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Isospin breaking in neutron b decay and SU„3… violation in semileptonic hyperon decays

N. Kaiser
Physik Department T39, Technische Universita¨t München, D-85747 Garching, Germany

~Received 22 February 2001; published 2 July 2001!

Present precision measurements of the neutron lifetime lead to a CKM matrix elementuVudu, which is 3
standard deviations off the value inferred from heavy quark decays, etc. We investigate the possibility whether
isospin-breaking effects in the neutron-to-proton vector current transition matrix element^puV0

1un&511dgV

could eventually close this gap. For that we calculate in chiral perturbation theory the effect of pion and kaon
loops on the matrix element^puV0

1un& taking into account the mass differences of the charged and neutral
mesons. We find a negligibly small isospin-breaking effect ofdgV.2431025. The crucial quantity in the
analysis of neutronb-decay precision measurements is thus the radiative correction termDR . Furthermore, we
calculate in heavy baryon chiral perturbation theory the SU~3! breaking effects on the vector transition charges
of weak semileptonic hyperon decays. We find for these quantities channel-dependent relative deviations from
the SU~3! limit which range from210% to11%.
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In the framework of the electroweak standard model

neutronb decayn→pe2n̄e is described by only two param
eters. These are the quark-mixing~CKM! matrix element
Vud and the ratio of the axial-vector and vector coupli
constantsgA /gV . The ~unitary! 333 CKM matrix appears
already at the fundamental level of the weak interaction
quarks and it expresses the fact that weak eigenstates
mass eigenstates of quarks are not identical. The r
gA /gVÞ1 on the other hand reflects nontrivial nucleon stru
ture which has its origin in the strong interaction~i.e., QCD!.

Experimentally, both parameters can be determined fr
the observables in polarized neutronb decay. The count rate
of electrons with momentum parallel or antiparallel to t
neutron spin define the~experimental! asymmetry of the
electron spectrumA5(N↑2N↓)/(N↑1N↓). In a recent pre-
cision measurement at ILL using the PERKEO II spectro
eter the valueA520.118960.0008 @1# has been obtained
for the electron asymmetry. Via the theoretical relationA
52r (12r )/(113r 2), r 5gA /gV the ratio of the axial-
vector and vector coupling constants has been deduce
gA /gV51.274060.0021 @1#. The inverse neutron lifetime
tn

21 , on the other hand, is proportional touVudu2(gV
213gA

2)
and therefore gives complementary information. The prop
tionality factor is the product of the squared Fermi-coupli

constantGF
2 ~known from muon-decaym2→e2n̄enm), a

three-body phase space integral depending only on
neutron-proton mass differenceMn2M p and the electron
massme , and a radiative correction term 11DR to be dis-
cussed later. From the world average of the neutron lifet
tn5(885.860.9) sec~see Table 3 in Ref.@2#! the value of
the CKM matrix elementuVudu50.971360.0014 @2# has
been obtained using the precise empirical ratiogA /gV and
the conserved vector current~CVC! hypothesis which im-
plies gV51. This value ofuVudu as extracted from neutro
beta decay alone, is marginally consistent with the one c
ing from an analysis of superallowed 01→01 Fermi transi-
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tions in nuclei which givesuVudu50.974060.0010@3,4# ~see
also Table 4 in Ref.@2#!.

According to the unitarity of the CKM quark-mixing ma
trix in the standard model uVudu is equal to
A12uVusu22uVubu2. With uVusu50.219660.0023 from the
analysis ofKe3 decays@4# and the information fromB de-
cays uVubu/uVcbu50.0860.02 and uVcbu50.039560.0017
@2,4#, one obtains this wayuVudu5A12uVusu22uVubu2
50.975660.0004 @2#. The previously mentioned result fo
uVudu derived from neutron beta decay differs from the o
inferred from unitarity by about 3 standard deviations. Ev
though the relative deviation of bothuVudu values is small
~about 4 permille! it is taken seriously and considered as
possible hint at physics beyond the standard model. In
Ref. @2# has deduced from this deviation bounds on t
masses, mass ratio, and mixing angle of new weak ga
bosons coupling to right-handed currents.

However, it should be kept in mind that isospin symme
is not a perfect symmetry of the standard model and a sm
4 permille deviation of the vector coupling constant fro
unity, gV50.996, would immediately resolve the above me
tioned discrepancy. It is the purpose of the present pape
investigate this possibility. The result of our~exploratory!
calculation is that isospin-breaking effects ingV are typically
a factor 100 smaller. Therefore with respect to the accur
of present and upcoming neutronb-decay experiments on
can safely use the CVC~or isospin symmetry! relation gV
51.

Let us first define theV-A transition current matrix ele-
ment relevant for neutron beta decay

^puVm
12Am

1un&5ūpgm~gV2gAg5!un5~gV ,gAsW !. ~1!

Here, Vm
15ūgmd and Am

15ūgmg5d are the charge-raising
vector and axial-vector currents expressed in terms of the
and down-quark fields.up,n denote Dirac-spinors for a pro
ton and a neutron~at rest! and sW is the usual Pauli spin-
©2001 The American Physical Society01-1
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vector. In the right-hand side of Eq.~1! one has already ne
glected the small four-momentum transfer between
neutron and the proton as well as the related nucleon f
factor effects. The latter are at most of the size (EmaxrN)2/3
.131025 with Emax5Mn2Mp51.293 MeV the maximal
energy transfer andr N.0.9 fm a typical nucleon~electro-
magnetic! root mean square radius. Of the same size is
correction from the weak magnetism (mp2mn)(Emax/Mp)

2

with mp52.793 andmn521.913@4# the proton and neutron
magnetic moments.

The standard model has two sources of isospin symm
violation: the mass difference of the up and down quarks
electromagnetic corrections. Prominent manifestati
thereof in the hadron spectrum are the mass difference
the charged and neutral pions and kaonsmp12mp054.6
MeV and mK02mK154.0 MeV @4#. The p1-p0 mass-
splitting ~a sizable 3.4% effect! is almost entirely due to the
electromagnetic interaction. A calculation of the correspo
ing one-photon loop self-energy diagram employing a sim
vector-meson-dominance expressionFp(t)5mr

2/(mr
22t) for

the pion charge form factorFp(t) gives for thep1-p0 mass
splitting

mp12mp05
a

2p
mr@x12x3 ln 2x2~2x211!Ax221

3 ln~x1Ax221!#

54.3 MeV, ~2!

with a51/137.036 the fine structure constant,mr5769
MeV the ~neutral! r-meson mass, andx5mr/2mp052.85.
The K0-K1 mass splitting~a 0.8% effect! is of different
composition. Electromagnetic effects contribute about22.2
MeV and the remaining 6.2 MeV are attributed to the u
and down-quark mass difference. One of the main aspec
nucleon structure at low energies is the meson cloud
rounding the nucleon. In the weakn→p vector current tran-
sition neutral virtual mesons are converted into positiv
charged ones of slightly different mass and this induces s
~small! deviation ofgV from unity.

The systematic method to quantify such an isosp
breaking effect is chiral perturbation theory~for a review see
Ref. @5#!. Observables are calculated with the help of
effective field theory formulated in terms of the Goldsto
bosons (p,K,h) and the low-lying baryons. A systemat
expansion in small external momenta and meson mass
possible. For the problem considered here this means
one has to compute the quantitydgV defined by the matrix
element ^puV0

1un&5gV511dgV from the one-loop dia-
grams shown in Fig. 1. The relevant effective Lagrangia
Feynman rules, and loop functions can be found in Ref.@5#.
It is instructive to present first results fordgV which follow
from the individual pion one-loop diagrams~a!–~e! shown in
Fig. 1. One finds
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dgV
(a)52

gA
2mp1

2

~4p f p!2 S 3 ln
mp1

l
11D2

gA
2mp0

2

2~4p f p!2

3S 3 ln
mp0

l
11D , ~3!

dgV
(b)52

gA
2mp0

2

2~4p f p!2 S 3 ln
mp0

l
11D , ~4!

dgV
(c)52

mp1
2

~4p f p!2
ln

mp1

l
2

mp0
2

~4p f p!2
ln

mp0

l
, ~5!

dgV
(d)5

1

~4p f p!2~mp1
2

2mp0
2

!
Fmp1

4 S ln
mp1

l
2

1

4D
2mp0

4 S ln
mp0

l
2

1

4D G , ~6!

dgV
(e)5

gA
2

~4p f p!2~mp1
2

2mp0
2

!
Fmp1

4 S 3 ln
mp1

l
1

1

4D
2mp0

4 S 3 ln
mp0

l
1

1

4D G . ~7!

Here, we have used dimensional regularization and mini
subtraction~see Appendix B in Ref.@5#! to evaluate diver-
gent loop integrals. The renormalization scalel;1 GeV
does not play a role for the final result since the total sum
the five terms in Eqs.~3!–~7! is in fact l independent.f p

592.4 MeV is the weak pion decay constant. We use h
gA51.3 which corresponds via the Goldberger-Treiman
lation gpN5gAM p / f p to a strongpNN coupling constant of
gpN513.2 which is consistent with present empirical det
minations@6#. Summing up the five terms given in Eqs.~3!–
~7! and expanding in the pion mass-splitting one gets

FIG. 1. One-loop diagrams fordgV . Dashed lines represen
pions, kaons, or etas. The wiggly line denotes the external cha
vector field, i.e., theW1 boson.
1-2
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dgV
(p-loop)5

3gA
211

~4p f p!2H mp1
2 mp0

2

mp1
2

2mp0
2 ln

mp1

mp0

2
1

4
~mp1

2
1mp0

2
!J

.2S gA
21

1

3D S mp12mp0

4p f p
D 2

523.231025. ~8!

Omitted terms of the order (mp12mp0)4 are numerically
irrelevant. Note that Eq.~8! has been derived with isospin
symmetric interaction vertices and isospin-violating pi
propagators. According to QCD sum rule calculations@7# the
charged and neutral pion-nucleon coupling constants squ
differ by at most 0.5%. This is also confirmed by the ph
nomenology of charge independence breaking in the sin
NN-scattering lengths@8#. The expression in Eq.~8! there-
fore represents indeed the dominant isospin-breaking e
of the nucleon’s pion cloud. The same set of one-loop d
grams ~see Fig. 1! with pions replaced by kaons gives
further contribution of the form

dgV
(K-loop)5

6DF2D213F211

~8p f p!2 H 2mK0
2 mK1

2

mK0
2

2mK1
2 ln

mK0

mK1

2
1

2
~mK0

2
1mK1

2
!J

.2
1

6
~6DF2D213F211!S mK02mK1

4p f p
D 2

520.731025. ~9!

Here,D.0.8 andF.0.5 denote the SU~3! axial vector cou-
pling constants withgA5D1F. As expected the kaon clou
effect is considerably smaller than the pion cloud effect. F
ther pion-loop diagrams~a!, ~b!, and ~e! with intermediate
spin-isospin-3/2D(1232) excitation give rise to a~relatively
small! contribution of the form

dgV
(pD-loop)5

gA
2

z221F z

Az221
ln~z1Az221!21G

3S mp12mp0

4p f p
D 2

510.431025, ~10!

where z5D/mp052.17. Here,D5293 MeV denotes the
delta-nucleon mass-splitting and we have used the em
cally well-satisfied coupling constant relationgpND

53gpN /A2. The fact thatdgV
(p,K,pD-loop) scale with the

square of the meson-mass splittings is consistent with
theorem of Behrends and Sirlin@9#. Their estimatedgV
.1026 appears, however, too small in comparison to
result of our explicit calculation.
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In summary, we find a negligibly small isospin-breakin
effect of dgV.2431025, which does not help to resolv
the presently existing discrepancy between various dete
nations ofuVudu. Stated differently, we can conclude that th
CVC relationgV

251 holds with an accuracy of 1024 or bet-
ter. The crucial quantity in the analysis of neutronb-decay
precision experiments is therefore the radiative correct
term DR calculated by Sirlin@3,10#,

DR5
a

2p S 3 ln
MZ

M p
1 ln

MZ

MA
12CBorn1••• D

5~2.4660.09!31022. ~11!

Here,MZ591.19 GeV is theZ0 mass andMA an arbitrary
mass parameter introduced in the nucleon axial form fac
in order to cope with infrared divergences. In practical app
cationsMA is allowed to vary in the range 0.4 GeV,MA
,1.6 GeV@3,11#. We intend to take a fresh look at radiativ
corrections in neutronb decay using the systematic fram
work of chiral perturbation theory with the aim of improvin
on the quantityDR .

While isospin breaking effects in neutron beta decay t
out to be negligibly small, one expects much larger effe
from SU~3! violation ~i.e., the mass difference between th
strange and the up and down quarks! in strangeness-
changing semileptonic weak hyperon decays. Conside
the matrix elements of the charged strangeness-chan
vector current ūgms at momentum transfer zero, th
Ademollo-Gatto theorem@12# asserts, however, that for thes
quantities SU~3! breaking effects start first at quadratic ord
in the quark mass differencems2mu,d . In order to quantify
these SU~3! breaking effects we calculate here in hea
baryon chiral perturbation theory the leading order contrib
tions arising from (p,K,h)-loop diagrams~see Fig. 1!. In
such a calculation SU~3! symmetry breaking originates en
tirely from the different masses of the eight pseudosca
Goldstone bosons (p,K,h). The quantities of interest are th
matrix elements of the strangeness-changing (s→u) weak
vector current density evaluated in baryon states which di
by one unit of strangeness

^B8uūg0suB&5gV~B→B8!@11dV~B→B8!#, ~12!

with BP$L,S0,S2,J0,J2% andB8P$p,n,L,S1,S0%. The
numbersgV(B→B8) correspond to the results in the exa
SU~3! limit and they read

gV~L→p!52
A6

2
, gV~S0→p!52

A2

2
,

gV~S2→n!521,

gV~J0→S1!51, gV~J2→L!5
A6

2
,

gV~J2→S0!5
A2

2
. ~13!
1-3
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The quantitiesdV(B→B8) measure for a specific transitio
the relative deviation from SU~3! symmetry. Evaluation of
the one-loop diagrams shown in Fig. 1 leads to the follow
expression for the SU~3! breaking effect:

dV~B→B8!5
1

~8p f p!2H @31a~B→B8!#F mK
2 mp

2

mK
2 2mp

2 ln
mK

mp

2
1

4
~mK

2 1mp
2 !G1@31b~B→B8!#

3F mh
2mK

2

mh
22mK

2 ln
mh

mK
2

1

4
~mh

21mK
2 !G J , ~14!

with the channel-dependent coefficientsa(B→B8) and
b(B→B8) given by

a~L→p!59D216DF19F2, b~L→p!5~D13F !2,
~15!

a~S0→p!5a~S2→n!5D2218DF19F2,

b~S0→p!5b~S2→n!59~D2F !2, ~16!

a~J2→L!59D226DF19F2,

b~J2→L!5~D23F !2, ~17!

a~J0→S1!5a~J2→S0!5D2118DF19F2,

b~J0→S1!5b~J2→S0!59~D1F !2. ~18!

The channel-independent terms in Eq.~14! proportional to
the coefficient 3 stem from the (p,K,h)-loop diagrams~c!
and ~d! in Fig. 1 with no internal heavy baryon propagato
For the numerical evaluation ofdV(B→B8) we use for the
axial-vector coupling constantsD50.8, F50.5, and for the
meson massesmp5139.57 MeV, mK5493.68 MeV, mh
al
-

s

02820
g

5A(4mK
2 2mp

2 )/35564.33 MeV~the value from the GMO
relation which deviates only by 3.1% from the physicalh
mass!. This input gives numerically

dV~L→p!.210%, dV~S0→p!5dV~S2→n!.11%,
~19!

dV~J2→L!.26%,

dV~J0→S1!5dV~J2→S0!.210%. ~20!

One notices that the deviations from SU~3! symmetry are
sizable and strongly channel dependent~for results of a rela-
tivistic calculation, see Ref.@13#!. Clearly, these SU~3!
breaking effects in the weak vector transition matrix e
ments should be included in the analysis of the strangen
changing semileptonic hyperon decays. On the theoret
side one should attempt to further improve the predictio
for dV(B→B8) by performing next-to-leading~or even
higher! order calculations in baryon chiral perturbatio
theory.

Let us finally make a comparison to SU~3! breaking ef-
fects in the axial vector coupling constantsD andF. Chiral
logarithmic corrections of the form (mK/4p f p)2 ln(mK /l) to
D andF have been calculated in Ref.@14#. With inclusion of
only octet baryons in intermediate states the tree-level c
plings D and F had to be reduced by about 30% and t
further inclusion of decuplet intermediate states increa
these couplings again somewhat. The chiral corrections
the vector couplingsdV(B→B8) considered here behave di
ferently. First, the one-loop results are finite~i.e., indepen-
dent of the renormalization scalel), free of possible coun-
terterm contributions and secondly the relative deviatio
from the SU~3! limit do not exceed 10%. Of course onl
complete higher order calculations allow to judge the ac
racy of the present one-loop results. In order test the SU~3!
breaking effects for the vector couplingsdV(B→B8) a re-
analysis of strangeness-changing semileptonic hyperon
cays@15# would be most useful.
ett.
@1# J. Reichet al., Nucl. Instrum. Methods Phys. Res. A440, 535
~2000!.

@2# H. Abele, Nucl. Instrum. Methods Phys. Res. A440, 499
~2000!.

@3# I. S. Towner and J. C. Hardy, inSymmetries and Fundament
Interactions in Nuclei, edited by E. M. Henley and W. C. Hax
ton ~World-Scientific, Singapore, 1995!.

@4# Particle Data Group, D. E. Groomet al., Eur. Phys. J. C15, 1
~2000!.

@5# V. Bernard, N. Kaiser, and Ulf-G. Meissner, Int. J. Mod. Phy
E 4, 193 ~1995!.

@6# M. M. Pavanet al., Phys. Scr.T87, 65 ~2000!.
.

@7# W-Y.P. Hwanget al., Phys. Rev. C57, 61 ~1998!.
@8# R. Machleidt, Phys. Scr.T87, 47 ~2000!.
@9# R. E. Behrends and A. Sirlin, Phys. Rev. Lett.4, 186 ~1960!.

@10# A. Sirlin, Rev. Mod. Phys.50, 573 ~1978!.
@11# A. Garcia, J. L. Garcia-Luna, and G. Lopez Castro, Phys. L

B 500, 75 ~2001!.
@12# M. Ademollo and R. Gatto, Phys. Rev. Lett.13, 264 ~1964!.
@13# A. Krause, Helv. Phys. Acta63, 3 ~1990!.
@14# E. Jenkins and A. V. Manohar, Phys. Lett. B259, 353 ~1991!.
@15# M. Bourquinet al., Z. Phys. C21, 1 ~1983!; 21, 17 ~1983!; 21,

27 ~1983!.
1-4


