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Heavy Dirac or Majorana neutrinos can be produced via right-handed charged currents which
occur in extensions of the standard model with SU(2); X SU(2)g X U(1)5_, gauge symmetry.
Low-energy processes, Z precision experiments and direct search experiments in pp collisions
are consistent with Wy bosons heavier than 450 GeV, if the right-handed neutrinos are heavy.
We study the production of heavy neutrinos via right-handed currents in e * e~ annihilation and
ep scattering which appears particularly promising. At HERA heavy neutrinos and Wy bosons
can be discovered with masses up to 120 GeV and 700 GeV, respectively.

1. Introduction

Within the standard model electroweak interactions are described by the gauge
group SU(2); X U(1),. However, despite the extraordinary phenomenological suc-
cess of the standard model it is not excluded that new gauge interactions will
become visible already at TeV energies. Such extended gauge theories have indeed
been suggested on various theoretical grounds and particular attention has been
given to models with right-handed currents based on the symmetry group SU(2),
X SUQ)y X U(1),_, [1] and to models with an additional U(1) symmetry con-
tained in the unified group E, [2].

Extended gauge theories also predict fermions in addition to the quarks and
leptons of the standard model, since all gauged currents have to be anomaly free.
In the minimal case, where the extended group is contained in the unified group
SO(10), the addition of one “right-handed” neutrino v, for each quark-lepton
family suffices to satisfy the requirement of anomaly freedom. The spontaneous
breaking of the extended gauge group to the standard model group can induce

* Partially supported by Schweizerischer Nationalfonds.

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



110 W. Buchmuiller, C. Greub / Right-handed currents

Majorana masses for the right-handed neutrinos, which satisfy an upper bound
proportional to the mass of the additional neutral vector boson Z' [3]. If a Z’
vector boson with mass of order 1 TeV is found, also heavy neutrinos with masses
in the range from a few tens of GeV to a few hundred GeV are likely to exist.

In this paper we shall study models with right-handed currents, and we shall
determine the mass range of heavy neutrinos and “right-handed” charged vector
bosons Wy, which can be explored at present and projected ep and e e~ colliders.
Of particular interest are electron—proton colliders where a single heavy neutrino
can be produced without suppression by small mixing angles. This extends previous
work [4] where models with an additional U(1) factor have been considered.

Stringent bounds on the Wy mass and the Wy—W, mixing angle can be derived
from various low-energy processes. In particular from the K, —K¢ mass difference
one obtains the bound My, > (1-3) TeV for the special case of left-right symme-
try [5,6]. However, this bound does not hold for all models with SU(2), %X SU(2),
X U(D)y_, gauge symmetry, but requires further assumptions on fermion mass
matrices. In models with arbitrary Yukawa couplings the lower bound is reduced
to 300 GeV [7]. As we shall see, constraints from LEP data on the mixing of the
neutral vector bosons yield the lower bound of 450 GeV for my, , which is close to
the bound obtained for massless neutrinos [18]. Finally, the lower mass bound
My, > 520 GeV has been obtained from direct production in proton-proton
collisions for neutrinos with masses below 15 GeV [8§].

The cross section for the production of heavy neutrinos via right-handed
currents in ep scattering at HERA energies is known to be small [9], and because
of the stringent lower bound on My, in left-right symmetric models [5,6] the
original interest [10] in this process at HERA waned. However, the current
model-independent lower bound on myy, from low-energy processes and LEP data
is only 450 GeV, and therefore it appears appropriate to investigate in some detail
the production of right-handed neutrinos at HERA and also at future ep and
e"e~ colliders.

The paper is organized as follows: in sect. 2 we briefly describe the SU(2), X
SU(2)g X U(1)z_,; model, symmetry breaking and neutrino masses. Sect. 3 deals
with mass bounds for neutrinos and vector bosons which follow from low-energy
processes and from Z physics. In sect. 4 we compute heavy neutrino production
cross sections in ep and e*e ™ scattering and discuss discovery limits for HERA,
LEP ® LHC, LEP200 and the 500 GeV e*e~ LINAC. Sect. 5 contains a summary,
and in appendix A we have listed the fully differential cross sections needed for
Monte Carlo generators.

2. Models with right-handed currents

In models with the gauge group SU(2), X SU(2)x X U(1)z_, left- and right-
handed leptons and quarks transform as doublets under SU(2); and SU(Q2)g,
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respectively:
14 14
(7) ~Gioi=1). () ~ (05 -, (2.1)

(@)~ o G) =59, 22

Here we have suppressed the index which labels the different generations of weak
cigenstates. The symmetry group requires one right-handed neutrino vy for each
generation. In addition we introduce one gauge singlet n; for each generation,

ny ~ (0:0; 0), (2.3)

as suggested by the embedding into the unified group E, where each quark-lepton
generation is contained in a 27-plet.

The minimal Higgs sector, which is required in order to generate masses for the
fermions (2.1)-(2.3), contains the following doublet and triplet scalar fields (cf.
refs. [1,11]):

D~ (3;3 ;0), x~ (05 3; —1), (2.4)
A~(0;1;2) (2.5)

The vacuum expectation values of y and 4 break SU(2); X SUQ2)g X U(1),_, to
the standard model group which is then further broken to U(1),,, by the vacuum
expectation value of @. The covariant derivatives of fermion and scalar fields are
given by

T 8

D) g = 6M+1gL’R?WL_RH+15(B—L)CM YL (2.6)
i i
DD =3B+ g 7 Wi,P — — g Wi, (2.7)
D,x = (9, + iggmWg, — 3iC,)x, (2.8)
D,A=(d, +igC,)A + jigg[ 7%, A]WE,., (2.9)
where

A=7A"+V2 (1A +774%). (2.10)

Here W, ,, Wy, and C, denote the SU(2),, SU(2), and U(1);_, vector fields,
respectively, and g,, gg and ¢ are the corresponding coupling constants. In eq.
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(2.10) the electric charges of the three components of A are indicated. Similarly,
one has for the Higgs fields & and y:

d)O + 0
o= 4"0 Cox=1" | (2.11)
d’z b, X
The vacuum expectation values
vi={x",  v3={4% (2.12)

break SU(2); X SU(2)g X U(1),_, to the standard model group SU(2); x U(1),,
which is further broken by

vy =)o, v2=(d3)0 (2.13)

to the group U(1),,, of electromagnetic interactions. The vacuum expectation
values (2.12) and (2.13) must satisfy ¢’> v, since the allowed contribution of
right-handed currents to charged current processes is known to be very small.

Given the Higgs fields A, y and @ the masses of neutrinos and charged leptons
are obtained from the following lagrangian

~F =0 D8 g+ Dg, bty +hixTh Oy
+ 268, Ahy by + nCmn +hec., (2.14)
where
b =1,0%r,. (2.15)

Here g,,, h;, and m are 3 X3 complex matrices in generation space. The
lagrangian (2.14) does not conserve lepton number. Hence, after spontaneous
symmetry breaking, one will in general obtain nine Majorana neutrinos as mass
eigenstates. In the following we shall restrict ourselves to the case where the
additional neutrinos are heavy, since the smallness of the light neutrino masses is
then naturally understood without requiring extremely tiny Yukawa couplings.
Specifically, we shall assume m > 15 GeV, so that Wy masses below 520 GeV are
still allowed by the present CDF bound [8].

For simplicity, let us now consider two special cases. If #, = 0 and m = 0, lepton
number is conserved and the neutrino mass terms read

— Ly =vimprg tRmrg + he, (2.16)
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where
mD=g1U1+g2U§ks m,=hlv{*. (217)

Since v’ > v, one naturally has m, > m. One then obtains as mass cigenstates
three Dirac neutrinos,

Sy =TTmyvg + hee,, (2.18)
my=m, +0(1/m,), (2.19)
- 1
n’L=nL+VLmDm—+O(1/mf), (2.20)

1

and three massless Weyl neutrinos, v; =v; + O(1 /m,), which are identified with

14

er Vo P

pr Tt
If &, # 0 lepton number is broken. The simplest case of this type corresponds to
h, =0, where n, represents three Majorana neutrinos which decouple from v,

and vy. The remaining mass terms are (cf. eq. (2.17))
— Py =vmpyg + wSm,vg +hee., (2.21)
where
my=v2h,u). (2.22)

This leads, via the see—saw mechanism [12], to three heavy and three light
Majorana neutrinos with mass matrices

my=m,+O(1/m,), (2.23)

1
m,= —mDm—m,T)JrO(l/m%). (2.24)
2

The light Majorana neutrinos correspond to v,, v, and v_. If v’, the scale of
SU(2), breaking, is of order 1 TeV, their masses are expected to be close to the
present experimental upper bounds.

The extended gauge symmetry leads to new charged and neutral current
interactions which give the dominant contributions to the production of heavy
neutrinos in ep and e*e~ scattering. Ignoring the small mixings with standard
model gauge bosons which are proportional to (¢ /v')?, one obtains

Ly =TaWg, + WS, +1"Z,, (2.25)
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where
8r [ = ,r T+7s —1 R 1+
JE = —=|dUy*=—=u + el *y* v, (2.26)
2 2 2
J,’{L=g’2$(cot aY - (B—L))d;, (2.27)
v in 2«

(2.28)

Here Y is the standard model hypercharge, g and g’ are the SU(2); and U(1),
gauge couplings, and tan « is the ratio of the U(1),_, and SU(2); coupling
constants. ¢ denotes the leptons and quarks listed in egs. (2.1) and (2.2), Ty is the
third component of the right-handed isospin, UR and V'R are the hadronic and
leptonic Kobayashi—Maskawa type matrices of the right-handed charged current.
In the special case, where the gauge couplings g, and gy of the gauge groups
SU(2); and SU(2); are equal, the neutral current reads

cos 280y _ Lty T’ sinfy, _ B-L
PR ol Bl A - “ , (229
Ne T8 % sint 6y, vy 2 2 v ycos 26, vy 2 v ( )

where 6y, is the weak angle. In our discussion on heavy neutrino production in
ete” scattering we will restrict ourselves to the case g, = gg.

3. Bounds on the mass of Wy

The subject of this paper is the production of heavy neutrinos in ep and e*e”
collisions via right-handed charged and neutral currents. The production cross
sections are strongly dependent on the Wy and Z’ masses, which are constrained
by low-energy processes and by precision measurements of Z boson propertics.

Bounds on the W mass and the W; -Wy mixing angle ¢ have been studied in
great detail by Langacker and Uma Sankar [7] and, in connection with CP
violation in the B-system, by London and Wyler [13]. In the case of left-right
symmetry, where the hadronic KM mixing matrices U and UR for left- and
right-handed currents are identical, the stri_ngent bound My, > 1-3 TeV has been
obtained [5,6]. Of importance are also B,-B, mixing and the semileptonic branch-
ing ratio of b-decays. However, if one relaxes the strong assumption U= UR, all
processes are compatible with My, > 300 GeV [7].
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For heavy Majorana neutrinos an important bound follows from the seach for
neutrinoless double-beta decay (88,,) of "°Ge [14]. From the analysis of Lan-
gacker and Uma Sankar [7] we obtain

2 my ! gL ! 1,2
ZVC‘,"—)(——) <8.9><10"(g—) |Uu*§ ’2(1024yr/7,/2) , (3.1)
R

where m  are the W, , masses. We have included the sum of all intermediate
heavy Majorana neutrinos N,. The V.® are the corresponding leptonic KM matrix
elements and 10%* yr is the current experimental bound on the Bg,, lifetime.
Assuming V,R ~8,;, my ~mg, g, =g and US| ~1 one obtains the rather
large lower bound mpg > 800 GeV. However, there can also be cancellations
among the different contributions from heavy neutrinos and, hence, no model
independent bound on mg can be derived from eq. (3.1).

For the simplest Higgs sector, described in the previous chapter, bounds on
W -W¢ and Z-Z' mixings also imply bounds on the Wy and Z’ masses. The mass
matrices for charged and neutral vector bosons read (cf. egs. (2.11), (2.12)):

1,2,.2 *
3ng"‘ _ngRUlUZ
My, = w1202 2 2y |’ (3:2)
—gL8rUI Uy 28R(C7+ | vf]?+ 205 )
giv? —g, 8xrl? 0
M2=1%| —g gur? g2(v?+0v'?) —gitan ar”|, (3.3)
0 —gk tan av'?  g& tan’au’?
ei=lu 1P+ o l? o =P+ 4y (34)

Here tan « is the ratio of the U(1);_; and SU(2) gauge coupling constants. For
v = 0, diagonalization of the W3-C submatrix of (3.3) yields one massless vector
boson which couples to the standard model hypercharge current and the heavy
vector boson Z’ which couples to the neutral current J{. (cf. eq. (2.27)). The
mixing {, between Z’ and the standard model neutral vector boson Z, and the
mixing {y, between W, and Wy are of order (v2/v'*), and therefore small. One
easily finds

. 1,2
(gf +gg sin’a) " cos’a v?

gR UIZ 4

|§z|:

(3.5)

g1 |U1U2|

_ 3.6
gr | vl|?+ 204 (3:6)
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The corresponding vector boson masses are

mi = 3g{v7, mg = 3gx(|v{1?+205), (3.7)
2
A ) 2 il 2 2 1 gk r2 2
my = (8t g sinfe)e?,  mp= o ——([0{7+407),  (3.8)

where we have neglected terms of relative order v? /v’z.
In the special case g, =gy one has cos’a = 1 — tan’8y, which, together with
egs. (3.7) and (3.8) yields the inequalities

1 2 mi 2
2(1—tan’fy ) < — <1 —tan’fy,. (3.9)
mz,
The Z-Z' mixing angle reads in this case
— Mgz :
{1 = cos 28y . (3.10)
Mg,

From an analysis of recent LEP data the lower bound m,. > 800 GeV has been
derived [15,16] which, together with the inequalities (3.9) implies

my > 450 GeV. (3.11)

Hence, LEP data yield a more stringent lower bound on the Wy mass than
low-energy processes.

4. Production of heavy neutrinos

Production and decay of heavy Dirac or Majorana neutrinos in ep scattering
proceeds through the charged current processes shown in fig. 1. The production
cross section is essentially identical to the one for heavy Majorana neutrino

Fig. 1. Production and decay of heavy neutrinos in ep scattering.
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production via W, exchange which has been studied in detail in ref. [4]. For
g1 = &g, one casily obtains

2 4
do Gr my

dx dy 27 (y§+mf{)2

[(§ = m&)(u(x, u?) +e(x, u?))

+(1=y)($(1—y) =m)(d(x, W) +5(x, 7)), (41)
where x, y and § = xs are the usual kinematical variables (cf. fig. 1)
Q’ P-q

—(P+k)’ L = - —. 42

5= ( )y, @ Y VA v (4.2)

which are restricted to the intervals

2
ﬂ<x<1, O<y<l—ﬂ. (4.3)

s xs
u, ¢, d and s are the densities of up, charm, down and strange quarks in the
proton, which depend on the renormalization scale x. Note, that the cross section
is not suppressed by small mixing angles but rather by the Wy mass which enters

the propagator and which has to be larger than 450 GeV (cf. eq. (3.11)).

The total cross section is easily obtained after performing numerical integration
over x and y. The result is shown in figs. 2-4 as function of m for different Wy
masses and for three different center-of-mass energies which correspond to HERA,

80 T | T T j I I I I { 1 | I ! ! 1 | ! I ] T
. e p —> Ny X [VS = 314 GeV]
60 |— —
~ e my, = 450 GeV N
= T —— my, = 600 GeV |
o = . _
S 40 |
—_ . ™ . —
b \\\ i
20 |- -
o L | T R I N \I‘T—I"'T"T';<~T;<:f:-_ =
100 120 140 160 180 200
my, [GeV]

Fig. 2. Total cross section for ep » NX at HERA for different values of the Wy mass.
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T T I l T T I T

[VS = 450 GeV]

I T
Ny X

my, = 600 GeV
900 GeV
1200 GeV

100 150 200

my, [GeV]

250

Fig. 3. Total cross section for ep - NX at a HERA upgrade (see text) for different values of the Wg

mass.

(Vs =314 GeV), an upgraded version of HERA, (Vs = 450 GeV) and LEP ® LHC
(Vs = 1300 GeV). We have used set 1 of Duke—Owens densities [17] with scales
corresponding to the average transverse momentum of the produced heavy neu-

100

80

60

o [fbarn]

T 1 T 1 T ] T Tt T [ T T
e p ——> Ny X [VS = 1300 GeV|

N my, = 1000 GeV

D N— my, = 1500 GeV

- — 2000 GeV

-

800

Fig. 4. Total cross section for ep — NX at LEP ® LHC for different values of the W mass.
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TABLE 1
Discovery limits for W masses (mp) and heavy neutrino masses (my) for three ep colliders with
different center-of-mass energies and integrated luminosities per year. 5 events are required

HERA HERA upgrade LEP®LHC

Vs [GeV] 314 450 1300

Lpb~1/y] 200 4000 2000
mg [GeV] my [GeV]

- 450 120 - -

600 80 270 -

900 - 220 750

1200 - 170 640

1500 - - 540

2000 - - 350

trino, i.c. u?=10% GeV? (s =314 GeV), pu2=2x 10 GeV? (Vs = 450 GeV),
w? =5 % 10> GeV? (Vs = 1300 GeV). At the three machines one year of running is
expected to yield the integrated luminosities 200 pb~!, 4000 pb~' and 2000 pb~',
respectively. A rough estimate of the discovery limits for neutrino and Wy, masses
is obtained by requiring five events. The corresponding values of my and my are
listed in table 1 for the three different machines.

A thorough study of the discovery limits has to take the decays of the heavy
neutrinos into account. For my <mpy these will be three-body decays into two jets
and one charged lepton which, for Dirac neutrinos, always carries negative charge,
whereas for Majorana neutrinos positively and negatively charged leptons occur
with equal probability. The average transverse momentum of the charged lepton
will be smaller than in the case of a two-body decay into charged lepton and W
boson, which was considered in ref. [4]. However, the signature should still be
sufficiently spectacular to allow for a clear separation from background. A detailed
study of the final states is most efficiently carried out by means of a Monte Carlo
event generator. In the appendix we have listed the necessary formulae, i.e. the

Fig. 5. Pair production of heavy Dirac (a, b) or Majorana neutrinos (a, b, ¢) in e " e~ annihilation.
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fully differential cross section for the production of a heavy neutrino followed by
its three-body decay.

In eTe~ scattering heavy Majorana necutrinos can be pair produced via the
charged and neutral current processes depicted in fig. 5. We consider the case
g, = gy for which the relevant couplings are given by egs. (2.25)—(2.28). From the
different s-, ¢- and wu-channel contributions one obtains the differential cross
section:

do  Gim} 1 n \ A2 ,\2 ,
At T aps? (t—mf{ —s—mzzl) + (s—mzz,)z ((”_mN) —smN)
! " ’ A 2\2 2
1 1\
+ gy — ppmpry mys ), (4.4)

where s, ¢t and u are the kinematical variables (cf. fig. 5)

s=(pi+p)'  t1=(p=p)’  u=(p=ps) (4.5)
sin’f.,

A= ——) =4=A. 4.6

2 cos 20 n= (4.6)

For heavy Dirac neutrinos, and assuming Ly = L,-, only the processes shown in
fig. 5a, 5b contribute to the production cross section, and one obtains (cf. eq. (4.6))

4 2
do GZEmI 1 i (t ’ )2
—_ — — —-m
dt 2mws? \u—mi s—m2 N

A2 5
t— (u—m%]) . (4.7)
(—m2)

Compared to the Majorana case, eq. (4.4), the t-channel contribution and the
corresponding interference terms are missing.

In figs. 6 and 7 the total cross sections are shown as function of the neutrino
mass my for Vs =200 GeV and different W, masses with m,, = 2 my, for Dirac
neutrinos and Majorana neutrinos, respectively. The cross section for Dirac
neutrinos is slightly larger than the one for Majorana neutrinos. The difference is
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ﬁl_f_l_]—-'l_l_mﬁl__l—l_T_l_[_]_-l‘l__l T | T T T 7 I T T 1T
= e e > Ny N [VS = 200 GeV] .
80 L Dirac Ny B
- T my, = 450 GeV |
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P \\ \‘
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Fig. 6. Total pair production cross section for Dirac neutrinos at LEP200.

particularly significant for neutrino masses close to the kinematic limit my = 1Vs
due to the well known B? factor in the Majorana case. The corresponding cross
sections for Vs = 500 GeV are shown in figs. 8 and 9 for different values of my.

100

T 17T ]_T T 17T I T T T l 1T I T T T T I T T T 1T
= e e > Ny Np [VS = 200 GeV] -
- _
80 |— Majorana N |
ﬁ --------- my, = 450 GeV |
= 80— T my, = 600 GeV ~ —|
E T :
2 r ]
5 40 7
20 :\'\-\.\\\\- \\\ ]
0 oo b b by by rr o

40 50 60 70 80 90 100

my, [GeV]

Fig. 7. Total pair production cross section for Majorana neutrinos at LEP200.
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S O A L A S L L %
F e e - Ng Ny [VS = 500 GeV] N
: Dirac Ny j
s0 | my, = 1000 GeV =]
| 1
e mwl = 1500 GeV —
- my = 2000 GeV N

g [fbarn]

Fig. 8. Total pair production cross section for Dirac neutrinos at NLC.

Estimates of discovery limits for neutrino masses and Wy masses for LEP200
(s =200 GeV, L =500 pb~' /y) and NLC (Vs = 500 GeV, L = 10 fb~! /y) can be
obtained from figs. 6-9 by requiring 10 events. Some representative values are
listed in table 2.

W T T T
- e e - Np N [VS = 500 GeV] i
E Majorana Ng .
a0 - my, = 1000 GeV —
I — my, = 1500 GeV i

o [fbarn]

GeV

200

150
my, [GeV]

Fig. 9. Total pair production cross section for Majorana neutrinos at NLC.
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TABLE 2
Discovery limits for Wy, masses (mg) and heavy Dirac and Majorana neutrino masses (1) for two
ete” colliders with different center-of-mass energies and integrated luminosities per year. 10 events
are required

LEP200 NLC
Vs [GeV] 200 500
Lpb~'/y] 500 10000
my [GeV] my [GeV]
Dirac Majorana Dirac Majorana
450 90 80 - -
600 70 50 - -
1000 - - 250 240
1500 - - 240 200
2000 - - 170 130

5. Conclusions

New gauge interactions beyong the strong and clectroweak forces with gauge
group SUB3)- X SU(2); X U(1),, are predicted by all unified theories, and it is
conceivable that an extension of the standard model gauge group becomes visible
already at TeV energies. In the past particular attention has been given to models
with right-handed currents based on the electroweak symmetry group SU(2)y X
SU(2)g X U(1)z_, which also predict right-handed neutrinos.

Low-energy processes require the charged Wy boson to be heavier than 300
GeV. From Z precision experiments one finds the lower bound of 450 GeV for
equal gauge couplings g, and gg of SU(2), and SU(2)y, respectively; in this case
the Z-7' mixing angle is fixed in terms of the neutral vector boson masses. The
direct search for Wy bosons in pp collisions yields the current lower bound of 520
GeV for right-handed neutrinos lighter than 15 GeV.

Our present knowledge about Wy bosons and heavy neutrinos will be signifi-
cantly improved by current and projected ep and e*e” colliders. HERA can
search for Wy bosons with masses up to 700 GeV and for heavy neutrinos with
masses up to 120 GeV. At LEP ® LHC Wy and v masses of order 1 TeV appear
accessible. LEP200 can test for W masses up to 600 GeV and the projected 500
GeV e*e™ linear collider (NLC) should be able to reach 1 TeV for the W boson.

In the search for right-handed currents and heavy neutrinos ep colliders have
two main advantages compared to e e~ colliders: First, in ep scattering only a
single heavy neutrino is produced and, consequently, much larger neutrino masses
are accessible. Second, in ep collisions a violation of lepton number in the decays
of Majorana neutrinos can be discovered by just measuring a positive charge of the
final state lepton, whereas in e e~ annihilation the angular distribution of the
final state leptons has to be studied.
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Appendix A
THE FULLY DIFFERENTIAL CROSS SECTIONS

In this appendix we give formulae for the fully differential cross sections for the
reactions

e p=> X N->X, /W —»X,77q,d,, (A.1)
e p— X, N> X,/ Wy - X, ¢"q,d,. (A2)

In egs. (A.1) and (A.2) X,, denotes hadronic matter stemming from the proton
remnants and the scattered quark (or antiquark). It turns out that the differential
cross sections, when expressed in terms of variables defined in the centre-of-mass
frame of the heavy neutrino, and also the kinematical ranges of these variables
have a relatively simple form. For both processes we use the following variables: x,
y — deep-inelastic variables defined in eq. (4.2); E, - energy of /¢ in rest-frame of
heavy neutrino; E; — energy of q, in rest-frame of heavy neutrino; 8,, 6; — polar
angles of ¢ and g, in rest-frame of heavy neutrino with respect to proton
direction; ¢, — azimuthal angle of g, in rest-frame of heavy neutrino.

For given values of E,, Eg, 8,, 8;, ¢, the azimutal angle ¢, of 7 in the
rest-frame of the heavy neutrino N is then fixed to be either

¢, =, + arccos C or ¢, = ¢y + 27 — arccos C, (A.3)
with

my —2my(E,+ Eg) +2E,E(1 — cos 8, cos ;)

C=
2E,E; sin 6, sin 6,

(A4)

Hence, by specifying E,, E;, 8,, 0;, ¢4 and by choosing ¢, according to (A.3), the
four-momenta of ¢ and g, in the rest-frame of N are uniquely fixed, and by
energy-momentum conservation also the four-momentum of g, is determined.

In order to write down the cross section in a compact form, we also use (as
auxiliary variables) the energy (Ey), the momentum (py) and the polar angle (8)
of the heavy neutrino in the laboratory frame. x, y and the laboratory beam
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energies E. of the electron and E, of the proton fix longitudinal (py) and
transverse ( py) parts of the momentum of the heavy neutrino N:

(ps) =y[(1-y)§—mi],

L Svtml -4 - v)E? )
PR = , §=xs=4xEE,. (AS)

€

Hence, also 8, py and E are fixed:

, Ey=ypu+my. (A6)

L
PN = [(pk,)2 + (pﬁ)z]l/z, cos 0 = Pn
N

We now give the fully differential cross section do_ for reaction (A.1) with a
negatively charged lepton in the final state. Note, that one obtains the same result
for Dirac and Majorana neutrinos:

do_
dx dy dE, dE; d6, d8; d¢;

=V x {A_[u(x, w2 +c(x, 1]

$(1—y) —m? _
+f3_[d(x,,u,2)+§(x,,u2)]>,
(A7)
with
GimdimyE.(m, —2E,) sin 6, sin 6-
V. F*L7*N q( N q) 4 q - (A.8)

16w T d (x5 + 3 ) (i — 2mn By — m3)
A_=(§-m})—2cos 6| E(pn+Ey cos 6) +xE (py—Ey cos 6)]
—2my(xE, — E,) sin 8 sin 6; cos ¢y, (A9)
B_=3(1-y) —2xE, cos 8;( py — Ey cos 8) —2xmyE sin 8 sin 8, cos ¢,
(A.10)

1,2
b

J=[cos(8,—0,) — 2]|'"*[ 2 — cos(6, + ;)] (A.11)

2. E —2m(E, +F )+ mzN
Z = . (A.12)
2E,E;
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Fig. A.1. The shaded area denotes the allowed range for the variables 6; and 6,.

For simplicity, in eq. (A.7) we have chosen the Kobayashi—Maskawa type matrices
UR and V'R equal to the unit matrix. The case of nonvanishing mixing angles can
be easily implemented. The kinematically allowed ranges of x, y, E,, E; and ¢,
read:

my my
— <x<1, Ogy<1l——, (A.13)
s xs

my—2E, m
E,c [o, al ] E, At (A.14)

2 2
¢;< (0, 27]. (A.15)

The boundaries of the polar angles 8, and 6; are given by the inequalities

cos(6,+6;)<Z  cos(,—6;)>Z, (A.16)

with Z given in eq. (A.12). The allowed range in the (8,, ;) plane corresponds to
the shaded area in fig. A.1.

We now discuss the second process given in eq. (A.2), where the final-state
lepton is positively charged. This case only occurs for heavy Majorana neutrinos.
The corresponding fully differential cross section do, is obtained from eq. (A.7)
by replacing V_, A_ and B_ by V,, A, and B, respectively. For these
quantities we get:

Gimimy(2E,+2E;—my) sin 6, sin 6,

. 16757 T (35 +ma) (ma — 2mnE, —m%)

(A.17)
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A,=(§—m})(mnx—E,— Ey)
—2(E, cos 6, + Eq cos 03)[ E.(pn+Ey cos 0) +xE ( py~ Ey cos 6)]
—2my sin O(xE, — E.)(E, sin 6, cos ¢, + Eg sin 6; cos ¢g),  (A.18)
B,=5(1—y)(mn—E,—E,)
—2xE,(pn — Ey cos 8)(E, cos 8, + E; cos 6;)
—2xmyE, sin 6(E, sin 8, cos ¢, + Eg sin 6; cos ¢g).  (A.19)

We now discuss how one has to generate the four-momenta of the final-state
particles of an event in the laboratory frame. For a given “point”

(x, v, E,, Eq, 8, 64, &q) (A .20)

we first choose ¢, according to eq. (A.3) with equal probability. Then the
four-momenta of the final state particles originating from the heavy neutrino are
uniquely fixed in the neutrino rest-frame. In order to get the corresponding
four-momenta in the laboratory frame of the ep reaction one has to perform the
following Lorentz transformation:

ULAB=Rz(q))Ry(0)LzUCAM.’ (Azl)

where v generically stands for the four-momentum of 7, q, and q,. The rotations
R (@), R (#) and the boost L_ read

1 0 0 0 1 0 0 0
10 cos® —-sin@® O _1]0 cos 6 0 sin#@
R.(®) = 0 sin® cosd O} R,(9) 0 0 1 0 |
0 0 0 1 0 —sinf O cos?#
(A.22)
Ev O 0  »pN
1 0 my 0 0
L,=— . (A.23)

v 0 0 Ey

Here # and @ are polar and azimuthal angle of the heavy neutrino in the
lab-frame, and £ and p, are its energy and momentum:

pk=(Ey, Py sin 6 cos @, py sin 8 sin @, py cos ), Pn=1pnl. (A24)
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0, Ey and py are fixed by eqgs. (A.5) and (A.6), whereas @ has to be chosen in the
interval [0, 27] with equal probability. The absolute weight of the event is then
given by
do, 11
dx dy dE, dE; d6, d6; do, 2 27’

(A.25)

where the factors 3 and 1/(27) are due to the choices of ¢, and ®, respectively.
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