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Background: Exotic Hadron
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Previous theoretical studies...

e Many theoretical attempts on the mass spectrum from molecular picture[1] and
compact pentaquark picture[2].
e [XK Dong etc, CTP 73.125201(2021)], Bethe-Salpeter equation with

interaction respecting heavy quark spin symmetry, predicts several bound states.
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Previous theoretical studies...

e Many theoretical attempts on the mass spectrum from molecular picture[1] and
compact pentaquark picture[2].
e [XK Dong etc, CTP 73.125201(2021)], Bethe-Salpeter equation with

interaction respecting heavy quark spin symmetry, predicts several bound states.
e [QS Zhou etc, PRC. 98.045204(2018)], color-magnetic interaction, predicts

several compact ccsqqg states
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Previous theoretical studies...

Pentaquark (J 7, I) Mass Threshold
This work ChEFT [19] CMI [15] QCDSR [20]

ccsnn(y ., 0) 4.092 +0.298 3.957 4.702 — Eeeg K
cciinn(sy , %) 3.841 £0.290 3.816 4.578 421 Eccq T
ceisn(y . 1/0) 4.125 +0.301 4.112 4.854 - Eecq K
ccssn(s . 3) 4.409 +0.307 3.816 4.968 - QeegK
ccsnn(3,0) 4.496 +0.338 - 4.355 - Er, K
cciinn (3, %) 4.393 +0.340 = 3.970 4.27 Epeg T
cciisn(3 ", 1/0) 4.600 +0.348 - 4.802 - Ereq
ccssn(y . 3) 4.762 +0.342 - 4.955 - Q. K

e [Y Xing etc, EPJC 81.978(2021)], double heavy triquark-diquark framework

with SU(3) flavor symmetry, predicts several stable double charm pentaquark (for

instance a J© = 1/2~ cesnii pentaquark)
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Previous theoretical studies...

e Many theoretical attempts on the mass spectrum from molecular picture[1] and

compact pentaquark picture[2].

Current JP  50[GeV?]  M3%[GeV?] Pole (%) CVG (%) Mass [GeV] Two-hadron threshold [GeV] fx[GeVO]

JAD 1= 195(£5%) 2.83-343  >16.9 <5 4131010 4.15 0.77%016 x 107
JED l- 183(£5%) 3.40-370  >5.9 <5 4081018 4.32 0.287 00 x 1072
JEPT 3 203(£5%) 3.17-3.47  >119 <10 4.147018 4.46 0.2715 58 x 1073
JED > 228(£5%) 3.82-422  >134 <2 447011 4.39 1.43%035 x 107
JAPT 3 210(+5%)  3.55-3.95  >12.6 <5 431101 4.29 09507 x 1073
JAD 3 228(£5%) 2.91-351  >25.0 <10 442101 4.73 0.79%012 x 1073
JNDT = 221(£5%)  3.09-3.69  >15.5 <10 4417017 4.86 0.867)75 x 1073
JEDT 5= 250(£5%)  4.0-4.6 >12.5 <2 4697012 4.53 2.487020 x 107

 [FB Duan etc, PRD 109.094018(2024)], QCD sum rule, consider the potential

ccudd pentaquarks.
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Interpolating currents: Spin of HADS partner for T ;

e In HADS, insuring the charm diquark has the same color structure 3, the spin
structure of diquark should be symmetric due to Pauli principle, which is §.. = 1.

e The strange charm tetrequark TC§(29OO)O with quark content [ué][sd] is a spin singlet
state, the spin structure should be [uc]y[sd], or [uc][sd],

e The spin structure of corresponding HADS pentaquark partner:

1[Cc]®l ® 054 -2 _ @3 _
2 [u] 2 [ccusd] 2 [ccusd]

Or
l[cc]‘g’l ®1[sai]_l @3 EBi

2 [1] 2 [ccusd] 2 [ccusd] 2 [ccusd]

Analogous discussion can be made for the molecular structure and the compact

structure. We consider these spins of pentaquark states in this work.
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Interpolating currents: Flavor configuration

e Five flavor configurations
molecule [d;s,][€"*°Q,0,u.], [d 0?0 us,.], [du €0, 0ps,]
compact ¢l ghM gabe [Qu;1[Opsi] d., eebHleab 19,0 [u,5,]d.
Which can be related by the Fierz transformation.

5de€abc — 5da€ebc + 5db€aec + 5dc€abe
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Interpolating currents

Molecule Z{:V+* D)

1 Compact
m = $6abc ( 2 Cyssy — 54 Cysiy) Q¢][dd’)’5Qd]
L = €u; 77
m = ﬁeabc (u Cyuyssp — S C’)’y’)’sub))’ch] [dd)’st] N2 €ai j€bki€abe (Q CyuQj)\u )( & CYu S()‘yst ’
1 : J13 = €aij€pki€abe (Q- CY;:QJ)( C'YSSI)‘Y;:CJT,
n = Vieabc (u Cyssp— s C’)’Sub)'Ych][dd'Yde]
1 Jisu = Eaij€pki€abe (Q CYpQ;)( CYSSI)YSCdc ,
T
Moy = —=€ae | (4 CYvYsSh = S Cyyysity) ¥, Qe | |day,Q
A (4 Crrssn - sin) v+ 0e] | dar,Qu]. J18y = €uij€pki€abe (Q- C‘)’vQ,) (“{C‘)’v I)YpC ¢
7 . .
Msu = 4] 3 Cabe _(SZCTp“b)Ych + (u) Cy,Op)yss. +(QZC7ysb)75uc_ daysQal » J1opy = €uij€nki€abe (Q C')’ij)( C'szl) ysCd! + (u & v)
2 : — ;
ne = \/;fabc (53 Cyuttn)ys Qe + (g CyuQs)ysse + (Qq Cyusp)ysuc | |dayuQa|,
2 . . . o oy = €uj€su€anc (O] Cysu;) (0} C‘Yssl)‘)’s
M = 3 Cabe (54 CYuttp)ys Qe + (g CyuQp)YsSe + (Qo CYusp)ysite | |dayyQa |+ (1 & V), P
22 =

eauebkleabc Q CYp J Q{ CY;: [ YSCJT s
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o
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ce
& o= [fabc(QZ C’)’#Qb)')’y')’S“c] [deSsd]a

Exy = | €l QL CyvQoyyysuc| |dayusal,
1 o6y = €uij€ski€abe (QF Cysu;
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1

Esuy = 7€ab¢' [2 (uZ Cy, Qb) Y50, + (QZ CYpr) )’suc] [Jar)’vsd] + (o),

Molecule QU )tz (p™)
=& wo s),

Mass spectra of strange double charm pentaquark



QCD sum rule

¢ One of the most widely used methods to obtain the information about hadrons
properties (Shifman,Vainshtein, Zakharov 1979)
e Based on the operator product expansion(OPE) of the cotrelator of interpolating

currents
I, (¢ = in“xei""‘(Q TGO Q) = T,y Tig)

e Main point of the QCDSR philosophy is the implementation of the interaction of the
high virtual valence quark-gluon system with the soft vacuum quark and gluon fields,

whose strength is determined by the values of the vacuum condenstates.

OO
A O

-
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Operator product expansion

The correlation function can be perturbative evaluated via operator product expansion

method (OPE) in timelike space 0 = — g°> — oo. (Wilson 1969)

[ dtxen (@ TUA0119) = T CLa@1 0,01 2)
d
Cd(qz) are Wilson coefficients, containing high q2 QCD perturbative

effects, local gauge invariant operators @ ,(0) contain QCD non-perturbative

effects.
05 = :q(0)g(0) = g
Os = :9;Gp5(0)Gos(0) := g;G*
05 = :2(0)9.0°"" C1s(0)a(0) := G0Ca
Os = :4(0)q(0)3(0)¢(0) := qqqq
Of = : fing2Gip(0)G% (0)GE,(0) == ¢2G®
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Operator product expansion

& -& -
B & &
a5 &

<

OPE up to dimension-9
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Dispersion relation

Quark-Gluon level m L«

We evaluate the correlation function in

timelike space Q2 = — q2 — 00, Re

MOPE(g) = )" Cig) (R 6,(0)| Q)
d

but we are more interested in physical region q2 > ()

Hadronic level

the unitarity of & matrix — branch cut only on positive real axis

2ImII(g) = ) (Q|Jp(x) | n)(n |J(0) | Q)(27)*d®,6¥(g - p,)
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Dispersion relation

To connect the CF at two levels, we consider the

analyticity of CF in the q2 complex plane

Re

Cauchy’s integral formula

1 I1
(@) = —— ¢ ds—
271 Jo s —¢q?

For lim |II(g%)| — 0, the dispersion relation is

R— o0

HOPE(qZ) N
T

1 Joo ImII(s)
ds :
. Ss—qg*—ie

<

Ultraviolet divergence in CF, the dispersion relation is

(%) = Py

T

2\N (o N=1 k)
(g?) [ s ImII(s) N Z IT*(0) 2)k

N(¢— g2 _ i
_ sV(s — g~ — i€) pos
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Dispersion relation

p(a),

Optlcal theorem ground state

ImII(g?) ~ so(p;, = anything)

continuum

We use narrow resonance approximation for /\
2
'

T q

My my S0

baryon system:(double pole+continuum)
1 -2 — —2 +2 + +2 -
p(s) = —ImlI(s) = f“(p + my)o(s — my=) + fy“(p + my)o(s — my =) + continuum .
T
The sum rules for baryon system:

parity projected sum rules(Jido, Kodama, Oka 1996)

1 [ - ; m2

LsE M2, +) == o—5IM3 \/EPEPE(S) + pOPE(s) | s*ds = 22m>+lexp __J;
2 ). _ _ MG

1 (% T : 2]

Zsg, Mz, =) = 5| € M \/EP,L? PE(s) — pPPE(s) | s*ds = 22m***lexp _V;
Js. : _ | M

L (55, M3, )
o?O(S(_)_'_, Mz, +

The extracted mass: mi(s(;—r, My) =
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Numerical Analysis
Energy-scale from RGE

Values for various Condensates

A ( H ) 33-13,:. :
mg(u) =my(2 GeV) [a 2 GeV)] g

m,(y) — ’nj(’nw) — aS‘(lu) ]33_15"f
Standard value at 1 GeV ( ((me) |20
’nb(’nb) _ ’nb(’nb) | (Is(iu) ]3?—1 f

(3q) = — (0.24 £0.01)’GeV? 2 (my)

(Gq) (1) = (qq)(1 GeV) [a‘(l Gev)}w,

(55) = (0.8 £ 0.1){gq) o
(g2GG) = (0.48 + 0.14)*GeV* (55) () = (55)(1 GeV) [“ (;S((;‘S")r*fl‘_f
(8,90 - Gg) = — My(qq) (49,0 - Ga) (k) = (49,0 - Gg)(1 GeV) [(; G>V)]W
M = (0.8 £0.2)GeV? (5950 - Gs)(u) = (59,0 - Gs)(1 GeV) ["({j (‘;’;")]
as(p) = # [ ~ Z_(‘)lng’
We evolve all input at 4 = 2m,, , billog™t - k;,%,tz_ 1) + b()bzl’
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Numerical Analysis
As an example: Jio with J¥ = 1/2~

The contributions of the perturbative term and various condensate

terms to the correlation function with respect to M é when s, = o0

00— P
a o 14/
8l — =0 - d=6 _
> » .
8 [ ee— d=3 ---- d=7
S — d=4 d=8 1.2r
%(.’ ; d=5 - - - d=9 [ ’ |
e 4" O - f : -
T > 10‘ ".’:,: ******* ; -
A I O - ! ]
S 2 I
\8: O: 0.8_'
9 |
_2. . 06‘ ' A
1 2 3 3 5 6 7 : : 1 1 1 L L - L " . " . 1 L . . ]
§ 3.0 3.5 4.0 4.5 5.0

GeV2
M3[GeV?]

To ensure the convergence of OPE, we require the contribution of the

perturbative term is larger than the quark condensate term
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Numerical Analysis

We also require that the pole
contribution(PC) to be larger than

20%, thus our working Borel

Window is 3.50~3.86 GeV?

---------------------------------

4.8+ ;

46 o
: : c‘ﬂ“.

445 P -
AL T M3=3.50 GeV?
AN ..,-'e')'w E _____ 2 2

a2k o : M3=3.68 GeV?* |
Rt L e - M3=3.86 GeV?

PC[%]

30}

10}

40y

------------------------------

.,
L
.
.
el
.
-----
e
.....
e,
L

.............................

--------------------------

........ 50=22.0 GeV? ]
..... 50=22.3 GeV? ]
..... - 50=22.6 GeV?

.
..........
----------------
--------------------
----------------------------------------
---------------------------------

L
. e
...........
..............................
................................
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Numerical Analysis

The variation of the mass with respect to M l% should be minimized to obtain

the optimal value of the continuum threshold s,

We can find that the optimized value can be chosen as s, ~ 22.3GeV?

Our mass sum rules are established to be very stable in the above parameter

regions
4.38 ;| _
R M3=3.50 GeV*
2 S R M}=3.68 GeV?
et S - M}3=3.86 GeV? |

vvvvv

vvvvvvvvvvvvvvvvv

e -

50=22.0 GeV?
$0=22.3 GeV? !
50=22.6 GeV?

.
.............
.........................
..........................................
-----------------
----------------------

..........
..............
.............................
.......................

Mass spectra of strange double charm pentaquark




Discussion and Conclusion

5.0}

Mass [GeV]
[1]
+
3

I

Mass spectra for strange Current  Structure JZ M%(GeV?) s5,(GeV?) Mass (GeV)
double charm pentaquark N2 ec)i[us],d 57 350386 223 43870
Jia cc],[uslyd L 314422 213 4295002
- 1/27 = 327« 527 Jisy  lec] uslyd 3= 3.50-3.82 213 427005
J1 84 [cc], [us] 157 %_ 3.504.10 22.3 4,381’8:82
Jiow  [cc|[us],d 3 346-425 233 4437092
__________________________________________________ dgrepe Jax Jeulgleslyd & 300405 213 425800
_ZZ:'ﬁZZZZZZZZZZ@%ZZZZZZZZ@Z?ZZZZZZZ%ZZZZZ:E_ZZZZ:—EEJKO* J25 [cul,[cs],d 5 3.00-5.08 24.3 45700
::::::fjﬁ:?::::f_:_ﬁﬁ:::_%é::::Iiiﬁii!i:__:"l) Jas o leu]ileslod %_ 378428 233 4"‘“(2-’(22
................................................... Nk Jas o [culg[es),d - 400411 223 4.35+005
___________________________________________________ e 0 Jas, [cu]l[cs]oc? 3~ 3.00-4.03 213 4275090
© g [eufples)d 57 3.00431 223 43150
, , , , , Ja27, [cu]o[cs]od %_ 3.004.05 21.3 4_25‘_"8:82
2D BOKE  OBn(p) Type-I Type-II
Current Structure JP M%(GeV?) s0(GeV?) Mass (GeV) Threshold (MeV)
3 =+ D 1- 3.20-4.38 24.3 4477
N =+ prt 3 3.30-4.25 243 4588
M6 =t prt 1- 3.00-4.75 24.3 4655
&) = KO 1- 3.16-4.05 20.3 4120
& =R 3- 3.12-4.23 243 4512
£, =+ RO 3- 3.38-4.23 213 4192
£, Shamd & 1- 3.00-3.76 223 4584
Esu Shaad & 5- 3.00-4.45 24.3 4584
w, Q 7t 1- 3.18-4.25 21.3 3853
W, Qf pt 3- 3.16-3.63 243 4488
Wi Qi ot 3- 3.04-4.41 22.3 3925
W Qiipt 1- 3.00-3.77 22.3 4560
Qfpt 5- 3.20-4.63 25.3 4560
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Discussion and Conclusion

5.0}

Mass [GeV]
[1]
+
3

6.0

Mass spectra for strange
double charm pentaquark

. 1/27 = 3/27 & 5/2-

[ I3 TIIIIIIIIIITIIIIIIIIIILIIIIIIIIIIIIIIImgIIiiT
et ii::::::::::§:§::::::::§:_§:::::::":::::::E_::::__
:::::::fﬁ:?::::f_:?Z:::%ﬁ::iﬁ%:f

2D BOKE  OBn(p) Type-I Type-II

Compare with other works

50

Mass [GeV]

Eg*D-Hc -
=++ # :
ELFKO b

DY H

KO
40f

[© This Work
EA PRC 98.045204
1© CTP 73.125201

(= EPJC 81.978
PLB 797.134869
|© PRD 109.074035

E:*D-’-*
2K
2D

:~++K0

=cc

++ .0
Ol n

o ZUD* BE*D* E* K* Q¥ p may

» =cc

form as bound molecular states

o JP =5/27 state lies below the
thresholds of strong decay channels,
could be a narrow state and easy to

be identified in experiment.

e The best observed channel is the
semileptonic decay to double charm

baryon.
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Discussion and Conclusion

e Furthermore, we consider the dependence of the mass on the heavy quark

mass by varying the heavy quark mass to perform QCDSR analysis.

Heavy Quark Spin Symmetry

e We choose ten testing 10:' e
. 8| -
point from m,_ to my,. I e
O 6_ _ = -
O _ -7
e The results from QCDSR S 4: .-
Qs :
S L
fit well with expectation ,i Dependence of /mp and heavy
quark mass 1, ;
from HQSS. O e :

Mass spectra of strange double charm pentaquark



Discussion and Conclusion Heavy Quark Spin Symmetry

L Am? 2 _ Am? )

cc 4m . 2m
¢ 0

Current J? Structure b(GeV) ¢ (GeV?) mp, (GeV) mr_(GeV) JP(T,5)

3 %‘ ErD*t 1.65 0.40 10.1 6f(())85() _ _

Nay 5 B D 1.79 0.25 10.31309 - -

N6 3 EFDT 2.33 -0.35 10.68709¢ _ _

9 - ELF KO 1.48 0.24 9.930.06 Co 0+

Eu 5 Chn G 1.64 0.44 10.170:% 376 [+

S5 y EEK 1.46 0.38 996006 3.03 1+

&4 - Chapl e 1.04 1.07 9.5910 %7 3.16 0+

oSy %‘ SR G 1.63 0.38 9.99+0.06 3.20 0+ 1+ 2+

Wi 3 Qifxt 1.48 0.30 9.96:006 2.99 0+

Wau ol Qfp* 1.57 0.51 10047006 3.5 I

W3y, 3 Qirnt 1.45 0.47 9.96:006 3.09 1+

Vs 3 Qirp* 1.16 0.88 9.71+0.06 312 0+

Wsuw > Qiipt 1.80 0.25 10143097 3.27 0+, 1+, 2+

Current JP Structure b (GeV) ¢ (GeV?) mp, (GeV) my_ (GeV) JP(T.5)

12 5 lecli[us)d 1.61 0.30 10.06+09 311 0*, 1+

Ji3 3 [cc], [us]od 1.52 0.29 10.00799¢ 3.02 0+

15 ¥ lec][uslyd 1.53 0.17 9.97+000 2.94 1+

ur’ > ech[us)d 1.61 0.30 10.06+096 3.11 1+

I 1.9 3 [ec)[us],d 1.66 0.29 10.107096 3.15 2+

Jai 3 [cu]o[es]od 1.79 —-0.16 10.213097

Jao = [cu],[es),d 1.87 0.14 1033007

J23 3 [cu],[cs]od 1.74 0.07 10.18:007

J24 - [cu]y[es),d 1.72 0.08 10.17+006
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Discussion and Conclusion Heavy Quark Spin Symmetry
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Summary

e Motivated by the observation of TC§(29OO)O, we study the mass spectrum of its HADS
counter parts, strange double charm pentaquarks.

e The masses for strange double charm pentaquarks with J© = 1/27.,3/27,5/2 are
within the energy region 4.2-4.6 GeV, 4.2-4.5 GeV and 4.4-4.5 GeV, respectively.

e The 5/2 states are below the threshold of its two-hadron strong decay channel and
can be viewed as a narrow state. The best observed channel is the semileptonic decay

to double charm baryon.
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Operator product expansion

The correlation function can be perturbative evaluated via operator product expansion

method (OPE) in timelike space 0 = — g°> — oo. (Wilson 1969)

[ dtxen (@ TUA0119) = T CLa@1 0,01 2)
d

0 ,0) are ordered by increasing dimension d, and d(qz) fall off by

corresponding powetr of qz.

1
Cd(qz) ~ ﬁ ~ x4

To suppress the contributions of high dimension operatots, we can wotrk in
deep Euclidean region 0% = — g — co. The C d(qz) can be calculated in

perturbation theory.
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Wilson coefficient in Fock-Schwinger gauge

Background field method . 3 . . 3 . 3 .

@
Al — Al+ @, 3 3 3

q—q+1 ’
Fock-Schwinger gauge (fixed-point gauge) > ><
(c)

(x —xp)'A,(x) =0

External gauge field AM can be expressed as

1
A, (x) = L tdrG,, (1x)x”

Taylor expansion at small x

1 1 1
Aﬂ(X) = EXUGW(O) + gxaxVDaGW(O) + ganﬁvaaDﬂGw(O) + ...



Wilson coefficient in Fock-Schwinger gauge

As for soft quark field, which interact with the QCD vacuum with small momentum

transfer to form condensates, they can be expanded at small x

=2 1 - —
qg(x) = g(0) + x* D, q(0) + > xalxazDal D, q(0) + -

poy 1 —
Q(X) = Q(O) + xO‘lg(O)Da1 + Exalxazq(O)DalDaz 4+ ...

With the expansion, the CF becomes like

[, (%) = (Q| TU0)J0)] Q)

= (some product of propagator) + (some product of propagator)(€2|g(x)g(0)| ) + ---



Discussion and Conclusion
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e PRC: color-magnetic interaction in Schroedinger equation by variational

method, which is well-known to only give the upper limit of a given state.

e PLB: Non-relativistic constituent quark model by solving multi body

Schroedinger equation. Overlooked linear confinement potential and induce

two free parameters. And variational method.



