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• The presence of an extra

Introduction

U(1)
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gauge boson
coupling exclusively to 2nd and 3rd generation leptons
would leave its signatures in several processes

• An essential consequence of an extra U(1)
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gauge symmetry is the presence of kinetic mixing

• We consider the effect of kinetic mixing at one loop 
to the � + E
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signal at Belle-II experiment



• Most interesting feature: signal is independent of 
the absolute mass scale of the particles in the loop.

Introduction

• Superheavy sparticles may leave their signatures. 

• Belle-II can probe the narrow window of parameter
still left to explain muon (g-2) anomaly in case of  
superheavy particles

• In the absence of SUSY the no. of events histogram
may have an excess only in the highest photon energy 
bin. An excess in any other bin is a signature of SUSY
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Just as in the case of the neutralino–charged scalar loop,
here too the external muons will mix with the other charged

fermions and result in factors of V44 and U&
44 in cL and cR,

respectively.

3. Z0 contribution

In addition to the purely supersymmetric contribution to
Δaμ, the Z0 boson also adds an important part to the total
muon magnetic moment. The contribution of Uð1ÞLμ−Lτ

to
muon (g − 2) can be easily evaluated from the diagram in
Fig. 6. It is given by [8–10]
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2
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Here too, the external muons and those inside the loop will
mix with other leptons and charginos as in the previous
sections. This calculation assumes no Z − Z0 mixing at the
tree level owing to the fact that gm is zero and the sneutrinos
do not acquire any VEVs.

B. Numerical analysis

Any gauged Uð1ÞLμ−Lτ
model is severely constrained by

neutrino trident production, that is, the production of a
μþμ− pair from the scattering of a muon neutrino off heavy
nuclei. The CHARM-II [49] and CCFR [50] collaborations
found reasonable agreement between the observed cross
section for this process and its SM prediction:

FIG. 6. Z0 loop that contributes to muon (g − 2).
FIG. 4. Neutralino–charged scalar loop that contributes to
muon (g − 2).

FIG. 5. Chargino–neutral scalar loop that contributes to muon
(g − 2).
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from this, the most stringent bounds on sparticle masses
[57,58] were also applied, along with the kinematic bounds
from the combined LEP data [4].
Our neutrino data consists mostly of points where the

lightest neutralino is at most 6 GeV lighter than the lightest
chargino and hence evades much of the constrained
parameter space.
Both of the conditions in Eq. (56) were allowed to be

violated up to 20% and we plot the points allowed by
experimental data in the δtγ − δyη plane in Fig. 3. The points
satisfying neutrino oscillation data are plotted in red while
the blue background represents regions where muon (g − 2)
is satisfied. The most stringent constraint from lepton-flavor-
violating lj → liγ processes in this model comes from μ →
eγ branching ratio measurements. This branching ratio never
exceeds its experimental upper bound for our model in the
regions where neutrino data may be satisfied.1 Note that a
negative deviation in tan γ, that is, a value of tγ greater than
unity, is preferred in both NH and IH from ðg − 2Þμ in these
cases. However, this analysis is not exhaustive and there may
be other regions where neutrino oscillation data may be
fitted. We have only studied two interesting representative
regions where we found that both neutrino and muon (g − 2)
data are satisfied simultaneously along with all of the other
aforementioned experimental bounds.

V. ANOMALOUS MAGNETIC MOMENT

The magnetic moment of the muon is one of the most
accurately measured physical quantities today, with the
final value [4]

aexpμ ¼ ð116592089$ 63Þ × 10−11; ð60Þ

which, however, does not agree with the theoretically
predicted value from the Standard Model. The discrepancy,

Δaμ ¼ aexpμ − aSMμ ¼ ð28.8$ 8.0Þ × 10−10; ð61Þ

is a ∼3.6σ deviation from the SM value. Given the accuracy
of the (g − 2) measurement and the evaluation of its
Standard Model prediction, it is an ideal testing ground
for any new physics model, like SUSY. Supersymmetry,
even in the MSSM, has been shown to provide sizable
contributions to (g − 2) that are large enough to explain
its discrepancy from the SM prediction. The muon (g − 2)
data is also ideal to constrain certain parameters of the
model, such as the sign of the “μ term” and the mass scale
of the scalar and fermionic superpartners in the case of
the MSSM.
There are two main components of the MSSM contribu-

tion to the muon (g − 2): one is from the smuon-neutralino
loop, and the other is from the chargino-sneutrino loop.
When the mass scales of the superpartners are roughly of the
order of MSUSY, this contribution is given by [59–61]

ΔaMSSM
μ ¼ 14SignðμÞ tan β

!
100 GeV
MSUSY

"
2

10−10: ð62Þ

Our model, which has a Z0 boson coupling to the muon,
can complement the SUSY contribution. This allows us to
have a natural solution to the hierarchy problem and get a
stable Higgs mass, while still explaining the anomalous
magnetic moment of the muon. Note that the contributions
of W and Z bosons to the muon (g − 2) anomaly in our
model are subdominant compared to the contributions
mentioned above.

A. Outline of the calculation

In our model, we have nontrivial mixing between the
smuons and other charged scalars, as well as between the
muons and other charged fermions. Otherwise, the calcu-
lation is relatively straightforward and mimics that for the
MSSM. Instead of the neutralino-smuon loop, we consider
the more general neutralino-charged scalar loops to allow
for the mixing between smuons and other scalars. Similarly,
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FIG. 3. Points satisfying neutrino mixing angles and mass-squared differences (red) and those satisfying the muon (g − 2) constraint
(blue) in the δtγ − δyη plane. Panel (a) is for normal hierarchy, while panel (b) is for inverted hierarchy.

1A detailed analysis of the muon anomalous magnetic moment
and lepton-flavor-violating lj → liγ processes in our model is
presented later.
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• The simplest choice for extending the gauge group
an extra U(1)
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- not anomalous 
contributes to muon (g-2) Lµ � L⌧
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• It has been studied for neutrino masses and mixing
dark matter, B-decay anomalies etc 



However…

Constraints on U(1)Lµ�L⌧
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model come from
processes like neutrino trident production,
neutrino-electron scattering, neutrino-quark scattering etc

The neutrino-trident-production process, νμN →
νμNμþμ−, where N represents a target nucleus, is a good
probe into the light Z0, as pointed out in Ref. [75]. Since the
cross section measured at the fixed-target neutrino experi-
ments [76,77] was found to be consistent with the SM
prediction, the contribution of the Z0 must be suppressed so
as to agree with the condition

σCCFR

σSM
¼ 0.82# 0.28: ð4Þ

In Fig. 1, we refer to the 95% C.L. limit based on the result
of the CCFR experiment [77]. Prospects of measuring the
neutrino-trident-production process at modern neutrino
beam experiments were recently discussed in Ref. [78]
in the SM, and in Refs. [79,80] in a context of Uð1ÞLμ−Lτ

models with the kinetic mixing at the tree level.
The authors of Ref. [81] indicated that the precision

measurement of the neutrino-electron elastic scattering can

place a stringent bound on the leptonic force mediated by a
light boson. Although the Z0 in the minimal Uð1ÞLμ−Lτ

model does not couple to electrons at the tree level, the
coupling appears through the kinetic mixing induced at the
one-loop level, which is calculated to be

ð5Þ

where e is the electromagnetic charge,ml is the mass of the
charged lepton l, and q is the momentum carried by γ and
Z0. The kinetic mixing parameter ε in Eq. (3) is given as
ε ¼ Πðq2Þ.4 With the mixing, the Z0 comes to contribute to
the scattering process illustrated in Fig. 2. The most
stringent constraint on the extra contribution to the ν − e
elastic scattering process is provided from the measurement
of 7Be solar neutrinos at the Borexino detector [82]. Since
the momentum transfer q in the solar neutrino scattering
process is much smaller than muon mass, the kinetic
mixing parameter ενe relevant to this scattering process
is approximately given as

ενe ¼ Πð0Þ ¼ 8

3

egZ0

ð4πÞ2
ln
mτ

mμ
: ð6Þ

In Fig. 1, we show the bound from the Borexino experi-
ment, which is converted from the bound to a gauged
Uð1ÞB−L model [81].5 As we see in the next section, the
kinetic mixing parameter εBelle that appears in the cross
section of our signal process eþe− → γZ0 at the Belle-II
experiment is given as

εBelle ¼ ΠðM2
Z0Þ; ð7Þ

which varies by 2 orders of magnitude according to the
mass of the Z0. We emphasize that the q dependence of the
kinetic mixing makes the phenomenology of the minimal
Lμ − Lτ model different from that of dark photon models in
which the kinetic mixing is given as a constant parameter.
Recently, the BABAR collaboration searched for a

muonic Z0 in the successive processes eþe− → μþμ−Z0

FIG. 2. Diagram of the neutrino-electron scattering process.
The one-loop γ-Z0 mixing ενe, which is expressed with a shaded
blob, is given in Eq. (6).

FIG. 1. Summary of the parameter space of the minimal Lμ −
Lτ model. The regions shaded in blue-gray are excluded by the
(i) neutrino-trident-production process [Columbia-Chicago-
Fermilab-Rochester (CCFR) experiment], (ii) neutrino-electron
elastic scattering (Borexino detector), and (iii) muonic Z0 search
at the collider (BABAR). With the parameters on the red band
labeled with “g − 2,” the extra contribution from the one-loop
diagram mediated by Z0 resolves the discrepancy between the SM
prediction and the experimental measurements of muon anoma-
lous magnetic moment within 2σ.

4In the case where the kinetic mixing term Eq. (3) exists
at the tree level, the kinetic mixing parameter ε is understood as
ε ¼ εtree þ Πðq2Þ [79].

5The constraints to ενe are also discussed in Refs. [83,84].
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FIG. 1. The leading order contribution of the Z0 to neutrino
trident production (another diagram with µ+ and µ� reversed
is not shown). Other contributions at the same order in g0

are further suppressed by the Fermi scale.

is not directly relevant for our work, and thus we suppress
any additional pieces in (1) related to the corresponding
Higgs sector.

This model contributes to the neutrino trident pro-
duction at lowest order through the diagram shown in
Fig. 1. This contribution interferes with the SM contri-
bution coming from W

±
/Z exchange. In order to gain

insight into the di↵erent contributions, in what follows
we provide analytical results using the equivalent pho-
ton approximation (EPA) [14, 15]. Under the EPA, the
full cross-section of a muon-neutrino scattering with a
nucleus N is related to the cross-section of the neutrino
scattering with a real photon through,

�(⌫µN ! ⌫µNµ

+
µ

�) =

Z
�(⌫µ� ! ⌫µµ

+
µ

�) P (s, q2) .(2)

Here, P (q2, s) is the probability of creating a virtual pho-
ton in the field of the nucleus N with virtuality q

2 which
results in the energy being

p
s in the center-of-mass frame

of the incoming neutrino and a real photon. This proba-
bility is given by [16]

P (q2, s) =
Z

2
e

2

4⇡2

ds

s

dq

2

q

2
F

2(q2) , (3)

where Ze and F (q2) are the charge and the electromag-
netic form-factor of the nucleus, respectively. The in-
tegral over s is done from 4m2 to 2E⌫q, with the muon
mass m and the neutrino energy E⌫ . The q integral has a
lower limit of 4m2

/(2E⌫) and the upper limit is regulated
by the exponential form-factor. We thus concentrate on
the computation of the cross-section �(⌫µ� ! ⌫µµ

+
µ

�).
Computations of the full ⌫µN ! ⌫µNµ

+
µ

� process have
been performed in [17–22] in the context of the V-A the-
ory and of the SM.

We begin with the di↵erential cross-section for the
⌫� ! ⌫µ

+
µ

� sub-process associated with a pure V-A
charged interaction between neutrinos and muons. It is
given symbolically by

d� =
1

2s
dPS3

0

@1

2

X

pol

|M1M2|2
1

A G

2
Fe

2

2
, (4)

where GF =
p

2g2/(8M2
W

) is the Fermi constant. The
3-body phase-space (with correction of a typo in the cor-
responding expression of ref. [23]) is given by

dPS3 =
1

2

1

(4⇡)2
dt

2s

d`

2⇡
v

d⌦0

4⇡
, (5)

where ` = (p+ + p�)2 is the square of the invariant
mass of the µ

+
µ

� pair, ⌦0 is the solid angle with re-
spect to the photon four-vector in the µ

+
µ

� rest-frame,
v =

p
1 � 4m2

/` is the velocity of each muon in that
frame, and t ⌘ 2k · q. M1 and M2 in (4) are the neutrino
and the muon-pair blocks in the amplitude, that form
the total amplitude according to M = GFep

2
M1M2. The

factor of 1/2 in (4) originates from the average over the
incoming photon polarizations.

Using M1,2 explicitly, and summing over spins and po-
larizations, we get (in agreement with result of ref. [16])

1
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where A = (p� � q)2 � m

2 and B = (q � p+)2 � m

2.
The result for the full SM contribution together with the
Z0 vector-boson exchange can be obtained from the V-A
matrix-element contribution, if we neglect terms propor-
tional to the muon mass. The full square of the matrix-
element is defined as in Eq. (6) but with,
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Here, k is the momentum of the exchanged Z0 and the SM
coe�cients of the vector and axial-vector currents in the
interaction of muon-neutrinos with muons are CV = 1

2 +
2 sin2

✓W , CA = 1
2 , with ✓W being the weak mixing angle.

The second line in Eq. (7) features the Z0 contribution
with the vector-current coe�cient defined as,

C

(Z0)
V

= 4
M

2
W

m

2
Z0

g

02

g

2
=

v

2
SM

v

2
Z0

, (8)

where vSM = 246 GeV is the SM Higgs vacuum expecta-
tion value and v

Z0 = mZ0
/g

0.

Constraints: Neutrino trident 

Neutrino trident process  

⌫N ! ⌫Nµµ
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is a good probe for the 
Z 0
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boson
The agreement of observed 
cross section with SM places 
stringent bound on the  
parameter space

Z 0
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CCFR Collaboration (Mishra, S.R. et al.) 
Phys. Rev.Lett., 66 (1991) 



The neutrino-trident-production process, νμN →
νμNμþμ−, where N represents a target nucleus, is a good
probe into the light Z0, as pointed out in Ref. [75]. Since the
cross section measured at the fixed-target neutrino experi-
ments [76,77] was found to be consistent with the SM
prediction, the contribution of the Z0 must be suppressed so
as to agree with the condition

σCCFR

σSM
¼ 0.82# 0.28: ð4Þ

In Fig. 1, we refer to the 95% C.L. limit based on the result
of the CCFR experiment [77]. Prospects of measuring the
neutrino-trident-production process at modern neutrino
beam experiments were recently discussed in Ref. [78]
in the SM, and in Refs. [79,80] in a context of Uð1ÞLμ−Lτ

models with the kinetic mixing at the tree level.
The authors of Ref. [81] indicated that the precision

measurement of the neutrino-electron elastic scattering can

place a stringent bound on the leptonic force mediated by a
light boson. Although the Z0 in the minimal Uð1ÞLμ−Lτ

model does not couple to electrons at the tree level, the
coupling appears through the kinetic mixing induced at the
one-loop level, which is calculated to be

ð5Þ

where e is the electromagnetic charge,ml is the mass of the
charged lepton l, and q is the momentum carried by γ and
Z0. The kinetic mixing parameter ε in Eq. (3) is given as
ε ¼ Πðq2Þ.4 With the mixing, the Z0 comes to contribute to
the scattering process illustrated in Fig. 2. The most
stringent constraint on the extra contribution to the ν − e
elastic scattering process is provided from the measurement
of 7Be solar neutrinos at the Borexino detector [82]. Since
the momentum transfer q in the solar neutrino scattering
process is much smaller than muon mass, the kinetic
mixing parameter ενe relevant to this scattering process
is approximately given as

ενe ¼ Πð0Þ ¼ 8

3

egZ0

ð4πÞ2
ln
mτ

mμ
: ð6Þ

In Fig. 1, we show the bound from the Borexino experi-
ment, which is converted from the bound to a gauged
Uð1ÞB−L model [81].5 As we see in the next section, the
kinetic mixing parameter εBelle that appears in the cross
section of our signal process eþe− → γZ0 at the Belle-II
experiment is given as

εBelle ¼ ΠðM2
Z0Þ; ð7Þ

which varies by 2 orders of magnitude according to the
mass of the Z0. We emphasize that the q dependence of the
kinetic mixing makes the phenomenology of the minimal
Lμ − Lτ model different from that of dark photon models in
which the kinetic mixing is given as a constant parameter.
Recently, the BABAR collaboration searched for a

muonic Z0 in the successive processes eþe− → μþμ−Z0

FIG. 2. Diagram of the neutrino-electron scattering process.
The one-loop γ-Z0 mixing ενe, which is expressed with a shaded
blob, is given in Eq. (6).

FIG. 1. Summary of the parameter space of the minimal Lμ −
Lτ model. The regions shaded in blue-gray are excluded by the
(i) neutrino-trident-production process [Columbia-Chicago-
Fermilab-Rochester (CCFR) experiment], (ii) neutrino-electron
elastic scattering (Borexino detector), and (iii) muonic Z0 search
at the collider (BABAR). With the parameters on the red band
labeled with “g − 2,” the extra contribution from the one-loop
diagram mediated by Z0 resolves the discrepancy between the SM
prediction and the experimental measurements of muon anoma-
lous magnetic moment within 2σ.

4In the case where the kinetic mixing term Eq. (3) exists
at the tree level, the kinetic mixing parameter ε is understood as
ε ¼ εtree þ Πðq2Þ [79].

5The constraints to ενe are also discussed in Refs. [83,84].
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Constraints: Borexino

Borexino is quite sensitive to  
any changes to the neutrino-
electron scattering rate. 

Approximately, any BSM 
physics is constrained not to 
produce a scattering rate that 
is above the SM prediction by 
more than 8%.

R. Harnik, J. Kopp, P.A.N. Machado, JCAP 1207, 026 (2012)
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In the unmixed case (! ¼ 0 ¼ "M̂2), the main con-
straint on the model stems from the anomalous magnetic
moment of the muon, since the Z0 contributes a term [12]

!a# ¼ g02

4$

1

2$

Z 1

0
dx

2m2
#x

2ð1# xÞ
m2

#x
2 þM2

Z0ð1# xÞ

’ g02

4$

1

2$

! 1 for MZ0 & m#;

2m2
#=3M

2
Z0 for MZ0 ' m#;

(8)

which can be used to soften the longstanding 3:2% disagree-
ment between experiment (aexp# ¼116592089(10#11) and
theoretic predictions (aSM# ¼116591834(10#11) [6,11]
(note however the uncertainty in the hadronic contributions
to a# [13]). The appropriate values for the caseMZ0 ' m#

lie aroundMZ0=g0 ) 200 GeV:

!a# ’ 236( 10#11

"
200 GeV

MZ0=g0

#
2
: (9)

The authors of Ref. [6] also derive a direct detection limit of
roughly MZ0 > 50 GeV, based on ALEPH measurements
of the process eþe# ! ##Z0* ! 4# [14] (see Fig. 1) and
under the assumptionMZ0=g0 ) 200 GeV. A similar analy-
sis using LEP2 data with higher luminosity)0:7 fb#1 [15]
gives a bound of the same order due to the low rate of 4‘
final states at LEP2 energies. Wewill comment on Tevatron
and LHC prospects of this process in Sec. II B.

Interestingly, the nonuniversality can also lead to
nonstandard neutrino interactions (NSIs), which are
usually parametrized by the nonrenormalizable effective
Lagrangian

L eff
NSI ¼ #2

ffiffiffi
2

p
GF"

fP
&'½ "f(#Pf,½ ")&(#PL)',: (10)

Note that this Lagrangian, when written in a gauge-
invariant way, introduces charged-lepton flavor violation,
which usually is a big problem in phenomenological stud-
ies of NSIs. Effective four-fermion interactions can be
obtained from Eq. (1) by integrating out the (heavy)
mass eigenstate Z2 after performing the transformation
from Eq. (6). Since the analytical expression for the NSIs
are only marginally more complicated with a nonzero !,
we will include it in the next two equations. The effective
Lagrangian for Z2 interactions takes the form

Leff
Z2

¼ #1

2M2
2

"
g0

cos*

cos!
j0 # eĉW cos* tan!jEM

þ e

2ŝWĉW
ðŝW cos* tan!# sin*ÞjNC

#
2
: (11)

Expanding the square we only need the terms linear in g0

for the NSIs, because the others are either diagonal in
flavor space and hence do not influence neutrino oscilla-
tions (these are just the SM terms with g0 ¼ 0), or do not
involve e, u or d and hence do not couple neutrinos to
‘‘matter’’ (the terms quadratic in g0). Integrating out Z1

gives similar terms, so after adding up the different con-
tributions to the effective, Earth-like matter NSI "-&' ¼
"eV&' þ 3"uV&' þ 3"dV&', we obtain the two parameters "-##

and "-++ ¼ #"-## with

"-## ¼ #g0

4
ffiffiffi
2

p
GF cos!

e

ŝWĉW

%
cos* sin*

"
1

M2
1

# 1

M2
2

#

þ ŝW tan!
"
sin2*

M2
1

þ cos2*

M2
2

#&
: (12)

The analogous parameter for solar matter ". ¼ "e þ
2"u þ "d vanishes, which shows that in neutral matter
the potential is generated by the neutrons.2 While this is
similar to gauged B# L symmetries, the nonuniversality
of our model could make these NSIs observable in neutrino
oscillations. For instance, taking ! ¼ 0, g0 ’ 1=4, M2 ’
50 GeV and * ’ 4( 10#3 can generate

"-## ’ 10#2–10#3; (13)

which is testable in future facilities [16] and can and still
resolve the magnetic moment of the muon !a#. The
mixing angle * obviously has to be not too tiny for such
an effect to be observable. In addition, the mass of the Z0

should not be too heavy: for M2 ' M1, * & 1 and ! ¼ 0

Eq. (12) can be simplified to "-##’ #g0*
4
ffiffi
2

p
GF

e
sWcW

1
M2

1
’

#1:5g0*, where the constraint g0* & 10#3 by Z-pole mea-
surements (even stronger limits are given below) sup-
presses the NSI parameter. Since the two gauge boson
masses enter with opposite sign, the NSI parameters will
be even smaller in the limit M1 )M2, only M2 <M1 can
lead to NSI values closer to the current limit.
Nevertheless, there is allowed parameter space of the

model allowing for testable NSI, providing a complemen-
tary way to probe such nonuniversal gauge bosons. Note
further that this renormalizable realization of NSI param-
eters does, in contrast to the effective approaches as in
Eq. (10), not suffer from charged-lepton flavor violation
decays, due to the diagonal structure of the NSI parameters

FIG. 1. Detection process for an unmixed Z0 in electron-
positron (LEP) or proton-(anti-)proton (LHC and Tevatron)
collisions.

2Correspondingly, the kinetic mixing angle !—describing a
coupling to the electromagnetic current—gives only minor con-
tributions to "-&' and can not generate them without "M̂2. This
can be seen from Eq. (12) in the limit *, ! & 1 or, more general,
by using the parameters ðM̂i;"M̂

2;!Þ instead of ðMi;*;!Þ.
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The BaBar Collaboration looked for a four muon signal 
and did not find any significant excess. This also  
constraints the parameter space 

J.P. Lees et al., BaBar Collaboration 
Phys. Rev. D94, 011102 (2016)



Bottomline

• The parameter space is severely constrained by 
these observations

• Considering the only contribution to the muon (g-2)  
anomaly to be coming from the      loop, an additional 
gauge boson heavier than 210 MeV is ruled out from  
CCFR and BaBar data

Z 0
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• Borexino rules out a       boson lighter than 10 MeV 
to explain the muon anomalous magnetic moment in  
such a situation

10 MeV . MZ0 . 210 MeV, 4⇥ 10�4 . gX . 10�3
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Why supersymmetry ?

• SUSY provides a natural framework for extra scalars 
that are charged under                  that can acquire VEVU(1)Lµ�L⌧
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• It was shown that a SUSY gauged                 
model can alleviate the severe constraints on the model 
while simultaneously satisfying muon (g-2) and neutrino 
oscillation data

U(1)Lµ�L⌧
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H. Banerjee, P. Bhakti, SR, Phys. ReV. D98, 075022 (2018)



Supersymmetry salvages

Larger parameter space becomes accessible



Supersymmetry salvages

Heavier sparticle masses are also allowed from muon 
(g-2) compared to  the MSSM 

H. Banerjee, P. Bhakti, SR, Phys. Rev. D98, 075022 (2018)
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e−

e+

γ

γ

→ →

q q

Z ′

We look for the signal: e+e� ! �Z 0, Z 0 ! ⌫⌫̄
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We focus on the         mode because  the process       

⌫⌫̄
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Looking for the           gauge boson at Belle-II           

/e+e� ! � + E
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does not suffer from EM background

Araki, Hoshino, Ota, Sato, Shimomura, Phys. Rev. D95, 055006(2017)
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than or less than one, the supersymmetric contribution
could be significant and the results are distinctly di↵erent
from those of the non-supersymmetric model.

Since the results do not depend on the absolute mass
scales, signature of SUSY may be observed at the Belle-II
experiment through this channel even when the sparticles
are extremely massive. On the other hand, when all the
SUSY particles are very heavy, the contribution to muon
(g � 2) at one-loop comes only from the loop involving
Z

0 gauge boson. The allowed region of parameter space
in the (M

Z

0 � g

X

) plane in such a scenario is severely
restricted by other experiments. On top of that, the pro-
posed signal at Belle-II can explore additional regions of
the parameter space.

Another important feature emerges from the number
of events histogram against the photon energy. We show
that, when the correction to muon anomalous magnetic
moment is given entirely by the Z

0 contribution, an ex-
cess in only the highest energy bin is possible. This means
that, if an excess is observed in any but the highest energy
bin, it would be a signature of SUSY particles contribut-
ing to the radiative kinetic mixing. This also indicates
that an additional source of muon anomalous magnetic
moment is required beyond the Z

0 contribution.
U(1)

Lµ�L⌧ model in SUSY.– We extend the MSSM
with a new U(1) gauge symmetry, U(1)

Lµ�L⌧ , where
the (s)muon and (s)tau fields with their corresponding
(s)neutrinos couple to the additional Z 0 with equal and
opposite charge. Since our focus in this work is mainly
on the gauge kinetic mixing, we shall not provide much
details of the model here. Rather, we concentrate on how
the kinetic mixing involving the photon and the Z

0 ap-
pears radiatively in our set up and its consequences at
the Belle-II experiment.

We shall assume that the kinetic mixing between
U(1)

em

and U(1)
Lµ�L⌧ given by,

L
kin�mix

=
✏

2
((Ŵ (em)↵

Ŵ

Lµ�L⌧
↵

)
F

, (1)

is absent at the tree level, i.e., ✏ = 0. Here Ŵ

(em)↵

and Ŵ

Lµ�L⌧
↵

are the corresponding SUSY field strengths.
The subscript “F” indicates F-term contribution. How-
ever, such a kinetic mixing can still be generated at the
one-loop level involving muon, tau, smuon and stau in the
loops as shown in Fig.1. The absence of kinetic mixing
at the tree level can be justified using some symmetry
arguments. One possibility is that the kinetic mixing
is forbidden by a discrete symmetry, µ $ ⌧ , µ̃ $ ⌧̃ ,
Ŵ

(em)↵ ! Ŵ

(em)↵, and Ŵ

Lµ�L⌧
↵

! �Ŵ

Lµ�L⌧
↵

in the
limit of m

µ

= m

⌧

and m

µ̃

= m

⌧̃

. Breaking the symme-
try softly by m

µ

6= m

⌧

and m

µ̃

6= m

⌧̃

generates a finite
kinetic mixing radiatively.

Another possibility is to consider the U(1)
Lµ�L⌧ gauge

factor embedded within an unbroken non-abelian gauge
symmetry (say SU(2)). This would forbid the kinetic
mixing. However, when the U(1) gauge factor comes out
from the breaking of the full non-abelian gauge symme-
try, the mass degeneracy of the states within the non-

⇧(q2) =

� Z 0

=

+

+

! q ! q

µ/⌧ µ̃/⌧̃

µ̃/⌧̃

FIG. 1: Diagrams showing how � � Z0 kinetic mixing arises
radiatively at the one loop level.

abelian multiplets will be lost, leading to non-zero kinetic
mixing generated at the one-loop level [36].
Since the decoupling theorem does not apply if the

heavy (s)particle masses break symmetries [37, 38], in
this case non-decoupling e↵ects will be present. This will
be elaborated in the subsequent discussion. Note also
that the superpartner soft masses break supersymmetry
and hence may give rise to non-decoupling corrections
[38].
As discussed, coupling of the photon with Z

0 appears
at the one-loop level and is given by1

✏ ⌘ ⇧(q2) =
8eg

X

(4⇡)2

Z
1

0

x(1� x) ln
m

2

⌧

� x(1� x)q2

m

2

µ

� x(1� x)q2
dx

+
2eg

X

(4⇡)2

Z
1

0

(1� 2x)2 ln
m

2

⌧̃

� x(1� x)q2

m

2

µ̃

� x(1� x)q2
dx (2)

where the contributions come from the loop diagrams in
Fig.1. Here e is the electromagnetic charge, m

`

and m

˜

`

are the masses of charged lepton ` and charged slepton
˜̀, q is the momentum carried by � and Z

0 and g

X

is the
gauge coupling corresponding to U(1)

Lµ�L⌧ . Here, for
simplicity of the analysis, we have considered identical
masses for m

˜

`L
and m

˜

`R
. In general these masses can

be di↵erent and in such cases one must define other ra-
tios involving only left-handed sleptons or right-handed
sleptons.
Constraints and signature at Belle-II.– At the Belle-II

experiment we shall consider the signal process e+e� !
�Z

0 and then Z

0 decaying to ⌫⌫̄ leading to a final state
e

+

e

� ! � +E/ . The kinetic mixing parameter is a func-
tion of q2 = M

2

Z

0 (for on-shell production of the Z 0 boson)
and r. It is the dependence on r that makes the model
predictions very di↵erent compared to what is obtained
in gauged L

µ

� L

⌧

models with no supersymmetry. In

1
Note that it is su�cient to consider kinetic mixing between

U(1)em and the U(1)Lµ�L⌧ as long as M2
Z0/M2

Z ⌧ 1.

Kinetic mixing between                          U(1)em
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is given by

We assume there is no kinetic mixing at the tree level

However, it is still generated radiatively
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than or less than one, the supersymmetric contribution
could be significant and the results are distinctly di↵erent
from those of the non-supersymmetric model.

Since the results do not depend on the absolute mass
scales, signature of SUSY may be observed at the Belle-II
experiment through this channel even when the sparticles
are extremely massive. On the other hand, when all the
SUSY particles are very heavy, the contribution to muon
(g � 2) at one-loop comes only from the loop involving
Z

0 gauge boson. The allowed region of parameter space
in the (M

Z

0 � g

X

) plane in such a scenario is severely
restricted by other experiments. On top of that, the pro-
posed signal at Belle-II can explore additional regions of
the parameter space.

Another important feature emerges from the number
of events histogram against the photon energy. We show
that, when the correction to muon anomalous magnetic
moment is given entirely by the Z

0 contribution, an ex-
cess in only the highest energy bin is possible. This means
that, if an excess is observed in any but the highest energy
bin, it would be a signature of SUSY particles contribut-
ing to the radiative kinetic mixing. This also indicates
that an additional source of muon anomalous magnetic
moment is required beyond the Z

0 contribution.
U(1)

Lµ�L⌧ model in SUSY.– We extend the MSSM
with a new U(1) gauge symmetry, U(1)

Lµ�L⌧ , where
the (s)muon and (s)tau fields with their corresponding
(s)neutrinos couple to the additional Z 0 with equal and
opposite charge. Since our focus in this work is mainly
on the gauge kinetic mixing, we shall not provide much
details of the model here. Rather, we concentrate on how
the kinetic mixing involving the photon and the Z

0 ap-
pears radiatively in our set up and its consequences at
the Belle-II experiment.

We shall assume that the kinetic mixing between
U(1)

em

and U(1)
Lµ�L⌧ given by,

L
kin�mix

=
✏

2
((Ŵ (em)↵

Ŵ
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↵

)
F

, (1)

is absent at the tree level, i.e., ✏ = 0. Here Ŵ

(em)↵

and Ŵ

Lµ�L⌧
↵

are the corresponding SUSY field strengths.
The subscript “F” indicates F-term contribution. How-
ever, such a kinetic mixing can still be generated at the
one-loop level involving muon, tau, smuon and stau in the
loops as shown in Fig.1. The absence of kinetic mixing
at the tree level can be justified using some symmetry
arguments. One possibility is that the kinetic mixing
is forbidden by a discrete symmetry, µ $ ⌧ , µ̃ $ ⌧̃ ,
Ŵ

(em)↵ ! Ŵ

(em)↵, and Ŵ

Lµ�L⌧
↵
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limit of m
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and m

µ̃

= m

⌧̃

. Breaking the symme-
try softly by m

µ

6= m

⌧

and m

µ̃

6= m

⌧̃

generates a finite
kinetic mixing radiatively.

Another possibility is to consider the U(1)
Lµ�L⌧ gauge

factor embedded within an unbroken non-abelian gauge
symmetry (say SU(2)). This would forbid the kinetic
mixing. However, when the U(1) gauge factor comes out
from the breaking of the full non-abelian gauge symme-
try, the mass degeneracy of the states within the non-
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FIG. 1: Diagrams showing how � � Z0 kinetic mixing arises
radiatively at the one loop level.

abelian multiplets will be lost, leading to non-zero kinetic
mixing generated at the one-loop level [36].
Since the decoupling theorem does not apply if the

heavy (s)particle masses break symmetries [37, 38], in
this case non-decoupling e↵ects will be present. This will
be elaborated in the subsequent discussion. Note also
that the superpartner soft masses break supersymmetry
and hence may give rise to non-decoupling corrections
[38].
As discussed, coupling of the photon with Z

0 appears
at the one-loop level and is given by1

✏ ⌘ ⇧(q2) =
8eg

X

(4⇡)2
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where the contributions come from the loop diagrams in
Fig.1. Here e is the electromagnetic charge, m

`

and m

˜

`

are the masses of charged lepton ` and charged slepton
˜̀, q is the momentum carried by � and Z

0 and g

X

is the
gauge coupling corresponding to U(1)

Lµ�L⌧ . Here, for
simplicity of the analysis, we have considered identical
masses for m

˜

`L
and m

˜

`R
. In general these masses can

be di↵erent and in such cases one must define other ra-
tios involving only left-handed sleptons or right-handed
sleptons.
Constraints and signature at Belle-II.– At the Belle-II

experiment we shall consider the signal process e+e� !
�Z

0 and then Z

0 decaying to ⌫⌫̄ leading to a final state
e

+

e

� ! � +E/ . The kinetic mixing parameter is a func-
tion of q2 = M

2

Z

0 (for on-shell production of the Z 0 boson)
and r. It is the dependence on r that makes the model
predictions very di↵erent compared to what is obtained
in gauged L

µ

� L

⌧

models with no supersymmetry. In

1
Note that it is su�cient to consider kinetic mixing between

U(1)em and the U(1)Lµ�L⌧ as long as M2
Z0/M2

Z ⌧ 1.
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than or less than one, the supersymmetric contribution
could be significant and the results are distinctly di↵erent
from those of the non-supersymmetric model.

Since the results do not depend on the absolute mass
scales, signature of SUSY may be observed at the Belle-II
experiment through this channel even when the sparticles
are extremely massive. On the other hand, when all the
SUSY particles are very heavy, the contribution to muon
(g � 2) at one-loop comes only from the loop involving
Z

0 gauge boson. The allowed region of parameter space
in the (M

Z

0 � g

X

) plane in such a scenario is severely
restricted by other experiments. On top of that, the pro-
posed signal at Belle-II can explore additional regions of
the parameter space.

Another important feature emerges from the number
of events histogram against the photon energy. We show
that, when the correction to muon anomalous magnetic
moment is given entirely by the Z

0 contribution, an ex-
cess in only the highest energy bin is possible. This means
that, if an excess is observed in any but the highest energy
bin, it would be a signature of SUSY particles contribut-
ing to the radiative kinetic mixing. This also indicates
that an additional source of muon anomalous magnetic
moment is required beyond the Z

0 contribution.
U(1)

Lµ�L⌧ model in SUSY.– We extend the MSSM
with a new U(1) gauge symmetry, U(1)

Lµ�L⌧ , where
the (s)muon and (s)tau fields with their corresponding
(s)neutrinos couple to the additional Z 0 with equal and
opposite charge. Since our focus in this work is mainly
on the gauge kinetic mixing, we shall not provide much
details of the model here. Rather, we concentrate on how
the kinetic mixing involving the photon and the Z

0 ap-
pears radiatively in our set up and its consequences at
the Belle-II experiment.

We shall assume that the kinetic mixing between
U(1)

em

and U(1)
Lµ�L⌧ given by,

L
kin�mix

=
✏

2
((Ŵ (em)↵

Ŵ

Lµ�L⌧
↵

)
F

, (1)

is absent at the tree level, i.e., ✏ = 0. Here Ŵ

(em)↵

and Ŵ

Lµ�L⌧
↵

are the corresponding SUSY field strengths.
The subscript “F” indicates F-term contribution. How-
ever, such a kinetic mixing can still be generated at the
one-loop level involving muon, tau, smuon and stau in the
loops as shown in Fig.1. The absence of kinetic mixing
at the tree level can be justified using some symmetry
arguments. One possibility is that the kinetic mixing
is forbidden by a discrete symmetry, µ $ ⌧ , µ̃ $ ⌧̃ ,
Ŵ

(em)↵ ! Ŵ

(em)↵, and Ŵ

Lµ�L⌧
↵
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and m
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⌧̃

. Breaking the symme-
try softly by m

µ
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⌧

and m
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⌧̃

generates a finite
kinetic mixing radiatively.

Another possibility is to consider the U(1)
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FIG. 1: Diagrams showing how � � Z0 kinetic mixing arises
radiatively at the one loop level.

abelian multiplets will be lost, leading to non-zero kinetic
mixing generated at the one-loop level [36].
Since the decoupling theorem does not apply if the
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where the contributions come from the loop diagrams in
Fig.1. Here e is the electromagnetic charge, m

`

and m

˜

`

are the masses of charged lepton ` and charged slepton
˜̀, q is the momentum carried by � and Z

0 and g

X

is the
gauge coupling corresponding to U(1)

Lµ�L⌧ . Here, for
simplicity of the analysis, we have considered identical
masses for m

˜

`L
and m

˜

`R
. In general these masses can

be di↵erent and in such cases one must define other ra-
tios involving only left-handed sleptons or right-handed
sleptons.
Constraints and signature at Belle-II.– At the Belle-II

experiment we shall consider the signal process e+e� !
�Z

0 and then Z

0 decaying to ⌫⌫̄ leading to a final state
e

+

e

� ! � +E/ . The kinetic mixing parameter is a func-
tion of q2 = M

2

Z

0 (for on-shell production of the Z 0 boson)
and r. It is the dependence on r that makes the model
predictions very di↵erent compared to what is obtained
in gauged L

µ
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⌧

models with no supersymmetry. In

1
Note that it is su�cient to consider kinetic mixing between

U(1)em and the U(1)Lµ�L⌧ as long as M2
Z0/M2

Z ⌧ 1.

The kinetic mixing is a function of q2
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as it is generated radiatively.

For an on-shell Z 0
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The dependence on slepton mass ratio r ⌘ m⌧̃

mµ̃
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makes the results different from those in non-SUSY 
gauged               modelsLµ � L⌧
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The cross section

The cross section is given by 

Here we have 

3

our analysis the kinetic mixing parameter, ✏, that is gen-
erated radiatively, never exceeds 10�4.

At this stage it is worth mentioning that the gauged
L

µ

� L

⌧

model was first introduced to address the dis-
crepancy between the experimental measurement and the
SM predictions of muon (g � 2) and this is given by[39]
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= (28.7± 8.0)⇥ 10�10 (3)

where a
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µ

� 2)/2.
In gauged L
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⌧

models without supersymmetry the
extra contribution to (g

µ

�2)/2 comes solely from a one-
loop diagram involving Z

0 and is given by[8, 9]
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In addition, the most stringent constraints on the
U(1)

Lµ�L⌧parameter space come from neutrino trident
production (CCFR[40]), neutrino-electron elastic scatter-
ing (BOREXINO[41]) and the light Z

0 search through
e

+

e

� ! µ

+

µ

�
Z

0
, Z

0 ! µ

+

µ

� by the BaBar Collabo-
ration [42]. The CCFR collaboration reported a strong
adherence of the observed cross section to the SM pre-
diction, which strongly constrains a large section of the
M

Z

0 -g
X

parameter space [29]. The observation of 7Be
solar neutrino scattering rates at Borexino disfavors any
additional contribution that is 8% or more above the SM
prediction[43, 44]. For a recent discussion on other con-
straints, see, Ref.[45]. Taking them into account, a thin
slice of the M

Z

0 -g
X

parameter space,

10 MeV . M

Z

0 . 210 MeV, 4⇥ 10�4 . g

X

. 10�3 (5)

is left to explain the muon (g � 2) anomaly. However, it
was shown in [32] that once SUSY is taken into consider-
ation the allowed parameter range satisfying muon (g�2)
is larger depending on the choice of SUSY parameters.

In case of superheavy sparticles, the allowed parameter
range is the same as that in non-SUSY L

µ

� L

⌧

(given
in Eq.5), however, their contribution to kinetic mixing is
non-decoupling. Hence, one would still be able to discern
their signatures at Belle-II through the signal process.

Belle-II experiment [35, 46] is an electron-positron col-
lider with a center-of-mass energy of

p
s = 10.58 GeV and

is expected to reach an integrated luminosity of 50 ab�1

.

The signal process e

+

e

� ! � + E/ under study results
from the associated production of a mono-energetic pho-
ton and a light Z

0 (see, Fig.2(a)) and subsequent decay
of Z 0 into a ⌫⌫̄ pair. The � � Z

0 kinetic mixing depends
on the momentum q carried by Z

0 as well as the ratio of
smuon and stau masses. The cross section of Z 0 produc-
tion e

+

e

� ! � + Z

0 in the center-of-mass frame is given
by [47]
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FIG. 2: The feynman diagram for ��Z0 production at Belle-
II is shown in Fig.2(a). Fig.2(b) shows the variation of the
cross section for this process with changing E� and MZ0 .

Here we have cos ✓
min

< cos ✓ < cos ✓
max

with, cos ✓
min

=
�0.821 and cos ✓

max

= 0.941, which corresponds to the
range of the coverage of the electromagnetic calorimeter
[28]. The angle ✓ is the angle between the electron beam
axis and the photon momentum. The cross section is
plotted in Fig.2(b) where the final state photon energy
E

�

is related to q

2 in the center-of-mass frame as

E

�

=
s� q

2

2
p
s

. (7)

The maximum value of E
�

is
p
s/2 (5.29 GeV at Belle-II)

that corresponds to M

2

Z

0 = 0 for an on-shell Z 0. At Belle-
II this process can probe the Z 0 gauge boson of mass . 6
GeV, which corresponds to a maximum g

X

of 4 ⇥ 10�3

[48]. The decay mode of the Z

0 boson into two muons
is possible for M

Z

0
> 2m

µ

and results in �µ

+

µ

� signal
which is cleaner. However it cannot probe the crucially
important range of Z 0 mass that can still explain muon
(g � 2) in the absence of additional SUSY contribution.
The decay width of the additional gauge boson is much

less than its mass for this parameter space, which justifies
the use of the narrow width approximation. The value
of the gauge coupling g

X

has been taken to be 10�3 in
Fig.2(b) to correspond to a region where muon (g � 2)
may still be satisfied even when the superpartners are
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FIG. 2: The feynman diagram for ��Z0 production at Belle-
II is shown in Fig.2(a). Fig.2(b) shows the variation of the
cross section for this process with changing E� and MZ0 .
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the use of the narrow width approximation. The value
of the gauge coupling g

X

has been taken to be 10�3 in
Fig.2(b) to correspond to a region where muon (g � 2)
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corresponds to the range of coverage of EM calorimeter
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Branching ratio

BrðZ0 → νν̄Þ ¼

8
>>>>><

>>>>>:

1; ðMZ0 < 2mμÞ;
ΓðZ0→νν̄ÞP
f¼ν;μ

ΓðZ0→ff̄Þ
; ð2mμ < MZ0 < 2mτÞ;

ΓðZ0→νν̄ÞP
f¼ν;μ;τ

ΓðZ0→ff̄Þ
; ð2mτ < MZ0Þ:

ð14Þ

The decay rates are calculated to be

ΓðZ0 → νν̄Þ ¼
g2Z0

12π
MZ0 ; ð15Þ
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1 −
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M2
Z0

s

; ð16Þ

where l ¼ fμ; τg.

B. SM background

The signal process eþe− → γ þ E is also replicated with
the SM processes mediated by an off-shell weak boson,
which are shown in Fig. 6. They provide the inevitable
background event.10 The diagram shown in the bottom of
Fig. 6, in which the final state photon is emitted from the
WWγ vertex, can be safely eliminated from our evaluation
of the background, because the diagram is suppressed by an
additional W boson propagator in comparison with the
other diagrams. The background processes with muon and
tau neutrinos in the final state are led only from the diagram
mediated by a Z boson (top of Fig. 6). On the other hand, all
the diagrams contribute to the process with a pair of
electron neutrinos. The differential cross section of the
SM background (BG) is given as

dσSM
dEγ

¼ αG2
F

3π2
ðg2Lþ g2RÞEγ

!
1−

2Eγffiffiffi
s

p
"

×
!!
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þ s
2E2

γ

"
ln
ð1þ cosθmaxÞð1− cosθminÞ
ð1− cosθmaxÞð1þ cosθminÞ

− cosθmaxþ cosθmin

"
ð17Þ

in the center-of-mass frame, where the couplings are
defined as

gL ¼

(
− 1

2 þ sin2θW ðfor νμ; ντÞ
− 1

2 þ sin2θW þ 1 ðfor νeÞ

gR ¼ sin2θW; ð18Þ

and θW is the Weinberg angle. We have checked
that Eq. (17) is consistent with the result reported in
Ref. [100].

C. Signal significance

The Eγ dependence of the differential cross sections of
the signal process eþe− → γZ0 → γνν̄ is compared to that
of the SM background in Fig. 7. The cross section Eq. (13)
of the signal process is enhanced in the high Eγ region, due
to the q2 dependence of the Π function (cf., Fig. 4), while
the SM background is suppressed. Figure 7 shows that the
signal with the coupling gZ0 ≳ 10−3 becomes larger than the
SM background around the high Eγ end. We emphasize
again that the Eγ dependence (equivalent to the MZ0

dependence) of the signal is a characteristic feature of
the minimal Lμ − Lτ model and is different from the dark
photon models with a constant kinetic mixing. The signal
and the background are compared also in their numbers of
event in Fig. 8, where the red histogram shows the MZ0

dependence (Eγ dependence) of the signal event Nsig and
the gray shows the Eγ distribution of the SM background
event NBG, respectively. The integrated luminosity L is
assumed to be 50 ab−1. The detector resolution to the
photon energy, which is understood also as the width of
each energy bin, is taken to be

ΔEγ ¼ 0.1 GeV ð19Þ

FIG. 6. Diagrams of the SM background. The W boson
diagrams produce only electron neutrinos, while the Z boson
diagram does all the flavors of neutrinos.

10We discuss the background events caused by failing to detect
the final state particles in Sec. III D. We call the eþe− → γνν̄
process mediated by the weak gauge bosons (shown in Fig. 6) the
SM BG.

ARAKI, HOSHINO, OTA, SATO, and SHIMOMURA PHYSICAL REVIEW D 95, 055006 (2017)

055006-6

The rate for the signal process is calculated by  
multiplying this cross section by the branching  
ratio for Z 0 ! ⌫⌫̄
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The Standard Model background
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of the SM background in Fig. 7. The cross section Eq. (13)
of the signal process is enhanced in the high Eγ region, due
to the q2 dependence of the Π function (cf., Fig. 4), while
the SM background is suppressed. Figure 7 shows that the
signal with the coupling gZ0 ≳ 10−3 becomes larger than the
SM background around the high Eγ end. We emphasize
again that the Eγ dependence (equivalent to the MZ0

dependence) of the signal is a characteristic feature of
the minimal Lμ − Lτ model and is different from the dark
photon models with a constant kinetic mixing. The signal
and the background are compared also in their numbers of
event in Fig. 8, where the red histogram shows the MZ0

dependence (Eγ dependence) of the signal event Nsig and
the gray shows the Eγ distribution of the SM background
event NBG, respectively. The integrated luminosity L is
assumed to be 50 ab−1. The detector resolution to the
photon energy, which is understood also as the width of
each energy bin, is taken to be
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FIG. 6. Diagrams of the SM background. The W boson
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Variation of the cross section

3

our analysis the kinetic mixing parameter, ✏, that is gen-
erated radiatively, never exceeds 10�4.

At this stage it is worth mentioning that the gauged
L

µ

� L

⌧

model was first introduced to address the dis-
crepancy between the experimental measurement and the
SM predictions of muon (g � 2) and this is given by[39]
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= (28.7± 8.0)⇥ 10�10 (3)

where a
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In gauged L
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⌧

models without supersymmetry the
extra contribution to (g

µ

�2)/2 comes solely from a one-
loop diagram involving Z

0 and is given by[8, 9]
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In addition, the most stringent constraints on the
U(1)

Lµ�L⌧parameter space come from neutrino trident
production (CCFR[40]), neutrino-electron elastic scatter-
ing (BOREXINO[41]) and the light Z

0 search through
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+
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Z
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� by the BaBar Collabo-
ration [42]. The CCFR collaboration reported a strong
adherence of the observed cross section to the SM pre-
diction, which strongly constrains a large section of the
M

Z

0 -g
X

parameter space [29]. The observation of 7Be
solar neutrino scattering rates at Borexino disfavors any
additional contribution that is 8% or more above the SM
prediction[43, 44]. For a recent discussion on other con-
straints, see, Ref.[45]. Taking them into account, a thin
slice of the M

Z

0 -g
X

parameter space,

10 MeV . M

Z

0 . 210 MeV, 4⇥ 10�4 . g

X

. 10�3 (5)

is left to explain the muon (g � 2) anomaly. However, it
was shown in [32] that once SUSY is taken into consider-
ation the allowed parameter range satisfying muon (g�2)
is larger depending on the choice of SUSY parameters.

In case of superheavy sparticles, the allowed parameter
range is the same as that in non-SUSY L

µ

� L

⌧

(given
in Eq.5), however, their contribution to kinetic mixing is
non-decoupling. Hence, one would still be able to discern
their signatures at Belle-II through the signal process.

Belle-II experiment [35, 46] is an electron-positron col-
lider with a center-of-mass energy of

p
s = 10.58 GeV and

is expected to reach an integrated luminosity of 50 ab�1

.

The signal process e

+

e

� ! � + E/ under study results
from the associated production of a mono-energetic pho-
ton and a light Z

0 (see, Fig.2(a)) and subsequent decay
of Z 0 into a ⌫⌫̄ pair. The � � Z

0 kinetic mixing depends
on the momentum q carried by Z

0 as well as the ratio of
smuon and stau masses. The cross section of Z 0 produc-
tion e

+
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� ! � + Z

0 in the center-of-mass frame is given
by [47]
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FIG. 2: The feynman diagram for ��Z0 production at Belle-
II is shown in Fig.2(a). Fig.2(b) shows the variation of the
cross section for this process with changing E� and MZ0 .

Here we have cos ✓
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< cos ✓ < cos ✓
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with, cos ✓
min

=
�0.821 and cos ✓

max

= 0.941, which corresponds to the
range of the coverage of the electromagnetic calorimeter
[28]. The angle ✓ is the angle between the electron beam
axis and the photon momentum. The cross section is
plotted in Fig.2(b) where the final state photon energy
E

�

is related to q

2 in the center-of-mass frame as
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. (7)

The maximum value of E
�

is
p
s/2 (5.29 GeV at Belle-II)

that corresponds to M

2

Z

0 = 0 for an on-shell Z 0. At Belle-
II this process can probe the Z 0 gauge boson of mass . 6
GeV, which corresponds to a maximum g

X

of 4 ⇥ 10�3

[48]. The decay mode of the Z

0 boson into two muons
is possible for M
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0
> 2m
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and results in �µ

+

µ

� signal
which is cleaner. However it cannot probe the crucially
important range of Z 0 mass that can still explain muon
(g � 2) in the absence of additional SUSY contribution.
The decay width of the additional gauge boson is much

less than its mass for this parameter space, which justifies
the use of the narrow width approximation. The value
of the gauge coupling g

X

has been taken to be 10�3 in
Fig.2(b) to correspond to a region where muon (g � 2)
may still be satisfied even when the superpartners are
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is the energy 
of the detected photon
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their signatures at Belle-II through the signal process.

Belle-II experiment [35, 46] is an electron-positron col-
lider with a center-of-mass energy of

p
s = 10.58 GeV and

is expected to reach an integrated luminosity of 50 ab�1

.

The signal process e

+

e

� ! � + E/ under study results
from the associated production of a mono-energetic pho-
ton and a light Z

0 (see, Fig.2(a)) and subsequent decay
of Z 0 into a ⌫⌫̄ pair. The � � Z

0 kinetic mixing depends
on the momentum q carried by Z

0 as well as the ratio of
smuon and stau masses. The cross section of Z 0 produc-
tion e

+

e

� ! � + Z

0 in the center-of-mass frame is given
by [47]
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FIG. 2: The feynman diagram for ��Z0 production at Belle-
II is shown in Fig.2(a). Fig.2(b) shows the variation of the
cross section for this process with changing E� and MZ0 .

Here we have cos ✓
min

< cos ✓ < cos ✓
max

with, cos ✓
min

=
�0.821 and cos ✓

max

= 0.941, which corresponds to the
range of the coverage of the electromagnetic calorimeter
[28]. The angle ✓ is the angle between the electron beam
axis and the photon momentum. The cross section is
plotted in Fig.2(b) where the final state photon energy
E

�

is related to q

2 in the center-of-mass frame as

E

�

=
s� q

2

2
p
s

. (7)

The maximum value of E
�

is
p
s/2 (5.29 GeV at Belle-II)

that corresponds to M

2

Z

0 = 0 for an on-shell Z 0. At Belle-
II this process can probe the Z 0 gauge boson of mass . 6
GeV, which corresponds to a maximum g

X

of 4 ⇥ 10�3

[48]. The decay mode of the Z

0 boson into two muons
is possible for M

Z

0
> 2m

µ

and results in �µ

+

µ

� signal
which is cleaner. However it cannot probe the crucially
important range of Z 0 mass that can still explain muon
(g � 2) in the absence of additional SUSY contribution.
The decay width of the additional gauge boson is much

less than its mass for this parameter space, which justifies
the use of the narrow width approximation. The value
of the gauge coupling g

X

has been taken to be 10�3 in
Fig.2(b) to correspond to a region where muon (g � 2)
may still be satisfied even when the superpartners are

The maximum value  
of        is  E�
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At Belle-II this process can  
probe the     gauge boson 
of mass       6 GeV, which 
corresponds to a maximum  
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Variation of the cross section

3

our analysis the kinetic mixing parameter, ✏, that is gen-
erated radiatively, never exceeds 10�4.

At this stage it is worth mentioning that the gauged
L

µ

� L

⌧

model was first introduced to address the dis-
crepancy between the experimental measurement and the
SM predictions of muon (g � 2) and this is given by[39]

a

exp

µ

� a

SM

µ

= (28.7± 8.0)⇥ 10�10 (3)

where a

µ

⌘ (g
µ

� 2)/2.
In gauged L

µ

�L

⌧

models without supersymmetry the
extra contribution to (g

µ

�2)/2 comes solely from a one-
loop diagram involving Z

0 and is given by[8, 9]
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In addition, the most stringent constraints on the
U(1)

Lµ�L⌧parameter space come from neutrino trident
production (CCFR[40]), neutrino-electron elastic scatter-
ing (BOREXINO[41]) and the light Z

0 search through
e

+

e

� ! µ

+

µ

�
Z

0
, Z

0 ! µ

+

µ

� by the BaBar Collabo-
ration [42]. The CCFR collaboration reported a strong
adherence of the observed cross section to the SM pre-
diction, which strongly constrains a large section of the
M

Z

0 -g
X

parameter space [29]. The observation of 7Be
solar neutrino scattering rates at Borexino disfavors any
additional contribution that is 8% or more above the SM
prediction[43, 44]. For a recent discussion on other con-
straints, see, Ref.[45]. Taking them into account, a thin
slice of the M

Z

0 -g
X

parameter space,

10 MeV . M

Z

0 . 210 MeV, 4⇥ 10�4 . g

X

. 10�3 (5)

is left to explain the muon (g � 2) anomaly. However, it
was shown in [32] that once SUSY is taken into consider-
ation the allowed parameter range satisfying muon (g�2)
is larger depending on the choice of SUSY parameters.

In case of superheavy sparticles, the allowed parameter
range is the same as that in non-SUSY L

µ

� L

⌧

(given
in Eq.5), however, their contribution to kinetic mixing is
non-decoupling. Hence, one would still be able to discern
their signatures at Belle-II through the signal process.

Belle-II experiment [35, 46] is an electron-positron col-
lider with a center-of-mass energy of

p
s = 10.58 GeV and

is expected to reach an integrated luminosity of 50 ab�1

.

The signal process e

+

e

� ! � + E/ under study results
from the associated production of a mono-energetic pho-
ton and a light Z

0 (see, Fig.2(a)) and subsequent decay
of Z 0 into a ⌫⌫̄ pair. The � � Z

0 kinetic mixing depends
on the momentum q carried by Z

0 as well as the ratio of
smuon and stau masses. The cross section of Z 0 produc-
tion e
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0 in the center-of-mass frame is given
by [47]
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FIG. 2: The feynman diagram for ��Z0 production at Belle-
II is shown in Fig.2(a). Fig.2(b) shows the variation of the
cross section for this process with changing E� and MZ0 .
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with, cos ✓
min

=
�0.821 and cos ✓

max

= 0.941, which corresponds to the
range of the coverage of the electromagnetic calorimeter
[28]. The angle ✓ is the angle between the electron beam
axis and the photon momentum. The cross section is
plotted in Fig.2(b) where the final state photon energy
E

�

is related to q

2 in the center-of-mass frame as
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The maximum value of E
�

is
p
s/2 (5.29 GeV at Belle-II)

that corresponds to M

2

Z

0 = 0 for an on-shell Z 0. At Belle-
II this process can probe the Z 0 gauge boson of mass . 6
GeV, which corresponds to a maximum g

X

of 4 ⇥ 10�3

[48]. The decay mode of the Z

0 boson into two muons
is possible for M

Z

0
> 2m

µ

and results in �µ

+

µ

� signal
which is cleaner. However it cannot probe the crucially
important range of Z 0 mass that can still explain muon
(g � 2) in the absence of additional SUSY contribution.
The decay width of the additional gauge boson is much

less than its mass for this parameter space, which justifies
the use of the narrow width approximation. The value
of the gauge coupling g

X

has been taken to be 10�3 in
Fig.2(b) to correspond to a region where muon (g � 2)
may still be satisfied even when the superpartners are

The cross section is larger 
for larger values of     for 
higher photon energies 

r
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results in a larger cross section 
for most of the        range



What do we look for ?

• The signal involves a monochromatic  photon and 
hence an excess from it would appear in any one of  
bins

• The number of single photon + missing energy  
 events observed at Belle-II in each photon energy  
bin

• The background processes produce events in all the  
energy bins in the photon energy range studied. 

• We have compared the number of events  
corresponding to signal and background processes 
for                                         for Belle-II for an integrated 
luminosity of   

 

3.0 GeV < E� < 5.29 GeV
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The event histograms

MZ0 < 1.38 GeV ! E� > 5.20 GeV
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Hence correlating with the allowed range of MZ0
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where we can explain the muon (g - 2) anomaly, it is 
impossible to have an excess in any of the bins apart   
from the highest one in a non-SUSY scenario. 
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where we can explain the muon (g - 2) anomaly, it is 
impossible to have an excess in any of the bins apart   
from the highest one in a non-SUSY scenario. 



Some features of the signal

If Belle-II observes any significant excess in any of the 
energy bins apart from the last one, it would be an  
unmistakeable signature of sleptons contributing to the 
kinetic mixing, and an additional source for muon (g - 2) 
anomaly apart from the      contribution Z 0
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Some features of the signal

The signal significance is independent of the individual 
masses of the sleptons

Even if the sleptons are massive enough to have evaded 
detection at the LHC, they could leave their traces in this 
process 



Exclusion in the absence of any significant excess
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Exclusion in the absence of any significant excess



Conclusion

• This is an extremely important channel to look for  
the              gauge boson at Belle-II given current bounds  
from muon (g - 2) 

Lµ � L⌧
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• While non-SUSY  BSM physics would show up only 
at the highest energy bin, SUSY would show up at  
lower energy bins too

• The signal is independent of the masses of individual 
sparticles 

• Exclusion plots from this channel would significantly 
 affect any implementations of gauged               modelLµ � L⌧
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