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Table 1. Experimental limits on the magnetic moment of the tau-neutrino.

Experiment Method Limit C.L. Reference
Borexino Solar neutrino po, <1.9x 10705 90% 15
E872 (DONUT) Accelerator vye™, Dre” po, <3.9x 10" "up 90% 16
CERN-WA-066 Accelerator py. < 5.4x10""up 90% 17
L3 Accelerator po, < 3.3x 10 %up 90% 28

1. Introduction

Experiments and theoretical studies of solar neutrino oscillation! and atmospheric
2 gave strong evidence of the nonzero mass of neutrino. A
massive neutrino can have nontrivial electromagnetic properties through radiative
correction and the coupling between neutrinos and photon is possible. The most im-
portant electromagnetic processes of the direct neutrino couplings with photon are

neutrino oscillation

e The radiative decay of a heavy neutrino into a lighter neutrino with emission of
a photon v — v + .34

e Photon decays into neutrino-antineutrino pair in plasma: v — vi2.%

Neutrino one-photon interactions are of interest since they may play a key role in
elucidating the solar neutrino puzzle, which can be explained by a large neutrino
magnetic moment® or a resonant spin flip induced by Majorana neutrinos.”8

A Dirac neutrino, with Standard Model (SM)? 1! interactions, has a magnetic

moment given by!2

B 3m.Gp 19 [ My,
vy = Wmui ~ 3 x 10 oV KB, (1)

T 1S the Bohr magneton. Current limits on these magnetic moments
are several orders of magnitude larger,'* '8 therefore a magnetic moment close to
these limits would indicate a window for probing effects induced by new physics
beyond the SM.24 Similarly, a neutrino electric dipole moment (EDM) will also
imply new physics and they will be of relevance in astrophysics and cosmology, as

where up =

well as terrestrial neutrino experiments.2°

The current best limit on pu,_  has been obtained in the Borexino experiment
which explores solar neutrinos.'® Some experimental limits on the magnetic moment
of the tau-neutrino are shown in Table 1. On the other hand, the current limit on
EDM of tau-neutrino (d,,_) is?6:27

d,, <52x1077 e-cm. (2)

Single photon events in e~e™ annihilation at the Z boson resonance is sensitive
to new physics.2!" 2% The photon signals come from main sources such as (a) initial
radiation with neutrino pair or ff pair, (b) QED event, e.g. efe™ — ffy and
(c) possible new physics signatures.
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The process e“et — ~ + “missing energy” is an efficient way to explore new
physics. In the SM, the missing energy can be carried by neutrino which comes
from the Z exchange in the s-channel and from the ¢-channel through W exchange.
Beyond SM, the “missing energy” could come from new generation of neutrinos,
radiative production of new weakly interacting particle or new particles decay into
photon.

Near the Z boson resonance, photon comes from the initial state radiation has
energy less than a few GeV and tends to be emitted along the beam. Single photon
events come from radiative production are expected to be the result of new physics
scenarios and carry a significant fraction of the beam energy and the polar angle
distribution of these photons are not as forward and backward peaked as that of
photons come from initial radiation state.

The L3 collaboration?®2? searches for new physics by manifesting the direct
coupling between the Z and photon or a direct radiative transition in the final
state, by using detector-simulated e™e™ — Uy events, random trigger events, and
large angle et e~ — eTe™ events to evaluate the selection efficiency. To select events,
the energy cluster must be greater than 15 GeV and its polar angle must be in the
range 20° < 6 < 34.5°, 44.5° < 0 < 135.5° or 145.5° < 6 < 160°.

In the SM, the bounds on p,_and d,_ have been obtained in Refs. 30 and 31
through the analysis of the process ete™ — Dry near the Z boson-resonance, and
the latter give main contribution to the bound of the u,_ and d, . Therefore, the
existence of new neutral gauge boson Z’' would give stronger bounds on p,, and
d,, as one would expect. Hence, it is natural to extend the work to find the bounds
of u,, and d,_ in beyond the Standard Model (BSM).

Additional neutral gauge bosons appear in most BSM such as left-right sym-
metric models (LRSM),323% models of composite gauge bosons®* or the SU(3)¢c x
SU(3)r x U(1)x (3-3-1) models.3*4* The bounds of y,_ and d,_ have been inves-
tigated in Refs. 45-55. However, it is possible to study some phenomenological
features associated with this extra neutral gauge boson through models with gauge
symmetry SU(3)c x SU(4), x U (1) x, also called 3-4-1 models.?®:5558 In this model
there exit two new neutral gauge bosons. Similarly to the Z boson, the main con-
tribution to the dipole moment of the neutrino is through the Z’ boson resonance
in s-channel which would result in large constraint to the neutrino dipole moment
in the above-mentioned model.

In the framework of the 3-4-1 model, the puzzle of the large magnetic moment
of neutrino with its small mass was firstly considered in Ref. 59. The interaction of
Z' boson with neutrino in this model allow the possibility of Z’ decay into a pair of
massive neutrino (I'z/_,, ). The creation of massive neutrino through Z’ resonance
at LHC is studied in Ref. 60.

Our aim in this paper is to get the bounds of the magnetic and electric dipole
moments of the neutrino by analyzing the reaction e™e™ — vy in the frame-
work of the SU(4)r x U(1)x model. We will focus on the anomalous magnetic
moment (MM) and the electric dipole moment (EDM) of massive tau-neutrino.
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The dominant contribution arises from the exchange of the Z, Z’ bosons through
s-channel.3 The dependence on the magnetic moment (1, ) and the electric dipole
moment (d,_) comes from the radiation of the photon observed by the neutrino or
antineutrino in the final state, while the main background of this reaction is initial
photon radiation and a neutrino pair. We will set limits on the tau-neutrino MM and
EDM according to the ratio of the SU(4) x U (1) x scale versus SU(2) xU(1)y scale
and for integrated luminosity of 250-1000 fb~! with center-of-mass energy between
0.25 and 1.0 TeV which can be archived in the next generation of linear colliders,
namely, the International Linear Collider (ILC)%2 and the Compact Linear Collider
(CLIC).63

This paper is organized as follows. In Sec. 2, we will briefly review the 3-4-1
model. Then in Sec. 3, we present the calculation of the process ete™ — viry in the
context of a SU(4), x U(1) x model. Finally, we present our results and conclusions
in Sec. 4.

2. Minimal 3-4-1 with Right-Handed Neutrinos

The SU(4), xU(1) x model was originally proposed in Refs. 38, 56, 57. The minimal
SU(4)r, x U(1)x model was systematically studied in Ref. 58. In this section we
will briefly review the model. The leptonic structure of the SU(4)r x U(1) x model
is arranged as

faL:(Va,la,lg,yg),f’\‘(l,ll,()), a4 =€ WU,T,

where ¢ = (vr)¢ and the charge conjugation of for,

(& j— c C C T
faR = (f(lL) = (Vavaava(LRal/aR)

One quark generation is arranged into quadruplet

3

3,1 2 d 3,1 L
U3R ) 73 ) 3R PE) 3 )
5 2
TRN (3,1,3)7 TI/%N <371,3>

The two other quark generations are arranged as antiquadruplet

2
Qs1, = (ug, do, T, 7Y% ~ (3,4, ) ,

1

3,1 2 d 3,1 L
UaqR ™~ y Ly o | aR ™ sty T o
f 3 f 3
4 1
D(x ~ 3a17_7 ) : ~ 3717_7 .
o () P (203)
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The Higgs sector consisting four Higgs quadruplets is given below

and one symmetric decuplet (10g) as

V2HY  Hy HY HY
Ho@io0)< L | B VAT HHy (4)
0 V2| oy Y VaHFt  Hf |
HY Hy HF  V2HY?

The necessary vacuum expectation value (VEV) structure is given by

() = (070,0, é)T (¢) = (o,o,ji,oy,

. . (5)
(p) = (O,ﬂ,0,0) , ()= (ﬁ,0,0,())
and
0 0 0 e
110 0 o 0
=510 o 0 o (6)
e 0 0 O

Then all fermions and gauge bosons get necessary masses.?®

In the model, the gauge sector consists six charged /non-Hermitian gauge bosons
and four neutral ones. The charged and non-Hermitian neutral gauge bosons defined
through

1
pSC = 5 > Nada, a=1,2,4,56,7,9,10,11,12,13,14
a

0 W't WL Wiy 0 w't y'— N°
1| W 0 Wy~ Wy 1| W 0o U~ X'™
el owh o owhEt oo wi | T vl Yt outt o KT
(W)™ wy, Wy o 0 (N X't KT 0
H H
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The above gauge bosons mix each other, and the physical states are deter-

mined as®®

W, = cos W, —sinbK,, K, =sin0W, + cosfK,, (8)
where the mixing angle 6 characterizing lepton number violation is given by
4 !
tan 260 = ve . (9)

V25 w2 —u2 -2
For the X — Y mixing, we obtain the physical states

Y, =cosf'Y, —sin0'X,, X, =sinf'Y]+cosd'X, (10)
with the mixing angle defined as
4 /
tan 20’ = ve (11)

V2?2 — w2 +02°
The masses of physical gauge bosons are determined as

2 2
m%vf:g—(v2+u2+v”2), m2 ~ L (V2 4 u? +0?),
4 4
(12)
9° 9°
m3 :Z(V2+v2—|—v”2), m%:z(w2+u2+v”2).

The four neutral gauge bosons are the photon and three neutral gauge bosons
labeled by Z;, 7 =1,2,3.

2.1. Charged currents

Taking into account of the mixing among singly charged gauge bosons, we can
express the above expression as follows:

—£C¢ = % (b7 Wit + T K+ T4 X+ Y+ RN U )

where
Sy = co(Pary"lar + Uy dsr, — Gary"dar)
— 59(=VarY"lar + TpY"Ty, + D 7" Dar) , (13)
J =cy (— VarV"lar + To"T] + TMVHDaL)
+ 80 (ZarV"lar + UsLydsr — tUarY"dar)
JY = co (Vi lar + Ty dsr — Tazy" D))
+ sgr (Z{TLW“VaL + Tpy"usr, + E’Y“DaL) )
JE = co (I8, v"Var + Ty usp + dary* Dar) "
— 50/ (V5" lar + Ty dar — Wazy"Diy)
I~ = 157" ar + Tey*dsy — Tar ' Dar

IN" = Vary"vioy + Ty + Dy dar -
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For precision, in the quark sector the CKM matrix will be appeared. In terms of
mass eigenstates, the current in (13) has a new form

J{/LV_ = Cp (DiL’}//LVS%/INSZjL + S0 %VHVS{\/INSZJ‘R) +oe (15)

2.2. Neutral current

The Lagrangian of the fermion is

L=iY fy"D.f+He.
f

The Lagrangian for neutral current extracted from above Lagrangian is deter-
mined as

NC _ . pupNC
L™ =gfy"P,~ [,
where P}fc is given in Ref. 58. Explicitly, the neutral current including the electro-
magnetic current is

3
—INC = et A, + % D2 Mg () = ga(hs] f
woi=1 f

where

e =gsinfy ,
g

Here, Z%%3 can be identified as Z' ~ Z, and Z%3 ~ Z} , are exact eigenstates.

. g _ 2v/2 sin Oy

V1 —4sin? 0y

From explicit calculation, the needed couplings are given by

ew (—3cs2sw — V3ew)

1
e) = s
gl (1/) =cw <1CW . C32SW)
|4 9 2\/§ )
CWCaC32

gir(e) = —W )

W (cas;:,g — 25a)

gy (v) = e :

913/(6) = _\/§CWSO¢332 )

cw (2\/§ca — Sa832)
2V/3 ’
where sy = sin Oy, cy = cos Oy and
2v/2 —/3t
532 = va

gv(v) =

32 = e, tya =
32 8+3t2 2

cw (cs2sw — V3ew)
2/3 ’
gl (1/) =cw <ch . 0328W>
A ) 2\/§ )
_ cw (CaCBQ + \/Qsa)
23 ’
2w =W (cass2 +V25q)
A 2\/§ ’
ew (Co + SaS32)
23 ’
93 (I/) o cW(ﬂca + Sa532)
A 2\/§ )

gale) =

2v/8 + 3t2w?
V2 — (7 + 3t2)w?
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Fig. 1. Feynman diagrams contributing to process ete™ — D7y in the SU(4), x U(1)x model.

3. The Total Cross-Section

The main background of the process eTe™ — Dry is from the initial gamma
radiation with a neutrino pair and photon from initial and final state radiation
with a lepton pair in which the lepton pair escape the detection (eTe™ — IT17,
1 = e, u, 7). However, the energy of this type of photon is small at order of several
GeVs and the angle distribution is along the beam (forward and backward peaked).
Therefore, in the following if we apply the phase space cut requirement for the
energy and the angle distribution, then the contribution of the background to the
cross-section is negligible.

The Feynman diagrams giving the most important contribution to the cross-
section of the process eTe™ — U,y are shown in Fig. 1. Since the W and photon
exchange diagrams amounting to just 1% corrections in the relevant kinematic
regime hence will be neglected.5*%> The main contribution comes from the s channel
through neutral gauge boson Z;.

We have assumed the normal hierarchy of neutrino mass® and since the cross-
section is proportional to the square of the lepton dipole moment meaning the
square of the lepton mass. Therefore the contribution of ve, v, is a small frac-
tion compare to v,. Besides that, the current best limit for p,_ is from Borexino
experiment!®

ty, <1.9x107 5.

The current best bound for v, is!®

. <3.0x 1072 up.

For the magnetic moment of the muon-neutrino, the current best limit has been

obtained in the LSND experiment!®

f, <68 x 107 pugp.
In the case of the electric dipole moment d,,, d,, the best limits are?Y
dy, v, <2x1072" (ecm).
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Fig. 2. Feynman diagrams of Z; — vy in the SU(4), x U(1)x model.

Combining all above conditions leads to the conclusion that the contributions
from the v, v, to the cross-section of the process ete™ — vy are negligible in
comparison with v, .

The total cross-section of the process ete™ — U,v,v can be calculated using
Breit-Wigner resonance form6”

23: An(2] + D¥ete Tonvey (16)

= (s—MZ) + METY

olete” = vvy) =

where Z;, i = 1,2,3 are the SM Z boson and two new neutral bosons, respectively,
and Lo+, , I'y, ., are the respectively decay width of Z; in the channel ete™ and
v, 7 (see Fig. 2).
The decay of Z; to ete™ has the same structure as the decay of Z boson in to
*e~. The latter is given by®”

r _ aMy, [gi(e) + gi(e)]
(Z1—ete™) 192 S%V(l — .132)

2 .
where o = - is the fine structure constant.

The decay rate of Z; to eTe™ can be calculated as

T 4oy =T . My, [gfv(e) +9?A(€)]
(Zi—ete™) (Z1—ete )le [g%v(e) +g%A(e)] .

Therefore, we can approximate I'z, as

In the following, we will investigate the decay of Z;(p) into v(k1)v(k2)v(q). The
Feynman amplitude of the above decay is

M) = 400 @) |l Gl ) = ga sl

(17)
(=19)
2ew

el (V) = 9035} )|

Ma(o) = ()" (q) [a( 2)
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where

1€
T = el (¢*)y* + 5 Fy(q*)o%"q,, + eF3(q*) 50 q,

v

is the tau-neutrino electromagnetic vertex, e is the charge of the electron, ¢ is
the photon momentum and Fj 5 3(¢?) are the electromagnetic form factors of the
neutrino, corresponding to charge radius, MM and EDM, respectively, at ¢ = 0,58
while € is the polarization vector of the photon and p and k stand for the momenta
of the Z and neutrino, respectively. In (17), the polarization of vector fields and
helicity of spinor ones are understood.

Summing over spin (s) and averaging out the Z; polarization (), the square of
the scattering amplitude is given by

(up, +d2)

1 cos2 Ow

< [(g7 (1) + g2a () (s — 2V5Ey) + g4 (v) E2 sin® 0, ],

where 6., is an angle between momenta of the photon and the neutrino. The decay
rate of gauge boson Z; — vy is therefore calculated as

2 2
alpy, +dy,
F(ziwom = / 64772]\§Zixw(1 —)xw) [(gfv(u) " g?A(V)) (s =2v3En)

+ 9ia(v)E2 sin® 0, | B dE., dcos, .

Substituting the above expression into (16), we have the total cross-section of the

+

process eTe” — Ul

o?(p, +d7,) [giv(€) + giale)]
1927 (1 —zw)?

olete” —viy) = /E dE. dcosf.,
i=1,2,3

" [(g2, (V) + g2 () (s — 2V/SEy) + g2y (v) B2 sin® 0, | .
(s—Mz,)" + Mg T,

(18)

4. Results and Conclusions

The procedure for evaluating discovery significance was reviewed in Refs. 67 and 69.
The number of expected single photon events, Neyp, is assumed to have Gaussian
distribution and equals the number of signal (Ng) plus the number of background
events (Np), Nexp = Ng + Np. The background is assumed to have Poisson dis-
tribution with mean Np and standard deviation 1o = /Np. In Ref. 28 no signal
was observed and 6 initial radiation events were found as real background with the
angular interval —0.7 < cosf, < 0.7. At 68% (1) the number of expected events
is then smaller than the upward fluctuation of the background, Nexp, < Np + VNg.
This is good approximation only when Poisson distribution approach Gaussian dis-
tribution meaning when Np is large enough (Np > 10). In this work, we roughly
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approximate with the real background, Ng = 6 events. At 1o, limits on parameters
can be found by solving

Nexp ~ 0t ,dy )L <6+ V6. (19)

The L3 detector requires energy cluster must be greater than 15 GeV and its
polar angle must lie in the range 20° < 6 < 34.5°, 44.5° < 0 < 135.5°. Therefore,
0, will be integrated over from 44.5° to 135.5° and E, from 15 GeV to 100 GeV.
The following numerical values are used:%7 sin?fy, = 0.23126 + 0.00022, M, =
91.1876 £+ 0.0021 GeV, I'z = 2.4952 4+ 0.0023 GeV. We approximate the mass of
the two new neutral bosons are of the same order (M 7, = M Zs)' Hence, the decay
rate can be approximated to have the same order I'z, =~ I'z,.

The mass of Z3, Z3 bosons can be approximated as Mgz, , = x.Mz, where x, =
i
The mass range of the new neural gauge boson investigated is O (1.3-3.9) TeV
(Refs. 67 and 70) which is equivalent to x, € (15,40). In s-channel, at the Z’
resonance, one possibility of the background of the process single photon + “missing
is the process eTe~ — Il — lly in which the pair of lepton escape the
detection. To eliminate this background, the cut requirement is applied with 44.5° <
0, < 135.5° and E, € [15,100 GeV].

We obtained the cross-section of the process eTe — vyv,y: 0 = O‘(MVT,dZ,T,

and the decay width of the Z5, Z3 bosons are approximated as: Iz,, =zTz.

)

energy’

Vs, xr). We will evaluate the cross-section as a function of the parameters of the
model, z,, which is the ratio of the symmetry breaking scale of the group SU(4)y,
and the vacuum expectation value of the SU(2); and the center-of-mass energy.
Using Eq. (19) for the number of expected events Nex, at 1o, 20, 30, we can set
the bounds of the tau-neutrino magnetic dipole moments with d,. = 0 for different
integrated luminosity £. This analysis can be used to obtain the bound on the
tau-neutrino electric dipole moment with v, = 0.

We will first calculate the magnetic moment for tau-neutrino at center-of-mass
energy /s = 189 GeV and luminosity £ = 176 pb~! as at the L3.22 At 90% we
obtain g, < 2.21 x 10~7. The limit of magnetic moment is improved by an order
of magnitude comparing to the result of the L3?% experiment.

In the following we will calculate the p, magnetic moment and d,_ electric
dipole moment at the center-of-mass and luminosity at the ILC.52 We present the
bounds obtained on the p,. magnetic moment and d,_ electric dipole moment in
Table 2 to demonstrate the order of magnitude. From Table 2 we can see that our
result is better than those given in literature3%:45-21.5455 and in agreement with
Refs. 52 and 53.

In the case of the electric dipole moment, our result shows that these bounds
are of order 107! for the 95% C.L. sensitivity limits at 1000 GeV center-of-mass
energies and integrated luminosity of 1000 fb~!. These bounds are improved by 2-3
orders of magnitude than those reported in the literature.452154,55

In Fig. 3 we evaluate the differential cross-section as a function of photon energy.
From Fig. 3, we see that the differential cross-section increases with the energy of
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do
dEg

Fig. 3.

0.004

0.003

Table 2. Bounds on the p,, magnetic moment and d,, electric
dipole moment for /s = 0.25, 0.5, 1 TeV and £ = 250, 500, 1000 fb—1!
at lo, 20, 30.

£ = 250, 500, 1000 fb—1

Vs =250 GeV; z, = 15

0.002

0.001

0.000

C.L. o (18)] |du (e - cm)|
lo (7.68,5.43,3.84) x 1077 (3.25,2.3,1.62) x 1019
20 (8.72,6.17,4.36) x 1077 (3.69,2.61,1.84) x 10—19
30 (9.65,6.8,4.83) x 10~° (4.1,2.89,2.04) x 1019
Vs =500 GeV; z, = 30
C.L. |t (1B)] |do, (e - cm)|
1o (1.71,1.21,0.86) x 10~8 (7.26,5.13,3.63) x 10—19
20 (1.95,1.38,0.97) x 10—8 (8.24,5.82,4.12) x 10719
30 (2.15,1.52,1.1) x 10~8 (9.12,6.45,4.56) x 10719
/s = 1000 GeV; x, = 40
C.L. |t (18)] |do., (e - cm)]|
1o (3.51,2.48,1.76) x 1078 (1.49,1.05,0.74) x 10718
20 (4.0,2.82,2.0) x 10~8 (1.69,1.19,0.85) x 10~18
30 (4.4,3.12,2.2) x 1078 (1.87,1.32,0.94) x 10~ 18
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The differential cross-section for ete™ — Dry as a function of the photon energy Eg.
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Fig. 4. The differential cross-section for eTe™ — Dry as a function of the photon distribution
angle cos 6, for different value of Z’ mass.
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Fig. 5. The cross-section for eTe™ — Dvy as a function of the center-of-mass energy /s for
different value of magnetic moment.

the photon. At energy smaller than 10 GeV the differential cross-section is negligible
which is in agreement with the energy cut requirement for photon energy.

In Fig. 4, we evaluate the differential cross-section as a function of the pho-
ton distribution angle cos 6, for different value of Z; mass. The figure shows the
symmetrical distribution of the photon in polar angle.

In Fig. 5, we evaluate the cross-section as a function of the center-of-mass
energy /s for different value of p,,_. The figure shows the rapid increase starting at
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/s = 10 GeV. The shape of the curves does not change and there is only a shift
depending on the values of the magnetic moment.

In summary, we conclude that the estimated limits for the tau-neutrino magnetic
and electric dipole moments in the context of an SU(4), x U(1)x model compare
favorably with the limits obtained by the accelerator based experiment such as L3
Collaboration, E827 and CERN-WA-066. Our study complements previous studies
on the dipole moments.

It is worth mentioning that recently the Z’ boson is well motivated topic con-
necting with potential discovery of right-handed neutrino (RHN) at the LHC.5! In
Ref. 60, the authors have showed that in the framework of the 3-3-1 model with
RHN, the result is positive if masses of the Z’ boson and of right-handed neutrinos
are around 4 TeV and 200 GeV, respectively. For the above-mentioned result, the
decay width of Z’ — Il has been evaluated. Return back to our study, the bounds
derived here will affect to other channels, especially on the decay Z’ — 1l. We will
return to this subject in the future study.
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