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Establishing low-lying doubly charmed baryons
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We systematically study the S-wave doubly charmed baryons using the method of QCD sum rules. Our
results suggest that the =" recently observed by LHCb can be well identified as the S-wave =, state of
JP =1/2%. We study its relevant Q. state, the mass of which is predicted to be around 3.7 GeV. We also
systematically study the P-wave doubly charmed baryons, the masses of which are predicted to be around
4.1 GeV. Especially, there can be several excited doubly charmed baryons in this energy region, and we
suggest searching for them in order to study the fine structure of the strong interaction.
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I. INTRODUCTION

Fifteen years ago, the SELEX Collaboration reported an
observation of the doubly charmed baryon E,. in the E/. —
AFK~z" process [1] and determined its mass to be
35189 £0.9 MeV [2]. This is the only experimental
evidence for the doubly charmed baryons, but all the other
experiments did not confirm this signal [3], until the recent
LHCb experiment [4], which observed the EfF in the
AFK~ztz" invariant mass spectrum. However, its mass
was measured to be 3621.40 +0.72 +0.27 4+ 0.14 MeV
by the LHCb, a value that is significantly larger than that
determined by SELEX. Note that the E/ and =, are
isospin partners, and their mass difference should be only a
few MeV.

Besides the recent LHCb experiment, there have been
many other experiments in recent years [2,5,6], which
consequently observed many excited heavy baryons and
gradually made the heavy baryons as well as heavy mesons
an ideal platform to study the fine structure of the strong
interaction. We refer to the review [7] for more discussions
on this point. The doubly charmed baryons have been
extensively studied using various theoretical methods, such
as various quark models [8], the bag model [9], QCD sum
rules [10], lattice QCD simulation [11], and others (for a
incomplete list of works, see Refs. [12]). Again, we refer to
Ref. [7] for a brief review on these studies. More relevant
discussions can be found in Refs. [13].
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In this paper, we systematically study the S-wave and
P-wave doubly charmed baryons using the method of QCD
sum rules [14]. We construct all the local S-wave doubly
charmed baryon fields by investigating two configurations:
one contains a [cc] diquark [15] together with a light quark,
and the other contains a [cq| diquark together with another
charm quark. These two configurations can be related by
using the Fierz transformation (as long as local fields are
used). After carefully examining these relations, we find a
doubly charmed baryon field of J* = 1/2%, where all the
three quark fields inside are at the ground state. We use this
field mixed with a few other components to perform
QCD sum rule analyses and find that the E/F recently
observed by the LHCD [4] can be well identified as the
S-wave E,, state of J* = 1/2%. We also study its relevant
S-wave Q.. state, the mass of which is predicted to be
around 3.7 GeV.

Following the same approach, we systematically study
the P-wave doubly charmed baryons, the masses of which
are predicted to be around 4.1 GeV. Moreover, our results
suggest that there can be several excited doubly charmed
baryons in this energy region, similar to our previous
studies on the excited singly heavy baryons [16], where we
also found that there can be several singly excited charmed
baryons. Recently, the LHCb experiment observed as many
as five excited Q. states [6]. This may also happen for the
excited doubly charmed baryons, so we suggest searching
for them in the future LHCb and Bellell experiments. We
believe this would greatly help us understand the fine
structure of the strong interaction and consequently
improve our understanding of the quantum world.

© 2017 American Physical Society
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II. CONSTRUCTIONS OF S-WAVE DOUBLY
CHARMED BARYON FIELDS

For the first step, we discuss how we systematically
construct the local S-wave doubly charmed baryon fields.
They can only have the antisymmetric color configuration
[€**¢q,cpc.], where the subscripts a...c are color indices; g
represents an up, down, or strange quark; and ¢ represents a
charm quark. The other structures, including flavor and
spin/orbital/total angular momenta, can be generally
described by using either

B (x) = €®¢(cq (x)CTycp(x))Tag.(x) (1)

By (x) = ®(q (x)CT305(x))Tac, (). 2)

Here, C = iy,y, is the charge-conjugation operator, the
superscript T represents the transpose of the Dirac indices
only, and the matrices I'; 4 are Dirac matrices describing
the Lorentz structure. The other configuration

Bs(x) = e®(cg (x)CTsqp(x))Tsce(x) (3)
can be transformed to be B,(x).

The former B, (x) contains a [cc| diquark together with a
light quark, where we can clearly see the orbital structure
between the two charm quarks, while the latter B,(x)
contains a [cg| diquark together with another charm quark,
where we can clearly see the orbital structure between the
charm and light quarks inside the [cg| diquark. In the
present study, we use local fields, so these two configu-
rations can be related by using the Fierz transformation.

The first configuration B3, (x) can be easily constructed,
because we can directly apply the Pauli principle to the two
identical charm quarks contained in the [cc] diquark.
Following the method used in Ref. [17], we systematically
construct all the possible fields and find altogether two
independent Dirac fields (without any free Lorentz index)
of the spin-parity J¥ = 1/2%, two independent Rarita-
Schwinger fields (with one free Lorentz index) of the pure
spin-parity J* = 3/2%, and one tensor field (with two free
antisymmetric Lorentz indices) of the same J” = 3/27,

i (x) = €(cf (x)Crucy(x))r*r5q.(x), (4)

7/]2()6) = eabc(cz;(x)caﬂbcb(x))o-ﬂy}/ch(x)’ (5)
M3a(X) = L€ (¢l (x)Crcy(x)) g (%), (6)

Maa(X) = T X (e7(cf (x)Co™ ey (%)) 7,4, ()
+ €abC(C£(x) CG””/)/S Cp (x))YUYS ‘h‘(x))7 (7)
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= Falazyu X (eabC<C£(x)C6/wa<x)>},5qc(x)
+ e (e (x)Ca™yscy(x))ge (%)), (8)

’75111 a (X)

where Iy, and I, are the two projection operators:

1
F;w =G — Zy;tyw (9)

1 1 1
F;waﬂ = Gua9vp — Egyﬂyﬂya + Egﬂﬂyvya + Egﬂl/o-aﬂ' (10)

Among them, 7; 3,(x) contain the S-wave [cc| diquark
e (x)Crycp(x)

L, =781], (11)

while the other three contain excited [cc| diquarks. We can
further identify

J=1/2,
J=3/2.

l[cc] =0, j[cc] =1,
l[cc] =0, j[cc] =1,

nl(x): Slec] = 1,
773a(x): S[ec] = 1,

Here, s(c¢s ljc)» and ji.) are the spin, orbital, and total
angular momenta of the [cc] diquark, and J is the total
angular momentum of the doubly charmed baryon.

The second configuration B,(x) cannot be so easily
constructed. Still following the method used in Ref. [17],
we systematically construct all the possible fields and find
that there are five nonvanishing Dirac fields of J¥ = 1/2%:

1y (x) = € (qf (x) Crscy(x))ce(x), (12)
1 (x) = €k (x)Cy ey (x))r'yse.(x),  (13)
Mg (x) = € (g} (x) Cep(x))ysce(x), (14)

m(x) = €% (qF (x)Cy,rscp (X)) e (x),  (15)
ny(x) = (g1 (x)Co,0p(x))0"ysc.(x).  (16)

However, only two of them are independent, and we can
use the Fierz transformation to relate them to #,(x) and

1 (x):
0 ) (17)

1
2

1

1 _1
!l ) 4 2 4

1
(m\mymsnang) = (mimn) < ( 0

o wI—

_1 1
8 8

Among them, 7} ,(x) contain the S-wave [cq] diquarks
['Sol. (18)

S, (19)

€™ g4 (x)Crscy(x)
€ q4 (x)Cycp(x)

while the other three contain excited [cg| diquarks. We can
further identify
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0, J=1/2,
J=1/2.

lieg =0,
leg =0,

77/1 (x) . Sleq) = 0, j[C‘I] =

m(x) 2 Sieq =1, Jieg =1

Here, si.gs ljcq» and ji., are the spin, orbital, and total
angular momenta of the [cq] diquark. Especially, from
Eq. (17), we have the relation n; = —2#,, making this field
interesting because all three quark fields are at the
ground state.

Similarly, we find two independent Rarita-Schwinger
fields and one tensor field, all of which have J© = 3/2%:

Mo (%) = L™ (g4 (x)Criep(x))ce(x).  (20)

= Loy, x (€(qq (x)Co™ ey (x))r,00(x)
+€’”"( a(X)Co"yscy(x))rrscc(x),  (21)

(€ (g4 (x)Cot ey (x))rsce(x)
a(¥)Co"yscp(x))ce(x)). (22)

Mg ()

11/50:]0:2 (X) = Falazyv

+ Gabc (

The former two fields 753, 4,(x) can be related to 773, 4,()
by using the Fierz transformation, and 775, , (x) can also be
related to 775, 4, (x). Only the first one, #5,(x), contains the
S-wave [cg| diquark, while the other two contain excited
diquarks. We can further identify

J=3/2.

r]ga(x): S[Cq] = 1, l[cq] = O, j[cq] = 11

III. INTERPRETATIONS OF THE E}.*

In the present study, we shall use 7, = =275, 7}, 1134, and
115, to perform QCD sum rule analyses in order to study the
S-wave doubly charmed baryons of J” =1/2% and
JP =3/2%. We shall pay special attention to the field
11 (x) = —2#5(x). Besides these single fields, we shall also
study their mixing,

(0, x) = cos @ xn(x) +sin0; xnj(x), (23)

(0, x) = cos 0y X N34(x) +sin €y x 175, (x).  (24)

These fields can couple to the doubly charmed baryons B
through

(Oln|B) = fpu(p). (25)

Then, the two-point correlation functions can be written as

N(q?) = i/d4x€i"‘x<0|T[17(X)"7(0)]|0> = (4 + Mp)TI(q*).

In the present study, we use the terms proportional to M to
perform numerical analyses. Following Refs. [18], we
obtain My through
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fSO e™/Mip(s)sds

(26)

where s_ is the physical threshold and p(s) is the QCD
spectral density which we evaluate up to dimension 10,

pls) = pPeri(s) + pa9)(s) + p{@9) (5) + pla5a(s)
+ pl0(G6) (5) 4 plIGDGE) (5 (27)

where pP(s) is the perturbative term; p@9(s), p{@% (s),
plaGa) (s), plaaiGo)(s), and plaG0(GG)(s) are the terms
containing the quark condensate (ggq), the gluon conden-
sate (¢?GG), the quark-gluon mixed condensate {g,56Gq),
and their combinations (7¢)(g?GG) and (g,G06Gq){g>GG),
respectively. We find that the leading perturbative term
(D =0) and the next-to-leading quark condensate (ggq)
(D =3) are important. The results of these spectral
densities are too lengthy, so we list them in the supple-
mentary file “OPE.nb” [19]. We use the values listed in
Refs. [18] for these condensates and the charm quark mass
(see also Refs. [20]).

There are two free parameters in Eq. (26): the Borel mass
Mg and the threshold value s(. In order to obtain reliable
QCD sum rule results, we require that the s, dependence
and the My dependence of the mass prediction be weak.
Beside this, we also need to carefully examine a) the
convergence of the QCD spectral density p(s) through

HS fsoo e_S/M% X p<(_1q><GG> (s) X ds (28)
My I eIMs % p(s) xds

II; _ foo /M3 x p (4G4 (GG) (5) x ds (29)
Iy Joe e™/Ms % p(s) x ds

and b) the pole contribution (PC) defined as

50 ¢=S/M5 x p(s) X ds
pe = 2 i pls)xds. (30)
—SIMy x p(s) x ds

S<

First, we study the E.. by replacing ¢ — u/d. The
masses obtained using 7} and 7}/ (0, = —11°) are shown in
Fig. 1 as functions of the threshold value s, and Borel mass
Mp, and those obtained using 73, and 5% (6, = 6°) are
shown in Fig. 2. We choose the working regions of s, and
My to be 22 GeV? < 55 < 28 GeV? and 3.2 GeV? <
M?% < 3.8 GeV? and find that the mass curves are quite
stable inside these shady regions. We also list them in
Table I together with Ilg/TL;, I1;o/I1,; and PC defined in
Egs. (28)—(30). We find that the pole contributions are
sufficiently large and the operator product expansion (OPE)
spectral densities have good convergence inside these
regions, suggesting that our sum rule results are reliable.
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M"][]w(glz_llo)-acz.‘(l/er) = 3581_8112 GeV’ (31)

where the central value is obtained by choosing s, =
25 GeV? and M% = 3.5 GeV? and the uncertainties
come from 6;(= —11+5°), 59, Mg, and various

20 2 25 28 30> 30 32 35 38 40"

so [GeV?] Borel Mass? [GeV?] quark masses and condensates [18]. Hence, the 2
o recently observed by the LHCD [4] can be identified

FIG. 1. Vanatlons‘ of My 4 /2 (dashed curves) and well as the S-wave =, state of JP =1 /2.
M (9,——119).1/2+ (solid curves) with respect to the threshold (iv) Similarly, we fine tune 6, to be 6° and use ng/’ 0, =

value s, (left) and the Borel mass Mp (right). 6°) to perform sum rule analyses

My 0,67 2,32 = 3582015 GeV,  (32)

where the central value is again obtained by choos-
ing 5o = 25 GeV? and M% = 3.5 GeV>. Hence, the
=1 may also be identified as the S-wave E,.. state
of JP =3/2*. However, the LHCb experiment

. ‘ s oas . e preferentially retains longer-lived E/" candidates
s0 [GeV?] Borel Mass® [GeV?] [4], disfavoring this interpretation because the Z... of

o JP = 3/27 probably has a much shorter lifetime due

FIG. 2. \Variations of M, 320 (dashed curves) and to its radiative decays
M1 (9,67 3/2+ (solid curves) with respect to the threshold value . o o M o
1y (02=67).: (v) Similarly, we use 7y (6 = —11°) and 3" (6, = 6°)

so (left) and the Borel mass M (right). to study the Q.. by replacing ¢ — s. The masses are
extracted to be

Mass [GeV]

Our results are as follows: ol
(i) The spectral densities extracted from 7;(x) = Mg, ——119) 0. (1/27) = 37053 GeV,  (33)

—215(x) and 53,(x) are not complete [ph"(s) =
P19 () = 0 and pE(s) = 99 (s) = 0], so we My (9,-6).0,,(3/2%) = 3.695515 GeV.  (34)
cannot use them to obtain reliable sum rule results.

(i) The masses extracted from 7/ (x) and 7}, (x) are both
around 4.0 GeV, significantly larger than the mass
of the E.. measured in the SELEX and LHCb

Again, the central values are obtained by choosing
5o = 25 GeV? and M% = 3.5 GeV>.

experiments. IV. OUR STUDY ON P-WAVE DOUBLY
(ili)) We carefully fine tune #; to be —11° and use CHARMED BARYONS
M _ o
ni’ (61 = —11°) to perform sum rule analyses. The The local P-wave doubly baryon fields are much more

mass is extracted to be complicated than the S-wave ones. We follow Refs. [16]

TABLE I. Masses of the S-wave charmed baryons.

Convergence
Fields Baryons 59 (GeV) M3 (GeV?) Pole Mg/Ty,  Io/Ily;  Mass (GeV) f (GeV?)
— 7 Ecc
nm = =21, Q.

) Eee 22-28 3.2-3.8 >72% <1% <1% 3.947014 0.04670910
gl Q.. 22-28 3.2-3.8 >72% <1% <1% 3.9810:12 0.047505%0
3 o . . . . . . .

cc

. Eee 22-28 3.2-3.8 >73% <1% <1% 3.951013 0.0407 5958
Ta Q. 22-28 32-3.8 >73% <1% <1% 3.971012 0.04173:508
(0, = 119 Eee 22-28 3.2-3.8 >87% <1% <1% 3581013 0.0370.008

e Q. 22-28 3.2-3.8 >84% <1% <1% 3.70%013 0.0401 095

(6, — &) Zee 22-28 3.2-3.8 >90% <1% <1% 3581014 00310004
72 Q. 22-28 3.2-3.8 >86% <1% <1% 3.697 01 0.03470507
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and construct them using the S-wave diquark fields defined
in Eqgs. (11), (18), and (19) as well as the following P-wave
diquark fields:

e [D'qi(x)|Crsey(x)  ['Pi]. (35)

e [Drqq(x)ICriey(x)  [PPo/PPi]/PPa). (36)

PPol/PPil/PPa). (37)

Here, D¥ = 0¥ 4 igA* is the gauge-covariant derivative.
There are altogether four configurations:
(i) Type 1, [Dg— c]c: We construct three fields of
JP=1/2", three of J°=3/2~, and one of J*=5/2".
(i) Type 2, [q¢ — c¢]|Dc: We construct three fields of
JP =1/2-, three of JP =3/27, and one of
JP=5/2".
(iii) Type 3, [c —c]Dgq: We construct two fields of
JP=1/2,two of J¥=3/27, and one of J* = 5/2".
(iv) Type 4, [Dc — c|q: We construct one field of J¥ =
1/2~ and one of J¥ =3/2".
We note that a) there exist more nonvanishing and
independent fields containing other diquark fields and
b) there are some relations among these configurations
due to the Fierz transformation.

We use all these P-wave doubly baryon fields to perform
QCD sum rule analyses and systematically study the P-
wave doubly charmed baryons of J¥ = 1/27, 3/27, and
5/2~. We note that we have only used the single fields but
have not investigated their mixing. We find that both type 1
([Dg — ¢|c) and type 2 ([q — ¢|Dc) can lead to reasonable
sum rule analyses, and our results suggest that the masses
of the P-wave doubly charmed baryons (both E,.. and Q...)
are around 4.0-4.2 GeV. Moreover, our results suggest that
there can be several excited doubly charmed baryons in this
energy region. We shall discuss in detail these results in our
further work.

e¢[D¥cg (x)]Cr ey (x)

V. SUMMARY AND DISCUSSIONS

We have systematically studied the S-wave and P-wave
doubly charmed baryons using the method of QCD sum
rules. We have constructed all the local S-wave doubly
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charmed baryon fields and found one field of J* = 1/2F
where all three quark fields inside are at the ground state
(verified by the Fierz transformation). We have used this field
mixed with a few other components to perform QCD sum
rule analyses and found that the Z" recently observed by the
LHCD [4] can be identified well as the S-wave E . state of
JP =1/2F. We have also studied its relevant S-wave
Q.. state, the mass of which is predicted to be around
3.7 GeV. We suggest searching for them in the future
LHCb and Bellell experiments in the Cabibbo-favored
weak decay channels, such as E())0D()+, 2F g0,
QU0+ (p™), etc.

Following the same approach, we have systematically
studied the P-wave doubly charmed baryons, the masses of
which are predicted to be around 4.1 GeV. Our results
suggest that there can be several excited doubly charmed
baryons in this energy region, similar to our previous
studies on the excited singly heavy baryons [16], where we
also found that there can be several singly charmed
baryons. Recalling that the LHCb experiment observed
as many as five excited Q. states [6], we also suggest
searching for these excited doubly charmed baryons
in the future LHCb and Bellell experiments in similar
Cabibbo-favored weak decay channels [E,. — ) D),

ADW 2K A K ZV1(p) and Q.. — ENGIDE),

VK, 0l x(p), ete.] in order to study the fine struc-
ture of the strong interaction.
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