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Heavy neutrino mixing effects in helicity amplitudes for the processµ¿µÀ\W¿WÀ
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The helicity amplitudes for the processm1m2→W1W2 are reevaluated with the inclusion of heavy neu-
trino mixing with the standard light neutrino. The effects of mixing are parametrized as a fractional change

DM̃* n in the helicity amplitude for thet-channelnm exchange. The behavior ofDM̃* n is examined. It is found

that for a heavy neutrino massmN510 GeV and scattering angleu590°, DM̃* n50.007uUnNu2 at As

5200 GeV andDM̃* n50.00002uUnNu2 at As5800 GeV. The heavy neutrino mixing effects tend to vanish in
the limit mN!As even if the mixing elementUnN is large.
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I. INTRODUCTION

Neutral heavy leptons or heavy neutrinos~HNs! are pre-
dicted by various extensions of the standard model~SM!
@1–3#. These HNs can mix with standard light neutrinos@3#.
Although recent searches for HNs reveal no evidence in
mass range 0.25–2.0 GeV, the existence of more heavy
trinos is not ruled out@4#.

The physics potential of high energy muon colliders@5,6#
has opened the prospect for a detailed study ofW-boson pair
production in the processm1m2→W1W2. In the SM this
occurs at the tree level through the dominants-channelg, Z
exchange@Fig. 1~a!# and t-channel neutrino (nm) exchange
@Fig. 1~b!#. The Higgs-boson exchange@Fig. 1~c!# cancels
the bad high energy behavior for the production of longi
dinally polarized W bosons in case of massive muo
~growth of s-wave scattering amplitude asAs). If mixing
between light and heavy neutrinos exists, it results in t
effects: ~i! the Wnm couplings are modified~reduced! and
~ii ! an additionalt-channel heavy neutrino (Nm) exchange
@Fig. 1~d!# contributes. With a view to discern the heav
neutrino mixing effects, we evaluate in this Brief Report t
helicity amplitudes for the processm1m2→W1W2 with the
inclusion of heavy neutrino mixing. We parametrize the m
ing effects as a fractional change in the helicity amplitu
contribution from the neutrino exchange diagram. We ret
the muon mass terms to examine the effects of mixings
the cancellation of bad high energy behavior.

II. HEAVY NEUTRINO MIXING AND MODIFIED
HELICITY AMPLITUDES

A. Mixing model

A general discussion of mixing between known neutri
fields and new heavy neutrino fields is available in Ref.@7#.
When mixings are allowed, the neutrino mass eigenst
(nm ,Nm) are related to the weak interaction eigensta
(nm

0 ,Nm
0 ) by a unitary transformation@8#
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where the matrixU diagonalizes the neutrino mass matri
The elementsUi j are constrained by the relations

uUnnu2512uUnNu2, uUNNu2512uUNnu2,

UnnUNn* 52UnNUNN* . ~2!

The heavy neutrino mixing when included in the S
theory does not change the~i! WWg, ~ii ! WWZ, ~iii ! gmm,
and ~iv! Zmm couplings. However, theWnm coupling is
modified. The SM interaction Lagrangian, relevant for asc
taining changes inWnm coupling in weak eigenstate basis,

L int5
e

& sinuW

@~ n̄mL
0 gmmL

0!Wm
11H.c.#, ~3!

wheree is the positron charge anduW is the weak mixing
angle. Using Eq.~1!, the L int in the mass eigenstate bas
becomes@9#

FIG. 1. ~a! Dominants-channelg- andZ-exchange diagram,~b!
t-channel nm-exchange diagram,~c! Higgs-boson exchange dia
gram, and~d! additionalt-channelNm-exchange diagram.
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TABLE I. The explicit form of theA
ll̄

g,Z
, A

ll̄
8g,Z

, Bll̄ , B
ll̄
8 , Cll̄ , C

ll̄
8 , andHll̄ coefficients.

(l,l̄) A
ll̄

g,Z Bll̄ Cll̄ A
ll̄
8g,Z

B
ll̄
8 C

ll̄
8 Hll̄

~1,0!
~0,2!

2g 2g 2(11b)/g 1 1
12(b1s)b2

12(b2s)b2 -

~0,1!
~2,0!

2g 2g 2(12b)/g 1 1
11(b1s)b2

11(b2s)b2 -

~1,1!
~2,2!

1 1 1/g2 1/2g cosu/2g cosu/2g3 21/4g

~0,0! 2g211 2g2 2/g2 (2g211)/2g g(b1cosu) cosu/g3 g(11b2)/4
lic

d
as
th

m

m

h

L int5
eUnn*

& sinuW

@~ n̄mLgmmL!Wm
11H.c.#

1
eUnN*

& sinuW

@~N̄mLgmmL!Wm
11H.c.#. ~4!

The heavy neutrino mixing~i! reduces theWnm coupling by
a factorUnn* and~ii ! induces aWNm coupling which allows
an additionalt-channel heavy neutrino (Nm) exchange@Fig.
1~d!# contribution.

B. Helicity amplitudes

The helicity amplitudes for the process

m2~k,s!1m1~ k̄,s̄ !→W2~q,l!1W1~ q̄,l̄ ! ~5!

~where the arguments indicate the four-momenta and he
ties of the respective particles! are calculated following the
technique described by Hagiwaraet al. for the process
e1e2→W1W2 @10#. We include heavy neutrino mixing an
the Higgs-boson contribution and retain the muon m
terms to see the effects of heavy neutrino mixings on
cancellation of bad high energy behavior@11#. Following the
Ref. @10#, we separate the contributions to the helicity a
plitudes from the various graphs in Fig. 1 as@12#

Ms,s̄ll̄~u!5&e2M̃s,s̄ll̄~u!dDs,Dl
J0 ~u!, ~6!

whereDl5l2l̄, Ds5(s2s̄)/2, J05max(uDsu,uDlu), and
u is the scattering angle ofW2 with respect to them2 direc-
tion in them1m2c.m. frame. ThedDs,Dl

J0 are thed functions
@13#. J0 is the minimum angular momentum of the syste
The amplitudeM̃ss̄ll̄ includes contributions from theg, Z,
nm , Nm , andH exchange diagrams of Fig. 1, i.e.,

M̃5M̃g1M̃Z1M̃* n1M̃* N1M̃H, ~7!

where the asterisk on then andN contributions is to remind
us of mixing-modified terms. TheM̃g, M̃Z, andM̃H contri-
butions are not affected by the heavy neutrino mixings. T
explicit forms of these contributions @with b
01730
i-

s
e

-

.

e

5A12(4mW
2 /s), g5As/2mW , As5total c.m. energy, and

mm , mW , mZ , andmH the masses of the muon,W, Z, andH
bosons, respectively# are

M̃g52bd uDsu,IAll̃

g
dJ0,1

2bdDs,0

&mm

mW

3A
ll̃
8g

~dJ0,11cosuJ0,0!, ~8!

M̃Z5bS d uDs,1u2
dDs,21

2 sin2 uW
DA

ll̃

Z s

s2mZ
2

3dJ0,11bdDs,0

&mm

mW
S 12

1

4 sin2 uW
D

3A
ll̃

A8Z s

s2mZ
2 ~dJ0,11cosudJ0,0!, ~9!

M̃H52dDs,0

&mm

mW

1

2 sin2 uW
Hll̃

s

s2mH
2 dJ0,0 .

~10!

Here the first term inM̃g,M̃Z is the same as that in Ref.@10#.
The second term inM̃g,M̃Z and the contribution fromM̃H

arise due to the retention of muon mass terms@11#. The
coefficientsAll̄ , A

ll̄
8 , and Hll̄ are given in Table I. The

neutrino-mixing-modified helicity amplitudes are

M̃* n5uUnnu2M̃ n ~11!

and

M̃* N5uUnNu2
11b222b cosu

11b222b cosu1~4mN
2 /s!

M̃ n, ~12!

with
2-2
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M̃ n5
2&

sin2 uW

dJ0,2

11b222b cosu S dDs,211dDs,0A2

3

mm

As
D

1
1

2 sin2 uWb
FdDs,21S Bll̃2

Cll̃

11b222b cosu D
3dJ0,11dDs,0

&mm

mW

1

2
S B

ll̃
8 2

C
ll̃
8

11b222b cosu
D

3~dJ0,11dJ0,0!G . ~13!

Here theM̃ n is the contribution of thet-channel neutrino
exchange in the absence of neutrino mixing. The terms w
out mm are the same as those in Ref.@10#. The extra terms
with dDs,0 arise due to retention of muon mass. The coe
cientsBll̄ , B

ll̄
8 , Cll̄ , andC

ll̄
8 are given in Table I.

III. HEAVY NEUTRINO MIXING EFFECTS AND HIGH
ENERGY BEHAVIOR

We combine the heavy neutrino mixing modified helic
amplitudesM̃* n and M̃* N in the following form @using Eq.
~2!#:

M̃* n1M̃* N5M̃ n~12DM̃* n!, ~14!

where

DM̃* n5uUnNu2F12
11b222b cosu

11b222b cosu1~4mN
2 /2!G .

~15!

The parameterDM̃* n aggregates the heavy neutrino mixin
effects although heavy neutrino mixing adds one m
t-channel heavy neutrino exchange diagram, but the ove
effect is to reduce the neutrino exchange contribution in
helicity amplitude@Eq. ~14!#. We note the following.

~i! In the presence of heavy neutrino mixing, the helic
amplitudesM̃g, M̃Z, and M̃H remain unaffected, while the
t-channel neutrino exchange helicity amplitudeM̃ n is modi-
fied to M̃ n(12DM̃* n).

~ii ! The fractional changeDM̃* n in the helicity amplitude
for t-channel neutrino exchange, occurring due to heavy n
trino mixing, is always less thanuUnNu2, whereUnN is the
heavy neutrino mixing parameter@see Eq.~15!#. In Fig. 2,
the dependence ofDM̃* n/uUnNu2 on ~a! As for different mN

values,~b! mN for different As values, and~c! u for a fixed
As and differentmN values is shown.

~iii ! In the high energy limit, the heavy neutrino mixin
effects tend to vanish~even if mixing is large!; that is, for
As@mN, 4mN

2 /s→0, and as a resultDM̃* n→0.
~iv! Since the muons are massive and may therefore

found in wrong helicity states, thes-wave scattering ampli-
tude which exists in this case~caseJ050) grows asAs for
the production of longitudinally polarizedW bosons@(l,l̄)
01730
-

-

e
all
e

u-

e

5(0,0)#. In the SM, this is canceled by theH-exchange con-
tribution. To see the effects of heavy neutrino mixing on th
cancellation, we considermR(L)

1 mR(L)
2 →WL

1WL
2 , that is the

J050, Ds50 case. Foru590°, from Eqs.~8!–~13! we
haveM̃g50, M̃Z50,

M̃H52
mm

mW
2

1

4& sin2 uW
S 12

2mW
2

s D S s

s2mH
2 DAs

and

M̃* n1M̃* N5
mm

mW
2

1

4& sin2 uW

~12DM̃* n!As.

FIG. 2. The variation ofDM̃* n/uUnNu2 with ~a! As, the c.m.
energy,~b! mN , heavy neutrino mass, and~c! scattering angle~u!.
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We plot in Fig. 3 the helicity amplitudeuM̃* n1M̃* N

1M̃Hu as a function ofAs for heavy neutrino massmN
550 GeV, 100 GeV anduUnNu250.1 ~small mixing!,
uUnNu250.9 ~large mixing! @2# along with SM expectations
We takemm5105.658 MeV, mW580.41 GeV @2#. For the
Higgs-boson mass, we take a representative valuemH
5125 GeV@14#. Our conclusions are summarized below.

IV. CONCLUSIONS

We considered heavy neutrino mixing effects in the he
ity amplitudes for the processm1m2→W1W2. We param-
etrized the mixing effects of heavy neutrino mixing as a fra

FIG. 3. The variation ofuM̃* n1M̃* N1M̃Hu with As for various
values of the heavy neutrino massmN and mixing parameteruUnNu2

for the processmR(L)
1 mR(L)

2 →WL
1WL

2 at u590°.
d

ev

r-
l-

01730
-

-

tional changeDM̃* n in the helicity amplitude contribution
from the t-channelnm exchange diagram. We find the fo
lowing.

~i! DM̃* n,uUnNu2, whereUnN is the heavy neutrino mix-
ing parameter.

~ii ! The dependence ofDM̃* n on ~a! As, ~b! mN , and~c!
u is as shown in Fig. 2.

~iii ! We note from the data for Fig. 2 that formN

510 GeV at As5200 GeV, DM̃* n50.007uUnNu2 and for
mN510 GeV at As5800 GeV, DM̃* n50.00002uUnNu2.
Thus, even if the neutrino mixing parameterUnN is large,
say, uUnNu2;1, then in the high energy limit (As
5800 GeV! the fractional changeDM̃* n;0.002% formN

510 GeV andDM̃* n;0.8% formN550 GeV. At extremely
high energies~i.e., As@mN), the heavy neutrino mixing ef-
fects tend to vanish (DM̃* n→0).

~iv! From Fig. 3 we note that at low energies the neutri
mixing effectively reduces the neutrino exchange contrib
tion, enhancing the value of uM̃* (neutrino)
1M̃ (Higgs boson)u contribution in comparison to the SM
value. At high energies, the neutrino mixing effects decrea
In the limit As→`, as DM̃* n→0, the neutrino mixing ef-
fects tend to vanish even ifuUnNu2 is large.
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