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Color-Spin Structure of X(3915)

Table Ill. Masses of X(3915) and the corresponding thresholds, obtained through variational method and our
model Hamiltonian.

Configuration J" Threshold(MeV) Measured mass(MeV) Mass(MeV) Variational parameters (fm™?)
gscs 0T DI DI (3922.0) 3922.1 3922.1 a1 = 7.0 @ — 0.00)

Table IV. Probability amplitudes for each CS basis in the ground state wave function of X(3915).

CS basis set Amplitudes
{les|Csa)C8s) |08} {0.0(1.0)0.0,0.0}
{|CST),1CS5) ,|CS5) ,|CSY)} {0.03,0.22,0.08,0.67}
where |cs,) = [(as)2(50)1) [ICS2) — [(eopGel)) 1C:Ss) = |(@)E (58, 1CSa) = | (s)8(50)8)
C51) = |(0)b(s)h) - 1055) =[S ERINTSi) = | ()t 100) = [(ee)(s5)3)

= Well-separated D,D, configuration

¢Sp“tial(x1, X9, X3) = N exp [ — ale — CL1X22 — 3X32}
\l/ C a; Xy S
77bf,i'zocutml (Xl,Xz) _ N/ exp [ . a,1X12 . CL1X22] o
3X3

where N and N’ are the normalization constants. S %ux,
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Possible Structures of X(3915)

= Three possible structures for X(3915)

= ¢C charmonium state c

al

= cCSS tetraquark state

«l
7}

=

= D.D, hadronic molecular state Ds

= We studied the possibility of experimentally discriminating among these three
different candidate structures.
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Pt Distributions for Candidate Structures

= ¢C charmonium state

d*N Xee _ 9X B d2 dz X(3915) as 2p wave cc state
257 % > 2p-Wigner function 16(JP9)=0%(0*")

dzN d*N,
d2p T d2p T 5( )(pT pCT T pCT)
C C
where . 15 2 e (P 119t 1592 15 L
P - Wop (7 k) = o st ko
R" mc cC _|_mc‘r(’ - — - 32 a 2 ag 2 g 2
= y =T — Te,
; 11
Me + Me —7k4o4 + k%0® + r?k? (3 - — kzaz)
. > MeP- m o
K =fo+fp, k= b el } r 2\ 15
Me + Me +2(F-k)(—7+2—2+2k2a2)——).
o 4
where 02 = 1/(uw) relating the oscillator

frequency and the reduced mass

EXee _ TN (o fro)? / A Perd® P

2,92 D 2 . . 5
x —o?k?e ok (k202 - 5) 8NPy — Per — Por)
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Pt Distributions for Candidate Structures

= CCSS tetraquark state

d2NXcé.s.§ gX 9
P2 TE (2vr ;
d°N, d*Ng d*N. d*N;

d*psr d*psr d*per d? P

d*Pyrd* Psrd*Por d Fer

D (Pr — Por — Dst — Por — Por)
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Pt Distributions for Candidate Structures

= Pr distribution of charm and strange quarks at mid-rapidities in central collisions
at v/syy = 5.02 TeV | obtained from the analysis of production of ¢ and D" mesons

AN, 1.63 (GeV—2)e=0-27(per/por)* ™ per < 1.80 GeV
- 3.5 -2
dgch 795 (Ge\/—Z)6—3.49(1%1“/jt'J'OT)'3 ? + (l.Of(();cf/ggSﬁ;{)'m))M'm’ PeT > 1.80 GeV
PN, _ [ wpmre T, per < 1.50 GV
Phsr | 2195 (GeV=2)e 0T /por) ™y BOUZ (G 15 150 GeV
S. Cho and S. H. Lee, arXiv: 2510.18673
10°5 : ——
§ sua=5.02 TeV
~—~ 104? X-X_X”X'X"X-—.x ;
i \X“x\x
B 102] ha
Nc']__ 10 3 - | ‘x\\x\.xxx
o ] ‘\‘-\ \x“x‘ - . . .
;z"‘ 101 S Fig. 2 Transverse momentum distributions of
© ‘ 5 . the D, meson at mid-rapidity at v/sny = 5.02 TeV
107 Dfot with and without feed down contributions,
10%] s ; denoted by D, and DY respectively.
0 2 4 6 8
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Results from Coalescence Model

Fig. 3(a) Transverse momentum distributions Fig. 3(b) Transverse momentum distribution
of X(3915) as cc¢, ccss., DD, states. ratios between X(3915) and Ds; meson.
1 0-2 T T T T T T T 1 0-2 E T T T T T T T 3
—_ (@) sn2=5.02 TeV 1 R N () snn=5.-02 TeV ;
Y 10° a - -
& ) =,107
[m]
=~ 104 z ~
-8' 10—5 o **e***ﬂé ¥ xa«** E— 10 4 * ¥ ¥ *
\’Lr? }‘é/*’ ><1t.%<-f¥?f¥:x’_x’x*x-i“ax,. h ¥ o BK)K :"'-'%)'(’)'('-')-(-t::'x e E
py K v e by Ko I > ¥ />.<">'V Ty
% 1 0'6 E }/‘ ‘\X\.:_x\ *.;.\ o a ‘,_r_) ¢ ><;IP>‘<:J4 X
< g R ] R 5 X
- _ f;;:: \%\ ] ;(/10 ko *7*,.*% % o _
pe) 1 0-7 4 —+«— CCSS —o— CC %1\:;;;).{\\_! Z e ><',>.<.fi—>-<;' - CCSS ——— CC
—~ — ‘~£;;5\§ o S _
T B B ] 10° O R
0 2 4 6 8 0 2 4 6 8
pr (GeV) pr (GeV)

Table IV. Yields of X(3915) for various possible states.

cc | cess | D.D, |DY" D" | Ther.
Yields (x10~4)] 12.0 [ 0.162 | 0.194 | 0.567 | 6.38

) r \\
_ J Suppressed by coalescence Different from most exotic
m,=1500 MeV > cCis closer to /77b in heavy ion collisions hadrons except D:o (2317)

= The results would be helpful in identifying the internal structure of X(3915)
from the measurement of its production in heavy ion collisions.
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summary

» X(3915) can provide a valuable insight for understanding other
hidden-charm exotics.

» Our quark model analysis suggests that X(3915) is more
consistent with a molecular structure, originating from the long-
range Interaction that extend beyond our quark model.

» Pr distribution and yields from coalescence model would be
helpful in specifying the internal structure of X(3915).

» Continued theoretical and experimental studies are essential.
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Back-up Slide

= Color octet-octet coupled singlet basis
8®8), = Z (Ta)ij (T) s i ac @)

a

where 1™ are the SU(3) Gell-Mann matrices.
= Using the standard Fierz identity for the generators

1 1
St = Y (T); (T, = 3 (53-;5;@ - §5a‘j5kz)

= Applying the charge conjugation
C (Sijut lasqiae@)) = Sijr 109 q)
= Sjik 1430 @)

Now the problem reduces to show that Sji, = Siju.

Since 0,01 = 0410k; and 05,01, = ;0.

1 1 1 1
Sjilk = 5 (5jk5zz' — 553'@'5%) =3 (5il5kj — 55@'%) = Sijki
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Back-up Slide

= Transverse momentum distributions for the three different candidate structures

In the non-relativistic limit
Considering X(3915) as 2p wave cc state, k=1

=1 in 3D harmonic oscillator wave function
1 4 r /5 r?N .2
( ) )6 202 Ylm(gv Qb)

= ¢c charmonium state
B (ro2)1/4 \/ﬁﬁ 2

d3Td2chd chWZp( ak)
lbum(T‘)
Using the m-averaged density for 2p states

a

ClZNXC gX

iV
ch ch
where L 1 . B
. p(?‘, r ) =3 Z ¢11na(7")11)f1m,(7' )
— . mfré _|_ mc‘r(’ - = — m
R — m _|_ m ) r=7Te—Te, . q—* —» o
e T Me B W (7, ) /dgqp + 17— )k'q
— — ™m p_ — mfp
_ —~ _ cr'eg’rT cFeT
K = pzp + Ders k=
me _I_ me = Transverse momentum distributions for the three different candidate structures
in the non-relativistic limit
= ¢c¢ charmonium state

= 1/(pw) relating the oscillator

where o
frequency and the reduced mass

where
2 _



