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Pair production and correlated decay of heavy Majorana neutrinos ine1e2 collisions

Axel Hoefer* and L. M. Sehgal†
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~Received 11 March 1996!

We consider the processe1e2→N1N2, whereN1 andN2 are heavy Majorana particles, with relativeCP
given by hCP511 or 21, decaying subsequently viaN1 ,N2→W6e7. We derive the energy and angle
correlation of the dilepton final state, both for like-sign (e7e7) and unlike-sign (e2e1) configurations. Inter-
esting differences are found between the caseshCP511 and21. The characteristics of unlike-signe1e2

dileptons originating from a Majorana pairN1N2 are contrasted with those arising from the reaction
e1e2→NN̄→W1e2W2e1, whereNN̄ is a Dirac particle-antiparticle pair.@S0556-2821~96!04015-5#

PACS number~s!: 13.35.Hb, 11.30.Er, 14.60.St
-

I. INTRODUCTION

In an interesting paper@1#, Kogo and Tsai have analyzed
the reactione1e2→N1N2, whereN1,2 are heavy Majorana
neutrinos, and compared the cases where the relativeCP of
N1 andN2 is hCP511 and21. It was found that the two
cases differ in threshold behavior, in angular distributio
and in the dependence on the spin directions ofN1 andN2. A
comparison was also made between the Majorana proc
and the Dirac processe1e2→NN̄, whereNN̄ is a Dirac
particle-antiparticle pair. A related analysis was carried o
in Ref. @2#. @The contrast between Majorana neutrinos a
Dirac neutrinos has been the subject of several other pap
~e.g. @3–6#!, and monographs@7,8#.#

In the present paper, we examine how the differences
tween the caseshCP511 and21 propagate to the decay
products ofN1 andN2, assuming the decays to take place v
N1,2→W6e7. We focus on the like-sign lepton pair create
in the reaction chaine1e2→N1N2→W1e2W1e2, which is
a characteristic signature of Majorana pair production. W
derive, in particular, the correlation in the energies of th
e2e2 pair, and in their angles relative to thee1e2 axis.
Interesting differences are found between the ca
hCP511 and21. We also examine the behavior of th
unlike-sign dileptonse1e2, comparing the Majorana case
with dileptons created in the production and decay of a Dir
NN̄ pair, i.e.,e1e2→NN̄→W1e2W2e1.

II. CHARACTERISTICS OF THE REACTION e1e2
˜N1N2

The analysis of Ref.@1# was carried out in the context of
the simple production mechanism fore1e2→N1N2, shown
in Fig. 1, and we begin by recapitulating the essential resu
The interaction Lagrangian is taken to be
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L1~x!52
g

2cosuW
@ ē~x!gm~cV2cAg5!e~x!

1aNN̄1~x!gm
1
2 ~12g5!N2~x!

1aNN̄2~x!gm
1
2 ~12g5!N1~x!#Zm~x!, ~2.1!

wherecV , cA , andaN may be regarded as real phenomeno
logical parameters. ~For the standardZ boson, cV
521/212sin2uW, cA521/2.! The matrix element for Ma-
jorana neutrinos~with momenta and spins as indicated in
Fig. 1! is

Mm52 iaNS g

2 cosuW
D 2 j meDZ

mn@ ūt1~q1!gn
1
2 ~12g5!

3v t2~q2!l22ūt2~q2!gn
1
2 ~12g5!v t1~q1!l1#,

~2.2!

where

j m
e5 v̄s2~p2!gm~cV2cAg5!us1~p1! ~2.3!

and

DZ
mn5

gmn2qmqn/mZ
2

q22mZ
21 imZGZ

. ~2.4!

AssumingCP invariance, the factorsl1, l2 in Eq. ~2.2! are
such thatl1l2*511(21) whenN1 andN2 have the same
~opposite! CP parity @9#. Rewriting the second term in Eq.
~2.2! as

FIG. 1. Feynman diagram for the reactione1e2→N1N2.
1944 © 1996 The American Physical Society



e

54 1945PAIR PRODUCTION AND CORRELATED DECAY OF . . .
ū t2
~q2!gn

1
2 ~12g5!v t1~q1!5ūt1~q1!gn

1
2 ~11g5!v t2~q2!,

~2.5!

we observe that the current of the Majorana neutrinos is pu
axial vector whenN1 and N2 have the sameCP parity
(hCP5l1l2*511), and pure vector when they have oppo
siteCP (hCP5l1l2*521). In comparison, the matrix ele-
ment for the Dirac processe1e2→NN̄ is

Md52 iaNS g

2 cosuW
D 2 j meDZ

mnūt1~q1!gn
1
2 ~12g5!v t2~q2!.

~2.6!

The differential cross section fore1e2→N1N2, for general
massesm1 andm2 and for arbitrary polarizationsnW andnW 8 of
the two neutrinos, is given in the Appendix. In Sec. V w
compare our formulas with those of Ref.@1#, and with spe-
cial cases treated in other papers. Here, we specialize to
casem15m25mN , for which the cross section (ds/dV) in
the caseshCP511 and21 is

S ds

dV D
1

5 1
2 s0b

3$ f 1@~nyny82nxnx8!S2

1~11nznz8!~11C2!#2 f 22~nz1nz8!C%,

~2.7!

S ds

dV D
2

5s0b„f 1$22b21C2b21nznz8@b21C2~1/g211!#

1nxnx8S
2~1/g211!2nyny8S

2b2

1~nxnz81nx8nz!2SC/g
2%2 f 2$2~nx1nx8!S/g2

12~nz1nz8!C%…. ~2.8!

For comparison, the differential cross section of the Dira
processe1e2→NN̄ is

S ds

dV D
d

5 1
2 s0b$ f 1@~11C2b2!2~nz1nz8!b~11C2!

2~nx1nx8!SCb/g1nznz8~C
21b2!

1~nxnz81nznx8!SC/g1nxnx8S
2/g2#

1 f 2@2Cb2~nz1nz8!C~11b2!2~nx1nx8!S/g

12nznz8Cb1~nxnz81nx8nz!Sb/g#%. ~2.9!

The symbols in Eqs.~2.7!–~2.9! are defined as

s05
GF
2aN

2

512p2U mZ
2

s2mZ
21 imzGZ

U2s, b5~124mN
2 /s!1/2,

g5~12b2!21/2, C5cosu, S5sinu,

f 152~cV
21cA

2 !, f 254cVcA , ~2.10!

u being the scattering angle ofN1 ~or N) with respect to the
initial e2 direction. The coordinate axes are defined so th
re

-

e

the

c

at

the momentum and spin vectors ofN1 andN2 in the e1e2

c.m. frame have the components

q1
m5~gm,0,0,gbm!, t1

m5~gbnz ,nx ,ny ,gnz!,

q2
m5~gm,0,0,2gbm!, t2

m5~2gbnz8,nx8,ny8,gnz8!.
~2.11!

Inspection of Eqs.~2.7!–~2.9! reveals several interesting fea-
tures.

~a! The Majorana cases ‘‘1 ’’ and ‘‘ 2 ’’ have different
dependences on the spin vectorsnW andnW 8, and different an-
gular distributions, even after the spinsnW andnW 8 are summed
over. These differences stem from the fact that the matrix
elementMm in Eq. ~2.2! effectively involves an axial-vector
current N̄1gmg5N2 when l1l2*511 and a vector current
N̄1gmN2 whenl1l2*521.

~b! The Majorana cases ‘‘1 ’’ and ‘‘ 2 ’’ differ from the
Dirac case ‘‘d,’’ in which the current of theNN̄ pair has a
V2A structure N̄gm

1
2(12g5)N. This difference persists

even if the spins of the heavy neutrinos are summed over, in
which case

(
nW ,nW 8

S ds

dV D
1

52s0b
3@ f 1~11C2!#,

(
nW ,nW 8

S ds

dV D
2

54s0b@ f 1~22b21C2b2!#, ~2.12!

(
nW ,nW 8

S ds

dV D
d

52s0b@ f 1~11C2b2!1 f 2~2Cb!#.

Whereas the spin-averaged Majorana cross sections ar
forward-backward symmetric, the Dirac process has a term
linear in cosu, with a coefficient proportional to
f 254cVcA . Equation~2.12! also shows that the threshold
behavior isb3, b, and b for the cases ‘‘1,’’ ‘‘ 2,’’ and
‘‘ d,’’ respectively. In the asymptotic limitb→1, the Majo-
rana cases ‘‘1 ’’ and ‘‘ 2 ’’ have the same angular distribu-
tion (11C2), distinct from that of the Dirac process.

~c! In the high energy limitb→1, the Dirac process
e1e2→NN̄ has a spin dependence given by

S ds

dV D
d

5 1
2 s0b@12~nz1nz8!1nznz8#@ f 1~11C2!12 f 2C#.

~2.13!

The fact that only the longitudinal components (nz andnz8)
of theN, N̄ spins appear in this expression is consistent with
the expectation that relativistic Dirac neutrinos are eigen-
states of helicity. The fact that the cross section~2.13! van-
ishes whennz521, nz8511 confirms the expectation that
for a V2A current theN andN̄ are produced in left-handed
and right-handed states, respectively. By comparison, the
Majorana processese1e2→N1N2, for hCP511 and21,
have the high energy behavior (b→1)
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S ds

dV D
1

5 1
2 s0$ f 1@~11C2!~11nznz8!1S2~nyny82nxnx8!#

22 f 2C~nz1nz8!%, ~2.14!

S ds

dV D
2

5 1
2 s0$ f 1@~11C2!~11nznz8!1S2~nxnx82nyny8!#

22 f 2C~nz1nz8!%. ~2.15!

Contrary to the Dirac case, the Majorana reactions have
explicit dependence onnx , ny andnx8, ny8, reflecting the fact
that a relativistic Majorana particle withmNÞ0 is not nec-
essarily an eigenstate of helicity, and can have a spin po
ing in an arbitrary direction. The Majorana cases ‘‘1 ’’ and
‘‘ 2’’ differ in the sign of the term proportional toS2, which
contains the transverse (x andy) components of the neutrino
spins. It is with the purpose of exposing the subtle diffe
ences in the spin state of theN1N2 andNN̄ systems that we
investigate in the following sections the dilepton final sta
created by the decays of the heavy neutrinos v
N1,2→W6e7 andN(N̄)→W1e2(W2e1).

III. LIKE-SIGN DILEPTONS: THE REACTION
e1e2

˜N1N2˜W1W1e2e2

As seen in the preceding, the spin state and the ang
distribution of the Majorana pair produced ine1e2→N1N2

FIG. 2. Diagram showing the sequential proce
e1e2→N1N2→e6e2W7W1.
an

nt-

r-

te
ia
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depends on the relativeCP parity hCP of the two particles.
We wish to see how these differences manifest themselves
the decay products ofN1 andN2. To this end, we assume
that mN.mW , and that the simplest decay mechanism is
N1,2→W7e6. In particular, the reaction sequence
e1e2→N1N2→W1W1e2e2 leads to the appearance of
two like-sign leptons in the final state, an unmistakable sig
nature of Majorana pair production.~For the purpose of this
paper we assume that theW bosons decay into quark jets,
thus avoiding the complications of final states with three o
four charged leptons.!

We have calculated the amplitude of the proces
e1e2→N1N2→W1W1e2e2, depicted in Fig. 2, assuming
a decay interaction (aN8 andaN9 being real parameters!

L2~x!52
g

A2
@aN8 ē~x!gm

1
2 ~12g5!N1~x!Wm2~x!

1aN8 N̄1~x!gm
1
2 ~12g5!e~x!Wm1~x!

1aN9 ē~x!gm
1
2 ~12g5!N2~x!Wm2~x!

1aN9 N̄2~x!gm
1
2 ~12g5!e~x!Wm1~x!#. ~3.1!

This amplitude has the form~see Appendix for details!

M5 iA j m
eDZ

mn
1

q1
22m1

21 im1G1

1

q2
22m2

21 im2G2

3@m2l2ūt1~k1!grq” 1gngs
1
2 ~11g5!v t2~k2!

2m1l1ūt2~k2!gsq” 2gngr
1
2 ~11g5!v t1~k1!#

3el3
* r~k3!el4

* s~k4!, ~3.2!

where

A5aNaN8 aN9
g4

8cos2uW
. ~3.3!

Using the narrow-width approximation for theN1, N2 propa-
gators, and specializing to the casem15m25mN , we obtain
the following expression for the squared matrix elemen
~summed over final and averaged over initial spins!, the sub-
script inM6 denotinghCP561 (q5p11p2, l5p12p2):

s

uM6u25
uAu2

2

1

~s2mZ
2!2

p

mNGN
d~q1

22mN
2 !

p

mNGN
d~q2

22mN
2 !
mN
2

mW
4 „f 1$7~mN

22mW
2 !2~mN

212mW
2 !2s74~mN

2

22mW
2 !2@s~k1k2!~q1q2!2s~k1q2!~k2q1!2~k1k2!~q1q!~q2q!1~k1k2!~q1l !~q2l !1~k1q2!~k2q!~q1q!

2~k1q2!~k2l !~q1l !1~k1q!~k2q1!~q2q!2~k1l !~k2q1!~q2l !2~k1q!~k2q!~q1q2!1~k1l !~k2l !~q1q2!

6mN
2
„~k1q!~k2q!2~k1l !~k2l !…#12~mN

22mW
2 !~mN

222mW
2 !2@~k1q!~q2q!2~k1l !~q2l !1~k2q!~q1q!2~k2l !

3~q1l !#18mW
2 ~mN

22mW
2 !2@~q1q!~q2q!2~q1l !~q2l !#%22 f 2~mN

22mW
2 !~mN

424mW
4 !@6~k1q!~q1l !

2~k1q!~q2l !7~k1l !~q1q!1~k1l !~q2q!6~k2q!~q2l !2~k2q!~q1l !7~k2l !~q2q!1~k2l !~q1q!#…. ~3.4!
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FIG. 3. Energy correlation of thee2e2 lepton
pair in the reaction e1e2→N1N2

→e2W1e2W1, for the cases~a! hCP511, ~b!
hCP521. ~Parameters for this and succeeding
figures:As51.2 TeV,mN5500 GeV.!
If the final state ise1e1 instead of e2e2, we replace
f 2→2 f 2 in the above equation.
The expression foruM6u2 can be integrated over th

phase space of the twoW1’s ~i.e., over the momenta
k3(5q12k1) andk4(5q22k2), in order to obtain the spec
tra in the lepton variablesk1 and k2. Defining the four-
vectorsk1 andk2 in thee1e2 c.m. frame by

k1
m5E1~1,sinu1cosf1 ,sinu1sinf1 ,cosu1!,

k2
m5E2~1,sinu2cosf2 ,sinu2sinf2 ,cosu2!, ~3.5!

we have been able to derive the correlated distribution of
energiesE1 andE2, as well as the correlation of the variable
cosu1 and cosu2 measured relative to thee

2 beam direction.
e

-

the
s

A. Energy correlation

The normalized spectrum in the energies of the dilepton
pair e2e2 is (E1,25E1,2/mN)

1

s S ds

dE1dE2D5N@a1b~E11E2!1c~E11E2!22c~E12E2!2#,
~3.6!

whereN is a normalization factor,

N5@W2b2~a1bW1cW2!#21, ~3.7!

with W5As(mN
22mW

2 )/2mN
3 , b5(124mN

2 /s)1/2. The coef-
ficientsa, b, c depend on the relativeCP of theN1N2 sys-
tem, and take the values
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a15mN
2mW

2 ~mN
22mW

2 !2S 2s2
~mN

212mW
2 !2

2mN
2 D ,

b15AsmN
3 ~mN

222mW
2 !2~mN

22mW
2 !, ~3.8!

c152mN
6 ~mN

222mW
2 !2,

a252mW
2 ~mN

22mW
2 !2S s~s22mN

2 !2
mN
2

mW
2 ~mN

212mW
2 !2D ,

b25AsmN~mN
222mW

2 !2~mN
22mW

2 !~s22mN
2 ! ~3.9!

c252mN
4 ~mN

222mW
2 !2~s22mN

2 !.

Notice that the ratiosb1/a1 andb2/a2 are unequal~like-
wise the ratios c1/a1 and c2/a2), although
b1/c15b2/c2. Thus, the energy correlation of the two
electrons in the final state is different for the case
hCP561. This is illustrated in Fig. 3 for the hypothetical
parametersmN5500 GeV,As51200 GeV. It may be noted
that the factorf 254cVcA does not appear in the spectrum
(ds/dE1dE2), so that the energy correlation ofe1e1 dilep-
tons is the same as that ofe2e2. In the limit b→1, the term
a6 dominates and the ‘‘1 ’’ and ‘‘ 2 ’’ cases are no more
distinguishable.

B. Angular correlation

Equation~3.4! also allows a calculation of the correlated
angular distribution of the final statee2e2 system. Defining
the anglesu1,2 as in Eq.~3.5!, and integrating over all other
variables, we find
S ds

dcosu1dcosu2
D 6

;bE dcosuNH f 1$7~mN
212mW

2 !2sK1
u1K1

u21~mN
222mW

2 !2s@6K2
u1K2

u2~cosuNb2cosu1!~cosuNb

1cosu2!1K2
u1K1

u2~11bcosuNcosu1!1K1
u1K2

u2~12bcosuNcosu2!#12mW
2 s2K1

u1K1
u2~11cos2uNb2!

24mN
2 ~mN

222mW
2 !2K2

u1K2
u2~12cosu1cosu2!%

1 f 22~mN
424mW

4 !sF cosunb~K2
u1K1

u22K1
u1K2

u2! : 1

K2
u1K1

u2cosu11K1
u1K2

u2cosu2 : 2
G J , ~3.10!
with

K1
u1~2!5

2A1~2!

~A1~2!
2 2B1~2!

2 !3/2
, K2

u1~2!5
2A1~2!

2 1B1~2!
2

~A1~2!
2 2B1~2!

2 !5/2
,

~3.11!

A1~2!512~1 !bcosuNcosu1~2! , B1~2!5bsinuNsinu1~2! .

The correlation~3.10! has been evaluated formN5500 GeV
and As51200 GeV ~using f 15114sin2uW18sin4uW,
f 25124sin2uW) and is plotted in Fig. 4. There is a clea
difference between the caseshCP561. The angular corre-
lation in Eq.~3.10! becomes particularly transparent near t
thresholdb→0, where we obtain the analytic results

1

s1 S ds

dcosu1dcosu2
D

b→0

1

'
1

4 F11
1

2

f 2
f 1

mN
222mW

2

mN
212mW

2

3~cosu11cosu2!G , ~3.12!
r

he

1

s2 S ds

dcosu1dcosu2
D

b→0

2

'
1

4 F11
~mN

222mW
2 !2

~mN
212mW

2 !2
cosu1cosu2

1
f 2
f 1

~mN
222mW

2 !

~mN
212mW

2 !

3~cosu11cosu2!G . ~3.13!

Notice that the distributions in the variables cosu1 and
cosu2 become flat in the casehCP511 when f 2 / f 1 is ne-
glected. By contrast, there remains a nontrivial correlation
for hCP521, even in the absence off 2. As before, the
above results fore2e2 hold for e1e1 if one replaces
f 2→2 f 2.

IV. UNLIKE-SIGN DILEPTONS: THE REACTION
e1e2

˜N1N2˜W1W2e1e2

Proceeding as in Sec. III, the matrix element for the reac-
tion e1e2→N1N2→W1W2e1e2 ~Fig. 2! is
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FIG. 4. Angle correlation ofe2e2 dileptons
in e1e2→N1N2→e2W1e2W1, for ~a!
hCP511, ~b! hCP521.
Mm5 iA j m
eDZ

mn
1

q1
22m1

21 im1G1

1

q2
22m2

21 im2G2

3@l2ūt1~k1!grq” 1gnq” 2gs
1
2 ~12g5!v t2~k2!

1l1m1m2ūt1~k1!grgngs
1
2 ~12g5!v t2~k2!#

3el3
* r~k3!el4

* s~k4!. ~4.1!

The same final state, produced via a Dirac partic
antiparticle pair (e1e2→NN̄→W1W2e1e2), has the am-
plitude
le-

Md5 iA j m
eDZ

mn
1

q1
22m1

21 im1G1

1

q2
22m2

21 im2G2

3ūt1~k1!grq” 1gnq” 2gs

1

2
~12g5!v t2~q2!

3el3
* r~k3!el4

* s~k4!. ~4.2!

Summing ~averaging! over final ~initial! polarizations, and
using the narrow-width approximation for theN1, N2 propa-
gators, we obain the squared matrix elements
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uM6u25
uAu2

2

1

~s2mZ
2!2

p

mNGN
d~q1

22mN
2 !

p

mNGN
d~q2

22mN
2 !
mN
2

mW
4 „f 1$7~mN

22mW
2 !2~mN

212mW
2 !2s64~mN

2

22mW
2 !2@s~k1k2!~q1q2!2s~k1q2!~k2q1!2~k1k2!~q1q!~q2q!1~k1k2!~q1l !~q2l !1~k1q2!~k2q!~q1q!2~k1q2!

3~k2l !~q1l !1~k1q!~k2q1!~q2q!2~k1l !~k2q1!~q2l !2~k1q!~k2q!~q1q2!1~k1l !~k2l !~q1q2!6mN
2
„~k1q!~k2q!

2~k1l !~k2l !…#22~mN
22mW

2 !~mN
222mW

2 !2@~k1q!~q2q!2~k1l !~q2l !1~k2q!~q1q!2~k2l !~q1l !#12~mN
2

14mW
2 /mN

2 !~mN
22mW

2 !2@~q1q!~q2q!2~q1l !~q2l !#%22 f 2$~mN
22mW

2 !~mN
424mW

4 !@6~k1q!~q1l !2~k1q!~q2l !

7~k1l !~q1q!1~k1l !~q2q!7~k2q!~q2l !1~k2q!~q1l !6~k2l !~q2q!2~k2l !~q1q!#12~mN
214mW

4 /mN
2 !~mN

2

2mW
2 !2@~q1q!~q2l !2~q2q!~q1l !#%…, ~4.3!

FIG. 5. Energy correlation of
e2e1 dileptons in e1e2

→N1N2→e2W1e1W2: ~a! Ma-
jorana pair,hCP511, ~b! Majo-
rana pair, hCP521, ~c! Dirac
NN̄-pair.
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uMdu25uAu2
1

~s2mZ
2!2

p

mNGN
d~q1

22mN
2 !

p

mNGN
d~q2

22mN
2 !H f 1S mN

4

mW
4 ~mN

222mW
2 !2@~k1q!~k2q!2~k1l !~k2l !#
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In complete analogy with the discussion of like-sign lepto
~Sec. III!, we derive from the above equations the correlat
in the energies and angles of the finale1e2 state.

A. Energy correlation

The distribution in the scaled energiesE1, E2 has the qua-
dratic form given in Eq.~3.6!, where the coefficients in the
Majorana cases ‘‘1 ’’ and ‘‘ 2 ’’ and the Dirac case ‘‘d’’
now have the values
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The corresponding three distributions are plotted in Fig. 5.
As in the case of like-sign dileptons, thee1e2 pairs have
distinct correlations forhCP561. A comparison of the Ma-
jorana cases with the Dirac case reveals an interesting differ
ence. In the Majorana cases the totale1e2 energy
Y5E11E2 is distributed symmetrically around the midpoint
of this variableY051/2(Ymin1Ymax). By contrast,e1e2

pairs resulting from DiracNN̄ primary state have a total
energy distribution that is unsymmetric around the midpoint.

B. Angle correlation

In analogy to the distributionds/dcosu1dcosu2 obtained
for e2e2 pairs @Eq. ~3.10!#, the result for unlike-sign dilep-
tonse1e2 is
S ds
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As usual, the indices ‘‘1,’’ ‘‘ 2,’’ and ‘‘ d’’ differentiate between the Majorana caseshCP511,21 and the Dirac case. The
angle correlations expressed by Eqs.~4.6! and ~4.7! are plotted in Fig. 6, where the differences between the three cases a

FIG. 6. Angle correlation of
e2e1 dileptons ine1e2→N1N2

→e2W1e1W2: ~a! Majorana
pair, hCP511, ~b! Majorana
pair, hCP521, ~c! Dirac
NN̄-pair.
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obvious. Close to threshold (b→0), the correlation between
cosu1 and cosu2 can be presented in analytic form
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In this limit, the cases ‘‘1 ’’ and ‘‘ 2 ’’ remain distinct, but
the casehCP521 converges to the Dirac case.

V. COMMENTS

We comment briefly on some other papers which hav
partial overlap with the considerations presented above.

~i! Our discussion of the production reactio
e1e2→N1N2 follows very closely that given in Ref.@1#.
Our results fords/dV given in Appendix A@Eqs. ~A1!–
~A6!# essentially coincide with those in that paper, with tw
minor differences: The angular distributions for the case
two distinct Majorana particles with the sameCP parity, as
well as for the case of two distinct Dirac particles@Eqs.~4E!
and ~4D! in Ref. @1##, are slightly different from our distri-
butions, presented in Appendix A@Eq. ~A2! and ~A3!#.

~ii ! The cross section for the Majorana proce
e1e2→N1N2, with m15m2 and hCP511 calculated in
Ref. @2# agrees with that obtained in this paper. However,
Dirac casee1e2→NN̄ @Eq. ~2! of Ref. @2## differs from our
result @Eq. ~A5!#, as also noted in Ref.@1#.

~iii ! The spin-summed differential cross section for t
Majorana processe1e2→N1N2 ~with m15m2, hCP511)
calculated in the present paper, as well as in Refs.@1,2#,
differs from that given in Ref.@4#, but agrees with the result
given in Refs.@3,6,10#.

~iv! Our analysis of heavy Majorana production and dec
has been essentially model independent. Discussions in
context of specific gauge models, based on SU~2! L
3SU~2!R3U~1! or E~6! symmetries, may be found in Refs
@6,10,11#.

APPENDIX A: DIFFERENTIAL CROSS SECTION
FOR e1e2

˜N1N2

Following Ref.@1#, we consider the following five cases
whereN1 andN2 are

~A! Distinct Dirac particles.
~B! Distinct Majorana particles with the sameCP parity.
e a

n

o
of

ss

the

he

s

ay
the

.

,

~C! Distinct Majorana particles with oppositeCP parity.
~D! Dirac particle-antiparticle pair.
~E! Identical Majorana particles.
Choosing theN1 direction in thee

1e2 c.m. system to be
the z axis, and thee2-beam direction to be at an angleu
(5 scattering angle!, the momenta (q1, q2) and spins
(t1, t2) of N1 andN2 have components

N1: q1
m5~gm1,0,0,gbm1!,

t1
m5~gbnz ,nx ,ny ,gnz!,

~A1!

N2: q2
m5~g8m2,0,0,2g8b8m2!,

t2
m5~2g8b8nz8,nx8,ny8,g8nz8!.

The differential cross sections are@with b5(124m1
2/s)1/2,

b85(124m2
2/s)1/2, g5(12b2)21/2, g85(12b82)21/2,

l(x,y,z)5@x21y21z222(xy1yz1zx)#1/2#

S ds

dV D
A
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2aN

2

512p2 uR~s!u2@12~m1
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2!2/s2#l~s,m1
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2~b8nx /g1bnx8/g8!SC1nznz8~C
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1~nxnz8/g1nx8nz /g8!SC1nxnx8S
2/gg8#

1 f 2@C~b1b8!2~nz1nz8!C~11bb8!2~nx /g

1nx8/g8!S1nznz8C~b1b8!1S~b8nxnz8/g

1bnx8nz /g8!#%, ~A2!

S ds
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2bb81nznz8@bb8

2C2~1/gg821!#1~nxnz82nx8nz!SC~1/g21/g8!

1C2bb821/gg811%1 f 2$~nx2nx8!S~1/g821/g!

1~nz1nz8!C~1/gg82bb821!%…, ~A3!

S ds
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C
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256p2 uR~s!u2@12~m1
22m2

2!2/s2#l~s,m1
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S ds

dV D
D

5S ds

dV D
A,m15m2

5
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2aN

2

512p2 uR~s!u2l~s,m2,m2!

3$ f 1@~11C2b2!2~nz1nz8!b~11C2!

2~nx1nx8!SCb/g1nznz8~C
21b2!

1~nxnz81nznx8!SC/g1nxnx8S
2/g2#
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APPENDIX B: MATRIX ELEMENTS
FOR e1e2

˜N1N2˜e6e2W7W1

1. Like-sign dileptons

The matrix element for the reaction~Fig. 2!

e1~p2,s2!1e2~p1,s1!

→e2~k1,t1 !e2~k2,t2 !W1~k3 ,l3!W
1~k4 ,l4!

~B1!

is

M5 iA j m
eDZ

mnH l2ūt1~k1!gr
1
2 ~12g5!

q” 11m1

q1
22m1

21 im1G1
gn

3 1
2 ~12g5!

2q” 21m2

q2
22m2

21 im2G2
gs

1
2 ~11g5!v t2~k2!

2l1ūt2~k2!gs
1
2 ~12g5!

q” 21m2

q2
22m2

21 im2G2
gn
3 1
2 ~12g5!

2q” 11m1

q1
22m1

21 im1G1
gr

3 1
2 ~11g5!v t1~k1!J el3

* r~k3!el4
* s~k4!. ~B2!

Upon rearrangement, this gives the matrix element of E
~3.2!.

2. Unlike-sign dileptons

The matrix element for the Majorana-mediated proce
~Fig. 2!

e1~p2,s2!1e2~p1,s1!

→e2~k1,t1 !e2~k2,t2 !W1~k3 ,l3!W
1~k4 ,l4!

~B3!

is

Mm52 iA j m
eDZ

mnH l2ūt1~k1!gr
1
2 ~12g5!

3
q” 11m1

q1
22m1

21 im1G1
gn

1
2 ~12g5!

3
2q” 21m2

q2
22m2

21 im2G2
gs

1
2 ~12g5!v t2~k2!

2l1ūt1~k1!gr
1
2 ~12g5!

q” 11m1

q1
22m1

21 im1G1
gn

3 1
2 ~11g5!

2q” 21m2

q2
22m2

21 im2G2
gs

3 1
2 ~12g5!v t2~k2!J el3

* r~k3!el4
* s~k4!. ~B4!

Upon rearrangement, this gives the matrix element of E
~4.1!.
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