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Heavy Diracor Majorananeutrinoscanbe producedvia right-handedchargedCurrentswhich
occur in extensionsof the standardmodelwith SU(2)

1 XSU(2)RXU(l)B_L gaugesymmetry.
Low-energy processes,Z precision experimentsand direct searchexperimentsin pp collisions
are consistentwith WR bosonsheavierthan 450 GeV, if the right-handedneutrinosare heavy.
We studythe productionof heavyneutrinosvia right-handedcurrentsin e~e annihilation and
ep scatteringwhich appearsparticularlypromising.At HERA heavy neutrinosandWR bosons
can be discoveredwith massesup to 120 GeV and 700 GeV, respectively.

1. Introduction

Within the standardmodel electroweakinteractionsaredescribedby the gauge
groupSU(2)L X U(1)~,..However,despitethe extraordinaryphenomenologicalsuc-
cessof the standardmodel it is not excluded that new gaugeinteractionswill
becomevisible alreadyat TeV energies.Suchextendedgaugetheorieshaveindeed
beensuggestedon various theoreticalgroundsand particularattention has been

given to modelswith right-handedcurrentsbasedon the symmetry group SU(2)L
x SU(2)~x U(l)BL [1] and to models with an additional U(1) symmetry con-
tained in the unified groupE6 [2].

Extendedgaugetheoriesalso predict fermions in addition to the quarks and
leptonsof the standardmodel, since all gaugedcurrentshaveto be anomalyfree.
In the minimal case,where the extendedgroup is containedin the unified group

SO(1O), the additionof one “right-handed” neutrino ~R for eachquark-lepton
family suffices to satisfy the requirementof anomaly freedom.The spontaneous
breakingof the extendedgaugegroup to the standardmodel group can induce

* Partially supportedby SchweizerischerNationalfonds.

0550-3213/92/$05.00© 1992 — Elsevier SciencePublishersB.V. All rights reserved



110 W. Buchmüller,C. Greub / Right-handedcurrents

Majoranamassesfor the right-handedneutrinos,which satisfy an upperbound
proportional to the mass of the additional neutral vector bosonZ’ [3]. If a Z’
vectorbosonwith massof order 1 TeV is found,also heavyneutrinoswith masses
in the rangefrom a few tensof GeVto a few hundredGeV are likely to exist.

In this paperwe shall study modelswith right-handedcurrents,and we shall
determinethe massrangeof heavyneutrinosand “right-handed”chargedvector
bosonsWR which canbe exploredat presentandprojectedep ande~ecolliders.
Of particular interestare electron—protoncolliderswhere a single heavyneutrino
canbe producedwithout suppressionby small mixing angles.Thisextendsprevious
work [4] where modelswith an additional U(1) factor havebeenconsidered.

Stringentboundson the WR massandthe WR—WL mixing anglecanbe derived
from variouslow-energyprocesses.In particularfrom the KL—Ks massdifference
oneobtainsthe bound mw> (1—3) TeV for the specialcaseof left—right symme-
try [5,6]. However, this bound doesnot hold for all modelswith SU(2)L><SU(2)R
X U(1)~~ gaugesymmetry, but requires further assumptionson fermion mass
matrices. In modelswith arbitrary Yukawacouplingsthe lower bound is reduced
to 300 GeV [7]. As we shall see,constraintsfrom LEP dataon the mixing of the
neutralvectorbosonsyield the lowerboundof 450 GeV for mWR, which is closeto
the bound obtainedfor masslessneutrinos [18]. Finally, the lower mass bound
mW> 520 GeV has been obtained from direct production in proton—proton
collisionsfor neutrinoswith massesbelow 15 GeV [8].

The cross section for the production of heavy neutrinos via right-handed
currentsin ep scatteringat HERA energiesis known to be small [9], andbecause
of the stringent lower bound on mWR in left—right symmetric models[5,6] the
original interest [10] in this processat HERA waned. However, the current
model-independentlowerboundon mwR from low-energyprocessesandLEP data
is only 450 GeV, andthereforeit appearsappropriateto investigatein somedetail
the production of right-handedneutrinos at HERA and also at future ep and
e~ecolliders.

The paperis organizedas follows: in sect. 2 we briefly describethe SU(2)L><
SU(2)R X U(1)B_L model, symmetry breakingand neutrinomasses.Sect. 3 deals
with massboundsfor neutrinosandvector bosonswhich follow from low-energy
processesand from Z physics.In sect. 4 we computeheavyneutrino production
cross sectionsin ep and e~e scatteringand discussdiscoverylimits for HERA,
LEP 0 LHC, LEP200andthe 500 GeVe~eLINAC. Sect.5 containsa summary,
andin appendixA we have listed the fully differential crosssectionsneededfor
Monte Carlo generators.

2. Models with right-handed currents

In modelswith the gaugegroup SU(2)L x SU(2)R X U(1)BL left- and right-
handed leptons and quarks transform as doubletsunder SU(2)L and SU(2)R,
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respectively:

(~)L~ (~0; -1), (~H(0; ~ -1), (2.1)

(~)L~ (2’ 0; ~), (~)R~0;~ ~). (2.2)

Herewe havesuppressedthe index which labelsthe different generationsof weak
eigenstates.The symmetrygroup requiresone right-handedneutrino L’R for each
generation.In additionwe introduceonegaugesinglet ~L for eachgeneration,

~ (0; 0; 0), (2.3)

as suggestedby the embeddinginto the unified group E6 where eachquark-lepton

generationis containedin a 27-plet.
The minimal Higgssector,which is requiredin order to generatemassesfor the

fermions (2.1)—(2.3), contains the following doublet and triplet scalar fields (cf.
refs. [1,11]):

~~G; i*;0) x~(O;~ —1), (2.4)

(0; 1; 2) (2.5)

The vacuumexpectationvaluesof x and ~i breakSU(2)L x SU(2)R X U(1)B_L to
the standardmodel groupwhich is then further broken to U(1)cm by the vacuum
expectationvalue of 1~.The covariantderivativesof fermion and scalarfields are
given by

D~iLR = (a~+ ~ + i~(B— L)C~)~LR~ (2.6)

D~=a~+ ~g~raW~~_ ~ (2.7)

DMX = (9,.~+ — ~ (2.8)

= (a~+igC~)z.1+ ~ig~[~a, ~1]W~, (2.9)

where

L~ T

3~i~+ ~(T~+TTz~0). (2.10)

Here WL~,WR~and C~denote the SU(2)L, SU(2)R and U(I)RL vector fields,
respectively,and g~,g~and ~ are the correspondingcoupling constants.In eq.
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(2.10) the electric chargesof the threecomponentsof ~1are indicated. Similarly,

onehasfor the Higgs fields ~ and x:

x= . (2.11)
42 4~2 x

The vacuumexpectationvalues

= K~°)~,~ = (2.12)

break SU(2)L x SU(2)Rx U(1)BL to the standardmodel group SU(2)L x
which is further brokenby

V
1 — \~Pi/O~ V2 — \~P2/O

to the group U(1)em of electromagneticinteractions.The vacuum expectation
values (2.12) and (2.13) must satisfy v’>> v, since the allowed contribution of
right-handedcurrentsto chargedcurrentprocessesis known to bevery small.

Given the Higgsfields ~ x and ct the massesof neutrinosandchargedleptons
areobtainedfrom the following lagrangian

-~M =(~dI)g~~~+e

2J]I~g2(~ +~~thl(R

+ ~i8~r
2~1h2~R+ 2nLmnL+ h.c., (2.14)

where

(2.15)

Here g12, h12 and m are 3 x 3 complex matrices in generationspace.The
lagrangian(2.14) does not conserve lepton number. Hence, after spontaneous
symmetrybreaking, one will in generalobtain nine Majorananeutrinosas mass
eigenstates.In the following we shall restrict ourselvesto the casewhere the
additional neutrinosare heavy, since the smallnessof the light neutrinomassesis
then naturally understoodwithout requiring extremely tiny Yukawa couplings.
Specifically,weshall assumemN> 15 GeV, so thatWR massesbelow520 GeVare
still allowedby the presentCDF bound[8].

Forsimplicity, let usnow considertwo specialcases.If h2 = 0 andm = 0, lepton
numberis conservedandthe neutrinomasstermsread

~M =“[j~D~R +n..mIvR + b.c., (2.16)
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where

m~=g
1V1+g2V~’, mi=hiv*. (2.17)

Since V’>> V, one naturally has m1 >> rnD. Onethen obtainsas masseigenstates
threeDirac neutrinos,

—~~‘M=nLmNPR+h.c., (2.18)

rnN = m~+ 0(1/rn1), (2.19)

nL=nL+PLmD— + 0(1/m~), (2.20)

and threemasslessWeyl neutrinos,~L= + 0(1/rn1), which are identified with
ye, I’~~’~‘r

If h2 ~ 0 lepton numberis broken.The simplestcaseof this type correspondsto
= 0, where ~L representsthree Majorananeutrinoswhich decouplefrom i~’L

and ~ The remainingmasstermsare (cf. eq. (2.17))

~‘M =P.~rnDvR + 2VRm2PR+ b.c., (2.21)

where

m2 = %/~h2L~. (2.22)

This leads, via the see—saw mechanism[12], to three heavy and three light
Majorananeutrinoswith massmatrices

rnN = rn2 + 0(1/rn2), (2.23)

1
rn,= rnDmD-l-0(1/m2). (2.24)

rn 2

The light Majorananeutrinos correspondto r~,t~ and v~.If V’, the scaleof
SU(2)R breaking,is of order 1 TeV, their massesareexpectedto be close to the
presentexperimentalupperbounds.

The extendedgauge symmetry leads to new charged and neutral current
interactionswhich give the dominant contributions to the production of heavy
neutrinos in ep and e~e scattering.Ignoring the small mixings with standard
model gaugebosonswhich are proportionalto (V/V’)

2, oneobtains

~ =J~W~+J~Wj~+J~LZ~, (2.25)
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where

gR — l+~~ 1+y
= 2 - U + eVRy~ 2 (2.26)

— 1
J~=g’~/i cot aY— 2 (B—L) ~t, (2.27)

sin a

B-L
2 (2.28)

Here Y is the standardmodel hypercharge,g~and g’ are the SU(2)R and U(1)~
gaugecouplings, and tan a is the ratio of the U(1)B_L and SU(2)R coupling
constants.~/t denotesthe leptonsandquarkslisted in eqs.(2.1) and(2.2), TsR is the
third componentof the right-handedisospin,UR and yR are the hadronicand
leptonic Kobayashi—Maskawatype matricesof the right-handedchargedcurrent.
In the specialcase,where the gaugecouplingsg~and g~of the gaugegroups
SU(2)L andSU(2)R areequal,the neutralcurrentreads

~/cos2O~— 1 + y~ ~ — B — L
_______ - —cli— cli , (2.29)sin 2 2 ~jcos2O~ 2

where O~is the weak angle. In our discussionon heavyneutrino productionin
e~escatteringwe will restrict ourselvesto the caseg~~

3. Bounds on the massof WR

The subjectof this paper is the productionof heavyneutrinosin ep and e~e
collisions via right-handedcharged and neutral currents.The production cross
sectionsarestronglydependenton the WR andZ’ masses,which are constrained
by low-energyprocessesandby precisionmeasurementsof Z bosonproperties.

Boundson the WR massandthe WL—WR mixing angle ~ havebeenstudiedin
great detail by Langacker and Uma Sankar [7] and, in connectionwith CP
violation in the B-system, by London and Wyler [13]. In the case of left—right
symmetry, where the hadronic KM mixing matrices UL and UR for left- and
right-handedcurrentsare identical,the stringentbound rnw> 1—3 TeV has been
obtained[5,6]. Of importanceare also Bd—Bd mixing andthe semileptonicbranch-
ing ratio of b-decays.However, if onerelaxesthe strongassumptionUL = UR, all
processesarecompatiblewith rnw > 300 GeV [7].
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For heavyMajorananeutrinosan important bound follows from the seachfor
neutrinolessdouble-betadecay (f3f3~,)of 76Ge [14]. From the analysis of Lan-
gackerand Uma Sankar[7] we obtain

(~~ (~)4 <8.9 X 10_o(~ )4 _2(1024yr/Tl/
2)~

2,(3.1)

where mLR are the WLR masses.We have included the sumof all intermediate
heavyMajorananeutrinosN.. The J~’~are the correspondingleptonic KM matrix
elementsand 1024 yr is the current experimentalbound on the f3J3~,lifetime.
Assuming J/~‘~ ~IJ, rn~ rnR, .c~= c~and I U~ 1 one obtains the rather
large lower bound rnR> 800 GeV. However, there can also be cancellations
amongthe different contributions from heavy neutrinos and, hence,no model
independentboundon rnR canbe derivedfrom eq.(3.1).

For the simplestHiggs sector, describedin the previous chapter,boundson
WL—WR and Z—Z’ mixings also imply boundson the WR andZ’ masses.The mass
matricesfor chargedandneutralvectorbosonsread (cf. eqs. (2.11), (2.12)):

M2 — ~g~i2 —g~g~1~V
2 3 2w — —gLg~L’1L2 ~g~(V

2 + V 2 + 2V~2) ( . )

g~j2 0

M~=~ —g~g~t’2 g~(L2+L~2) —g~tan at”2 , (3.3)

0 —g~tan al)’2 g~ tan2aV~2

V2 L’
11

2+ V
21

2, V’2 V~I2+4L2. (3.4)

Heretan a is the ratio of the U(1)BL andSU(2)R gaugecoupling constants.For
1) = 0, diagonalizationof the W~—Csubmatrix of (3.3) yields one masslessvector
bosonwhich couples to the standardmodel hyperchargecurrent and the heavy
vector bosonZ’ which couples to the neutralcurrent J~ (cf. eq. (2.27)). The
mixing ~ betweenZ’ and the standardmodel neutralvector bosonZ, and the
mixing ~w betweenWL andWR are of order (P2/LI2), andthereforesmall. One
easilyfinds

2 2 2 1/2 3 2
(gL+gR sin a) cosa P

I~I~ —~ (3.5)
gR V

gL 1V
11)21

I~wI~ Iv~I2+2L,~2~ (3.6)



116 W. Buchmüller,C. Greub / Right-handedcurrents

The correspondingvectorbosonmassesare

m~ ~g~v2, rn~ ~g~( I 2 + 2V~2), (3.7)

m~—(g~+g~ sin2a)V2, ~ (lV;I2+4L~2), (3.8)

where we haveneglectedtermsof relativeorder p2/pI2~

In the specialcase = one has cos2a= 1 — tan2O~which, togetherwith

eqs. (3.7) and(3.8) yields the inequalities

m~
— tan2Ow)~ —~-- © 1 — tan2Ow. (3.9)

rn

The Z—Z’ mixing anglereadsin this case

mz 2

I~~I=~cos2O~ . (3.10)rn
7

From an analysisof recent LEP data the lower bound rn~>800 Gev has been
derived[15,16]which, togetherwith the inequalities(3.9) implies

mR>45OGeV. (3.11)

Hence, LEP data yield a more stringent lower bound on the WR mass than
low-energyprocesses.

4. Production of heavy neutrinos

Productionand decayof heavyDirac or Majorananeutrinosin ep scattering

proceedsthrough the chargedcurrent processesshown in fig. 1. The production
cross section is essentially identical to the one for heavy Majorana neutrino

Fig. 1. Productionanddecayof heavyneutrinosin ep scattering.
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productionvia WL exchangewhich has been studied in detail in ref. [4]. For

gL = gR, oneeasilyobtains

dci G~ m~
____ = 2 [(~—m~)(u(x, ~2) +c(x, p2))dxdy 23T (ys+rn~)

+ (1 -y)(~(1-y) - rn~)(J(x,~2) + ~(x, ~2))J (4.1)

where x, y and ~= xs are the usualkinematicalvariables(cf. fig. 1)

s = (P + k)2, Q2 = —q2, X = 2P~q’ ~ = ~. (4.2)

which are restrictedto the intervals

rn~ rn~
——~x~1, 0<y~l———. (4.3)

S xs

u, c, d and s are the densities of up, charm, down and strangequarksin the
proton, which dependon the renormalizationscale~i. Note,that the crosssection
is not suppressedby small mixing anglesbut ratherby the WR masswhich enters
the propagatorandwhich hasto be larger than 450 GeV (cf. eq. (3.11)).

The totalcrosssectionis easilyobtainedafter performingnumericalintegration

over x and y. The result is shown in figs. 2—4 as function of rn~for differentWR
massesandfor threedifferentcenter-of-massenergieswhichcorrespondto HERA,

80 I I I I I I I I

e p —--> NR x [VS = 314 GeV]

60 —

= 460 GeV

‘N ———mw~= 600 GeV
N

.~ 40— ‘~, —

20 — ‘--. —

0 - I I I I

100 120 140 160 180 200
m,~[GeV]

Fig. 2. Total crosssectionfor ep —~NX atHERA for differentvaluesof the WR mass.
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80 I I~E~F I I I I I~T~J I I I I -

e p —--> NR x [Vs 450 GeV] -

60 — mw, = 600 GeV

= 900 GeV -

———mw = 1200 GeV

40—

b

2: ~

100 150 200 250
1~N [0eV]

Fig. 3. Total crosssectionfor ep —* NX at a HERA upgrade(seetext) for different valuesof the WR
mass.

(V.~= 314 GeV), an upgradedversionof HERA, (%/i~= 450 GeV) andLEP 0 LHC
= 1300 GeV). We have usedset 1 of Duke—Owensdensities[17]with scales

correspondingto the averagetransversemomentumof the producedheavyneu-

100 I I I I I I I

e p ——> NR X [Vs = 1300 GeV]

80-\
• —mw~ = 1000 0eV

• mw~= 1500 GeV

60 —--—mw,~= 2000 GeV

b 40—

20 -~

0 ~
200 400 600 800

ma [GeV]

Fig. 4. Total crosssectionfor ep -. NX atLEP®LHC for differentvaluesof theW~mass.
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TABLE 1
Discoverylimits for WR masses(mR)andheavyneutrinomasses(mN) for threeepcolliderswith

different center-of-massenergiesandintegratedluminositiesper year.5 eventsarerequired

HERA HERA upgrade LEP®LHC
Vi~[GeV] 314 450 1300

L [pb
1/yj 200 4000 2000

mR 1GeV] m~1GeV]

-- 450 -- 120 — —

600 80 270 —

900 — 220 750
1200 — 170 640
1500 — — 540
2000 — — 350

trino, i.e. ~2 = iO~GeV2 (i/v = 314 GeV), ~2 = 2>< i0~GeV2 (V~= 450 GeV),

= 5 >< i0~GeV2(~/~= 1300 GeV). At the threemachinesoneyearof runningis

expectedto yield the integratedluminosities200 pb’, 4000 pb’ and2000 pb’,
respectively.A rough estimateof the discoverylimits for neutrinoandWR masses

is obtainedby requiringfive events.The correspondingvaluesof rnN and m~are

listed in table 1 for the threedifferent machines.

A thorough study of the discoverylimits has to take the decaysof the heavy
neutrinosinto account.For mN <mR thesewill be three-bodydecaysinto two jets
andonechargedlepton which, for Dirac neutrinos,alwayscarriesnegativecharge,
whereasfor Majorananeutrinos positively and negatively chargedleptonsoccur
with equalprobability. The averagetransversemomentumof the chargedlepton
will be smallerthan in the caseof a two-bodydecayinto chargedlepton and WL
boson,which was consideredin ref. [4]. However, the signatureshould still be
sufficiently spectacularto allow for a clearseparationfrom background.A detailed
studyof the final statesis mostefficiently carriedout by meansof a Monte Carlo
eventgenerator.In the appendixwe have listed the necessaryformulae, i.e. the

:~:.

IoI

e N

W~
Nc e’~ N

Ib) cl

Fig. 5. Pairproductionof heavyDirac (a, b) or Majorananeutrinos(a, b, c) in e~e annihilation.
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fully differential crosssection for the productionof a heavyneutrino followed by

its three-bodydecay.
In e~e scatteringheavy Majorananeutrinos can be pair producedvia the

chargedand neutralcurrent processesdepictedin fig. 5. We consider the case

g~= g~for which the relevantcouplingsaregiven by eqs.(2.25)—(2.28).From the
different s-, t- and u-channel contributionsone obtains the differential cross
section:

24 2 2do- GFrnL 1 37 A 22 2

dt = 4~s2 t—rn~— s—rn~~+ 2 ((U—mN) —SmN)

+ ( 2 — 2 )2 A2 2 ((t_m~)2_Srn~)
U — rnR s — ~ (s — rn~~)

1 1 2
+ 2 — 2 rn~s, (4.4)

umR tmR

where s, t and u are the kinematicalvariables(cf. fig. 5)

2 2 2s = (p

1 +p2) , t = (p1 —p4) , ti = (p2 —p4) (4.5)

sin
2O~,

A=2cos2Ow~
37=~—A. (4.6)

For heavyDirac neutrinos,andassumingLN = Le~,only the processesshown in
fig. 5a,Sb contributeto the productioncrosssection,andoneobtains(cf. eq.(4.6))

dci G~m~ 1 2 22__ ___ - (f-mN)
dt 2irS

2 u —m~ s—m~

A2

+ 2 2 (U — rn~)2.(s - mz’)Comparedto the Majoranacase, eq. (4.4), the t-channelcontribution and thecorrespondinginterferencetermsaremissing.

In figs. 6 and 7 the total crosssectionsare shown as function of the neutrino
mass rnN for ~ = 200 GeV anddifferent WR masseswith rnz~= 2 mR, for Dirac
neutrinos and Majorana neutrinos, respectively.The cross section for Dirac
neutrinosis slightly largerthan the one for Majorananeutrinos.The differenceis
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100

- e e~ - NR NR [VS = 200 GeV]

80 Dirac NR —

mw = 450 0eV

60 ~--~--—-—mw=600GeV -

b 40— —

20 — ~ —— “ —

I I I I I I I lillil I ill I I I I I I Iii~
40 50 60 70 80 90 100

mN [0eV]

Fig. 6. Total pair productioncrosssectionfor DiracneutrinosatLEP200.

particularlysignificant for neutrino massesclose to the kinematic limit mN=

due to the well known f33 factor in the Majoranacase.The correspondingcross
sectionsfor %I~= 500 GeV areshown in figs. 8 and 9 for different valuesof mN.

100 Tl~I I I I I I I I I I I I I I I I I ~]FI~I I

- e e~-s NR NR [VS = 200 GeV] -

80 Majorana NR

mw~= 450 GeV

60 ‘~- ———mw~= 600 GeV

b 40— ‘-. —

20 ~==_. “~. —

o I I I IllIll I I ____________

40 50 60 70 80 90 100
mN [GeV]

Fig. 7. Total pair productioncrosssectionfor MajorananeutrinosatLEP200.
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40 I II~~I~I I I I~F~j I I I I

e e~-s NR NR [VS = 500 GeV]
Dirac NR

30 — —m~~ = 1000 GeV —

mw~= 1500 GeV -

- —---—m~~= 2000 0eV -

0 —

100 150 200 250
ms~[0eV]

Fig. 8. Total pair productioncrosssectionfor Dirac neutrinosatNLC.

Estimatesof discovery limits for neutrino massesand WR massesfor LEP200

= 200 GeV, L = 500 pb~/y)andNLC (~/~= 500 GeV, L = 10 fb’/y) canbe
obtainedfrom figs. 6—9 by requiring 10 events. Somerepresentativevaluesare
listed in table 2.

40 I I I I I I I I I I -

- e e~-~ N~N~ [Vs = 500 GeV] -

Majorana NR -

30 — mw~= 1000 GeV —

~ = 1500 GeV -

- ———m~ = 2000 GeV -

a

100 150 200 250
ma, [GeV]

Fig. 9. Total pair productioncrosssectionfor MajorananeutrinosatNLC.
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TABLE 2
Discoverylimits for WR masses(ms) andheavyDirac andMajorananeutrinomasses(mN) for two
e~e colliderswith different center-of-massenergiesandintegratedluminositiesperyear. 10 events

arerequired

LEP200 NLC

v’i~ [GeV] 200 500
L[pb~/y] 500 10000

m~[GeV] mN [GeV]

Dirac Majorana Dirac - Majorana

450 90 80 —

600 70 50 — —

1000 — — 250 240
1500 — — 240 200
2000 — — 170 130

5. Conclusions

New gaugeinteractionsbeyongthe strong and electroweakforces with gauge

group SU(3)~x SU(2)L x U(1)~~are predicted by all unified theories, and it is
conceivablethat an extensionof the standardmodel gaugegroup becomesvisible
alreadyat TeV energies.In the pastparticularattention hasbeengiven to models
with right-handedcurrentsbasedon the electroweaksymmetry group SU(2)R X

SU(2)R X U(l)BL which also predict right-handedneutrinos.
Low-energyprocessesrequire the chargedWR bosonto be heavier than 300

GeV. From Z precisionexperimentsone finds the lower bound of 450 GeV for
equalgaugecouplingsgL and g~of SU(2)L andSU(2)R, respectively;in this case
the Z—Z’ mixing angle is fixed in terms of the neutralvector bosonmasses.The
direct searchfor WR bosonsin pp collisionsyields the currentlower boundof 520
GeV for right-handedneutrinoslighter than 15 GeV.

Our presentknowledgeabout WR bosonsand heavyneutrinoswill be signifi-
cantly improved by current and projected ep and e~e colliders. HERA can
searchfor WR bosonswith massesup to 700 GeV and for heavyneutrinoswith
massesup to 120 GeV. At LEP ® LHC ~ and t/R massesof order 1 TeV appear
accessible.LEP200can test for WR massesup to 600 GeV and the projected500
GeV e~elinear collider (NLC) shouldbe ableto reachI TeV for the WR boson.

In the searchfor right-handedcurrentsand heavyneutrinosep colliders have
two main advantagescomparedto e~e colliders: First, in ep scatteringonly a
singleheavyneutrinois producedand,consequently,much larger neutrinomasses
are accessible.Second,in ep collisions a violation of lepton numberin the decays
of Majorananeutrinoscanbe discoveredby just measuringa positivechargeof the
final state lepton, whereasin e~e annihilation the angulardistribution of the
final stateleptonshasto be studied.
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Appendix A

THE FULLY DIFFERENTIAL CROSSSECTIONS

In this appendix we give formulae for the fully differential crosssectionsfor the
reactions

ep—*XhN—’XhrW~ —sX~rq1~2, (A.1)

ep—sXhN—sXhf~W~~~sX~(fq1~2. (A.2)

In eqs. (Al) and (A.2) Xh denoteshadronicmatter stemmingfrom the proton
remnantsandthe scatteredquark(or antiquark).It turns out that the differential
crosssections,when expressedin termsof variablesdefinedin the centre-of-mass
frame of the heavyneutrino,and also the kinematicalrangesof thesevariables
havea relatively simpleform. For bothprocesseswe usethe followingvariables:x,
y — deep-inelasticvariablesdefined in eq.(4.2); E,— energyof t’ in rest-frameof
heavyneutrino; Eq — energyof q2 in rest-frameof heavyneutrino; O~,O~— polar
angles of ( and ~ 2 in rest-frame of heavy neutrino with respect to proton
direction; ~ — azimuthalangleof q2 in rest-frameof heavyneutrino.

For given values of E~,E0,
0t~O~,4~the azimutal angle 4, of 1~ in the

rest-frameof the heavyneutrinoN is thenfixed to be either

= çli,~+ arccosC or = + 2~— arccos C, (A.3)

with

~= rn~—2mN(E(+EO)+2E(EO(1—cosO~ cos Oq) (A4)
2E,E

0 sin O~sin .

Hence,by specifying E1, E0, ~

0q’ 45q andby choosingçb~accordingto (A.3), the

four-momentaof ~ and q
2 in the rest-frameof N are uniquely fixed, and by

energy-momentumconservationalso the four-momentumof q1 is determined.
In order to write down the cross section in a compact form, we also use (as

auxiliary variables)the energy(EN), the momentum(PN) andthe polar angle(0)
of the heavy neutrino in the laboratory frame. x, y and the laboratory beam
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energiesEe of the electron and E~of the proton fix longitudinal (p~)and
transverse(p~)partsof the momentumof the heavyneutrinoN:

(p~)2=y[(1 -y)~-rn~],

§y + m~— 4(1 —y)E2
4Ee e , §=xS=4xE~E~. (A.5)

Hence, also 0, PN and EN are fixed:

L _________
2 2 1/2 PN

PN=[(P~) +(p~)j , cos0=~, EN=V’p~+rn~. (A.6)

We now give the fully differential crosssection dci. for reaction (Al) with a
negativelychargedlepton in the final state.Note,that oneobtainsthe sameresult
for Dirac andMajorananeutrinos:

dx dy dE~dE~d0~do
0 d~0= VX{A[u(x~ ~2) +c(x, ~2)}

§(1—y)—rn~ -

+ B4d(xjc2)+~(x,/i2)}

(A.7)

with

G~rn
t~mNEO(mN— 2E

0) sin 0~sin 04 2’ (A.8)
16~-

6FNJ(xyS+ rn~)2(rn~— 2mNEC — rn~)

A..=(~—rn~)—2cos0O[EC(pN+ENcos0)+xEP(pN—ENcos9)I

— 2mN(xEP— Ee) sin 0 sin 04 cos 4~, (A.9)

B - = §(1 — y) — 2xE~cos 0~(p N — EN cos 0) — 2xrnNE~sin 0 sin 0~cos

(A.10)

J = [cos(0
1— 0~)— z} ~

2[z— cos(0,+ o~)]~2, (All)

2E,E-— 2mN(E(+E-)+m~
(A.12)

2E~E
0
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P

// pr~rccoS

Fig. Al. The shadedareadenotesthe allowed rangefor thevariables and 0,.

For simplicity, in eq.(A.7) we havechosenthe Kobayashi—Maskawatype matrices
UR and yP~equalto the unit matrix. The caseof nonvanishingmixing anglescan
be easily implemented.The kinematically allowed rangesof x, y, E,, E4 and
read:

m~ rn~
—<x<l, O<y<l—-——, (A.13)

S XS

rn~ mN—
2E,. mN

E,~[o~_~—J, E
4E 2 ‘ ‘ (A.14)

E [0, 2ir}. (A.15)

The boundariesof the polar angles0, and 9~are given by the inequalities

cos(0,+04)<Z cos(0,—O4)~Z, (A.16)

with Z givenin eq.(A.12). The allowedrangein the (0,, Oq) planecorrespondsto
the shadedareain fig. Al.

We now discussthe secondprocessgiven in eq. (A.2), where the final-state

lepton is positively charged.This case only occurs for heavyMajorananeutrinos.
The correspondingfully differential cross sectiondu~is obtainedfrom eq.(A.7)

by replacing V, A and B by V~,A~and B~, respectively. For these
quantitieswe get:

G~m~rnN(2E,+2E4 — mN) sin 0, sin
0q , (A.17)

16IT6FNJ(xyS+ m~)2(rn~— 2rnNE, — rn~)2
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A~=(s~—m~)(mN—E,—EO)

cos 0,+E4 cos 6q)[Ee(PN+EN cos 0) +xEP(pN—EN cos 0)]

—

2mNsin 0(xE~—E~)(E,sin 0, cosçb,+E
4 sin 0~cos ~i~’), (A.18)

B~=.~(1 —y)(mN—E,—E4)

—
2xEP(pN—EN cos 0)(E, cos 0,+E

4 cos o~)

—

2xmNEPsin 0(E, sin 0, cos çb,+E
4 sin 04 cos i~). (A.19)

We now discusshow one has to generatethe four-momentaof the final-state
particlesof anevent in the laboratoryframe.For a given “point”

(x, y, E,, E4, 0,, 04, 4~) (A.20)

we first choose ~, according to eq. (A.3) with equal probability. Then the
four-momentaof the final stateparticlesoriginating from the heavyneutrino are
uniquely fixed in the neutrino rest-frame. In order to get the corresponding
four-momentain the laboratory frame of the ep reactionone has to perform the
following Lorentz transformation:

L’LAB = R~( 1) R~(0) L~VcM, (A.21)

where v genericallystandsfor the four-momentumof ~ q2 andq1. The rotations
R~(cP),R~(0)andthe boost L~read

1 0 0 0 1 0 0 0
R ~ = 0 cos ~ —sin ~ 0 R ~ = 0 cos 0 0 sin 0

~‘ ‘ 0 sin ~ cos ~ 0 ‘ ~“ ‘ 0 0 1 0

0 0 0 1 0 —sin0 0 cosO

(A.22)

EN 0 0 PN
1 0 rn~4 0 0

L~=— ~ ‘_.~ . (A.23)
mN ‘-I ij rnN

PN 0 0 EN

Here 0 and tl are polar and azimuthal angle of the heavy neutrino in the
lab-frame,and EN andPN are its energyandmomentum:

p~=(EN, PN sin 0 cos ~, PN sin 0 sin ~, PN cos 0), PN = ‘PNI’ (A.24)



128 W. Buchmüller,C. Greub / Right-handedcurrents

0, EN andPN are fixed by eqs.(A.5) and(A.6), whereascP hasto be chosenin the
interval [0, 2ir] with equal probability. The absolute weight of the event is then
given by

dx dy dE, dEdO, do4 d~4 (A.25)

where the factors ~ and 1/(27r) aredueto the choicesof 4, and P, respectively.
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