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Extensionsof thestandardmodel with extraneutralvectorbosonspredict additionalfermions.
In the minimal case,where the extendedgaugegroup is containedin the unified group SO(10),
one has one right-handedneutrino for each quark—lepton generation.For this theory we
systematicallystudy the effects of both, the mixing of neutralvectorbosonsand the neutrino
mixing, on a variety of observablesusedfor precision testsof the electroweaktheory. In most
quantitiesthe effects of neutrinoand vectorbosonmixing tendto compensateeachother. In
particular the shift in the invisible width of theZ boson may be positive or negative. The most
stringent bounds follow from tests for universality of the charged current. A comparable
sensitivitycouldbe attainedfrom a measurementof the left—right asymmetryandforward—back-
ward asymmetriesat the Z pole. We emphasizethe importanceof measuringr decayswith
improvedaccuracy.

1. Introduction

In the standardmodel of strong and electroweak interactions B — L, the
difference of baryon and lepton number, is conservedup to a gravitational
anomaly and, as a consequence,neutrinos are exactly massless.However, in
uiiified theoriesbased on the gauge group SO(1O) or E6, which contain the
standardmodel as effective low-energytheory, B — L plays the role of a sponta-
neouslybroken local symmetryandneutrinosacquiremassesrelatedto the scaleof
B — L breaking. This is a theoreticallyvery appealingextensionof the standard
model which implies lepton numberviolating processesat low and high energies.

At presentvery little is known about the scale
4B-I, of B — L breaking.The

experimentalupperboundson neutrinomassesand also cosmologicalconstraints
arecompatiblewith a massscaleABL aslow as 1 TeV ~. This is in fact expected
in superstringtheorieswhich predict a low-energygaugegroupwhich containsone
or two U(1) factors [2] in addition to the standardmodel gaugegroup. In the
minimal case,wherethe extendedgaugegroup is containedin SO(1O),onehasone

* For a review, sec ref. [11.
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extra Z’ vector bosonwith massof order ABL. Furthermore,anomalyfreedom
requiresthe existenceof right-handedneutrinoswhoseMajoranamassessatisfy an

upperbound [3] which is proportionalto the Z’ vectorbosonmass.
Heavy Majorananeutrinoswith massesbelow 1 TeV canbe producedin epand

e~ecollisions if their mixing with light neutrinosis sufficiently large.Recentlya
detailedanalysishasbeenperformedof the range in neutrinomassesandmixings
which canbe exploredat presentandfuture epand e~ecolliders [4]. The results
show that thesecolliders havethe potential to discoverlepton-numberviolating
processesif the scaleof B — L breakingis of order 1 TeV.

Precision tests of the electroweaktheory * provide stringent constraintson
physics beyondthe standardmodel [6—8].However, up to now effectsof neutrino
mixings [7,9,10] andof extraneutralvectorbosons[6,7] on electroweakprocesses
haveonly beenanalysedseparately.Since heavyMajorananeutrinosand an extra
Z’ vectorbosonare likely to cometogether,andsincetheir effectson electroweak
observablesmay very well be of the sameorder of magnitudeit is important to
analyseneutrino andvector bosonmixings together.As we shall see,botheffects

tend to compensateeach other in almost all processes.Hence, only a complete
analysisof as many observablesas possiblewill allow for a definite interpretation
of the physical origin of conceivabledeviationsfrom standardmodel predictions.

The paper is organizedas follows: In sect. 2 we describethe extendedgauge
model with Majorananeutrinosand list variousformulae neededto computethe
different electroweakobservables.Sect. 3 is then devoted to charged current
processes,sect.4 dealswith e~ephysics on the Z pole,and in sect.5 we discuss
low-energy neutrino processes.Finally, in sect. 6 the various observablesare
comparedand the presentlimits on mixings betweenlight and heavy Majorana

neutrinosaredetermined.

2. Extended gaugemodel with Majorana neutrinos

We consider an extended gaugetheory with the local symmetry SU(3)~x

SU(2)w x U(1)~,x U(1)~~containedin the unified group S0(10). The smallest
anomaly-freefermion representationis the 16-plet of S0(10) which contains a
“right-handed”neutrino r’R in additionto the 15 Weyl fermionsof onequark—lep-
ton generation.Comparedto the standardmodel the lagrangiancontains the
following new terms(cf. ref. [31):

&~°=

— l~pg~P~—

— ~x~hPR — + ~LFliggs. (2.1)

* For a detailedreview of theoreticalfoundationsandexperimentalfacts, see ref. [5].
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Here C,~is the field strengthof the new vector field C~,cp = (~°,~) is the
doublet of Higgsfields, / = (ML, e~)is the doubletof left-handedleptonsand x is
a SU(2) singlet Higgs field whosevacuumexpectationvalue generatesthe Majo-
rana massesfor the right-handedneutrinos.g~and h arecomplex3 X 3 matrices
and ~

5Li~iiggscontainskinetic and interactionterms of the new I-Iiggs field x and
possibly further scalar fields. All gauge covariant derivatives differ from the
standardmodel expressionsby

= —i
1~g’Y’C~, (2.2)

where

Y’=Y—~(B—L) (2.3)

is the properly normalizednew U(1) chargeand g’ the U(1)~gaugecoupling of
the standardmodel.

The vacuumexpectationvaluesof the Higgs fields i’ = (X~oand F = Kcr°~o
break the gaugegroup to SU(3)( >< U(l)~m,and oneobtains two massiveneutral
vectorbosonsZ andZ’,

Z~=cos~TZ~—sin~C,1, Z~=sin~Z~+cos~TC~, (2.4)

whereZ~= — sin (9 ~ + cos (9 is the neutralvector bosonof the standard
model. The mixing of the vector bosonsmodifies weak angle and p parameter

which, at tree level, satisfy the exact relations(cf. refs. [3,11]) (~~
2=

, 1/2

1 1 ~
sin2e= — — — — — (2.5)

2 4 pm~

sin 2~=—2%/~7~sine__~~~z2 (2.6)
~ —

~p ~p — 1 = sin24 2 (2.7)
m~

where a is the electromagneticfine structureconstantandG is the Fermiconstant
of the standardmodel which, at tree level, is related to the vacuum expectation
value of the Higgs field ~° by G = (2%1~L2Y’

In the extended gauge model under considerationall observablescan be
expressedin terms of a, G, m~,m~and fermion massmatrices,becausethe
Higgs sector is specified. These quantities representa convenientchoice of
parameters,sincea, m~andthe muon lifetime i-,~arepreciselymeasured.
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An importantdifferencebetweenthe standardmodel and the extendedgauge

model is the mixing in the neutrinosectordueto the presenceof the right-handed
neutrinos.As we shall seein sect. 3, this mixing affects the expressionfor the j~

decaywidth and,consequently,the relation betweenthe Fermi constantand the
vacuum expectation value of the Higgs field. In our analysis of electroweak
observablesthis effect will be taken into account.

From eqs.(2.1)—(2.4) onecan derive the two neutralcurrentsof the model. A
straightforwardcalculationyields the interactionlagrangian(cf. ref. [3]):

~ +J~Z~, (2.8)

where

g cos ~

~NC 2cos 0 ~ (2.9)

V’ = T3L(i) — 2 sin
2f9 Q

1

+ ~‘~tan ~ sin @(T~L(i)— 2Q~+ ~(B — L)~), (2.10)

A’ = (i + ~/~tan ~ sin 0)T3L(i), (2.11)

= ~y~(V” -A”y5)~1, (2.12)

V’
t = T

3ji) —2 sin
20Q

1

— \/~ctg~sin 0(T3L(i) — 2Q~+ ~(B — L)~), (2.13)

A’
1= (i — ~/~ctg~sin @)T

3ji). (2.14)

Here the sum extendsover all quarksand leptons,and TSL(i), Q,. and (B — L),
denoteweak isospin,electricchargeand B — L of the ith fermion.

The neutralcurrents(2.9) and(2.12) areexpressedin termsof weak eigenstates.
For quarksandchargedleptonsthe transitonto masseigenstatesis identical to the

standardmodel. In the neutrino sectorone hasthe Dirac massmatrix mD =~‘

and the Majorana massmatrix m hv’. The chiral fields ~L and
0R are then

relatedto masseigenstatesv andN via the transformation(cf. ref. [4]):

p=L+Lc, N=R+R’, (2.15)
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where

= L + ~RC — + 0(e), (2.16)

= R — ~TLC — + 0(~~), (2.17)

= mi)—. (2.18)
in

To leadingorder in I/rn the massesof the light and heavyMajorananeutrinos r’~
and N, are given by the eigenvaluesof the massmatrices

in,,= —m~—rn~~,mN—rn. (2.19)

Eqs. (2.16)—(2.18) lead to the following expressionsfor the neutrino terms in
neutralandchargedcurrents,neglectingcontributionsof order ~ and ~:

gcos~ ~- . .,. ly~
J~c=~—~-os(9(1_~tan~sin0)~(1_~’)y5’ 2 P

+(l —4~/~tan ~ sin ~ 2

tan ~sin @+~~)yo~2Y5N]~ (2.20)

~ ~ 2~v

+4v~ctg~sin0(~y0 2Y5N+~tyP’ ~

ctg ~ sin 0—~ ctg ~ sin (9 1 2~NJ~ (2.21)

= k[ev(1 — ~ + eV~y~~ Nj. (2.22)

In the leptonic part of the chargedcurrent a unitary mixing matrix V arisesin the
transition from weak to mass eigenstatesof the chargedleptons,which is the

analogof the Kobayashi—Maskawamatrix in the quark sector. In general,the
matrix V contains a CP violating phase.Hence, C’P violating effects now also
occur in leptonic processes.The mixing matrix V(1 — ~ and the neutrino
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masses rn~,are restricted by the experimentalupper bound on the rate of
neutrinolessdouble/3 decay(cf. ref. [3]).

Based on the currents(2.20)—(2.22) and the relations(2.5)—(2.7) among the
electroweakparameterswe can now computedeviations from standardmodel
predictions and determinethe sensitivity of various electroweakobservablesto
neutrinoandvectorbosonmixing.

In order to obtain boundson the mixing parameters~ and ~ we shall proceed
as follows. Let °SM be the standardmodel prediction of some observable0 and

~°mix the deviationcausedby neutrinoandvectorbosonmixings. °SM is the sum
of the tree level contribution °Born and the radiative correction ~°rad’ i.e.

°SM = °Born+ ~°rad~ The relative changeis given by

~°mix ‘~°mix ‘~°mix~°rad

0 =0 +0 02 . (2.23)SM Born Burn

Let the measuredvalue °expof the observablebe known with an error ±~iOexp.

An estimate of the allowed range of mixing parametersis then obtained by
requiring

.~ ~0.
in (2.24)

0 Born ‘‘exp

Ourboundson mixing parameterswill be basedon this inequality.Wewill thereby
ignoresmall differencesof °SM and°expwithin the experimentalerror, a possible
asymmetryof the experimentalerror and radiativecorrectionsto ~

A further complicationis theuncertaintyof the standardmodel prediction °SM

for largevaluesof the top quarkmass,which may be comparableto or evenlarger
than the experimentalerror. The leadingradiativecorrectionsproportionalto rn~
can easily be incorporatedby modifying the weak angle,the p parameterandthe
neutralcurrentcouplingsof the b quark[121.A completeanalysiswould have to
include m1 as unknownparameter.In the following we shall ignore this complica-

tion, i.e. we restrictourselvesto the caseswherethe top massis known or whereit
is sufficiently small.

3. Charged current processes

Predictionsof the standardmodel for crosssectionsand decayratescan be
expressedin terms of the electromagneticfine structureconstantci, the Fermi
constantG andtheZ bosonmassrn~.In the extendedgaugemodel the massrn~
of the extraneutralvectorbosonis an additional parameter.

The Fermi constantis determinedfrom the muon lifetime usingthe standard
model formula. However,the mixing in the neutrinosectormodifies the expression
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for the decayrate and, consequently,the Fermi constantdependson the mixing

parameters.From the chargedcurrent (2.22) one obtainsfor the p. decayrate at
tree level, summing over all neutrino speciesin the final state and neglecting
electronand neutrinomasses

G
2m5

T

1~~ 192~3(1~, (3.1)

where

A = (ut).. = 2 ~, j = e, p., T. (3.2)

Here we have neglectedterms of order ~t6V, where ~V= V— 1, since matrix
elementsof ~ and 8V both have to be small. In eq. (3.1) we havealso ignored
radiativecorrectionsto i-,~,becausewe have to evaluatethe change~°mix of an
observableonly relative to the treelevel standardmodel prediction °Born (cf. eq.
(2.23)). G is related to the vacuumexpectationvalue of the Higgs field ~° : G =

(2V~i’
2)~.From eq.(3.1) we readoff the “Fermi constant”:

G-

I Ik 2 e
i.e. the quantity G which entersthe weak angle (2.5) is larger than the “Fermi
constant”. In the case of mixing between three light and one heavy neutrino

speciesthe analogousresult has beenobtainedby Bilenky et al. [13]. A similar
modification of the Fermi constant is caused by new interactions which are
describedby dimension-6operatorsat low energies[14].

The electroweakparameters0, ~ and ~ip canbe expandedaroundthe standard
model limit

1 sin22O I cos~~
sin2(9 = sin20 1 — — e — — (Ae + A~) , (3.4)

ôcos2O 2cos2(9

~= —\~sin OE, (3.5)

= 4sin2é�, (3.6)

where

rn~
(3.7)

m~

*2 1/21 1 p.
sin2(9= — — ~%2= (3.8)
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Heresin O is the standardmodel expressionfor the weak angle,where G~is the
“Fermi constant” definedby the standardmodel formula for the p. decayrate.
Clearly, the induceddependenceof the weak anglesin (9 on the mixing parame-
ters e and A1, which entersthe neutralcurrents,affects almost all electroweak
observables.With a

1 wa1 (rn~)=128, G~=1.166X 10~GeV2 and m
7=

91.117GeV [15] oneobtainsnumericallysin
2e= 0.234.

Let us first considertheW bosonmass.From eqs.(3.3), (3.4) and g2 = e2/sin20

one obtaines

1 sin22~ 1 sin2~
m~= cos2(9rn~1 + — E + — (A~+ ~k~) , (3.9)

ôcos2(9 2cos20

which yields

~5rn~
=0.11e+0.11(A~+A~). (3.10)

Note that the neutrino mixing and the neutralvectorboson mixing both increase

the W bosonmass.
The partial i- decaywidths T~ Ri- —s p.v~)and ~ T(T —~ clip) test for the

universalityof the chargedcurrent.Summingover the neutrinosin the final state
onefinds (cf. (3.2))

(3.11)
,.p.

(3.12)

The oppositesign of the two contributionsto both partial widths follows from the
effect of the neutrinomixing on the quantity G. As expectedthe partial r widths
remainunchangedfor generation-independentmixing, i.e. A~= A,~= A~.

Anothermeasureof chargedcurrentuniversality is the ratio of ir decaywidths
R

7,. ~~F(~r— ev1)/E11(ir —‘ p.r~).Oneeasily finds

3R
(3.13)

A stringent test of quark—leptonuniversality of the charged current is finally
provided by a comparisonof the Fermiconstantsdeterminedin p. decayand the
semileptonic /3 and K~3decays.Assuming unitarity of the Kobayashi—Maskawa



W. Buchmhllerci al / Electroweakohseriahles 11

TABLE 1
Boundson mixing parametersfrom chargedcurrentprocesses.The threetheoreticalmodelsare:

A~=A
0=A= 102, E=2x102(A); A~.A0 ~A= 102, e=2X10

2 (B); A~=A
0=A= 102,

= 0 (C). Theexperimentalerrorsaretakenfrom ref. 1161

Predicteddeviation[%] Exp. error [%]

A B C

bmw/mw 0.4 0.2 0.2 0.5
0 —1 0 2
0 —1 0 2
0 0 0 1

0 1 0.3

matrix one obtainsin the usual manner(cf. (3.3))

2 2

~ =A~, (3.14)

where G0 is the Fermiconstantof the semileptonicdecays.In analogyto eq.(3.3)

one easily finds G~= G

2 (1 — Ar). A boundon A~is now obtainedby identifying
the ratio on the left-hand side with the measuredquantity 2 + I V~

5 2 +

2 — 1, where VUb 2 can be safely neglected.(G~— G~)/G~ is the only
observablewhich is sensitiveto a singlemixing parameter.

In table 1 the deviations from standardmodel predictions for the different
chargedcurrent observablesare comparedwith current experimentalprecisions
for the following three cases:(A) Ar = A~= A = 102, � = 2 x 10~2; (B) Ae,

AE~A~=10
2,e2X10 2; (C) Ae=Ap=Ar=102, e=O. The value e=

m~/rn~’= 2 x 102 correspondsto a Z—Z’ mixing ~ of about 10- 2 The strongest
boundon neutrino mixings follows from quark—leptonuniversality: A~<3 X iO~.
For the W bosonmassa precisionof about400 MeV is sufficient in order to test
the mixing parameters� and A, at the level of 1%. A moreaccuratemeasurement
of leptonic i- decayswould provide a stringent constrainton i- neutrino mixings.

4. Z decay width and asymmetries

Observablesat the Z pole in e~eannihilationare affectedby the modification
of the neutralcurrent couplingsthrough Z—Z’ mixing, neutrino mixing and the
dependenceof the weak angleon the mixing parameters.

Particularly interestingwith respectto neutrinomixing is the invisible width of
the Z boson ~ = ~,

1F(Z —s v.v~).From the neutralcurrent(2.20)oneobtainsat

tree level

~inv = ~ + ~ + sin2O c)(i - ~tr(~t)), (4.1)
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which, usingeqs. (3.2) and (3.4)—(3.8),yields

Grn~
= [(1 + ~sin2(9e — ~(A~ + A,~)— ~A

7) (4.2)

and

~F. ~i
= -~- = O.62~— 0.17(A~+ A~)— 0.67A7, (4.3)

mv

where i~denotesthe effective numberof neutrino species.Mixing with right-
handed,SU(2) singlet neutrinosalways reducesthe invisible width [13,17].Note,

however,that the decreaseis less than the naively expectedlast factor in eq. (4.1)
becauseof the effect of the neutrinomixing on the Fermiconstant.Furthermore,

sincethe Z—Z’ mixing increasesTiny, the total changemay be very small.
A straightforwardcalculationyields for the leptonicwidth

G~m~ Ae+Ap
pl+

ee 6ii-v~ 2

x — 2 sin
2(9+ 4 sin4(9— sin2(9(1 — ~sin20)�], (4.4)

where sin20 is still dependenton the mixing parametersE and A,. Inserting eqs.
(3.4) and(3.6) gives

Ce = —0.17e+ 0.59(Ae+ Ag). (4.5)

Contraryto ‘~ny thereis no dependenceon A
7. Vectorbosonandneutrinomixings

againenterwith oppositesigns.
In order to obtain the total Z bosonwidth

= + 3Tee+ 2T~0+
3Tdj (4.6)

we have to compute thehadronicpartial widths J~ F(Z —~ ull) and Tdd T(Z —~

dã). Using the neutralcurrentcouplings(2.20) oneeasily finds

.~f_, 3
~ +

6in/~ 2

x — ~sin20 + ~sin4(9 — ~sin20 c~, (4.7)
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3Gm3 A+A

Tda= ;zp(
1+ e )

x — ~sin
2(9+ ~sin4(9 + (~-— ~sin2(9) sin2(9 e]. (4.8)

From eqs.(4.2), (4.4), (4.6)—(4.8) and(3.4), (3.6) one then obtains

t~Fz
= 0.24�+ 0.54(A~+ A~)— 0.14A. (4.9)

z

For the threewidths Tj,,y, Tee and I~ the coefficientsof the mixing parameters�
and A

1 have the sameorder of magnitude,howeverdifferent signs.Only A always

enterswith negativesign.
Finally, we considerthe left—right asymmetryfor longitudinally polarizedelec-

trons

~(e~e~ Li!) -ff(eRe~ Lff)
(4.10)

u(e~e~Lff) +u(e~e~Lff)
f f

where f denotesany outgoing fermion, andthe forward—backwardasymmetryfor
a specific fermion pair with unpolarizedincomingelectrons

f dQ(du/dfl)(e~e~ff)— f df2(du/dQ)(e~e~ff)

A — COS LI > I) cos 1 <UFB — dfl(dff/dQ)(e~e~ff) + f dQ(du/dfl)(e~e~ff)

COS 17 > (I COS 1 <0

(4.11)

The quantity ALR dependsonly on vector and axial vector couplings of the
incoming electron, whereasfor AF-B(f) the couplings of electron and outgoing
fermion are relevant [18]

2VA.
ALR= V

2±A2’ (4.12)

3 2VA 2V.A.
AFB(f) = — e e 2! / - (4.13)

4 ~2+A~ fr~-+A~

Due to the universalcouplingsof chargedleptons to the Z boson,the forward—
backwardasymmetryof the experimentallyclean p. pairs is determinedby ALR. Of
particularinterest is also the asymmetryof b quarkjets [19].
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Using the neutralcurrentcouplings(cf. (2.10), (2.11))

= — + 2 sin2(9 + ~sin2(9e, (4.14)

Ac = — + ~sin20 E, (4.15)

Vh = — + ~sin2(9— ~sin2(9e, (4.16)

Ab = — + ~-sin20�, (4.17)

andthe expansion(3.4) for sin2O, one obtains

~ALR 1 ~AFB(/i)

A 2 A ( \ = ~1.4E+10(Ae+Ap.), (4.18)LR FBkp.)

8AFB(b)

AFB(b) = —1.2e+11(Ae+A). (4.19)

The largecoefficientsof Ac + Ali reflect the well-known sensitivity of the asymme-

tries with respect to the weak angle. This follows from the smallnessof the
standardmodel value of ~< Since the coefficient of � turns out to be an order of
magnitudesmaller,theseasymmetriescould.providestrongconstraintson neutrino
mixings.

In table 2 deviationsof Z bosonwidths and asymmetriesfrom standardmodel
predictionsare comparedwith presentor projectedexperimentalerrors.Due to
cancellationsbetweencontributions from neutrino andvector bosonmixings the
deviationscould well be below 1% for mixing anglesof order 1%. A measurement
of the left—right asymmetryand the forward—backwardasymmetryof b quarkjets
with the expectedaccuracyof 2% would constrainthe neutrinomixing Ac + A,~to
values below 2 X itIL3. This correspondsto the presentbound on A~ from
quark—leptonuniversalityof thechargedcurrent.

TABLE 2
Boundson mixing parametersfrom observablesat theZ pole.The threetheoreticalmodelsA, B andC

arethesameas in table I. The * denotesexpectedexperimentalerrors

Predicteddeviation[%] Exp. error1%]

A B C

0.2 0.6 —1 3 1151
b1’~/f~ 0.8 —0.3 1 0.8 lt5l
!lF~/Tz 1 0.3 0.9 0.6 [15]
8ALR /AIR 17 —3 20 2 [20] *

34 —6 40 20 [201*

8AFB(b)/AFB(b) 19 —2 21 2 [19] *
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5. Low-energy neutrino processes

Low-energy neutrino scatteringprocessesarc described by an effective Ia-
grangianwhich accountsfor the virtual exchangeof Z, Z’ and W vectorbosons.

The neutralcurrentpart reads

~efl = — ~ — ~ (5.1)

where J~ and J~ are the two neutralcurrentsgiven in eqs. (2.20) and (2.21).
Insertingthesecurrentsin eq.(5.1) oneobtainsto leadingorder in A

1, ~ and � the
following expressionfor neutrinointeractions:

= — ~G0(1 + A~±A0 )~(i — ~t)yo 1 —A5

x L {~i12T.iJi —2 sin
2(9 Q~

i ~ 0

+ ~sin2@ e(cos20Q
1 — ~(B — L)j)1y0 I —y5

—2 sin
2(9 Q. + ~sin2(9 �(cos2(9 Q. — ~(B —L)

1)]

l+~~

2 (5.2)

Similarly one obtainsfor the neutrinopart of the chargedcurrentlagrangian

A+A

.~ç~’=—2V~G01 + 2 1_ys 1—2/-
XëV(1 — 2 - ~~(1 — l~t) Vty 2 2e, (5.3)

which, by meansof a Fierztransformation,may be written in neutral-currentofrm
as

~CCo _2~G
0(l + A~±A0)[(i - I~t) Vt] [v(i -

— 1—2/s l—y~
><P~2/ 2 2 e1. (5.4)
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This form is convenientfor the calculationof ~e elastic scatteringwhere neutral
andchargedcurrentcontributionsinterfere.

It is now straightforwardto computecross sectionsfor various neutrino—elec-

tron andneutrino—nucleonreactions.Sincethe neutrinospeciesin the initial state
is specified the result will dependon the matrix elementsof V. This is different
from the processesconsideredin the previous sections where neutrinos only
appearedin the final state,and where the dependenceon V disappearedin the
sum over neutrino speciesdue to the unitarity of V. The composition of the

neutrino beams,which originatefrom decaysof K and ir mesons,also dependson
the matrix elementsof V. In the analysisof neutrino scatteringexperimentsthis
effect has to be takeninto account.

For neutrino—electronscatteringone obtainsthe following crosssections:

O~pew

= (G~s/4~i-)(1+ Ac — AE)

x [i — 4z + ~z
2 + 8z I fr~I2_ ~z(1 + ~z — 32z2)�1 (5.5)

°12e

= (G~s/12ii-)(1+ A~— A
0)

x[1_4z+16z2+8zI~0I2_~z(1_4z_32z2)E], (5.6)

0-w

= (G~s/4~-)(I— A~+ A0)

~ (5.7)

0-w

= (G,~s/12~-)(1— A~+ A0)

x [i + 4z + 16z
2— 8z~~+ ~z(1 + 12z + 32z2)�], (5.8)

ö
0~w~u(~0e—s~1p.)

= (G~s/ir)(1- ~), (5.9)
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ff~~w~

= (G~s/3~)I 2 (5.10)

Here s is the center-of-massenergysquared,z = sin2(9 and

= I — ~ ~< 1, i = e, p., i-, (5.11)

wherewe haveusedthe unitarity of V. Recall that in our model all neutrinosare
of Majorana type, i.e. ~ = r’ and i denote left-handed and right-handed
polarizationstatesof theseneutrinosand all masseffectsare ignored.

At presentthe best measuredquantityis the ratio

R

2= ~ (5.12)

From eqs.(3.4), (5.5) and (5.6) one obtainsfor its dependenceon mixing parame-
ters:

~R2

= — liE + L3(Ae + A0) + 3.31 2 (5.13)

Anotherratio, which may be ratherpreciselymeasurable[7,21], reads

0~,.

- (5.14)
+ 0.

Analogously,onemight consider

— a—.
R12= ‘~ - (5.15)

a.c + (TCe

For thesetwo ratios the dependenceon mixing parametersreads

= —0.99�+ 3.OAC — 0.53A0 + 0.7477e+ 5.01 12, (5.16)

= 0.26�+ 1.1A~— 1.8A0 + 0.4877e+ 0.541 I 2 (5.17)

Contraryto R2,both ratios dependon
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Let us finally considerdeep-inelasticneutrinoscattering.A careful theoretical
treatmenthas to include various correctionsto the simple parton model predic-
tions, such as quark mixing, the heavy flavour componentof the sea, the charm
quarkthreshold,QCD correctionsetc. [22]. We will restrict ourselvesto ratios of
neutral and chargedcurrent cross sectionsfor isoscalartargets,where most of

these corrections and also experimental systematicuncertaintiescancel. Our
boundson the mixing parameterswill be basedon the deviations of theseratios
due to mixing relative to the simple partonmodel predictions.

For isoscalartargetsonehas

a-(~N—siX) = -~(a(~p—sIX) +u(~n—siX)), (5.18)

where / denotesneutrino or chargedlepton. The different parton model cross
sectionsaregiven by

Lu (~0N —s i-’~X)

= (G~s/4~)Kn)(1+ A~- A0)

x{1 — 2z + ~z

2 + ~z(1 — + ~z2)e

~ (5.19)

a-eN— Lu(~N~
1X)

= (G,~s/12~i-)(n)(1+ A~— A0)

x{i — 2z+ + ~z(1 — -~z+ 4~z

2)e

+3r[1_2z+~z2+~z(1_~z+~z2)E]}, (5.20)

°rNwu(v
0N -sp.X)

= (G~s/2~)I 2(1 + Ae)(1 - ~~)(1 + ~r)~n), (5.21)

u(i~N—sp.~X)

=(G~s/6~)IVUdI
2(1+AC)(1—~

0)(1+3r)Kn>. (5.22)

Here z = sin
2@, r = (ñ)/(n~ -~,where K~i~= f~dx x~V(x)with n(x) (n(x))

being the densityof quarks(antiquarks)in the nucleon, and VUd is the up—down
matrix elementof the Kobayashi—Maskawamatrix.
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TABLE 3
Boundson mixing parametersfrom low energyneutralcurrentprocesses.The threemodelsA, B andC

arethesameas in table.The * denotesan expectedexperimentalerror.

Predicteddeviation[%l Exp. error[%]

A B C

8R,/R, 0.4 —2 3 iO[23]
8R

12/R1, 0.5 —2 2 2 [7,21] *

bR~/R,, 1 2 —0.3 1 [6,22]
0.1 0.7 0.9 516,221

From eqs.(5.19)—(5.22)oneobtainsfor the crosssection ratios

R0= —f—--, R~=—~---, (5.23)
iTrN cYCN

the relative deviationsfrom the standardmodel predictions

= O.
83E+ 0.34A~— 0.66A

0+ ~ (5.24)

= 0.37�+ 0.07A0 — 0.93A0+ ii~. (5.25)

Note that both ratios dependon r~.The various mixing parametersenterwith

positive andnegativesign.
In table 3 predicted deviations and experimental errors are comparedfor

leptonic and semi-leptonic neutral current observables.We have neglectedthe
dependenceon I J.’ I 2 ~ and r~,,,which from neutrinooscillation experiments
arerestrictedto be smallerthanabout2 x i0~[10]. In this approximationwe can
alsoneglectthe changein the compositionof the neutrinobeams,which is of order

I I 2 So far the datafrom neutrinoelectronscatteringhavenot yet reachedthe
precisionof 1% which is required to test for mixing parametersat the 1% level.
Neutrino—nucleonscatteringdatado havethe necessaryaccuracy.In particularthe
ratio R0 yieldsa useful boundfor E.

At least in principle, however,low-energyneutralcurrent dataare sensitiveto
matrix elementsof V, the leptonic Kobayashi—Maskawamatrix which, to leading
order, doesnot contributeto chargedcurrentprocessesand observablesat the Z
pole. Hence, low-energyneutrino neutralcurrentdataplay a complementaryrole,
and an increasein precisionwould be mostwelcome.
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6. Discussion

In the precedingsectionswe haveconsideredimplications of precisiontestsof
theelectroweaktheoryon mixings of ~, ~ and v with heavyMajorananeutrinos.
Such mixings necessarilyoccur if the ordinary neutrinos are massiveand if the
smallnessof their massesis explainedby the see-sawmechanism.

This mechanismof neutrino massgenerationemergesmostnaturally in exten-
sions of the standardmodel where B — L, the difference of baryon and lepton
number,plays the role of a spontaneouslybroken local symmetry.At presentlittle
is known aboutthe massscaleat which B — L is broken. Someunified models, in
particularmostsuperstringtheories,predicta low scaleof B — L breakingof order
I TeV. As a consequence,thesetheoriespredict an extraZ’ vectorbosonand also
heavyMajorananeutrinoswith massesbelow I TeV, which may be kinematically
accessibleat presentandprojectedcolliders.

Productioncrosssectionsfor heavyMajorananeutrinosin ep and e~e colli-
sions crucially dependon the parameterAc = I 2 where ~ is the mixing
matrix betweenlight andheavyneutrinos.In general,chargedandneutralcurrent
processesdependon the mixing parametersA (i = e, p., i-), m = i — I I 2 where
V is theleptonic Kobayashi—Maskawamatrix, andthe Z—Z’ mixing anglewhich is

proportional to ~ where rn~and rnz are the massesof the Z and Z’
vector bosons.Hence, precision testsof the electroweaktheory can be used to
place upperboundson mixing parameters,in particularon Ac.

Previousanalyseshavetreatedthe effectsof neutrinomixing andneutralvector

bosonmixing on electroweakobservablesseparately.However, in theorieswith a
low scaleof B — L breakingbotheffectsoccur togetherandmay be of comparable

strength.Hence,bothmixings mustbe analyzedsimultaneously.
A qualitative result of our analysis is that the effects of neutrino mixing and

Z—Z’ mixing generically tend to compensateeachother. In fact, amongthe 15
observableswhich we have studied thereare only two exceptions:the ratio of
Fermi constantsfrom p. andsemileptonicdecays,which dependsonly on a single
mixing parameter,andthe shift of the W bosonmasswhere all mixing parameters
enterwith positive sign. Note that the shift of the invisible width of the Z boson,
which is proportionalto the effectivenumberof light neutrinos,canbe positiveor
negative.

Quantitatively, the most stringent bound follows from the comparisonof the
Fermi constantsfrom p. and semileptonicdecays,i.e. the test for quark—lepton
universalityof the chargedcurrent,which yields

A0<3x10
3. (6.1)

This, togetherwith the testof lepton universality in ii- decays,implies

A~< I x 102, (6.2)
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which is the moststringentbound for theproductionof heavyMajorananeutrinos.
From the shift of the W bosonmassone finds

Srn~
Ac <9.1 —. (6.3)

rn~

Hence, an improvementof the bound (6.2) requires a measurementof rn~to a
precision of less than ±100 MeV. A stringent bound could also be obtainedby
measuringforward—backwardasymmetriesand, with polarization, the left—right
asymmetryin e~e annihilationat the Z pole. The projectederror of 2% for the
forward—backwardasymmetryof b quarkjets and the left—right asymmetrywould
imply Ac <2 x i0~.

The mixing of light and heavyMajorananeutrinosmay be flavour dependent
and largest for the third family. Since partial widths of the i- lepton are most
sensitiveto the mixing parameterA7, a more precisemeasurementof r decays is
particularly interesting with respect to the problem of neutrino massesand
mixings.

We are indepted to A. Djouadi, D. Haidt and P.M. Zerwas for helpful

discussionsandcommentson the manuscript.
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