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Review of S.M.A.S.H.



S.M.A.S.H. (Ballesteros, Redondo, Ringwald, Tamarit)

SM: self explanatory...

Axion:

strong /CP via U(1)PQ

cold DM candidate

Seesaw mechanism:

heavy N for Majorana mν

Baryogenesis via Leptogenesis

Higgs-portal inflation:

therm. history: TRH ' 109 GeV

A single new scale

PQ breaking scale vσ

= axion decay constant fa

= Seesaw mass scale M
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Particle Content

source: (Ballesteros, Redondo, Ringwald, Tamarit, 2019 )
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(KSVZ, Seesaw) Fermions & vacuum stability

singlet scalar σ with vσ = fa > 108 GeV

solves vacuum instability via threshold corr.

tree level: high scale: λH > 0, low scale λ̃H = λH − λ2
Hσ

λσ
< 0

KSVZ: VL quarks Q, generate gagg , NDW = 2N = 1

Type I Seesaw: sterile Majorana N

MQ ∼ M ∼ vσ with a Yukawa YΨ

1-loop RGE: λH < 0 from fermion loops

YΨ < 0.3λ
1
4
σ ,

M,MQ < 108 GeV, HHSI: λ̃σ = λσ − λ2
Hσ

λH
' 10−13 − 10−10
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Cosmological History (1): Inflation & Reheating

Higgs Inflation (HI): ξHR |H|2, R: Ricci scalar

unitarity problem

Hidden Scalar Inflation (HSI): λσ . 10−10

non-therm. PQ symmetry restoration

slow Reheating T HSI
RH ' 107 GeV < T dec.

a ' 109 GeV

∆Neff. ' 1 from non-thermal axions during RH

Higgs + Hidden Scalar Inflation (HHSI): PQ restoration

RH from osc. H component producing W ±

faster Reheating T HHSI
RH ' 109 GeV & T dec.

a

TRH > T PQ
crit.: therm. abundance of N,Q
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Cosmological History (2): Axion DM

fa > 4× 1016 GeV: PQ not restored during PRH

〈σ〉 already trapped at fa

axion during inflation, imprint of perturb.

isocurvature bounds (CMB): fa < 1014 GeV

fa < 4× 1016 GeV: PQ restored during PRH

axion strings: U(1)PQ → Z2N

domain walls: axion relax. breaks Z2N

string-wall-netw. decays NDW = 2N = 1

h2Ωa from misalignment and defect decay

3× 1010 GeV < fa < 1.2× 1011 GeV, 50 µeV < ma < 200 µeV
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Dirac Neutrinos



Type I Seesaw: Majorana vs. Dirac

L L
Y Y

〈H〉 〈H〉

〈σ〉

NR NR

(Yanagida 1979 et al.)

L νR
Y1 Y2

〈H〉 〈φ〉

NR NL

(Roncadelli, Wyler 1983)

mMaj.
ν ∼

v 2
H

M
∼

v 2
H

vσ

all N : SM singlets 2005/06/28ver : 1.3subfigpackage

mDir.
ν ∼

vHvφ
M
∼


vHvφ
vσ

vHvσ
M
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Dimension 6 Dirac Seesaw

L νR
YLT YTD YDR

〈H〉 〈H〉 〈H†〉

〈σ〉 〈σ〉

TR TL DR DL

TL,R ∼ (1, 3, 0), DL,R ∼ (1, 2, 1/2), MT ,MD < 109 GeV

O(1) Yukawas for MT ,MD ∼ 108 GeV

mν ∼ YLTYTDYDR
v 3
H

MTMD
∼

v 3
H

v 2
σ
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Axion pheno. in S.M.A.S.H.E.D.



Axion pheno. in S.M.A.S.H.E.D. (1)

source: 2106.03424

3 gens. of T and D in loops:

QED:
E =

∑
f (χfL − χfR )QEM(f )2

QCD:
N =

∑
f (χfL − χfR )t(f ),

Axion to photon coupling:

gaγγ =
α

2πfa

(
E

N
− 1.92

)

KSVZ, DFSZ: E/N = 2/3, 8/3

S.M.A.S.H.E.D: E/N = 18 + 2/3, 18 + 8/3

9 / 29



Axion pheno. in S.M.A.S.H.E.D.1 (2)

1limits from C. O’hare at https://cajohare.github.io/AxionLimits/
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Axion pheno. in S.M.A.S.H.E.D. (3)
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Case study: ORGAN (Oscillating Resonant Group AxioN)2

source: Science Advances, Vol. 8, Issue 27, Aim: (15− 50)GHz, (62− 207) µeV

2Headline: https://spaceaustralia.com
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Approaches to enhancing gaγγ

QCD axion

gaγγ ∼ ma ∼ 1/fa ⇒ gaγγ
ma

=
α

2π

E/N

ca

increase E/N

mag. charges, monopoles (Ringwald, Sokolov, 2021):
g ∼ 1/e ⇒ E/N ∼ 1/α2 ∼ 104

clockwork axion: N axions, “nearest-neighbor-interactions”
(Kim, Nilles, Peloso, 2004; Choi, Im; Kaplan, Rattazzi; 2015):

KSVZ like with n VL quarks and p VL leptons

(Farina, Tesi, 2016): E/N enhanced by ∼ en−p

decrease ca: lighter axion

ZN (Di Luzio, Gavela, Quilez, Ringwald, 2021): N > 2 copies of SM,

destr. interference of additional instantons 1/ca ∼ (md/mu)
N−1

2 ∼ 2
N−1

2
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Landau Poles?!?

2 loop RGEs

pole in U(1)Y

coupling g1

always above
MPl.

for 3 gen. of
(Q,T ,D) at
1021 GeV
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Dirac Leptogenesis in S.M.A.S.H.E.D.



Vanilla Leptogenesis in Type I Seesaw

source: 1301.3062

C and CP-violation: tree-loop-interference in N decay

out-of-equilibrium decay: Γ/H|T=MN
< 1

B-violation:

explicit L violation from MNNcN

L turned into B via SU(2)L sphalerons
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Vanilla Leptogenesis in Type I(III) Seesaw

nB − nB

s
' εL · κ · csph︸︷︷︸

'0.3

· nN

s
!

= 10−10

C and CP-violation: tree-loop-interference in N decay

εL ≡
(
Γ(N → LH)− Γ(N → L H)

)
/
(
Γ(N → LH) + Γ(N → L H)

)
(Davidson, Ibarra 2002) hier. spectrum:

singlet N: εL < 9× 10−9 ·
(

MN

108 GeV

)
·
(

mν

0.1 eV

)
(Hambye, Lin, Notari, Pappucci, Strumia 2003):

triplet T : εL < 3× 10−9 ·
(

MT

108 GeV

)
·
(

mν

0.1 eV

)
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Vanilla Leptogenesis in Type I(III) Seesaw

nB − nB

s
' εL · κ · csph︸︷︷︸

'0.3

· nN

s
!

= 10−10

out-of-equilibrium decay: K ≡ Γ/H|T=MN
< 1

singlet: κ = Min (1, 1/K ) ⇒ MN &
(
5× 108 − 2.5× 109

)
GeV

problematic in S.M.A.S.H., needs resonant leptogenesis

triplet: κ ' More complicated ⇒ MT & 1.5× 1010 GeV

K � 1: T equil. by gauge annihil. κ ' MT/10
12 GeV ' 10−4

K & 105: T equil. by decay + inv. decay κ ' 1/K . 10−5

1 < K < 105: T decays during gauge annihil.
κ ' Min

(
K ·MT/10

12 GeV, 1/K
)
at most ' 10−3
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Dirac Leptogenesis (Dick, Lindner, Ratz, Wright, 1999)

old-school (GUT) Baryogenesis: explicit B-violation

Leptogenesis: explicit L-violation

Dirac Leptogenesis: Ltot = LSM + LBSM conserved

example 1: doublet scalar Φ→ L νR

rate for L↔ HνR never equilibrates b.c. mν :
LSM, LBSM separately conserved

sphalerons act only on L not on νR ,
B + LSM-violation in plasma

example 2: fermion T → L H and T → DH

εL = −εD due to CPT, Unitarity

LH ↔ DH slow for MD ' 3× 107 GeV < MT ' 108 GeV
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Sketch of the scenario

∆T + ∆D + ∆L + ∆νR = 0, with ∆ψ ≡ (nψ − nψ)/s, s: entropy dens.

∆T = 0

∑
i ∆Li ≡ ∆L

∆D = −∆L ∆νR = −∆L

∆B = 55
148 ∆L

decay

decay

decay

weak sphaleron

time

washout scattering (slow)
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Novel non-resonant enhancement of CP violation

T
(1)
L

L(i)

H

T
(1)
R

T
(1)
L

D
(1)
R

H L(i)

H

T
(2,3)
R

T
(2,3)
L

T
(1)
L

H

D
(1)
R

T
(2,3)
L T

(2,3)
R

L(i)

H

Enhancement of εL:

Type III Seesaw:

εL < 3× 10−9 ·
(

MT

108 GeV

)
·
(

mν

0.1 eV

)
⇒ MT & 1.5× 1010 GeV

S.M.A.S.H.E.D.:
εL < 3× 10−3 ·

(
MT

108 GeV

)
·
(

meff.

100 keV

)
⇒ lower MT allowed

mν = YLTYTDYDRv 3
H/(M

(2,3)
T M

(2,3)
D )

meff. = YLTYTDv 2
H/M

(2,3)
T missing ∼ YDRvH/M

(2,3)
D b.c. no νR
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Example 1: Weak Washout regime (1)3

3K = 10−2, BL = BD = 1/2, MT = 3MD = 108 GeV 21 / 29



Example 1: Weak Washout regime (2)3

3K = 10−2, BL = BD = 1/2, MT = 3MD = 108 GeV, εL = 6.5× 10−4
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Example 1: Weak Washout regime (3)3

3K = 10−2, BL = BD = 1/2, MT = 3MD = 108 GeV, εL = 6.5× 10−4
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Example 1: Weak Washout regime (4)3

3K = 10−2, BL = BD = 1/2, MT = 3MD = 108 GeV, εL = 6.5× 10−4
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Enhancement of efficiency

κ ∼ 1/K . 10−5: for strong washout

∆L too small even with εmax
L (for equal BR of T )

larger κ for Dirac-T than for Majorana-N

LH → N destroys ∆L b.c. ∆N = 0

LH,DH → T transmits ∆L,∆D into ∆T

∆T decays back to ∆L,∆D depending on BR

ε < 3× 10−3
√

4BLBD

first observed: scalar triplets in Type II Seesaw
(Hambye, Raidal, Strumia, 2005)
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Example 2: Strong Washout regime (1)4

4K = 105, BL = 0.999, BD = 10−3, MT = 3MD = 108 GeV 26 / 29



Example 2: Strong Washout regime (2)4

4K = 105, BL = 0.999, BD = 10−3, MT = 3MD = 108 GeV, εmax
L = 1.7× 10−3
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Dark Radiation

TRH ' O
(
109
)

GeV in HHSI

axion: thermalized via gluons

(Salvio, Strumia, Xue, 2014):

T dec.
a ' 1.7× 109 GeV ·

(
fa

1011 GeV

)2.246

∆Na
eff. ' 0.027 ·

(
100

g∗(T dec.
a )

) 4
3

RH neutrinos: thermalized via H†H ↔ νRνR below 1012 GeV

T dec.
νR
' 10 TeV ·

(
0.1
YDR

)4

·
(

MD

108 GeV

)2

·
√

g∗(T dec.
νR

)

100

∆NνR
eff ' 0.142 ·

(
Nν

3

)
·
(

100
g∗(T dec.

νR
)

) 4
3

∆Ntot
eff ' 0.17, allowed by Planck, testable by CMB-S4, SPT, SO
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Summary

extended S.M.A.S.H. for Dirac ν without spoiling anything (so far...)

dimension 6 operator for mν

|gaγγ | enhanced by one order of magnitude

dark radiation ∆Neff. ' 0.142 (3 νR) + 0.027 (axion) ' 0.17

non-resonant enhancement of εL & larger κ

⇒ Don’t dismiss Dirac neutrinos!
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Outro

Thank you for your time and attention!



Appendix

Here be dragons



Appendix (1): The model

field SU(3)C SU(2)L U(1)Y U(1)PQ generations

L 1 2 −1/2 1 3
eR 1 1 −1 1 3

H 1 2 1/2 0 1

Q
(1,2)
L 3 1 2/3 or −1/3 1 2

Q
(1,2)
R 3 1 2/3 or −1/3 0 2

Q
(3)
L 3 1 2/3 or −1/3 -1 1

Q
(3)
R 3 1 2/3 or −1/3 0 1

TL 1 3 0 2 3
TR 1 3 0 1 3
DL 1 2 1/2 3 3
DR 1 2 1/2 2 3
νR 1 1 0 3 3

σ 1 1 0 1 1

Table: Charges and Representations under the SM gauge group and U(1)PQ. All
SM quarks are uncharged under U(1)PQ.



Appendix (2): Boltzmann equations

zHs
dΣT

dz
= −2γA

(
Σ2
T

Σeq. 2
T

− 1

)
− 2γtot.

(
ΣT

Σeq.
T

− 1

)
zHs

d∆T

dz
= −2γtot.

(
∆T

Σeq.
T

− BL
∆L

Σeq.
L

− BD
∆D

Σeq.
D

)
zHs

d∆L

dz
= 2γtot.

[
εL

(
ΣT

Σeq.
T

− 1

)
+ BL

(
∆T

Σeq.
T

− ∆L

Σeq.
L

)]
− 2

(
γsub.
Ts+t

+ γTt+u

)( ∆L

Σeq.
L

− ∆D

Σeq.
D

)
zHs

d∆D

dz
= 2γtot.

[
−εL

(
ΣT

Σeq.
T

− 1

)
+ BD

(
∆T

Σeq.
T

− ∆D

Σeq.
D

)]
+ 2

(
γsub.
Ts+t

+ γTt+u

)( ∆L

Σeq.
L

− ∆D

Σeq.
D

)
− 2γDR

(
∆D

Σeq.
D

− ∆νR

Σeq.
νR

)
zHs

d∆νR

dz
= 2γDR

(
∆D

Σeq.
D

− ∆νR

Σeq.
νR

)



Appendix (3): plans for ORGAN

source: Science Advances, Vol. 8, Issue 27, 2203.12152



Appendix (4): Details on CP-violation

xk ≡

(
M

(k)
T

MT

)2

, k = 2, 3 for xk � 1 :

εL ' −
1

16π

∑
k 6=1

Im
[(

Y †LTYLT

)
1k

(YTD)k1

(
Y †TD

)
11

]
(

Y †LTYLT

)
11

+ |(YTD)11|
2 (1− δ2)

√
1

xk
(1− δ2),

assume (YLT )i1 , (YTD)11 ∈ R

' − MT√
3 16π

√
BLBD(1− δ2)

3∑
i=1

∑
k 6=1

Im [(YLT )ik (YTD)k1]

M
(k)
T

,

' − MT√
3 32π

3∑
i=1

∑
k 6=1

Im [(YLT )ik (YTD)k1]

M
(k)
T

for BL = BD =
1

2
, δ � 1



Example 3: Strong Washout regime (1)5

5K = 105, BL = 10−5, BD = 0.99999, MT = 3MD = 108 GeV



Example 3: Strong Washout regime (2)5

5K = 105, BL = 10−5, BD = 0.99999, MT = 3MD = 108 GeV, εmax
L = 9× 10−5
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