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Motivated by the precision measurements of heavy flavor baryon masses, we analyze the modification of
quark charge by employing the screening effect inside the baryon. In addition, we calculate the isospin
mass splitting up to charmed baryons employing isospin symmetry breaking. Consequently, we obtain the
masses, magnetic moments, and transition moments of JP ¼ 1

2
þ and 3

2
þ baryons to predict radiative decay

widths for 1
2
0þ → 1

2
þ and 3

2
þ → 1

2
ð0Þþ transitions. Finally, we include the effects of state mixing in flavor

degenerate baryon magnetic and transition moments, as well as M1 transition decay widths.
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I. INTRODUCTION

Most recently, the LHCb and CMS collaborations have
reported the observation of the excited bottom-strange
states Ξbð6327Þ0, Ξbð6333Þ0, and Ξbð6100Þ− and the
isospin partner of Ξ−

b , i.e., Ξbð6227Þ0 [1–3]. The two
new charm states Ξcð2923Þ0 and Ξcð2939Þ0, an excited
state Λbð6070Þ0, and four narrow peaks for Ω−

b excited
states have also been reported [4–6]. In addition, the obser-
vations and precision measurements of all the JP ¼ 1

2
þ and

3
2
þ singly heavy charmed baryons present a complete
picture of the low-lying charm baryon spectroscopy
[7–18]. However, the masses of multiple bottom states,
such as Ξ00

b , Σ0
b, Σ�0

b , and Ω�−
b , have not yet been confirmed.

The existence of the Ξþþ
cc state was confirmed by the LHCb

Collaboration in 2017, and the mass of its isoplet partner
Ξþ
cc has been updated based on recent searches [19–22].

The LHCb Collaboration is conducting new investigations
of the doubly heavy baryons Ξ0

cb and Ω0
cb; however, no

significant signal has been found [23,24]. Further mea-
surements will be possible with larger data samples, and
additional decay modes are expected at the upgraded LHCb
experiments [25]. On the other hand, measurements of

heavy flavor magnetic moments need more experimental
effort. Fomin et al. [26] discussed the prospects of magnetic
moment measurements for charmed baryons by analyzing
the radiative charmonium decay at BES III [27], although
the experimental growth in the assessment of electromagnetic
properties of charmed baryons is still moderate. Radiative
decay processes (namely, Ω�0

c → Ω0
cγ, Ξ0þ

c → Ξþ
c γ, and

Ξ00
c → Ξ0

cγ) were observed but not measured experimentally
by the BABAR and Belle collaborations [18,28–32]. We
expect more experimental results on the radiative decay
widths of charm and bottom baryons in the near future from
BES III and LHCb [26,33–36].
Enormous experimental activity has motivated a number

of theorists and phenomenologists to explore heavy flavor
physics with increased interest. A number of theoretical
studies on masses and electromagnetic properties of heavy
flavor baryons have been conducted. These properties and
decays are the keys to understanding heavy flavor structure
and dynamics. In this context, heavy flavor spectroscopy,
magnetic (transition) moments, and radiative decays pro-
vide the testing hypotheses for distinct models of hadronic
structure. The effective mass scheme (EMS) and the
screened quark charge effects have been successfully used
for predicting the magnetic properties of charmed as well as
bottom baryons [37–40]. This work focuses on the pre-
dictions of magnetic (transition) moments and radiativeM1

decay widths of JP ¼ 1
2
þ and 3

2
þ charmed baryons in the

EMS with screened quark charge. However, we also
present results in the strange sector to refine our model
against existing experimental results. In addition, we
include isospin symmetry breaking through constituent
quark masses and strong hyperfine interaction terms. We
estimate the isospin symmetry breaking in different flavor
sectors up to charm, which in turn determines the isospin
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mass splitting in baryons. Further, we integrate the screened
quark charge effects on magnetic (transition) moments and
M1 decay widths. Consequently, we predict the transition
moments andM1 radiative decay widths of light and charm
baryons corresponding to B0ð1

2
þÞ → Bð1

2
þÞ and B�ð3

2
þÞ →

Bð0Þð1
2
þÞ transitions. Finally, we concentrate on the state

mixing effects in our calculations. We believe that, though
isospin symmetry breaking is minimal in magnetic
moments, the screened charge and state mixing effects
are of significant magnitude, which further improves our
comparison with the available experimental results.
The paper is organized as follows: Secs. II–V explain

the necessary methodology. In Sec. VI, numerical results
and their comparison to other theoretical predictions are
provided, followed by a detailed analysis. In Sec. VII, we
present the state mixing effects and analyze their impact
on our results. We list our conclusion in Sec. VIII.
Furthermore, we give various sum rules among the
masses and magnetic moments in Appendices B and C,
respectively.

II. EFFECTIVE QUARK MASS

The mass of the quarks inside a baryon can be modified
due to the one-gluon exchange interaction with the specta-
tor quarks [41] and is referred to as the effective quark mass
in the concept of the EMS. According to the EMS, the
baryon mass, MB, is calculated as the sum of the effective
masses of all three quarks inside a baryon, and it can also
be written as the sum of the constituent quark masses and
the spin-dependent strong hyperfine interaction terms
[37–40,42]. Thus,

MB ¼
X
i

mE
i ¼

X
i

mi þ
X
i<j

bijsi:sj; ð1Þ

where mE
i and mi represent the effective and constituent

masses, respectively, of the quark i within the baryon and
the spin operators of the ith and jth quarks are denoted by
si and sj, respectively. The strong hyperfine interaction
term1 bij for baryon BðijkÞ is given by

bij ¼
16παs
9mimj

hψ jδ3ðr⃗Þjψi; ð2Þ

where ψ is the baryon wave function at the origin and αs is
the strong coupling constant. The mass of a quark inside a
baryon BðijkÞ changes due to interactions with other
quarks. Therefore, general expressions for baryon masses
can be written in terms of effective quark masses as
follows2:

(1) For octet baryons,
(a) Antisymmetric Λ½ij�k-type ðJP ¼ 1

2
þÞ baryons

have

MB ¼ mi þmj þmk −
3bij
4

: ð3Þ

(b) Symmetric Σfijgk-type ðJP ¼ 1
2
0þÞ baryons take

the form

MB0 ¼ mi þmj þmk þ
bij
4

−
bjk
2

−
bik
2
: ð4Þ

(2) For decuplet ðJP ¼ 3
2
þÞ baryons

MB� ¼ mi þmj þmk þ
bij
4

þ bjk
4

þ bik
4
; ð5Þ

where i, j, and k correspond to the first, second, and
third quarks, respectively. The effective quark mass mE

i
defined in the EMS (see Appendix A) is equivalent to the
leading order parametrization of the baryon mass in chiral
perturbation theory (χPT) [43,44]. The effective mass
parametrization goes beyond the leading order in quark
mass splitting because of the 1=mimj term appearing via
the hyperfine interaction. Furthermore, it can be argued
that more complex quantum chromodynamics (QCD)
parametrization of baryon mass can be simplified for
the reason that flavor breaking in Lagrangian is caused
by quark mass difference, and electromagnetic charge is
carried only by quarks [45]. Moreover, the higher order
nonlinear terms have decreasing coefficients, which is
evident from the fact that the Gell-Mann–Okubo mass
relation is fulfilled [45–47]. Therefore, the nonrelativistic
quark model (NRQM) calculations for masses and
magnetic moments are completely equivalent to a leading
order parametrization of relativistic field theory. Thus, the
general expressions for baryon masses given by Eqs. (3)–
(5) include flavor breaking for all terms (in mi and bij) to
first order and are sufficient to reproduce baryon masses.
Thus, we use effective quark mass originating from the
one-gluon exchange interaction to calculate the mag-
netic (transition) moments and, consequently, M1 decay
widths.
We wish to emphasize that the EMS utilizes experi-

mental information to calculate constituent quark
masses and hyperfine interaction terms bij in a model-
independent manner. Following the equations mentioned in
Appendix A, we have calculated the constituent quark
masses and hyperfine interaction terms individually for
each flavor sector from known experimental masses as
given in Table I. In addition, we have included isospin
symmetry breaking to refine our calculations, which is
discussed in Sec. III. Furthermore, to include flavor-
dependent effects, the bij terms are obtained from the
corresponding flavor sectors to produce reliable results.

1Note that bij ¼ bji.2Consult Appendix A for more details on effective mass
relations.
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III. ISOSPIN SPLITTING

Isospin splitting distinguishes between the charged states
of an isospin multiplet. The isospin mass splitting in
baryons may arise from a combination of effects, including
the intrinsic mass difference between u and d quarks
ðmd −muÞ, the electromagnetic and color hyperfine inter-
actions between the neighboring quarks, and the pairwise
Coulomb interactions [41,48–50]. The intrinsic mass differ-
ence between the quarks suffers from contributions arising
from the interactions with neighboring quarks. These
contributions are not only difficult to calculate but are
also model-dependent. It has been seen in the past that
isospin splittings in different models suffer from strong
parameter dependence, which cannot be avoided [51]. For
an accurate assessment of several small contributions, more
precise experimental data are required. Furthermore, for
baryons containing one heavy quark, the electromagnetic
contributions are expected to be small, allowing md −mu
and strong hyperfine interaction terms to dominate [52].
Also, it has been pointed out that the electromagnetic
hyperfine contributions to the isospin mass splitting do not
exceed the systematic uncertainty in experimental results
and can be neglected for baryons with one or more heavy
quarks [53,54]. Color (electromagnetic) hyperfine interac-
tion contributions, on the other hand, are determined by
quark masses (charges) and the wave function overlap at
the origin jψð0Þj2. However, αs and jψð0Þj2 (which appear
in both electromagnetic and strong hyperfine interactions)
are scale dependent and, in most models, are assumed to be
the same for all the baryons. In short, the involvement of
multiple parameters makes evaluation of the isospin sym-
metry breaking contributions from various individual
sources nontrivial. Moreover, isospin symmetry breaking,
though important, is expected to be small in hadrons. Thus,
involvement of too many parameters corresponding to each
contribution does not present a clear picture of isospin
symmetry breaking.

It is well known that all the aforementioned contributions
to the observed baryon masses, originating from different
interactions, can be approximated using a renormalization
of the quark masses. The key feature of the EMS is that the
constituent quark masses include all the other contributions
except strong hyperfine interactions. Moreover, the EMS
uniquely defines the underlying quark structure of the
baryon independent of parameters, where all the hyperfine
interaction (bij) terms are precisely determined from the
measured experimental baryon masses [8]. As compared to
our previous work [37], we focus on the description of
isospin splitting in the EMS by estimating constituent
quark masses and hyperfine interaction terms from respec-
tive flavor sectors to establish a more realistic picture. Thus,
in our results, the isospin splitting is incorporated through
quark massesmi and strong hyperfine interaction terms bij,
as shown in Table I. We have used N and N� as inputs to
minimize the mass relations (given in Appendix A) of the
baryons corresponding to the available experimental values
to obtain mu, md, buu, and bdd in the SUð2Þ symmetry
using the package MINUIT [55]. It is worth noting that we
obtained a χ2 value as low as 0.0000169 for the fit, as
defined by

χ2 ¼
X
i

�
XTh
i − XExpt

i

XExpt
i

�
2

; ð6Þ

where XTh
i represent the theoretical masses given by Eq. (1)

and XExpt
i are experimental masses of the baryons. The

hyperfine interaction term bud, on the other hand, has been
determined from experimental masses of N and Δþ [8]. We
wish to point out that the scale dependence of wave
function overlap can be compensated for through the
evaluation of constituent quark masses and hyperfine
interaction terms from the experimental masses of the
respective flavor sectors. Therefore, we obtain the con-
stituent quark masses and the hyperfine interaction terms in

TABLE I. Constituent quark masses and hyperfine interaction terms with isospin splitting (in MeV). In this work, we have neglected
the uncertainties, unlike in our previous work [37], for being very small.

Experimental inputs [8] Constituent quark masses (mi) Experimental inputs [8] Hyperfine interaction terms (bij)

N;N�a mu ¼ 360.534 N;N� buu ¼ 200.536
md ¼ 363.491 N, Δþ bud ¼ 197.752

N, N� bdd ¼ 193.884

Λ0 ms ¼ 539.972 Ξ0 bus ¼ 143.129
Ξ− bds ¼ 139.236
Ω− bss ¼ 70.045

Ω0
c, Ω�0

c mc ¼ 1644.878 Ξ0þ
c , Ξ�þ

c buc ¼ 42.067
Ξ00
c , Ξ�0

c bdc ¼ 42.814
Ω0

c bsc ¼ 47.133
Ξþþ
cc bcc ¼ 53.508

aThe values are fixed through minimization using the experimental masses of all the baryons in the SUð2Þ sector.
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the strange and charm sectors from the experimental values
of the strange and charm baryon masses, respectively, using
Eqs. (3)–(5).
In addition to isospin mass splitting in flavor SUð2Þ, we

calculated the isospin mass splitting, i.e., md −mu, for
the strange and charm sectors, respectively, as shown in
Table II. We determine the isospin splitting as given in
column 2 of Table II by using the experimental masses of
baryons listed in column 3 in Table II for the corresponding
flavor sector. Since there are a limited number of known
experimental masses for bottom baryons, we have restricted
our calculations to the charm sector. It is interesting to note
that the numerical values of the isospin mass splitting in
flavors SUð2Þ and SUð3Þ are nearly the same and differ
only in the second decimal place. However, the flavor mass
splitting in SUð4Þ is approximately 25% smaller.
Furthermore, our numerical value for isospin mass splitting
for the charm sector is smaller than the 2.494 MeV value
obtained by Karliner and Rosner [48]. The difference in the
numerical comparison can be attributed to different con-
stituent quark masses in the two works.
Proceeding further, we use numerical values given in

Table I to obtain the masses of light as well as heavy (up to
triply charmed) baryons as shown in Tables III and IV,
respectively.3 We compare our predictions to the exper-
imental masses [8] as well as other works [56–64]. We find
that our predictions for masses are consistent with the
current experimental data [8], with a maximum percentage
error ∼Oð3%Þ with respect to the experimental values. Our
results for light baryons (including hyperons) are in good
agreement with experimental values, where the percentage
error is less than 2%. In particular, for JP ¼ 3

2
þ strange

baryons, our predictions are in excellent agreement with the
experimental results. Our predictions for heavy flavor
charm baryons compare well with experimental values,
with a maximum percentage error of 3.26% (in the case of

Σð�Þ
c baryons). It should be noted that the choice of mc ∼

1710 MeV in our previous work [39,40] provides a better
agreement of singly charmed baryon mass predictions with
experimental values, where the hyperfine interaction terms
buc; bdc; bsc, and bcc were calculated from symmetry
relations. However, we have calculated buc; bdc; bsc, and
bcc interaction terms in this work from current experimental

data. Furthermore, for mc ∼ 1710 MeV, bcc acquires a
large negative value, making it difficult to treat both singly
and doubly heavy charmed baryons on equal footing, as is
the case in other theoretical models. We wish to emphasize
that the choice of mc is crucial for determination of the
hyperfine interaction term bcc appearing in doubly charmed
JP ¼ 1

2
þ and 3

2
þ baryons, which is evident from the

excellent agreement of our doubly charmed baryon mass
predictions with experiment and lattice QCD (LQCD)
results [62]. As a result, we conclude that the current
inputs of constituent quark masses and strong hyperfine
interaction terms adequately explain the experimental data
up to charm sector with a small margin of error.
While comparing with other works, we find that the

isospin symmetry is mostly kept intact; however, we
provide comparisons over a range of models [56–64] that
also includes predictions of charged states. Most of the
theoretical models use baryon masses as input for the fitting
of quark masses and model-dependent parameters, which
are optimized to match the experimental masses. Because
the hyperfine interaction terms are extracted from exper-
imental masses, the EMS does not rely on any model-
dependent parameters. Our mass predictions are in better
agreement with experimental results as compared to QCD
sum rules (QCDSR) [60] and contact interaction (CI)
model [61]. The results from heavy baryon chiral pertur-
bation theory (HBχPT) [63] and hypercentral constituent

TABLE II. Isospin splitting between u and d quarks in different
flavor sectors (in MeV).

Flavor multiplet md −mu Experimental inputs [8]

Isospin sector 2.957 N;N�
Strange sector 2.924 Σþ;Σ−

Charm sector 2.190 Σ0
c;Σþ

c

TABLE III. Masses of light baryons (in MeV).

SUð3Þ multiplet Baryons Our work PDGa [8]

JP ¼ 1
2
þ

Octet (C ¼ 0) p 936.94b,,c 938.27
n 938.24b,c 939.56
Λ0 1115.68b 1115.683(6)
Σþ 1168.04 1189.37(7)
Σ0 1172.25 1192.642(24)
Σ− 1176.19 1197.449(30)
Ξ0 1314.86c 1314.86(20)
Ξ− 1321.71c 1321.71(7)

JP ¼ 3
2
þ

Decuplet (C ¼ 0) Δþþ 1232.00b,c 1230.55(20)
Δþ 1233.57b,c 1234.9(1.4)
Δ0 1234.86b,c 1231.3(6)
Δ− 1235.89 � � �
Σ�þ 1382.74 1382.83(34)
Σ�0 1384.03 1383.7(1.0)
Σ�− 1385.04 1387.2(5)
Ξ�0 1529.55 1531.80(32)
Ξ�− 1530.56 1535.0(6)
Ω− 1672.45c 1672.45(29)

aValues in the parentheses represent uncertainties.
bUsed as input in the calculation of constituent quark

masses (mi).
cUsed as input in the calculation of hyperfine interaction

terms (bij).

3We follow the spectroscopic notation as per [8] to list baryons
in SUð3Þ multiplets.
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quark model (HCQM) [56–59] are in better agreement with
the experiment than our results. These models, in contrast
to our method, perform separate calculations guided by
experimental results to predict the masses of singly and
doubly heavy charmed baryons and involve model-depen-
dent parametrization. Furthermore, our prediction for the
mass of a doubly charmed baryon, MΞþ

cc
¼ 3623.81 MeV,

is in excellent agreement with the latest measurement from
LHCb [22]. In addition, compared to other investigations,
our predictions in the doubly charmed sector show good
agreement with LQCD data.
It is important to note that the Coleman-Glashow relation

[65] is reproduced from the isospin mass splitting obtained
in our results as follows:

Mn −Mp ¼ MΣ− −MΣþ þMΞ0 −MΞ− : ð7Þ

The Coleman-Glashow relation (7) is well preserved
despite the symmetry breaking effects because the strange
quark mass and flavor SUð3Þ hyperfine interaction terms
bus, bds, and bss appearing in the Σ and Ξ baryon mass
relations [for instance in Eq. (4)] cancel out. As a result, the

above relationship is governed by contributions from the
constituent quark masses mu and md, as well as strong
hyperfine interaction terms between them (buu and bdd).
Thus, sum rules among the masses and magnetic moments
of baryons serve as a test for the group symmetry
assumptions in theoretical models [66–70]. The symmetry
relations are inapplicable if the sum rules are not followed.
In Appendices B and C, we enlist several sum rules for
masses and magnetic moments that are extended from light
sector to heavy sector via quark transformations.
The experimental isospin mass splitting among the

hadrons is important because it reflects true isospin con-
tributions. We would like to emphasize that since our
results are solely based on current experimental data, we
expect our predictions for isospin mass splittings to be
more reliable. After fixing the constituent quark masses and
hyperfine interaction terms in Table I, the isospin mass
splittings for uncharmed, singly charmed, and doubly
charmed baryons are calculated, as shown in Tables V,
VI, and VII, respectively. We compare our findings to
experimental mass differences from the Particle Data
Group (PDG) [8] for the light (uncharmed) baryons. We
observe that our predictions match well with the available

TABLE IV. Masses of charm baryons (in MeV).

SUð3Þ multiplet Baryons Our work HBχPT [63] HCQM [56–59] QCDSR [60] CI [61] PDG [8]

JP ¼ 1
2
þ

Antitriplet (C ¼ 1) Λþ
c 2220.59 2286.46a 2286a 2310 � � � 2286.46(14)

Ξþ
c 2438.04 2467.80a 2467a � � � 2700 2467.71(23)

Ξ0
c 2443.91 2470.88a 2470a 2480 � � � 2470.44(28)

Sextet (C ¼ 1) Σþþ
c 2374.01 2454.02a 2454a � � � 2580 2453.97(14)
Σþ
c 2375.90 2452.90a 2452a � � � � � � 2452.65þ0.22

−0.16
Σ0
c 2377.52 2453.76a 2453a 2400 � � � 2453.75(14)

Ξ0þ
c 2536.57b 2572.66 � � � � � � � � � 2578.2(5)

Ξ00
c 2538.18b 2570.40 � � � 2500 � � � 2578.7(5)

Ω0
c 2695.20b,c 2695.20a 2695a 2620 2820 2695.2(1.7)

Triplet (C ¼ 2) Ξþþ
cc 3621.60b 3665 [64] 3511 � � � 3640 3621.6(4)
Ξþ
cc 3623.81 � � � 3520 � � � � � � 3623.0(1.4) [22]

Ωþ
cc 3795.97 � � � 3650 4250 3760 3738 (LQCD [62])

JP ¼ 3
2
þ

Sextet (C ¼ 1) Σ�þþ
c 2437.11 2518.40a 2530 � � � 2810 2518.41þ0.22

−0.18
Σ�þ
c 2439.56 2517.50a 2501 � � � � � � 2517.4þ0.7

−0.5
Σ�0
c 2441.74 2518.0a 2529 2560 � � � 2518.48(20)

Ξ�þ
c 2603.47b 2636.83 2619 � � � � � � 2645.10(30)

Ξ�0
c 2605.64b 2633.71 2610 2640 � � � 2646.16(25)

Ω�0
c 2765.90c 2765.90a 2745 2740 3007 2765.9(2.0)

Triplet (C ¼ 2) Ξ�þþ
cc 3684.70 3726 [64] 3687 � � � 3895 3692 (LQCD [62])
Ξ�þ
cc 3688.03 � � � 3695 � � � � � � � � �

Ω�þ
cc 3866.67 � � � 3810 3810 4043 3822 (LQCD [62])

Singlet (C ¼ 3) Ω�þþ
ccc 4974.76 � � � 4806 4670 4930 4796 (LQCD [62])

aUsed as input in the respective models.
bUsed as input in the calculation of hyperfine interaction terms (bij).cUsed as input in the calculation of constituent quark masses (mi).
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experimental results. Further, in Table VI, we compare our
results for charmed baryons with those obtained from the
pion mean-field approach [66]. We find that our results
match well with the observations of the pion mean-field
approach [66] for the account of the intrinsic mass differ-
ence between u and d quarks, and the strong hyperfine
interactions. Our theoretical predictions exhibit differences
with poorly known experimental PDG mean values. The
averageMΣ0

c
−MΣþþ

c
splitting of −0.220ð13Þ MeV in PDG

[8]4 is a well-known discrepancy between theory and
experiment. For MΣ0

c
−MΣþ

c
and MΞ00

c
−MΞ0þ

c
, our predic-

tions of 1.612 and 1.61 MeV are close to the experimental
values of 1.10(16) and 0.8(6) MeV (within uncertainties),
respectively. However, the experimental results for MΞ0

c
−

MΞþ
c
¼ 2.91ð26Þ MeV and MΞ�0

c
−MΞ�þ

c
¼ 0.85ð58Þ MeV

[8] are smaller than our estimates of 5.87 and 2.17 MeV,
respectively. We would like to point out that the exper-
imental mass splittings of MΣ�0

c
−MΣ�þþ

c
have an exceed-

ingly large uncertainty (in fact, greater than the central
value [8]), which is typical for multiple experimental
observations. Unlike other theoretical approaches, we did
not use the experimental information of isospin mass
splitting of charmed baryons as input in our calculations
owing to the poorly known measurements.
Furthermore, we predict the isospin mass splitting of the

doubly charmed baryons MΞþ
cc
−MΞþþ

cc
to be 2.21 MeV,

which is of comparable magnitude but opposite sign in
comparison to theoretical models (Table VII). We also
predict the numerical value of the mass splitting,
MΞ�þ

cc
−MΞ�þþ

cc
, as 3.33 MeV, which is larger in magnitude

than ð−1.3þ1.1
−1.2Þ MeV [71]. It is worth noting that the

aforementioned electromagnetic contributions to effective
quark masses are expected to cancel out, and that strong
hyperfine interaction contributions to effective quark
masses result in better agreement with experimental mass

splittings for strange baryons. Moreover, in our calculation,
the sign of the splitting is governed by the mass difference
md −mu, which is expected to be a dominant contribution
in the heavy baryon sector. We anticipate experimental
advances in this area in the coming years, and we hope that
the growing interest in the heavy flavor sector will bring a
consensus between theory and experiment.

IV. SCREENED QUARK CHARGE

According to the EMS, the mass of a quark is modified
due to the interactions with neighboring quarks; similarly,
the charge of a quark inside a baryon can also be affected.
When a quark within a baryon is probed by a soft photon,
the spectator quarks may shield the charge of the quark
under scrutiny, thus altering its charge [38–40,75]. This
effect is entirely electromagnetic and is comparable to
electron screening in atoms, where the presence of sur-
rounding electrons in the inner shell causes a decrease in
the effective nuclear charge on the valence electrons. The
idea of screening is found not only in quantum electrody-
namics with quark charge but also in QCD as color charge
screening. The effect of the shielding of quark charge varies
with distance. The effective quark charge can be described
as a linear function of the charges of the screening quarks.
As a result, the effective charge of a quark i inside a baryon
BðijkÞ is calculated as follows:

TABLE V. Isospin mass splittings of light baryons (in MeV).

Splitting Our work PDG [8]

Mn −Mp 1.294a 1.293
MΣ− −MΣþ 8.14 8.08(8)
MΣ− −MΣ0 3.94 4.807(35)
MΣ0 −MΣþ 4.2 � � �
MΞ− −MΞ0 6.85 6.85(21)

MΔ0 −MΔþþ 2.86a 2.86(30)
MΣ�− −MΣ�þ 2.3 � � �
MΣ�− −MΣ�0 1.01 � � �
MΣ�0 −MΣ�þ 1.29 � � �
MΞ�− −MΞ�0 1.01 3.2(6)b

aInputs.
bThe numerical value of mass splitting ranges from 2 to 7 MeV

with larger uncertainties [8].

TABLE VI. Isospin mass splittings of charm baryons (in MeV).

Splitting Our work Pion mean-fielda [66]

MΣ0
c
−MΣþþ

c
3.51 3.86

MΣþ
c
−MΣþþ

c
1.89 1.93

MΣ0
c
−MΣþ

c
1.62 1.93

MΞ0
c
−MΞþ

c
5.87 4.71

MΞ00
c
−MΞ0þ

c
1.61 1.93

MΣ�0
c
−MΣ�þþ

c
4.63 3.86

MΣ�þ
c
−MΣ�þþ

c
2.45 1.93

MΣ�0
c
−MΣ�þ

c
2.18 1.93

MΞ�0
c
−MΞ�þ

c
2.17 1.93

aWe have taken the isospin mass splitting as ΔMiso
sb þ ΔMhf

following the notation of [66].

TABLE VII. Isospin mass splittings of doubly charmed baryons
(in MeV).

Splitting MΞþ
cc
−MΞþþ

cc
MΞ�þ

cc
−MΞ�þþ

cc

Our work 2.21 3.33
HQS [54] −2.3ð1.7Þ � � �
Shah and Rai [59] 9 � � �
Wei et al. [71] −0.4ð3Þ −1.3þ1.1

−1.2
LQCD [72] −2.16ð11Þð17Þ � � �
Karliner and Rosner [73] −2.17ð11Þ � � �
Brodsky et al. [74] −1.5ð2.7Þ � � �

4Values in parentheses represent uncertainties.
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eEi ¼ ei þ αijej þ αikek; ð8Þ

where ei, ej, and ek denote bare charges of the quarks i, j,
and k, respectively. In this case, the screening parameters of
quark i corresponding to the spectator quarks j and k are αij
and αik, respectively. Their determination will allow us to
compute the effective charge and, as a result, the magnetic
moments and other properties of baryons that result from
the two-body interaction within baryons.
In this study, we have assumed that the screened quark

charge parameters are the same across distinct independent
flavor sectors. Consequently, we define them by choosing
αij ¼ αji and invoking the isospin symmetry [SUð2Þ] as
follows,

αuu ¼ αud ¼ αdd ¼ x;

while, in the strange sector [SUð3Þ],

αus ¼ αds ¼ αss ¼ y;

and, for the charm sector [SUð4Þ],

αuc ¼ αdc ¼ αsc ¼ αcc ¼ z:

It is worth noting that the effect of quark charge screening is
expected to decrease with increasing mass, as heavier
particles would have a pointlike structure (effectively).
Currently, precise experimental measurements of mag-

netic moments of all the octet baryons (except for Σ0) and
three of the decuplet baryons: Δþþ, Δþ, and Ω− are
available [8]. We utilize these magnetic moments as inputs
and minimize with MINUIT [55] to determine the numerical
values of the screening parameters, x and y, i.e.,

x ¼ 0.101ð1Þ; y ¼ 0.136ð2Þ; ð9Þ

which yields an excellent fit with the χ2 value 0.073 [we
have used Eq. (6) by replacing X with the magnetic
moment μ of the baryon). The expression for the theoretical
magnetic moment operator μ is given by

μ ¼
X
i

ei þ αijej þ αikek
2mE

i

σi ¼
X
i

eEi
2mE

i

σi; ð10Þ

where i ¼ u, d, s, and c; eEi and mE
i represent the effective

charge and effective mass of the ith quark, respectively; and
σi denote the Pauli spin matrices. Note that we have
estimated the parameters x and y in Eq. (9) without isospin
symmetry breaking, where we used the values of constitu-
ent quark masses and hyperfine interaction terms bij from
our recent work [37].
In the absence of experimental data on charmed baryon

magnetic moments, the quark model and theoretical esti-
mations from other models may be used to calculate the

screened quark charge parameter z. It should be noted that
Fomin et al. [26] has utilized the measurements of higher
multipole contributions to cascade radiative decays of
ψð2sÞ → γ1χc1;2 and χc1;2 → γ2J=ψ . The normalized quad-
rupole contributions from the aforementioned decays are
related to the anomalous magnetic moment and mass of
the charm quark. The authors estimated the gyromagnetic
factor for the charm quark (gc) using the most accurate
anomalous magnetic moment measurement from the
recent BES III experiment [27], which yields the magnetic
moment for the μΛc

∼ 0.48 μN from gc=2mc. The result has
limited precision due to uncertainties in charm quark mass
and radiative corrections from strong interactions. On
the other side, the magnetic dipole moment predictions
of Λþ

c from various theoretical models, which range from
ð0.34–0.43Þ μN (with few exceptions), are likewise subject
to charm quark mass uncertainty. Furthermore, Fomin et al.
[26] extended their analysis to fix the magnetic moments of

Σþþ
c , Σþ

c , Σ0
c, and Ξþð0Þ

c within the uncertainties introduced
by the quark model. It should be noted that the results of
Fomin et al. [26] are extremely important since the charm
quark magnetic dipole moment is currently most precisely
measured by quarkonium radiative decays [26,27]. We use
their results for magnetic moments of Λþ

c , Σþþ
c , Σþ

c , and Σ0
c

to minimize screened charge parameter z using Eq. (10),
which is given by

z ¼ 0.023ð1Þ: ð11Þ

The χ2 for the charm sector improves to 0.057 as compared
to the strange sector. Note that we use the same values of x
and y from Eq. (9) for the strange sector (being fixed from
experimental magnetic moments). Additionally, we com-
puted z from each individual magnetic moment of Λþ

c ,
Σþþ
c , Σþ

c , and Σ0
c [26], respectively, in order to assess

the impact of uncertainties and determine an acceptable
range of parameter z. These results are averaged to yield5

z¼0.155. Considering the theoretical range ð0.34–0.43Þ μN ,
we use the lowest value ofmagneticmoment ofΛþ

c , 0.34 μN ,
to minimize the z parameter, which is surprisingly identical6

to Eq. (11). Similarly, we minimized z for the highest
value, 0.43 μN , to obtain z ¼ 0.013, which corresponds to
a better χ2 ¼ 0.029. Further, in contrast to our previous
work [38–40], where the z parameter was estimated from
the strange sector using SUð4Þ symmetry, we have now
fixed three screened charge parameters, i.e., x, y, and z,
corresponding to the isospin, strange, and charm sectors,
respectively.
Finally, we now include the effects of isospin sym-

metry breaking on these parameters. We incorporate iso-
spin-broken effective quark masses in strange and charm

5x and y from Eq. (9) are used as the input.
6χ2 is equal to 0.037.
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sectors to obtain the magnetic moments. We anticipate
that these parameter values will be changed in light of the
revised effective quark masses obtained from isospin
symmetry breaking analyses. Thus, the screened quark
charge parameters are now fixed to

x ¼ 0.103ð2Þ; y ¼ 0.133ð2Þ; z ¼ 0.021ð1Þ; ð12Þ

using the same methodology as described above for their
determination. The χ2 values for Eq. (12) are 0.068 and
0.057 for the strange and charm sectors, respectively. It is
evident that the screened charge parameters have quite
small numerical variations. This can be understood from
the trivial changes in the quark masses and hyperfine
interaction terms that isospin symmetry breaking puts forth.
As a result, we expect that the isospin breaking effects will
be limited to the masses of baryons and will have a minimal
influence on magnetic moments. Furthermore, the soft
photon used to detect magnetic moments can observe only
the overall internal structure of the baryon. Thus, the
magnetic moment [defined in terms of the quark magnetic
moments by Eq. (10)] contains a mass term, which is
interpreted as the effective mass of the quark that appears in
the denominator. We conclude, therefore, that changes in
quark masses induced by isospin breaking will have a
negligible effect on quark magnetic moments. In Sec. V, we
compute the magnetic (transition) moments and M1 radi-
ative decay widths of baryons, inclusive of effective quark
masses, to see the effects of screened quark charge.

V. MAGNETIC PROPERTIES OF BARYONS

In this section, we calculate the magnetic moments of all
the low-lying (l ¼ 0) baryon states up to the charm sector
utilizing screened quark charge effects (8) in addition to the
EMS,7 henceforth referred to as the screened quark charge
scheme (SQCS). Conventionally, the magnetic moments of
baryons μB can be obtained by inserting the magnetic
moment operator μ given in Eq. (10) between the appro-
priate baryon wave functions as given below,

μB ¼ hΨsfjμjΨsfi; ð13Þ

where jΨsfi is the spin-flavor wave function of the
corresponding baryon state. Further, we proceed to evaluate
the transition moments (μB0ð�Þ→Bð0Þ) according to Eq. (13) for
B0 → B and B� → Bð0Þ. Following our earlier work [37], we
calculated transition moments using the geometric mean of
the effective masses of the constituent quarks of the initial
and final baryon states. Using the values from Table I and
the SQCS inputs given in Eq. (12), we obtain the numerical
results for the magnetic (transition) moments of the light

and charm baryons in both the EMS and the SQCS, as
shown in Tables VIII–XIII, respectively. In addition, the
results corresponding to the z values 0.021 and 0.155 for
the SQCS are given in columns 3 and 4, respectively, of
Tables X, XI, XIII, and XV. Furthermore, we compare our
results to other theoretical works and existing experimental
results. Subsequently, we calculate the M1 radiative decay
widths for the decay type B0ð�Þ → Bð0Þγ using the following
relation [76,77]:

ΓB0ð�Þ→Bð0Þγ ¼
αω3

M2
p

2

ð2J þ 1Þ jμB0ð�Þ→Bð0Þ j2; ð14Þ

where

ω ¼ M2
B0ð�Þ −M2

Bð0Þ

2MB0ð�Þ
ð15Þ

is the photon momentum in the rest frame of the decaying
baryon. Here, α ≈ 1

137
is the fine structure constant, Mp is

the mass of proton, J is the spin quantum number of the
decaying baryon state, and MB0ð�Þ and MBð0Þ are the masses
of the initial and final baryons, respectively. The transition
moments μB0ð�Þ→Bð0Þ are expressed in μN .
As we pointed out in our previous work [37], reliable

predictions of M1 radiative decay widths need precise
evaluation of photon momenta; to accomplish this, we
relied upon experimentally available baryon masses and
LQCD estimations [62]. Using the ω values given in
Tables XI and XII of our recent work [37], we predict
the decay widths for M1 radiative transitions such as those
shown in Tables XIV and XV. We also compare our results
to other theoretical models.

VI. NUMERICAL RESULTS AND DISCUSSIONS

In this work, we predicted M1 radiative decay widths of
strange and charmed baryons in the SQCS using isospin-
broken effective quark masses from the EMS as well as

TABLE VIII. Magnetic moments of JP ¼ 1
2
þ light baryons (in

units of nuclear magneton, μN).

Baryons EMS SQCS PDG [8]

Octet (C ¼ 0)
p 2.875 2.840 2.793
n −2.030 −1.820 −1.913
Λ0 −0.579 −0.502 −0.613ð4Þ
Σþ 2.607 2.575 2.458(10)
Σ0 0.825 0.698 0.649(13)a

Σ− −0.960 −1.180 −1.160ð25Þ
Ξ0 −1.534 −1.330 −1.250ð14Þ
Ξ− −0.457 −0.578 −0.6507ð25Þ

a
Calculated according to the definition μΣ0 ¼ 1

2
ðμExptΣþ þ μExptΣ− Þ

[78,79].

7Note that our EMS results do not include the effects of
screened quark charge.
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screening of quark charge. We estimated isospin splitting,
masses, magnetic, and transition moments up to charm
baryons utilizing the inputs listed in Table I and Eq. (12)
during the evaluation process. The numerical results are
given in Tables II–XV. In addition, we compare our results
with experimental values and other theoretical models,
including HBχPT [63,64,80–83], the HCQM [56–59,84],
QCDSR [60], CI [61], LQCD [62,72,85], the pion mean-
field approach [66], heavy quark symmetry (HQS) [54], the
chiral quark model (χQM) [86,87], the chiral constituent
quark model (χCQM) [88], the bag model (BM) [76], the
NRQM [89], the relativistic three-quark model (RTQM)
[90], covariant baryon chiral perturbation theory (BχPT)
[91–93], the light cone QCD sum rule (LCQSR) [94–103],
the hypercentral model (HCM) [104–106], the covariant
spectator quark model (CSQM) [107], χPT [108], the chiral
quark soliton model (χQSM) [109,110], and the constituent
quark model (CQM) [111].

A. Masses and magnetic moments

As previously stated, we have included the isospin
symmetry breaking results arising from the quark mass
difference, md −mu, in the EMS. As described in Sec. III,
the implications of isospin symmetry breaking are smaller
when compared to particle masses, which are known with
high accuracy. We emphasize that our predictions for
isospin mass splitting are reliable since we depend only
on the precise experimental data on baryon masses to
compute the constituent quark masses and strong hyperfine
interaction terms. Further, we find that our predictions for
light and charm baryon masses agree well with the existing
experimental data, with a maximum percentage error of
Oð3%Þ with regard to experimental values. In addition, we
compare our results of masses and mass splittings for the
light and charm baryon sectors to other theoretical works,
as shown in Tables III–VII. We observe that our results are
in good agreement with the experimental data and other
theoretical approaches.
Later, we extended our analysis to include the effect of

screened quark charge in addition to the EMS, i.e., in the

SQCS. Our results for magnetic moments of light baryons
are shown in Tables VIII and IX for both the EMS and the
SQCS for the best fit given by Eq. (12), which includes the
effects of isospin symmetry breaking through masses. We
found that the order of magnitude for isospin symmetry
breaking effects is less than 2% in light baryon magnetic
moments, which is due to the relatively small mass
difference in u and d quarks. As a result, we omit the
distinction between isospin symmetry breaking and con-
serving cases from the subsequent discussions.8 It should
be noted that the results for strange baryons are affected
only by the screening quark charge parameters x and y. We
predicted the magnetic moments of charmed baryons for
both schemes, as shown in Tables X and XI. For the sake of
comparison, we considered an appropriate range for the
screened quark charge parameter z in the charm sector, i.e.,
from 0.021 to 0.155. We also compared our results to those
of other theoretical models for the charm baryons. We list
our key findings as follows.

1. Magnetic moments of JP = 1
2
ð0Þ+ baryons

(i) In Table VIII, we compare our results for the
magnetic moments of JP ¼ 1

2
þ light baryons in

SQCS to the experimental values [8]. Intriguingly,
when compared to the EMS, the SQCS numerical
values improve the compatibility with experimental
numbers for the majority of the baryon magnetic
moments. We would like to emphasize that screen-
ing of quark charge has an approximately 10% effect
on magnetic moments, with a few notable excep-
tions, such as Σ− and Ξ−, which have a maximum
change of Oð27%Þ. Such deviations from the EMS
results can be attributed to quark charge screening.

(ii) Owing to the experimental difficulties associated
with the short lifetime of Σ0, its magnetic moment

TABLE IX. Magnetic moments of JP ¼ 3
2
þ light baryons (in μN).

Baryons EMS SQCS χQM [86] χCQM [88] HCM [104] PDG [8]

Decuplet (C ¼ 0)
Δþþ 4.569 5.511 5.300 4.510 4.55 6.14(51)
Δþ 2.291 2.760 2.580 2.000 2.27 2.7(1.5)
Δ0 0.009 0.008 −0.130 −0.510 0.00 � � �
Δ− −2.278 −2.747 −2.850 −3.020 −2.27 � � �
Σ�þ 2.557 2.959 2.880 2.690 2.72 � � �
Σ�0 0.237 0.182 0.170 0.020 0.27 � � �
Σ�− −2.088 −2.597 −2.550 −2.640 −2.17 � � �
Ξ�0 0.474 0.411 0.470 0.540 0.57 � � �
Ξ�− −1.890 −2.393 −2.250 −1.870 −1.96 � � �
Ω− −1.683 −2.131 −1.950 −1.710 −1.70 −2.02ð5Þ

8Moreover, our predictions for z ¼ 0.013 and 0.023 in the
isospin symmetry conserving case do not vary significantly from
z ¼ 0.021 for charm baryons.
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has not been measured yet; however, the magnetic
moment of Σ0 can be computed from the definition:
μΣ0 ¼ 1

2
ðμExptΣþ þ μExptΣ− Þ [78,79]. The numerical esti-

mate for Σ0 in the SQCS matches well with the
experimental expectations.

(iii) For the singly charmed baryons, our results in the
SQCS present a good range corresponding to z
values given in columns 3 and 4 of Table X. We note
that the magnetic moment results for z ¼ 0.155
exhibit a similar trend to those for z ¼ 0.021.
Consequently, these results represent the widest
range of magnetic moments in the SQCS. Moreover,
these numerical calculations over the extended range
of z compare favorably with the other theoretical

model predictions [76,88–91], indicating that our
estimates for the screened quark charge parameter
(z) are credible. It is interesting to observe that our
result for Λþ

c agrees well with the theoretical ap-
proaches [88–90]. Furthermore, LQCD [85] predicts
μΣþþ

c
¼2.220ð505Þ μN , μΣ0

c
¼ −1.073ð269Þ μN , and

μΩ0
c
¼ −0.639ð88Þ μN , which match well with our

results for SQCS within the uncertainties, except
for μΩ0

c
.

(iv) Our predictions for SQCS are compatible with im-
proved BM [76] results. The BM [76] has employed
independent scale factors corresponding to light
and heavy quarks to imitate the mutual effects of
center-of-mass motion, recoil, and other corrections.

TABLE X. Magnetic moments of JP ¼ 1
2
þ charm baryons (in μN).

SQCS BM
[76]

χCQM
[88]

NRQM
[89]

RTQM
[90]

HBχPT
[80]

BχPT
[91,92]

LCQSR
[94–97]

LQCD
[85]Baryons EMS z ¼ 0.021 z ¼ 0.155

Sextet (C ¼ 1)
Σþþ
c 2.095 2.365 2.622 2.280 2.200 2.350 1.760 1.50 2.00 2.40 2.220(505)

Σþ
c 0.432 0.534 0.818 0.487 0.300 0.490 0.360 0.30 0.46 0.50 � � �

Σ0
c −1.234 −1.299 −0.987 −1.310 −1.600 −1.370 −1.040 −0.91 −1.08 −1.50 −1.073ð269Þ

Ξ0þ
c 0.623 0.688 0.927 0.633 0.760 0.890 0.470 −0.31 0.62 0.80 � � �

Ξ00
c −1.074 −1.157 −0.889 −1.120 −1.320 −1.180 −0.950 −0.80 −0.91 −1.20 � � �

Ω0
c −0.905 −0.973 −0.751 −0.950 −0.900 −0.940 −0.850 −0.69 −0.74 −0.90 −0.639ð88Þ

Antitriplet (C ¼ 1)
Λþ
c 0.380 0.384 0.410 0.335 0.392 0.390 0.420 0.24 0.24 0.40(5) � � �

Ξþ
c 0.380 0.384 0.410 0.334 0.400 0.200 0.410 0.29 0.24 0.50(5) � � �

Ξ0
c 0.380 0.372 0.321 0.334 0.280 0.410 0.390 0.19 0.19 0.35(5) � � �

Triplet (C ¼ 2)
Ξþþ
cc −0.106 −0.110 −0.137 −0.110 0.006 −0.100 0.130 � � � � � � −0.23ð5Þ � � �

Ξþ
cc 0.813 0.793 0.664 0.719 0.840 0.830 0.720 � � � 0.39 0.43(9) 0.425(29)

Ωþ
cc 0.710 0.699 0.625 0.645 0.697 0.720 0.670 � � � 0.39 0.39(9) 0.413(24)

TABLE XI. Magnetic moments of JP ¼ 3
2
þ charm baryons (in μN).

SQCS

Baryons EMS z ¼ 0.021 z ¼ 0.155 BM [76] χCQM [88] NRQM [89] HCM [105,106] HBχPT [81] BχPT [93] LCQSR [98,99]

Sextet (C ¼ 1)
Σ�þþ
c 3.578 3.991 4.507 3.980 3.920 4.110 3.842 2.410 � � � 4.81(1.22)

Σ�þ
c 1.185 1.337 1.782 1.250 0.970 1.320 1.252 0.670 � � � 2.00(46)

Σ�0
c −1.214 −1.318 −0.944 −1.490 −1.990 −1.470 −0.848 −1.070 � � � −0.81ð20Þ

Ξ�þ
c 1.453 1.554 1.935 1.470 1.590 1.640 1.513 0.810 � � � 1.68(42)

Ξ�0
c −0.987 −1.119 −0.808 −1.200 −1.430 −1.150 −0.688 −0.900 � � � −0.68ð18Þ

Ω�0
c −0.750 −0.861 −0.613 −0.936 −0.860 −0.830 −0.865 −0.700 � � � −0.62ð18Þ

Triplet (C ¼ 2)
Ξ�þþ
cc 2.441 2.543 3.189 2.350 2.660 2.640 2.749 � � � 2.890 2.94(95)

Ξ�þ
cc −0.081 −0.003 0.494 −0.178 −0.470 −0.150 −0.168 � � � −0.250 −0.67ð11Þ

Ω�þ
cc 0.188 0.243 0.598 0.048 0.140 0.170 0.121 � � � 0.001 −0.52ð7Þ

Singlet (C ¼ 3)
Ω�þþ

ccc 1.132 1.179 1.483 0.989 0.155 1.170 1.189 � � � � � � � � �

MOHAN, MARY S., HAZRA, and DHIR PHYS. REV. D 106, 113007 (2022)

113007-10



The marginal difference between BM [76] and our

results for the Ξð0Þ
c baryons can be attributed to the

state mixing effects that we are going to discuss in
Sec. VII. In contrast, we observe an average screening
ofOð6%Þ in charmed baryons, with the exception of
Σþ
c , where the screening effect is maximum,

i.e., Oð24%Þ.
(v) It is interesting to note the consistency between

theoretical models for Λ-type singly heavy baryons,
with a few exceptions. The numerical values of
magnetic moments of Λ-type singly heavy baryons,
as noticed in [90], follow the leading contribution to
the magnetic moment through the coupling of the
photon to a heavy quark, resulting in agreement
among different model predictions, including ours.
However, the contributions of the light quarks differ
for the Σ-type baryons, as observed in our results.
Similarly, in χCQM [88], the magnetic moments of

Λþ
c ;Ξ

þð0Þ
c ;Ω0

c, and Ωþ
cc are dominated by valence

contributions due to an excess of heavy quarks.
(vi) We observe that the magnetic moment predictions in

HBχPT [80] are smaller than all the theoretical
models, including ours. In general, the dominant
contribution in HBχPT is proportional to the leading
term of Oð1=mÞ, and higher order corrections are of
Oð1=mΛ2

χÞ that require estimation of model-depen-
dent constants. The authors of HBχPT [80] utilize
LQCD results to obtain these constants, leading to
smaller numerical predictions. Similarly, BχPT [91]
values that employ the extended-on-mass-shell tech-
nique to next-to-leading order are smaller than those
of other models due to the low values of model
parameters fitted using LQCD data.

(vii) We also compare our magnetic moment values with
LCQSR [94–96] predictions. The LCQSR approach
utilizes the theoretical (QCD sum rules) and phe-
nomenological correlation functions from dispersion
relations to determine the magnetic moments of
heavy baryons. The theoretical correlations are
concerned with quarks and their interactions in
the QCD vacuum, whereas the phenomenological
correlation function is concerned with hadrons of the
same flavor quantum numbers. We found that our
results in SQCS match well with LCQSR [94–96]
predictions, with a few deviations.

(viii) For doubly charmed baryons, our predictions are
consistent with all the other theoretical approaches
[76,89,90]. However, the magnetic moment of Ξþþ

cc
differs from that of χCQM [88], which yields the
lowest numerical value for a magnetic moment
among all the theoretical models. Except for Ξþþ

cc ,
the LCQSR [97] estimates are around 2 times
smaller than our results and predictions from other
models. Their values, however, are consistent with
LQCD [85] results, i.e., μΞþ

cc
¼ 0.425ð29Þ μN and

μΩþ
cc
¼ 0.413ð24Þ μN and BχPT [92]. For SQCS

magnetic moments of doubly charmed baryons,
the screening has an effect ofOð3%Þ. It is important
to note that, as we approach the doubly charmed
baryons, the effect of screening reduces.

2. Magnetic moments of JP = 3
2
+ baryons

(i) As observed for JP ¼ 1
2
þ baryons, our numerical

results are in very good agreement with experimental
values (within errors) [8] for the magnetic moments
of Δþþ, Δþ, and Ω− when compared to the EMS, as
well as other theoretical models [86,88,104].

(ii) For singly charmed JP ¼ 3
2
þ baryons, our numerical

predictions for SQCS are greater in magnitude than
the EMS. In contrast to the EMS, our results in
SQCS are more compatible with other models
[76,81,88,89,105,106]. As shown in Table XI,
HBχPT [81] results are in general smaller than other
theoretical models. Moreover, apart from Σ�0

c and
Ξ�0
c , our SQCS results compare well with the

LCQSR [98] values within the uncertainties.
(iii) Similarly, for the doubly charmed baryons, our results

compare well with the predictions of the χCQM [88],
the NRQM [89], and the HCM [105], except for the
LCQSR [99], which predicts larger numerical values
among other theoretical models. The numerical pre-
dictions for the magnetic moment of Ξ�þ

cc , however,
differ between models. When we compare our results
forΞ�þ

cc between theEMSand theSQCS,weobserve a
difference of an order of magnitude; the same can be
seen in comparison with other theoretical predictions.
Themagneticmoment ofΞ�þ

cc state presents a peculiar
case with a larger effect of screening. Again, the
screening effect on magnetic moments is found to be
significant, i.e., of Oð15%Þ.

(iv) The magnetic moments of Ξ�þ
cc andΩ�þ

cc are expected
to be small, as the contributions of the heavy quarks
and the light quark cancel out to some extent due to
their opposite signs. However, in the LCQSR [99],
the contribution from the light quark dominates over
two charm quarks, with a large magnitude leading to
larger numerical values.

(v) The triply heavy charmed baryon Ω�þþ
ccc presents an

interesting case with three heavy quarks of the same
flavor, and all the theoretical approaches [76,89,106],
apart from the χCQM [88], predict values that are
broadly comparable. In addition,weobserve a gradual
reduction in the screening effect in doubly and triply
heavy baryons.

B. Transition moments

We have given our predictions for the light and charmed
baryon transition moments for both the EMS and the SQCS
in Tables XII and XIII. As with charm magnetic moments,
we have listed our results for transition magnetic moments
and M1 decay widths at z ¼ 0.155. It is worth noting that
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our results for z ¼ 0.155 quantify the maximum screening
effect due to individual quark magnetic moments in
transition magnetic moments and M1 decay widths.
Further, owing to different sign conventions, we compare
only the magnitude of transition moments among different
models. Following are our observations.

(i) In (B0 → B) transition moments for light baryons,
our prediction μΣ0→Λ0 in the SQCS is consistent with
the experimental value within the error [8]. It is
interesting to note that Σ0 → Λ0 represents a peculiar
case of a transition moment that is determined by the
difference in magnetic moments of u and d quarks,
with noplausible effect of isospin symmetrybreaking.
We reemphasize that the majority of isospin breaking
effects manifest in the masses, resulting in negligible
isospin breaking in magnetic moments, and the
difference in quark magnetic moments makes the
overall effects insignificant.

(ii) In contrast to magnetic moments, our results for
transition moments in the SQCS have smaller mag-
nitudes than the EMS ∼Oð10%Þ, which can be
attributed to the screening of quark charge. It should
be highlighted that the magnitude of transition mo-
ments with regard to the EMS results can be inter-
preted as an aggregation of the effective quark charge
[provided by Eq. (8)] and magnetic moments of
constituent quarks depending on their signs.

(iii) For (B� → Bð0Þ), our predictions for light baryon
transition moments for the EMS are consistent with
those of other models. Although our SQCS results
for light baryon transition moments are smaller than
other theoretical works [87,88,104,107,108], they
are comparable to those of the LCQSR [100]
predictions, with a few exceptions. In the absence
of direct measurement, we compare our values to the
Σ�0 → Λ0 and Σ�þ → Σþ transition moment esti-
mates extracted from [112,113], which are 20% and
36% larger, respectively. It can be seen that the
transition moment predictions of χPT [108], though
consistent with experiment, are larger than all the
models. This is due to the fact that χPT [108] results
are constrainedby experimental observations from the
CLAS Collaboration [112,113]. Experimental obser-
vation of such transitions will guide the theoretical
understanding of hadronic structure and properties.

(iv) Our result for the Σ�− → Σ− transition moment is
smaller by a factor of 2 as compared to [87,88]. It
should be noted that μΣ�−→Σ− and μΞ�−→Ξ− are larger
than the EMS values. This is because, in addition to
the increased effective charge of individual quarks
due to screening, the transition magnetic moment
depends on the difference between the magnetic
moments of s and d quarks, with a larger contribu-
tion from the latter. Furthermore, screening effects
modify μΞ�−→Ξ− by a maximum of Oð27%Þ as
compared to the average change of 12%.

(v) As with light baryons, our predictions for (B0 → B)
charmed baryon transition magnetic moments in the
SQCS deviate from the EMS results by ∼Oð10%Þ.
With a few exceptions, our results are generally
consistent with the existing theoretical models (as
observed in magnetic moments of charm baryons). It
is significant to note that for μΣþ

c →Λþ
c
and μΞ0þ

c →Ξþ
c
,

which have smaller transition moment values than
the EMS, the magnetic moments of contributing
quarks add constructively with a corresponding
decrease in the effective quark charge. We observe
a similar pattern in results for z ¼ 0.155 in the SQCS.
The transition magnetic moment for Ξ00

c → Ξ0
c in-

creases as the effective charge increases because the
magnetic moments of d and s quarks add destruc-
tively, where the dominant contribution comes from
the former. In addition, the effect of the enhanced
screening parameter, z ¼ 0.155, is such that the
contribution from s-quarkmagneticmoment becomes
dominant in comparison to d, resulting in a reduction
of the numerical value by nearly 20%.

(vi) In general, our predictions in the SQCS for the
(B� → Bð0Þ) charmed baryon transitions are consis-
tent with the BM [76] and the LCQSR [101,102]
estimates within errors, but are smaller than the
χCQM [88] and χQSM [109] models. Except for a
few values, the numerical results of the HBχPT
model [82] are the lowest when compared to all
the other models, as seen in the case of magnetic
moments. Their results for sextet to antitriplet
transition magnetic moments, Σ�þ

c → Λþ
c and

Ξ�0
c → Ξ0

c, are consistent with our SQCS predic-
tions, except for Ξ�þ

c → Ξþ
c . These transition mag-

netic moments follow a mechanism similar to that
described for octet to octet (B0 → B) charmed
baryon transition moments. Therefore, we observe
similar behavior in the SQCS for z ¼ 0.155.

(vii) It is interesting to note that, unlike our previous
observations in the light and heavy baryon transition
moments, the calculated values for sextet to sextet
transitionmoments aregreater than theEMS results. It
should be emphasized that the reduced transi-
tion magnetic moments between neutral states caused
by the increased screening charge parameter
(z ¼ 0.155) highlights the significance of the under-
lying mechanism of individual quark magnetic mo-
ment contributions. In addition, the Σ�þ

c → Σþ
c

transition moment increases approximately by a
factor of 4 when compared to the EMS. This can
be explained by themutually dominant but destructive
contributions of the magnetic moments of u and d
quarks, which in turn become comparable to the
magnetic moment contribution of the charm quark
but with the opposite sign, resulting in a small total
magnetic moment value. However, for an enhanced
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screening quark charge parameter, the destructive
contributions of u and d quark magnetic moments
become dominant, resulting in an increased transition
magnetic moment of 0.274 μN . In addition, the
transition magnetic moment under investigation is
sensitive to the selection of the involved parameters,
which explains the wide range of numerical predic-
tions in numerous approaches.

(viii) Further, Σ�þþ
c → Σþþ

c , Σ�0
c → Σ0

c, and Ω�0
c → Ω0

c
transition moments result from predominant con-
tributions from light quark magnetic moments, as
observed in various other theoretical models. Further-
more, μΞ�þ

c →Ξ0þ
c
and μΞ�0

c →Ξ00
c
can be interpreted sim-

ilarly to μΣ�þ
c →Σþ

c
with destructive and constructive

contributions of themagneticmoments of light quarks,
respectively. In addition, we observe a change of 75%
and 20% of their respective values at z ¼ 0.155.

(ix) For doubly charmed baryon transitions, our predic-
tions are in good agreement with the BM [76] and
the χCQM [88]; however, HBχPT [83] gives rela-
tively larger predictions than other models. Also,
transition magnetic moments involving doubly
charmed baryons receive dominant contributions
from light quark magnetic moments. Overall, we
observe a change of roughly (25–35)% as the
screening charge parameter is enhanced.

C. Radiative decay widths

In this subsection, we present our predictions for the
radiative M1 decay widths involving light and charmed
baryons shown in Tables XIV and XV. As we have shown,
the numerical value corresponding to z ¼ 0.155 can be
interpreted as the maximum effect of quark charge screen-
ing based on the arguments established in the magnetic and
transition moments. We shall therefore concentrate on the
results of our best fit for quark charge screening. We have
observed the following.

(i) Since M1 transition decay width depends upon the
magnitude of the transition moment and kinematic
factors, the theoretical predictions are expected to
follow a similar trend as observed in transition
magnetic moments. Our predictions for light baryon
M1 transitions in the SQCS are consistent with those
of the χQM [87]. When compared to our results and
those of the χQM [87], LCQSR [100] predictions for
M1 transitions are quite large, particularly for Δ →
N and Σ�0 → Λ0 transitions. This is in contrast to the
results of transition moments for light baryons. It
should be emphasized that most of the theoretical
works underestimate the decay widths of Σ�0 → Λ0

and Σ�þ → Σþ transitions, which were measured by
the CLAS Collaboration [112,113] as 445(80) and
250(70) keV, respectively. However, the results of
the CSQM [107] and χPT [108], which are guided
by experimental observations, are consistent. Such
discrepancies in the light baryon sector have existed
for a long time, indicating that additional experi-
mental and theoretical efforts are required in such
analyses. Furthermore, the screening of quark
charge has a larger effect on the numerical predic-
tions for radiative M1 transitions on an average of
Oð23%Þ in light baryon transitions, and as large as
Oð61%Þ for the Ξ�− → Ξ− transition.

(ii) Our predictions for the singly charmed baryons are
in very good agreement with those of the BM [76],
with the exception of the Ξ00

c → Ξ0
c and Ξ�0

c → Ξ0
c

transitions. As previously indicated, M1 decay
widths in both the SQCS and EMS predictions
follow the same pattern as observed in transition
magnetic moments. Apart from a few discrepancies,
our results for the 1

2
0þ → 1

2
þ M1 transition decay

widths are more or less consistent when compared
to other models. However, the LCQSR [103] pre-
dictions are smaller than our results. A similar

TABLE XII. Transition moments of light baryons (in μN).

Transitionsa EMS SQCS χCQM [88] HCM [104] χQM [87] CSQM [107] χPT [108] LCQSR [100]

(C ¼ 0) octet → octet
Σ0 → Λ0 −1.706 −1.530 1.600 � � � 1.682 � � � � � � � � �

(C ¼ 0) decuplet → octet
Δþ → p 2.480 2.194 2.870 2.47 2.749 2.96 −3.50 2.20(1.10)
Δ0 → n −2.590 −2.323 � � � 2.47 2.749 2.96 −3.50 −2.20ð1.10Þ
Σ�0 → Λ0 2.248 2.017 2.500 2.21 2.380 2.71 3.62 −1.70ð1.10Þ
Σ�þ → Σþ 2.138 1.893 2.260 2.21 −2.287 2.76 4.46 1.50(60)
Σ�0 → Σ0 0.964 0.824 0.850 0.83 −0.913 1.24 −2.34 −0.65ð28Þ
Σ�− → Σ− −0.213 −0.246 −0.550 0.28 0.462 −0.28 −0.21 −0.23ð7Þ
Ξ�0 → Ξ0 −2.290 −1.985 2.120 2.27 −2.287 2.50 5.38 −1.50ð50Þ
Ξ�− → Ξ− 0.315 0.399 −0.470 0.29 0.462 −0.31 0.20 0.20(7)

aExperimental values for Σ0 → Λ0, Δþ → p, Σ�0 → Λ0, and Σ�þ → Σþ are −1.61ð8Þ μN [8], 3.51ð9Þ μN [114], 2.75ð25Þ μN [112],
and 3.17ð36Þ μN [113], respectively.
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pattern can be seen in the sextet to antitriplet ð3
2
þ →

1
2
þÞ M1 decay widths, where most of the models
agree to within an order of magnitude for their
predictions. On the other hand, the CQM [111] and
the χQSM [110] predict decay widths that are
roughly a factor of 2 larger and smaller than our
values, respectively.

(iii) The χQSM [110] predictions for (B� → Bð0Þ) tran-
sitions, on the other hand, are smallest in magnitude
among all theoretical models, with larger results for
Σ�þ
c → Σþ

c and Ξ�þ
c → Ξ0þ

c . As discussed earlier, our

results agree well with the BM [76], though the
theoretical estimate of HBχPT [82,83] are generally
small when compared to our results. The M1 decay
widths of Σ�þ

c → Σþ
c and Ξ�þ

c →Ξ0þ
c in various theo-

retical approaches ranges from 10−1 to 10−5 keV,
whereas our predictions in the SQCS and the EMS
are of the order of 10−2 and 10−3 keV, respectively.
This is due to a mechanism similar to that described in
transition magnetic moments. In addition, the LCQSR
[101,102] and the CQM [111] predict larger decay
widths compared to our results for sextet to sextet

TABLE XIII. Transition moments of charm baryons (in μN).

SQCS

Transitions EMS z ¼ 0.021 z ¼ 0.155 BM [76] χCQM [88] χQSM [109] HBχPT [82,83] LCQSRa [101,102]

(C ¼ 1) octet → octet
Σþ
c → Λþ

c −1.649 −1.480 −1.480 −1.480 1.560 1.54(6) −1.38 � � �
Ξ0þ
c → Ξþ

c −1.425 −1.268 −1.317 −1.380 1.300 −1.19ð6Þ 0.73 � � �
Ξ00
c → Ξ0

c 0.182 0.198 0.154 0.139 −0.310 0.21(3) 0.22 � � �
(C ¼ 1) sextet → antitriplet

Σ�þ
c → Λþ

c 2.284 2.050 2.050 2.070 2.400 −2.18ð8Þ 2.00 1.48(55)
Ξ�þ
c → Ξþ

c 1.976 1.758 1.824 1.970 2.080 1.69(8) 1.05 1.47(66)
Ξ�0
c → Ξ0

c −0.249 −0.272 −0.211 −0.193 −0.500 −0.29ð4Þ −0.31 0.16(7)

(C ¼ 1) sextet → sextet
Σ�þþ
c → Σþþ

c 1.180 1.356 1.461 1.340 −1.370 1.52(7) 1.07 1.06(38)
Σ�þ
c → Σþ

c 0.029 0.096 0.274 0.102 −0.003 0.33(2) 0.19 0.45(11)
Σ�0
c → Σ0

c −1.126 −1.165 −0.912 −1.140 1.480 −0.87ð3Þ −0.69 0.19(8)
Ξ�þ
c → Ξ0þ

c 0.159 0.202 0.349 0.216 −0.230 0.43(2) 0.23 0.25(7)
Ξ�0
c → Ξ00

c −1.016 −1.068 −0.845 −1.030 1.240 −0.74ð3Þ −0.59 0.69(20)
Ω�0

c → Ω0
c −0.900 −0.942 −0.751 −0.892 0.960 −0.60ð4Þ −0.49 0.46(13)

(C ¼ 2) triplet → triplet
Ξ�þþ
cc → Ξþþ

cc −1.304 −1.359 −1.702 −1.210 1.330 � � � −2.35 � � �
Ξ�þ
cc → Ξþ

cc 1.182 1.116 0.700 1.070 −1.410 � � � 1.55 � � �
Ω�þ

cc → Ωþ
cc 0.910 0.867 0.596 0.869 −0.890 � � � 1.54 � � �

aAliev et al. gave their results in natural magnetons (eℏ=2cMB); to convert to nuclear magnetons (μN), we multiply the entire
magnetic moments by 2mN=ðMB3=2þ þMB1=2þ Þ.

TABLE XIV. Radiative M1 decay widths of light baryons (in keV).

Transitionsa EMS SQCS χQM [87] HCM [104] CSQM [107] χPT [108] LCQSR [100]

(C ¼ 0) octet → octet
Σ0 → Λ0γ 9.972 8.021 � � � � � � � � � � � � � � �

(C ¼ 0) decuplet → octet
Δþ → pγ 453.3 354.9 363 648 648 730 900(730)
Δ0 → nγ 473.0 380.6 363 648 648 730 900(730)
Σ�0 → Λ0γ 297.3 239.2 241 325 399 430 470(410)
Σ�þ → Σþγ 110.3 86.47 100 149 154 250 110(820)
Σ�0 → Σ0γ 21.66 15.84 16.0 21.0 32.0 70.0 21.0(15.0)
Σ�− → Σ−γ 1.036 1.385 4.10 2.00 1.40 0.58 2.00(1.00)
Ξ�0 → Ξ0γ 178.0 133.8 133 158 182 410 140(90.0)
Ξ�− → Ξ−γ 3.220 5.161 5.40 2.00 2.40 0.52 3.00(2.00)

aThe experimental values for ΓΣ�0→Λ0γ and ΓΣ�þ→Σþγ obtained by the CLAS Collaboration were 445(80) [112] and 250(70) keV [113],
respectively.
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(3
2
þ → 1

2
0þ) transitions.Moreover, the numerical values

of transition moments andM1 decay widths for 3
2
þ →

1
2
þ radiative transitions are larger than those for 3

2
þ →

1
2
0þ due to the spin flip of the light quarks [110],which is
true for almost all theoretical models, including ours.
However, the Ξ�0

c → Ξ0
c transition remains an excep-

tion in this regard. Furthermore, our M1 decay width
predictions are nearly equal for Ξ�0

c → Ξ00
c and Ξ�0

c →
Ξ0
c transitions, whereas HBχPT [82] predicts a large

width for the latter. It is worth noting that the results of
all theoretical models depend on different inputs and
model-dependent parameters, which may lead to
discrepancies among the results of different models.

(iv) In the case of radiative M1 decay widths of doubly
charmed baryons, our SQCS results are fractionally
smaller than those from the EMS and the BM [76];
however, HBχPT [83] predictions are larger, roughly
by an order of magnitude. The LQCD estimates [85]
for the Ξ�þþ

cc → Ξþþ
cc , Ξ�þ

cc → Ξþ
cc, and Ω�þ

cc → Ωþ
cc

transition decay widths are 0.052(6), 0.065(4), and
0.056(1) keV, respectively, which are exceedingly
small compared to other models.

(v) The screening effect in the radiative decay widths of
charmed baryons causes an average change of 20%
in the numerical values, excluding the Σ�þ

c → Σþ
c

transition. In addition, corresponding to the maxi-
mum screening effect at z ¼ 0.155, the numerical
results exhibit very large changes in the associated
numerical values; however, these changes are still

within acceptable ranges when compared to other
theoretical models.

The eventual availability of experimental numbers for
radiative decay widths can help in testing the validity of the
theoretical models.

VII. STATE MIXING IN FLAVOR
DEGENERATE BARYONS

The mixing of flavor degenerate baryons in strange
and charm sectors, which contain three different quark
flavors corresponding to different spin compositions, is of
particular interest [115]. We define the physical states jBi
and jB0i as

jBi ¼ cos θjBi þ sin θjB0i;
jB0i ¼ − sin θjBi þ cos θjB0i; ð16Þ

where jBi (the first two quarks have relative spin 0) and
jB0i (the first two quarks have relative spin 1) are unmixed
baryon states and θ is the mixing angle. We use the mixing
angle given below [115,116],

tan 2θ ¼
ffiffiffi
3

p ðmj −miÞ
2mk −mi −mj

; ð17Þ

where mi, mj, and mk are the constituent masses of quarks
i, j, and k inside the baryon BðijkÞ, respectively. We used
isospin symmetry breaking induced constituent quark
masses from Table I to calculate the mixing angle from

TABLE XV. Radiative M1 decay widths of charm baryons (in keV).

SQCS

Transitions EMS z ¼ 0.021 z ¼ 0.155 BM [76] HBχPT [82,83] LCQSR [101–103] CQM [111] χQSM [110] HCQM [84]

(C ¼ 1) octet → octet
Σþ
c → Λþ

c γ 93.70 75.46 75.54 74.10 65.60 50.0(17.0) 80.60 � � � 66.66
Ξ0þ
c → Ξþ

c γ 21.29 16.86 18.18 18.60 5.430 8.50(2.50) 42.30 � � � � � �
Ξ00
c → Ξ0

cγ 0.327 0.389 0.233 0.185 0.460 0.27(6) 0.000 � � � � � �
(C ¼ 1) sextet → antitriplet

Σ�þ
c → Λþ

c γ 231.6 186.6 187.0 190.0 161.6 130(45) 373.0 69.76 135.3
Ξ�þ
c → Ξþ

c γ 81.58 64.58 69.50 81.60 21.60 52.0(25.0) 139.0 31.97 15.69
Ξ�0
c → Ξ0

cγ 1.263 1.503 0.902 0.745 1.840 0.66(32) 0.000 0.080 0.811

(C ¼ 1) sextet → sextet
Σ�þþ
c → Σþþ

c γ 1.487 1.964 2.278 1.960 1.200 2.65(1.20) 3.940 1.080 2.060
Σ�þ
c → Σþ

c γ 0.001 0.010 0.081 0.011 0.040 0.40(16) 0.004 0.060 4 × 10−5

Σ�0
c → Σ0

cγ 1.370 1.468 0.900 1.410 0.490 0.08(3) 3.430 0.300 2.162
Ξ�þ
c → Ξ0þ

c γ 0.030 0.049 0.146 0.063 0.070 0.27 0.004 0.090 � � �
Ξ�0
c → Ξ00

c γ 1.263 1.396 0.875 1.330 0.420 2.14 3.030 0.340 � � �
Ω�0

c → Ω0
cγ 1.142 1.250 0.790 1.130 0.320 0.93 0.890 0.340 0.464

(C ¼ 2) triplet → triplet
Ξ�þþ
cc → Ξþþ

cc γ 2.390 2.595 4.070 2.790 22.00 � � � � � � � � � � � �
Ξ�þ
cc → Ξþ

ccγ 1.963 1.752 0.689 2.170 9.570 � � � � � � � � � � � �
Ω�þ

cc → Ωþ
ccγ 1.969 1.789 0.844 1.600 9.450 � � � � � � � � � � � �
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Eq. (17) for the strange and charm baryons. Furthermore,
mixing in the magnetic moments of flavor degenerate
baryons can be expressed as

μðBÞ ¼ μBcos2θ þ μB0sin2θ þ μB0→B sin 2θ;

μðB0Þ ¼ μBsin2θ þ μB0cos2θ − μB0→B sin 2θ; ð18Þ

where μB and μB0 , respectively, are the unmixed magnetic
moments of the jBi and jB0i states that correspond to
Eq. (10). The subsequent mixed transition moments are
given by

μðB0 → BÞ ¼ μB0→B cos 2θ −
1

2
ðμB − μB0 Þ sin 2θ;

μðB� → Bð0ÞÞ ¼ μB�→Bð0Þ cos θ � μB�→B0ðÞ sin θ; ð19Þ

where μB0ð�Þ→Bð0Þ represents the unmixed transition moments
of the baryons.
The intent of state mixing is to compensate for the

ordering of the quarks. The preferred ordering of quarks is
such that the least amount of mixing is achieved. This is
accomplished by arranging the quarks in flavor degenerate
baryons in increasing order of their masses to obtain the
smallest ðmj −miÞ, which results in minimal mixing
[76,115]. Further, the mixing effects propagate to the decay
widths via mixed transition moments.

A. Effect of state mixing

The physical significance of the mixed state lies in the
fact that it represents a physically observed state in
experiments. The mixing of baryon masses is neglected,
as it is of second order in the mixing angle. On the other
hand, the effect of mixing is much more visible in mag-
netic (transition) moments, being of the first order, which in
turn affects the M1 radiative decay widths substantially
[115]. Thus, the numerical results of magnetic (transition)
moments and the radiative decay widths obtained by
considering the state mixing are listed in Tables XVI
and XVII, along with results from other models [76,89].
We also list our unmixed results in order to provide a
thorough comparison. Our observations are listed as
follows.

(i) The numerical values of the mixing angle increase
with baryon masses (except for udc states), which
results from the mass difference between the first two
quarks, which is shown in Table XVI. The mixing
angle associated with the udc states is negligible
because of the smaller value of the numerator in
Eq. (17). Our (Σ − Λ)-type mixing results match well
with the NRQM [89] and the BM [76]. For usc states,
our numerical estimates for mixing between the Ξc −
Ξ0
c type are consistent when compared to 3.8° in the

QM [115,116] and 5.5ð1.8Þ° in the QCDSR [117]. In
addition, we observe that the effect of state mixing in
uds and udc states is negligibly small, ranging up

TABLE XVI. State mixing in baryon magnetic (transition) moments (in μN).

Quark content
Mixing angle

(deg) Baryon EMS mixed SQCS mixed EMS unmixed SQCS unmixed BM mixed [76]
NRQM mixed

[76,89]

uds 0.412 Λ0 −0.604 −0.524 −0.579 −0.502 � � � � � �
Σ0 0.850 0.720 0.825 0.698 � � � � � �

Σ0 → Λ0 −1.696 −1.522 −1.706 −1.530 � � � � � �
Σ�0 → Λ0 2.255 2.023 2.248 2.017 � � � � � �
Σ�0 → Σ0 0.947 0.809 0.964 0.824 � � � � � �

udc 0.057 Λþ
c 0.377 0.381 0.380 0.384 � � � 0.390

Σþ
c 0.435 0.537 0.432 0.534 � � � 0.490

Σþ
c → Λþ

c −1.649 −1.480 −1.649 −1.480 � � � −1.610
Σ�þ
c → Λþ

c 2.284 2.050 2.284 2.050 � � � 2.200
Σ�þ
c → Σþ

c 0.026 0.094 0.029 0.096 � � � 0.070

usc 3.707 Ξþ
c 0.197 0.222 0.380 0.384 0.142 0.200

Ξ0þ
c 0.806 0.850 0.623 0.688 0.825 0.890

Ξ0þ
c → Ξþ

c −1.398 −1.238 −1.425 −1.268 −1.330 −1.400
Ξ�þ
c → Ξþ

c 1.982 1.768 1.976 1.758 1.860 2.030
Ξ�þ
c → Ξ0þ

c 0.031 0.088 0.159 0.202 0.066 0.090

dsc 3.650 Ξ0
c 0.397 0.391 0.380 0.372 0.346 0.410

Ξ00
c −1.091 −1.176 −1.074 −1.157 −1.130 −1.180

Ξ00
c → Ξ0

c 0.088 0.100 0.182 0.198 0.034 0.080
Ξ�0
c → Ξ0

c −0.313 −0.339 −0.249 −0.272 −0.249 −0.330
Ξ�0
c → Ξ00

c −0.998 −1.048 −1.016 −1.068 −0.994 −1.070
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to 3%. However, the mixing effect in Σ�þ
c → Σþ

c
is Oð10%Þ.

(ii) As expected, mixing has significant effects of
Oð50%Þ on the magnetic properties of usc and
dsc states. We observe large mixing in Ξ�þ

c → Ξ0þ
c ,

Ξ00
c → Ξ0

c, and Ξ�0
c → Ξ0

c transitions, which contrib-
utes to their transition moments and decay width
results, as shown in Table XVII. Furthermore, our
predictions are consistent with other theoretical
models except for Ξ00

c → Ξ0
c in the BM [76]. Apart

from this, mixing has a substantial effect on
the magnetic moments of Ξþ

c and Ξ0þ
c states, result-

ing in a respective change of 48% and 29% in their
values.

VIII. SUMMARY AND CONCLUSIONS

In this work, we focused primarily on the screening of
quark charge in the SQCS, which incorporates isospin
symmetry breaking through effective quark masses. We
made predictions of the magnetic properties, i.e., magnetic
(transition) moments and M1 radiative decay widths, of all
the ground state baryons up to triply charmed. We used
precise experimental information in the isospin sector to
obtain constituent u and d quark masses and their hyperfine
interaction terms (buu; bud, and bdd) through minimization
to improve upon our previous results in the EMS. In a
similar fashion, we estimated isospin splitting in strange
and charm baryons in their respective flavor sectors. We
calculated the constituent quark masses and hyperfine
interaction terms from the precise experimental data in a
model-independent way, individually, for the strange and
charm flavors. Next, we calculated the masses of low-lying
(JP ¼ 1

2
þ and 3

2
þ) baryon states up to C ¼ 3. We then used

available experimental magnetic moments to evaluate the
screened quark charge parameters (αij) for light baryons.
After evaluating all the ingredients, we made robust
predictions for magnetic (transition) moments and M1

decay widths for light baryons up to the strange flavor.
Proceeding in a similar way, we extended our analysis to
observe charmed baryon masses and magnetic properties.
In the absence of experimental magnetic moments, we
relied on the analysis by Fomin et al. [26], which explores
experimental prospects of magnetic moment of charm
baryons to determine the screened quark charge parameter.
Then we predicted the magnetic (transition) moments and
decay widths of charmed baryons in both the SQCS and the
EMS. In addition, we include the mixing of flavor
degenerate baryon states in our analysis. As mentioned
earlier, the variations introduced by quark charge screening
and state mixing effects are carefully observed and ana-
lyzed through the electromagnetic properties of baryons. In
light of this, we arrived at the following conclusions.
(a) We believe that, because our numerical values for

constituent quark masses and hyperfine interaction
terms for light and charm flavor sectors are evaluated
from experimental data, they are more reliable. Con-
sequently, our predictions for the masses of light and
charmbaryons are in good agreementwith experimental
values, with a maximum percentage error ∼Oð3%Þ in
the case of Σð�Þ

c baryons. Unlike various theoretical
models, we treated singly and doubly charmed baryons
on a same footing in a model-independent analysis.

(b) Our predictions of the isospin mass splitting for
strange baryons are in very good agreement with
the available experimental data. However, a compari-
son of theoretical and experimental splitting in charm
baryon data reveals inconsistencies because of poor
experimental values with significant uncertainties.

(c) We predicted the isospin mass splitting of the doubly
charmed baryons to beMΞþ

cc
−MΞþþ

cc
¼ 2.21 MeV and

MΞ�þ
cc
−MΞ�þþ

cc
¼ 3.33 MeV, which is yet to be ob-

served experimentally. We wish to point out that
our prediction for mass of Ξþ

cc is in excellent agreement
with a recent experimental result from LHCb [22].

TABLE XVII. State mixing in radiative M1 decay widths (in keV).

Transitions EMS mixed SQCS mixed EMS unmixed SQCS unmixed BM mixed [76]

Σ0 → Λ0γ 9.852 7.929 9.972 8.021 � � �
Σ�0 → Λ0γ 299.1 240.5 297.3 239.2 � � �
Σ�0 → Σ0γ 20.94 15.28 21.66 15.84 � � �
Σþ
c → Λþ

c γ 93.70 75.45 93.70 75.46 � � �
Σ�þ
c → Λþ

c γ 231.7 186.6 231.6 186.6 � � �
Σ�þ
c → Σþ

c γ 0.001 0.010 0.001 0.010 � � �
Ξ0þ
c → Ξþ

c γ 20.47 16.07 21.29 16.86 17.30
Ξ�þ
c → Ξþ

c γ 82.09 65.27 81.58 64.58 72.70
Ξ�þ
c → Ξ0þ

c γ 0.001 0.009 0.030 0.049 0.006

Ξ00
c → Ξ0

cγ 0.076 0.098 0.327 0.389 0.011
Ξ�0
c → Ξ0

cγ 1.997 2.341 1.263 1.503 1.240
Ξ�0
c → Ξ00

c γ 1.219 1.346 1.263 1.396 1.230
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Furthermore, we observed nearly uniform isospin
splitting in strange and charm baryons, i.e., around 2
to 3 MeV.

(d) Numerically, the magnitude of isospin mass splitting is
very small compared to the masses of baryons, which
are precisely measured. Therefore, isospin symmetry
breaking will have a negligible effect on magnetic
moments, where the mass of the quark appears in the
denominator.

(e) Our analysis showed that the quark charge screening
has a significant effect on the magnetic moments of
strange baryons, with an overall average of 17%.
Furthermore, the inclusion of quark charge screening
improved the consistency of magnetic and transition
moments predictions with the strange baryon exper-
imental observations, with few exceptions.

(f) Interestingly, the effect of screening gradually decreases
in magnetic moments from light to heavy flavor owing
to the variation of the screened charge parameter, when
the size of the baryon is expected to decrease. In singly
charmed baryons in magnetic moments, we found an
average screening effect ofOð6%Þ, with an exceptional
screening effect of 24% in the case ofΣþ

c , and it reduced
to 3% in the case of doubly charmed baryons.

(g) Although magnetic transition moments and decay
widths show a similar trend of a declining screening
effect from the light to the heavy sector, the effect is
more prominent. We found that increasing or decreas-
ing magnitudes of numerical values of transition
magnetic moments (M1 decay widths) can be ex-
plained as a consequence of the accumulation of
individual magnetic moments of constituent quarks
with respective signs and effective quark charge due to
screening. The magnetic moments of constituent
quarks add constructively or destructively along with
the effective charge of quarks, which can produce a
screening effect of Oð10%Þ or more.

(h) We found that, despite appearing to be consistent,
numerical predictions for transition magnetic mo-
ments and, consequently, M1 decay widths across
various theoretical approaches provide some interest-
ing results, such as Σ�þ

c → Σþ
c . Experimental meas-

urement of such transitions can shed some light on the
internal structure of the heavy baryons.

(i) We focused on the effect of state mixing in magnetic
moments rather than in masses due to the first order
dependence of magnetic moments on the mixing
angle. We found that the mixing is larger in heavier
baryon states, except for udc. In our analysis for the
mixing of states, we deduced that the mixing effects,
though relatively small, improved our results in
comparison with the available experimental numbers
in the strange baryons. However, in the charm bary-
ons, our results showed considerably large effects of
mixing in magnetic (transition) moments. Therefore,
we conclude that the effects of mixing are of much

importance in M1 radiative decay widths (since
ΓB0ð�Þ→Bð0Þγ ∝ jμB0ð�Þ→Bð0Þ j2), with few exceptions.

We hope that our analysis will be useful for upcoming
theoretical and experimental studies on the structure and
properties of heavy flavor baryons.
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APPENDIX A: EFFECTIVE QUARK MASSES

In the effective mass scheme, the mass of the quark
inside a baryon gets modified by the interaction with two
other quarks through a one-gluon exchange interaction. We
list the octet and decuplet baryon mass expressions as a
sum of constituent quark masses and hyperfine interaction
terms [37] as follows.
For ðiikÞ-type JP ¼ 1

2
þ baryons, we can write

mE
i ¼ mE

j ¼ mþ αbij þ βbik;

mE
k ¼ mk þ 2βbik; ðA1Þ

where mi ¼ mj ¼ m and bik ¼ bjk. Throughout the dis-
cussions, each i, j, and k represents u, d, s, and c quarks.
The α and β parameters are calculated from si:sj as follows:

MB ¼ 2mþmk þ
bij
4

− bik:

From

si:sj ¼
1

4
; si:sk ¼ sj:sk ¼ −

1

2
;

we get

α ¼ 1

8
and β ¼ −

1

4
:

Further, we can generalize Eq. (1) for JP ¼ 1
2
þ baryons as

MB1
2
þ ¼ mi þmj þmk þ

bij
4

−
bjk
2

−
bik
2
;

leading to

mE
i ¼ mE

j ¼ mþ bij
8

−
bik
4

ðA2Þ

and

mE
k ¼ mk −

bik
2
; for i ¼ j ≠ k: ðA3Þ
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In addition, we can give the effective mass expressions for
Σ- and Λ-type baryons, which were defined in Eqs. (3) and
(4), and JP ¼ 3

2
þ baryons [as in Eq. (5)] from Eq. (A1),

which are given as follows.
(I) For ðijkÞ Λ-type baryons,

mE
i ¼ mi −

3bij
8

;

mE
j ¼ mj −

3bij
8

; ðA4Þ

and

mE
k ¼ mk; for i ≠ j ≠ k: ðA5Þ

(II) For ðijkÞ Σ-type baryons,

mE
i ¼ mi þ

bij
8

−
bik
4
;

mE
j ¼ mj þ

bij
8

−
bjk
4

; ðA6Þ

and

mE
k ¼ mk −

bjk
4

−
bik
4
; for i ≠ j ≠ k: ðA7Þ

(III) For JP ¼ 3
2
þ baryons,

MB3
2
þ ¼ mi þmj þmk þ

bij
4

þ bjk
4

þ bik
4
;

we get

α ¼ β ¼ 1

8
:

The effective quark masses corresponding to quark
order are given as follows.

(a) For ðiikÞ-type baryons,

mE
i ¼ mE

j ¼ mþ bij
8

þ bik
8

ðA8Þ

and

mE
k ¼ mk þ

bik
4
; for i ¼ j ≠ k: ðA9Þ

(b) For ðijkÞ-type baryons,

mE
i ¼ mi þ

bij
8

þ bik
8
;

mE
j ¼ mj þ

bjk
8

þ bij
8
; ðA10Þ

and

mE
k ¼ mk þ

bik
8

þ bjk
8

; for i ≠ j ≠ k: ðA11Þ

(c) For ðiiiÞ-type baryons,

mE
i ¼ mE

j ¼ mE
k ¼ mþ bij

4
ðA12Þ

and

bij ¼ bjk ¼ bik; for i ¼ j ¼ k:

Using the above given set of equations, we have
calculated the constituent quark masses and strong hyper-
fine interaction terms bij corresponding to the inputs shown
in Table I. For example, as mentioned in Sec. III, we have
obtained mu, md, buu, and bdd by using N and N�
experimental masses as inputs, as shown in Table I. We
minimize ðiikÞ-type and ðiiiÞ-type mass relations for 1

2
þ and

3
2
þ baryon masses, using Eqs. (A2), (A3), (A8), (A9), and
(A12). Similarly, the corresponding mass relations
described in Eqs. (A1)–(A12) can be used to extract the
numerical values listed in columns 2 and 4 of Table I.

APPENDIX B: MASS SUM RULES

In the following we list the mass sum rules for charmed as well as uncharmed baryons [66–70].
(1) Mn −Mp ¼ MΔ0 −MΔþ ≈ 1.290 MeV
(2) Mn −Mp|fflfflfflfflffl{zfflfflfflfflffl}

1.294 MeV

¼ MΣ− −MΣþ þMΞ0 −MΞ−|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
1.290 MeV

¼ MΣ�− −MΣ�þ þMΞ�0 −MΞ�−|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
1.290 MeV

(a) s → c
Mn −Mp|fflfflfflfflffl{zfflfflfflfflffl}
1.294 MeV

¼ MΣ0
c
−MΣþþ

c
þMΞþþ

cc
−MΞþ

cc|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
1.300 MeV

¼ MΣ�0
c
−MΣ�þþ

c
þMΞ�þþ

cc
−MΞ�þ

cc|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
1.300 MeV

(b) u → s, s → c
MΣ− −MΞ−|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
−145.5 MeV

¼ MΣ0
c
−MΩ0

c
þMΩþþ

cc
−MΞþ

cc|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
−145.5 MeV

¼ MΣ�0
c
−MΩ�0

c
þMΩ�þþ

cc
−MΞ�þ

cc|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
−145.5 MeV
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(c) d → s, s → c
MΞ0 −MΣþ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
146.8 MeV

¼ MΩ0
c
−MΣþþ

c
þMΞþþ

cc
−MΩþ

cc|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
146.8 MeV

¼ MΩ�0
c
−MΣ�þþ

c
þMΞ�þþ

cc
−MΩ�þ

cc|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
146.8 MeV

(3) MΣþ þMΣ− − 2MΣ0|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
−0.260 MeV

¼ MΔþþ þMΔ0 − 2MΔþ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
−0.280 MeV

¼ MΣ�þ þMΣ�− − 2MΣ�0|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
−0.280 MeV

(a) s → c
MΣþþ

c
þMΣ0

c
− 2MΣþ

c|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
−0.270 MeV

¼ MΔþþ þMΔ0 − 2MΔþ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
−0.280 MeV

¼ MΣ�þþ
c

þMΣ�0
c
− 2MΣ�þ

c|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
−0.270 MeV

(b) u → s, s → c
MΩ0

c
þMΣ0

c
− 2MΞ00

c|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
−3.640 MeV

¼ MΩ− þMΣ�− − 2MΞ�−|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
−3.630 MeV

¼ MΩ�0
c
þMΣ�0

c
− 2MΞ�0

c|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
−3.640 MeV

(c) d → s, s → c
MΣþþ

c
þMΩ0

c
− 2MΞ0þ

c|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
−3.930 MeV

¼ MΔþþ þMΞ�0 − 2MΣ�þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
−3.930 MeV

¼ MΣ�þþ
c

þMΩ�0
c
− 2MΞ�þ

c|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
−3.930 MeV

(4) MΞ0 −MΣþ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
146.8 MeV

¼ 1

3
ðMΩ− −MΔþþÞ|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

146.8 MeV

¼ MΞ�0 −MΣ�þ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
146.8 MeV

(a) s → c

MΞþþ
cc

−MΣþþ
c|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

1248 MeV

¼ 1

3
ðMΩ�þþ

ccc
−MΔþþÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

1248 MeV

¼ MΞ�þþ
cc

−MΣ�þþ
c|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

1248 MeV

(b) u → s, s → c

MΩþ
cc
−MΩ0

c|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
1101 MeV

¼ 1

3
ðMΩ�þþ

ccc
−MΩ−Þ|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

1101 MeV

¼ MΩ�þ
cc
−MΩ�0

c|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
1101 MeV

(5) MΣ�þ −MΣ�− þ 2ðMΞ�− −MΞ�0Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
−0.280 MeV

¼ MΣ�þþ
c

−MΣ�0
c
þ 2ðMΞ�0

c
−MΞ�þ

c
Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

−0.290 MeV

APPENDIX C: MAGNETIC MOMENT SUM RULES

The sum rules for magnetic moments of charmed and uncharmed baryons are as follows [66–70].
(1) μp − μn|fflfflfflffl{zfflfflfflffl}

4.661 μN

¼ μΣþ − μΣ− þ μΞ− − μΞ0|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
4.507 μN

(Coleman-Glashow relation)

(a) s → c
μp − μn|fflfflfflffl{zfflfflfflffl}
4.661 μN

¼ μΣþþ
c

− μΣ0
c
þ μΞþ

cc
− μΞþþ

cc|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
4.568 μN

(Coleman-Glashow relation in charm sector)

(b) u → s, s → c
μΞ− − μΣ−|fflfflfflfflfflffl{zfflfflfflfflfflffl}
0.602 μN

¼ μΩ0
c
− μΣ0

c
þ μΞþ

cc
− μΩþ

cc|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
0.420 μN

(c) d → s, s → c
μΣþ − μΞ0|fflfflfflfflffl{zfflfflfflfflffl}
3.906 μN

¼ μΣþþ
c

− μΩ0
c
þ μΩþ

cc
− μΞþþ

cc|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
4.148 μN

(2) 3ðμp þ μnÞ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
3.060 μN

¼ μΣþ − μΣ− þ μΞ0 − μΞ−|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
3.003 μN

(Sachs sum rule)

(3) μΣþ þ μΣ−|fflfflfflfflfflffl{zfflfflfflfflfflffl}
1.395 μN

¼ 2μΣ0|ffl{zffl}
1.396 μN

¼ 4

3
ðμp þ μnÞ −

2

3
μΛ0|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

1.695 μN
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(a) s → c

μΣþþ
c

þ μΣ0
c|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

1.066 μN

¼ 2μΣþ
c|ffl{zffl}

1.068 μN

¼ 4

3
ðμp þ μnÞ −

2

3
μΛþ

c|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
1.104 μN

(b) u → s, s → c

μΩ0
c
þ μΣ0

c|fflfflfflfflfflffl{zfflfflfflfflfflffl}
−2.272 μN

¼ 2μΞ00
c|ffl{zffl}

−2.314 μN

¼ 4

3
ðμΞ− þ μΣ−Þ − 2

3
μΞ0

c|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
−2.592 μN

(c) d → s, s → c

μΣþþ
c

þ μΩ0
c|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

1.392 μN

¼ 2μΞ0þ
c|ffl{zffl}

1.376 μN

¼ 4

3
ðμΣþ þ μΞ0Þ − 2

3
μΞþ

c|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
1.404 μN

(4) μΞ�0 − μΞ�−|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
2.804 μN

¼ μΣ�0 − μΣ�−|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
2.780 μN

¼ μΣ�þ − μΣ�0|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
2.777 μN

¼ μΔþ − μΔ0|fflfflfflfflfflffl{zfflfflfflfflfflffl}
2.752 μN

(a) s → c
μΞ�þ

c
− μΞ�0

c|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
2.673 μN

¼ μΣ�þ
c
− μΣ�0

c|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
2.656 μN

¼ μΣ�þþ
c

− μΣ�þ
c|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

2.654 μN

¼ μΞ�þþ
cc

− μΞ�þ
cc|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

2.546 μN

(b) u → s, s → c
μΩ�þ

cc
− μΞ�þ

cc|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
0.246 μN

¼ μΞ�0
c
− μΣ�0

c|fflfflfflfflfflffl{zfflfflfflfflfflffl}
0.199 μN

¼ μΩ�0
c
− μΞ�0

c|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
0.259 μN

¼ μΞ�− − μΣ�−|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
0.204 μN

(c) d → s, s → c
μΞ�þþ

cc
− μΩ�þ

cc|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
2.300 μN

¼ μΞ�þ
c
− μΩ�0

c|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
2.415 μN

¼ μΣ�þþ
c

− μΞ�þ
c|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

2.437 μN

¼ μΣ�þ − μΞ�0|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
2.548 μN

(5) μΣþ − μΣ−|fflfflfflfflfflffl{zfflfflfflfflfflffl}
3.755 μN

¼ −4ðμΞ0 − μΞ−Þ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
3.009 μN

(a) s → c
μΣþþ

c
− μΣ0

c|fflfflfflfflfflffl{zfflfflfflfflfflffl}
3.665 μN

¼ 2ðμΞ0þ
c
− μΞ00

c
Þ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

3.690 μN

(here, only one s quark transforms to a c quark)

μΣþþ
c

− μΣ0
c|fflfflfflfflfflffl{zfflfflfflfflfflffl}

3.665 μN

¼ −4ðμΞþþ
cc

− μΞþ
cc
Þ|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

3.613 μN

(here, all s quarks transform to c quarks)

(b) u → s, s → c
μΩ0

c
− μΣ0

c|fflfflfflfflffl{zfflfflfflfflffl}
0.326 μN

¼ −4ðμΩþ
cc
− μΞþ

cc
Þ|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

0.376 μN

(c) d → s, s → c
μΣþþ

c
− μΩ0

c|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
3.339 μN

¼ −4ðμΞþþ
cc

− μΩþ
cc
Þ|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

3.237 μN

(6) μΞ�0 þ μΞ�−|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
−1.982 μN

¼ μΣ�0 þ μΩ−|fflfflfflfflfflffl{zfflfflfflfflfflffl}
−1.948 μN

(a) s → c
μΞ�þ

c
þ μΞ�0

c|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
0.434 μN

¼ μΣ�þ
c
þ μΩ�0

c|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
0.476 μN

(here, only one s quark transforms to a c quark)

μΞ�þþ
cc

þ μΞ�þ
cc|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

2.541 μN

¼ μΣ�þ
c
þ μΩ�þþ

ccc|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
2.516 μN

(here, all s quarks transform to c quarks)

(b) u → s, s → c
μΩ�þ

cc
þ μΞ�þ

cc|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
0.241 μN

¼ μΞ�0
c
þ μΩ�þþ

ccc|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
0.060 μN
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(c) d → s, s → c
μΞ�þþ

cc
þ μΩ�þ

cc|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
2.787 μN

¼ μΞ�þ
c
þ μΩ�þþ

ccc|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
2.733 μN

(7) 4ðμp − μnÞ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
18.64 μN

¼ 5ðμΣþ − μΣ−Þ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
18.78 μN

(a) s → c
4ðμp − μnÞ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

18.64 μN

¼ 5ðμΣþþ
c

− μΣ0
c
Þ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

18.32 μN

(b) u → s, s → c
4ðμΞ− − μΣ−Þ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

2.408 μN

¼ 5ðμΩ0
c
− μΣ0

c
Þ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

1.630 μN

(c) d → s, s → c
4ðμΣþ − μΞ0Þ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

15.62 μN

¼ 5ðμΣþþ
c

− μΩ0
c
Þ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

16.69 μN

(8) μΔþ − μΔ−|fflfflfflfflfflffl{zfflfflfflfflfflffl}
5.507 μN

¼ μΣ�þ − μΣ�−|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
5.557 μN

(a) s → c
μΔþ − μΔ−|fflfflfflfflfflffl{zfflfflfflfflfflffl}

5.507 μN

¼ μΣ�þþ
c

− μΣ�0
c|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

5.310 μN

(b) u → s, s → c
μΞ�− − μΔ−|fflfflfflfflfflffl{zfflfflfflfflfflffl}

0.354 μN

¼ μΩ�0
c
− μΣ�0

c|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
0.458 μN

(c) d → s, s → c
μΣ�þ − μΩ−|fflfflfflfflfflffl{zfflfflfflfflfflffl}

5.090 μN

¼ μΣ�þþ
c

− μΩ�0
c|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

4.852 μN

(9) μΔþ − μΣ�þ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
−0.199 μN

¼ μΞ�− − μΩ−|fflfflfflfflfflffl{zfflfflfflfflfflffl}
−0.262 μN

(a) s → c
μΔþ − μΣ�þþ

c|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
−1.231 μN

¼ μΞ�þ
cc
− μΩ�þþ

ccc|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
−1.182 μN

(b) u → s, s → c
μΞ�− − μΩ�0

c|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
−1.532 μN

¼ μΞ�þ
cc
− μΩ�þþ

ccc|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
−1.182 μN

(c) d → s, s → c
μΣ�þ − μΣ�þþ

c|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
−1.032 μN

¼ μΩ�þ
cc
− μΩ�þþ

ccc|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
−0.936 μN

(10) μΔþþ − μΔ−|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
8.258 μN

¼ 3ðμΔþ − μΔ0Þ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
8.257 μN
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