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Isospin breaking in neutron B8 decay and SW3) violation in semileptonic hyperon decays
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Present precision measurements of the neutron lifetime lead to a CKM matrix el@viygintwhich 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 elépj&fitn) =1+ 5gy
could eventually close this gap. For that we calculate in chiral perturbation theory the effect of pion and kaon
loops on the matrix elemer{p|Vg |n) taking into account the mass differences of the charged and neutral
mesons. We find a negligibly small isospin-breaking effecgf=—4x10"°. The crucial quantity in the
analysis of neutroB-decay precision measurements is thus the radiative correctiomgrrirurthermore, we
calculate in heavy baryon chiral perturbation theory thé3Ureaking effects on the vector transition charges
of weak semileptonic hyperon decays. We find for these quantities channel-dependent relative deviations from
the SU3) limit which range from—10% to +1%.
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In the framework of the electroweak standard model theions in nuclei which give$V 4 =0.9740-0.0010[3,4] (see

neutrong decayn— pe~ v is described by only two param- also Table 4 in Ref[2]). .

eters. These are the quark-mixifiGKM) matrix element ~According to the unitarity of the CKM quark-mixing ma-
V,q and the ratio of the axial-vector and vector couplingX__In zthe s’;andgrd model [V, is equal to
constantga/gy . The (unitary) 3X3 CKM matrix appears ‘/1_|V,us| —[Vyp|*. With |Vus|:0-2196t 0-9023 from the
already at the fundamental level of the weak interaction offn@lysis ofKes decays[4] and the information fronB de-
quarks and it expresses the fact that weak eigenstates afidyS |Vuel/[Veo|=0.08£0.02" and |V,|=0.0395-0.0017

H H _ 2 2
mass eigenstates of quarks are not identical. The ratigf"‘]’ one obtains this way|Vyg| = V1—[Vyd*=[Vyl
ga/gy# 1 on the other hand reflects nontrivial nucleon struc-— 0-9756=0.0004[2]. The previously mentioned resuit for

ture which has its origin in the strong interactiére., QCD. |V,4l derived from neutron beta decay differs from the one

Experimentally, both parameters can be determined frorﬂgﬂfe”ed from unitarity by about 3 standard deviations. Even

the observables in polarized neutr8rilecay. The count rates ough the relat'v.e 'deV|at|on Of. bV values. is small
. . (about 4 permillg it is taken seriously and considered as a
of electrons with momentum parallel or antiparallel to the

. ) ; possible hint at physics beyond the standard model. In fact
neutron spin define théexperimental asymmetry of the ¢ [2] has deduced from this deviation bounds on the

electron spectrum=(N'—N")/(N'+N"). In a recent pre-  a55e5 mass ratio, and mixing angle of new weak gauge
cision measurement at ILL using the PERKEO Il spectrom+,550ns coupling to right-handed currents.

eter the valueA=—0.1189-0.0008[1] has been obtained  However, it should be kept in mind that isospin symmetry
for the electron asymmetry. Via the theoretical relati®n s not a perfect symmetry of the standard model and a small
=2r(1-r)/(1+3r%), r=ga/gy the ratio of the axial- 4 permille deviation of the vector coupling constant from
vector and vector coupling constants has been deduced asity, g, =0.996, would immediately resolve the above men-
0a/gy=1.2740:0.0021[1]. The inverse neutron lifetime tioned discrepancy. It is the purpose of the present paper to
7,1, on the other hand, is proportional g, 4|?(g2+3g3)  investigate this possibility. The result of ogexploratory

and therefore gives complementary information. The proporcalculation is that isospin-breaking effectsgip are typically

tionality factor is the product of the squared Fermi-coupling@ factor 100 smaller. Therefore with respect to the accuracy
— of present and upcoming neutrghtdecay experiments one

constantGE (known from muon-decayu™ —e” vev,), a : g i
three-body phase space integral depending only on thg’ln safely use the CVQor isospin symmetiyrelation gy

nme:;;cr):_pg)rt‘znaT:j;ﬂg?gﬂg?gonhggrrﬂ& thti (ka)lee%tir;)_n Let us first define th&/-A transition current matrix ele-
e R .. . _ment relevant for neutron beta decay

cussed later. From the world average of the neutron lifetime

7,=(885.8+0.9) sec(see Table 3 in Ref.2]) the value of o — -

the CKM matrix element|V,q4/=0.9713-0.0014 [2] has (PIV, = Ayl =Upy,u(9v=8a75)Un=(9v.ga0). (1)

been obtained using the precise empirical ratid g, and _ _

the conserved vector curref€VC) hypothesis which im- Here,V,=uy,d and A} =uy,ysd are the charge-raising

plies gy=1. This value of|V,4 as extracted from neutron Vvector and axial-vector currents expressed in terms of the up-

beta decay alone, is marginally consistent with the one comand down-quark fieldsu,, , denote Dirac-spinors for a pro-

ing from an analysis of superallowed 6-0" Fermi transi- ton and a neutrorfat rest and & is the usual Pauli spin-
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vector. In the right-hand side of E¢l) one has already ne-

glected the small four-momentum transfer between the ~ e
neutron and the proton as well as the related nucleon form N " ,
factor effects. The latter are at most of the siFg,{r\)%3 ! ‘.
~1x10"° With Epap=M,—M,=1.293 MeV the maximal @ @ (b)

energy transfer andy=0.9 fm a typical nucleor{electro-
magneti¢ root mean square radius. Of the same size is the

correction from the weak magnetisnu(— wn) (Ema/M p)2 i R ~a
with u,=2.793 andu,= —1.913[4] the proton and neutron ! AN PN
magnetic moments. A e L

The standard model has two sources of isospin symmetry (c) (d) (e)

violation: the mass difference of the up and down quarks and ) )
electromagnetic  corrections. Prominent manifestations FIG- 1. One-loop diagrams fobg, . Dashed lines represent
thereof in the hadron spectrum are the mass differences Hions, Kaong, or etas.+The wiggly line denotes the external charged
the charged and neutral pions and kaons-—m_o=4.6 vector field, i.e., the¥™ boson.

MeV and mgo—my+=4.0 MeV [4]. The =" -7° mass-

splitting (a sizable 3.4% effetis almost entirely due to the gf\me+ m,+ gimio
electromagnetic interaction. A calculation of the correspond- 59" =~ 2( n—~—+ -7
ing one-photon loop self-energy diagram employing a simple (4mfs) 2(4mt,)
vector-meson-dominance expressfop(t) =m2/(m>—t) for m_o
the pion charge form factd¥ .(t) gives for thew*-7° mass X|3 InT +1], 3)
splitting
gf\mzo m_o
og{P)=— —”( —+1], 4
mﬂ+—mwo=%mp[x+2x3ln 2x—(2x%+1)x°—1 v 2(4mf )2 A @
XIn(x+x?—1)] ) »
59(0)_ _ Mo+ Mot Mro Mo (5)
=4.3 MeV, (2) \% (4wa)2 A (4’7Tfﬂ.)2 N
with «=1/137.036 the fine structure constamh,=769 1 m. 1
MeV the (neutra) p-meson mass, ang=m,/2m, o=2.85. sg{¥ = > 5 [mfﬁ( n— — —)
The K%-K™ mass splitting(a 0.8% effect is of different (4t 2) (M7 —mio) A4
composition. Electromagnetic effects contribute abe@.2 mo 1
MeV and the remaining 6.2 MeV are attributed to the up- —mio( In——— —” (6)
and down-quark mass difference. One of the main aspects of A4
nucleon structure at low energies is the meson cloud sur-
rounding the nucleon. In the weak— p vector current tran- 2 m 1
sition neutral virtual mesons are converted into positively  5q(® = 9a [m4+<3 n—"— + =
charged ones of slightly different mass and this induces some (477f7,)2(m,27+ - mio) i A 4
(smal) deviation ofg,, from unity.
Thg systemgtic .method to quantify such an isospin- _ m40< 3 InE + 1 ) 7)
breaking effect is chiral perturbation thedifgr a review see m N4

Ref. [5]). Observables are calculated with the help of an

effective field theory formulateq in terms of the Goldsto.neHere, we have used dimensional regularization and minimal
bosons r,K,7) and the low-lying baryons. A systematic g, raction(see Appendix B in Ref[5]) to evaluate diver-
expansion in small external momenta and meson masses d2nt loop integrals. The renormalization scale1 GeV
possible. For the problem considered here this means th@bes not play a role for the final result since the total sum of
one has to cgmpute the quantifg, defined by the matrix  the five terms in Eqs(3)—(7) is in fact \ independentf ,
element (p|Vo|n)=gy=1+4gy from the one-loop dia- —=92.4 MeV is the weak pion decay constant. We use here
grams shown in Fig. 1. The relevant effective Lagrangiansg,=1.3 which corresponds via the Goldberger-Treiman re-
Feynman rules, and loop functions can be found in R&f.  lationg,y=9gaM,/f, to a strongmNN coupling constant of

It is instructive to present first results félg,, which follow  g.n=13.2 which is consistent with present empirical deter-
from the individual pion one-loop diagrani@—(e) shown in  minations[6]. Summing up the five terms given in Eq8)—

Fig. 1. One finds (7) and expanding in the pion mass-splitting one gets
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302+1 [ m2.m? In summary, we find a negligibly small isospin-breaking
5g§;7"°°l’)= 9a 5 2’T+ ’TZ In Mot effect of §gy=—4x10"°, which does not help to resolve
(4mfr) m_.—MmM_o Mo the presently existing discrepancy between various determi-
nations of|V,4|. Stated differently, we can conclude that the
R R ) cvC relationg\z,zl holds with an accuracy of 10 or bet-
4( at 0 ter. The crucial quantity in the analysis of neutr8rdecay
precision experiments is therefore the radiative correction
2, 1\ (m,+—m_o\? term A calculated by Sirlir{3,10],
B =
. PN PYRLL SR PV
=-3.2x107°5. (8) RT5 - Mp M4 Born
Omitted terms of the ordernf_+—m_o)* are numerically =(2.46+0.09 X 10 2. (11)

irrelevant. Note that Eq(8) has been derived with isospin-

symmetric interaction vertices and isospin-violating pionHere,M,=91.19 GeV is thez® mass andVi, an arbitrary
propagators. According to QCD sum rule calculatibfisthe  mass parameter introduced in the nucleon axial form factor
charged and neutral pion-nucleon coupling constants squaread order to cope with infrared divergences. In practical appli-
differ by at most 0.5%. This is also confirmed by the phe-cationsM, is allowed to vary in the range 0.4 Ge\MM 4
nomenology of charge independence breaking in the singlet.1.6 GeV[3,11]. We intend to take a fresh look at radiative
NN-scattering length§8]. The expression in Eq8) there-  corrections in neutro8 decay using the systematic frame-
fore represents indeed the dominant isospin-breaking effeatork of chiral perturbation theory with the aim of improving
of the nucleon’s pion cloud. The same set of one-loop diaon the quantityAg.

grams (see Fig. 1 with pions replaced by kaons gives a  While isospin breaking effects in neutron beta decay turn

further contribution of the form out to be negligibly small, one expects much larger effects
. from SU(3) violation (i.e., the mass difference between the
5 (K—Ioop)_6DF_D2+ 3F%+ 1[ 2m oM+ Mo strange and the up and down quarki& strangeness-
Ov (8nf )2 lmio_mi+ M- changing semileptonic weak hyperon decays. Considering

the matrix elements of the charged strangeness-changing

1, , vector currentuy,s at momentum transfer zero, the

- E(mK°+ my+) Ademollo-Gatto theorerfil2] asserts, however, that for these
quantities SWB) breaking effects start first at quadratic order

1 Mo Mo s | 2 in the quark mass differenaa;—m, 4. In order to quantify
~— —(6DF—D2+3F2+1) M) these SWB) breaking effects we calculate here in heavy
6 At baryon chiral perturbation theory the leading order contribu-

= _0.7x10°5 9) tions arising from ¢r,K,7)-loop diagrams(see Fig. 1 In

' ' such a calculation S@3) symmetry breaking originates en-
Here,D=0.8 andF=0.5 denote the S(3) axial vector cou- tirely from the different masses of the eight pseudoscalar
pling constants witlga=D + F. As expected the kaon cloud Goldstone bosons,K, 7). The quantities of interest are the
effect is considerably smaller than the pion cloud effect. Furmatrix elements of the strangeness-changisg- () weak
ther pion-loop diagramsa), (b), and (e) with intermediate  Vector current density evaluated in baryon states which differ
spin-isospin-3/2A (1232) excitation give rise to @elatively by one unit of strangeness

small) contribution of the form _
(B'luyes|B)y=gv(B—B')[1+6,(B—B")], (12

2
. 9 {
sg{m™ '°°p>:?_il w_ln(ﬁ J{z—l)—ll withBe{A,3°3 5% 5} andB’ e{p,n,A,3*,3°%. The
¢-1 numbersg,(B—B') correspond to the results in the exact
(mw+_ mw0)2 SU(3) limit and they read
Tt
7ty R
=+0.4x10°5, (10) 9l —>p)——7, gv(Z —>p)——7,
where {=A/m_0=2.17. Here,A=293 MeV denotes the QS —n)=-1

delta-nucleon mass-splitting and we have used the empiri-

cally well-satisfied coupling constant relatiorg ya /6
=3g,n/V2. The fact thatsg{ " ™% scale with the g(E0-3H =1, guE —A)=—,

square of the meson-mass splittings is consistent with the 2

theorem of Behrends and Sirlif9]. Their estimatedg,

=10"° appears, however, too small in comparison to the =-_,30 _E 13
result of our explicit calculation. Ov(E —=20)= 2 (13
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The quantitiess,(B—B') measure for a specific transition
the relative deviation from S@3) symmetry. Evaluation of
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=/(4m% —m?2)/3=564.33 MeV (the value from the GMO
relation which deviates only by 3.1% from the physieal

the one-loop diagrams shown in Fig. 1 leads to the followingmass$. This input gives numerically

expression for the S@3) breaking effect:

3+a(B—B’ mimilm"
(3% aB=B ez M,

m

1

+[3+B(B—B")]

1
_Z(mi—'_mfr)

2 A2

m:m m 1

7K 7 2 2
———In———=(m>+m , 14
mo—mi Mg 2 (M K)“ (14

with the channel-dependent coefficient B—B’) and
B(B—B') given by

a(A—p)=9D?+6DF+9F?, B(A—p)=(D+3F)?

(15
a(3°—p)=a(X~—n)=D?-18DF +9F?
B(2°—p)=B(X~—n)=9(D—F)? (16)
a(E~—A)=9D?-6DF +9F?,
B(E~—A)=(D-3F)?, (17)

a(E°-3 ) =a(E —3%=D?+18DF +9F?,
B(E*—3")=B(E —-3%=9(D+F)2. (19

The channel-independent terms in Ed4) proportional to
the coefficient 3 stem from then(K, z)-loop diagrams(c)
and (d) in Fig. 1 with no internal heavy baryon propagator.
For the numerical evaluation af,(B—B’) we use for the
axial-vector coupling constani3=0.8, F=0.5, and for the
meson masses,=139.57 MeV, my=493.68 MeV, m,

SY(A—p)=—10%, b6/(2°—p)=6y(2 —n)=+1%,
(19

S(E —A)=-6%,
S(E'—=3M)=6/(E -2 =-10%. (20)

One notices that the deviations from &Y symmetry are
sizable and strongly channel dependgat results of a rela-
tivistic calculation, see Ref[13]). Clearly, these S(3)
breaking effects in the weak vector transition matrix ele-
ments should be included in the analysis of the strangeness-
changing semileptonic hyperon decays. On the theoretical
side one should attempt to further improve the predictions
for 6y(B—B’) by performing next-to-leadingor even
highep order calculations in baryon chiral perturbation
theory.

Let us finally make a comparison to 8) breaking ef-
fects in the axial vector coupling constamsandF. Chiral
logarithmic corrections of the forrmg/4=f )2 In(my/\) to
D andF have been calculated in R¢f.4]. With inclusion of
only octet baryons in intermediate states the tree-level cou-
plings D and F had to be reduced by about 30% and the
further inclusion of decuplet intermediate states increased
these couplings again somewhat. The chiral corrections to
the vector couplings,,(B—B') considered here behave dif-
ferently. First, the one-loop results are finiiee., indepen-
dent of the renormalization scalg, free of possible coun-
terterm contributions and secondly the relative deviations
from the SU3) limit do not exceed 10%. Of course only
complete higher order calculations allow to judge the accu-
racy of the present one-loop results. In order test th€35U
breaking effects for the vector couplingy(B—B') a re-
analysis of strangeness-changing semileptonic hyperon de-
cays[15] would be most useful.
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