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Baryon magnetic moments are computed in baryon chiral perturbation theory in the large-N . limit at

one-loop order, where N is the number of color charges. Orders O(m,l/ 2) and O(m,, Inm,) corrections are

both evaluated including all the operator structures that participate at the physical value N, = 3.
The complete expressions for octet and decuplet baryon magnetic moments in addition to octet-octet
and decuplet-octet baryon transition moments are thus compared to their available counterparts obtained in
heavy baryon chiral perturbation theory for degenerate intermediate baryons in the loops. Theoretical
expressions fully agree at the physical values N, = 3 and N, = 3 flavors of light quarks. Some numerical

evaluations are produced via a least-squares fit to explore the free parameters in the analysis. Results point
out the necessity of incorporating the effects of nondegenerate intermediate baryons in the loops for a

consistent determination of these free parameters.
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I. INTRODUCTION

In the limit of exact SU(3) flavor symmetry, Coleman
and Glashow [1] first derived a set of relations among
magnetic moments of the octet baryons. Their celebrated
relations read

T e
2V Z SV SU6) _ su)
il =" 2l = 3 (1)

along with the isospin relation

pus? 230 43V = o, (2)

where /J;U(?’) represents the magnetic moment of the octet
baryon B in the SU(3) symmetry limit.

Beyond the symmetry limit, various methods have been
implemented for the evaluation of baryon magnetic
moments. An important selection of such methods prior
to 2009 can be found in Ref. [2]; a more recent analysis in
the context of covariant chiral perturbation theory was
presented in Ref. [3]. One of the earliest methods is chiral
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perturbation theory. Caldi and Pagels pointed out that
nonanalytical ~corrections of orders (’)(m}/ ) and
O(m,Inm,) in the perturbative series are calculable [4].
They tackled the former and found them to be as large as
the lowest-order values, which would indicate a breakdown
of the perturbative expansion. It was not until the arrival of
heavy baryon chiral perturbation theory (HBCHPT) first
introduced by Jenkins and Manohar [5,6] that some aspects
of the theory were properly understood. When the method
was applied to the renormalization of the baryon axial
current, chiral logarithmic corrections to the axial couplings
in hyperon semileptonic decays were found to be as large as
the lowest order values when only intermediate octet
baryons were included in the loops [5]. The inclusion of
both octet and decuplet baryons in the loops reduced
considerably the corrections with respect to the case with
the inclusion of octet states alone [6]. The cancellation
pointed out phenomenologically in Refs. [5,6] was later
proved in the context of the 1/N, expansion of QCD in
Refs. [7-11], where N, is the number of quark charges.
The earliest analysis of the magnetic moments of octet
baryons in HBCHPT to orders (’)(m,l/z) and O(m,Inm,)
was presented in Ref. [12]. There, it was concluded that,
unlike the axial current case, the inclusion of intermediate
decuplet baryons in the loops does not partially cancel the
contribution from intermediate octet baryons. The use of
the combined formalism in 1/N,. and chiral corrections
[13,14] has shed light on the subject [2,15] by allowing one
to perform a rigorous analytical evaluation of the cancel-
lations that follow from the large-N . spin-flavor symmetry
of baryons. In Ref. [2], one-loop corrections to magnetic
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moments to relative order 1/N? in the 1/N, expansion
were carried out under the limit A — 0, where A = My —
M is the average decuplet-octet mass difference. A more
refined analysis was later presented in Ref. [15], where the
assumption of degenerate intermediate baryons was lifted
and explicit SU(3) symmetry breaking (SB) effects were
also included.

The aim of the present paper is to improve the analyses
of Refs. [2,15] in a few aspects. Mainly, all 1/N,
corrections to the baryon magnetic moment allowed for
N, = 3 will be evaluated, motivated by a recent calculation
of the baryon axial coupling [16]. While corrections of

order O(m(l/ %) will be carried out for nonzero A, correc-
tions of order O(m, Inm,) will keep the A = 0 assumption
for reasons that will become apparent later. Complete
expressions for all 27 magnetic moments of octet and
decuplet baryons and decuplet-octet transition moments are
provided. Despite their lengths, the analytical forms are
basically simple and organized in a way that are easy to
handle. Their main usefulness lies in that they can be used
to perform an analytical comparison to the available
expressions obtained in conventional HBCHPT (the effec-
tive field theory with no 1/N, expansion) of Ref. [12].
Therefore, the main contribution of this paper is to
explicitly show that baryon chiral perturbation theory in
the large-N, limit and HBCHPT analyses of baryon octet
magnetic moments fully agree at the physical value N, = 3
for Ny =3 flavors of light quarks.

The organization of the paper is as follows. Some
introductory aspects of large-N . chiral perturbation theory
are provided in Sec. II; in passing, notation and conventions
are introduced. After a brief review of baryon magnetic
moments at tree level in Sec. III, the discussion is focused
on the computation of one-loop corrections in Sec. IV;
because of their different group theoretical properties,
corrections of orders O(m,/?) and O(m,Inm,) are studied
separately in Secs. [V A and IV B, respectively, followed by
their corresponding analytical comparisons with HBCHPT
results. The issue of explicit SB is reviewed in Sec. V, based
on the analysis of Ref. [15]. Gathering together all partial
results allows one to carry out a numerical analysis to
determine the free parameters of the theory, by making a
least-squares fit to the available data [17]. Results are
presented in Sec. VI and some closing remarks are provided
in Sec. VII. The paper is complemented by five appendixes
where the complete although lengthy formulas of baryon
magnetic moments are relegated.

II. OPERATOR ANALYSIS IN
THE 1/N, EXPANSION

The 1/N. expansion has been very useful in under-
standing the spin-flavor structure of baryons in QCD
[7-10]. For the physically interesting case of three light
flavors, Ny = 3, the lowest-lying baryon states fall into a

representation of the spin-flavor group SU(6). At the
physical value N, = 3, this is the usual 56 dimensional
representation of SU(6). The J* = 1/2% octet containing
the nucleon and the J¥ = 3/2% decuplet containing the
A(1232) together make up the ground-state 56-plet, in
which the orbital angular momenta between the quark
pairs are zero and the spatial part of the state function is
symmetric.

The present analysis builds on the 1/N_. baryon
chiral Lagrangian Ly,yo, introduced in Ref. [14]. This
Lagrangian incorporates nonet symmetry and the con-
tracted spin-flavor symmetry for baryons in the large-N,
limit; its definite form reads

['baryon =iD’ - Mhyperfine + Tr('Ak/lc)AkC

1 20N
+N—CTr<A %>A +..., (3)
with
DY = 91 + Tr(V01)Te. (4)

The ellipses in Eq. (3) represent higher partial wave
meson couplings which occur at subleading orders in the
1/N,. expansion for N, > 3. In the large-N_. limit, all of
these higher partial waves vanish so the meson coupling to
baryons is purely p wave.

Meson fields participate in Lyyyon through the vector and
axial-vector combinations

W= S[EPE L EO, A =L (Vi £k,
é(x) = explinl(x)/ . 5

where I1(x) represents the nonet of Goldstone boson fields
and f ~ 93 MeV/c? is the pion decay constant.

Each term in Ly,y0n is made up by a baryon operator.
The baryon kinetic energy term involves the spin-flavor
identity, Myyperfine Tepresents the hyperfine baryon mass
operator which incorporates the spin splittings of the tower
of baryon states with spins 1/2,...,N./2 in the flavor
representations, and A¥ and AX¢ stand for the flavor singlet
and flavor octet axial current operators, respectively. All
these baryon operators have an expansion in operators
whose coefficients are inverse powers of N, [10]. To a
given order in 1/N_, the expansions can be truncated and
linked to physics by evaluating their matrix elements
between SU(6) symmetric states at N, = 3.

For any representation of SU(6), polynomials in the
generators

gt 7o — ot~
4549 159

k ¢
ke Tii 6
75549 (6
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TABLE 1. SU(2N;) commutation relations.
[Ji,T] =0,
[]i,Jj] — ieijk.]k, [Ta’ Tb} — l'fabcTc,
[Ji’ Gja] — l'eijkaa’ [Ta’ Gib} — ifabCGiC,
[Gia,Gjb} — i'éij.fabCTC +2_1<,[5ab€ijkjk +%€ijkdachkc.

form a complete set of operators [10]. In the above
relations, ¢' and ¢ represent SU(6) operators that create
and annihilate states in the fundamental representation of
SU(6), and 6* and A are the Pauli spin and Gell-Mann
flavor matrices, respectively. The spin-flavor generators
satisfy the commutation relations listed in Table L.

The way in which large-N,. dynamics enters can best be
seen through some examples. The 1/N, expansion of the
baryon mass operator M can be written as [9,10]

N.-1
M—mONﬂ—l—Zm

n=24

Nn 1'] ’ <7)

where 71, are unknown coefficients. While the first
summand on the right-hand side of Eq. (7) is the overall
spin-independent mass of the baryon multiplet and is
removed from the chiral Lagrangian by the heavy baryon
field redefinition [5], the spin-dependent ones define
Miyperfine introduced in the chiral Lagrangian (3). In the
large-N, limit, A = (M);— (M), x1/N,, so decuplet
and octet baryons become degenerate and form a single
irreducible representation of the contracted spin-flavor
symmetry of baryons in large-N. QCD [10].

At the physical value N, =3 the hyperfine mass
expansion reduces to

my

Fﬂ’ (8)

Mhyperfine =

so A becomes 7,.
The baryon flavor singlet axial current A* is a spin-1 object
and a singlet under SU(3); its 1/N,. expansion reads [10]

Z bl an (9)

n=1,3

where DY = J* and DS, ., = {J2.D%,_,} for m > 1. The
superscript on the operator coefficients of A* denotes that
they refer to the baryon singlet current. At N. = 3, Eq. (9)

becomes
1
AR = b IR 4 by N—%{JZ,J"}. (10)

The baryon flavor octet axial current A is a spin-1
object, an octet under SU(3) and odd under time reversal;
its 1/N_. expansion can be written as [9,10]

1
D’“+Zan Ok (11)

1
‘=a;G*+ ) b,
l Z N" n=3,5

n=273

where the unknown coefficients a;, b,, and ¢, have
expansions in powers of 1/N,. and are order unity at
leading order in the 1/N . expansion. The basic operators in
expansion (11) are

DIZ(C — JkTC’ (12)
D ={J*,{J7,G"}}, (13)
1
Ok ={2.G*} =S (/.G )} (14)

so that DX¢ = {J2, Dk} and Ok = {J2, Ok} forn > 4.
Notice that DX are diagonal operators with nonzero matrix
elements only between states with the same spin, and the
OF< are purely off-diagonal operators with nonzero matrix
elements only between states with different spin. At N, = 3
the series (11) can be truncated as

1 1 1
Ake = q,Gke + sz—D’z“' + by — DA + C3W0’3“'. (15)
c c

N

At leading order in the 1/N, expansion, A is order
O(N,.).

It should be emphasized that keeping all four terms in
Eq. (15) allows for arbitrary values of the four possible
SU(3) symmetric couplings of pseudoscalar mesons to the
octet and decuplet baryons D, F, C, and H introduced in
Refs. [5,6]. This is the reason why for N. = 3 it is not
necessary to go beyond operator products of third order in
the spin-flavor generators.

III. BARYON MAGNETIC MOMENT
AT TREE LEVEL

The starting point in the present analysis is the fact that in
the large-N . limit, the baryon magnetic moments have the
same kinematic properties as the baryon axial couplings so
they can be expressed in terms of the very same operators
[11]. Since much of the work has already been advanced in
Refs. [2,15,16], some partial results presented in these
references will be borrowed.

Accordingly, the 1/N,. expansion of the operator that
yields the baryon magnetic moment operator becomes [2]

! M4O§C, (16)

1 1
Mkc:mlec +_m2ch 2m3ch _|_N2

N, 2N

which is also order O(N,.) at leading order in the 1/N,
expansion; m; are unknown coefficients which also possess
a 1 /N, expansion starting at order 1. Under the assumption
of SU(3) symmetry, the unknown coefficients m; are

114024-3
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independent of k so they are unrelated to a;, by, b3,
or c3 [2].
The baryon magnetic moment operator is thus defined as

1
Mk = MkQ — Mk3 —|——Mk8, (17)

V3

where the spin index will be fixed to 3 and the flavor index
becomes Q = 3 + (1/+/3)8. Hereafter, any operators of
the form X¢ and X¢ should be understood as X3 +
(1/4/3)X® and X> — (1/+/3)X?, respectively. The magnetic
moments are proportional to the quark charge matrix
diag(2/3,-1/3,—1/3), so they can be separated into
isovector and isoscalar components, M3? and M3,
respectively.

The baryon magnetic moments at tree level can be
straightforwardly obtained by evaluating the matrix ele-
ments of the operators that appear in (17) between SU(6)
baryon symmetric states. The universality of operator (17)
is such that it allows one to compute all possible 27
magnetic moments: Eight magnetic moments for the octet
baryons, ten more for the decuplet baryons and one

for the octet-octet and eight for the decuplet-octet transition

moments. At tree level they will be denoted by ﬂﬁf) =

(BIMC|B), u = (TIMO|T), uyy = (BIM?|B'), and

u(TOg = (T|M?|B), where B and T stand for octet and
decuplet baryons, respectively. The theoretical expressions
can generically be given by

~

Z (B|S}?|B), (18)

where the coefficients u; can be easily read off from
Eq. (17) and the operator basis {S;} used to describe
tree-level (and the singlet contribution of) magnetic
moments reads

Sllcc — ch, Slzcc — DIZCC, Séc — Dée, Sic — O/gc’ Slscc — Dﬁc’
St =Dir, Sir=0Of, sk =Dir, S=Di, st5=OF.
(19)

Of course, it should be recalled that (¥ also define uSV0);
both quantities will be used interchangeably hereafter.

Nontrivial matrix elements' of the baryon operators that
constitute the basis (19) are listed in Tables II-IV. The
resultant expressions for the magnetic moments at tree level
are thus listed in the column labeled (a) in Table V.

'A baryon operator X*¢ yields a trivial matrix element in two
possible ways: Either by definition (X3¢) =0 or (X3°) =
({/2,X3%,}) for ¢ = 3, 8. Hereafter, trivial matrix elements will
not be hsted in tables.

TABLEII. Nontrivial matrix elements of the operators involved
in the magnetic moments of octet baryons at tree level. The
entries for isoscalar components correspond to v/3(S3%).

n p ¥ X It E =2 A A
33 1 1 1 1 1
P -5 & -3 0 3 5 -5 0 55
e I S N
($3) -2 =2 -1 0 1 1 -1 0 §
R I
e SO S T S N BT
() 3 1 5 5 5 -3 -7 -3 0
TABLE III. Nontrivial matrix elements of the operators in-

volved in the magnetic moments of decuplet baryons at tree level.
The entries for isoscalar components correspond to v/3(S3%).

Attt AT A0 AT It 30 3Em om0 FZE o
By 3 1 _1 _3 1 11 _1
<Sl> 4 4 4 4 2 0 2 4 4 0
(Sg? 4% T3 —4?% 5 0 -3 3 -1 0
($3) 4 I3 _is _d4s I3 0 _is Is _I3
3 4 4 4 4 2 2 4 4
B 03 3 3 3 0 0 0 3 _3 _3
VS S S S P TE T
e A A A & o o o A A A
() 2 % ¥ % 0 0 0 - -2 -%

TABLE IV. Nontrivial matrix elements of the operators in-
volved in the decuplet to octet transition moments at tree level.
The entries for isovector and isoscalar components correspond to

V2(5¥) and \/6(5‘;8), respectively.

Atp AVp THOA 3030 FHFRF ¥R m050 EfES

o1 F ok 0§ -f b -
SRR I R
(% 0 0 0 1 1 1 1 1
(5 0 0 o0 5§ 35 5§ 3 3

The main goal of the present analysis is to carry out an
analytical comparison with HBCHPT results of Ref. [12].
The comparison can be made following a simple procedure.
First, it is convenient to introduce the relations between
the operator coefficients m; of Eq. (16) and the SU(3)
invariants pp, prp, pc, and pr used to parametrize the
baryon magnetic moments in HBCHPT [12]. At N, = 3,
the relations read [2].

(20a)

(20b)
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TABLE V. Tree-level expressions of baryon magnetic mo-
ments. Expressions in (a) are evaluated in the context of the
1/N, expansion; expressions in (b) follow from the ones given in
(a) by using relations (21) to compare with heavy baryon chiral
perturbation theory results.

Tree-level values, ﬂg))
Baryon (a) (b)
n —3my —gms —3Hp
p Imy+Lmy +Ems 3HD T HF
- —§my =My = g3 THD = HF
0 gmy + fgmy SHD
* smy 4 gmy +gms SHD + HE
B — gy — My — g3 3HD — HF
=0 T _2
= 3Mmy —gm; 3HD
A —%ml —1]—8”13 —%HD
0 1 1 1
=A M R el
AT my + my + §m3 2uc
AT 3my +gmy +gms He
A° 0 0
A~ —%ml —%mz —§m3 ~Hc
e 3y + 5 my +gm; Hc
x:0 0 0
e —%ml —%mz —%m3 —Hc
=0 0 0
B —gmy —ymy —gmy ~Hc
Q” —%ml —%mz —§m3 —Hc
Atp ﬁi(Zml + my) _ﬁllT
A #5(2’"1 + my) _3_\1/5/4T
Zo amtmy) har
z0x0 ﬁg(zml + my) —ﬁllT
TR 31—\5(2’"1 + my) —ﬁﬂT
DI I 0 0
020 sy my) n—_
=T 0 0
1 1 5
—my +—=m, +—mjy, 20c
Hc oM TR T (20¢)
Hr = —2my — my, (20d)
so the inverse relations become
3 3 1
m; =—up +—=Hr —=pc, 21a
1= 5HD T HE = SHC (21a)
my = —4up + Oug, (21b)
3 9 3
my =—Up —=Hr + = pc, 21c
3 = SHD = HF TS HC (21¢)
my = =3up = 3up + pc — pr- (21d)

Second, by using the inverse relations (21), the tree-level
magnetic moments can be rewritten in terms of the SU(3)
invariants pp, Ug, gc, and up, which yields the expressions
listed in the column labeled (b) in Table V. These last
expressions are the ones suitable for comparison with
HBCHPT. For octet and decuplet baryons these expressions
fully agree with the ones reported in Ref. [12]. Tree-level
magnetic moments for octet baryons are given in terms of
ap of Eq. (23) of this reference, whereas for decuplet
baryons, they are normalized to be . times the electric
charge of the corresponding baryon. For decuplet-octet
transition moments, no explicit theoretical expressions in
the context of HBCHPT are available so no direct com-
parison is possible.

Once tree-level values of baryon magnetic moments are
obtained, one-loop corrections are discussed in the next
sections.

IV. ONE-LOOP CORRECTIONS TO BARYON
MAGNETIC MOMENTS

Baryon magnetic moments get corrections at one-loop
order from the diagrams disylayed in Figs. 1 and 2, which
contribute to orders O(m,, %) and O(m,Inm,), respec-
tively. The group theoretical properties of these diagrams
have been discussed in detail in previous works [2,15] to a
certain order in the 1/N, expansion, so some partial results
will be borrowed. A useful 1/N, power counting scheme
introduced in Ref. [18] becomes handy for the purposes of
the present analysis. On general grounds, the meson-baryon
vertex is proportional to g,/f; in the large-N, limit, g,
N, and f « /N, so that the meson-baryon vertex is of
order O(y/N,) and grows with N.. The baryon propagator
is i/(k-v) and is N_. independent and so is the meson
propagator. Besides, in the MS scheme, loop integrals are
given by the pole structure of the propagators, so loop
integrals are N, independent too. The tree-level matrix
element of the baryon magnetic moment is thus of
order O(N,.).

In this section, one-loop corrections will be evaluated to
all orders allowed for N. = 3 in the 1/N_. expansion. Each

() (b)

FIG. 1. Feynman diagrams that yield order (’)(m,l/ %) corrections
to the magnetic moments of octet baryons. Dashed lines denote
mesons and single and double solid lines denote octet and
decuplet baryons, respectively. Similar diagrams arise for the
magnetic moment of decuplet baryons and for decuplet-octet
transition moments.

114024-5
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© (d)

(e)

FIG. 2. Feynman diagrams that yield order O(m,Inm,)
corrections to the magnetic moments of octet baryons. Dashed
lines denote mesons and single and double solid lines denote
octet and decuplet baryons, respectively. The wave function
renormalization graphs are omitted in the figure but are never-
theless considered in the analysis. Similar diagrams arise for the
magnetic moment of decuplet baryons and for decuplet-octet
transition moments.

correction is dealt with separately due to its inherent
complexity.

A. Order (’)(m;/ %) correction
The one-loop correction of order O(mé/ %) to baryon
magnetic moments arising from Fig. 1 can be expressed
as [2]

k
oM loopl —

Ze’f"A’“P AT (A)). (22)
This correction has been studied in Refs. [2] and [15] to
relative order 1/N? in the 1/N, expansion for A = 0 and
A # 0, respectively. For definiteness, in Eq. (22), the
explicit sum over spin j is indicated but the sums over
spin and flavor indices are understood, the baryon axial
current operators A and A/?, Eq. (15), are used at the
meson-baryon vertices, P; is a spin projection operator for
spin J = j, and I'*’(A)) is an antisymmetric tensor which
depends on the difference of the hyperfine mass splitting
for spin J = | and the external baryon. The most general
form of P for arbitrary N, can be found in Ref. [14]. The
spin—% and spin—% projectors for N. =3 required here
reduce to

[, 15
73% =-3 [J - Z} , (23a)
1 3
=_|J2-, 23b
Pz 3 [ 4] (23b)
with
01 X == l )
Ay = { Jex : (24a)
’ —A, e = 2>
A7 Xt — l £
A; = { lot =2 (24b)
: 0’ ]ext %

The F“b(AJ-) tensor, in turn, can be decomposed as [15]
TP (A)) = Ag(A)TE + Ay (A)TYP 4+ Ay (AP, (25)

where the tensors Fﬁ”’ are written as [11].

ab — fabQ (26a)
F(llb — fahQ’ (26]3)
I—\gb _ faetheS _fbeQdaeS _fabedeQ8_ (26C)

4 and T'¢% are both SU(3) octets and transform as the
electric charge, except that the latter is rotated by z in
isospin space. I'{” breaks SU(3) as 10 + 10 [11].

The A;(4j) coefficients, on the other hand, read

1
A0<Aj) 5[1 (m AJ .“) +2I (mK7AJ /4)] (273)
1
AI(AJ) = § [11 (mﬂ7 A]H“) I (mK7 A] ﬂ)] (27b)
1
A2<A]) :7§[ll<mn”AJ’/’t> _Il(mK’AJ’ﬂ)L (27(3)
which are expressed in terms of the loop integral [12]
871'2f2
Il (m,A,,u)
2 2\/m2—A2[§—tan‘1\/%}, A|<m,
=—Aln—+ "
2 o~
H VA2- { 2m+lni'¢4__7}, Al>m,
(28)

where My and m denote the nucleon and meson masses,
respectively, and p is the scale of dimensional regulariza-
tion. In the limit of vanishing A, the integral reduces to

114024-6
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11(m70’ﬂ):

1
8xzf?

where the order O(mi/ 2) now becomes evident. A close
inspection to Eq. (22) reveals that, according to the 1/N.
power counting scheme reviewed above, the diagram is

actually (’)(m;/ch), so itis leading order in N ... In the limit
of small m,, this diagram should be the dominant source

of SB.

Collecting all partial contributions, 5M{‘00pl can be

expressed as [15]

6Mlkoopl - Z[AO(Aj)MISC,?OOp 1 (P) +A (A ) Sgoopl(lpj)

j

k
+ AZ(Aj)Ml(?+E,loop 1 (,PJ)} ’ (30)

where the flavor contributions MH*¢

rep.loop

under representation rep of SU(3) read

, transforming

and

ke X
10-++10.loop 1 (PJ)
— eijk(faecdbeS _ fbecdues _ fahedeCS)AianAjh. (32)

Terms up to relative order 1/N> in the 1/N, expansion
from the above expressions have been evaluated for spin-
independent and spin-dependent contributions in Refs. [2]
and [15], respectively. Terms that participate to the next
relative order, 1/N¢, for instance DO or DYJ*Dig,
would complete the calculation for N, = 3 so they are
evaluated and listed in Appendix A for the sake of
completeness.

Order O(mq ) corrections to baryon magnetic moments
can be cast into the generic form

41

loop 1) Z ]oopl B|03Q|B> (33)
where MEIOOP D are some coefficients and the operator basis
{0;} reads
— 568 Jk

Okc — {G'kc7 TS},

— iche[J2’ er]’

ke _ c8e ke
Oke = deseOke,

ke _
014 -

ke _
018 -

ke
020 -

ke
05 =

Miioop1 (P)) = €V fPCAPLATL, (31)
|

Okc = geseGke, 0/2<c
Ok — cheDIEe’
0/5<c _ {GkS’ Tc}’ 016<C
017<c _ chefDlée’
0k = {G*.{I.G™}}, ol
Ol = (S AT T8}, ol
0% = 54{J*, J*},
Ol = {Di {J".G"}}. ol
Ol = {7, {G*.T}}.
Ol = if S {2 [12. G},
Ok = dr*e0¥:, 0%
Of = {7 {G™.{r.G 1y Of
O = {12 NG .6y ok
Ok = s8{J2 {J2, J*}}, 0%
Of = {1 (DY (/.G "} 0%
0% = {12 {7*.{G". T*}}}, 0%
0% = if {2 {2 [%.G*]}).
Ok = a0, k=
0% = {7 {7 G 7. G ) 0%
0% = {7 {7 {7 {G.G 1)), Of
0l = 58P AP {2 T},

— {GkS’ {J"’ Grc}}’

— {]k, {Grc’ GrS}}’

chefD‘lie,

— {DF. {7767},

(PG T,

dCSEDISCe’

= (4G . (.G, (34)
= (P AAT T,

— {Jk, {{Jm’ Gmc}’ {Jr, GrS}}}’

— chefDIée,

— {J2’ {kaS’ {Jr’ Grc}}}’

= {72 A2 A{G". T}} ),

dCSED!;E’

= (PAPAGH AT GP),

= (PP AT T,

= (PTG AT G,

Nontrivial matrix elements for the baryon operators contained in the operator basis (34) are listed in Tables VI-VIII.
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33
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l

Nontrivial matrix elements of the operators

involved in the magnetic moments of decuplet baryons: flavor
octet representation. The entries for isovector components cor-

1

o210,
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T
1
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1
T
1
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2
9
2
1
3

2

1

1

2
2

2
1
——a
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Ea
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1
1
1

1
36"
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Nontrivial matrix elements of the operators in-

volved in the magnetic moments of octet baryons: flavor octet
representation. The entries for isovector components correspond
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1
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|
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Resultant expressions are, for instance,

and
TABLE VI

SO0 OO0 OO OO O O —mamae 0 YalalaX 5_2%_2%_2m_2

—It el O«

| © | oIl | :1485_89_23_8%_8%_8m_81743_23_43,43_4246*85_89_228%_8%_8m_8

enl<tenl<t 5i85_89_23_85_85_8%_8 "
- = 4_ o 1,43_23_43,43_424285_89_228%_8%_82_8
|

—I<t I<+ hai
MO ST T T T

—len calen e il
_0_00_000_00003_200000003,2000

O OO OO O OO OO OO OO MmO OO0 o0 o000 o OO

NS O O YO © O O © O O e O O O O O O mlad O O

el 9_49,49_4%7%78%_8ﬂ_2%_8m_8m_8%_8],4 el Eas
[ |

S | | | | | | | | ol enlsrenls Bi85_89_2ﬁ_8%_8%_8m_8

—Ist 3_43,43_4675i85_89_25_8%_8%_8m81,4 ol )

< n
[ I B oo b SE I R A Uf85_89_25_8%_8%_82_8

—It st O«

=] 3_43,43_4_24ESB_SQ,_ZB_S%_B%_SM_B |l elsers ™) ESB_SQ,_ZB_S%_B%_SM_S

—Ist enlst haii
it O 9_49,49_4£4§8%_Sﬁ_25_8%_8%8%_8 | 3,43_41"

Oo0 oo r e 2|00 Q00 Q00 m_oo

P e N N e e e e e e e e e e e e e e e

o
LMOOOOﬂ_zoOOfTOOOOOOOOOOOOOOOO

O OO O OO OO OO O OO Ao O O O O O cla

- el —Ist calen oo

| O It =it | | coleecnics Zloo | €100 ON00 —I <t —I O —ISt enIF Al St enl<F ONoo N0 enl el oo oo arloo Koo

~ —I<t =i cnloo enloo oo nloo oo ~ ~

SRRt A I ISt =1 ISt el el st enl < SNo0 SNloo el X[ oo arleo arloo oo
—~lIo —le

—ln O —ANO = o = = O AN O N | —ano O O | NN O O O Ml
—|\O —lN

O OO O OO OO0 oo oo o | —ano O O | NN O O cla

—len —|eN onley —I\o —|eN

T Mo T T T 729 WMo T %o o o Taares cac © «i

| —It —Ist

-
| O Il IS IS 1100 110 el NIoo cnjoo (oo 100 _11_2 | IS o —lo0 enlel o0 0100 0100 en1o0

| —ISF WISt —ISF ISt 1100 100 el |0 oo 12|00 (oo —| —<t —t
o | | | | | | | | | | I | —le | —I< =<t | 00— 00 enl e —| 00 en |00 enjoe enoo

0 00O 00— 00 00 W 00\0 0O
[~ MO\ 0N O 0N — 00— 6N — (O

114024-8




BARYON MAGNETIC MOMENT IN LARGE-N,. CHIRAL ...

PHYS. REV. D 104, 114024 (2021)

TABLE VIII. Nontrivial matrix elements of the operators
involved in the decuplet to octet transition magnetic moments:
flavor octet representation. The entries for isovector and isoscalar
components correspond to v/6(03*) and v/2(0%), respectively.

Atp AOp THOA 3030 Friyt yr-y- mr0g0 Ef-E-

STOR R T L e T
<0z3t3> 2 2 0 0 0 0 -1 1

% o 0o 0o 0 2 =2 1 -l
(o) 3 3 ¥ 0 3 -5 5 =3
(0%2) 303 40 % _% o 2

O 0 0 -5 0 1 -] 1 -
(of) 00 0 -3 -3 -3 -5 -3
oH 0 0 o0 0o 0 0 -1 -l
©» 0 o 0 0 0 0 -1 -l
(og) 000 -5 -5 -3 -3 o3
(%) o o o 1 1 2 2

All 27 resultant expressions are listed in full in
Appendix B.

It can be easily verified that Coleman and Glashow
relations are satisfied when order (D(mq ) corrections are
included to baryon magnetic moments, even for A # 0. For
decuplet baryons the / = 2 and / = 3 sum rules introduced
in Ref. [19] are also satisfied. For I = 2

loop 1 loop 1 loop 1 loop 1
(A++P)_ (Mp) ﬂ( pl) (Aip> 0. (37)
loop 1 loop 1 loop 1
ue®Y = 2P P = o, (38)

whereas for I =3

(loop 1)
ATt

3 (100p1)+3 (loopl) ﬂggopl) 0. (39)

For transition magnetic moments, the isotensor combi-
nations for / = 2 read [19]

loop 1 loop 1
Soopt)— ploer ) = o, (40)
and
uge® ! = 2§00 + Y =0, (41)
where ,u(kmpl should be understood as puy + 5/4(1°°p D for
baryon X.

1. Comparison with heavy chiral perturbation
theory results

The full expressions (B1) to (B27) can be rewritten in
terms of the flavor octet baryon-meson couplings D, F, C,
and H introduced in Refs. [5,6], which are related to the

coefficients of the 1/N, expansion a;, b,, b3, and c; at
N, = 3. The relations are [14].

1 1
DZECI] +6b3, (423)
1 1 1
F:§a1+gb2+§b3, (42b)
1
C=-a;—=cs, (42¢)
2
3 3 5
H:—Eal—ibz—ib?,. (42d)
so the inverse relations become
3 3 1
ay —§D+§F+6H, (433)
by, = —4D + 6F, (43b)
3 9 1
=-—D——-F—— 4
bs 2 2 27-{, (43c)
1
C3 = —3D - 3F - 2C - gH (43(1)

Using the inverse relations (43), expressions (B1) to
(B27) now become (B28) to (B54), respectively. In
particular, for magnetic moments in the case study,
Egs. (35) and (36) can be rewritten as

Y = 2 (D2 4+ 3F2)1, (m, 0.4

(D= FPI (mg. 0.4) = 7 C21y (m, B )

- %Czll (mk, A’M), (44)
and
6/4(21??')1 HZI (m,,0, ,u)+ HZI (mg,0,u)

+§Czll (Mg, —Ap) +66211 (mg,—A.p).  (45)

In the context of HBCHPT, order (’)(m}/ %) corrections
to the magnetic moments of octet baryons can be organized
as [12]

Y = 3" B (mp. 0, )

P=n.K

P=rK

I, (mP’ A’ﬂ)» (46)
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where ﬂEP) and ﬁz(m are the contributions arising from loop
graphs of Fig. 1 with intermediate octet and decuplet
baryons, respectively. In the limit of vanishing A, expres-
sions (B28) to (B35) and (B46) agree in full with the
corresponding ones attainable from Eq. (46).

B. Order O(m,Inm,) correction

The one-loop corrections to baryon magnetic moments
from the Feynman diagrams depicted in Fig. 2 have a
nonanalytic dependence on the quark mass of the form
myInm,. The computation of these diagrams requires a
rather formidable effort to reduce the operator structures
involved. In Refs. [2,15], relative corrections to order 1/N*
in the 1/N, expansion were included. The incorporation of
all the structures present for N, = 3 needs the inclusion
of relative terms of up to order 1/N®. Again, a great deal of
computational ease is gained by using some of the operator
structures already reduced in the renormalized baryon axial
current computed in Ref. [16]. Other structures appear for
the first time and need to be reduced.

Diagrams 2(a)-2(d) present a few interesting features so
they are studied first.

1. Diagrams 2(a)-2(d)

Feynman diagrams depicted in Figs. 2(a)-2(d) contribute
to the baryon magnetic moment operator, for A =0,
as [2,15]

| B .
5M{{00p 2ad — 5 [Aja’ [Ajb’ Mk”Hab' (47)

The double commutator structure in Eq. (47) involves three
axial current operators, so naively this structure should be
order O(N?). However, it has been explicitly shown [18]
that there are large-N,. cancellations in the sum over
intermediate baryon states in the loop. The cancellations
are a consequence of the spin-flavor symmetry of large-N,.
QCD [7,8,10] and only occur when the ratios of F, D, C,
and H are close to their SU(6) values. Therefore, the
double commutator structure is at most of order O(N,.).
On the other hand, IT?° is a symmetric tensor which
contains meson-loop integrals and decomposes into flavor
singlet, flavor 8, and flavor 27 representations as [14]

1
Hah — Fléab + FsdabS + F27 6a85b8 _géab

EdabS d888
(48)

where

1
Fi= §[312(mm0’ﬂ) +41(mg,0,p1) + 1, (m,,0,u)],  (49)

2v/3[3 1
S 12 (mg, 0, p) — I(mg, 0, ) —512(’"

Fg=2-Y2
875 |2

n° O’M) )

(50)

and

1 4
Fy = glz(m,pogﬂ) —glz(mK,O,ﬂ) + 12<m11’0’/4)- (51)

Equations (49)—-(51) are linear combinations of
I,(m,;.0,u), I,(mg.0,u), and I,(m,.0,u), where
I,(m, A, u) represents the loop integral, which can be
found in Ref. [15]. In the degeneracy limit A — 0, this
function reduces to

m? m?

Iz(m,(),,u) :—Wlny, (52)

where 4 is the scale of dimensional regularization and only
nonanalytic terms in m have been retained.

Expression (47) can be organized in terms of the flavor 1,
8, and 27 contributions as [2]

SMk

kQ
loop2ad — FlMl Jloop 2ad + F8M8 loop 2ad + F27M27 Jloop 2ad*

(53)

The matrix elements of the operator structures M2 rep.loop 2ad

have the generic forms

loop 2ad) Z loop 2ad) B|S3Q |B> (54)
loop2ad Z loop2ad B‘O3Q|B> (55)
(loop 2ad) (loop 2 d 3

iy Z wi “U(BITIB). (56)

loop 2ad .
where as before ,u§ re;? ) are some coefficients, the

operator bases {S;} and {O;} are listed in (19) and
(34), respectively, and the operator basis {7} is given by

114024-10



BARYON MAGNETIC MOMENT IN LARGE-N,. CHIRAL ... PHYS. REV. D 104, 114024 (2021)

Tke = feBe f8eg Gy, Tk = de8egesGho,

Tk = 538G, Tk = ge88 &,

Tlscc = fe8e fSegfz)];g’ T/6<c — (<8¢ dsegplgy’

Tl7<c — Jeey d88eD12<9’ Tlscc _ 5c8D158’

Tk = de8e{Gke, T8}, Tk — @38 {Gke, T°},

Tk — jekimpese g8eg ji Gma}, T = ife8e[Ghe {J7, G™8}],

TiS = if S [GH, {17, G, Tl = febe fheapyy,

Tllcg — Jc8e dSEQD/;Q’ Tllcg _ dcegdSSeD/;g’

Tllcg = jfese d8egD§g7 Tllcg — <8 fSegD§g7

Tllcg _ 5c8'D/§8’ lecg = fe8e fSegOéC.(l’

leccl‘ — (e8¢ dSegOlg.(I’ lecg — dees dsgeOg“’,

Tk = 58 OK8, T = d88{ )2 J*},

Tk = {G* {T5, T}, Tk = {G* (T, T},

T = {G.{G". G}, T = {G*.{G". G},

T = d8e{J* {G"*,G"3}}, T = d88e{J* {G"*,G"}},

T4 = at (G {7, Gy, Tl = d*{G {77, G)),

Tk = d®8<{G*, {J",G™}}, Tk = d88<{G*e {J7,G™}},

Tk = ekimpesefTe {gi Gm8YY, Tk = ekimpe8e {8 (Ji Gme}},

T’3‘§' = fe8e fSegpig, T’§§ — Jc8e dSegD{ig’

T’3‘§' — dcegdSSEDig’ Tﬁg - che d8€gD§g7

Tk = 58DIS, T = qese{ 2 {Gke, T8}},

T = d88e{J2 {Gre, T°}}, Tk = jekimpeSe f8eg (12 (i Gma}},
Tl = it 5 T, 6", Tl = (D (T8, T,

Tl = {Dk.{G*.G™)). Tl = (D {G*. G},

Ty = d* DI, {7, G}, Th = d{DE {07, G,

TE = if S i (I, 68, TS = {07, G} {GH, T},

T = {7, GG T, T = ({7, GLGH ),

T =it ({1, GGG T =i {6 G G,
T = iGN AT GG T =it T G G
Tlscg — iekimfcaefSeh{{Ji’ Gm8}7 {Ta’ Tb}}, Tl6<6 — l'fc'Se{Jk’ [{Ji7 Gie}, {Jr7 GrS}]}’
T = if S G 12 GR Tl = if S, G 12, G,
Tl = if A6 0. G Tl = if S (G0 G
T/ég — dc8e{J2, [er’ {Jr’ GFS}]}, T/g% — che{JZ, [GkS’ {Jr’ Gre}]},

T = G AU G AT G T =168 {6 40 G
T = ("G LG AT G T = i e (.6 (G G,
T’;{ = fe8e fSengISCE” T'7‘§ — (<8 dSegDISCQ’

T%- _ dcegdSSe'DI;Q’ T17<Z = jfese dSegDISW,

T’;g — jdese f8€gD§g7 Tl7<g _ 5c8D/5c8’
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T’;;‘ — che fSegOISCg’

T% — Jces d88"(9]5‘g,

Tl = dS {2 {20,

Tl = {2 {GS AT, T8} ),

Tl = {2, {G*. {67, G* 1},
Tlgs — d88e{J2’ {Jk’ {Grc’ Gre}}},

Tl = d {7 {GH (7. G 1),
Th = d% L2 {GR (7.6 ),
Tlgcg _ ekimeSE{JZ, {T8, {Ji’ Gme}}},
Tl = {GH. {{/". 6"} {J7. G 1} ).
T = {J5 {17, 67} (G, G ),
TS = (D AT, {07, G 1)),
T, = A (DA (I, G},

Tl = ickmd™e (2 (T, {7, G }),
Tllc(c)s = fese fSenggg’

Tllc6 — dees dSSeDIgg’

Tke, = 58DKS,

T, = dS2 {2 AR T,
Thiy = {2 (D (G, G},
Tifs = a4 (DS (77,67},
Ty = if S {2 DY {17, G},
Ty = (72 ({77, G} (G T*}}).

TS, = ie {2 ({7, T {7, G 1},
T, = i€ (2, {{G", G (. G 1},
Tiss = ic a2, {14, 07 (G, G 1}
Tisy = if {2 {8 ({7 G AT G}
Tisy = if {2 {7, G}, 112, GHT)),
Tl = if SPGB AT G,

Tiss = {D5*. {{/".G"} . {J". G"*}}}.

Tl = d {7 {2 6% 7. G},
Ti§ = {2, [G*. {{J".G"}.{J". G"*}}]}.
Tiso = {2 {{s". G"}.[G*.{J". G"*}]}}.
Tlfil — Jc8e dSegDI;g’

ity = 69DE,

Tllczs dese dSegqu

Tke = deSeqBes O

Tl = 08

Tl = {77 {GH AT T},

Tl = (7. {G. {G™. G},

Tl = 4P, ({67, G
Tl = 4V G . G
Tl = &P AGE . G
Tl9‘§ _ ekimeSe{JZ’ {1, {Ji, G’"S}}},
Th = {G* {{J", 6"} AT G 1,
The = (74 {17, G LG, G,
Tl = (D TS {77, G},

Tl = (D {77, G},

i, = e s ({17, G7) (T {G™. G} ),
Thy = ie[{7. G2} (7. G} (1. G
Tllc(c)6 dese dSengg
TIICBS che dSeng!J

Tlio = A {72 (4G, T},

TS, = iekm6 S {2, {12 {J1, G" 1},

Tif = (7 (D {G". 6™,

T = d™ {72 (DY (7. G 1)),

Tt = {2 {77, G} {G. T} ),

Tl = (2 A{/.G1 (G T,

Tigs = ik (12 {{G™, G} 4. G},
T, = i€ {2 {GH {07, (G, G} 1},
Tige = ie " feoe [0 {2 {1 G} (T, T"}} ).
Ths = ifS{2 {77, G}, 2. GR )},
Ty = if {2 {72 [GR, {7, GP
Tisy = (D5, {{07.G"). (77, G},
Tisy = i ({15 {17, G¥)} {2 (7. G,
Thse = d {2 {J2,[GF {0, G Y1},

Tl = (2. (G, {7, G} (0. G ),
Tlffto — fe8e fSegD];Q’

Tllciz — dcegdSSeD/;Q’

Tlffi4 = fe8e f8egol7<g’

Tllczé — Jeed dSSeO];g’
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Ty = 5708
Ty = (2G4 (6%, 6P ),
T = a2 {72 {75 {G™, G,

Tisy = d{2 {2 {G* {J". G} 11},
Tigs = &% {2 {2, {GR AT, G 1),
Tllcg7 — €kimche{J2’ {JZ’ {Te’ {Ji,Gmg}}}},
Tis% = {72 AG®.{{/". G} {J7. G"} 1},

Tig = {72 AT {{/". 6"} {G™. G} 1},

Tig = d™{J* {D¥".{J".G"}} }.

Tigs = i (P [(.GP). (7. G™) 1. G} T =
iekil{.]z, {Ji7 {Jr, [GIS’ {GrS’ {Jm’ Gmc}}]}}}

ke
T167 -

Ty = A (2P P ),

Tl = {2 A2 {GH{G™. G},
iy = d% (PP U (G G,
i, = A (PGS (N G,
Tigs = A% 221G, (7. G},

Tiss = {72 {G" . {{/".G"} . {J7. G"*}}}}.

(57)

Tigo = {2 A7 {{/". G} {G™. G }} 1},

Tig = d*{J?.{Dy*. {J7. G"*} }}.

Tllcg4 — ekimfabS{JZ {{_]l GmS} {Ta {Grb7Grc}}}},

{ch’{{Jm GmS} {Jr Gr8}}}

The corresponding nontrivial matrix elements of the operators in basis (57) are listed in Tables IX-XIV.
Collecting all partial results, order O(m,, Inm,) corrections to baryon magnetic moments from diagrams 2(a)-2(d), for
the usual examples, read

5;“ ggop 2ad)

and
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114024-13

1 2
43253 )™

1b +5
335163 )™

(58)



-

RUBEN FLORES-MENDIETA et al.

PHYS. REV. D 104, 114024 (2021)

TABLE X. Nontrivial matrix elements of the operators involved

TABLE IX. Nontrivial matrix elements of the operators in-

in the magnetic moments of octet baryons: flavor 27 representa-

volved in the magnetic moments of octet baryons: flavor 27

representation.
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TABLE XI. Nontrivial matrix elements of the operators in- TABLE XII. Nontrivial matrix elements of the operators
volved in the magnetic moments of decuplet baryons: flavor 27 involved in the magnetic moments of decuplet baryons: flavor
representation. 27 representation. The entries correspond to v/3(T3%).
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involved in the magnetic moments of decuplet baryons: flavor

TABLE XIV. Nontrivial matrix elements of the operators

Nontrivial matrix elements of the operators

involved in the magnetic moments of decuplet baryons: flavor
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loop 2ad 1 11 55 1 19 95 1 475 5 1
5//£(2*_p ): [(—ga%—%albz—@alm +%Cl103—ﬁb%—@b2b3 +§b2C3—@b%+ﬁb3C3—%C%>ml
11 19 95 7 19 95 475 7
+(—ﬂa%—%albz—r.galb3—%(116'3—ﬁb%—ﬁbzb:;—@b%—mC%)WQ
161 , 95 475 11 95 475 2375 11
@ = by — A by — — A1 Cy — — bR =~ byby — o b2 — —— 2
+( 1671710872 7324 T 36 T 2162 T 304 2 T 1944 144C3)m3
1 1 5 1 1 5
+ (ga%'f'ga]bz +Ealb3 +EGIC3 +ﬁb26‘3 +§b3c3)m4]12(m,,,0,,u)
13 35 175 1 43 215 1 1075 5 1
+ |:<—Ea%—ﬁdlb2—ﬁ(llb3—%(116‘3—m %—2—16b2b3 +1—8b263—T96b§+5—4 3C3—EC%>WL1
7 , 43 215 5 43 215 1075 5
L@ = aby — =2 by — )y — b — = byby — o b — 2
+( 16T TN T 16 M T 36 T 1442 T 2167277 T 1296 144C3>m2
323 , 215 1075 1 215 1075 5375 1
L R = by — 2 ayby — a1y — o bR — ——— byby — 2o b — — 2
+< 3247216472 T eag M7 T 3N T 3272 T gag 27 T 3gsg 16C3>’"3
1 1 5 1 1 5
+ (Ea%+ﬁa,b2+§alb3 +%Cl16‘3 +%b2C3 +mb3c3>m4}lz(m,(,0,,u)
1, 1, 1, 1,
-+ —501—5(1103—&03 m1+ —501—5016'3—&63 nmy
7 7 7
" (‘%a?—%“l*‘m%)m}’z('nnﬁvu)- (59)

All 27 allowed magnetic moments are listed in Appendix D 1, Egs. (D1)—(D27).
The use of relations (21) and (43) yields the magnetic moments expressed in terms of the SU(3) invariants pp, ur, e, iz,
D, F, C, and H, namely,

2 2 8 . 1 1 5 1
oY = K—DZ +SDF+-F2+ §Cz>/40 + (—D2 —-7F* - 562>/¢F +55CHe+5 (D= F)Cur] 15(my,0,4)

9 3 3 9
5 5 5 7 7 5 20 2
D24 DF 2R 122 Ipr_pF-lp 2 e+ 2(D = F)Cuy | Iy (. 0,
+ {(6 +DF+F +5C )up+< 5 S =3C >up+27C pe+5( )Cﬂr] 2(mg, 0, )
4 1 4 1 5
+ K§D2 +602>/"D + (‘gDz —§C2>HF +RC2/"C] 15 (my. 0. p). (60)
and
(loop 2ad) 7 o) 1 0 5 5 19 > 2
oop2d) | — - el I
Sy {360 #o +15C MF+< 5C ~ g1 JHe = 57 CHur | 12(my. 0. )

1 1 1 43 1
—? - ——C*——H? -—C 1 .0,
+ LS Hp + o CHp T ( 3 162H )ﬂc 77 Hﬂr] 2(mg. 0, p)
L s 1,
+ _EC Hp +ZC /"F_ZC e |12 (my, 0, p). (61)
Equations (D28) to (D54) of Appendix D 1 are the counterparts of (D1) to (D27), respectively.

C. Diagrams 2(e)

Corrections to magnetic moments from the diagram 2(e) are straightforwardly evaluated as [2,15]

1
SM 0o = -3 (Te, [T?, M¥]|T1%?, (62)
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where T1°° is the symmetric tensor already displayed in
Eq. (48), except for the fact that the corresponding loop
integral is now I3(m,u). Retaining only the nonanalytic
pieces of that integral, it turns out that

Is(m, ) = =I,(m,0, ),

where I,(m,0, ) is given in Eq. (52).
Explicit results for the case study are thus

(63)

€ 1 1
5M(21?°p2 ) — [§m1 +8mz +§m3} 1,(my, 0, )
1 1 1
+ |: 12’”1 + — 2 %mJ Iz(mKaO’lu)’
(64)
and
loop 2e 1 1 5
5#;*—1’ ) — [Eml +§m2 +6m3} Ir(my,, 0, )

1
mi +_m2+

5
i Em3:|12(m1<90, u), (65)

ek
4

or equivalently, in terms of the SU(3) invariants

1
O™ = il (. Oupt) =3 (up = ) (mic. 0.1, (66)
and
(loop 2e) 1
51“):*‘ :.MCIZ(mn'?O’ /’t) +_ﬂC12<vaOvﬂ)' (67)

2

All allowed expressions are listed in Appendix D,
Egs. (D55)-(D81), and their corresponding expressions in
terms of the SU(3) invariants are listed in Egs. (D82)—(D108).

1. Comparison with heavy chiral perturbation
theory results

In HBCHPT, the corrections to magnetic moments from
the Feynman diagrams displayed in Fig. 2 can be organized
as [12]

SMEg = |my'58TF + my NZ(SCS{JZ Tk}
[ 1.8 jce8 ke 1.8 1
n, " d°G* + n, N

c

4 dce8DI§e 4 n;

1 10+10

+ ({ch T8} —{G", T}) +m

_|_

N

1
— 1,27
+ ms m
c

c

1
8 c
ﬁd

1,
ms

1
T ({64, T8 + (G, 7)) + m)

({ch, {Jr,GrS}} + {GkS’ {Jr’Grc}}) ,

2
(loop2) L ) _7p) L, mp
OH;i = =57 =24 &) |5 ampln—r|,

2, o
(68)
where the coefficients yl Z , and a; are listed in that

reference.

The comparison between the expressions extracted from
Eq. (68) fully agree with the ones found here for octet
baryons listed in Appendix D, taking into account a missing
factor of —5/2 in the contribution from the graph 2(b) and
the additional corrections noted in the erratum to [12].

V. EXPLICIT SU(3) SYMMETRY BREAKING

As it has already been discussed in Ref. [15], in the
conventional chiral momentum counting scheme, tree dia-
grams involving higher order vertices will also contribute to
the magnetic moments along with the one-loop contribu-
tions of orders O(m/)/*) and O(m,Inm,). These higher
order contributions are needed as counterterms for the
divergent parts of the loops integrals. The leading SU(3)
breaking effects to the magnetic moments thus will also have
contributions from the effective Lagrangian of order p*,
which yield contributions linear in the quark mass [20]. In
the combined formalism, a convenient way of accounting for
terms of order O(m,, ) springs from the fact that flavor SU(3)
SB transforms as a flavor octet. Neglecting isospin breaking
and including first order SU(3) SB. M¢ thus has pieces
transforming according to all SU(3) representations
contained in the tensor product (1,8®8)=

(1,1) & (1,85) @ (1,84) ® (1,10 +10) & (1,27), namely,

M, = M5 | + 5M’§f38 + SM*¢ + M 5. (69)

SB,10+10

Following the detailed analysis presented in Ref. [15],
explicit SB to the baryon magnetic operator can be cast
into the form

Ske | <18 1 .
L8D]36L+n3 ﬁdceSOlge

c

10+10N ({ch {Jr GrS}} {Gk8 {Jr Grc}})

AT

(70)
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where the superscripts attached to the eleven unknown
coefficients m,™P and n;™® indicate the spin-flavor
representation rep they fall in. Although the series has
been truncated at the 3-body level, higher-order terms can
be obtained by anticommuting the operators retained
with J2.

Equation (70) is the one to be used in the numerical
analysis. By using the appropriate matrix elements listed in
Tables VI-VIII, the explicit SB contributions to magnetic
moments in the usual examples read

1 1 11 Vs 1 s 1 s
V3 =gt gyt mgmt gt g
1 1 1_
) 110+10 §m£.27 5 21?7, (71)
and
5 11 Vs 1 is_ 5 13
V36ush- :—m1 +Z oM Ty T ehy (72)

The complete list of expressions is given in Appendix E.

VI. NUMERICAL ANALYSIS

A number of different fits to the experimental data can
now be performed. These fits, however, are not intended to
be definitive; instead, they can be useful in testing the
working assumptions. The theoretical formulas are not as
accurate enough as the experimental measurements so a
theoretical error has to be included to get a meaningful »2.
Thus, the dominant error in all the fits is theoretical.

On the experimental bent, the Review of Particle Physics
[17] lists values for only ten magnetic moments: Seven out
of the eight octet baryons (us0 remains unknown), pq-, and
the transition moments yyo, and pip+,. The latter can be
obtained from the A — Ny helicity amplitudes A rand Az. A

consistent extraction of yX* can be used [21], together with
two more pieces of information, namely, ps.0, and ps«+s+,
which can be extracted from Refs. [22] and [23], respec-
tively. Additional inputs are the physical masses of the z,
K, and n pseudoscalar mesons, the average decuplet-
octet mass difference A = 0.231 GeV, which follows from
the average baryon decuplet and octet and masses,
M =1.382 GeV and Mp = 1.151 GeV, respectively.
Similarly, the pion decay constant is set to f = 93 MeV
and the scale of dimensional regularization used is
u=1GeV.

The standard y? function to be minimized is written as

Ejj [ } 73)

where u;? and Ay are the available measured
magnetic moments and their corresponding uncertainties,

respectively, and u are their theoretical counterparts,
which are constituted by the sum of tree-level values
/45-0), one-loop corrections du°°?”), and explicit SB cor-

rections &uSP
ﬂgh :,UEO) +5’u(loopl) +5ﬂ(loop2ad) +ﬂ(loop2e) _|_5”SB_ (74)

The free parameters in the theory are the operator
coefficients a, b,, b3, and c; from the baryon axial current
operator A% (15). Four additional parameters m,; are
introduced in the definition of the baryon magnetic moment
operator M¥ (17). There are eleven additional parameters
coming from explicit SU(3) SB. In total, there are 19 free
parameters to be determined and only N = 13 pieces of
experimental information.

The simplest possibility is an SU(3) symmetric fit
neglecting all SU(3) breaking effects, which involves only
the four parameters m;. Keeping in mind that in most
hadronic quantities SU(3) breaking is around 20%-30%
and that the theoretical errors are of order ¢/N ., where ¢ is a
measure of SU(3) breaking, then a fair estimate of the
theoretical error to be added in quadrature to the exper-
imental ones is £0.30uy [recall that baryon magnetic
moments are order O(N,.) at leading order in N_.]. The

TABLE XV. Best-fit parameters from least-squares fits: Fit 1 is
an SU(3) fit; Fit 2 includes one-loop and partial SB corrections
(see the text); Fit 3 constitutes the so-called prior fit. The resulting
values of the corresponding SU(3) couplings yp, pp, pic, and pyp
are also shown.

Parameter Fit 1 Fit 2 Fit 3
m 5.07 +£0.42 7.86 + 0.09 7.86 +0.09
my 0.73 +1.28 -0.01 +£0.18 0.01 £0.19
ms -041+0.82 -1.01+0.13 —-1.01 +£0.13
ny 4.05 +1.27 1.67 £0.23 1.67 £0.24
m{l 0.16 +£0.20 0.16 +£0.20
mél 0.021 +0.100
n%,s —-0.71 £0.38 —0.69 + 0.38
né,s -2.61 +0.89 —2.65 +0.90
ni8 0.010 4 0.100
ﬁé’s 0.006 £+ 0.100
1410+E —-2354+0.23 -2.35+0.23411
1 110410 0.011 £ 0.100
mé 27 0.71 £0.33 0.68 +£0.35
m; 27 0.025 £ 0.100
m; 27 0.017 +0.100
;(2 12.22 14.56 14.38
UD 247 +0.23 3.76 +0.05 3.76 £ 0.02
Urp 1.77 £0.15 2.51 +0.03 2.30 +0.03
Ue 2.56 +0.21 3.08 +0.08 2.50 + 0.06
UT —14.18+095 —-17.38+0.33 —17.39+0.24
Up/ur 1.40 +£0.13 1.50 £+ 0.02 1.62 +0.02
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results are listed in the column labeled Fit 1 in Table XV. In
this case, y*> = 12.22 for 9 degrees of freedom, but this
particular value only reflects the choice of theoretical error.
Adding smaller theoretical errors lowers the errors in the
parameters at the expense of increasing y> and, except for
mj3, the central values of the remaining coefficients change
a little. The closeness of y?/dof to one might be interpreted
as a sign that SU(3) SB is indeed around 30%.

To proceed further, in order to gain predictive power, a
few assumptions on the unknown parameters should be
made. First, the values of the operator coefficients a;, b,,
b3, and c3 can be borrowed from the recent analysis of the
baryon axial current presented in Ref. [16], namely,

a; = 1.20+0.07,
by =1.25+0.07,

b, = —1.60 £0.18,

c3 = 0.46 £ 0.09, (75)
which are extracted from Table II of Ref. [16], labeled as
Fit B.

The relevant parameters m, should be determined in full,
so a few restrictions can be imposed on the parameters from
explicit SB. The simplest one is to keep terms up to relative

order 1/N,, so the relevant parameters become mi'l, n}’s,

1.8 1,10+10 127
n,", m, , and m,”".

In order to get a consistent least-squares fit, a theoretical
uncertainty of =1/N2 = 40.11 will be added in quadrature
to the experimental errors to account for the omitted terms
mentioned above. Without further ado, the fit yields the
best-fit parameters listed in Table XV under the label Fit 2.
In this case, y> = 14.55/4 dof and although it exceeds
expectations, the best-fit parameters are fairly order 1
(except for m;) and yield reasonable predictions, as can
be verified in the predicted magnetic moments listed in
Table XVI. Explicit SB and one-loop corrections to tree-
level values roughly represent 30%—40%, which are in
accordance with first-order SB.

In general, predictions are consistent with data and with
other determinations. For instance, in the context of the
1/N. expansion alone [19], there is an overall agreement.
In the context of heavy baryon chiral perturbation theory
[24] and relativistic baryon chiral perturbation theory [25],
there is a reasonable agreement with calculations for octet
baryons to third order. These references, however, present
more refined calculations to fourth order. At the level of

TABLE XVI. Predicted baryon magnetic moments using the best-fit parameters from Fit 2.

UEP 'uth ﬂ<0> 5/45]3 Su (loop 1) Su (loop 2ad) Su (loop 2e)
n —1.9130 £ 0.000 -2.079 -2.507 0.818 0.804 -0.861 -0.334
p 2.7928 4 0.000 2.852 3.760 -0.266 -2.064 0.616 0.807
- —1.160 £ 0.025 —-1.108 —1.253 —0.085 0.487 -0.275 0.017
>0 0.702 1.253 0.116 —-1.531 0.390 0.474
pos 2.458 +0.010 2.512 3.760 0.317 -3.550 1.055 0.930
= —0.6507 £ 0.0025 —0.602 —1.253 0.637 1.059 —0.449 -0.596
=0 —1.250 £0.014 —-1.279 -2.507 —0.587 3.263 —0.661 —0.788
A —0.613 £ 0.004 —-0.487 —1.253 -0.021 1.531 —0.765 0.021
SOA 1.61 £0.08 1.239 2.171 -0.119 —1.464 0.255 0.395
AT 6.14 +£0.51° 5.695 6.170 0.007 -3.273 1.366 1.426
AT 2.821 3.085 0.554 -2.278 0.596 0.864
A0 -0.156 0.000 1.101 —1.283 -0.277 0.302
A~ -3.082 —3.085 1.649 —0.288 —1.098 —0.260
Tt 2.044 3.085 —0.818 —0.995 0.210 0.562
>0 -0.361 0.000 0.142 0.000 —0.503 0.000
2 —2.766 —3.085 1.101 0.995 -1.216 -0.562
=+0 -0.518 0.000 —0.818 1.283 —-0.681 -0.302
= —-2.475 —3.085 0.554 2.278 —1.358 —-0.864
Q- -2.02 £0.05 -2.053 —3.085 0.007 3.560 -1.370 —1.166
Atp 3.51 £0.09 3.381 4.097 —0.638 -3.071 2.247 0.746
A 3.381 4.097 —-0.638 -3.071 2.247 0.746
>OA 273 £0.25 2.885 3.548 —0.168 -3.089 2.071 0.522
030 1.284 2.049 0.097 —3.048 1.413 0.774
TEEET 3.17 £0.36° 3.456 4.097 0.833 -5.327 2.705 1.147
DY Y —0.888 0.000 —0.640 -0.769 0.121 0.401
=x0=0 3.064 4.097 0.444 -5.327 2.702 1.147
CC —0.892 0.000 —0.640 -0.769 0.116 0.401

*Value reported in Ref. [21].
t?Value extracted from Ref. [22].
“Value extracted from Ref. [23].
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precision presented in this work, no comparison is
possible yet. Theoretical expressions need be improved,
for instance, by lifting the A =0 assumption in
graphs 2(a)-2(d). This could improve the determinations
of uc and py to a reasonable extent. Actually, the analysis
of Ref. [15] where partial terms containing a nonzero A in
loop diagrams 2(a)-2(d) seems to point in the right
direction.

An alternative approach to get at least an estimate of the
size of the omitted free parameters of Fit 2 above can be
achieved following the lines of the fitting procedure
implemented in Ref. [26]. The approach, adapted to the
present analysis, consists in using the prior fit [27] to
extend the standard y> of Eq. (73) to

1192 18 12 _18 72
2 2 ms’ 3 3 ]
o=yt + + +
Aprior = X [Am;‘] [An;s] Lﬁgs

m;.10+1_0 2 m;,27 2 m;,n 2
+ DRI + 127 + “1a7| (76)
Amy Am, A,

where m}™® and ny™P are the unknown coefficients that
come along 3-body operators from explicit SB weighted by
their respective errors. While the extra terms added to y?
guarantees that these six parameters get values around zero
(approximately Gaussian distributed [26]), the remaining
nine parameters are the ones actually fitted to the exper-
imental data. For definiteness, the nominal theoretical

errors Amy™ = An}™® = 0.100 have been used and
the corresponding best-fit parameters are listed in
Table XV under the label Fit 3. It is convenient to point
out that nominal errors of +0.200 and £0.050 produce
Hosior = 13.97 and y7, = 14.51, respectively. In all cases,
the six parameters referred to above are small compared to
the ones retained in the standard fit, which suggest that the
assumption of neglecting them in the analysis is justified.

VII. CONCLUDING REMARKS

Baryon magnetic moments to orders O(mj/*) and
O(m,Inm,) are evaluated in the present paper in the
context of chiral perturbation theory in the large-N,. limit.
All the operator structures that appear for N. =3 are
accounted for in the analysis. Regrettably, the expressions
obtained are rather long; however, including them in full is
necessary to make the paper self-contained.

The approach presented here is twofold. On the one
hand, previous analyses [2,15] get improved with the
addition of new terms not considered before, and, on the
other hand, the complete structures presented allow one to
carry out a full comparison with the conventional chiral
perturbation theory results by using the relations between
the operator coefficients a,, b,, b3, and c3 and the SU(3)
invariants pp, ug, pe, and py.

The main conclusion obtained is that theoretical expres-
sions of baryon magnetic moments agree in both theories at
the physical value N, =3 for Ny =3 flavors of light
quarks.

A preliminary numerical analysis via a least-squares fit is
also conducted to explore the free parameters in the theory.
Although a stable fit is observed, the best-fit parameters are
not entirely satisfactory with the assumptions made. The
main issue is the lack of experimental data to perform a
detailed determination of all the free parameters. In order to
improve the theoretical expressions, also the effects of a
nonzero decuplet-octet baryon mass difference in the
diagrams of order O(m, Inm,) are needed. The calculation
of these contributions, however, involves a non-negligible
effort which can be attempted elsewhere. The approach
discussed here will constitute useful guidance for this
enterprise. Of course, new and/or improved measurements
of baryon magnetic moments will be welcome in the future.
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APPENDIX A: REDUCTION OF BARYON OPERATORS EMERGING FROM FIG. 1

1. Flavor 8 spin-independent operators

. o 1 1
€ljkfabCGlanb — _E(NC + Nf)ch +§D§c’

(A1)

eijkfabc(GiaDéb + Déanb) — _Nkac —_ 0/;6’ (A2)

el pabepiaplt — _% N, Dk, (A3)

ek fabe(GiaDIP 1 DiaGIP) = —2(N, + N;)G** = (N, = 2)D¢ — (N, + N;) Ok, (A4)
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et (GIOL 1 ORGH) = TN DA — 2 (N, + Ny)DAE = (N + N )0k + Dk, (AS)
elk fabe(DEDY + DDy = -N, D, (A6)
ek fere (DY OF + OYDY) = =N, O = O, (A7)
ek [ DEDY = ~(N, + Np)DE ~ (N; = 2)D. (A3)
ek fobe (DO + OFDY) = =2(N + Np)OK = (N + Ny)OK, (A9)
ijk fabe ¢yia )b _ E ke _§ ke l ke _l ke l ke
ek fAeOFOF = SNyDE =7 (Ne+ NpJDA + 2 (SNy + 6)Di = 2 (N + Np)DE + 5 D (A10)

2. Flavor 8 spin-dependent operators

. . ) 1 1 1 1 1
€ljkfabCGlllJ2Gjb — _z (Nc + Nf)ch 4 E(Nf 4 I)Dlzcc _ g (Nc + Nf)Dl?fC - Z (Nc + Nf)ol?f” + ZDIXC7 (All)
. A : . . 1 1
ez/kfabc(GlaJZ'Dg’ 4 'Dlzu_]zc.)b) = —ZNf'Dgc - (Nf + I)OI{L — EO’;C, (Alz)
. ) ; 1
€zjkfabchtzaJ2D£b _ _ZNkaC’ (A13)

) o o 1 1 1
¢lik fabe(Gia J2DIP 4 Dia 2Gib) = — 5 (Ne+ NDY =3(Ne + Np)OK =2 (N; = 2)Dif =5 (N + N)OK,  (Al4)

i, ) . . . 3 1 1
ik fabe(Gie 2 O + OPJPGIY) = 3N Dk — 5 (Ve + N;)D5 - 5 (Ve + Ny)O5° + 2 TNy + 12)D¢
1 1 1
=3 (Ne + Np)D5* =2 (N + Ny)O5° + S D, (A15)
g . : . ; 1

el]kfabc(DlquZDéb + DISaJZDg’) = _ENfDISCC’ (A16)

y . , : ; 1
elik fabe (DO} + OPJPDY) = =(Ny + 1) Ok — 5(9]7“7 (A17)

Ny . . 1 1 :
e fDL DY =~ (Ne + Ny)Ds =2 (N; = 2) D, (AL8)
) o 1

eiik pabe (Dia 201 4 Ol 2DIP) = —3(N, + N;) Ok — 5 (Ne + N0, (A19)

o 3 1 13 1
e OFPOY = 3N D5~ (Ne + NP + 3 (19N, + 12)Df == (N, + N)DE + £ (9N +26)Df

1 1
-3 (N, + Ny)Dhe + ZD’gC. (A20)
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3. Flavor 10 + 10 spin-independent operators

. o 1 1 1
€zjk(faecdbe8 _fbecdaES _fabedeCS)Gzanb — _E{ch’ TS} + E{Gkg’ Tc} _ N_ifcge[‘]27 er]’ (A21)
f

_ NC + Nf iche

eijk(faecdbeS _ fbecdaeS _ fabedeCS)(GiaDéb 4 'Déanb) — []2’ er] _ {ch’ {_]’, GrS}}

Ny
+ {G"®,{Jr,G"}}, (A22)
eijk(faecdbeS _ fbecdaeS _ fabedeCS)DéaDéb — 0’ (A23)

eijk(fuecdbeS _ fhecdueS _ fabedec'S)(GiuDéb -+ Dganb)
4
— —Z{ch, TS} + 2{Gk8, Tc} _ N_ifCSE[J27 er] _ {Dlzcc’ {Jr’ GrS}} + {D12<8’ {Jr’ Grc}} _ {J2’ {ch, TS}}
f
2
+ {Jz,{GkS,TC}} _N_ifcge{J27 [JZ’er}}’ (A24)
f
€ijk(faecdbe8 _ fbecdaeS _ fabedeCS)(Gia(f)éb + Oganb)
1 1 1 1 1
= DG = (DR AT 0N =S L {GR TP Y 4 5 L2 {GR T} = i S 2. G} (A25)
f

€ijk(faecdbe8 _ fbecdaeS _ fabedeci&)('DéaDéb + Déapﬁ’) =0, (A26)

clik (faecdbeS _ fbecdaeS _ fabedec8)(Déa Oéb + Oéapéb)

N, +N
— _N—fifcge{JZ’ [12’ er]} _ {12’ {ch’ {Jr’ GrS}}} + {12’ {GkS’ {Jr, Grc}}}’ (A27)
¥
eijk(fuecdheS _ fbecdaeS _ fabedeCS)Déapéb — 2{2)/2<c7 {Jr, GrS}} _ 2{D12<8, {JV’ Grc}}’ (A28)

eijk(faecdbeS _ fbecdaeS _ fabedeCS)(D;a(/)gb + OgaDéb)
— —Z{ch, {]” GrS}} + Z{Dkg, {Jr’ Grc}} _ 2{‘]2’ {ch’ TS}} + 2{‘]2’ {GkS’ Tc}} _ NiifCSe{JZ’ [_]2, er]}
f
— (P ADE AT G+ {2 ADE AT G W) = (2 {GH TS} + {2 {72 (G T}

2 el 12, GR (A29)
Ny

eijk (faecdbeS _ fbecdaeS _ fabe decS)Oéa 013'}7

= (D8 G = DA 6N 5 (2 DY (7, G} = S U2 DS (7, G (A30)
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4. Flavor 10 + 10 spin-dependent operators

€ijk (faecdbeS _ fbecdaeS _ fabedECS)GiaJZGjb

1 1 1 1 1
_ ——{GkC,TS}—i-—{Gkg,T"}——if“ge[ﬂ,er] ——{JZ,{G’“‘,TS}}+—{J2,{Gk8,T“}}
2 2 Ny 4 4

_ = src8ef 2 2 ke
2Nflf {J?, [J%, G*]}, (A31)

€ijk(faecdbe8 _ fbecdaeS _ fabedeCS)(GiaJ2D£b + 'Dé”JZGjb)
N + N X , N.+N
— Nf f che[JZ er] _ {ch7 {Jr’ GrS}} + {GkS’ {JV,G"}} _ ZNf f fLSe{J2 [j2 er]}

1 1
—5 12 AG AT G + {2 AGR AT G, (A32)
€ijk(faecdbe8 _ fbecdaeS _ fabedeCS)DéaJZDg’ — 0’ (A33)
€ijk(faecdbe8 _ fbecdaeS _ f”bed“g)(GszDéb + DgaJZGjb)
— _2{ch {Jr GrS}} + 2{1)]{8 {Jr Grc}} 3{]2 {ch TS}} —|—3{J2 {GkS Tc}} che{J2 [J2 er]}
—5{12, {D5 .G} + 5{12, {D5*. {7, G }}} —5{127 {2.{G*. T°}}} +§{Jz7 {/2.{G". T°}}}
1. .
—folf‘ge{ﬂ, {2,172, G*}}. (A34)
eijk(faecdeS _ fbecdaeg _ fabedeCS)(GiaJQOéb + OgaJZGjb)
— %{Dgc, {Jr, GrS}} _g{DIZCS’ {J’", Grc}} _%{JZ’ {ch’ TB}} -}-%{JZ’ {GkS’ Tc}} _ NiifCSe{J2’ [JZ’ er]}
f
F IR ADE 7. G} — L 2 (D (0. 1) — U2 {2 G T 4 L2 2 (G2 1))

1 ] fcoe e
_Wflf {22 A2 2GR (A35)

clik (faecdbeS _ fbecdaeS _ fabedeCS)(DéaJZDéb + Déa]2péb> -0, (A36)

€ijk(faecdbe8 _ fbecdaeS _ fabedeCS)(DéaJZOéb + OéaJZDé'b)
NC +N  rc8e e c r T r re
= —Tfflf S22 GR} = {2 G {7, G + {2 G {7, G} )}
_Ne ¥ Ny

N, if S {2 AP 2 G} - —{Jz,{Jz,{G'“a{J”G’B}}}}+%{Jz,{fz,{G"8,{J’,G’C}}}]n (A37)

eijk(faecdbeS _fbecdaeS _fabedeCS)DgaJZDéb — {‘]2’ {Déc, {Jr’ GrS}}} _ {J2’ {rD12<8’ {J”, Grc}}}’ (A38)
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eijk(faecdbeS _ fbecdueS _ fabedec'S)(DéaJZOéb + OéaJZDéb)
= =32 ADY AT G + {2 ADE AT G = 3{P {2 G TP} + 3{2 {72 {GM. T°}}}

PSR G = 3 U R ADE (7, GV 45 (2 (2 DS (7. G
;
P PP G TN + 3 (P AP PGS TN - g S (P PP G (A39)
f

eijk(fuecdhe8 _ fhecdae8 _ fabedeCS)OéaJZOéb
13 13
=D AV G = H{DE I G+ AP AD Y G = 2 DS I G

AP ADI A7 G ) - U2 2 (D5 (7, G 1) (A40)

APPENDIX B: COMPLETE EXPRESSIONS FROM ORDER O(m Y 2) CORRECTIONS

Order O(mél/ ) corrections to baryon magnetic moments coming from Fig. 1, including all the terms allowed for
Ny = N_. =3, are given, for octet baryons, by

25 5 25 25
5 Siloopl) |:36 a + a1b2 —|—3 b + Cllb3 + b2b3 +324b :| 1(mm0,:u)

6
1 1, 1 1
+ 36a1+ 8a1b2 =0 alb3+54b2b3 324 3111 (mg, 0, p)

36 54

2 2 1
+ |zai+zajc3+—

1 1 1
3 gy + g @[ Ome )+ |gat gy + e | nomea. B

9

(loop 1) 25 2 5 1 2 25 5 25
5 _ — > bb
w T 547273 T3y

7, 2 1,7 2 7
S aby—— b2 — —ayby — — byb
+[ 181 TN TR Ty M T 7 Ty

Y4 ]Il(mmO,ﬂ)
a0

2 2 1 1 1 1
+ [—§a%—§a1c3 _1_804 1(mg, A, p) + [18 186 +7263}11(mK,A U, (B2)

1 7 2 7
TR 57 babs + b ]

18 7a1b3+

Iy (mz,0, p)

1 1 1 1
+ |:_a%__alb2 +% 540117% 54172173 +324b :|11(va07/4)

1 1 1 1 1 1
+ {—180% ~1g €3 —720,%]11("%&/4) + [—90% B _%c%]ll(vaAf/")v (B3)

loo 1 1 2 1 1 1 1
i) = [—gaf——albz——a1b3——b2b3——b% I (mg, 0, p) + —_a%—g

1
> G acs _ﬁcg]ll(vaAvﬂ)’ (B4)

loop 1 7 2 1 7 7
S ;SOP ) — _Ea%—galbz Eb% 27a1b3 b2b3 162b ]Il(m,,,O //t)
25 5 1 25 5 25
+ [_%a% Eale—%bz 54Cl]b3 54b2b3 324b :|Il(m](,0,//l)
1 1 1 2 2 1
+ [ﬁa%%—ﬁalq —i-ﬁc%}ll(m,,,A,ﬂ)—{— {—ga%—galq —ﬁcg}ll(mK,A,ﬂ), (B3)
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1 1 1
5ﬂ§?°p” = {£a2 I8 a1b2+3 b3+ —abs; —

62" 52 b5 324 b3] 102, 0.1)

54

7 2 7 2 7

+Lgal+9a1b2+18 a1b3+2 b2b3+162b]11(m1<,0,/4)

t|-1a-1 izl( Ap)+ Lo L iz1( A, ) (B6)
9a1 9alc3 3663 AUTRAN 18al 18a1c3 72C3 1\mg, A, 1),

1 1 1 1 1 1
5#23""” = [_3661%+18a'b2_36b2 54a1b3 +54b2b3 32417] 1(m, 0, 1)
25 5 1 25 5 25
+ [%0%4'@@1[72‘*'% 54alb3+54b2b3 +324b} 1, (mg, 0, 1)
1 1 1 2 2 1
+ [9a1 +§a1€3 +36C§]11(m,,,A,,u) + [9"% +§alc3 +180§}11(’”I(,A7ﬂ)’ (B7)
loop 1 1 1 2 1 1 1 1
5/,{5\ P ): {3a%+6a1b2+9a1b3 +Eb2b3 +27b%:|11(m[(,0,//l) —+ [661%4—661]63 +24C%:|11(m[(,A,ﬂ), (BS)

for decuplet baryons, by

loop 1 1 1 1 5 5 25
Y (A++P ) = —Za%—ialbz—zb%—galb?, 6b2b3 36b:| l(m,,,O,,u)
1 1 1 5 5 25
“‘{—ZC’% Ealbz—zb%—gaﬂk gDabs =3¢ :|11(va0 1)
1 1 1 1 1 1
+ |:—2a1 —ECI]C:J, —§C3 Il(m,,, A,,U) + |:—2a1 —501C3 —8C§:|I (mK, A ,Lt) (Bg)
00 1 1 1 5 5 25
) 2+p1) — _Ea%—galbz Ebz Ea1b3 ﬁb2b3—ﬁb§]ll(mﬂ,0,ﬂ)

1 1 1 5 5
+ l:— a%——albz——b%——all@ ——b2b3 54b3}11(m1<,0 ,Ll)

613 672 9 9
1 1 1 1 1 1
+ [—ga%—gamz—ﬁci% Iy(mg, —A, p) + [—ga%—galca _Ecg]ll(mKa_Avﬂ)7 (B10)
loop 1 1 1 5 5 25
(sﬂ(Aop ): [ﬁﬂ%‘i‘galbz 12b +1801b3+18b2b3+108b:|Il(mﬂ.,0,/,{)
1 1 1 5 25
+ [—Ea% 6a1b2 12[92 Ea1b3 bzb3 108b :|Il<vaOvﬂ>
r, 1 L, 1 1
+ 6“1‘*‘6“1034'2403 I (mg, —A, p) + O L 2403 I (mg, —A, p), (B11)

2

1 1
5/12901’1) _ |:_a% 4 5

1 1
4 7 4 6 6 ~5a1C3 +§C%:| Il(mm_A’H)’ (B12)

1 5 5 25 1
aiby +—b3 +=a by +=b,ybs +%b§]11(m,,,0,y) + [—a% +
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oo 1, 1 1., 5 5 25
sulloor ) — [—— 2——a,b2——b%——alb3——b2b3——b§]11(m,r,0,/4)

D 64173 67279 9 54
1 1 1 5 5
-+ l:—ﬁa% 6a1b2 12b2 1—8611173 —1—8b2b3 108b3}11(m1(,0 ,Lt)
1 1 1 1 1 1
b |- g = jae = @ -8 + | ga - e = | lme a0, (B13
sl = o, (B14)

1 1 5
5,ugff’pl) = {—al +-aby, +— bz—i— aybs + = b2b3 +54b2] 1(m,, 0, p)

6 6
1 1 1 5 5 25

* Lz"“%"‘bﬁlzb2 18“1b3+18b2b*+108b] 1(mk. 0. 1)
1,1 | 1, 1 1,

+ §a1+3a103+12 3|11(me, =B p) + | cat + caies + 5 c3 | i (mg, =B, ), (B15)

loop 1 1 1 1 5 5 25
Sucso” ) = [—1261%—6611192—1217%—18611173 18b2b3 IOSb] 1 (Mg, 0, 1)
r, 1 5
+ Eal +6611b2 +— b2 albg + b2b3 + 108 b3 (mK,O,,u)
I, 1 I, L, 1 I,
+ TN T M T 5443 1y (mg, =B, p) + 6a1+6alcs +ﬂc3 I (mg, —A, p), (B16)
loop 1 1 5 5 25
Suleorl) — Lza1+6a1b2+12b +3g@1bs + g babs + oo b3 :|11(mﬂ,0,,u)

1 1 1 5 5 25
+{6a1+3a1b2+6b +9a1b3+9b2b3+54b]11(m,(,0 ﬂ)
1 1 1, 1 I,

+ 6a1+6alc3 +24C3 Iy (mg, —A, p) + 34U T34 T 56 I(mg,—A, p), (B17)

loop 1 1 1 1 5 5 25 1 1 1
™Y = |:4a%+2alb2 +Zb% +8a1b3 +8b2b3 +36b%} I (mg,0,p) + La%+2a103 +8C§] Iy(mg,—A,p), (BIB)

and for octet-octet and decuplet-octet transitions by

» 2 4 | 2
\/_6 ZIOAPI — [—3a%—3alb2—9a1b3—9b2b3—27b%]11(m,,,0,ﬂ)

2 1
ab, —501173 8b2b3 27b ]Il(mm(),ﬂ)

1 1 1 1
+ |:— a%— a|C3—EC§]Il(m”,A,,u)—|— [—ga%—galclz,—ﬁcg I](m](,A,ﬂ), (Blg)
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N 100p1 _ _%“%_1_18‘1'[72 55—4a1b3—35—66116‘3—%1726‘3_%[%CS}II(”%’O’/’)
+ _—ia%—f—ialbz Lalb3—Lalq-ﬂ-ibzc3—Lbsﬁ}ll(’”[aovﬂ)
18 18 54 36 36 108
+ _ %ﬁ‘% 10> %01%—%20103—;25203—%%%]Il(mmA’ﬂ)
+_ %a% %albz §a1b3—%alc3—;—6bzc3—%5303}11(”11(’&#)’
V26u IOOPI = —f—ga%—l—;albz—%albs—%0103—%17203_]%%@}h(mmo’”)
+ _—%a%+%a1b2—;—4a1b3—;—6alc3 +;—6b2€3—ﬁb303}11("’1@07ﬂ)
+ _—%a%—§01b2_%alb3_§%alc3_§_§b263_%b3c3:|11(m”’A”u)
+ _—f—ga%—%albz—z—im%—;—60103—;—6b203—%%03}11(’”&&”)’
V68 IOOPI —la%—1a1b3—alc3—1b3c3]11(m,,,0,/,t)
3 9 6 18
+ :—%a%—%alm—l]—zalq —%b303:|11(mK70,,u)
+ :—gal —§a1b2—295611b3—2a1C3—2b2C3_fgb3c3:|ll(mmA,ﬂ)
+ :—%al —%a1b2—§a1b3—%a163 —%bzca —gbacs}ll(’"m&ﬂ)»
V25 2“’5’;’01 = [—la%—ialb% ialC3 ~zbacs |11 (mg, 0, p)
6 18 12 36
{—gal—%albz—?—galb3—%alc3—%bzc3 25353} 1(mg, A, ),
V28 2103;1 _ { %8(1%4—%8&1172 5i4a1b3—%a1c3 +%bzc3—ﬁb3c3}ll(m”,0,y)
+ :—15—8611 %albz 55—46111?3—%61103—%bzcs—]sﬁba%}]l(’"mo,ﬂ)
+ :—%a% 15—8a1b2—§—ia1b3—35—6a163—%%Q-%bﬁ,@}h(’nmkﬂ)
+ _—%al —%a1b2—152—45a1b3—§—24103—i—gbz%—%%@]ll(’”lf’&”)’
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00 1 1 1 1 1 1
\/_521 g—l = az——a|b2+—alb3 +—Cl]C3——b2C3 —I——b3c3]11(m,,,0,,u)

1871 18 54 36 36 108
1 , 1 1 1

+ _—1—8a1+1—8a1b2—5—4a1b3—%a1c3 +%b2€3—@b3€3 Iy (mg,0,u)
5 5 25 5 5 25

+ _ﬁa%+ﬁa1b2+§alb3 +%GIC3 +%b26‘3 +ﬁb303:|11(mﬂ,A,ﬂ)
5 5 25 5 5 25

+ _—Ea%—ﬁéhbz—gaﬂ%—%0103—%bzcs—@bﬁs]ll(mk,A,ﬂ),

\/’ (loop 1) 1 2 1 1 1 1
5 ,_*0,_,0 = —1—8a1+1—801b2—5—4&1b3—%(116'3 +%b2C3—ﬁb3C3 Il(m,,,O,/t)

[ 5 1 5 5 5

+ _ 184 Ealbz 54611b3—36a103—36b203—10817303}11(’”1@0,/4)
[ 5 5 25 5 5 25

+ _—1_8“% Ealb2_5_4alb3_%alc3 —%bz% —ﬁb3c3}11(mm&ﬂ)

25 25 125 25 25 125
+ _ﬁa%_ﬁalb2_§a1b3_%alc3_%bZCS_ml@CB]Il(mK,A,,“)’
loop 1 1 1 1 1 1 1
\/55,“(5**27) = Ea%—ﬁalb2+5—4alb3 +%a103—%bzc3 +ﬁb3c3]11(mm0,ﬂ)

! 1 1 1 1

+ __1_8“%+1—801b2 5—401173 3643 +%b2€3—@b303]11(m1<,0,ﬂ>
5 5 25 5 25

+ _ﬁal tig@ibe tgaibs +acaics +3pbacy +]08b3c3:|11(mmA’ﬂ)
[ 5 5 25 5 5 25

+ __1_80%_1_8‘11172_5_401173_%‘1163_%b203_r.8b363]11(mK7A““)'

(loop 1)

Using the inverse relations (43), op; expressions can be rewritten, for octet baryons, as

s = (D + FI,(m. 0.p) = (D = F)*1 (. 0. W+ 2C%1,(my A, W +g L1 (my, A ),

00 2
Y = <D+F>211<mmou>—§<DZ+3F2>n<mK,om——c I (mg Ap) + 7 cz (m. Ao p),

2 1 1
5/4290131) g(Dz +3F?)1(mg, 0,p) + (D = F)*1 (mg, 0, ) —Ec%(m,,, A, p) —§Czll(mK,A,/4),
sus™") = <2DFI, (g, 0, ) ——621 (mig, A o),
(loop1) _ 2 5 2 2 1 » 2
5ﬂ2+ g(D +3F )Il(mﬂ’ovﬂ)_(D+F) Il(mK’O’ﬂ)+1_8€ Il(m”,A,/t)—§C Il(mK’A’:u)’

2 1 1
5ﬂg(-)0pl) = (D - F)211(m,[,0,,u) + g(DZ + 3F2)11(mk, O,M) - 55211(’"7:, A,,M) - Eczll (mK’ A,,M),

00 1 2
Spge™ ") = ~(D ~ F11(my. 0. ) + (D + F)L1 (. 0.t) +g C2Fy (my A ) + 5 C (mic, A ).

1
5/15&001)1) = 2DFI(mg,0, ) +862]1(mK’A’”)’
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for decuplet baryons as

00] 1
ST = = HEI (g, 0,1 = M (i, 0. = 3 COF (g, A ) = 3 CP1 g, = ),
(toopt) _ _ 1 2.0 1 1
opy- " == M 1, (mg,0,p) 57 H I (mg, 0, p) —gc I (mg, —A, p) —gc Iy (mg, —A, p),
(loop 1) 2 2y 1 o 1 >
St yo *H 1,(mg, 0, ) —*H 1(mg, 0, 1) +EC I (mg, —A, p) _80 Iy (mg, —A, p),
suy> ") = Hz, (1. 0.0) + 5 c 1, (mg. ~A. p).
(loop1) 2 ) 1 > 1 5 1 >
Ophyrs _EH 1, (mg, 0, ) _EH Iy (mg,0, ) —§C Iy (mg, —A, p) _EC Ii(mg, =4, u),
o) 0,
1
gt = H21 (1m0, p) + 55 H 1 (mg, 0, p) + 3 Lt (m, =)+ cColy(mig, =, p),

00 1 1 1 1
5ﬂg*opl) = _ﬁHzll (mg,0,u) + ﬁHle (mg,0,p) — 66211 (Mg, —A, u) + ECZI, (mg, =4, u),

lo

1 2 1 1
- Pl — ﬁHzll(mmoaﬂ) +E’H211(m,<,0,/4) +66211(mm —A,p) +§Czll(m1<’ —A, ),

Q

7]
1] =
|

1
sug>" ) = H2 1y (mie. 0. ) + 5 CIy (e, A ).

and for octet-octet and decuplet-octet transitions as

00 1 1
V36Ul = —ADFI,(m,, 0, 4) — 2DFI, (my. 0, p) =3 C (g, Apr) = 2 C1 (mg. A ).

00 1 1 25 5
V25ul! P‘ 3C(D+F)Il(m,,,0,/4)+§C(D—F)11(mK,O,,u)—ﬁCHll(m,,,A,,u)—ﬁCHII(mK,A,y),

00 1 5
V2sulpr ! = 30D + F)11(my. 0.0) + 3 C(D F)I,(mg., 0, p) — —CHIl(m,,,A,,u)—ﬁCHII(mK,A,u),

Vesulor —CDI (. 0.10) + 3 CDI (mg. 0, ) —ECHI (g, AL p) ——CHI (mg. A, ).

5
V20uyn, ——CDh<mK,o 1) = 5 CHI (mi. A ).

00] 1
V25ulR Y =3C(D = F)I1(m. 0.) + 5 C(D+F) ((mg. 0, 1) ——cm (m,. A, y)——CHI](mK,A 1.

00 5
V26ue%) ———c<D F) (. 0.p) + 5 c<D )Ly (mi 0.p) + 5 CHh(m,,,Am 57 CHIL (i A ).

00, 1 25
V25ulon ) = 30D = F)1i(my.0.p) + 5 C(D+F)Il(m,<,0 ) — —C'Hll(m,,,A,,u)—ﬁCHII(mK,A,y),
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1 1 5 5
V25ulR) = —§C<D — F)I1(mg,0,p) + §C(D — F)I,(mg. 0, p) +ﬁCH11(min Ap) - 2—7CH11(”1K, Ap).  (B54)

APPENDIX C: REDUCTION OF BARYON OPERATORS EMERGING FROM FIG. 2

1. Flavor 1 operators

ia ia ke 3N12£_4 ke
(G, [G", G “:WG : (C1)
N ~ IN7+4N; -4
(G, [G. D] = ~(Ne + N)GH + — o D¥, (€2)
S
ia ia c ia ia c (NC +N )(N T 2) c 1 c
(D6, 4G [Py, 6] = =GR 4 (N, +2)DE (©3)

2
1IN? + 12N, — 4

(G, [G™, DX]] = =[N.(N. + 2N;) + 4]G* — 4(N,. + N ;) D5 + i, Dk, (C4)
o o N3+2N;—4 (N;+4)(N;-2)
[Déa, [Gm’ ch” + [Gm, [D§G7ch]] — Z(Nf _ Z)ch + (Nc +Nf>D§C + S 2Nf Dlgc + f Nf S Ol;c’ (CS)
ia ia kc ke ke llNJ% + 12Nf —4 ke
(G, G, O]) = =[N.(N. +2N)) = NjJGH + (N + N))DY* + — 5O, (C6)
, : . . 3 1
(G (05, G¥]] + 04, (G, G*]) = =3 (Ne + N)YDE + 5 (Ny + 1D + N, O, ()
o , o , 2(N.+N)(N;=1) 1 , ,
[Dy. (G, D¥]] + [G™. [Dy D] = =2N,G* + zé}. Dl SN DY - 20K, (C8)
o N.(N.+2N;)(N;—2)—2N? 1 1
[Dy. [Py, G¥]) = N, LGH 4 (Nf + D5 + 5 (N + 4) 0¥, (C9)
(DY [G™. D] + [G*. [DY. D]
N.+N;)(BN;=2) . ‘
= —4(N, + N;)G* = 2(N; — 2)D* + ( UG} )Dg“ —2(N.+ Njp)O% + (N; - 2)Die, (C10)

Ny

2(N.+Ny)(Np = 1)
Ny

[Die, [G™, OK]] + [G™, [Di, O] = 3N;D5 — (N, + N;) Dk + Ok + 2Dk, (Cl11)
[D¥.[G. D¥]] + [G*, [Py, D]
N} —4
=—4(N,+ N;)G* + [N.(N. +2N;) 4+ 2N;|D + (N, + N;)Di — 2(N, + N ;) O% + N—D’f, (C12)
s

. . . . 3 5
(G, [0, DY) + [0, [G, D] = =35 [Ne(Ne + 2N) = 4N/ JDE =2 (N + Ny) D = (N, + N,) Ok
+3(Ny +2)D¥, (c13)
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o No(N,+2N;)(N; —2) —2N? 1
[Die, [Di¢, Dke]| = -2Nf Lpke SN+ 2)Dke, (C14)

[Dy, Dy, G*]] + Dy, [Dy, G*]]
(Ne+N;)(3N;—2)
Ny

2N, +N;)(5N,—4)
Ny

— —4(N, + NGk ~2(N; ~2)Dk + 2 Ok + (N, ~2)Dke. (C13)

(D5, 105, G*]) + (0%, [DY, G*]] = 3N, D5 = (N + Ny)D5 = (N + Np)O5 + 2Dy, (C16)

(D [G*. D)) + [G*. [DY'. Di]]
= —4[N.(N,+2N;) 4+ 2N(|G* + 4(N, 4+ N;)D5 + 2[N (N, + 2N;) + 2N — 2| Dk

N7 +2N;—4
—2[N.(N.+2N;) —2N; + 8]0 — 2(N,. + N;) Dk + Nipga (C17)
f
[Dy. [G*, OK]] + [G*. DY, OK]]
(N +4) (N =2)
Ny

:_[Nc(Nc+2Nf)_Nf]D§C+[NC<N0+2Nf)+2Nf]013cc+2(Nc+Nf)’D§C+ 015(0’ (CIS)

(G, [0F. D¥]] + [0F, |G, D]
= —24(N,+ N;)D5* — [AN.(N. +2N;) — 13N (| D5 = [N (N, + 2N;) + 4Ok = 9(N,. + N ;) Dk
+ (5N, + 11)D¥, (C19)
(G, [0F, O5°]] + [0%. |G, OF]]
1 1
= —3N (N, +2N;)G* 4+ 3(N.+ N;)Ds — 5 [N.(N.+2N;) —3N;|Dk — 3 [ON.(N.+2N;) — 34N, — 12]O%°

+ (N + N)Dke + 5(N; +2) 0k, (C20)

o NN, +2Ng)(N;—=2)=2N2 ‘

[Die, [D, D) = N, LD+ 2 (N +2)D¥, (c21)
o NN +2N)(Ny—=2)=2N% ‘

[Die, (D, O%]] = W, Loke 5 (N +4)0¥. (C22)

4(N:.+Ny)(Np = 1)
Ny

[Die, (D, DY]] + D, [Dir, DA = =2, D + Dy + N,D¥:, (C23)
(i, [0%, DA + [0, [DY, DAY = 2N, 0% — 20k, (C24)

[D5'. [D5'. G*]] = =2[N. (N, + 2Ny) + 2N;|G* + 2(N + N)D5* + [No(N. + 2Ny) + 2N = 2] D5

3N.N;(N.+2N;)+8N%2—8N,+8 N2 +2N,—4
2 ) 8N = 8Ny Ok — (N, + Ny)Dke + L L " phe
Ny 2N;
Ny +10)(N; =2
| Wy + 100Ny =2) o (C25)

Ny

[P, (0%, G*]] + [0F. [D§'. G*]] = =[No(N, +2Ny) = NfD§* = [No(N, +2Ny) + 4]O5 + 2(N, + N;)Di¢,  (C26)
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. . 3 1
(O, [OF, G¥]) = SN, (N, +2N )G = 3(N + NjJDK + No(N, + 2N ) D

1 7 1
+ 7 [SN(Ne +2N7) = 30N — 12104 = 2 (N, + N)Di + 7 (N +3)D

1
5 (N = 4)0%. (C27)

(D D', DE]] + [P, [Py D]
2(N.+N;)(3N; - 2)
N,

— —4(N, + N;)Dk —4(N; - 2)Dk + Dk 4 2(N, —2)Dke, (C28)

2(N.+Ny)(5N,—4)

(D [, O4]) + [Di. [Di, O] = ~4(N, + N )0k + === 0% (€29)
!
(D5 (04, DY) + [0} [D, D] = ~4(N, +N/)OK = 2N, +N)Ok (€30)

(D, [0, Ok]] + [0, [Di, OK]] = 6N D5 = 3(N, + N;)D5 + (5N + 6)Di¢ — (N, + N;)Dk¢ + 2Dk, (C31)

| ' N% -4
[Dis, [Die, D)) = =2(N,, + N)DA + [N (N + 2N ) + 2N Dk + (N + Ny)Dke + —L—Dle,  (C32)
f
(DY, [0F. D)) + (0%, [DY. D5]) = —4(N. + Nf)O5 = 2(N, + N;)OF, (C33)

0%, 0%, D]
3 1 7
= —2INe(Ne+2Ny) = AN DA = 3(N + N JDK = [SNL(N +2N,) = 38N = 241D} = £ (N + Ny) D

1
+5 (3N, + 10)Df. (C34)

Dy, [Py, DY]
= —2[N.(N,+2N;) 4+ 2N ;D5 + 4(N. + N;)D5* + 2[N.(N. +2N;) + 2N, — 2|D% — 2(N, + N;)D¢*
N3 +2N,—4

I /

Dhe, C35
N, 7 (C35)

[Py, [P, O5°]]
3N Ny(N,+2N;) +8N7 =8N + 8 ok ¢ (N +10)(Ny—-2)

= —=2[N.(N,+ 2N;) 4+ 2N Ok +
Ny Ny

Ok, (C36)

[Di, [0, D5 + (O, [D, D5]] = —4[N.(N. + 2N;) + 2N [JO5 = 2[N (N, + 2N ;) — 2N + 8] Ok, (C37)

[D. |05, O] + [OF. [D5, OF]] = =3N (N + 2N;)D* + 6(N, + N;)Di¢ — [No(N. + 2Ny) — 3N | D§¢
+2(N. + N;)Dk, (C38)
OF. 05 DY
= —24(N,+ N;)D5 —Z[3N.(N. +2N;) — 8N;]Dk — 32(N, + N;)D5* = [3N.(N. + 2N;) — 19N, — 12] D¢

2
11 re
—— (N + N,)Dk +

5 (5N, + 17)Dke, (C39)
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. . 3 1 5
(O[O, Ok]] = - ENC (N, +2N;) Ok — 1 [ON.(N.+2N;) — 34N, — 12]0% + 3 (N;+2)0k. (C40)

2. Flavor 8 operators

) ) 3N2-16 N2 -4
4eb8 [Gla’ [Glb’ ch]] — / dedeGke + f > 6c8Jk7 (C41)
8N 2N?
o 1 1 1 N7+ N;—4
dab8 [Gm’ [sz’ fDlzccH — (Nc + Nf)dCSeer +— (3Nf + 4)dCSeD§e _ {ch’ TS} + f S {GkS’ Tc}
2 8 2 2N
1
_ iche [J2’ er]’ (C42)
Ny

dabS([Déa’ [Gih, ch]] + [Gia7 [D§b7 ch]])

(Ne+Ng)(Ny—4) (Ne 4+ Ng)(Ny—2) 1 N,—4 1
— < cheer ¢ 5c8Jk (N 2 cheDke ch’ T8 - Gk8’ G
N2 42N, -4
f / rrc8el 72 ke
- J=, G*¢|, C43
G (c43)

dabS [Gia, [Gib, 'Dlsgc”
2[N(N.+2Ns) = Ny +2]
Ny

— _4dCSeer _ 56‘8]]{ _ Z(NC + Nf>dCSeD/2<e _ (Nc 4 Nf){Gka T8}

1 1 2 2
— 5 (NC + Nf)ifCSe [JZ’ er] + g (3Nf + 8)dCSeD§e _ N_deSeOl;e + N_f {ch’ {Jr’ GrS}}
N>+2N;-6
+%

N,+2
¥ {GB {Jr, Gy} = {JF AT, T3} + (Np + 2){J*. {G"*, G} } + %5"8{#‘, JkY, (C44)
f f

dubS([Déa’ [Gib, ch]] 4 [Gia’ [Dgh, ch]])
Ne(No+2N;) +4N; -8

1
— (Nf _ 4)d€8€er + 508Jk + E(NC + Nf)dCSefDlzce _ (Nc + Nf>if08e[J2’ er]

2N,
(N +4)(N;=2) N} +2N; =20 N,—6 N;+2 ,
cheDke cheOke / ch’ Jr’GrS f GkS’ Jr’Grc
R vy b SR G+ SO (01.67))
lk c T8\ _ S 7k re 8 Nf_4c82k
+4{J,{T,T}} {J5,.{G",G }}+—N2 5°{J*, J*}, (C45)
f
dah8 [Gia’ [Gib7 013““
1 N.(N.+2N 1
= ZNydSeGre + NeWe £2N7) ses e Ly 4 Nj)d Dk — (N, + N,){Gr, T8}
2 2N, 2 :
3 1 3N%+ 8N, —8 N%+2N;—1
Z(N N + rc8e JZ’er __dCSeDke S cheOke f ch’ Jr’GrS
(N NP2, 6] = el 4 a0l 4 LG (.6
N} +2N; -2 1 N2+ 2N, 4 2
/ / k8 r re k c 78 S / k re r8 c8f 712 Tk
-G, {J,G —A{J AT, T — —n——— {5 {G, G ——0°{J", J"}, C46
N, (GG U T T = S U (G G - ()
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dabS([Gia’ [Oéb, ch]] + [Oéa’ [Gib, ch]])

3N (N, +2N;) 3 1 Nj+N;—4

- _ 5c8]k _ Z (Nc 4 Nf)dCSe'Dlzce 4 Z (Nc 4 Nf)ifCSe []2’ er] 4 chefDl;e

4Nf AN,
N2
I — cheOke {ch {Jr GrS}} {GkS {Jr Grc}} —{Jk,{TC,TS}}
N,+4 N2+ N, —4
S k re r8 S f c8f 712 7Tk
J 4G, G — 5 {J", J*}, C47
TR A A R o (c47)

@ (Dy. [G". D] + G, [} D)

N.+N;)(N;-2 N.+N 1
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@[5 (04, 0%
= 2 (Ne + NODE 77, G} =3 (Ve NI {GH, T} 4 2N, + N Jif {2, 12, G}
+ % (Ny+ 1)dBeOke 4 % (11N} + 6){J2, {G*, {J", G"8}}} — % (5N, + 6){J%, {G* {J7,G"}}}
3 9 9
— NI Gy (U7 GV} + 5 (Ve + NP AR U7, G) )} = (N N2 L2 {GR T )
+ % (Ne+ Np)ifse{ 2 {12, [J2.G*]}} + }l (Ny+4)d¥ Ok + (N +4) {12, {2 {G* . {J",G"®} } }}

_%(Nf +O{P2APAGE TG} _%(Nf +O{2 AT AL G T G (C80)

3. Flavor 27 operators

. . 1 1 1 1
GIS, G18’ ch — _ fc8e 8egGkg _ dc8ed8egGkg 6c8Gk8 dc88]k’ C81
(G, G, GH]) = 5 f5 fhGh H PG (c81)

) . 7 1 1 1 1
[Glg’ [G’S, Dlzcc]] _ _chefSegDIZQJ 4 chedSegD/;} - dcegdSSe'Dég + _5c8D12<8 + _dSSe{er, Tc}
4 2 2 N; 2
1. 1. c8e r o (Ire
=S iG] 4 S i (GE {6, (C82)
[D$.1G%. G| +G*. [DF. G
1 2 1 1
_ Efc'&%efge_q'DI;.‘J + N_éc‘SfDIch + dc'Se{er’ T8} + 5 l'che [er’ {Jr’ Gr8}] + E iche [GkS’ {‘]” Gre}]’ (C83)
f
[GiS’ [GiS’ DI?SCH
3 c8e £8eg kg 5 c8e £8eg kg 3 c8e j8eg kg ceg 188eTykg 1 c8TYk8 1 c88f 12 7k
= = R ROGH 4T e DR - dSedS oD — deeod D! - 5D  de 2,
S /
_ 2{ch’ {GrS’ GrS}} + 2{Gk8, {Grc’ GrS}} _ 3d08e{1k’ {Gre’ Gr8}} + d88€{‘]k’ {Grc’ Gre}}

1 . )
+ che{er’ {Jr’ GrS}} + dSSe{er7 {Jr, Grc}} _ §€klmfcge{Te, {Jl’ GmS}}’ (C84)
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[D5.1G®,GH]] + [G™. [} 6]

1 2
_ zf‘cSefSegD';‘g + N_508D13c8 + chedSegO/;g + 3d€86{Gk€’ {Jr’ GrS}} _ che{GkS’ {Jr’ Gre}}’ (CSS)
f

(G*.[6".0k7]
3 c8e r8eg kg 1 c8TYk8 5 c8e £8eg kg 3 c8e j8eq kg ceg 188¢ (kg 5 c8 (k8
f f
1 1
_ {GkL" {GrS’ GrS}} _ {GkS’ {Grc’ GrS}} + Edcse{‘]k’ {Gre’ GrS}} _ 5d88€{]k7 {Grc" Gre}}
1
_ EdCSe{er’ {Jr’ GrS}} + che{GkS’ {Jr’ Gre}} + d88e{GkC’ {Jr’ Gre}}
1 3 .. )
_ EdSSe{er’ {Jr7 Grc}} + Z€klme8€{Te, {Jl’ GmS}}’ (C86)
(G*.[05.GH]] + [0 [6". 6]
1 1 1 2 1
— _dCSedSegDI;g + _chefSegOéC!] + _dCSedSegngg + _5CSO§8 + —dCSS{Jz’ Jk} _ che{Jk’ {Gre’ GrS}}
2 2 2 N, N,
1 1
_ EdCSe{er’ {Jr’ GrS}} + EdCSe{GkS’ {Jr’ Gre}}’ (C87)
[D¥. [G*. Dx]] + [G*. [D¥, D]

1 1 . ) 1 . )
— _chefSegka + EfL‘SefSeg’Dlg!] + {GkS’ {TC, TS}} _ §€klmf686{Te, {J’, GmS}} +§€ktmf089{T8’ {Jl’ (;me}}7 (CSS)

. ‘ 1 1 1 1. .
[D128’ [D128’ ch]] — _fc8efSegGkg +chSef83gD§g +§fc$ef8eg0§g +§{ch’ {TS, TS}} —§€klmf68e{T8, {Jl’ Gme}}7 (C89)

[DF. [G®. D] + [G®. [DY. D]
— Sifcge[GkS, {]r’ Gre}] 4 che{JZ’ {er’ TS}} _ che{Dlch’ {Jr’ Gre}} 4 3{{]” Grc}’ {GkS’ TS}}
_ {{]” GrS}’ {ch’ TS}} + iche{Jk’ [{]i, Gie}’ {]” GrS}]} _ iche{{Jr’ Gre}, [‘]2’ GkS]}’ (C90)

[DF.[G®, 05] + [G*. [DF, OF]]
1 1 2 1
— %chefSegpég _ iche [GkS’ {Jr’ Gre}] + _chefSegD‘/;g + _5082)/18 + _dCSE{JZ’ {er’ TS}}
2 2 2 N; 2
1 1 1
_ Z{Dkg, {Grc’ GrS}} + 5che{kaS7 {Jr’ Gre}} _ E {{J” Grc}’ {GkS’ TS}} + E {{Jr’ GrS}’ {ch’ TS}}
L. . i L. . L. .
_ Elfcge{-,k’ HJ’, Gle}’ {Jr7 GrS}]} + 5 lnge{{Jr’ Gre}’ [_]2, GkS}} + 5 lfCSe{Jz, [er’ {J’, GrS}]}
1
_|_§ifcge{]2’ [Gks,{Jr,G"’}]}, (C91)
[DF.[G®. Dy]] + [G*. [DF, D]

— _2if68e[er’ {Jr’ GrSH + dSSe{JZ’ {er,TC}} _ d88€{'DkC’ {Jr’Gre}} + 2{{_]”’ GrS}’ {GkS’ Tc}}
+ l'f'cSe{Jk7 [{Ji’ Gie}’ {J” GrS}]} _ l'che{{Jr’ Gre}’ [JZ’ GkS]} + iche{{Jr’ GrS}’ [_]2, er]}’ (C92)

114024-44



BARYON MAGNETIC MOMENT IN LARGE-N,. CHIRAL ... PHYS. REV. D 104, 114024 (2021)

(G, [0F. D] + [0F. [G**. DX]

9 2 1
— 6fc8ef8eng§g + EchefSegD{ig + chedSegD{ig _ dcegdSSeDifg + Nf 5c8fDl£8 + Ed88e {_]2, {er, Tc}}
1 3 o
_ 2{D/2<c’ {GrS’ GrS}} + EdSSe{'Dgc’ {]” Gre}} _ 5l-fCSe{Jk’ [{]” Gze}’ {]r’ Gr8}]}

+%if683{{Jr, Gre}’ [12’ GkS]} _%ifCSe{{Jr’ GrS}’ []2’ er]} _ l'f‘c8€{]27 [er’ {Jr’ GrS}]}
+ l'che{JZ’ [GkS’ {Jr, GreH}7 (C93)

o ‘ 1 1.
(D, (D, DY) = =5 50Dl 42 30Dl 42 (Dl {75, T}, (Cos)

[DF.[DF.G*]|+[DF.[DF.G*]]
— _2ifc8e {er’{Jr’GrSH _ifCSe [Gks,{JV,Gre}] —|—d08€{J2,{er,T8}} _dCSe{'Dlch’{]r’Gre}}
—{{J’,G"'},{Gkg,TS}}+3{{J’,G’8},{GkC,Tg}}—if”se{{J’,Grg}, [Jz,er]}+2if"8"{J2,[Gk“,{J’,Grs}]}, (C95)
[DF.[0F.G*]] + [OF. DY, G*]]

3 1 1 2 1
— 7fc8ef8eg'D§9 4= l'che [GkS’ {Jr’ Gre}] + 7fc8ef8eg'D§9 + 75c8D§8 + 7d08e{‘]2’ {er’ TS}}
2 2 2 N, 2
. T 1 coe r re 1 r rc 1 r X C
- 2{Df.{G".G"*}} +5d S ADE {7, G} +5 WG {G.1%}} —5 {6 S} {G*. T%}}
1 o 1 7 £ coe e r r 1 ; £coe r re
—Ezfcge{{J’,G’S}, [J2, G ]} —5if 8elJ2,[Gre {J", G 8}}}+§lf 8 {2, [G" . {J7.G™}]}, (C96)

[D$.1G%. D)) + (G, [D3. DY
=3 c8e r8eg kg 1 : kim pc8e £8e i m, 5 c8e¢ £8eg kg NC - 18eg Fc8eyky NC - 1c8e £8egTyky
= 3 RUGH 2 jebim fese fSea {1, G} o % feie pherply — S jgen fese DRy — S ideSe peiy
_ 2fc83f8eg0§g + 6dc8ed8eg0§g _ 6dcegd88e(9’3€g + 4{ch’ {GrS’ GrS}} _ 4{Gk8, {Grc’ GrS}}
_ chge{Jk, {Gre, GrS}} + 2d886{Jk, {Grc’ Gre}} + SdCSe{er’ {]r’ GrS}} _ 6d686{Gk8, {Jr’ Gre}}
1 . .
+ 6d88e{ch, {Jr’ Gre}} _ 8d888{er, {Jr’ Grc}} + Z <3Nf _ 8)(,;.kzm]¢‘086{7-ve7 {Jl, GmS}} + idgengSeD]Z‘q
2 ) . ) )
+ N_l'ektm568{J2’ {Jl7 Gm8}} + l'fcge{z)lzce7 {Jr, Gr8}} _ 4l‘€klm{{Jl’ Gm8}’ {GrS’ Grc}}
[
+ 2i€kim{{.]i, Gmc}’ {GrS’ GrS}} _ 2i€rim{Gk8’ {Jr7 {Gic’ GmS}}} + ierinldc8e{Jk’ {J” {GiS, Gme}}}
3., ) 7 o 7
4 Zié‘klmfcaefseb{{.ll, GmS}’ {Tu7 Tb}} + E ifC8e{Jk, [{Jl’ Gw}, {Jr’ GrS}]} 4 iifCSe{{Jr’ Gre}’ [‘]27 GkS]}
7 7 7

_ Eifc'Se{{Jr’ GrS}’ [JZ’ er]} _ 5 l'che{JZ’ [er, {Jr, GrSH} + iifCSe{JZ’ [GkS, {Jr, Gre}]}
_ che{JZ’ [(;ke7 {J” GrS}]} + che{JZ’ [GkS’ {Jr’ Gre}]} + 2[(;k87 {{Jm’ GmS}’ {Jr’ Grc}}]
_ 2{{‘]’”’ Gmc}, [GkS7 {J’, GrS}]} _ iekimfceafegh{{.]i’ GmS}’ {Gra’ Grb}} + chefSeg'DISWJ
_ 2d68€{.]2, {_]k, {Gre7 GrS}}} + 2d88€{]2’ {_]k, {Grc7 Gre}}} + Sche{JZ7 {er’ {Jr’ GrS}}}
+ 8d88€{]27 {er’ {Jr’ Gn}}} _ ekimeSe{JZ’ {Te’ {Ji’ GmS}}} _ 8{ch, {{Jm’ GmS}’ {Jr’ GrS}}}
+ 12{Gk8, {{Jm’ GmS}’ {Jr’ Grc}}} + Z{Jk, {{Jm’ Gmc}’ {GrS’ GrS}}} _ Z{Jk, {{Jm’ GmS}’ {GrS’ Grc}}}
_ 3dC8€{Dke, {Jr’ GrS}} _ SdSSQ{D{CC, {Jr’ Gre}} _ 2€kimfab8{{Ji’ GmS}’ {Ta7 {Grb’ Grc}}}
= 6ie“[{J1, G*} {{I". G"} AT G, (C97)
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[D$.1G%. 04 + [6™. [DF. O]

15 1. . ‘ 1 5 5
chSefSegGkg _ E ieklmchefSeg{Jz’ Gmg} _ 5che'-)t‘ége'gfljl’;!} + 3_2Ncid8egfc8epl3€!1 + 3_2Ncid68ef8egD§!)

5 5
fCSefSegokg chedSBgOkg 5dcegd8860§g - S{GkC7 {GrS’ Grg}} S{Gk87 {Grc’ Grg}}
5 5
_dCSe{Jk’ {Gre’ GrS}} _ _dSSe{Jk’ {Grc’ Gre}} _ SdCSE{er’ {Jr’ GrS}} _dc8e{Gk8’ {]’, Gre}}
5 5
ZdSSe{ch {Jr Gre}} 5d8Se{er {Jr Grc}} _ (3Nf 2) klmeSe{Te {J’ GmS}} dSegfLSeDkq

5 .. ) 21 .
—erk’mécg{ﬂ,{J’,Gmg}} che{Dke {Jr Gr8}}+ klm{{Jl GmS} {GrS Grc}}

f
_ 2i€kim{{.]i, Gmc}’ {GrS’ GrS}} + 2i€rim{Gk8’ {Jr7 {Gic’ GmS}}} _ iierideSe{Jk’ {Jr’ {G[S, Gme}}}
_gleklmfcaefgeh{{.lz GmS} {Ta Tb}}— lche{Jk [{Jl Gte} {Jr GrS}]} iche{{Jr’Gre}’[J{GkS]}

+ RifCSe{{Jr’ GrS}’ [J2’ er]} +1_6if089{J2’ [(;ke7 {Jr’ GrS}]} _ —ifcge{JZ, [GkS’ {Jr’ Gre}]}

+ = 5 dc8e{]2 [er {Jr GrS}]} 5 che{JZ [GkS {Jr Gre}]} + [ch {{Jm GmS} {Jr GrS}}]

16
21
16 [GkS {{Jm GmS} {Jr Grc}}} {{Jm, Gmc}, [GkS’ {]” GrS}]}
5 .. ) 2
+ RieklmfceafeSb{{Jz’ GmS}’ {Gra7 Grh}} + N_f§c8fDISc8 + dL'SedSegolg!l + dL-Se{JZ7 {Jk’ {Gre’ GrS}}}

_ dSSe{JZ, {]k’ {Grc’ Gre}}} _ 2d086{12, {er’ {]r’ GrS}}} _ che{JQ’ {Gk8’ {]r’ Gre}}}

_ 5d88e{J27 {er’ {Jr’ Grc}}} + %ekimfcfﬁe{]2’ {Te’ {Ji’ GmS}}} + S{ch, {{Jm7 GmS}’ {Jr’ GrS}}}

= 5(GR {1 6" . G YY) = A (. 67 AGT. G} = (A (. 674G, 6 )

+ 2dc8e{Dl3ce’ {Jr’ GrS}} + 3d886{D§C, {Jr’ Gre}} + €kimfab8{{‘]i7 GmS}’ {Ta’ {Grb’ Grc}}}

+dieh[{ g1, GBY, {{Jm, G {7, GV, (C98)

[G®. (08, DY) + [0F, [G®. D]
) . 5
_ _3f08efSegGkg + iekszcSefSeg{Jl’ Gmg} + _chefSengéC.(l + 8dc8ed8egD/3€!l _ 4dcegdSSeD13€.¢/

7 e coe k 7 coe e k code e k coe e k ce e k
- gg Nedd™ 0 fEDY e Neid S fReoD! — 28 fReo ! — 2debed O3 + 2deeod™e O

8
+ N_dCSS{JZ’ ]k} _ 4{ch, {GrS, GrS}} + 4{Gk8, {Grc, GrS}} _ 14d08e{‘]k’ {Gre’ GrS}}
f
+ 6d88e{.]k, {Grc’ Gre}} _ 4dC8€{Gk€’ {Jr’ GrS}} + 2d686{Gk8, {Jr’ Gre}} _ 2d88€{GkC’ {Jr’ Gre}}
1 . . 7.
+ 4d883{er’ {]”, Grc}} _ §(3Nf _ 4)€ktmf08e{Te’ {Jl’ GmS}} _ gldSngCSE'Dig

7 . . 9. . .
_ WieklmécS{JZ’ {Jl’ GmS}} + 2ifc86{DI§e’ {Jr’ GrS}} _ Z iektm{{]t’ Gm8}’ {GrS’ Grc}}
!

. . . . 7. . .
+ 4i€k1m{{Jl’ Gmc}’ {GrS’ GrS}} _ 4i€”m{Gk8, {Jr7 {Glc" GmS}}} _ giertdeSe{Jk’ {Jr’ {G187 Gme}}}
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21
32

2 che{{Jr GrS} [JZ er]} + che{J2 [er {Jr GrSH} iche{J2’ [GkS’ {Jr7 Gre}]}

+ %dCSe {JZ, [er’ {Jr’ GrSH} che {J2 [GkS {Jr GreH} 22 [ch {{Jm GmS} {Jr GrS}}]

_'_%[Gk?i’ {{Jm’GmS}’ {Jr’Grc}}] _g{{‘]m’ Gmc}’ [Gk8’ {Jr’Gr8}]}

+ % iekimfceafeSb{{Ji’ GmS}’ {Gra, Grb}} + 2fc8€f89gD/5<9 + 3dc8ed8egD15<g _ 2dcegd886D/5<9
+ Nifécgp’;g + N%dﬁ“{ﬂ, {72,050} = 4{2 {G* {G"®,G"*}}} + 47, {G*,{G™*,G"} }}
_7dc8e{J2 {Jk {Gre GrS}}} + dsse{Jz’ {Jk’ {Grc’Gre}}} _ 2dCSe{J2’ {er’ {Jr’GrS}}}

d88@{]2 {er {J’ Grc}}} ktmche{JZ {Te {J’ GmS}}} +4{ch {{]’" GmS} {Jr GrS}}}
- 4G {6 AT G”}}} =5 6 AGE, G £ 305 ({6 G, G )
+ %dcge{D’;e, {]’, GrS}} + %dgge{'DkC’ {]’, Gre}} + €kimfab8{{Ji’ GmS}’ {Ta, {Grb, Grc}}}
+3ieM {77, G} {7 G {7, G,

[GiS

(OF, 0] + [OF. [6*. 0]
988k1~k'88' 88k423~8 8k923~88kq
:gfc ef egGg_Zle tmfc ef eg{Jl’Gmg}_'_fc ef eg'Dj _aNcld egfc efD3 _aNcldc ef engj

2 27 19 24 5
+ _f§c8'D§8 + 7fc83f8eg013<g + T d686d86g0§9 - dcegdSSeO;‘!J + _508 Ol3<8 -5 {ch, {Gr87 GrS}}

__{GkS {Grc GrS}}+ che{Jk {Gre GrS}} dSSe{Jk {Grc Gre}} che{er {Jr Gr8}}

+ ZdCSE{GkS, {J” Gre}} + ngge{GkC, {Jr’ Gre}} _ EdSSE{er’ {‘]” Grc}}

3(Ny+14) Lim
T

23

: kim508 JZ’ Ji,G’"S
oy, €O AT G

. 23
fc8e{Te’ {]” GmS}} + 3_2 idSegcheDZg +

1' 7 : kim i m r re ; kim i mc r r
— 5 ifADY AT G = i (UL GG, G — it {6 G G

_ _leklmeaefSeb{{Jz GmS} {Ta Th}} _ _ifL'Se{Jk’ [{Ji, Gie}’ {Jr, GrS}]} _%l'fcge{{Jr7 Gre}’ [JZ’ Gk8]}

(C99)

rtm{GkS {Jr {Gu Gm8}}}+ 3 rlmd(,Se{Jk {Jr {G18 Gme}}}+ 69 klmeaefSeb{{Jt Gm8} {Ta Th}}

_ ﬁifciﬁe{]k, [{Ji’ Gie}’ {Jr’ Gr8}]} _ ﬁl‘fc&{{‘]r’ (;re}7 []2’ GkS]} + ﬁl'fc‘Se{{Jr7 Gr8}7 [‘]27 er}}

+ lifcge{J2’ [er’ {Jr’ GrS}]} _lifCSe{JZ’ [GkS, {Jr’ Gre}]}

23 23 39

che{JZ [er {Jr GrS}]} _|_ dCSE{JZ [GkS {Jr Gre}]} _I_ [Gkﬂ"{{]m,GmS},{]r,GVS}}]

32

7

32 [GkS {{Jm Gm8} {Jr Grc}}] {{Jm’ Gmc}7 [GkS’ {Jr’ Gr8}]}

23'imceae i m ra r 1 C c8e r8e c8e J8e k. ce e k:
—ﬁzek f fgb{{J,G 8},{G ’Gb}}+N_f58Dk8 f8f8g0kg 2d8d8909 2988 (1)59

10
_|_N_5c8015<8 _ 6{]2, {ch’ {Gr8’Gr8}}} _ 2{]2’ {Gk8’ {Grc’ GrS}}} +§dc8e{]2’ {]k’ {Gre’ GrS}}}
¥
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_%dSSe{JZ’ {Jk’ {Grc’ Gre}}} + che{JZ’ {er, {Jr, GrS}}} +§d(;8€{J2’ {GkS’ {Jr’ Gre}}}

+ 2d888{]2, {ch’ {Jr’ Gre}}} + %dSSe{JZ’ {er’ {Jr’ Grc}}} + %ekimeSE{]Z’ {Te’ {Ji, GmS}}}
(GG GBI G (7 6L G 4 R (U7 67 (G G
— SR GG G = S dH DY I G = (DY 17,67

1 . . . )
_ §€klmfab8{{Jl, GmS}’ {T“, {Grb’ Grc}}} _ 2i€kzl[{.]z’ Gl8}7 {{Jm7 GmS}’ {Jr’ Grc}}]’ (CIOO)
. . 1 1 .
[DZZS’ ['D128’ 'Dlgc“ _ _EfCSefSegD/;g + EchefSegrDISCQ + {kaS’ {TS, {Jr’ Gn}}}, (ClOl)

) ) 1 1 1
[fD128’ {thZS’ Ol}cc]] _ _ZfCSef8eg'D73<9 _ fc8ef8@g(/)73<g + 5fc8ef8eg015€9 + E {_]2’ {ch, {TS, TS}}}

_ %ekimeSe{JZ, {TS, {Ji’ Gme}}} _%{D12<8’ {TS’ {Jr’ Grc}}}’ (Cloz)

(D [DF. D) + [Df. [DF. D) = ~2fe8e fieopiy 4 fete preopld 4 2(Die (T8 {17, G*}}}.  (C103)

(D, [0F. D¥]] + [OF, [DF. DX
1. 8e £8e c 1 im £c8e 4 i (m
=5 fESSIDY — f IO 4 PG AT T} = Sk fete 2 AT 10, G 1}

6kimfc8e{‘]2’ {T8, {Ji’ Gme}}} _ {Dlzwv {TS, {]” GrS}}}’ (C104)

N =

+

[DF. [DF. G*]]
15 c8e £8eqg 1k 3 i kim rc8e £8e i m 7 c8e r8e kg 5 : 18eg £c8eTykg 5 : jc8e £8e kg
= = [ RIGH — ek fede a1, G} — 2 feSefRIDY 4 N i fR DR N ideSe frerDy

3
+ Echefi%eg(r)/?jy _ Sdc8ed8eg0§9 + 3dcegd88e0§9 _ IO{G](C’ {Gr8’ GrS}} + 10{Gk8, {Grc’ GrS}}

+ Sdc'Se{Jk’ {Gre7 GrS}} _ SdSSe{Jk’ {Grc7 Gre}} _ lodCSE{er’ {]’, GrS}} + SdCSe{GkS’ {j’, Gre}}
5.
41

5 . . 3 11, . .
_ Wﬁ,kzméfS{J{ {J” GmS}} _ El‘che{Dlzce’ {Jr’ GrS}} + 7i€klm{{.]l, GmS}’ {GrS’ Grc}}
f

5 . .
_ 3d88e{ch’ {Jr’ Gre}} + 8d886{er, {Jr’ Grc}} _ EeklmeSe{Te’ {Jl’ GmS}} _ d8egcheD§9
. . . . 5. . .
_ 3i€k1m{{Jz’Gmc}’ {GrS’ GrS}} + 3i€”m{Gk8, {Jr’ {Gw’ GmS}}} _ZierzdeSe{Jk’ {Jr’ {GIS’ Gme}}}
15, ,. . 13 o
_ T ieklmfcaefgeb{{‘]z’ GmS}’ {Ta7 Th}} _ 1 l'che{Jk7 [{Jl’ Gle}’ {Jr’ GrS}]}
13  rc8e r re 2 k8 13 : rc8e r r8 2 ke 13 crc8e f 12 ke r r8
— ST G R G i G A G i G U G )

13 coe r re 5 coe e r r 5 coe r re
—Tf 8elJ2,[G*,{J",G }]}+Zd8 {J?,[Gke {J ,Gg}]}—ZdS {J%,[G*®, {J,G™}]}
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GRG0 {7, GV =GR (107, 678 (7, G + (07, 67 GR, 107, G}

+§i€kimfceaf68b{{‘]i’GmS}j {Gra’ Grb}} +§fc$ef8egD/5€.(l + chedSegOl;y + 2{]2, {ch’ {GrS’GrS}}}
—2{J2{GM {G7¢, GV }} — dSe{J2, {JF {G7e, GV + d3e {2, {JK, {G, G} )

— dSe{J2 GRS, {J7, Gy — 5a88¢{ J2, {Gke {7, G }}} +%€kimfc8e{‘,2’ {T.{J1,G"}}}

+8{G {{J7, G"8 1 {7, G} — 6{GH {{J", G"8 L TGP} + (D, {77, G

+2d38¢{Die {J7,G"}} + 4iek {7, G}, {{Jm, G}, {J", G} Y, (C105)

[DF, [0F, G*]) + [0, [DF, G*]]

3. .. : 1 17 17
_ _3fc86f8e_qug _ E l.€klmfcgef869{.]l, qu} _ chSefSegD:];g + 3_2Ncid89_ngSeD]3€!] + ﬁ]\/'Cl-chefSegz){;g
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APPENDIX D: COMPLETE EXPRESSIONS FROM ORDER O(mq In mq) CORRECTIONS

1. Figures 2(a)-2(d)

The complete expressions for contributions from loop 2(a)-2(d) for Ny = N, = 3 can be organized as
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Using relations (21) and (43) yields the magnetic moments expressed in terms of the SU(3) invariants up, ur, pic, pr, D,
F, C, and H. These expressions read
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+ |:<§D2+§DF+F2+662)”D + <—§D2—2DF—3F2 —ECZ>'MF+ﬁczﬂcj|12(mn,o,//l), (D33)

oop 2a 3 1 1 5 1
5#20 p2d) = [<—§(D ~F)? _§CZ>/"D —E(D—F)zﬂF+ﬁC2Mc+§(D—F)Cﬂr} I)(m,, 0, )
+

23 5 7 1 10 2
[(——02 pr-lp CZ)MD F2(D+ PP+ a0 Cuc + (D + 2F>cMT] Iy (g 0, )

18 3 9
2 ., 4 , 1, 1
+ —§D —§DF—2F —§C ﬂD+§(D+3F)CﬂT Iz(mn,O,,u), (D34)

2 1
5ﬂ5€oop2ad) _ |:<_§D2 _ 5(:'2)/”)] 12<mm0”u)
7 2 7 2 2 2 1

4
+ |:_§D2ﬂD:| I,(m,, 0, ), (D35)
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00] a 1 1 31 1
5”&32 D = [—602/@ - ECZﬂF + <C2 + §H2> He + §CH/4T:| 1r(my,, 0, )

1 1 19 1 2
+ {—gczﬂn - Ecz/"F + (Cz + 5—4H2>Hc + §CH/"T:| Ir(mg, 0, p) + {ﬁ Hzﬂc] I,(m,,0,u),  (D36)

von 2 1 1 41 1
5ﬂg+ p2ed) |:_§cz/4F + (562 + @Hz)ﬂc + ﬁCHﬂT:| Ir(m,,0,u)

1 1 1 17 2 1
+ [_EczﬂD —ECZMF + (502 + 8—1H2>ﬂc + ﬁCHﬂT] Ir(mg, 0, 1) + [ﬁHzﬂc} I,(m,,0,p), (D37)

1 1 11 1
5#1120[) 2 = [6 CPup — ECZ#F - EHzﬂc - ECHMT] Ir(m,, 0, )

11

I, 1, 5 1
+ { EC ﬂD+6C Hp T+ 162H /‘C+ﬁCH/4T]12(mK’O7ﬂ>7 (D38)

00; al 1 1 7 1
5/‘27 p2ad) |:§CzﬂD + <—§C2 _ ﬁ,"ﬂ)ﬂc _§C’HMT:| Iz(m,,,O,,u)

1 1 1 2 1
+ [—862/40 + §C2/4F + (—ECZ - ﬁ}ﬂ)/lc] Ir(mg, 0,p) + [—ﬁHzﬂc] I,(m,,0,u), (D39)

(loop 2ad) 5 0 1 ) 5 ) 19 5
gulowd) _ | _ 2 o2, ey I(m,, 0,
. [ 36" Ho TR T <12 +81H pe | Ir(my, 0, p)

o, 1, 43N
+[lgc/@ 6CMF+<SC 21 e + S CHup | L. 0.1

1 1 1
—|— [—ECZﬂD - ZCZ,MF + ZCZ#C] IZ(mﬂ’ O? ﬂ)7 (D40)

1

(loop 2ad) 1 2 1 2 1 1 2
. = | = S 20, - _ ,0, - 0, 1), 4
Ofo [366 UD 27C’H,uT} 12(m 0 ,u) + [180 UD +27C'HMT} Iz(mK 0 /,4) + [ 12C UD Iz(m,7 0 /,4) (D 1)

S

(loop 2ad) 2 1 2 2 1 2
6#2 |: C ,MD+ 1 C //lF+ < 1 C 1H He — CH/zl] z(m;z,O,,u)

1,1, 1, 43, 1

1 1 1
+ {— EC2MD + ZCZMF - Zczﬂc] Ir(my. 0, ), (D42)

(loop2ad) l ) i 2 _i
5/‘_3*0 - |:6C HF + 162H Hc 54CH/’LT 12(mﬂ70’lu)

11

1 1 1
- ECWT} L (mg. 0, p) + [—czm) T EC’HM] L(m,,0,4), (D43)

o L
+ {—gc ,“D—gc HE — 6

(loop 2ad) 1 o 1 0 1 ) 17 ) 1
sem = |— +— + == -— - I
Ops [IZC Up 12C U ( 4C 162H He 27CH,uT 2(my, 0, 1)

1, 1, 1, 29, 2
+[6CﬂD+6CﬂF+< ZC 81H Hc 27CHﬂT I (mg, 0, u)

2 2 2 2
[ — - — - [ D44
+ 1 C HUD + C HF C H Hc 2(}’}1,1,0,[/!), ( )
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1 1 19 1 4
Sy = {6 Cup +5Cur + (—02 - 5—4H2>MC - §CH/4T] Iy(mg,0, 1) + [_ﬁHzﬂC] Iy(m,,0,u),  (D45)

7 11 5 1
fé (loop 2ad) |:<§D2 + 3F2 +ECZ>MD - 2DFﬂF _§C2MC _E(D + 6F)C/’lT:| IZ(mrnOHu)

Hson
3,15, 4, 5 4 2
+ [<2D + 2F —|—3C up — DFup 18C/4C—|— 9D 3F Cur | Ir(mg,0,u)

2 1 1
+ [(gl)z + ZCZ)HD - gDCﬂT] I5(m,, 0, 1),

(D46)

00 al 2 2 50
ooy [g + F)Cup +3 (D + F)Cup = o7 CHuc

25 43 5
(D+F) —E(D—FF)H—@C —2—16H ),LtT:|12(m”,0,ﬂ)

2

+

l—|/\l—|
—

\Dll\)/\
oolw

EENS 3.5 17 5
— DF—>F>— _FH—— ——H? I
R L Lt LA T T A )“T] 2 (. 0. )

1 1 3 5
( 23D+ DF =S F (D = 3F)H 216H )ﬂr] 2(m,. 0. 1), (D47)

+

_I_

2 50
D+ F)Cup +§(D+F)C/¢F ——CH,uc

—

loop 2ad) g
3

25 43 X
(D+F) —m(D—FF)H—mC —RH >/47}12(m,,,0 ﬂ)

2
3 (D= F)Cur — —CH,UC

5 13, 5 1 ,

(D + 3F)Cup +

_|_

l—|/\l—|
p—

\Dll\)/\
oolu.)

_I_

1 1 3 5
+ (— D*+-DF—--F*+——(D-3F )H——H2>MT]IZ(m 0,u), (D48)

24 4 8 108 216

4 3 5 67 5
6oulo D D —D*— = DH——C*——H? | uy |I,(m,,0
V6 Cpp + 3 DCpy = CHﬂC+ 1 57 DM =130 C = o 1 Jur | (e 0. p0)

2 10 Lo gmy_ M S,
+|:2FC,UD+3DC,L£F 27CH,MC+( 4(D +9F?) 54(D—|—9F)7'{ 36C 277-{ wr [ I(mg, 0, u)

2 1 1
+ |:§DC/1D + <_ZD2 - EC2)/’£T:| Iz(m,?,o,//l), (D49)

2 1 1 5 23
(loop2ad) = I L - =2 Y
V28 n ) = 9(D+2F)C/4D+( D= F = FH 432(: 162% )M]12<m,,,o u)
+12Fe +2DC —CH + 1(D2+F2) 5(D+F)H 1 o —HZ 1,(mg. 0, 1)
— = - - - - mg,
9 HD HF He 4 54 108 Hr [La\Mg, U, U

2 r 5
+|:§DCMD+< ED mc )ﬂT}IZ(m 0, p), (D50)
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00D 22 10 2 10 1 5 1 5
\/_5 ;HIZ)%d - |: FCH]_) +—FCﬂF+—CHﬂc+ <—6(D2+6F2) —Q(D—i-SF)H—ng—ﬁ?ﬂ)/lr]lz(mﬂ,o,,u)
2 70

+ 5
+< %DQJFF2

1 10
54(D+3F>H—§Cz—ﬁH2>ﬂT:|Iz(mK,O,ﬂ)
2 I
+ §D Up + 3 DCMF+ _ED —ﬁC pr |12 (my, 0, ), (D51)

00p Za 4 5
V28 z] gg Y §(D 2F)Cup _—FCMF CHﬂc+ (

1
54( —F)H+5—462>MT:|12(W£”,0,#)

2 2 5 1
—(3D-F) D+ F — ——(D—-FYH —-—C? 1 0
{ . CuD+3< +FCr 1 CHc 4 (= 35 (D = FIH = 55C | (i 00
2
00] a 2 10 3 5 25
\/_5 ’_10202d = g(D_F)CﬂF_S_ICHﬂC+ <—§<D—F) +ﬁ(D F)H—mc _RH2>”T:|12(’"7HO //l)
2 2 50
+ S lpp g 5(D+2F)H T 2gp L (mg, 0, p)
_ 2 p2__ _Trp2_ - = m
- 270 T4 T 108~ 36 JHT|TRVIKLH
+ 2(D+3F)c + Lpr Ipp3p 3 (D +3F)H 62 HZ I,(m,, 0, u)
9 Hp 247 T4 8 108 216 " KT |2V T
(D53)
loop2ad 1 1 5 5 >
V25ul0%? §(D-F)cyD+§<D—F)(ZyF—g—lczWC+ G (D-FH+g, c pir | I(m,., 0, 1)
2 2 5 :
+ §(D 3F)CﬂD_§(D+F)CﬂF 1CHﬂc+ —Q(D F)H——C pr | I (mg, 0, p)
1 1 5
+ §(D—|—3F)C/4D —|—3 (D +3F)Cup —|—ﬁCH,uc I,(m,, 0, ). (D54)
2. Figure 2(e)
The final expressions for the loop contribution Fig. 2(e) simply read
(loop 2e) 5 1 5 1 1 1
n = I , U, A - 1A - I s Uy El D
op Lz"h t5m +36m3] 2(mg, 0, 1) + Lz"ﬁ 132 T 3gms 2(mg, 0, ) (D55)
5 1 5 1 1 1
6”;100[)26) _ |:_Em1 — Emz —%m3} Iz(m,,,O,,u) + |:—§m1 —gmz —§m3] Iz(mK,O,M>, (D56)
00 € 1 1 1 1 1
5#%* P2 = [§m1 +6m2 +§m3:|12(m7r’0’/’t) + [_Eml +Em2 —%”4 I (mg, 0, p), (D57)
5 (loop2e) 1 1 I D
o = |=gMm ™M 2(mg., 0, ), (D58)

114024-84



BARYON MAGNETIC MOMENT IN LARGE-N,. CHIRAL ... PHYS. REV. D 104, 114024 (2021)

5 1

00D 26 1 1 1 5
5M(zl+ P = |:_m1 ) —9’”3} Ir(mg, 0, ) + [—12’"1 M —36’"3]12(’"1@07#)’

oo e | | 1 | 1 1
5;“(3 P = [——ml +Em2 36’"3]12(’";1,0 1)+ { my +6m2 +9m3}12(m,(,0 1),

g (algopze) = L]_Zml —%mz +3]_6m3] Ir(my, 0, p) + {152"11 +%m2 +356 3] L (mg,0,p),
5/4X00p26) = Bml +1—12m3] Ir(mg,0,p),
V3ol — Hm —ém3]lz<m,,,o,u> [ i —gmg]zxmmo W,
5#23?26) = |:_2ml —Zmz —ima] Ir(mg, 0, ) + |:_iml —Zmz —jm3] Ir(mg, 0, p),
5/42301026) = |:_%ml —%mz —%m3] Iy (mg, 0, p) + |:_%m1 —%mz —%ma] 2(mg, 0, p),

1 1 5

loop2 1 1 5
6,u<A‘3°p ©) = Lml +ym +Em3:|12(mﬂ’0 1)+ [—Z"h —2Mm —Em3} Iy (m, 0, p),

loop 2e 3 3 5
5ﬂ(Af p2e) _ |:Zml +Zm2 +Zm3 Iz(m,,,O,pt),

R 1 15 1 1 5
Sy = {‘5’”1 —5m —6m3] Ir(myg, 0, p) + {—Z"ﬁ —gm _Em3] I (mg, 0, p),

5/4; op 2e) -0,

1 1 5 1 1 5
Sulloor?e) — [§m1 +tom +5m3] I(mg.0,p) + {4"11 tam +Em3} Ir(mg, 0, ),

oop 2e 1 1 5 1 1 5
5,“(51*0102) = |:_Zm] —3Mm —Ems} I(mg, 0,p) + |:Zml +4_1m2 +Em3} Ir(mg, 0, ),

1 5 1 1 5
5/42391326) = [Zml +—-m, +Em3] I(m,, 0, 1) + {E’m +t5m +8m3} I,(mg.0, 1),

e 3 3 5
5#890132) = [4’711 +Zlm2 +4m3} I,(mg, 0, ),

1 1
3™ _6m4] I (mg, 0, ),

00] e 2 1
\/_5 l P2 = |:—§m1 —§m4]12(m,,,0,//t) + |:
2 1 1 1
V26u kmpze = {—57711 —§m4]12(mm0,ﬂ)+ {—gm —6m4]12(m1<,0,ﬂ),

00 c 1 1
\/_6 (1 P2 — |:_ml _2m4:|12(mﬂ70”u) |:—2ml —4m4:| (m](yo ,Ll)
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00 € 1 1
V26u 10502 = |:_§ml —Zm4}lz(m1<,01ﬂ),

00 2¢ 1 1 2 1
V28 zl+§~% = |:_m1 —6’"4]12(’"”’0’#) + |:_ml —3”14]12("11007#)’

3 3

1 1 1 1
V265 21005*26 = |:§m1 +8m4:|12(mn"0’ﬂ)+ [—§m1 —gmzx}lz(m[oo’ﬂ),

(loop 2e) 1 1 2 1
\/_(S . OBO = |:—§m1 —6m4]12(m,,,0,ﬂ) + |:_—m1 —§m4 Iz(mK,O,/,l),

3

e 11 11
V26 j*_EE = |:§ml +8m4}12(mn,0’l4) + |:_§ml —8m4}12(mk’0»ﬂ)-

(D77)

(D78)

(D79)

(D80)

(D81)

The use of relations (21) to rewrite the above expressions in terms of the SU(3) invariants up, up, pc, and pp yields

loop 2e 1 1
o) — 3 (up + )2 (mg, 0, p) + 3 (up = ur)l2(mg. 0, ),
(loop 2e) 1
Spp == (up + up)la(mg, 0, p) — pply(mg, 0, ),
2
(loop 2e) !
Opty- = pply(m,, 0,p) = ) (up = pr)l2(mg. 0. ),
1
5,“%?01)26) = —EﬂDlz(vaO’/‘)’
(loop 2e) 1
Optyr = —pply(m,, 0, p) = 5 (up + pr)lr(mg. 0, p),
(loop 2e) 1
Ops- - _E(ﬂD—ﬂFﬂz(mmO’/‘)"'/‘FIZ(mK’O’“)’
(loop 2e) 1 1
Sz = (up = ur)la(mg, 0. ) + - (up + pp) 1> (mg., 0. ),
E 2 2
(loop 2e) 1
Spp = Eﬂplz(mlo(),ﬂ)’

1
(loop 2e)
V35 ngp = —uplr(m,, 0, p) _EﬂDIZ(vaOvﬂ)’

loop 2e 3 3
5H(A++p )= _EﬂCIZ(mmO’ﬂ) - EﬂCIZ(vaOn“)’
(loop 2e) 1
5ﬂA+ = _EﬂC12<mﬂ707/’t) _/’{C12<mK’0’ﬂ)7
(loop 2e) 1 1
Ot po = Eﬂclz(mm()’ﬂ) - Eﬂclz(mlo 0, p),
(loop2e) 3
5/1A— _Eﬂclz(mﬂ’07ﬂ>$
(loop 2e) 1
Ophys = —pcly(m,, 0,p) = 5/”C12(ml(’07 1),
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sl =0, (D96)
(loop 2e) 1
Pl — MCct2 Y AHCL2 K>V )
S = picly(my, 0. 1) + 5 pcly(mi. 0. ) (D97)
5 (loop2e) 1 1
Moo = _EMCI2(mﬂ’07M) +§ﬂclz(m1<707ﬂ), (D98)
oop 2e 1
5:“'<= p2e) EluCIZ(mmO’/’t) +/’£C12(mK7O7M)’ (D99)
(loop 2e) 3
Opg- = Eﬂclz(mlo 0, 1), (D100)
100p2e 1 1
\/_5 = EMTI2(mﬂ7O’ lu) +6ﬂT12(mK70Hu>’ (DlOI)
Vasuter® — L gm0 L 0 D102
Aon _giuT Z(mn'7 ’/’t) +6ﬂT Z(mK7 ’Iu)’ ( )
Vesuler — L gm0 Lt 0 D103
$HOp SHT 2(my, 0, ) +ZﬂT 2(mg, 0, p), ( )
o 1
Vaouginn = Zurhy(mi, 0.p), (D104)
Vasuler — L gm0 Lt 0 D105
Hyeist gﬂT Z(mm aﬂ) +§HT 2(’"1« ,,u), ( )
(loop 2e) 1 1
V26ug 5 = —gﬂrlz(mn,O,ﬂ) +6/4T12(mK’07ﬂ)7 (D106)
(loop 2e) 1 1
\/_5 Howogo ~ = EﬂTIZ(mmOwu) +§ﬂ712(mk,0’ﬂ)s (D107)
100p2e 1 1
\/_5 - = —gﬂrlz(mwo,ﬂ) + gﬂTIZ(mKa()’ﬂ)- (D108)

APPENDIX E: COMPLETE EXPRESSIONS FROM EXPLICIT SYMMETRY BREAKING CORRECTIONS

Contributions to baryon magnetic moments due to explicit SB for Ny = N, = 3 read

V3658 7m1 +% 11 %n}'s—%n;s—éné's % 1,10+10 %mi‘”—éi’é'”, (E1)
V36uSP _—m1 +é +;I’l1 +;n§8+;m;“’+ﬁ+§m;”+%m§-27+é‘§27, (E2)
V36uSP _—m1 +% +én1 118 §8+$E§’27, (E3)
\/_5/4 —fm1 +% l—énis %n?%—ééé‘n, (E4)
\/—5ﬂ _5 }1+%mé’l—l—én%'s—i—éné's—1—%11;’8—%mé’lwﬁ—i—%m;”—i—%é;n, (E5)
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V2oush, | = gn}8+6 ;8—50;27, (E22)
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