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Majorana neutrinos in ey colliders from an effective Lagrangian approach
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We study the production of heavy Majorana neutrinos () in e~y colliders. We consider the tree-level
process e~y — W~N, which allows for lepton number violation via the decay N — [72j. We follow the
approach of an effective theory, where we consider all possible gauge invariant and nonrenormalizable
operators of lowest dimension, which determine the interactions of the Majorana neutrino with the standard
particles. We study the total cross section for different masses of the Majorana neutrino and different
center-of-mass energies. We give an estimate for the range of the Majorana neutrino masses which may be

detected in a e~y collider.
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I. INTRODUCTION

Remarkable progress has been made in understanding
the nature of the neutrino sector in particle physics. The
phenomenon of neutrino oscillations is particularly impor-
tant since it gives experimental evidence for the non-
vanishing mass of the standard neutrinos. Unlike the rest
of the massive particles in the standard model, interactions
of the Yukawa type are not well suited for the generation of
masses of the order of 1072 eV, which correspond to the
neutrino masses. One possible scenario is the seesaw
mechanism [1], which requires the existence of at least
one type of heavy right-handed Majorana neutrinos N, with
mass my, giving a small mass m, ~ 1/my to the neutrinos,
which would explain neutrino oscillations. As indicated in
[2], the parameters U;y(I = e,u,7) which determine the
couplings of the interactions of the Majorana neutrino with
the standard model particles, as in

Ly, = —iz U Ny#PLIW* + H.c. (1)

V2

where P, = (I —y°)/2 is the chirality projection operator,
turns out to be very small, even for Majorana masses as
small as 100 GeV, in which case Uy ~ 107", This justifies
an approach beyond the minimal seesaw mechanism in
order to study new physics involving Majorana neutrinos.

In this paper we will study the process e”y - W™N
according to an effective model-independent Lagrangian
approach. This process is interesting in this framework
since it allows for nonconservation of lepton number. This
is possible since the decay modes N — [12; are permitted
for the final Majorana neutrino. The complete process
e"y > W™N — W~I*2j, where [T stands for an antilepton
of any flavor and j for jets, is a clear signal of lepton number
violation. A similar process has already been considered
[3.4] although not in the context of an effective Lagrangian.
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II. THE EFFECTIVE LAGRANGIAN

We parametrize the contributions of new physics effects
by a set of five gauge-invariant nonrenormalizable operators
of dimension six, ;. There exist operators of dimension
five but they do not contribute to this particular scattering
process. We also neglect higher dimension operators since
their contributions are suppressed by the new physics scale
A. The extended theory is thus represented by

5
L= Lo+ Z%Oi + He. (2)
i=1

The first term in (2) contains the interactions in the standard
model which are relevant to this process,

Ly = —q.ey'eA, + iELJ/”ULW; + i17147’”€LW;F

V2 V2
+iq,(0,W; —0,W,)WH AY
—-iq,(0,W, —0,W, )WHA¥
1
+ 3 (0,4, = 0,A,)(WHTWP — WHWHT), (3)
We have also introduced the dimensionless coupling con-

stants «;, one for each operator, with the list of operators
being

O, = i(¢'eD,p)(Ny'lz). Oy = (Lo**N)pB
O; = (Lo™7'N)¢pWi,,  O4 = (LD,N)D*¢,
Os = (D,LN)D"¢. (4)

[

We need to mention that the operators O;(i = 2, ...,5) are
naturally suppressed with respect to the operator O; by a
factor of 1/1672, the reason being that these four operators
are generated to one loop. This suppression factor must be
reflected in the values of the coupling constants. The lepton /
in O, correspond to the right-handed SU(2) singlets e, ¢ and
7. In Egs. (4) we recognize the various fields, ¢ = (%) is the
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electroweak isoscalar, L = (*/), is the left-handed doublet,
eg the right-handed singlet and ¢ = e¢p* with & = ic,. We
also have for the gauge fields and covariant derivative

B, = 5/,BU - 8,,3,,,
Wi, =0,Wi—0,Wi, + ge; WiWE,
miwi _ i Y

D, =0, —igT'W, —ig EB’“
where W/, and B, are the gauge fields of the SU(2), and
U(1)y groups, respectively, and g and ¢ the standard
coupling constants of the respective groups.

After symmetry breaking around the standard vacuum

¢o = (°), we can rewrite the Lagrangian (2) to obtain

7
L= Loy + Z L; + noncontributing terms,  (5)
i=1

where
aigv® - - _Q +

Lr =5 Unr" NWy = Ny g W),
2 -

£2 _ ( aZUCWA‘IZ‘ a3vsw) (DO””N + Nﬁﬂyy)aﬂAw
a \/Ev - ~

£3 - 3T (ZLUleaﬂW; + NJ/leLaﬂWj)’

2i - =

Ly= % (I, NW; = No™ 1L, W,)A,,
—a5eqgv - _ &

L, = ﬁ (ILNW; + NI, W) A~ (6)

There are many terms which do not contribute to this
process, although the seven operators which are relevant
contain the five coupling constants a;,i =1, ..., 5.

III. THE ey COLLIDER

The basic idea behind an e~y collider is the use of
laser backscattering, which consists of pointing a laser to

FIG. 1.
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the parent e beam of an e~e™ collider. The design and
principal characteristics of the collider are discussed in the
literature [5]. The energy spectrum and helicity distribution
for the back-scattered photons depend on the polarization of
the electron and laser photon beams. The spectrum is picked
in the high energy region for the case of opposite polar-
izations of the electron and laser beams. Even in the case
of unpolarized electrons and laser photons, the scattered
photons possess a favorable distribution at high energies.
In this work we will only consider the unpolarized case.
The energy spectrum of the scattered high energy
photons is defined by the Compton cross section,

1
1—x

_ ldo.
o, dx

f(x)

N(é)[ +1=-x—-4r(1=r)|. (7)

The various symbols in (7) are defined by

O S
Ey =&+ 17 §(1-x)°
o _4_8) 1 1
N(&) _<1 i e ln(§+1)+2+§ 2(§+1)2

The variable x corresponds to the energy fraction carried
by the scattered photon from the electron. E, and @ are
the energies of the parent beam particles and the scattered
photons respectively. The laser energy w is chosen such that
& = 4wE,/m? has the optimum value of 4.8 in order to avoid
the creation of e ™ e~ pairs in the collision of the back-scattered
photons with laser photons. The above equations may be
found in [5], where a detailed treatment of the subject is
presented.

IV. THE ey — W~N PROCESS AND THE RESULTS

So far we have presented the theoretical background in
terms of an effective theory. We will make use of the
Lagrangian (5) to find the scattering amplitude for the
process. There are four Feynman diagrams, which are
shown in Fig. 1. The scattering amplitude for this process is

M= M(L)). )

where M;(L;) is the contribution to the diagram i from L;.
The various terms in (9) are

Feynman diagrams for the process ey - NW™.
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M (L)) = cniyr* A (q0)7r ueEyy, s e = i%ivj

M1(£3) = C13(iP4A)ﬁN5’1”Ae(C]1)J’yuegtvﬂgyw ci3=—i \/Egsev
M (Ls) = C15(ipg)f‘NAe(Q1)yy”egj‘s"”g”’ s = %

M (Le) = cr6(=ip))anAc(q1) 7" ueyy,E s C16 = %

Mz(ﬁz) = sz(_ipza)L_‘NGMAueWZ)W”E‘S’;V#EW’ €2 = izazgvc\;g\?gvsw
M;(L)) = CS]aWﬂﬁNyﬂueAW(Q3),1pga/u5}’v’ €31 = _ioil/givzz
M;3(L3) = C33(i‘IBn)aW)L_’NUMMeAW(%>ipg*Wugyw €33 = i\/zj\?ev
M;5(Ls) = cas(iph)a* iyu, Ay (q3) 1, Ew,E s €35 = _O\lgjgé
M;5(Le) = cag(—ipt)a*iiyu,Aw(q3),E,E - €36 = _(\1/5;%
My(Ly) = caaliye™u Eyy, &,y Caq = _i%

My(Lq) = CarlinutoEyy, Eyys Cq7 = —%

with

a*" = (qz — p2)' 9" + (P2 + pa)’ 9" — (Ps + q3)" 9.

We make use of the helicity formalism [6,7] to evaluate the
scattering amplitude M. This is a convenient method since
it produces relatively short expressions and will permit us
study polarizations of initial and final states in a very direct
way in more detailed future treatments. The initial and final
particles are represented in the following expressions:

N s
we = PPy ) ),
P+ P12 = D1 (10)
_ (P32, P _
iy = %u(ml, +1), P31+ py=ps (11)
N
E(h) = éﬁ(k%ﬂz)wu(m,ﬂz)’
\/4p2.k2
k, = (1,0,1,0) (12)
A 3 -
5W = M(P41,—1)7””(P42,—1),

8am,,

P41 T Par = Da- (13)

[
Note that Eq. (11) makes explicit the fact that the Majorana
neutrino is right handed. The requirement on k, in Eq. (12)
is not to be collinear with the momentum of the photon,
thus k, = (1,0, 1,0) is a good auxiliary vector. We should
mention that only the state of the photon is explicitly
dependent on the polarization. Equations (10), (11), and
(13) correspond to only one polarization state along some
four vector (one for each case) which is not necessary to be
specified, the reason being that the sum over polarizations
is equivalently replaced by three integrations over the solid
angles Q,, Q3 and €, corresponding to the auxiliary pair
of vectors (p;1, pin),i = 1,3,4.

We plug this expressions into (9) in order to numerically
evaluate the amplitude. The total cross section is numeri-
cally calculated from the expression

o= / dxf(x) /psda(x), (14)

where “ps” stands for phase space. The limits in the integral
over the energy distribution of the photons are

(my + my)* —m;

Xmin =
" 22 4 2E/EP — m?

and xp, = 0.8277.

(15)

The lower limit above is calculated by requiring that the
minimum initial energy is the energy necessary to produce
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a Majorana neutrino and a W boson at rest, and the upper
limit x,,, = 4.8/(4.8 4+ 1) is an optimal value, as men-
tioned in Sec. III. The differential cross section is written as

do(x) = Mdﬂz,

|i73|cm
dll, = ———dz, 16
2ngm 2 ‘ (16)

- 8zE.,

where z =cos(f) and @ is the angle of the scattered
Majorana neutrino with respect to the beam axis in the
center of mass frame. The expression for the squared
amplitude is then

— 1 1 1
1N [do,— [ do
[ M(x)] 4%2 2,;/‘1 12ﬂ/d 3
X/dQ4|M(x,/12,Ql,Q3,Q4)|2. (17)

Since we are interested in violation of lepton number, we
consider the process ey — W12, where j stands for
jets and [ for any lepton flavor. This is possible since the
decay N — [12] is allowed. This Majorana neutrino decay
was studied in [8], where all possible effective operators
of dimension six involving quarks were considered. The
branching was found to depend on the Majorana neutrino
mass, varying between 0.2 and 0.3 for the masses consid-
ered here. Thus we calculate the cross section as

ole7y > WI2j) =c(e"y > W™ N) x Br(N — [12)).

(18)

In order to have a quantitative estimate for the possible
detection of Majorana neutrinos, we assume a representa-
tive one-year integrated luminosity of 100 fb~!. We set the
new physics scale A =1 TeV. As for the coupling con-
stants «;, we assume them to be of order one unless the
operators are generated to one loop. Thus we initially set
ap=landa; = 1/167r2 fori = 2,3,4,5. We also take into
account the constraints due to double- decay. We argue
that the operator O, gives the dominant contribution to the
double f-decay process, coming from £, in (6). Apart from
L,, the other operators in (6) give negligible contributions
to the double p-decay process for the following two
reasons: (1) L3, L5, and L4 contribute with low momentum
factors due to the derivatives of the fields, and (2) £, and
L4 generate a final photon with small phase space of order
(Em>/v)?, with v =246 GeV and EF™ the maximum
available energy for the final photon, which is of order
~MeV. Thus, the double f-decay process puts limits only
on a;.
In [8] an upper limit was found for the coupling «;,

m
<78x102,/—N _ GeV~2, 19
M= N T00 Gev F (19)
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FIG. 2 (color online). Cross section for e"y - NW~.
which we take for the value of a; This corresponds to a
scale A =1 TeV. See also [9-12].

In Fig. 2, we show the cross section for the process
e"y = W™N as a function of the Majorana neutrino mass.
Three center-of-mass energies for the eTe™ collider are
considered: 600 GeV, 800 GeV, and 1 TeV.

As for the background, we consider the process
e"y > W-W~WTy,. This process gives the same detected
final state as our lepton-violating process, since one of the
W~ may decay into two jets and the W' may decay into
an anti lepton /T and a neutrino v;. The final standard
neutrinos avoid detectors. Thus the cross section may be
written as

oley->Wi2juu)=0c(ey->W W Why,)
xBr(W~ —=2j)xBr(W+ = [Ty,).
(20)

We have used the CoMPHEP package [13] to evaluate
the background cross section, obtaining 1.2 x 10~ pb for
E., = 600 GeV, 4.8 x 1073 pb for E_, = 800 GeV, and
1.1 x 1072 pb for E_,, = 1 TeV. According to (20) and the
representative luminosity, and also taking Br(W~ — 2j) =
0.68 and Br(W* — [Ty;) = 0.1 from [14], we obtain the
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FIG. 3 (color online). Number of events N for e"y — W12}
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number of events N gy = 8, Ngy = 33, and Ngy =75
for the three values of the center-of-mass energies,
respectively.

The main result of this study is shown in Fig. 3. Here we
compare the number of events N generated by the process
e”y = W™I"2j, to the number of events N gy predicted by
the standard model, due to the process e”y - W=IT2juv,v;.
We note that the number of standard events coincides with
the number of the nonstandard events at the Majorana
neutrino masses of 390, 420, and 460 GeV, corresponding
to the center-of-mass energies of 600 GeV, 800 GeV, and
1 TeV, respectively. This indicates that neutrino masses up
to approximately these values may be detected, and for
masses beyond these values there would not be sufficient
events to clearly identify new physics. It may be argued
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that, since we have set the new physics scale A equal to
1 TeV, we could not rely on the E_,, = 1 TeV calculated
events, and also probably the E_,, = 800 GeV plot, which
is perhaps too close to the scale. These near-the-scale
values are justified by the arbitrariness of the chosen values
for the coupling constants a;(i = 1,...,5). We have taken
a; equal to the upper limit imposed by double-f decay
limits, and a; = 1/1671'2(1' =2,...,5) for the other four
operators, which are generated to one loop. In this sense we
are just setting an order of magnitude for the coupling
constants as well as the scale. We should also mention that,
because of the same reason, the values for the limit
detectable masses of the Majorana neutrino are of course
not exact, but give us an estimate for these detectable
masses.
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