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Beyond the Standard Model (BSM)
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Status of the Standard Model	

The Standard Model (SM) is the best theory  in describing the 
nature of elementary particle physics, which is in excellent 
agreement with almost of all current experimental results 
(including LHC Run results) as of TODAY	

Discussion Day 1 completed! 	
Let’s continue to Day 2         	

However, 	
There are problems that the SM cannot answer	
Physics beyond the SM (BSM Physics) is strongly suggested by 
both experimental & theoretical points of view
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Some questions that the Standard Model cannot answer
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1. Why are Neutrino Masses are non-zero and so tiny?

Some questions that the Standard Model cannot answer
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Neutrino Mass problemNeutrino Mass Problem
42 14. Neutrino mixing
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excluded by various experiments based on two-flavor neutrino oscillation analyses.
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1. Why are Neutrino Masses are non-zero and so tiny?	

2. What is the nature of Dark Matter?

Some questions that the Standard Model cannot answer



9

Dark Matter Problem

Evidence of dark matter 

Galaxy rotation curve 

Bullet Cluster 

29
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Existence of Dark Matter has been established! 

Dark Matter particle:    non-baryonic 
electric charge neutral 
(quasi) stable            

Cosmological Dark Matter Problem 

No suitable DM candidate in the Standard Model

Energy budget of the 
Universe is precisely 
determined by recent CMB 
anisotropy observations 
(WMAP & Planck) 

28



11

1. Why are Neutrino Masses are non-zero and so tiny?	

2. What is the nature of Dark Matter?	

3. What drives Cosmic Inflation before Big Bang?

Some questions that the Standard Model cannot answer
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Cosmic Infaltion
The problems of Big-Bang Cosmology

‣ Flatness problem	
‣ Horizon problem	
‣ Need to dilute unwanted topological defects	
‣ Origin of the primordial density fluctuations

Problem of Big Bang Cosmology

Origin of primordial density fluctuations

Seeds of the large sale structure 
of the Universe

Solution: Cosmological Inflation before Big Bang

Inflation is driven by a scalar field (infalton) 
with a very flat potential 

30

δT
T

≃ 10−5

Seeds of the large scale structure

Solution: Cosmic Inflation before Big-Bang cosmology, 	
driven by a scalar field (inflaton) which has a very flat potential

No suitable inflaton candidate in the SM
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1. Why are Neutrino Masses are non-zero and so tiny?	

2. What is the nature of Dark Matter?	

3. What drives Cosmic Inflation before Big Bang?	

4. What is the origin of Matter-Antimatter asymmetry in 

the Universe?

Some questions that the Standard Model cannot answer
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What is the origin of Matter-Antimatter Asymmetry?

*Baryogenesis in the SM context: Electroweak Baryogenesis 	
Unfortunately, it doesn’t work with the 125 GeV Higgs mass

Observations:  (1) Big asymmetry	
 	
                           (2) Small ratio to entropy

nB ≫ nB̄

nB

s
≃

nB − nB̄

s
≃ 10−10 ≪ 1

What is the origin?
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Some questions that the Standard Model cannot answer

1. Why are Neutrino Masses are non-zero and so tiny?	

2. What is the nature of Dark Matter?	

3. What drives Cosmic Inflation before Big Bang?	

4. What is the origin of Matter-Antimatter asymmetry in 

the Universe?	

5. What derives the Electroweak Symmetry Breaking?
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5. What drives the Electroweak symmetry breaking?

SM Higgs potential with a negative mass squared:

V = − m2
H(H†H) + λ(H†H)2 + const

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

<H>/vEW

V
/λ

Any “dynamical” reason for  ?−m2
H
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Research on BSM may include

1. Consider new framework to solve the SM’s 
mysteries and how to experimentally confirm it 	

2. Discuss new theoretically interesting paradigm, its 
prediction and possible ways to experimentally 
confirm it 	

3. Consider a way to discriminate different scenarios 
by experiment 
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Direction 1 

Consider new framework to solve the SM’s mysteries 
and how to experimentally confirm it 



19

Some attempt to saving several mysteries 
Simple solution to the neutrino mass problemSolution to the neutrino mass problem

Seesaw Mechanism 

The Standard Model + heavy Right-Handed Neutrinos

Minkowski; Yanagida;  Mohapatra & 
Senjanovic; Gell-Mann, Ramond & Slansky

from SM Higgs VEV 
: RHN mass

SU(3)C SU(2)L U(1)Y U(1)B−L

qiL 3 2 1/6 +1/3
ui
R 3 1 2/3 +1/3

diR 3 1 −1/3 +1/3
ℓiL 1 2 −1/2 −1
eiR 1 1 −1 −1

H 1 2 −1/2 0

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.

SU(3)C SU(2)L U(1)Y U(1)B−L

N i
R 1 1 0 −1
Φ 1 1 0 +2

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.
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0 M
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a
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a
ρσ (3)
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If we have a hierarchy between 
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13

The structure of the SM (1st generation) 

QCD co
lor

8 gluons

Left-handed Right-handed 

12
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Origin	of	tiny	neutrino	masses		

4 

Seesaw	Mechanism	is	the	most	elegant	way	

Neutrino	Dirac	mass	
after	EWSB	

Majorana	Mass	
allowed/generated		

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 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)B−L 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.

SU(3)C×SU(2)L×U(1)Y×U(1)B−L

mZ′ = 7.5TeV gX = gZ (5)

mD M mν ≃ mDM−1mD

QX = Yf xH +QB−L

xH → 0

f

f̄

Z ′

e+e− → µ+µ−

e+e− → Z h

e+e− → Z ′∗ → N N

h

−mZ gX xH

mZ′ ≫ mf ,mh

2× vX ≥ 6.9TeV

2
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H 1 2 −1/2 (−1/2)xH

Φ 1 1 0 +2

Table 3: The particle content of the minimal U(1)X extended SM with Z2-parity. In
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Ø Neutrinos are  Majorana particles 
Ø Theoretical connection between tiny neutrino 

mass & high scale phys.
26
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WIMP scenario for Dark Matter Problem

DM candidate: Weakly Interacting Massive Particle (WIMP) 
with  and QX = 0 τX ≫ τU

Decoupling from 	
the SM thermal plasma: 

dnX

dt
+ 3HnX

Boltzmann equation

= − ⟨σXX̄vrel⟩(n2
X − (nEQ

X )
2)

YDM(x) =
nX

s

x =
mDM

T

Freeze-Out

YEQ
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The DM relic density: 

This should reproduce the observed DM density measured 
by Planck 2018
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Slow-roll inflation to drive the cosmic inflation

0 5 10

0.0

0.5

1.0

1.5

�/MP

c N
×V

(�
)/M

P4
Slow-roll: E ∼ VEnd of Inflation: 	

         K ∼ V

Oscillation -> decay -> reheating

ϕ + δϕ

• Inflation takes place during slow-roll: 	
• Quantum fluctuation  is magnified to a macroscopic scale     
—> primordial density fluctuation

a(t) ∝ eHinf t

δϕ
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Simple scenario: Baryogenesis via Leptogenesis
Fukugita &Yanagida (1986)

Ø Right-handed neutrino decay in the early Universe 
generates lepton asymmetry

Ø Lepton asymmetry is converted to Baryon 
asymmetry by the SM non-perturbative effect 
(Sphaleron processes)

5 

Link	to	the	generation	of	BAU:	Leptogenesis		

CP-asymmetric	out-of-equilibrium	decay	of	heavy	neutrinos	

à Lepton	asymmetry	of	the	Universe		

à	BAU	from	LAU	via	sphaleron	process	

Ø  Tiny	neutrino	masses		
Ø  Baryon	Asymmetry	of	the	Universe	

Seesaw	Mechanism	

Fukugita-Yanagida,		
PLB	174	(1986)	45	
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Radiative Symmetry Breaking

By imposing “Classical Conformal Symmetry”

26

Vtree = λΦ(Φ†Φ)2

Toy U(1) gauge model:

*define this theory as ``Massless Theory”

Φ
U(1)
+2



Coleman-Weinberg mechanism
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VCW = Vtree + V1−loop

Φ =
1

2
(ϕ + iχ),

potential [13] is calculated to be

V (φ) =
λΦ

4
φ4 +

βΦ

8
φ4

(

ln

[

φ2

v2φ

]

−
25

6

)

, (14)

where φ/
√
2 = ℜ[Φ] is a real scalar, and we have chosen the renormalization scale as the VEV

of Φ (⟨φ⟩ = vφ). The stationary condition dV/dφ|φ=vφ
= 0 leads to a relation,

λΦ =
11

6
βΦ, (15)

between the renormalized self-coupling defined as

λΦ =
1

3!

d4V (φ)

dφ4

∣

∣

∣

∣

φ=vφ

(16)

and the coefficient of the one-loop corrections 2,

βΦ =
1

16π2

(

20λ2
Φ + 96g4X − 3Y 4

M

)

≃
1

16π2

(

96g4X − 3Y 4
M

)

. (17)

Here, we have used λ2
Φ ≪ g4X in the last expression. Note that the U(1)X symmetry breaking

via the Coleman-Weinberg mechanism relates the U(1)X Higgs quartic coupling to the gauge

and Majorana Yukawa couplings in Eq. (15). The vacuum stability requires YM < (32)1/4gX .

We next consider the SM Higgs sector. In our model, the electroweak symmetry breaking is

achieved in a very simple way. Once the U(1)X symmetry is radiatively broken, the SM Higgs

doublet mass is generated through the mixing quartic term in Eq. (13):

V ⊃
λH

4
h4 −

λmix

4
v2φh

2, (18)

where we have replaced H by H = 1/
√
2 (0 h)T in the unitary gauge. As a result, the elec-

troweak symmetry is broken. Here, we emphasize a crucial difference from the SM, namely, the

electroweak symmetry breaking is triggered by the radiative U(1)X gauge symmetry breaking

[14], not by a negative mass squared added by hand. The SM Higgs boson mass (mh) is given

by

m2
h = λmixv

2
φ = 2λHv

2
h, (19)

where vh = 246 GeV is the SM Higgs VEV. Considering the Higgs boson mass ofmh = 125 GeV

[15] and the LEP constraint on vφ ! 10 TeV [16–19], we find λmix " 10−4 and the smallness of

λmix is justified.

2 In a more precise formulation of the Coleman-Weinberg effective potential, βΦ includes a λmix term which

we have neglected because it is negligibly small compared to the dominant contribution from g4
X
. Also, we

define our inflaton trajectory along the φ direction with H = 0. Hence, even for λmix ≫ λΦ, we can neglect

the λmix term in our inflationary analysis.

8

 where βΦ =
1

16π2
96g4

➢ Radiative U(1) symmetry breaking at 	

➢ Parameter relations: 

ϕ = vϕ

λΦ =
11
6

βΦ

m2
ϕ =

d2VCW

dϕ2
ϕ→vϕ

→
3

2π2
g2M2

Z′￼

Coleman & Weinberg, 	
PRD 7 (1973) 1888



Interesting properties:
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➢ Origin of gauge symmetry breaking?                                     
quantum corrections (QM system knows where to be)	

➢ Predictability                                                                                      

Relation between Higgs mass and U(1) gauge boson mass                                                  
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

Vtree

VCW

d2VCW

dϕ2
ϕ→0

= 0



Toward solving the some SM mysteries

29

Extension of the Standard Model with

•New scalar for inflation 	
• Right-Handed neutrinos

•Dark Matter Candidate 	
•Dynamical origin of the Higgs VEV generation

Seesaw Mechanism 	
Baryogenesis via Leptogenesis 
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Minimal gauged B-L extension of the SM Davidson (1979); 	
Mohapatra & Marshak (1980)

Based on SU(3)c × SU(2)L × U(1)Y × U(1)B−L

B-L (Baryon number minus Lepton number)

Particle Content

Minimal Gauged B-L Extension of the SM

The model is based on 

Particle Contents 

New fermions:

New scalar:

Mohapatra & Marshak; 
Wetterich; others

2

SU(3)c SU(2)L U(1)Y U(1)B−L

qiL 3 2 +1/6 +1/3
ui
R 3 1 +2/3 +1/3

diR 3 1 −1/3 +1/3
!iL 1 2 −1/2 −1
N i 1 1 0 −1
eiR 1 1 −1 −1
H 1 2 −1/2 0
Φ 1 1 0 +2

TABLE I: Particle content. In addition to the SM particle
contents, the right-handed neutrino N i (i = 1, 2, 3 denotes
the generation index) and a complex scalar Φ are introduced.

SU(3)c × SU(2)L × U(1)Y × U(1)B−L and the particle
content is listed in Table 1 [33]. The SM singlet scalar (Φ)
breaks the U(1)B−L gauge symmetry down to Z2 (B−L)

by its vacuum expectation value (vev), and at the same
time generates the right-handed neutrino masses. The
Lagrangian terms relevant for the seesaw mechanism are
given by

L ⊃ −Y ij
D N iH†!jL −

1

2
Y i
NΦN icN i + h.c., (1)

where the first term yields the Dirac neutrino mass after
electroweak symmetry breaking, while the right-handed
neutrino Majorana mass term is generated by the second
term associated with the B − L gauge symmetry break-
ing. Without loss of generality, we use the basis which
diagonalizes the second term and makes Y i

N real and pos-
itive.
Consider the following tree level action in the Jordan

frame:

Stree
J =

∫

d4x
√
−g

[

−
(

m2
P

2
+ ξHH†H + ξΦ†Φ

)

R

+(DµH)†gµν(DνH)− λH

(

H†H −
v2

2

)2

+(DµΦ)
†gµν(DνΦ)− λ

(

Φ†Φ−
v2B−L

2

)2

−λ′(Φ†Φ)(H†H)
]

, (2)

where v and vB−L are the vevs of the Higgs fields H and
Φ respectively. To simplify the discussion, we assume
that λ′ is sufficiently small so it can be ignored, and also
ξH % ξ.
The relevant one-loop renormalization group improved

effective action can be written as [41]

SJ =

∫

d4x
√
−g

[

−
(

m2
P + ξG(t)2φ2

2

)

R

+
1

2
G(t)2(∂φ)2 −

1

4
λ(t)G(t)4φ4

]

, (3)

where t = ln(φ/µ) and G(t) = exp(−
∫ t
0 dt′γ(t′)/(1 +

γ(t′))), with

γ(t) =
1

(4π)2

(

1

2

∑

i

(Y i
N (t))2 − 12 g2B−L(t)

)

(4)

being the anomalous dimension of the inflaton field.
gB−L denotes the U(1)B−L gauge coupling and µ the
renormalization scale. In the presence of the nonmini-
mal gravitational coupling, the one loop renormalization
group equations (RGEs) of λ, gB−L, ξ and Y i

N are given
by [32, 33]

(4π)2
dλ

dt
= (2 + 18 s2)λ2 − 48λ g2B−L + 96g4B−L

+2λ
∑

i

(Y i
N )2 −

∑

i

(Y i
N )4, (5)

(4π)2
dgB−L

dt
=

(

32 + 4 s

3

)

g3B−L, (6)

(4π)2
dξ

dt
= (ξ + 1/6)

(

(1 + s2)λ− 2γ
)

, (7)

(4π)2
dY i

N

dt
= (Y i

N )3 − 6g2B−LY
i
N +

1

2
Y i
N

∑

j

(Y j
N )2,

(8)

where the s factor is defined as

s(φ) ≡

(

1 + ξφ2

m2

P

)

1 + (6ξ + 1) ξφ
2

m2

P

. (9)

In the Einstein frame with a canonical gravity sector,
the kinetic energy of φ can be made canonical with re-
spect to a new field σ = σ(φ) [7],

(

dσ

dφ

)2

=
G(t)2Ω(t) + 3m2

P (∂φΩ(t))
2/2

Ω(t)2
, (10)

where,

Ω(t) = 1 + ξG(t)2φ2/m2
P . (11)

The action in the Einstein frame is then given by

SE =

∫

d4x
√
−gE

[

−
1

2
m2

PRE +
1

2
(∂Eσ)

2 − VE(σ)

]

,

(12)
with

VE(φ) =
1
4λ(t)G(t)4 φ4

(

1 + ξ φ2

m2

P

)2 . (13)

In our numerical work, we employ above potential with
the RGEs given in Eqs. (5-8). However, for a qualitative
discussion it is reasonable to use the following leading-log
approximation of the above potential:

VE(φ) '

(

λ0

4 +
96 g2

B−L

16 π2 ln
[

φ
µ

])

φ4

(

1 + ξ φ2

m2

P

)2 , (14)

R 3 RHNs

B-L Higgs field

New Force!
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Properties of Minimal B-L Model

• Anomaly-free global B-L symmetry in the SM is gauged	
• Right-handed neutrinos to cancel gauge/gravitational anomaly 	
• Spontaneous B-L gauge symmetry breaking to generate 
Majorana mass for RHNs	

• Seesaw mechanism after electroweak symmetry breaking	

• Leptogenesis via CP-asymmetric out-of-equilibrium NR decay 

!14

Simple scenario: Baryogenesis via Leptogenesis
Fukugita &Yanagida (1986)

Ø Right-handed neutrino decay in the early Universe 
generates lepton asymmetry

Ø Lepton asymmetry is converted to Baryon 
asymmetry by the SM non-perturbative effect 
(Sphaleron processes)

5 

Link	to	the	generation	of	BAU:	Leptogenesis		

CP-asymmetric	out-of-equilibrium	decay	of	heavy	neutrinos	

à Lepton	asymmetry	of	the	Universe		

à	BAU	from	LAU	via	sphaleron	process	

Ø  Tiny	neutrino	masses		
Ø  Baryon	Asymmetry	of	the	Universe	

Seesaw	Mechanism	

Fukugita-Yanagida,		
PLB	174	(1986)	45	
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Classically Conformal extension of Minimal B-L Model

Iso, NO & Orikasa (2009)

‣ No mass terms due to the conformal invariance	
‣ We set 	
‣ No symmetry breaking at the tree-level

Assuming a small mixing quartic coupling, the symmetry 
breaking occurs in the following way…..
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Symmetry Breaking 

1st: Radiative U(1) breaking by Coleman-Weinberg mechanism 

V(ϕ) =
λΦ

4
ϕ4 +

12g4
X

16π2
ϕ4 ln [ ϕ2

v2
X ] −

25
6

ϕ = 2Re [Φ]

⟨Φ⟩ =
vX

2

2nd: Electroweak symmetry breaking is triggered

 Negative mass squared generated!
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Extension of B-L Model with a DM candidate

•  parity & -odd RHN DMZ2 Z2 NO & Seto (2009)

DM candidate is still missing in TeV-scale minimal B-L model

There have been many proposal for introduction of DM particles 
Concise model: no extension of the particle content 

Ø Assigning odd parity 
for one RHN

Ø The others are all even

SU(3)c SU(2)L U(1)Y U(1)B−L Z2

N j
R 1 1 0 −1 +

NR 1 1 0 −1 −
Φ 1 1 0 +2 +

Table 1: The particle content of the minimal U(1)B−L extended SM with Z2 parity. In addition
to the SM particle content, the three right-handed neutrinos N j

R (j = 1, 2) and NR and a
complex scalar Φ are introduced. The Z2 parity is also introduced, under which the right-
handed neutrino NR is odd, while the other fields are even.

1 Introduction
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NO & Seto, 
PRD 82 (2010) 023507 

Instead, introduce a parity

J=1,2

L ⊃ Y 3j
D N c
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Y 3j
D → 0 (2)
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e− (4)
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Enhancement of symmetry: 
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-odd RHN is stable —> DM 	
The others are even
Z2

Phenomenology of 
TeV-scale minimal U(1)X model with RHN DM 

(1) Z’-portal RHN DM 

(2) Z’ boson search at the LHC Run-2

(3) We will discuss a complementarity
between DM physics and LHC physics 

RHN DM communicates with 
the SM particles through Z’ 
boson mediated processes

Search for a narrow resonance 
with the di-lepton final state at 
ATLAS and CMS with LHC Run-2
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Complementarity between DM physics and LHC 
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Combining Cosmological & LHC Run-2 Constraints with the gauge 
coupling perturbativity until Planck 
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Coupling Perturbativity Allowed Region: 	

	0.236 ≤ gBL ≤ 0.444

5.0 ≤ mZ′￼[TeV] ≤ 7.4
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Inflation in Minimal B-L Model

• B-L Higgs as Inflaton NO, Rehman & Shafi (2011)	
NO & Raut (2015)

Introduce non-minimal gravitational coupling to the B-L Higgs: 

provides the best opportunity for obtaining the adequate
baryogenesis as in the model of Ref.[19] which provides a
GUT-setting for our scenario and also discuss the viable
100 TeV scale scenario. We elaborate a bit more on the
So(10) model in Sec.VIII and Sec.IX is devoted to a new
! B ! 4 process induced in the AD scenario we pursue and
then we conclude our discussion in Sec.X.

II. THE MODEL

While there are different ways to implement AD bar-
yognesis, the model presented here is a generalization of
the work in [30] which uses scalar field" with the
appropriateB or L quantum number, both as the inflaton
and the AD field. We, non-minimally, couple the AD field
to gravity so that it is consistent with CMB observations.
Let us start by reviewing the results of Ref.[30]. The
starting Lagrangian for" in this case is given by:

S !
Z

d4x
!!!!!!
! g

p
"
!

1
2

M2
PfR " ! ! "   ! ! " ! V#" $

#
; #1$

whereMP ! 2.44! 1018 GeV is the reduced Planck mass,
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with " being non-minimal coupling to

gravity.We chooseV#" $ as in[30]
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To discuss inflation in the model, we make transforma-
tion of the fields to go to the Einstein frame bygE

!$ ! g!$ =f ,
which then leads to the following actionSE in the Einstein
frame,
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To study the inflation picture and the AD mechanism, we
switch to radial parametrization of" ! 1!!

2
p j" jei%. Thej" j

field is then the inflaton field. It is now clear that for large
values of the fieldj" j " MP=

!!!
"

p
in the early stage of the

universe, the potential flattens out and is a constant to a
good approximation driving the exponential expansion of
the universeÑ the inflationary phase. The inflation is
essentially controlled by one free parameter". The fits
to observations such as the spectral indexns as well as the
tensor-to-scalar ratior for a fixed number of e-foldsNe in
such a model have been carried out in[33,34]. The initial
value of the inflaton fieldj" j is appropriately chosen to fit

observations. For example, one bench mark choice of
parameters that fits data is" " 1600and#" 10! 3 so that
one getsns ! 0.968 and r ! 0.003 for Ne ! 60, which
are fully consistent with observations[33]. The j" jint "
0.23MP for inflaton value at horizon exit andj" jend"
0.029MP at the end of inflation. We choosej" jend as the
initial value for the inflaton field in AD baryogenesis. The
initial value of the phase of the" field can be chosen at
random and we choose it to be%! O#1$# &=2. Note the
large value of the" above. Clearly it raises the question of
unitarity violation above a certain mass scale. This question
has been analyzed for generic non-minimally coupled
inflaton in Refs.[35,36] and it has been noted that there
is no real issue: since during inflation the inflaton value is
around the Planck scale, we estimate the effective cutoff to
satisfy the unitarity by expanding the inflaton around its
background value, so that the effective cutoff is found to be
the Planck scale. The second point we want to emphasize is
that the presence of theA term breaks the global baryon
number symmetry carried by the rest of the Lagrangian and
plays a crucial role in the baryon asymmetry generation.
This is also required by SakharovÕs conditions for baryo-
genesis. It splits the masses of the real and imaginary parts
of the" field. We will see later (Eq.(10), (11) and below)
that indeednB is proportional toA.

III. EVOLUTION OF THE UNIVERSE
IN OUR PICTURE

In this model, there are four stages of the evolution of the
early universe:

(1) Forj" j " MP=
!!!
"

p
when the nonminimal coupling in

the Einstein frame leads to a constantV#" $, it drives
inflation as just noted in the previous section.

(2) In the second phase, the value ofj" j is still large but
not large enough to make the nonminimal gravity
coupling dominate; instead the dominant term driv-
ing the evolution of thej" j is the#j" j4 term. Since
the field j" j has rolled down the potential and its
value has become less thanMP=

!!!
"

p
the effect of the

nonminimal coupling becomes unimportant and
inflation ends. At the beginning of this stage, the
real and imaginary parts of the field are already
different due to theCP-violating A term in the
potential. This asymmetry leads eventually to the
baryon asymmetry of the universe and is the key idea
in AD baryogenesis.

(3) The third stage is where the quadratic term in the
potential dominates over the quartic term leading to
an oscillatory behavior ofj" j (see below) and the
universe behaves like it is matter dominated. This
approximation of transition of the potential from
being quartic dominated to quadratic dominated is
called the threshold approximation in[30].

(4) The fourth stage is when the AD field decays and
reheat takes place. The reheat temperature deter-
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where f = 1 + 2ξ
Φ†Φ
M2

P

•                         vBL ≪ MP

• During the inflation, the inflation potential is dominated 
by                                        V ∼ λΦ(Φ†Φ)2

In Einstein frame:  VE(ϕ) =
λΦ(Φ†Φ)2

(1 + ξ(Φ†Φ))2
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A robust prediction from more accurate calculations 	
Kawai, NO & Shafi, PRD 109 (2024) 3, 035026
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Here, Hk is the Hubble parameter at the horizon exit of
the comoving scalek, and ak , ae, ath , aeq, a0 denote the
scale factor at the horizon exit, end of inßation, thermali-
sation (completion of reheating), radiation-matter equal-
ity and the present Universe, respectively. The e-folding
number of inßation is minus the natural logarithm of the
Þrst factor, namely

Nk ! ln
ae

ak
= 66.5 " ln h " ln

k
a0H0

+
1 " 3w

12(1 + w)
ln

! th

! e

+
1
4

ln
Vk

! e
+

1
4

ln
Vk

M 4
P

+
1
12

!
ln geq

! " ln gth
!

"
,

(19)

wherew is the equation of state parameter during reheat-
ing, ! th and ! e denote the energy density of the Universe
at thermalisation and at the end of inßation, Vk is the
value of the potential (11) at the horizon exit " = " k ,
and geq

! and gth
! are the number of relativistic degrees

of freedom at radiation-matter equality and thermalisa-
tion, respectively. The feature of this model mentioned
above, that reheating is completed during the radiation-
dominated-like expansion w = 1 / 3, points to the fact
that the term ln( ! th / ! e) in (19) vanishes, and the e-
folding number is determined entirely by the classical in-
ßaton dynamics through Vk = VE (" k ) and ! e # 2VE (" e).
In particular, the reheating temperature TR is not di-
rectly related to this parameter since ! th = #2gth

! T4
R / 30

has disappeared from (19).
The requirement that the e-folding number Nk deter-

mined by the Þeld evolution (17) must coincide with (19)
is a consistency condition that was missing in the previ-
ous analysis and we now implement this numerically. To
Þnd the prediction of the inßationary model we solved
the slow roll equation for the inßaton with the renormal-
isation group improved e! ective action. With this con-
sistency condition, there remains only one free param-
eter, the right handed neutrino massM R in the model
since the mass of the dark matter fermion has been Þxed
uniquely by the condition that it constitutes the entire
dark matter abundance. Table II lists the results for
M R = 2 .3$ 1014 GeV and 1 TeV, since these are roughly
the upper and lower bounds from the perturbativity limit
of the Dirac Yukawa coupling and from the collider ex-
periments. The uncertainties from the SM parameter
measurements have negligible e! ects on these cosmolog-
ical parameters, compared to the e! ect of choosing the
di! erent right handed neutrino mass parameter. The pre-
dictions of the scalar spectral indexns and the tensor-to-
scalar ratio r are shown in Fig. 2, with the background
of the 68% and 95% conÞdence level contours from the
Planck+BICEP/Keck 2018 data [35] (light blue), and
projected constraints from LiteBIRD [36] (green) and
CMB-S4 [37] (red), for a r = 0 Þducial model. The pre-
diction of the model is seen to be in an excellent Þt with
the Planck+BICEP/Keck data, and is clearly outside the
2-$ contours of LiteBIRD and CMB-S4 with the r = 0
Þducial model. The two data points for M R = 2 .3$ 1014
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FIG. 2. The scalar spectral index ns and the tensor-to-scalar
ratio r predicted by the Higgs inßation model with minimal
fermionic dark matter and three right handed neutrinos. The
purple bullet is for the right handed neutrino mass M R =
2.3 ! 1014 GeV, and the orange diamond is for M R = 1 TeV.
The light blue background contours are the 68% and 95%
conÞdence level Planck+BICEP/Keck 2018 constraints [35].
The LiteBIRD [36] (green) and CMB-S4 [37] (red) 1- and 2- !
projective constraints for a Þducial model with r = 0 are also
shown.

GeV and M R = 1 TeV are nearly indistinguishable, in-
dicating that the prediction of the model is quite robust.

In the presence of violent preheating [38], the inßaton
decays almost immediately after inßation and the reheat-
ing temperature is estimated as

TR #
#

30! e

#2gth
!

$ 1
4

% 3 $ 1015 GeV. (20)

The high reheating temperature supports thermal pro-
duction of right handed neutrinos [39] and the observed
baryon asymmetry of the Universe can be produced via
leptogenesis [40].

IV. FINAL REMARKS

As the Higgs boson of the SM is the only fundamental
scalar Þeld discovered so far in Nature, it is natural to
speculate that it might play the role of the inßaton Þeld
required for the implementation of inßationary cosmol-
ogy. The current experimental values of the top quark
mass and the Higgs boson mass however suggest that the
Higgs potential becomes unstable for energy scale/Þeld
values ! 1010 GeV, and thus becomes unsuitable to re-
alise inßation. An approach that is sometimes followed
in order to circumvent this issue is to assume an appro-
priately small value for the top quark mass (! 3$), such
that the Higgs potential becomes barely stable [41, 42].

gX = 0.24
MZ′￼= 5 TeV

Benchmark	
• DM density reproduced 	
• Consistent with LHC Z’ 
search
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Here, Hk is the Hubble parameter at the horizon exit of
the comoving scalek, and ak , ae, ath , aeq, a0 denote the
scale factor at the horizon exit, end of inßation, thermali-
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wherew is the equation of state parameter during reheat-
ing, ! th and ! e denote the energy density of the Universe
at thermalisation and at the end of inßation, Vk is the
value of the potential (11) at the horizon exit " = " k ,
and geq

! and gth
! are the number of relativistic degrees

of freedom at radiation-matter equality and thermalisa-
tion, respectively. The feature of this model mentioned
above, that reheating is completed during the radiation-
dominated-like expansion w = 1 / 3, points to the fact
that the term ln( ! th / ! e) in (19) vanishes, and the e-
folding number is determined entirely by the classical in-
ßaton dynamics through Vk = VE (" k ) and ! e # 2VE (" e).
In particular, the reheating temperature TR is not di-
rectly related to this parameter since ! th = #2gth

! T4
R / 30

has disappeared from (19).
The requirement that the e-folding number Nk deter-

mined by the Þeld evolution (17) must coincide with (19)
is a consistency condition that was missing in the previ-
ous analysis and we now implement this numerically. To
Þnd the prediction of the inßationary model we solved
the slow roll equation for the inßaton with the renormal-
isation group improved e! ective action. With this con-
sistency condition, there remains only one free param-
eter, the right handed neutrino massM R in the model
since the mass of the dark matter fermion has been Þxed
uniquely by the condition that it constitutes the entire
dark matter abundance. Table II lists the results for
M R = 2 .3$ 1014 GeV and 1 TeV, since these are roughly
the upper and lower bounds from the perturbativity limit
of the Dirac Yukawa coupling and from the collider ex-
periments. The uncertainties from the SM parameter
measurements have negligible e! ects on these cosmolog-
ical parameters, compared to the e! ect of choosing the
di! erent right handed neutrino mass parameter. The pre-
dictions of the scalar spectral indexns and the tensor-to-
scalar ratio r are shown in Fig. 2, with the background
of the 68% and 95% conÞdence level contours from the
Planck+BICEP/Keck 2018 data [35] (light blue), and
projected constraints from LiteBIRD [36] (green) and
CMB-S4 [37] (red), for a r = 0 Þducial model. The pre-
diction of the model is seen to be in an excellent Þt with
the Planck+BICEP/Keck data, and is clearly outside the
2-$ contours of LiteBIRD and CMB-S4 with the r = 0
Þducial model. The two data points for M R = 2 .3$ 1014

FIG. 2. The scalar spectral index ns and the tensor-to-scalar
ratio r predicted by the Higgs inßation model with minimal
fermionic dark matter and three right handed neutrinos. The
purple bullet is for the right handed neutrino mass M R =
2.3 ! 1014 GeV, and the orange diamond is for M R = 1 TeV.
The light blue background contours are the 68% and 95%
conÞdence level Planck+BICEP/Keck 2018 constraints [35].
The LiteBIRD [36] (green) and CMB-S4 [37] (red) 1- and 2- !
projective constraints for a Þducial model with r = 0 are also
shown.

GeV and M R = 1 TeV are nearly indistinguishable, in-
dicating that the prediction of the model is quite robust.

In the presence of violent preheating [38], the inßaton
decays almost immediately after inßation and the reheat-
ing temperature is estimated as
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The high reheating temperature supports thermal pro-
duction of right handed neutrinos [39] and the observed
baryon asymmetry of the Universe can be produced via
leptogenesis [40].

IV. FINAL REMARKS

As the Higgs boson of the SM is the only fundamental
scalar Þeld discovered so far in Nature, it is natural to
speculate that it might play the role of the inßaton Þeld
required for the implementation of inßationary cosmol-
ogy. The current experimental values of the top quark
mass and the Higgs boson mass however suggest that the
Higgs potential becomes unstable for energy scale/Þeld
values ! 1010 GeV, and thus becomes unsuitable to re-
alise inßation. An approach that is sometimes followed
in order to circumvent this issue is to assume an appro-
priately small value for the top quark mass (! 3$), such
that the Higgs potential becomes barely stable [41, 42].
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wherew is the equation of state parameter during reheat-
ing, ! th and ! e denote the energy density of the Universe
at thermalisation and at the end of inßation, Vk is the
value of the potential (11) at the horizon exit " = " k ,
and geq

! and gth
! are the number of relativistic degrees

of freedom at radiation-matter equality and thermalisa-
tion, respectively. The feature of this model mentioned
above, that reheating is completed during the radiation-
dominated-like expansion w = 1 / 3, points to the fact
that the term ln( ! th / ! e) in (19) vanishes, and the e-
folding number is determined entirely by the classical in-
ßaton dynamics through Vk = VE (" k ) and ! e # 2VE (" e).
In particular, the reheating temperature TR is not di-
rectly related to this parameter since ! th = #2gth
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has disappeared from (19).
The requirement that the e-folding number Nk deter-

mined by the Þeld evolution (17) must coincide with (19)
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FIG. 2. The scalar spectral index ns and the tensor-to-scalar
ratio r predicted by the Higgs inßation model with minimal
fermionic dark matter and three right handed neutrinos. The
purple bullet is for the right handed neutrino mass M R =
2.3 ! 1014 GeV, and the orange diamond is for M R = 1 TeV.
The light blue background contours are the 68% and 95%
conÞdence level Planck+BICEP/Keck 2018 constraints [35].
The LiteBIRD [36] (green) and CMB-S4 [37] (red) 1- and 2- !
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GeV and M R = 1 TeV are nearly indistinguishable, in-
dicating that the prediction of the model is quite robust.

In the presence of violent preheating [38], the inßaton
decays almost immediately after inßation and the reheat-
ing temperature is estimated as
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The high reheating temperature supports thermal pro-
duction of right handed neutrinos [39] and the observed
baryon asymmetry of the Universe can be produced via
leptogenesis [40].

IV. FINAL REMARKS

As the Higgs boson of the SM is the only fundamental
scalar Þeld discovered so far in Nature, it is natural to
speculate that it might play the role of the inßaton Þeld
required for the implementation of inßationary cosmol-
ogy. The current experimental values of the top quark
mass and the Higgs boson mass however suggest that the
Higgs potential becomes unstable for energy scale/Þeld
values ! 1010 GeV, and thus becomes unsuitable to re-
alise inßation. An approach that is sometimes followed
in order to circumvent this issue is to assume an appro-
priately small value for the top quark mass (! 3$), such
that the Higgs potential becomes barely stable [41, 42].

For the allowed values,	
reheating process is very 
efficient (violent preheating):	
Ema, Jinno, Mukaida, and 
Nakayama, JCAP 1505 (05), 038
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• Gauged U(1) B-L extended SM can solve several 
problems of the SM:

Why are Neutrino Masses are non-zero and so tiny?	

What is the nature of Dark Matter?	

What drives Cosmic Inflation before Big Bang?	

What is the origin of Matter-Antimatter asymmetry 

in the Universe?	

What drives Electroweak Symmetry Breaking?
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Direction 2 

We may discuss new theoretically interesting paradigm, 
its prediction and possible ways to experimentally 
confirm it.
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Discussion about a hypothetical “Scalar Leptoquark”

• hypothetical scalar particle simultaneously couples to quarks 
and leptons 	

• has been searched for at LHC through a variety of processes               

! ! /Z
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q

q
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pair production         single production         LQ mediated process
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Figure 1. Feynman diagram
relevant for the gluon-gluon fusion.

Figure 2. Feynman diagram
relevant for the quark-antiquark
annihilation.

Since there are a very few antiquarks compared to the number of quarks in proton-proton
collisions characteristic for the LHC, the leading pair production process is then the gluon-gluon
fusion.

The leptoquark pair production at the LHC is dominant for small Yukawa couplings. In
other words, the conventional leptoquark pair production at LHC is dominant only when the
leptoquarks are not strongly coupled to Standard Model quarks and leptons. However, with the
increase of the Yukawa couplings, the phenomenology of leptoquarks becomes more interesting
and diverse. Namely, for large Yukawa couplings there are also additional leptoquark production
mechanisms.

2.2. t-channel production
First on the list is t-channel leptoquark production. This mechanism is realized through the
quark-antiquark annihilation process shown in Þgure 3, wherey (y! ) represents Yukawa coupling
of a quark q (antiquark q) and a lepton l with the leptoquark LQ (antileptoquark LQ ! ).

Figure 3. Feynman diagram rel-
evant for the t-channel leptoquark
production.

Accordingly, the products of proton-proton collisions through the t-channel mechanism are
leptoquark LQ and its charge-conjugateLQ ! .

2.3. Single leptoquark production
The next production mechanism is the single leptoquark production [11Ð14], when a gluong
from one proton collides with a quark q from another proton creating only one leptoquark LQ

y

y*

yLQ
ℓ

q
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and a lepton l in the Þnal state. Process of the single leptoquark production looks like

g + q ! LQ + l. (5)

Feynman diagrams that correspond to the single leptoquark production are given by Þgures 4
and 5. Figure 4 shows thes-channel, while the Þgure 5 shows thet-channel of the single scalar

Figure 4. Feynman diagram
relevant for the s-channel single
leptoquark production mechanism. Figure 5. Feynman diagram

relevant for the t-channel single
leptoquark production mechanism.

leptoquark production mechanism. In both cases,y is the Yukawa coupling of a quark and a
lepton with the leptoquark.

2.4. Drell-Yan di-lepton production
The scalar leptoquarks can be produced both directly, as it has been presented so far, and
indirectly. Indirect leptoquark production takes place in processes of the Drell-Yan type [15Ð20];
through the quark-antiquark annihilation

q + q ! l+ l ! (6)

with two oppositely charged leptons l+ and l ! in the Þnal state. Feynman diagram that
corresponds to the Drell-Yan di-lepton production mechanism is given by Þgure 6.

Figure 6. Feynman diagram
relevant for the Drell-Yan di-lepton
leptoquark production [15].

Figure 6 is taken from the article [15] and it shows the process of theb-quark and b-antiquark
annihilation where two oppositely charged leptons! ! and ! + are created in the Þnal state.
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Theoretical Motivation

• What is a theoretical framework which provides/predicts the 
existence of LQ? 	

• Connection of LQ physics at LHC with other interesting physics? 

We consider SU(5) Grand Unification framework to answer 
to these questions

Basics idea/Theoretical structure

New particle X LQ

Well-motivated 
particle to provide a 
solution to some SM 
problems

“GUT partner?”
X and LQ are elements in 
the same multiplet under 
GUT gauge group
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Type-II seesaw mechanism for neutrino mass generation

ℓi ℓj

H H

Δ

yij = yji

λΔ MΔ

mij
ν = λΔ yij ×

v2
EW

MΔ
∝ yij

Introduction of a new heavy scalar 	
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SM extension with a new heavy scalar Δ(1,3) : (1, 3,1)
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SU(5) Grand Unification Paradigm 

SM gauge group of  might be 
united into a single gauge group at high energies 

SU(3)c × SU(2)L × U(1)Y

How about ?    (Georgi & Glashow, 1974)SU(5)
• Mathematically very natural: 	
                  	
• Quarks and leptons are unified into SU(5) multiplets 
(5* + 10 plets) without any unknown/exotic fermions

SU(5) ⊃ SU(3)c × SU(2)L × U(1)Y

Ψi
5* = dCi(3*, 1, + 1/3) + ℓi(1, 2, − 1/2)

Ψi
10 = uCi(3*, 1, − 2/3) + qi(3, 2,1/6) + eCi(1, 1, + 1)

• SM Higgs doublet is in 5-plet Higgs field
H5 = Hc(3, 1, − 1/3) + H(1, 2,1/2)
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 GUT is very much the same as the SM SU(5)

• It suffers from the neutrino mass problem	
• Extension is necessary to generate the neutrino masses

Type-II seesaw extended SM

Type-II seesaw extended SU(5) GUT 	
      Δ15 = Δ(6,1)(6, 1, − 2/3)

New scalar  Δ(1,3) : (1, 3,1)

+ Δ(3,2)(3, 2,1/6)

+ Δ(1,3)(1, 3,1) type-II seesaw extension of SM 

GUT partner of  Δ(1,3)(1, 3,1)

LQ   as a GUT partner of   !Δ(3,2)(3, 2,1/6) Δ(1,3)(1, 3,1)
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Theory Predictions 

ℒ ⊃ yijΨiC
5* Δ15 Ψj

5* − λΔ MΔ H5Δ†
15H5 − M2

Δ tr[Δ†
15Δ15]

�r�?�B�+�? �i�?�2 �a�J �;���m�;�2 �;�`�Q�m�T�-GSM = SU(3)c ! SU(2)L ! U(1)Y �- �B�b �M���i�m�`���H�H�v �2�K�#�2�/�/�2�/�- ���M�/ �i�?�2
�a�J �[�m���`�F�b ���M�/ �H�2�T�i�Q�M�b �Q�7 �2���+�? �;�2�M�2�`���i�B�Q�M ���`�2 �2�H�2�;���M�i�H�v �m�M�B�}�2�/ �B�M�i�Q �i�?�25! ���M�/10 �`�2�T�`�2�b�2�M�i���i�B�Q�M�b�X
�L�2�p�2�`�i�?�2�H�2�b�b�- �i�?�B�b �K�B�M�B�K���H �b�2�i�m�T �K�m�b�i �#�2 �2�t�i�2�M�/�2�/ �B�M �Q�`�/�2�` �i�Q ���+�+�Q�K�K�Q�/���i�2 �M�2�m�i�`�B�M�Q �K���b�b�2�b ���M�/
�~���p�Q�` �K�B�t�B�M�;�b�X ���K�Q�M�; �i�?�2 �T�Q�b�b�B�#�H�2 �2�t�i�2�M�b�B�Q�M�b�- �r�2 �+�Q�M�b�B�/�2�` �?�2�`�2 �i�?�2 �i�v�T�2�@�A�A �b�2�2�b���r �K�2�+�?���M�B�b�K
�(�9�y�-�9�R�-�9�k�)�X

�A�M �i�?�2 �i�v�T�2�@�A�A �b�2�2�b���r �2�t�i�2�M�b�B�Q�M �Q�7 �i�?�2 �a�J�- ���MSU(2)L �i�`�B�T�H�2�i �b�+���H���`! (1,3) �B�b �B�M�i�`�Q�/�m�+�2�/�- �r�?�B�+�?
�i�`���M�b�7�Q�`�K�b ���b(1, 3, 1) �m�M�/�2�`GSM �X �h�?�2 �`�2�H�2�p���M�i �T���`�i �Q�7 �i�?�2 �G���;�`���M�;�B���M �+���M �#�2 �r�`�B�i�i�2�M ���b

L " Yij ! " iC ! (1,3) ! " j # #! M ! H !  
(1,3)H # M 2

! tr
!
!  

(1,3) ! (1,3)

"
, �U�R�V

�r�?�2�`�2! �B�b �i�?�2SU(2)L �B�M�p���`�B���M�i �i�2�M�b�Q�`�-C �/�2�M�Q�i�2�b �+�?���`�;�2 �+�Q�M�D�m�;���i�B�Q�M�-"i �B�b �i�?�2i �@�i�? �;�2�M�2�`���i�B�Q�M
�H�2�T�i�Q�M �/�Q�m�#�H�2�i�-H �B�b �i�?�2 �>�B�;�;�b �/�Q�m�#�H�2�i�-#! �B�b �� �/�B�K�2�M�b�B�Q�M�H�2�b�b �+�Q�m�T�H�B�M�;�- ���M�/M ! �B�b �i�?�2 �i�`�B�T�H�2�i �b�+���H���`
�K���b�b�X �A�7M ! �B�b �K�m�+�? �H���`�;�2�` �i�?���M �i�?�2 �2�H�2�+�i�`�Q�r�2���F �b�+���H�2�- �� �i�B�M�v �p���+�m�m�K �2�t�T�2�+�i���i�B�Q�M �p���H�m�2 �U�o�1�o�V
�Q�7 �i�?�2 �2�H�2�+�i�`�B�+���H�H�v �M�2�m�i�`���H �+�Q�K�T�Q�M�2�M�i �Q�7 �i�?�2 �i�`�B�T�H�2�i�-! 0�- �B�b �B�M�/�m�+�2�/ ���7�i�2�` �2�H�2�+�i�`�Q�r�2���F �b�v�K�K�2�i�`�v

�#�`�2���F�B�M�;�,$! 0%= #!
v2

EW
M !

& vEW �- �r�?�2�`�2vEW = 246 �:�2�o �B�b �i�?�2 �o�1�o �Q�7 �i�?�2 �>�B�;�;�b �/�Q�m�#�H�2�iH �X
�q�B�i�? �i�?�B�b �b�K���H�H �B�M�/�m�+�2�/ �o�1�o�- �i�?�2 �}�`�b�i �i�2�`�K �B�M �1�[�X �U�R�V �;�2�M�2�`���i�2�b �J���D�Q�`���M�� �K���b�b�2�b �7�Q�` �i�?�2 �a�J
�M�2�m�i�`�B�M�Q�b�-(m! )ij = Yij $! 0%�X �h�?�B�b �+�Q�M�b�i�B�i�m�i�2�b �i�?�2 �b�Q�@�+���H�H�2�/ �i�v�T�2�@�A�A �b�2�2�b���r �K�2�+�?���M�B�b�K�X

�L�Q�r�- �r�2 �T�`�Q�T�Q�b�2 �i�Q �2�t�i�2�M�/ �i�?�2SU(5) �:�l�h �#�v �B�M�i�`�Q�/�m�+�B�M�; �� �b�+���H���`! 15 �B�M15�@�T�H�2�i �`�2�T�`�2�b�2�M�i���@
�i�B�Q�M�X �h�?�2 �`�2�H�2�p���M�iSU(5) �;���m�;�2�@�B�M�p���`�B���M�i �G���;�`���M�;�B���M �B�b ���M���H�Q�;�Q�m�b �i�Q �1�[�X �U�R�V�,

L " Yij " iC
5! ! 15 " j

5! # #! M ! H5!  
15H5 # M 2

! tr[ !  
15! 15], �U�k�V

�r�?�2�`�2" i
5! �B�b �i�?�2i �@�i�? �;�2�M�2�`���i�B�Q�M5! �@�T�H�2�i �7�2�`�K�B�Q�M�- ���M�/H5 �B�b �i�?�25�@�T�H�2�i �>�B�;�;�b�X �h�?�2�b�2SU(5) �K�m�H�i�B�T�H�2�i�b

�/�2�+�Q�K�T�Q�b�2 �m�M�/�2�` �i�?�2 �a�J �;���m�;�2 �;�`�Q�m�TGSM ���b�,

! 15 = ! (6,1)(6, 1, # 2/ 3) + ! (3,2,1/ 6)(3, 2, 1/ 6) + ! (3,1)(1, 3, 1),

" i
5! = dCi (3! , 1, +1 / 3) + !" i (1, 2, # 1/ 2),

H5 = Hc(3, 1, # 1/ 3) + H (1, 2, 1/ 2). �U�j�V

�6�`�Q�K �i�?�B�b �/�2�+�Q�K�T�Q�b�B�i�B�Q�M�- �B�i �B�b �2�p�B�/�2�M�i �i�?���i �i�?�2 �}�`�b�i �i�2�`�K �Q�7 �1�[�X �U�k�V �+�Q�M�i���B�M�b �i�?�2 �B�M�i�2�`���+�i�B�Q�M �Q�7
�1�[�X �U�R�V�X �A�M �T���`�i�B�+�m�H���`�-! (3,2,1/ 6) ���T�T�2���`�b�- �r�?�B�+�? �+�Q�`�`�2�b�T�Q�M�/�b �i�Q �� �b�+���H���` �G�Z �U�Q�7�i�2�M �/�2�M�Q�i�2�/ ���b÷R2

�B�M �b�v�b�i�2�K���i�B�+ �+�H���b�b�B�}�+���i�B�Q�M�b �(�9�j�)�V�X �A�i�b �+�Q�m�T�H�B�M�;�b �i�Q �[�m���`�F�b ���M�/ �H�2�T�i�Q�M�b ���`�2 �;�B�p�2�M �#�v

L " Yij " iC
5! ! 15 " j

5! " Yij (dCi )C ! (3,2) !" j = Yij (LQ u) di
Rej

L + Yij (LQ d) di
R$j

L , �U�9�V

�r�?�2�`�2LQ u,d �/�2�M�Q�i�2 �i�?�2 �H�2�T�i�Q�[�m���`�F �+�Q�K�T�Q�M�2�M�i�b �Q�7! (3,2,1/ 6) �r�B�i�? �2�H�2�+�i�`�B�+ �+�?���`�;�2�b+2 / 3 ���M�/# 1/ 3�-

�`�2�b�T�2�+�i�B�p�2�H�v�X �>�2�`�2�-di
R ���`�2 �i�?�2 �`�B�;�?�i�@�?���M�/�2�/ �/�Q�r�M�@�i�v�T�2 �[�m���`�F�b �Ud, s, b�V�-ej

L �i�?�2 �H�2�7�i�@�?���M�/�2�/ �+�?���`�;�2�/
�H�2�T�i�Q�M�b �Ue, µ,%�V�- ���M�/$j

L �i�?�2 �H�2�7�i�@�?���M�/�2�/ �M�2�m�i�`�B�M�Q�b �U$e, $µ, $" �V�X �� �+�`�m�+�B���H �7�2���i�m�`�2 �Q�7 �i�?�B�b �+�Q�M�b�i�`�m�+�i�B�Q�M
�B�b �i�?���i �i�?�2 �u�m�F���r�� �+�Q�m�T�H�B�M�;�b �Q�7 �i�?�2 �G�Z�b ���`�2 �B�/�2�M�i�B�+���H �i�Q �i�?�Q�b�2 �`�2�b�T�Q�M�b�B�#�H�2 �7�Q�` �M�2�m�i�`�B�M�Q �K���b�b �;�2�M�2�`�@
���i�B�Q�M �p�B�� �i�?�2 �i�v�T�2�@�A�A �b�2�2�b���r �K�2�+�?���M�B�b�K�X �h�?�B�b ���`�B�b�2�b �#�2�+���m�b�2! (1,3) ���M�/! (3,2) ���`�2 �m�M�B�}�2�/ �r�B�i�?�B�M �i�?�2
�b���K�215�@�T�H�2�i �Q�7SU(5)�X �h�?�2�`�2�7�Q�`�2�- �i�?�2�G�Z �+�Q�m�T�H�B�M�;�b�i�Q �[�m���`�F�b ���M�/ �H�2�T�i�Q�M�b ���`�2 �/�B�`�2�+�i�H�v �`�2�H���i�2�/
�i�Q �i�?�2�M�2�m�i�`�B�M�Q �K���b�b �K���i�`�B�t�-(m! )ij �X

�h�?�2 �+�Q�M�M�2�+�i�B�Q�M �#�2�i�r�2�2�M �G�Z �T�?�v�b�B�+�b ���M�/ �M�2�m�i�`�B�M�Q �T�?�v�b�B�+�b�- �B�M �T���`�i�B�+�m�H���` �M�2�m�i�`�B�M�Q �Q�b�+�B�H�H���i�B�Q�M
�/���i���- �K���M�B�7�2�b�i�b �B�M �i�?�2 �#�`���M�+�?�B�M�; �`���i�B�Q�b �Q�7 �G�Z �/�2�+���v�b �b�m�+�? ���bLQ u ' di + "+ j ���M�/LQ d ' di + $j �X
�h�?�2 �T���`�i�B���H �r�B�/�i�?�b �Q�7 �i�?�2�b�2 �T�`�Q�+�2�b�b�2�b ���`�2 �T�`�Q�T�Q�`�i�B�Q�M���H �i�Q|Yij |2 ( |(m! )ij |2�- �H�2���/�B�M�; �i�Q

BR(LQ u ' di + "+ j ) = BR( LQ d ' di + $j ) =
|(m$)ij |2

#
k

#
l |(m! )kl |2

. �U�8�V

�8

yij (LQu) di
Rej

L+yij (LQd) di
Rν j

L

Type-II seesaw mechanism

mij
ν ∝ yij

Flavor structure of LQ couplings with quarks and leptons 
is determined by the neutrino oscillation data!
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Current neutrino oscillation data determines the neutrino mass 
matrix  as a function of only the lightest neutrino mass ( )mν mlightest

mν = U*DνU†

accumulate more statistics and update their analyses. This, in fact, is one of the main
motivations for the redundancy of the global phenomenological analysis, providing unbiased
tests for the consistency over time of the emerging picture.

In this e! ort, this work contains the latest analysis within the NuFIT program, Nu-
FIT 6.0, which incorporates a number of changes and updates since our last published
analysis in 2020 [4]. In the solar neutrino sector, the new generation of Standard Solar
Models [10] are now used for the predictions, and the full day-night spectrum from the
phase-IV of Super-Kamiokande [11] together with the Þnal spectra from Borexino phases-
II [ 12] and III [ 13] are included. For the long baseline (LBL) reactor data, we have updated
the reactor antineutrino ßuxes used for the predictions to the latest Daya-Bay measure-
ments [14], and results from SNO+ [15Ð17] are included in the global analysis for the Þrst
time. From reactors at medium baseline (MBL), we include the most up-to-date Daya-Bay
spectral data [18]. Updates in the LBL accelerator analysis include incorporating the latest
samples and simulation updates of T2K [2], and the doubled statistics of NOvA neutrino
samples [3]. A new independent analysis of atmospheric neutrinos from 3 years of Ice-
Cube/DeepCore data [19, 20] has been incorporated. Finally, the e! ect of the updated
! 2 maps provided by the collaborations for the analysis of the latest atmospheric neutrino
samples in Super-Kamiokande [21, 22] and IceCube/DeepCore [23, 24] is accounted for.

The outline of the paper is as follows. In Sec.2 we present the results of our global
analysis, providing best-Þt values and 1-dimensional and 2-dimensional conÞdence regions
for the 6 oscillation parameters, and we discuss the global determination of leptonic CP
violation. In Sec. 3 we discuss in some detail the various tendencies in the global data,
focusing on experiments sensitive to the large mass splitting! m2

3! (" = 1 , 2). In Sec. 3.1
we discuss the compatibility among T2K and NOvA appearance data, whereas in Sec.3.2we
consider the global combination of disappearance data (which includes accelerator, reactor
and atmospheric neutrinos), presenting a detailed study of the compatibility among di! erent
combinations of datasets. In Sec.3.3we discuss in detail the sensitivity to the neutrino mass
ordering in terms of a proper hypothesis test. Section4 focuses on the Òsolar sectorÓ governed
by ! m2

21, especially in light of the latest developments in solar models. In Sec.5 we provide
the relevant correlations between absolute neutrino mass observables. We summarize our
results in Section6, and provide a list of all the used data in AppendixA. In Appendix B
we describe our analysis of IceCube data, and in AppendixC we provide more details on
the mass ordering test.

2 Global analysis

We start by presenting the results of the NuFIT 6.0 global Þt. Parametrization conventions
and technical details on our global analysis can be found in Ref. [25]. In particular, we use
the standard parametrization of the 3 ! 3 unitary leptonic mixing matrix [ 26, 27]

U =

!

"
#

1 0 0
0 c23 s23

0 " s23 c23

$

%
& á

!

"
#

c13 0 s13e! i "CP

0 1 0
" s13ei "CP 0 c13

$

%
& á

!

"
#

c12 s12 0
" s12 c12 0

0 0 1

$

%
& á P, (2.1)

Ð 2 Ð

Neutrino mixing matrix:

Mass eigenvalue matrix: Dν = diag(m1, m2, m3)

Normal order:     	
Inverted order:   

mlightest = m1 < m2 < m3
mlightest = m3 < m1 < m2

Mass ordering is to be determined by future experiments
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IC
19

w
ith

ou
t

S
K

at
m

os
ph

er
ic

da
ta

Normal Ordering ( ! ! 2 = 0 .6) Inverted Ordering (best Þt)
bfp ± 1" 3" range bfp ± 1" 3" range

sin2 #12 0.307+0 .012
! 0.011 0.275 ! 0.345 0.308+0 .012

! 0.011 0.275 ! 0.345

#12 / " 33.68+0 .73
! 0.70 31.63 ! 35.95 33.68+0 .73

! 0.70 31.63 ! 35.95

sin2 #23 0.561+0 .012
! 0.015 0.430 ! 0.596 0.562+0 .012

! 0.015 0.437 ! 0.597

#23 / " 48.5+0 .7
! 0.9 41.0 ! 50.5 48.6+0 .7

! 0.9 41.4 ! 50.6

sin2 #13 0.02195+0 .00054
! 0.00058 0.02023! 0.02376 0.02224+0 .00056

! 0.00057 0.02053! 0.02397

#13 / " 8.52+0 .11
! 0.11 8.18 ! 8.87 8.58+0 .11

! 0.11 8.24 ! 8.91

$CP / " 177+19
! 20 96 ! 422 285+25

! 28 201 ! 348

! m2
21

10! 5 eV2 7.49+0 .19
! 0.19 6.92 ! 8.05 7.49+0 .19

! 0.19 6.92 ! 8.05

! m2
3!

10! 3 eV2 +2 .534+0 .025
! 0.023 +2 .463 ! +2 .606 " 2.510+0 .024

! 0.025 " 2.584 ! " 2.438

IC
24

w
ith

S
K

at
m

os
ph

er
ic

da
ta

Normal Ordering (best Þt) Inverted Ordering ( ! ! 2 = 6 .1)
bfp ± 1" 3" range bfp ± 1" 3" range

sin2 #12 0.308+0 .012
! 0.011 0.275 ! 0.345 0.308+0 .012

! 0.011 0.275 ! 0.345

#12 / " 33.68+0 .73
! 0.70 31.63 ! 35.95 33.68+0 .73

! 0.70 31.63 ! 35.95

sin2 #23 0.470+0 .017
! 0.013 0.435 ! 0.585 0.550+0 .012

! 0.015 0.440 ! 0.584

#23 / " 43.3+1 .0
! 0.8 41.3 ! 49.9 47.9+0 .7

! 0.9 41.5 ! 49.8

sin2 #13 0.02215+0 .00056
! 0.00058 0.02030! 0.02388 0.02231+0 .00056

! 0.00056 0.02060! 0.02409

#13 / " 8.56+0 .11
! 0.11 8.19 ! 8.89 8.59+0 .11

! 0.11 8.25 ! 8.93

$CP / " 212+26
! 41 124 ! 364 274+22

! 25 201 ! 335

! m2
21

10! 5 eV2 7.49+0 .19
! 0.19 6.92 ! 8.05 7.49+0 .19

! 0.19 6.92 ! 8.05

! m2
3!

10! 3 eV2 +2 .513+0 .021
! 0.019 +2 .451 ! +2 .578 " 2.484+0 .020

! 0.020 " 2.547 ! " 2.421

Table 1 . Three-ßavor oscillation parameters from our Þt to global data for the two variants of
the analysis described in the text. The numbers in the 1st (2nd) column are obtained assuming
NO (IO), i.e., relative to the respective local minimum. Note that ! m2

3! ! ! m2
31 > 0 for NO and

! m2
3! ! ! m2

32 < 0 for IO.

Ð 6 Ð

Best Fit values (NuFit-6.0, arXiv: 2410.05380)

* In the following analysis, we use the center values
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Flavor structure of LQ decay

�r�?�B�+�? �i�?�2 �a�J �;���m�;�2 �;�`�Q�m�T�-GSM = SU(3)c ! SU(2)L ! U(1)Y �- �B�b �M���i�m�`���H�H�v �2�K�#�2�/�/�2�/�- ���M�/ �i�?�2
�a�J �[�m���`�F�b ���M�/ �H�2�T�i�Q�M�b �Q�7 �2���+�? �;�2�M�2�`���i�B�Q�M ���`�2 �2�H�2�;���M�i�H�v �m�M�B�}�2�/ �B�M�i�Q �i�?�25! ���M�/10 �`�2�T�`�2�b�2�M�i���i�B�Q�M�b�X
�L�2�p�2�`�i�?�2�H�2�b�b�- �i�?�B�b �K�B�M�B�K���H �b�2�i�m�T �K�m�b�i �#�2 �2�t�i�2�M�/�2�/ �B�M �Q�`�/�2�` �i�Q ���+�+�Q�K�K�Q�/���i�2 �M�2�m�i�`�B�M�Q �K���b�b�2�b ���M�/
�~���p�Q�` �K�B�t�B�M�;�b�X ���K�Q�M�; �i�?�2 �T�Q�b�b�B�#�H�2 �2�t�i�2�M�b�B�Q�M�b�- �r�2 �+�Q�M�b�B�/�2�` �?�2�`�2 �i�?�2 �i�v�T�2�@�A�A �b�2�2�b���r �K�2�+�?���M�B�b�K
�(�9�y�-�9�R�-�9�k�)�X

�A�M �i�?�2 �i�v�T�2�@�A�A �b�2�2�b���r �2�t�i�2�M�b�B�Q�M �Q�7 �i�?�2 �a�J�- ���MSU(2)L �i�`�B�T�H�2�i �b�+���H���`! (1,3) �B�b �B�M�i�`�Q�/�m�+�2�/�- �r�?�B�+�?
�i�`���M�b�7�Q�`�K�b ���b(1, 3, 1) �m�M�/�2�`GSM �X �h�?�2 �`�2�H�2�p���M�i �T���`�i �Q�7 �i�?�2 �G���;�`���M�;�B���M �+���M �#�2 �r�`�B�i�i�2�M ���b

L " Yij ! " iC ! (1,3) ! " j # #! M ! H !  
(1,3)H # M 2

! tr
!
!  

(1,3) ! (1,3)

"
, �U�R�V

�r�?�2�`�2! �B�b �i�?�2SU(2)L �B�M�p���`�B���M�i �i�2�M�b�Q�`�-C �/�2�M�Q�i�2�b �+�?���`�;�2 �+�Q�M�D�m�;���i�B�Q�M�-"i �B�b �i�?�2i �@�i�? �;�2�M�2�`���i�B�Q�M
�H�2�T�i�Q�M �/�Q�m�#�H�2�i�-H �B�b �i�?�2 �>�B�;�;�b �/�Q�m�#�H�2�i�-#! �B�b �� �/�B�K�2�M�b�B�Q�M�H�2�b�b �+�Q�m�T�H�B�M�;�- ���M�/M ! �B�b �i�?�2 �i�`�B�T�H�2�i �b�+���H���`
�K���b�b�X �A�7M ! �B�b �K�m�+�? �H���`�;�2�` �i�?���M �i�?�2 �2�H�2�+�i�`�Q�r�2���F �b�+���H�2�- �� �i�B�M�v �p���+�m�m�K �2�t�T�2�+�i���i�B�Q�M �p���H�m�2 �U�o�1�o�V
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EW
M !
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�L�Q�r�- �r�2 �T�`�Q�T�Q�b�2 �i�Q �2�t�i�2�M�/ �i�?�2SU(5) �:�l�h �#�v �B�M�i�`�Q�/�m�+�B�M�; �� �b�+���H���`! 15 �B�M15�@�T�H�2�i �`�2�T�`�2�b�2�M�i���@
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L " Yij " iC
5! ! 15 " j

5! # #! M ! H5!  
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! 15 = ! (6,1)(6, 1, # 2/ 3) + ! (3,2,1/ 6)(3, 2, 1/ 6) + ! (3,1)(1, 3, 1),

" i
5! = dCi (3! , 1, +1 / 3) + !" i (1, 2, # 1/ 2),

H5 = Hc(3, 1, # 1/ 3) + H (1, 2, 1/ 2). �U�j�V
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L " Yij " iC
5! ! 15 " j

5! " Yij (dCi )C ! (3,2) !" j = Yij (LQ u) di
Rej

L + Yij (LQ d) di
R$j

L , �U�9�V

�r�?�2�`�2LQ u,d �/�2�M�Q�i�2 �i�?�2 �H�2�T�i�Q�[�m���`�F �+�Q�K�T�Q�M�2�M�i�b �Q�7! (3,2,1/ 6) �r�B�i�? �2�H�2�+�i�`�B�+ �+�?���`�;�2�b+2 / 3 ���M�/# 1/ 3�-
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L �i�?�2 �H�2�7�i�@�?���M�/�2�/ �+�?���`�;�2�/
�H�2�T�i�Q�M�b �Ue, µ,%�V�- ���M�/$j

L �i�?�2 �H�2�7�i�@�?���M�/�2�/ �M�2�m�i�`�B�M�Q�b �U$e, $µ, $" �V�X �� �+�`�m�+�B���H �7�2���i�m�`�2 �Q�7 �i�?�B�b �+�Q�M�b�i�`�m�+�i�B�Q�M
�B�b �i�?���i �i�?�2 �u�m�F���r�� �+�Q�m�T�H�B�M�;�b �Q�7 �i�?�2 �G�Z�b ���`�2 �B�/�2�M�i�B�+���H �i�Q �i�?�Q�b�2 �`�2�b�T�Q�M�b�B�#�H�2 �7�Q�` �M�2�m�i�`�B�M�Q �K���b�b �;�2�M�2�`�@
���i�B�Q�M �p�B�� �i�?�2 �i�v�T�2�@�A�A �b�2�2�b���r �K�2�+�?���M�B�b�K�X �h�?�B�b ���`�B�b�2�b �#�2�+���m�b�2! (1,3) ���M�/! (3,2) ���`�2 �m�M�B�}�2�/ �r�B�i�?�B�M �i�?�2
�b���K�215�@�T�H�2�i �Q�7SU(5)�X �h�?�2�`�2�7�Q�`�2�- �i�?�2�G�Z �+�Q�m�T�H�B�M�;�b�i�Q �[�m���`�F�b ���M�/ �H�2�T�i�Q�M�b ���`�2 �/�B�`�2�+�i�H�v �`�2�H���i�2�/
�i�Q �i�?�2�M�2�m�i�`�B�M�Q �K���b�b �K���i�`�B�t�-(m! )ij �X

�h�?�2 �+�Q�M�M�2�+�i�B�Q�M �#�2�i�r�2�2�M �G�Z �T�?�v�b�B�+�b ���M�/ �M�2�m�i�`�B�M�Q �T�?�v�b�B�+�b�- �B�M �T���`�i�B�+�m�H���` �M�2�m�i�`�B�M�Q �Q�b�+�B�H�H���i�B�Q�M
�/���i���- �K���M�B�7�2�b�i�b �B�M �i�?�2 �#�`���M�+�?�B�M�; �`���i�B�Q�b �Q�7 �G�Z �/�2�+���v�b �b�m�+�? ���bLQ u ' di + "+ j ���M�/LQ d ' di + $j �X
�h�?�2 �T���`�i�B���H �r�B�/�i�?�b �Q�7 �i�?�2�b�2 �T�`�Q�+�2�b�b�2�b ���`�2 �T�`�Q�T�Q�`�i�B�Q�M���H �i�Q|Yij |2 ( |(m! )ij |2�- �H�2���/�B�M�; �i�Q

BR(LQ u ' di + "+ j ) = BR( LQ d ' di + $j ) =
|(m! )ij |2

#
k

#
l |(m! )kl |2

. �U�8�V

�8

Using the relation  ,yij ∝ mij
ν
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�6�B�;�m�`�2 �k�,�G�2�7�i �T���M�2�H�, �"�`���M�+�?�B�M�; �`���i�B�Q�b �Q�7LQ u ! �D�2�i+ ! + �7�Q�` �L�> �U�b�Q�H�B�/�V ���M�/ �A�> �U�/���b�?�2�/�V�X�_�B�;�?�i
�T���M�2�H�, �L�Q�`�K���H�B�x�2�/ �b�B�M�;�H�2�@�G�Z �T�`�Q�/�m�+�i�B�Q�M �+�`�Q�b�b �b�2�+�i�B�Q�M�b �r�B�i�? �}�M���H�@�b�i���i�2 �H�2�T�i�Q�M�b �7�Q�` �L�> �U�b�Q�H�B�/�V ���M�/
�A�> �U�/���b�?�2�/�V�X

�h�?�2 �M�2�m�i�`�B�M�Q �K���b�b �K���i�`�B�t �B�b �2�t�T�`�2�b�b�2�/ ���bm! = U!
MNS D! U 

MNS �- �r�B�i�?UMNS �i�?�2 �J���F�B�@�L���F���;���r���@
�a���F���i�� �K�B�t�B�M�; �K���i�`�B�t ���M�/D! = diag( m1, m2, m3) �i�?�2 �M�2�m�i�`�B�M�Q �K���b�b �2�B�;�2�M�p���H�m�2�b�X �l�b�B�M�; �i�?�2 �L�m�6�B�i�@
�e�X�y �;�H�Q�#���H �}�i �Q�7 �i�?�`�2�2�@�~���p�Q�` �Q�b�+�B�H�H���i�B�Q�M �/���i�� �(�9�9�)�- �i�?�2 �2�M�i�`�B�2�b �Q�7m! �/�2�T�2�M�/ �Q�M �� �b�B�M�;�H�2 �7�`�2�2 �T���`���K�2�i�2�`�-
�i�?�2 �H�B�;�?�i�2�b�i �M�2�m�i�`�B�M�Q �K���b�bmlightest �X �h�r�Q �T�Q�b�b�B�#�H�2 �Q�`�/�2�`�B�M�;�b �`�2�K���B�M �p�B���#�H�2�, �i�?�2 �M�Q�`�K���H �?�B�2�`���`�+�?�v
�U�L�>�V�-mlightest = m1 < m 2 < m 3�- ���M�/ �i�?�2 �B�M�p�2�`�i�2�/ �?�B�2�`���`�+�?�v �U�A�>�V�-mlightest = m3 < m 1 < m 2�X

�h�?�2 �H�2�7�i �T���M�2�H �Q�7 �6�B�;�X�k�b�?�Q�r�b �i�?�2LQ u �#�`���M�+�?�B�M�; �`���i�B�Q�b �i�Q �D�2�i+ ! + �}�M���H �b�i���i�2�b ���b �� �7�m�M�+�i�B�Q�M �Q�7
mlightest �- �7�Q�` �L�> �U�b�Q�H�B�/�V ���M�/ �A�> �U�/���b�?�2�/�V�X �q�2 �`�2�b�i�`�B�+�i �i�Qmlightest " 0.05 �2�o�- �+�Q�M�b�B�b�i�2�M�i �r�B�i�? �i�?�2
�S�H���M�+�F �#�Q�m�M�/

!
i mi < 0.12 �2�o �(�j�d�)�- ���M�/ �B�M�+�H�m�/�2 �i�?�2b �[�m���`�F �}�M���H �b�i���i�2 �i�Q�;�2�i�?�2�` �r�B�i�?d ���M�/s�X �6�Q�`

�L�>�- �/�2�+���v�b �i�Q �D�2�i+ µ+ / " + �/�Q�K�B�M���i�2�- �r�?�2�`�2���b �7�Q�` �A�>�- �i�?�2 �D�2�i+ e+ �K�Q�/�2 �B�b �/�Q�K�B�M���M�i�X
�A�7 �i�?�2 �u�m�F���r�� �+�Q�m�T�H�B�M�;�bYij ���`�2 �b�B�x���#�H�2�- �b�B�M�;�H�2 �G�Z�b �+���M ���H�b�Q �#�2 �T�`�Q�/�m�+�2�/ ���i �i�?�2 �G�>�* �p�B�� �[�m���`�F�@

�;�H�m�Q�M �7�m�b�B�Q�M �Ud g ! LQ u+ ej �- �T�H�m�b �+�?���`�;�2 �+�Q�M�D�m�;���i�2�V �Q�` �B�M�/�m�+�2�/ �H�2�T�i�Q�M�@�[�m���`�F �b�+���i�i�2�`�B�M�; �Ud ø! ! LQ u�-
�T�H�m�b �+�?���`�;�2 �+�Q�M�D�m�;���i�2�V�X �"�Q�i�? �+�?���M�M�2�H�b �v�B�2�H�/ �� �T�`�Q�K�T�i �H�2�T�i�Q�M �B�M �i�?�2 �}�M���H �b�i���i�2 �U�/�B�b�i�B�M�+�i �7�`�Q�K �i�?�2
�H�2�T�i�Q�M �Q�`�B�;�B�M���i�B�M�; �7�`�Q�K �i�?�2 �G�Z �/�2�+���v�V �r�B�i�? �+�`�Q�b�b �b�2�+�i�B�Q�M�b �T�`�Q�T�Q�`�i�B�Q�M���H �i�Q|Y1j |2 # |(m! )1j |2�X �h�?�m�b�-
�i�?�2 �~���p�Q�` �T���i�i�2�`�M �Q�7 �b�B�M�;�H�2�@�G�Z �T�`�Q�/�m�+�i�B�Q�M �/�B�`�2�+�i�H�v �+�Q�`�`�2�H���i�2�b �r�B�i�? �M�2�m�i�`�B�M�Q �Q�b�+�B�H�H���i�B�Q�M �T���`���K�2�i�2�`�b�X
�h�Q �[�m���M�i�B�7�v �i�?�B�b�- �r�2 �/�2�}�M�2 �i�?�2 �M�Q�`�K���H�B�x�2�/ �b�B�M�;�H�2�@�G�Z �T�`�Q�/�m�+�i�B�Q�M �+�`�Q�b�b �b�2�+�i�B�Q�M �r�B�i�? �� �}�M���H�@�b�i���i�2
�H�2�T�i�Q�Mei = e, µ, " ���b " (LQ u + ei )

! 3
j =1 " (LQ u + ej )

�X �h�?�2 �`�B�;�?�i �T���M�2�H �Q�7 �6�B�;�X�k �b�?�Q�r�b �i�?�B�b �M�Q�`�K���H�B�x�2�/ �/�B�b�i�`�B�#�m�i�B�Q�M

���+�`�Q�b�b �H�2�T�i�Q�M �~���p�Q�`�b �7�Q�` �L�> �U�b�Q�H�B�/�V ���M�/ �A�> �U�/���b�?�2�/�V�X
�"���b�2�/ �Q�M �i�?�2 �T�`�Q�T�Q�b�2�/SU(5) �:�l�h �7�`���K�2�r�Q�`�F ���M�/ �i�?�2 �T�`�2�H�B�K�B�M���`�v �`�2�b�m�H�i�b �B�M �6�B�;�X�k�- �r�?�B�+�?

�/�2�K�Q�M�b�i�`���i�2 ���/�B�`�2�+�i �H�B�M�F �#�2�i�r�2�2�M �G�Z �T�?�v�b�B�+�b ���M�/ �M�2�m�i�`�B�M�Q �Q�b�+�B�H�H���i�B�Q�M �T�?�2�M�Q�K�2�M��� - � A
�T�`�Q�T�Q�b�2 �i�?�2 �7�Q�H�H�Q�r�B�M�; �T�`�Q�D�2�+�i�b�X

�S�`�Q�D�2�+�i �G�Z�@�R�, �*�Q�K�T�H�2�i�B�Q�M �Q�7 �i�?�2 �i�?�2�Q�`�2�i�B�+���H �7�`���K�2�r�Q�`�F
�q�B�i�? �S�`�Q�7�X �E���r���B ���M�/ �S�m�D�� �.���b�- �r�2 �}�`�b�i �2�b�i���#�H�B�b�? �i�?�2 �7�m�H�H �i�?�2�Q�`�2�i�B�+���H �7�`���K�2�r�Q�`�F �Q�7 �i�?�2 �i�v�T�2�@�A�A
�b�2�2�b���r �2�t�i�2�M�/�2�/SU(5) �:�l�h�X
�G�Z�@�R �U�B�V�, �6�Q�` �G�Z �T�?�2�M�Q�K�2�M�Q�H�Q�;�v ���i �i�?�2 �G�>�*�-! (3,2) �b�?�Q�m�H�/ �`�2�b�B�/�2 ���i �i�?�2 �h�2�o �b�+���H�2�- �r�?�B�H�2! (1,3)
���M�/! (6,1) �K�m�b�i �#�2 ���i �K�m�+�? �?�B�;�?�2�` �b�+���H�2�b�- �B�/�2���H�H�v �i�?�2 �M���i�m�`���H �b�2�2�b���r �b�+���H�2 �Q�71013�@1014 �:�2�o�X �q�B�i�?�B�M
�i�?�2SU(5) �7�`���K�2�r�Q�`�F�- �r�2 �M�2�2�/ �i�Q �2�t�T�H�B�+�B�i�H�v �/�2�K�Q�M�b�i�`���i�2 �?�Q�r �b�m�+�? �K���b�b �b�T�H�B�i�i�B�M�;�b ���K�Q�M�; �i�?�2!
�}�2�H�/�b �+���M �#�2 �`�2���H�B�x�2�/�X

�G�Z�@�R �U�B�B�V�, ���b �B�b �r�2�H�H �F�M�Q�r�M�- �i�?�2 �i�?�`�2�2 �a�J �;���m�;�2 �+�Q�m�T�H�B�M�;�b �/�Q �M�Q�i �m�M�B�7�v �r�B�i�?�B�M �i�?�2 �K�B�M�B�K���HSU(5)
�7�`���K�2�r�Q�`�F�X �q�2 �M�2�2�/ �i�Q �`�2���H�B�x�2 �b�m�+�+�2�b�b�7�m�H �m�M�B�}�+���i�B�Q�M ���i �i�?�2 �:�l�h �b�+���H�2�X �a�B�M�+�2 �i�?�2 �i�v�T�2�@�A�A �b�2�2�b���r
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Single LQ production process

���U�G���,�Q�W�H�U�Q�D�W�L�R�Q�D�O���3�K�\�V�L�F�V���&�R�Q�I�H�U�H�Q�F�H���L�Q���%�R�V�Q�L�D���	���+�H�U�]�H�J�R�Y�L�Q�D���������������3�+�<�&�2�1�%�$������������
�-�R�X�U�Q�D�O���R�I���3�K�\�V�L�F�V�����&�R�Q�I�H�U�H�Q�F�H���6�H�U�L�H�V������������������������������������

�,�2�3���3�X�E�O�L�V�K�L�Q�J
�G�R�L����������������������������������������������������������������

4

and a lepton l in the Þnal state. Process of the single leptoquark production looks like

g + q ! LQ + l. (5)

Feynman diagrams that correspond to the single leptoquark production are given by Þgures 4
and 5. Figure 4 shows thes-channel, while the Þgure 5 shows thet-channel of the single scalar

Figure 4. Feynman diagram
relevant for the s-channel single
leptoquark production mechanism. Figure 5. Feynman diagram

relevant for the t-channel single
leptoquark production mechanism.

leptoquark production mechanism. In both cases,y is the Yukawa coupling of a quark and a
lepton with the leptoquark.

2.4. Drell-Yan di-lepton production
The scalar leptoquarks can be produced both directly, as it has been presented so far, and
indirectly. Indirect leptoquark production takes place in processes of the Drell-Yan type [15Ð20];
through the quark-antiquark annihilation

q + q ! l+ l ! (6)

with two oppositely charged leptons l+ and l ! in the Þnal state. Feynman diagram that
corresponds to the Drell-Yan di-lepton production mechanism is given by Þgure 6.

Figure 6. Feynman diagram
relevant for the Drell-Yan di-lepton
leptoquark production [15].

Figure 6 is taken from the article [15] and it shows the process of theb-quark and b-antiquark
annihilation where two oppositely charged leptons! ! and ! + are created in the Þnal state.

d

d

LQu

ℓj

y*1j
σ(dg → LQu + ℓj) ∝ ! (mν)1j !2
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�6�B�;�m�`�2 �k�,�G�2�7�i �T���M�2�H�, �"�`���M�+�?�B�M�; �`���i�B�Q�b �Q�7LQ u ! �D�2�i+ ! + �7�Q�` �L�> �U�b�Q�H�B�/�V ���M�/ �A�> �U�/���b�?�2�/�V�X�_�B�;�?�i
�T���M�2�H�, �L�Q�`�K���H�B�x�2�/ �b�B�M�;�H�2�@�G�Z �T�`�Q�/�m�+�i�B�Q�M �+�`�Q�b�b �b�2�+�i�B�Q�M�b �r�B�i�? �}�M���H�@�b�i���i�2 �H�2�T�i�Q�M�b �7�Q�` �L�> �U�b�Q�H�B�/�V ���M�/
�A�> �U�/���b�?�2�/�V�X

�h�?�2 �M�2�m�i�`�B�M�Q �K���b�b �K���i�`�B�t �B�b �2�t�T�`�2�b�b�2�/ ���bm! = U!
MNS D! U 

MNS �- �r�B�i�?UMNS �i�?�2 �J���F�B�@�L���F���;���r���@
�a���F���i�� �K�B�t�B�M�; �K���i�`�B�t ���M�/D! = diag( m1, m2, m3) �i�?�2 �M�2�m�i�`�B�M�Q �K���b�b �2�B�;�2�M�p���H�m�2�b�X �l�b�B�M�; �i�?�2 �L�m�6�B�i�@
�e�X�y �;�H�Q�#���H �}�i �Q�7 �i�?�`�2�2�@�~���p�Q�` �Q�b�+�B�H�H���i�B�Q�M �/���i�� �(�9�9�)�- �i�?�2 �2�M�i�`�B�2�b �Q�7m! �/�2�T�2�M�/ �Q�M �� �b�B�M�;�H�2 �7�`�2�2 �T���`���K�2�i�2�`�-
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• The SU(5) paradigm with a type II seesaw extension 
predicts the existence of scalar leptoquarks.	

• This framework has a direct connection to neutrino 
oscillation data.	

• If such leptoquarks are discovered and their 
branching ratios are measured, we can test this GUT 
paradigm and its link to neutrino oscillation physics. 	

• In fact, collider measurements could even help 
determine the neutrino mass ordering, providing a 
powerful complement to future neutrino oscillation 
experiments.leptoquarks 
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Direction 3 

Consider a way to discriminate different scenarios by 
experiments 
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Let us consider a dark matter scenario

• In many dark matter scenarios, the stability of dark 
matter is ensured by a  discrete symmetry with 
odd-parity assigned to the DM particle 

Z2

• A dark matter may couple to an SM particle along 
with its -odd partnerZ2

Example: !"#$%$&"'$$(��
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Known examples:  (i) neutralino DM and chargino 	
                                 (ii) Inert Higgs doublet model 
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Can we discriminate such models by collider experiments? 
ILC/future lepton collider is a powerful tool to 
accomplish this task

Model  (i)  :  are fermions (spin-1/2)	
Model  (ii) :  are scalars (spin-0)

χDM, χ−

χDM, χ−
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(i) Angular distributions

ILC/Future Lepton Collider study
For ILC simulations studies, 	
see Asano et al., PRD 84 (2011) 
115003, arXiv: 1106.1932
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(i) Fermion

(ii) Scalar
s = 500 GeV

mχ± = 200 GeV
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(ii) Determination of  and mχ± mχDM
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and chargino (! ± ) turn out to be 44.0 (81.9) GeV and 232 (368) GeV, respectively,

at Point I (II). Using the parameters, the ratio of the coe! cientsbetweenNL and NR

is determined to beNL /N R = 0.992 (1.00), whileCL /C R is 1.36 (1.31). We adopt

these coe! cients in the SUSY-like model2. As in the supersymmetric model, there is

a parameter to be Þxed for the vertices in the littlest Higgs model with T-parity: "H .

By choosing the vacuum expectation value of the SU(5)/SO(5) symmetry breaking

to be 375 (580) GeV, we can adjust the masses of! 0 and ! ± to be 44.0 (81.9) GeV

and 232 (368) GeV. With this vacuum expectation value, the angle"H is determined

as tan"H = ! 0.0525 (! 0.0246), and we use these values in the LHT-like model3.

3.2 Simulation strategy

Since the dark matter will escape without detection, the measurement of the new

physics models at the TeV scale (IH-like, SUSY-like, and LHT-like models) is not

straightforward. In the paper, in order to discriminate the new physics models, we

focus on the following three physical quantities, (i) the energy distribution of the

W boson, (ii) the angular distribution of the new charged particle! ± , and (iii) the

threshold behavior of the cross section for the! ± pair production. These quantities

are relevant to kinematics of the process and spin information of the new charged

particles. In this subsection, we discuss how measurements of these quantities work

for discrimination of the new physics models.

3.2.1 Energy distribution of W

Solving the kinematics of the new physics processe+ e! " ! + ! ! " ! 0! 0W + W ! ,

we Þnd the maximum and the minimum of theW energy (Emax and Emin ) given by

Emax = #! ± E "
W + $! ± #! ± p"

W ,

Emin = #! ± E "
W ! $! ± #! ± p"

W , (5)

where$! ± (#! ± ) is the $ (#) factor of ! ± in the laboratory frame, whileE "
W (p"

W ) is

the energy (momentum) of theW boson in the rest frame of! ± . The energyE "
W is

given as (M 2
! ± + M 2

W ! M 2
! 0 )/ (2M! 0 ). As a result, both masses of! ± and ! 0 can be

estimated from the edges of the distribution of the reconstructed W boson energy.
2Cross section for the! ± production in the supersymmetric model is 414 (201) fb at Point I

(II).
3Cross section for the! ± production in the littlest Higgs model with T-parity is 364 (693) fb at

Point I (II).
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Figure 2: (a)W energy distributions for signal (! s = 200 fb) and background with

L int = 500 fb! 1 in the Point I study. (b),(c) Results of the mass Þt for! s = 200 fb

and 40 fb after background subtraction, respectively.
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(iii) Threshold scan for produced  χ±

 (GeV)s
480 500 520 540

S
ca

le
d 

cr
os

s 
se

ct
io

n 
(f

b)

0

20

40

60

80

100

120 (a)
IH-like

SUSY-like

LHT-like

2!
0 10 20 30 40 50

F
ra

ct
io

n 
/ 0

.5
 b

in

-410

-310

-210

-110

1

IH-like

SUSY-like

LHT-like

1/2)
0

(b) Fit by (s - s

2!
0 10 20 30 40 50

F
ra

ct
io

n 
/ 0

.5
 b

in

-410

-310

-210

-110

1

IH-like

SUSY-like

LHT-like

3/2)
0

(c) Fit by (s - s

Figure 5: (a) Dependence of the cross section on the center of mass energy, normal-

ized to ! s = 40 fb in the Point I study. Error bars are given assumingL int = 50

fb! 1 data at each point. (b),(c) Results of the" 2 Þts for the (s ! s0)1/ 2 case and the

(s ! s0)3/ 2 case, respectively.

signal and background statistics obtained from the full-MC study.The cut e! ciency

and the background cross section are assumed to be identical to the 500 GeV case

for any
"

s . We performed a scan of three points:
"

s = 470, 485, and 500 GeV,

each with L int = 50 fb! 1. The cross section is scaled so that all the three models

have ! s = 40 fb at 500 GeV.

For the separation, we calculate the" 2 value of the Þt of

! (s, n) = a(s ! s0)n , n = 1/ 2, 3/ 2 (8)

wherea and s0 are the free parameters for each model. Figures 5 (b) and (c) show the

" 2 distributions. With the n = 1/ 2 Þt (b), good separation is obtained between the

SUSY-like and the other two models. For example, 92.0% of the SUSY-like events

are within " 2 < 3 while 5.7 and 2.1% of the IH-like and LHT-like events remain in

the same" 2 region. Then = 3/ 2 Þt (c) does not have signiÞcant separation power.

Separation between the IH-like and the LHT-like models is almost impossible by the

threshold scan.

Since the SUSY-like model can be separated from the LHT-like modelwith the

threshold scan and the IH-like model can be separated from the SUSY-like model

with the production angle distribution, the three models can be separated from each

other with combining the two methods even in the! s = 40 fb case.

20

Tunable energy of ILC/Future Lepton Colliders allows us to 
scan the  production near production thresholdχ±
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For the future of Particle Physics

The Standard Model (SM):	
Pursue increasingly precise measurements of the Higgs 
boson properties to deepen and complete our 
understanding of the SM.

Beyond the Standard Model (BSM):	
Continue exploring new physics scenarios to uncover what 
lies beyond the SM and to understand how nature extends 
past its current theoretical framework.
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In this endeavor, collider experiments, particularly the ILC and 
other future lepton colliders, will play a crucial role by 
providing the precision measurements necessary to fully test 
the Standard Model and to probe possible signs of new 
physics.exploring new physics scenarios to uncover what lies 
beyond the SM and to understand how nature extends past its 
current theoretical framework.
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