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Problems	of	the	Standard	Model	

Although	the	Standard	Model	(SM)	is	the	best	theory	so	far,	
New	Physics	beyond	SM	is	strongly	suggested	by	various	
experimental	&	theoretical	points	of	view	

What	is	missing?

• Neutrino	masses	and	flavor	mixings		
• Dark	Matter	candidate		
• Origin	of	Electroweak	symmetry	breaking		
• Inflaton	to	drive	Inflation	
• …….	

New	Physics	must	supplement	the	missing	pieces	
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Status	of	New	Physics	(direct)	searches

Something	must	be	there,	but	no	indication	of	New	Physics	
in	the	current	LHC	data

Indication?
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New	particle(s)	may	be	singlet	under	the	SM	gauge		
group	&	very	weakly	coupled	with	the	SM	particles	

If	so,	new	particle(s)	are	expected	to	be	long-lived

In	this	talk,	I	will	discuss	a	new	physics	model	with	
long-lived	particle(s)	and	discuss	the	prospect	of	
discovering	such	particle(s)	in	the	future



How	New	Particles	communicate	with		the	SM	sector?	
New	force?		
since	new	particles	are	SM	singlets	
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We	focus	on	gauged	U(1)	extended	SM

Well-known	example:	gauged	U(1)	B-L	extended	SM	

‣ B-L	(baryon	minus	lepton	number)	is	in	the	SM	as	
anomaly-free	global	symmetry.	

‣ Particle	physics	history	may	suggest	it	natural	to	gauge	it.

Before	the	construction	of	the	SM,		
isospin	SU(2)	&	hyper-charge	U(1)	were	global	symmetry,	
which	are	promoted	to	the	gauge	symmetry	in	the	SM	



!5

Minimal	gauged	B-L	extension	of	the	SM

Based	on	

3	right-handed		
neutrinos	(RHNs)

B-L	Higgs	field		
for	the	B-L	breaking

SU(3)C × SU(2)L × U(1)Y × U(1)B−L

Marshak	&	Mohapatra,	PLB	91	(1980)	222;We_erich,	NPB	187	(1981)	343	
Masiero,	Nieves	and	Yanagida,	PLB	116	(1982)	11	+	Others
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Properties	of	gauged	B-L	extended	SM

➢ It	is	easy	(well-motivated)	to	gauge	the	global	B-L	symmetry	in	
the	SM	

➢ All	the	gauge	anomalies	cancel	in	the	presence	of	3	RHNs	

➢ New	B-L	gauge	boson	mass	&	RHNs’	Majorana	masses	are	
generated	by	the	B-L	gauge	symmetry	breaking	

➢ The	seesaw	mechanism	for	generating	tiny	neutrino	masses	is	
implemented	automatically.	

Seesaw	mechanism
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Generalization	of	the	minimal	B-L	model	to	the	minimal	U(1)x

3	RHNs
U(1)x	Higgs

‣ U(1)x	charge:																																				(xH=0	is	the	B-L	model)	
‣ Free	from	gauge	&	mixed	gauge-gravitational	anomalies	
‣ Seesaw	Mechanism	is	automatically	implemented

QX = QY xH + QB−L

Appelquist, Dobrescu 
& Hopper, 2003; Oda, 
NO & Takahashi, 
2015; Das, Oda, NO & 
Takahashi, 2016
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In	gauged	U(1)	extended	SM,		

								(i)		Right-handed	neutrino	(heavy	neutrino)		
							(ii)		U(1)	gauge	boson	(Z’)		
						(iii)		U(1)	Higgs	boson		

can	be	long-lived,	depending	on	the	model	parameter	choice.	

Search	for	Long-Lived	particles	(LLPs)	at	future	experiments	

Examples)	MTHUSLA	&	FASER	
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Recent	proposal	for	a	dedicated	LLP	search	
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FIG. 2. Left: Simplified MATHUSLA detector layout with leptonic or hadronic LLP decay. . Right:
CERN-owned land near CMS (orange) that would be a suitable site for MATHUSLA. An optimized geom-
etry on a fraction of this available land would achieve the same sensitivity as the original 200m ⇥ 200m
benchmark [1, 2] while having only ⇠ 1/3 that area.

geometry that is tailored to the available experimental site. This will also be an important factor
in reducing the cost of the full detector.

For LLPs with lifetimes & 100m, MATHUSLA will have as many LLP decays in its detector
volume as will ATLAS or CMS. Crucial to its greater LLP sensitivity is the fact that unlike the
main detectors, MATHUSLA can search for LLP decays without trigger restrictions and in the
near-zero-background regime.

The dominant background on the surface is cosmic rays (CRs), which are incident on the full
detector with a rate in the MHz range, corresponding to ⇠ 1015 charged tracks over the whole
HL-LHC run. Their rejection depends on the robust ceiling tracking system, comprised of ⇠5 lay-
ers (the required number of layers will be determined by detailed study) with spatial and temporal
resolutions in cm and nanosecond range, respectively. If the layers of this tracking system span a
vertical distance of a few meters, full 4-dimensional track and displaced vertex reconstruction is
possible, which significantly reduces the combinatorial backgrounds since associated tracks must
intersect in both space and time to form a vertex. This is an extremely stringent signal require-
ment even for LLPs with just two charged final states, but especially for hadronic LLP decays
with O(10) charged final states. Both Resistive Plate Chambers (RPCs) and plastic scintillators
are time-tested technologies that easily meet the specifications needed for stringent background
rejection. As argued in [1], since CRs travel downwards and do not inherently form DVs, this
signal requirement is expected to allow MATHUSLA to reach the near-zero-background regime.

Other backgrounds are easier to handle. Upwards traveling muons from the LHC do not give
a DV or, if they scatter or undergo rare decays that mimic LLP decays, can be vetoed by the
floor detector. Neutrinos from atmospheric cosmic rays and the LHC scatter off air in the detector
volume ⇠ 100 times during the entire HL-LHC run, but can be rejected with geometrical cuts and
timing vetoes on non-relativistic charged tracks associated with the scattering event.

Even though MATHUSLA is basically just a large particle tracker without any energy or mo-
mentum measurement, it will still be able to measure many important properties of any LLP decays
it observes [5]. Final state multiplicity would distinguish between leptonic and hadronic decay
modes, while the geometry of the DV can be used to measure the LLP Lorentz boost event-by-

3

Detector	size	

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.

(H†H) (1)

c τ ! (2)

c τ " (3)

(4)

SU(3)C×SU(2)L×U(1)Y×U(1)X

QX = Yf xH +QB−L

xH → 0

f

f̄

Z ′

e+e− → µ+µ−

e+e− → Z h

e+e− → Z ′∗ → N N

h

1

Almost	SM	background	free		

arXiv:	1901.04040	
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ForwArd	Search	ExpeRiment	(FASER)

➢Recently	approved	(March	2019)	new	experiment	at	
CERN	to	look	for	long-lived	charge-neutral	particles		

➢ The	FASER	detector	will	be	installed	in	a	tunnel	near	
the	ATLAS	detector	about	480	m	away

FASER
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(i)	Long-Lived	right-handed	neutrino	(heavy	neutrino)	
Is	the	N’s	lifetime	is	adjustable?		

Seesaw	formula:	

Figure 13: The search reach of the displaced vertex searches at the HL-LHC and MATHUSLA.
For BR(S ! XX) ' 100%, the red (gray) shaded region is excluded by the LEP (LHC)
experiments.

Benchmark Points Mixing angle (✓) Search Reach of mS[GeV]

MATHUSLA HL-LHC

BP1 8 ⇥10
�3 476 39

BP2 5 ⇥10
�2 972 293

BP3 1⇥ 10
�2 556 65

Table 2: Summary of � mass reach at MATHUSLA and HL-LHC experiment.

5 Lifetime of heavy neutrinos
We assumed a suitable lifetime of the heavy neutrino in the previous section. In this section, we
calculate the lifetime of the heavy neutrinos for realistic parameters to reproduce the neutrino
oscillation data and investigate the prospect of searching for the displaced vertex signatures of
the heavy neutrino productions.

After the B�L and electroweak symmetry breakings, the neutrino mass matrix is generated
to be

M⌫ =

✓
0 mD

(mD)
T MN

◆
, (5.1)

where MN and mD are the Majorana and the Dirac mass matrices, respectively. From Eqs. (3.1)
and (3.2), we have MN = diag(mN1 ,mN2 ,mN3) and mij

D
= Y ij

D
vSM/

p
2. Assuming the mass

hierarchy |mij

D
/mNk | ⌧ 1, the seesaw formula for the light Majorana neutrinos is given by

m⌫ ' �mD(MN)
�1mT

D
. (5.2)
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The light neutrino flavor eigenstate (⌫) can be expressed in terms the light (⌫m) and heavy
(Nm) Majorana neutrino mass eigenstates, ⌫ ' N ⌫m + RNm, where R = mD(MN)

�1, N =⇣
1�

1
2R

⇤
R

T

⌘
' UMNS, and UMNS is the neutrino mixing matrix which diagonalizes m⌫ by

UT

MNSm⌫UMNS = D⌫ = diag(m1,m2,m3), (5.3)

where the neutrino mixing matrix is parameterized as

UMNS =

0

@
c12c13 c12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13
s12c23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

1

A

0

@
1 0 0

0 e�i⇢1 0

0 0 e�i⇢2

1

A , (5.4)

where cij = cos ✓ij, sij = sin ✓ij, � is the Dirac CP phase, and ⇢1 and ⇢2 are the Majorana CP
phases. Using the Eqs. (5.2) and (5.3), the Dirac mass matrix is parameterized as [72]

mD = U⇤
MNS

p
D⌫ O

p
MN , (5.5)

where O is a general orthogonal matrix,
p
MN ⌘ diag(

p
mN1 ,

p
mN2 ,

p
mN3) and

p
D⌫ ⌘

diag(
p
m1,

p
m2,

p
m3).

The charged current interaction of the neutrino mass eigenstates is expressed as

LCC = �
g
p
2
Wµ`↵�

µPL

�
N↵i⌫

i

m
+R↵iN

i

m

�
+ h.c., (5.6)

where `↵ are the 3 generations of the charged SM leptons, and PL = (1 � �5)/2 is the left
handed projection operator. Similarly, for the the neutral current interaction, we have

LNC = �
g

2 cos ✓W
Zµ

h
⌫i
m
�µPL(N

†
N )ij⌫

j

m
+N i

m
�µPL(R

†
R)ijN

j

m

+

n
⌫i
m
�µPL(N

†
R)ijN

j

m
+H.c.

oi
, (5.7)

where ✓W is the weak mixing angle.
With the general parameterization of Eq. (5.5), the matrix R is given by

R↵i = mD(MN)
�1

= U⇤
MNS

p
D⌫ O(

p
MN)

�1. (5.8)

In order to fix R↵i, we employ the neutrino oscillation data: sin
2
2✓13 = 0.092 [73] along

with sin
2
2✓12 = 0.87, sin2

2✓23 = 1.0, as well as the mass squared differences, �m2
12 = m2

2 �

m2
1 = 7.6 ⇥ 10

�5 eV2 and �m2
23 = |m2

3 � m2
2| = 2.4 ⇥ 10

�3 eV2 [3]. Motivated by the recent
measurements, we also fix the Dirac CP phase as � = 3⇡

2 [74], while we simply take ⇢1 = ⇢2 = 0

for the Majorana CP phases. To simplify our analysis, we set the orthogonal matrix O to be
the identity matrix and assume the mass degeneracy for three heavy neutrinos, mN1,2,3 = mN .
For the light neutrino mass spectrum, we consider two cases: the normal hierarchy (NH),
m1 < m2 < m3, and the inverted hierarchy (IH), m3 < m1 < m2.

Let us now consider the decay of the heavy neutrinos into the SM particles. In our analysis,
we set mN = 20 GeV, hence the heavy neutrino decays into the SM quarks and leptons via
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General	parameterization	(Casas-Ibarra):		
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Figure 6: Representative Feynman diagrams for the Higgs portal Majorana neutrino pair
production and subsequent decay modes.
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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).
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where ✓W is the weak mixing angle.
With the general parameterization of Eq. (5.5), the matrix R is given by
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p
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p
MN)
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In order to fix R↵i, we employ the neutrino oscillation data: sin
2
2✓13 = 0.092 [73] along

with sin
2
2✓12 = 0.87, sin2

2✓23 = 1.0, as well as the mass squared differences, �m2
12 = m2

2 �

m2
1 = 7.6 ⇥ 10

�5 eV2 and �m2
23 = |m2

3 � m2
2| = 2.4 ⇥ 10

�3 eV2 [3]. Motivated by the recent
measurements, we also fix the Dirac CP phase as � = 3⇡

2 [74], while we simply take ⇢1 = ⇢2 = 0

for the Majorana CP phases. To simplify our analysis, we set the orthogonal matrix O to be
the identity matrix and assume the mass degeneracy for three heavy neutrinos, mN1,2,3 = mN .
For the light neutrino mass spectrum, we consider two cases: the normal hierarchy (NH),
m1 < m2 < m3, and the inverted hierarchy (IH), m3 < m1 < m2.

Let us now consider the decay of the heavy neutrinos into the SM particles. In our analysis,
we set mN = 20 GeV, hence the heavy neutrino decays into the SM quarks and leptons via
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Employing	the	neutrino	oscillation	data,	we	can	calculate	the	
N’s	lifetime.		
	
Example)	degenerate	Ns	(20	GeV)	and	O=	Id	

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).
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where cij = cos ✓ij, sij = sin ✓ij, � is the Dirac CP phase, and ⇢1 and ⇢2 are the Majorana CP
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where `↵ are the 3 generations of the charged SM leptons, and PL = (1 � �5)/2 is the left
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where ✓W is the weak mixing angle.
With the general parameterization of Eq. (5.5), the matrix R is given by
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In order to fix R↵i, we employ the neutrino oscillation data: sin
2
2✓13 = 0.092 [73] along
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�3 eV2 [3]. Motivated by the recent
measurements, we also fix the Dirac CP phase as � = 3⇡

2 [74], while we simply take ⇢1 = ⇢2 = 0

for the Majorana CP phases. To simplify our analysis, we set the orthogonal matrix O to be
the identity matrix and assume the mass degeneracy for three heavy neutrinos, mN1,2,3 = mN .
For the light neutrino mass spectrum, we consider two cases: the normal hierarchy (NH),
m1 < m2 < m3, and the inverted hierarchy (IH), m3 < m1 < m2.

Let us now consider the decay of the heavy neutrinos into the SM particles. In our analysis,
we set mN = 20 GeV, hence the heavy neutrino decays into the SM quarks and leptons via
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FIG. 5. Decay length of RHNs neutrinos as a function of lightest active neutrino mass for the NH

(IH) case in the left (right) panel for the three generations of RHNs with mN1 = 500 GeV, mN2 = 1

TeV and mN3 = 2 TeV. The upper (lower) curves correspond to the maximum (minimum) allowed

decay lifetime, taking into account various phenomenological constraints (see text). The horizontal

red (green) band indicates the typical range relevant for observable displaced vertex signal at the

LHC (MATHUSLA). The vertical shaded region is excluded by Planck upper limit on the sum of

neutrino masses.

Very interestingly, Lmax is controlled by the lightest neutrino mass eigenvalue mlighest, and

if mlighest is small enough, one RHN becomes long-lived even if its mass is of order of 1

TeV. This is contrary to the common lore that RHNs can be long-lived only for the sub-

electroweak scale mass range. We find that for mlighest . 10�5 eV (10�8 eV), the RHN can be

long-lived enough to be explored by the HL-LHC (MATHUSLA).2 For a di↵erent RHN mass

spectrum than that chosen in our illustrative benchmark, the corresponding decay lifetime

and the possibility of having a long-lived RHN can be easily obtained from Eqs. (31) and

(32).

In other words, once a displaced vertex signal is observed in future collider experiments,

we can measure the decay length and the mass of the RHN from the invariant mass of

its decay products. Fig. 5 indicates that with such measurements we can obtain an upper

bound on mlighest. On the other hand, the remaining two RHNs promptly decay to the SM

2 A detailed sensitivity study based on the expected number of events, which depends on other details, such

as the flavor of the final state lepton and the Lorentz boost factor of the RHN (which depends on the

specific production mode, i.e. the Z
0 boson mass in our case), is beyond the scope of this paper and is

postponed to a future work.
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Parameter	scan	results		 (Das,	Dev	&	NO,	arXiv:	1906.04132;	
see	also	Jana,	NO	&	Raut,	arXiv:	1804.06828)	

originates from the Dirac Yukawa coupling in Eq. (1). The total decay width of the RHN

Ni is just the sum of the partial widths:

�NH/IH

Ni
=

X

↵=e,µ,⌧

⇥
�(Ni ! `↵W )NH/IH + �(Ni ! ⌫↵Z)

NH/IH + �(Ni ! ⌫↵h)
NH/IH

⇤
, (28)

and the total proper decay length of the RHN Ni is

LNH/IH

i
=

1.97⇥ 10�13

�NH/IH

Ni
[GeV]

[mm]. (29)

Employing the general parametrization for the neutrino Dirac mass matrix in Eq. (22),

we perform a parameter scan with free parameters, 0  ⇢1,2  2⇡, mlightest, x, y, and z, to

evaluate LNH/IH

i
while satisfying all the phenomenological constraints listed in Ref. [11]. For

concreteness, we fix mN1 = 500 GeV, mN2 = 1 TeV and mN3 = 2 TeV in our analysis. See

Ref. [11] for a detail of this parameter scan procedure. The most stringent lower bound on

the decay length of the RHN Ni comes from two experimental constraints. The first is from

LFV muon decay process of µ ! e�, whose branching ratio must be  4.2 ⇥ 10�13 [110]

which provides an upper bound on |✏12| < 1.3⇥ 10�5. The second is from the lower limit on

the half-life of neutrino-less double beta decay: T 0⌫

1/2
(76Ge) � 8⇥1025yr [122] that translates

into an upper limit on the amplitude for the contribution mediated by the RHNs [123, 124]:

�����

3X

j=1

Rej

mNj [GeV]

����� . 7.8⇥ 10�8 . (30)

Our results for the upper and lower bounds on LNH/IH

i
as a function of the lightest neutrino

mass eigenvalue are shown in Fig. 5 for the NH (left panel) and IH (right panel) cases in the

minimal U(1)X scenario. We also show as horizontal bands typical decay lengths relevant to

the displaced vertex search at the LHC and at MATHUSLA. The vertical shaded region is

excluded by the cosmological upper bound on the sum of light neutrino masses ⌃imi < 0.12

eV from the Planck 2018 results [119]. We find that the maximum proper decay length of

an RHN can be approximately expressed as

LNH

max
' 0.62

✓
0.001 eV

mlighest

◆✓
1TeV

mN1

◆
[mm] , (31)

LIH

max
' 0.15

✓
0.001 eV

mlighest

◆✓
1TeV

mN3

◆
[mm] . (32)
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➢ Neutrino	oscillation	data	are	reproduced		
➢ Correlations	with	the	lightest	neutrino	mass	eigenvalue	
➢ N	production	at	LHC	through	Z’	production	

mN1
= 500 GeV, mN2

= 1 TeV & mN3
= 2 TeV
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Z’-portal	Dark	Matter	in	U(1)	extended	SM

➢ Although	the	minimal	U(1)x	model	is	a	simple,	well-
motivated	model	beyond	the	SM,	a	DM	candidate	is	still	
missing.	

➢ A	simple	way	to	supplement	the	model	with	a	DM	candidate:	
we	introduce	an	SM	singlet	fermion	with	a	U(1)	charge		

							“Z’-portal	Dark	Matter’’

!7

Simple	model:	Z’-portal	Fermion	DM

DM	particle	communicates	with	the	SM	particles	through	a	
new	gauge	boson	Z’		

For	simplicity,	we	set	 

* DM	fermion	may	be	Dirac	or	Majorana	particle

DM	particle	communicates	with	the	SM	particles	through	
new	gauge	boson	Z’		

We	set	 

(ii)	Long-Lived	light	Z’	boson
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Complementarity	between		
Z’	boson	searches	at	FASER	&	Z’-portal	DM	scenario	

➢ Z’	boson	is	long-lived:	light	&	very	weakly	coupled	

➢ Z’-portal	DM	has	never	been	in	thermal	equilibrium,	and	its	
observed	relic	density	is	achieved	by	“Freeze-In”	mechanism	

dY
dx

= −
⟨σvrel⟩

x2

s(mχ)
H(mχ) (Y2 − Y2

EQ)

≃
⟨σvrel⟩

x2

s(mχ)
H(mχ)

Y2
EQ

Boltzmann	equation

DM production from thermal 
plasma stops at T ~ DM mass



Simple	Freeze-In	DM	model
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The	minimal	B-L	model	+	Dirac	Fermion	Dark	Matter

(Mohapatra	&	NO,	2019)

➢ A	simple	way	to	supplement	the	B-L	model	with	a	DM	
candidate:	we	introduce	an	SM	singlet	Dirac	fermion

➢ Arbitrary                              à stability	is	ensured
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B-L	Z’-portal	Dirac	Fermion	DM    (                       )

DM	particle	communicates	with	the	SM	particles	through	
the	B-L	gauge	boson	Z’  

By	solving	the	Boltzmann	equation,	we	find 

ΩDMh2 = 0.12 → Q g2
BL ≃ 10−11
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|Q|=1.01

• DM	mass	independent		
• The	result	shifts	downward	as	Q	becomes	larger
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FIG. 7. The various horizontal lines, along which ΩDM h2 = 0.12 is reproduced, show the results

for various Q values: Q = 2× 10−4, 5× 10−3, 0.1, 1.01 (black line), 5, and 50 from top to bottom.

We go vertically up as Q decreases (see Eqs. (18) and (23)). Here, we have chosen mζ = 30 GeV.

Reaches of the various experiments are shown in different color lines. FASER and FASER 2 in

solid black lines. Orange dashed line is for SHiP [49], purple dashed line for LDMX [50], dark-blue

dashed lines for Belle II [51], and light-blue dashed lines for LHCb [52, 53]. The region to the left

of the solid blue line is excluded by the XENON1T results. The line is vertical because gBL gζ is

almost constant for gBL
>∼ 10−6 (see the right panel in Fig. 6) in Eq. (18). For MZBL

<∼ 50 MeV, σSI

becomes independent of MZBL
[41–44], the XENON1T bound is satisfied for gBL gζ <∼ 1.5× 10−12.

This means that the XENON1T constraint is always satisfied for gBL
<∼ 5.5×10−7 in our scenario.

4.2 Possible laboratory probes of the freeze-in case

We now discuss possible probes of the freeze-in scenario in the laboratory. There are

several experiments that can probe various parameter ranges of the model. This is shown in

Fig. 7. The relevant experiments are those at the ones attempting to extend lifetime frontier
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Testing	the	scenario	by	Lifetime	Frontier	Experiments
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Classically	Conformal	U(1)x	extended	SM

3	RHNs
U(1)x	Higgs

Iso, NO &Orikasa,  
arXiv: 0902.4050 

Oda, NO & Takahashi,  
arXiv: 1504.06291

(iii)	Long-Lived	U(1)	Higgs	as	inflaton
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Higgs	sector	with	classical	conformal	invariance	

‣ No	mass	term	
‣ We	set		
‣ No	symmetry	breaking	at	the	tree-level

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

Iso, NO & Orikasa,  
arXiv: 0902.4050 
Oda, NO & Takahashi,  
arXiv: 1504.06291



!21

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!

Haba, Kitazawa & NO,  
hep-ph/0504279 

Iso, NO &Orikasa,  
arXiv: 0902.4050
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mϕ =
3

2π2
gX mZ′� =

6
π2

g2
X vX

Higgs	mass	relations:	

λΦ =
11
π2

g4
X

Relations	among	parameters

CW	mechanism: 

θ ≃
vh

vX

Mixing	between	Higgs	bosons:	

Fixing	mh=125	GeV	&	vh=246	GeV,	we	have	only	2	free	parameters:

mϕ & θ If																																																																										,	

this	U(1)	Higgs	boson	will	be	searched	by	FASER!
0.3 ≲ mϕ[GeV] ≲ 3 & 10−5 ≲ θ ≲ 10−3
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Inflationary	Universe

•Standard	paradigm	in	modern	cosmology

- Solving	Horizon	&	Flatness	problems	
- Generating	primordial	density	fluctuations		

• Slow-roll	inflation

- A	simple	model		
- A	scalar	field	(``inflaton’’)	with	a	flat	potential	
- Constraints	from	CMB	data	(Planck	2018)
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Non-minimal	Quartic	Inflation		
											simple	&	successful	slow-roll	inflation	scenario	

Action	in	Jordan	Frame
See,	for	example,		
NO,	Rehman	&	Shafi,	PRD	82	(2010)	04352	

• Non-minimal	gravitational	coupling	(Planck	units)

• Quartic	coupling	dominates	during	inflation
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Inflationary	Predictions	VS	Planck	2018	results		

Planck	2018

Ne=60

Non-minimal	quartic	inflation	
‣ Controlled	by	only	one	free	parameter	
‣ Consistent	with	Planck	2018	data	for				
‣ Any	scalar	with	a	quartic	potential	term	can	be	“inflaton”	

ξ ↔ λ

Spectral	index:		

Tensor-to-scalar	ratio:	

ns
r
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Search	for	Inflaton	at	FASER

Let	us	now	identify	the	U(1)x	Higgs	as	inflaton		
in	non-minimal	Inflation

★We	 have	 a	 connection	 among	 FASER	 search	 region,		
Inflationary	predictions	&	Z’-boson	search	at	LHC

mϕ, θ

gX(mϕ, θ), mZ′�(mϕ, θ)

ξ(mϕ, θ)

FASER	Search:	

Z’	boson	resonance	search:

Inflationary	predictions:	
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Hunting	Inflaton	at	FASER

0.3        0.4    0.5        0.7         1.0     1.3 

2.6 

5.0 

10

(NO	&	Raut,	arXiv:	1910.09663)

as a function of φ, αX , mZ′ and xH . On the other hand,
in the inflation analysis, the inflationary predictions are con-
trolled by only one parameter ξ. Once we fix a ξ value, φ0 and
λΦ(φ0) are completely fixed as listed in Table II. Hence, by
using Eq. (24) we can express αX as a function of mZ′ and
xH for a fixed value of ξ. In fact, for ξ ! 10, we find that
αX is almost independent of xH , so that the xH dependence
for inflationary predictions effectively drops off. Therefore,
the inflationary predictions, αX , mZ′ , mφ and θ are directly
related with each other through Eqs. (6), (11) and (24).

Planck 2018 !r ! 0.064"

500 1000 2000 5000
10!4

0.001

0.01

0.1

1

mZ ' !GeV"

g X

FIG. 1. The upper bounds on gX from the ATLAS result for xH =
−0.8, 0 and 10 (the diagonal lines from top to bottom), respectively.

The ATLAS and the CMS collaborations have been search-
ing for a narrow resonance at the LHC, and the most severe
constraint on the Z ′ boson of our model has been obtained
by the search with dilepton final states. The ATLAS col-
laboration has recently reported their final result of the LHC
Run-2 with a 139 fb−1 integrated luminosity [21]. Following
the analysis in Ref. [22], we interpret the ATLAS result into
an upper bound on gX as a function of mZ′ for a fixed xH

value. In Fig. 1, we show our results for xH = −0.8, 0, and
10 (the solid diagonal lines from top to bottom). The upper
bounds depend on xH values and roughly scale as gX/|xH |
for |xH | " 3, while we find the LHC bound becomes weak
for xH ∼ −1 [23]. In the figure, we also plot the contours for
fixed ξ values. For xH = 0, the horizontal solid lines from
top to bottom correspond to ξ = 10, 1.0, 6.9 × 10−2, and
6.4 × 10−3 or equivalently, r =0.1, 0.01, 3.4 × 10−3, and
3.0× 10−3, respectively. The cyan shaded region is excluded
by the Planck 2018 measurement r > 0.064. As discussed
above, the inflationary predictions are almost independent of
xH for |xH | < 10 and the horizontal lines represent the re-
sults for any values of xH for |xH | < 10. Fig. 1 indicates
a complementarity between the LHC search for the Z ′ boson
resonance and the inflationary predictions.

Searching for the inflaton at the FASER: We are now
ready to discuss the inflaton search at the FASER and its com-
plementarity to the cosmological constraints on the inflation-
ary predictions. For a fixed ξ value, the inflationary predic-
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FIG. 2. The inflaton search reach at the FASER and the relation with
other observables.

tions are fixed and αX is determined as a function of mZ′ , in-
dependently of xH for |xH | < 10. As a result, both the mass
of inflaton (mφ) and its mixing angle with the SM Higgs field
(θ) are uniquely determined by the CW relations in Eqs. (6)
and (11), respectively.

In Fig. 2, we show our results in (mφ, θ)-plane, together
with the FASER search reach, the search reach of other
planned/proposed experiments (contours with the names of
experiments indicated), and the current excluded region (gray
shaded) from CHARM [24], Belle [25] and LHCb [26] ex-
periments, as shown in Ref. [3]. The diagonal dashed lines
correspond to ξ = 0.00642 (r = 0.064) and ξ = 0.00689
(r = 0.01), respectively, from left to right. The cyan shaded
region (r > 0.064) is excluded by the Planck 2018 results. We
find that the parameter region corresponding to the inflation-
ary prediction r ∼ 0.01 can be searched by the FASER 2 in
the future, a part of which is already excluded the Planck 2018
result. For a fixed mZ′ , we can obtain a relation between mφ

and θ through αX (recall, again, that this relation is almost
independent of xH values for |xH | < 10). In Fig. 2, the diag-
onal solid lines correspond to mZ′ [TeV] = 0.7, 1.0, 1.3, 2.6,
5.0, and 10, from top to bottom. A point on a solid line cor-
responds to a fixed value of ξ, or equivalently, r. Along each
line, the ξ (r) value increases (decreases) from left to right.
In Table III, for various mZ′ values, we have listed the range
of the predicted tensor-to-scalar ratio (r) which will be cov-
ered by the FASER. The blue shaded region (labeled ATLAS)
is excluded by the ATLAS result of the Z ′ boson search for
xH = 10, corresponding to the bottom solid line in Fig. 1.
The excluded regions for xH = −0.8 and xH = 0 (the B−L
model limit) correspond to θ > 10−3, and thus they are cov-

4

For	pioneering	work,		
see	Bezrukov	&	Gorbunov,	
arXiv:0912.0390
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If	a	Dark	Scalar	(U(1)	Higgs)	was	discovered	by	FASER,……

Cross	checked	by

• Future	CMB	
measurements	

• Z’-boson	
resonance	search	
at	HL-LHC
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➢ The	U(1)	extended	SM	is	a	well-motivated	New	Physics	
model	beyond	the	SM	for	neutrino	mass	regeneration,	
dark	matter	&	inflation.	

➢ Depending	on	the	model	parameter	choice,	heavy	
neutrino/Z’	boson/U(1)	Higgs	(inflaton)	can	be	long-lived.		

➢ They	can	be	searched	in	the	future	experiments.

Summary


