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Strong CP Puzzle

Theta term in Quantum Chromodynamics

e  Quantum Chromodynamics (QCD); [Gross,Wilczek 73;Politzer 73; Fritzsch,Gell-Mann,Leutwyler 73]

N 1 a a 1%
Sacp = [ e {g(in D" - My q - (65,6}
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Strong CP Puzzle

Theta term in Quantum Chromodynamics

e  Quantum Chromodynamics (QCD) [Belavin et al. 75;t Hooft 76;Callan et al. “76;Jackiw,Rebbi “76 ]

1 g — ~
4 — /- a a, v S a a, v
SqQcp = /d x {q (¢y, D* — My)q — ZG“’”G R — 3 0G,,G"" }
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Strong CP Puzzle

Theta term in Quantum Chromodynamics

e  Quantum Chromodynamics (QCD) [Belavin et al. 75;t Hooft 76;Callan et al. “76;Jackiw,Rebbi “76 ]

1

4 M

Sqcp = / d*z {q(mm — M) q— =G G — éaﬂJgs}

/d% O Jbg = 0,41,42, ...
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Strong CP Puzzle

e  Quantum Chromodynamics (QCD) [Belavin et al. 75;t Hooft 76;Callan et al. “76;Jackiw,Rebbi "76 ]

4 MY 1

1 o
5qQcp = /d4w {G(iwD“’ ~ M) q—~Go,Gum — 2 QGZVG“’“’”}

» Parameters: strong coupling &s, quark masses M, = diag(m,,, mg,...) and theta angle 0 € [—m,+n7]
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Strong CP Puzzle

e  Quantum Chromodynamics (QCD) [Belavin et al. *75;"t Hooft 76;Callan et al. “76;Jackiw,Rebbi "76 ]

1 o
5qQcp = /d4w {G(iwD“ ~ M) q—~Go,Gum — 2 9GZVG“’“”}

4 MY 1

» Parameters: strong coupling &s, quark masses M, = diag(m,,, mg,...) and theta angle 0 € [~m, +n]

» Topological theta term o G4%,G**" « E* - B
violates T and P, and thus CP
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Strong CP Puzzle

e  Quantum Chromodynamics (QCD) [Belavin et al. 75;"t Hooft 76;Callan et al. “76;Jackiw,Rebbi "76 ]

1 e — ~
_ 4 — [ a a, v S a a, v
SqQcp = /d x{q(zyuD“ —M,)q— ZG“”G HY — o 0G,, G }

» Parameters: strong coupling &s, quark masses M, = diag(m,,, mg,...) and theta angle 0 € [—m,+n7]

« Topological theta term Gzyéaw x E¢ . B¢ fu
violates T and P, and thus CP -

« Most sensitive probe of T and P violation in flavor -
conserving interactions: electric dipole moment of dﬂ“ P d,L
neutron ..

\\_,J ([T
T Y\:./
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Strong CP Puzzle

e  Quantum Chromodynamics (QCD) [Belavin et al. *75;"t Hooft 76;Callan et al. “76;Jackiw,Rebbi "76 ]

1 g — ~
_ 4 — [ a a, v S a a, v
Sacp = [ dto {a(in, D"~ My q - GG - 1 TG, G0 |

» Parameters: strong coupling &s, quark masses M, = diag(m,,, mg,...) and theta angle 0 € [—m,+n7]

« Topological theta term Gzyéaw ~x E¢ . B¢ fu
violates T and P, and thus CP -

« Most sensitive probe of T and P violation in flavor N
conserving interactions: electric dipole moment of tlﬂ“ P d,L
neutron; prediction: [Crewther,Di Vecchia,Veneziano,Witten 79;...; Pospelov,Ritz 00] .

pa) —16 79 = “f
dn(H) = 2.4(1.0) X 10 6 e cm
T ..
) -
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Strong CP Puzzle

Quantum Chromodynamics (QCD): [Belavin et al. *75;'t Hooft 76;Callan et al. *76;Jackiw,Rebbi *76 ]

1 o
5qQcp = /d4w {G(iwD“ ~ M) q—~Go,Gum — 2 9GZVG“’“”}

4 MY 1

» Parameters: strong coupling &s, quark masses M, = diag(m,,, mg,...) and theta angle 0 € [—m,+n7]

« Topological theta term Gzyéaw ~x E¢ . B¢ fu
violates T and P, and thus CP -

« Most sensitive probe of T and P violation in flavor N 4
conserving interactions: electric dipole moment of tlﬂ“ P d,L
neutron; prediction: [Crewther,Di Vecchia,Veneziano,Witten 79;...; Pospelov,Ritz 00] r

ya) —16 7 = ‘lT
d,(0) =2.4(1.0) x 10 0 ecm
_ T +

« Experiment: [Abel et al. 20] — ’9’ < 10—10 A

dn| < 1.8 x107%% ecm {.
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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 (f(z) — 6(z) + 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(x)] GY, G

by shift (x) — 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 (f(z) — 6(z) + 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(x)] GY, G

by shift (x) — 0(z) — 0

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

o

V) = 8 (my + my) 1_\/m%—|—m?l+2mumd(3089
U d My + My

Y = —(au) = —(dd) [Di Vecchia,Veneziano "80;
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, 0(x) = A(x)/fa € |—m, 7], respecting a non-linearly realized U (1)pq
symmetry (f(z) — 6(z) + const.), broken by coupling to gluonic topological charge density: [Peccei,Quinn 77]

LS —0(x)q(x); qlz)= ;“—W Gb, () GO (z)

« Can eliminate QCD @-parameter

Qs b Ab,uv
by shift (x) — 0(z) — 0

» Effective potential at energies below Agcp has absolute minimum at ¢ = 0 and thus predicts vanishing vev, (§(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(9€)Q(0)>, determines mass in units of decay constant: m4 = \/x/fa
» Recent precise determination (ChPT; lattice QCD):

109G V rilli di Cortona et al. "16;
ma = 5_691(51) ( € )mev [Grilli di Cort tal. “16:

Borsanyi et al. "16;
fA Gorghetto, Villadoro "19]
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Peccei-Quinn Extension of Standard Model

Simple way to get dynamical theta field

« Add singlet complex scalar field o, featuring a
spontane-ously broken global U(1)pq symmetry

 Particle excitations:
1 iA(z)/vpg

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

» Mass of particle excitation of modulus: M, ~ UVpQ

« Mass of particle excitation of phase: my =0

[Raffelt]
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Peccei-Quinn Extension of Standard Model

« Add singlet complex scalar field o, featuring a
spontane-ously broken global U(1)pq symmetry

 Particle excitations:

1 .
7(2) = = (onq + pla)) €40/ 7

V2

* Mass of particle excitation of modulus: 1M, ~ UpQ

« Mass of particle excitation of phase: my =0

« Coloured fermions carry PQ charges such that U(1)pq

is broken due to gluonic triangle anomaly:
87

" s b Ab,uv
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Peccei-Quinn Extension of Standard Model

« Add singlet complex scalar field ¢ featuring a
spontane-ously broken global U(1)pq symmetry

 Particle excitations:
1

o(x) = —= (vpq + p(x)) e P/ vra P

V2

* Mass of particle excitation of modulus: 1M, ~ UpQ
« Mass of particle excitation of phase: my =0

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

Oy Tt N GY, G

(1)PQ 2 ST

« Low energy effective field theory at energies above Aqcp
but below v (<< UPQ)Z [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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Peccei-Quinn Extension of Standard Model

LoD —%% A@NJW%\I!NFW — 807; Cjév AFWFW — % % 0, A Ef’y“%\llf
« Couplings to SM suppressed by inverse power of fa = UPQ/N > v = 246 GeV
proportional to mass, since ma = 5.691(51) (109 GeV) meV
fa
« EDM coupling: Cap = 2.4(1.0) x 107 %ecm [Pospelov,Ritz *00]

Photon coupling: [Kaplan 85;Srednicki *85; Grilli di Cortona et al. *16]

i)

Nucleon couplings: (7, = —0.47(3) + 0.88(3)C'4,, — 0.39(2)Caq — 0.038(5)C a5
— 0.012(5)C'4c — 0.009(2)C 43 — 0.0035(4)C 4,
Can = —0.02(3) 4+ 0.88(3)Caq — 0.39(2)C 4y, — 0.038(5)C 45
— 0.012(5)C'4c — 0.009(2)C 43 — 0.0035(4)C 44

«  Axion-Like Particle (ALP): PNGB from breaking of another approximate global symmetry, e.g. Majoron,
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|gayy| (GeV™?)

Constraints on Axion/ALP Couplings

Coupling to the photon

Q
JAvyy = m Cay

10-°
LSW (OSQAR and Others) PVLAS
10_8 | . §
ABRACADABRA Helioscopes (CAST) 3
’—
1[0t N |1 ——a
sniog7a oM
-12 mmas
10 Chandra s
Jb
Haloscopes \{f’
1014 (ADMX and Others)
10—16

10-12  10-1 10-8 106 104 102

Axion Mass (eV)

[AR,Rosenberg,Rybka in: Review of Particle Physics, PTEP 2020 (2020) 8, 083C01]

10°

Laser shining through a wall (LSW)

a a
8l vvvw§=> > gAM 8l
B B
,.y* ,y*

Sun shining through a wall (Helioscope)

a
Igw/\/‘ v
B
,Y*
DM shining through a wall (Haloscope)

[Axel Lindner]
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Constraints on Axion/ALP Couplings

Coupling to the photon
« Beam dumps

Global Sun 1 ° L E P

Telfscopes H B

SN y-burst

log gav[GeV_l]

log m,[eV]

[Brun et al. [MADMAX], 1901.07401]
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Constraints on Axion/ALP Couplings

_ my
gann = —Can

fa

108
Neutron Stars 109
10-10 Lo-10 Neutron Stars
é 10-11 3’\/ ;g 10-11. é(é,\/
i‘% 1012 Q“é\/ fé 10-12| 5’\/
- 10-13 - 10-13
10~14 10-14.
10707 105 10° 10 10! 0707 105 102 10-

Axion Mass (eV) Axion Mass (eV)

[AR,Rosenberg,Rybka in: Review of Particle Physics, PTEP 2020 (2020) 8, 083C01]
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Constraints on Axion/ALP Couplings

108
108
10-° SN 1987A
10—10_
10—10
- _ 10—12.
g 1011 S
g Solar Searches (LUX and others) 8 10-14{ nEDM
:$ 1012 &
~ é 10_16' S
N 10-13 \)Q-\\Q
& 10-18- 9
10-14. ° ©
6 10291 oY
@)
10-1° . - . 10-22 . 4 .
107 10> 1073 1071 10! 10-20 10-17 1014 1011 108
_ Me Axion Mass (eV) GAne = Cap Axion Mass (eV)
JAece = fA Ae ny — fA

[AR,Rosenberg,Rybka in: Review of Particle Physics, PTEP 2020 (2020) 8, 083C01]
DESY. | Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald, FIPs 2020, Virtual Workshop, 31 Aug - 04 Sep 2020 Page 20



Axion Dark Matter

Vacuum re-alignment mechanism

Unbroken Symmetry Broken Symmetry

« PQ phase transition takes place at

T <TP? ~wvpq = Nfa

« Axion takes random initial values in causally

[Peking University]
connected domains
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Axion Dark Matter

« PQ phase transition takes place at
T STYQ ~vpg = N fa

« Axion takes random initial values in causally
connected domains

 When H(T) ~ ma(T), axion field starts to
oscillate around minimum of potential; be-
haves like cold dark matter: wa = pa/pa >~ 0
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

IIIIIIIIIIIIlIIII|IIIIIIIII

m, < 3H

axion is frozen

k

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

axion number N,
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]
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Axion Dark Matter

Pre-inflationary PQ SSB scenario
Pre-inflationary scenarios

By
-~ N\

« If PQ symmetry broken before or during inflation
(fa > Hy/(2m)) and not restored afterwards

« Axion CDM density depends on single initial value
in patch which becomes observable universe and f 4

INFLATION AFTER REHEATING QCD PHASE TRANSITION YOU ARE HERE

For illustration purposes only. Resemblance to the actual product might be limited [Tamarit]
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Axion Dark Matter

f, [GeV]
C : 19 1A18 4A17 1A16 4a1D 4a14 1A13 4A12 4AlT 41
. If PQ symmetry broken before or during inflation 10"10" 10" 10 10" 10™ 10™ 102 10" 10'? 10°
(fa > H;/(27)) and not restored afterwards S
« Axion CDM density depends on single initial value 100 - T
in patch which becomes observable universe and f L
1 o post-inflation
‘) 1.165 107 | p(e-|?flat|(|)n misalignment 1
QW h? ~ 0.12 2 Initial angle
Ah” =0 (9 R GeV) 0; o g range
s S 10
mO.lZ( F ) 02,
ma 109t
« VR works also for ALP: [Arias et al., "12] Q4 <Qcpm
-4
VI1,2 M 1/2 fA 2 2 10 3
Ll ~0.12 (neV) (4.7>< 1013Ge\/> vi
if mass independent of decay constant I_ I_ I_ I_ I- I_ I I I I
( P v constany 10 10% 10 10 102 107 10° 10" 10% 10°
* In general, ALP can be 100 % of DM if
. neV Y\ /2 My [ueV]
fa 2 107 GeV ( My > [Borsanyi et al., Nature "16]
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Axion Dark Matter

Post-inflationary PQ SSB scenario

Post-inflationary scenarios

« Averaging over random initial axion field values

30 peV 1.165
mA

QWh? ~0.12 (

« Does not exceed observed CDM abundance for

ma > 28(2) ueV [Borsanyi et al., Nature “16]

INFLATION AFTER REHEATING QCD PHASE TRANSITION YOU ARE HERE

For illustration purposes only. Resemblance to the actual product might be limited [Tamarlt]
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Axion Dark Matter

Averaging over random initial axion field values
30 ,ueV) 1.165

ma

QW h? ~0.12 (
« Does not exceed observed CDM abundance for

ma > 28(2) Mev [Borsanyi et al., Nature “16 [1606.0794]]

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

* AXIOH can be 100% Of DM for [Hiramatsu et al. 11,12,13;
Kawasaki,Saikawa,Segikuchi 15;
ma ~ 25 ,ueV _ 40 mev Ballesteros et al. 16;

AR,Saikawa "16;

Klaer,Moore "17;
Gorghetto,Hardy,Villadoro "18;
Buschmann et al. 19;
Hindmarsh 19]
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Axion Dark Matter

« Dark-matter axion mass spans a huge range:

JalGeV]
10 1077 10'% 10 10'% 10’ 102 10717 1070 10° 108

pre—inf. teL;njdo dominant / subdominant teu.n_e;drr subdominant
1
ost—inf. (Npw = 1 overclosure e Jominant
P (uncertainty?,
post—inf. (Npw = 6) overclosure dominant / subdominant
10® 10> 10 103 102 101 1 10 102 103 104 10°
mgl[peV]
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Axion Dark Matter

« “Axion revelation”: DM axion mass starts right at border of stellar energy loss exclusion bounds:

JalGeV]
10 1077 10'% 10 10'% 10’ 102 10717 1070 10°

. tuned . . tuned .
pre—lnf. 6; > 0 dominant / subdominant 6 - 7t subdominant
. dominant )
post—inf. (Npw = 1) overclosure (uncertainty?) jominant

post—inf. (NDW = 6) overclosure dominant / subdomina

10-¢ 10° 107 102 102 101 1 10 102 103 104
mglueV]
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Axion Dark Matter

« Strong motivation for current und upcoming axion DM experiments:

JalGeV]
10 1077 10'% 10 10'% 10’ 102 10717 1070 10°

. tuned . . tuned .
pre—lnf. 6; > 0 dominant / subdominant 6 - 7t subdominant
. dominant )
post—inf. (Npw = 1) overclosure (uncertainty?) jominant

post—inf. (NDW = 6) overclosure dominant / subdomina

10-¢ 10° 107 102 102 101 1 10 102 103 104

mylueVi
CASPEr ABRACADABRA  ADMX MADMAX BRASS
o HAYSTAC ORPHEU\TTTTTTTTTTTTTT
O Py ] |- CAPP  ORGAN | ’
e | || 44k . EiE=
cer) - &) el 0 QUAX Sreeem e
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Physics Case for Heavy ALPs

« Heavy ALPs coupling the visible and dark sector attractive for DM ol
phenomenology, because they CAST

i ar
 easily reproduce the observed DM relic abundance from thermal SUMICO
freeze-out,

« predict, at tree-level, a strong suppression of event rates in direct
detection experiments,

* may allow for observable indirect detection signals

SN1987a

Cyl /A [TeV']
=

LEP

OH'1

10-0F
« Heavy ALP with relatively large photon coupling may explain Cosmology
muon 9_2 discrepancy [Chang et al. hep-ph/0009292, Marciano et al., 1607.01022]
109 10-° 10 i 10°
m, [GeV]

[Bauer et al., 1704.08207]
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Conclusions

« Axion extensions of SM very attractive:

» Axion solves strong CP puzzle
- Axion is dark matter candidate (for f4 > 10°GeV < my4 < 60meV)
« Boom in axion searches!

« Heavy ALPs also very attractive as

* DM mediators

« Solution of muon g-2 puzzle
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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 ool
T <TFQ ~vpg = Nfa ~ 70|
« Axion takes random initial values in causally 50r
connected domains 30|
 When H(T) ~ ma(T), axion field starts to 10 o o pp- o -

T (MeV)

oscillate around minimum of potential; be- Borsanyi et al., Nature 16 [1606.0794]

haves like cold dark matter: wa = 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

PQ phase transition takes place at
T STYQ ~vpg = N fa

« Axion takes random initial values in causally
connected domains

* When H(T) ~ mu(T), axion field starts to
oscillate around minimum of potential; be-
haves like cold dark matter: wa = pa/pa >~ 0

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

« QCD input from lattice:

 Equation of state = H(T)
x(T)
fa

» Topological susceptibility = m 4(T) =

DESY. | Axions/ALPs as DM and/or as DM Mediators: Phenomenology | Andreas Ringwald,

Ratio

1 T T T T T

0.9} N i
9,(TVg,(N —

0.7 1 g.(M/g(T) — 1

110 | 1

90

70

T

)

50

30

10 1 1 1 1
10° 10’ 102 108 104 10%

T (MeV)
[Borsanyi et al., Nature 16 [1606.0794]]

102

10°

lfm]

10710

10712
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Searches for FCNC Interactions ° Flaxion properties:

* Decay constant:

v
fa=—2"  Npw = Tr(n*+n?
Npw

 Typically large domain wall number

« Introduce right-handed singlet neutrinos /V, and « Viable example:
complex scalar field o with flavor-dependent spon- 4Q, 49Q: 4Qs 35 21 8
H qu dc qt — - -
ta.neously broken global chiral U(1)pn Froggatt- D, 4 _3 _3
Nielsen (FN) symmetry (qu . qL3> ) ( Lo o )
» Explains SM fermionic mass hierarchies and mixings Qe Gp 4r -8 =5 =3
by FN mechanism 8 43 766 9 6 4
y = nt=(7 3 2], ni=(6 5 5|, n=[8 5 3
« Explains neutrino masses and mixing by seesaw 510 4 3 3 8 5 3
« FN symmetry is at the same time a PQ symmetry = ]_VDW =26
Nambu-Goldstone b f FN breaking solves al + Coupling to photon: :
« Nambu-Goldstone boson o reaking solves also _ 2  ((em) }_
strong CP problem (“axion”): “flaxion” or “axiflavon” Car = Now f:uZdJ le Tr (n) (qf ) 1.92(2)

- Flaxion has flavor changing neutral current (FCNC) * For example above: Ca, = 113/39 — 1.92 =~ 0.97

interactions

» Currently best bound from Br (KT — 7 74) $7.3x107"" «  NAB2: reach in decay constant increased by order of

> 9 % 1010 QeV 26 (Fgn)12 ,
= faRZx N\ Now ) |, magnitude!
[Ema et al., 1612.05492;1802.07739; Calibbi ef al., 1612.08040]
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