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It is clear that some kind of extension to the standard model (SM) is required in
order to solve the problems of cosmic baryon asymmetry, dark matter (DM) or
neutrino mass.
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It is clear that some kind of extension to the standard model (SM) is required in
order to solve the problems of cosmic baryon asymmetry, dark matter (DM) or
neutrino mass.

Among the numerous ways to extend the SM, in this work, we have explored the
possibility of solving all these issues via the introduction of exotic multiplets.

Ref: C.-H. Chen and S. S. C. Law, Phys. Rev. D85 055012 (2012) [arXiv:1111.5462 [hep-ph]]
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It is clear that some kind of extension to the standard model (SM) is required in
order to solve the problems of cosmic baryon asymmetry, dark matter (DM) or
neutrino mass.

Among the numerous ways to extend the SM, in this work, we have explored the
possibility of solving all these issues via the introduction of exotic multiplets.

Ref: C.-H. Chen and S. S. C. Law, Phys. Rev. D85 055012 (2012) [arXiv:1111.5462 [hep-ph]]

Originally, the investigation of these multiplets was motivated by the idea of
‘minimal dark matter” where their stability is guaranteed by the SM gauge symmetry

alone [Cirelii et al., Nucl. Phys. B753,178 (06); B787,152 (07); New J. Phys.11,105005 (09)] .
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It is clear that some kind of extension to the standard model (SM) is required in
order to solve the problems of cosmic baryon asymmetry, dark matter (DM) or
neutrino mass.

Among the numerous ways to extend the SM, in this work, we have explored the
possibility of solving all these issues via the introduction of exotic multiplets.

Ref: C.-H. Chen and S. S. C. Law, Phys. Rev. D85 055012 (2012) [arXiv:1111.5462 [hep-ph]]

Originally, the investigation of these multiplets was motivated by the idea of
“‘minimal dark matter” where their stability is guaranteed by the SM gauge symmetry
alone [Cirelli et al., Nucl. Phys. B753,178 (06); B787,152 (07); New J. Phys.11,105005 (09)] .

Since it is well-known that neutrino mass (i.e. lepton number violation) may be
linked to WIMP-like DM when it is generated by loop diagrams [Krauss et al., Phys. Rev.
D67 085002 (03); Ma, Phys. Rev. D73 077301 (06)], it is sensible to ask if a model with these
multiplets can simultaneously provide a solution to the three problems above.
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It is clear that some kind of extension to the standard model (SM) is required in
order to solve the problems of cosmic baryon asymmetry, dark matter (DM) or
neutrino mass.

Among the numerous ways to extend the SM, in this work, we have explored the
possibility of solving all these issues via the introduction of exotic multiplets.

Ref: C.-H. Chen and S. S. C. Law, Phys. Rev. D85 055012 (2012) [arXiv:1111.5462 [hep-ph]]

Originally, the investigation of these multiplets was motivated by the idea of
“‘minimal dark matter” where their stability is guaranteed by the SM gauge symmetry
alone [Cirelli et al., Nucl. Phys. B753,178 (06); B787,152 (07); New J. Phys.11,105005 (09)] .

Since it is well-known that neutrino mass (i.e. lepton number violation) may be
linked to WIMP-like DM when it is generated by loop diagrams [Krauss et al., Phys. Rev.
D67 085002 (03); Ma, Phys. Rev. D73 077301 (06)], it is sensible to ask if a model with these
multiplets can simultaneously provide a solution to the three problems above.

Some related references: Cai etal., JHEP 1112 054 (2011) [arXiv:1108.0969 [hep-ph]]
Kumericki et al., arXiv:1204.6597 [hep-ph]
Kumericki et al., arXiv:1204.6599 [hep-ph]
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We add to the SM the following exotic SU(2), multiplet fields:-

fermion 5-plets N, ~ (1,5,0) x 3 generations (k=1, 2, 3.)
scalar 6-plets x ~ (1,6, -1/2) x 1 only
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We add to the SM the following exotic SU(2), multiplet fields:-

fermion 5-plets N, ~ (1,5,0) x 3 generations (k=1, 2, 3.)
scalar 6-plets x ~ (1,6, -1/2) x 1 only

Why 5-plet N?  Suppose we want the lightest N, as dark matter, then
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We add to the SM the following exotic SU(2), multiplet fields:-

fermion 5-plets N, ~ (1,5,0) x 3 generations (k=1, 2, 3.)
scalar 6-plets x ~ (1,6, -1/2) x 1 only

Why 5-plet N?  Suppose we want the lightest N, as dark matter, then
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fermion 5-plets N, ~ (1,5,0) x 3 generations (k=1, 2, 3.)
scalar 6-plets x ~ (1,6, -1/2) x 1 only

Why 5-plet N?  Suppose we want the lightest N, as dark matter, then

(1,1,0) or (1,3,0) couplesto L¢ X
(1,2,0) or (4,4,0) has fractional charges X

2] (el ] et (i)

n Baryon asymmetry, dark matter and neutrino mass via exotic multiplets Sandy S. C. Law, NCKU, Taiwan



A Model with Exotic M“Itiplets ICHEP o.

Melbourne

(e (2= (s

We add to the SM the following exotic SU(2), multiplet fields:-

fermion 5-plets N, ~ (1,5,0) x 3 generations (k=1, 2, 3.)
scalar 6-plets x ~ (1,6, -1/2) x 1 only

Why 5-plet N?  Suppose we want the lightest N, as dark matter, then

(1,1,0) or (1,3,0) couplesto L¢ X
(1,2,0) or (4,4,0) has fractional charges X
(1,5, 0) ok v
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We add to the SM the following exotic SU(2), multiplet fields:-
fermion 5-plets N, ~ (1,5,0) x 3 generations (k=1, 2, 3.)
scalar 6-plets x ~ (1,6, -1/2) x 1 only

Why 5-plet N?  Suppose we want the lightest N, as dark matter, then

(1,1,0) or (1,3,0) couplesto L¢ X
(1,2,0) or (4,4,0) has fractional charges X
(1,5, 0) ok v

Why 6-plet x?  After 5-plet N, has been chosen, we need a new Yukawa term in

the model to connect it to SM leptons, Ly N . SU(2) group theory
then implies

2Xx5=4+6
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We add to the SM the following exotic SU(2), multiplet fields:-
fermion 5-plets N, ~ (1,5,0) x 3 generations (k=1, 2, 3.)
scalar 6-plets x ~ (1,6, -1/2) x 1 only

Why 5-plet N?  Suppose we want the lightest N, as dark matter, then

(1,1,0) or (1,3,0) couplesto L¢ X
(1,2,0) or (4,4,0) has fractional charges X
(1,5, 0) ok v

Why 6-plet x?  After 5-plet N, has been chosen, we need a new Yukawa term in

the model to connect it to SM leptons, Ly N . SU(2) group theory
then implies

2Xx5=4+6

4-plety  okif ptogy and xTxyyd < 1

6-plety  okif yTyx¢ <« 1
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We add to the SM the following exotic SU(2), multiplet fields:-
fermion 5-plets N, ~ (1,5,0) x 3 generations (k=1, 2, 3.)
scalar 6-plets x ~ (1,6, -1/2) x 1 only

Why 5-plet N?  Suppose we want the lightest N, as dark matter, then

(1,1,0) or (1,3,0) couplesto L¢ X
(1,2,0) or (4,4,0) has fractional charges X
(1,5, 0) ok v

Why 6-plet x?  After 5-plet N, has been chosen, we need a new Yukawa term in

the model to connect it to SM leptons, Ly N . SU(2) group theory
then implies

2Xx5=4+6

4-plety  okif ptogy and xTxyyd < 1

6-plet y ok if xTyx¢ < 1 \/ our model building choice
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With these exotic SU(2), multiplet fields:-

fermion 5-plets N, ~ (1,5,0) x 3 generations (k=1, 2, 3.)
scalar 6-plets x ~ (1,6, -1/2) x 1 only
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With these exotic SU(2), multiplet fields:-

fermion 5-plets N, ~ (1,5,0) x 3 generations (k=1, 2, 3.)
scalar 6-plets x ~ (1,6, -1/2) x 1 only

the SM gauge invariant interaction Lagrangian is given by (when yTyx¢ < 1)

T — o l== .
Lt = 'ij"'\«'kﬂh'k + {D“X}T{Dﬂ_x}l = |hjji Lj x N + E{hlk)c M. N + hti] — Vs .
7 2 .t 2 % )\c':« F o2 )\xa .32 R 1 P [ hD
Vs = 150" 0 + pyx'x + = (679) " + == (xX"x), + Asxs (670xTX) 4 + 5 [Ny (6X)* + h.c]

2 2

L; = SM lepton doublet ; ¢ = SM Higgs ; D, = covariant derivative.
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With these exotic SU(2), multiplet fields:-

fermion 5-plets N, ~ (1,5,0) x 3 generations (k=1, 2, 3.)
scalar 6-plets x ~ (1,6, -1/2) x 1 only

the SM gauge invariant interaction Lagrangian is given by (when yTyx¢ < 1)

T — o l== .
Lt = 'ih'kﬂh'k + {D“){}T[Dp_}:}l = hﬂi Lj x N+ E[hlk}c M. N + hti] — Vg,
7 2 .t 2 % )\c':« F o2 )\xa .32 R 1 P [ hD
Vs = ugo'o +ix'x + 5 (6'0)" + 5 (X'x), + Aaxs (67ox"X) 5 + 5 [Nox (6X)° + hoc]

2 2

L; = SM lepton doublet ; ¢ = SM Higgs ; D, = covariant derivative.

Required fine-tunings of the scalar potential, Vg , to ensure stability of the lightest N,
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With these exotic SU(2), multiplet fields:-

fermion 5-plets N, ~ (1,5,0) x 3 generations (k=1, 2, 3.)
scalar 6-plets x ~ (1,6, -1/2) x 1 only

the SM gauge invariant interaction Lagrangian is given by (when yTyx¢ < 1)

TR - - - 17— -
Lt = 'L'""u'kﬂh'k + {D“X}T[Dp_}{}l = hﬂi Lj x N+ E[J '_;;}c M. N + hti] — Vg,
7 2 .t 2 % Ao F o2 )\xa .32 R 1 .., [ hD
Vs = 150" 0 + pyx'x + = (679) " + == (xX"x), + Asxs (670xTX) 4 + = [Ny (0x) + h.c.]

2 2

L; = SM lepton doublet ; ¢ = SM Higgs ; D, = covariant derivative.

Required fine-tunings of the scalar potential, Vg , to ensure stability of the lightest N,

@ vIyx¢ < 1 (atechnically natural limit) [Kumericki et al., arXiv:1204.6597]
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With these exotic SU(2), multiplet fields:-

fermion 5-plets N, ~ (1,5,0) x 3 generations (k=1, 2, 3.)
scalar 6-plets x ~ (1,6, -1/2) x 1 only

the SM gauge invariant interaction Lagrangian is given by (when yTyx¢ < 1)

TR - - - 17— -
Lt = 'L'""u'kﬂh'k + {D“X}T[Dp_}{}l = hﬂi Lj x N+ E[J '_;;}c M. N + hti] — Vg,
7 2 .t 2 % Ao F o2 )\xa .32 R 1 .., [ hD
Vs = 150" 0 + pyx'x + = (679) " + == (xX"x), + Asxs (670xTX) 4 + = [Ny (0x) + h.c.]

2 2

L; = SM lepton doublet ; ¢ = SM Higgs ; D, = covariant derivative.

Required fine-tunings of the scalar potential, Vg , to ensure stability of the lightest N,

@ vIyx¢ < 1 (atechnically natural limit) [Kumericki et al., arXiv:1204.6597]

@ Mg My s Ay s Ay - Must be such that VEV (y) = 0
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Some important observations & consequences:

@ Whenytyx¢ <1 and (x) =0, the Lagrangian is also invariant under
VYo = Ysm 3 Nk &> N 5 x = —x

which ensures the lightest fermion 5-plet N, (e.g. N,) be absolutely stable if
M., > M.
X 1
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@ Whenytyx¢ <1 and (x) =0, the Lagrangian is also invariant under
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Some important observations & consequences:

@ Whenytyx¢ <1 and (x) =0, the Lagrangian is also invariant under
VYo = Ysm 3 Nk &> N 5 x = —x

which ensures the lightest fermion 5-plet N, (e.g. N,) be absolutely stable if
M., > M.
X 1

K dark matter candidate
@ The Yukawa coupling 5, fj x IN;. provides the link to the LH neutrinos
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Some important observations & consequences:

@ Whenytyx¢ <1 and (x) =0, the Lagrangian is also invariant under
VYo = Ysm 3 Nk &> N 5 x = —x

which ensures the lightest fermion 5-plet N, (e.g. N,) be absolutely stable if
M., > M.
X 1

K dark matter candidate
@ The Yukawa coupling 5, fj x IN;. provides the link to the LH neutrinos

% but no neutrino Dirac mass term as (y) =0 ;
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Some important observations & consequences:

@ Whenytyx¢ <1 and (x) =0, the Lagrangian is also invariant under
VYo = Ysm 3 Nk &> N 5 x = —x

which ensures the lightest fermion 5-plet N, (e.g. N,) be absolutely stable if
M., > M.
X 1

K dark matter candidate
@ The Yukawa coupling 5, fj x IN;. provides the link to the LH neutrinos

% but no neutrino Dirac mass term as (y) =0 ;
< yet, because of the )\, (¢x)° termin Vg, one gets at one-loop

(0") x ~ (0)

[
Vi < ® < > > g > l/j
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Some important observations & consequences:

@ Whenytyx¢ <1 and (x) =0, the Lagrangian is also invariant under
VYo = Ysm 3 Nk &> N 5 x = —x

which ensures the lightest fermion 5-plet N, (e.g. N,) be absolutely stable if
M., > M.
X 1

K dark matter candidate
@ The Yukawa coupling 5, fj x IN;. provides the link to the LH neutrinos

% but no neutrino Dirac mass term as (y) =0 ;
< yet, because of the )\, (¢x)° termin Vg, one gets at one-loop

(0") x ~ (0)

Y neutrino masses
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Some important observations & consequences (continued):

@ Although the lightest N, is stable, the heavier 5-plet fermion N, (or N3) may

decay via the Yukawa term
J L;

hjk Lj X Nk Niear
if mass M, 3 > M, . ™ X
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Some important observations & consequences (continued):

@ Although the lightest N, is stable, the heavier 5-plet fermion N, (or N3) may

decay via the Yukawa term
J L;

if mass M, 5 > M ™

X" « X
li§ Suppose couplings hjk contains CP violating phases, then (in principle) a
lepton asymmetry can be generated in the early universe. As a result, the

cosmic baryon asymmetry can be explained via leptogenesis.

hjk Zj X Ni Niar
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Some important observations & consequences (continued):

@ Although the lightest N, is stable, the heavier 5-plet fermion N, (or N3) may

decay via the Yukawa term
J L;

if mass M, 5 > M ™

X" « X
li§ Suppose couplings hjk contains CP violating phases, then (in principle) a
lepton asymmetry can be generated in the early universe. As a result, the

cosmic baryon asymmetry can be explained via leptogenesis.

hjk Zj X Ni Niar

baryon asymmetry
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Some important observations & consequences (continued):

@ Although the lightest N, is stable, the heavier 5-plet fermion N, (or N;) may

decay via the Yukawa term
J L;

: *
if mass M, 3> M, . X

li§ Suppose couplings hjk contains CP violating phases, then (in principle) a
lepton asymmetry can be generated in the early universe. As a result, the

cosmic baryon asymmetry can be explained via leptogenesis.

hjk Zj X Nk Niear

baryon asymmetry

@ So, the challenge is to demonstrate that there exists a parameter space
where all three problems can be addressed consistently.
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The key parameters in the model at a glance:

M, , M, , My , M , h, , 2,
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The key parameters in the model at a glance:

\Ml,MZ,Mj,MX, hy, , Z,
\'s ~

6-plet

mass

5-plet N, masses
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The key parameters in the model at a glance:
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6-plet y Yukawas
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5-plet N, masses
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The key parameters in the model at a glance:
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6-plet x Yukawas PP
mass () coupling

5-plet N, masses
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The key parameters in the model at a glance:

M, , M, , My , M ,

e 0 Ay
X g o Y

5-plet N, masses 6-plet y  Yukawas PIAY
mass (L x s N coupling
li§ suppose: N, is the dark matter
N, for leptogenesis

then: I\/I1<I\/IX<I\/|2<M3
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The key parameters in the model at a glance:

M, , M, , My , M ,

e 0 Ay
X g o Y

D
Y 5-plet N, masses 6-plet y  Yukawas PIAY
mass (Lo x s N coupling
li§ suppose: N, is the dark matter Once the masses M, ,,
N, for leptogenesis and M, are fixed, these
determine the masses for
then: My <M, <M; <M, the light neutrinos.
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hy Ay
W

Yukawas PO,
(L x, Ny coupling

%_JH_J

suppose: N, is the dark matter
N, for leptogenesis

then: I\/I1<I\/IX<I\/|2<M3
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Once the masses M, ,,
and M, are fixed, these
determine the masses for

the light neutrinos.

(") x ’Tm % (0°)
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The key parameters in the model at a glance:

@,MZ,MS,Mx,hjk,ﬂ’m
v ) N N

5-plet N, masses 6-plet x  Yukawas PIAY
mass L x Ny coupling
li§ suppose: N, is the dark matter Once the masses M,
N, for leptogenesis and M, are fixed, these
determine the masses for
\ then: [ M, <M, < M; < M3] the light neutrinos.
The M, scale is dictated by the constraints from DM (@) x - /1'@( A (0°)
(e.g. relic density): \@/
M; 2 10 TeV / M, \
(co)annihilation of N,'s mediated by SM gauge bosons i EN? Ni E ’

assumed [Cirelli et al., New J. Phys. 11,105005 (09)]
]| e ] N | Y ]
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Conventionally, in seesaw models with RH neutrinos, “N, , 3", leptogenesis is done
via the decays of the lightest Majorana fermion “N, ”.
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Conventionally, in seesaw models with RH neutrinos, “N, , 3", leptogenesis is done
via the decays of the lightest Majorana fermion “N, ”.

=P because the asymmetry from N, (and N;) decays is usually suppressed
due to the washout processes mediated by N; ;
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Conventionally, in seesaw models with RH neutrinos, “N, , 3", leptogenesis is done
via the decays of the lightest Majorana fermion “N, ”.

=P because the asymmetry from N, (and N;) decays is usually suppressed
due to the washout processes mediated by N; ;

=P and one can only get successful N,-leptogenesis by fully incorporating
flavor effects in the analysis [Barbieri et al., 00; Abada et al., Nardi et al., 06; Josse-

i Michaux et al., 07; Bertuzzo et al., 11; Antusch et al.,12].

2] (el ] et (i)

Baryon asymmetry, dark matter and neutrino mass via exotic multiplets Sandy S. C. Law, NCKU, Taiwan



Baryogenesis via N,-Leptogenesis .CH! E’

Melbourne
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Conventionally, in seesaw models with RH neutrinos, “N, , 3", leptogenesis is done
via the decays of the lightest Majorana fermion “N, ”.

=P because the asymmetry from N, (and N;) decays is usually suppressed
due to the washout processes mediated by N, ;

=P and one can only get successful N,-leptogenesis by fully incorporating
flavor effects in the analysis [Barbieri et al., 00; Abada et al., Nardi et al., 06; Josse-

Michaux et al., 07; Bertuzzo et al., 11; Antusch et al.,12].
li§ In N,-leptogenesis, the evolution of the lepton asymmetry is divided into two main
stages:
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Conventionally, in seesaw models with RH neutrinos, “N, , 3", leptogenesis is done
via the decays of the lightest Majorana fermion “N, ”.

=P because the asymmetry from N, (and N;) decays is usually suppressed
due to the washout processes mediated by N, ;

=P and one can only get successful N,-leptogenesis by fully incorporating
flavor effects in the analysis [Barbieri et al., 00; Abada et al., Nardi et al., 06; Josse-

Michaux et al., 07; Bertuzzo et al., 11; Antusch et al.,12].
li§ In N,-leptogenesis, the evolution of the lepton asymmetry is divided into two main
stages:

1. asymmetry production at T ~ M,, (N, — L ¢ is out-of-equilibrium)
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Conventionally, in seesaw models with RH neutrinos, “N, , 5", leptogenesis is done
via the decays of the lightest Majorana fermion “N, ”.

=P because the asymmetry from N, (and N;) decays is usually suppressed
due to the washout processes mediated by N, ;

=P and one can only get successful N,-leptogenesis by fully incorporating
flavor effects in the analysis [Barbieri et al., 00; Abada et al., Nardi et al., 06; Josse-

Michaux et al., 07; Bertuzzo et al., 11; Antusch et al.,12].
li§ In N,-leptogenesis, the evolution of the lepton asymmetry is divided into two main
stages:

1. asymmetry production at T ~ M,, (N, — L ¢ is out-of-equilibrium)

2. (additional) washout stage at T ~ M, (N; — Ly is out-of-equilibrium)
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Conventionally, in seesaw models with RH neutrinos, “N, , 3", leptogenesis is done
via the decays of the lightest Majorana fermion “N, ”.

=P because the asymmetry from N, (and N;) decays is usually suppressed
due to the washout processes mediated by N, ;

=P and one can only get successful N,-leptogenesis by fully incorporating
flavor effects in the analysis [Barbieri et al., 00; Abada et al., Nardi et al., 06; Josse-

Michaux et al., 07; Bertuzzo et al., 11; Antusch et al.,12].
li§ In N,-leptogenesis, the evolution of the lepton asymmetry is divided into two main
stages:

1. asymmetry production at T ~ M,, (N, — L ¢ is out-of-equilibrium)
2. (additional) washout stage atF=-———N—-L-is-eut-of-equilibrivm)-

For our case with M, >M,, T =M, and y — L;N; is out-of-equilibrium.
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Conventionally, in seesaw models with RH neutrinos, “N, , 5", leptogenesis is done
via the decays of the lightest Majorana fermion “N, ”.

=P because the asymmetry from N, (and N;) decays is usually suppressed
due to the washout processes mediated by N, ;

=P and one can only get successful N,-leptogenesis by fully incorporating
flavor effects in the analysis [Barbieri et al., 00; Abada et al., Nardi et al., 06; Josse-

Michaux et al., 07; Bertuzzo et al., 11; Antusch et al.,12].
li§ In N,-leptogenesis, the evolution of the lepton asymmetry is divided into two main
stages:

1. asymmetry production at T ~ M,, (N, — L ¢ is out-of-equilibrium)
2. (additional) washout stage atF=-———N—-L-is-eut-of-equilibrivm)-

For our case with M, >M,, T =M, and y — L;N; is out-of-equilibrium.

NB: the decay of y will NOT generate any lepton asymmetry since there is
only one type of 6-plet scalar in the model = vanishing absorptive part for
the interference term with one-loop correction graphs.
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With flavor effects, the Boltzmann equations that govern the evolution of the lepton
asymmetry in each flavor are coupled. For example, in the two-flavor regime, one
has from N, decays
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With flavor effects, the Boltzmann equations that govern the evolution of the lepton
asymmetry in each flavor are coupled. For example, in the two-flavor regime, one
has from N, decays

K where z =M, /T.

dNa o =
W — s D (N~ N32) ~ PUWs 3 5%

j=1,7
dNa, - =2
J=L,T
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With flavor effects, the Boltzmann equations that govern the evolution of the lepton
asymmetry in each flavor are coupled. For example, in the two-flavor regime, one

has from N, decays
dNa
dz

= = te2.1|D2 (NNz Neq J_W2 Z Cjc_?zNAL )

j=1,7

dNa -

Vo — Lo (N~ M)~ P2 3 N,
j=1,7

where z =M, /T. CP asymmetry
from N, decays
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With flavor effects, the Boltzmann equations that govern the evolution of the lepton
asymmetry in each flavor are coupled. For example, in the two-flavor regime, one

has from N, decays
dNa |
dz

dNa
dz

K where z=M,/T. decay term washout term

= 2] Dol (Nn, —Ni,) — P

2] (el ] et (i)

n Baryon asymmetry, dark matter and neutrino mass via exotic multiplets Sandy S. C. Law, NCKU, Taiwan



Flavored N2- Leptogene$i$ ICHEP .l

Melbourne

(e (2= (s

With flavor effects, the Boltzmann equations that govern the evolution of the lepton
asymmetry in each flavor are coupled. For example, in the two-flavor regime, one

has from N, decays

dN. . =
—t = —e21 Dy (N, = N3) ~[PANW2 3 CL7"Nay

dNA

dz .
j=1,7

where z = M, /T. /
tree-level P hiohjo
flavor projector | “ % (hth)g

j=1,7

T = —e2: Dy (NN, —Nyt) —\Po, V2 Z ijZQNAT,
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With flavor effects, the Boltzmann equations that govern the evolution of the lepton
asymmetry in each flavor are coupled. For example, in the two-flavor regime, one
has from N, decays

dNA e =
TL = —EQJ_DQ (NN2 _NNE) _P20J_W2 Z C‘Jf_JQMAL o

j=1.F
dNa, - =2
T = —€2:Da (N, —N32) = P2 Wa ) [C]7 N,

j=1,7

wherez =M, /T. /
non-diagonal flavor
coupling matrix
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With flavor effects, the Boltzmann equations that govern the evolution of the lepton
asymmetry in each flavor are coupled. For example, in the two-flavor regime, one
has from N, decays

dNa o =
U N 5 L
=1, 7
dNa, - =2
J1=L1,7

wherez =M, /T.

It turns out that for successful N,-leptogenesis, the total lepton asymmetry should
originate mainly from decays in the tau flavor [Bertuzzo et al., 11; Antusch et al.,12].
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With flavor effects, the Boltzmann equations that govern the evolution of the lepton
asymmetry in each flavor are coupled. For example, in the two-flavor regime, one
has from N, decays

dNa o =
U N 5 L
=1, 7
dNa, - =2
J1=L1,7

wherez =M, /T.

It turns out that for successful N,-leptogenesis, the total lepton asymmetry should
originate mainly from decays in the tau flavor [Bertuzzo et al., 11; Antusch et al.,12].

This then implies that the flavored decay parameters K, and Kyi which are
functions of the flavor projectors,
*ohio h%1hi .
po. — 1277 and p° = 1.7 respectivel
2 (hth)a X (hTh)1 P y
are constrained.
Baryon asymmetry, dark matter and neutrino mass via exotic multiplets Sandy S. C. Law, NCKU, Taiwan
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With flavor effects, the Boltzmann equations that govern the evolution of the lepton
asymmetry in each flavor are coupled. For example, in the two-flavor regime, one
has from N, decays

dNa o =
U N 5 L
=1, 7
dNa, - =2
J1=L1,7

wherez =M, /T.

It turns out that for successful N,-leptogenesis, the total lepton asymmetry should
originate mainly from decays in the tau flavor [Bertuzzo et al., 11; Antusch et al.,12].

This then implies that the flavored decay parameters K, and K which are

: : X
functions of the flavor projectors,

s h* h. .
0 _ 92792 gpd po o= 71 regpectivel
PQJ (hTh)zg X7 (hjfh)n p y

are constrained.

CTO ensure enough asymmetry is produced, we typically need K,_ 2 1 and Kir < 1)

Baryon asymmetry, dark matter and neutrino mass via exotic multiplets Sandy S. C. Law, NCKU, Taiwan
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Recalling the key parameters in the theory:

M, , M , M, , My , h , 2,

O(10%)GeV

fixed by DM
constraints
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Recalling the key parameters in the theory:

M, , M , M, , My , h , 2,

O(104)GeVv 107 1010 il
fixed by DM GeV
constraints (hierarchical spectrum)
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Recalling the key parameters in the theory:

Ml,Mx,Mz,M3,@, A,

O(104)GeV 107 1010 1013

fixed by DM GeV
constraints (hierarchical spectrum)

The requirement for K,, 2 1 and K, < 1 will
constrain the Yukawa h_, for all k.

For illustration, we use K, =65 and K, ~0.1
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Recalling the key parameters in the theory:

Ml,Mx,Mz,M3,@, A,

] 0(104)GeV 107 1010 1013 0.1
Y fixed by DM GeV
constraints (hierarchical spectrum)
The requirement for K,, 2 1 and K, < 1 will May tune this to control
constrain the Yukawa h_, for all k. the size of the Yukawa
couplings given a light
For illustration, we use K, =65 and K, ~0.1 neutrino mass scale
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(e (2= (s

Recalling the key parameters in the theory:

Ml,Mx,Mz,Mg,@, A,

O(104)GeV 107 1010 1013 0.1

fixed by DM GeV
constraints (hierarchical spectrum)

The requirement for K,, 2 1 and K, < 1 will May tune this to control
constrain the Yukawa h_, for all k. the size of the Yukawa

couplings given a light
For illustration, we use K, =65 and K, ~0.1 neutrino mass scale

With these parameters and assuming a normal hierarchy of light neutrinos (with
m, ~ 0.002 eV), a possible set of hjk that is consistent with oscillation data is

2] (el ] et (i)

n Baryon asymmetry, dark matter and neutrino mass via exotic multiplets Sandy S. C. Law, NCKU, Taiwan
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Recalling the key parameters in the theory:

M, , M , M, , M; , , A,

O(104)GeV 107 1010 1013 0.1

fixed by DM GeV
constraints (hierarchical spectrum)

The requirement for K,, 2 1 and K, < 1 will May tune this to control
constrain the Yukawa h_, for all k. the size of the Yukawa

couplings given a light
For illustration, we use K, =65 and K, ~0.1 neutrino mass scale

With these parameters and assuming a normal hierarchy of light neutrinos (with
m, ~ 0.002 eV), a possible set of hjk that is consistent with oscillation data is

hei =1.23+0.359 , heo =0.104—0.329i, h.3 = —0.344 + 0.263i ,
hyr =171 —1.02i, huo = —0.304 — 0.468i , h,3 = —3.76 + 0.367i ,
hey =1.07x107°, h;o=8838x1073, h,3=05.34.
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An example of a viable setup .CH! E.
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Recalling the key parameters in the theory:

M, , M , M, , M; , , A,

O(104)GeV 107 1010 1013 0.1

fixed by DM GeV
constraints (hierarchical spectrum)

The requirement for K,, 2 1 and K, < 1 will May tune this to control
constrain the Yukawa h_, for all k. the size of the Yukawa

couplings given a light
For illustration, we use K, =65 and K, ~0.1 neutrino mass scale

With these parameters and assuming a normal hierarchy of light neutrinos (with
m, ~ 0.002 eV), a possible set of hjk that is consistent with oscillation data is

hei =1.23+0.359 , heo =0.104—0.329i, h.3 = —0.344 + 0.263i ,
hyr =171 —1.02i, huo = —0.304 — 0.468i , h,3 = —3.76 + 0.367i , g ~ 6 x 10710
hey =1.07x107°, h;o=8838x1073, h,3=05.34.
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@ In this work, we attempt to solve the problems of baryon asymmetry, dark
matter and neutrino mass simultaneously by adding to the SM

3 x SU(2), 5-pletfermions N, (k=1, 2, 3);
1 x SU(2), 6-plet scalar?y .
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@ In this work, we attempt to solve the problems of baryon asymmetry, dark
matter and neutrino mass simultaneously by adding to the SM

3 x SU(2), 5-pletfermions N, (k=1, 2, 3);
1 x SU(2), 6-plet scalar?y .

@ When the scalar potential is suitably fine-tuned ( (x)=0and xMyx¢ < 1), the

K lightest 5-plet fermion N, can be a dark matter candidate if M; <M, .
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In this work, we attempt to solve the problems of baryon asymmetry, dark
matter and neutrino mass simultaneously by adding to the SM

3 x SU(2), 5-pletfermions N, (k=1, 2, 3);
1 x SU(2), 6-plet scalar?y .

@ When the scalar potential is suitably fine-tuned ( (x)=0and xMyx¢ < 1), the

K lightest 5-plet fermion N, can be a dark matter candidate if M; <M, .
@ A baryon asymmetry can be produced via flavored N,-leptogenesis when

the next-to-lightest 5-plet fermion decay in the early universe.
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@ In this work, we attempt to solve the problems of baryon asymmetry, dark
matter and neutrino mass simultaneously by adding to the SM

3 x SU(2), 5-pletfermions N, (k=1, 2, 3);
1 x SU(2), 6-plet scalar?y .

, @ When the scalar potential is suitably fine-tuned ( (x)=0and xMyx¢ < 1), the
K lightest 5-plet fermion N, can be a dark matter candidate if M; <M, .
@ A baryon asymmetry can be produced via flavored N,-leptogenesis when
the next-to-lightest 5-plet fermion decay in the early universe.

@ Light neutrino mass is generated at one-loop with the gauge invariant term
ddyyx in the scalar potential providing the vital link.
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In this work, we attempt to solve the problems of baryon asymmetry, dark
matter and neutrino mass simultaneously by adding to the SM

3 x SU(2), 5-pletfermions N, (k=1, 2, 3);
1 x SU(2), 6-plet scalar?y .

, @ When the scalar potential is suitably fine-tuned ( (x)=0and xMyx¢ < 1), the
K lightest 5-plet fermion N, can be a dark matter candidate if M; <M, .
@ A baryon asymmetry can be produced via flavored N,-leptogenesis when
the next-to-lightest 5-plet fermion decay in the early universe.

@ Light neutrino mass is generated at one-loop with the gauge invariant term
ddyyx in the scalar potential providing the vital link.

@ We have demonstrated that there is a parameter space in this model where
a consistent solution to all three problems can be obtained.
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