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




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

SM: self explanatory...

@ Axion:

o strong GP via U(1)pq A single new scale

Id DM didat .
° e candidate PQ breaking scale v,

@ Seesaw mechanism: )
= axion decay constant f;

e heavy N for Majorana m,

= Seesaw mass scale M

o Baryogenesis via Leptogenesis

@ Higgs-portal inflation:

o therm. history: Try ~ 10° GeV
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source: (Ballesteros, Redondo, Ringwald, Tamarit, 2019 )
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(KSVZ, Seesaw) Fermions & vacuum stability

@ singlet scalar o with v, = f; > 108 GeV

e solves vacuum instability via threshold corr.

~ 2
o tree level: high scale: Ay > 0, low scale Ay = Ay — A}\H" <0
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(KSVZ, Seesaw) Fermions & vacuum stability

@ singlet scalar o with v, = f; > 108 GeV

e solves vacuum instability via threshold corr.

~ 2
o tree level: high scale: Ay > 0, low scale Ay = Ay — )‘AH" <0

e KSVZ: VL quarks Q, generate g5z, Npw = 2N =1

Type | Seesaw: sterile Majorana N

Mg ~ M ~ v, with a Yukawa Yy

1-loop RGE: Ay < 0 from fermion loops
o Yy <03\,

o M,Mg <10°GeV,  HHSI X, =\, — 3= ~ 10713 — 10-10
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Cosmological History (1): Inflation & Reheating
o Higgs Inflation (HI): £4R |H|?, R: Ricci scalar

e unitarity problem

o Hidden Scalar Inflation (HSI): \, < 10710

e non-therm. PQ symmetry restoration
o slow Reheating T3 ~ 107 GeV < Tde ~ 10° GeV

o AN ~ 1 from non-thermal axions during RH
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Cosmological History (1): Inflation & Reheating
o Higgs Inflation (HI): £4R |H|?, R: Ricci scalar

e unitarity problem

o Hidden Scalar Inflation (HSI): \, < 10710

e non-therm. PQ symmetry restoration
o slow Reheating T3 ~ 107 GeV < Tde ~ 10° GeV
o AN ~ 1 from non-thermal axions during RH
e Higgs + Hidden Scalar Inflation (HHSI): PQ restoration
o RH from osc. H component producing W=

o faster Reheating THIS! ~ 109 GeV > Tdec

o Tru > T°Q: therm. abundance of N, Q

crit.”
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Cosmological History (2): Axion DM

o f, >4 x 10'° GeV: PQ not restored during PRH

o (o) already trapped at f,

e axion during inflation, imprint of perturb.

e isocurvature bounds (CMB): £, < 104 GeV
o f, < 4x10% GeV: PQ restored during PRH

e axion strings: U(1)pq — Zon

o domain walls: axion relax. breaks Z,y

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

h?Q), from misalignment and defect decay

3x 100 GeV < £, < 1.2 x 10 GeV, 50 eV < m, < 200 peV
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Type | Seesaw: Majorana vs. Dirac

(H) (H)
Nk Nk
LH—\O/—»—Q—»—{/—FL

(Roncadelli, Wyler 1983)

2 2
Maj.  VH  VH

~
VO'

all N': SM singlets

VHV¢
. VHV, Vo
mBII’. ~ ¢
M
VH Vo
M
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Dimension 6 Dirac Seesaw

Tir~(1,3,0), D p~(1,2,1/2), Mz, Mp < 10° GeV
O(1) Yukawas for My, Mp ~ 108 GeV

Vi Vi
my ~ Y7 Y710 YDR ~ =
MT MD Vv,

(e
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Axion pheno. in S.M.A.S.H.E.D.




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

Y 3 gens. of T and D in loops:
e QED:
a-—->- E:Zf(XfL _XfR)QEM(f)Z
v o QCD:
source: 2106.03424 N =3 (xr, — xr)t(F),

Axion to photon coupling:

o} E
8 = onr. <N - 1~92>

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

o SMASHED: E/N=18+2/3, 18+8/3
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Axion pheno. in SSM.AS.H.ED.! (2)
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!imits from C. O’hare at https://cajohare.github.io/AxionLimits/
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 https://cajohare.github.io/AxionLimits/

Axion pheno. in S.M.A.S.H.E.D. (3)
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Case study: ORGAN (Oscillating Resonant Group AxioN)?

ORGAN EXPERIMENT RULES OUT DARK MATTER
CANDIDATE

Australia's first major contribution to dark matter detection is the ORGAN
experiment and it has already produced a result that rules out a certain type of axion
as being the mysterious dark matter particle.

my (neV)
62.0 . 63.7 64.5 65.3
10710 E
T ALP cogenesis
>
2]
g 10-114 L
=
1
=
10712 E
T T T T T T
15.0 15.2 15.4 15.6 15.8 16.0 16.2

Frequency (GHz)

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

2 .. . :
Headline: https://spaceaustralia.com 12/20
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Approaches to enhancing g,
QCD axion

8a a E/N

e increase E/N

o mag. charges, monopoles (Ringwald, Sokolov, 2021):
g~1lle = E/N~1/a?~ 10

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

e KSVZ like with n VL quarks and p VL leptons

o (Farina, Tesi, 2016): E/N enhanced by ~ e"""

13/29



Approaches to enhancing g,
QCD axion

8a a E/N

e increase E/N

o mag. charges, monopoles (Ringwald, Sokolov, 2021):
g~1lle = E/N~1/a?~ 10

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

e KSVZ like with n VL quarks and p VL leptons

o (Farina, Tesi, 2016): E/N enhanced by ~ e"""

o decrease c,: lighter axion
o Zy (Di Luzio, Gavela, Quilez, Ringwald, 2021): N > 2 copies of SM,

- . . N— N—
destr. interference of additional instantons 1/¢c, ~ (md/mL,)T1 ~ 2%
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Landau Poles?!?
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g5 |
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@ 2 loop RGEs

e pole in U(1)y
coupling g1

o always above
Mp,

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




Vanilla Leptogenesis in Type | Seesaw

+H

source: 1301.3062

@ C and CP-violation: tree-loop-interference in N decay
o out-of-equilibrium decay: I'/H|r=p, <1

@ B-violation:

o explicit L violation from MyN<N

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

ng —ng nn | —
7BQ€L- -Csph-f:].o 10
S ~~ S
~0.3

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

o e, =(T(N— LH)—T(N— LH))/(F(N— LH)+T(N— LH))

o (Davidson, Ibarra 2002) hier. spectrum:

singlet N: £, <9 x 1079 (mtlswé\’ev) (o1)

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

triplet T: e, <3 x 1077 (109/'&\/) ' (O.TEV)
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Vanilla Leptogenesis in Type I(Il) Seesaw

ng — ng n
BB L. ~csph-—N£10_10
S ~—~ S
~0.3
o out-of-equilibrium decay: K =T /H|r-pm, <1
o singlet: » =Min(1,1/K) = My = (5x 10° —2.5 x 10) GeV

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

17/29



Vanilla Leptogenesis in Type I(Il) Seesaw

ng — ng ny
BB L. R
S ~—~ S
~0.3

o out-of-equilibrium decay: K =T /H|r=-p, <1

o singlet: » =Min(1,1/K) = My = (5x 10° —2.5 x 10) GeV

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

o triplet: » ~ More complicated = M7 > 1.5 x 10%° GeV

o K <« 1: T equil. by gauge annihil. x ~ Mr/10" GeV ~ 10~*

o K >10° T equil. by decay + inv. decay x ~ 1/K < 107°

e 1< K <10% T decays during gauge annihil.
k= Min (K - M7 /10" GeV, 1/K) at most ~ 10>
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Dirac Leptogenesis (Dick, Lindner, Ratz, Wright, 1999)

e old-school (GUT) Baryogenesis: explicit B-violation
o Leptogenesis: explicit L-violation

o Dirac Leptogenesis: Liot = Lsm + Lesm conserved
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Dirac Leptogenesis (Dick, Lindner, Ratz, Wright, 1999)

e old-school (GUT) Baryogenesis: explicit B-violation
o Leptogenesis: explicit L-violation

o Dirac Leptogenesis: Liot = Lsm + Lesm conserved

e EXAMPLE 1: doublet scalar ® — L vg

e rate for L <+ Hug never equilibrates b.c. m,:
Lsm, Lesm separately conserved

@ sphalerons act only on L not on vg,
B + Lsm-violation in plasma
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Dirac Leptogenesis (Dick, Lindner, Ratz, Wright, 1999)

e old-school (GUT) Baryogenesis: explicit B-violation
o Leptogenesis: explicit L-violation

o Dirac Leptogenesis: Liot = Lsm + Lesm conserved

e EXAMPLE 1: doublet scalar ® — L vg

e rate for L <+ Hug never equilibrates b.c. m,:
Lsm, Lesm separately conserved

@ sphalerons act only on L not on vg,
B + Lsm-violation in plasma

o EXAMPLE 2: fermion T — L Hand T — DH

e g, = —ep due to CPT, Unitarity
o LH < DH slow for Mp ~ 3 x 10" GeV < My ~ 10° GeV
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Sketch of the scenario

Ar+Ap+AL+A,, =0, with Ay=(ny— nE)/s, s: entropy dens.

weak sphaleron
-= AB - %AL

!

decay

washout scattering (slow)

time

l
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Novel non-resonant enhancement of CP violation

H

, 0
Cren ey F
L R

v
DY

oy

e Enhancement of ¢;:

o Type Ill Seesaw:

e <3x10° (o) (g7%) = Mr215x10° Gev

e SM.AASHED.:

eff.
e <3x10° () (Fy) = lower My allowed

o my = Yir Yo Yorvi/ (M7 M)

) meff. = YLTYTDVEI/MS?’?’) missing ~ YDRVH/M(DZ?’) b.c. no VR
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Example 1: Weak Washout regime (1)3

108

w
=
~
I
107°
10—16 .
0.01 0.1 1 10 100
My)T

3K=10"2, B, =Bp=1/2, Msr=3Mp=10% GeV 21720



Example 1: Weak Washout regime (2)3

1078
obs.
AB
1071 s
",’, \‘\
’ \
Al . ’ \
= er (B — 7). \
/’,’ “I
Pid )
10712} \
/” ‘\
i 1
’a’ )
Pid 1
Pt \
Potas 1
10-14 et . . . i
0.01 0.1 1 10
3K =102,

100
Mry/T
Bi=Bp=1/2, Mr=3Mp=10°GeV, & =6.5x10"*
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Example 1: Weak Washout regime (3)3

1078
obs.
AB

10710
&3 eq.\ -
2 s+ (S1— 55).-

107121 el

1071 el |

0.01 0.1 1

Mry/T
3K =102, B.=Bp=1/2, Ms=3Mp=10° GeV,

e, =6.5x%x107*

100
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Example 1: Weak Washout regime (4)3

1078
AOBbS' AL

10710
2 Y — X5t
- er- (O — T’)/

10-12] ,/"/

//,—” |AL, || |Ap
e |Ar|
10714 e ' ' T '
0.01 0.1 1 10 100

Mry/T
SK=10"2, B =Bp=1/2, Mr=3Mp=10°GeV, & =65x10"*
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Enhancement of efficiency

e 1~ 1/K <1072 for strong washout

e A too small even with £ (for equal BR of T)
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Enhancement of efficiency

e 1~ 1/K <1072 for strong washout

e A too small even with £ (for equal BR of T)

o larger 1 for Dirac-T than for Majorana-N

o LH — N destroys A; b.c. Ay =0

o LH,DH — T transmits A;, Ap into At

o A7 decays back to A;, Ap depending on BR
e £ <3x1073/4B,Bp

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

108

YA

v/Hs

sub.

1()78 - |’75+t

016 , ,
0.01 0.1 1

Myp/T
*K =10°, B, =0.999, Bp = 10 *, Mt = 3Mp = 10® GeV 2/2




Example 2: Strong Washout regime (2)*

1078

obs.
AB

10710

n/s

10—12 |

10—14 s .
0.01 . 1 100

Mry/T
*K =10° B, =0.999, Bp =103, My =3Mp = 10% GeV, "™ =1.7 x 103
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Dark Radiation

o Tru = O (10%) GeV in HHSI

@ axion: thermalized via gluons

o (Salvio, Strumia, Xue, 2014):

Tdee ~ 1.7 x 10° GeV -+ (gt )

4
3
o ANg ~0.027- (g*(l%?ec.))
@ RH neutrinos: thermalized via H'H > Trrg below 1012 GeV

4 2 dec.
dec. ~ M &(Tg)
o Tgec ~10TeV - ( YDR) : (108 GDev> : 100

4
VR N, 100 )3
] ANef‘F? = 0142 . (?) . (m)

o ANt ~ 0.17, allowed by Planck, testable by CMB-S4, SPT, SO

eff —
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Summary

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

dimension 6 operator for m,

|gavy| enhanced by one order of magnitude

dark radiation ANgg ~ 0.142 (3 vg) + 0.027 (axion) ~ 0.17

@ non-resonant enhancement of ¢; & larger k

= Don't dismiss Dirac neutrinos!
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Thank you for your time and attention! I




Appendix

Here be dragons




Appendix (1): The model

] field H SU(3)c \ SU(2). \ U(l)y \ U(1)pq H generations
L 1 2 —1/2 1 3
er 1 1 -1 1 3
H 1 2 1/2 0 1

QY 3 1 |2/30r-1/3] 1 2
QL2 3 1 |2/30r=1/3| 0 2
Q¥ 3 1 | 2/30r-1/3| -1 1
QY 3 1 |2/30r-1/3| o0 1
T 1 3 0 2 3
Tk 1 3 0 1 3
D, 1 2 1/2 3 3
D 1 2 1/2 2 3
Vg 1 1 0 3 3
o 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

d¥ PR YT
H = -2 — 1 — 2%o0t. | = — 1
ZHs 4z YA (Z%‘-‘Q Vtot. 279_

dAT AT AL AD
zHs 2 = —2%ot. (2679 - BL? - Bp Zqu'>

dAL ZT AT AL
ZHS@ = 27t0t. |:€L <Ze79 - 1> + BL (ze-lg — Z(zq>:|
Ay Ap
(o) (B - 22)
) (g o

dAp Xr Ar  Ap
awer = (g 1) oo (- 55|

AL AD AD Al/
+2 (7, + 7, ) ( - ) ~ 27R ( - R.>
* - PIFAD W I M7

dAl, AD AI/




Appendix (3): plans for ORGAN

10710}

10~}

10-12 L

Gayy (GeV™")

10-13 L

10~}

i n i i 1 i PR — "
20 30 40 50
Frequency (GHz)

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



Appendix (4): Details on CP-violation

(k)

M
XkE<T> , k=2,3 for xx>1:
M+

gl ~ —

i T
L Im [(YLTYLT)lk (YTD)kl (YTD)IJ /i(l _ 52)
o k#1 (YLTTYLT>11 + ’(YTD)11‘2 (1—-462) VX

assume  (Yi71);1.(Y7D)1; €R

M+ Im [(YiT) k(YTD)kl]
_ \/BiBp(1 — 62) i ,
\/5].671’ L D ZZ

i=1 k1 T

3

M+ Im [(Yir)u (YD)l
S V332r Zl kz?ﬂ M)

~

1
for BL:BD:§,5<<1



Example 3: Strong Washout regime (1)°

108

-
YA

YD

My/T
SK =10° B, =107°, Bp = 0.99999, My = 3Mp = 10° GeV




Example 3: Strong Washout regime (2)°

1078
bs.
AR®
10710
¥l
~
c
10—12 |
el (B — 257
1074 I .
0.01 0.1 1 10 100
My/T

5K =10°, B, = 10°°, Bp = 0.99999, My = 3Mp = 108 GeV, /™ =9 x 10~°
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