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Nucleon masses and magnetic moments in a finite volume
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We compute finite-size corrections to nucleon masses and magnetic moments in a periodic, spatial box of
sizeL, both in QCD and in partially quenched QCD.
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. INTRODUCTION 2 fm<L<4 fm. Chiral perturbation theory)PT), which

Impressive progress is being achieved in deriving theProvides a systematic description of low-energy QCD near
properties and interactions of hadrons using lattice QCD. I4he chiral limit, is the appropriate EFT to exploit the hierar-
several instances, lattice methods are making predictions &fY of Eq.(1) and to describe the dependence of hadronic
hadronic quantities at the several percent Igigl Despite ~ Observables o [3,5-7. Recent work has investigated the
remarkable technical advances, current computational limitafinite-volume dependence in the meg@a-16| sector and in
tions continue to necessitate the use of quark massgs, the baryon[17-21] sector. In this paper we compute the
that are significantly larger than the physical values, latticdeading finite-volume dependence of the nucleon masses and
spacingsa, that are not significantly smaller than the physi- magnetic moments in baryogPT, including theA as an
cal scales of interest, and lattice sizesthat are not signifi- explicit degree of freedorh.The finite-size dependence of
cantly larger than the pion Compton wavelenf#h There-  the nucleon mass was first studied in Réf], and has re-
fore, lattice QCD simulations of hadronic physics requirecently been computed t®(m?) in baryon yPT (without
extrapolations in the quark masses, lattice spacing and lattiGgcluding the A as an explicit degree of freedonn Ref.
size, and ultimately it is confidence in these extrapolation?ZO]_ (Some discussion of the effects of theon the finite-
tha'; will allow a confro_ntation between lattice QCD and ex- ;0 dependence of the nucleon mass appears in K&
periment. l_:ortunately, in many cases, the dependence of had— We also give expressions for the finite-size dependence of
ronic physics on these parameters can be calculated analy{He nucleon masses and magnetic moments in partially

cally in . 'the Iovv.-energy. effeptlve f'eld. theoryEFD). quenched QCDPQQCD, including strong isospin break-
Calculability requires maintaining the hierarchy of mass. ) . . .
scales ing. The cost of S|mu_lat|ng dynamical quarks with light
' masses suggests varying the sea and valence quark masses

separately in the lattice QCD patrtition function, a procedure
known as partial quenching. This procedure has important
- ) ) ) advantages beyond issues of cost; by increasing the dimen-
where |p] is a typical momentum in the system of interest, sjonality of the parameter space that is explored, lattice QCD
m,, is the pion mass and,~22xf is the scale of chiral  gimuylations can provide additional “data,” which can signifi-
symmetry breaking f(=132 MeV is the pion decay con- canily improve the quality of extrapolationgPT has been
stanh; Ina ipat|al bo>iof sizé, momenta are quantized such oytended to describe both quenched Q[ID,24-27 with
that p=2xn/L with neZ. The hierarchy of Eq(1) then  quenched chiral perturbation theory ¥®T) and PQQCD
requires maintenance of the additional inequality>1.  [12,28—-31 with partially quenched chiral perturbation
This bound ensures thaton-pionig hadronic physics lives theory (PQPT). Recently, meson and baryon properties
inside the box. In addition, the bouneh(L)?(fL)?>>1 en-  have been studied extensively in bothyPX [26,27] and
sures that the box size has no effect on spontaneous chirelQyPT [32—-36. The effective field theory describing the
symmetry breaking3,4]. These two bounds, taken together, low-energy dynamics of two-nucleon systems and nucleon-
then imply that we must havem,L=1. When hyperon systemsin PQQCD has also been explB@d39.
(m,L)?(fL)?<1, and thereforem,L<1, momentum zero This paper is organized as follows: In Sec. I, the leading
modes must be treated nonperturbatii@y4] and one is in  finite-size corrections to the nucleon masses are computed.
the so-callede regime. The same is done for the nucleon magnetic moments in Sec.

Here we will consider the range of pion masses,lll. We conclude in Sec. IV. Mathematical details and the
139 MeV<m <300 MeV, and therefore we will také  partially quenched extensions of the QCD resiltsluding
=2 fm, keeping in mind that the EFT may be reaching thestrong isospin breakingare left to the Appendixes.
limits of its validity when this bound ok is saturated, par-
ticularly when the pions are light. For the observables con=——
sidered here, finite-volume effects tend to be small lfor  Recent wor22,23 has suggested that for certain observables, a
>4 fm. It is therefore of interest to have control over therearrangement of the chiral expansion may improve convergence.
finite-size dependence of hadronic observables in the rang#e do not utilize these modified chiral expansions in this paper.

|§|,mw<Ax<a*1, (1)
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FIG. 1. One-loop graphs that give contributions of the form
my % to the masses of the proton and neutron. A solid, thick solid,
or dashed line denotes a nuclednresonance, or meson, respec-

tively. The solid squares denote an axial coupling.

Il. THE NUCLEON MASSES

A. The infinite-volume limit

For purposes of setting notation, we will begin by review-
ing the derivation of leading terms in the chiral expansion of
the nucleon mass. The relevant leading baryon mass opera-

tors in two-flavoryPT are

L=iNv-DN+2ayNM_ N+ 20y NN tr[ M. ]
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where
A—JAZ—m?+i
F(mA, )= (m?—A2)| JAZ—mZ log a
A+ JA%2—mP+ie
o ] Zamed ).
—Alog| —| |[— 5Am%log| — |,
g ,U/2 2 g /-LZ

and A is the A-nucleon mass splitting. Here we have used
dimensional regularizatio(@im reg with the modified mini-
mal subtractiorMS scheme to define the divergent loop in-
tegrals andVo(x) andM®(w).

B. Finite-size corrections

In the infinite-volume limit, the nucleon mass may be
written as

2

_ _ — 99
—iTH - DT, +ATHT,, ) Mn=Mo(R)—2m(ay+20y)(R) I 2_1:2173(0010)
where the chirally invariant mass operator 81, 2
=3(e'myeT+emé), with my=diag(m,,my), and & A0 (30,A) @
=exp(m,7,/f) is the usual two-flavor Goldstone matrix. The g2 TRED
relevant leading axial operators are
o o where
L=2gaNS*A, N+ g N[ T2PPAS Npecg+H.cl.  (3)
_ . . 1 d*k k2
The mass of théth nucleon has a chiral expansion of the Zr(,A)=— §f 4 2 c 2
form R (2m)% (kg—A—ie)(kg—k“—m_+ie)
Mi=Mo(s) =MP () =M (w)+ ... @ ©
I Here R denotes the choice of ultraviolet regulator and a
(a) a
where a termM;® denotes a contribution of orden,, and .o ko D < hene.

i =p,n. The nucleon mass is dominated by a term inykra
Lagrangian,M,, that is independent ofn,. Here A, the

A-nucleon mass splitting, is assumed to be of the same chiral

order as the pion ma$40,41. Each of the contributions in

Eq. (4) depends upon the scale chosen to renormalize the

theory. While toO(mj), the objectsM, and M ) are scale
independent, at one-loop levad(m3?), they are scale de-
pendent. The leading dependence upogp, occurring at

O(my), is due to the operators in E@) with coefficients

ay andoy . The leading non-analytic dependence upagp

arises from the one-loop diagrams shown in Fig. 1.

In isospin-symmetric QCB,with mu,md—>ﬁ one finds

the nucleon mass at one-loop order in the chiral expansion

[42]1
Mn=Mo( ) = 2M(ary +20) (1) — Zgims
BN |, ®

In a spatial box of sizé, Z;, generalizes to

Tr(L,A)=i

5 f dky k?
3\ L3 ) (27) (iky—A)(K2+K2+m2)
9
where we have rotated the integral to Euclidean space and
accounted for the quantization of the momentum levels due

to the periodic boundary conditions. Feynman parameteriz-
ing and explicitly evaluating th&, integration lead to

1= [1 & k2
_Igf (Fzﬁ [k2+B ]3/2)’ (10)

wherei=\2+2\A+m?2 . We can now write the finite-size
corrections tdZ, as

Tr(L,A)=

3n dim reg withMS,

l

2The nucleon masses, including strong isospin breaking, may be
obtained by taking the QCD limit of the partially quenched expres-where F(m,,0,u)==m3, which recovers the results of

sions given in Ref[33].

Eq. (5.

034507-2



NUCLEON MASSES AND MAGNETIC MOMENTS INA . .. PHYSICAL REVIEW Dr0, 034507 (2004

1.1 T T T T T 0.1 E T T T T 3
—— m_= 100 MeV E E
. m, =200 MeV JoN: —m,=1H My 4
..... m. =300 MeV EoRE ——-m =300MeV| 7
. i 0.078 Lomi=300MeV| 3
= - 00 _
o <
\Z 1 Z
= 2_1
| [2=)
%) .03
0.9 -0.01 E | | |
0 2.0 25 3.0 35 40
(a) L (fm) () L (fm)

FIG. 2. Left panel: The ratio of the asymptotic formula, ELj?), to the exact formula, Eq16), as a function ot for various values of
m_.. The solid, dashed and dotted lines correspona te- 100, 200, and 300 MeV, respectively. Right panel: The ratio of the nucleon mass
size dependence to thmfinite volume nucleon mass vk. The solid and dashed lines correspond to QCD with=139 and 300 MeV,
respectively. The dotted line corresponds to PQQCD with= 139 MeV andm’ =300 MeV.

SLI(A)=Tx(L,A)—Tr(,A) HereK,(2) is a modified Bessel function of the second kind.
With A=0 the integral oveih can be carried out explicitly
. (see Appendix Aand one has
R N Y
~6Jo T T k2 g3
o > >
L K(0)=—§miz (LIn)"texp(—L|n|m,). (15
2 n+0
—Bi0| == |, 11
BA L [k2+’8i]3/2):| ( )

Notice that this function contains no power-law corrections.

where 8, (f(|K|)) is defined in Eq(A1) of Appendix A. No- Finally, we have

tice thats, Z(A) is a purely infrared quantity and, as such, is
independent ofR.* Using Egs.(7) and (11), the finite-size 392 93
corrections to the nucleon mass may then be expressed as OLMy=— SWZfZK(O)_:S’]TZfZ

K(A). (16)

OLMN=My(L) —My() . . .
This is the exact formula for the finite-size corrections to the
993 493, nucleon mass at leading order in baryg®T. In Fig. 2(right
=i ?5@(0)—' 2 oL ZL(A). (12)  pane), the ratio of the nucleon mass size dependence to the
(infinite volume nucleon mass has been plotted against the
box sizeL for various pion masses. The solid and dashed
Using the “master” formula, Eq(A6), derived in Appendix |ines correspond to the QCD formula of EQ.6) with m,,
A, we find =139 MeV and 300 MeV, respectively. The dotted line cor-
responds to PQQCD in the isospin limit taken from Egj7)
with m,=139 MeV andm’ =300 MeV. We use the param-

SLI(A)=— ﬁ’C(A), (13 eter setf=132 MeV, ga=1.26 andg,y=1.4.
where C. The asymptotic limit
. Using Egs.(15) and(Al1l), in the largek expansion one
K8)= [ ana S LI Kl pali) has
. 9gim2  4giym3? 1
— BaKo(LBaINDT. (14 S My= 87rf2 + (2m)322 AL? L exp(—m.L),

17

“This implies that finite-volume effects should be independent of 5
the lattice spacinga, which appears implicitly as the ultraviolet Where 6 My— S°My=O[exp(—m,L)/L%?]. In the My— o
cutoff 7r/a in all sums and integrals. limit, the leading term in the largke-expansion is in agree-
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Here again we have used dim reg wMsS. In the limit A
—0, Zim,0,u)=m.
e N\ 'd ~
’ \ 14 \
Y * - — — TR ;
N N N N B. Finite-size corrections
(a) (b) In the infinite-volume limit, the nucleon magnetic mo-

ments may be written as
FIG. 3. One-loop graphs that contribute to the proton and neu-

tron magnetic moments. A solid, thick solid, or dashed line denotes _ - AiMyf 2, R

a nucleonA resonance, or a meson, respectively. The solid squaresu= g+ w1 73— Q0 gaJr(=,0)+ §gANJR(W,A) T3,
denote axial coupling and the solid circles denote a leading-order f

electromagnetic interaction. (21
ment with Ref[20] and in disagreement with Rdf7].° Fig- where
ure 2 (left pane) plots the ratios{'My /5, My as a function

of L for various pion masses. Clearly the utility of E@7) is

purely aesthetic; even with heavy pions, the asymptotic for-
mula Eq.(17) is not accurate foL. <10 fm. This points to

the importance of exponential corrections; fmezl _Therefore, the finite-size corrections fioare
convergence of the momentum sums requires keeping

terms with |[n|>1, i.e. one must include corrections of
Ofexp(=njm,L)].

d
Ir(®,A)= ——Tp(*,A). (22
om

m

SLp=p(L)— p(x)
4iM

2 ~
2 2
=— OLJ(0)+ =gxnOL J(A . (23
IIl. THE NUCLEON MAGNETIC MOMENTS f2 9oL 70) 9gAN LJ(R)|7s. (23

A. The infinite-vol limit
_ o .e e volume m _ Using Egs.(13), (14) and(22), and the properties of modi-
With the finite-size corrections for the masses, it isfied Bessel functions, it is straightforward to find

straightforward to get the magnetic moments. The leading
operators contributing to the nucleon magnetic moments are i

SLIA) = 5 2)A), (24)

L F(moNo#*' N+ uNo#'73 N),  (18)

e
My where

whereF ,, is the electromagnetic field strength tenddg, is © . . .

the physical value of the nucleon magg, is the isoscalar y(A)Ef d)\z [3Ko(LBaIN) = (LBAINHK(LBAIND]T.

nucleon magnetic moment,; is the isovector nucleon mag- 0 nzo

netic moment ana}, = 5 (&' &+ £72¢7). (25
In isospin-symmetric QCD one finds the nucleon Mag-\nith A=0 one has
netic moment matrix at one-loop order in the chiral expan-
sion[43-44 as -
N0)=—>m, > (1-2(L|njm,)~Hexp(—L[n[m,).
R R My ) 2 ) R 2 n#0
W= ot paTs™ gz | GaMy++ GOANTF 7+ | 3. (19) (26)
_ o Finally one arrives at
The scale dependence is left implicit. The proton and neutron
magnetic moments are the diagonal elementg oThe first R My 2 .
term within the brackets is from Fig(& while the second o= s giy(0)+ §g§Ny(A) T3. (27)
term is from Fig. 8b). The functionF=Fm;,A,u) is 67
This is the exact formula for the finite-size corrections to the
A—JAZ—mZ+ie

nucleon magnetic moments at leading order in baryB.
A+ VAZ—mi+ie In Fig. 4 (right panel, the ratio of the proton magnetic mo-
) ment size dependence to tfiefinite volume magnetic mo-
_A Iog(m—) (20) ment has been plotted against the box dizdhe solid and
w?l dashed lines correspond to the QCD formula of q) with
m_,=139 MeV and 300 MeV, respectively. The dotted line
corresponds to PQQCD in the isospin limit taken from Eq.
SFor a detailed discussion of this disagreement, see[Réef. (B11) with m,=139 MeV andm’ =300 MeV.

aF(m,A,pw)=A%?—m?log
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FIG. 4. Left panel: The ratio of the asymptotic formula, E2@), to the exact formula, Eq27), as a function of. for various values of
m_.. The solid, dashed and dotted lines corresponchic=100, 200, and 300 MeV, respectively. Right panel: The ratio of the nucleon
magnetic moment size dependence to(thénite volume nucleon magnetic moment s The solid and dashed lines correspond to QCD
with m_=139 and 300 MeV, respectively. The dotted line corresponds to PQQCDmyith139 MeV andm® =300 MeV.

C. The asymptotic limit APPENDIX A: FINITE SIZE CORRECTIONS
Again using Eqgs(13), (14) and (22), together with Egs. 1. The master formula
(26) and (A11), in the largek expansion one has We wish to evaluate
5L/,:L: B MNg,ZL\rznﬂ-/ _ 2 4M NgiNmi—/Z 11/2 s ; _ i 2 ;
2mf® 17 miL] T g2me? AL " [F2+M2]”‘) L34 (P24 mm

Xexp(—m,L)7g+ ... (28 o3l
_J 372 2me (AD
where  the ellipses denotes  contributions  of (2m)* (I7+ M)
O[exp(—m,L)/L%?]. Figure 4 (left pane) plots the ratio
bf,u/&,_ﬂ as a function ofL for various pion masses. The
curves are similar to those of the nucleon mass in Fig. 2, a

is the conclusion about the practical utility of E&8).

As this difference is ultraviolet finite, we omit the label de-
goting the scheme dependence of the individual sum and
integral. This expression has been evaluated in many pfaces.
Using the identity

IV. DISCUSSION AND CONCLUSION 1 (=
D*m=—f dyym te 7P (A2)
It is hoped that in the near future latti€EQQCD simu- r'(m)Jo
lations of baryon properties will encounter the chiral regime,
where the quark masses are sufficiently small to allow ane finds
meaningful chiral expansion in quark masses, box size and
lattice spacing. It is likely that this regime has been encoun- 1 1 o )
tered in recent work on heavy-meson systéfis ol == 5 m) = S f dyym S M
The results of this paper, together with the results of Refs. 1+ M7] (4m)%2T (m) Jo
[33] and [46], give the dependence of the nucleon masses 4 3
and magnetic moments on the sea and valence quark masses % ™) E e ni2_ 1]. (A3
andon the lattice spacing, and sizel, to leading order in L3 §

the chiral expansion. We eagerly await lattil@QQCD

simulations within the chiral regime where this parameterExpressing the momentum a@s=27n/L and using the

space may be fruitfully explored. Jacobi identity[47]
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leads to %
J d§§€/2(§2_m§r+A2)—1/2e—L§
m’IT
5 1 ) 1
L 2 2m| 3 o 1 .
[12+M?] (47)%7 (m) S -5 aznf degtn-1-mg-Le
x> wdnnm—S/ze— nM2 L2214y =01 n Ma
n=0 J0
1
(A5) 1 * — | a2
=m /2~ 1Ee*va2 2| —+.
Performing the integral oven then gives the “master” for- =0\ /M
mula
1
1 o-1/2-m ) 43-2m =mw€/2ﬂexq—me)+ - (A10)
S| — =
- [|2+M2]m> 7320 (m)

where  the ellipses denote contributions of
. . O[exp(—m,L)/L?]. (Similar technology has been developed
X 2 (LM(n|)"¥2* MK o (LMIN]),  in Ref.[16] in the context of heavy-meson systejrBlug-

n#0 ging this back into Eq(A9) one finds, in the asymptotic
(A6)  limit,

where K,,(z) is a modified Bessel function of the second
kind. K(A)=—3\/2wmf,/2—glrexr(—Lmﬁ)+ ... (A1D)
A well-chosen change of integration variable and the L>*A

roperties of modified Bessel functions allow one to write
Eq.p(14) as where the ellipses denotes contributionsQ@jfexp(—m,L)/

L5/2] )

- 1d o
K(A)=2, (L|n|)_lf d_L( LZJ dég?(£2—m2 APPENDIX B: PARTIALLY QUENCHED QCD
m‘n'

n#0
1. Nucleon masses
+A2)‘1’2K1(L§|ﬁ|)>. (A7) We work in PQQCD including isospin breaking, but with
electromagnetism turned offThe Lagrangian describing the
interactions ofB3;;, (containing the nuclegnand 7, (con-
We find no useful simplification of this formula in the gen- taining A), which transform in th&’0 and 44 of SU(4|2),,,
eral case. WithA =0 one directly finds respectively, with the pseudo Goldstone bosons at leading
order in the chiral expansion [26]

T . R _ _ 3
K(0)=- \@miz (LIA[M,) Y%K A L[Am,), £=2a(BS'BA,) +2B(BS'A,B) + \éC[(TA,,m
n#0
A8 —
(A8) +(BA,T")]. (B1)
which gives Eq(15). Here the axial-vector field,, is a 6x 6 matrix. Matching to
the QCD effective Lagrangian of E¢3) and to the addi-

2. The asymptotic limit tional operator

In the largek limit, using the expansion of the modified

Bessel function for large argument, one finds from &) L=gNS"NULA,], (B2)

1 d % one finds that at the tree level,
K(8)=3\27 > H( L3’2f degHE—m,
m, 4 1 2 1
a=30aT 391, B=3917 30, C=-0an-

+A%) Yexp— L&) |+ ... (A9) (B3)

The finite-size corrections to the proton mass are given by
where  the ellipses denotes  contributions  of
O[exp(—m,L)/L%?]. Observe that one can expand the inte-

grand in powers ofr*’=A%—m?, "For details we refer the reader to RES3].
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1 292 gZ
SMp=— g 3—7:[IC(muu,0)+IC(mud,0)+2/C(mju,0)+21C(m|u,0)+3g,7u S (O)]+ é[/C(muu,O)— 5K(Myq,0)
29a0:1
+3K(Mjg,0) +2K(Mjy,0) + 3K (Mg, 0) + 2K My, 0) +3G,, 1, (0)+6G,,. ,.(0)+3G, , (0)]+ =2 = [K(mj,,0)
giN
+K(Miy,0) = KMy, 0) + 2K(Myy,0) +3G, (003G, (0)]+ 52 [5K(Myg, A) +K(Myy ) + KMy, A)
+1C(m|u,A)+2/C(mjd,A)+2IC(mld,A)+2g,]d,,,d(A)+2g,7u,,7u(A)—4g,,u,,,d(A)]>, (B4)
Wheregna,,,b(A)EH,,anb(lC(m,,a,A),IC(m,]b,A),IC(mX,A)), Hoyme is given by
1| (M~ )(mi—me) (Ml )M -) - (mE—m2 ) (mE - m?)
My AB ) =S T o A 5 5 2 2.2 2. (B9
(M2 —m2 )(m2 —mg) (M3 —mZ)(m —mg)  (mg—m?)(mz—m?)

the massmy, is given bymiz %(mjzj +mﬁ), and/C(m,,A) is defined in Eq(14) (where now them,, dependence is made
explicit). Note thatm,,, refers to the Goldstone-boson mass with quark corgemtdb (hencem_+=m,q4, etc); j andl label
the sea quark masses.

The finite-size corrections to the neutron mass are given by

2 2

1 (294 91
5|_M n——" m E[’C(mdd,O) +’C(mud,0)+ZIC(mjd,O)+21C(m|d,O)+ SQ,]d ’nd(O)]'f‘ E[K(mdd,O)_SK(mud,O)
29p91
+2K(my,0) +3K(my, 0+ 2K(My,0)+ 3K (M. 003G, , (0)+6G, ., (0)+3G,, , (0)]+ =5 —[2K(My40)
ZgiN

+ K(Mjg,0)+ K(Mig,0) = K(Myg,0) + 3G, 5 (0)+3G,, 1y (0)]+ 5= [5K(Myg,A) +K(Mg, &)+ K(myg,4)

+ (Mg, A) + 2K (Mg A) +2K(my ,A)+2G,,  (A)+2G, |, (A)=4G, ., (A)]]. (B6)
In the isospin limit, one has

2 2
SUM = — S K(M,0)+ BR300 — — 2 [k, A) KM A) ]+ 505 (5gy + Aga)[K(M,,0)— K(mE.0)]
LYNT - 2472F2 S m 672f2 m L 2472§2 91 da ,n,, YY) 1,

(B7)
where we have used the fact tt@b,;d ,,,d(A)—> —3K(m,,A) in the isospin limit. Herem? denotes the mass of a pion made of

one valence quark and one sea quark. These expressions further collapse down to isospin-symmetric QCD imthe limit
—m,.

2. Nucleon magnetic moments

The most general charge matrix whose matrix elements reduce to those otk@&fing the valence-quark charges fixed
is [33]

2 1
Q(PQ):C“a%—I—g, —§, di. Qi 9, Qi (B8)

The finite-size corrections to the proton magnetic moment in PQQCD are
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My gA 29194
5u1p= 5272 | 5 1AV (Myu0) = 5I(My0) ~ 43(Myy,0) ~ 4V, 0) 1+ == [ MMy 0) + MMy, 0) = KMy, 0

2
— y( m|u,0)] + g_é[y( mud,O) + 437( muu,O) — 3:))( mdd,O) + 337( mjd,O) - 43/( mju,O) + 3y(m|d,0) - 43)( m|u,O)]

2

29 o1
A0~ MMy, 0]+ T2 1

3 [y(mjuao)_y(muuvo)]+ E

3
y(mjuao)_y(muu10)+ Ey(m]dyo)

+q;

29; oi
A IAIML0 = Mg 01+ T3 [, 0~ MMy 0)]+ o

3
~ 59(My4.0) 6 I(myy,0) = NAmMyg,0)

+q

2
+ giL;\l(J)(mdd,A)—y(muu,A)—Gy(mud,A)—y(mjd ,A)+y(mju ,A)_y(mm ,A)

3 3
+ Ey(mldvo)_zy(mddao))
3 3
+ (M, ,A)+ EQj[y(muu-A)+2y(mud1A)_y(mju A)=2Y(myq,A) ]+ EQ|[y(mud,A)+2y(mdd'A)

—y(m,u,A)—zy(m,d,A)])}, (B9)

where)(m,,,A) is defined in Eq(25) (where now then_ dependence is made expljcit
The finite-size corrections to the neutron magnetic moment are

My 9a 919A
SLMn= ~ 5252 3[737( myg,0) +2(myg,0) +23(mjg,0) —2)(mMyq,0) | + TD’( M;q,0) +(mMyg,0) — J(My4,0)

2
—N(Myg,0) ]+ %[3y(muuvo) +2)(myg,0) = A(Myg,0) + I(mMyg,0) — 33(m;,,,0) +I(myg,0) —3I(my,,0) ]

2 2

29 g 9 3
+0 5 IAM;0.0)~ WMy O+ 52 LA M,0)~ MM 0)1+ | 1M,0) = My, 0)+ 53y, 0

29, oi
S IM.0) = Mgy 0]+ 21,0 ~ Mg 0)]+ ¢

3
- Ey(muu-o) +q W(myg,0) — M(mgyg,0)

2
g
+ %{y(mdd,A)_4y(muu,A)+9y(mud,A)_y(mjd ,A)+4y(mju ,A)_y(mm JA)

3 3
+ XMy, 0) = 5(Myq,0)
+4Y(myy,A) + 30 [ AmMyg,A) +2(myy,A) = (Mg, A) = 2(my, ,A) ]+ 3 [ Nmgq,A) +2D(mMyq,4) =AMy, A)
—2)(my, ,A)]}]- (B10)
In the isospin limit(with q;=q,=0), one has

. My (&2 203

MM, A)= 22(g;+8g)[Mm, 0~ N0 | 7. (B1D

These expressions further collapse down to isospin-symmetric QCD in theninitm,, .
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