
LOI Short Talk: Feasibility Study 
on Probing the Seesaw Mechanism 

with full detector simulation for 250 GeV ILC

Nobuchika Okada
University of Alabama  

Snowmass EF08: BSM meeting, Oct. 15, 2020

In collaboration with
Satomi Okada  (U. of Alabama)
Shu Shimomura (Tohoku U.)
Ryo Yonamine (Tohoku U.) 

1



LOI Short Talk: Feasibility Study 
on Probing the Seesaw Mechanism 

with full detector simulation for 250 GeV ILC

Nobuchika Okada
University of Alabama  

Snowmass EF08: BSM meeting, Oct. 15, 2020

In collaboration with
Satomi Okada  (U. of Alabama)
Shu Shimomura (Tohoku U.)
Ryo Yonamine (Tohoku U.) 

2

HEP Th



LOI Short Talk: Feasibility Study 
on Probing the Seesaw Mechanism 

with full detector simulation for 250 GeV ILC

Nobuchika Okada
University of Alabama  

Snowmass EF08: BSM meeting, Oct. 15, 2020

In collaboration with
Satomi Okada  (U. of Alabama)
Shu Shimomura (Tohoku U.)
Ryo Yonamine (Tohoku U.) 

3

HEP Ex



Gauged B-L extended Standard Model 

Well-motivated extension to supplement the SM with 
neutrino masses & flavor mixings

4

Ø B-L is the unique anomaly-free global symmetry in the SM

Ø Gauging the global B-L symmetry may be natural 

Ø Anomaly-free requirement à 3 right-handed neutrinos

Ø B-L symmetry breaking à Massive Z’ & Majorana RHNs

Ø Seesaw Mechanism for tiny neutrino mass generation
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Two cases for B-L charge assignment

``Standard’’ ``Alternative’’

SU(3)C SU(2)L U(1)Y U(1)X
qiL 3 2 1/6 (1/6)xH +1/3
ui
R 3 1 2/3 (2/3)xH +1/3

diR 3 1 −1/3 (−1/3)xH +1/3
ℓiL 1 2 −1/2 (−1/2)xH −1
N i

R 1 1 0 −1
eiR 1 1 −1 (−1)xH −1
H 1 2 −1/2 (−1/2)xH

Φ 1 1 0 +2

Table 1: The particle content of the minimal U(1)X extended SM with Z2-parity. In
addition to the SM particle content (i = 1, 2, 3), the three RHNs (N j

R (j = 1, 2) and
NR) and the U(1)X Higgs field (Φ) are introduced. The unification into SU(5)×U(1)X is
achieved only for xH = −4/5, and xH is quantized in our model.

U(1)B−L

N1
R −1

N2
R −1

N3
R −1

Table 2: The particle content of the minimal U(1)X extended SM with Z2-parity. In
addition to the SM particle content (i = 1, 2, 3), the three RHNs (N j

R (j = 1, 2) and
NR) and the U(1)X Higgs field (Φ) are introduced. The unification into SU(5)×U(1)X is
achieved only for xH = −4/5, and xH is quantized in our model.

f

f̄

SU(3)C×SU(2)L×U(1)Y×U(1)X

mZ′ = 7.5TeV gX = gZ (1)

QX = Yf xH +QB−L

xH → 0

f

f̄

Z ′

1

U(1)B−L

N1
R −4

N2
R −4

N3
R +5

Table 3: The particle content of the minimal U(1)X extended SM with Z2-parity. In
addition to the SM particle content (i = 1, 2, 3), the three RHNs (N j

R (j = 1, 2) and
NR) and the U(1)X Higgs field (Φ) are introduced. The unification into SU(5)×U(1)X is
achieved only for xH = −4/5, and xH is quantized in our model.

e+e− → µ+µ−

e+e− → Z h

e+e− → Z ′∗ → N N

h

−mZ gX xH

mZ′ ≫ mf ,mh

2× vX ≥ 6.9TeV
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L =

gℓL√
(gℓL)
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2
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2
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±Λ2 (4)
QeQf

(2vX)2
(5)

2

Anomaly-free in both cases

* In the alternative case, the minimal seesaw + Dark Matter 
Ref: NO, S. Okada & D. Raut, PRD 100 (2019) 3, 035022
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Seesaw Mech:
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Ø RHNs production via Z’ boson (B-L gauge interaction)

Ø ``Smoking-gun signature of the RHNs’ Majorana nature

Figure 6: Representative Feynman diagrams for the Higgs portal Majorana neutrino pair
production and subsequent decay modes.

respectively.
Let us now consider the production cross section for the RHNs at the LHC from the � and

h productions and their decays. Using Eqs. (4.1), (4.2) and (4.10), the cross section formulas
are given by

�(pp ! � ! NN) = sin
2 ✓ ⇥ �h(m�)⇥ BR(� ! NN),

�(pp ! h ! NN) = cos
2 ✓ ⇥ �h(mh)⇥ BR(h ! NN), (4.11)

respectively, and they are controlled by four parameters, Y , ✓, m� and mN . Throughout
this section, we fix mN = 20 GeV, for simplicity. The representative diagrams of the RHN
productions including their decays are shown in Fig. 6. We will discuss the decay of RHNs
into the SM final states in details in Sec. 5. In the remainder of the analysis in this section,
we fix the lifetime of RHNs to yield the best reach of �XX in Fig. 1 for both the future
HL-LHC and MATHUSLA displaced vertex searches, namely, �min(HL� LHC) = 20.7 and
�min(MATH) = 0.3 fb, which corresponds to c⌧ = 3.1 and 58.4 m, respectively. Here, we
identify X with the RHN while S is either h or �.

We first consider the case where h and � masses are almost degenerate, mh ' m� = 126

GeV. In this case, the total cross section �XX is given by the sum of the productions from
� and h.10 The best search reach of the displaced vertex signatures at the HL-LHC or the
MATHUSLA are expressed as

�min = �(pp ! � ! NN) + �(pp ! h ! NN)

'
⇥
sin

2 ✓ ⇥ BR(� ! NN) + cos
2 ✓ ⇥ BR(h ! NN)

⇤
�h(mh), (4.12)

where we have used the approximation �h(m�) ' �h(mh). Hence, the best search reach is
expressed as a function of Y and ✓ for the fixed values of mN = 20 GeV, mh = 125 GeV and
m� = 126 GeV. In Fig. 7, our results are shown in (Y, sin ✓)-plane. This plots show (i) the
best reaches of displaced vertex searches at the HL-LHC (dashed curve) and the MATHUSLA

10 Although � and h are almost degenerate, we do not consider the interference between the processes,
pp ! � ! NN and pp ! h ! NN , since their decay width is much smaller (a few MeV) than their mass
differences. Hence, in evaluation the total cross section, we simply add the individual production cross section
in Eq. (4.11).

10
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H− H0∗ 0

⎞
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The KK modes of Ay are eaten by KK modes of the SM gauge bosons and become their

longitudinal degrees of freedom like the ordinary Higgs mechanism.

The 5D Lagrangian relevant to our DM physics is given by

LDM = −1

2
Tr

[

FMNF
MN

]

−
(cL
2
Tr [WµνW

µν ] +
cY
4

Tr [BµνB
µν ]

)

(δ(y) + δ(y − πR)) (17)

c = ! = 1 (18)

2

Same sign dilepton+jets

Ø Hadron Collider: f=q, Z’ resonance & decay

Ø Lepton Collider: f=e, off-shell Z’ boson
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[

FMNF
MN

]

−
(cL
2
Tr [WµνW

µν ] +
cY
4

Tr [BµνB
µν ]

)

(δ(y) + δ(y − πR)) (17)

c = ! = 1 (18)
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Same sign dilepton+jets

Ø Hadron Collider: f=q, Z’ resonance & decay

Ø Lepton Collider: f=e, off-shell Z’ boson

SU(3)C SU(2)L U(1)Y U(1)X
qiL 3 2 1/6 (1/6)xH +1/3
ui
R 3 1 2/3 (2/3)xH +1/3
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ℓiL 1 2 −1/2 (−1/2)xH −1
N i
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H 1 2 −1/2 (−1/2)xH

Φ 1 1 0 +2

Table 1: The particle content of the minimal U(1)X extended SM with Z2-parity. In
addition to the SM particle content (i = 1, 2, 3), the three RHNs (N j

R (j = 1, 2) and
NR) and the U(1)X Higgs field (Φ) are introduced. The unification into SU(5)×U(1)X is
achieved only for xH = −4/5, and xH is quantized in our model.
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Current Status: LHC constraints 
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Search for a narrow resonances with dilepton final states
Z’ boson constraints from LHC are already very severe

8

Z’	à e+e−
u High	mass	di-
electron	
resonance	
search

u Interpretation	in	
sequential	SM	
Z’	model

u Statistics	limited
u Main	
experimental	
concern	is	
electron	
momentum	
resolution
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ATLAS-TDR-027
http://cdsweb.cern.ch/record/2285582/files/ATLAS-TDR-027.pdf

LHC Run-2 (ATLAS) HL-LHC prospects

* ATLAS & CMS constraints are consistent

36.1/fb
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Fig. 1. The lower bounds on mZ ′ /gBL as a function of mZ ′ from the ATLAS 2017 
result and the HL-LHC search reach [19], along with the LEP constraint of mZ ′ /gBL >

6.9 TeV (dotted horizontal line) [11].

where we have neglected all SM fermion masses, and Q N j is the 
U(1)B−L charge of the RHN N j

R . For the minimal (alternative) B − L
model, let us consider two benchmark (degenerate) mass spec-
tra for the RHNs: mN1,2,3(mN1,2 ) = mN = 50 GeV and 100 GeV. It 
has been recently shown in Ref. [13] that in the alternative B − L
model, N3

R plays the role of DM in the Universe, reproducing the 
observed DM relic abundance with mN3 ≃ mZ ′/2. Motivated by the 
discussion, we set mN3 ≃ mZ ′/2, so that the N3 contribution to !Z ′

is neglected.
In our LHC analysis, we employ CTEQ6L [16] for the parton dis-

tribution functions and calculate the cross section of the dilepton 
production through the Z ′ boson exchange in the s-channel. Ne-
glecting the mass for the RHNs in our LHC analysis, the resultant 
cross section is controlled by only two parameters: gBL and mZ ′ . 
To derive a constraint for these parameters from the ATLAS 2017 
results [14], we follow the strategy in Refs. [17,18]: we first calcu-
late the cross section of the process, pp → Z ′ + X → ℓ+ℓ− + X , for 
the sequential SM Z ′ boson and find a k-factor (k = 1.31) by which 
our cross section coincides with the cross section for the sequen-
tial SM Z ′ boson presented in the ATLAS paper [14]. We employ 
this k-factor for all of our LHC analysis, and find an upper bound 
on gBL as a function of mZ ′ from the ATLAS 2017 results. For the 
prospect of the future constraints to be obtained after the HL-LHC 
experiment with the 3000/fb integrated luminosity, we refer the 
simulation result presented in the ATLAS Technical Design Report 
[19]. Figure 4.20 (b) in this report shows the prospective upper 
bound on the cross section, pp → Z ′ + X → e+e− + X , as low as 
10−5 fb over the range of 2.5 ≤ mZ ′ [TeV] ≤ 7.5, which results in a 
lower bound on mZ ′ > 6.4 TeV for the sequential SM Z ′ boson.

For the following ILC analysis, instead of the LHC upper bound 
on gBL as a function of mZ ′ , it is more useful to plot the LHC lower 
bound on mZ ′/gBL , which is shown in Fig. 1. The lower and upper 
solid lines correspond to the lower bound from the ATLAS 2017 
and the prospective HL-LHC bound, respectively, for the minimal 
B − L model. The corresponding lower bounds for the alternative 
B − L model are depicted as the dashed lines. In the alternative 
B − L model, the Z ′ boson decay to a pair of RHNs dominates 
the total decay width and hence the branching ratio into dileptons 
is relatively suppressed, resulting in the LHC constraints weaker 
than those for the minimal B − L model. Note that the LHC con-
straint for mZ ′/gBL becomes dramatically weaker as mZ ′ increases. 
Since the ILC energy is much smaller than mZ ′ , the Z ′ boson medi-
ated processes at the ILC are described by effective higher dimen-
sional operators which are proportional to (mZ ′/gBL)

2. Therefore, 
the plots in Fig. 1 imply that the ILC can be a more powerful ma-

Fig. 2. The RHN pair production cross sections at the 250 GeV ILC, along the 
prospective HL-LHC bounds shown in Fig. 1. The upper (black) and lower (red) 
solid lines are the results for the minimal B − L model with mN1,2,3 = 50 GeV and 
100 GeV, respectively. The results for the alternative B − L model are shown as the 
upper (black) and lower (red) dashed lines corresponding to mN1,2 = 50 GeV and 
100 GeV, respectively.

chine than the LHC to explore the B − L models, if the Z ′ boson 
mass is beyond the search reach of the HL-LHC experiment.

Let us now investigate the RHN pair production at the 250 GeV 
ILC. The relevant process is e+e− → Z ′∗ → Ni Ni mediated by a 
virtual Z ′ boson in the s-channel. Since the collider energy 

√
s =

250 GeV is much smaller than mZ ′ , the RHN pair production cross 
section is approximately given by

σ (e+e− → Z ′∗ → Ni Ni)

≃ (Q Ni )2

24π
s
(

gBL

mZ ′

)4
(

1 −
4m2

Ni

m2
Z ′

) 3
2

. (8)

For our benchmark RHN mass spectra, we show in Fig. 2 the 
RHN pair production cross sections at the 250 GeV ILC, along 
the prospective HL-LHC bounds on mZ ′/gBL shown in Fig. 1. For 
mZ ′ = 7.5 TeV, we have found σ (e+e− → Z ′∗ → Ni Ni) = 0.0085
and 0.14 fb for mN1,2,3 = 50 GeV and mN1,2 = 50 GeV, respectively, 
for the minimal and alternative B − L models. For the degenerate 
RHN mass spectra, we have 

∑3
i=1 σ (e+e− → Z ′∗ → Ni Ni) = 0.026

fb and 
∑2

i=1 σ (e+e− → Z ′∗ → Ni Ni) = 0.29 fb for each model, and 
thus 52 and 576 events with the 2000/fb goal luminosity of the 
250 GeV ILC, while satisfying the prospective constraints after the 
HL-LHC with the 3000/fb integrated luminosity. Considering the 
smoking-gun signature of the RHN pair production for which the 
SM backgrounds are few, the 250 GeV ILC can operate as a Majo-
rana RHN discovery machine towards confirming the type-I seesaw 
mechanism. In the second stage of the ILC with 

√
s = 500 GeV [9]

we expect roughly 4 times more events with the same goal lumi-
nosity.

For detailed discussion about the ILC phenomenology, we need 
to consider the decay processes of the heavy neutrinos. Assuming 
|mij

D/mN j | ≪ 1 in Eq. (2) or Eq. (4), the type-I seesaw mechanism 
leads to the light Majorana neutrino mass matrix of the form:

mν ≃ mD M−1
N mT

D = 1
mN

mD mT
D , (9)

where MN = mN 1 with the 3 × 3 (2 × 2) identity matrix 1 for 
the minimal (alternative) B − L model. Through the seesaw mech-
anism, the SM neutrinos and the RHNs are mixed in the mass 
eigenstates. The flavor eigenstates of the SM neutrinos (ν) are ex-
pressed in terms of the light (νm) and heavy (Nm) Majorana neu-

Lower bound on B-L VEV

LHC Run-2 (36.1/fb)

HL-LHC prospect (3/ab)

LEP-2

As Z’ boson becomes heavier, the LHC bounds get weaker



If Z’ boson is very heavy, the LHC bounds are not severe.
In fact, we can obtain sizable RHN-production cross sections 
at 250 GeV ILC, while satisfying HL-LHC prospective bound
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mass is beyond the search reach of the HL-LHC experiment.
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Plan for full detector simulation of 250GeV ILC
We will basically rely on the software framework developed by the ILD collaboration. 
This topic may also be interesting for SiD colleagues.

1) Event generation (Signal)

2) Full detector simulation, reconstruction, and analyses

We have worked on Physsim (https://www-jlc.kek.jp/subg/offl/physsim/) to generate the signal event 
(RHN pair production), but we encountered a technical problem with tau decays. 
̶> Fortunately, the latest Whizard generator (https://whizard.hepforge.org/) can generate Majorana 
particles and thus we are considering to restart with the Whizard.

ILCSoft (https://ilcsoft.desy.de/portal) provides a full chain of these processes.

※ The ILD collaboration has already generated the SM processes. We could use these samples as our background

- Geant4 based detector simulation 
- Realistic event reconstruction, which can be used in the real experiment 
- Isolated lepton finding 
- Charge identification 
- Jet clustering 
- Vertex finding

Currently we have two master students who are interested in this study: 
Our plan : One for “same sign leptons” search, another for “displaced vertex” search.


