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Radiative M1 transitions of heavy baryons: Effective quark mass scheme
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We calculate the magnetic moments of ground state J© = %* and JP = %* heavy flavor charm and
bottom baryon states employing the concept of effective mass based on single gluon exchange interaction
coupling to the spectator quarks in the nonrelativistic quark model. We exploit the current experimental
information in the heavy flavor sector to estimate the interaction contributions to get the effective masses of
the quarks inside the baryons. We study the spin J'* — 1, 3% — I+ ‘and 3© — I'* transition moments for
these baryons. We make robust predictions of the radiative M1 decay widths of singly, doubly, and triply

heavy flavored baryons.
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I. INTRODUCTION

In the past few years, the LHCb has been on a
discovering spree and has reported a large number of
heavy flavor baryons and resonances, which has gathered
formidable attention from physicists. In fact, these exper-
imental observations have presented a number of scenarios
to investigate heavy flavor baryon mass spectra and their
structure. In recent years, the LHCb Collaboration has
reported the observation of five new narrow QU states,
doubly charm E/;", excited states of X,(6097), bottom-
strange state =,(6227), resonances A,(6146), and
A, (6152) [1-8]. The LHCb Collaboration has also dis-
covered four narrow peaks for €2, excited states [9]. Most
recently, the CMS Collaboration has found a new state
E,(6100) [10]. Many spin- b-baryons (A), 2,0, 5)7, 5",
Q;), and spin-% baryons (A:°, Zzi’o, EZO'_) have also been
discovered, and their masses have been measured precisely
[11-15]. Furthermore, the LHCb has already been attempt-
ing the searches of doubly heavy bottom charmed baryons
2., and is committed to improve the signal sensitivity for
these states [16]. This tremendous experimental activity has
motivated a number of theorists and phenomenologists to
explore the structural properties of heavy flavor baryons. A
complete understanding of the hadrons as a bound state of
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quarks and gluons, and confinement, their spectra and
internal structure, the heavy-quark dynamics remain fun-
damental challenges of hadronic physics, and quantum
chromodynamics (QCD) at large [17,18]. Understanding
electromagnetic properties and radiative transitions of
heavy baryons are the keys to heavy flavor dynamics. In
this process, observation of the heavy flavor spectroscopy,
magnetic moments, and transition decay widths provide the
testing hypothesis for various theoretical models on the
hadron structure.

In this work, we have focused on transition moments and
radiative M1 decay widths of heavy flavor baryons. The
studies of transition moments and, consequently, M1 decay
widths are important when phase space forbids strong
decay channels. Experimentally, three of the radiative
decay processes, QF — Q.y, E.F —» Ety, and EP — =y
have been observed by BABAR and Belle Collaborations
[19-23]. One can expect more experimental results in the
near future on the radiative decay widths of charm and
bottom baryons from the upgraded experimental facilities
of BES-III and LHCb [24-28]. On the other hand, the
experimental progress on the measurement of baryon
magnetic moments has been very slow. So far, magnetic
moments of all the low lying J© = %* octet baryons, except
for ¥ and only three of the J© = %* decuplet baryons, are
available experimentally [14,29,30]. Although all the
spatial-ground-state heavy baryons carrying a single charm
or bottom quark (except €;7) have been observed, their
magnetic moment has not been measured yet. Increased
experimental activity in the heavy flavor sector has esca-
lated the theoretical efforts in the heavy baryon properties,
especially, in the case of doubly and triply heavy baryons.

Despite the fact that the Standard Model is a well
established framework to study interactions of fundamental
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particles, significant discrepancies can be seen between
theoretical predictions and experimental results. However,
within the past few decades, several theoretical approaches
have been put forth to diminish the inconsistency between
theory and experiments. A number of investigations on
masses and properties of the heavy charm and bottom
baryons based on a variety of models, namely, naive quark
model, nonrelativistic and relativistic quark models, hyper-
central constituent quark model, bag model (BM), heavy
baryon chiral perturbation theory (HBChPT), pion mean-
field approach, chiral constituent quark model (yCQM),
light cone QCD sum rule (LCSR), lattice QCD (LQCD)
and other approaches have been carried out [31-82].
Furthermore, the radiative decay processes provide a useful
means to study the electromagnetic properties to reveal
the inner structure of the heavy baryons; however, the
studies on the radiative decays are scarce. Theoretically,
radiative decays of heavy flavor baryons have been studied
within different approaches [39,44,46,47,51,53,59-61,65,
71,74,75].

In the present work, we have calculated magnetic and
transition moments, and M1 decay widths of ground-state
singly, doubly, and triply heavy baryons. Also, we have
given the estimates for the magnetic moments in an
improved manner by determining hyperfine (one gluon
exchange) interaction terms for s, ¢, and b flavors from
precise experimental values of baryon masses within the
same flavor sector. Following the effective mass scheme
(EMS) [80-82], we have calculated the constituent and
effective masses of quarks inside a baryon for both J¥ = %*
and J* = %* baryons. Subsequently, we have calculated the
magnetic moments of all the J” = 1* and J* = 37 baryons
up to triply heavy flavors. We believe that the precise
experimental information especially in the charm and
bottom sectors has helped us to improve our analysis.
Furthermore, we have given the predictions for 3+ — 10+
transition moments among singly, doubly, and triply heavy
bottom baryons for the first time in EMS. Also, we have
calculated the ¥+ — 1% and 3* — 1% transitions in the
improved analysis for the singly, doubly, and triply heavy
charmed baryons. The major inspiration of the current work
is to calculate M1 transition decay widths of heavy flavor
baryons in the EMS. In order to make robust predictions
and to reduce the uncertainties in radiative M1 decay
widths, we have used the theoretically determined masses
from LQCD results [63] in the absence of experimental
data. Since the EMS depends mostly on experimental
inputs, our results for radiative M1 decay widths are
expected to be trustworthy within experimental uncertain-
ties. We have also compared our results with other
theoretical models.

The paper is organized in the following way: We give the
methodology for EMS in Sec. II. Magnetic moments,
transition moments, and M1 radiative decay widths are
presented in Secs. III, IV, and V, respectively. We discuss

our results in Sec. VI, and lastly, we give a summary and
our conclusions.

II. EFFECTIVE QUARK MASS SCHEME

The motive of the EMS lies in the hypothesis that the
masses of the quarks inside the baryon are modified as a
consequence of one-gluon exchange interaction with the
spectator quarks [17]. In this article, we have calculated the
effective quark masses inside the baryons resulting from
one-gluon exchange interaction and consequently, observe
how it affects the magnetic moments, transition moments,
and M1 radiative decay widths. In the EMS, the baryon
mass can be written as the sum of the constituent quark
masses and the spin-dependent hyperfine interaction
among them [80-82],

MB:mezzmi+Zbijsi'sj’ (1)

i<j

where m represents the effective mass of the quark inside
the baryon; s; and s; denote the spin operators of the ith
and jth quark, respectively. The b;; for baryons B(qqq) is
given by

_ 16ra;

= 5 (7 , 2
ij 9mimj <l//0| ( )|V/0> ( )
where v is the baryon wave function at the origin.

The effects of other kinds of spin-independent interac-
tion terms can be approximated by the renormalization of
quark masses. Due to the interaction with other quarks, the
mass of the quark inside a baryon gets modified. For (112)-

type J = %* baryons, we can write

m? — mg =m+ aby, + pbs,
m§ = my + 2pby3, (3)

where m; = my, = m and b3 = by3. The a and f param-
eters are to be determined as follows:

MB%+:2m+m3 —l—%—bw, (4)
for
1 1
S1:8 = 5183 = 8283 =~ (5)
thus giving
a:é and /}:—%. (6)

Therefore, Eq. (1) may be generalized for J© =1*
baryons as
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Mp, =m+my+my+——-—"-—. (7
2

By using Eq. (3), we will obtain more general expressions
for effective masses of the quarks inside the baryon, as
follows:
(1) For (112)-type J* =
being identical,

1+ baryons with quarks 1 and 2

b b
mglj:mg:m—l——glz——f, (8)
and
£y b3 _
my = my === for 1 =2 #3. 9)

(2) The baryonic states with three different quark flavors
(123) can have both antisymmetric Afjy3-type and
symmetric Xgj5)3-type flavor configuration under

the exchange of quarks 1 and 2.
(a) For (123) A-type, J” = 4" baryons,

mf =m —%,
mg: 2—%7 (10)
and
mi=my for 1 #£2#3. (11)

(b) For (123) Z-type, J¥ = 1" baryons,

b
m; :m1+%—%,
m2:m2+%—%, (12)
and
ms :m3—%—£ for 1#£2#3. (13)

Following the similar procedure described for
JP = %““ baryons, the generalized mass formula for
different flavor configuration of JX = %* baryons is
given by

b12 b23 bl3
MB%+ = m +m2+m3 +T+T+T,
1
fora:ﬂ:§. (14)

Throughout the above discussions 1, 2, 3 represents u,
d, s, ¢ and b quarks.

(1) For (112)-type J¥ = 3" baryons,
b b
mf:mg:m—i—ﬁ—l——m, (15)
and

b
m§:m3+f for1=2#3. (16

(2) For (123)-type J” = 3" baryons,

b b
e 12 13
mi = m, +—8 +—8 ,
b b
£ b b 17
msy = my + 3 + g’ (17)
and
b b
£_ 13, b 18
(3) For (111)-type J* = %* baryons,
e_e_¢_ bn
mi = m3 =m3=m+ -7, (19)
and
by = by = bys. (20)

The values of constituent quark masses and hyperfine
interaction terms b;; are obtained from the experimentally
observed baryon masses [14]. We wish to point out that,
compared to our previous work [80-82], the b;;’s and the
effective quark masses are calculated in a more realistic
manner for different flavor sectors corresponding to
strange, charm, and bottom mass scales. In order to obtain
the effective quark masses, especially in the charm and
bottom sector, we have calculated the interaction contri-
bution of a single gluon exchange term from the corre-
sponding flavor sector. We believe that effective quark
masses obtained in this manner will be much more reliable.
The numerical values for constituent quark masses and
hyperfine interaction terms, with uncertainties arising from
the experimental baryon masses [14], are listed in Table 1.

We wish to remark here that in contrast to our previous
work, for doubly and triply heavy baryons, the hyperfine
interaction terms are calculated from known experimental
values. For the first time we have estimated b, and by,
from the hyperfine interaction terms b,. and by, that are
obtained from the experimentally known masses. We use
the symmetry relations [80—-82] to get

by = (’"—) b, =504+0.18 MeV  and
my,

bey = <m_> by, = 5.24 £ 1.30 MeV. (21)
m

c
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TABLE 1.

Calculated masses of constituent quarks and hyperfine interaction terms, b;;(= b;;) (in MeV).

Quark masses Experimental inputs [14]

Hyperfine interaction terms Experimental inputs [14]

m, (= my) =361.71 +£0.33 A+ N
mg = 539.10 + 1.20 A
m, = 1645.70 + 3.50 Q0
my, = 5043.00 + 0.40 AN

Buu(= bug = bag) = 195.80 + 1.30 AT, N
b, = 74.00 + 6.00 Q-

bys(= byy) = 153.20 +0.70 510,50

bye(= bge) = 43.10 £ 1.60 YAl

by, = 47.10 + 1.70 Q0. Q0
b.. = 46.00 + 29.00 Chng

bub(: bdb) — 1317 :l: 025 Zz+, Z;

by, = 16.00 £ 4.00 20 59

b, = 5.04+0.18 Eq. (21)

by, = 1.64 4 0.06 Eq. (22)

Since both the values are roughly the same, we use
b., =5.04 £0.18 MeV.

Furthermore, we get

by, — <m’f> by, = 1.64+£0.06 MeV,  and
ny,

by = <mm”2”’> by, = 1.70 +0.40 MeV,
b

and we use
by, = 1.64 +£0.06 MeV.

It may be noted that the numerical uncertainties in the
masses and hyperfine interaction terms are calculated from
quadrature approach assuming normal distribution. Since,
the uncertainties in the experimentally measured baryon

(1) For singly heavy baryons,

my = mhe= 2883 + 0.6 MeV,

my = m> = 3754405 MeV,

my = m5 =370.1 0.5 MeV,

mye = m5 = 304.3 + 0.4 MeV,

me = 536.6 + 1.4 MeV,

my’ = m’y’=288.3 + 0.6 MeV,

my? = m5" = 3043 4+ 0.4 MeV,

m¥ = 5444 + 1.7 MeV,

m= = 546.5+ 1.3 MeV,

m=c = 481.7 + 1.2 MeV,

m> = 4817+ 1.2 MeV,

masses are very small, we anticipate smaller percentage
errors in the numerical calculations. Percentage error in all
the parameters (as shown in Table I) are less than 7% except
for b.. and by, for which we get 63% and 25%, res-
pectively. The larger uncertainties in b.. and b, parameters
are propagating from the uncertainties of baryon masses,
constituent quark masses, and other hyperfine interaction
terms used to calculate these parameters. However, these
large uncertainties in the above-mentioned hyperfine inter-
action terms are absorbed in the effective quark masses
owing to their smaller magnitude, especially in charm and
bottom sectors. Therefore, the propagation of uncertainties
in magnetic moments, transition moments, and radiative
decays are expected to be small.

A. Effective quark masses for J =%+ baryons

Using Egs. (8)-(13) and inputs from Table I, we obtain
the effective masses of quarks inside the J* = %* baryons
as given below.

mbe = 1645.7 + 3.5 MeV;
mee = 1624.2 +3.5 MeV;
m= = 1623.2 £ 3.5 MeV;
mee = 1645.7 + 3.5 MeV;
mee = 1622.0 + 4.0 MeV;

myr = 5043.0 + 0.4 MeV;
my? = 5043.0 + 0.4 MeV;

my" = 5035.0 £ 2.0 MeV;
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myt = my’ =382.9+04 MeV,  m;" = 5036.4 4 0.4 MeV;

my =m =377.6+£04 MeV,  my’ =5543+£1.6MeV,  m’ =5035.7 £ 1.1 MeV.

(2) For doubly heavy baryons,

mee = m5< = 3402+ 0.9 MeV,  mo = 1641.0 + 5.0 MeV;

me =515.6 + 1.5 MeV, me = 1640.0 + 5.0 MeV;

My =m5" = 3455407 MeV,  mi? =1630.0 4.0 MeV,  m; = 5043.0 + 0.4 MeV;

met =521.4+ 1.4 MeV,  me® =1628.0 £4.0 MeV,  my = 5043.0 + 0.4 MeV;

Myt = m? =3638404 MeV,  mo? = 16498 £35MeV,  m;* = 50384 £ 0.4 MeV;

me? = 541,04+ 1.6 MeV,  me® = 1650.3 £3.5 MeV,  m* = 5037.7 £ 1.1 MeV;

mg” = my” =35514+04 MeV,  m,” =5039.9 + 0.4 MeV;

m = 531.142.3 MeV, m" =5039.2 + 1.1 MeV.
(3) For triply heavy baryons,

meet = 1650.0 £5.0 MeV,  my = 5040.5 + 0.4 MeV;

me = 16432 +£3.5 MeV,  my = 5041.9 + 0.4 MeV.

B. Effective quark masses for J* =%+ baryons

For JP = %* baryons, we use Eqgs. (15)—(20) and inputs from Table I to obtain the effective masses of quarks as
given below.
(1) For singly heavy baryons,

myt = m> =391.6 + 0.4 MeV, ms = 1656.5 + 3.5 MeV;

My = my =3862+0.4 MeV,  mi* =564.1+12MeV,  mr =1657.0+3.5 MeV;

m* = 5542 + 1.4 MeV, m¥* = 1657.5 + 3.5 MeV,;

myt =m; =3878+04 MeV,  m,’ = 5046.3 + 0.4 MeV:

my = m5 = 3825403 MeV,  mi’ =5603+13MeV,  m.’ =5046.6+ 0.6 MeV;

m = 5504 £ 14 MeV,  m}? =5047.0 = 1.1 MeV.
(2) For doubly heavy baryons,
My = moe =372.5+ 05 MeV,  me< = 1657.0 5.0 MeV;
mee =55094 1.3 MeV,  mc* = 1657.0 + 5.0 MeV;
my? =mo? =3687+£04 MeV,  m.® =1651.74+35MeV,  m,* =5045.3 £ 0.4 MeV;

me? =547.0+£ 13 MeV,  me® =1652.2+£3.5MeV,  m,® = 5045.6 + 0.6 MeV:
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my? = m" =365.0 £ 0.3 MeV,

me — 5431 + 1.6 MeV,

(3) For triply heavy baryons,

m? = 5044.9 £ 0.4 MeV;

my" = 5045.2 + 0.6 MeV.

me = 1657.0 + 8.0 MeV;

meer — 1652.0 + 5.0 MeV,

Q

me = 1647.0 3.5 MeV,

Q

III. MAGNETIC MOMENTS OF (J =1+)
AND (J=3*) BARYONS

In the EMS, magnetic moments of J© = %* baryons are
obtained by sandwiching the following magnetic moment
operator between the appropriate baryon wave functions:

p=> o (23)

where, o; is the Pauli’s spin matrix and ,uf, the effective
quark magnetic moment defined as

=t (24)

where i = u, d, s, ¢, and b; e; represent the respective quark
charges.

The magnetic moment of a baryon depends on its
constituent quark flavors and on their spin configuration,
and can thus be written as

u(B) = (Blu|B), (25)

where B = B(q,9,q3) denotes the spin-flavor wave func-
tion of the baryons with (q,¢,¢3) quarks composition. The
general expressions for flavor degenerate octet baryon
magnetic moments are given by

1
u(B) = 5(4,“{ —45),
u(B) = 45,
1
u(B) =3 (245 + 203 = ), (26)

where, ,uf denote the effective magnetic moments of first,
second, and third quarks, respectively.

Proceeding in a way similar to J” = 1T, the magnetic
moments of decuplet J* = %* baryons are obtained by

mye = 50443 +£0.4 MeV;

my " = 5043.8 £ 0.4 MeV;

my" = 50434 £ 0.4 MeV.

sandwiching the same magnetic moment operator (23)
between the corresponding baryon wave functions. The
general expression for decuplet baryon magnetic moments
is given by

u(B) = pi + 45 + 4. (27)

The wave functions of ground state baryons, which are
used in the above equations, can be constructed by
coupling the spins of the first two quarks to an
intermediate spin state S and then adding the third
one to form the baryon with the resulting spin J. We
adopt the notation that [g,g,] denotes antisymmetric
(S=0) and {gq,¢»} denote symmetric (S = 1) combi-
nations of quark flavor indices (with respect to the
interchange of ¢; and ¢,):

1
1B) = {4192 %q3.7 = 5>,

1
B = {q192}5"q35.J = §>

3

B) = (002050 =3 (28)

The same notation has been kept throughout this article.
Numerical results for the magnetic moments of J© = %J“
and JP :%+ baryons using effective quark masses
obtained in the last section are listed in Tables II, III,
IV, and V, respectively, as shown in the appendix.
Aforementioned, due to higher precision and small
uncertainties in experimentally measured masses, the
uncertainties propagating to magnetic and transition
moments are less than 4%. Therefore, the results are
given with up to four significant digits. Also, we have
given the theoretical predictions from other models in
the respective tables for comparison.
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IV. TRANSITION MOMENTS RELATIONS

Proceeding in the same manner as in the last section, we
calculate the transition moments of ¥'* — 1,3+ — 1+ ‘and
3+ - 1" by sandwiching the magnetlc moment operator
deﬁned by Eq. (23) between the initial and final state 3", 1,
and é’ T baryon wave functions. The general expressions for
these transition moments are given by

,Llil+_,1+ = \/T[/ff(z) _ﬂf(l)}
,u3+_,1+ = \/7b-l§ ,“5

iy = 2R ) -2 (29)

(1) For singly heavy charmed baryons,

mye = mh=336.0 + 0.4 MeV,

mye = my = 342.8 + 0.3 MeV,
m
my = m5 = 378.14+0.3 MeV,
mi = 5453 4+ 1.0 MeV,
(2) For doubly heavy charmed baryons,

‘—‘LL

my —m

me =532.9 4+ 1.0 MeV,

(3) For singly heavy bottom baryons,

my’ = my’=334.4+ 0.4 MeV,

my’ = my" = 34124 0.3 MeV,

% 5473+ 1.1 MeV,

my = my = 385.4+03 MeV,

< [0

my = m =380.0 £ 0.2 MeV,

(4) For doubly heavy baryons,

"=my;" =357.0£04 MeV, meet =

EC
my,

m¥ = 534.1 +0.9 MeV,

1
The masses for § —

my = 5213409 MeV,
v =m> =383.440.3 MeV,

¢ =5552+£09 MeV,

©=356.0£0.5 MeV,

m=" =519.5+ 0.9 MeV,

mer = 55724 1.0 MeV.

= 1640.6£25 MeV,  m;

me? =1640.1 £2.5 MeV,  mj

Expressions for M3+ 1 transition magnetic moments (in

uy) of charmed baryons are listed in [81]. The expressions
for transition moments of Hy+ e and pz. o). singly,
2 2

doubly, and triply heavy baryons are listed in Tables VI
and VII, respectively. To evaluate Hys 1+ and ps. o).
2 2

transition moments, we take the geometric mean of
effective quark masses of the constituent quarks of initial
and final state baryons,

m(B)) = B)) = \/mi(B)ymi(B,).,  (30)

where symbols have their usual meaning. Using Eqgs. (8)—
(13) and (15)~(20), we calculate the transition (3 — %U))l
masses of baryons as follows:

mie =1651.1 £2.5 MeV;
mee = 1651.3 +2.5 MeV;
me = 1640.2 + 2.5 MeV;
5 = 1640.0 + 2.5 MeV;

= 1639.7 £ 2.5 MeV.

_‘(c

me

=1649.0 £4.0 MeV;

mee = 1648.0 + 4.0 MeV.

my? = 5044.6 + 0.3 MeV;
my? = 5044.8 + 0.4 MeV;
2 — 5041.0 + 1.1 MeV;

my = 5041.4 + 0.3 MeV;

my? = 50412 £ 0.6 MeV.

=5044.1 0.3 MeV;

=5044.3 £ 0.4 MeV;

‘7/ can be obtained in a similar manner using Eq. (30).
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My = m* = 366.3+ 0.3 MeV,

m — 544.0 + 1.0 MeV,

mg” = my"” = 360.0 + 0.2 MeV,

m¥ = 53714 1.4 MeV,

(5) For triply heavy baryons,

mer — 1651.0 + 4.0 MeV,

mw — 1645.1 +2.5 MeV,

The numerical results for the transition moments of
heavy flavor baryons with uncertainties are pre-
sented in Tables VIII, IX, and X. As expected, the
uncertainties in transition moments are less than 4%.

V. RADIATIVE DECAY WIDTHS

The EM structure of the baryon decuplet is more
complicated than that of the baryon octet since all the
decuplet baryons have spin — % Thus, a decuplet baryon
has two more terms of the EM form factors than the baryon
octet, i.e., the electric quadrupole (E2) form factors and the
magnetic octupole (M3) form factors in addition to the
electric monopole (EO) and magnetic dipole (M1) form
factors. The experimental determination of the radiative
decay width of heavy baryons is important for the under-
standing of its intrinsic properties. We would like to
continue our query with analysis for M1 partial widths
of the ground state heavy baryons. We ignore the transition
of type E2, which is expected to be much smaller in
magnitude [53,65], when compared to M1. The radiative

decay widths of the decay type B'J(*) — B,y (Refs. [39,47])
is given by

aw’® 2

rBY 5By ="2__ < _1u(BY S B)2 (31
( J JV) m?, <2J+1)|ﬂ< J J) ( )
where
M2, — M2
B B
= 2
@ 2M ) (32)

is the photon momentum in the center-of-mass system of

the initial baryon states. Here, ﬂ(B/J(*) — B;) is the tran-
sition moments (in uy), J is the spin quantum number for
parent state, and M ) and M are the masses of initial and
final baryon state, respectively. The radiative decay widths
depend on the nature of the interaction that causes the

Mo = 1650.8 + 2.5 MeV,

ms = 5041.9 £ 0.3 MeV;

Q

me® = 16513 £2.5 MeV,  my = 5041.7 + 0.6 MeV;

my” = 5042.4 + 0.3 MeV;

my" = 50422 4+ 0.6 MeV.

myet = 5042.4 + 0.3 MeV;

My = 5042.9 + 0.3 MeV.

decay as well as on the properties of the initial and final
baryon states involved and therefore are a quantity of
central interest in the present analysis.

Here, we use already calculated transition moments

(in the last section) for the evaluation of spin 3" — 1+

and 37 — 1+ decay widths. As already pointed out by
Bernotas et al. [46,47], these transitions are affected by
uncertainties arising from the absence of experimental
masses and evaluation of photon momentum. In order to
give reliable predictions, we have used the experimental
masses of baryons [14] and LQCD estimates for the
unobserved baryon masses [63]. The uncertainties arising
from the baryon masses in evaluation of photon momenta
are less than 5% as shown in Tables XI and XII. We
compare @ used in our EMS with predictions from BM
[46]. The calculated radiative decay widths for singly,
doubly, and triply heavy baryons, with uncertainties from
transition moments and photon momenta are listed in
Tables XIII, XTIV, and XV. The uncertainties in these results
range up to 14%.

VI. NUMERICAL RESULTS AND DISCUSSION

In the present work, we have focused on transition
moments and M1 decay widths of ground-state singly,
doubly, and triply heavy baryons. We have also given the
estimates for the magnetic moments of these decays. We
have calculated the one gluon exchange interaction terms
from the known experimental masses for heavy flavors,
which are expected to be more reliable. One of the key
features of EMS is to treat all the quarks at the same footing
making it virtually parameter independent (as b;;’s are fixed
from experimental values). Following the aforementioned
approach, we have calculated the constituent and effective
masses of quarks inside a baryon by using experimentally
observed masses for both J¥ = 1* and J¥ = 3* baryons in
Sec. II. We have included the experimental uncertainties
in the evaluation of constituent quark masses and hyper-
fine interaction terms. We then proceeded to calculate the
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magnetic moments of all the J* = 1+ and J¥ = 3* baryons
up to b =3, we believe that the precise experimental
information especially in charm and bottom sectors has
helped us to improve our analysis.

In this paper, we give the predictions for 3+ — 1)+
transition moments involving bottom flavor for the first
time in EMS. Also, we reproduce all the V" — 1+ and 3© —
%('H transitions in the improved analysis in the charmed
baryons. One of the main objectives of the current work is
to calculate M1 transition decay widths for both charm
and bottom baryons. As mentioned before, to reduce the
uncertainties in the calculation of radiative M1 decay
widths, the experimental values of the baryon masses
(wherever available) are used. However, we adopt the
theoretical estimates from LQCD results [63], when exper-
imental data are absent. This way we have tried to obtain
accurate values for the photon momenta with uncertainties
ranging to a maximum of 5%. Since the EMS depends
mostly on experimental inputs, our results for radiative
M1 decay widths are expected to be trustworthy within
experimental uncertainties. We wish to remark that for the
sake of comparison, we have given the results from the
other models for the magnetic moments in the correspond-
ing tables. Although our results have improved, the con-
clusions from the previous work [80-82] on magnetic
moments remain valid. In this work, we will focus our
discussions on transition moments and decay widths in the
following subsections.

A. Transition moments

We wish to emphasize that in our analysis we have taken
the magnitude of transition moments with signs. The sign
difference in various models can be solely attributed to the
phase convention adopted, which does not affect the
physical process in any way.

1. Spin (¥* — 1*) transition moments

(i) Our results of transition moments involving singly
heavy charmed baryons £}f — A and Ef —» EF
compare well with other theoretical models
[43,47,53], except for E? — E?, transition. Our results
for E° — B2 are consistent with those from the
HBChHPT [51] and pion mean-field approach [53].

(i) For singly heavy bottom baryons, our results are
in agreement with the predictions of BM [47],
HBChHPT [51], and the chiral quark-soliton model
(xQSM) [53] with few exceptions. However, the
theoretical predictions for doubly heavy baryons
exist scarcely. We compare our results with BM
[45,47] which are small as compared to our results.
We wish to remark here that, discrepancies between
various models may arise due to different inputs
and parameter dependence. In addition, some au-
thors have used mixing between antisymmetric and

symmetric states of the same flavor which is
expected to be small and can be estimated reliably
from precise experimental masses.

2. Spin (3* — 10%) transition moments

(i) For singly charmed baryons, our predictions of
transition moments are comparable with those from
the yCQM [43], BM [47], HBChPT [51], and yQSM
[53], except for the X — =, &5 — EV), and Q0 —
QY transitions. The significant deviation in results
may appear due to mixing effects, which have been
ignored in the present work.

(i1) Results from the HBChPT [51], yQSM [53], and
LCSR [59] for the charmed baryons differ from our
results. However, it should be kept in mind that these
results being model dependent differ widely from
our assumptions. Furthermore, we have adopted a
reasonably accurate analysis and have partially taken
into account the symmetry breaking effects, through
masses, which can significantly impact values for
the transition moments.

(iii) Considering the results for doubly charmed baryons,
we have compared our results with those from
the yCQM [43], BM [47], and HBChPT [74].
Our results are consistent with the BM [47] pre-
dictions, but are smaller than chiral perturbation
theory expectations [74].

(iv) For the singly bottom baryon transitions, our results
are close to the predictions of BM [47], HBChPT
[51], and yQSM [53], with some exceptions. How-
ever, for the doubly heavy bottom baryons, our
results are in better agreement with the BM [47],
except for the transition involving EY in the final
state. Here also, the disagreement may be attributed
to the state mixing effects in these states.

(v) In the triply heavy sector, transition moments for
Qi - Qf, and QY — Q0 are in good agree-
ment with BM [47].

In general, the consistency between the final results of a
variety of approaches is evident. It can be argued that for
the static properties of baryons, the nonrelativistic con-
stituent quark model approach is completely equivalent to a
parametrization of the relativistic field theory of strong
interactions in a spin-flavor basis [38,83]. So, the use of
the one-body operator is justified in light of the decoupling
of spatial and spins of the ground state baryon wave
functions [84,85].

B. Radiative decay widths

In this subsection, we present the predictions for M1
radiative decay widths for the charm and bottom baryons in
EMS. It may be noted that currently, the experimental
numbers for radiative decay widths of these baryons are not
available. However, there exist a number of theoretical
estimates for the same. We list our observations as follows:
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(1) Our results for the radiative M1 decay widths of
singly charmed baryons are roughly of the same
order when compared with the predictions of
the BM [46,47], HBChPT [51], and HCM [71],
although there are some discrepancies among the
results from different models. It may be noted that to
compare our results with pion mean-field approach
[53], we have used their results for transition mo-
ments to obtain M1 decay widths. Our results are in
fairly good agreement with Yang et al. [53] with few
exceptions. Interestingly, the results for ;™ — X
decay width in various models are not only widely
varying, but are also expected to have larger un-
certainty arising from photon momentum. The ob-
servation of such decays can be marked as a test for
various models.

(i1) It is worth noting that the mass difference between
Ziand X, Ef and B, Q} and Q., X; and X, E; and
E),, € and Q, is less than the pion mass and because
of this X, B, Qf, X, Z;, Q, should decay
radiatively with small photon momenta. As already
discussed, the photon momenta could be accu-
rately given for the known experimental masses.
Thus, the maximum error for the radiative decays
involving singly heavy quark is up to 14% for both,
it > Xf, and Q; — Qj, which propagates
mainly from larger uncertainties in photon momenta.
Moreover, the absence of experimentally determined
masses of heavy baryons, especially, doubly and
triply heavy baryons, can be seen as a source of
uncertainty in various models. Aforementioned,
we have used the predictions from LQCD [63] as
numerical values for these unobserved masses.
Thus, we expect our predictions to be more reliable.

(iii) Our predictions for the singly heavy bottom baryon
decay widths agree qualitatively with the BM
[46,47], HBChPT [51]; however, they are in good
agreement with pion mean-field approach [53].
Exceptions may be noted in the case of LCSR
[59-61] results for the X; — X, and Ej — &) type
decays for which the predictions differ by an order
of magnitude. On the other hand, the decay width
of E;’O — &, is in excellent agreement with LCSR
[59-61].

(iv) In the case of doubly charmed M1 transition decay
widths, our results are consistent with [46,47]. For
the doubly heavy baryon (involving one or more
b-quarks), we predict relatively small decay widths

=/0 =0 =+ =+ =0 =0 =+ —+
for Scb T2 Sk Seb T Sebr Seb T Sebs b T Seb

transitions. However, the results involving Q/C(; )
decay channels are of the same order as the BM
[46,47] results. Here again, the larger uncertainties,
up to 11%, can be seen in radiative decays involving
E/, due to larger uncertainties in photon momenta.

In comparison with other models, we find that

different approaches lead to different results. Some
of these predictions vary by an order of magnitude,
for example, the choice of the wave function in the
approaches followed by [74,75] yield larger decay
widths as compared to the rest. Thus, experimental
observation of doubly heavy baryons can reduce the
theoretical ambiguities in this sector. Furthermore, it
has been reported that hyperfine mixing can show a
notable change in electromagnetic decay widths in
light of heavy quark spin symmetry [44]. Therefore,
experimental measurements of electromagnetic de-
cay widths of doubly heavy baryons could prove to
be significant in the determination of hyperfine
mixing in these states.

(v) In our approach, the radiative decay widths of triply
heavy transition for Q*, — Q' , and Q9, — Q°,,

3 cch cch
are consistent with [47].

VII. SUMMARY AND CONCLUSIONS

In the present work, we have primarily focused on the
prediction of magnetic properties of heavy flavor baryons
in the framework of EMS. The EMS takes into account the
modification based on hyperfine interaction between con-
stituent quarks via one gluon exchange inside the baryon.
Another unique feature of EMS is that it does not depend
on multiple parameters and, in addition, we have also
incorporated symmetry breaking (through masses), which
is a desirable feature for consistent predictions of baryon
properties. We have calculated the magnetic and transition
moments involving low-lying heavy baryons containing up
to three heavy quarks, and consequently, have predicted
M1 radiative decay widths for ' — 1 and 2 — 1) baryon
states. Also, we have compared our results with existing
predictions from other theoretical models. In order to make
robust predictions, we have utilized precisely measured
experimental values of baryon masses, and have used
LQCD estimates in the case of unobserved baryons.
Furthermore, we have improved upon the previous work
by determining hyperfine interaction term (b;;) for s, ¢, and
b flavors from precise experimental values of baryon
masses within the same flavor sector. Following the current
approach, we have accomplished two improvements. First,
symmetry breaking (through masses and interaction terms)
is partially incorporated, and secondly, a more reliable
calculation of effective masses has been achieved. In
addition, we have tried to limit the uncertainties in photon
momenta by mostly relying on experimental information.
In the light of preceding arguments, it is therefore expected
that our results would provide reasonably accurate pre-
dictions of magnetic (transition) moments and M1 radiative
decay widths. We list our major findings below:

(1) In the light of the aforementioned improvements,
we have obtained transition moments and conse-
quently, predicted the radiative decay widths of
singly, doubly, and triply heavy charmed and bottom
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baryons. Our predictions are in good agreement
with other models, with few exceptions, parti-
cularly for singly heavy baryons. The discrepancies
among various models are largely due to the lack
of experimental information in the heavy flavor
sector.

It is interesting to note that in the case of doubly and
triply heavy baryons, results from all the approaches
are roughly of the same order but differ in magni-
tude. This indicates that the magnetic moments of
heavy baryons are controlled by heavy quark mag-
netic moments. The smaller values of hyperfine
interaction term b, for doubly and triply heavy
baryons reaffirm the fact that magnetic moments of
these baryons will be smaller due to smaller radii.
Similar conclusions have also been reached in the
BM [46,47].

The observed discrepancies between the various
theoretical approaches in the predictions of mag-
netic and transition moments of doubly heavy
baryons can mainly be attributed to the choice of
wave functions and state mixing effects. The in-
clusion of diquark correlations and state mixing
effects in some models lead to substantial variation
in numerical values.

In singly and doubly heavy sectors, our predictions
of radiative decay widths are consistent with the

other theoretical approaches. Our results clearly
indicate that the M1 decay widths resulting from
the transition states with the mass difference less
than pion mass will decay with a smaller width.
Therefore, the uncertainty in the photon momenta in
such decays can play a decisive role. As pointed out
earlier we have taken care of such uncertainties to
some extent by relying on experimental information.
Future experimental efforts on properties of heavy flavor
baryon can resolve discrepancies among different model
predictions. We hope that our results prove to be useful in
future experimental as well as theoretical ventures con-
cerning heavy baryons.
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APPENDIX: NUMERICAL RESULTS
AND EXPRESSIONS

Numerical results for magnetic moments, transition
moments, photon momenta, and radiative decay widths
are given in Tables II-V, VIII-X, XI-XII, and XIII-XV,
respectively. The expressions for transition moments are
listed in Tables VI-VIIL.

TABLE II.  Magnetic moments (in nuclear magneton, uy) of J* = 1/2% charm baryons.

Baryons EMS [47] [52] [64] [73] [76] [77] [78]

AS 0.3801 £ 0.0008 0.335 e e 0421 -0.232

P 2.0932 £ 0.0032 2.280 2.154+0.10 2.027 +0.390 1.831 1.604

=F 0.4270 £ 0.0017 0.487 0.46 +0.03 e 0.380 0.100

0 -1.2392 +£0.0017 -1.310 -1.24+0.05 -1.117£0.198 -1.091 —-1.403

B 0.3801 £ 0.0008 0.142 e e e 0.233

=0 0.3801 £ 0.0008 0.346 e e 0.193

oA 0.6168 £ 0.0018 0.825 0.60 £ 0.02 0.523 0.559

=0 —-1.0734 £0.0013 —-1.130 —-1.05=+0.04 -1.012 -1.077

Q0 -0.9057 £0.0021 -0.950 -0.85+0.05 —0.639+0.088 —1.179 —0.748

B —0.1046 £ 0.0021 -0.110 e e —0.23 £0.05
Bl 0.8148 £ 0.0018 0.719 0.425 +0.029 0.392 +£0.013 0.43 +£0.09
QL 0.7109 £ 0.0017 0.645 0.413 +£0.024 0.397 £0.015 0.39 +£0.09
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TABLE III.  Magnetic moments (in uy) of J* = 1/2% bottom baryons.
Baryons EMS [36,45] [37] [41] [45] [47] [50]
AY -0.06202 =+ 0.00001* -0.060 e -0.066 -0.060 e
f 2.1989 £ 0.0021 2.500 2.575 1.622 2.250 1.590
Y 0.5653 £ 0.0011 0.640 0.659 0.422 0.603 0.390
z; —1.0684 +0.0011 -1.220 -1.256 -0.778 -1.150 -0.810
=) —0.06202 = 0.00001 -0.110 e -0.100 -0.106 0.400
g, —0.06202 = 0.00001 -0.050 - -0.063 -0.056 -0.730
=0 0.7490 £ 0.0015 0.900 0.930 0.556 0.782 =
8- —0.9077 £ 0.0012 -1.020 -0.985 -0.660 -0.968 e
Q, —0.7454 + 0.0024 -0.790 -0.714 -0.545 -0.806 -0.650
=, —0.06202 = 0.00001 -0.250 —0.47510080 -0.157 -0.222
g9, —0.06202 = 0.00001 0.130 - 0.5187) s 0.068 0.102
= 1.4197 £0.0014 1.710 1.525 1.990° 9210 1.093 1.460
ciA —0.2997 + 0.0008 -0.530 -0.390 —0.99310.065 -0.236 -0.452
Q0 —0.06202 + 0.00001 0.080 e 0.3687 001} 0.034 0.058
Qb —0.1120 + 0.0012 -0.270 —0.119 —0.54220 034 —0.106 -0.275
29, —0.6699 + 0.0006 -0.700 -0.722 —0.742:004 -0.432 -0.581
=5, 0.2108 + 0.0003 0.230 0.236 0.2515057 0.086 0.171
Q,, 0.1135 - 0.0008 0.120 0.100 0.1017 5 0.043 0.112
Qe 0.5261 £ 0.0015 0.540 0.476 0.505 0.455
Qs —0.2096 + 0.0003 -0.210 -0.197 -0.205 -0.187

*For very small errors the value is given up to the fifth decimal place.
TABLE IV. Magnetic moments (in py) of J© = 3/2% charm baryons.
Baryons EMS [47] [50] [52] [58] [73] [79]
Tt 3.5730 £ 0.0040 3.980 2.410 3.2240.15 4.81+1.22 3.232
Tt 1.1763 £ 0.0020 1.250 0.670 0.68 + 0.04 2.00 + 0.46 1.136
0 —1.2198 £0.0018 ~1.490 -1.070 ~1.86 4+ 0.07 —0.81 £0.20 —1.044
Ch 1.4426 4 0.0022 1.470 0.810 0.90 + 0.04 1.68 £0.42 1.333
g0 —0.9866 =+ 0.0017 -1.200 -0.900 ~1.57 £0.06 -0.68 £0.18 -0.837
Q0 -0.7512 + 0.0029 -0.936 -0.700 -1.28 £0.08 -0.62 £0.18 -1.129
Chma 2.4344 £ 0.0033 2.350 2.94+0.95
g —0.0846 + 0.0025 -0.178 -0.67 £0.11
Qif 0.1871 4 0.0026 0.048 -0.52 £0.07
Ot 1.1320 + 0.0060 0.989

cce
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TABLE V. Magnetic moments (in py) of J¥ = 3/2% bottom baryons.

Baryons EMS [41] [45] [47] [50] [58] [79]

e 3.1637 + 0.0031 2.346 3.460 2.140 2.524£0.50

0 0.7444 £ 0.0016 0.537 0.820 0.400 0.50 £ 0.15

- ~1.6748 £ 0.0015 -1.271 ~1.820 -1.350 —1.50 £ 0.36

g0 1.0151 £ 0.0019 0.690 1.030 0.540 0.50 £ 0.15

Cre ~1.4379 £0.0015 -1.088 -1.550 -1.170 -1.42+£035

Q- —1.1985 £ 0.0030 -0.919 -1.310 -0.970 -1.40 £0.35

e 2.0131 £ 0.0020 2.27070279 1.414 1.880 2.63 +£0.82
g9 —0.5315 £ 0.0012 —0.71209% -0.257 -0.534 -0.96 £ 0.32
Q9 —0.2552 £ 0.0016 —0.261+0015 -0.111 -0.329 -1.11+£0.33
=9 1.5897 +0.0016 1.8707 00 0.916 1.400 230 +0.55
=55 ~0.9809 £0.0008  —1.110%0%) 0652 —0.880 —1.394£0.32
Q5 —0.6999 £ 0.0017 —0.662100% -0.522 -0.697 -1.56 £0.33
Q 0.6952 £ 0.0023 0.659 0.594

Q9 0.2558 + 0.0008 0.225 0.204

Q) —0.1860 = 0.0001 —0.194 -0.178

TABLE VI. Expressions for magnetic Hys L 1e transition
moments (in uy) of charm and bottom baryons.

TABLE VII. Expressions for magnetic p;. . transition
moments (in yy) of bottom baryons. P

Transitions Transition moments Transitions Transition moments
Z+ - A+ 2*0 AO
¢ 7k \@(ui — i) b \/%(ui - 1)
2 - 57 \A(ﬂﬁ — i) L~ %, 202 (5 — )
*0) 0
EHL - Ez‘r \/l(ﬂnf_ﬂi) Zh - zb 4(#5 +/’l§_2ﬂi)
3V u ot +
L, — Xy %i(ﬂg —/415;)
0 0 e o
% =N \@(ﬂi — i) ST \/2(/6 )
B> E =50 _, =0
b \A(Mﬁ - 45) =b T \@(/45 )
=/0 =0 e -
=b 7S \A(ﬂf’: - pi) =b TS 2 (s + 5 = 2003)
=0 =0 0)
eb T Zeb \ﬁ(ﬂc — Hg) Q- Qp 22 (8 5
Bt B 1,6 _ ¢ e
S T N
g (e
ngj — Q?b l(/lf _”5) vt . 3\Ha
3\Hc s 2 2 \/%(,uﬁ _,uﬁ)
= =/0
=0~ Zo 2 (a4 it — 208
Ep — B 2 (4 i — 2u)
%0 0
ch - ch

*0 10
ch - ch
——— e
=bb 7 “bb

=0 =0
=bb 7 Sbb

o _
Q) =,
*+ +
Qccb - Qccb
*0 0
Qpp = Qcpp

\/g(u."i — )
/i

Y2 (45 + pi — 2u3)

22 s - )
22 (4 — uf)
22 (4 — i)
22 (4 - )
22 (4, — i)
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TABLE VIII. Magnetic Hy+ 1 transition moments (in ) of charm and bottom baryons.

Transition EMS [43] [45] [47] [51] [53]
SF = AF —1.6467 +0.0015 1.560 1.182 —1.480 —1.380 1.54 +0.06
B0 - =50 0.1862 4+ 0.0008 -0.310 0.013 0.034 0.220 0.21 £0.03
Er o B —1.4282 +0.0012 1.300 1.043 —1.330 0.730 —1.19 + 0.06
22 - Ag —1.6305 £ 0.0014 1.052 —1.430 -1.370 —-1.54 £ 0.0.6
B, - &, 0.1833 4+ 0.0008 0.082 0.109 0.210 —-0.21 +0.03
Eg’ — Eg —1.4150 + 0.0011 0.917 —1.300 —0.750 1.19 £ 0.06
Ef’b - ES 0.7295 4 0.0007 0.508 0.598
EZ; — Ejb —0.7983 £ 0.0012 0.277 -0.531
Q:% — Q?_b 0.5603 4+ 0.0007 0.443 0.508
TABLE IX. Magnetic us, . transition moments (in uy) of charm baryons.

2 2
Transition EMS [43] [47] [51] [53] [597* [73] [74]
it S AF 2.2802 4 0.0020 2.400 2.070 2.000 —2.18 = 0.08 1.48 +0.55 1.758
et o B 1.1786 4+ 0.0015 -1.370 1.340 1.070 1.52 £0.07 1.06 £0.38 0.988
DI M 0.0250 + 0.0009 —0.003 0.102 0.190 0.33 £0.02 0.45+0.11 0.009
=0 5 30 —1.1286 + 0.0009 1.480 —1.140 —-0.690 —-0.87 +0.03 0.19 £ 0.08 1.013
it - B 1.9797 + 0.0015 2.080 1.860 1.050 1.69 £ 0.08 1.47 £ 0.66 0.985
20 - =59 —0.2550 + 0.0010 —0.500 -0.249 -0.310 —-0.29 + 0.04 0.16 +0.075 0.253
=it > B 0.1548 + 0.0010 -0.230 0.066 0.230 0.43 £0.02 e
20 - =0 —1.0151 £ 0.0008 1.240 —-0.994 -0.590 —-0.74 +0.03 e
Q0 - Q0 —0.9004 £+ 0.0011 0.960 -0.892 —0.490 —-0.60 + 0.04 0.872
it o 5 —1.2991 £ 0.0024 1.330 —-1.210 -2.350
=i B 1.1861 +0.0014 —-1.410 1.070 1.550
Qi — Qf. 09111 +0.0013 —0.890 0.869 1.540

*Aliev, Azizi, and Ozpineci have given their results in natural magneton (ef1/2cM g); however, to convert to nuclear magneton we

multiply the entire magnetic moments with 2my/(Mpg

32+

+ MB|/2+)'
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TABLE X. Magnetic us. . transition moments (in uy) of bottom baryons.
2 2

Transition EMS [47] [51] [53]

Z};O - Ag 2.2911 4 0.0019 2.020 1.960 —2.18 £ 0.08

P —0.7067 +£ 0.0005 —0.760 —0.580 0.87 +0.03

ZZO - 22 0.4411 + 0.0006 0.464 0.300 —-0.33+£0.02

DI ZZ 1.5889 4+ 0.0010 1.690 1.170 —1.52 +0.07

B~ -5 —0.2570 + 0.0010 —0.182 —0.300 —0.29 + 0.04

EZO - Eg 1.9887 + 0.0015 1.830 1.060 1.69 +0.08

St i —0.5940 + 0.0005 —-0.623 —0.490 0.74 +0.03

E’,;O - Eg’ 0.5698 + 0.0007 0.521 0.330 —-0.43 +0.02

Q- Q —0.4802 + 0.0011 —-0.523 —0.380 0.60 £+ 0.04

Ejg - :2,) —1.0267 £+ 0.0009 —-0.919

B - Bl 1.1195 +0.0017 1.120

Ezg - E’C‘% —0.1654 £ 0.0004 —0.042

B - B 1.0422 + 0.0007 0.814

ng - Q‘C)b —0.7896 + 0.0010 —0.748

ng - Q’cob —0.0340 + 0.0006 0.017

B — By 0.7605 + 0.0006 0.643

Ezg - Egh —1.6965 + 0.0011 —1.450

Q- Q 0.4906 + 0.0014 0.478

Q- Qf 0.4157 £ 0.0008 0.362

ngb - ngb —0.4170 &£ 0.0005 —0.352
TABLE XI. Momenta of emitted photon, @, for charm and bottom baryons.
Transition w (in MeV) [47] Transition w (in MeV) [47]
= AS 160.80 + 0.40 160 22 - Ag 190.30 - 0.24 190
20 - =0 106.00 + 0.50 105 E;? - Eg 141.40 4+ 0.50 135
CANECHE 108.10 + 0.50 106 B, - & 136.40 4+ 0.60 138
T s AL 220.40 +2.10 220 Zzo - Ag 209.00 +0.25 210
=0 5 30 63.90 £+ 0.24 64 2};0 - 22 19.40 + 0.27 20
DA M 63.80 £+ 2.30 64 D 19.10 £0.40 20
Tttt 5 3t 63.62 £ 0.25 64 ZZ* - ZZ 19.70 £ 0.40 20
20 - =50 169.90 + 0.35 169 E,’;O - Eg 158.20 £+ 0.80 155
=t o B 171.40 +£0.35 172 B -5 156.20 4+ 0.60 158
=0 5 =0 66.60 + 0.50 67 EZO - E;? 17.30 + 0.60 20
=t S 3t 66.10 £ 0.60 69 B~ — By 20.28 £0.14 20
Q0 QY 69.80 + 2.60 70 Q- Q) 38.80 + 1.80 20
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TABLE XII. Momenta of emitted photon, w, for doubly and triply heavy baryons.

Transition  (in MeV)*

2 -8, 16.00 + 0.60

A ChA 16.00 £ 0.60

QY - QO 33.90 + 0.50

i B 69.70 £ 0.50

i B 69.70 £ 0.50

Qi — Qf. 83.10 + 0.40

B9 -8, 41.90 £ 0.60

B -8 41.90 £ 0.60

29— B9 26.00 £ 0.60

2 -8l 26.00 + 0.60

QY- Qb 60.70 £ 0.50

QY- QY 26.90 £ 0.50

S 34.90 £ 0.50

59 -5, 34.90 + 0.50

Qi - Q) 34.90 £ 0.50

QY - Qf, 29.94 +0.31

QY -0, 3395 +0.31

*All the input masses are taken from LQCD [63], except for Z/.

TABLE XIII. The radiative M1 decay widths (in KeV) of charm baryons.
Transition EMS [46] [47] [51] [53]* [59-61] [70] [71] [73]
= Afy 93.54+0.7 46.10 74.10 65.60 81.05 50.0£17.0 80.60 97.98 66.66
B0 - 20y 0.342 £ 0.006 0.002 0.185 0.460 0.432 0.27 £ 0.06 0000 e e
Bt - By 21.38 £0.31 10.20 18.60 5.430 14.78 85+25 42.30
it S Aty 231 +7 126.0 190.0 161.6 211.1 130.0 £45.0 373.0 244 .4 1353
it o BTy 1.483 £0.018 0.826 1.960 1.200 2.468 2.65+1.20 3.940 1.980 2.060
=0 30y 1.378 £ 0.016 1.080 1.410 0.490 0.818 0.08 +0.03 3.430 1.440 2.162
=t - Xy (6.7+0.9) x 107 0.004 0.011 0.040 0.174 0.40 £0.16 0.040 0.011 4x107
=0 - 50y 1.322 £0.014 0.908 0.745 1.840 1.707 0.66 +£0.32 0000 1.150 0.811
Eit - By 81.9+£0.5 44.30 81.60 21.60 59.93 524125 139.0 99.94 15.69
20 - 50y 1.262 £ 0.031 1.030 1.330 0.420 0.663 2.142 3.030 e e
=it By 0.029 £ 0.001 0.011 0.063 0.070 0.218 0.274 0.004 e e
Q0 — Qb 1.14 £0.13 1.070 1.130 0.320 0.508 0.932 0.890 0.820 0.464
B S Bty 2.37 +£0.05 1.430 2.790
i > Ely 1.98 +0.04 2.080 2.170
QiF - Qly 1.973 £0.029 0.949 1.600

*The values given in the column are calculated from the transition moments given by Yang and Kim in their results.
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TABLE XIV. The radiative M1 decay widths (in KeV) of bottom baryons.

Transition EMS [46] [47] [51] [53]* [59-61] [70]
22 - Agy 151.9+£0.6 58.90 116.0 108.0 138.6 152.0 £ 60.0 130.0
B, =8y 0.707 £0.011 0.118 0.357 1.000 0.912 33+£1.3 0000
E;? - Egy 46.9 + 0.5 14.70 36.40 13.00 32.96 47.0 £21.0 84.60
ZZ" — Agy 198.8 £0.8 81.10 158.0 142.1 180.0 114.0 £45.0 335.0
T - Xy 0.0144 4+ 0.0009 0.010 0.019 0.010 0.021 0.11 +£0.06 0.060
ZZO - E(b)y 0.0059 + 0.0002 0.005 0.008 0.003 0.002 0.028 £0.016 0.020
Z;;* - Z;ry 0.080 £ 0.004 0.054 0.110 0.050 0.073 0.46 +0.22 0.250
B>y 1.044 £ 0.015 0.278 0.536 1.400 1.332 1.50 £ 0.75 0000
E;jo - Egy 65.0 £ 0.9 24.70 55.30 17.20 46.92 135.0 £ 65.0 104.0
B> By 0.0122 4 0.0002 0.005 0.014 0.008 0.019 0.303 15.00
E;jo - E;)Oy 0.0069 + 0.0007 0.004 0.010 0.002 0.004 0.131 5.190
Q- Qy 0.056 £ 0.008 0.006 0.009 0.031 0.088 0.092 0.100
*The values given in the column are calculated from the transition moments given by Yang and Kim in their results.
TABLE XV. The radiative M1 decay widths (in KeV) of bottom baryons.
Transition EMS [46] [47] [74] [75]
Ef)b - E(L’_by 0.0180 +0.0021 0.125 0.204
Eg — Ejby 0.0216 4 0.0025 0.037 0.161
Q’ﬁy - Qghy 0.102 £ 0.004 0.053 0.170
E’C‘g - E?by 0.321 £0.014 0.612 0.876 0.520
E’C‘,j - Ejby 0.381 £ 0.017 0.533 1.310 0.520
Efg - E/c(}ﬂ’ 0.0020 + 0.0002 3x 107 7.6 x 1073 7.190
E:; - E’C‘;y 0.079 £ 0.006 0.031 0.029 26.20
ng — Qghy 0.579 £0.014 0.239 0.637 0.520
ng — Q’ﬁ,y (9.4 +£0.6) x 1073 5% 10~ 1.3x 1073 7.080
B = By 0.102 £ 0.005 0.022 0.027 5.170 0.210
E;;?j - Egb;f 0.509 £ 0.023 0.126 0.137 31.10 0.980
Q — Qy 0.0426 4+ 0.0018 0.011 0.015 5.080 0.040
Qj:?b - Qjcby 0.0192 + 0.0006 0.004 0.010
Q’;gb - Q‘C)bby 0.0282 4 0.0008 0.005 0.013
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