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Fundamental Problems

> _Standard Model (SM) descrll:_>es Srei Generationen
interactions of all known particles der Materie (Fermionen)
with remarkable accuracy ' .
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Fundamental Problems

> Standard Model (SM) describes
interactions of all known particles
with remarkable accuracy

> Big fundamental problems in par-
ticle physics and cosmology seem
to require new physics

Dark Matter

= Dark matter

Neutrino masses and mixing

Baryon asymmetry

Dark Energy

Inflation

Strong CP problem

[PLANCK]
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Fundamental Problems

> Standard Model (SM) describes
interactions of all known particles
with remarkable accuracy

> Big fundamental problems in par-
ticle physics and cosmology seem
to require new physics
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= Dark matter
= Neutrino masses and mixing

= Baryon asymmetry

= Inflation

= Strong CP problem
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=jojujo
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> These problems may be intertwin-
ed in a minimal way, with a solu-
tion pointing to a new physics sca-
le around 10! GeV

[Ballesteros,Redondo,AR, Tamarit, 1608.05414; 1610.01639]
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Strong CP Problem

> Most general gauge invariant Lagrangian of QCD:

1 . o a a,puv
EQCD — _ZGZJ/GCL,MV + G(Z/YMDM o MQ) q— o~ QG,U,I/G M

= Parameters: strong coupling s, quark masses M, = diag(m,,, mq,...) and
theta angle 0 [Belavin et al. “75;’t Hooft 76;Callan et al. *76;Jackiw,Rebbi 76 ]
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Strong CP Problem

> Most general gauge invariant Lagrangian of QCD:

1 . o a a,puv
EQCD — _ZGZVGCL,“V + q(”YMD'UJ o MQ) q— o~ QG,U,I/G H

= Parameters: strong coupling s, quark masses M, = diag(m,,, mq,...) and
theta angle 0 [Belavin et al. “75;’t Hooft 76;Callan et al. *76;Jackiw,Rebbi 76 ]

> Topological theta term o G%,G** x E* - B”
violates P and T, and thus CP
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Strong CP Problem

> Most general gauge invariant Lagrangian of QCD:

1 /. Qg ~
Lqcp = —ZGZ,/G“’W +q (iy, DY — My) q — - v GZVG“’W
= Parameters: strong coupling a5, quark masses ./\/lq = diag(mu, mgq, . . ) and
theta angle 0 [Belavin et al. “75;’t Hooft 76;Callan et al. *76;Jackiw,Rebbi 76 ]
~ A
> Topological theta term « G}, G**” < E* - B |
violates P and T, and thus CP -
+
> Most sensitive probe of P and T violation in dﬂ“ P J
. . . . . C
flavor conserving interactions: electric dipole "
moment of neutron ~ d?
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Strong CP Problem

> Most general gauge invariant Lagrangian of QCD:

1 :
Lacp = =G, G +q (i, D" — Mg) g —

g a a
=s nz
1 G - 0 GWG

8

= Parameters: strong coupling s, quark masses M, = diag(m,,, mq,...) and

theta angle 0 [Belavin et al. “75;’t Hooft 76;Callan et al. *76;Jackiw,Rebbi 76 ]
i A
> Topological theta term « G}, G**” < E* - B
violates P and T, and thus CP -
+
> Most sensitive probe of P and T violation in dﬁu P J
. . . . . C
flavor conserving interactions: electric dipole "
moment of neutron; prediction: ~ d?
1 mymy |
d,, ~ Oe~6x 10717 0 ecm T +
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Strong CP Problem

> Most general gauge invariant Lagrangian of QCD:

1 :
Lacp = =G, G +q (i, D" — Mg) g —

g a a
=s nz
1 G - 0 GWG

8

= Parameters: strong coupling s, quark masses M, = diag(m,,, mq,...) and

theta angle 0 [Belavin et al. “75;’t Hooft 76;Callan et al. *76;Jackiw,Rebbi 76 ]
1
> Topological theta term « G}, G**” < E* - B T
violates P and T, and thus CP -
+
> Most sensitive probe of P and T violation in dﬁu P J
. . . . . C
flavor conserving interactions: electric dipole "
moment of neutron; prediction: ~—7 d?
1 mymy |
d,, ~ Be~6x10"1" 0 ecm T +2
> Experiment: [Baker et al. 06] *
L

dn| <2.9x107%° ecm = 0] < 1077
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Axionic Solution of Strong CP Problem

> Peccei-Quinn (PQ) solution of strong CP problem based on observation
that the vacuum energy in QCD, inferred from chiral effective field
theory, has localised minimum at 6 = 0:

2 2
\/mu + mg + 2mymg cos ¢ [Di Vecchia,Veneziano "80;
My + My Leutwyler,Smilga 92]

&o

€0(0) »mif2 |1 —

1 1
1 1 1 1

—2T -7 0 ™ 2T

[Aguado,Asorey 10]
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Axionic Solution of Strong CP Problem

> Peccei-Quinn (PQ) solution of strong CP problem based on observation
that the vacuum energy in QCD, inferred from chiral effective field
theory, has localised minimum at 6 = 0:

2 2
\/mu + mg + 2mymg cos ¢ [Di Vecchia,Veneziano "80;
My + My Leutwyler,Smilga 92]

€0(0) »mif2 |1 —

> If # were a dynamical field, its vev would be zero

> Add to SM angular field 64(x) = A(x)/fa, respecting a shift symmetry
04(x) — 64(z) + const., broken only by coupling to topological charge,

s a va v
L5 -2 [0+ 0a(x)] GL G

= Can eliminate 6 by shift 0 4(z) — 04 (z) — 0 ; effective potential V (04) = €o(04) pre-
dicts vanishing vev, (64(x)) =0, i.e. P, T, and CP conserved [Peccei,Quinn 77]

= Particle excitation of A: Nambu-Goldstone boson “axion” [Weinberg 78; Wilczek 78]

= Mass 9
Mg fr /Mg ~ 6 meV (10 GeV)

mapa = -
fA My, + My fA
and strength of its interactions with SM controlled by decagl constant /A
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Axionic Solution of Strong CP Problem

> Extend SM by singlet complex scalar field o featuring global U(1)pq
> Symmetry broken by vev, (o) = v, /v/2
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Axionic Solution of Strong CP Problem

> Extend SM by singlet complex scalar field o featuring global U(1)pq

> Symmetry broken by vev, (o) =1v,/vV2 o(x)= \% (Ve + p(z)) @)/ 00

= Excitation of modulus: m, < v, (saxion)

= Excitation of argument: m4 =0
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Axionic Solution of Strong CP Problem

> Extend SM by singlet complex scalar field o featuring global U(1)pq

> Symmetry broken by vev, (o) =1v,/vV2 o(x)= \% (Ve + p(z)) @)/ 00

= Excitation of modulus: m, < v, (saxion)

= Excitation of argument: m4 =0

> Extend particle content further by vector-
. . . . q u d Q Q |o
like quark @ with chiral assignment of PQ 7212 —1/2]-1/2] -1/2
charges (KSVZ) [Kim 79:Shifman,Vainshtein,Zakharov 80]

Lo — [ijqieﬂuj +YyuaH d; € QoQ + yo,,0Qd; h.c.} |

—_
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Axionic Solution of Strong CP Problem

> Extend SM by singlet complex scalar field o featuring global U(1)pq
1 .
> Symmetry broken by vev, (¢) =v,/vV2 o(z) = —= (vs + p(z)) et A @) /vo

V2
= Excitation of modulus: m, < v, (saxion)
= Excitation of argument: m4 =0
> Extend particle content further by vector- G
like quark ¢ with chiral assignment of PQ (0000600000000
charges (KSVZ) [Kim 79:Shifman,Vainshtein,Zakharov 80] Q
> Color triangle anomaly induces low ener- - - - o Y @
gy coupling of A in form of 9 term
as A(T) 0 24 @
LD —— <)GWG“3 fa=vs fomzsoz%wm

8T fa
> @ term can be eliminated by shift; shifted

field has zero vev [Peccei,Quinn 78]

> Particle excitation, axion: [weinberg 79; Wilczek 79]
10! GeV

m4 = 57.0(7) peV
\fa | _
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Saxion as Inflaton

> Take into account non-minimal coupling of Higgs and PQ field to gravity,
2

M
S D —/d4$\/—9 [7 +ég H'H+ &, 0%0| Ry, M2 = M? + &gv? + €,02
= Generated anyway radiatively even if set to zero at some scale [Fairbairn,Hogan,Marsh "14]

> Non-minimal couplings stretch scalar potential in Einstein frame; makes
it convex and asymptotically flat at large field values

¥ 1 >\H 2 >‘a 2 )‘Ha
V(hjp):Q‘l(h’p) [ 1 (h2_v2) _|_I(p2_,ug) 4+ 5 (h2_,U2) (pQ_Ug)
2 2 2 2
Guv = Q@2 (h, p) Gpuv 2 =1 4 S =) + & (p” — v5)
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Saxion as Inflaton

> Take into account non-minimal coupling of Higgs and PQ field to gravity,
2

M
S D —/d4$\/—9 [7 +ég H'H+ &, 0%0| Ry, M2 = M? + &gv? + €,02
= Generated anyway radiatively even if set to zero at some scale [Fairbairn,Hogan,Marsh "14]

> Non-minimal couplings stretch scalar potential in Einstein frame; makes
it convex and asymptotically flat at large field values

> Potential has valleys = attractors for Higgs Inflation (HI), Hidden Scalar

Inflation (HSI) or mixed Higgs Hidden Scalar Inflation (HHSI), depen-
ding on relative signs of ku = Agoéu — Auéo, ko = AHoEo — Aol

| sign(kg) | sign

—~

ko) | Inflation |
HI
HSI
HHSI

I
[ |

05
0.10

10 : h

d T h :
[Ballesteros,Redondo, AR, Tamarit, 1610.01639]
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Saxion as Inflaton

> CMB Observables 0 } I 1 1 1 11 11/ AR MR MR
10-
A = (2.20£0.08) x 1077, 102
ns = 0.967 + 0.004, }8:3
r < 0.07 1073
fit by 107°
~< 1077
£~2x10°VA > 1073 18:2
where 10719
10—11
10—12
§u, for HI, 10-13
E=< &, for HSI, 10-14
50’ for HHSI 10—15 ol Cooud o oo ol o
10-*107%10210°t 1 10 10? 10° 10*
)\H7 fOI‘ HI, 5
A= {¢ Ao, for HSI,
Mo
As (1 B /\GAH) , for HHSI [Ballesteros,Redondo, AR, Tamarit, 1610.01639]
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Saxion as Inflaton

> HI requwes huge non-m|n|ma| 1 e e
coupling of the Higgs:

€1~ 2 x 10°\/ A (~ Mp) ~ 2 x 10* 107

> Perturbative unitarity lost in HI
M - _

Ay ~ 5—; ~ 10" GeV < VY4(hy) ~ 10" GeV < 18_;
-9

= No unitarity problem in HSI/HHSI, 1})910
if Ao, Ao <1071 sincethen &, <1 o1

10—12
10—13

10714
10—15 | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ L L

1041073102107t 1 10 10% 10° 10*

[Ballesteros,Redondo, AR, Tamarit, 1610.01639]
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Saxion as Inflaton

> Both in HSI and HHSI with &, <1,

slow-roll inflation ends at a value of

> Inflaton starts to undergo Hubble-

damped oscillations in a quartic
potential, with Universe expanding
as in a radiation-dominated era
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Saxion as Inflaton

W

> Both in HS| and HHSI with &, <1, |

slow-roll inflation ends at a value of 107!
O(Mp) 107
> Ianflaton starts to undergo Hubble-

damped oscillations in a quartic
potential, with Universe expanding

w.”Hl'llHl!luu,un

|; \“

~ 105 -
as in a radiation-dominated era RS 186
> PQ symmetry restored after infla- I -
tion already in preheating stage 10" E
when PQ field undergoes Hubble 10 E
damped oscillations in quartic 10" =
potential 1071 ‘ ‘ =
10-12‘ﬂ || | I | .

10 102

T

[Ballesteros,Redondo, AR, Tamarit "16]
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Saxion as Inflaton

> Both in HSI and HHSI with &, <

slow-roll inflation ends at a value of
O(Mp)
> Ianflaton starts to undergo Hubble-

damped oscillations in a quartic
potential, with Universe expanding
as in a radiation-dominated era

1012}

1011 |

Tr [GeV]

> PQ symmetry restored after infla-
tion already in preheating stage
when PQ field undergoes Hubble
damped oscillations in quartic
potential 1010}

> Large reheating temperature

= 10'° GeV for mixed PQ scalar/Higgs S
inflation (Ag, < 0) .
> Axion dark radiation: AN ~ .03 [Ballesteros,Redondo, AR, Tamarit " 16]

U ~
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Saxion as Inflaton

> Sharp prediction of r vs n, for fixed pivot scale, e.g. k; = 0.002 Mpc™*

" Quartic inflation

Planck TT +lowP+lensing+ext -
+BK14 |

0.10¢

0.01}

| Higgs/Starobinsky infla

0945 0950 0955 0960 0965 0970 0.975 0.980
Ns [Ballesteros,Redondo, AR, Tamarit "16]
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Saxion as Inflaton

> Sharp prediction of r vs n, for fixed pivot scale, e.g. k;, = 0.002 Mpc™*

Planck TT +lowP+lensing+ext -
" Quartic inflation 1

+BK14
CMB-54 (r=0.01)

0.10F

0.01

| Higgs/Starobinsky infla

0945 0950 0955 0960 0965 0970 0.975 0.980
Ng

[Tamarit]

> Can be probed by next generation CMB experiments (e.g. CMB-54
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Saxion as Inflaton and Axion as Dark Matter

> After PQ SSB, T < TP ~ v, = f4

Post-inflationary PQ symmetry breaking scenario

= Present universe consists of many | e b
causally disconnected patches with T -~
. ey . . ' " i = end of inflation
random initial values of axion field it - Moo R N e

\

PQ symmetry
restoration

. PQ symmetry
"""""" breaking

QCD phase
transition

93 :J

after QCD
phase transition

P B

[Saikawal]
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Saxion as Inflaton and Axion as Dark Matter

> After PQ SSB, T < TP ~ v, = f4

= Present universe consists of many
causally disconnected patches with
random initial values of axion field

V(a)

= |n any of these regions, axion fro-
zen at initial value a

= Later when H(T') ~ ma(T), axion
field starts to oscillate around zero;

behaves like cold dark matter:
[Preskill, Wise,Wilczek 83;

wa =pa/pa =0  Abbott Sikivie 83:
Dine,Fischler 83,....]

= Naive average over patches, igno- V(Cl)
ring inhomogeneities at boundaries

29.7 ,ueV) 1165

ma

QWh? =0.12 <

[Borsanyi et al., Nature "16 [1606.0794]]

a

[Raffelt]
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Saxion as Inflaton and Axion as Dark Matter

After PQ SSB, T < TP ~ v, = fa

= Present universe consists of many
causally disconnected patches with
random initial values of axion field

= |n any of these regions, axion fro-
zen at initial value

= Later when H(T') ~ ma(T), axion
field starts to oscillate around zero;
behaves like cold dark matter:

wa =pa/pa >0

= Naive average over patches, igno-
ring inhomogeneities at boundaries

20 1.165
Q7 h? = 0.12 29.7 peV

mA
= Non-negligible inhomogeneities at
boundaries: cosmic strings and
domain walls [Sikivie "82; Davis "86; Lyth "92]
Axion 100% dark matter, if
my = (26,2 + 3,4) eV [Klaer,Moore *17]
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Dark-Matter Axion Mass in Post-inflationary PQ SB Scen.

> Current experimental bounds:

1070 ¢

—

o
—
—_

ORGAN 4

—

=)
jry
N

HAYSTAC

Axion Coupling IGp,,, | (GeV')
=) =
N »

—

ou
jry
[6)]

Axion Mass m, (eV)

[AR,Rosenberg,Rybka (RPP) "17 ]
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Dark-Matter Axion Mass in Post-inflationary PQ SB Scen.

> Current experimental bounds vs. prediction:

1070 ¢

ORGAN 4

—

o
—
—_

—

=)
jry
N

HAYSTAC

Axion Coupling IGp,,, | (GeV')
=) =
N »

—

ou
jry
[6)]

Axion Mass m, (eV)

[AR,Rosenberg,Rybka (RPP) "17 ]
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Saxion as Inflaton and Axion as Dark Matter

> Projected experimental sensitivities:

v, (GHz]|
1 10 102
3 | | | | I 1 | I I T TT1 I | 1 I I T T 11 I
10 E_lgI T 075 T ? 2||||‘I2'|t|->| T 3|3'|1 3'|14 _E
102 &= —
= 5‘) Dielectric =
o - £ Haloscope —
?~ — —I - —
= > (80 disks =
QDG — O ( ) =
1 X
E— ] —
m Ll [ | l:
10-1 — 1012 1011 109
= Jfa [GeV] =
:l || I | | | 1 111 I 1 1 1 L1 111 I | 1 | 1 I:l'
10—° 105 104
[Caldwell et al. "16 ] mea [eV]

L\
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Saxion as Inflaton and Axion as Dark Matter

> Projected experimental sensitivities vs. prediction:

v, (GHz]|
1 10 102
3 | I | | I 1 | I I T TT1 I | 1 I I T T 11 I
10 E_lgI | 075| TR |1 T |?75||||2||||121€>| T 3|3'|1 3'|14 _E
102 &= —
= ?f) Dielectric =
o - £ Haloscope —
c— — —I - —
= > (80 disks =
Q§ — O ( ) =
1 X
E— ] —
m Ll [ | l:
10-1 — 1012 1011 109
= Jfa [GeV] =
:l || I | | | 1 111 I 1 1 1 L1111 I | 1 | | I:l'
10—° 105 104
[Caldwell et al. "16 ] mea [eV]

L\
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Unifying Inflation, Dark Matter, and Seesaw with PQ Field

> Unify U(1)pq symmetry with lepton symmetry: give also the SM leptons
and the right-handed neutrinos PQ charges (shin 88; Dias et al. 14; Ballesteros et al. 16]

u d L | N E Q Q |o
132 —1/2 | =1/2 | 1/2 | —-1/2 | -1/2| —1/2 | —-1/2 | 1 U(1)pq

LD - [ijq,-eHuj + Yyi;0:H dj + GijLiHTEj@eHNj + %Yija@y QoQ + yg,,0Qd; + h.c.
SM * Axion * See-saw “ Higgs portal inflation

[Ballesteros,Redondo, AR, Tamarit, 1608.05414; 1610.01639]
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Unifying Inflation, Dark Matter, and Seesaw with PQ Field

> Unify U(1)pq symmetry with lepton symmetry: give also the SM leptons
and the right-handed neutrinos PQ charges (shin 88; Dias et al. 14; Ballesteros et al. 16]

u d L | N E Q Q |o
132 —1/2 | =1/2 | 1/2 | —-1/2 | -1/2| —1/2 | —-1/2 | 1 U(1)pq

1 _
LD — [YuijQiEHUj + YdijQiHde + GijLiHTEj@EHNj + Eﬁja@y QoQ + yg,,0Qd; + h.c.

SM * Axion * See-saw “ Higgs portal inflation

[Ballesteros,Redondo, AR, Tamarit, 1608.05414; 1610.01639]

> Field content suffices to solve five pro- - . . .
blems in one stroke:

1. Strong CP problem

Dark matter
Inflation

Neutrino masses and mixing

o &> 0N

Baryogenesis
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Unifying Inflation, Dark Matter, and Seesaw with PQ Field

> Unify U(1)pq symmetry with lepton symmetry: give also the SM leptons
and the right-handed neutrinos PQ charges (shin 88; Dias et al. 14; Ballesteros et al. 16]

u d L | N E Q Q |o
132 —1/2 | =1/2 | 1/2 | —-1/2 | -1/2| —1/2 | —-1/2 | 1 U(1)pq

1 ~
LD —|YyqieHu; + Yy;:H'dj + Gy LiH'E; + F;; Lie HN; + 5 YisoNiN; +yQoQ + yq,;0Qd; + h.c.

SM * Axion * See-saw " Higgs portal inflation

[Ballesteros,Redondo, AR, Tamarit, 1608.05414; 1610.01639]

SEE-SAW

> Field content suffices to solve five pro-
blems in one stroke:

1. Strong CP problem

2. Dark matter

3. Inflation

4. Neutrino masses and mixing e — 0.046V (10” GeV) (—F Y‘i FT)
Y ' Vo 10—

5
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Unifying Inflation, Dark Matter, and Seesaw with PQ Field

> Unify U(1)pq symmetry with lepton symmetry: give also the SM leptons
and the right-handed neutrinos PQ charges (shin 88; Dias et al. 14; Ballesteros et al. 16]

u d L | N E Q Q |o
132 —1/2 | =1/2 | 1/2 | —-1/2 | -1/2| —1/2 | —-1/2 | 1 U(1)pq

LD —|YyqieHu; + Yy;:H'dj + Gy LiH'E; + F;; Lie HN; + %Y;jaNiNj +yQoQ + yo,,0Qd; + h.c.
SM * Axion * See-saw " Higgs portal inflation

[Ballesteros,Redondo, AR, Tamarit, 1608.05414; 1610.01639]

> Field content suffices to solve five pro-
blems in one stroke:

1. Strong CP problem

SL
5L 172

i

d, —»—{Sphaleront—«— b,
1 J

/// &\\ N

Uy, J Yy

Ve

1 10°
. Baryogenesis 0T 07 100 00 1071
m; ineV ‘\./
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Unifying Inflation, Dark Matter, and Seesaw with PQ Field

> Complete and consistent history of the universe from inflation to now

T(GeV]
1010108 1.5 0.15
 Inflation ¢*dom. radiation domination ~~ MD A]
20 -— —- 20
- L PQ — breaking i
IO B i
Q‘ - -
= [ §
10— — 10
;5 C o0 i
Su k= axion — DM -
— - 45 -
< T < iy
i = -
C & i
o —o
. S k=005Mpc™* N -
i 77777777 k=H, - N v i
/ reheating .
L1 1 1 1 1.1 I L1t 1 1 1 11°.1 I L 1 1 1 11°.1 I it 1 1 1 11°.1 I | I T N N I T N N | I it 1 1 1 11°.1 I I-
-50 —-40 -30 -20 -10 0
loga
[Ballesteros,Redondo, AR, Tamarit, 1610.01639] )
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Towards a GUT SMASH

> In non-SUSY SO(10), gauge

45 210

least one intermediate scale;
often discussed SSB chain:

U2), ® SU(2)r

\15 210

| SU(3)c ®SU2), @ SU2)p @ U(1)p_y,

45 210 145 210

SUB)® Ull)x

16 126

coupling unification needs at \
/
Ul

®SU(2)
MU 210 SU(4)c ® SU(2).

50(10) SU(4)c x SU(2)1, x SU(2)n
SUBB)c x SU(2)p, x U(1)y SUG)

Mz=01 5 (3) e % U (1) em

16 126

Mp1,—126
BL H

SUB)c®SUR), @ Ul)r® Ull)s-1,
16 126 l
16 126

SUB)c@SUR)L®U1)y <

45 54 210 144

l 10 16 120 126 144 210

SUB)e ® Ult)g [Di Luzio “11]
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Towards a GUT SMASH

> In non-SUSY SO(10), gauge
coupling unification needs at g
least one intermediate scale;
often discussed SSB chain:

SO(10) M= SU (4) e x SU(2)1, x SU(2) A
MeL=l201 6717 (3) o x SU(2)1 x U(1)y

M0 50 (3)0 X U(1) em A
30

0t

1(f 10’ 10" 0%

—— y[GeV

[Ernst,AR, Tamarit in prep.]
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Towards a GUT SMASH

> |In non-SUSY SO(']O), gauge | SO(10) | 4¢2.2R | 4¢201r | 3¢201rlB_1 | 3021y | scale |
. .r . 16r | (4,2,1) [ (4,2,0) (3,2,0, %) (3,2,5) =Q| Mz
coupling unification needs at (1,2,0,-1) | (12, 0) =L | My,
least one intermediate scale; dra it Ghe g 1 QLY 2o
. . L1 -0 6L -D1BL-2) =u| M
often discussed SSB chain: S R ARy had
S0(10) V=27 SU(4)¢ x SU(2), x SU(2)r = Most general Yukawas:
MBIi>26HSU(3)C X SU(Q)L X U(l)y ,CY = 16p (leOH + ?1010?{ + Y126mﬂ> 16
Mz—10
== "SU3)c x U(L)em > SSB vevs:
. vr, = ((10,3,1)126) vr = ((10,1,3)126) ,
> S0O(10) GUT automatically featu- 0 < 10 ) 196 06
UudE<(17272)ud ’ Vu,d = 1522 >
res: S ’ L
> Fermion masses/mlxmg:
= Neutrino masses and mixing M, = Y100l? + Yi00l® + Yigeul?8
= Baryogenesis via leptogenesis My = Yi0v” + Yi0vy? + Yiagvg®,

M, = Y10020 + Vigvl?" — 3Yi5601%6
Mp = Y1000 + Y1o’vd — 3Y1260.%°
Mpr = Yi26vR,
My, = Y9607 .
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Towards a GUT SMASH

> In non-SUSY SO(10), gauge
coupling unification needs at
least one intermediate scale;

often discussed SSB chain:
MU 210

SO(10)

Mp1,—126 g
e
Mz=01 5 (3) e % U (1) em

> S0O(10) GUT automatically featu-
res:

= Neutrino masses and mixing

= Baryogenesis via leptogenesis

[Bajc et al. 06;
> PQ extension adds Aitarelii,Meloni 13:
Babu,Khan 15]

= Predictivity of fermion masses/mixing
= Solution of strong CP problem

= Axion dark matter

Andreas Ringwald | Unifying Inflation with Axion, Dark Matter, Baryogenesis, and Seesaw, Seminar, MPIK HD, D, 13 November 2017 | Page 40

> PQ symmetry imposed:
16 — 16F€ia,
10y — 10ge 2,

1265 — WGHG_%Q

SU4)e x SU((2), x SU((2)r = Most general Yukawas:
SU(3)C X SU(Q)L X U(l)y

Ly = 16F (Y1010H + Ymg;ﬁ[{) 16 4+ h.c.

> SSB vevs:
L = < m,3, 1)126> ? VR = <(107 173)126> )
vl =((1,2,2)10) 0l =((15,2,2)12)

> Fermion masses/mixing'
M, = Yiov,) + Yi260,°°
Mg = Yiovg” + Yisgvg™
M. = Yiovg" — 3Y126v4°° ,

10 126
Mp = Yiov,” — 3Y126v," ",
Mpr = Yi26VR ,

ML = Y126UL .



Towards a GUT SMASH

> Various SO(10) x U(1)pg models: 16F | 126y | 104 | 210p | 455 | S | 10p
[Ernst, AR, Tamarit in prep.] Model 1 1 —2 —2 4 A S
Model 2.1 1 —2 —2 0 4 - =

Model 2.2 1 —2 —2 0 4 —| =2

Model 3.1 | 1 —2 -2 0 — 14| —

Model 3.2 1 —2 —2 0 — 4 | =2

> Axion predictions, taking into account constraints from unification, pro-
ton decay, seesaw scale, stellar cooling, superradiance of black holes:

maleV]
1071 10710 1079 1078 1077 1076 107° 1074 1073 1072 107!

I

10° GeV <«
SO(10) x U(1)pq predictions oV < Bl

Model 1, Npw = 3

Model 2.1, NDW =3

Model 2.2, Npw = 1

. Model 3.1, NDW =3

Model 3.2, Npw =1

Axion dark matter predictions for different PQ breaking scenarios

_ ot pre-nflationary
overclosure - subdominant post-inflationary, Npw = 1

overclosure subdominant post-inflationary, Npw = 3

10% 10" 106 10% 10 10% 10" 10" 10 10° 108 107
fA[GCV]
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Axion Dark Matter Direct Detection Experiments

> Upcoming generation of axion dark matter direct detection experiments
can probe entire mass range:

JalGeV]
10'® 107”7 10’ 10" 10" 10" 10'? 10" 10" 10° 108

tuned

. tuned
pre—lnf. 6; - 0 dominant / subdominant 6 > 7T subdominant
post—inf. (Npw = 1) overclosure (u:CO:_tiZ;T;?) subdominant
post—inf. (Npw = 6) overclosure dominant / subdominant
[Saikawa *17] ~ 10™® 10™®> 10™* 107® 102 10" 1 10 102 10°® 10* 10°
mqlueV]
CASPEr ABRACADABRA ADMX MADMAX BRASS

KLASH HAYSTAC ORPHEUS

7 ) CULTASK ORGAN
SQUID rrx |Bm ' QUAX
pickup ’f ’f f I 0 O O
A e




> Remarkably simple extension of SM involving just one new dimension-
ful scale provides solution of five fundamental problems

1. Neutrino oscillations
2. Baryon asymmetry . . .
3. Dark matter . ________
4. Inflation m E] E @ u
5. Non-observation of strong CP violation B
£ = Lun + L5 AREE
_[]\g2 é'HHTH+£G|O'|2:| m

+ 02\ ” + v? 5 V2
v (-2 o (s 2 (1o %)

02\’ =
— Ao <|0'|2 — ?> — [yoQQ + deiUQdi + c.c]

1
—[FzJLZGHNJ + 51/;;jO'NiNj =+ C.C.]



Summary

> Firm predictions in reach of upcoming experiments:

v, (GHz]|
1 10 102
3 | I | | I 1 | I I T TT1 I | 1 I I T T 11 I
10 E_lgI | 075| TR |1 T |?75||||2||||121€>| T 3|3'|1 3'|14 _E
102 &= —
= ?f) Dielectric =
o - £ Haloscope —
c— — —I - —
= > (80 disks =
Q§ — O ( ) =
1 X
E— ] —
m Ll [ | l:
10-1 — 1012 1011 109
= Jfa [GeV] =
:l || I | | | 1 111 I 1 1 1 L1111 I | 1 | | I:l'
10—° 105 104
[Caldwell et al. "16 ] mea [eV]

L\
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Summary

> Firm predictions in reach of upcoming experiments:

i Planck TT +lowP+lensing+ext -
: Quartic inflation +BK14 |

CMB-5S4 (r=0.01)

0.10

001} &=1 -

| Higgs/Starobinsky infla

0945 0950 0955 0960 0.965 0970 0.975 0.980

nS
[Ballesteros,Redondo, AR, Tamarit "16]
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> Variants of SMASH

= Embedding into non-supersymmetric SO(10) in progress

= Other variants of see-saw mechanism?

= Relaxation mechanism to solve naturalness problems (hierarchy problem, cosmological
constant problem) inherent to SMASH?

> Ultraviolet completion of SMASH including quantum gravity?

= Embedding in string theory?
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Back Up: Axion/ALP bounds from BH superradiance

> If ALP Compton wavelength of
order black hole size:

= Bound states around BH nucleus
formed

gravitons axions

= Occupation nhumbers grow
exponentially by extracting rotational
energy and angular momentum from
the ergosphere

8 Formmg rOtatm_g .BOSG-EII:lSt.eIn FIG. 1 (color online). Axionic Black Hole Atom: The spinning
condensate emitting gravitational black hole “feeds” superradiant states forming an axion Bose-
waves Einstein condensate. The resulting bosonic atom will emit grav-

itons through axion transitions between levels and annihilations
= For BH |ighter than 1077 solar and will emit axions as a consequence of self-interactions in the
masses, accretion can not replenish ~ 2xion field.
spin

[Arvanitaki,Dimopoulos,Dubovsky,Kaloper,March-

> Existence of bosonic WISPs Russell 10]

leads to gaps in mass vs. spin
plots of rapidly rotating BHs
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Back Up: Axion/ALP bounds from BH superradiance

= If ALP Compton wavelength of > Stellar BH spin measurements
order black hole size: exclude
= Bound states around BH nucleus 6x10713eV <my < 2x10"HeV
formed 60
20 exclusion 1: M33 X-7
= Occupation numbers grow o ggﬁfﬁz?%:: R~
exponentially by extracting rotational S -1 ' ’ >
energy and angular momentum from E 6 105
the ergosphere g e =
~18 Q
= Forming rotating Bose-Einstein e
condensate emitting gravitational IS cu T
waves el
_ [Arvanitaki et al. 14]
= For BH lighter than 10”7 solar . ., , | , i
masses, accretion can not replenish -14f 17 exelosion 2368110
spin _ 18 Sy o 0%
) , = 18} 2 s E,
> Existence of bosonic WISPs S ol 5
leads to gaps in mass vs. spin " ) g 3
plots of rapidly rotating BHs - -y
-19 -18 -17 -16 -15 -14
Log[ua/eV] >
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Back Up: DM Axion Mass in Post-Infl. PQ SB Scenario

> In N = 1 post-inflationary PQ breaking scenario:

> Exploiting results from field theoretic lattice simulations, updated to latest
determination of topological susceptibility, and artificially separating
Qfa(l)t _ jSlr + ering—kwal]

find 1.165 [Hiramatsu etal. 11,12,13;

-9 fA Kawasaki,Saikawa,Segikuchi 15;
QA toth ~ 1. 6+O 7 x 10 X ( 10 ) Borsanyi et al. 16;
10 Gev Ballesteros et al. 16]

CDM explained for
m 4 ~ (50-200) peV

> Large uncertainty to account for errors due to extrapolation of string ten-
sion Ty, = wfik, wWith k = In(y/2\, fa/H), from the values affordable in
the simulations, k < to physical values, « € [48,67]

> New simulation method allows to simulate at physical string tension
[Klaer,Moore "17]
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Back Up: DM Axion Mass in Post-Infl. PQ SB Scenario

> For k> 1, string's interactions with the L= Lne+ Las + Lxr

long range PQ field (x f%) become o T
less important relative to string Lne = ’”fA/d"\/y (@)(1 = 9*(0)),

evolution under tension (< f3x) Las = f3 / d>z 8,000,
> For x> 1, string behavior should Lan = /d3:1; At
approach that of infinitely thin, i.e. local

Hyvo = fa€uasd’0 = 0, A4 + cyclic,

Nambu-Goto strings [Klaer,Moore *17]
jr = _ZWfA/dU (vy" —v"y"") °(x — y(0),]
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Back Up: DM Axion Mass in Post-Infl. PQ SB Scenario

> For k> 1, string's interactions with the L= Lne+ Las + Lxr

long range PQ field (x f%) become o T
less important relative to string Lne = mfA/d"\/y (@)(1 = 9*(0)),

evolution under tension (< f3x) Las = f3 / d>z 8,000,
> For > 1, string behavior should Lxn = /d3x At
approach that of infinitely thin, i.e. local Hyve = Facuresd0 = 0, Ay + cyclic,

Nambu-Goto strings [Klaer,Moore *17]
g = 2nfa [ do (0"~ 0y - ylo)

> New method: exploit UV extension of
PQ field theory, with additional comp-

lex scalar and additional local U(1)

symmetry,
1 » _ 2 . 2
—L(p1,02,Ay) = 1oz Fuw v B ’(@L—ZCHAM)%‘ +’(3M—ZCI2A;L)902‘
m3 2 m?2 2 Ao
o orie =) B arsea— )+ 32 i f) i )
‘*‘81}%(901901 U1 +81}§ Pop2 — V3 ) + 5 PIP1 — V] P32 — U3
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Back Up: DM Axion Mass in Post-Infl. PQ SB Scenario

ey . . Effect of y(T) steepness
> Exploiting lattice results on topological Effect of X(T) steepness

susceptibility of [Borsanyi etal. 16]; °r 3

._.
[}
T
|

ma = 26.2 + 3.4 ueV

[Klaer,Moore "17]

Efficiency nax/nmisangn
|
|

> Axion production efficiency smaller o -
than angle-average of ““realignment" a0
mechanism N
0 2 4 6 8
1.165 x—steepness n (xyxT™)
erhQ _ 0 12 (297 /LGV) Axion Production vs String Tension
A — . -~ -
mA _ 0.7:— (2,.90): % ]
= Simple sum gﬁ °-"5;‘ } (5.4)
Qtot . vr Qstring—i—wall CF I i
A T FFA + A > 06 (4.3) ]
double counts § _ }
E 086 - (3.2) mt,= ma=1.
= Energy in domain walls is the energy of field = [ { k,:;f;’f mtmnl:%o _
misalignment, from values g ~, sl @y o, 10867box [LTSIR

0 20 40 60 80 100

[Klaer,Moore "17] r© (string tension)
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