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Signatures for Majorana neutrinos in e~ y colliders
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We study the possibilities to detect Majorana neutrinas’ity colliders for different center of mass energies.
We study theW’W’Ij*(Ij*Ee*,,u*,r*) final states which are, due to leptonic number violation, a clear
signature for an intermediate Majorana neutrino contribution. Such a gifjmall leptons have the opposite
charge of initial leptonsis not possible if the heavy neutrinos are Dirac particles. In our calculation we use the
helicity formalism to obtain analytic expressions for the amplitude and we have considered that the interme-
diate neutrinos can be either on shell or off shell. Finally we present our results for the total cross section and
for the angular distribution of the final lepton. We also include a discussion on the expected events number as
a function of the input parameters.
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[. INTRODUCTION ties for the interaction ofN with W and light leptonsl;
(e;u,7),
Massive neutrinos can come in two different types: as
Dirac or Majorana particles. Dirac fermions have distinct 3 ()
particles and antiparticle degrees of freedom while Majorana 9Bl — ”
: egrees Lawi=— >, I;7*PLNW, +H.c. 1)
fermions make no such distinction and have half as many j=1 \/5

degrees of freedom. In this condition fermions with con-

served chargeécglor, electric phargeq, Ieptqn numbper.) The heavy Majorana neutrino couples to the three flavors
must be of the Dirac type, while fermions without conservedle'Oton with couplings proportional B wherej labels the

charges may be of either type. If the neutrino mass vanish . . )
then both types are equivalent to two-component Weyl fefj%mny. The constan is the standard SU(2)gauge cou

mions and the distinction between Dirac and Majorana neup“ng'. i : , .

trinos vanishe$1]. New neutrinos could have large masses This B parameter will affect the final results via the com-
: ' : pinationsH =1BWJ2 andH=33_,|B{|? in the following

and be of either type. If there are heavy neutrinos, then th _ 1 L e j=17>L i

present and future experiments offer the possibility of estab%@y: The cross section is proportional ;. This propor-

lishing their nature. The production of Majorana neutrinostionality came from the interaction of the initial electron with

viae’e~ and hadronic collision has been extensively inves-Either intermediary or final POSO”(E'Q- +1)' On+the other

tigated in the pagi2—7]. In this work we study the possibil- nand the final lepton can be eitheref, ", or 7" because

ity of the ye~ linear collider to produce clear signatures for this is allowed by the interaction Lagrangiakg. 1). All

Majorana neutrinos. The photon linear collid@] may be these possmle flnallstates are a clear signal for an |r!termed|-

the best alternative to the electron positron colliders and furdy Majorana neutrino; then we sum the cross section over

thermore, in the case of photon linear collider, we can con!h€ flavors of the final lepton. This sum produces-afactor

trol the initial photon polarization by the inverse Compton'” the numerator of the total cross section. On the other hand

scattering of the polarized laser by the electron beam at thiliS Cross section also dependstdrihrough the total width
Next Linear Collider(NLC). Using these polarized high en- | n—an [Ed- (10)] in the Majorana neutrino propagator.

ergy photon beams we have the possibility to study in detail !N this work we have considered the complete set of Feyn-
the interaction of Majorana neutrinos and reject possibldnan d'agffmf{F'Q- D thft contribute at tree level te Y
backgrounds. In this paper we discuss the signatures for Ma=W™ W™l (—jets+I7") with the light leptons I,

. . . . — + +

jorana neutrinos in the reactiome —W W I/ (1] =€ lz=uTlg=1"

=e*,u*,7"). For the cross section calculation we have

used the helicity formalism. The phase space integration was Il HELICITY AMPLITUDE

done taking into account that the intermediate neutrinos can
be either on shell or off shell. Because of the large c.m. When the number of Feynman diagrams is increased, the
energies of these colliders we have considered that the masalculation of the amplitude is a rather unpleasant task. Some
of the final lepton vanishes. Moreover we study distributionsalgebraic forms can be used to avoid manual calculation, but
of the final leptons for different polarizations of the initial sometimes the lengthy printed output from the computer is
photon. overwhelming, and one can hardly find the required results
For the couplings of the Majorana neutrinos we follow from it. The CALKUL Collaboration{9] suggested the helic-
Ref. [6] starting with some rather general Lagrangian densiity amplitude methodHAM) which can simplify the calcu-
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5 (k2=M2)—iM Iy
Pu(k) == 55 2
f’ (k*=MR)“+(M\I'y)
Pw(k)=—5——,
[ei) W wl k2—m\2,\,
(6,7)
Pi(k)= o (€

Following the Feynman ruldd], it is straightforward to ob-
tain theT amplitudes

T1=0(P1) ¥,.(P1+ K1) ¥, YaPro(P2) €(Ky) €”(Ko) €¥(Ks),

To=v(P1) Y, Yu(P2— K1) voPrU(P2) €”(K2) €”(K3) €*(Ky),

T3=0v(P1) ¥, 7,Prv(pP2)[g##—(k1—k3)*
X(k1— k3)ﬂ/m\2/v][9pﬁ(2k3_ K1)y +9ps.(2k1—K3),
— 0,k +kg) gleM(ky) €”(kp) €”(Ks),

FIG. 1. Feynman graph contributing to the amplitude of the
_ A _
ve ~WIWHT process. T4=v(P1)7,7,.Pro(p2)[g“F — (k1—k3)*

lation remarkably and hence make the manual calculation ><(k1—k3)ﬁ/m\2,v][gpﬁ(2k3—kl)%+gﬂ)\(2k1—k3)p
realistic.
N v

In this section we discuss the evaluation of the amplitudes ~Onp(kitks) glet(ky) €”(ka) €”(ks). 4
at the tree level foye™ —W~"W~1;(I"=e",u™,7") using
the HAM. This method is a powerful technique for comput-
ing helicity amplitudes for multiparticle processes involving
massless spin-1/2 and spin-1 particles. Generalization of this U (py) Ny =2 YU (p)
method which incorporates massive spin-1/2 and spin-1 par- Un(P2) YU (P2)} 7, = 2Ux (P2) Un (P2
ticles are given in Ref.10]. This algebra is easy to program +2 - 5
and more efficient than computing the Dirac algebra. U-x(PDU-(P2), ©

The Feynman diagrams, which contribute at the tree levehich is in fact the so called Chisholm identity, and
and are depicted in Fig. 1, and the corresponding amplitudes

In order to calculate these amplitudes we follow the rules
from helicity formalism and use identities of the type

can be organized as follows: B=U,(P)Uy(P)+U_,(P)U_,(P), 6)
IM1(N) =1CPy(Kg+ p2) Pe(pr+ k) T1(N) + (ko= ks), defined as a sum of the two projectiong(p)u, (p) and
u_x(p)u_x(p)-
iMo(N)=—ICPyN(Kko—p1)Pe(p2—K1) To(N) + (Ko—k3), The spinor products are given by
i M3(N) = —iCPw(ks—Kkq)Pp(Kot p,) T3(N) s(pi,pj)=u.(pi)u-(p;)=—s(p;.pi),
(kp—ka), t(pi Py =u_(pu(p)=[s(p;.p)1*. (@

; i _ _ Using the above rules, which are proved in Hé&|, we
I Ma(X) 'CPulks—ki)Pr(ko=P1)Ta(h) can reduce many amplitudes to expressions involving only
+(ky=ks), (2 spinor products.
In order to add up the polarization of th&vector bosons
in the final state we define two auxiliary lightlike 4 vectors

—MnAwegPBBI /2 (Ay is the phase factor in the Fourier O ZeachZW such thatki=ril+rf, (ril)zz(riz)zzot and
decomposition of the Majorana fieN(x); |[Ay|?=1 [1]), (K)*=my (i=2,3). We also introduce the objea’
andp, ki, p», ky, andkg are the 4 impulse of the particles =u_(ri) y“u_(r?). As was shown in Ref10] we will ar-

e, vy, |7, W, andW~, respectively. The corresponding rive at the correct result for the cross section if we make the
propagators are following replacements for the outgoing W:

where N is the polarization of the photon,C
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et —at, We use the Breit-Wigner propagator for the Majorana
neutrinoN for different values of the magsly . The total
width 'y _ 5, of N was determined at tree level considering

J dQa*a*”. (8)  the dominant decay modés—W=| ",

3
2 ete* V' — 5
pol 8mmy,

2
In order to obtain the cross section we have to perform ad a”:L
ditional two-dimensional integral calculations but no accu- (327M3M3)
racy will be lost since the accuracy of Monte Carlo integra- (10
tion does not depend on the dimensionality.

For the polarization of the initial photon we tak&0]  In the next section we present our results showing the cross
(k)= NUA(k) y*u, (p) wherep* is any lightlike vector not seqtlon for different masses and dlffert_ant.cen'ter of mass en-
collinear tok”. We take forp” one of the other momenta €'9/€S: Moreover we present angular distributions of the final
occurring in the problem. In this calculation we choose forl€Pton as a function of the angle with the beam for different

p* the 4 moment of the incident electropf(). initial photon polarizations.

For simplicity in the expressions and in the numerical
calculation we assign a number for each 4 moment as it is ll. RESULTS
shown in Fig. 1. In this condition we represent the products
;(p, :py) andt(p ’P‘.) with the syrlnbcz)lesl” z;mdt” » fespec pressions for the amplitudéequations 2, 3, and)9In |M|?
tively. For the auxiliary moments;,r5,r3,r5 we assign the

numbers 4567 respectively. Usina the above rules ange average over the initial polarization of the electron and
umbe 2,0, 1, TESPECUVEly. LSIng v . u um over the final polarization of th& andl;” and over the
definitions we can write th& amplitudes as follows: J

flavor of the final lepton. Moreover a 1/2 factor is included to

(MR=ME M+ MEME,—2My,).

Using the helicity formalism we have very compact ex-

T,(+)=0 avoid double counting of the tw@V when integrating over
the phase space. For the unpolarized cross section we also
T1(—)=8t155,5t 2S5 te3, have to average over the initial photon polarization. We take
as inputs the values afs, My, andH;. The cross section is
To(+)=8t31Sy3t 36575t 41, formally «H,. TheH (_jependence is most complicated due to
the Majorana neutrino propagator. In thé,,<M\< Js
To(—)=8t3x(S13t36— S1toe) S75tar —My kinemgtic region(reg. l), where the intermediate Ma-
jorana neutrino may be on shell, the total cross section is
T3(+)=2t34 4S57te1(Soetert Sort71) almos\t/_independent of thié value. On the other hand in the
B Mn>Vs— My, region(reg. Il), where the Majorana neutrino
2Sorte1(Sselert Ssrt7at Ssatzn) is off shell, the total cross section is approximately propor-
+ 2t 1S4 Sseter+ Ssrt71— Ssotor) 1, tional to H. The behavior in reg. | is easy to rgahze_ if we
make the so-called peaking approximation, in which the
Ta(—) =2tz 4Ss57te1(treSe1+ t27S71) Breit-Wigner shape of the Majorana neutrino propagator is

replaced by a delta function. In this region tHelependence
— 2t56S71(Ssete1t Ssrt71t Ssatar)

+ 4851l 128271 262817 Sselert Ssrt7a— Ssato0) I, 2 [pb] [
H1 i
10 | 500 GeV

Ta(+)= 2t 9] At3eS75(Soetert Sort71) g f\

— 2Sy7t61(t36Se5T t37S75+ t35S05) [ 300 GeV

+ At 31805t 62507 2t61S27( 36565+ 37575 t32S25) |, L E
Ta(—) = 2t 49 At3eS75(t26Se1t t27571)

— 2t56571(136Se5 t37S75+ 35525) -1 200 GeV E

+ At35815t 625271 2te2S1 7 t36Se5T L37S75— 132505) | [

©) 00t b il b NG,

] _ 100 200 300 400 500
After the evaluation of the amplitudes of the correspond- M, [GeV]
N

ing diagrams, we obtain the cross sections of the analyzed

processes for each point of the phase space. For the numeri- F|G. 2. Unpolarized cross section as a function of the Majorana
cal calculation we use a Monte Carlo computer programneutrino masses for different center of mass energee, 300, and
which makes use of the subroutimamBo (random mo- 500 Ge\). The dot-solid line represents the 2-body process for the
menta beautifully organized11]. same center of mass energies.
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1t -
3 107 &
0.1 ¢
g 107% L .
i =300 GeV 3
0.01 My € 10
g 107* L .
[ 10
0.001 : . : I
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My[GeV]
FIG. 3. Unpolarized cross section as a function of the center of
mass energies for different Majorana neutrino mag$86 and 300 FIG. 5. Curves with constant events number
GeV). (10,1¢,1¢%,10",10°) in the (H,,M,) plane for \'s=300 GeV.

The dashes line represent an upper boundHfar
in the numerator is canceled by th¢ factor in the total
width. Considering only the relevant factors in the cross seceur final 3-body calculation. In Fig. 3 we show the de-
tion, we have pendence ob&/H, for different values oMy, keeping again
H=0.1.
1 With the helicity formalism that we have used in this cal-
55 2 (A1 culation itis easy to study distributions of the final lepton for
(9" =M+ M{I'y different polarizations of the initial photon. As an illustration
we present in Fig. 4 the angular distribution of the final lep-
ton for left and right photons and for different valueshdf; .
We have ignored the experimental difficulties of detecting
the discussed process unambiguously but this kind of distri-
1 . 7" S(g2—M?2) 12 bution could be useful in rejecting possible backgrounds and
(q27|\/|§)2+ Mﬁl‘ﬁ MnI'n N> for testing no-standard coupling of these neutrifibd.

In different classes of mode]42] H, andH are severely
and thatl'~H (Eqg. 10, then we can see that==X0; is restricted by available experimental d4@ERN e"e™ col-
almost independent df in reg. I. lider (LEP) and low-energy dafa This bounds areH;

Figure 2 show thd\AN dependence of the unpo'arized <0.016 andH<0.122. In this work we have used the value

cross sectionr/H; at fixed /s for H=0.1. We include the H=0.1 which agrees with the bound ovdr

2-body process e~ —WN) to check the correctness of 10 illustrate the possible impact of this process in the
discovery of Majorana neutrinos we show in Fig. 5 and Fig.

U:; oj~---HH

wherej labels the final lepton flavors. Making now the peak-
ing approximation

_ 49 pp] ' ' ' 0
HydCos(6) ' "t M =150 GeV 10
10 - R H,
L -1
10 ~ ¢
10° L .
107t L {[ 1077 ¢
/I; 104 03
107 b R 4 1073 L 1 4
M) =300 GeV
2
N - 10
1o . . L 1074 L :
-1.0 -0.5 0.0 0.5 1.0 10
Cos(6)
10_5 1 1 . 1 1
FIG. 4. Angular distribution of the final lepton with the beam 100 200 300 400
axis for polarized initial photorfR: right-handed, L: left-handed My [GeV]
for \/s=300 GeV and for two Majorana neutrino mas$&s0 and
300 GeV. FIG. 6. The same as Fig. 5 but fgis=500 GeV.
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6 the curves with constant events number in the planée™,u™,7"). We have included all the contributions consid-
(Hy,My) for s=300 GeV ands=500 GeV, respec- ering that the intermediate Majorana neutrinos can be either
tively. In both figures we takéd=0.1 and we include an on shell or off shell. We study the total unpolarized cross
upper bound foH, (H;<0.01). We have considered a most section and the angular distribution of the final lepton for
restrictive value foH; andH that the inferred of the experi- polarized initial photons. Finally we investigate the events
mental bounds, then the considered upper bound is suffaumber as a function dfi; andMy for H=0.1 and fory/s
ciently restricted to make a conservative analysis of the abil=300 and 500 GeV. We find an important rangeMf; for
ity of this collider to discover the nature of the heavy which it would be possible to see signatures for Majorana
neutrinos. We have used the estimated luminogi#] for  neutrinos.
the ye~ collider of £=100 fb . If we take as reasonable
the threshold of 100 events then we could see signatures for
Majorana neutrinos for masses lower than 250 GeV and 400
GeV for \/s=300 GeV andys=500 GeV, respectively. We thank CONICET(Argenting, Universidad Nacional
Summarizing, we calculate the cross section for the prode Mar del PlatdArgenting, and CONACyYT(Mexico) for
cess ye‘HW‘W‘Ij+ where I;’ are light anti-leptons their financial support.
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