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1. Introduction
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Problems	in	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-2 results) as of TODAY	

However,	
New Physics beyond SM is strongly suggested by 
both experimental & theoretical points of view
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CMB measurements: COBE àWMAPà Planck

The observational 
cosmology is now a 
precision science!

Planck 2015  arXiv:1502.01589
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Planck Collaboration: Cosmological parameters

Table 3. Parameters of the base⇤CDM cosmology computed from the 2015 baseline Planck likelihoods, illustrating the consistency
of parameters determined from the temperature and polarization spectra at high multipoles. Column [1] uses the TT spectra at low
and high multipoles and is the same as column [6] of Table 1. Columns [2] and [3] use only the T E and EE spectra at high
multipoles, and only polarization at low multipoles. Column [4] uses the full likelihood. The last column lists the deviations of the
cosmological parameters determined from the Planck TT+lowP and Planck TT,TE,EE+lowP likelihoods.

Parameter [1] Planck TT+lowP [2] Planck TE+lowP [3] Planck EE+lowP [4] Planck TT,TE,EE+lowP ([1] � [4])/�[1]

⌦bh2 . . . . . . . . . . 0.02222 ± 0.00023 0.02228 ± 0.00025 0.0240 ± 0.0013 0.02225 ± 0.00016 �0.1
⌦ch2 . . . . . . . . . . 0.1197 ± 0.0022 0.1187 ± 0.0021 0.1150+0.0048

�0.0055 0.1198 ± 0.0015 0.0
100✓MC . . . . . . . . 1.04085 ± 0.00047 1.04094 ± 0.00051 1.03988 ± 0.00094 1.04077 ± 0.00032 0.2
⌧ . . . . . . . . . . . . . 0.078 ± 0.019 0.053 ± 0.019 0.059+0.022

�0.019 0.079 ± 0.017 �0.1
ln(1010As) . . . . . . 3.089 ± 0.036 3.031 ± 0.041 3.066+0.046

�0.041 3.094 ± 0.034 �0.1
ns . . . . . . . . . . . . 0.9655 ± 0.0062 0.965 ± 0.012 0.973 ± 0.016 0.9645 ± 0.0049 0.2
H0 . . . . . . . . . . . 67.31 ± 0.96 67.73 ± 0.92 70.2 ± 3.0 67.27 ± 0.66 0.0
⌦m . . . . . . . . . . . 0.315 ± 0.013 0.300 ± 0.012 0.286+0.027

�0.038 0.3156 ± 0.0091 0.0
�8 . . . . . . . . . . . . 0.829 ± 0.014 0.802 ± 0.018 0.796 ± 0.024 0.831 ± 0.013 0.0
109Ase�2⌧ . . . . . . 1.880 ± 0.014 1.865 ± 0.019 1.907 ± 0.027 1.882 ± 0.012 �0.1

likelihood. The residuals in both T E and EE are similar to those
from Plik. The main di↵erence can be seen at low multipoles
in the EE spectrum, where CamSpec shows a higher dispersion,
consistent with the error model, though there are several high
points at ` ⇡ 200 corresponding to the minimum in the EE spec-
trum, which may be caused by small errors in the subtraction
of polarized Galactic emission using 353 GHz as a foreground
template (and there are also di↵erences in the covariance matri-
ces at high multipoles caused by di↵erences in the methods used
in CamSpec and Plik to estimate noise). Generally, cosmolog-
ical parameters determined from the CamSpec likelihood have
smaller formal errors than those from Plik because there are no
nuisance parameters describing polarized Galactic foregrounds
in CamSpec.

3.3.3. Consistency of cosmological parameters from the TT ,
T E, and EE spectra

The consistency between parameters of the base ⇤CDM model
determined from the Plik temperature and polarization spec-
tra are summarized in Table 3 and in Fig. 6. As pointed out by
Zaldarriaga et al. (1997) and Galli et al. (2014), precision mea-
surements of the CMB polarization spectra have the potential to
constrain cosmological parameters to higher accuracy than mea-
surements of the TT spectra because the acoustic peaks are nar-
rower in polarization and unresolved foreground contributions at
high multipoles are much lower in polarization than in temper-
ature. The entries in Table 3 show that cosmological parameters
that do not depend strongly on ⌧ are consistent between the TT
and T E spectra, to within typically 0.5� or better. Furthermore,
the cosmological parameters derived from the T E spectra have
comparable errors to the TT parameters. None of the conclu-
sions in this paper would change in any significant way were we
to use the T E parameters in place of the TT parameters. The
consistency of the cosmological parameters for base ⇤CDM be-
tween temperature and polarization therefore gives added confi-
dence that Planck parameters are insensitive to the specific de-
tails of the foreground model that we have used to correct the
TT spectra. The EE parameters are also typically within about
1� of the TT parameters, though because the EE spectra from
Planck are noisier than the TT spectra, the errors on the EE pa-
rameters are significantly larger than those from TT . However,
both the T E and EE likelihoods give lower values of ⌧, As and
�8, by over 1� compared to the TT solutions. Noticee that the

T E and EE entries in Table 3 do not use any information from
the temperature in the low-multipole likelihood. The tendency
for higher values of �8, As, and ⌧ in the Planck TT+lowP solu-
tion is driven, in part, by the temperature power spectrum at low
multipoles.

Columns [4] and [5] of Table 3 compare the parameters
of the Planck TT likelihood with the full Planck TT,T E, EE
likelihood. These are in agreement, shifting by less than 0.2�.
Although we have emphasized the presence of systematic ef-
fects in the Planck polarization spectra, which are not accounted
for in the errors quoted in column [4] of Table 3, the consis-
tency of the Planck TT and Planck TT,T E, EE parameters pro-
vides strong evidence that residual systematics in the polariza-
tion spectra have little impact on the scientific conclusions in this
paper. The consistency of the base ⇤CDM parameters from tem-
perature and polarization is illustrated graphically in Fig. 6. As a
rough rule-of-thumb, for base ⇤CDM, or extensions to ⇤CDM
with spatially flat geometry, using the full Planck TT,T E, EE
likelihood produces improvements in cosmological parameters
of about the same size as adding BAO to the Planck TT+lowP
likelihood.

3.4. Constraints on the reionization optical depth parameter ⌧

The reionization optical depth parameter ⌧ provides an important
constraint on models of early galaxy evolution and star forma-
tion. The evolution of the inter-galactic Ly↵ opacity measured in
the spectra of quasars can be used to set limits on the epoch of
reionization (Gunn & Peterson 1965). The most recent measure-
ments suggest that the reionization of the inter-galactic medium
was largely complete by a redshift z ⇡ 6 (Fan et al. 2006). The
steep decline in the space density of Ly↵-emitting galaxies over
the redshift range 6 <⇠ z <⇠ 8 also implies a low redshift of reion-
ization (Choudhury et al. 2015). As a reference, for the Planck
parameters listed in Table 3, instantaneous reionization at red-
shift z = 7 results in an optical depth of ⌧ = 0.048.

The optical depth ⌧ can also be constrained from observa-
tions of the CMB. The WMAP9 results of Bennett et al. (2013)
give ⌧ = 0.089 ± 0.014, corresponding to an instantaneous red-
shift of reionization zre = 10.6 ± 1.1. The WMAP constraint
comes mainly from the EE spectrum in the multipole range
` = 2–6. It has been argued (e.g., Robertson et al. 2013, and ref-
erences therein) that the high optical depth reported by WMAP
cannot be produced by galaxies seen in deep redshift surveys,
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Cosmological	Dark	Matter	Problem



Existence	of	Dark	Matter	has	been	established!	

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

Galaxy rotation curve 

Bullet Cluster 
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Dark	Matter	problem	 is	one	of	 the	major	problems	of	
the	Standard	Model
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Basic	properties	of	the	DM

1. Non-baryonic	(not	the	ordinary	matter)	
2. Electrically	neutral		
3. Stable	

1. No	candidates	in	the	Standard	Model	(SM)																																		
—>	motive	us	to	go	beyond	the	Standard	Model	

2. Identity	of	the	DM	particle	is	still	a	big	problem	in	particle	
physics	and	cosmology	

3. Many	proposed	candidates:	axion,	Weakly	Interacting	Massive	
Particle	(WIMP),	Strongly	Interacting	Massive	Particle,	Self	
Interacting	Massive	Particle,	Feebly	Interacting	Massive	
Particle,	etc.			
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We	may	categorize	Dark	Matters	into	

1.	Thermal	Dark	Matter

➢ DM	particle	has	been	in	thermal	equilibrium	with	the	SM	
particles	plasma	in	the	early	universe	

➢ At	some	point,	it	decoupled	from	the	plasma	(Freeze-Out)

Example:		WIMP	DM 

2.	Non-Thermal	Dark	Matter

➢ DM	particle	has	never	been	in	thermal	equilibrium	with	
the	SM	particles	plasma	

➢ In	a	simple	scenario,	DM	particles	have	been	produced	by	
the	thermal	plasma	(Freeze-In)

Example:	gravitino	DM	in	SUSY	models
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In	this	lecture,	I	will	review	two	popular	DM	scenarios,	
Freeze-In	&	Freeze-Out	scenarios,	and	address	answers	
to	the	following	questions:

• What	DM	property	distinguishes	two	scenarios?	
• In	each	scenario,	how	is	the	observed	DM	relic	
density	reproduced?	

• Is	it	possible	to	probe	DM	matter/Dark	sector?	



2. Basics	of	Particle	Cosmology
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Natural	Units
ℏ = c = kB = 1

[Energy] = [Temperature] = [Mass]

[Length] = [Time] = [Mass]−1

Examples:

[Particle Number] = [Mass]0 : dimensionless

[Number Density] =
[Number]
[Volume]

= [Mass]3

[Energyr Density] =
[Energy]
[Volume]

= [Mass]4

[Entropy Density] = [Mass]3
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Big	Bang	Cosmology

Solving	Einstein’s	equation

Rμν −
1
2

gμνR =
1

M2
P

Tμν

	with Friedmann-Robertson-Walker	metric:

ds2 = dt2 − a(t)2(dr2 + r2dΩ2)
(homogeneous	&	isotropic	universe)

Perfect	fluid	approximation:

Tμν = diag(ρ, p, p, p)
ρ : Energy Density
p : Pressure

(Reduced Planck Mass : MP = 2.4 × 1018 GeV)
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Friedmann	equation	from	(0,0)-component

Continuity	equation	from	combination	of	(0,0)	and	(i,i)	
-components

H2 = (
·a
a )

2

=
ρ

M2
P

·ρ + 3H(ρ + p) = 0

This	equation	is	equivalent	to	the	1st	law	of	thermodynamics:	
total	entropy	of	the	universe	is	conserved:	

dS = 0
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Equation	of	state:	 p = w ρ

• Radiation	(relativistic	particles):	

w =
1
3

→ ρR ∝ a−4

• Matter	(non-relativistic	particles):	

w = − 1 → ρDE = constant

• Dark	Energy	(Cosmological	Constant):	

w = 0 → ρM ∝ a−3
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Energy	budget	of	the	universe	as	a	function	of	the	
scale	factor	(evolution	of	the	universe)
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In	commonly	discussed	DM	scenarios,	creations/annihilations	of	DM	
particles	occur	in	the	radiation	dominated	era,	in	which	all	the	SM	particles	
are	in	thermal	equilibrium.		a ∝ t1/2, H ∝ t−1

Equilibrium	thermodynamics:if	a	particle	X	is	in	thermal	equilibrium,	its	
properties	are	determined	by	only	its	mass	and	temperature	of	the	plasma.

nX =
gX

(2π)3 ∫ d3P f( ⃗P )

ρX =
gX

(2π)3 ∫ d3P E f( ⃗P )

pX =
gX

(2π)3 ∫ d3p
| ⃗P |2

E
f( ⃗P )

f( ⃗P ) =
1

eE/T ± 1
, E = | ⃗P |2 + m2Thermal	distribution:	

T ≫ m T ≲ m

∼ T3

∼ T4

∼ T4

∼ (mT )3/2 e−m/T

∼ mnX

∼ 0



3. Thermal	&	Non-Thermal	DM	

		Freeze-Out	&	Freeze-In	scenarios

17



18

We	may	categorize	Dark	Matters	into	

1.	Thermal	Dark	Matter

➢ DM	particle	has	been	in	thermal	equilibrium	with	the	SM	
particles	plasma	in	the	early	universe	

➢ At	some	point,	it	decoupled	from	the	plasma	(Freeze-Out)

Example:		WIMP	DM 

2.	Non-Thermal	Dark	Matter

➢ DM	particle	has	never	been	in	thermal	equilibrium	with	
the	SM	particles	plasma	

➢ In	a	simple	scenario,	DM	particles	have	been	produced	by	
the	thermal	plasma	(Freeze-In)

Example:	gravitino	DM	in	SUSY	models
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How	to	judge	a	DM	particle	is	in	thermal	equilibrium	or	not?

For	simplicity,	let	us	consider	a	Dirac	fermion	DM	(X)	interacting	the	
SM	particles	(quarks	or	leptons).	

For	evaluating	DM	density	in	the	present	Universe,	we	are	inserted	
in	the	process	which	changes	the	number	of	DM	particles:

DM	pair	annihilation/creation	processes:	

X

X

fSM

fSM

DM	pair	annihilation/creation	cross	section:		σXX̄
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Number	of	DM	pair	annihilations

σXX̄X

X

X X
X

X

vrel

In	rest	frame	of	one	target					,	we	consider	a	beam	of					particles	
with	relative	velocity	

X X
vrel

In	a	time	interval	T,	all	X	particles	inside	the	cylinder	can	scatter	
with	the	target	

L = vrel T

Ncoll = nX × Vcyl = nX σXX vrel T
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Γann = nX σXXvrel

We	define	the	annihilation	rate,	which	is	the	number	of	
annihilations	happening	per	unit	time,	as

For	the	expanding	universe,	the	time	scale	(age	of	the	universe)	
is	determined	by	the	Hubble	parameter.		
In	the	radiation	dominated	era,		

H =
·a
a

∝
1
t

So,	we	judge	the	DM	X	is	in	thermal	equilibrium	or	not	by																										

		or		 																								
Γann

H
> 1

Γann

H
< 1

Γann = nEQ
X ⟨σXXvrel⟩Here,	thermally	averaged	value:																			
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DM	particle	communicates	with	the	SM	particles	through	
a	new	gauge	boson	Z’		

For	simplicity,	we	set	 

For	understanding	physics,	discussion	based	on	a	concrete	model	
is	very	helpful.		
Here	let	us	consider	a	simple	Dirac	fermion	DM	model,	which	is	
called	“Z’-portal	Fermion	DM”	scenario

ψχ

ψχ

X

X

fSM

fSM

mZ′ ≪ mχ
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We	parameterize	the	DM	pair	annihilation	as	

DM	annihilation	rate:	

Expansion	rate	of	the	universe:

Thermal	DM		or	Non-Thermal	DM?	

At	Temperature	~	DM	mass,	 if                                       

à Thermal	DM 

Thermal	DM:		

Non-Thermal	DM:	
à
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Evaluation	of	the	DM	relic	density	(thermal	DM	case)

For	well-studied	thermal	DM	scenario,	we	evaluate	DM	relic	
density	by	solving	the	Boltzmann	equation

dNX

dt
= creation − anihilation

= creation − ΓannNX

d
dt

NX =
d
dt (nXV) =

dnX

dt
V + nX

dV
dt

= V
dnX

dt
+ nX

dV
dt

V

= V ( dnX

dt
+ 3HnX)

ΓannNX = nX⟨σXX̄vrel⟩(nXV ) = ⟨σXX̄vrel⟩(nX)2V

creation = anihilation |thermal = ⟨σXX̄vrel⟩(nEQ
X )2V

If	X	is	in	thermal	equilibrium,		creation	=	annihilation:	

(NX = NX̄)

(V ∝ a(t)3)
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Then,	the	Boltzmann	equation	is	expressed	as

➢ 2nd	term	in	LHS:	dilution	by	expansion	of	the	universe	
➢ 1st	term	in	RHS:	DM	pair	annihilation	rate		
➢ 2nd	term	in	RHS:	DM	pair	creation	rate	from	the	SM	thermal	

plasma

dnX

dt
+ 3HnX = − ⟨σXX̄vrel⟩(n2

X − (nEQ
X )

2)

It is more convenient to express the Boltzmann equation in terms 
of “Yield”:

Y ≡
n
s

=
nV
sV

=
NX

S

Since the total entropy S is conserved, the Yield is the total number 
of X particles in the Universe normalized by a constant S.
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Boltzmann equation in terms of “yield”

: number of DM d.o.f
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For	a	thermal	DM,	we	solve	the	Boltzmann	equation	with	an	initial	
condition

 (for x << 1)  

Freeze-Out
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The DM relic density: 

This	should	reproduce	the	observed	DM	density	measured	
by	Planck	2018

We	find	a	solution:		



29

``WIMP	DM	Miracle”

With	a	given	annihilation	cross	section,	the	Boltzmann	equation	is	
easily	solved,	and	we	can	find	a	good	proximation	formula	to	
derive	the	observed	DM	density:		
																			 	is	obtained	if	 	ΩDMh2 ∼ 0.1 ⟨σvrel⟩ ∼ 1 pb

WIMP	(Weakly	Interacting	Massive	Particle)	is	a	primary	candidate	
for	the	thermal	DM	in	our	Universe.

We	may	parametrize ⟨σvrel⟩ =
e4

4π
1

m2
χ

= 4πα2
em

1
m2

χ

For	 ,	we	find	 	leads	to	αem =
1

128
mχ ∼ 500 GeV ⟨σvrel⟩ ∼ 1 pb

The	mass	(physics)	scale	of	WIMP	to	be	around	100	GeV-1	TeV	
is	suggested	by	the	observation!	
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Evaluation	of	the	DM	relic	density	(Non-Thermal	DM	case)

For	Non-Thermal	DM	case,	we	can	also	use	the	same	Boltzmann	
equation 

A	crucial	difference	from	thermal	DM	case	lies	in	the	initial	
condition:	

	where																										 is	the	reheat	temperature	after	inflation							

We	can	easily	solve	the	Boltzmann	equation:	
dY
dx

≃ const
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Freeze-In	mechanism

DM	production	from	
thermal	plasma	stops	
at	T	~	DM	mass

 is reproduced

* Result is independent of T_RH.



Example:		
Freeze-In/Out	Dirac	Fermion	Dark	Matter	
scenario	and	Lifetime	Frontier	Experiments
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4.	Experimental	prob	of	DM/Dark	sector
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➢In	Z’-portal	DM	scenario,	the	couplings	of	the	
mediator	Z’	with	the	SM	particles	are	very	small,	
the	mediator	(Z’)	can	be	long-lived	

➢Many	experiments	to	search	for	a	long-lived	
charge	neutral	particles	are	planned	and	
proposed	(Lifetime	Frontier)	
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Z’	boson	in	the	gauged	B-L	(Baryon-Lepton	number)	
extended	Standard	Models	(Minimal	B-L	Model)	is	one	of	
the	search	targets
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Properties	of	gauged	B-L	extended	SMs

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

➢ All	the	gauge	anomalies	are	cancelled	in	the	presence	of	3	
right-handed	neutrinos	(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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ForwArd	Search	ExpeRiment	(FASER)

➢Recently	approved	(March,	2019)	new	experiment	
at	CERN	to	search	for	long-lived	exotic	particles		

➢The	FASER	detector	will	be	installed	in	a	tunnel	near	
the	ATLAS	detector	about	480	m	away
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➢ Long-lived,	electrically	neutral	particles	can	be	created	
from	rare	decays	of	hadrons	and	propagate	to	the	
detector	and	leave	``displaced	vertex”	signature
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➢ Various	long-lived	neutral	particles	involved	in	new	
physics	models	beyond	the	Standard	Model	can	be	
searched

• Dark	Vectors		
• Dark	Scalars		
• Dark	pseudo-Scalars		
• Heavy	Neutral	leptons		
• Axion-like	particles	

``FASER’s	Physics	Reach	for	Long-Lived	Particles’’	
FASER	Collaboration	
arXiv:	1811.12522	
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Search	reach	by	FASER	+	others	for	a	long-lived	B-L	gauge	boson	
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FIG. 7. Benchmark Model V2. As in Fig. 6, but for the B � L gauge boson. In the right
panel, projected future sensitivities of other experiments are shown following Ref. [30].

produced through light meson decays and dark bremsstrahlung. The corresponding pro-
duction rates are proportional to g

2
B�LQ

2
B�L.

Decay and Lifetime: B � L gauge bosons decay into all kinematically accessible states
with B � L charge. Light B � L gauge bosons decay mainly into neutrinos, e+e�, µ+

µ
�

and ⇡
+
⇡
�, with the decay widths proportional to g

2
B�LQ

2
B�L. When deriving the results

presented below, we use the decay width obtained in Refs. [30, 58] and include only the
visible final states (not the neutrino final states) in the signal event rates presented below.
We show the decay width and branching fractions in the left panel of Fig. 7.

Results: The projected B � L gauge boson sensitivity reaches for FASER at LHC Run 3
with 150 fb�1 and FASER 2 at HL-LHC with 3 ab�1 are shown in the right panel of Fig. 7.
Here we only consider the decays into visible final states, while decays into neutrinos do
not contribute to the sensitivity. Both the existing constraints (gray shaded areas, see
Ref. [30] and references therein) and the projected sensitivities of other proposed searches
have been adapted from Refs. [30, 58]. Besides recasting the dark photon search sensitivity
at Belle-II [14], LHCb [15, 16], SeaQuest [59] and SHiP [20], they include additionally
search strategies utilizing the A

0
! ⌫⌫ decay channel at Belle-II and NA64 [18]. In

particular, NA64-µ is a modified version of NA64 that assumes an upgraded muon beam
at the CERN SPS delivering up to 1012 muons. Additionally, a search utilizing A

0
! ⌫⌫

has been suggested for the proposed electron fixed target experiment LDMX during Phase
II with a beam energy of 8 GeV and 1016 EOT [25]. Furthermore, B�L gauge bosons may
be probed by the coherent neutrino scattering experiment MINER, assuming a germanium
target with an exposure of 104 kg · days, an energy threshold of 100 eV, and an assumed
background of approximately 100 events per day per kg per keV [60].

As can be seen, as in the dark photon case, both FASER and FASER 2 can probe currently
unconstrained regions of the parameter space with FASER 2 extending the reach above
mA0 ⇠ 1 GeV.
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The	minimal	B-L	model	+	Dirac	Fermion	Dark	Matter

➢ Although	the	minimal	B-L	model	is	a	simple,	well-motivated	
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	Dirac	fermion

➢ Arbitrary                              à stability is ensured
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DM	particle	communicates	with	the	SM	particles	through	
the	B-L	gauge	boson	Z’		

The	toy	Z’-portal	model	analysis	is	a	good	approximation		

ΩDMh2 = 0.12 → Q g2
BL ≃ 10−11

(1)	Freeze-In	DM	case	with	mZ′ ≪ mχ

Ref:	Mohapatra	&	NO,	PRD	102	(2020)	3,	035028
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|Q|=1.01

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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Blue-shaded	region	is	
excluded	by	XENON1T	
experiment	for	direct	
DM	search
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(2)	Freeze-In/Out	DM	case	with	a	light	DM	mχ < mZ′ 

Ref:	Nath,	NO,	Okada,	Raut	&	Shafi:	arXiv:	2112.08960
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FIG. 1. Exclusion regions in the (MZ0 , gBL) plane for the freeze-out DM scenario. The diagonal blue lines from

top to bottom correspond to Q = 0.01, 0.1, 1, 10, 100, respectively. Along these lines, 100% of the observed DM is

reproduced. For mZ0 > 4 GeV, the curved black lines from top to bottom corresponding to Q = 0.01, 0.1, 1, 10, and

100, respectively are the bounds from various DM direct detection experiments such as Dark-Side-50 [26], PandaX-II

[27], LUX [28], and XENON1T [29]. The regions excluded by BABAR [23], LHCb dark photon searches [24, 37, 38],

by various beam dump experiments, and COHERENT-CsI data [39] are depicted by the light-green, light-orange,

cyan, and gray shaded region, respectively (see text for details). The light-green region [40–42] is excluded from

supernova SN 1987 observation [43]. The search reach of the various “Lifetime Frontier” experiments FASER [30],

planned FASER 2, Belle II [44], LDMX [33], and SHiP [32] experiments are depicted by the dark-pink region,

light-pink region, purple lines, and orange dashed line, respectively.

desired relic density ⌦DMh
2 = 0.120 is satisfied while regions to the right of each of these lines are

excluded because they lead to an overabundance of DM. It shows that the gauge coupling values

roughly scale as 1/Q for fixed mZ0 . This behavior can be roughly understood by noting that for

a fixed mZ0 , h�vi / (QgBL)2 ' 1 pb is necessary to reproduce the observed DM abundance. The

diagonal dashed lines are very well fitted by

gBL ⇥Q ' 1.7⇥ 10�5
⇣

mZ0

1 GeV

⌘1.07
. (13)

Figure 1 also shows that the excluded regions from the current Z
0 boson search experiments and

the future search regions by planned/proposed experiments. It shows that Z 0 searches at current

(future) experiments are sensitive to small (large) values of DM charge Q. The details about the

various experiments are discussed below.

(i)	Freeze-Out	DM	case

Along	the	blue	lines,	the	observed	DM	density	is	reproduced.
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(ii)	Freeze-In	DM	case
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FIG. 2. Same as Fig. 1 but for freeze-in mechanism. The diagonal blue lines from top to bottom indicate Q =

1, 10�3, 10�6, respectively.

Substituting this to Eq. (8) and requiring ⌦DMh
2 = 0.12, we obtain a bound on the B � L gauge

coupling,

gBL ⇥Q ' 2.5⇥ 10�12

✓
mZ0

m�

◆1/2

. (18)

We find that this result is very close to that obtanined by numerical analysis.

IV. CONCLUSION

We have studied a U(1)B�L model with Z
0 portal Dirac fermion dark matter (DM) � that

weakly couples to Z
0. The DM � carries an arbitrary B � L charge Q 6= ±1,±3 which ensures its

stability. We have focused on a light Z 0 with mass mZ0 in the range between 10�2 GeV and a few

GeV. Since the Z
0 mediated interactions with the Standard Model (SM) particles determine the

relic abundance of �, the model predicts a one-to-one correspondence between the collider searches

for Z 0 and DM physics.

We have examined both the freeze-out and freeze-in DM scenarios. The relic abundance of the

� is determined by mZ0 , Q, m�, and the B � L gauge coupling gBL. In the freeze-out scenario,

the observed DM abundance is reproduced near the Z
0 resonance, m� ' mZ0/2. In the freeze-

in scenario, we consider m� ⌧ mZ0 . In both freeze-out and freeze-in scenarios, we have shown

DM	mass	=10	keV

Along	the	blue	lines,	the	observed	DM	density	is	reproduced.



5.	Conclusion

46



47

➢ The	existence	of	DM	requires	us	to	extend	the	SM	for	
incorporating	a	DM	candidate	

➢ Many	DM	scenarios	have	been	proposed.	We	categorize	
scenario	into	Thermal	&	Non-Thermal	DM	scenarios	

➢ For	both	scenarios,	we	have	discussed	a	way	to	reproduce	
the	observed	DM	relic	density,	Freeze-In/Out	mechanism	

➢ We	have	discussed	the	scenarios	based	on	a	Z’-portal	Dirac	
fermion	DM	scenario,	which	can	be	realized	by	a	simple	
extension	of	the	minimal	B-L	model	

➢ In	the	model,	Z’	gauge	boson	can	be	long-lived.	Its	existence	
will	be	explored	by	a	variety	of	future	``Lifetime	Frontier’’	
experiments.


