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Abstract
The decayof nuclei near 
���
 providesa sensitive methodfor probingthe limitations of the
ElectroweakStandardModel. To date,thestrengthsof superallowed ��������� beta-decaytran-
sitionshave beendeterminedwith high precisionfrom nine differentshort-lived nuclei, ranging
from

���
C to ��� Co. Eachresultleadsto an independentmeasurefor thevectorcouplingconstant,�

V, andcollectively theninevaluescanbeusedto testtheconservationof theweakvectorcurrent
(CVC). The resultssupportCVC to betterthana few partsin 10,000– a clearsuccessfor the
StandardModel! However, whentheaveragevalueof

�
V asdeterminedin this way, is combined

with datafrom decaysof the muonandkaonto testanotherpredictionof the StandardModel,
the resultis muchmoreprovocative. A testof theunitarity of theCabibbo-Kobayashi-Maskawa
matrix fails by morethantwo standarddeviations.This result,if confirmedby evenmoreprecise
measurementsin thefuture,couldhave far-reachingconsequences.
This talk describesthecurrentstatusof thenuclearmeasurementsandcomparestheresultswith
neutron-decaymeasurements,which arelessprecisebut consistentwith thenuclearresults.New
nuclearmeasurementsaimedat achieving a definitive resultwill focuson even-even 
���
����
nucleilighter than  !�#"�� , andon odd-odd
$�!
 nucleiheavier than  ��!%&� .

1 Intr oduction

Superallowed ' �)( ' � nuclearbetadecaysprovide both the besttestof the Conserved Vector
Current(CVC) hypothesisand,togetherwith the muonlifetime, the mostaccuratevaluefor the
up-down quark-mixingmatrix element,*,+�- , of theCabibbo-Kobayashi-Maskawa (CKM) matrix.
This matrix shouldbe unitary, and experimentalverification of that expectationconstitutesan
importanttestof theStandardModel. With currentworld datafor ' �.( ' � betadecays[1] used
to obtain a value for *,+�- , and the standardvalues[2] taken for the other requiredelementsof
the CKM matrix, the unitarity test from the sumof the squaresof the elementsin the first row
fails to meetunity by morethantwice theestimateduncertainty. This resultis tantalizinglyclose
to establishinga definitive disagreementwith the StandardModel, andpromptsrenewed efforts
to improve the precisionwith which the testcanbe made. The challengesin doing so areboth
experimentalandtheoretical.

Thenine ' �/( ' � transitionsthatcurrentlycomprisethenuclearinputdatafor *0+�- areall between1)243
analogstates.Thus,nuclear-structureeffectsonly enterat thelevel of differencesbetween

the parentanddaughterwave functions. Thesedifferences,which arecausedby Coulomband
charge-dependentnuclearforces,turn out to be very small, andintroducea correction,denoted
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576
, of order

398
whentheexperimental:<; -valuesareusedto extractavaluefor theeffectiveweak

vectorcouplingconstant,=?>V. Evena conservative estimateof theuncertaintiesin this correction
indicatesthat structure-dependentuncertaintiesshouldnot afflict the experimentaldetermination
of = >V above the level of approximately@A'CB 3�8 . To date, :<; -valuemeasurementshave aimedat
achieving this level of experimentalprecisionor slightly better. Futureimprovementswill depend
not just uponhigherprecisionbeingachievedin themeasurementsbut alsouponimprovements–
or increasedconfidence– in thecalculatedvaluesof

5D6
.

To calculate
5D6

for a particularsuperallowedtransition,it is importantto have a reliablenuclear
model that demonstrablyfits nuclearpropertiesin the samemassregion. To refinethe model’s
effectivenessin calculatingcharge-dependenteffects,it is alsovaluableto have accurateexperi-
mentaldataon the E coefficient of the isobaric-multipletmassequation(IMME) for thesame' �
multipletand,if possible,to havedataonother, non-analog' ��( ' � decaysfrom thesameparent
state.Theninesuperallowed ' �F( ' � decayscurrentlyknown with high precisionoccuramongG�HJI

nucleiwith
3 'LKNM$KPORQ , wherenuclearstructureinformationis relatively abundantand

reliablemodelsexist. Any future improvementsin
5D6

arelikely to comefrom measurementsof
additionalsuperallowedtransitions,especiallythosefor which

576
is anticipatedto beparticularly

large. Suchmeasurementswill thenconstitutea testof the
576

calculationsand,if successful,will
giveabetterindicationof theuncertaintythatshouldbeappliedto

576
in thecasescurrentlyknown,

wherethecorrectionitself is smaller. All thesefuturemeasurementswill, of necessity, beamongG HSI
nuclei up to M 2UTWV

: they constituteoneof the mostdemandingtaskswe facein any
branchof nuclearphysics,with a requirementfor high precisionandfor a thoroughknowledgeof
theneighboringnuclearstructure,sometimesin regionsof veryexotic nuclei.

This paperwill outline the currentstatusof the nuclearmeasurementsbearingon *,+�- , possible
explanationsfor thedisagreementwith CKM unitarity, andfuturedirectionsfor study.

2 Curr ent statusof world data

Becausetheaxialcurrentcannotcontributein lowestorderto transitionsbetweenspin-0states,the
experimental:<; -valuefor a ' �X( ' � transitionis relateddirectly to thevectorcouplingconstant.
Specifically, for anisospin-1multiplet,

:<;DY 3[Z 57\^] 2 _
= >V 	�`�a V b 	,c (1)

with

= >V 2 = V Y 3[Zed V
R

] �gf�	 c`�a
V b 	 2 h Y 3ji 5D6k] c

_ml0Y�noE ]qp 2 hsrkt n[uwv h l0Yyx{z|E 	 ] � 2 Y VC3�h 'CB hW}~3 @�'CB�' 3�h ]�� 3 '�� �����A��� � �<� c (2)

where : is thestatisticalratefunction, ; is thepartialhalf-life for thetransition,
`�a

V b is theFermi
matrix elementand = V is the primitive vectorcouplingconstant.Thephysicalconstantsusedto
evaluate_ weretakenfrom themostrecentParticleDataGrouppublication[2]. Theseequations
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Figure 1: Measured ��� -values for the nine precisely measured 0 �)� 0 � transitions. The results are
consistent with a unique value for the vector coupling constant. The average �[� -value is shown, together
with the normalized chi-squared of the fit to the data.

also include threecalculatedcorrectionterms– all of order
3�8

. We write
57\

as the nucleus-
dependentpartof theradiativecorrection,

d
V
R asthenucleus-independentpartof theradiativecor-

rection,and
576

astheisospinsymmetry-breakingcorrection.A generaldescriptionof thesethree
correctiontermsandthemethodsusedin their calculationhasappearedelsewhere[1, 3]. In the
presentcontext, it is sufficient to notethatnuclearstructureplaysasmallrole in thedetermination
of
5D\

, but it is predominantfor thatof
576

.

Equations(1) and (2) can now be combinedinto a form that is convenientfor the analysisof
experimentalresults:

� ;��P:�;DY 3[Z 5D\�] Y 3�i 576k] 2 _h = 	V Y 3�Z�d V
R

] B (3)

Herewe have defined
� ; asthe “corrected” :<; -value. From this equation,it is evident that the� ; -valuesobtainedfrom ' �#( ' � transitionsin differentnucleicanconstitutea stringenttestof

CVC, which requiresthemall to beequal.

To date,superallowed ' �e( ' � transitionshave beenmeasuredto @A'CB 3�8 precisionor betterin
the decaysof nine nuclei,

���
C,
� � O,

	 p��
Al,

t � Cl,
t�� �

K, � 	 Sc, � p V, � � Mn and ��� Co. World data
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on � -values,lifetimes andbranchingratios– the resultsof over 100 independentmeasurements
– werethoroughlysurveyed [4] in 1989andthenupdatedseveral timessince,mostrecentlyfor
the WEIN98 conference[1]. By applyingthe

57\
and

5D6
correctionslisted in reference[1], we

convertedtheresultsinto
� ; -values.Thesevaluesareplottedin Fig. 1.

It is importantto appreciatethatthevaluesof
57\

and
5D6

eachresultfrom morethanoneindepen-
dentcalculation.In thecaseof

57\
, resultscomefrom avarietyof primarysources,all in complete

accordwith oneanother;for
5D6

, we have usedanaverageof two independentcalculations[5, 6]
with assigneduncertaintiesthatreflectthe(small)scatterbetweenthem.Thus,in arealsense,both
experimentallyandtheoretically, the

� ; -valuesillustratedin Fig. 1 representthetotality of current
world knowledge.Theuncertaintiesreflecttheexperimentaluncertaintiesandanestimateof the
relative theoreticaluncertaintiesin

5D6
. Thereis nostatisticallysignificantevidenceof inconsisten-

ciesin thedata( � 	 lW� 2�3 B 3 ), thusverifying theexpectationof CVC at thelevel of � � 3 ' � � , the
fractionaluncertaintyquotedon theaverage

� ; -value:
� ; 2 ��' }Wh B���@�'CB T s.

Now, in usingthisaverage
� ; -valueto determine*0+D- andtestCKM unitarity, wemustaccountfor

additional @ 3 B 3 s to accountfor thesystematicdifferencebetweenthetwo calculationsof
5D6

that
we have combinedin reachingthis result. (For a morecompletediscussionof how we treatthese
theoreticaluncertainties,seeRef. [4].) We now addthetwo errorslinearly to obtainthevaluewe
usein subsequentanalysis:

� ; 2 �W' }Wh B���@ h B�' � B (4)

Thevalueof *,+�- is obtainedby relatingthevectorconstant,= V, determinedfrom this
� ; value,

to theweakcouplingconstantfrom muondecay, = F l0Y�noE ] t 2 Y 3 B 39�W� � T @ 'CB�'W'W'W' 3 ]¡� 3 ' � � GeV� 	 ,
accordingto:

* 	+�- 2 _h = 	F Y 3[Zed V
R

] � ; B (5)

With thenucleus-independentradiativecorrectionadoptedfrom Sirlin [7],
d

V
R

2 Y h B¢Q£'j@�'CB�' V ] 8 ,
weobtaintheresult

¤ *,+�- ¤ 2 'CB T£} Q£'j@¥'CB�'W'W'WO c (6)

We arenow in a positionto testtheunitarity of theCKM matrix by evaluatingthesumof squares
of theelementsin its first row. With thevaluejust obtainedfor *,+�- , combinedwith thevaluesof*0+7¦ and *0+�§ quotedby theParticleDataGroup[2], theunitarity sumbecomes

¤ *,+�- ¤ 	 Z ¤ *0+D¦ ¤ 	 Z ¤ *0+�§ ¤ 	 2 'CB TWTW�WV @�'CB�'W' 3 Q c (7)

whichdiffersfrom unity at the
T�V£8

confidencelevel.

Althoughneutrondecaydoesnotyetafford theprecisionpossiblewith thesuperalloweddecays,it
doesyieldanindependentresultfor *0+D- . Ontheonehand,freeneutrondecayhasanadvantageover
nucleardecayssincethereareno nuclear-structuredependentcorrectionsto becalculated.On the
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otherhand,it hasthedisadvantagethatit is notpurelyvector-likebut hasamix of vectorandaxial-
vectorcontributions.Thus,in additionto a lifetime measurement,acorrelationexperimentis also
requiredto separatethevectorandaxial-vectorpieces.Both typesof experimentpresentserious
experimentalchallenges.A recentsurvey [1] of world dataonneutrondecay, whenaugmentedby
anewly publishedmeasurementof thebetaasymmetryin neutrondecay[8], yieldsavaluefor the
CKM matrix elementof

¤ *,+�- ¤ 2 'CB T£} Q£'¨@©'~B�'W' 3�} . This valueagreesexactly with theresultfrom
the superallowed decays,Eq. (6), but carriesan uncertaintythat is morethanthreetimeslarger.
With its relatively largeuncertainty, theneutronresultis consistentbothwith thenuclearresultand
with unitarity.

3 How significant is apparent non-unitarity?

Theresultin equation(7) is averyprovocativeone.If it is takenat facevalue,it indicatestheneed
for someextensionto theelectroweakStandardModel, possiblyindicatingthepresenceof right-
handcurrentsor of a scalarinteraction[1]. This would haveprofoundimplications.However, the
resultcouldhaveamoretrivial explanation.It couldinsteadreflectsomeundiagnosedinadequacy
in thecalculatedradiativeor Coulombcorrectionsusedto evaluate*,+�- – or possiblyacomparable
inadequacy in theevaluationof *,+D¦ . Whatcanbestatedwith somecertaintyis thattheexperimental
resultsfor theninenucleicontributing to Fig. 1 cannotbeat fault. Not only do they originatefrom
a large numberof independentmeasurements,but also the error bar associatedwith

¤ *,+�- ¤ is
not predominantlyexperimentalin origin. In fact, if experimentwere the sole contributor, the
uncertaintywouldbeonly @A'CB�'W'W' 3 . Thelargestcontributionsto the

¤ *,+�- ¤ errorbarcomefrom
d

V
R

( @A'CB�'W'W'�Q ) and
5D6

( @A'CB�'W'W'W� ).
Thus,if we areto determinewhethertheminimal StandardModel hasfailed,we musteliminate
all possible“tri vial” explanationsfor theapparentnon-unitarity. To doso,nuclearphysicistsfocus
on thereliability of thecalculatedcorrectionsin *0+D- . (Othersarere-evaluating *0+D¦ – seeRef. [1].)
But, if thereis a fault in thecorrections,whatsizeeffect arewe seeking?To restoreunitarity, the
calculatedradiative corrections(

5D\
or
d

V
R) for all ninesuperallowedtransitionswould all have to

beshifteddownwardsby 0.3%,or thecalculatedCoulombcorrections,
576

, all shiftedupwardsby
0.3%,or somecombinationof the two. Suchchangeswould constitutea substantialfraction of
thetotal valuesof thesesmallquantities.We have recentlyre-examined[1] thecalculationof the
variouscorrectiontermsandconcludethatsuchlargechangesarevery implausible,particularlyin
thecaseof

57\
, thecalculationof which involvesstandardQED andis well verified.

Even
5D6

is well substantiatedby severalindependent,yetconcordantcalculations[5, 6, 9, 10] and
by measurements[11, 12] of theweaknon-analog' � ( ' �«ª -transitionsfrom

t�� �
K, � 	 Sc, � p V,� � Mn and ��� Co. Suchtransitionscanonly occurvia admixedcomponentsfrom the analog-state

wavefunction,andareasensitivetestof charge-dependentmixing in fiveof theverynucleiwhose
superallowedbranchescontributeto thedeterminationof *,+�- . In all cases,thecalculationsusedto
obtain

576
alsoyieldedvaluesfor thenon-analogtransitionsthatagreeverycloselywith experiment

[13]. Thus,we mustconcludethat
5D6

, like
57\

, is firmly based,andunlikely to concealany fault
thatcouldshift all of its valuessubstantiallyoutsidetheir quotederrorbars.It is thereductionof
thoseerrorbarsthatshouldpreferablybethegoalof futureexperiments.
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4 Opportunities for the futur e

Giventheimportanceof theircontributionto theuncertaintynow quotedfor *0+D- , it is theprecision
of
d

V
R and

576
thatmustbeincreasedif theunitarity testis to beimprovedsubstantially. Indeed,

d
V
R

is inherentto thedeterminationof *0+D- whetherthelatteris obtainedfrom neutrondecayor from the
superallowedtransitionsand,until thecalculationof

d
V
R is improved,its relative imprecisionwill

continueto limit theunitarity testat aboutthepresentlevel regardlessof any otherimprovements,
experimentalor theoretical.Improvedcalculationsof

d
V
R mustthereforetake priority asthemost

critical taskfor thefuture. This appearsto lie entirelywithin therealmof theory: therehave been
no suggestionsfor experimentsthat could help to refineexisting calculationsor to confirm new
ones.

Thecharge-dependentcorrection,
576

, is a differentstory. Theoreticalimprovementsarecertainly
possible,but experimentcanprovideindependentcontrolsonthecalculationswhich,if successful,
will reducetheuncertaintyof theresults.Onthetheoreticalside,alarge-basis(nocore)shellmodel
hasalreadybeenused[10] to calculate

576
for the

���
C superallowedtransition. The extensionof

suchdetailedcalculationsto heavier nucleiwill makeimportantadditionsto theresultsof themore
phenomenologicalmethodsusedto date. Experimentally, thereare threedifferent approaches
currentlybeingfollowed: 1) increasingexperimentalprecisionon the nine known :<; -values;2)
measuringnew ' � ( ' � decaysfrom

1^¬�2 ' nucleiwith M®­ �Wh ; and3) measuringnew ' � ( ' �
decaysfrom

1¯¬°2±i²3
nucleiwith

39V K�M�K�Q h .
At first glance,experimentsseekingto improve themeasured:<; -valuesfor theninesuperallowed
transitions,whosesmall error barsalreadycontribute very little to the uncertaintyin *0+�- , might
seemto bea fruitlessendeavor. Certainly, consideringthelargequantityof carefulmeasurements
now contributing to the contentof Fig. 1, thereis little chancethat the centralvalueof

� ; will
bechangedsignificantlyby a few more. However, the testof CVC candefinitelybemademore
demandingastheexperimentalprecisionis increasedand,to theextentthatthe

� ; -valuescontinue
to agreewith oneanother, this would demonstrateat the sametime the reliability of the

5D6
cal-

culations,which compensatefor the transition-to-transitionvariationsevident in the uncorrected:<; -values. Of course,it is only the relative valuesof
576

that canbe testedby this method,but
it would bea pathologicalfault indeedthatcouldcalculatein detail the requiredvariationsin

576
while failing to obtaintheir absolute valuesto comparableprecision.

Theotherexperimentalapproachesaimto increasethenumberof superallowedemitterssubmitted
to precisionstudies,eitherby addingnew heavy odd-odd

1^¬L2 ' cases,like
p 	

Ga and ³ � Rb, or
new light even-even

1¯¬´2µi²3
ones,like

	�	
Mg,

t �
S and

t � Ar. Eachregion hasits advantagesand
disadvantagesasoutlinedin Table1. Both regionsareattractive to testsof

576
becausethatcorrec-

tion is predicted[5, 6] to take largervaluesthanthe '~B h´i 'CB �£8 rangecoveredby the transitions
shown in Fig. 1 . Unfortunately, amongthe M�­ �£h nucleithereis notyeta reliablenuclearmodel
with which to calculateanaccurate

576
; evenif experimentshowedsignificantdisagreementswith

currentpredictions,it is notclearwhatimplicationsthatwouldhavefor theninetransitionswhose:<; -valuesarenow usedto determine*,+�- . The
5D6

correctionsfor the latter transitionshave been
madein acompletelydifferentmodelspace,whereshell-modelcalculationshavebeenextensively
refinedand testedon a wide variety of nuclei andproperties. In contrast,the

1^¬�2 i²3
nuclei

betweenM 2¶3&V
and Q h , overlapexactly thesamewell known modelspaceasthe transitionsin

Fig. 1: any observed discrepancieswith experimentwill reflectdirectly on the currentdetermi-
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Table 1: Present status of new regions of 0 �·� 0 � superallowed emitters.

M®­ �Wh 39V K�M�K�Q h
Property

1^¬�2 ' 1¯¬¸2®i²3
large

576
values? ¹ hW8 'CB�� 8±i�3 B hW8

reliablenuclearmodelfor
576

? no yes
IMME informationavailable? no yes' � statesavailablein daughter? yes likely not' � statesknown in daughter? no some

half-lives ­º'CB�O s? no yes
reasonableproductionrate? for some yes
competingbranches? many, weak few, strong

nationof *,+�- . Although the predictedvaluesof
5D6

for thesenuclei arenot aslarge asfor those
with M�­ �£h , somearesubstantiallylargerthanfor theninetransitionscurrentlyknown. Together,
thesetwo featuresmake themveryattractivecasesfor immediateexperimentalinvestigation.

In the longerterm, however, the MU­ �£h
nuclei shouldalsoprovide valuableinformationabout576

– aswell aspresentinganexciting experimentalchallenge,especiallyfor this audience,which
is alreadypredisposedtowardsthe fertile groundaround

G 2»I
nuclei. A real challengeit is

though!Not only mustthesuperalloweddecaybranchesthemselvesbestudiedbut otherpiecesof
experimentalinformationhave to beassembled.To arrive at a reliablenuclearmodelwith which
to calculate

576
, somebasicknowledgeat leastof low-lying excited states– their energies and

spin-parities– is requiredfor nuclei in the region of interest.To tunethe calculationof
576

, it is
essentialto know thecoefficientsof theIMME for the ' � multiplet involvedin thesuperallowed
transition.In lighternuclei,all threemembersof the

1º2®3
multipletsareknown andtheirmasses

measured;for the caseswith M¼­ �£h
, the

1¯¬�2 i²3
nuclei are,asyet, undiscoveredand their

adequateproductionwith existingacceleratorsis, at best,problematic.

To testtheefficacy of
576

calculations,it is alsovaluableto know thelocationof nearby' � states
andto measuretheweak,non-analogª -transitionsthat feedthem. As thetableindicates,neither
region of new superallowed emittersoffers this advantagesfor the time being. For the lighter
nuclei, someexcited ' � statesareknown but neitherthesenor any othersthat may be found in
future arelikely to be energetically availableto ª -decay. This limitation doesnot persistfor theMµ­ �£h emitters,whoseª -decayenergy windows areconsiderablylarger, asis shown in Fig. 2.
Clearly, thereis greatpotentialto studynon-analog' � ( ' � transitionsin thesenucleiandseveral
studiesarecurrentlyunderway on

p 	
Gaand ³ � Rb decays.However, all suchstudiesarehampered

by theabsenceof any informationon thelocationof ' � statesin thedaughters.It is very difficult
to characterizeª - transitionsat the parts-per-million level without knowing in advanceexactly
how the daughterstatesdecay. Identificationof ' � statesis usuallybestaccomplishedvia two-
nucleontransferreactionsbut, exceptfor

p 	
Zn, noneof thedaughterstatesin this region is readily

accessiblefrom a stabletarget. Widespreadmeasurementswill undoubtedlyhave to await the
availability of intenseradioactivebeams.

Thelastthreelinesin Table1 addressthefundamentalissuesthatexperimentswill facein making:<; - valuemeasurementsat a level of precisionto matchexisting dataon ' �!( ' � superallowed
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Figure 2: Location of known excited 0 � states in the daughters of T ½ = 0 superallowed emitters, together
the Q ¾�¿ window open to À -decay. The measured branching ratio (as a percent) is shown for the only three
cases where the À -branch to the excited 0 � state has been measured.

decays.First, themassesof bothparentanddaughterwill have to bemeasuredto a precisionof3 � 3 ' � � . Evenon-linePenningtrapsarenot currentlyforeseento achieve this level of precision
for activities with half-lives lessthan 'CBÁO s. Second,the half-life itself must be determinedto
aboutfive partsin

3 ' � ; for this, repeatedlow-backgroundmeasurements,eachincluding at least
a million counts,mustbe performed.The productionrateof the activity mustobviously match
this requirement.Finally, whereother ª -decaybranchescompetewith thesuperallowedone,their
intensitymustbecarefullymeasuredso that thesuperallowedbranchingratio canbeestablished
with aprecisionof betterthan

3 � 3 ' � t . This is adifficult taskfor bothregionsof new emitters,the
onebecausetherecouldbeasignificantnumberof individually weaktransitions,theotherbecause
the few transitionsthatdo occur(to

3 � states)arelarge andmustbe measuredwith challenging
precision.

5 Conclusions

I hopeI haveconvincedyouthatcurrentdatastronglysuggestafailureof theminimalElectroweak
StandardModel. With nucleardataplayinga key role, theCKM matrix hasbeenshown to miss
unitarity by morethantwo standarddeviations.Thequestto make this unitarity testmoredefini-
tive standsasoneof themostimportantchallengesopento nuclearphysicistsin the future. The
requiredmeasurementsall lie in the region of

G 2ÂI
nuclei andencompassmuchmore thanª -decaystudies. Energy-level spectroscopy, transferreactionsandmassmeasurementsarealso
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required,asarecalculationsof nuclearmodelsandimprovedradiativecorrections.Theprospects
areexciting.
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