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We investigate possibilities for detecting heavy Majorana neutrings) (in e*e¢~ at LEP200 and
future linear colliders. We concentrate on the processes where the pairs of intermediateVfeavy
produce a clear signal of total lepton number violatiehe™ — NN — W*[~"W*[’"). Such a signal
is not possible if the heavy neutrinos are of Dirac nature. Our approach is general in the sense that the
intermediateV’s can be either on shell or off shell. Discussion of the relative numerical importance of
thes and ther + u channels of theVN production is also included. [S0031-9007(99)09285-6]

PACS numbers: 14.60.St, 11.30.Fs, 13.10.+q, 13.35.Hb

There has been a significant amount of activity in theregion 2M > /s > M + My), where at most one in-
high energy physics community towards discerning theéermediateN can (but need not) be on shell, and in the
nature of the neutrino sector. A basic question is: Are'nOS” region(M + My > \/s), where bothV’s always
neutrinos Dirac or Majorana particles? If there are nchave to be off shell. Our approach makes possible a
right-handed currents, then it is virtually impossible tostraightforward calculation of various distributions of fi-
discern the nature of the light neutrinos [1]. If there arenal particles. As an illustration, we include an angular
heavy neutrino$M ~ 10°> GeV), then present and future distribution of the final state leptorts ¢'.
experiments offer a realistic prospect of establishing their We start with rather general Lagrangian densities for
nature. The production cross section of heavy Majoranghe couplings ofV with Z, and for the coupling oV with
neutrinos V's), mostly via thee™e™ collisions, has W and light leptond; ({; = e ,¢; = pu €3 = 77):
therefore been investigated in the past [2]. Most of these ¢
works have been done within specific (classes of) models, = _ N ®
and it has been assumed that the center-of-mass (CMS) Lz x) 4 codly AnzN @)y ysN @ Zu (D)
energy./s in the process is high enough for the production ; 0
of on-shell (OS) heavyN’'s. The effects of theoff- Laow(x) = — gBr
shell (nOS) N's have been ignored. Moreover, to our ~ NV > “~ 2.2
knowledge, various distributions df’s decay products / (2)

[N — W*{*(— jets + €7)], which are produced in the B Y , _
full reaction and which can actually be detected, haveVneréy— = (1 — ys); B ’s are, atfirst, free parameters;
not been investigated in a quantitative way. The mairé @nd 6w are the standard SB), gauge coupling
reason for this was that the expressions for invarianp@rameter and the Weinberg angle, respectively. The
amplitudes with twoon-shellN’s apparently do not allow YECtor part is absent in (1) becausés are Majorana.

a straightforward calculation of such distributions. We TN€ right-handed parts were neglected in (2). The other
note that the detection of events for the reactiohs™ —  'elevant coupling is*e~Z which we consider to be the
NN — WSTW*¢'™ — jets + €7 €7, which violate the ©ON€ of the sta_nda_rd model (SM)._ We also4gt = —1,
total lepton number, would be a clear signal of thel-€- PY replacing, inthe SM density for Z, the massless
Majorana character of the intermediate neutrinos. Dirac neutrino» by the (heavy) Majorana neutrind.

We present some results of calculations for the afore] N€Se choices would suggest that the consideved
mentioned reactions. We do not restrict ourselves to an{!2d€ up primarily of a sequential neutrino with the
specific (classes of) models. In contrast to the availabi§t@ndard SI2), X U(1)y assignments. However, these
literature, our approach allows us to account also for th&N0ices may also represent an apprOX|r_1)1at|on to other
effects of off-shell intermediateV’s on the cross sec- Scenarios (cf. [2—4]). Further, paramet&fd’ in (2) will
tions . This enables us to investigate deviations fromaffect the final results only via the combinations
the previously knowrr’s, in the “20S” kinematic region W)y 3 (D
(/s > 2M > 2My) where both intermediat&V’s can, H1 = |B, |, H=)> I8P )
but need not, be on shell—these deviations are termed =1
“finite width effects.” Our approach allows us to calcu- We restrict ourselves to the aforementioned reactions
late theo’s, and various distributions, also in the “10S” e*e™ — NN — W= W={] (— jets+ ¢ €;)  with

Ej(x)y“y_N(x)W; + H.c.,
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light leptons (€, = e, €, = u,¢3 = 7). They in- 4-component spinors®(q) = u(ga) and v@(q) =
volve the s and ther + u (shortly: tu) channel—cf. v(ga) as defined in [6], but with the normalization con-
Fig. 1. vention as given in [5]. For the quark spin components

For the calculation of the invariant amplitud®?,; = we use the notatior = 1,2 < a = 2,1. In the s
(shortly: M [5]) for various channels, we used th|e channel, the resulting amplitude is

S AMAY) — ()
Lf]\/l(ﬂ): DT (a A _A(_€)
T inMz]( ) [v(pa)yu(As ysiu(pa)]
X APN(pepw)Pn (PP )u(pead) C*(puPy,pepe) (I + ys)v(Bode) + (pw < P} (4)
Here, we use notations of Fig. k;= (p + p)*; My | All the combinations of attaching the four final particles

and I'; are, respectively, the mass and the total decayo the two N’s are accounted for in amplitude (4).

width of Z; A andA®© are the vector and axial-vector Further, (4) had originally four instead of two terms in
coupling parameters of thete~Z coupling of the SM, the curly brackets; however, two of them were reduced to

respectivel)(A(f) — 4sify — 1,A© = —1). C's are the other two, by using the general identities
CH(puPypePe) = #l(Be + b)v* + v*Be + BIE, —iy*u(ga)” = (-1)%v(q@), (8)
©) —iy?v(ga)’ = (=)ulqa),

whereqd = q,v"; &, = SS,A)(Pw) andg, = 89)(ﬁw) are

T — _,,0,,2 2.0 H H
the real polarization vectors [6] of the fina¥'s, with ~ and(@#)" = —y7y*(hd)y”y", where the Dirac basis and

polarizationsA, A = 1,2,3. M is the mass oN'’s; A is the conventions_ of [6] are used fc_W“s. _Using~(8), we
© 5 () () ) can further rewrite (4) into a form involving(p¢a,) and
AY = ¢?By'B;” AnziAy /(128 coS Oy) (6)  u(p,a) instead ofu(peay) and v(p,a¢). The com-
wherea,, is the phase factor in the Fourier decompositionPlex conjugate (c.c.) of this alternative forand of the
of the Majorana fieldV (x) (cf. [7]; |Ay]? = 1). Py in(4) form (4) are needed to calculate later the interference
is the (scalar) denominator of the propagatoNof term of the full(| M |?), where(. - -) stands for summation
p _ 1 i 2 _ a2 4 iMT 7 over the final and average over the initial polarizations.
v(pepw) = 1/[pe + pw) IMEN]. () Forthes-s part of (| /M |2), the form (4) is used.
wherely is the total decay width aF. | The ru-channel amplitudeM ) turns out to be

4AMA" Py (pepw)Pn (DD,

M = —D)*{[u(pear).A Yyv_u(pa)]lv(pa wwip,a
M = e Tty VTP Ay y-u p)l B @)y Fy-v ()]
2
+ PP (- ul e [B(P@ AP, Y0P+ ©)
w
where  A(p,pe) = (#pw + 2pe - €), A(P,.Po) = | As in the s-channel case, we can reexpress any of

(PwE + 2P, -8, v+ =( = vys). The dots at the the terms in M in alternative forms, by applying
end of (9) stand for three analogous terms, obtainedransformations (8)—e.g., if we want to use, in scalar
from the above explicit expression by replacementsexpressions in square brackets of (@)p @) andu(p,ay)

() (pw.e) < (p,.8); () (peag) < (pe,a@e) and instead ofv(pa@) and v(p,a@). Such transformations
overall factor(—1); (lll) combined replacements (I) and are convenient when we calculatEM |2) = (|M©) +

(1. A" in (9) is M@)2y Then we can always end up with traces
() _ 4150120 gUi; involving u(q, B)u(q, B) = ¢ andlorv(g, B)u(q, B) = ¢
AT = ¢"|BLI"BL BLIAu /64 (10) (g=p,p,..;8=a,a,...=12).
The integrand({|M|?) is long—the s-ru and (even
) ) © : P ) more so)tu-tu parts extend over tens of pages when
). ! . bv?\(V\Jf) printed out. Numerical integration ¢f:M |?) over (parts
P Py of) the final phase space leads to the cross sections. This
L(W') . general (nOS) program, as mentioned, accounts for the
p o - (W) effects of off-shell and on-sheN'’s.
€) A The input were values of/s, M, H1, and H
€) () [cf. Egs. (2) and (3)]. H1 measures theWN coupling
FIG.1. An s-channel (a) and a r-channel and affects theu amplitude(=H1). H affects the total
(b) diagram for e (pa)et(pa) — NN —  {{M|?) which is thenformally «H? (if H1 is fixed).

WH(pw MW (D, M (pead)l; (Poa). In (|2M|?), we average over the initidy, @), and sum
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over the final polarizationgA, A; a¢, @) and over the
flavors (i,j = 1,2,3) of the two final light leptons. In ferences are in general less pronounced whemtlohan-
the general (NOS) expression, an additional factet i&  nel is excludedH1 = 0.0). For the chosenu-strength
included in{|’M |?) to avoid double-counting of the two value H1 = 0.25, the contributions of theu-tu channel
W*'s and of the final leptons when integrating over theare at least by 1 order of magnitude larger than those of the
phase space. s-s channel. Each curve has two slope increases! at
By the same described methods we also calculate¢/s/2and atM =~ /s — My (onset of the 20S, 10S kine-
M and {|2M|?y when oneN or both N's are explic- matic region, respectively). If we take the integrated lumi-
ity put on shell (10S, 20S expressions, respectively)nosity at LEP20@,/s = 200 GeV) to be500 pb™!, Fig. 2
The 10S{|M|?), for the sum of reactiong e~ —  implies that the maximal number of events cannot exceed
NNos — W€, Nos (i = 1,2,3), was then multiplied 17 and112if71 = 0.0, 0.25, respectively, and we assume
by the branching ratio BR for the sum of the decayM > 85 GeV.
modesNos — W€, (j = 1,2,3); the 20S(| M |?) for In Fig. 3 we show the./s dependence ofs, at
ete™ — NosNos was multiplied by(BR)?. fixed M. Most of the remarks about Fig. 2 apply also
I'y, appearing in (7), was determined at the tree levelto Fig. 3. The differences between the results of the
assuming that the only (dominant) decay modeshares  nOS and 20S programs (finite width effects) are very
W= (j =1,2,3)[= 'y « H]. Then BR= 1/2. significant whenM = 200 GeV (andH1 = 0.25, H =
Numerical calculations were performed in various kine-1.0), becausel'y = 4.8 GeV is large then I([y/M =
matic regions (nOS, 10S, 20S regions) with the genera.5%; for M = 150 GeV: 'y /M = 1.1%).
(nOS) expression [cf. (7)]. In the 10S and 20S regions, Our general nOS program can be applied also to cal-
the 10S expression was also used. In the 20S region, tlmilation of various distributions in the process. As an
20S expression was also used. Results are depicted ilfustration, we present in Fig. 4 an angular distribution
Figs. 2 and 3. Thd'y parameterd was setd = linall  of the final leptons¢~, ¢/~. The corresponding total
these figures. cross sections are = 0.280 pb, 0.007 pb, for = 200,
Figure 2 shows the dependence of the cross sec-255 GeV, and the kinematic regions are 20S, 10S, respec-
tion o, at fixed/s. The difference between the results tively. If linear colliders at,/s = 500 GeV achieve the
of the general (nOS) and the 20S program, {& =  integrated luminosity ofi0* pb™!, and most of the final
300 GeV, is less than 10% over most of the 20S kine-statesW *W™* ¢; ¢; can be identified, then theges will
matic regionlMy < M < ./s/2), except near the thresh- correspond to 2800 and 70 events, respectively.
old M = ./s/2, where the results of the nOS program are In the 20S kinematic region, the’s and distributions
significantly higher. The difference between the resultsas given numerically by the general (nOS) program de-
of the 10S and 20S programs is less than 3% in mogpend onH weakly. ParameteH (note:I'y o H) is re-
of the 20S kinematic region. However, in the 10S re-sponsible in the 20S region for the deviation of the full
gion (\/s/2 < M < \/s — My), the results of the 10S ¢ from the pure 20Ss. In the 10S regionH depen-
program are usually by several factors lower than thoseence of the fullo becomes quite strong (approximately
of the general nOS program, except near the thresholg « H), and in the nOS region even more @aH?). In
Figs. 2—4, we chosfl = 1.

M = \[s/2, where they differ only little. All these dif-
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FIG. 2. Sum of sections forete™ — NN —
WW* € (6 = = u,¥3=17), as function of FIG.3. Sum of the cross sections for the mentioned reactions,

neutrino mas¥4, for /s = 200, 300 GeV and theu strengths

as function of the CMS energy/s, at fixed M = 150,

H1 = 0.0, 0.25. Full lines are results of the general (nOS)200 GeV. AgainH1 = 0.0, 0.25. Results of various programs
program. Triangles and crosses are results of the 10S an@OS, 10S, 20S) are displayed in the kinematic regions where
20S programs, respectively.

they are applicable.
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AP TABLE I.  Values of cross sections, for various values of
H=1.0, V's = 500 GeV Js andM, and for thetu-strength parameteli1 = 0, and in
M=200 GeV H1=0.25 (--+) for H1 = 0.016. Given are also the relative increases of
_ ~ o whenH1 = 0 — 0.016. TheN-decay parametd is taken
g o1t} . i H = 1, numbers in---] are forH = 0.122.

® Js [GeV] M [GeV] o [pb] Increase
8 500 200 052 X 1072(0.77 X 1072)  49%
S o001l ] 500 200 [0.53 X 1072 (0.75 X 1072)] [43%]
< ~ 500 255  0.86 X 1074 (1.41 X 107%)  65%
><X—X-X><—>(—><'><-><XM)&%EEX’&SX»X—><'><'><—><'><X—X'X—X%X—X—)(—XXX—X.X B 500 255 [1.14 X 10_5 (188 X 10_5)] [65%]
300 145 133X 1073 (1.69 X 1073)  27%
0.001 e 300 155 041 X 107*(0.52 X 107%)  27%
-1 -08 -0.6 -04 -0.2 O 0.2 04 06 0.8 1 200 85 034 X 1071 (040 X 10*1) 17%
cos 8 200 95 072X 1072 (0.84 X 1073)  18%
200 105 170 X 1075 (1.96 X 107%)  15%

FIG. 4. do/dco9, whered is the CMS angle betweef;,

¢;. Input values(H,H1,./s,M) are denoted. The points are . ; ; .
results of calculations, and the curves are parabolas (if))cos We ignored the questions connected with the experi-

fitted to the points with equal weights. Fluctuations are due tgnental difficulties of detecting the discussed process un-
the limited statistics of the Monte Carlo integration. ambiguously. In particular, there are problems connected

with identification of the (on-shellfy’s andr’s. Further,
we ignored the possibility/ < My [8]—however, addi-
tional problems arise in the identification of the process
ince the twaW *’s are then intermediate off shell.
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In large classes of models, in which heavy neutri-
nos are sequential or have exotic (8UX U(1) assign-
ments, H1 and H of (3) are severely restricted by
available experimental data (LEP and low-energy data¥
[3,4]: H1 < 0.016, H < 0.122. In principle, in certain
models these restrictions can be avoided. Taking into a
count the restrictiorH1 < 0.016, the influence of theu
channel is much weaker than férl = 0.25, but thes-tu
interference term still increases the cross section signifi
cantly above the pure-s contributions (cf. Table I). The
restrictionH << 0.122 would imply that the displayed off-
shell (finite width) effects in the 20S region would be
weaker than in thél = 1 case, and that the displayeds [1] B. Kayser, Phys. Rev. 26, 1662 (1982).
in the 10S and nOS regions would be reduced, approxi-[2] F. del Aguila, E. Laerman, and P. Zerwas, Nucl. Phys.

mately by factorsH and H?, respectively. The numbers B297, 1 (1988); E. Ma and J. Pantaleone, Phys. Rev. D
in Table | were obtained from the general (nOS) program, 40, 2172 (1989); W. Buchmiiller and C. Greub, Nucl.
except in the case o = 85-95 GeV when the 20S Phys.B363 345 (1991);381, 109 (1992); J. Maalampi,
program was used. K. Mursula, and R. Vuopionperd, Nucl. PhyB372 23

To summarize, we calculated cross sections for  (1992); A. Datta and A. Pilaftsis, Phys. Lett. 28 162
ete” — NN — W~ W'~ whereN'’s are Majorana (1992); A. Datta, M. Guchait, and A. Pilaftsis, Phys. Rev.

D 50, 3195 (1994); J. Gluza and M. Zralek, Phys. Rev.

: _ 102 / i -
?Oenu;rlnos (mas|srg1/lCOﬂl'[?aS?i;/)thaenig]Cﬁ|aailggnléggt\léllei|gb|e D 48, 5093 (1993);51’ 4695 (1995);51' 4707 (1995);
€ My T A. Denner, H. Eck, O. Hahn, and J. Kublbeck, Nucl. Phys.
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diate N's. These effects were significant even when Phys.86, 183 (1991); A. Hoefer and L. M. Sehgal, Phys.
Js >2M (>2My). They are more pronounced when Rev. D54, 1944 (1996).

the + + u channel contributions are significant. The [3] P. Langacker and D. London, Phys. Rev. I3, 886

number of reaction events at LEP20(Q’s(= 200 GeV; (1988).

integrated luminosity=500 pb™') would be low 20, [4] G. Bhattacharyya and A. Datta, Mod. Phys. Lett. 6
for M > 85 GeV) if the strength of theru channel 2921 (1991); E. Nardi, E. Roulet, and D. Tommasini,
is restricted by available experimengnd by confin- Nucl. Phys.B386, 239 (1992).
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