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Introduction
The Quest for the Axion

« Standard Model (SM) extremely successful
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Standard Model Total Production Cross Section Measurements status: March 2018
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« Standard Model (SM) extremely successful

« SM leaves unanswered important questions
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Introduction
The Quest for the Axion

« Standard Model (SM) extremely successful

« SM leaves unanswered important questions:

* Why is the electric dipole moment (EDM) of the neutron so tiny?

[Hook 18]
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Introduction
The Quest for the Axion

« Standard Model (SM) extremely successful

« SM leaves unanswered important questions:

* Why is the electric dipole moment (EDM) of the neutron so tiny?

* What is the nature of dark matter (DM)?
Dark Matter

Dark Energy

[PLANCK]
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Introduction

« Standard Model (SM) extremely successful

« SM leaves unanswered important questions:

* Why is the electric dipole moment (EDM) of the neutron so tiny?
* What is the nature of dark matter (DM)?

« Peccei-Quinn (PQ) extension of SM may solve these
puzzles in one smash
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Introduction
The Quest for the Axion

« Standard Model (SM) extremely successful

« SM leaves unanswered important questions:

* Why is the electric dipole moment (EDM) of the neutron so tiny?
* What is the nature of dark matter (DM)?

« Peccei-Quinn (PQ) extension of SM may solve these
puzzles in one smash:

* Axion — pseudo Nambu-Goldstone boson arising from PQ

symmetry breaking — explains tiny neutron EDM
[Peccei,Quinn "77; Weinberg "78; Wilczek 78]
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Introduction

« Standard Model (SM) extremely successful

« SM leaves unanswered important questions: falGeV]
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* Why is the electric dipole moment (EDM) of the neutron so tiny?

Misalignment mechanism [pre-inflationary]

tuned tuned

dominant / subdominant subdominant

« What is the nature of dark matter (DM)? B0 b
. . . Strings and domain walls (Npw = 1) [post-inflationary]
« Peccei-Quinn (PQ) extension of SM may solve these o
pUZZ|eS In One SmaSh Long-lived domain walls (Npw > 1, e.g. DFSZ models) [post-inflationary]
[Kawasaki, KS and Sekiguchi, 1412.0789; Ringwald and KS, 1512.06436]
» Axion — pseudo Nambu-Goldstone boson arising from PQ
Symmetry break'ng - eXpIa'nS t|ny nelJtron EDM Kinetic misalignment mechanism [pre-inflationary]
[Co and Harigaya, 1910.02080; Co, Hall and Harigaya, 1910.14152]
[PeCCeI,QUInn ‘77, Welnberg ‘78, W||Czek ‘78] reduced to conventional misalignment mechanism dominant / subdominant
° AX|0n |S exce”ent DM Candldate | [ [ R [ | IIIHH| | JIIIIII| [ [ (IR [
10710 107° 1078 1077 107° 10°° 107 1073 1072 107"
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....] Mg [6V]
[Saikawal]
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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]

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

8

q
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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 a.— .
. 4 — - a a,uv S a a, v
Sach = /d 2 {q(qu“ - M) g~ 3G, G — 20, 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

Sqcp = / d*z {q(mm — M) q— =G G — §8MJ(‘§S}

4 M

/d% O Jbg = 0,+1,£2, ...

q
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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 QGZVG“’“’”}

4 MY 1

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

»  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 o
5qQcp = /d4:v {G(iwD“ ~ M) q—~Go,Gum — 2 9GZVG“’“”}

4 MY 1

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

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

* Most sensitive probe of T and P violation in flavor
conserving interactions
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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,,, mq,...) and theta angle 0 € [—m,+n7]

« Topological theta term Gzyéaﬁw ~ E¢ . B¢ T_u
violates T and P, and thus CP ~
« Most sensitive probe of T and P violation in flavor \ay
conserving interactions: electric dipole moment of dﬂ“ P d¢
neutron (NnEDM) "
\__/Y d?
T V\:/
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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(z%D“ —M,)q— ZG’“‘”G HY — o 0G,, G }

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

« Topological theta term Gzyéaﬁw ~ E¢ . B¢ T_u
violates T and P, and thus CP ~
«  Most sensitive probe of T and P violation in flavor \ay
conserving interactions: electric dipole moment of dﬂ“ P d¢
neutron (NEDM), corresponding to eff. interaction: )
LD —%dn U075 U, FHY ~ (l?
T K+_/

DESY. | QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments? | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 Page 16



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,,, mq,...) and theta angle 0 € [—m,+n7]

« Topological theta term Gzyéaﬁw ~ E¢ . B¢ T_u
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 dﬂ“ P d¢
neutron (nEDM), corresponding to eff. interaction: )
LD —%dn Eno',uVVE)‘I’nF“D ~— d?
° icti . ~ M _N —16 p . — M +
Prediction: dn ~ € m2 0 ~107" 0 ecm; m. e — T -
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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,,, mq,...) and theta angle 0 € [—m,+n7]

« Topological theta term Gzyéaﬁw ~ E¢ . B¢ T_u
violates T and P, and thus CP

* Most sensitive probe of T and P violation in flavor T
conserving interactions: electric dipole moment of dﬂ“ P d¢
neutron (nEDM), corresponding to eff. interaction: )

LD —%dn Eno',uVVE)‘I’nF“D ~— d?
my — _ — T, Mg
. iction: dy, ~ 9N10160 : L= uwd T o
Prediction: e m2 ecm;  m M + Ty S
[Crewther,Di Vecchia,Veneziano,Witten 79;...; Pospelov,Ritz 00]

« Experiment; |d,| < 1.8 x 107*°ccm [avel etal. 20] ¢-“
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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,,, mq,...) and theta angle 0 € [—m,+n7]

« Topological theta term Gzyéaw x E* . B¢ T.u
violates T and P, and thus CP
ngm " " " \J
* Most sensitive probe of T and P violation in flavor T
conserving interactions: electric dipole moment of dﬂ“ P d¢
neutron (nEDM), corresponding to eff. interaction: )
LD —%dn Eno',uVVE)‘I’nF“D ~— d?
my — _ — T, Mg
. iction: dn ~ 6~10"16 ¢ : = —ud T +
Prediction: e m2 ecm; M M + Mg S
[Crewther,Di Vecchia,Veneziano,Witten 79;...; Pospelov,Ritz 00] :> ‘5’ < 10_ 10
; . —26 ~ ¢Iu
« Experiment: |d,| < 1.8 x 107" ecm [Abel etal. 20]
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Axionic Solution of Strong CP Puzzle

In a nutshell: Replace theta parameter by dynamical theta field

« Add to SM Nambu-Goldstone field, 6(z) = a(x)/f, € |[—7, 7

[Peccei,Quinn 77]
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Axionic Solution of Strong CP Puzzle

In a nutshell: Replace theta parameter by dynamical theta field

« Add to SM Nambu-Goldstone field, 0(x) = a(x)/f, € |7, 7, respecting a non-linearly realizedU (1)pq sym-
metry ((9(:13) — 9(13) + COIlS‘l:.) [Peccei,Quinn 77]

DESY. | QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments? | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 Page 21



Axionic Solution of Strong CP Puzzle

« Add to SM Nambu-Goldstone field, 0(x) = a(x)/f, € |7, 7, respecting a non-linearly realizedU (1)pq sym-
metry (f(z) — 6(z) + const.), broken only by coupling to gluonic topological charge density: [Peccei,Quinn 77]

L(x) D —g—; 0(x) G, () GV (z)
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Axionic Solution of Strong CP Puzzle

« Add to SM Nambu-Goldstone field, 0(x) = a(x)/f, € |7, 7, respecting a non-linearly realizedU (1)pq sym-
metry (f(z) — 6(z) + const.), broken only by coupling to gluonic topological charge density: [Peccei,Quinn 77]

L(z) O —g—; 0(x) G, () GV (z)
« 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)/f, € |7, 7, respecting a non-linearly realizedU (1)pq sym-
metry (f(z) — 6(z) + const.), broken only by coupling to gluonic topological charge density: [Peccei,Quinn 77]

L(x) D —g—; 0(x) G, () GV (z)

« Can eliminate QCD @-parameter

g — ~b. Ly
LD - [0+ 6(x)] GY, G

by shift (x) — 0(z) — 0

- Effective potential v (9) at energies below A has absolute minimum at § = 0 and thus predicts (6(z)) = .
[Vafa,Witten 84]
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Axionic Solution of Strong CP Puzzle

« Add to SM Nambu-Goldstone field, 0(x) = a(x)/f, € |7, 7, respecting a non-linearly realizedU (1)pq sym-
metry (f(z) — 6(z) + const.), broken only by coupling to gluonic topological charge density: [Peccei,Quinn 77]

L(x) D —g—; 0(x) G, () GV (z)

« Can eliminate QCD @-parameter N
S b ~b,uv
LD e [0+ 0(:1:)] G, G
by shift (x) — 0(z) — 0

- Effective potential v (9) at energies below A has absolute minimum at § = 0 and thus predicts (6(z)) = .
Can be calculated analytically exploiting chiral perturbation theory (mixing with neutral pions):

V14 22+ 2zcosb
1+ 2

[Di Vecchia,Veneziano "80; Leutwyler,Smilga 92]
) 2 =My /mg ~1/2

V(0) = m2 f? (1

DESY. | QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments? | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 Page 25



Axionic Solution of Strong CP Puzzle

« Add to SM Nambu-Goldstone field, 0(x) = a(x)/f, € |7, 7, respecting a non-linearly realizedU (1)pq sym-
metry (f(z) — 6(z) + const.), broken only by coupling to gluonic topological charge density: [Peccei,Quinn 77]

L(x) D —g—; 0(x) G, () GV (z)

« Can eliminate QCD @-parameter N
S b ~b,uv
LD e [0+ 0(:1:)] G, G
by shift (x) — 0(z) — 0

- Effective potential v (9) at energies below A has absolute minimum at § = 0 and thus predicts (6(z)) = .
Can be calculated analytically exploiting chiral perturbation theory (mixing with neutral pions):

\/ 5 [Di Vecchia,Veneziano "80; Leutwyler,Smilga 92]
14+ 2%+ 2zcosf
V(0) =mzfz | 1-
14z
0
—2r -7 0 0 2T
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Axionic Solution of Strong CP Puzzle

Add to SM Nambu-Goldstone field, 6(z) = a(z)/f. € |[—7, 7, respecting a non-linearly realizedU (1)pq sym-
metry (f(z) — 6(z) + const.), broken only by coupling to gluonic topological charge density: [Peccei,Quinn 77]

L(x) D —g—; 0(x) G, () GV (z)

 Can eliminate QCD @-parameter N
LD——1[0+0(x)] G,G"
- 7 [ + (ZE)] nv
by shift 6(x) — 6(x) — 6
- Effective potential v (9) at energies below A has absolute minimum at § = 0 and thus predicts (6(z)) = .

Can be calculated analytically exploiting chiral perturbation theory (mixing with neutral pions)
[Weinberg "78; Wilczek "78]

» Particle excitation: “axion”

LZW —T 0 T éw
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Axionic Solution of Strong CP Puzzle

« Add to SM Nambu-Goldstone field, 0(x) = a(z)/f, € [—7, 7, respecting a non-linearly realizedU (1)pq sym-
metry (f(z) — 6(z) + const.), broken only by coupling to gluonic topological charge density: [Peccei,Quinn 77]

L(x) D —g—; 0(x) G, () GV (z)

« Can eliminate QCD @-parameter

Qs b Ab,uv
by shift (x) — 0(z) — 0

- Effective potential v (9) at energies below A has absolute minimum at § = 0 and thus predicts (6(z)) = .
Can be calculated analytically exploiting chiral perturbation theory (mixing with neutral pions)

» Particle excitation: “axion” [Weinberg "78; Wilczek "78]

» Itis a pseudo Nambu-Goldstone boson with mass parametrically suppressed by inverse PQ scale:

CAVV0)  VE omafr 1012 GeV
e =T T vz NG“W( fa )
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Axionic Solution of Strong CP Puzzle

Axion couplings to SM at energies below QCD scale

1 QCNEDM — (87 Ca,
LoD —= Uno,s U N FHY — i
2 fa GENOuIsEN 8 fa

aF,  FH — 1 Cay
H 2) fa

O,a W pyHys W ¢
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Axionic Solution of Strong CP Puzzle

Axion couplings tg.SM at energies below QCD scale

— aF,, F"Y — — 0,a Uy~ W
pv p VY f
87 fq 2 fa
»  Coupling to nucleon EDM independent of UV completion: Cxgpy = 2.4(1.0) x 10716 cm [Pospelov,Ritz 00]
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Axionic Solution of Strong CP Puzzle

e _ ~ 1 C, —
Ly D —% c ?EDM aVnNo,, VY N — 81 F,, F* — 7 / Opa W eyHysW ¢
a s a a

- Coupling to nucleon EDM independent of UV completion: Cxgpm = 2.4(1.0) x 10716 cm [Pospelov.Ritz 00]

« Couplings to photon
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Axionic Solution of Strong CP Puzzle

e B
L, D _ L CYNEDM aVNo,, s U NEH — 2

2 fa

- Coupling to nucleon EDM independent of UV completion: Cxgpm = 2.4(1.0) x 10716 cm [Pospelov.Ritz 00]

« Couplings to photon and nucleons
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Axionic Solution of Strong CP Puzzle

1 e — Q
LoD —= NEDM aVNo,, s U NEH — =
-

2 fa

- Coupling to nucleon EDM independent of UV completion: Cxgpm = 2.4(1.0) x 10716 cm [Pospelov.Ritz 00]

« Couplings to photon and nucleons get contributions independent from UV completion (due to mixing with
neutral pion)
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Axionic Solution of Strong CP Puzzle

i eOUNEDM =
L, D —3 7 aVnNo,, s NEH
a
- Coupling to nucleon EDM independent of UV completion: Cxgpm = 2.4(1.0) x 10716 cm [Pospelov.Ritz 00]

« Couplings to photon and nucleons get contributions independent from UV completion (due to mixing with

neutral pion): 244 5

31+ 2z

) ~

~ —9 [Kaplan 85;Srednicki "85]
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Axionic Solution of Strong CP Puzzle

i eOUNEDM =
L, D —3 7 aVnNo,, s NEH
a
- Coupling to nucleon EDM independent of UV completion: Cxgpm = 2.4(1.0) x 10716 cm [Pospelov.Ritz 00]

« Couplings to photon and nucleons get contributions independent from UV completion (due to mixing with

neutral pion): | 241 2 Cmd) — _0.47(3)
CB(LYWHI) ~ ~ —92 [Kaplan 85;Srednicki "85] ap. [Grilli di Cortona et al. *16]
31+2 C(mi) — —0.02(3)
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Axionic Solution of Strong CP Puzzle

C _ C,,
L, D —;a\I/NJW%\I!NFW 8a aFWFW ‘0 Q \I!]w V5 W ¢

- Coupling to nucleon EDM independent of UV completion: Cxgpm = 2.4(1.0) x 10716 cm [Pospelov.Ritz 00)

« Couplings to photon and nucleons get contributions independent from UV completion (due to mixing with

neutral pion): 244 - Ccim) = —0.47(3)

ml . . PR ape .
C&(Lq/ ) ~ ~ —9 [Kaplan 85;Srednicki "85] [Grilli di Cortona et al. *16]

31+2 C(mi) — —0.02(3)

« All the couplings to SM particles suppressed by inverse of fa
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- Coupling to nucleon EDM independent of UV completion: Cxgpm = 2.4(1.0) x 10716 cm [Pospelov.Ritz 00)

« Couplings to photon and nucleons get contributions independent from UV completion (due to mixing with

neutral pion): 244 - Ccim) = —0.47(3)
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Ca(vy ) ~ ~ —9 [Kaplan 85;Srednicki "85] [Grilli di Cortona et al. "16]

31+2 C(mi) — —0.02(3)

« All the couplings to SM particles suppressed by inverse of fa

. “Invisible axion” assumes fa > v = 246 GeV [Kim 79;Shifman,Vainshtein,Zakharov 80;Zhitnitsky 80;Dine,Fischler,Srednicki 81;...]
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Axionic Solution of Strong CP Puzzle

Z GONEDM — CM C
- Coupling to nucleon EDM independent of UV completion: Cxgpm = 2.4(1.0) 10‘16 [Pospelov.Ritz 00)

« Couplings to photon and nucleons get contributions independent from UV completion (due to mixing with

neutral pion): 244 - Ccim) = —0.47(3)
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C&(Lq/ ) ~ ~ —9 [Kaplan 85;Srednicki "85] [Grilli di Cortona et al. *16]

31+2 C(mi) — —0.02(3)

« All the couplings to SM particles suppressed by inverse of fa

. “Invisible axion” assumes fa > v = 246 GeV [Kim 79;Shifman,Vainshtein,Zakharov 80;Zhitnitsky 80;Dine,Fischler,Srednicki 81;...]

 Natural DM candidate
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Axionic Solution of Strong CP Puzzle
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- Coupling to nucleon EDM independent of UV completion: Cxgpm = 2.4(1.0) 10‘16 [Pospelov.Ritz 00)

« Couplings to photon and nucleons get contributions independent from UV completion (due to mixing with
neutral pion): 244 - Ccim) = —0.47(3)

ml . . PR ape .
C&(Lq/ ) ~ ~ —9 [Kaplan 85;Srednicki "85] [Grilli di Cortona et al. *16]

31+2 C(mi) — —0.02(3)

« All the couplings to SM particles suppressed by inverse of fa

. “Invisible axion” assumes fa > v = 246 GeV [Kim 79;Shifman,Vainshtein,Zakharov 80;Zhitnitsky 80;Dine,Fischler,Srednicki 81;...]

 Natural DM candidate

« stable on cosmologically time scales
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Axionic Solution of Strong CP Puzzle

1 QONEDM — a C
L, D—§a\IJNJWW5\I!NFW o aFWFW 8 a\11f7 V5 W ¢
- Coupling to nucleon EDM independent of UV completion: Cxgpm = 2.4(1.0) 10‘16 [Pospelov.Ritz 00)

« Couplings to photon and nucleons get contributions independent from UV completion (due to mixing with

neutral pion): 244 - Ccim) = —0.47(3)

mi _ L
Ca(m/ ) ~ ~ —9 [Kaplan 85;Srednicki "85] [Grilli di Cortona et al. "16]

31+2 C(mi) — —0.02(3)

« All the couplings to SM particles suppressed by inverse of fa

. “Invisible axion” assumes fa > v = 246 GeV [Kim 79;Shifman,Vainshtein,Zakharov 80;Zhitnitsky 80;Dine,Fischler,Srednicki 81;...]

* Natural DM candidate
« stable on cosmologically time scales

« automatically produced in early universe by misalignment mechanism [Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]
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Axionic Solution of Dark Matter Puzzle

Production via misalignment mechanism
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Axionic Solution of Dark Matter Puzzle

Production via misalignment mechanism

« After PQ symmetry breaking in early universe, 0
: o , Ly 0.47
axion takes random initial values in causally 0.20

connected domains

01 02 03 04 05

[Turner "86]
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Axionic Solution of Dark Matter Puzzle

« After PQ symmetry breaking in early universe, d%0 do ) _
axion takes random initial values in causally 12 + 3H(T)E +my(T)sinf =0
connected domains

- Evolution frozen as long as H(T) > m,(T) tV(a)

e —

tV(a)

v

[Raffelt]
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Axionic Solution of Dark Matter Puz

« After PQ symmetry breaking in early universe,
axion takes random initial values in causally
connected domains

- Evolution frozen as long as H(T) > m,(T)

« Later, when H(T) ~ m,(T), axion field starts to
oscillate around minimum of potential

Illllllllllllllll|IIIIIIIII

me < 3H

axion is frozen

L

axion number N,
is conserved

turns into pressureless matter.

m, ~ 3H

axion starts rolling,

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

[Wantz,Shellard "09]
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Axionic Solution of Dark Matter Puz

« After PQ symmetry breaking in early universe,
axion takes random initial values in causally
connected domains

- Evolution frozen as long as H(T) > m,(T)

« Later, when H(T) ~ m,(T), axion field starts to
oscillate around minimum of potential

« Equation of state like cold dark matter: w, = p,/ps =~ 0

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

L

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

axion number N,
is conserved

m, ~ 3H

axion starts rolling,
turns into pressureless matter.
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Axionic Solution of Dark Matter Puz

« After PQ symmetry breaking in early universe,
axion takes random initial values in causally

connected domains

- Evolution frozen as long as H(T) > m,(T)

« Later, when H(T) ~ m,(T), axion field starts to

oscillate around minimum of potential

« Equation of state like cold dark matter: w, = p,/ps =~ 0

» Coherent, spatially uniform oscillations of axion
field = coherent state of non-relativistic axions

[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83
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m, < 3H

axion is frozen

k
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axion number N,
is conserved

m, ~ 3H

axion starts rolling,
turns into pressureless matter.
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[Wantz,Shellard "09]
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Axionic Solution of Dark Matter Puzzle

f, [GeV]
101010 10" 10™ 10™* 10™ 10" 10" 10 1¢°

« After PQ symmetry breaking in early universe,
axion takes random initial values in causally
connected domains

0
- Evolution frozen as long as H(T) > mq(T) 10

 Later, when H(T) ~ m.(T), axion field starts to 10"t pre-inflation
oscillate around minimum of potential; initial angle

-2 i
« Equation of state like cold dark matter: w, = p,/ps =~ 0 © 10

Q, <N
» Coherent, spatially uniform oscillations of axion ebM

field = coherent state of non-relativistic axions
[Preskill, Wise,Wilczek 83; Abbott,Sikivie 83; Dine,Fischler 83,....]

« |If PQ symmetry broken before or during infla-
tion and not restored afterwards:

) ) 109 10° 10* 10% 102 107 10° 10" 10> 10°
" My [1eV]

. CD Axion: oMIsp2 o . _fa
Q Qg0 0.12 9 x 1011 GeV

[Borsanyi et al., Nature "16]
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Axionic Solution of Dark Matter Puzzle

« After PQ symmetry breaking in early universe,
axion takes random initial values in causally
connected domains

- Evolution frozen as long as H(T) > m,(T)

« Later, when H(T) ~ m,(T), axion field starts to
oscillate around minimum of potential;

« Equation of state like cold dark matter: w, = p,/ps =~ 0

» Coherent, spatially uniform oscillations of axion
field = coherent state of non-relativistic axions

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

« |If PQ symmetry broken before or during infla-
tion and not restored afterwards:

9 x 1011 GeV
» Axion-Like Particle (ALP):

MIS 7,2 J, ’ m 2 2
OMSR? ~ 0.12 ¢ a :
ALP (1016 GeV) (4.7 x 10-19 ev> i
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Axion Dark Matter Search Based on NEDM Coupling

Searches for oscillating NEDMs
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Axion Dark Matter Search Based on NEDM Coupling

Searches for oscillating NEDMs

« Axion has a UV-model-independent coupling to the EDM of the nucleon:
0 Ty v
LCLN’}’ — _§gaN'y a \IJNU;LV/)/S\PNF'LL
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Axion Dark Matter Search Based on NEDM Coupling

Searches for oscillating NEDMs

« Axion has a UV-model-independent coupling to the EDM of the nucleon:

2 I v
LaNq/ — _§gaN'ya\IjN0',ul/75qjNF'u
B ~ CneEDM
Jany = “Yapy = € F;
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Axion Dark Matter Search Based on NEDM Coupling

Searches for oscillating NEDMs

« Axion has a UV-model-independent coupling to the EDM of the nucleon:

1

‘CCLN’}’ — _§gaN'y CLENU,LW’YSKI]NF'LW
CNEDM
Jany = “YGapy = € —
Jfa
Cnepum = 2.4(1.0) x 107 1% cm [Pospelov,Ritz 00]
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Axion Dark Matter Search Based on NEDM Coupling

Searches for oscillating NEDMs

« Axion has a UV-model-independent coupling to the EDM of the nucleon:

7 _
LaN'y — _§gany a\IJNO'uV'V5\IjNF'LLV
CNEDM
Jany = “YGapy = €
Ja
Cnepum = 2.4(1.0) x 107 1% cm [Pospelov,Ritz 00]

« Oscillating axion DM field induces oscillating NEDMs:

dN (t) = gaNW\/ 2PDM Cos(mat)/ma
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Axion Dark Matter Search Based on NEDM Coupling

« Axion has a UV-model-independent coupling to the EDM of the nucleon:

7 _
LaN'y — _igaN'y a\IJNO'/u/YF)\IjNFMV
CNEDM
Jany = “Yapy = €
Jfa
Cnepum = 2.4(1.0) x 107 1% cm [Pospelov,Ritz 00]

« Oscillating axion DM field induces oscillating NEDMs:

dN (t) = GaN~\/ 2PDM COS(mat)/ma

« May search for axion DM by searching for oscillating NEDMs [Graham,Rajendran “11;13]
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Axion Dark Matter Search Based on NEDM Coupling

Search in ILL and PSI nEDM experiment data
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Axion Dark Matter Search Based on NEDM Coupling

Search in ILL and PSI nEDM experiment data

« ALP dark matter has been searched for by analy- PHYSICAL REVIEW X 7, 041034 (2017)
sing the ratio of the spin-precession frequencies of
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Axion Dark Matter Search Based on NEDM Coupling

Search in ILL and PSI nEDM experiment data

« ALP dark matter has been searched for by analy-

sing the ratio of the spin-precession frequencies of
stored ultracold neutrons and *Hg atoms for an
oscillating nEDM

* No signal consistent with DM has been observed
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Axion Dark Matter Search Based on NEDM Coupling

« ALP dark matter has been searched for by analy-
sing the ratio of the spin-precession frequencies of 100 1
stored ultracold neutrons and '°9Hg atoms for an ]
oscillating nEDM

95% C.L. limits

60 -
40 -

* No signal consistent with DM has been observed 30 1

in the data from the 20 -

« Sussex-RAL-ILL nEDM experiment, covering oscilla-
tion periods longer than days (long time-base)

long time-base

41 inverse year - inverse day -

short time-base

oscillation amplitude (10726 e:cm)

10° 10® 1077 10°® 10> 10% 1073
frequency (Hz)

DESY. | QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments? | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 Page 58



Axion Dark Matter Search Based on NEDM Coupling

« ALP dark matter has been searched for by analy-

sing the ratio of the spin-precession frequencies of 100 .
199 = ] 95% C.L. limits
stored ultracold neutrons and 99Hg atoms for an £ J
—_ o 601
oscillating nEDM . |
7 40+
* No signal consistent with DM has been observed o 301
. )
in the data from the T 20
« Sussex-RAL-ILL nEDM experiment, covering oscilla- % 1o long time-base
tion periods longer than days (long time-base) c
« PSI nEDM experiment, allowing to probe oscillation E:U 61
periods down to minutes (short time-base) R 4- . .
o inverse year =) inverse day -
3 .

10° 10® 1077 10°® 10> 10% 1073
frequency (Hz)
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Axion Dark Matter Search Based on NEDM Coupling

«  ALP dark matter has been searched for by analy- va [Hz]
. . . : . 0740740740740 AR 40 AP A AT AT A4S AT AF 40 400 40" 0
sing the ratio of the spin-precession frequencies of
stored ultracold neutrons and *Hg atoms for an
oscillating nEDM

CASPEr-electric

* No signal consistent with DM has been observed c’f‘ SN1987A
in the data from the % 109
10~
« Sussex-RAL-ILL nEDM experiment, covering oscilla- % e
tion periods longer than days (long time-base) RN |
= 107
« PSI nEDM experiment, allowing to probe oscillation 50 18: i
periods down to minutes (short time-base) 10-1
1
« Can be turned into an exclusion region on the ALP 10-20\g
. . 10~
NEDM coupling vs. its mass 1022 g
\ 6 6 A5 AR 4> Q

A2 Ay A0 9 % 7T 6 5% & > 1
0 40 10 10 10 10 10 10 10 10

407 407 A0 A0 A

m, [eV]

[AR,Rosenberg,Rybka in: 2021 Update of Review of Particle Physics]

[adapted from https://github.com/cajohare/AxionLimits]
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Axion Dark Matter Search Based on NEDM Coupling

«  ALP dark matter has been searched for by analy- va [Hz]
. . . : . 0740740740740 AR 40 AP A AT AT A4S AT AF 40 400 40" 0
sing the ratio of the spin-precession frequencies of
stored ultracold neutrons and *Hg atoms for an
oscillating nEDM

CASPEr-electric

* No signal consistent with DM has been observed SN1987A
in the data from the

« Sussex-RAL-ILL nEDM experiment, covering oscilla-
tion periods longer than days (long time-base)

« PSI nEDM experiment, allowing to probe oscillation
periods down to minutes (short time-base)

« Can be turned into an exclusion region on the ALP o] = (374 15) x 10°° (%) L (esxzexi0(2e) L
nEDM coupling vs. its mass i) S— a
\0/20@/9\0/X%@/ﬁ\()/w@/ﬁx(s/XAKQA?)\QAO’@AX\()AOxQ/g x()/% @/7 x()/b @/6 x())‘ x()/?) x()/l
* An ALP with an nEDM coupling in the excluded re- mg, [eV]

gion is much lighter than a canonical QCD axion

. ) [AR,Rosenberg,Rybka in: 2021 Update of Review of Particle Physics]
with the same nEDM coupling strength

[adapted from https://github.com/cajohare/AxionLimits]
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Axion Dark Matter Search Based on NEDM Coupling

Dedicated Nuclear Magnetic Resonance Searches [Graham,Rajendran 13; Budker et al. 14]
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Axion Dark Matter Search Based on NEDM Coupling

Dedicated Nuclear Magnetic Resonance Searches [Graham,Rajendran 13; Budker et al. 14]

« CASPEr-Electric currently being set-up in Boston

PHYSICAL REVIEW X 4, 021030 (2014)

Proposal for a Cosmic Axion Spin Precession Experiment (CASPEr)

Dmitry Budker,"5 Peter W. Graham,2 Micah Ledbetter,3 Surjeet Rajendran,2 and Alexander O. Sushkov*
IDepartmem of Physics, University of California, Berkeley, California 94720, USA
and Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
2Department of Physics, Stanford Institute for Theoretical Physics, Stanford University,
Stanford, California 94305, USA
3AOSense, 767 North Mary Avenue, Sunnyvale, California 94085-2909, USA
4Department of Physics and Department of Chemistry and Chemical Biology, Harvard University,
Cambridge, Massachusetts 02138, USA

SHelmholtz Institute Mainz, Johannes Gutenberg University, 55099 Mainz, Germany
(Received 9 July 2013; published 19 May 2014)

We propose an experiment to search for QCD axion and axionlike-particle dark matter. Nuclei that are
interacting with the background axion dark matter acquire time-varying CP-odd nuclear moments such as
an electric dipole moment. In analogy with nuclear magnetic resonance, these moments cause precession of
nuclear spins in a material sample in the presence of an electric field. Precision magnetometry can be used
to search for such precession. An initial phase of this experiment could cover many orders of magnitude in
axionlike-particle parameter space beyond the current astrophysical and laboratory limits. And with
established techniques, the proposed experimental scheme has sensitivity to QCD axion masses
m, <107 eV, corresponding to theoretically well-motivated axion decay constants f, = 10'® GeV.
With further improvements, this experiment could ultimately cover the entire range of masses m, < u eV,
complementary to cavity searches.
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Axion Dark Matter Search Based on NEDM Coupling

Dedicated Nuclear Magnetic Resonance Searches [Graham,Rajendran 13; Budker et al. 14]

« CASPEr-Electric currently being set-up in Boston

» Place a ferroelectric crystal (permanent electric
polarisation fields £*) in external B, | E* /\

o [ || ¥ 52
o || T
BVIEEE

l

oy

ext

.

[Budker et al. 14]
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Axion Dark Matter Search Based on NEDM Coupling

Dedicated Nuclear Magnetic Resonance Searches [Graham,Rajendran 13; Budker et al. 14]

« CASPEr-Electric currently being set-up in Boston

» Place a ferroelectric crystal (permanent electric
polarisation fields £*) in external B, | E* [\

. iod
 Nuclear spins are polarised along B,,, and precess ’ ’ ’
SQUID

at Larmor frequency wy = 2un Bext
pick || | 40 41 &

UIM/E*

[Budker et al. 14]
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Axion Dark Matter Search Based on NEDM Coupling

Dedicated Nuclear Magnetic Resonance Searches [Graham,Rajendran 13; Budker et al. 14]

« CASPEr-Electric currently being set-up in Boston

» Place a ferroelectric crystal (permanent electric
polarisation fields £*) in external B, | E* [\

. iod
* Nuclear spins are polarised along B.,, and precess ’ ’ ’
at Larmor frequency wy = 2un Bext SQUID

. Intergctign esch(t) . E* of DM .induced NEDM with pickup * * *
the E*-field leads to resonant increase of trans-

verse magnetisation of sample when wy = m, loop U f f ;f

l

oy

ext

.

[Budker et al. 14]
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Axion Dark Matter Search Based on NEDM Coupling

Dedicated Nuclear Magnetic Resonance Searches [Graham,Rajendran 13; Budker et al. 14]

« CASPEr-Electric currently being set-up in Boston

PHYSICAL REVIEW LETTERS 126, 141802 (2021)

» Place a ferroelectric crystal (permanent electric

polarisation fields £*) in external B.,. | E*

. . — Search for Axionlike Dark Matter Using Solid-State Nuclear Magnetic Resonance
* Nuclear spins are polarised along B.,, and precess
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Axion Dark Matter Search Based on NEDM Coupling

[Graham,Rajendran 13; Budker et al. 14]

« CASPEr-Electric currently being set-up in Boston

» Place a ferroelectric crystal (permanent electric
polarisation fields £*) in external B, 1 E*

« Nuclear spins are polarised along B.,, and precess
at Larmor frequency wy = 2un Bext

« Interaction esdy(t) - E* of DM induced NEDM with
the E*-field leads to resonant increase of trans-
verse magnetisation of sample when wr = m,
« First demonstrator observed no signal and thus
established bound on gan~ [Aybas etal., arXiv:2101.01241]
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v, [Hz]
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[AR,Rosenberg,Rybka in: 2021 Update of Review of Particle Physics]

A0

[adapted from https://github.com/cajohare/AxionLimits]
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Axion Dark Matter Search Based on NEDM Coupling

CASPEr-Electric currently being set-up in Boston

» Place a ferroelectric crystal (permanent electric
polarisation fields £*) in external B, 1 E*

« Nuclear spins are polarised along B.,, and precess
at Larmor frequency wy = 2un Bext

« Interaction esdy(t) - E* of DM induced NEDM with
the E*-field leads to resonant increase of trans-
verse magnetisation of sample when wr = m,

First demonstrator observed no signal and thus

established bound on gan~ [Aybas etal., arXiv:2101.01241]

An ALP with nEDM coupling in projected reach of
Phase | is much lighter than a canonical QCD

axion with the same nEDM coupling strength

[Graham,Rajendran 13; Budker et al. 14]

Va[HZ]
AQ y() x() x() x() x() x() x()l x()?’ xOA 305 x() x() x()?’ y() ()XO x()\’\’ x()ﬁ'

CASPEr-electric

SN1987A

|gany| [GeV™ 2]

= = - o _ » 29 .1 6 -9 A& 3 2
10 10 10 40 40 0 50 e B e e 0 P40 P 0 40704040 40 00

my [eV]

[adapted from https://github.com/cajohare/AxionLimits]

DESY. | QCD Axion Dark Matter in Reach of Nucleon Electric Dipole Moment Experiments? | Andreas Ringwald, Virtual LTP/PSI Thursday Colloquium, Villigen, CH, 17 March 2022 Page 69



Axion Dark Matter Search Based on NEDM Coupling

« CASPEr-Electric currently being set-up in Boston

» Place a ferroelectric crystal (permanent electric
polarisation fields £*) in external B, 1 E*

« Nuclear spins are polarised along B.,, and precess
at Larmor frequency wy = 2un Bext

« Interaction esdy(t) - E* of DM induced NEDM with
the E*-field leads to resonant increase of trans-
verse magnetisation of sample when wr = m,
« First demonstrator observed no signal and thus
established bound on gan~ [Aybas etal., arXiv:2101.01241]

« An ALP with nEDM coupling in projected reach of
Phase | is much lighter than a canonical QCD
axion with the same nEDM coupling strength

 Phase Il and Ill will reach canonical QCD axion
sensitivity, if axions are 100% of DM
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[Graham,Rajendran 13; Budker et al. 14]
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[adapted from https://github.com/cajohare/AxionLimits]
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Axion Dark Matter Search Based on NEDM Coupling

Storage ring EDM method
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Axion Dark Matter Search Based on NEDM Coupling

Storage ring EDM method

PHYSICAL REVIEW D 99, 083002 (2019)

Axionlike dark matter search using the storage ring EDM method

Seung Pyo Chang,l’2 Selcuk Hacﬂjmeroglu,2 On Kim,'” Soohyung Lee,” Seongtae Park,”” and Yannis K. Semertzidis'~

lDeparz‘ment of Physics, KAIST, Daejeon 34141, Republic of Korea
*Center for Axion and Precision Physics Research, IBS, Daejeon 34051, Republic of Korea

® (Received 20 June 2018; revised manuscript received 28 January 2019; published 8 April 2019)

We propose using the storage ring electric dipole moment (EDM) method to search for the axion dark
matter induced EDM oscillation in nucleons. The method uses a combination of B and E fields to produce a
resonance between the g — 2 spin precession frequency and the background axion field oscillation to
greatly enhance sensitivity to it. An axion frequency range from 10~ Hz to 100 MHz can, in principle, be
scanned with high sensitivity, corresponding to an f, range of 10"* GeV < f,, < 10°° GeV, the breakdown
scale of the global symmetry generating the axion or axionlike particles.

DOI: 10.1103/PhysRevD.99.083002
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Axion Dark Matter Search Based on NEDM Coupling

Storage ring EDM method

12th Int. Particle Acc. Conf. IPAC2021, Campinas, SP, Brazil JACoW Publishing
ISBN: 978-3-95450-214-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2021-WEPAB188

NEW METHOD TO SEARCH FOR AXION-LIKE PARTICLES
DEMONSTRATED WITH POLARIZED BEAM

AT THE COSY STORAGE RING First demonstrator experiment at COSY

S. Karanth*, Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakéw, Poland
on behalf of the JEDI collaboration®

Abstract

The axion was originally proposed to explain the absence CO O I e r Sy n C h rOt rO n ( CO SY)

size of CP violation in quantum chromodynamics. Axions
or axion-like particles (ALPs), when coupled to gluons, in-
duce an oscillating Electric Dipole Moment (EDM) along
the nucleon’s spin direction. At the Cooler Synchrotron
COSY in Jiilich, this principle was used to perform a first
test experiment to search for ALPs using an in-plane po- T
larized deuteron beam. In COSY, the beam polarization X
vector precesses in the horizontal plane due to the presence P WASA ~
of magnetic fields. If the spin precession frequency equals L. . ¥ solenoid detector
the EDM oscillation frequency, a resonance occurs that ac- e A proof-of—prl nci ple experiment to
cumulates the rotation of the polarization out of the ring

plane. Such a resonance is searched for by scanning beam sea rCh fO r ALPs
revolution frequency, which is directly related to the spin

precession frequency. At COSY, four beam bunches with * Polarized deuterons
different polarization directions were used to make sure that
no resonance was missed because of the unknown relative ¢ \WASA detector as the po|a rimeter

phase between the polarization precession and the EDM os-
cillations. We scanned a frequency window of about 1.5 kHz
width around the spin precession frequency of 121 kHz. This
paper describes the experiment.
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Axion Dark Matter Search Based on NEDM Coupling

12th Int. Particle Acc. Conf. IPAC2021, Campinas, SP, Brazil JACoW Publishing
ISBN: 978-3-95450-214-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2021-WEPAB188

NEW METHOD TO SEARCH FOR AXION-LIKE PARTICLES
DEMONSTRATED WITH POLARIZED BEAM
AT THE COSY STORAGE RING CASPEr-electric

Vg
o Aot

A0 40

A\

T . T A Q
1074074074070 AP A0 AT A AP 4 W WA

S. Karanth*, Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakéw, Poland
on behalf of the JEDI collaboration®
JEDY at COSY
Abstract SN."S7A

The axion was originally proposed to explain the absence
size of CP violation in quantum chromodynamics. Axions
or axion-like particles (ALPs), when coupled to gluons, in-
duce an oscillating Electric Dipole Moment (EDM) along
the nucleon’s spin direction. At the Cooler Synchrotron
COSY in Jiilich, this principle was used to perform a first
test experiment to search for ALPs using an in-plane po-
larized deuteron beam. In COSY, the beam polarization
vector precesses in the horizontal plane due to the presence
of magnetic fields. If the spin precession frequency equals
the EDM oscillation frequency, a resonance occurs that ac-
cumulates the rotation of the polarization out of the ring
plane. Such a resonance is searched for by scanning beam
revolution frequency, which is directly related to the spin
precession frequency. At COSY, four beam bunches with

different polarization directions were used to make sure that 0 A9 A% AT A6 A% AR A AL Ay A0 9 % T 6 5 & 3 2
no resonance was missed because of the unknown relative 107107 407 107 40 40 40 40 40 40 40 10 40 10 40 40 40 40 40
phase between the polarization precession and the EDM os- m a [eV]

cillations. We scanned a frequency window of about 1.5 kHz
width around the spin precession frequency of 121 kHz. This

paper describes the experiment. [adapted from https://github.com/cajohare/AxionLimits]
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Axion Dark Matter Search Based on NEDM Coupling

Storage ring EDM method

PHYSICAL REVIEW D 99, 083002 (2019) Oscillation Frequency (Hz)

2x10™° 2x107 2x10* 2x10™
1

10+
Axionlike dark matter search using the storage ring EDM method 107 3
Seung Pyo Chang,"2 Selcuk Hac16meroglu,2 On Kim,"? Soohyung Lee,” Seongtae Park,”” and Yannis K. Semertzidis'? 107 107
'Department of Physics, KAIST, Daejeon 34141, Republic of Korea < 10" - 107
*Center for Axion and Precision Physics Research, IBS, Daejeon 34051, Republic of Korea % N
[0) -16 .18
® (Received 20 June 2018; revised manuscript received 28 January 2019; published 8 April 2019) :j‘ 10 £ 10
~ -19 [ 419
We propose using the storage ring electric dipole moment (EDM) method to search for the axion dark Oo 10 10

matter induced EDM oscillation in nucleons. The method uses a combination of B and E fields to produce a 102
resonance between the g — 2 spin precession frequency and the background axion field oscillation to

| N T N e |
v

greatly enhance sensitivity to it. An axion frequency range from 10~° Hz to 100 MHz can, in principle, be 10% N 107
scanned with high sensitivity, corresponding to an f, range of 10> GeV < f,, < 10’ GeV, the breakdown 102 102
scale of the global symmetry generating the axion or axionlike particles.
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Axion Mass (eV)

FIG. 7. Experimental limits for the frequency scan with
ALP with nEDM Coup”ng in projected reach of Storage ring deuterons. The measurement time is assumed to be 3 s for each
EDM method is much lighter than a canonical QCD axion frequency with an E 4 B ring and axion coherence time with a
) i B-field ring. See Table III for details.
with the same nEDM coupling strength
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An Even Lighter QCD Axion?

Down-tuning the axion mass?
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An Even Lighter QCD Axion?

Down-tuning the axion mass?

 How can the QCD axion, at fixed f,, be much lighter than the canonical value:

V) VE e ks

m p—
¢ fa 142 fa
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An Even Lighter QCD Axion?

 How can the QCD axion, at fixed f,, be much lighter than the canonical value:

V) VE ma
“ fa 1+2z f,
* Need further shift symmetry violating terms which almost cancel the one from QCD:

as a(x)

E(iU) D) _8_7'(' fa

Gl ()G (x)
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An Even Lighter QCD Axion?

 How can the QCD axion, at fixed f,, be much lighter than the canonical value:
V) VE ma
“ fa 1+2z f,
* Need further shift symmetry violating terms which almost cancel the one from QCD:

as a(x)
87 fa
e Zy axion in mirror world extension of SM allows to achieve this in technically naturally manner

[Hook, arXiv:1802.10093]

L(z) D

Gl ()G (x)
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An Even Lighter QCD Axion?

How can the QCD axion, at fixed f,, be much lighter than the canonical value:
V) VE ma
“ fa 1+2z f,
* Need further shift symmetry violating terms which almost cancel the one from QCD:

as a(x)
87 fa
e Zy axion in mirror world extension of SM allows to achieve this in technically naturally manner

L(z) D

Gl ()G (x)

[Hook, arXiv:1802.10093]

- Extension of the SM by adding A/ — 1 copies of the SM that are interchanged under a Z,, symmetry which is
non-linearly realized by the axion field:

SM
SM, _,
Zyn o SMyp — SMk—l—l(modN)
21k SM-,
a— a+ ——fq
N SM, _,
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An Even Lighter QCD Axion

Zy axion in mirror world extension of SM

2mk
Zn i SMg — SMii1 (mod Ny, a@—a+ %fa [Hook, arXiv:1802.10093]
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An Even Lighter QCD Axion

21k
ZN : SMk — SMk+1 (mod A) 5 a— a-+ —fa [Hook, arXiv:1802.10093]

« The most general Lagrangian implementing this symmetry describes N mirror worlds whose couplings take
exactly the same values as in the SM, with the exception of the effective 6-parameter: for each copy the
effective 0 value is shifted by 27r/N with respect to that in the neighbour £ sector,

L= Z [ESMk (;L 27T]€> Gkék] +
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An Even Lighter QCD Axion

21k
Zn i SMg — SMii1 (mod Ny, a@—a+ —fa [Hook, arXiv:1802.10093]

« The most general Lagrangian implementing this symmetry describes N mirror worlds whose couplings take
exactly the same values as in the SM, with the exception of the effective 6-parameter: for each copy the
effective 0 value is shifted by 27r/N with respect to that in the neighbour £ sector,

L= Z [ESMk (;L 27T]€> Gkék] +

« Each QCD, sector contributes to the axion potential, which in leading order chiral expansion reads

2 r9 N-—-1
21k
VN(a):—T:f; Z \/1—|—z2—|—2zcos(; + j\T/,)
k=0 @
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An Even Lighter QCD Axion

Zy axion in mirror world extension of SM

For NV odd, strong CP problem solved: potential has N minima located at a = {+£27¢/N} f,, for
¢=0,1,..., (N —1)/2, including the origin, a =0

TN N N N Y
0.8 1

2
T

2
T

V(0a)/m

Oa
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[Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]
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An Even Lighter QCD Axion

In the |argej\[ limit: [Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]

102
2 r2 0
m2 f 1—2z . a 10
Vi (a) =2 ——I=F N7YV2 N cos | N—
ﬁ 1 + z fa 1072
_ 104
* In particular:
m
2 £2 &5 1076
2 2Nm7rf7r l_z/\/’3/2./\/' 7P
My fo = 2
« Mass exponentially smaller by factor »V/2 ~ 2=N/2 as 1077
compared to the canonical axion mass 10-12
10~
10710
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o Numerical result

e £ 2£28
Hook's fit m2 f2 ~ %

—— Holomorphicity bound

(/2"

This work m2f? ~ —mj}:’% %Ng/z N
10 20 30 40 50 60 70 80 90 100
Number of worlds N/
[Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]
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An Even Lighter QCD Axion

* Inthe large N\ limit: [DiLuzio, Gavela, Quilez, AR, arXiv:2102.00012]

m2f2 1 — » a (./.f(l

Vi (a) ~ ——=" N_1/2ZNCOS<N—>
N R fa

* In particular:

m2 f2 ~ m2 fz 1_ZN—3/2ZN
a-a JT V142

« Mass exponentially smaller by factor »N/2 ~ 2-N/2 as
compared to the canonical axion mass

* Results in universal enhancement of all axion coup-
lings to the SM relative to those of the canonical QCD
axion by a factor of 2V/?

m,

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]
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An Even Lighter QCD Axion

Vi (a) ~ — “ENTY2 N o <Na> ol

In the |argej\[ limit: [Di Luzio, Gavela, Quilez, AR, arXiv:2102.00012]
Val[HZ]
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_5 _A 3 _72 A Q A
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* In particular: 10-7

2 r2 10°8 SN1987A
m?> f2N mﬂ'fﬂ' 1_2N3/22N
@ NZ i

107°
10—10
« Mass exponentially smaller by factor »N/2 ~ 2-N/2 as
compared to the canonical axion mass

10—11
10—12
10—13
10—14
10—15
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Results in universal enhancement of all axion coup- 10-7
. . . 107 %
lings to the SM relative to those of the canonical QCD 101
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axion by a factor of 2V/? i
104

May be in reach of CASPEr-electric Phase | if it can R IR RIS R R R T R CREC AP IR AP R PRt i
be 100% of dark matter Mg [eV]
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[adapted from https://github.com/cajohare/AxionLimits]
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DM from an Even Lighter QCD Axion

Dark matter production [Di Luzio, Gavela, Quilez, AR, arXiv:2102.01082]

* Peculiar temperature dependence of
axion potential: DM produced by differ-
rent types of misalignment
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DM from an Even Lighter QCD Axion

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.01082]

* Peculiar temperature dependence of
axion potential: DM produced by differ-
rent types of misalignment

« pure trapped (f, < 10! GeV)

« axion field first trapped in wrong mini-
mum (with @/fa = ) which effective-
ly delays the onset of the true oscilla-
tions and thus enhances the DM den-
sity
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DM from an Even Lighter QCD Axion

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.01082]

0, =cte 1%t Osc. WKB, N, = cte Kinetic, ¢, = cte 2" Osc. WKB, N! = cte

-
* Peculiar temperature dependence of N MW
axion potential: DM produced by differ- < 0 L =3 s /\\/ﬁVPVAV«J«J«J«J«n,«,«,«,,w
rent types of misalignment
o i
« pure trapped (f, < 10! GeV) i fa=phe s Wik N = cte
« axion field first trapped in wrong mini- 10- J\M K Delay onset ose. )
mum (with @/fa = ) which effective- . MMMMMHM._- :

ly delays the onset of the true oscilla-
tions and thus enhances the DM den-
sity

- trapped + kinetic (10! GeV < f, < 10'7 GeV)

« trapped misalignment sources recent-
ly proposed kinetic misalignment me-
chanism: a sizeable initial axion velo- e

Trapped+Kinetic mis.
QCD axion-like mis.

VUUWWWW"M

city is the source of the axion relic E o e 2 on
abundance as opposed to the con- PR 7(\ D e Qedke o
ventionally assumed initial misalign- . \
ment angle 3 tome
—— S .
High Temp. Low Temp.
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DM from an Even Lighter QCD Axion

[Di Luzio, Gavela, Quilez, AR, arXiv:2102.01082]

* Peculiar temperature dependence of
axion potential: DM produced by differ-
rent types of misalignment

« pure trapped (f, < 10! GeV)

« axion field first trapped in wrong mini-
mum (with @/fa = ) which effective-
ly delays the onset of the true oscilla-
tions and thus enhances the DM den-
sity
- trapped + kinetic (10! GeV < f, < 10'7 GeV)

« trapped misalignment sources recent-
ly proposed kinetic misalignment me-
chanism: a sizeable initial axion velo-
city is the source of the axion relic
abundance as opposed to the con-
ventionally assumed initial misalign-
ment angle

« simple ALP (f, > 10" GeV)
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Experimental Probes of the Z,, Axion

Searches based on photon coupling

« Huge discovery potential for light-shining through wall (ALPS II), helioscope (IAXO) and haloscope searches:
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Experimental Probes of the Z,, Axion
Searches based on NEDM coupling

« Large discovery potential for searches for oscillating NEDMs:
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Conclusions
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Conclusions

« QCD axion can be even lighter than canonical one
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Conclusions

« QCD axion can be even lighter than canonical one

« Allinteractions of QCD axion are then universally enhanced relative to the canonical one with the same mass
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Conclusions

« QCD axion can be even lighter than canonical one

« Allinteractions of QCD axion are then universally enhanced relative to the canonical one with the same mass

« Experiments which were aiming to search for generic ALPs may in fact discover a true QCD axion candidate
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Backup: Astrophysical Probes of the Z, Axion
Stellar constraints

* Duration of neutrino signal from Super-
nova 1987A [Raffelt, hep-ph/0611350]

« Superradiance [Arvanitaki et al., 1004.3558; 1411.2263]

. : SN1987a
* In stellar cores minimum of axion po-

tential may be shifted to 7, leading to
modifications |

» of nuclear processes in O 107"
° — ]_0_13 " g
Sun H\@ NS-NS inspiral
. 10—14
Neutron stars ~Z

— 1015 BH-NS inspiral

° Pulsars (LIGO/VIRGO and aLIGO)

 in the orbital decay of binary systems
(NS-NS or BH-NS) and subsequently
in the emitted gravitational waves

[Hook,Huang, 1708.08464; Huang et al., 1807.02133]
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Backup: Experimental Probes of the Z, Axion

Searches based on nucleon coupling

* Prospected sensitivity for searches for dark matter wind:
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