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Introduction
The discrepancy of muon (g-2) is a long standing problem  
in particle physics.

which reaches to 3.6σ deviation.

�aµ ⌘ �aexp

µ ��ath

µ = (28.8± 8.0)⇥ 10�10,
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The discrepancy of muon (g-2) is a long standing problem  
in particle physics.

which reaches to 3.6σ deviation.

�aµ ⌘ �aexp

µ ��ath

µ = (28.8± 8.0)⇥ 10�10,

Non-SM contributions are required to explain this discrepancy.

�aNP
µ ⇠

f2

4⇡2

m2
µ

M2
⇠ 10�9

f

M
⇠ 2⇥ 10�3 (/GeV)

M : mass of new particle

  f :   coupling const with muon
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Introduction
The discrepancy of muon (g-2) is a long standing problem  
in particle physics.

which reaches to 3.6σ deviation.

�aµ ⌘ �aexp

µ ��ath

µ = (28.8± 8.0)⇥ 10�10,

Non-SM contributions are required to explain this discrepancy.

�aNP
µ ⇠

f2

4⇡2

m2
µ

M2
⇠ 10�9

f

M
⇠ 2⇥ 10�3 (/GeV)

High scale NP,    e.g. M=1 TeV and f = O(1)

Low scale NP,     e.g. M=100 MeV and f = O(10-4)

M : mass of new particle

  f :   coupling const with muon

The scale of New Physics (NP)
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Introduction

µ µ

�

Z0

g0 g0

Muon interacts with a gauge boson, Z’, of the symmetry

Gauged U(1)Lμ-Lτ model



g0
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Introduction
Gauged U(1)Lμ-Lτ model

Araki, Hoshino, Ota, Sato, T.S.  
PRD95 (2017)
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Introduction
Gauged U(1)Lμ-Lτ model

Araki, Hoshino, Ota, Sato, T.S.  
PRD95 (2017)

2⇥ 10�4  g0  10�3

5  mZ0  210 MeV



m� =
p
�v�  O(100) GeV
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• The vev of the scalar can be estimated as

v� =
mZ0

g0 ⇠ O(10� 100) GeV

The U(1)Lμ-Lτ symmetry should be broken so that Z’ acquires mass. 

A new scalar boson must exist to break the symmetry  
spontaneously.

Introduction

• The mass of the scalar will be the same order or less
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Purpose
There are two new particles at least

• Feebly int. gauge boson with mass < O(100) MeV 
    Low energy with high luminosity, i.e. Belle-II 
 
          

• Scalar boson with mass < O(100) GeV  
    High energy with high luminosity, ILC!

Search for the symmetry breaking scalar at ILC

•Araki, Hoshino, Ota, Sato, T.S. PRD95 (2017)

•Kaneta, T.S. PTEP 2017
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Minimal Gauged U(1)Lμ-Lτ model
We introduce one complex scalar to U(1)Lμ-Lτ model

Scalar Lepton

H ' Le Lµ L⌧ eR µR ⌧R

SU(2)L 2 1 2 2 2 1 1 1

U(1)Y
1

2

0 �1

2

�1

2

�1

2

�1 �1 �1

U(1)Lµ�L⌧ 0 1 0 1 �1 0 1 �1

TABLE I: Contents of scalar fields and their charge assignments under SU(2)L⇥U(1)Y ⇥U(1)Lµ�L⌧ .

experiments is a crucial to identify the model. The VEV of the scalar can be estimated as

about 10-100 GeV from the gauge boson mass and the gauge coupling. Thus, naively one

can expect that the physical CP-even scalar emerging after the symmetry breaking has a

mass of the same order. Such a heavy scalar can not be directly searched at low energy

experiments, and hence should be searched at high energy collider experiments, i.e. the

LHC experiment and future ILC experiment [24, 25]. In this paper, we study signatures for

the scalar as well as the light gauge boson using Z 0 � Z 0 � � vertex at the LHC experiment

and the ILC experiment.

This paper is organized as follows. In section II, we briefly review the minimal gauged

Lµ �L⌧ model and give the partial decay widths of the scalar and gauge bosons. In section

III, we show the allowed parameter space of the model. Then we show our results on the

signatures of the scalar and the gauge boson production at the LHC and ILC experiments

in section IV. Section V is devoted to the summary and discussion.

II. MODEL

We begin our discussions with reviewing a model with gauged U(1)Lµ�L⌧ symmetry under

which muon (µ) and tau (⌧) flavor leptons are charged among the SM leptons. As a minimal

setup, we introduce a SM singlet scalar field ' to break the Lµ�L⌧ symmetry spontaneously.

The gauge charge assignment for the lepton and scalar fields are given in Table I, and the

quark sector is the same as that of the SM. In the table, Le, Lµ, L⌧ and eR, µR, ⌧R

denote the left and right-handed leptons, and H denotes the SU(2)L doublet scalar field,

3

• Anomaly free

• neutrino mass and mixing

• minimal setup

Choubey, Rodejohann, Eur.Phys.J, (2005)

Ota, Rodejohann, Phys.Lett. (2006)

Asai, Hamaguchi, Nagata, 1705.00419

The Lagrangian

L = LSM + |Dµ'|2 � V �
1

4
Z0

µ⌫Z
0µ⌫ �

✏

2
Bµ⌫Z

0µ⌫ + g0Z0
µJ

µ
Z0

Jµ
Z0 = L̄µ�

µLµ + µ̄R�µµR � L̄⌧�
µL⌧ � ⌧̄R�µ⌧R

V = �µ2
HH†H � µ2

''
⇤'+

�H

2
(H†H)2 +

�'

2
('⇤')2 + �H'(H

†H)('⇤')

where

* We omit RH neutrino sector. Neutrino mass generation is discussed  
   in Asai, Hamaguchi, Nagata

scalar mixing

gauge kinetic mixing



� = � sin↵H + cos↵',

h = cos↵H + sin↵',
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Mass eigenstates

scalar bosons:

gauge boson:

After the EW and U(1)Lμ-Lτ symmetry breaking, 

tan2↵ =
2�H'vv'

�Hv2 � �'v2
'

where v and vφ are the vev of H and φ, respectively.

Z3 = Z0 � ✏ sin✓WZ
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Mass eigenstates

scalar bosons:

gauge boson:

After the EW and U(1)Lμ-Lτ symmetry breaking, 

tan2↵ =
2�H'vv'

�Hv2 � �'v2
'

where v and vφ are the vev of H and φ, respectively.

Z3 = Z0 � ✏ sin✓WZ

The Yukawa and gauge int. 

L � sin↵�

2

4
XXX

f

mf

v
f̄f +

m2
Z

v
ZµZ

µ +
2m2

W

v
W+

µ W�µ

3

5

+

m2
Z0

v'
cos↵�Z0

µZ
0µ

+Z0
µ(�e✏ cos ✓WJµ

EM + g0Jµ
Z0) +O(✏2)

JEM : Electromagnetic current
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Decay of φ

��!Z0Z0 '
g02

cos

2 ↵

32⇡

m2
�

m2
Z0

m�

Assuming 2mt>mφ≫mZ’,f, the decay widths are 

��!ff̄ '
sin2 ↵

8⇡

✓
mf

v

◆2

m�
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Decay of φ

��!Z0Z0 '
g02

cos

2 ↵

32⇡

m2
�

m2
Z0

m�

��!ff̄ '
sin2 ↵

8⇡

✓
mf

v

◆2

m�

enhancement by  
longitudinal mode

φ dominantly decays into Z’ pair

To resolve (g-2)μ,  mφ/mZ’ ～103 for mφ=100 GeV and mZ’=100 MeV

��!Z0Z0 � ��!ff̄

Thus,

Assuming 2mt>mφ≫mZ’,f, the decay widths are 
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Decay of Z’

�Z0!⌫⌫̄ =
g02

24⇡
mZ0

�Z0!e+e� '
e2✏2 cos2 ✓W

12⇡
mZ0

ΝΜ!Τ" ΝΜ!Τ"

e
$

e
%

0.5 1.0 2.0 5.0 10.0

0.01

0.02

0.05

0.10

0.20

0.50

1.00

Ε!g'

B
R
"Z

'"
ff
#

For ε/g’ < 1, 

mZ0 = 100 MeV

Z’ mainly decays into ν



� ! Z0Z0 ! 4⌫
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Decay of Z’

�Z0!⌫⌫̄ =
g02

24⇡
mZ0

�Z0!e+e� '
e2✏2 cos2 ✓W

12⇡
mZ0
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For ε/g’ < 1, 

mZ0 = 100 MeV

Therefore the main decay mode of φ is 

Z’ mainly decays into ν

Invisible at collider experiments

different from the SM Higgs
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Allowed parameter region

m� = 30 GeV

Extra invisible decays of the SM Higgs into Z’ and φ pairs,
h ! Z0Z0, ��

m� > mh/2

(g-2) 2σ
(g-2) 3σ

excluded by CCFR excluded by CCFR

Constraints from invisible Higgs decay measured at LHC,
sin↵ < 0.3, BRinvisible < 0.25
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m� = 30 GeV m� > mh/2

(g-2) 2σ
(g-2) 3σ

excluded by CCFR excluded by CCFR

BR < 0.25 BR < 0.25

Allowed parameter region

h ! Z0Z0, ��

Constraints from invisible Higgs decay measured at LHC,
sin↵ < 0.3, BRinvisible < 0.25

Extra invisible decays of the SM Higgs into Z’ and φ pairs,
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m� = 30 GeV m� > mh/2

(g-2) 2σ
(g-2) 3σ

excluded by CCFR excluded by CCFR

BR < 0.25 BR < 0.25

Allowed parameter region

h ! Z0Z0, ��

Constraints from invisible Higgs decay measured at LHC,
sin↵ < 0.3, BRinvisible < 0.25

sin↵ ⇠ O(0.01)

Extra invisible decays of the SM Higgs into Z’ and φ pairs,



✏/g0  2 (0.6)

✏  7⇥ 10�4
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Z’ search in meson decays at NA64: Z’ → e+e-

EW precision: ρ parameter

for mZ0 = 100 (5) MeV

Allowed parameter region
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✏  7⇥ 10�4
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Z’ search in meson decays at NA64: Z’ → e+e-

EW precision: ρ parameter

for mZ0 = 100 (5) MeV

ΝΜ!Τ" ΝΜ!Τ"
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mZ0 = 100 MeVIn the following discussion, we fix
mZ0 = 100 MeV

✏/g0 = 1

sin↵ = 0.05

Allowed parameter region

BR(Z0 ! ⌫⌫̄) = 0.97
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ILC experiment
Main production process of φ at ILC with √s = 250 GeV

invisible

or 2 jets

The backgrounds

e�

e+

Z⇤

Z

�

⌫

⌫̄

l

l̄

Z0

Z0 ⌫

⌫̄

The signal
e+e� ! l+l� + /E

e+e� ! jj + /E

1) 

1)                                             followed by leptonic decay 

2)                                             followed by hadronic decay

e+e� ! l+l�⌫⌫̄, ⌧+⌧�

e+e� ! jj⌫⌫̄, ⌧+⌧�

2) 
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ILC experiment

Invariant Mass Cuts

Basic Cuts
1)                                                       for leptons


2)                                                       for jets

We perform a simulation study by using MADGRAPH/MADEVENT  
with PYTHIA6, assuming L=3000/fb and mφ=30, 65 GeV.

pT (`
±) > 7 GeV, ⌘(`±) < 2.5

pT (j) > 20 GeV, ⌘(j) < 5.0

1)                                                                         for leptons


2)                                                                         for jets

Kinematical Cuts

Reduce BGs

mZ � 20 GeV < Mjj < mZ + 5 GeV

mZ � 10 GeV < M`+`� < mZ + 10 GeV

Reduce BGs 
in Mrec dist. reconstructed mass

1)                                                                         for leptons


2)                                                                         

m� � 10 GeV < Mrec
�`

< m� + 10 GeV

m� � 15(10) GeV < Mrec
�j

< m� + 25(50) GeV
for jets

Mrec
� =

q
s + m2

Z � 2(El/j1 + El/j2)
p
s
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FIG. 9: Distribution of invariant mass for two jets with only basic cuts where left-, middle- and

right-panels correspond to signal, jj⌫⌫̄ BG and ⌧+⌧� BG events. Here ↵ = 1 is applied.
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FIG. 10: Distribution of reconstructed ' mass after imposing basic and Mjj cuts where left-,

middle- and right-panels correspond to signal, jj⌫⌫̄ BG and ⌧+⌧� BG events. Here ↵ = 1 is

applied.

where the first process mainly comes from e+e� ! ZZ followed by Z decay into

jets/neutrinos and the second process gives jj + /E events due to miss-identification of ⌧ -jet

as hadronic jets with missing energy. Signal and BG events are generated with basic cuts

for jets in final states implemented in MADGRAPH/MADEVENT 5 as

pT (j) > 20 GeV, ⌘(j) < 5.0 . (40)

As in the `+`� + /E case, we investigate kinematical distributions for signal and BGs to

find relevant kinematical cuts. Plots in Fig. 9 show distributions of invariant mass of two

18

signalJets lepton BG tau BG
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FIG. 9: Distribution of invariant mass for two jets with only basic cuts where left-, middle- and

right-panels correspond to signal, jj⌫⌫̄ BG and ⌧+⌧� BG events. Here ↵ = 1 is applied.
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middle- and right-panels correspond to signal, jj⌫⌫̄ BG and ⌧+⌧� BG events. Here ↵ = 1 is

applied.

where the first process mainly comes from e+e� ! ZZ followed by Z decay into

jets/neutrinos and the second process gives jj + /E events due to miss-identification of ⌧ -jet

as hadronic jets with missing energy. Signal and BG events are generated with basic cuts

for jets in final states implemented in MADGRAPH/MADEVENT 5 as

pT (j) > 20 GeV, ⌘(j) < 5.0 . (40)

As in the `+`� + /E case, we investigate kinematical distributions for signal and BGs to

find relevant kinematical cuts. Plots in Fig. 9 show distributions of invariant mass of two
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Jets
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FIG. 9: Distribution of invariant mass for two jets with only basic cuts where left-, middle- and

right-panels correspond to signal, jj⌫⌫̄ BG and ⌧+⌧� BG events. Here ↵ = 1 is applied.
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FIG. 10: Distribution of reconstructed ' mass after imposing basic and Mjj cuts where left-,

middle- and right-panels correspond to signal, jj⌫⌫̄ BG and ⌧+⌧� BG events. Here ↵ = 1 is

applied.

where the first process mainly comes from e+e� ! ZZ followed by Z decay into

jets/neutrinos and the second process gives jj + /E events due to miss-identification of ⌧ -jet

as hadronic jets with missing energy. Signal and BG events are generated with basic cuts

for jets in final states implemented in MADGRAPH/MADEVENT 5 as

pT (j) > 20 GeV, ⌘(j) < 5.0 . (40)

As in the `+`� + /E case, we investigate kinematical distributions for signal and BGs to

find relevant kinematical cuts. Plots in Fig. 9 show distributions of invariant mass of two
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mZ � 20 GeV < Mjj < mZ + 5 GeV

m� � 15(10) GeV < Mrec
�j

< m� + 25(50) GeV,

signal lepton BG tau BG
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↵NS ; m� = (65, 30) GeV N `+`�⌫⌫̄
BG N ⌧⌧

BG ↵Sc

Only basic cuts (1.6⇥ 102, 1.8⇥ 102) 1.1⇥ 106 1.9⇥ 105 (0.14, 0.16)

+ M`+`� cut (1.5⇥ 102, 1.7⇥ 102) 1.5⇥ 105 3.7⇥ 104 (0.35, 0.39)

+ M rec
�`

cut for m� = 65 GeV (1.3⇥ 102, · · · ) 7.5⇥ 103 4.6⇥ 102 (1.5, · · · )
+ M rec

�`
cut for m� = 30 GeV (· · · , 1.2⇥ 102) 2.8⇥ 103 42. (· · · , 2.2)

TABLE II: The number of events for signal (NS), BG (NBG) and significance (Sc) after each cut

where we have adopted m� = (30, 65) GeV as reference values, the integrated luminosity is taken

as 3000 fb�1, and NS(Sc) is multiplied by scaling factor k↵.

signal events does not change significantly. Note that number of BG events is large in the

region M rec
�`

& 80 GeV and it would be di�cult to search for our signal if m� is in the region.

Finally we estimate the discovery significance by

Scl =
NSp
NBG

, (39)

where NS and NBG respectively denote the number of events for signal and total BG. The

significances before and after kinematical cuts are shown in the last column of Table II.

After imposing all cuts, we obtain discovery significance of 1.5(2.2) for m� = 65(30) GeV

with ↵ = 1 corresponding to sin↵ = 0.05. Thus small scalar mixing as sin↵ = 0.05 will

be constrained when mass of � is as light as 30 GeV. Furthermore if sin↵ ⇠ 0.1 we can get

discovery significance larger than 5 since ↵ ⇠ 4. Note that more detailed kinematical cuts

will improve the significance [68] but it is beyond the scope of this paper.

2. The case of jj + /E signal

Here we discuss the ”jj + /E” signal and corresponding BG events and estimate discov-

ery significance applying relevant kinematical cuts. In this case we consider following BG

processes:

• e+e� ! jj⌫⌫̄ ,

• e+e� ! ⌧+⌧+,

17

↵ = (0.05/ sin↵)2lepton pair event

↵NS ; m� = (65, 30) GeV N jj⌫⌫̄
BG N ⌧⌧

BG ↵Sc

Only basic cuts (1.1⇥ 103, 1.2⇥ 103) 5.3⇥ 105 1.8⇥ 106 (0.69, 0.83)

+ Mjj cut (7.7⇥ 102, 9.3⇥ 102) 3.9⇥ 105 9.1⇥ 104 (1.1, 1.3)

+ M rec
�j

cut for m� = 65 GeV (3.8⇥ 102,· · · ) 2.5⇥ 104 3.4⇥ 102 (2.4, · · · )
+ M rec

�j
cut for m� = 30 GeV (· · · , 4.7⇥ 102) 1.7⇥ 103 19. (· · · , 11)

TABLE III: The number of events for signal (NS), BG (NBG) and significance (Sc) after each cut

where the setting is the same as Table. II

the CEPC [69] and FCC-ee [70, 71] can investigate our scenario; the CEPC at
p
s = 240

GeV can provide data with integrated luminosity of 5 ab�1 while at the FCC-ee integrated

luminosity can be 10(5) ab�1 for
p
s = 160(⇠ 250) GeV and that of 1.5 ab�1 is possible for

p
s = 350 GeV. Then these experiments also have the potential to find the signature of our

model which would give similar significance as our analysis since the energy and integrated

luminosity are not significantly di↵erent from the case of the ILC. Thus combining the

analysis of these experiments we can further improve the test of our model. Moreover the

lepton colliders can significantly improve measurements of the SM Higgs coupling which

can constrain the scalar mixing. The couplings of hZZ interaction can be measured with

the most strong sensitivity of ⇠ 0.1% error and the other coupling can be also measured

with few % error in each future lepton colliders [25, 69, 70]. In our case, the SM Higgs

coupling is given by cos↵⇥CSM
hV V/h ¯ff

where CSM
hV V/h ¯ff

is the SM Higgs coupling with vector

bosons/fermions. Thus divination from the SM is given by 1�cos↵ ' 0.0013⇥(sin↵/0.05)2

which would be tested by hZZ coupling measurement. The more stringent constraint can

be obtained from future measurement of invisible decay branching ratio of the SM Higgs.

For example, the ILC at
p
s = 250 GeV with integrated luminosity of 2 ab�1 can explore

the branching ratio up to 0.32% [25]. Therefore, comparing with Fig. 2, wide parameter

region can be explored which will be good complimentary test of our model.

V. SUMMARY AND DISCUSSION

We have studied a model with U(1)Lµ�L⌧ gauge symmetry which is spontaneously broken

by a VEV of SM singlet scalar field with non-zero Lµ � L⌧ charge. In this model Z 0 boson

and new CP-even scalar boson � are obtained after spontaneous symmetry breaking. Then
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jet event



29

Summary

φ mass can be reconstructed from lepton pair and jet events.

Signal significance is obtained as 1.5 (2.2) for lepton pair,  
and 2.4 (11) for jets with mφ=65 (30) GeV after cuts.

We have studied the scalar boson search which breaks  
gauged U(1)Lμ-Lτ symmetry spontaneously at ILC250.

From (g-2) and the invisible Higgs decay,

The gauge boson mass and gauge coupling are O(100) MeV  
and10-4, respectively.

The scalar mass should be <O(100) GeV, and its mixing  
should be O(0.01) 

The scalar boson is invisible because its main decay mode  
is φ→Z’Z’→4ν.

Then, at the ILC experiment,
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LHC experiment
The main production mode of φ is gluon fusion, followed by decay 
into Z’Z’.

g

g

�

Z0

Z0

e+

e�

e+

e�

invariant mass

invariant mass

In principle, Z’ and φ mass can be reconstructed by measuring 
e+e- energy and momentum.

mZ0 =
q

M2
e+e�

m� =
q
(pZ0 + p0

Z0)2

symm. breaking

The SM BGs are ZZ production and Drell-Yang with ISR/FSR e+e-

The momentum distrib. of e+e- in BG are different from the signal.

Kinematical cuts will reduce the BGs
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LHC experiment

Production cross section at LHC13
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LHC experiment

s ! 13 TeV

L ! 100 fb"1

mΦ ! 100 GeV

mZ ' ! 0.1 GeV

Kgg ! 1.6
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signal

O(103) events expected  
even BR(Z’→e+e-) = 0.07

However, e+e- pair is highly collimated, with the angle θ ~ 0.5°

Analysis of such a collimated e+e- is challenging at present


