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Radiative decays of the spin-3/2 to spin-1/2 doubly heavy baryons in QCD
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The spin-3/2 to spin-1/2 doubly heavy baryon transition magnetic dipole G, and electric quadrupole
G form factors are calculated in the framework of the light cone sum rules method. Moreover, the decay
widths of corresponding radiative transitions are estimated. Obtained results of magnetic dipole moments
Gy and decay widths are compared with the results present in the literature.
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I. INTRODUCTION

The quark model predicts the existence of baryons
containing two heavy quarks. The doubly heavy baryons
constitute an important and promising system to study the
structure of physics of a system containing two heavy
quarks as well as for understanding the strong interaction at
the nonperturbative domain.

Doubly heavy baryons lie on the focus of theoretical and
experimental investigations. Experimentally, the first obser-
vation of doubly heavy baryon Z, was reported by SELEX
Collaboration [1]. The existence of its iso doublet partner
BT state was observed by LHCb Collaboration in the
AfK~z"x" spectrum, with the mass mg:+ = 3621.40 &
0.72 +0.14 MeV [2]. The mass of E}, has been updated
in [2-5]. In the upgraded experiments planned at LHCb
with large data samples additional states predicted by the
quark model and new decay channels of doubly heavy
baryons may be observed.

The tremendous experimental developments triggered
theoretical studies on the physics of doubly heavy baryons.
Mainly the theoretical studies are concentrated on studying
the mass, electromagnetic properties, and weak decays of
doubly heavy baryons. These studies are critical to under-
standing the flavor structure and dynamics of these bary-
ons. The mass of doubly charmed baryons within different
approaches has been studied in many works such as
constituent quark model [6-13], Regge phenomenology
[14,15], QCD sum rules method [16-21], and relativistic
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quark model (RQM) [22]. The magnetic moment is another
important quantity in studying the inner structure of
hadrons. The magnetic moment of doubly charmed baryons
within different approaches such as the quark model (QM),
chiral perturbation theory (yPT), bag model, effective quark
mass scheme (EMS), lattice QCD, and harmonic oscillator
model are calculated in [23-28], respectively.

The spin-3/2 to spin-%2 doubly heavy baryon transition
magnetic moments receive special attention as they probe
the inner structure as well as possible deformation of heavy
baryons.

In the present work, we calculate the transition magnetic
moments of doubly heavy baryons with spin-3/2 to spin-
1/2 within the light cone QCD sum rules (LCSR). (More
about this method can be found in [29,30].) In this method,
the operator product expansion (OPE) is performed over
twists of nonlocal operators.

The work is organized as follows. In Sec. II we derive
light cone sum rules for the transition magnetic moments
of doubly heavy spin-3/2 to spin-1/2 transition. In Sec. III
we present our numerical results on magnetic moments
of considered transitions. In this section, we also present
a comparison of our results with predictions of other
approaches.

II. LIGHT CONE SUM RULES FOR MAGNETIC
MOMENTS OF DOUBLY HEAVY BARYONS

In this section, we will examine the electromagnetic form
factors of 3/2 — 1/2 transitions between the double heavy
baryons with quark content QQ’¢. This transition in the
presence of the electromagnetic field is described by

Hﬂy p q l/d4 /d4yetpx+zqy

X (01T {ms () /e, ()5 2(0)}0), (1)

where j¥, is the electromagnetic current given by
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TABLE 1. J¥ quantum numbers of doubly heavy E baryons.
State JP
E*QQq 3/2°
Eo0y4 1/2
B +
Eo0q 3/2
E’QQ, p 1/2*
= esqrd. (2)
q/

where e, is the charge of the quark ¢’ and the sum over is
over all quark flavors. Here 7, and ;7’3‘ /o are the interpolating
currents of spin-1/2 and spin-3/2 baryons, respectively.
The J? quantum numbers of doubly heavy baryons are
given in Table I. Note that E’Q o' 18 antisymmetric under the

exchange of heavy quarks whereas the remaining states are
symmetric in the flavor space.

N < ‘ ‘
1 =2 e (07 CAY)ALQ" + (Q"T CALq")AS0"]

k=1
Y
(A) — _— _abc aT k)b Ak ¢
N =—ze 2(Q7 CATQ7)A%q
=
+(QCAjq") AL Q" - (Q CATq")AS Q7). (3)

where a, b, ¢ are color indices, N is the normalization
constant which is equal to v/2 when 0 # O, 1; otherwise,
C is the charge conjugation matrix, 7 is the transposition,
Al =1, A} =pys, Al =ys, and A3 =5, and § is an
arbitrary parameter. Superscripts (S) and (A) mean sym-
metric and antisymmetric interpolating currents with
respect to the exchange of heavy quarks.

The interpolating current of doubly heavy baryon with
spin-3/2 can be written as

I elw =

e (OlmslBo(p. s)) (Ba(p.s)|j4y|Bi(p +q.5') (Bi(p+ q.5)|iF: ,]0)

N
ﬁ gabc [(anC]/” Qb) Qlc + (anCyﬂ le) Qc

+ (07 Cr0") g, (4)

nt =

where, again, a, b, c¢ are color indices, N is the normali-

zation constant which is equal to V2 when Q # Q/, 1;
otherwise, C is the charge conjugation operator. Note that
this interpolating current is symmetric under the exchange
of any two quark fields.

By introducing the plane wave electromagnetic back-
ground field

F,=i(e'q, - e q,)e (5)

and multiplying the correlation function (1) by e, it can be
rewritten in the following form:

wwwﬁ:jMMMWMWMMmm»m>

In Eq. (6) the subscript F indicates that all vacuum
expectation values are evaluated in the presence of the
background field. It should be noted that the correlation
function given in Eq. (1) can be obtained from Eq. (6) by
expanding latter in powers of the background field and
taking into account only terms linear in F,,, which
corresponds to the single photon emission. (More about
the background field method can be found in [31,32].)

Now letus derive the sumrules forthe 3/2 — 1/2 transition
form factors. According to the sum rules philosophy, the
correlation function Eq. (1) has to be calculated in two different
kinematic domains. The hadronic representation of the corre-
lation function can be calculated by inserting a full set of
hadrons carrying the same quantum numbers as the interpolat-
ing currents 1y, and 77, P and then separating the contributions
of ground states. On the other hand, the correlation function
can be calculated in deep Euclidean region, where p? < 0 and
(p + q)* < 0 with the help of operator product expansion
(OPE). The OPE is performed in terms of photon distribution
amplitudes (DAs) of increasing twist.

At the hadronic level, the correlation function Eq. (6) can
be written as

(p* =md)((p+4q)* —m})

: (7)

where a sum over hadrons and the continuum is not shown explicitly. The matrix elements in Eq. (7) are defined as

(Olms|Ba(p. s)) = Aou(p, s),
(B3j2(p +q.9)|Ts,10) = 2@ (p + ¢, 5), (8)
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where u is a Dirac spinor, #* is a Rarita-Schwinger spinor, and 4,(,) is the residue of the spin-3/ 2(1/2) doubly heavy

baryon.

The matrix element of the electromagnetic current sandwiched between spin-1/2 and spin-3/2 states is parametrized in

terms of three form factors in the following way [33,34]:

(By,(p.5)|J%|Bsy2(p + q.5)) = u(p. s) [Gl(—g“”ﬁ +4°r") + G, (—g“” (p + i) q+q" (p + g>u>

2 2

+ G;3(q°q" - ng"”)] Ysua(p + q.5). 9)

The last term which is proportional to G; does not
contribute to the emission of a real photon. In the problem
studied in this work, the emitted photon is a real photon.
For this reason, only the values of G, and G, at ¢g> = 0 are
needed.

Magnetic dipole (Gg) and electric quadrupole (Gpg)
moments, which are more directly accessible in experi-
ments, are defined through the form factors G; and G,
as [33,34]

3m; +m m
Gy = {#Gl(o) + (my — mz)Gz(O)] ?2,
G = (my = m) |1 1 6(0)] %2, (10)

where m; and m, are masses of spin-3/2 and spin-1/2
doubly heavy baryons, respectively. Performing summation
over spins for the Dirac and Rarita-Schwinger spinors via

> u(p.s)a(p.s) = (p+m)

5 a0V p.5) = (4 1) =g + 5707

2paPp  Pa¥p = Ppla
- - , 11
3m? 3m ( )

1 1

I, (p,q)e" = erdy
"” p*=m3(p+q)* —mj

[
the phenomenological representation of the correlation
function can be obtained. In order to obtain the sum rules
for transition form factors, two issues need to be addressed:
(1) Besides the spin-3/2 baryon, the current , can also
create a negative parity baryon with spin-1/2 from
the vacuum. This negative parity baryon also con-
tributed to the correlation function.
(2) Not all Lorentz structures are independent of each
other.
The first problem can be solved in the following way. The
matrix element of the current 77, between vacuum and a
spin-1/2 baryon can be written as

B0+ 4.9)10) = A3(p-+ )| (p-+ )=
(12

where the fact that n,y# =0 is used. Hence, it is seen
that the contributions of the spin-1/2 baryons are either
x(p+q) , or have y, at the right. Other structures do not
receive any contribution from these spin-1/2 baryons, and
only receive contribution from spin-3/2 baryons. In order
to solve the second issue and obtain independent Lorentz
structures (following [35]) the Dirac matrices are ordered as
¢apy,. With this ordering, the hadronic representation of
the correlation function becomes

5 {le.(pq) — (ep)q J{—2Gimy — Gomimy 4+ Gy (p + q)*

+ 2G| + Gy(my — my)| P + myGod — G p}rs + [q,8 — e, 1{ G (p* + mymy) — Gy (my + my) plys
+2G,[#(pq) — d(ep)]a.ys — Gi¢g{m + p}q,rs + other structures with y* at the end
+ structures which are proportional to (p + ¢)*}. (13)

Now let us turn our attention to the calculation of the correlation function from the QCD side. After applying Wick theorem

the correlation function given in Eq. (6) becomes
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I3(p) = / d*xe'P* \6[<0|{ng( X)rsTely,So(x)S,(x)] = So(x)S,(X)7,S o (x)rs — Sy (x)S o (x)7,S g (x)7s

—So(x)8, ( )7,S0(x)7s + S (x)75Tr[S, (X)7,S o (X)] + S, (x) S (x)7,S 0 (X)7s + BS (x) Tr[y, S (x)755, (x)]

— S0 (x)758,(X)7,S o (%)
+ pS,(x )7SSQ’(X)7/4SQ( x)}0)

I (p) =

Sa(x)So(x
+ 260 (X)758 0 (x)7,,S4(x)
_ﬂSQ’( ) [}/55 ( )7;1SQ(x)]

- ﬁSq (X)VSSQ (x)yﬂSQ/ ()C)

x)7uSo (X)ys + S (x )S (X)7,So(x)rs + SQ(X)YSTY[

¢(}H0)p,

— S (x)758,(x)7,S0(x) + BSo(x)Tr[S, (x)7,S o (x)ys]

[ e O (01250 (400,80 = 5, ()75 ()50

+280(0)8 ¢ (%)7,,84 (x)75 + 284 (x)75Tr[So (x)7,S o ()]

= Sg (X)75Tt[S(x)7,,S4 (x)] = So(x)S

] ( )7;¢SQ'(X)7/5
(0)7uSg(x)] = Sy (x) S (x)7,,S

( )Ys

— 280 (x)7r58 0 ()78, (x) + 288, (x) Tr[y, S o (x)75S o (x)]
_ﬂSQ(x)YSSq(x)yﬂSQ’ (x)
+ S0 (x)758,(X)7,S0(x) + BSo(x)TrlysSp (x)7,S

- ﬁSq (X)}/5SQ (x)}/ﬂSQ’ (X)
(14)

where the superscripts S(A) denotes when symmetric(antisymmetric) interpolating current has been used. In Eq. (14), S,
and S, are heavy and light quark propagators. Their expressions in the presence of gluonic and electromagnetic background

fields are
Sy(x) = 2;54 167;2 2/1 dufitfo s + ucsX}H{gG? (ux) + e, F (ux)}
So(x) = ZTQ [Kl(nj/g_%z—) (\/i) K, mQ\/:} ;’:ﬂgz/ldu{gGaﬂ(ux)+eQFaﬂ(ux)}
moV—x*
X {Ga/}KO(mQ \/sz) ((uxo-u/)’ + Wfa/ff) (\/Q7 )> }’ (15)

where K; are the modified Bessel functions of the second
kind, G,, and F,, are the background gluon and electro-
magnetic field strength tensors, respectively.

Calculation of the correlation function in the external
field involves perturbative and nonperturbative parts;
i.e., the photon interacts with the quarks perturba-
tively or nonperturbatively. To calculate the perturbative
part, when the propagators in Eq. (15) are placed in
Eq. (14), the terms linear in F,, are selected. For the
calculation of the nonperturbative part, it is enough to
replace the light quark propagator that emits the photon
with

1

(my + my)Gy(0) 4, dye™ ™/ Mie=mi/Ms

(O)ﬂ /126 mz/M]e my /M2 4.

[
where T'; = {l,ya,iy5ya,y5,\/i§aaﬂ}. In this case, there

are two and three particle matrix elements: (0|gI";¢|0)F,
(0/gTr'G,,q|0)F, and (0|gI'F,,q|0)r, which are parame-
trized in terms of photon DAs and describes the inter-
action of photons with quark fields at large distance.

We see that the hadronic and QCD sides of the correlation
function contain many structures. Among all structures, the
structures ¢#pysq, and gpys(ep)q, exhibit the best conver-
gence; for this reason, we chose them for determination of
G,(0) and G,(0), respectively. Equating the coefficients of
the aforementioned structures on both sides, we get the sum
rules for G| (0) and G, (0). In the final step, we perform Borel
transformation over variables —p? and —(p + ¢)? in order to
suppress the higher states and continuum contributions and
enhance ground states to obtain

ds, s1/Mi=s2/M3 (17)

dsye” 2p5(51.52),

/dsl/d52€ M=/ M, (51, 55),

054015-4



RADIATIVE DECAYS OF THE SPIN-3/2 TO SPIN-1/2 DOUBLY ...

PHYS. REV. D 108, 054015 (2023)

where 4, and 1, are the residues of the spin-3/2 and spin-
1/2 baryons, respectively, and - - - denotes the contribution
from higher states and the continuum. To obtain the sum
rules for the form factors G and G,, the contributions of
the higher states and the continuum are subtracted using
quark hadron duality:

OPE( if (Sl,Sz) g D, (18)

p(Sl,S2>’l’/) Sl,S2)
where D is a domain in the (s, s,) plane. Typically, the
domain D is a rectangular region defined by s; < s¢
and s, < s, for some constants s;, and s,,, or a trian-
gular region. In this work, for its simplicity, continuum

subtraction is carried out by choosing D as the region
M2

— 17 — 2

defined as s = s uy + $pilg < Sg, wWhere ug = rEwY: and

ity = 1 — uy. Introducing a second variable u = >, the
integral in the (s;,s,) plane can be written as

/dsl/dsze_‘“/M%_sZ/M%p(s],sz):/dse_ﬁp(s), (19)

where

pls) = — ldup(sl,s_i). (20)

Uptly Jo up iy

In the problem under study, the masses of the initial and
final state baryons are very close to each other; hence, we
can set M3 = M3 = 2M? leading to u, = ¥. Using quark
hadron duality, sum rules for the form factors take the form

(my + my)Gy(0)A dpe™ /M = ASO dse™ ™ py(s),

G (0)AAge™ /M = / dse=/M p,(s), (21)

where m? = (m?3 + m3)/2 and the expressions of spectral
densities p;(s) and p,(s) are presented in the Appendix.
Note that although the limits of the s integral are written
from s =0 up to s=1s9, p;(s) =0 (i=1 or 2) for
s < (mg 4+ mgy)?. From Eq. (21) it follows that, for

determination of G{(0) and G,(0), the residues 4; and
4, are needed. Spin-1/2 residues are calculated in [20],
while the values for the spin-3/2 residues are calculated
in [21].

III. NUMERICAL ANALYSIS

This section is devoted to the analysis of the sum rules
for the transition form factors G;(0) and G,(0). For the
values, the input parameters appearing in the sum rules
are [31,36-38]

m.(im.) = (1.275 £ 0.025) GeV,
my () = (4.18 +0.03) GeV,
f3, = —0.0039 GeV2,
¥ = (3.15+0.10) GeV2,
(Gq) = (=0.24 +0.001)3 GeV?,
m3 = (0.8 +0.2) GeV2,

For the heavy quark masses, we have used their MS
Scheme values. The masses of the spin-3/2 doubly heavy
baryons and spin-1/2 doubly heavy baryons are calculated
in [20,21,39], and the mass of Z,.. baryon is experimentally
observed. We present the masses in Table II.

We will see that the radiative decay widths of spin-3/2
to spin-1/2 baryons are proportional to the cube of the
mass difference of the initial and final baryons, (Am) =
(m35 — my ). Therefore, the decay widths are very sensi-
tive to the mass difference of doubly heavy baryons. For
this reason, in the next discussion, we will use the mass of
doubly heavy baryons obtained from lattice calculations
which contain a minimal error. The photon distribution
amplitudes are the main nonperturbative inputs of light
cone sum rules. The expression of DAs and the values of
the parameters entering in the expressions of DAs are given
in [31]. Now, let us perform the numerical analysis of the
relevant form factors.

The sum rules for the transition form factors G,(0) and
G,(0) involve three auxiliary parameters: parameter /3
appearing in the expression of the interpolating current
for spin-1/2 doubly heavy baryons, the continuum threshold

TABLE II. Baryon masses.

Baryon Lattice [39] QCDSR [20] QCDSR [21] Experiment [1] Experiment [2]
Epe 6.943 GeV 6.72 GeV

Bpe 6.959 GeV 6.79 GeV

Epp 10.143 GeV 9.96 GeV

B 3.610 GeV 3.72 GeV e 3.52 GeV 3.62 GeV
e 6.985 GeV 7.25 GeV

= 3.692 GeV 3.69 GeV

B 10.178 GeV 10.4 GeV
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TABLE III. Working Regions for M2, 8, and s,.
Transition M? cos(6) S0
g, - &8 6-9 GeV? (=0.4,0.4) 57 + 1 GeV?
AR 6-9 GeV? (-0.4,0.4) 57+ 1 GeV?
). - g2 6-9 GeV:  (—0.4,0.4) 57 + 1 GeV?
) - 50 6-9 GeV? (-0.4,0.4) 57+ 1 GeV?
Bt - BT 3-6 GeV? (-0.4,0.4) 204 1 GeV?
Bl - B 3-6 GeV2  (—0.4,0.4) 20 + 1 GeV?
g9, - =9 9-12 GeV2  (=0.4,04) 12142 GeV?
Ep = Eiy 9-12 GeV2  (=0.4,04) 121 +2 GeV?
2 T T
-8 5o = 56GeV?
1.8} —o— 50 = 57GeV? ||
—a— 59 = 58GeV?
1.6 .
= 1.40—A—4 \
=
5 1'2 > e e Fay o o O & o ra o) 4

0.8} i
<] 1 1 1 1 1 1 1
00665 7 75 8 85 9 95 10
M2 (GeV?)
(a)

5o, and Borel mass parameter M?. The working region of s,
is determined from the analysis of two-point sum rules
which are carried out in [20,21] and given in Table III.
The working region of M? is determined from two
requirements. From one side M? must be large enough to
guarantee the dominance of leading twist over higher twist
contributions, and from the other side, it should be small
enough in order to ensure the suppression of the higher
states and continuum contributions. The working regions of
Borel mass parameters are also presented in Table III.
As an example, in Figures 1(a) and 2(a) we present the
dependencies of G,,(0) and G(0) on M? at fixed values of
so at . From these figures, we see that the form factors Gy,

|Gl ()

550 = 58GeV?
-0 50 = 59GeV?
—A— 59 = 60GeV?

0 1 1 1 1
-1 —-08 0.6 —0.4 -0.2 0
cos (0)

(b)

1 1
0.2 04

FIG. 1. (a) M? dependence of the G, for EZj - EZC}/ decay with different values of sy at # = 5, (b) cos(6) dependence of G, for

Rt
“bc

5 I I
-850 = 58GeV?
—©—- 50 = 59GeV?
41 —A— 509 = 60GeV? |
Z 3k |
7
=
o o4 A A A
1G] 2 —o—0—6—"-6 =4 O—6—6—6—606"06 X
I 1 o e o e o e e = = = o = o = e = o = = S
11 N
0 1 1 1 1 1 1 1
6 6.5 7 7.5 8 8.5 9 9.5 10
M2 (GeV?)

— By with different values of sy at M> = 8 GeV?, where f = tan(0).

5 T I I I
—B 50 = 58GeV?
—o— 50 = 59GeV?
41 —a— 59 = 60GeV?
S
=
)
&)

1 1 1
071 -0.8 -0.6 -04 -0.2 0 02 04

cos (0)

(b)

FIG. 2. Same as 1 but for Gg.
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TABLE IV. Transition magnetic moments in nuclear magneton.

Transition This work QM [23] xPT [23] Bag model [24] EMS [25] exBag [26] Lattice [27]
E;C - E;‘)j 1.25 £0.156 —-1.61 -2.56 0.695 1.12 1.12

Bl - B 0.17 £ 0.030 -0.36 —0.36 0.672 1.04 0.814

Egc - EZ(C’ 0.77 £0.104 1.02 1.03 —0.747 —1.03 —-0.919

E;?C — E;;‘Z 0.18 £0.032 —0.36 —0.36 0.070 -0.17 0.598 =
ORI 1.03 +£0.138 -14 -2.35 —0.787 -1.30 —-1.21 -0.772
=L gt 0.96 +0.158 1.23 1.55 0.945 1.19 1.07 0.906
Egb - Ezg 1.78 £ 0.300 -1.82 =2.77 -1.039 -1.70 —1.045

B, = B 0.82 £0.131 0.81 1.13 0.428 0.76 0.643

TABLE V. Transition electric quadrupole moments in nuclear
magneton.

Transition |G|

By = Bt (1.92 +0.239) x 1073
By = E5f (0.167 + 0.029) x 10~
). > 50 (1.18 +0.160) x 1073
gy — 50 0.18 +0.032) x 107

: ( )

B - B (5.81 £0.775) x 1073

Bl - Bl (5.44 £0.901) x 1073
( )
( )

=0 =0
Zpb 7 b

== o
Zpb T Zbb

1.56 +0.264) x 1073
0.72 £ 0.115) x 1073

and G exhibit excellent stability with respect to the
variation of M? in its working region.

Finally in order to find the working region of f,
we present the dependence of Gy, (0) and G(0) for the
E;} — Ej_ transition on cos(d), where = tan(d) in
Figures 1(b) and 2(b). From these figures, we see that
the results on the form factors show very good stability
when —0.4 < cos(0) < 0.4. Performing similar calcula-
tions for the form factors of other transitions we find that
in this region of cos(0) the form factors are rather stable.
Therefore the working region of cos @ is (—=0.4,0.4).

We performed the numerical analysis by using the
working regions of cos 8, M?, and s, and our final findings
of the moments G (0) and Gg(0) are collected in
Tables IV and V. Note that since the signs of the residues
are undetermined, we present the absolute values of our
results. All errors coming from uncertainties of input
parameters, as well as the variation of s, M?, and cos 6
in their working regions, are taken quadratically. For
comparison in Table IV, we present the predictions for
the magnetic moments G, (0) of other approaches such as
quark model [23], yPT [23], bag model [24], effective
quark mass scheme [25], extended bag model [26], and
lattice QCD [27]. Using the results on the moments G, and
G one can easily estimate the decay widths with the help
of the following formula:

a (mi—m3)’

= 2 G (0) + 3GH(0))
N1

(22)

where my is the mass of the nucleon. The results of the
decay widths are collected in Table VI.

For completeness, we also presented the decay width
results obtained from the bag model, exBag model,
RQM, and yPT. We see that our results are drastically
different from the results of both approaches, except the

results for the Z;f — &y and — E) y transition

=0

=bc

TABLE VI. Decay widths in keV.

Decay This work xPT [23] Bag model [24] exBag model [26] RQM [40] Lattice [27]
El’;j — Elfcy 0.48 +0.119 26.2 0.533 1.31

El’;j — E;;:y 0.002 + 0.0007 0.52 0.031 0.0293

EZ‘L) — Egcy 0.18 4+ 0.049 7.19 0.612 0.876

EZ? — E;?L_y 0.003 4 0.0009 0.52 0.000 7.6 x 107 e e
B S Bty 2.36 +0.622 22.0 1.43 2.79 7.21 0.0518
B - By 2.07 £ 0.666 9.57 2.08 2.17 3.90 0.0648
E,’;% — Eghy 0.58 +0.188 31.1 0.126 0.137 0.98

B = By 0.12 +0.038 5.17 0.022 0.0268 0.21
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obtained from the bag model which are in agreement with
our results.

From Table IV we get the following results: Main
contributions to the magnetic moments of considered
transitions come from the light quarks. In the transitions
involving =’ the contributions coming from light quarks
are canceled. For this reason, the magnetic moment
of the transitions involving E’ baryons are controlled
by heavy quark magnetic moments; hence, they are
small. Our calculations confirmed this expectation. Our
finding of transition magnetic moments for E;" — &/ |
Bl - B, Bl —» Bif, and B}, — &;, transitions are
in agreement with the QM [23], EMS [25], and exBag [26],
but considerably differ from yPT [23]. Results for the
E;0 — Y transition is in agreement with yPT [23] and
exBag [26], :;;0 - :/0 transition is agreeing with the EMS
[25], :;? _,n transition is in agreement with bag model
[24] and exBag [26], and E;% — E), agrees with both
QM [23] and EMS [25]. While the results for 27,7 — "
also agree with the quark model [23] and E/, — =} agrees
with the lattice QCD [27], results for = ”** - = bt transition
differs from other approaches’ results.

From Table VI we get the following results: The main
contribution to the radiative decay widths comes from the
transition magnetic moments. In other words, the dominant
contributions come from the light quark magnetic moments
except the transitions involving E' baryons. The discrep-
ancies among various models are mainly due to the absence
of experimental information on the double heavy baryon
masses. Any small change in the mass can lead to a
considerable change in the decay widths. Our finding of the
decay widths for the 2/ — Z;_transition is in agreement
with the bag model [24], it BT and X — B are
in agreement with the exBag model [26], while 25 — Ef.
transition also agrees with the bag model [24]. For other
transitions, the results differ from other works.

IV. CONCLUSION

We calculated the magnetic dipole G, (0) and electric
quadrupole G(0) form factors of spin-3/2 doubly heavy
baryons to spin-1/2 doubly heavy baryon transitions within
the light cone sum rules method. Having the values of the
magnetic dipole G;(g?) and electric quadrupole G(q?)
form factors at g> = 0, we estimate the corresponding
decay widths. Our findings on form factors and decay
widths compared with the predictions of other approaches.

The difference in predictions of different approaches can
be explained as follows:

(1) The choice of the wave function in different models
such as NRQM, Hypercentral model, RQM, bag
models, etc.

(2) Mixing between Ey,., and Ej, states were ignored
in our work.

(3) The transition magnetic moments receive dominant
contribution from light quark magnetic moment, and
therefore are very sensitive to the screening charge
parameter.

(4) Differences in the decay widths can be attributed to the
mass splitting of the initial and final baryon states.
Due to this reason, different models using different
mass splittings have considerably different results.
Therefore, the precise determination of the masses of
the doubly heavy baryons represents a very important
issue for obtaining reliable values of decay widths.

The study of the magnetic moments and decay widths
can play an essential role in the determination of the
properties of the doubly heavy baryons yet to be observed.

APPENDIX: EXPRESSIONS FOR THE
SPECTRAL DENSITIES

Here, we present the expressions for the spectral den-
sities in this study.

1. Spectral densities for symmetric currents

36— 1)e,

S / _
pl(Q7Q’q) - 32\/§7[4

30(s — tpo (x.y))

1 1 1-x
/ dx0(s — tog (x.X))(s — 1o (x,%))?xX + / dx/ dy T
0 0 0 647

X {(ﬂ —1)(s — 190 (x, y))z[xyﬁo(Zeq —(eg +eg)) + (egx +epy)]

_AmomgB(s — 1o (x.y))
3xy

+

(2e,xy —

2(p = Diig(1 —x = y)(s = 190 (x,¥))

Xy

(1 =x=y)(egx+egy))

(egmyx® + eszQyz)}
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s [ dX{6<51q>ﬁo(ﬂ ) : dul, (1)) (5)
fa(B=1)(s —top(x.X)) (+), \(14+3p)(qq)

-2f1(A) Po,0 (s)

48+/3 72

X [2fz(71) Al dx0(s — tog (x,X))(egmg + egmy)

(mg +mgy)

ey X 4 epx
XX

_fy(TY) / dxt(s — tog (x.%))

a 1
+ 4é36%>ﬂ2 f3(57)/0 O0(s — tgo (x. %)) |28(egmg + egmg) —

+@GO[((B+ 1) f2(48 + 2T, + 12T — 127 ,) = 4f»(S+T5 - T,)
— (B 1) f3(3T 4 +38 +4T, + 5T, +8))psly (s)
+(2f302T+T3) - B+ Dfs8T:+S+T,—S-T, - 72))!’%)(5)]

+ w (470, (o) (s = togr (x. %)) = (2 + 190 (x. X)) A(up) )} (5)

(mgX + mgx)

(1+p)(egmox* + egmyXx?
XX

) (= 1)(Bs = 21y (v, )y (s) + 2Bmomeyply (s))
(mQ -+ mQ )
308 — 1) (4w (ug) — v (u) ) (s — g <x,x>>uopéﬁ><s>1} (A1)

0.0 0) = [ ax [ ay LI I00 IVt 3)[(1 == )+ eqn) = 207ey)

(qq)(1 =p) egmyX* + egmpx*
+127\/§2f4(7’£)/ dxd(s = tog (%, X) ey 3 L
24\/_ { - IQZQXJ:CZ?) DSy [121: duiny” (u)pS (5) + 3ugitoy (ue)pS (5)

== FIA VI 6)] 4005 =t @a) 601 +) [ duntu = o)ty 05170

Uy
FUATe =T+ DA )+ 27Ty = T = Do)} (a2)
2. Spectral densities for antisymmetric currents

l—-x-y
Xy

p1(0.0'0) =55 [ [ 005 =100 (x:9)) s = too y>>{ 306 — Dito(eomy? — egmiy®)
— (4B + Dmgmey (eqy — egx)] = 3(8 — 1)(s — tog (x. ) [xyiin g — egr) — (egy — eQ,x)]}

% {zfz(Ty) /01 dx6(s — tog (x.X))(egmo — egmg)

— £5(T%) / dxb(s — 1oy (x.7))

+

eQx + eQx
XX

(mox — mQ/)_C)]
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q ! 1+5 S
+%f3(5y)A O(s — 190 (x. X)) 6ﬁ(6QmQ’—€Q’mQ)—( - ﬁ)(emeQ)_Cx i

11 (2fi V) fs(B=1)(s = tog (2. %) ) )
+ 1447.[2A dx{ 1( ) 3Y((mQ _)f/’:Q’) e (x X))p(()())(s) + <qQ> |:2((ﬁ_ 1)f3(7-4 - TS -25 + Tz)

+6f3(T> = 8)pig () + (B = )f3(To + Ty + 8 = 38) +6f3(T> = 8))pg | (s)
F(B=1)f3(Ts =T, +4T, =65 +28 + 6T,) + 6f3(Ty =S + 8= pT2))p\ 1 (5)

#2040t (5,50, 00 = (2t (5. ) A))o17 0) + 61005+ 5) [ aunul7)] |

(A3)

40.0.q) = [ax [ ay PE DI 2100 I (o (1)) (1 == )egx )

Q/mQ/x - eQmQx

B8 57y [ axsts - 10 )

e 1 3(f2+ f3)(V+ A f3,(1-p)
x 36;2/ dx{ 27 (mg + mQ/y)

+ (s = 1gg (x. %))e, (@) [3<ﬂ +5) / duiou = )0 = ), (1)o7 (5)

Sl = )Ty =T B + )0 ) + L= TIPZD o

AT =TI +5)55) (5) =38 + D <>@} (Ad)

XX

0(s — top (x. %)) (x = )pi g (5)

O(ug — az)[0(a, + az — uy) — a,0(a,)d(a, + a; — u)]

‘ (ay 4 ag —ug)p(a;)0(a, + ag — ug)0(uy — a)

da, / dvo(a,)0(-va, + a, + a — o) (A6)

where t(x,%) =
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