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Signatures of right-handed Majorana neutrinos and gauge bosons ineg collisions
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The processe2 g→e1 WR
2 WR

2 is studied in the framework of the left-right symmetric model. It is shown
that this reaction ande2 g→ l 1 WR

2 WR
2 for the arbitrary final lepton are likely to be discovered at the CLIC

collider. For a relatively light doubly charged Higgs boson its mass does not have much influence on the
discovery potential, while for heavier values the probability of the reaction increases.

DOI: 10.1103/PhysRevD.67.033002 PACS number~s!: 12.15.Ji, 12.60.Cn, 14.80.Cp
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I. INTRODUCTION

Majorana neutrino masses arise naturally in many ex
sions of the standard model~SM! such as singlet Majoran
mass model@1#, Higgs triplet model@2#, or left-right sym-
metric model~LRM! @3#. One of the main sources of the
popularity comes from the so-called see-saw mechanism@1#
where the left-handed neutrinos turn out to be light due to
corresponding right-handed neutrinos being heavy. The L
can easily include heavy right-handed Majorana neutri
and the see-saw mechanism since it has a heavy mass
determined by the SU(2)R symmetry breaking. In this cas
the LRM contains a triplet Higgs field with hyperchargeY
52 @3#.

The theory with massive Majorana neutrinos, especia
with heavy ones, allows a variety of processes violating l
ton number conservation. They provide beautiful signatu
which can be tested at various collider options. Estimate
the discovery probability for heavy Majorana neutrinos at
CERN Large Hadron Collider~LHC! were done in@4# and
for electron-positron colliders in@5#. An electron-electron
collider provides a specific and very useful option for Ma
rana neutrino search, the so-called ‘‘the inverse doublb
decay’’ process. Together with some associated process
was studied in@6#. For the electron-proton option of th
DESYepCollider HERA, Majorana neutrino production wa
studied in@7#, for a Very Large Hadron Collider~VLHC! in
@8#, and for an electron-photon collider in@9#.

All these estimates should be combined with the rest
tions obtained from the neutrinoless doubleb decay@10#, the
well-known low-energy lepton-number violating proces
The resulting numbers essentially depend on the chirality
neutrinos and on the bosonic sector of the model. For
ample, limitations from doubleb decay in the framework o
the standard model~SM! bosonic sector yield an uppe
bound on the effective electron neutrino mass^mne

&
<0.2 eV, while for the case of the LRM heavy right-hand
neutrinos are allowed with the lower bound depending on
mass of the right-handed gauge boson@10#.

In this paper we will concentrate on the electron-pho
collider option. We will study the signatures for heavy righ
handed Majorana neutrinos in the processe2 g
→e1 WR

2 WR
2 . This process is analogous to the one cons

ered in@9# for the left-handed gauge bosons. However, sin
the current limitations forWR masses are relatively strict an
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imply MWR
>700 GeV @11#, the above-mentioned proces

with two final stateWR’s is likely to be discovered only a
the collider machines with very high center of mass energ
The CERN Linear Collider~CLIC! proposal@12# is antici-
pated to provideAs53,5, and 8 TeV energies, appropria
for the process chosen. We assume the integrated lumino
of L5500 fb21. Final stateWR bosons are expected to de
cay mostly into quark jets and hence to be identified throu
the quark jets with an appropriate invariant mass. Due
presence of the final state positron, the process has no
background.

In the next section we will briefly discuss the main fe
tures of the LRM and discuss some phenomenological c
straints on the parameters of this model.

II. THE MODEL

In this section we give a brief description of the LRM. F
more detailed reference one can refer to@3#. The gauge sym-
metry of the LRM extends the SM gauge group to SU(2L
3SU(2)R3U(1)B2L . The fermionic sector contains, in ad
dition to SM particles, right-handed neutrinos: one specie
each generation. Quarks and leptons transform under
gauge group as follows:

QiL5Fu

dG
iL

5S 2,1,
1

3D ; QiR5Fu

dG
iR

5S 1,2,
1

3D , ~1!

C iL5Fn

eG
iL

5~2,1,21!; C iR5Fn

eG
iR

5~1,2,21!, ~2!

where i is the flavor index,L andR denote left-handed and
right-handed chirality,Q and C stand for quark and lepton
wave functions, respectively. The gauge sector inclu
right-handed gauge bosonsWR and ZR in addition to SM
gauge bosons. The greatest extension has to be done fo
scalar sector. In order to supply quarks and leptons w
masses one needs the Higgs bidoublet field with the follo
ing quantum numbers:

F5S f1
0 f1

1

f2
2 f2

0 D 5~2,2* ,0!,

and with the following vacuum expectation value~VEV!
©2003 The American Physical Society02-1
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^F&5
1

A2
S k1 0

0 k2
D .

In addition to this, another Higgs field with nonzeroB2L
quantum number is necessary in order to provide symm
breaking of SU(2)L3SU(2)R3U(1)B2L to the SM gauge
group. The most popular way to do it also gives rise to M
jorana masses for neutrinos: this way is to introduce a Hi
triplet field

DR5S DR
1/A2 DR

11

DR
0 2DR

1/A2
D 5~1,3,2! ~3!

with the vacuum expectation value:

^DR&5
1

A2
S 0 0

vR 0D . ~4!

For an explicit ~manifest! L↔R symmetry, the corre-
sponding left-handed Higgs-Majoron field should also be
troduced:

DL5S DL
1/A2 DL

11

DL
0 2DL

1/A2
D 5~3,1,2! ~5!

with the vacuum expectation value:

^DL&5
1

A2
S 0 0

vL 0D . ~6!

The Yukawa interactions of the Higgs triplets with ferm
ons in the model read:

2LYuk5 ihR,l l 8C lR
T Cs2DRC l 8R1 ihL,l l 8C8L

TCs2DLC l 8L

1H.c., ~7!

where l ,l 8 are flavor indices, these interactions yield Maj
rana mass to neutrinos and are relevant to the process st
in this paper. Since left-handed neutrinos are practic
massless one expectsvL to be small, while the value ofvR
provides natural scale for the right-handed neutrino mas
After ignoring possible mixing between lepton families t
masses of right-handed Majorana neutrinos are given
mRi5A2hR,i i vR .

For further considerations I will choosevL5k250, this
condition being compatible with phenomenological lim
@14#. The gauge couplings for the left-handed and rig
handed gauge groups are set equal,gL5gR .

Present phenomenological bounds on the triplet Yuka
couplingshll 8 were discussed in@13#, they satisfyh/MD11

,0.44 TeV21. The limit on the masses of right-hande
gauge bosons isMWR

.700 GeV@11#.

III. CALCULATIONS AND RESULTS

Nine Feynman diagrams are involved in thee2 g
→e1 WRWR process, see Fig. 1. Diagrams 1–4 do not c
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tain doubly charged Higgs fieldD22 and correspond to the
diagrams considered in@9#, with the proper change of chirali
ties of particles. Diagrams 5–9 involve virtualD22. Using
the CALCUL technique@15# we obtained the expressions fo
chirality amplitudes presented in the Appendix. Alternative
the expressions for square matrix elements were obtaine
means of theCOMPHEPpackage@16#. We have checked the
consistency of our results with@9#: if the value of the
charged boson mass is set to 80 GeV, diagrams with dou
charged Higgs boson are neglected and the initial pho
energy is fixed, the results are the same as in Fig. 2 of@9#.

In contrast to@9# we have used the backscattered la
photon spectrum@17# for the initial state photon so that th
cross section of the process is described by convoluting
fixed photon energy cross section with this spectrum:

s5E dx fg/e~x,As/2! ŝ~e2g→e1WR
2WR

2!. ~8!

FIG. 1. The Feynman diagrams for thee2 g→e1 WRWR pro-
cess.
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FIG. 2. The cross section
s(e2 g→e1 WR

2 WR
2) as a func-

tion of Asee. The mass of the dou-
bly charged Higgs is MD11

5600 GeV. MWR
5700, 1000,

and 1500 GeV for upper left, up
per right, and lower paints, corre
spondingly. In all three cases th
solid line is for neutrino mass
MN55 TeV, the long-dashed line
for MN53 TeV, the short-dashed
for MN51 TeV, and the dashed
dotted line forMN5500 GeV.
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The following final state cuts were applied:ucosu1fu
,0.9, Ee1.10 GeV, these cuts are based on the dete
considerations.

In Fig. 2 the cross section of the process is shown a
function of electron-positron collision energyAsee. In all
three paints of Fig. 2 the mass of the doubly charged Hi
boson is 600 GeV, while the masses of the right-han
gauge boson areMWR

5700, 1000, and 1500 GeV corre
spondingly. Each of the paints contains four curves for d
ferent values of Majorana neutrino mass:MN55 TeV ~solid
line!, MN53 TeV ~long-dashed line!, MN51 TeV ~short-
dashed line!, andMN5500 GeV~dash-dotted line!. Thresh-
olds of the curves are due to the Majorana neutrino propa
tor pole:

P~p11p22p42p5 ,MN ,GN!

5
1

s1MW
2 2MN

2 22~p11p2!~p41p5!1 iM NGN

.

Figure 3 shows the effects of Majorana neutrino and d
bly charged Higgs widths in the propagators of the am
tudes. In that figure the right-handed boson mass is 1 T
Asee55 TeV. The dashed-dotted line represents the cr
section of the process as a function of Majorana neutr
mass with the constant decay widthsGN5GD11510 GeV.
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In general, the decay width for heavy Majorana neutrinoN
→W6 l 7 ~wherel stands for massless lepton! is given by:

GN5
g2

~32pMN
3 MW

2 !
~MN

2 2MW
2 !~MN

4 1MN
2
•MW

2 22MW
4 !

~9!

~in the case whenMWR
.MN the above-mentioned mode

closed but there may exist decay modes to left-han
bosons through some mixing effects!. As for the decay
modes of the doubly charged Higgs boson it is useful to t
two fermion decays (D11→ l 1l 1) into account explicitly:

GD11→ l 1 l 15
1

8p
hll

2 MD11 ~10!

~herehll stands for the Yukawa coupling to leptonl ) while
leaving possible bosonic decay width as a free phenome
logical parameter~for a more detailed discussion see@13#!:

GD115Gb1G f . ~11!

In the following calculations we have chosenGb510 GeV.
The solid line in Fig. 3 corresponds to the mass depend
widths GN and GD11 according to Eqs.~9! and ~11!. How-
ever, D11 width does not play much of a role in the es
mates of the cross section: the dashed line in Fig. 3@GN as in
Eq. ~9!, GD11510 GeV] is completely invisible since it co
2-3
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FIG. 3. The cross section s(e2 g
→e1 WR

2 WR
2) as a function of right-handed

Majorana neutrino mass forMWR
51 TeV, Asee

55 TeV. The dash-dotted line is for consta
neutrino and doubly charged higgs widthsGN

5GD11510 GeV, the solid line is for realistic
mass dependent widths. The dashed line~com-
pletely coinciding with the solid one! is for
GD11510 GeV and realisticGN .
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incides with the solid one. As in@9# the curves reach thei
highest values within a certain range ofMN masses~‘‘peak-
like’’ behavior!, though they do not decrease much~as in@9#!
when MN is above this range, the latter happens due to
fects of the doubly charged Higgs boson. In general one
state that the increase of Majorana neutrino’s width decre
the cross section of the process in the mass range whe
cross section has ‘‘peak-like’’ behavior and has not mu
influence on the cross section away from that ‘‘peak.’’

Figures 4 and 5 represent the cross section as a func
of mass of the right-handed boson for the three CLIC
tions: Asee53, 5, and 8 TeV. In Fig. 4 all the effects o
doubly charged Higgs boson are neglected~only diagrams
1–4 are taken into account, or, equivalently, mass of
doubly charged boson can be set infinitely large!. In Fig. 5
MD115600 GeV and one can see that these curves l
similar to those of Fig. 4. Threshold behavior atMW;MN
can be explained by the change of sign of propagator te
~diagrams 2 and 4!:

P~p12p42p5 ,MN ,GN!

5
1

MW
2 2MN

2 22p1•~p41p5!1 iM NGN

.

In order to study the influence ofMD11 on the cross
section Fig. 6 shows the discovery limits of the reacti
e2 g→e1 WR

2 WR
2 in the MN2MD11 plane for theAsee

55 TeV andMWR
51 TeV. Final stateWR are assumed to

decay into light quark jets~third generation excluded!, and
the four-quark efficiency is taken to be 85% and purity 80
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with the efficiency for finale190% @18#. The contour levels
in the figure are drawn at 63%, 95%, and 99% probability
the reaction discovery~1, 3, and 4.6 events per year with th
anticipated luminosity!. The excluded region lies below th
curves because of the lower limit on the Majorona mass
the neutrino. One can see the threshold atMD1152MWR

, it

happens due to the pole in theD11 propagator which gets
involved in the integration over final states. Above th
threshold, the reactione2 g→e1 WR

2 WR
2 is observable

even for the very low value of Majorana neutrino mass, ho
ever, even below this threshold the reaction remains obs
able for neutrino masses above 500 GeV. This means
effects of doubly charged Higgs mass are not important
the reaction studied. In further calculations we setMD11

5600 GeV which keeps theD11 propagator off-shell for
realistic values of doubly charged boson masses~and hence
the reaction is studied in a more conservative regime, w
out possibleD11 pole enhancement!.

It is also important to state here that the process un
study takes place only due to the Majorana mass of the n
trinos, in other words all amplitudes presented in the App
dix are proportional to

An;MN•an~MN! ~12!

and vanish for the case of massless neutrinos. They ca
generalized for the general case of right-handed neut
mixings:

An;(
i

Uei
2
•MNi•an~MNi!. ~13!
2-4
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SIGNATURES OF RIGHT-HANDED MAJORANA . . . PHYSICAL REVIEW D67, 033002 ~2003!
FIG. 4. The cross section
s(e2 g→e1 WR

2 WR
2) as a func-

tion of MWR
. Diagrams with dou-

bly charged Higgs boson are ne
glected.Asee53, 5, and 8 TeV for
upper left, upper right, and lowe
paints, correspondingly. In al
three cases the solid line is fo
neutrino massMN55 TeV, the
long-dashed line for MN

53 TeV, the short-dashed fo
MN51 TeV, and the dashed
dotted line forMN5500 GeV.
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From Figs. 3, 5, and 6 it is possible to conclude that
neutrino massesMN,MWR

the cross section of the proce

essentially decreases and at some pointMN;500 GeV the
process becomes invisible for the case ofMD11,2MWR

. If
the latter condition does not hold the cross section still tu
off but at the lower values ofMN . Hence, if the right-handed
mass spectrum is such that only one neutrino mass sta
heavy enough to be ‘‘visible’’~let us denote it asmheavy), the
results presented may be generalized for the processe2 g
→ l 1 WRWR with muon ort-lepton in the final state. Defin
ing in the standard way the effective neutrino masses:

^mik&5(
j

Ui j •Uk jmj

one can treat all the figures as referring to an arbitrary fi
lepton with the following changes:

s~e2 g→e1 WR
2 WR

2 ,MN!

→
mheavy

2

^mel&
2
s~e2 g→ l 1 WR

2 WR
2 ,mheavy!, ~14!

MN→mheavy.
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Finally, in Fig. 7 are depicted the discovery limits for th
studied process in theMN2MWR

plane for CLIC options

Asee53 TeV ~a!, Asee55 TeV ~b!, andAsee58 TeV ~c!. As
indicatedMD11 is set at 600 GeV. The treatment of the fin
WR decays is the same as for Fig. 6. The contour levels in
figure are drawn at 63%, 95%, and 99% probability of t
reaction discovery~1, 3, and 4.6 events per year with th
anticipated luminosity!. The excluded region is above th
curves. It is possible to state that the reactione2 g
→e1 WR

2 WR
2 will be observed for heavy Majorana neutr

nos, whose masses may essentially exceed straightforw
discovery limit (MN.Asee) for reasonable values of right
handed charged bosons. The corresponding lower limit
MN increases with the increase of charged boson mass,
the ‘‘resonance-like’’ behavior of the contour-levels occu
due to interplay ofMN and MWR

in the propagators of dia
grams 2 and 4~see comments to Figs. 4 and 5!.

We do not present here the angular distributions of
final lepton since—in complete accordance with@9#—the
shape of these distributions is nonuniversal and is gover
by the interplay betweenAs andMN .

IV. SUMMARY

The LR model with heavy Majorana neutrinos is one
the most natural and popular extensions of the SM. Ob
2-5
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FIG. 5. The cross section
s(e2 g→e1 WR

2 WR
2) as a func-

tion of MWR
. The mass of the dou-

bly charged Higgs is MD11

5600 GeV. Asee53, 5, and 8
TeV for upper left, upper right,
and lower paints, correspondingly
In all three cases the solid line i
for neutrino massMN55 TeV,
the long-dashed line forMN

53 TeV, the short-dashed fo
MN51 TeV, and the dashed
dotted line forMN5500 GeV.
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the
vation of right-handed gauge bosons, Majorana neutrin
and triplet Higgs bosons are necessary steps for the co
mation of this theory. The reactione2 g→e1 WR

2 WR
2 can

be discovered at CLIC for a reasonable range of value
LR model parameters, providing a good test of lepton nu
ber violation in the LR model. The reaction would be a s
rious manifestation of a heavy Majorana neutrino. It will
observable for realistic mass values of right-handed bos
in the neutrino mass rangeMN;As and even well above
limits for direct N production (MN.As). Discovery limits
on MN depend on the corresponding value ofMWR

and are
very weakly dependent on the doubly charged boson m
However, extra heavy doubly charged Higgs (MD11

.2MWR
) can increase the probability of the reaction. If t

right-handed Majorana neutrino spectrum has only o
heavy eigenvalue, all the results can be applied to the pro
e2 g→ l 1 WRWR with the arbitrary lepton in the final state
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APPENDIX

We present here helicity amplitudes for Feynman d
grams 1–9 of Fig. 1. I use the following notations for partic
momenta:p1 , p2 are the incident electron and photon m
ments correspondingly.p3 stands for outgoing positron
~positively charged lepton!, p45, p67 are, correspondingly
momenta of outgoing right-handed bosons, wherepi j 5pi
1pj andpi , pj are four-momenta of massless fermions~see
the CALCUL technique of massive gauge bosons repres
tation!, k is the photon CALCUL representation vector@15#.
The gauge couplings aree-electrical charge,gR right-handed
SU~2! gauge coupling.MN , GN , MW , GW , MD , and GD

denote the masses and widths of right-handed Majorana
trino, charged gauge boson, and doubly charged Higgs
respondingly. The propagator function is defined as follow

P~k,M ,G!5
1

k22M21 iM G
.

The upper index of the amplitudes denotes the number of
corresponding Feynman diagram, the lower index~L, R! de-
notes the chirality of the incoming photon.
2-6
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Al
15

iegR
2

2
•

1

A4kp2

•P~p11p2,0,0!•P~p11p22p45,MN ,GN!•Âl
11~45↔67!, ~A1!

ÂL
158MN•s~p1 ,k!t~p2 ,p1!s~p1 ,p4!t~p5 ,p7!s~p6 ,p3!,

ÂR
158MN•s~p1 ,p2!@ t~k,p1!s~p1 ,p4!1t~k,p2!s~p2 ,p4!#t~p5 ,p7!s~p6 ,p3!.

Al
25

iegR
2

2
•

1

A4kp2

•P~p32p2,0,0!•P~p12p45,MN ,GN!•Âl
21~45↔67!, ~A2!

ÂL
2528MNs~p1 ,p4!t~p5 ,p7!s~p6 ,p3!t~p3 ,p2!s~k,p3!,

ÂR
2528MNs~p1 ,p4!t~p5 ,p7!@s~p6 ,p3!t~p3 ,k!s~p2 ,p3!2s~p6 ,p2!t~p2 ,k!s~p2 ,p3!#.

Al
35

iegR
2

2
•

1

A4kp2

•P~p11p22p45,MN ,GN!•P~p452p2 ,MW,0!•Âl
31~45↔67!, ~A3!

ÂL
3528MNs~p6 ,p3!$s~p1 ,p2!t~p2 ,p7!s~p4 ,k!t~p2 ,p5!

2s~p1 ,p4!t~p5 ,p7!@ t~p2 ,p4!s~p4 ,k!1t~p2 ,p5!s~p5 ,k!#2s~p4 ,p2!t~p2 ,p5!s~p1 ,k!t~p2 ,p7!%,

ÂR
3528MNs~p6 ,p3!$s~p1 ,p2!t~p2 ,p7!s~p4 ,p2!t~k,p5!

2s~p1 ,p4!t~p5 ,p7!@s~p2 ,p4!t~p4 ,k!1s~p2 ,p5!t~p5 ,k!#2s~p4 ,p2!t~p2 ,p5!s~p1 ,p2!t~k,p7!%.

Al
45

iegR
2

2
•

1

A4kp2

•P~p12p45,MN ,GN!•P~p672p2 ,MW,0!•Âl
41~45↔67!, ~A4!

FIG. 6. The contour levels in theMN–MD11

plane that correspond to 99%~solid line!, 95%
~long-dashed line!, and 63%~short-dashed line!
probability of the discovery level~4.6, 3, and 1
event! for As55 TeV, MWR

51 TeV.
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ÂL
4528MNs~p1 ,p4!$2t~p5 ,p7!s~p6 ,p3!@ t~p2 ,p6!s~p6 ,k!1t~p2 ,p7!s~p7 ,k!#2s~p6 ,p2!t~p2 ,p7!t~p5 ,p2!s~k,p3!

1t~p5 ,p2!s~p2 ,p3!s~p6 ,k!t~p2,p7!%,

ÂR
4528MNs~p1 ,p4!$2t~p5 ,p7!s~p6 ,p3!@s~p2 ,p6!t~p6 ,k!1s~p2 ,p7!t~p7 ,k!#2s~p6 ,p2!t~p2 ,p7!t~p5 ,k!s~p2 ,p3!

1t~p5 ,p2!s~p2 ,p3!s~p6 ,p2!t~k,p7!%.

Al
55

iegR
2

2
•

1

A4kp2

•P~p11p2,0,0!•P~p451p67,MD ,GD!•Âl
5, ~A5!

FIG. 7. The contour levels in theMN–MWR
plane that correspond to 99%~solid line!, 95% ~long-dashed line!, and 63%~short-dashed

line! probability of the discovery level~4.6, 3, and 1 event! for Asee53 ~a!, 5 ~b!, and 8~c! TeV. MD115600 GeV.
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ÂL
558MNs~p1 ,k!t~p2 ,p1!s~p1 ,p3!s~p4 ,p6!t~p7 ,p5!,

AR
558MNs~p1 ,p2!@ t~k,p1!s~p1 ,p3!1t~k,p2!s~p2 ,p3!#s~p4 ,p6!t~p7 ,p5!.
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AL
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ÂR
6528MNs~p4 ,p6!t~p7 ,p5!@s~p1 ,p3!t~p3 ,k!2s~p1 ,p2!t~p2 ,k!#s~p2 ,p3!.
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75

iegR
2

2
•

1
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7, ~A7!

ÂL
7528MNs~p1 ,p3!$s~p4 ,k!t~p2 ,p5!s~p6 ,p2!t~p2 ,p7!2s~p6 ,k!t~p2 ,p7!s~p4 ,p2!t~p2 ,p5!

2@ t~p2 ,p4!s~p4 ,k!1t~p2 ,p5!s~p5 ,k!#s~p6 ,p4!t~p5 ,p7!%,

ÂR
7528MNs~p1 ,p3!$s~p4 ,p2!t~k,p5!s~p6 ,p2!t~p2 ,p7!2s~p6 ,p2!t~k,p7!s~p4 ,p2!t~p2 ,p5!

2@s~p2 ,p4!t~p4 ,k!1s~p2 ,p5!t~p5 ,k!#s~p6 ,p4!t~p5 ,p7!%.

Al
85Al

7~p4↔p6 ,p5↔p7!. ~A8!

Al
95

iegR
2

2
•

1

A4kp2

•P~p12p3 ,MD ,GD!•P~p451p67,MD ,GD!•Âl
9, ~A9!

ÂL
9516MN@ t~p2 ,p1!s~p1 ,k!2t~p2 ,p3!s~p3 ,k!#s~p1 ,p3!s~p4 ,p6!t~p7 ,p5!,

ÂR
9516MN@s~p2 ,p1!t~p1 ,k!2s~p2 ,p3!t~p3 ,k!#s~p1 ,p3!s~p4 ,p6!t~p7 ,p5!.
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