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Abstract

The decayof nucleinearN = Z providesa sensitve methodfor probingthe limitations of the
Electraveak Standardviodel. To date,the strengthsof superallaved 0T — 0™ beta-decayran-
sitions have beendeterminedwith high precisionfrom nine differentshort-lved nuclei, ranging
from 19C to 54Co. Eachresultleadsto anindependenmeasurdor the vectorcouplingconstant,
G\, andcollectively theninevaluescanbeusedto testthe conseration of theweakvectorcurrent
(CVC). The resultssupportCVC to betterthana few partsin 10,000— a clear succesdor the
StandardModel! However, whenthe averagevalueof G, asdeterminedn this way, is combined
with datafrom decaysof the muonandkaonto testanotherpredictionof the Standardviodel,
theresultis muchmoreprovocative. A testof the unitarity of the Cabibbo-Kobayashi-Maskasv
matrix fails by morethantwo standarddeviations. This result,if confirmedby evenmoreprecise
measurements thefuture, could have farreachingconsequences.

This talk describeghe currentstatusof the nuclearmeasurementandcompareghe resultswith
neutron-decayneasurementsyhich arelessprecisebut consistentvith the nuclearresults.New
nuclearmeasurement@imedat achiezing a definitive resultwill focusoneven-eren N = Z — 2
nucleilighterthan A = 40, andon odd-oddN = Z nucleiheaier than A = 60.

1 Intr oduction

Superalloved 0t — 01 nuclearbetadecaysprovide both the besttestof the Consered Vector
Current(CVC) hypothesisand, togetherwith the muonlifetime, the mostaccuratevaluefor the
up-dovn quark-mixingmatrix element,V, 4, of the Cabibbo-Kobayashi-Maskaa (CKM) matrix.
This matrix should be unitary, and experimentalverification of that expectationconstitutesan
importanttestof the StandardVlodel. With currentworld datafor 07 — 01 betadecayq1] used
to obtaina valuefor V,4, andthe standardvalues|[2] taken for the other requiredelementsof
the CKM matrix, the unitarity testfrom the sumof the squaref the elementsn the first row
fails to meetunity by morethantwice the estimatedincertainty This resultis tantalizinglyclose
to establishinga definitive disagreementvith the StandardModel, and promptsrenaved efforts
to improve the precisionwith which the testcanbe made. The challengesn doing so are both
experimentalandtheoretical.

Thenine0™ — 0% transitionghatcurrentlycomprisethenuclearnputdatafor V,,4 areall between
T = 1 analogstates.Thus,nuclearstructureeffectsonly enterat thelevel of differencedetween
the parentand daughtemwave functions. Thesedifferenceswhich are causedoy Coulomband
chage-dependemuclearforces,turn out to be very small, andintroducea correction,denoted
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dc, of order1% whenthe experimentalft-valuesareusedto extracta valuefor the effective weak
vectorcouplingconstant(!,. Evena conserative estimateof the uncertaintiesn this correction
indicatesthat structure-dependenincertaintieshouldnot afflict the experimentaldetermination
of G!, above the level of approximately+0.1%. To date, f¢-value measurementSave aimedat

achieving this level of experimentalprecisionor slightly better Futureimprovementswill depend
notjustuponhigherprecisionbeingachiezedin the measurementsut alsouponimprovements-

or increasedaonfidence- in the calculatedvaluesof ..

To calculated for a particularsuperalloved transition,it is importantto have a reliablenuclear
modelthat demonstrablyfits nuclearpropertiesin the samemassregion. To refinethe model's
effectivenessan calculatingchage-dependergffects, it is alsovaluableto have accurateexperi-
mentaldataon the ¢ coeficient of the isobaric-multipletmassequation(IMME) for the same0*
multipletand,if possibleto have dataon other non-analod* — 0 decaydrom thesameparent
state.Theninesuperalloved0t — 0" decayscurrentlyknown with high precisionoccuramong
N ~ Z nucleiwith 10 < A < 54, wherenuclearstructureinformationis relatvely abundantand
reliable modelsexist. Any futureimprovementsn §c arelikely to comefrom measurementsf
additionalsuperallevedtransitions especiallythosefor which §. is anticipatedo be particularly
large. Suchmeasurementwill thenconstitutea testof the - calculationsand,if successfulwill
give abetterindicationof theuncertaintythatshouldbeappliedto é in thecasesurrentlyknown,
wherethe correctionitself is smaller All thesefuture measurementwill, of necessitybeamong
N ~ Z nucleiupto A = 98: they constituteone of the mostdemandingaskswe facein ary
branchof nuclearphysics,with arequiremenfor high precisionandfor athoroughknowledgeof
the neighboringnuclearstructure sometimesn regionsof very exotic nuclei.

This paperwill outline the currentstatusof the nuclearmeasurementsearingon V,4, possible
explanationdor thedisagreemenwith CKM unitarity, andfuture directionsfor study

2 Current statusof world data

Becauseheaxial currentcannotcontributein lowestorderto transitionsbetweerspin-Ostatesthe
experimentalft-valuefor a0™ — 0 transitionis relateddirectly to the vectorcouplingconstant.
Specifically for anisospin-1multiplet,

K
t(1+0p) = =5~ 1
ft(146R) G M) (1)
with
G, = Gy(1+A)"Y,
(M,)* = 2(1-d0),
K/(he)® = 2n°hIn2/(mec?)® = (8120.271 4+ 0.012) x 1071°GeV *s, (2)

wheref is the statisticalratefunction, is the partialhalf-life for thetransition,(}, ) is the Fermi
matrix elementandG, is the primitive vectorcouplingconstant. The physicalconstantaisedto
evaluateK weretakenfrom the mostrecentParticle DataGrouppublication[2]. Theseequations
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CVC TEST -- WORLD DATA, 1999
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Figure 1: Measured Ft-values for the nine precisely measured Ot — O transitions. The results are
consistent with a unique value for the vector coupling constant. The average Ft-value is shown, together
with the normalized chi-squared of the fit to the data.

alsoinclude three calculatedcorrectionterms— all of order1%. We write d; asthe nucleus-
dependenpartof theradiative correction,AY asthenucleus-independepgrtof theradiatve cor-

rection,andéc astheisospinsymmetry-breakingorrection.A generaldescriptionof thesethree
correctiontermsandthe methodsusedin their calculationhasappearecelsavhere[1, 3]. In the
presentontext, it is sufficientto notethatnuclearstructureplaysa smallrole in thedetermination
of dg, butit is predominanfor thatof ..

Equations(1) and (2) can now be combinedinto a form thatis corvenientfor the analysisof
experimentakesults:

K

3)

Herewe have defined Ft asthe “corrected” ft-value. From this equation,it is evidentthat the
Ft-valuesobtainedfrom 0t — 0% transitionsin differentnuclei canconstitutea stringenttestof
CVC, whichrequireghemall to beequal.

To date,superalloved 0t — 0* transitionshave beenmeasuredo +-0.1% precisionor betterin
the decaysof nine nuclei, 1°C, 0, 26™Al, 34Cl, 3¥mK, 42Sc, *6V, Mn and5*Co. World data
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on -values lifetimes and branchingratios— the resultsof over 100 independenmeasurements
— werethoroughlysurweyed [4] in 1989andthenupdatedserseral timessince,mostrecentlyfor
the WEIN98 conferencgl]. By applyingthe 6z andd. correctionslisted in referencel], we
corvertedtheresultsinto Ft-values.Thesevaluesareplottedin Fig. 1.

It is importantto appreciatehatthevaluesof §; andés eachresultfrom morethanoneindepen-
dentcalculation.In the caseof i, resultscomefrom avariety of primarysourcesall in complete
accordwith oneanother;for é., we have usedan averageof two independentalculationy5, 6]
with assignedincertaintieshatreflectthe (small) scattebetweerthem.Thus,in arealsenseboth
experimentallyandtheoreticallythe Ft-valuesillustratedin Fig. 1 representhetotality of current
world knowledge. The uncertaintieseflectthe experimentaluncertaintiesand an estimateof the
relative theoreticalincertaintiesn é-. Thereis no statisticallysignificantevidenceof inconsisten-
ciesin thedata(x?/v = 1.1), thusverifying the expectationof CVC atthelevel of 3 x 107*, the
fractionaluncertaintyquotedon the averageFt-value: Ft = 3072.3+ 0.9 s.

Now, in usingthis averageFt-valueto determind/,; andtestCKM unitarity, we mustaccountor

additional+-1.1 sto accountfor the systematiaifferencebetweerthe two calculationof . that
we have combinedin reachingthis result. (For amorecompletediscussiorof how we treatthese
theoreticaluncertaintiesseeRef. [4].) We now addthetwo errorslinearly to obtainthe valuewe

usein subsequerdanalysis:

Ft=3072.3+2.0s. (4)
Thevalueof V,, is obtainedby relatingthe vectorconstantG,, determinedrom this Ft value,

to theweakcouplingconstanfrom muondecay G-/ (fic)® = (1.16639 & 0.00001) x 10~°GeV 2,
accordingto:

K
V2 = —. 5
YT G2(1+ AY)Fi ®)

With the nucleus-independenadiative correctionadoptedrom Sirlin [7], AY = (2.40 4 0.08)%,
we obtaintheresult

| Viya | = 0.9740 = 0.0005, (6)

We arenow in a positionto testthe unitarity of the CKM matrix by evaluatingthe sumof squares
of the elementsn its first row. With the valuejust obtainedfor V,4, combinedwith the valuesof
Vus andV,, quotedby the Particle DataGroup|2], the unitarity sumbecomes

Vi |+ | Vi | 2+ | Vi |2 = 0.9968 =+ 0.0014, @)

which differsfrom unity atthe 98% confidencdevel.

Althoughneutrondecaydoesnotyetafford the precisionpossiblewith the superalloveddecaysit
doesyield anindependentesultfor V4. Ontheonehand freeneutrondecayhasanadwantageover
nucleardecayssincethereareno nuclearstructuredependentorrectiongo be calculated Onthe
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otherhand,it hasthedisadwantagehatit is not purelyvectorlik e but hasa mix of vectorandaxial-

vectorcontributions. Thus,in additionto a lifetime measuremeng correlationexperiments also
requiredto separatéhe vectorandaxial-vectorpieces.Both typesof experimentpresentserious
experimentakhallengesA recentsurwey [1] of world dataon neutrondecay whenaugmentedby

anewly publishedmeasuremenif the betaasymmetryin neutrondecay|8], yieldsavaluefor the
CKM matrix elementof | V,,4 |= 0.9740 £ 0.0017. This valueagreesexactly with theresultfrom

the superalloved decays Eq. (6), but carriesan uncertaintythatis morethanthreetimeslarger.

With its relatively largeuncertaintytheneutronresultis consistenbothwith thenuclearresultand
with unitarity.

3 How significant is apparent non-unitarity?

Theresultin equation(7) is avery provocatve one.If it is takenatfacevalue,it indicatesheneed
for someextensionto the electraveak Standardviodel, possiblyindicatingthe presencef right-
handcurrentsor of a scalarinteraction[1]. This would have profoundimplications.However, the
resultcould have amoretrivial explanation.lt couldinsteadreflectsomeundiagnosethadequag
in the calculatedadiative or Coulombcorrectionausedto evaluateV,,; — or possiblyacomparable
inadequayg in theevaluationof V,,;. Whatcanbestatedwvith somecertaintyis thattheexperimental
resultsfor theninenucleicontritutingto Fig. 1 cannotbe atfault. Not only do they originatefrom
a large numberof independenimeasurementdyut also the error bar associatedvith | V,,4 | is
not predominantlyexperimentalin origin. In fact, if experimentwere the sole contrikutor, the
uncertaintywould beonly £0.0001. Thelargestcontritutionsto the|V,, | errorbarcomefrom A}
(£0.0004) andd¢ (£0.0003).

Thus,if we areto determinewhetherthe minimal StandardViodel hasfailed, we musteliminate
all possiblé‘trivial” explanationdor theapparenhon-unitarity To do so,nuclearphysicistsfocus
onthereliability of thecalculateccorrectionsn V,4. (Othersarere-evaluatingV,,; — seeRef.[1].)

But, if thereis afaultin the correctionswhatsizeeffect arewe seeking?To restoreunitarity, the
calculatedradiative correctiongdr or AY) for all nine superallevedtransitionswould all have to
be shifteddownwardsby 0.3%,or the calculatedCoulombcorrectionsgc, all shiftedupwardsby
0.3%, or somecombinationof the two. Suchchangesvould constitutea substantiafraction of
the total valuesof thesesmall quantities.We have recentlyre-examined[1] the calculationof the
variouscorrectiontermsandconcludethatsuchlargechangesrevery implausible particularlyin

the caseof ¢z, the calculationof which involvesstandardQED andis well verified.

Evendc is well substantiatetdy severalindependentyet concordantalculationd5, 6, 9, 10] and
by measurementd 1, 12] of the weaknon-analogdt — 01 p-transitionsfrom 37K, 42Sc, 46V,
*Mn and®*Co. Suchtransitionscanonly occurvia admixed componentgrom the analog-state
wave function,andarea sensitve testof chage-dependemixing in five of thevery nucleiwhose
superallevedbranchesontributeto thedeterminatiorof V,,,. In all casesthecalculationsusedto
obtaind alsoyieldedvaluesfor thenon-analodransitionghatagreevery closelywith experiment
[13]. Thus,we mustconcludethatéc, like dg, is firmly basedandunlikely to concealary fault
thatcould shift all of its valuessubstantiallyoutsidetheir quotederrorbars. It is the reductionof
thoseerrorbarsthatshouldpreferablybe the goal of future experiments.
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4 Opportunities for the futur e

Giventheimportanceof their contributionto theuncertaintynow quotedfor V4, it is the precision
of A} anddc thatmustbeincreasedf the unitarity testis to beimprovedsubstantiallyindeed Ay
isinherentto thedeterminatiorof V,,; whetherthelatteris obtainedrom neutrondecayor fromthe
superallevedtransitionsand,until the calculationof AY is improved,its relative imprecisionwill
continueto limit the unitarity testat aboutthe presentevel regardlesf any otherimprovements,
experimentalor theoretical.Improved calculationsof AY mustthereforetake priority asthe most
critical taskfor thefuture. This appeardo lie entirelywithin therealmof theory:therehave been
no suggestiongor experimentsthat could help to refine existing calculationsor to confirm new
ones.

The chage-dependentorrection,ic, is adifferentstory. Theoreticaimprovementsarecertainly
possible put experimentcanprovide independentontrolsonthecalculationsvhich, if successful,
will reduceheuncertaintyof theresults.Onthetheoreticakide,alarge-basignocore)shellmodel
hasalreadybeenused[10] to calculated. for the °C superalleved transition. The extensionof
suchdetailedcalculationgo heavier nucleiwill make importantadditionsto theresultsof themore
phenomenologicaimethodsusedto date. Experimentally there are three different approaches
currently beingfollowed: 1) increasingexperimentalprecisionon the nine known ft-values;?2)
measuringiev 0" — 0% decaysrom T, = 0 nucleiwith A > 62; and3) measuringien 0" — 07
decaydrom 7, = —1 nucleiwith 18 < A < 42.

At first glance experimentsseekingto improve the measured‘t-valuesfor the nine superalleved
transitions,whosesmall error barsalreadycontribute very little to the uncertaintyin V,,4, might
seemto beafruitlessendeaor. Certainly consideringhelarge quantityof carefulmeasurements
now contributing to the contentof Fig. 1, thereis little chancethat the centralvalue of F¢ will
be changedsignificantlyby a few more. However, the testof CVC candefinitely be mademore
demandin@gstheexperimentabrecisionis increasednd,to theextentthatthe F¢-valuescontinue
to agreewith one anothey this would demonstratet the sametime the reliability of the - cal-
culations,which compensatéor the transition-to-transitiorvariationsevidentin the uncorrected
ft-values. Of course,it is only the relative valuesof . that canbe testedby this method,but
it would be a pathologicalfault indeedthat could calculatein detail the requiredvariationsin ¢
while failing to obtaintheir absolute valuesto comparablerecision.

Theotherexperimentabpproacheaimto increaseéhe numberof superallevedemitterssubmitted
to precisionstudies,eitherby addingnen heary odd-oddT, = 0 caseslike 2Gaand™Rb, or
new light even-evenT, = —1 oneslike 22Mg, 3°S and3*Ar. Eachregion hasits advantagesand
disadwantagessoutlinedin Tablel. Bothregionsareattractve to testsof §- becausehatcorrec-
tion is predicted[5, 6] to take larger valuesthanthe 0.2 — 0.6% rangecoveredby the transitions
shavnin Fig. 1. Unfortunatelyamongthe A > 62 nucleithereis notyetareliablenuclearmodel
with which to calculateanaccuratei.; evenif experimentshavedsignificantdisagreementwith
currentpredictionsjt is not clearwhatimplicationsthatwould have for the ninetransitionswhose
ft-valuesarenow usedto determinel/,,. The dc correctionsor the latter transitionshave been
madein acompletelydifferentmodelspacewhereshell-modekalculationshave beenextensvely
refinedandtestedon a wide variety of nuclei and properties. In contrastithe 7, = —1 nuclei
betweenA = 18 and42, overlapexactly the samewell known modelspaceasthe transitionsin
Fig. 1: ary obsened discrepanciesvith experimentwill reflectdirectly on the currentdetermi-
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Table 1: Present status of new regions of 0t — 0T superallowed emitters.
A>62 18 < A< 42

Property T,=0 T,=-1
large 6 values? ~ 2% 0.3% — 1.2%
reliablenuclearmodelfor 6o 7? no yes
IMME informationavailable? no yes

0" statesavailablein daughter? yes likely not
0" statesknown in daughter? no some
half-lives> 0.5 s? no yes
reasonabl@roductionrate? for some yes
competingoranches? mary, weak few, strong

nationof V,4. Although the predictedvaluesof é- for thesenucleiarenot aslarge asfor those
with A > 62, somearesubstantiallytargerthanfor theninetransitionscurrentlyknown. Togethey
thesetwo featuregmake themvery attractve casegor immediateexperimentainvestigation.

In the longerterm, however, the A > 62 nuclei shouldalso provide valuableinformationabout
dc —aswell aspresentingan exciting experimentakchallenge gspeciallyfor this audiencewhich
is alreadypredisposedowardsthe fertile groundaroundN = Z nuclei. A real challengeit is
though!Not only mustthe superalleveddecaybrancheshemselesbe studiedbut otherpiecesof
experimentalinformationhave to be assembledTo arrive at areliablenuclearmodelwith which
to calculateds, somebasicknowledgeat leastof low-lying excited states- their enegies and
spin-parities- is requiredfor nucleiin the region of interest. To tunethe calculationof J, it is
essentiato know the coeficientsof the IMME for the 0 multiplet involvedin the superalloved
transition.In lighter nuclei,all threemembersf the7 = 1 multipletsareknown andtheir masses
measuredfor the caseswith A > 62, theT, = —1 nucleiare, asyet, undiscoweredand their
adequatgroductionwith existing acceleratorss, at best,problematic.

To testthe efficagy of ¢ calculationsjt is alsovaluableto know thelocationof nearby0™ states
andto measurdghe weak,non-analogs-transitionsthatfeedthem. As the tableindicates heither
region of new superalloved emittersoffers this advantagedor the time being. For the lighter
nuclei, someexcited 0 statesare known but neitherthesenor ary othersthat may be foundin
future arelikely to be enepgetically availableto 5-decay This limitation doesnot persistfor the
A > 62 emitters,whosefg-decayenegy windows areconsiderablyiarger, asis shavn in Fig. 2.
Clearly, thereis greatpotentialto studynon-analod ™ — 07 transitionsn thesenucleiandseveral
studiesarecurrentlyundervay on 2 Gaand™Rb decays However, all suchstudiesarehampered
by the absencef ary informationon thelocationof 0" statedn the daughterslt is very difficult
to characterizes- transitionsat the parts-pemillion level without knowing in advanceexactly
how the daughterstatesdecay Identificationof 01 statesis usually bestaccomplishedria two-
nucleontransfemreactionsbut, exceptfor 42Zn, noneof thedaughteistatedn this regionis readily
accessibldrom a stabletarget. Widespreadmeasurementwill undoubtedlyhave to await the
availability of intenseradioactve beams.

Thelastthreelinesin Tablel addresshe fundamentaissueghatexperimentswill facein making
ft- valuemeasurementat a level of precisionto matchexisting dataon 0t — 0" superalloved
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Figure 2: Location of known excited 0t states in the daughters of T, = 0 superallowed emitters, together
the Qg¢ window open to s-decay. The measured branching ratio (as a percent) is shown for the only three
cases where the $-branch to the excited 0T state has been measured.

decays.First, the masse®f both parentanddaughtemwill have to be measuredo a precisionof
1 x 108, Evenon-line Penningtrapsarenot currentlyforeseerto achieve this level of precision
for actwities with half-liveslessthan0.5 s. Second,the half-life itself mustbe determinedo
aboutfive partsin 10*; for this, repeatedow-backgroundneasurementsachincluding at least
a million counts,mustbe performed. The productionrate of the activity mustobviously match
thisrequirementFinally, whereother 3-decaybranchesompetewith the superalleved one,their
intensity mustbe carefully measuredo that the superalleved branchingratio canbe established
with aprecisionof betterthan1 x 10~2. Thisis adifficult taskfor bothregionsof nen emitters the
onebecause¢herecouldbeasignificantnumberof individually weaktransitionsthe otherbecause
the few transitionsthatdo occur(to 17 states)are large and mustbe measuredvith challenging
precision.

5 Conclusions

| hopel have corvincedyouthatcurrentdatastronglysuggesafailureof theminimal Electraveak
StandardVodel. With nucleardataplaying a key role, the CKM matrix hasbeenshownn to miss
unitarity by morethantwo standarddeviations. The questto make this unitarity testmoredefini-
tive standsasone of the mostimportantchallengepento nuclearphysicistsin the future. The
requiredmeasurementall lie in the region of N = Z nuclei and encompassnuch more than
[B-decaystudies. Enegy-level spectroscop transferreactionsand massmeasurementare also
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required,asarecalculationsf nuclearmodelsandimprovedradiatve corrections.The prospects
areexciting.
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