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We use the method of light-cone sum rules to study the electromagnetic transition of the E into E/ .y,

whose decay width is estimated to be 13. 7+17 7 keV. This value is large enough for the Z:1 to be observed

=cc

in the E/;"y channel, and we propose to continually search for it in future LHCb and BelleIl experiments.
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I. INTRODUCTION

The doubly heavy baryons provide an ideal platform to
study the heavy quark symmetry, and have been inves-
tigated in various experimental and theoretical studies
during the past three decades [1]. Experimentally, in
2002 the SELEX collaboration reported the evidence of
the doubly charmed baryon Z.(3519) in the E/. —
A K~ n" process and determined its mass to be 3518.9 +
0.9 MeV [2]. However, all the other experiments did not
confirm this [3]. Theoretically, lots of methods and models
have been applied to study the doubly charmed baryons,
such as the bag model [4], various quark models [5], QCD
sum rules [6], lattice QCD [7], etc. [8]. We refer to reviews
[9] for more relevant discussions.

Recently, the doubly heavy baryon E/;"(3621) was
discovered by the LHCD collaboration in the A K~z 7z
mass spectrum [10], which channel was previously sug-
gested by Yu et al. in Ref. [11]. The LHCb experiment
measured its mass to be
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Mzi+ = 362140 £0.72£0.27 £0.14 MeV, (1)

which value is significantly larger than the mass of the
:jc (3519) determined by SELEX [2]. Because the £ and
E/. are isospin partners whose mass difference should be
only a few MeV, the LHCb experiment [10] did not confirm
the SELEX experiment [2] either, but discovered a new state.

The discovery of the £/ (3621) quickly attracted much
attention from the hadron physics community, and many
theoretical methods were applied to study it [ 12]. Especially,
its weak decay properties were studied in Ref. [13], its
magnetic moments were studied in Ref. [14], and its relevant
molecular states were investigated in Ref. [15].

Besides the mass of the Z1.7(3621), the LHCb experiment
preferentially retains longer-lived /" candidates and favors
the J” = 1/2% assignment [10]. Hence, it is natural to
continually search for the doubly charmed baryon Z!F™
of JP =3/2%. One of its possible decay channels is the
radiative decay =!I — E/y. This has been investigated
and the decay width of 2T — EfFy was evaluated to be a
few or tens of keV when using various phenomenological
models [16-21]. Very probably, these values are much larger
than the weak decay width of the Z1 ", making it possible
and promising to search for the Z;/ " in the Z/ Ty channel.

To further verify the above results, in this paper we use
the method of light-cone sum rules to study the electro-
magnetic transition of the ZX™ into E/ "y, based on our
previous study on the mass spectrum of doubly charmed
baryons using QCD sum rules [22]. This paper is organized
as follows. In Sec. II we shall use the light-cone sum rules

Published by the American Physical Society
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to study the electromagnetic transition of the =}/ into
=} Ty. The numerical analyses will be done in Sec. III, and
the results will be summarized and discussed in Sec. IV.

II. LIGHT-CONE SUM RULES

In this section we use the method of light-cone sum rules
to study the electromagnetic transition of the =i/ into
=1y, which method has been widely used to study decay
properties of hadrons [23-25]. We have also systematically
studied mass spectra and decay properties of singly
charmed baryons using QCD sum rules and light-cone
sum rules in the framework of the heavy quark effective
theory [26].

To use this method we first investigate the following
three-point correlation function:

Ha(pv k’ q, 6)

- / x5 Oz ()T (Dr(g2 ). (2)

where p(= k + q), k, g are the momenta of the Z:/+, E1.,
and y, respectively; € is the polarization vector of the y.
Note that we have interchanged the initial and final states to
be Eify — BT in the above equation. The currents Jz+
and Jg++ , have been given in Ref. [22]:
Tz (3) = cos 0y x 1y (x) + sin 6y x 1 (x)
a (¥)Crycp(x))7"759.(x)
+sin 6 x e(qg (x)Crscy(x))e,(x)
= 1y x €(cq (x)Cr,c(x))7" 759, (x)
+ 1 x e(c (x) o0y (X))o y5q.(x).  (3)
Tzt (X) = 08605 X 1134(x) 4-sin6; X 175, (x)
= 0080, X T4 (cg (x) Cr'cy(x)) g (x)
+sindy x Ty, e (g4 (x)Crcy(x))e (x).  (4)

= cosf; x e?*“(c

where
sin @,
t; =cosf; — ,
| = cos b, 2
sin 6,
ty =— , 5
=-2 (5)
and Iy, is the projection operator
1
F/w =G — Zy/ﬂ/u' (6)

The above two currents couple to the ZEfF and ZEif*
through

(Ol [ELT)

(O g+ ol EeT)

= farrlgr (p), (7)
= farrlzr+ o(P). (8)

At the hadronic level, we write the amplitude of the
Bt o Bty as

Mzt g+, = ege" g rug++ ,p,q,65  (9)

where g = gz:++_z++, is the coupling constant and e is the
charge of the proton. Inserting Egs. (7)—(9) into Eq. (2), we
find I1,(p, k, g, €) has the following pole terms:

f E;j‘f =
_Mé;y)(kz _Mé;;)

,(p.k.q.€) = ege""" p,q,€, X (p?

% _l _ paYp - p/)ya _ 2papp
Yap 3 Ya¥p 3]‘43??4r 3Mé*++
X (p+ Mg+ ) (k+ Mgi+)
€ farfarr ~
z?geaupapqued X m X (p2 —|—M2)
R (1())

where its leading component is obtained after assuming that
prk>q, Mg+ Mg+, and M= (ME;.* +M5;C++>/2-
Note that we have kept only the double-pole term but
omitted the single-pole terms, which gives some but not
large uncertainties. Here we have used the following
formula for the baryon fields of spin 1/2 and 3/2:

> u(p)

spin

> u,(p)i,(p)

spin

= p+m, (11)

PuYv=PYu 2PuPy
K . £ 3:’12 )(p+m). (12)

1

= (gm/ _57//4711 -

At the quark and gluon level, we calculate I1,(p, k, ¢, €)
using the method of operator product expansion (OPE)
[27]. The result is quite messy, so we show it in Eq. (A1) in
Appendix A. It can be naturally separated into two parts,
i.e., the photon can be omitted either from the light quark or
from the two charm quarks. There are many light-cone
photon distribution amplitudes contained in that equation,
whose definitions can be found in Ref. [24]. For com-
pleteness, they are also listed in Appendix B.

Finally, we use the approximation p =k > g once
more to write the two coefficients e~**¢~/(1-4)a* and
e~ ikxemilmtwas)ax a5 =X After performing the Borel
transformation at both the hadron and quark-gluon levels,
we obtain the sum rules as shown in Eq. (AS5) in
Appendix A, where sy and Mp are the threshold value
and Borel mass, respectively.

Similarly, we calculate the sum rules related to electro-
magnetic transitions of some other doubly charmed
and bottom baryons, ie., Eif — 2Ly, Q'F - QlLy,
59 > 8)y, B, — By, and Q) — Q) y. We shall use
them to perform numerical analyses in the next section.

034018-2



SUGGESTED SEARCH FOR DOUBLY CHARMED BARYONS ...

PHYS. REV. D 97, 034018 (2018)

TABLE L.

parameters related to Jz- and Jzi- ,

Parameters related to doubly charmed baryons and their relevant interpolating currents, taken from Refs. [10,22,30]. The

are the same as those related to Jz+ -+ and Jzrr 4 . Note that we use the mass values listed in the

second column for numerical analyses The mass values listed in the last (elghth) column are evaluated using the QCD sum rule method,
which we do not use for numerical analyses in the present study.

Baryon Mass (GeV) Currents Mixing angle 5o (GeV?) M3 (GeV?) f (GeV?) Mass (GeV) [22]
gt 3621.40 [10] - 0, =—11+5° 25+3 35403 0.15:002 3581015
it 3727 [30] Jassr 0, =6+3° 25+3 35403 0.0617399% 3.581008
Q. 3778 [30] Jo: 0, =—-11+5° 25+3 3.5+03 0.17:5%2 3.701013
Q. 3872 [30] Jai 0, =6+3° 2543 35+03 0.074103%8 3.695014
29, 10202 [30] =i+ 0, =—-11+5° 130 £ 10 2843 0.677930 10.37503;
59 10237 [30] Jzir 0, =6+3° 135£10 34+3 0.29108 10471033
Q;, 10359 [30] J% 0, =—-11£5° 130 + 10 2843 0.8210%2 10.45503
Q;; 10389 [30] Jo: 0, =6+3° 135+ 10 34+3 038209 10.60703;

III. NUMERICAL ANALYSES

To perform numerical analyses, we use the following

values at the energy scale p = 1 GeV:

(1) The parameters in the distribution amplitudes take
the following values [24,28]:

fa, =—(4£2) x 107 GeV?,

w) =38+128,
wi =-21+1.0,
x = (3.15+£0.10) GeV~2,
x=0.2,
=04,
¢ =03,
K =¢f =g =o. (13)

Note that we use the above values for both the vector
mesons p and ¢, which can give some but not large
uncertainties.

(2) The quark and gluon condensates take the following
values [1,29]:

(§q) = —(0.24 +0.01)® GeV?,
(ss) = 0.8 x (gq),
(PGG) = (o 48 +0.14) GeV*,
(9:0Gq) = M§ % (gq),
(9,50Gs) = Mg x (3s),

my = 96:;1; MeV,
m, =123+ 0.09 GeV,
= 4.18100% GeV. (14)
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(3) There are many parameters related to the doubly
charmed interpolating currents Jz:++ and Jgi+ ,
We list them in Table I together with those related
to Jo: and Jg:+ .. The parameters related to Jz+ and
Jg:+ o are the same as those related to Jz+ and
Jzi+ oo All these values are taken from Ref. [22],
where the mass spectrum of doubly charmed bary-
ons is investigated by using the method of QCD sum
rules.

We also use the same QCD sum rule method to
evaluate the parameters related to their bottom
partners, i.e., the S-wave doubly charmed baryons

E(b*b) and QE:;,). The extracted masses are listed in
the last column of Table I, which are consistent
with Ref. [30], where the mass spectrum of doubly
heavy baryons is investigated by using the relativ-
istic quark model. Note that although we list the
mass values evaluated using QCD sum rules, we do
not use them for numerical analyses in the present
study.

(4) The mass of the E/ has been measured by the
LHCb collaboration to be Mgz:+ =3621.40 +
0.72 £ 0.27 £0.14 MeV [10]. For the masses of
the Eif" and other doubly charmed baryons, we
take the values from Ref. [30], where the mass
spectrum of doubly heavy baryons is investigated by
using the relativistic quark model. We list all these
values in the second column of Table I, which will be
used for numerical analyses in the following.

Inserting the above values into the sum rule (AS), we

evaluate the coupling constant gg-++_z++, to be

i+
g:‘u, == Y

=0.30101% Gev—

+0.024 +0.007 +-0.033 +0.093 4+-0.118 2
=0. 304'—0 026 —0.014 —0.028 —0.045 —0.087 GeV™ (15)



CUI, CHEN, CHEN, LIU, and ZHU

PHYS. REV. D 97, 034018 (2018)

0.6 . . , 0.6
— 047 3 ; | 10.4
7 : ! '
> /‘w/l—/"":/
o ‘ T |
S : : :
s 0.2+ 3 i i 10.2
0 : : : 0
3.0 3.2 3.5 3.8 4.0
Borel Mass?® [GeV?]
FIG. 1. The coupling constant gz:++_z:++, as a function of the

Borel mass M.

where the uncertainties are due to the mixing angles 6,
the threshold value sy, the Borel mass My, the decay
constants fzi+ and fgz.+, and various condensates and
parameters in the OPE series and distribution amplitudes,
respectively.

For completeness, we show the coupling constant
, as a function of the Borel mass in Fig. I,
and find that the curve is quite stable inside the Borel
window 3.2 GeV? < M% < 3.8 GeV>.

Finally, we use the following decay formula,

o
It el

F~*++_>E:r+y = ‘Q| ' z:./\/l—err ghty| s (16)
"*** spin
to obtain
FE;§+—>EZ+Y = 1371_71797 keV, (17)

where |g| is the momentum of the photon in the rest frame
of the 2. Note that the uncertainties of the masses of the
=5 and E5T have not been taken into account. Neither do
some of the parameters contained in the distribution
amplitudes, such as x and «*, etc. Moreover, we have

TABLE 1I.

made some approximations when deriving Eq. (10).
Therefore, the total uncertainties can be larger and the
final result can be 3 times larger or smaller than those we
have obtained, i.e., 13.7°29% keV, while we shall still use
Eq. (17) as our prediction.

Using the same approach, we calculate the following
coupling constants,

gz zr, = 023103 GeV~2,
Jort mar, = 0227044 GeV=2,
9=z, = 0.050200% GeV~2,

Zpb

9oy ~a;,, = 0.05370013 GeV=2, (18)

= 0.081709% GeV~2,

and estimate their relevant electromagnetic transitions to be

— +11.1
FE;:r_,E:r[}, — 8.1_4.9 keV,
Dovnary, = 5.47%7 keV,

P20z, = 0.117047 keV,
Tz e, = 0287077 keV,
FQZPQW = 0.0870% keV. (19)

We list all the above decay widths in Table II.

IV. SUMMARY AND DISCUSSIONS

In this paper we have used the method of light-cone sum
rules to study the electromagnetic transition of the EX/ ™
into 277y, whose decay width is estimated to be

TeoLgir, = 137557 keV. (20)

We have also investigated electromagnetic transitions of
some other doubly charmed and bottom baryons including

= —_ =0 —
*j - :'BLCV’ sz Qcc}/’ '—‘Zb - '—‘bby’ h‘hh - '—'bh% and

Electromagnetic transitions of doubly charmed baryons, in units of keV. For comparison, we also list the results

obtained using the bag model [16,17], the nonrelativistic constituent quark model [18], the relativistic constituent three-quark model
including hyperfine mixing effects [19], the relativistic constituent quark model within the diquark picture [20], and the chiral perturbation

theory [21].

Process Our results Ref. [16] Ref. [17] Ref. [18] Ref. [19] Ref. [20] Ref. [21]
Bt - Bty 13.731'7947 4.35 1.43 16.7 23.46 +3.33 7.21 22.0
i > Ely 8. 13‘91 3.96 2.08 14.6 28.79 £ 2.51 3.90 9.57
Qi - Qfy 5. 4j36'19 1.35 0.95 6.93 2.11+£0.11 0.82 9.45
:Z?? - -—‘be 0,11f8_573 1.19 0.31 +0.06 0.98

Eip = EppY 0.283‘}%‘ 0.24 0.0587 £ 0.0142 0.21

Q- Qi 0.08f8_82 0.08 0.0226 + 0.0045 0.04

034018-4



SUGGESTED SEARCH FOR DOUBLY CHARMED BARYONS ...

PHYS. REV. D 97, 034018 (2018)

Q; — Qp,y. To study the latter three processes, we have
used the method of QCD sum rules to investigate the mass
spectrum of doubly bottom baryons. The extracted masses
are listed in the last column of Table I, consistent with
Ref. [30] where the mass spectrum of doubly heavy baryons
is investigated by using the relativistic quark model.

We summarized the above results in Table II together
with those evaluated in Refs. [16-21]. Our results are
(slightly) larger than those obtained using the bag model
[16,17], but quite comparable with those obtained using the
nonrelativistic constituent quark model [18], the relativistic
three-quark model including hyperfine mixing effects [19],
the relativistic constituent quark model within the diquark
picture [20], and the chiral perturbation theory [21].

To end this work, we note that the electromagnetic
transition of E:f*t — ZXty is probably the main decay
mode of the E;, and its decay width is probably large
enough for the Z " to be observed in the Zf"y channel.
Considering that the Z/." has been recently discovered by
the LHC collaboration [10], we propose to continually
search for the doubly charmed baryon Z;f " of J¥ = 3/2F
in future LHCb and Bellell experiments.
|

=t
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APPENDIX A: LIGHT-CONE SUM
RULE RESULTS

In this Appendix we list the sum rules for the electro-
magnetlc transition E; T — Ef Ty, obtained by calculating

I1,(p, k, g, €) defined in Eq. (2) at the quark and gluon level
using the method of operator product expansion (OPE).
The results are

B 21k .) = T (ko) + B (ko) A1)

i = (p.k.g.€) /d4 /d4pl/d4p2Alduxe—i"xe‘i(l“‘)"x><€“”’”"1u€pXeu
oo (B o B
- pz%)>m%<g§GG>"”<”)<”> 2’:(pl<_3f)+(;f oo )
_65@%(11%"12;%’;_1’;;)”1 (Gq) (GG b, () - 65(2’?’1(11 %n’z 1‘)’ (; :1_2”;2;’))4mc<éq> <9§GG>¢y(u))
s () G
e s RGO )+ g A P (40) (GG, (1)
- B P GG ) g L PP ) (a4 3G, )
S 'nf§§4mz<gzae>w<a><u> - AP B 0) (R6G), )
v ()~ gm0
R RGO )+ 5 i (30) (GG 0
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+sin 6,1, X < 48x,my + 2ipag m.(qq)
142 c
(Pt = m2)*(p3 —m2)mw*x* -~ (pi —mg)*(p3 — m7)
ix’p, 48x,m?>
_ o G6G cllte
8(pt — mz)*(p3 — mg) me{g:40Ga) + (pi —md)(p3 — m2)*n*x*
6lp26 3ix2p20 —
+ m.(qq) — m.(9,q6Gq) | ¢. (A3)
(Pr—m2)(p2—m2)2 " 8(pt —m¢)(p3 —mi)?

where e, and e, are the electric charges of the up and charm quarks, respectively. The integration limits are

i 1 I
/Dg = / da, / daz/ dozd(1 —ay —ay — 3). (A4)
0 0 0

It can be naturally separated into two parts: H;“ﬁgﬁt Bee ( p.k,q,¢) is obtained when the photon is omitted from the light

quark, while H;”ﬁegvy““ (p.k, q.€) is obtained when the photon is omitted from the two charm quarks.

After performing the Borel transformation at both the hadron and quark-gluon levels, we obtain the following sum rules:

2e oo _iene, | 2P oI, 5o s
0, (sg, Mp) z?g€ Pulp€s X e+ farr X | —€ B4 ——> M 5= sp(s)ds, (AS)
S<

where s, and My are the threshold value and Borel mass, respectively. The spectral density p(s) is

] amax
p(s) = / du x €™’ p,q,e, X —— 16 5 / da x {3(2cos 0,1, +sin0,1;) x f3,/'(u) x (1 — a)a
0 Pmin

—2(10cos 01, +3sin6t; 4 5sinb,1,) x yp,(u) x m.(qq) x (1 —a)}

' du x e S (s -
+[) uxe p”q”€“X1152ﬂ2XA a<s_(1—a)a>

. 1
X {(2008 01t + sin0,1y) x f3,y'@ (u) x (ISOm% —{(?GG) x <M_%3+

(1 = 10a)m? Smit
(1-a)aMy (1 -a)’M§
(1 =Ta)m? 2m >

1—a)?aMy (1 -a)’M$§

+65sin0t, x f3,y'9(u) x (72m? - (?GG) x ( (

+ (10cos 01, + 3sin ;1) + 5sin0,1,) x y¢,(u) x m.(qq)(g?GG) x <

1 2
_|_/ dw/Daxe"”f’”p €5 X16X/) da5<s_(li1;)a> xmc<51q)x{(2cos9112+sin9]t2)

X ([35(2) + 5T (a) — 5T,(a)] + _a[s(g) - S(a) + 3T (a) — 3T5(a) + 3T5(a) - 3T4(2)]>

Ta—6 2(1 —3a+ 3a2)m%> }

a*M? (1-a)?a*M}

+singyy x (3156@) + T1(@) - Ta(a)] + 1 [5(0) + 5(@) + Ti(@) - Tole) = Ta(e) + To(a)])
36

avpoc
+e"pLq €, ><

Qmax d Prnax
/ a/ dp x {(2cost91t1+s1n6'1t1) (m2 =2m?%(a + B) + aps)
an“ﬂ ﬂmln

+8sinf 1, x m2 x (1 —a—[})}

e, 1 m?2 . ,
— € pq.e, X =5 97 A daé(s —W) X (2cos80;t, + sin 6 t; +sinb,1,)
wm, x ({24 ) @g)+ (24— e dme (9,G6Gq) (A6)
m, - = c ,
‘ Py A VA Ve e S Sy v Ay ve i A
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where the integration limits are

1 — /1 —4m?/s

APPENDIX B: LIGHT-CONE PHOTON
DISTRIBUTION AMPLITUDES

There are many photon distribution amplitudes used in

Amin =~ ~» >
2 the present study. We list them in Eqs. (B1)— (B8) @, is the
I+ /1= 4m?2/s leading twist-2 distribution amphtude w, @ A and V
max = 2 ’ are the twist-3 ones; h,, S, S, and T1.2,3.4 are the twist-4
am? ones. We refer to Ref. [24] for the detailed expressions of
Prnin = as —m2’ these photon distribution amplitudes, and to Ref. [25] for
‘ more distribution amplitudes of pseudoscalar and vector
Puax =1-a mesons:
_ A 1 i v
2)rud(—2)ly =e.f3el, JH),
01a(@)rua(=2lr " (@) = eqfyely | duety (u p) (B1)
- 1 A ! i a
)V 549 \=2)|Y = 5€J3v%uwqz€ 10 u u,p(),
(0la(2)rursa(=2)lr*(a)) = 5 eof5e el 4 e’y ) (u, ) (B2)
1 .
(017(2)oupa(=2) ¥ (q)) = iex(aa) (gpes’ — el /O dueg, (u, p)
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