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We study the potential of future high energy eþe� colliders to probe excited neutrino signals in

different channels coming from the single production process via gauge interactions. We calculate the

production cross section, decay widths, and branching ratios of excited spin-3=2 neutrinos according to

their effective currents and we compare them with those of the spin-1=2 ones. The signals and

corresponding backgrounds are examined in detail to get accessible limits on the masses and couplings

of excited spin-3=2 neutrinos.
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I. INTRODUCTION

Phenomenologicaly, an excited lepton can be considered
as a heavy lepton sharing leptonic quantum number (fla-
vor) with the corresponding standard model (SM) lepton.
Excited leptons (l�) are suggested by a composite model of
leptons [1,2]. The compositeness of leptons and quarks is
characterized by a large mass scale �. The lepton compo-
siteness would be the most pronounced in the excess of
high-pT events in the forthcoming high energy experi-
ments. If leptons are composites, they can be assigned to
spin-1=2 bound states, containing three spin-1=2 or
spin-1=2 and spin-0 subparticles. Bound states and/or ex-
cited states of spin-3=2 leptons are possible with three
spin-1=2 [1] or spin-1=2 and spin-1 subparticles in the
framework of compositeness. Composite leptons in the
enlarged groups of standard theory would also imply
spin-3=2 leptons [3,4]. Further motivation for spin-3=2
particles comes from the supergravity where a spin-3=2
gravitino is the superpartner of the graviton [5]. Massive
spin-3=2 excited neutrinos with the analogous heavy
spin-1=2 excited ones can be produced at future high
energy colliders through their effective interactions with
the ordinary leptons. In the electron-positron collisions,
pair production of excited spin-3=2 neutrinos can also be
performed, but it is limited kinematically by m� <

ffiffiffi
s

p
=2,

while single production can directly reach masses as high
as

ffiffiffi
s

p
. Furthermore, an excited neutrino could contribute to

the pair production of charged weak bosons through its
exchange in the t channel [6].

The mass limits for an excited spin-1=2 neutrino from its
single production search are m� > 190 GeV and m� >
102:6 GeV from their pair production [7] assuming f ¼
�f0, where f and f0 are the scaling factors for the gauge
couplings of SUð2Þ and Uð1Þ. Relatively small mass limits
are obtained for f ¼ f0. In this case, the mass limits for the
excited spin-1=2 neutrinos are m��

e
> 101:7 GeV, m��

�
>

101:8 GeV, and m��
�
> 92:9 GeV [7]. Recently, a search

for the excited spin-1=2 neutrinos has been performed by
the H1 Collaboration [8] assuming f ¼ f0 and f=� ¼
1=m�, with an exclusion limit for the mass range of excited
neutrino m� < 213 GeV at 95% C.L.
Excited spin-1=2 leptons were studied at hadron col-

liders in [9–11] by taking into account possible back-
grounds. Excited fermions have been studied at eþe�
and ep colliders [12,13]. These studies have shown that
excited spin-1=2 lepton masses up to 2 TeV can be probed
at the CERN LHC. Our previous work on excited spin-3=2
electrons [14] shows that they can be distinguished from
the spin-1=2 ones by analyzing the angular distribution of
final state observable particles. This study is a continuation
of the previous search for excited electrons [14]. An analy-
sis of the production and decay processes of single heavy
spin-3=2 neutrinos was performed in [15,16] in the frame
of two phenomenological currents without taking into
account possible backgrounds from the collisions.
In this study, we consider excited neutrino production in

more detail (since excited spin-3=2 neutrinos are least
studied compared to the excited spin-1=2 ones). We take
into account the signals in different decay channels of
excited neutrinos as well as the corresponding back-
grounds at the International Linear Collider (ILC) [17]
with

ffiffiffi
s

p ¼ 0:5 TeV and Compact Linear Collider (CLIC)
[18] with an optimal design energy of

ffiffiffi
s

p ¼ 3 TeV. We
present the missing transverse momentum distributions for
single production of excited spin-3=2 and spin-1=2 neutri-
nos. The shape of these distributions would help to dis-
criminate the signals from the background.

II. PHENOMENOLOGICAL CURRENTS

First, we consider the interaction between a spin-1=2
excited neutrino, a gauge boson (V ¼ �, Z, W�), and the
SM lepton described by the effective current:

J
�
1=2 ¼

ge
2�

�uðk; 1=2Þi���q�ð1� �5ÞfVuðp; 1=2Þ; (1)

where� is the scale of new physics responsible for the new
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interactions, k, p and q are the four-momentum of the SM
neutrino (electron), excited spin-1=2 neutrino and gauge
boson �, ZðW�Þ, respectively. ge is the electromagnetic

coupling constant, ge ¼
ffiffiffiffiffiffiffiffiffiffi
4��

p
. fV is the electroweak

coupling parameter corresponding to the vector boson V.
In Eq. (1), ��� ¼ ið���� � ����Þ=2 with �� being the
Dirac matrices. For an excited spin-1=2 neutrino, three
decay channels are possible: radiative decay �� ! ��,
neutral weak decay �� ! �Z, and charged weak decay
�� ! eW. Neglecting the ordinary lepton masses we find
decay widths as

�ðl�ð1=2Þ ! lVÞ ¼ �m�3

4�2
f2V

�
1� m2

V

m�2

�
2
�
1þ m2

V

2m�2

�
; (2)

where f� ¼ ðf� f0Þ=2, fZ ¼ ðf cot�W þ f0 tan�WÞ=2,
fW ¼ f=

ffiffiffi
2

p
sin�W , andmV is the mass of the gauge boson.

The parameters f and f0 are determined by the composite
dynamics, and they can be defined as q2-dependent form
factors. In the literature, they are often taken as f ¼ f0 ¼ 1
or f ¼ �f0 ¼ 1 with � ¼ m�. The total decay width of
the excited spin-1=2 neutrino is � ¼ 3:4ð6:9Þ GeV for
m� ¼ 0:5ð1Þ TeV at f ¼ f0 ¼ 1 and� ¼ m�. The branch-
ing ratios of the excited spin-1=2 neutrinos were presented
in a previous work [19]. One may note that the electro-
magnetic interaction between excited neutrino and ordi-
nary neutrino vanishes for f ¼ f0. For f ¼ f0 ¼ 1, the
charged-current decays become dominant for higher
mass values m� > 150 GeV, while f ¼ �f0 ¼ 1, and the
branching ratio is�60% for the eW channel. Their relative
importance depends on the gauge boson mass and cou-
plings. At f ¼ �f0 ¼ 1 the branchings will be 60% for the
W channel, 12% for the Z channel, and 28% for the �
channel at higher excited spin-1=2 neutrino masses (m� >
500 GeV). Therefore, the signature of �� ! eW is prefer-
able in both cases for the investigation of an excited
neutrino in future linear collider experiments.

Second, the phenomenological currents for the interac-
tions among the spin-3=2 excited neutrino, the gauge bo-
son, and the SM lepton are given by

J�1 ¼ geuðk; 1=2Þðc1V � c1A�5Þu�ðp; 3=2Þ; (3)

J
�
2 ¼ ge

�
uðk; 1=2Þq	��ðc2V � c2A�5Þu	ðp; 3=2Þ; (4)

J
�
3 ¼ ge

�2
uðk; 1=2Þq	i���q�ðc3V � c3A�5Þu	ðp; 3=2Þ;

(5)

where u�ðp; 3=2Þ represents the Rarita-Schwinger vector
spinor [20], ciV and ciA are the vector and axial vector
couplings, and the four momenta q� ¼ ðp� kÞ� belongs
to the vector boson. A spin-3=2 excited neutrino (��)
decays via a two-body process according to the phenome-
nological currents Eqs. (3)–(5). The radiative and weak
decay widths of excited spin-3=2 neutrinos for three differ-

ent currents can be written similar to that of the excited
spin-3=2 electrons [14].
The relative importance of higher dimension operators is

not essential when�>m�. Taking� ¼ m� ¼ 0:5ð1Þ TeV
and ciV ¼ ciA ¼ 0:5, we find the total decay widths of the
excited spin-3=2 neutrinos as �1 ¼ 3:9ð24:6Þ GeV, �2 ¼
2:7ð22:2Þ GeV, and �3 ¼ 0:23ð0:48Þ GeV for the currents
J1, J2, and J3, respectively. For this parametrization the
decay widths of the excited spin-3=2 neutrino with ciV ¼
ciA ¼ 0:5 for different mass values are identical to those of
excited spin-3=2 electrons. One can note that even at � ¼
m� and equal couplings, the values of the decay widths
become different, because there are different radiative
contributions for each current and the 
 term affects these
channels differently. For equal couplings ciV ¼ ciA ¼ 0:5
and � ¼ m�, the branchings for the weak decays corre-
sponding to the current J1 and J2 become dominant for
m� * 200 GeV. The radiative and the weak decay chan-
nels with the same couplings have equal probability for the
current J3 when m� * 500 GeV.

III. CROSS SECTIONS

The spin-1=2 and spin-3=2 excited neutrinos can be
produced singly at future eþe� colliders, namely, ILC
and CLIC. The Feynman diagrams contributing to the
single production of excited neutrinos via the s-channel
Z, the � exchange, and the t-channel W exchange are
shown in Fig. 1.
One may note that pair production of an excited neutrino

in the t-channel W exchange is also possible with the
currents given in the previous section. In the s-channel,
pair production of excited neutrinos of any type could also
be possible if their interactions with a photon and a Z boson
are defined. On the other hand, the single production of ��

�

and ��
� with the s-channel process is possible with and

without the lepton flavor violating coupling.
Recently, spin-1=2 excited neutrinos have been studied

at the ILC energy
ffiffiffi
s

p ¼ 0:5 TeV in [19]. The �� ! eW
signal has been searched for an easy identification and
accurate measurements in a linear collider environment.
The results show that the spin-1=2 excited neutrino can be
probed up to the massm� ¼ 450 GeV in the charged weak

FIG. 1. Feynman diagrams for single excited spin-3=2 or
spin-1=2 neutrino production in eþe� collisions.
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decay channel when the coupling parameters are taken as
f ¼ f0 ¼ 0:1 for � ¼ m�.

In order to calculate the cross sections for eþe� ! ��
e ��e

processes for three phenomenological spin-3=2 currents
J1, J2, and J3, we integrate over the Mandelstam variable
t (or cos�) of the diffential cross section

d�

dt
¼ g2e

24m�2�s2
X

i�j¼1;3

TðkÞ
ij

PðkÞ
ij

; (6)

where we use the expressions TðkÞ
ij and PðkÞ

ij as given in the

Appendix. Total cross sections as a function of excited
neutrino mass are presented in Figs. 2–4 at center of
mass energies

ffiffiffi
s

p ¼ 0:5 and
ffiffiffi
s

p ¼ 3 TeV.

One can see from Figs. 2 and 3, the excited spin-3=2
neutrinos with current J3 (having only c�i or cZi couplings)
have a cross section larger than the other two currents (J1
and J2) when their mass is below 1.8 TeV and when they
are produced at

ffiffiffi
s

p ¼ 3 TeV. The cross section for the
��ðJ3Þ via t-channel W exchange becomes more visible
belowm� < 1:4 TeV, as shown in Fig. 4. Depending on the
couplings ciV , ciA their (currents) relative importance
(changes in the cross section for the interested mass range)
becomes more pronounced compared to the excited
spin-1=2 neutrinos.
In order to differentiate the spin-3=2 and spin-1=2 ex-

cited neutrino signals we plot the differential cross sections
as a function of pT in Figs. 5–7. The distributions of
missing pT for the single production of the spin-1=2 and
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FIG. 3. Excited neutrino production cross section as a function of the mass at ILC with
ffiffiffi
s

p ¼ 0:5 TeV (left panel) and CLIC withffiffiffi
s

p ¼ 3 TeV (right panel). Solid, dotted, dashed, and dot-dashed lines denote spin-1=2 and spin-3=2 currents Jð1=2Þ, J1, J2, and J3
currents, respectively. Here, we take f ¼ f0 ¼ 1 and cZiV ¼ cZiA ¼ 0:5 with � ¼ m�.
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FIG. 2. Excited neutrino production cross section as a function of the mass at the ILC energy
ffiffiffi
s

p ¼ 0:5 TeV (left panel) and CLIC
energy

ffiffiffi
s

p ¼ 3 TeV (right panel). Solid, dotted, dashed, and dot-dashed lines denote spin-1=2 current Jð1=2Þ for f ¼ �f0 ¼ 1, and the
spin-3=2 with J1, J2, J3 currents for c�iV ¼ c�iA ¼ 0:5, respectively.
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FIG. 4. Excited neutrino production cross section as a function of the mass at ILC (left panel) and CLIC (right panel). Solid, dotted,
dashed, and dot-dashed lines denote spin-1=2 and spin-3=2 currents for f ¼ �f0 ¼ 1 and cWiV ¼ cWiA ¼ 0:5, respectively. Here we take
� ¼ m�.
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FIG. 5. The missing pT distribution taking into account the coupling c�iV ¼ c�iA ¼ 0:5 for spin-3=2 currents and f ¼ �f0 ¼ 1 for
spin-1=2 currents with � ¼ m�, where m� ¼ 350 GeV for ILC and m� ¼ 1 TeV for CLIC.

20 40 60 80 100 120

pT GeV

1. 10 6

0.0001

0.01

1

d
dp

T
pb

G
eV

J3 3 2
J2( 3 2
J1 3 2
J 1 2

200 400 600 800 1000 1200

pT GeV

0.0001

0.01

1

d
dp

T
pb

G
eV

J3 3 2
J2( 3 2
J1 3 2
J 1 2

1. 10 6σ σ

FIG. 6. The missing pT distribution taking into account the coupling cZiV ¼ cZiA ¼ 0:5 for spin-3=2 currents and f ¼ f0 ¼ 1 for
spin-1=2 currents with � ¼ m�, where we take m� ¼ 350 GeV for ILC and m� ¼ 1 TeV for CLIC.
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spin-3=2 excited neutrinos show different behaviors.
Furthermore, the production of the excited spin-3=2 neu-
trino with J3 interactions leads to different missing pT

distributions from the others (J1 and J2). Concerning the
final state we consider three decay channels of signal �� !
��, �� ! e�Wþ, and �� ! �Z for an excited neutrino.
These lead to the final state with �þ p6 T , e

� þ 2jþ p6 T ,
and ‘þ‘� þ p6 T as shown in Table I. At the ILC energy offfiffiffi
s

p ¼ 500 GeV, the shape of the missing transverse mo-

mentum p6 T for the signal concerning eþe� ! Wþe� ��
process behaves different from that of the corresponding
background in Fig. 8. However, at higher center of mass
energies the currents J1ð3=2Þ and J2ð3=2Þ show similar
behavior with the background especially at low p6 T region.

IV. ANALYSIS

In order to perceive the excited neutrino signals from the
background we can put some cuts on the final state ob-
servable particles and a cut on the missing transverse
momentum. In general, by applying suitable cuts the signal
can be more pronounced over the background. For the
acceptance of interested events we apply the following
initial cuts:

pe;�
T > 20 GeV; (7)
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FIG. 7. The missing pT distribution taking into account the coupling cWiV ¼ cWiA ¼ 0:5 for the currents Jið3=2Þ and f ¼ �f0 ¼ 1 for
Jð1=2Þ with � ¼ m�, where we used m� ¼ 350 GeV for ILC and m� ¼ 1 TeV for CLIC.

TABLE I. Final states for single excited neutrino production.

Decay mode Production eþe� ! ����

Radiative ����
Charged current ��e�2j
Neutral current ���lþl�
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FIG. 8. Missing pT distributions of background processes eþe� ! �� ��, eþe� ! Z� ��, and eþe� ! Wþe� �� at ILC (left panel) and
CLIC (right panel) energies.
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j�e;�j< 2:5; (8)

where pT is the transverse momentum of the final state
detectable particle, and � denotes pseudorapidity. Since
the neutrino can be identified as the missing transverse
momentum, we can also apply the same cut on the p6 T .
After applying these cuts we find the total cross section for

the SM background as 1.062 (2.049) pb, 0.329 (2.083) pb,
and 0.918 (0.463) pb at

ffiffiffi
s

p ¼ 0:5ð3Þ TeV for the eþe� !
� ���, eþe� ! � ��Z, and eþe� ! e��Wþ processes, re-
spectively. The program CALCHEP [21] is used to calculate
the background cross sections with suitable cuts. In the
analysis, we take into account one coupling ciV , ciA is kept
free while the others are assumed to vanish. We present the

TABLE III. The signal cross sections (in pb) for c�iV ¼ c�iA ¼ 0:5 and f ¼ �f0 ¼ 1 for excited neutrinos at
ffiffiffi
s

p ¼ 3 TeV. Here we
take � ¼ m�.

m� (GeV) Jð1=2Þ J1ð3=2Þ J2ð3=2Þ J3ð3=2Þ
P

iJið3=2Þ
250 4:97� 100 6:90� 10�2 1:73� 101 1:35� 103 1:37� 103

500 1:13� 100 2:00� 10�2 1:00� 100 2:01� 101 2:11� 101

1000 2:80� 10�1 6:70� 10�3 4:60� 10�2 2:50� 10�1 3:03� 10�1

1500 1:29� 10�1 3:50� 10�3 4:90� 10�3 1:40� 10�2 2:24� 10�2

2000 7:60� 10�2 1:70� 10�3 5:10� 10�4 9:10� 10�4 3:12� 10�3

2500 5:00� 10�2 5:00� 10�4 2:10� 10�5 2:70� 10�5 5:48� 10�4

2750 4:20� 10�2 1:30� 10�4 1:14� 10�6 1:29� 10�6 1:32� 10�4

TABLE II. The cross section (in pb) for the spin-3=2 signal for c�iV ¼ c�iA ¼ 0:5 and spin-1=2 signal for f ¼ �f0 ¼ 1 at
ffiffiffi
s

p ¼
0:5 TeV. Here we take � ¼ m�.

m� (GeV) Jð1=2Þ J1ð3=2Þ J2ð3=2Þ J3ð3=2Þ
P

iJið3=2Þ
200 5:36� 100 1:85� 10�1 6:49� 10�1 2:60� 100 3:43� 100

250 3:21� 100 1:27� 10�1 1:76� 10�1 4:90� 10�1 7:93� 10�1

300 2:05� 100 8:50� 10�2 4:70� 10�2 9:90� 10�2 2:31� 10�1

350 1:43� 100 5:10� 10�2 1:10� 10�2 1:80� 10�2 8:00� 10�2

400 9:50� 10�1 2:50� 10�2 1:17� 10�3 2:30� 10�3 2:85� 10�2

475 3:30� 10�1 1:80� 10�3 5:10� 10�6 5:40� 10�6 1:81� 10�3

TABLE IV. The signal cross section (in pb) for cZiV ¼ cZiA ¼ 0:5 and f ¼ f0 ¼ 1 for the excited neutrinos at
ffiffiffi
s

p ¼ 0:5 TeV. Here we
take � ¼ m�.

m� (GeV) Jð1=2Þ J1ð3=2Þ J2ð3=2Þ J3ð3=2Þ
P

iJið3=2Þ
200 5:68� 100 7:00� 10�2 2:40� 10�1 9:90� 10�1 1:30� 100

250 3:82� 100 4:80� 10�2 6:70� 10�2 1:90� 10�1 3:05� 10�1

300 2:61� 100 3:20� 10�2 1:80� 10�2 3:80� 10�2 8:80� 10�2

350 1:84� 100 2:00� 10�2 4:20� 10�3 6:90� 10�3 3:11� 10�2

400 1:27� 100 9:50� 10�3 6:40� 10�4 8:80� 10�4 1:10� 10�2

475 4:40� 10�1 6:80� 10�4 1:92� 10�6 2:07� 10�6 6:84� 10�4

TABLE V. The cross sections (in pb) for cZiV ¼ cZiA ¼ 0:5 and f ¼ f0 ¼ 1 for excited neutrinos at
ffiffiffi
s

p ¼ 3 TeV, and � ¼ m�.

m� (GeV) Jð1=2Þ J1ð3=2Þ J2ð3=2Þ J3ð3=2Þ P
iJið3=2Þ

250 5:95� 100 2:50� 10�2 6:15� 100 4:80� 102 4:86� 102

500 1:50� 100 7:00� 10�3 3:60� 10�1 7:16� 100 7:53� 100

1000 3:90� 10�1 2:40� 10�3 1:60� 10�2 9:00� 10�2 1:08� 10�1

1500 1:79� 10�1 1:30� 10�3 1:70� 10�3 4:80� 10�3 7:80� 10�3

2000 1:05� 10�1 6:10� 10�4 1:80� 10�4 3:20� 10�4 1:11� 10�3

2500 7:00� 10�2 1:80� 10�4 7:54� 10�6 9:74� 10�6 1:97� 10�4

2750 5:90� 10�2 4:80� 10�5 4:10� 10�7 4:60� 10�7 4:89� 10�5
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signal cross sections in Tables II–V. In Tables VI and VII
we give the cross sections for the signal and background in
the relevant mass intervals.

We examine the single production of excited spin-3=2
and spin-1=2 neutrinos in the decay channels ��, �Z, and
e�W�. Concerning the final states we choose W boson
decay hadronically and Z boson decay leptonically, be-
cause of the uncertainty from the neutrinos in the final
state. The corresponding backgrounds can be studied by

applying the cuts on the transverse momentum and pseu-
dorapidities of final state leptons and jets. Furthermore, a
way of extracting the excited neutrino signal is to impose a
cut jmejj �m�j< 25 GeV on the ejj invariant mass for

the charged weak decay channels of ��. This cut can be
relaxed for higher mass values of ��. Form� > 1:5 TeVwe
apply an invariant mass cut mejj > 1 TeV for a clean

detection of the signal.

TABLE VI. The signal and background cross sections (in pb) after the cuts. The signal cross section is given for � ¼ m� and
cWiV ¼ cWiA ¼ 0:5 for the spin-3=2 and f ¼ �f0 ¼ 1 for the spin-1=2 at

ffiffiffi
s

p ¼ 0:5 TeV. We have used �m ¼ 50 GeV.

m� (GeV) Jð1=2Þ J1ð3=2Þ J2ð3=2Þ J3ð3=2Þ
P

iJið3=2Þ �Bð�mÞ
200 8:82� 100 2:30� 100 3:61� 100 7:70� 100 1:36� 101 9:36� 10�2

250 5:81� 100 1:83� 100 2:39� 100 2:75� 100 6:97� 100 9:12� 10�2

300 4:02� 100 1:52� 100 1:76� 100 1:25� 100 4:53� 100 9:65� 10�2

350 2:82� 100 1:26� 100 1:32� 100 6:60� 10�1 3:24� 100 1:21� 10�1

400 1:97� 100 9:50� 10�1 9:10� 10�1 3:60� 10�1 2:22� 100 1:69� 10�1

475 6:70� 10�1 2:80� 10�1 2:10� 10�1 9:50� 10�2 5:85� 10�1 1:23� 10�1

TABLE VII. The signal and background cross sections (in pb) after the cuts. The cross section is given for � ¼ m� and cWiV ¼
cWiA ¼ 0:5 for the spin-3=2 and f ¼ �f0 ¼ 1 for the spin-1=2 signal at

ffiffiffi
s

p ¼ 3 TeV.

m� (GeV) Jð1=2Þ J1ð3=2Þ J2ð3=2Þ J3ð3=2Þ
P

iJið3=2Þ �Bð�mÞ
250 9:01� 100 1:23� 100 2:08� 101 1:54� 103 1:56� 103 1:96� 10�2

500 2:35� 100 3:70� 10�1 1:70� 100 2:69� 101 2:89� 101 1:69� 10�2

1000 6:00� 10�1 1:60� 10�1 2:70� 10�1 6:50� 10�1 1:08� 100 1:00� 10�2

1500 2:76� 10�1 1:20� 10�1 1:50� 10�1 1:00� 10�1 3:70� 10�1 1:83� 10�1

2000 1:62� 10�1 1:10� 10�1 1:20� 10�1 3:50� 10�2 2:65� 10�1 1:83� 10�1

2500 1:08� 10�1 1:00� 10�1 1:00� 10�1 1:70� 10�2 2:17� 10�1 1:83� 10�1

2750 9:00� 10�2 9:70� 10�2 9:00� 10�2 1:30� 10�2 2:00� 10�1 1:83� 10�1
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FIG. 9. Statistical significance as a function of excited neutrino mass for different spin-3=2 currents with the couplings c�iV ¼ c�iA ¼
0:5, and spin-1=2 current with f ¼ �f0 ¼ 1 at

ffiffiffi
s

p ¼ 0:5 TeV (left panel) and
ffiffiffi
s

p ¼ 3 TeV (right panel) using an integrated
luminosity of Lint ¼ 200 fb�1 for ILC and Lint ¼ 400 fb�1 for CLIC energies.
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For the analysis we define the statistical significance
(SS) of the signal as

SS ¼ �Sffiffiffiffiffiffiffi
�B

p
ffiffiffiffiffiffi
�L

p
;

where Lint is the integrated luminosity of the collider and �
is the efficiency to detect the signal in the chosen channel.
In the �� ! �� and �� ! �Z channels, we have used the
cross section for the signal and background to calculate the
significance. Requiring SS > 3 the attainable mass range
covers up to m� � 1:3–1:5 TeV (as seen from Figs. 9–11)
for an excited spin-3=2 neutrino at CLIC with

ffiffiffi
s

p ¼
3 TeV. For the �� ! eW channel, the values of the sig-

nificance are evaluated at each mass value (invariant mass
intervals) and the results are presented in Fig. 11 for the
discovery reach for excited spin-3=2 and spin-1=2 neutri-
nos. A smaller coupling cWiV ¼ cWiA ¼ 0:05 can be reached

in the �� ! eW channel. At the ILC, the attainable mass
ranges for spin-3=2 charged currents can be covered up to
the center of mass energy.
Here, we have used three different phenomenological

currents for the spin-3=2 excited neutrino interactions. We
also calculate all their contributions for the same value of
the couplings. The results are given in the last column of
Tables II–V and the sixth columns of Tables VI and VII.
The contributions to the cross section from different cur-
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FIG. 10. Statistical significance as a function of excited neutrino mass for different spin-3=2 currents with the couplings cZiV ¼
cZiA ¼ 0:5, and spin-1=2 current with f ¼ f0 ¼ 1 at

ffiffiffi
s

p ¼ 0:5 TeV (left panel) and
ffiffiffi
s

p ¼ 3 TeV (right panel) using an integrated

luminosity of Lint ¼ 200 fb�1 for ILC and Lint ¼ 400 fb�1 for CLIC energies.
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FIG. 11. Statistical significance as a function of excited neutrino mass for different spin-3=2 currents with the couplings cWiV ¼
cWiA ¼ 0:05, and spin-1=2 current with f ¼ �f0 ¼ 1 at

ffiffiffi
s

p ¼ 0:5 TeV (left panel) and
ffiffiffi
s

p ¼ 3 TeV (right panel) using an integrated

luminosity of Lint ¼ 200 fb�1 for ILC and Lint ¼ 400 fb�1 for CLIC energies.
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rents can be comparable at some parameter space. Their
relative importance will depend on the excited neutrino
mass value and the couplings, in case the contributions
from different currents present at the same time also
change the significance of the signal in the interested
channels.

V. CONCLUSION

We consider only the gauge interactions of excited
spin-1=2 and spin-3=2 particles with the SM particles.
Our analysis shows that spin-3=2 excited neutrinos can
be easily separated from the spin-1=2 ones by examining
both the transverse momentum distributions of final state
visible and invisible particles when they produce singly at
future linear colliders. If polarized eþ and e� beams are
used the chiral structure of the couplings can be identified
and more precise measurements can be performed at the
ILC and CLIC environments.

Since the currents for spin-3=2 have unknown couplings,
it is reasonable to treat one current at a time by neglecting
the interference effects for the sake of simplicity. However,
we also mention that in a full fledged calculation (e.g., by
helicity methods or others), the interference effects could
be important in some parameter space.

Excited neutrinos can come in three families, ��
e, �

�
�,

and ��
�. This study for �

�
e can also be enlarged by applying

similar analysis to the excited muon neutrinos and tau
neutrinos at the future high energy linear colliders, and
their signal distribution would be very different from that
for �e� when they are produced in the t-channel diagrams
with the flavor violating coupling.
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APPENDIX

In Eq. (6) the operator terms Tð1Þ
ij and propogators Pð1Þ

ij

for the spin-3=2 excited neutrino interaction current J1 are
given as

Tð1Þ
11 ¼ �g2eðc�1A2 þ c�1V

2Þðm�2 � sÞð�tðsþ tÞ þm�2ð2sþ tÞÞ;
Tð1Þ
12 ¼ ½�gegzðm2

Z � sÞðc�1AðcZ1VcfAm�2sðm�2 � s� 2tÞ þ cZ1Ac
f
Vðstðsþ tÞ þm�4ð2sþ tÞ �m�2ð2s2 þ 2stþ t2ÞÞÞ

þ c�1VðcZ1AcfAm�2sðm�2 � s� 2tÞ þ cZ1Vc
f
Vðstðsþ tÞ þm�4ð2sþ tÞ �m�2ð2s2 þ 2stþ t2ÞÞÞÞ=2;

Tð1Þ
13 ¼ ½�gegwðcW1A � cW1VÞðc�1A � c�1VÞððm�4 þ stÞðsþ tÞ �m�2ðs2 þ t2ÞÞ	=4 ffiffiffi

2
p

;

Tð1Þ
22 ¼ ½�g2zð4cZ1AcZ1VcfAcfVm�2sðm�2 � s� 2tÞ þ ðcZ1A2 þ cZ1V

2Þððcf2A þ cf2V Þðm�2 � sÞð�tðsþ tÞ þm�2ð2sþ tÞÞÞ	=4;
Tð1Þ
23 ¼ ½�gegwððcW1A � cW1VÞðcZ1A � cZ1VÞðcfA þ cfVÞðm2

z � sÞððm�4 þ stÞðsþ tÞ �m�2ðs2 þ t2ÞÞÞ	=8 ffiffiffi
2

p
;

Tð1Þ
33 ¼ ½�g2wððcW1A2 þ cW1V

2Þð�m�2 þ tÞðsðsþ tÞ �m�2ðsþ 2tÞÞÞ þ 2cW1Ac
W
1Vm

�2ðm�2 � 2s� tÞt	=4;

and

Pð1Þ
11 ¼ s2; Pð1Þ

12 ¼ sðm4
z þ s2 þm2

zð�2sþ �2
ZÞÞ; Pð1Þ

13 ¼ sðm2
w � tÞ;

Pð1Þ
22 ¼ ðm4

z þ s2 þm2
zð�2sþ �2

ZÞÞ;

Pð1Þ
23 ¼ ðm2

w � tÞðm4
z þ s2 þm2

zð�2sþ �2
ZÞÞ; Pð1Þ

33 ¼ ðm2
w � tÞ2:

The Tð2Þ
ij and Pð2Þ

ij terms for the current J2 are given by
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Tð2Þ
11 ¼ �g2eðc�2A2 þ c�2V

2Þðm�2 � sÞ2ð�s2 � 2st� 2t2 þm�2ðsþ 2tÞÞ=2;
Tð2Þ
12 ¼ ½gegzðm�2 � sÞ2ð�m2

z þ sÞðc�2AðcZ2VcfAsðm�2 � s� 2tÞ þ cZ2Ac
f
Vð�s2 � 2st� 2t2 þm�2ðsþ 2tÞÞÞ

þ c�2VðcZ2AcfAsðm�2 � s� 2tÞ þ cZ2Vc
f
Vð�s2 � 2st� 2t2 þm�2ðsþ 2tÞÞÞÞ	=4;

Tð2Þ
13 ¼ ½�gegwðcW2A þ cW2VÞðc�2A þ c�2VÞðm�2 � s� tÞðsþ tÞðm�4 � st�m�2ðsþ tÞÞ	=4 ffiffiffi

2
p

;

Tð2Þ
22 ¼ ½�g2zðm�2 � sÞ2ð�4cZ2Ac

Z
2Vc

f
Ac

f
Vsð�m�2 þ sþ 2tÞ

þ ðcZ2A2 þ cZ2V
2Þððcf2A þ cf2V Þð�s2 � 2st� 2t2 þm�2ðsþ 2tÞÞÞÞ	=8;

Tð2Þ
23 ¼ ½�gzgwððcW2A þ cW2VÞðcZ2A þ cZ2VÞðcfA þ cfVÞðm2

z � sÞðsþ tÞð�m�2 þ sþ tÞðsþ tÞð�m�4 þ stþm�2ðsþ tÞÞÞ	=8 ffiffiffi
2

p
;

Tð2Þ
33 ¼ ½�g2wðð�m�2 þ tÞ2ð2cW2AcW2Vðm�2 � 2s� tÞtþ ðcW2A2 þ cW2V

2Þð�2s2 � 2st� t2 þm�2ð2sþ tÞÞÞÞ	=4;
and

Pð2Þ
11 ¼ s2�2; Pð2Þ

12 ¼ sðm4
z þ s2 þm2

zð�2sþ �2
ZÞÞ�2; Pð2Þ

13 ¼ sðm2
w � tÞ�2;

Pð2Þ
22 ¼ ðm4

z þ s2 þm2
zð�2sþ �2

ZÞÞ�2;

Pð2Þ
23 ¼ ðm2

w � tÞðm4
z þ s2 þm2

zð�2sþ �2
ZÞÞ�2; Pð2Þ

33 ¼ ðm2
w � tÞ2�2:

The Tð3Þ
ij and Pð3Þ

ij terms for the current J3 are given by

Tð3Þ
11 ¼ �g2eðc�3A2 þ c�3V

2Þðm�2 � sÞ2ðm�4 þ 2tðsþ tÞ �m�2ðsþ 2tÞÞ=2;
Tð3Þ
12 ¼ ½�gegzðm�2 � sÞ2ð�m2

z þ sÞðc�3AðcZ3VcfAm�2ðm�2 � s� 2tÞ � cZ3Ac
f
Vðm�4 þ 2tðsþ tÞ �m�2ðsþ 2tÞÞÞ

þ c�3VðcZ3AcfAm�2ðm�2 � s� 2tÞ � cZ3Vc
f
Vðm�4 þ 2tðsþ tÞ �m�2ðsþ 2tÞÞÞÞ	=4;

Tð3Þ
13 ¼ ½�gegwðcW3A � cW3VÞðc�3A � c�3VÞðm�2 � s� tÞtðm�2ðs� tÞ þ stþm�2ð�sþ tÞÞ	=4 ffiffiffi

2
p

;

Tð3Þ
22 ¼ ½�g2zðm�2 � sÞ2sð4cZ3AcZ3VcfAcfVm�2ð�m�2 þ sþ 2tÞ

þ ðcZ3A2 þ cZ3V
2Þððcf2A þ cf2V Þðm�4 þ 2tðsþ tÞ �m�2ðsþ 2tÞÞÞ	=8;

Tð3Þ
23 ¼ ½gzgwsððcW3A � cW3VÞðcZ3A � cZ3VÞðcfA þ cfVÞðm2

z � sÞtð�m�2 þ sþ tÞð�m�2ðs� tÞ þ stþm�2ð�sþ tÞÞÞ	=8 ffiffiffi
2

p
;

Tð3Þ
33 ¼ ½�g2wðð�m�2 þ tÞ2tð2cW3AcW3Vm�2ð�m�2 þ 2sþ tÞ þ ððcW3A2 þ cW3V

2Þðm�4 þ 2sðsþ tÞ �m�2ð2sþ tÞÞÞÞ	=4;
and

Pð3Þ
11 ¼ s�4; Pð3Þ

12 ¼ ðm4
z þ s2 þm2

zð�2sþ �2
ZÞÞ�4; Pð3Þ

13 ¼ ðt�m2
wÞ�4;

Pð3Þ
22 ¼ ðm4

z þ s2 þm2
zð�2sþ �2

ZÞÞ�4; Pð3Þ
23 ¼ ðt�m2

wÞðm4
z þ s2 þm2

zð�2sþ �2
ZÞÞ�4; Pð3Þ

33 ¼ ðt�m2
wÞ2�4:
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