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Axionic Solution of Strong CP Puzzle

« Add to SM Nambu-Goldstone field, 0(x) = A(x)/fa € |—m, 7], respecting a non-linearly realized U (1)pq
symmetry (6(z) — 6(x) + const.), broken by coupling to gluonic topological charge density: [Peccei,Quinn 77]

LS —0(x)q(x); qlz)= g—w Gt (x)GPH (x)
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Axionic Solution of Strong CP Puzzle

« Add to SM Nambu-Goldstone field, 0(x) = A(x)/fa € |—m, 7], respecting a non-linearly realized U (1)pq
symmetry (6(z) — 6(x) + const.), broken by coupling to gluonic topological charge density: [Peccei,Quinn 77]

LS —0(x)q(x); qlz)= g—w Gt (x)GPH (x)

« Can eliminate QCD §-parameter

g — ~b. Ly
LD - [0+ 6(2)] GY, G

by shift 6(z) — 0(z) — 0
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Axionic Solution of Strong CP Puzzle

« Add to SM Nambu-Goldstone field, 0(x) = A(x)/fa € |—m, 7], respecting a non-linearly realized U (1)pq
symmetry (6(z) — 6(x) + const.), broken by coupling to gluonic topological charge density: [Peccei,Quinn 77]

LS —0(x)q(x); qlz)= g—w Gt (x)GPH (x)

« Can eliminate QCD §-parameter

g — ~b. Ly
LD - [0+ 6(2)] GY, G

by shift 6(z) — 0(z) — 0

* Effective potential at energies below Aqcp has absolute minimum at ¢ = 0 and thus predicts vanishing veyv, (§(z)) = 0

No strong CP violation in vacuum [Vafa,Witten 84]
o
2 2 2 0
V(0) = 3 (mu + ma) (1_\/mu—|—md—|— My Mg COS )
My + My
¥ = —(uu) = —(dd) [Di Vecchia,Veneziano "80;
0 Leutwyler,Smilga 92]

L27r I—7r 0 I7T '27r
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Axionic Solution of Strong CP Puzzle

Add to SM Nambu-Goldstone field, §(z) = A(x)/fa € |—m, 7], respecting a non-linearly realized U(1)pq
symmetry (6(z) — 6(x) + const.), broken by coupling to gluonic topological charge density: [Peccei,Quinn 77]

LS —0(x)q(x); qlz)= ;“—W Gt (x)GPH (x)

Can eliminate QCD §-parameter

g — ~b. Ly
LD - [0+ 6(2)] GY, G

by shift 6(z) — 0(z) — 0

Effective potential at energies below Aqcp has absolute minimum at 6 = 0 and thus predicts vanishing vev, (9(z)) = 0
No strong CP violation in vacuum [Vafa,Witten 84]

Particle excitation: pseudo Nambu-Goldstone boson “axion” [Weinberg 78; Wilczek 78]
Topological susceptibility in QCD, x = /d4$<Q($)q(0)>, determines mass in units of decay constant: m4 = \/x/fa
Recent precise determination (ChPT; lattice QCD):

1011 GeV) LoV [Grilli di Cortona et al. "16;

mag = 57.0(7) ( fA Borsanyi et al. "16]
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Peccei-Quinn Extension of Standard Model

UV completions yielding axion

« Asinglet complex scalar field o, featuring a global U(1)pq
symmetry, is added to SM

»  Symmetry is broken by vev (|o|?) = v},/2
! iA(@)/vrq

o(x) = 75 (veq + pla)) o

 Excitation of modulus: m, ~ VpQ
 Excitation of phase: NGB m4 =0

[Raffelt]
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Peccei-Quinn Extension of Standard Model

« Asinglet complex scalar field o, featuring a global U(1)pq
symmetry, is added to SM

- Symmetry is broken by vev (|o|?) = v} /2

1 A
o(z) = —= (vpq + p(z)) et @)/vra
(@) = —5 (vpq + p(x) |
- Excitation of modulus: m, ~ VpQ

 Excitation of phase: NGB m4 =0

« Colored fermions (SM or extra) carry PQ charges such
that U (1)pq is broken due to gluonic triangle anomaly:

Oudliy. D — SN GY G

HYU(1)pq 37
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Peccei-Quinn Extension of Standard Model

« Asinglet complex scalar field o, featuring a global U(1)pq
symmetry, is added to SM

- Symmetry is broken by vev (|o|?) = v} /2

1 1A(x) /v
0-(33> — ﬁ (UPQ —I-,O(CU))G (@)/vrq - s
- Excitation of modulus: m, ~ VpQ

 Excitation of phase: NGB m4 =0

« Colored fermions (SM or extra) carry PQ charges such

that U (1)pq is broken due to gluonic triangle anomaly:
«

" s b Ab,uv

« Low energy effective field theory at energies below Aqcp
but above v (K vpq): [Peccei,Quinn 77; Weinberg 78; Wilczek 78]

£= _g_;- 0(x) Gy, GO () = A(z)/fa; fa =vpq/N

[Kim 79;Shifman,Vainshtein,Zakharov
80;Zhitnitsky 80;Dine,Fischler,Srednicki 81;...]
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Saxion/Higgs Inflation

Exploiting modulus of PQ field or mixture of it with Higgs modulus to solve horizon and flatness puzzle

« Take into account non-minimal coupling of Higgs and PQ field to gravity, [Fairbairn,Hogan,Marsh *14]
M2
55 [ ey [7 F e HUH + 600 Ry M3 = M2+ £q0® + €£,0

» Generated anyway radiatively even if set to zero at some scale

DESY. Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018 Page 9



Saxion/Higgs Inflation

« Take into account non-minimal coupling of Higgs and PQ field to gravity, [Fairbairn,Hogan,Marsh “14]
M2
S D —/d433\/—9 [7 +éa H'H + & 00| Ry Mp = M? + Egv® + &0

» Generated anyway radiatively even if set to zero at some scale

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

¥ 1 )\H 2 )\J 2 )\HO'
Vo) = i [ A (2 0?)? 20 (2 a2)? g M (02 0?) (02 - 02)
Guv = 2 (h, p) Gy Q2 — 1 4 Salh” = v) + & (p” — v5)

M
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Saxion/Higgs Inflation

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

SD—/d4x\/——g [M

2

2

+€HHTH+£JU*U R;

» Generated anyway radiatively even if set to zero at some scale

[Fairbairn,Hogan,Marsh "14]

M2 = M? + égv? + E,02

« 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), Saxion Inflation (SI) or mixed Saxion/Higgs Inflation

(SHI), depending on relative signs of kg = A&y — A\gé&s,

-0.10

0.10 h

0.5

h
[Ballesteros,Redondo, AR, Tamarit, 1610.01639]
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sign(kp) | sign(k,) | Inflation
+ — HI
— + SI
— — SHI

Page 11




Saxion/Higgs Inflation

* CharaCterIStICS Of prlmordlal denSIty f|UCtuatlonS 1 FTTII T T 1T T T I FTIE T T T TTT T 1T
inferred from CMB temperature fluctuations 10‘;
Ay = (2.20£0.08) x 1079, 18:3
r < 0.07 107
107°
fitby &~2x10°vVA>1073 10-7
~ _
where EmH, for HI %8_2
6 — 50-, fOl‘ SI 10_10 ; é
fa, for SHI 10_11 = =
)\H, for HI 10—12 E 3
A = )\07 for SI 10—13 % é
_ e 107145 -
>\J (1 AGPiH) ? for SHI 10—15 | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ | Hﬁ
- HI has unitarity problem 1074107310210~ 1 10 10% 10 10*
« Sl and SHI have no unitarity problem if ..\, < 107! 5

[Ballesteros,Redondo, AR, Tamarit, 1610.01639]
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Saxion/Higgs Inflation

« Stability up to Planck scale?

SM-singlet scalar g helps to stabilize scalar potential in
Higgs direction through threshold effect associated with
Higgs portal

 When P integrated out, Higgs portal gives negative
contribution to Higgs quartic,

Ar(mn) = g — Mo /Ao |

« At energies above ", true (and larger!) value of Ax
is revealed by integrating £ in

p=mp,

of
H=mHh

Stability up to Planck scale ensured if 0 = A%IJ/)\
exceeds a minimum value dependent on top mass

DESY. Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018

5min

5min

10!

1072

1073

10~%

107

-
~
=

107!

1072

103

10~

107>

-
~
-

/lHa>O

E —= 107!
= =107
= 51077
= = 107*
L 1 L L L L 1 L L L L 1 L L -5
172 173 174 17510
my [GeV]
/1H0<0
E —— g1
= — 107!
= —= 1072
= 51077
= = 10—
n 1 n n L L 1 L L L L 1 L -5
172 173 174 17%0

[Ballesteros,Redondo, AR, Tamarit, 1610.01639]
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Saxion/Higgs Inflation

Modulus of PQ field or mixture with Higgs modulus as inflaton

« Bothin Sl and SHI with ¢, < 1, slow-roll infla-
tion ends at a value of p ~ O(Mp)

« Inflaton starts to undergo Hubble-damped oscil-
lations in a quasi-quartic potential, with Universe
expanding as in a radiation-dominated era

10 0.3 n

[Ballesteros,Redondo, AR, Tamarit, 1610.01639]
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Saxion/Higgs Inflation

« Bothin Sl and SHI with ¢, < 1, slow-roll infla-
tion ends at a value of p ~ O(Mp)

« Inflaton starts to undergo Hubble-damped oscil-
lations in a quasi-quartic potential, with Universe
expanding as in a radiation-dominated era

e For fa <10 GeV, PQ symmetry restored after
few oscillations

ot I mmmg|m|i|:|umwms;4r.;.wrm:*r*é
=

g1 107 ilh
~ 10° A

J'“ ‘ch‘v‘c‘t"hh'nMﬂm u'uh"u‘n!,m. e

W

i

[Ballesteros,Redondo ARTm rit, 1610.01639]
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Saxion/Higgs Inflation o= —

1011

=

« Bothin Sl and SHI with ¢, < 1, slow-roll infla-
tion ends at a value of p ~ O(Mp) k.

« Inflaton starts to undergo Hubble-damped oscil-
lations in a quasi-quartic potential, with Universe
expanding as in a radiation-dominated era

e For fa <10'° GeV, PQ symmetry restored after
few oscillations

1012}

« Sl: Large induced particle masses quench infla-
ton decays or annihilations into SM particles

Tr ~ 107 Gerll)\%%gl/g ANET ~ (83011 /M10) /O

1011 L

Tr [GeV]

«  SHI: Higgs component of inflaton allows for
production of SM gauge bosons 100}

4/3
Tr ~ 101° GeV AN ~ 0.0268 (L{ﬁc)
g*S(TA )

102 103 104 10°

T
[Ballesteros,Redondo, AR, Tamarit, 1610.01639]
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Saxion/Higgs Inflation

« Expansion and thermal history of universe predicted

T[GeV]
100108 15 0.15
[ Inflation  ¢'dom. radiation domination ~~ MD A]
ol PQ — restored i P
B reheating .
= L PQ — breaking ]
. F ]
Q( - -
= [ ]
10— -0
X B i
-] | 20 i
%0 = = axion — DM i
= I § QCDpt ;
= 'Q -
N : :
— L Q -
o —o
- -~ k= 2]
/ reheating |
L1 1 1 1.1 1 I L1 11 L1 1 11 I L1 1 11 L1 11 I 1 L1 1 1 1.1 L1 I L1 L1 1 1 11 1 I L1 11 L1 1 11 I I-
~50 —40 ~30 ~20 ~10 0
log a

Number of e-folds N (k) from the time a given comoving scale & leaves horizon until end of inflation predicted

[Ballesteros,Redondo, AR, Tamarit, 1610.01639]
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Saxion/Higgs Inflation
Modulus of PQ field or mixture with Higgs

Sharp prediction of " vs n:

modulus as inflaton

" Quartic inflation

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

0.10

0.01

| Higgs/Starobinsky infla

0.945 0.950 0.955

0.960 0.965
Ng

£ 0.980

0.970 0.975

[Ballesteros,Redondo, AR, Tamarit, 1610.01639]
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Saxion/Higgs Inflation

Modulus of PQ field or mixture with Higgs modulus as inflaton

« Sharp prediction of 7 vs n, can be probed by upcoming CMB experiments (e.g. CMB-S4):

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

CMB-S4 (r=0.01)

0.10

0-01 __

| Higgs/Starobinsky infla

0945 0950 0955 00960 0.965 0.970 00975 0.980
nS

[Ballesteros,Redondo, AR, Tamarit, 1610.01639]
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Axion Dark Matter

1.5
ngn 1
« PQ phase transition takes place at
= 05
T <TP? ~wvpq = Nfa

[ [l ngn [ o

« Axion takes random initial values in causally
connected domains 0.5
« Later when H(T') ~ m4(T), axion field starts 10
to oscillate around minimum of potential; be- 10_11
haves like cold dark matter: wa = pa/pa ~ 0 102
-3
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....] 134
10°
10°
107
10°
107
1070
10"
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IIIIIIIIIIIIlIIII|IIIIIIIII

m, < 3H

axion is frozen

k

IIIII|IIII|lIII|IIII|IIII|IIII|IIII|I

axion number NN,
is conserved

m, ~ 3H

axion starts rolling,
turns into pressureless matter.

—my/ mg
| | 1 | —3H/m]
0 0.5 1 1.5 2 2.5
1/T (Gev™)

[Wantz,Shellard "09]

x10'2
25

20

15
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Axion Dark Matter o ' g :
O} \—\K 9,(NVg, (N — |
07T . . . 9,(N/g(1) — 1
110 |
- PQ phase transition takes place at ol
T <TFQ ~vpg = Nfa ~ 70|
« Axion takes random initial values in causally S0r
connected domains 30
» Laterwhen H(T) ~ m(T), axion field starts e ppw s 108 0° -
to oscillate around minimum of potential; be- T MeV)

) [Borsanyi et al., Nature 16 [1606.0794]]
haves like cold dark matter: w4 = pa/pa ~ 0

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

« QCD input from lattice:

 Equation of state = H(T)
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Axion Dark Matter o ' - _
O} \’\K 9,(NVg, (N — |
07T . . . 9,(N/g(1) — 1
110 |
- PQ phase transition takes place at ol
T <TFQ ~vpg = Nfa ~ 70|
« Axion takes random initial values in causally S0r
connected domains 30
» Laterwhen H(T) ~ m(T), axion field starts 00 pp s 107 - o
to oscillate around minimum of potential; be- T MeV)

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

haves like cold dark matter: wa = pa/pa ~ 0 102

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

« QCD input from lattice:

lfm)

 Equation of state = H(T)
* Topological susceptibility = m 4 (T')
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Axion Dark Matter

« Averaging over random initial axion field values

(VR) fA 1.165
OV h? = (3.840.6) x 1072 | 4 —
0 (3.8£0.6) x 10 (1010Ge\/)

« Does not exceed observed CDM abundance for
ma > 28(2) ueV

« Axions also produced by collapse of network of
topological defects — strings and domain-walls —

* Need field theoretic simulations to determine their
contribution to dark matter
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Axion Dark Matter

« For N =1, exploiting results from field theoretic lattice simulations, updated to latest determination of

topological susceptibility, find CDM explained for [Hiramatsu et al. 11,12,13;
Kawasaki,Saikawa,Segikuchi 15;
fA ~ (38 . 99) < 1010 GeV N ma ~ (58 _ 150) ,LLGV Borsanyi et al. 16;

Ballesteros et al. 16]

 Still large unknown theoretical error because simulations can be done only at unrealistic values of the string tension
» Result from new simulation technique designed to work directly at high string tension: [Klaer,Moore *17]

ma = (26.2 + 3.4) ueV
» Further simulations by other groups are under way to clarify the issue
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Axion Dark Matter

« For N =1, exploiting results from field theoretic lattice simulations, updated to latest determination of

topological susceptibility, find CDM explained for [Hiramatsu et al. 11,12,13;
Kawasaki,Saikawa,Segikuchi 15;
fa~(3.8-9.9)x10"°GeV & my =~ (58— 150) ueV Borsanyi et al. 16;

Ballesteros et al. 16]

 Still large unknown theoretical error because simulations can be done only at unrealistic values of the string tension
* Result from new simulation technique designed to work directly at high string tension: [Klaer,Moore *17]
ma = (26.2 + 3.4) ueV

» Further simulations by other groups are under way to clarify the issue

« For N > 1, domain wall problem can be avoided if PQ symmetry explicitely broken, e.g. by Planck
suppressed operators, £ > gM¢ (o/Mp)" +h.c., for A =910,

4.4 x 107 (1.3 x 10%) GeV < f4 <1 x 101 GeV < 0.56meV < my < 130 (4.5) meV

[Kawasaki,Saikawa,Sekiguchi "15;
AR,Saikawa "16]
» May postulate discrete symmetry to forbid lower dimensional operators e.g. [Dias et al. "14]

« ADFSZ axion (N = 6) in this mass range explains excessive stellar energy losses [Giannotti, Irastorza,Redondo, AR, Saikawa' 17]
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Axion Dark Matter

Predictions of post-inflationary PQ SB scenarios
HAYSTAC

« Mass range will be probed in near future: CAPP

Preinflation models Postinflation models ALP miracle i
Npw =1 Npw > 1 : : ORGAN |
Anthropic window ] I
- [ I 0000
I L1 IIIIIII Ll IIIllII 11 lllllll 1l IIIIIlI 11 IIllllI 11 llllul 1l IlIIIlI 11 IlIIlII 11 lllllll
107° 108 1077 1076 1075 1074 1073 102 107! 1
Q 103 E LI ) IIIIIII LI IIIIIII LRSI I!I “ T Inl. T
-3 — H ‘. *s.
O THEErtrttrtte,
< F | . ]
: z | MADMAX
: &
K L =
' E é Mirror ) ) Diel_ectri; Dis_ks ) Receiver
10 5
<
OAT
AT
1 E AD:MX MADMA
E Axion models
SN IAXO
10_1 L1 IIII\I\I Ll II’NII L i llld L1 IIIIIlI L1 IIIIlII 11 lIIIM Ll IIIIIII Ll llIllII L L Llll
10~ 1078 1077 10-6 1075 104 1073 1072 107! 1

[Irastorza,Redondo "18]
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Unifying Inflation, Dark Matter, and Seesaw with PQ Field

One SM*A*S*H to rule them all ...

- Extension of SM to PQSM plus three SM singlet SM*Axion*Seesaw*Higgs Portal Inflation
neutrinos, getting their Majorana masses also through

PQvev v, = N fa
no strong CP problem
« dark matter
inflation
neutrino masses and mixing
baryogenesis via leptogenesis

[Dias et al. "14; Ballesteros et al. "16]
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Unifying Inflation, Dark Matter, and Seesaw with PQ Field

One SM*A*S*H to rule them all ...

« Extension of SM to PQSM plus three SM singlet
neutrinos, getting their Majorana masses also through
PQvev v, = Nfa

* no strong CP problem

* dark matter
« inflation /

* neutrino masses and mixing

REHEATING
PQ TRANSITION
LEPTOGENESIS

RECOMBINATION

* baryogenesis via leptogenesis
[Dias et al. "14; Ballesteros et al. "16]

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

INFLATION MATTER

[desy.de]

DESY. Saxion/Higgs Inflation and Axion Dark Matter| Andreas Ringwald, Planck 2018, Bonn, Germany, 21-25 May 2018 Page 28



Summary

« PQ extensions of SM very attractive:

» Axion solves strong CP puzzle
» Axion is dark matter candidate (for f4 > 10> GeV < my4 < 60meV)
- Saxion/Higgs is inflaton candidate (for 1 > ¢, ~ 2 x 10°\/\, > 1073)
« PQSM with saxion/Higgs inflation very predictive and thus experimentally testable in near future:

- CMB observatories: 7 = 0.004; AN’ = 0.03

» Axion dark matter experiments: ma 2> 30 peV

STAY TUNED!
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Back-Up: Topological Susceptibility

« Topological susceptibility notoriously difficult to calculate on lattice

1. Large cutoff effects when exploiting action with non-chiral quarks to calculate topo-logical observables
2. Tiny topological susceptibility needs extremely long simulation threads to observe enough changes of topological
sectors
« Solutions of these problems: [Borsanyi et al. *16]
1. Eigenvalue reweighting technique: Substitute topology related eigenvalues of non-chiral quark Dirac operator with
its corresponding eigenvalues in continuum

2. Fixed sector integral technique: Measure logarithmic differential of topological sus-ceptibility which is related to
quantities to be measured in fixed topological sectors. Then integrate.
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Back-Up: Topological Susceptibility

« Comparison of lattice spacing dependence of topological susceptibility determined via different methods:

0.4 T T T T T T 10-1 - - - - - - -
ng=2+1+1 T =150 MeV ng=2+1+1 T =300 MeV
o
0.3 | staggered H n .02 | staggered _
____________ o-----®---------@
o
— o — ® standard —#&—
3 standard —=&— < _
E 027 rato —@— { £ 10° f_at;?( .
B reweight —&— S reweig
integral —w»—
01 f ; 10°¢ v
. . 4 T X 1 .
A a a ® a 5
0 I ! ! ! I 1 1 10 I I L I L . I
0 02 04 06 0.8 1 12 14 16 0 02 04 06 038 1 12 14 16
(10/N)? (10/N)?

[Borsanyi et al. "16]

« At high temperatures, brute force (,standard”) method and ratio method suffer from strong cutoff effects
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Back-Up: Topological Susceptibility

« Result: . .
[Borsanyi et al. "16]
g 10
100 (D rrrrrrrrrrrr @ rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
WD
: nf=3+1 9
0% .
o 8
o
IR [ S B b < R S S
=, (@]
= o
10_6 - N N -g 6
10-8 | Stand.ar:d | B I ,,,,,,,,,,,,,,,,,,,, i 5%t : : ;
r?mgégrg} — cont E==m Nt=g —8— NNtTg —a—
10710 DIGA == ; ; 4L DGAE= Be o ‘
100 200 500 1000 2000 300 600 - 1200 2400
T[MeV] (MeV]

« Temperature slope close to dilute instanton gas approximation (DIGA)

« DIGA underestimates topological susceptibility by overall normalization ,K factor” of order ten (should be
improved in two-loop DIGA)
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Back-Up: Topological Susceptibility

1 1T 11 | | | 1T 1T 1T 11 | | |
10 ' — , T
- Lattice: Buchoff et al. 3
D) - Lattice: Bonati etal. -
10 ILM: Wantz, -
B sar gtal. 7
S . . N o~ I A \\ N
10 — T
‘TE 104 B 0.08 g
< i DIGAX 10
x

0.06

1 51 20674 R
160.03145 y, FX

Petreczky et al.

10° F " 1606.03145 mPyge, ‘
1606.07494 B Sorsanyi et al.

-3
0.04 10

0.02 1

_7 0.00F, ) ) ) h
10 | o 015 020 025 0 g
100 200 500 £, Lo ] L d
T[MeV v 1
[MeV] T [GeV]
[Borsanyi " 16] [Ballesteros,Redondo, AR, Tamarit *16]
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Back -Up: DM Axion Mass in Post-Inflationary PQ SB Scenario

For x> 1, strlng s interactions with the long range T =T fA P

PQ field ( & fA) become less important relative to - —In \/ﬁf JH)

string evolution under tension ( ffxﬁ) - o)A
« For g > 1 string behavior should approach that of L=Lnc+ Lgs + LR,

infinitely thin, i.e. local Nambu-Goto strings

infinitely thin, i.e. local Nambu-Goto string ﬁmgzﬁwﬁ?/dm¢y2 ).
« New method: exploit UV extension of PQ field

theory, with additional comp-lex scalar and Las = fi /d?’ﬂf 0,000 ,

additional local U(1) symmetry, (Klaer, Moore *17]

Lxr = / B A it
Hypo = fa€unapd’ = 0, A, + cyclic,
jr = —27TfA/d(7 (v'y"” —v'y'") 6% (x — y(0))
1 ) ‘ 2 . 2
"£(¢17¢2rAﬂ):: Z_ifbvﬁub'+‘(au'_ZQLAﬂ)¢1| +‘M5%'_ZQ2AM)¢2‘
m? 2 A192

L ™M (9 _22+m22 _2_|__2 _ 9 2
82 P11 — V] 8v2 P2 — Vg 5 P1P1 ’Ul P2 — Vg

DESY Page 34



Back-Up: DM Axion Mass in Post- Inflatlona

« Exploiting lattice results on topological
susceptibility of [Borsanyietal. "16]:

ma = 26.2 £ 3.4 ueV

« Axion production efficiency smaller than
angle-average of "‘realignment" mechanism

29.7 ,ueV) 1109

mAa

[Klaer,Moore "17]

QW h* =0.12 <
* Simple sum
Qtot \;lr + Qstrmg—l—wall

double counts

« Energy in domain walls is the energy of field
misalignment, from values 6 ~ 7

DESY
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[Klaer,Moore "17]

PQ SB Scenarlo
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Back-Up: Energy Losses of Stars?

Evolution of stars (Main Sequence — Red-Giant (RG) — Helium Burning (HB) — White Dwarf (WD)) sensitive

DESY

to additional energy losses
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burning ‘ . .
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" 2 2 -9 double shell-
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y red burning core
O helium- giant
- burning
star g [ helium burning
3 1

hydrogen-burning shell
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star core

white dwarf . ‘
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red giant core

inert helium

hydrogen-burning shell
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[Copyright Addison Wesley]
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Back-Up: Energy Losses of Stars?

« Practically every stellar systems seems to be cooling faster than predicted by models

HB EI Ayala et. al. (2014), Straniero (proc. of XI Patras Workshop)
RG | IR Viaux et. al. (2013), Arceo-Daz et. al. (2015)
WDLF (Mg, ~9) I Bertolami (2014)

Corsico et. al., (2014
PG 1351 2015), Battich et. al. (2016)

G117-B15A ; I Kepler et. al., (1991) + many others
R 548 e Corsico et. al., (2012)
L19-2 (113) e corsico et. al., (2016)
L19-2 (192)— Corsico et. al., (2016)
NS I Shternin et. al. (2011)
1 0 1 2 3 |
AL/Lgt

[Giannatti, Irastorza, Redondo, AR “15; Giannotti, Irastorza, Redondo, AR, Saikawa ‘17]
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Back-Up: Energy Losses of Stars?

« Excessive energy losses of HBs, RG, WDs can be explained at one stroke by production of axion/ALP with
coupling to photons and electrons:

— Gay = a’ya/(zﬂ_fa)

WD+RGB+HB 7

Ja,[10710GeV 1]

Gai = aimi/fa

[Giannotti,Irastorza,Redondo,AR,Saikawa 17]
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Back-Up: Energy Losses of Stars?

« Excessive energy losses of HBs, RG, WDs can be explained at one stroke by production of axion/ALP with
coupling to photons and electrons and probed by next generation experiments:
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Back-Up: Energy Losses of Stars?

« Excessive energy losses of HBs, RG, WDs can be explained at one stroke by production of axion with
coupling to photons and electrons, e.g. for DFSZ axion model:

fa [GeV]
100 100 108 107 f, = UP_Q’ tan 8 = Yu
5 AR AL RN I | N LA LN 6] Ud
10 = 1 DFSZ I; WD, RGB, HB -
B N 8 1
i 3 _ <2
Coy ==-—192(4), C,he = —sin
10? | a~y ( ) ae 3

tan

N
N
N
LN
| \\\‘*\\
! N
Lol \ \HHH‘ Ll HHH‘ I ¥ W

1073 1072 107!
mg [eV]

[Giannotti,Irastorza,Redondo,AR,Saikawa 17]
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Unifying Inflation, Dark Matter, and Seesaw with PQ Field

« Extension of SM to PQSM plus three SM singlet
neutrinos, getting their Majorana masses also through
PQvev v, = N fa

* no strong CP problem
« dark matter
 inflation
* neutrino masses and mixing
* baryogenesis via leptogenesis
[Dias et al. "14; Ballesteros et al. "16]

+  SO(10) GUT SMASH?
[Ernst, AR, Tamarit 18 and in prep.]

» Minimal scalar sector predicts GUT-scale decay constant

* Need to extend scalar sector in order to accommodate
smaller decay constant

Minimal SO(10) x U(1)pqg models:

16F | 1265 | 10y | 210y | 455 | S |10p || N

Model 1 1 -2 | =2 4 - =1 =13

Model21| 1 | =2 | =2 ] 0 4 =1 =13

Model22| 1 | -2 | -2 ] 0 4 1-1-211

Model 3.1 | 1 -2 | =2 0 - 141 - |3

Model3.2| 1 | =2 | -2 ] 0 - |41 -2|1
falGeV]

108 107 1016 109 10" 10 102 101 101 10°

108

107

S0(10) X U(1)pq predictions

Axion dark matter predictions for different PQ breaking scenarios

subdominant
subdominant

- subdominant

ABRACADABRA ADMX MADMAX TAXO+

Predicted sensitivities

CASPEr

Model 1, NDW =3
Model 21 NDW =3
Model 2.2, Ny = 1

Model 3, Npw € {1,3}

pre-inflationary
post-inflationary, Npyw = 1

post-inflationary, Npw =3

07 107 1070 107 1077 107 107° 107 107 107
maleV]
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