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We investigate possibilities for detecting heavy Majorana neutrinos (N ’s) in e1e2 at LEP200 and
future linear colliders. We concentrate on the processes where the pairs of intermediate heavN ’s
produce a clear signal of total lepton number violationse1e2 ! NN ! W1l2W1l02d. Such a signal
is not possible if the heavy neutrinos are of Dirac nature. Our approach is general in the sense th
intermediateN ’s can be either on shell or off shell. Discussion of the relative numerical importance
the s and thet 1 u channels of theNN production is also included. [S0031-9007(99)09285-6]
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There has been a significant amount of activity in th
high energy physics community towards discerning th
nature of the neutrino sector. A basic question is: A
neutrinos Dirac or Majorana particles? If there are n
right-handed currents, then it is virtually impossible t
discern the nature of the light neutrinos [1]. If there a
heavy neutrinossM , 102 GeVd, then present and future
experiments offer a realistic prospect of establishing th
nature. The production cross section of heavy Majora
neutrinos (N ’s), mostly via the e1e2 collisions, has
therefore been investigated in the past [2]. Most of the
works have been done within specific (classes of) mode
and it has been assumed that the center-of-mass (CM
energy

p
s in the process is high enough for the productio

of on-shell (OS) heavyN ’s. The effects of theoff-
shell (nOS) N ’s have been ignored. Moreover, to ou
knowledge, various distributions ofN ’s decay products
fN ! W6,7s! jets 1 ,7dg, which are produced in the
full reaction and which can actually be detected, ha
not been investigated in a quantitative way. The ma
reason for this was that the expressions for invaria
amplitudes with twoon-shellN ’s apparently do not allow
a straightforward calculation of such distributions. W
note that the detection of events for the reactionse1e2 !
NN ! W6,7W6,07 ! jets 1 ,7,07, which violate the
total lepton number, would be a clear signal of th
Majorana character of the intermediate neutrinos.

We present some results of calculations for the afor
mentioned reactions. We do not restrict ourselves to a
specific (classes of) models. In contrast to the availab
literature, our approach allows us to account also for t
effects of off-shell intermediateN ’s on the cross sec-
tions s. This enables us to investigate deviations fro
the previously knowns’s, in the “2OS” kinematic region
s
p

s . 2M . 2MW d where both intermediateN ’s can,
but need not, be on shell—these deviations are term
“finite width effects.” Our approach allows us to calcu
late thes’s, and various distributions, also in the “1OS
0031-9007y99y82(24)y4761(4)$15.00
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region s2M .
p

s . M 1 MW d, where at most one in-
termediateN can (but need not) be on shell, and in the
“nOS” regionsM 1 MW .

p
s d, where bothN ’s always

have to be off shell. Our approach makes possible
straightforward calculation of various distributions of fi-
nal particles. As an illustration, we include an angular
distribution of the final state leptons,, ,0.

We start with rather general Lagrangian densities fo
the couplings ofN with Z, and for the coupling ofN with
W and light leptons,j s,2

1 ­ e2, ,2
2 ­ m2, ,3 ­ t2d:

LNNZsxd ­ 2
g

4 cosuW
ANZNsxdgmg5NsxdZm , (1)

LN,W sxd ­ 2

3X
j­1

gB
s jd
L

2
p

2
,jsxdgmg2NsxdW2

m 1 H.c.,

(2)

whereg2 ­ s1 2 g5d; B
s jd
L ’s are, at first, free parameters;

g and uW are the standard SUs2dL gauge coupling
parameter and the Weinberg angle, respectively. Th
vector part is absent in (1) becauseN ’s are Majorana.
The right-handed parts were neglected in (2). The othe
relevant coupling ise1e2Z which we consider to be the
one of the standard model (SM). We also setANZ ­ 21,
i.e., by replacing, in the SM density fornnZ, the massless
Dirac neutrinon by the (heavy) Majorana neutrinoN .
These choices would suggest that the consideredN is
made up primarily of a sequential neutrino with the
standard SUs2dL 3 Us1dY assignments. However, these
choices may also represent an approximation to othe
scenarios (cf. [2–4]). Further, parametersB

s jd
L in (2) will

affect the final results only via the combinations

H1 ; jB
s1d
L j2, H ;

3X
j­1

jB
s jd
L j2. (3)

We restrict ourselves to the aforementioned reaction
e1e2 ! NN ! W6,7

i W6,7
j s! jets 1 ,7

i ,7
j d with
© 1999 The American Physical Society 4761
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ts
light leptons s,1 ­ e, ,2 ­ m, ,3 ­ td. They in-
volve the s and the t 1 u (shortly: tu) channel—cf.
Fig. 1.

For the calculation of the invariant amplitudeMfi

(shortly: M [5]) for various channels, we used th
4762
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4-component spinorsusadsqd ; usqad and ysadsqd ;
ysqad as defined in [6], but with the normalization con-
vention as given in [5]. For the quark spin componen
we use the notationã ­ 1, 2 , a ­ 2, 1. In the s
channel, the resulting amplitude is
iM ssd ­
4MAssd

fs 2 M2
Z 1 iGZMZg

s21da, fysp adgmsAsed
1 2 Ased

2 g5duspadg

3 hPN sp,pwdPN sp,pwdusp,a,dC̃ mspwpwp,p,d s1 1 g5dysp,ã,d 1 spw $ pwdj . (4)
s
.
n
to

s.
Here, we use notations of Fig. 1;s ­ sp 1 pd2; MZ

and GZ are, respectively, the mass and the total dec
width of Z; A

sed
1 and Ased

2 are the vector and axial-vector
coupling parameters of thee1e2Z coupling of the SM,
respectivelysAsed

1 ­ 4 sin2uW 2 1, Ased
2 ­ 21d. C̃ m’s are

C̃ mspwpwp,p,d ­ ýfspy, 1 pywdgm 1 gmspy, 1 pywdgý ,

(5)

whereqy ; qngn ; ´n ; ´sld
n spwd and´n ; ´sld

n spwd are
the real polarization vectors [6] of the finalW ’s, with
polarizationsl, l ­ 1, 2, 3. M is the mass ofN ’s; Assd is

Assd ­ g2B
sid
L B

s jd
L ANZ ilMys128 cos2uW d , (6)

wherelM is the phase factor in the Fourier decompositio
of the Majorana fieldNsxd (cf. [7]; jlM j2 ­ 1). PN in (4)
is the (scalar) denominator of the propagator ofN

PN sp,pwd ­ 1yfsp, 1 pwd2 2 M2 1 iMGN g , (7)

whereGN is the total decay width ofN .
ay

n

All the combinations of attaching the four final particle
to the two N ’s are accounted for in amplitude (4)
Further, (4) had originally four instead of two terms i
the curly brackets; however, two of them were reduced
the other two, by using the general identities

2ig2usqadp ­ s21daysqãd ,

2ig2ysqadp ­ s21dãusqãd ,
(8)

andsaybydT ­ 2g0g2sbyaydg2g0, where the Dirac basis and
the conventions of [6] are used forgm’s. Using (8), we
can further rewrite (4) into a form involvingysp,ã,d and
usp,a,d instead ofusp,a,d and ysp,ã,d. The com-
plex conjugate (c.c.) of this alternative formand of the
form (4) are needed to calculate later thes-tu interference
term of the fullkjMj2l, wherek· · ·l stands for summation
over the final and average over the initial polarization
For thes-s part of kjMj2l, the form (4) is used.

The tu-channel amplitudeM stud turns out to be
iM stud ­
4MAstudPN sp,pwdPN sp,pwd

fsp 2 p, 2 pwd2 2 M2
W 1 iGW MW g

s21da, hfusp,a,dÃspwp,dgng2uspadg fysp adgn ýg1ysp,ã,dg

1
sp, 1 pwd2

M2
W

fusp,a,dýg2uspadg fysp adAspwp,dg1ysp,ã,dgj 1 . . . , (9)
of

ar

s

n

his
the
where Ãspwp,d ­ sýpyw 1 2p, ? ´d, Aspwp,d ­
spyw ý 1 2p, ? ´d, g6 ­ s1 6 g5d. The dots at the
end of (9) stand for three analogous terms, obtain
from the above explicit expression by replacement
(I) spw , ´d $ spw , ´d; (II) sp,, a,d $ sp,, a,d and
overall factors21d; (III) combined replacements (I) and
(II). Astud in (9) is

Astud ­ g4jB
s1d
L j2B

sid
L B

s jd
L ilMy64 . (10)
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FIG. 1. An s-channel (a) and a tu-channel
(b) diagram for e2spade1sp ad ! NN !
W1spwldW1spwld,2

i sp,a,d,2
j sp,a,d.
ed
s:

As in the s-channel case, we can reexpress any
the terms inM stud in alternative forms, by applying
transformations (8)—e.g., if we want to use, in scal
expressions in square brackets of (9),usp ãd andusp,a,d
instead of ysp ad and ysp,ãd. Such transformations
are convenient when we calculatekjMj2l ; kjM ssd 1

M studj2l. Then we can always end up with trace
involving usq, bdusq, bd ­ qy and/orysq, bdysq, bd ­ qy
sq ­ p, p, . . . ; b ­ a, a, . . . ­ 1, 2d.

The integrandkjMj2l is long—the s-tu and (even
more so) tu-tu parts extend over tens of pages whe
printed out. Numerical integration ofkjMj2l over (parts
of) the final phase space leads to the cross sections. T
general (nOS) program, as mentioned, accounts for
effects of off-shell and on-shellN ’s.

The input were values of
p

s, M, H1, and H
[cf. Eqs. (2) and (3)]. H1 measures theeWN coupling
and affects thetu amplitudes~H1d. H affects the total
kjMj2l which is then formally ~H2 (if H1 is fixed).
In kjMj2l, we average over the initialsa, ad, and sum



VOLUME 82, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 14 JUNE 1999

he

i-

d

e
y

l-
n

c-

-

l

s,

re
over the final polarizationssl, l; a,, a,d and over the
flavors si, j ­ 1, 2, 3d of the two final light leptons. In
the general (nOS) expression, an additional factor 1y4 is
included in kjMj2l to avoid double-counting of the two
W1’s and of the final leptons when integrating over th
phase space.

By the same described methods we also calculat
M and kjMj2l when oneN or both N ’s are explic-
itly put on shell (1OS, 2OS expressions, respectively
The 1OS kjMj2l, for the sum of reactionse1e2 !
NNOS ! W1,2

i NOS si ­ 1, 2, 3d, was then multiplied
by the branching ratio BR for the sum of the deca
modesNOS ! W1,2

j s j ­ 1, 2, 3d; the 2OSkjMj2l for
e1e2 ! NOSNOS was multiplied bysBRd2.

GN , appearing in (7), was determined at the tree leve
assuming that the only (dominant) decay modes areN !
W6,7

j s j ­ 1, 2, 3d f) GN ~ Hg. Then BR­ 1y2.
Numerical calculations were performed in various kine

matic regions (nOS, 1OS, 2OS regions) with the gener
(nOS) expression [cf. (7)]. In the 1OS and 2OS region
the 1OS expression was also used. In the 2OS region,
2OS expression was also used. Results are depicted
Figs. 2 and 3. TheGN parameterH was setH ­ 1 in all
these figures.

Figure 2 shows theM dependence of the cross sec
tion s, at fixed

p
s. The difference between the results

of the general (nOS) and the 2OS program, for
p

s ­
300 GeV, is less than 10% over most of the 2OS kine
matic regionsMW , M ,

p
sy2d, except near the thresh-

old M ø
p

sy2, where the results of the nOS program ar
significantly higher. The difference between the resul
of the 1OS and 2OS programs is less than 3% in mo
of the 2OS kinematic region. However, in the 1OS re
gion s

p
sy2 , M ,

p
s 2 MW d, the results of the 1OS

program are usually by several factors lower than tho
of the general nOS program, except near the thresho
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FIG. 2. Sum of cross sections fore1e2 ! NN !
W1W1,2

i ,2
j s,1 ­ e, ,2 ­ m, ,3 ­ td, as function of

neutrino massM, for
p

s ­ 200, 300 GeV and thetu strengths
H1 ­ 0.0, 0.25. Full lines are results of the general (nOS
program. Triangles and crosses are results of the 1OS a
2OS programs, respectively.
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sy2, where they differ only little. All these dif-
ferences are in general less pronounced when thetu chan-
nel is excludedsH1 ­ 0.0d. For the chosentu-strength
value H1 ­ 0.25, the contributions of thetu-tu channel
are at least by 1 order of magnitude larger than those of t
s-s channel. Each curve has two slope increases: atM øp

sy2 and atM ø
p

s 2 MW (onset of the 2OS, 1OS kine-
matic region, respectively). If we take the integrated lum
nosity at LEP200s

p
s ­ 200 GeVd to be500 pb21, Fig. 2

implies that the maximal number of events cannot excee
17 and 112 ifH1 ­ 0.0, 0.25, respectively, and we assume
M . 85 GeV.

In Fig. 3 we show the
p

s dependence ofs, at
fixed M. Most of the remarks about Fig. 2 apply also
to Fig. 3. The differences between the results of th
nOS and 2OS programs (finite width effects) are ver
significant whenM ­ 200 GeV (andH1 ­ 0.25, H ­
1.0), becauseGN ­ 4.8 GeV is large then (GNyM ø
2.5%; for M ­ 150 GeV: GN yM ø 1.1%).

Our general nOS program can be applied also to ca
culation of various distributions in the process. As a
illustration, we present in Fig. 4 an angular distribution
of the final leptons,2, ,02. The corresponding total
cross sections ares ­ 0.280 pb, 0.007 pb, forM ­ 200,
255 GeV, and the kinematic regions are 2OS, 1OS, respe
tively. If linear colliders at

p
s ­ 500 GeV achieve the

integrated luminosity of104 pb21, and most of the final
statesW1W1,2

i ,2
j can be identified, then theses’s will

correspond to 2800 and 70 events, respectively.
In the 2OS kinematic region, thes’s and distributions

as given numerically by the general (nOS) program de
pend onH weakly. ParameterH (note: GN ~ H) is re-
sponsible in the 2OS region for the deviation of the ful
s from the pure 2OSs. In the 1OS region,H depen-
dence of the fulls becomes quite strong (approximately
s ~ H), and in the nOS region even more sos~H2d. In
Figs. 2–4, we choseH ­ 1.
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200 GeV. AgainH1 ­ 0.0, 0.25. Results of various programs
(nOS, 1OS, 2OS) are displayed in the kinematic regions whe
they are applicable.
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p
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results of calculations, and the curves are parabolas (in cosu)
fitted to the points with equal weights. Fluctuations are due
the limited statistics of the Monte Carlo integration.

In large classes of models, in which heavy neutr
nos are sequential or have exotic SUs2d 3 Us1d assign-
ments, H1 and H of (3) are severely restricted by
available experimental data (LEP and low-energy dat
[3,4]: H1 , 0.016, H , 0.122. In principle, in certain
models these restrictions can be avoided. Taking into a
count the restrictionH1 , 0.016, the influence of thetu
channel is much weaker than forH1 ­ 0.25, but thes-tu
interference term still increases the cross section sign
cantly above the pures-s contributions (cf. Table I). The
restrictionH , 0.122 would imply that the displayed off-
shell (finite width) effects in the 2OS region would be
weaker than in theH ­ 1 case, and that the displayeds’s
in the 1OS and nOS regions would be reduced, appro
mately by factorsH andH2, respectively. The numbers
in Table I were obtained from the general (nOS) program
except in the case ofM ­ 85 95 GeV when the 2OS
program was used.

To summarize, we calculated cross sections fo
e1e2 ! NN ! W1,2W1,02, whereN ’s are Majorana
neutrinos (massM , 102 GeV) and,, ,0 are light lep-
tons e, m, t. In contrast to the calculations available
so far, we included the effects of the off-shell interme
diate N ’s. These effects were significant even whep

s . 2M s.2MW d. They are more pronounced when
the t 1 u channel contributions are significant. The
number of reaction events at LEP200 (

p
s ­ 200 GeV;

integrated luminosityø500 pb21) would be low (,20,
for M . 85 GeV) if the strength of thetu channel
is restricted by available experimentsand by confin-
ing ourselves to certain classes of models where t
heavy neutrinos are either sequential or have exo
SUs2d 3 Us1d assignments (i.e., whenH1 , 0.016).
Numbers of such events in general significantly increa
at linear colliders (

p
s ­ 500 GeV; integrated luminosity

104 pb21), and may be significant even when2M .
p

s.
Further, our approach allows us to calculate numerical
various distributions of the final particles.
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TABLE I. Values of cross sectionss, for various values ofp
s and M, and for thetu-strength parameterH1 ­ 0, and in

s· · ·d for H1 ­ 0.016. Given are also the relative increases o
s whenH1 ­ 0 ° 0.016. TheN-decay parameterH is taken
H ­ 1; numbers inf· · ·g are forH ­ 0.122.
p

s fGeVg M fGeVg s fpbg Increase

500 200 0.52 3 1022 s0.77 3 1022d 49%
500 200 f0.53 3 1022 s0.75 3 1022dg [43%]
500 255 0.86 3 1024 s1.41 3 1024d 65%
500 255 f1.14 3 1025 s1.88 3 1025dg [65%]

300 145 1.33 3 1023 s1.69 3 1023d 27%
300 155 0.41 3 1024 s0.52 3 1024d 27%

200 85 0.34 3 1021 s0.40 3 1021d 17%
200 95 0.72 3 1022 s0.84 3 1023d 18%
200 105 1.70 3 1025 s1.96 3 1025d 15%

We ignored the questions connected with the expe
mental difficulties of detecting the discussed process u
ambiguously. In particular, there are problems connect
with identification of the (on-shell)W ’s andt’s. Further,
we ignored the possibilityM , MW [8]—however, addi-
tional problems arise in the identification of the proces
since the twoW1’s are then intermediate off shell.
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