Eur. Phys. J. C (2018) 78:826
https://doi.org/10.1140/epjc/s10052-018-6300-4

THE EUROPEAN

) CrossMark
PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Analysis of the doubly heavy baryon states and pentaquark states

with QCD sum rules

Zhi-Gang Wang?

Department of Physics, North China Electric Power University, Baoding 071003, People’s Republic of China

Received: 27 August 2018 / Accepted: 28 September 2018 / Published online: 15 October 2018

© The Author(s) 2018

Abstract In this article, we study the doubly heavy baryon
states and pentaquark states with the QCD sum rules by car-
rying out the operator product expansion up to the vacuum
condensates of dimension 7 and 13 respectively in a consis-
tent way. In calculations, we separate the contributions of the
negative parity and positive parity hadron states unambigu-
ously, and study the masses and pole residues of the doubly
heavy baryon states and pentaquark states in details. The
present predictions can be confronted to the experimental
data in the future.

1 Introduction

In 2017, the LHCb collaboration observed the doubly
charmed baryon state £7F in the AT K~ 77" mass spec-
trum, and obtained the mass ME;rC+ = 3621.40 £ 0.72 +
0.27 £ 0.14MeV [1]. The observation of the E" pro-
vides the crucial experimental input on the strong corre-
lation between the two charm quarks, which may shed
light on the spectroscopy of the doubly charmed baryon
states, tetraquark states and pentaquark states. The attrac-
tive interaction induced by one-gluon exchange favors for-
mation of the diquarks in color antitriplet [2,3], the favored
configurations are the scalar (Cys) and axialvector (Cy,,)
diquark states from the QCD sum rules [4-9]. For the heavy-
heavy quark systems QQ, only the axialvector diquarks
glik QJTC ¥ O and tensor diquarks glik QJTC o Qk survive
due to the Fermi-Dirac statistics, the axialvector diquarks
glik QJTC ¥ Ok are more stable than the tensor diquarks

glik Q]TCG,W Qr, we can take the axialvector diquarks

glik QJTC vu Qk as basic constituents to study doubly heavy
baryon states [10-20], tetraquark states [21-25] and pen-
taquark states with the QCD sum rules. The doubly heavy
pentaquark states have not been studied with the QCD sum
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rules. In Ref. [26], the mass spectrum of the doubly heavy
pentaquark states are studied in a color-magnetic interaction
model.

In 2015, the LHCDb collaboration studied the Ag —
J /¥ K~ p decays, and performed the amplitude analysis on
all relevant masses and decay angles of the six-dimensional
data using the helicity formalism and Breit—-Wigner ampli-
tudes to describe all resonances, and observed two exotic
states P.(4380) and P.(4450) in the J/vp invariant mass
distributions with the significances of more than 9 stan-
dard deviations [27]. The P.(4380) and P.(4450) are excel-
lent candidates for the hidden-charm pentaquark states [28—
43]. Up to now, no experimental candidates for the dou-
bly charmed or doubly bottom pentaquark states have been
observed.

In Refs. [18-20,44-46], we separate the contributions of
the positive parity and negative parity baryon states explicitly,
and study the heavy, doubly-heavy and triply-heavy baryon
states with the QCD sum rules in a systematic way, the trunca-
tions of the operator product expansion are shown explicitly
in Table 1. We carry out the operator product expansion up to
the vacuum condensates of dimension 4 for the positive parity
doubly heavy baryon states [18, 19], another detailed studied
including the contributions of the higher dimensional vac-
uum condensates are still needed. While in Refs. [10-12],
the contributions of the positive parity and negative parity
doubly heavy baryon states are not separated explicitly.

In Refs. [39-43], we construct the diquark—diquark—

. . . +

antiquark type interpolating currents to study the J© = % ,
+ 5%+ . .

% , % hidden-charm pentaquark states with the QCD sum

rules in a systematic way by taking into account the vac-
uum condensates up to dimension 10 in the operator prod-
uct expansion and separating the contributions of the pos-
itive parity and negative parity pentaquark states explic-
itly. In calculations, we take the energy scale formula u =

M 1% — (2M.)? with the effective c-quark mass M. to deter-
mine the ideal energy scales of the QCD spectral densities.
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Table 1 The truncations in the operator product expansion (OPE) in
the QCD sum rules for the heavy, doubly-heavy and triply-heavy baryon
states

Baryons (parity) OPE References
0qq’' () 6 [19,20,44,45]
00q (+) 4 [18,19]

004 () 5 [20]

000 (&) 4 [46]

In Ref. [47], we construct the diquark—diquark—antiquark
type current to study the ground state triply-charmed pen-
taquark states with the QCD sum rules by carrying out
the operator product expansion up to the vacuum conden-
sates of dimension 10, and take the energy scale formula

w=,/ MI% — (3M,)? to determine the optimal energy scales
of the QCD spectral densities.

In Ref. [48], we study the diquark—diquark—antiquark type
charmed pentaquark states with J © = %i with the QCD sum
rules by carrying out the operator product expansion up to the
vacuum condensates of dimension 13 in a consistent way to
explore the possible assignments of the new excited €2, states
as the pentaquark states. The new excited €2, states may also
be the P-wave excitations of the ground state 2. [49-54]. In
Ref. [55], we study the [_)Ez.‘, D*¥, and D*E;‘.‘ pentaquark
molecular states with the QCD sum rules by carrying out the
operator product expansion up to the vacuum condensates
of dimension 13 in a consistent way to explore the possible
assignments of the P.(4380) and P, (4450) as the pentaquark
molecular states. In calculations, we observe that the vacuum
condensates of dimensions 11 and 13 play an important role
in obtaining stable QCD sum rules [48,55].

In this article, we extend our previous works [18-20,24,
25,39,46-48,55] to study the doubly heavy baryon states and
pentaquark states with the QCD sum rules by carrying out the
operator product expansion up to the vacuum condensates of
dimension 7 and 13 respectively in a consistent way.

The article is arranged as follows: we derive the QCD sum
rules for the masses and pole residues of the doubly heavy
baryon states and pentaquark states in Sect. 2; in Sect. 3, we
present the numerical results and discussions; and Sect. 4 is
reserved for our conclusion.

2 QCD sum rules for the doubly heavy baryon states
and pentaquark states
In the following, we write down the two-point correlation

functions IT(p), 1y, (p) and I,ues(p) in the QCD sum
rules,

M(p) =i/d4xe"1” (0|7 {Jx)J©}]0),
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M) =i [ e 0|7 [4,0,0)}]0),
vap (P) =i/d4xel'"'x (01T {7 Jup@}]0), (D)

where the currents J (x) = J2929(x), J 295 (x), J2Qudd (),
K dq

L) = 1%, 1290, 129N @), S =

JMQqudq (x),

7294 (x) = 75 Q] (x)Cy, Q (X)ysy* i (x),
7295 (x) = % QT (x)Cy Q; (x)ysy ™ si (),
7224 (x) = e7* Q] (x)Cy, 0 (x) g (),
T29 (x) = 7 0 (x)Cy 0 (x) sk (x),
J @ (x) = g e QT (1) Cyy Qu ()i, ()
x Cysdy (x)ysy"Cq, (x),
120U (x) = ek QT (x) Cyyy Qr (X)), (x)
x Cysdy (x)Cq, (x),
J2Lu 1 (x) = ek QT (x)Cypy Qr (X)), (x)
X Cydn (x)CqY (x), ©)

the i, j, k, I, m, n, a are color indices, Q = b,c, q =
u,d. In this article, we take the doubly heavy diquarks
glik QJTC Y. Qk as basic constituents to construct the cur-
rents J(x), Jy(x) and J,,(x) to interpolate the doubly
heavy baryon states (Ego, E*QQ, Qoo, Q*QQ) and pen-
taquark states with the spin J = %, % and 3, respectively.
In Refs. [22,24,25], we take the doubly heavy diquarks
glik QJTC Y. Qk as basic constituents to study the doubly
heavy tetraquark states. Recently, Azizi, Sarac and Sundu
studied the meson-baryon type (or the color singlet-singlet
type) doubly heavy pentaquark states with a hidden-charm
(or hidden-bottom) quark pair using the QCD sum rules
[56,57], while in the present work, we study the diquark—
diquark—antiquark type doubly heavy pentaquark states with
two charmed (or bottom) quarks. In this article, we choose
the famous Ioffe currents, for more general currents interpo-
lating the doubly heavy baryon states, one can consult Refs.
[14-17], the simple loffe currents have shortcomings, more
experimental data are still needed to select the best parame-
ters in the more general currents.

The three quark currents J(0) and J,(0) couple poten-

tially to the %Jr and %7, %+ doubly heavy baryon states B}
2

and BT, BT, respectively,

2 3
<0|J<0>|Bj<p>> =AU (p.s),
<0|JM(O)IB;(1?)> = f; puU (p.s),

<0|JM<0)|B;+<p>> = Ag Ui (p,s), 3)
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the currents J(0) and J,,(0) also couple potentially to the

17 and 17, 37

3 5 » 5 doubly heavy baryon states B; and B;,

B7 , respectively,
2

iysU ™ (p,s),

D= |

<0|J(0)IB;_(p)> =2

i puivs U (p, ),

2

<0|Jﬂ(0>|Bj<p)> =

<0|JIL(O)|B%_(I7)> =4 iysU, (p.s), “4)

because multiplying iys to the currents J(x) and J,(x)
changes their parity [18-20,44-46,58-60]. The five quark
currents J(0), J,(0) and J,, couple potentially to the %_,
1+ 3= gl- 3t 5~
2 02 2 02 02

Pf, P%* and P;, P%Jr , P5, respectively,
2

doubly heavy pentaquark states P, ,
2

01J(0)| Py (p)>—x U™(p,s),
0|J,L(0>|P+(p)> F{PuUT (p.s),
014, (0)| P5 (p)>—k U, (p,s),
;PquU_(P,S),

I [puUF (p.s) + puUL(p,9)].

2

0l w<0)|P+(p)>

<
<
<
<0 [ (O)[ P (p)>
<
<

01,0 ()| P5 (p)> = N/E)»g U (P 5), &)

the currents J(0), J,(0) and J,, also couple potentially to

the 5, %_, §+ nd %+’ 37, + doubly heavy pentaquark

states P1 , P1 , PJr and P,*, P3 s P5 , respectively,
2 2 2

0|J(0>|P+(p)> = Aszszﬁ(p 5),
017,,(0)| P, (p)> fy puivsU™(p.s),
0|JM<0)|P+(p)> = Ag iysUF(p,s),

0l W(O)IP+(p)> pupv iysUT(p,s),

01/, (0)| P} (p)> 17 ivs [puUs (0. 9) + puUy (p.9)).

<
(
<
<
<
(

0|J,w<0>|P+<p)> V2L iU (b s), 6)

because multiplying iys to the five quark currents J(x),

J(x), Ju (x) also changes their parity [39—43]. The )»i/ 35
2 2

f li/ ; and g | are the pole residues or the current-hadron cou-
2/3 2

pling constants. The spinors U~ (p, s) satisfy the Dirac equa-
tions (p — Mi)Ui(p) 0, while the spinors Ui(p, K))
and U, £ (p, s) satisfy the Rarlta—Schwmger equations (y —
Mi)Ui(p) = 0and (J— Mi) (p) =0, andtherelatlons
yﬂui(p, s) = 0, prU(p, s) = 0, Y Un(p.5) =
(p s) =0, U;w(P s) = (p s), respectlvely

At the phenomenological 51de we insert a complete set
of intermediate doubly heavy baryon states or pentaquark
states with the same quantum numbers as the current opera-
tors J(x), iysJ (x), J,(x), iysd,(x), Juw(x) and iysJ,, (x)
into the correlation functions I1(p), I1,,(p) and I1,,4s(p)
to obtain the hadronic representation [61,62]. After isolating
the pole terms of the lowest states, we obtain the complex
expressions:
2 p—-M-

+ M
H(P)Z)‘fﬁz +z A 2
i—-r 2 MZ—p

_l’_
M, (p) = x*”’—* (— gy + LI

M_%_ - p? 3
+ 2pupy _ PuVv = DV
3p? 3/ p?
2P YuYv
AT -
+ Ve p2 ( v + 3
2puPy _ Pul¥v ~ Pv¥u
3p? 3/ p?
b+ M-
+f% M2 _pzpupu
2P — My
+ + + -, 8
f% Mi—pzpupv 3

for the doubly heavy baryon states, and

2 p + M_ 20— My
l'l()—/\ 2+/\j s T, 9)
-p 2 Mi—p
2 p+M_ YuYv
HW(P)=)»% Mz—_pz<—guv+ )
ZP,U,PV _ PuYv — Pv¥u
3p? 3/ p?
+2 b — YuYv 2pupy
—i—k»7 —M2 2 (_gﬂv"‘ 3 + 32
Pm/v Pv¥u +2 D+ My
_l’_ =
3/p? ) Loz - e
2 p—M_
+ — +---, 10
f% M% _pQ.p’upV ( )
-2 ﬁ + M- guagvﬂ + guﬁgva g;wgotﬁ
I =2\
v (P) = 2M2—p|: 2 5
1 YuPou = YePu  PuPe | ~
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1 — ~
<)/v)/a + WPa — YaPv p;sa) Sup + :|

10 Vv p?
+2A+2 b — M+ guagvﬁ + guﬁgw _ g;wgaﬁ
5 M2 — 2 5

YuPa — YaPu

1 PubPa \ ~
10 (V//-ya + \/17 - p2 gvﬂ

1 — ~
<Vu)/a + YWPa — YaPv Pvfa) Tup + - :|

10 Vp? P

b+ M ( WYp
- — + =
oMz —pr [P TP T
2 —
+ PVIZ)ﬂ _ PvYg — PgWy L.
3p 3/ p?

2D

VUV,B
+f% m[l’u}’a( Qg+ —— 3

4 2PvPs _ PyYB— PRV L
3p? 3/ p?

2 p+M_
+g% A/I%—_pzpupvpapﬁ
20— M
+egtr i —T + e, 11
81 Mi_pzpupupapﬁ (In

for the doubly heavy pentaquark states, where g, = guv —
PuPv
e

We can rewrite the correlation functions IT,,(p) and

,vep(p) into the following form according to Lorentz
covariance,
M (p) = T3 (p?) (~8pv)

+ 115 (0% vy + T3P (P = Puvin)
+1y () pupo, (12)
Myuvep (P) = T3 (P?) (8uagup + up8va)
+l'11%(p2) 8uv8ap + H?%(pz) (uvPapp + gapPupv)
+ HS% (P (8ua Vv VB + 8upVoVa + SuaVuVp

+8upVuYa) + H‘% (P [8vp (ViuPa — Yarp)

+ 8va (Yupp — v8Pu) + 8up VoPa — Yapv)

+ gua (vaﬂ - )’ﬂpu)] + H;%(Pz)
X (gu,apvpﬂ + &upPvPa + uaPuPp + gvﬂpupoz)

+ 113 5 (P%) (VuvaPvPp + VuVpPoPe + VoYa PP
+¥v¥BPupa) + 1'13%7%(172) [(vuPo — Yapu) Pvrg
+ (yupp — v8Pu) PvPa + (wPa — YaPv) PuDp

+ (opp = v8Pv) Pupa] + 111 3 5 (0P) Pupvpapp:

(13)

@ Springer

. 1 3
the subscripts 3 5

I3 (p%). T (p), n,%( P T (p), T (ph), T (),
H3 (), n“ (P2, T 5 (P, n% ), T () and
2°2 2°2
H 13 s(p? )denote the spins of the pentaquark states, which
2°2°2

means that the pentaquark states with J = %, % and %

have contributions. The components H1 3 (pz) l'[{ : (pz)

and 3 in the components H;(Pz)

=

H23 5(172) H 5(p2) and 1'[1 3 5(p ) receive contrlbu—
°2

tlons from more than one pentaquark state, so they can be
neglected. We can rewrite y,,y, = guv — 10, then the com-
ponents I"Il (p?), I"I2 (p?, 1'[3 (p?) and H4 (p?) are associ-
ated with tensor structures Wthh are antlsymmetnc in the
Lorentz indexes u, v, @ or B. In calculations, we observe
that such antisymmetric properties lead to smaller inter-
vals of dimensions of the vacuum condensates, therefore
worse QCD sum rules, so the components l'[?i ( pz), 1'[23 ( pz),
2 2

l'[% (pz) and Hi (p2) can also be neglected. If we take the
3 3

leg;wJaa(x) to

subtract the contributions of the J = % pentaquark states,

a lots of terms o< gy, gup disappear at the QCD side, and

result in smaller intervals of dimensions of the vacuum con-

densates, so the components Hlé(pz) and Hé ( pz) are not
2 2

replacement Jy, (x) = Jyy (x) = Jyp (x) —

the optimal choices to study the J = % pentaquark states.

Now only the components H% ( p2) and H% ( p2) are left. We

can obtain definite conclusion by studying the QCD sum

rules based on the components Hlé (pz), 1'[2§ (pz), 1'115 (pz),
2 2 2

1'12§ (ph, 1'[3é (p?) and Hé (p?), this may be our next work.

2 2 2
In this article, we choose the tensor structures 1, g,, and
8ua8vp+8up&ua for the correlation functions IT(p), 1, (p)

and IT,,4p (p) respectively to study the J P +, 3+ doubly
heavy baryon states and the J© = %_, % and % doubly

heavy pentaquark states to avoid contaminations,

[(p) =

My (p) =

My(p?) + -
M3 () (=) + - .

=5 (P?) (8uagup + gupgua) +--- - (14)

Iyvap (p)

Now we obtain the hadron spectral densities at phe-
nomenological side through the dispersion relation,

=378 (s = M) 3578 (s - m2)]

+ Ml (s = ME) = Moa; s (s — M2)),

ImIT; (s)
b4

=ppj () + ) g s), (15)
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where j = %, % for the doubly heavy baryon states, and
ImIT;
mll; ) _ (1778 (s = m2) +58%5 (s — )|

-2 2 +2 2
+ M58 (s = M2) = Myaf s (s — ME)),
=00} 1 () + ) (s, (16)

where j = 2 2 g for the doubly heavy pentaquark states,
we introduce the subscript H to denote the hadron side. Then

we introduce the weight function ex (—%) to obtain the

QCD sum rules at the phenomenological side (or the hadron
side),

A :ZQ ds [\/3p] u(s) + %y @) | exp (—=5)

2
2 M
- 2M+)tj.r exp <_T_;) . (17)

with j = %, % for the doubly heavy baryon states,

A :)é ds [\/3p] u(s) + % 5 @) |exp (—=5)

M2
T_z_) . (18)

with j = 2, 5 % for the doubly heavy pentaquark states,
where the s¢ aIe the continuum threshold parameters and the
T2 are the Borel parameters. We separate the contributions
of the negative parity hadron states from that of the posi-
tive parity hadron states unambiguously. In Eqs. (17-18), we
choose the special combinations introduced in Refs. [39-43]
to obtain the QCD sum rules, which differ from the non-
covariant approach in Refs. [18-20,44-46,60].

We carry out the operator product expansion for the cor-
relation functions IT(p), I1,,(p) and I, ,s(p) up to the
vacuum condensates of dimension 7 for the doubly heavy
baryon states and dimension 13 for the doubly heavy pen-
taquark states, and assume vacuum saturation for the higher
dimensional vacuum condensates. In calculations, we take
the full light quark and heavy quark propagators,

=2M_3 exp (—

Sy = Bk %ilaq) 8i;x2(Ggs0 Gq)
2m2x4 12 192
igsGZﬁlZ 050'0‘/3 4 g% £) (Sijx4(CiQ)(gS2GG>
- 327 2x2 - 27648
1 = v
_ g(‘ﬁa“ qi)alw 4+, (19)
i j i0;j S;im §::(5s I8 ¥m.(5s
5 = 2;112; e 111(2 o x485< :
8ijx*(5gs0Gs)  i8;jx? ¥my(5g50Gs)
a 192 1152

igngﬁtlaJ(,x‘O’aﬁ + 0% ¥) Bijx4(55)(gs2GG>
327T2)C2 27648
1 _ "
_g(sja Si>6ﬂv+"' s (20)

S” (x) = (2 @ / d*kekx {k—_‘sfn ,
_ 85Gaplij 0Pk + mo) + K + mg)o®F
4 (k% —m7)?
gs (tatb),] Ga Gb faﬂuv+fauﬁv+fauuﬁ)
4(k2 —mg)>
= K+mo)y* K +mo)y”
XK +mo)y" K +mo)y” | +mg), 21

and t" = %, the A" is the Gell-Mann matrix [62,63]. In Egs.
(19, 20), we retain the term (g;o,,q;) ({Sjous;) ) comes
from the Fierz re-arrangement of the {(g;g ;) ({(s;5;)) to absorb
the gluons emitted from other quark lines to extract the mixed
condensate (ggs0 Gq) ({(5gs0Gs)).

For the correlation functions I1(p) and IT,,(p) of the
doubly heavy three-quark currents, there are two heavy quark
propagators and a light quark propagator, if each heavy quark
line emits a gluon and each light quark line contributes a
quark pair, we obtain a operator GG¢gq (or GGS5s), which is
of dimension 7, for example,

faﬂp,u

M(p) = —2i eijksi/j/k,/d4xe Y5y g x)y"ys Tr

x (758 Comesg” o] ~ (65,6l Ga).
(22)

with the simple replacements S“,(x) — ——8”( q),

Skk x) — Gpotkk,, S 7ji (x) — Gaﬁt .,, we should take
1nto account the vacuum condensates at least up to dimension
7. For the correlation functions IT(p), I1,., (p) and I, 48 (p)
of the doubly heavy five-quark currents, there are two heavy
quark propagators and three light quark propagators, if each
heavy quark line emits a gluon and each light quark line
contributes a quark pair, we obtain a operator GGiuddgq,
which is of dimension 13, for example,

2 EilagijkelmnEi’l/a/gi’j’k/el/m’n’

I(p) =
/d4xe * syt CSTI(—x)Cy ys
x Tr [yﬂ sk (x)y,,Cng/(x)C]
x Tr [y5 S”"’(x)ySCST’"'"’(x)C]
~ (65, Gy) @a)iaariaa), 23)

with the simple replacements ST“/“(—x) - — 1 8““/(5}61),
S (x) = —158"(Gq), ST (x) — ——3'"'" (q),

@ Springer
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S () = Gyt Sp7 () — Ghyt?,,. we should take
into account the vacuum condensates at least up to dimen-
sion 13. We can carry out the operator product expansion by
taking into account the vacuum condensates beyond dimen-
sion 7 or 13, however, it is a very difficult work.

The higher dimensional vacuum condensates play an
important role in determining the Borel windows, as there

#).0(2).0(;
QCD spectral densities, which manifest themselves at small
values of the Borel parameter 72, we have to choose large
values of the 7% to warrant convergence of the operator prod-
uct expansion and appearance of the Borel platforms. In this
article, we take the truncations n < 7(13) and k < lina
consistent way, the operators of the orders (’)(oef ) withk > 1
are discarded. For technical details in calculations, one can
consult Refs. [64-70].

Once the analytical QCD spectral densities are obtained,
we can take the quark—hadron duality below the continuum

appear terms of the orders O ( ) in the

thresholds sg and introduce the weight function exp (— %)
to obtain the following QCD sum rules:

2
2 M
2M.M;L exp <—T—;>

S0 ;
B A  ds[V50]0co®) + 00 0cn®) |exp (— 73 )

mQ

_2 M?
ZM,)Lj exp —77

ZAXO ds [\/_/0, QCD(S)+P, Qcp(s):lexp< : >,

m

(24)

(25)

where

p’l/SCD(S) :'00 (S)+P (s)—l-pl/o(s)

(S) +p1/0(S),

1/0

with j = %, % for the doubly heavy baryon states,

pilocn®) = 0" ) + 05 (5) + 0/ (9) + 55 ()
)+ p) P7 (S)+p1/0(s)+p1/o(s)

+0q
1006) + 11%(s) + 0,4°(s),

+ P10

with j = ; 553 2 for the doubly heavy pentaquark states, the
explicit expressions of the QCD spectral densities are given
in the appendix.

We derive Eqs. (24, 25) with respectto t = T2 ,

inate the pole residues )\f and obtain the QCD sum rules for

then elim-

@ Springer

the masses of the doubly heavy baryon states and pentaquark
states,

ff on ds I:‘/E'Ojl‘,QCD(S) + P?,QCD(X)] exp (—1s)

M2 =

Jine s[5 0] cp®) + piocn® |exp (-1s)
(26)

3 Numerical results and discussions

We take the standard values of the vacuum condensates
(Gq) = —(0.24 £0.01GeV)?, (Gg;0Gq) = m§(gq), m§ =
(0.8 + 0.1)GeV?, (5s) = (0.8 £ 0.1)(Gq), (sgs0Gs) =
m%(Es), (@) = (0.33GeV)* at the energy scale u =
1GeV [61,62,71], and choose the M'S masses m.(m.) =
(1.275 £ 0.025) GeV, mp(mp) = (4.18 £ 0.03) GeV,
my(i = 2GeV) = 0.0957000 GeV from the Particle Data
Group [72], and set m,, = my = 0. Furthermore, we take into
account the energy-scale dependence of the input parameters,

(Gq)(w) = (Gq)(Q) [ozs(Q)] Ry

o (1)
(55)([/0 = (ES)(Q) [as(Q)]ﬁonf
as(u)
2
(8,0 Gg) (1) = (G8:0Gq)(Q) [%(Q)]l o
s (i)
2
<§gsCTGS)(M) = <§gSGGS)(Q) I:as(Q):|,3—2nf ’
ag ()
mC(M) = mc(mc) |: O[S(/»‘L) :| ’
J(mc)
12
mp () = myp(mp) [ s (1) T% 2n 7
s (mp)

1
mg(pn) = ms(2GeV) |: os (1) :I“’ "y 7

;(2GeV)
1 by logt  bi(log?t —logt — 1) + boby
= — 1 —_— — ——
= b [ R bar? :
(27)

9857 5033, L 35
128';§+ T A = 210 MeV., 292 MeV and 332 MeV

for the flavors ny = 5, 4 and 3, respectively [72-74], and
evolve all the input parameters to the optimal energy scales
1 to extract the masses of the doubly heavy baryon states and
pentaquark states.

In the article, we study the doubly heavy baryon states
and pentaquark states, the two heavy quarks form a diquark
state g'/k QJT.C)/H Qy, which serves as a static well poten-
tial and combines with a light quark state in color triplet
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to form a compact baryon state or combine with a light
diquark and a light antiquark in color antitriplet to form
a compact pentaquark state. While in the hidden-charm or
hidden-bottom pentaquark states, the heavy quark Q serves
as a static well potential and combines with the light quark to
form a heavy diquark in color antitriplet, the heavy antiquark
Q serves as another static well potential and combines with
the light diquark in color antitriplet to form a heavy triquark
in color triplet, then the heavy diquark and heavy triquark
combine together to form a hidden-charm or hidden-bottom
pentaquark state. The quark structures of the doubly heavy
pentaquark states and hidden-charm or hidden-bottom pen-
taquark states are quite different.

The doubly heavy (or hidden-charm, hidden-bottom)
tetraquark states X, Y, Z and pentaquark states P are char-
acterized by the effective heavy quark masses Mg and the
virtuality V- = /M3y, p — (2Mg)2. In Refs. [64-70],
we study the acceptable energy scales of the QCD spectral
densities for the hidden-charm (or hidden-bottom) tetraquark
states and molecular states in the QCD sum rules in details
for the first time, and suggest an energy scale formula
nw=V= \/M)zf/y/z — (2M)? to determine the optimal
energy scales. The energy scale formula also works well in
studying the hidden-charm pentaquark states [39—43]. The
updated values are M, = 1.82GeV and M, = 5.17 GeV
for the hidden-charm and hidden-bottom tetraquark states,
respectively [75,76].

It is not necessary for the M in the doubly heavy
tetraquark states and pentaquark states to have the same
values as the ones in the hidden-charm or hidden-bottom
tetraquark states and pentaquark states. In Refs. [24,25],
we observe that if we choose a slightly different value
M, = 1.84GeV for the doubly charmed tetraquark states,
the criteria of the QCD sum rules can be satisfied more easily,
while the value M, = 5.17 GeV survives for the doubly bot-
tom tetraquark states. In this article, we take the energy scale
formula as a constraint to study the doubly heavy pentaquark
states.

At the phenomenological side, we exclude the contami-
nations of the higher resonances by setting in the truncations
S0,

[Lsoz ds [«/E,O},H(s) + p?‘H(s)] exp <_%) _

o

At the QCD side, there are terms of the Dirac § function
type, (s — MZQ) and 8(s — r%ZQ), which are associated with
the higher dimensional vacuum condensates,

50
_ 2 5
A2 ds (s mQ)exp< T2>

o

o
_ _ 2 ) Cexp -2
_A , ds (s mQ)exp< T2>_exp( T2>’

mo

S0 s
ds 8(s — mi> ——
A s6(s mQ)exp< T2>

2
o

o0
_ i S Y men [ 2
_A , ds (s mQ)exp< T2>_exp( T2>’

o

the upper bounds of the integrals are arbitrary for getting
the same values, there may be some uncertainties originat-
ing from the higher resonances, as the truncations so can-
not exclude the contaminations of the higher resonances
rigourously. Firstly, we need good convergent behaviors in
the operator product expansion to obtain solid predictions.

Now we write down the definition for the contributions of
the different terms in the operator product expansion,

Jone ds pu(s) exp (~ )

D) = — : (29)
f4m2Q ds p(s) exp (—ﬁ>

in stead of
Sz ds pa(s) exp (=75

D(n) = o ( T2>, (30)

ffnjzg ds p(s) exp (—%)

where the p, (s) are the QCD spectral densities for the vac-
uum condensates of dimension 7, and the total spectral den-
sities p(s) = ﬁplQC NOE: pgc (). The definition in Eq.
(29) warrants the contributions of the higher dimensional
vacuum condensates play a less important role if the opera-
tor product expansion is well convergent.

The contributions of the perturbative terms D (0) are usu-
ally small for the tetraquark states and pentaquark states, we
approximate the continuum contributions as p(s)® (s — sp),
and define the pole contributions (PC) or ground state con-
tributions as

J25 ds p(s) exp (=32
_ T4my
PC = . —\
f4m2Q ds p(s) exp (—72

If the pole dominance is satisfied at the phenomenological
side, the uncertainties originate from the higher dimensional
vacuum condensates are greatly suppressed. So the QCD sum
rules must satisfy the two criteria, pole dominance at the phe-
nomenological side and convergence of the operator product
expansion at the QCD side.

For the lowest doubly charmed baryon state E.., M gt =
3621.40 £ 0.72 £ 0.27 £ 0.14 MeV [1], which is smaller
than 2M,. = 3.68GeV, the energy scale formula © =

/M iﬁ — (2M,)? is failed to work, we can choose the typ-

ical energy scale u = 1 GeV for the doubly charmed baryon
states Ecc, B ., Qce, 5, 2m (1 GeV) = 2.70—2.84 GeV <

ce’ cec’

M, < Msjj ,the M S massesm. (1 GeV) = 1.35—1.42GeV,

€1V}
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Table 2 The energy scales j, Borel parameters T2, continuum threshold parameters sg, pole contributions (pole) and contributions of the highest
vacuum condensates for the doubly heavy baryon states and pentaquark states

Jr i (GeV) T2 (GeV?) /50 (GeV) Pole ID(n =17/13)|

ceq i 1.0 2.0-2.6 4.1540.10 (60-86)% < 1%
ccq 3t 1.0 2228 425+0.10 (60-85)% < 1%
ces 1+ 1.0 2228 4.3540.10 (64-87)% < 1%
ces 3t 1.0 2.4-3.0 4.45+0.10 (65-87)% < 1%
bbgq i+ 22 6.8-7.6 10.75 +0.10 (55-73)% < 1%
bbgq 3+ 22 7.1-79 10.80 £ 0.10 (55-73)% < 1%
bbs 1+ 22 7.4-82 10.90 +0.10 (55-72)% < 1%
bbs 3t 22 77-85 10.95 +0.10 (55-72)% < 1%
ccudg 1= 2.0 2832 480 +0.10 (41-64)% (1-2)%
ccudg 3" 22 3.0-3.4 4.90 +0.10 (41-63)% ~ 1%
ccudg 5 2.4 3236 5.00 +0.10 (40-61)% <1%
bbudg 1- 2.9 6.9-7.7 11.40 +0.10 (40-60)% (6-14)%
bbudgq %_ 2.9 6.9-7.7 11.40 £0.10 (40-60)% (7-16)%
bbudg %_ 3.1 7.2-8.0 11.50 £ 0.10 (41-60)% (5-10)%

0420_'|'|'|'|'|'|'|'|'| 0'040-'I'I'I'I'I'I'I'I'I'

0.16 [ Y 0.036 [ — Al

012 [ e o __B|] 0.032 [ bb |__ g ;

0.08 K "\\ ] 0.028 [ ]

004 [N\ ] 0.024 | ]
E, 0.00 l" ] &~ o.020 | ]

0.04 [y - O 5016 ]

-0.08 T' ] 0.012 [

012 | ] 0.008 |

-0.16 |- ] 0.004 [

_020 L " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " ] 0000 [ " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "

12 1.4 16 1.8 20 22 24 26 28 3.0 32 54 57 60 63 66 69 7.2 7.5 7.8 81 84
T*(GeV?) T?(GeV?)

Fig. 1 The contributions of the vacuum condensates of dimension 7 in the operator product expansion, where A and B denote the E ¢ baryon

states with J = % and 3, respectively

the integrals f:f;% ds pocp(s) exp (—%) make sense for
the conventional charmonium states and doubly charmed
baryon states. In calculations, we observe that 2m (2.2 GeV)
= 9.28—9.44 GeV, while the bottomonium masses M, =
9.399GeV, My = 9.46GeV [72], the energy scale u =
2.2 GeV is the lowest energy scale or marginal energy scale
for the integrals f:;’li ds pocp(s) exp (—% for the con-
ventional bottomonium states. In this article, we choose
u = 2.2GeV for the doubly bottom baryon states Epp, EZb,
Qpp and 5, , which works well.

In Refs. [18-20,39-46], we separate the contributions of
the positive parity and negative parity hadron states explic-
itly, and study the heavy, doubly-heavy, triply-heavy baryon
states and the hidden-charm pentaquark states with the QCD
sum rules in a systematic way. In calculations, we observe

@ Springer

that the continuum threshold parameters /sg = M +(0.6—
0.8) GeV works well, where the subscript gr denotes the
ground states. In this article, we can take the continuum
threshold parameters as /so < Mp,p + 0.8 GeV.

In this article, we choose the Borel parameters 72 and
continuum threshold parameters s to satisfy the following
four criteria:

C1. Pole dominance at the phenomenological side;

C2. Convergence of the operator product expansion;

C3. Appearance of the Borel platforms;

C4. Satisfying the energy scale formula only for the doubly
heavy pentaquark states,

by try and error.
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Fig. 2 The contributions of the vacuum condensates of dimension 7 in the operator product expansion, where A and B denote the Q¢ baryon

states with J = % and %, respectively
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Fig. 3 The contributions of the vacuum condensates of dimension
heavy pentaquark states with J = % % and % respectively

The resulting Borel parameters or Borel windows 7', con-
tinuum threshold parameters sg, energy scales of the QCD
spectral densities, pole contributions of the ground states and
contributions of the highest dimensional vacuum conden-
sates are shown explicitly in Table 2. From the table, we can
see that the pole dominance at the phenomenological side
and the convergence of the operator product expansion at the
QCD side are satisfied, or the criteria C1 and C2 are satisfied.

In Figs. 1, 2 and 3, we plot the contributions of the vac-
uum condensates of dimension 7 and 13 with variations of the
Borel parameters T2 for the doubly heavy baryon states and
pentaquark states, respectively. From the figures, we can see
explicitly that the contributions of the highest dimensional
vacuum condensates are tiny in the Borel windows for the
doubly heavy baryon states and doubly-charmed pentaquark
states, while the contributions of the vacuum condensates
of dimension 13 for the doubly bottom pentaquark states
are somewhat larger, the smallest contributions are about
(5—7)% in the Borel windows, the operator product expan-
sion is still convergent. In fact, for the doubly bottom pen-
taquark states, the D (13) decrease monotonously and quickly
with the increase of the Borel parameter 72, a slight larger

R o e L e e e e L
09
08l - --B|
A —-—=-C| ]
06 ]
05 ]
0.4 K
03[
0.2F
01[

ool v v vy T
60 64 68 72 76 80 84 88 92 96 100

T?(GeV?)

D(13)

13 in the operator product expansion, where A, B and C denote the doubly

Table 3 The masses and pole residues of the doubly heavy baryon
states and pentaquark states

JP M (GeV) A (1071 GeV3) A (1073 GeV®)
g 3T 3N 1o
ceq 3T 375M00 0651007
ces 1T 375H008 gy 0gt0 s
ces 3T 385H008 081009
bbq T 10227097 2.73403¢
bbg 3T 10277997 16592
bbs 1T 1033907 32704
bbs 3T 103790 1.9779%
ccudg 17 4217900 2.51104¢
ccudg 37 427701 1.6510:3
ccudg 3T 437701 134402
bbudg 1~ 10757013 7.53%1%
bbudg 3~ 1076701} 427798
bbudg 3~ 10.827013 3.871078
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Fig. 4 The masses of the doubly heavy baryon states with variations of denotes the predictions based on the truncations of the operator product
the Borel parameters T2, where the A, B, C, D, E, F, G and H denote expansion up to the vacuum condensates of dimension 4
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Fig. 5 The masses of the doubly heavy pentaquark states with vari-
ations of the Borel parameters T2, where the A, B, C, D, E and F

denote the PC(,‘%, PC(,‘%, PCC,%, Phb_%, Phb% and Pbb,%, respectively,

Borel parameter can lead to much smaller contribution. In
calculations, we observe that the predicted doubly heavy pen-
taquark masses are rather stable with variations of the Borel
parameters at the region T2 > Tn%m, where the min denotes
the minimal values, the predictions survive for larger Borel
parameters, the somewhat large contributions D(13) cannot
impair the predictive ability.

We take into account all uncertainties of the input param-
eters, and obtain the masses and pole residues of the doubly

heavy baryon states and pentaquark states, which are shown
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the D = 10 denotes the predictions based on the truncations of the oper-
ator product expansion up to the vacuum condensates of dimension 10

explicitly in Table 3 and Figs. 4, 5, 6 and 7. From Table 3, we
can see that the criterion C4 is satisfied for the doubly heavy
pentaquark states. In this article, we choose the effective
heavy quark masses M, = 1.84 GeV and M;, = 5.17 GeV
for the doubly heavy tetraquark states [24,25], if we choose
slightly larger mass M, = 5.18 GeV, the energy scale for-
mula is satisfied even better.

In Figs. 4,5, 6 and 7, we plot the masses and pole residues
at much larger ranges of the Borel parameters than the Borel
windows. From the figures, we can see that there appear
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Fig. 6 The pole residues of the doubly heavy baryon states with variations of the Borel parameters T2, where the A, B, C, D, E, F, G and H

*

denote the B, Ef., Qec, Q» Epb» Ejp,» Qpp and Q,, respectively
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the PC(.‘%, P, 23 P 3 Pbb%, Pbb,% and Pbb,%, respectively

cc cc

Borel platforms in the Borel windows, the criterion C3 is
also satisfied. In Figs. 4 and 5, we also plot the masses with
the truncations of the operator product expansion up to the
vacuum condensates of dimension 4 for the doubly heavy
baryon states and of dimension 10 for the doubly heavy pen-
taquark states. From the figures, we can see that without
including the vacuum condensates of dimensions 5, 7 and
11, 13 for the doubly heavy baryon states and pentaquark
states, respectively, we cannot obtain very stable QCD sum
rules with respect to variations of the Borel parameters, the

higher dimensional vacuum condensates play an important
role in determining the Borel platforms.

For the doubly heavy baryon states, the criteria C1, C2
and C3 are satisfied, for the doubly heavy pentaquark states,
the criteria C1, C2, C3 and C4 are satisfied, we expect to
make reliable predictions, which can be confronted to the
experimental data in the future.

In the present work, we obtain the mass M = 4.211‘8:%?
GeV for the doubly charmed pentaquark state ccudg with
JP = %7. While in Ref. [77], Yan et al. obtain the masses of
the meson-baryon type doubly charmed pentaquark states
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with J¥ = %_ below 4.2 GeV based on the unitarized
coupled-channel approach, which are in qualitative agree-
ment with the present predictions. In Refs. [56,57], Azizi,
Sarac and Sundu study the meson-baryon type hidden-
charm (hidden-bottom) pentaquark states with J¥ = %i

and %i based on the QCD sum rules, the predicted masses
4.3040.10 GeV and 4.20 £0.15 GeV (10.960-3 GeV and
10.98082 GeV) for the hidden-charm (hidden-bottom) pen-
taquark states with J” = 3~ and 3 respectively are com-
patible with the present calculations in magnitude, but differ
from the present calculations quantitatively. We should bear
in mind that they are quite different pentaquark states.

4 Conclusion

In this article, we study the doubly heavy baryon states and
pentaquark states with the QCD sum rules by carrying out
the operator product expansion up to the vacuum conden-
sates of dimension 7 and 13 respectively in a consistent way.
In calculations, we separate the contributions of the nega-
tive parity and positive parity hadron states unambiguously,
and study the masses and pole residues of the doubly heavy
baryon states and pentaquark states in details, and obtain very
stable QCD sum rules in the Borel windows. The prediction
Mg, = 3.631‘8:8? GeV is in excellent agrement with the
LHCb data Mg+ = 3621.40 £ 0.72 & 0.27 & 0.14 MeV,
other predictions can be confronted to the experimental data
in the future.
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