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Inspired by the discovery of the spin-% doubly charmed baryon /.t and the subsequent theoretical
studies of its magnetic moments, we study the magnetic moments of its spin-% heavy quark spin symmetry
counterparts, up to the next-to-leading order in covariant baryon chiral perturbation theory with the
extended-on-mass-shell renormalization scheme. With the tree-level contributions fixed by the quark
model while the two low energy constants C and H controlling the loop contributions determined in two
ways: the quark model (case 1) and lattice QCD simulations together with the quark model (case 2), we
study the quark mass dependence of the magnetic moments and compare them with the predictions of the
heavy baryon chiral perturbation theory. It is shown that the difference is sizable in case 1, but not in case 2
due to the smaller low energy constants C and H, similar to the case of spin—% doubly charmed baryons.
Second, we predict the magnetic moments of the spin—% doubly charmed baryons and compare them with
those of other approaches. The predicted magnetic moments in case 2 for the spin-% doubly charmed
baryons are closer to those of other approaches. In addition, the large differences in case 1 and case 2 for the
predicted magnetic moments may indicate the inconsistency between the quark model and the lattice QCD

simulations, which should be checked by future experimental or more lattice QCD data.
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I. INTRODUCTION

One of the spin-% doubly charmed baryons, ., was first
reported by the SELEX Collaboration [1]. However, the
following studies performed by the FOCUS [2], Belle [3],
and BABAR [4] Collaborations found no evidence on its
existence. In 2017, the LHCb Collaboration observed
another spin-; doubly charmed baryon /" in the decay
mode 27" — ATK n" " [5]. The latest and more accu-
rate measurement of its mass is mg+ = 3621.55 £ 0.23 +
0.30 MeV [6]. Since then, the properties, decay, and
production mechanisms of doubly charmed baryons have
been extensively studied theoretically (see Refs. [7,8] and
references cited therein).

The masses of the% doubly charmed baryons and their spin-

% counterparts are related to the D* and D masses via the so-

called heavy antiquark diquark symmetry (HADS) [9], i.e.,
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These relations seem to be broken at the level of 25% based
on various theoretical and lattice QCD studies [10-13].
Future discovery of the doubly charmed spin—% baryons by
the LHCb and Belle II experiments [14,15] will contribute
tremendously to our understanding of the heavy quark
symmetries as well as the nonperturbative strong interaction.

The magnetic moments of baryons play a vital role in
understanding their internal structure. For the spin—% doubly
charmed baryons, their magnetic moments have been
systematically investigated in the heavy-baryon (HB) chiral
perturbation theory (yPT) [16,17], the extended on-mass
shell (EOMS) baryon chiral perturbation theory (ByPT)
[18,19], and the light cone QCD sum rule (LCSR) [20] after
the discovery of /7. Up to now, the magnetic moments of
spin-% doubly charmed baryons have also been examined in
a variety of phenomenological models [21-27], the LCSR
[28], the HB yPT [29], and lattice QCD simulations [30].
It should be stressed that the lattice QCD study [30] only
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calculated the magnetic moment of Q" for an unphysical
m, ~ 156 MeV.

Compared to other phenomenological models, y PT [31—
34] provides a systematic expansion of physical observ-

ables (magnetic moments in the present case)
order by order. The chiral order n, is defined as n, =

4L — 2Ny — Np + >, kV, for a given Feynman diagram
with L loops, Ny (Np) internal meson (baryon) propaga-
tors, and V vertices from kth order Lagrangians. In the
one-baryon sector, because of the large nonzero baryon
masses in the chiral limit, one needs to develop a power
counting scheme different from that used for the mesonic
sector. Over the years, three approaches have been devel-
oped and extensively studied, i.e., the HB [35,36], the
infrared (IR) [37], and the EOMS [38] schemes. A brief
summary and comparison of these three approaches can be
found in Ref. [39].

The EOMS scheme has been successfully applied to
study the magnetic moments of baryons [18,19,40-44] in
the past two decades, and it was shown that a better
description of lattice QCD quark-mass dependent data can
be achieved compared to the other two alternatives. In
Refs. [18,19], the magnetic moments of the spin—% doubly
charmed baryons were studied in the EOMS ByPT. It was
shown that the lattice QCD data of Ref. [45] can be
described quite well. On the other hand, the extrapolated
magnetic moments at the physical point are quite different
from some of the phenomenological model predictions,
which remain to be tested by future experimental
measurements.

In the present work, we study the magnetic moments
of the spin-% doubly charmed baryons up to the next-to-
leading order (NLO) in covariant ByPT with the EOMS
renormalization scheme. In addition to predicting the
physical magnetic moments, we study their light-quark
mass dependence such that they can be used to extrapo-
late future lattice QCD simulations to the physical point.
The tree-level leading order contributions will be esti-
mated by the quark model due to lack of experimental or
lattice QCD data. The two low energy constants (LECs) C
and H controlling the loop contributions are determined
in two different ways: the quark model and the lattice
QCD simulation supplemented by the quark model. In
addition, to gain more insights into heavy quark spin
symmetry, we compare the magnetic moments of the
spin—% doubly charmed baryons with those of their
spin-3 counterparts, particularly, their light-quark mass
dependence and the loop contributions via virtual spin—%
and -} baryons.

This work is organized as follows. In Sec. II, we
introduce the electromagnetic form factors of the spin—%
baryons, provide the effective Lagrangians, and calculate
the pertinent Feynman diagrams up to the next-to-leading

order. In Sec. III, we fix the relevant low energy constants
with the help of the quark model and the lattice QCD
simulation, predict the light-quark mass dependence of the
magnetic moments, compare with previous studies, and
examine the loop contributions. A short summary is given
in Sec. IV.

II. THEORETICAL FORMALISM

The matrix elements of the electromagnetic current J,
for a spin-% doubly charmed baryon can be parametrized as
follows [40,46]:

(T(pp)uT(pi))

= —ﬁa(pf){ {VﬂFl(r) + i;’l‘;qy F2(1)]g"‘ﬂ

T

H v a . p
10,9 949
+ i)+ 2L 0| T ). )

where i, (p ) and ug(p;) are the Rarita-Schwinger spinors
[47], mp is the doubly charmed baryon mass, and

2 .
v =~ The four-momentum transfer is defined as
T
q = ps— p;- The electric monopole Gpgy, quadrupole
Gp,, magnetic dipole G, and octupole G,,; form factors
can be expressed in terms of the four electromagnetic form

factors Fis (i =1, 2, 3, 4), respectively,

Geols) = [F1(2) = F>(0)] + 5 7Gal).

Gia(2) = [F1(2) = tF5(2)] =~ (1 4 0) [Fa(c) — 0F 4 (2)].

\S]

G () = [F1(2) + F2(e)] + 3 G (2),

Gus(s) = [F1(5) + Fa(e)] 5 (1 + 0)[F3(c) + Fa(o)].

2
(4)

At ¢*> =0, Q7 = eGg(0) = eF,(0) is the charge of the
doubly charmed baryon, x; = ﬁGMI(O) = ﬁFZ(O) is
the so-called anomalous magnetic moment, and the mag-

netic moment is defined as u; = %(KT+ Qr), where

my = 940 MeV is the nucleon mass. For the convenience
of comparison with the magnetic moments of the doubly
charmed baryons u; obtained in other approaches
[21-29,48], we take the nuclear magneton y as the units
of uz in this work.

In Figs. 1(a) and 1(b)-1(e) contribute at O(p?) and
O(p?), respectively. The leading order contribution to the
magnetic moments ur is provided by the following
Lagrangian:
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FIG. 1. Feynman diagrams contributing to the spin—% doubly
charmed baryon magnetic moments up to NLO. Diagram
(a) contributes at LO, diagrams (b)—(e) with a photon coupling
to an intermediate meson or baryon contribute at NLO. The heavy
(light) solid, dashed, and wiggly lines denote spin-3 (1) doubly
charmed baryons, Goldstone bosons, and photons, respectively.
The heavy dots represent the O(p?) vertices.

0 fureme(FL), (5)
N T R
my 2m'r w

where the superscript in the Lagrangian stands for the chiral
order, b and b4 are LECs, Fj, =F;, —iTr(F},),
F/ju = |e|(uTQHF/wu + MQHF;U/”T)’ F/u/ = a;tAu - apA;n
Qy = diag(2,1,1) is the charge operator of the doubly
charmed baryon, u = exp[i®/2F ] with the unimodular
matrix containing the pseudoscalar nonet @, and F; is the
pseudoscalar meson decay constant. In principle, one can
use either the chiral limit value or the physical value for
the decay constant. In the present work, similar to
Ref. [29], we choose to use the physical values, which
are different for z, K, and 7, ie., F, =924 MeV,
Fg =122F,, and F,, = 1.3F,. In the present work, we
denote the spin—% and
and B, respectively,

-% doubly charmed baryons by T*#

kAt =+

—cc —cc

— | =*r — | =t
" = Z |, B=| B |. (6)

*—+ -+

QCC QCC

The loop diagrams contributing at NLO are determined by
the lowest order Lagrangians ,c;” + E(Tl )+ E% + £g§—|—
£'% which are

M >

= B(i]p — mg)B,
£y = T4[~g,,(ip — my) + i(y,D, + 1.D,)

— 7,(iD + mq)y, | T,
m _ iC

= T BO"® + H.c.
’C’TB 2mTF¢ (a )701/4» 6 + c.,
(1) iH 2\ 50
‘CTT 2m F T yluzpayS(apT )a o,
o Fi
Ly :TTr[VﬂU(V”U)T], (7)

with
D,B=0,B+T,,
1 . . I, . .
L= §<"“8ﬂ” + “8;!”1) _E(M‘Uﬂ” + uv,u’)
— —ieQpuA,.

u, = i(u'O,u —ud,u’) +

1

D
U=u*=¢e",

+ (u'v,u — uv,u'),

V,U=0,U +ieA,[Q,. U], (8)

where yﬂzza/i — % [},,uya, yﬁ]’ y;wa — % {y;w, ya}, y/,w — % [}/}t’ ]/D],
v, stands for the vector source, and the charge matrix for the
light u, d, s quarks is Q; = diag(2/3,—1/3,—1/3). Note that
for the Lagrangians of TB® and TT®, we use the “con-
sistent” coupling scheme introduced in Refs. [49-51]. It has
been applied to study the magnetic moments of octet baryons
[42], decuplet baryons [40], and singly charmed baryons [44],
which can provide a proper description of the experimental/
lattice QCD data and converges relatively faster.

The leading order tree-level contributions to the mag-
netic moments of the doubly charmed baryons 7# can be
obtained from Eq. (5) as follows:

kY = ab't + pbt, (9)
with the values of a and f listed in Table I.

The loop diagrams of Figs. 1(b)-1(e) contribute to the
magnetic moments at O(p?), which are written as

H2
3 3.b) ,4(b
K(T): Z ﬁf(w )H(T)(m¢)+ Z 2§T¢5 )(5 mey)
$p=n K" ¢ ¢=nK ¢
+ Z 2§T¢ T(m¢)
p=n.Kn r/)
+ > F25r¢ (5,my), (10)
p=n.Kn

(3;b,c.d,e

with the coefficients fr ") ) tabulated in Table II. Here,

0 = my — mp is the mass difference between the spin—% and
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TABLE I. Coefficients of the tree-level contributions in Eq. (9).
o = o
4 2 2
a 3 -3 -3
p 8 8 8
TABLEII.  Coefficients of the loop contributions in Eq. (10) for
the T# states.
Bt B Qi
) 2 x: !
1 1
o > 0 -2
3, 1 _1
i 2 2 0
(3.c 1 _1
TK,zs 2 0 2
(3.d) 1 5 0
Tr 4
(3.d) 1 1 3
TK 2 2 2
3, 1 1 1
é(;/) 6 2 3
(3.¢) 1 3 0
Trn,6 4
(B.e) 1 1 3
TK.5 2 2 2
. 1 1 1
5(73,1,‘}) 6 12 3

spin—% doubly charmed baryons. The loop functions

H(Tb’d)(m(/,) and H{ (5, my) correspond to 1"61,%2 (Hég’h)—

HYMY and 1}761;%2 (H" — H%), which can be found in the
Appendix of Ref. [40]. The power counting breaking
(PCB) terms H\%" and H'-*) are determined by expanding

m,, up to O(p°). Note that the pertinent loop functions are

regularized with the MS scheme.

In addition, we can obtain the HB counterparts of the
loop functions by performing 1/my expansions for the loop
functions obtained in the EOMS scheme, which turn out to
agree with those of Ref. [29].

III. RESULTS AND DISCUSSIONS

In the following numerical analysis, we take the masses
of the spin—% doubly charmed baryons to be mp = mz: =
3.62 GeV [52]. Here, we do not consider the mass differ-
ence among the doubly charmed baryon triplet, in other
words, we neglect SU(3) symmetry breakings in the
masses, which are of higher chiral order. On the other
hand, although the spin—% doubly charmed baryons have not
been observed, many theoretical studies [7,9,24,25,53-82]
have shown that the mass splitting 6 between the spin—%
and spin-% doubly charmed baryons is in the range of a few
dozens MeV to 100 MeV. In this work, we choose
0 = 100 MeV. Nevertheless, we have performed calcula-
tions with different values for 6 and found that the magnetic
moments are not very sensitive to J, consistent with the

study of Ref. [29]. The mass difference d vanishes in the
heavy quark mass limit. For the masses of the pseudoscalar
mesons, we use the PDG values [52]. In addition, we fix the
renormalization scale at y = 1 GeV. We have checked that
the magnetic moments in both the EOMS ByPT and HB
yPT are almost independent of u.

S5hYyr——F—F—F—"7—"T—"7T—"T—
50}
45}
E
g - -
:[!x_] 35 ——Case 1: EOMS 1
I — — Case 1: HB
3.0} E
25 A 1 A 1 A 1 A 1 A 1 A 1 A
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2 2
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FIG. 2. Magnetic moments of the spin-% charmed baryons as a
function of m2 in case 1. The solid and dashed lines in red
represent the results of the EOMS ByPT and HB yPT, respec-
tively.
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TABLE III. Decomposition of the loop contributions to the magnetic moments of spin-% doubly charmed baryons
in case 1. The subscript T and B denote the loop diagrams with intermediate 7# and B states at O(p?), respectively.

Case 1: EOMS Case 1: HB
O(p?) O(p*)r O(p)p Hrot O(p?) O(p?); O(p?)p Hrot
M 2.61 0.27 0.62 3.50 2.61 0.39 0.51 3.51
Mzt -0.18 —0.08 -0.13 -0.39 -0.18 -0.11 0.02 -0.27
Mot 0.17 -0.15 -0.39 -0.37 0.17 -0.27 -0.54 —0.64

We do not have experimental or adequate lattice QCD
data to determine the LECs b/’ and b%. As a result, we turn
to the quark model, where the magnetic moments can be
calculated from the sum of the magnetic moments of the
three constituent quarks, i.e.,

e m
€ N
Hq = =0, )
qu m,

(11)

(g=u.d.s,c),

where p,, is in units of the nuclear magneton uy, Q, stands
for the quark charge, and m, is the constituent quark
mass. In this work, we take the constituent quark masses
from Ref. [21], which are m, =m; =336 MeV,
m, = 540 MeV, and m, = 1660 MeV." Using Eq. (11),
one can easily obtain the LO contributions to the magnetic
moments of the spin—% doubly charmed baryons as follows:

m

pEL = B (2 kCh) = 2+ = 261,
m

HEL = (1 4k = 2, + g = ~0.18,

) my
mg*+

cc

(1 +xk00) = 2, 4y = 0.17. (12)

Note that, the quark model predictions break the SU(3)
flavor symmetry, because of the use of different quark
masses. While in the leading order chiral Lagrangian of
Eq. (5) which respects SU(3) symmetry, only two LECs are
available. As a result, we could not fix the two leading order
LECs by the quark model. In this work, we simply use the
quark model predictions as the leading order results for the
EOMS ByPT. The results in Eq. (12) show that the LO
magnetic moments of =i and QFF are relatively small.
The reason for this is that the contributions of one light and
two heavy quarks cancel each other due to the opposite
quark charge. The three quark charges in Z:/ " are all
positive, and therefore the LO magnetic moment of = is
the largest. This point has also been noted in Ref. [29].
For the contributions of the loop diagrams, we determine
the relevant LECs C and H in two ways. In the first case,

n Ref. [29], the authors estimated the LO magnetic moments
of the spin—% doubly charmed baryons using two sets of
constituent quark masses [21,68] and found that the so-obtained
results are consistent with each other.

the two LECs are related to the axial-vector coupling of
the nucleon g, with the help of the quark model [16,83],

ie., C= —2—‘5/39/1, H = —%QA, and g, = 1.267. In the
second scenario, we define a common factor p to rescale
the LECs C and H simultaneously. In this way, we have

C= —%ggA -pand H = —%gA - p. The parameter p can
be determined by the lattice QCD result for the magnetic
moment of Q}F [30] with the leading order contributions

determined by the quark model.

A. The magnetic moments of spin-% charmed
baryons in case 1

In this case, the tree and loop level contribution to the
magnetic moments of the spin—% doubly charmed baryons
are estimated by the quark model, as explained above. In
Fig. 2, we plot the magnetic moments of the spin-3 doubly
charmed baryons y; as a function of m2. It is shown that
there is some distinct difference between the EOMS ByPT
and HB yPT results. In general, the light quark mass
dependence is milder in the EOMS scheme than in the HB
scheme. It should be noted that in Ref. [18] the HB and
EOMS results are almost identical. This is because for the
spin-§ doubly charmed baryons, the loop contributions are
much suppressed because of the small coupling g, = 0.08
determined by the lattice QCD data, g, = 0.2 by the heavy
antiquark diquark symmetry, and g, = 0.25 by the quark
model [18]. For the spin-% doubly charmed baryons, the two
LECs H = —0.76 and C = —0.88 are more than three times
larger, resulting in a loop contribution of more than 10
times larger. Therefore, the relatively large LECs H and C
are responsible for the large difference between the EOMS
ByPT and HB yPT results. The difference for the Q)
baryon is the most notable.

In Table III, we decompose the loop contributions to the
magnetic moments yy into those from the intermediate 7+
and B states, respectively. For the spin—% doubly charmed
baryons, it should be noted that the absolute contributions of
the intermediate B baryons are more than those of inter-
mediate 7# baryons and their contributions are of the same
sign in the EOMS ByPT and HB yPT except for the =¥
baryon in the HB y PT. It indicates that loop corrections are
important and non-negligible. Interestingly, for Q:} the loop
correction is much larger than the tree-level contribution,
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which can be attributed to the larger H and C predicted by
the quark model, as also noted in Ref. [29]. It should be
mentioned that in the study of the spin—% doubly charmed
baryons [18] the authors found that the coupling g,
determined by the lattice QCD data [45] is much smaller
than the one predicted by the quark model. Similar thing
could happen here, as shown below. In a recent work on
spin-% doubly charmed baryons in the HB yPT [17], it is
shown that the loop contributions of intermediate 7# and B
cancel each other, which is opposite to the case of spin—%
baryons. This points to the importance of loop corrections
again for spin—% states.

B. The magnetic moment of spin-% charmed
baryons in case 2

In a lattice QCD simulation [30], Can et al. studied the
magnetic moment of Q' for a pion mass of ~156 MeV
and they obtained g+ = 0.000(10), which is rather
different from the predictions of the HB yPT and
EOMS ByPT shown in the previous section. However,
keeping in mind that the ByPT predictions rely on the
quark model inputs, both at tree level and one-loop level.
As there are four unknown LECs in the ByPT, we could
not determine all of them using the lattice QCD magnetic
moment for Q!f. Therefore, in the present work, we
tentatively assume that the quark model predicted mag-
netic moments are reasonable, which are taken as the
leading order yPT results, and use the only lattice QCD
datum to fix the strength of the loop functions, i.e., C
and H. As the one lattice QCD magnetic moment can not
fix two LECs, we further assume that they are rescaled
by a same factor, namely, we multiply both LECs C
and H by a common factor p, leading to effectively only
one unknown parameter p which can be determined by
reproducing the single lattice QCD magnetic moment for
Q;F. This way, we obtain pgoys = 0.563(17) and pyp =
0.455(13) in the EOMS ByPT and HB yPT, respectively.
As aresult, the LECs C and H are almost reduced by half
compared to the predictions of the quark model. Using
them, we replot the magnetic moments of the spin—%
doubly charmed baryons pu; as a function of m2. As
shown in Fig. 3, the HB and EOMS results are not much
different, which is similar to the case of spin—% doubly
charmed baryons [18]. This indicates that the quark
model predictions for C and H might be overestimated,
which should be verified by future experimental or more
lattice QCD data.

Next, we also decompose the loop contributions to the
magnetic moments p7. As can be seen in Table 1V, the
predictions of the magnetic moments for all the spin—%
states are smaller in absolute value than those obtained
by the quark model in case 1 due to the reduced loop
contributions. Especially, the puzzling feature that the loop
correction for QFf is much larger than the tree-level

40 —4——————
35F e
Ed
i
[1]
2 25l ——Case 2: EOMS ]
— — Case 2: HB
0.05 010 0.15 0.20 0.25 0.30 0.35
m%(GeVz)
oS 0———mm—+—v——T—T7
——Case 2: EOMS
0.0F — —Case 2: HB 1
£ —
73
[1]
=1
-1.0F 4
_15 1 1 1 1 1 1
0.05 0.10 0.15 0.20 0.25 0.30 0.35
mft(GeVZ)
0.2 —p——v—vbb—-+——--+r—a———
——Case 2: EOMS
0.1F — —Case 2: HB -
e Lattice QCD
z
3 00F% _— E
E - T [
o1 S
3
-0.1F E

0.05 0.10 0.15 0.20 0.25 0.30 0.35
mft(GeVZ)

FIG. 3. Magnetic moments of the spin-% charmed baryons as a
function of m2 in case 2. The data point in blue stands for the
lattice QCD unphysical value at m, ~ 156 MeV. The solid and
dashed lines in red represent the results of the EOMS ByPT and
HB yPT, respectively.

contribution in case 1 has disappeared. Nevertheless, the
contributions of the intermediate B baryons and 7# baryons
still add coherently in the EOMS ByPT and HB yPT,
indicating the importance of the loop contributions.

In Fig. 4 we compare our predicted magnetic moments
with those obtained by other approaches. The predicted
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TABLE IV. Decomposition of the loop contributions to the magnetic moments of spin-% doubly charmed baryons

in case 2. The subscript 7 and B denote the loop diagrams with intermediate 7# and B states at O(p

3), respectively.

Case 2: EOMS Case 2: HB
O(p?) O(p*)r O(p)g Hrot O(p?) O(p); O(p?)p Hrot
M 2.61 0.08 0.20 2.89 2.61 0.08 0.11 2.80
Uzt -0.18 -0.03 -0.04 -0.25 -0.18 -0.02 0.00 -0.20
Koz 0.17 -0.04 -0.12 0.001 0.17 -0.05 —0.11 0.001

magnetic moments for the three spln—— states using the
EOMS ByPT in case 2 are g+ = 2.891(16), pz+ =
—0.248(4), and pq+ = 0.001(10). The predictions in
case 1 can be found in Table IIl. The uncertainties in
case 2 originate from the factor pgoyg determined by the
lattice QCD data. One finds that the magnetic moments
predicted in case 2 are closer to the results of other
approaches. The large differences of magnetic moments
predicted in case 1 and case 2 may indicate the incon-
sistency between the quark model and the lattice QCD
simulations. Hopefully, future lattice QCD or experimental
studies can clarify the interesting situation.

C. Heavy quark symmetry and its breaking

Here, we discuss the heavy quark symmetry and its
breaking and their impact on the magnetic moments of the
T# baryons at O(p?). In the heavy quark mass limit, i.e.,
0 = 0, the loop contributions of intermediate B baryons are
exactly twice as much as those of intermediate 7# baryons.
This can be checked by setting 6 = 0 in the HB yPT loop
functions. Compared to the HB yPT, loop functions in the
EOMS ByPT include relativistic corrections which break
the heavy quark symmetry. For the diagrams with a photon
attached to an intermediate meson, the loop contributions
for 6 = 0 can be expressed as

my
1 - HY (m ) =—@m Mo _WmZ +0 1 (13)
TS5 IATT | 120 144%my ¢ mx) |
27log( ) 28
12 m 1
o2 ( 0. e S R | 14
(0.my) =55 game | g mg %62m, 0T <m%> (14)

It can be clearly seen that the contributions of intermediate B baryons are twice as much as those of intermediate 7# baryons
at the order of (mir)o. However, at higher orders (#)” (n > 1) the relation is broken. For the diagrams with a photon attached

to an intermediate baryon, one can obtain the contribution for 6 = 0 as follows:

2 m2
» 9 211log (=) — 3log([#) — 167 |
H?>-Hy = z @] :
my) = 2592 86477my ot O\
© 2 5 1
C2 . HT <0, m¢) = gg%m]" . (487[2 + O(mT (15)

From Eq. (15), we find that the contributions start at —
These higher order relativistic corrections break the heavy
quark symmetry relation as well. Note that the contribution
of the diagram with a photon attached to an intermediate
baryon vanishes at O(p?) in the HB y PT and the my in the
above equations outside the brackets is from the baryon
field normalization.

IV. SUMMARY

We studied the magnetic moments of the spin-3
doubly charmed baryons in the covariant ByPT up to
the next-to-leading order. To recover the power counting,
we adopted the EOMS scheme. Due to lack of experimental
and lattice QCD data, the leading order contributions to the
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FIG. 4. Magnetic moments of the spin-% charmed baryons

obtained in different approaches. The solid stars denote the
results predicted in the EOMS ByPT in two different ways. The
others are taken from the quark model [21] (D. B. Lichtenber, 77),
the bag model [22,23] (S. K. Bose et al., 80 and A. Bernotas et al.,
12), the Skymion model [48] (Y. s. Oh et al., 91), non-relativistic
quark model [24] (C. Albertus et al., 07), hyper central model
[25] (B. Patel et al., 08), effective mass and screened charge
scheme [26] (R. Dhir et al., 09), the chiral constituent quark
model [27] (N. Sharma et al., 10), the HB yPT [29] (HB yPT,
17), and the light cone QCD sum rule (LCSR) [28] (LCSR, 20).

magnetic moments are fixed by the quark model. The other
two low energy constants C and H which appear in the loop
contributions are determined by two ways: the quark model
(case 1) and the lattice QCD data supplemented by the
quark model (case 2).

To facilitate future lattice QCD simulations, we predicted
the magnetic moments of the spin-% doubly charmed
baryons as a function of m2. In case 1, the larger couplings
C and H (compared to the case of the spin—% doubly
charmed baryons) resulted in large differences between the
EOMS ByPT and HB yPT results. The predicted magnetic
moment for ;7 is found to differ from that predicted by
the lattice QCD simulations for m, ~ 156 MeV. The
discrepancy can be reconciled by suppressing the loop
contributions. We show that if the quark model predicted H
and C are reduced by half, one can obtain a magnetic
moment for Q} consistent with that of the lattice QCD.
In this case, the quark mass dependencies of the magnetic
moments are much smaller than those of case 1. It should
be noted that our predicted magnetic moments in case 2
for the three spin—% states are closer to those of the majority
of other approaches.

An interesting discovery is that for the magnetic
moments of the spin—% doubly charmed baryons, the
contributions at O(p?) of intermediate 7# and B baryons
add coherently, instead destructively, as for the spin-
doubly charmed baryons. Meanwhile, in the heavy quark
mass limit, the intermediate B contribution is twice that
of the T* contribution. In reality, this relation is broken by
the finite heavy quark masses and relativistic corrections.
The coherent interference of the loop contributions of
intermediate 7% and B baryons indicates that the loop
contributions are relatively more important, compared to
the case of spin—% doubly charmed baryons.

Given the fact the predicted mass differences of spin—%
and spin—% doubly charmed baryons are smaller than the
pion mass, radiative decays might be the dominant decay
modes of the former. As a result, it is possible to extract the
magnetic moments of spin—% doubly charmed baryons by
analyzing the corresponding radiative decays. This is
relatively easy in ete™ colliders, such as SuperKEKB or
planned CEPC, but will be considerably harder in hadron-
hadron colliders, such as LHC.
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