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Cartoon 1

Let’s start with a

Disclaimer

Cartoon 2 lecture 2



Outline of lecture 1:

1 Evolution of the Universe, matter vs. antimatter, Sakharov conditions
2 CP violation in the Standard Model
3 U(1)A problem
4 Instantons, topological charge and susceptibility
5 QCD vacuum structure and θ-angle
6 Strong CP problem
7 Peccei-Quinn mechanism → lecture 2
8 Invisible axions → lecture 2
9 Fine-tuning after all → lecture 2
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Matter Excess in the Universe
1 End of inflation: nB = nB̄

2 Cosmic Microwave Bkgr.
● SM(s) prediction: ∗

(nB −�ZnB̄)/nγ ∣CMB ∼10−18

● WMAP+PLANCK (’13):
nB/nγ ∣CMB=(6.05±0.07)10−10

Sakharov conditions (’67)
for dyn. generation of net B:

1 B violation
to depart from initial B=0

2 C & CP violation
to distinguish B from B̄
production rates

3 Either CPT violation or
out of thermal equilibrium
to distinguish B production from
back reaction and to escape ⟨B⟩=0
if CPT holds
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CP violation in the Standard Model
The conventional source: Kobayashi-Maskawa mechanism

Empirical facts: 3 generations of u/d quarks (& e/ν leptons)

quarks & leptons in mass basis ≠ quarks & leptons in weak-int. basis

LSM = Lgauge +Lgauge-fermion +Lgauge-Higgs +LHiggs-fermion is CP inv.,

with the exception of the θ term of QCD (see later)

and the charged-weak-current interaction (⊂ Lgauge-fermion)

Lc-w-c = −
gw√

2 ∑
3
ij=1 d̄Liγ

µV ij uLj W−
µ −

gw√
2 ∑

3
ij=1

¯̀Liγ
µU ij νLj W−

µ + h.c.

V : 3 × 3 unitary quark-mixing matrix U: 3 × 3 unitary lepton-mixing matrix

(Cabibbo-Kobayashi-Maskawa matrix) (Pontecorvo-Maki-Nakagawa-Sakata m.)

3 angles + 1�CP phase δKM 3 angles +1(3)�CP phase(s) for Dirac (Majorana) νi ’s
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U(1)A problem: why only N2
F − 1 Pseudo-Goldstone Bosons ?

GBs arise from spontaneous symmetry breaking (SSB) with
one massless GB per broken symmetry generator (=‘charge’)

Pseudo-GBs acquire finite mass from small explicit SB

In the chiral limit, the QCD Lagrangian is invariant under

U(NF )L ×U(NF )R = SU(NF )L × SU(NF )R
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

chiral group

×U(1)V
´¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¶
baryon #

×U(1)A
´¹¹¹¹¹¹¸¹¹¹¹¹¹¶

?
SSBÐÐ→ {SU(NF )L × SU(NF )R/SU(NF )V } ×U(1)V ×U(1)A

What about the extra U(1)A symmetry? Spontaneous SB?
Is there an extra ”(P)GB” in addition to the N2

F − 1 ones? Not really:
NF = 2 ∶ mπ0 ≈ 135 MeV ,mπ± ≈ 139 MeV ≪ mη ≈ 548 MeV

NF = 3 ∶ mπ0 ≲ mπ± < mK± ≲ mK 0,K̄ 0 < mη ≪ mη′ ≈ 958 MeV

while for NF ≥ 2 there is the naive bound: m ”η”
!
<
√

3mπ ≈ 240 MeV.

↪ This is the U(1)A problem S. Weinberg, Phys. Rev. D 11 (1975) 3583

Question rephrased:
What happens to the classical U(1)A symmetry at quantum level ?
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U(1)A anomaly – perturbative consideration

Anomaly of the axial U(1)A current in QCD (in the chiral limit) :

∂µJµA = −
g2

s NF

8π2
1
2 Gc

µνG̃c µν
= −

g2
s NF

16π2 Gc
µνG̃c

µν (Trflavor[I]=NF , Trcolor[tc tc′ ]= 1
2 δ

cc′ )

(however, SU(3)A: ∂µJaµ
A = 0, ∀a ≠ 0 since Trflavor[ 1

2λ
a] = 0.)

In the “path-integral language”, the U(1)A anomaly arises due to the Jacobian
in the fermion measure ( Dψ′Dψ̄′ = J−2

DψDψ̄) resulting from the flavor-singlet
axial transformation ψf → ψ′f = eiβγ5ψf :

β ∫ d4x ∂µjµA
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

not zero, even in chiral limit

!
= −i ln (J−2

) = −β 2NF
g2

s

32π2 ∫ d4xGc
µνG̃c µν

Note that g2
s

32π2 Ga
µνG̃aµν

=
g2

s
32π2 ε

µνρσTr(GµνGρσ) = ∂µKµ is a total derivative with

Kµ
=

g2
s

16π2 ε
µνρσTr (AνGρσ + i 2

3 AνAρAσ) (Chern-Simons current)

↪ the U(1)A anomaly of QCD is irrelevant in perturbation theory !
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U(1)A anomaly and large gauge transformations

Since Gc
µνG̃c µν

∝ ∂µKµ is a total derivative, even a gauge-invariant,
Lorentz-invariant, C- and still P × T -invariant (although P & T breaking) θ-term,

L
θ
QCD = −θ̄

g2
s

32π2
1
2 ε
µνρσGa

µνGa
ρσ ,

added to the usual QCD Lagrangian

LQCD = −
1
4

Gc
µνGc,µν

+∑
f

q̄f(iγµ(∂µ − igAc
µtc

) −mf)qf ,

would be irrelevant as well – in perturbation theory !

However, non-perturbative (large) gauge transformations (so-called instantons)
exist in Euclidean space-time R4, such that

∫
R4

d4xE
g2

s

32π2 Gc
µνG̃c

µν = n ∈ Z (topologically protected and nonzero in general).
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Instantons in classical Yang-Mills theory
In Euclidean space-time (t → −iτ , ∂t → i∂τ , gµν → −δµν ) the Yang-Mills action is positive:

SE ≡ −iSM(t → −iτ) =
1
2 ∫

d4xE Tr (GE
µνGE

µν) ≥ 0 (!)

(rescale AE
µ → AE

µ/gs and drop index E from now on)

↪ SE = 1
4g2

s
∫ d4xE Tr ((Gµν∓G̃µν)(Gµν∓G̃µν))

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
≥ 0

± 1
2g2

s
∫ d4xE Tr (GµνG̃µν)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
≡ 8π2Q/g2

s

↪ SE
!=

8π2∣Q∣
g2

s
for { self-dual Gµν = +G̃µν (Q ≥ 0)

anti-self-dual Gµν = −G̃µν (Q < 0)
} “instanton”

configurations.

Use 1
16π2 Tr (GµνG̃µν) = ∂µ [ 1

8π2 εµναβTr (Aν(∂αAβ − i 2
3 AαAβ))] ≡ ∂µKµ

(with Kµ Chern-Simons current and ε0123 = −1)

and Aµ
∣x ∣→∞
ÐÐÐ→ −i(∂µΩ)Ω† (pure gauge) such that Gµν

∣x ∣→∞
ÐÐÐ→ 0 and action is finite.

↪ Topological charge (= Pontryagin index = 2nd Chern class)

Q= 1
16π2∫ d4xETr (GµνG̃µν) = ∮

S3
dσµ −1

24π2 εµναβTr ((∂νΩ)Ω†(∂αΩ)Ω†(∂βΩ)Ω†)

is an integer determined by Ω(nµ) with nµ (n2=1) the direction in which ∣x ∣→∞.
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Topological charge
Q= 1

16π2∫ d4xETr (GµνG̃µν) = ∮
S3

dσµ −1
24π2 εµναβTr ((∂νΩ)Ω†(∂αΩ)Ω†(∂βΩ)Ω†)

Pure gauge condition Aµ Ð→ −i(∂µΩ)Ω† determined by Ω(nµ)
where the unit 4-vector nµ specifies the direction in which x approaches infinity

↪ Space-time at ∣x ∣→∞ isomorphic to S3 sphere

↪ Ω(nµ): mapping S3
→ S3(group-valued) ≅ SU(2) (note: 2π2 × 3! × Tr[I] = 24π2)

in the two-color scenario (or for a color group G = SU(Nc) ⊇ SU(2) in general).

Space of mappings of S3
→ G: infinite set of isolated classes, labeled by the

winding number Q: mappings belonging to one class cannot be continuously deformed
into those belonging to any other class

↪ homotopy classes Π3(G) = Z (windings of mappings S3 → G)

– analog to n ∈ Z windings of Q = ∮
S1

dσµ 1
2π εµνAν = 1

2π ∫
2π

0 dφAφ for the maps S1 → S1

Some examples:
Q = +1 mapping: Ω1(nµ) = n0 + i n⃗ ⋅ τ⃗ with nµ = xµ/

√
x2 ;

Q = −1 mapping: Ω−1(nµ) = Ω†
1(nµ); ⋯

Q = +7 mapping: (Ω1(nuµ))7 etc.
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Instantons and the solution of the U(1)A problem
’t Hooft, PRL 37 (’76), PRD 14 (’76), 18 (’78)

Non-perturbative (large) gauge transformations (so-called instantons) exist in
Euclidean space-time R4, such that

Q
®

topol. charge

= ∫
R4

d4xE
g2

s

32π2 Ga
µνG̃a

µν

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
topol. density q(x)

= n ∈ Z (protected by topology & nonzero in general)

∴ One-(anti-)instanton amplitude for QCD (after redefining gsAµ Ð→ Aµ)

A
I / Ī
E ∝ e

−∫ d4xE(
1

8g2
s
(Ga
µν∓G̃a

µν)
2
± 8π2

g2
s

1
32π2 Ga

µν G̃a
µν)

∝ e
− 8π2

g2
s (µ) .

is nonzero and proportional to e−SE .

Weak coupling (g2
s (µ)≪1): instanton amplitude exponentially small;

but in the strong coupling case, g2
s (µ) ∼ (4π)2, no suppression!

↪ ∂µ jµA ≠ 0 non-perturbatively ; m2
η′ ≫ m2

π,K ,η ; only N2
F − 1 Pseudo-GBs !

Topological susceptibility
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Instantons and non-trivial vacua in QCD
Because of large gauge transformations Aµ → A(n)

µ = Aµ − i(∂µΩn)Ω†
n,

there are infinitely many homotopy classes Π3(SU(3) = Z and
QCD has a topologically non-trivial vacuum structure

with winding number n

instantons (≅ large gauge transformations) that induce ∣n⟩→ ∣n + 1⟩ etc.
↪ and solve the UA(1) problem ’t Hooft, PRL 37 (’76), PRD 14 (’76), 18 (’78)

However, any naively chosen vacuum ∣0⟩n ≡ ∣n⟩ (with n arbitrary, but fixed)

1 is unstable under the one-instanton action, Ω1 ∶ ∣0⟩n → ∣0⟩n+1,

2 is not gauge invariant under large gauge transformations,

3 violates cluster decomposition: ⟨O1O2⟩
!
= ⟨O1⟩⟨O2⟩

which can be traced back to causality, unitarity (and locality) of the underlying field theory, e.g.:

let O1 be the axial charge operator Q†(tE) and O2 the corresponding operator Q(0) at tE = 0,

then both ⟨n∣O1∣n⟩ = 0 and ⟨n∣O2∣n⟩ = 0 but ⟨n∣O1∣n+2⟩⟨n+2∣O2∣n⟩ ≠ 0 even for tE →∞.
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θ vacua in strong interaction physics
Thus true vacuum must be a superposition of all ∣n⟩ vacua:

∣vac⟩θ ≡
+∞

∑
n=−∞

einθ
∣n⟩ with Ω1 ∶ ∣vac⟩θ → e−iθ

∣vac⟩θ (with a phase shift only)

Note θ′⟨vac∣e−iHt
∣vac⟩θ = δθ−θ′ × θ⟨vac∣e−iHt

∣vac⟩θ such that θ is unique.

↪ θ is another parameter of strong interaction physics (as mu,md , ...):

LQCD = L
CP
QCD +L

��CP
QCD = L

CP
QCD − θ

g2
s

32π2
1
2 ε
µνρσGa

µνGa
ρσ .

Under axial rotation of the quark fields qf → eiβγ5 qf ≈ (1+ iβγ5)qf

LQCD → L
CP
QCD − 2β∑f mf q̄iγ5q − (θ + 2Nfβ)

g2
s

32π2 G̃a
µνGa,µν

↪ L
str��CP
SM = L

CP
SM − θ̄

g2
s

32π2
1
2 ε
µνρσGa

µνGa
ρσ with θ̄ = θ+arg detM

Note:
The θ̄ parameter is an angle, θ̄ ∈ [−π,π], since the one-instanton amplitude is ∝ eiθ̄Q .
If any quark mass mf were zero, then the θ̄ angle could be removed by a suitable axial
rotation with 2βf = −θ̄.
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Strong CP problem
The resolution of the U(1)A problem – via the complicated nature of the QCD vacuum
– effectively adds an extra term to the QCD Lagrangian:

Lθ̄ = −θ̄
g2

s

32π2
1
2 ε
µνρσGa

µνGa
ρσ

This term violates parity P and time-reflection invariance T
(since only ε0123 and any of its permutations are non-zero)

but conserves charge conjugation invariance C ;��CP ;
it induce an electric dipole moment (EDM) for the neutron:

∣dn∣ ≃ ∣θ̄∣ ⋅
m∗

q

ΛQCD
⋅

e
2mn

∼ ∣θ̄∣ ⋅ 10−2
⋅ 10−14e cm ∼ ∣θ̄∣ ⋅ 10−16e cm

compared with ∣dexp.
n ∣ < 1.8 ⋅ 10−26e cm Abel et al. [nEDM Coll.] (2020).

↪ ∣θ̄∣ ≲ 10−10, while NDA (naive dim. analysis) predicts ∣θ̄∣ ∼ O(1).
(Note that the other CP-violating phase of the SM, δKM , is indeed of O(1)).

This mismatch is called the strong CP problem.
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Resolution(s) of the Strong CP problem

Fine-tuning
– motivated by many-worlds scenarios, anthropic principle (?) etc.

or spontaneously broken CP such that θ̄ ∶=0 at the Lagrangian level
– but θ̄ ≠ 0 reintroduced at the loop level
– and the CKM mechanism predicts CP-breaking of explicit nature and not as SSB

or an additional chiral symmetry
(i) by a vanishing (u-)quark mass (?)

– excluded by Lattice QCD: mu = 2.16+0.49
−0.26 MeV Particle Data Group (2020)

(ii) or by an additional global chiral UPQ(1) symmetry of the SM
– Peccei-Quinn (PQ) mechanism Peccei & Quinn, PRL 38 & PRD 16 (1977)

– including axions Weinberg, PRL 40 (1978), Wilczek PRL (40) (1978)

⋮

(iii) however, the “Empire strikes back”: fine-tuning may be back
– reintroduced by Planck-scale explicit PQ-symmetry breaking terms

Kiwoon Choi (Daejeon, Korea), Bethe-Lectures, Bonn, March 2015

End of Lecture1
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Some leftovers from lecture 1

1 EW Baryogenesis in the Standard Model

2 Physics of Electric Dipole Moments (EDMs)

3 Dimensional analysis of the nucleon EDM

Remaining outline for lecture 2:

4 Peccei-Quinn mechanism and axions

5 Invisible axions

6 Fine-tuning after all

7 EDM roadmap and bounds (if time permits)

8 Oscillating EDMs, axions and Axion-Like Particles (ALPs) (if time permits)
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CP violation and Electric Dipol Moments (EDMs)

Fig. courtesy of Wikimedia
A. Knecht 2008

EDM: d⃗ = ∑i r⃗i ei
subatomicÐÐÐÐÐ→
particles

d ⋅ S⃗/∣S⃗∣
(polar) (axial)

H = −µ S⃗
S ⋅ B⃗ − d S⃗

S ⋅ E⃗

P: H = −µ S⃗
S ⋅ B⃗ + d S⃗

S ⋅ E⃗

T: H = −µ S⃗
S ⋅ B⃗ + d S⃗

S ⋅ E⃗

Any non-zero EDM of P-non-degenerate, finite (e.g. subatomic) particle
requires explicit breaking of P& T in quantum mechanics

Assuming CPT to hold, CP violated as well (diagonally in flavor !)
↪ subatomic EDMs: “rear window” to CP violation in early universe

Strongly suppressed in SM (CKM-matrix): ∣dn ∣∼10−31–33e cm, ∣de ∣∼10−44e cm

Current bounds: ∣dn ∣< 1.8◇/1.6∗ ⋅ 10−26e cm, ∣dp ∣< 2 ⋅ 10−25e cm, ∣de ∣< 1.1 ⋅ 10−29e cm

n: Abel et al. [nEDM] (2020)◇, p prediction∗: Dimitriev&Sen’kov (2003), e: Andreev et al. [ACME ] (2018)†

∗ indirect from ∣d199Hg
∣ < 7.4 ⋅ 10−30e cm bound of Graner et al. (2016), † indirect from polar ThO back
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Naive nucleon-EDM estimate from known physics
(apart from measured bound ∣dexp

n ∣ < 10−26e cm) Khriplovich & Lamoreaux (1997); Kolya Nikolaev (2012)

CP & P conserving (magnetic) moment ∼ nuclear magneton µN

µN = e
2mp
∼ 10−14e cm .

Nonzero EDM requires

parity P violation: price to pay ∼ 10−7

( GF ⋅ F 2
π ∼ 10−7 with GF ≈ 1.166 ⋅ 10−5GeV−2 ),

and additionally CP violation: price to pay ∼ 10−3

( ∣η+−∣ ≡ ∣A(K 0
L → π+π−)∣ / ∣A(K 0

S → π+π−)∣ = (2.232 ± 0.011) ⋅ 10−3 ).

In summary: ∣dN ∣ ≲ 10−7 × 10−3 × µN ∼ 10−24e cm

In SM (without θ): extra GF F 2
π factor to undo flavor change of CKM-matrix

↪ ∣dSM
N ∣ ≲ 10−7 × 10−24e cm ∼ 10−31e cm

↪ BSM window for physics search beyond SM @θ∶=0 Hare Theta

10−24e cm ≳ ∣dN ∣ ≳ 10−30e cm
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Estimate of strong CP-violating parameter θ̄
Another source of CP- (i.e. P- & T-) violation in SM: QCD θ-term (of dimension 4)

−θ
g2

s

64π2 ε
µνρσGa

µνGa
ρσ

chiral UA(1)
ÐÐÐÐÐÐÐ→

rotation
θ̄m∗

q∑
f

q̄f iγ5qf

with θ̄ = θ + arg detMquark the physical parameter in QCD for CP violation

↪ ∣d θ̄N ∣ ∼ ∣θ̄∣ ⋅
m∗

q

ΛQCD
⋅ e
2mN

∼ ∣θ̄∣ ⋅ 10−2 ⋅ 10−14e cm ∼ ∣θ̄∣ ⋅ 10−16e cm

m∗
q /ΛQCD suppression factor from UA(1) rotation

with m∗
q =

mumd ms
mumd+msmu+msmd

∼
mumd

mu+md
reduced quark mass.

From empirical nEDM limit, ∣demp
n ∣ < 1.8 ⋅ 10−26e cm,

and naive CKM-SM estimate, ∣dSM
N ∣ ≲ 10−31e cm

↪ window of opportunity for determining θ̄:

SM/CKM Ð→ 10−14 ≲ ∣θ̄∣ ≲ 10−10 ←Ð nEDM of Abel et al.

cannot explain cosmic matter surplus, since ΛχSB ≪ ΛEWSB,
↪ CP-violating (dimension≥ 6) sources from BSM physics needed Hare KM
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Rough EDM-scale estimate in BSM scenario
solely based on dimensional considerations

EDM di of quark or lepton i of mass mi and charge ei

scales as di ≃
1

16π2

mi

Λ2
BSM

ei sinφ where

ΛBSM mass scale of underlying BSM physics,
di ∝ mi (helicity flip from Higgs interaction) ; dimension-6 source terms
(Solely existing dimension-5 CP-violating operator: Majorana mass term in neutrino physics)

sinφ results from the CP-violating BSM phases,
g2

/16π2
∼ 10−2 (if g ∼ 1) one-loop suppression factor (as in SUSY extensions)

( 10−4 suppression factor for two-loop (Barr-Zee) processes in, e.g., multi-Higgs scenarios,

while no suppression factor for loop-free particle exchanges as, e.g., in leptoquark scenarios)

Thus
∣dN ∣ ∼ 10−24

(
1 TeV
ΛBSM

)

2

∣ sinφ∣e cm if mq ∼ 5 MeV

compatible with naive estimate 10−24e cm if ΛBSM ≳ 1 TeV and sinφ ∼ 1,

while a 10−29e cm sensitivity would allow testing down to φ ≳ 10−5 @1TeV scale
or up to ΛBSM ≲ 300 TeV @φ ∼ 1 (in the one-loop scenario) BSM
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RESUMING
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OF T HE
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Member of the Helmholtz Association Andreas Wirzba Nov. 8-9, 2021 Slide 23 39



From the U(1)A problem to the strong CP problem
The Hare and the Hedgehog – a fairy tale

U(1)A problem of QCD: mη,η′ >
√

3mπ ≈ 240 MeV
– proposed solution: U(1)A anomaly

Problem: resulting current proportional to a total derivative in perturbation theory
– solution: non-perturbative QCD vacuum including instantons

Problem: vacuum ∣n⟩ not unique, not gauge inv., cluster decomposition viol.
– solution: θ vacuum ( superposition of all ∣n⟩ vacua ×eiθn )

Problem: neutron EDM bound ; strong CP problem
– proposed solution: Peccei-Quinn mechanism ⋯
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Peccei-Quinn symmetry and the axion
Peccei & Quinn (1977): imposed on the SM
a global chiral U(1)PQ symmetry that is non-linearly realized (i.e. SSB)

Peccei & Quinn, PRL 38 & PRD 16 (1977)

Weinberg & Wilczek (1978): introduced the corresponding Nambu–Goldstone
boson, the so-called axion Weinberg, PRL 40 (1978), Wilczek PRL (40) (1978)

The static angular parameter θ̄ (mod 2π) is replaced by a dynamical pseudoscalar
field a(x) which transforms under PQ as

U(1)PQ ∶ f−1
a a(x)→ f−1

a a(x) + αPQ

where fa is the order parameter associated with spont. breaking of U(1)PQ symmetry.
The SM Lagrangian is augmented by axion interactions

Ltotal = LSM − θ̄
g2

s

32π2
Gc
µνG̃c µν + 1

2∂µa∂µa +Lint[∂µa/fa, ψ, ψ̄] + ξ
a
fa

g2
s

32π2
Gc
µνG̃c µν

↪ the PQ current JµPQ = ∂µa + ∂Lint
∂ ∂µa is anomalous:

∂µJµPQ ≡ ∂µ (∂µa +
1
fa

∂Lint

∂ ∂µa/fa
) =

ξ

fa

g2
s

32π2
Gc
µνG̃c µν
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The effective potential for the axion field
The minimum of this effective potential occurs at ⟨a⟩ = θ̄fa/ξ:

⟨
∂Veff

∂a
⟩ = −

ξ

fa
⟨

g2
s

32π2 Gc
µνG̃c µν

⟩ ∣

⟨a⟩=θ̄fa/ξ

= 0

such that the θ̄ term is canceled out at this minimum.
Without the QCD anomaly, the U(1)PQ symmetry is compatible with all values

0 ≤ ξ
⟨a⟩
fa

< 2π .

With the QCD anomaly, the axion potential has to be periodic and even in
the effective vacuum angle −θ̄ + ⟨a⟩ξ/fa ≡ θa :

rotate θa via chiral rotation q → eiθaγ5/2 into the quark mass term, −mq q̄q → −mq q̄eiγ5θa q,
then in one-instanton approximation

⟨Veff⟩ ≃ 1
2 ∑

q
mq ⟨q̄eiγ5θa q + q̄e−iγ5θa q⟩ and with lim

mq→0
lim

V4→∞
⟨q̄q⟩ < 0 & lim

mq→0
lim

V4→∞
⟨q̄iγ5q⟩ = 0

↪ ⟨Veff⟩ ≈ cos (−θ̄+⟨a⟩ξ/fa) (mu⟨ūu⟩+md⟨d̄d⟩) with the minimum at ⟨a⟩=
fa
ξ
θ̄

and m2
a = ⟨

∂2Veff

∂a2
⟩∣

⟨a⟩=faθ̄/ξ
≈ (ξ

mπ fπ
fa

)
2

as axion mass2
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The road to the invisible axion models
The U(1)PQ order parameter fa of the axion interaction Lagrangian

Lint(∂
µa/fa, ψf ) + ξ

a
fa

g2
s

32π2 Gc
µνG̃c µν

associated with the scale of the spontaneous breaking of the PQ symmetry.

Original PQ-model (with two Higgs) had fa ∼ vF ≡
√

v2
1 + v2

2 ≈ 246 GeV

and predicted BR(K +
→ π+ + a) < 3 ⋅ 10−5

⋅ (v2/v1 + v1/v2)

however BRexp(K +
→ π+nothing) < 3.8 ⋅ 10−8

Asano et al. (KEK), PLB 107 (1981)

such that fa ≫ vF ; basically two classes of invisible axion models:

(1) KSVZ model: scalar field σ with fa=⟨σ⟩≫vF and super-heavy quark with PQ
charge and MQ∼fa Kim, PRL 43 (’79); Shifman, Vainshtein, Zakharov, NPB 166 (’80)

(2) DFSZ model: adds to original PQ model a scalar field with PQ charge and
fa = ⟨φ⟩ ≫ vF Dine, Fischler, Srednicki, PLB 104 (’81), Zhitnitsky, Sov.J.NP 31 (’80)
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Photon couplings to axions
QCD anomaly induces an anomalous axion-coupling to 2 photons, e.g.:

L
KSVZ
axion =

a
fa

(ξ
g2

s

32π2 Ga
µνG̃aµν

+ 3e2
Q
αEM

4π
Fµν F̃µν)

↪ aγγ coupling corrected by axion mixing with the lowest pseudoscalars:

3e2
Q → 3e2

Q −
4md +mu

3(mu +md)

Laγγ =
Gaγγ

4 aFµν F̃µν in general:

Gaγγ =
αEM

πfa
[

E
2N

−
4md +mu

3(md +mu)
]

E & N strength of em / strong
anomaly, respectively:

DSFZ: E/N = 8/3
= 3 × [( 2

3 )
2+(− 1

3 )
2]+(−1)2 ,

KSVZ: E/N = 0 (if eQ ∶= 0)

3 91. Axions and Other Similar Particles

E/N = 0 if the electric charge of the new heavy quark is taken to vanish. In general, a broad range
of E/N values is possible [28, 29], as indicated by the diagonal yellow band in Fig. 91.1. However,
this band still does not exhaust all the possibilities. In fact, there exist classes of QCD axion models
whose photon couplings populate the entire still allowed region above the yellow band in Fig. 91.1,
motivating axion search efforts over a wide range of masses and couplings [30,31].

The two-photon decay width is

ΓA→γγ =
g2
Aγγm

3
A

64π = 1.1× 10−24 s−1
(
mA

eV

)5
. (91.6)

The second expression uses Eq. (91.5) with E/N = 0. Axions decay faster than the age of the
universe if mA & 20 eV. The interaction with fermions f has derivative form and is invariant
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Figure 91.1: Exclusion plot for ALPs as described in the text.

under a shift φA → φA + φ0 as behooves a NG boson,

LAff = Cf
2fA

Ψ̄fγ
µγ5Ψf∂µφA . (91.7)

Here, Ψf is the fermion field, mf its mass, and Cf a model-dependent coefficient. The dimensionless
combination gAff ≡ Cfmf/fA plays the role of a Yukawa coupling and αAff ≡ g2

Aff/4π of a “fine-
structure constant.” The often-used pseudoscalar form LAff = −i (Cfmf/fA) Ψ̄fγ5ΨfφA need not
be equivalent to the appropriate derivative structure, for example when two NG bosons are attached
to one fermion line as in axion emission by nucleon bremsstrahlung [32].

In the DFSZ model [25], the tree-level coupling coefficient to electrons is [33]

Ce = sin2 β

3 , (91.8)

where tan β is the ratio of the vacuum expectation values of the two Higgs doublets giving masses
to the up- and down-type quarks, respectively: tan β = vu/vd.

1st June, 2020 8:32am

A. Ringwald et al., PDG (2019)
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Window for axion searches
S.Asztalos, ed. G.Bertone, Cambridge Univ. Press (’10)

Axion Searches- Axion Window

Vergis (Uni Bonn) The Axion Seminar Talk, January 2015 27 / 36

Axion searches
in Labs (Colliders, Lasers) – light-shining-through-the-wall (e.g. ALPSII)

for Astro-sources –Helioscopes (e.g. CAST, IAXO)

for galactic axions – Halioscopes/microwave cavities (e.g. ADMX)

indirect constraints: – from Astrophysics (red giants, SN 1987a)
– and from Cosmology: DM bounds (ΩCDM ≈ 0.22) on axion oscillations

; f max
a ↔ mmin

a
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Preliminary Summary: Axions

predicted as a / the resolution of the Strong CP problem:
to escape the fine-tuning problem ∣θ̄∣ < 10−10 while δKM ∼ O(1)

extendible to ALPS: axion-like particles with fa and galpsγγ decoupled

couple feebly (∼ 1/fa) and gravitationally to matter and radiation
can be candidates for Cold Dark Matter
i.e. with a well-determined and narrow window for searches:

Thanks

...A window open to search into!

Thank You especially my supervisor A. Wirzba
Vergis (Uni Bonn) The Axion Seminar Talk, January 2015 35 / 36

however fine-tuning may back ...
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T HE EMPIRE
ST RIKES
BACK
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Axions and EDMs: generic effective Lagrangian of the axion
Kiwoon Choi (Daejeon, Korea), Bethe-Lectures, Bonn, March 2015

Leff(a) = L0
¯

indep. of a

+ 1
2 (∂µa)2 +

∂µa
fa

J̃µ(ψ̄...ψ, φ)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
PQ-invariant

+
a
fa

N
32π2

GG̃

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
expl. PQ-breaking
by QCD anomaly+ ∆LUV (= εm4

UV cos(a/fa + δUV))
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

a coupling from expl. PQ breaking at UV scale

θ̄ = ⟨a⟩/fa is calculable in terms of the��CP phases ( in the presence of axion ! ):
δKM = Kobayashi-Maskawa phase in the PQ-invariant SM
δBSM =��CP phase in PQ-invariant Beyond SM at the scale mBSM
δUV =��CP phase in explicit PQ-breaking sector at mUV ∼ MPlanck, applying

V(a) = VQCD + VKM + VBSM + VUV

VQCD ∼ −f 2
πm2

π cos(a/fa) (expl. PQ-breaking by low-energy QCD, min. at ⟨a⟩ = 0)

VKM ∼ f 2
πm2

π ×

10−14


G2

F f 4
π ×

Jarlskog inv.
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
10−5 sin δKM × sin(a/fa)

VBSM ∼ f 2
πm2

π × (10−2 – 10−3)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

loop suppression

×
f 2
π

m2
BSM

sin δBSM × sin(a/fa)

VUV ∼ εm4
UV sin δUV sin(a/fa) [from ∆LUV]
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θ̄ = ⟨a⟩/fa and contributions to the nucleon EDM

θ̄ ∼ 10−19 sin δKM +

(10−2–10−3
)×f 2
π/TeV2

³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ

(10−10 – 10−11
) ×(

TeV
mBSM

)

2

sin δBSM

+ ε
m4

UV

f 2
πm2

π

sin δUV (with ε < 10−10 f 2
πm2

π/m
4
UV ∼ 10−88 for mUV ∼ MPl)

↪ Regardless of the existence of BSM physics near the TeV scale,
θ̄ = ⟨a⟩/fa can have any value below the present bound ∼ 10−10.

dN ∼
e

2mN

⎡⎢⎢⎢⎢⎣

m∗

ΛQCD
θ̄ + G2

F f 4
π × 10−5 sin δKM + (10−2 – 10−3) ×

f 2
π

m2
BSM

sin δBSM

+ (10−2 – 10−3) ×
f 2
π

m2
UV

sin δUV]

∼
e

2mN
[

∼10−2

³¹¹¹¹¹·¹¹¹¹µ
m∗

ΛQCD
×

εm4
UV sinδUV
f2πm2

π«
θ̄UV + (10−2 – 10−3) ×

f 2
π

m2
BSM

sin δBSM] θ̄ KM BSM

likely dominated by θ̄UV induced by��CP in the��PQ sector @ mUV(∼MPl),
and/or by the BSM contribution near the TeV scale.
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Dialectics: from the U(1)A problem to axions
The Hare and the Hedgehog – a fairy tale

U(1)A problem of QCD: mη,η′ >
√

3mπ ≈ 240 MeV
– proposed solution: U(1)A anomaly

Problem: resulting current proportional to a total derivative in perturbation theory
– solution: non-perturbative QCD vacuum including instantons

Problem: vacuum ∣n⟩ not unique, not gauge inv., cluster decomposition viol.
– solution: θ vacuum ( superposition of all ∣n⟩ vacua ×eiθn )

Problem: neutron EDM bound ; strong CP problem
– proposed solution: Peccei-Quinn mechanism and axions

Problem: original Peccei-Quinn model w. fa = vF excluded by exp.
– solution: invisible axions with fa ≫ vF

Problem: how to detect an (invisible) axion
– possible solution: direct/indirect searches in rather narrow window

Problem: fine-tuning back from explicit PQ-breaking at the UV scale
– possible solution: check several EDMs (e.g. dn,dp,dD ,d3He, ...)
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Road map from EDM measurements to the sources
Experimentalist’s point of view → ← Theorist’s point of view
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Lattice QCD

(adapted from Jordy de Vries, Jülich, March 14, 2013)
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Measured upper bounds for EDMsÜ B E R B L I C K

 © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Physik Journal 16 (2017) Nr. 11 43

Die Massenskalen hypothetischer neuer Teilchen 
können sogar jenseits des Bereichs liegen, der durch 
Streuprozesse in heutigen oder geplanten Beschleu-
nigern erreichbar ist. Die theoretische Beschreibung 
elektrischer Dipolmomente ist, beispielsweise auch 
durch  Gitterrechnungen in der starken Wechsel-
wirkung, weit fortgeschritten [3]. Allerdings erzeugt 
nicht jede CP-Verletzung jenseits des Standardmodells 
signifikante EDM-Werte.

Präzession und Präzision im Experiment

Um elektrische Dipole zu messen, ist es unabdingbar, 
das entsprechende Teilchen einem elektrischen Feld 
auszusetzen. Die meisten Experimente beruhen darauf, 
dass das permanente elektrische Dipolmoment entlang 
der Spinprojektion ausgerichtet ist und sie seinen Ein-
fluss auf die Spinpräzession vermessen. In Gegenwart 
elektrischer und magnetischer Felder gilt für die Win-
kelgeschwindigkeit Ω des Spinvektors S für ein Teilchen 
in Ruhe: 

Ω  =    – dE – μB
 _______ S      und   S

·
  =  Ω  × S .  

Eine einfache Abschätzung soll die Schwierigkeit 
der Messungen illustrieren: Das magnetische Mo-
ment des Neutrons präzediert im Magnetfeld der 
Erde mit der Winkelgeschwindigkeit ΩMDM  =  μ B/S  ≈  
000/s. In einem starken elektrischen Feld von 
E  = 10 V/m beträgt die Winkelgeschwindigkeit bei 
einem elektrischen Dipolmoment von d  =  10–31 e · cm 
nur ΩEDM  =  d E/S  ≈  3 · 10–11/s. Um sich diesem kleinen 
Effekt anzunähern, wurden die Experimente in den 
letzten Jahren immer weiter verbessert. Dabei erweist 
es sich als vorteilhaft, die Bestimmung des EDMs auf 
die Messung einer Frequenz zurückzuführen. Fre-
quenzen − oder besser noch Frequenzdifferenzen − 
lassen sich mit großer Genauigkeit bestimmen.

 Ein mögliches Messprinzip sieht folgendermaßen 
aus: Da magnetische Felder nie ganz zu eliminieren 
sind, lässt man ein spinpolarisiertes Teilchen-Ensemble 
in einem kontrollierten magnetischen Haltefeld und 
einem zusätzlichen elektrischen Feld präzedieren und 
ändert anschließend die Richtung des elektrischen 
Feldes relativ zum magnetischen Feld. Aus der Dif-
ferenz der beiden gemessenen Frequenzen leitet sich 
das elektrische Dipolmoment ab (Abb. ). Viele sys-
tematische Effekte heben sich bei der Differenzbildung 
auf. Der statistische Fehler folgt aus der Stärke des 
elektrischen Feldes, dem Grad der Spinpolarisation 
und der Nachweisempfindlichkeit, der Anzahl der 
Teilchen im Ensemble sowie der Messdauer. Letztere 
ist durch die Spinkohärenzzeit limitiert. Diese gibt an, 
wie lange die Teilchenspins kohärent präzedieren. Die-
se Relaxationszeit spielt z. B. in der Magnetresonanz-
tomographie eine große Rolle.

In bisherigen Messungen wurden noch keine von 
Null verschiedenen Werte gemessen, daher gibt es 
bislang nur Obergrenzen (Abb. ). Neue empfindlichere 

Experimente sind in Vorbereitung. Obwohl fast alle 
davon die Spinpräzession ausnutzen, unterscheiden 
sich die experimentellen Aufbauten doch erheblich. Sie 
reichen von kleinen Laboraufbauten für optische Spek-
troskopie bis zu großen Speicherringen [4]. Im Rahmen 
dieses Artikels stellen wir exemplarisch zwei verschie-
dene Messaufbauten vor.

Experimente mit ultrakalten Neutronen

Die Messung des elektrischen Dipolmoments des 
Neutrons (nEDM) ist der Prototyp für Experimente, 
die nach Verletzungen fundamentaler Symmetrien 
suchen. Schon 10 haben die späteren Nobelpreisträ-
ger Edward Mills Purcell und Norman Foster Ramsey 
das elektrische Dipolmoment des Neutrons mit der 

Abb.  Experimentelle Obergrenzen 
(rote Linien) und theoretische Vor  her-
sagen verschiedener Modelle für elek-
trische Dipolmomente verschiedener 
Teilchen. Die SUSY-Voraussagen zeigen 
nur grobe, gängige Abschätzungen. Die 
schraffier ten Bereiche sind bereits expe-

rimentell ausgeschlossen. Die Angaben 
in den Klammern an der horizontalen 
Achse bedeuten, dass die Limits für das 
besagte Teilchen aus der Messung an 
dem entsprechenden Atom oder 
Molekül abgeleitet wurden.

Standardmodell (θQCD = 0)

SUSY

a

ED
M

  in
  e

 · c
m

Elektron (YbF, ThO)

Muon Tau Neutron
 Λ-Baryon

199HgProton( 199Hg)

10–15

10–17

10–19

10–21

10–23

10–25

10–27

10–29

10–31

10–33

10–35

10–37

10–39

Abb.  In einem EDM-Experiment präzediert der Spin S in 
magnetischen (B ) und elektrischen (E ) Feldern. Die Differenz 
der beiden Präzessionsfrequenzen gibt Aufschluss über das 
elektrische Dipolmoment. 

a

�B �B

�S

Ω    =    ΩMDM  +  ΩEDM Ω    =    ΩMDM  –  ΩEDM

�S

�E

�E

K. Kirch, J. Pretz & A.W., Physik Journal 16 (2017) Nr. 11

Note: dSM
e , dSM

µ , and dSM
τ should be 10−6 times smaller as indicated above,

see M. Pospelov & A. Ritz, PRD 89 (2014)

1st goal: measurement of any non-zero permanent EDM to establish CP violation beyond the SM
2nd goal: measurements of several non-zero EDMs to narrow down the underlying mechanism
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Oscillating EDMs: back to axions/ALPs
P.W. Graham & S. Rajendran, PRD 84 (2011) & 88 (2013)

a test of hypothesis that Dark Matter (DM) in our Galaxy is saturated by classical
oscillating field of axions (or ALPs) of mass 10−22eV ≲ ma ≲ 10−7eV

Laxion = CG
a
fa

g2
s

16π2 tr GG̃ + 1
2∂µa∂µa − 1

2 m2
aa2 (for axions: CG ∶= 1)

(axion-mass range ←→ 1029GeV ≳ fa ≳ 1014GeV if ma ≈ 0.5 mπ fπ/fa in QCD epoch)

In our Galaxy, axion/ALP DM-field a(t , x⃗)
spatially constant (`coh ≈ h̵/(ma vDM)) over
range of ∼ 0.5 km × 10−7eV/ma

↪ Use lab ansatz

a(t , �⃗x) ≈ a0 cos(ma(1+
v2

DM

2c2
)(t − t0) + φ0)

≈ a0 cos(ma(t − t0) + φ0)
valid if ∣t − t0∣ < τcoh ≈ h̵/(mav2

DM)

Manifestations of Dark Bosons 

 New forces 

 Interconversion with 
ordinary particles 

 Stellar emission 

 Dark matter 

Yevgeny Stadnik (JGU Mainz) Axions & ALPs,  
scalar-pseudoscalar interactions, 

pseudo-magnetic fields

Motivation 
 Overwhelming astrophysical evidence for existence 

of dark matter (~5 times more dark matter than 
ordinary matter).                                                          

ρDM ≈ 0.4 GeV/cm3 

vDM ~ 300 km/s 
Equating 1

2 m2
aa2

0 ∼ ρ
local
DM ≈ (0.4±0.1)GeV/cm3 gives axion amplitude

θa ≡
a0

fa
∼

√
2ρlocal

mafa
∼

√
2ρlocal

DM

0.5 mπ fπ
∼ 3 × 10−19

dn ≈ 10−16θae cm

ÐÐÐÐÐÐÐÐ→
independently of fa

dn ≈ 5 ×10−35 cos(ma(t−t0)+φ0)e cm

Oscillating Axions? But bounds on oscillating ALPs possible, since fa
!
< 0.5mπ fπ/ma
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Bounds on oscillating ALPs from Astrophysics and nEDM searches?

A nonstatistical excess in a periodogram of R may be
caused not only by a coherent oscillating signal; for example,
fluctuations of a higher-order term in the magnetic field, not
compensated by either the mercury or cesium magnetome-
ters, may cause broadband elevations in LSSA power. We

define strict requirements for an excess to be considered as
one induced by axion DM as follows. Firstly, a significant
(>3σ) excess in amplitudehas to be observed in both sensitive
data sets at the same frequency, but not in the control set.
Secondly, the signals must be in antiphase in the parallel and
antiparallel data sets. Lastly, we require high coherence (a
narrow peak) equal to the spectral resolution of the data set.
None of the significant excesses pass our discovery criteria.
We deliver a limit on the oscillation amplitude similarly

to the long-time-base analysis, with the exception that we
require the product of the two sensitive sets’ CLs statistics
to be 0.05. The limit is shown as the blue curve in Fig. 2.
With the short-time-base analysis, we are most sensitive to
periods shorter than the time span of a sequence (2–3 days),
and lose sensitivity to periods shorter than the cycle
repetition rate (≈5 min). The PSI data set has a higher
accumulated sensitivity than the ILL data set, so the limit
baseline in the sensitive region is slightly better in the case
of the PSI data set.
Following Eq. (2), we can interpret the limit on the

oscillating neutron EDM as limits on the axion-gluon
coupling in Eq. (1). We present these limits in Fig. 4,
assuming that axions saturate the local cold DM energy
density ρlocalDM ≈ 0.4 GeV=cm3 [55]. Our peak sensitivity is
fa=CG ≈ 1 × 1021 GeV for ma ≲ 10−23 eV, which probes
super-Planckian axion decay constants (fa > MPlanck ≈
1019 GeV), that is, interactions that are intrinsically feebler
than gravity.

IV. AXION-WIND EFFECT

We also perform a search for the axion-wind effect,
Eq. (4), by partitioning the entire PSI data set into two
sets with opposite magnetic-field orientations (irrespective
of the electric field) and then analyzing the ratio R¼
νn=νHg similarly to our oscillating EDM analysis above.
The axion-wind effect would manifest itself through
time-dependent shifts in νn and νHg (and hence R) at three
angular frequencies: ω1 ¼ ma, ω2 ¼ ma þ Ωsid, and
ω3 ¼ jma − Ωsidj, with the majority of power concentrated
in the ω1 mode. Also, the axion-wind signal would have an
opposite phase in the two subsets. We find two overlapping
3σ excesses in the two subsets (at 3.429 69 μHz and
3.32568 mHz), neither of which have a phase relation
consistent with an axion-wind signal. Following Eq. (4), we
derive limits on the axion-nucleon coupling in Eq. (1). We
present these limits in Fig. 4, assuming that axions saturate
the local cold DM energy density. Our peak sensitivity is
fa=CN ≈ 4 × 105 GeV for 10−19 ≲ma ≲ 10−17 eV.

V. CONCLUSIONS

In summary, we perform a search for a time-oscillating
neutron EDM in order to probe the interaction of axionlike
dark matter with gluons. We also perform a search for an
axion-wind spin-precession effect in order to probe the

FIG. 4. Limits on the interactions of an axion with the gluons
(top) and nucleons (bottom), as defined in Eq. (1), assuming that
axions saturate the local cold DM content. The regions above the
thick blue and red lines correspond to the regions of parameters
excluded by the present work at the 95% confidence level (C.L.).
The colored regions represent constraints from big bang nucleo-
synthesis (red, 95% C.L.) [36–38], supernova energy-loss bounds
(green, order of magnitude) [35,39,40], consistency with obser-
vations of galaxies (orange) [15,25–27], and laboratory searches
for new spin-dependent forces (yellow, 95% C.L.) [41]. The
nEDM, νn=νHg, and big bang nucleosynthesis constraints scale as
∝ ffiffiffiffiffi

ρa
p

, while the constraints from supernovae and laboratory
searches for new spin-dependent forces are independent of ρa.
The constraints from galaxies are relaxed if axions constitute a
subdominant fraction of DM.We also show the projected reach of
the proposed CASPEr experiment (dotted black line) [86], and
the parameter space for the canonical QCD axion (purple band).

C. ABEL et al. PHYS. REV. X 7, 041034 (2017)

041034-6

15

Direct Detection: Ultralight Dark Matter

[Abel et al., PRX, 2017]

Constraints on Interaction of Axion Dark Matter with Gluons

3 orders of magnitude improvement!

nEDM constraints:  [nEDM collaboration, Abel et al., PRX 7, 041034 (2017)]

short cut (final)
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Bounds on oscillating ALPs from storage ring EDM searches?Axion mass vs gluon coupling

Experimental limits for the axion-gluon coupled oscillating EDM measurement.

The nEDM results are included for comparison.

Lenisa (Ferrara) EDM SEARCH Snowmass 5 / 29

S.P. Chang et al., Phys. Rev. D 99 (2019)
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EW Baryogenesis: Standard Model
Conservation of the EM current under weak (L −R) interactions:

+∂µB
µ
EM

W±

W∓
∂µL

µ
EM

W±

W∓

qL ℓL

∝ Nc · (Qu+Qd) + (0− 1) = 1− 1 = 0

↪∆(QB +QL) = 0 (charge conservation!)

Sakharov criteria

1 B violation ✓
(∆(B+L) ≠ 0 sphaleron transitions)

2 C & CP violation x
(CKM determinant)

3 Nonequilibrium dynamics x
(only fast cross over for µchem = 0)

EW Baryogenesis: Standard Model

Weak Scale Baryogenesis

• B violation

• C & CP violation

• Nonequilibrium 
dynamics

Sakharov, 1967

Anomalous Processes

Different vacua: Δ(B+L)= ΔNCS
!

A"

Kuzmin, Rubakov, Shaposhnikov
McLerran,…

Sphaleron Transitions

Outline 2
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EW Baryogenesis: Standard Model
Conservation of the Baryon−Lepton current under (L −R) interactions:

−∂µB
µ

W±

W∓
∂µL

µ

W±

W∓

qL ℓL

∝ Nc · 1/3 − 1 = 1− 1 = 0

↪∆(B − L) = 0 but ∆(B + L) ≠ 0 !

Sakharov criteria

1 B violation ✓
(∆(B+L) ≠ 0 sphaleron transitions)

2 C & CP violation x
(CKM determinant)

3 Nonequilibrium dynamics x
(only fast cross over for µchem = 0)

EW Baryogenesis: Standard Model

Weak Scale Baryogenesis

• B violation

• C & CP violation

• Nonequilibrium 
dynamics

Sakharov, 1967

Anomalous Processes

Different vacua: Δ(B+L)= ΔNCS
!

A"

Kuzmin, Rubakov, Shaposhnikov
McLerran,…

Sphaleron Transitions

Outline 2
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Construction of the CKM matrix
Since weak interactions do not respect the global flavor symmetry, there is mixing within the
groups of quarks with the same charge:

U ≡
⎛
⎝

u
c
t

⎞
⎠
→ Ũ = MUU , D ≡

⎛
⎝

d
s
b

⎞
⎠
→ D̃ = MDD ,

where MU & MD are 3 × 3 unitary matrices

↪ charged weak current: Jµ = ¯̃Uµγµ(1 − γ5)D̃µ = Ūγµ(1 − γ5) M†
UMD

´¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¶
CKM matrix M

D .

M unitary nG × nG matrix for nG quark generations ; n2
G real parameters .

2nG − 1 of these can be absorbed by the relative phases of the quark wave functions ;

(nG − 1)2 remaining parameters:

nG = 2: one remaining real parameter: Cabibbo angle
nG = 3: 4 real parameters: O(3) matrix with 1

2 3 ⋅ (3 − 1) = 3 angles plus 1��CP phase
Lepton case: neutrinos may be Majoranas: ; 3 angles plus 3��CP phases

If phase(s) present, M complex matrix, whereas CP invariance ; M∗ = M ! back
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Hidden Symmetry and Goldstone Bosons

[Qa
V ,H] = 0, and e−iQa

V ∣0⟩ = ∣0⟩⇔ Qa
V ∣0⟩ = 0 (Wigner-Weyl realization)

[Qa
A,H] = 0, but e−iQa

A ∣0⟩ ≠ ∣0⟩⇔ Qa
A∣0⟩ ≠ 0 (Nambu-Goldstone realiz.)

Consequence: e−iQa
A ∣0⟩ ≠ ∣0⟩ is not the vacuum, but

H e−iQa
A ∣0⟩ = e−iQa

A H ∣0⟩ = 0 is a massless state!

Goldstone theorem: for continuous global symmetry that does not leave
the ground state invariant (‘hidden’ or ‘spontaneously broken’ symmetry)

mass- and spinless particles, “Goldstone bosons” (GBs)

number of (relativistic) GBs = number of broken symmetry generators

axial generators broken⇒ GBs should be pseudoscalars

finite masses via (small) quark masses
↪ 8 lightest hadrons: π±, π0, K ±, K 0, K̄ 0, η (not η′)

Goldstone bosons decouple (non-interacting) at vanishing energy & momentum
back

Member of the Helmholtz Association Andreas Wirzba Nov. 8-9, 2021 Slide 43 39



Illustration: spontaneous symmetry breaking

back
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The symmetries of QCD
LQCD = − 1

2 Tr (GµνGµν
) +∑

f
q̄f (i�D −mf )qf + . . .

Dµ = ∂µ − igAµ ≡ ∂µ − igAa
µ
λa

2 , Gµν = ∂µAν − ∂νAµ − ig[Aµ,Aν]

Lorentz-invariance, P, C, T invariance, SU(3)c gauge invariance
The masses of the u, d , s quarks are small: mu,d,s ≪ 1 GeV ≈ Λhadron.
Chiral decomposition of quark fields:

q = 1
2 (1 − γ5)q + 1

2 (1 + γ5)q = qL + qR .

For massless fermions: left-/right-handed fields do not interact
L[qL,qR] = i q̄L�DqL + i q̄R�DqR −m (q̄LqR + q̄RqL)

and L0
QCD invariant under (global) chiral U(3)L×U(3)R transformations:

↪ rewrite U(3)L ×U(3)R = SU(3)V × SU(3)A ×U(1)V ×U(1)A.

SU(3)V = SU(3)R+L: still conserved for mu = md = ms > 0
U(1)V = U(1)R+L : quark or baryon number is conserved
U(1)A = U(1)R−L : broken by quantum effects (U(1)A anomaly + instantons)

back
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Mass term of U(3) pseudo-Goldstone bosons
S. Weinberg, Phys. Rev. D 11 (1975) 3583 & The Quantum Theory of Fields, Vol. II, Ch. 19.10 (1996)

F 2
π(2B0)

4
Tr (M(U +U†

)) with U = exp(i
8

∑
a=1
λaφa

/Fπ + iλ0η0
/Fs) ≡ eiφ̃/Fπ

where φ̃ =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

π0 + 1√
3
η8 √

2π+
√

2K+

√
2π− −π0 + 1√

3
η8 √

2K 0

sqrt2K−
√

2K̄ 0 − 2√
3
η8

⎤⎥⎥⎥⎥⎥⎥⎥⎦

+
√

2
3

Fπ
Fs

⎡⎢⎢⎢⎢⎢⎣

η0 0 0
0 η0 0
0 0 η0

⎤⎥⎥⎥⎥⎥⎦
& M =

⎡⎢⎢⎢⎢⎣

mu 0 0
0 md 0
0 0 ms

⎤⎥⎥⎥⎥⎦

For flavor-neutral and flavor-charged pGBs:

B0Tr (Mφ̃2) = B0 [mu (π0+ 1
√

3
η8+

√
2
3

Fπ
Fs
η0)

2
+md (−π0+ 1

√
3
η8+

√
2
3

Fπ
Fs
η0)

2
+ 2(mu+md)π+π−

+ms (− 2
√

3
η8 + 2

3
Fπ
Fs
η0)

2
+ 2(mu+ms)K+K− + 2(md+ms)K 0K̄ 0]

↪ the mass-mixing matrix of the flavor-neutrals has two pseudo-zero modes for mu,d ≪ ms fixed:

B0

⎛
⎜
⎝

π0

η8

η0

⎞
⎟
⎠

T
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

mu+md
1√
3
(mu−md)

√
2
3

Fπ
Fs

(mu−md)
1√
3
(mu−md) 1

3 (mu+md+4ms)
√

2Fπ
3Fs

(mu+md−2ms)
√

2
3

Fπ
Fs

(mu−md)
√

2Fπ
3Fs

(mu+md−2ms)
2F2
π

3F2
s
(mu+md+ms)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎛
⎜
⎝

π0

η8

η0

⎞
⎟
⎠

↪ uπ0 = (1,0,0)T with B0uT
π0[⋯]uπ0 = B0(mu +md) ≡ m2

π±

& u ”η” = (0,1,
√

2Fs
Fπ

)T/
√

1+2F 2
s /F 2

π with B0uT
”η”[⋯]u ”η” = (1+2)B0(mu+md )

1+2F2
s /F2

π
≤ 3m2

π±

; m ”η”
!
<
√

3mπ ≈ 240 MeV back
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’t Hooft’s explicit instanton solution for SU(2)
G. ’t Hooft, Phys. Rev. D 14 (1976) 3432-3450

In terms of the anti-symmetric ’t Hooft symbols
(−)

η a
00 = 0,

(−)

η a
ij = εaij ,

(−)

η a
i0 = −

(−)

η a
0i = +

(−)δai (with 1
2 εµναβ

(−)
η a
αβ

=
+
(−)
(−)
η a
µν and

(−)
η a
µν
(−)
η a
µν = 3!+2 ⋅ 3 = 12)

the one-(anti)instanton [=(anti-)self-dual] solution reads

Aa
µ(x) =

(−)

η a
µν ∂ν ln(1+

(x−x̄)2

ρ2 ) =
2
(−)

η a
µν(xν−x̄ν)

(x−x̄)2+ρ2 ; Ga
µν =

−4ρ2 (−)η a
µν

[(x−x̄)2+ρ2]
2 .

The pertinent Yang-Mills action SE = 8π2
/g2

s itself is independent of the instanton
position x̄µ, scale (size) ρ, and (gauge) rotations.

Instanton solutions for bigger unitary unimodular groups (e.g. SU(3)) can be obtained

by natural embedding SU(2) ⊂ SU(N) from the SU(2) solution:
⎛

⎝

SU(2) 0 ⋯ 0
0 ⋯ 0

0 0
⋮ ⋮
0 0

1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 1

⎞

⎠
.

back
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Topological charge and susceptibility

Topological density q(x) = g2
s

32π2 Ga
µν(x)G̃aµν

(x)

Topological charge Q = ∫ d4x q(x)

Partition function (Ω is space-time volume)

Z(θ) = ∫ DAe−SYM[A]+iθQ
≡ e−ΩF(θ) such that Q =

1
i
∂

∂θ
ln Z(θ)∣

θ=0
.

↪ A
I=1
θ ∝ e

− ∫ d4xE(
1

8g2
s
(G±G̃)

2
∓( 8π2

g2
s
∓iθ) 1

32π2 GG̃)

∝ e
− 8π2

g2
s (µ)

±iθ
(note θ ∈ [−π,π])

one-instanton amplitude.

Topological susceptibility χ =
∂2F(θ)

∂θ2 ∣
θ=0

= ∫ d4xE⟨q(x)q(0)⟩ = lim
Ω→∞

⟨Q2
⟩

Ω

Note: 2NF from ∂µJµA = 2NF q(x) & χ = O(N0
c ) since gs ∼1/

√
Nc and ⟨GG̃(x)GG̃(0)⟩∼N2

c :

;
F 2
η′

m2
η′

2NF
= ∫ d4x ⟨q(x)q(0)⟩ =

⎛
⎝

g2
s

32π2

⎞
⎠

2

∫ d4x ⟨Ga
µν(x)G̃aµν(x)Gb

ρσ(0)G̃bρσ(0)⟩ = O(N0
c )

↪ mη′ = O(N−1/2
c )

since
Fη′ = O(N1/2

c )
back
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Instanton amplitudes

Since Ga
µνG̃aµν

= ∂µKµ is a total derivative,

LQCD = −θ̄
g2

s

32π2
1
2 ε
µνρσGa

µνGa
ρσ

is irrelevant in perturbation theory.
Non-perturbatively, large gauge transformations (instantons) exist:

∫
R4

d4xE
1

32π2 GG̃ = integer

Some amplitudes depend on the periodic angle parameter

θ̄ = θ̄ + 2π ∶

Aθ ∝ e−SE ∝ e
− ∫ d4xE( 1

8g2
s
(G±G̃)

2
∓( 8π2

g2
s
∓iθ̄) 1

32π2 GG̃)

∝ e
− 8π2

g2
s (µ)

±iθ̄

Weak coupling g2
s (µ)≪1: instanton amplitudes exponentially small.

For strong coupling g2
s (µ) ∼ 8π2, no suppression

back
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Double Well Potential and Spontaneous Symmetry Breaking

Comparison of classical with quantum scenario for sequence:
(1) symmetric case → (2) explicit perturbation of a symmetry → (3) restored symmetry

x

(c1)

x

(c2)

x

(c36=c1)

x

x

(q1)

x

x

(q2)

x

x

(q3=q1)

cl
a
ss
ic
a
l

q
u
an

tu
m

Jörg Pretz@ 2017

Message:

In quantum mechanics
asymmetric stationary
states of finite system
only in presence of an
explicitly broken
symmetry (tunneling!)

back

essence
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Double Well Potential and Spontaneous Symmetry Breaking

Comparison of classical with quantum scenario for sequence:
(1) symmetric case → (2) explicit perturbation of a symmetry → (3) restored symmetry
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Theorem: Permanent EDMs of non-selfconjugate∗particles with spin j≠0

Let ⟨jP
∣ d⃗ ∣ jP

⟩ = d ⟨jP
∣ J⃗ ∣ jP

⟩ with d⃗ ≡ ∫ r⃗ρ(r⃗)d3r be an EDM operator in a stationary
state ∣jP

⟩ of definite parity P and nonzero spin j , such that

⟨jP∣ d⃗ ∣ jP⟩→ ∓⟨jP∣ d⃗ ∣ jP⟩ & ⟨jP∣ J⃗ ∣ jP⟩→ ±⟨jP∣ J⃗ ∣ jP⟩ under { space reflection,
time reversal.

If d ≠0 and ∣jP
⟩ has no degeneracy (besides rotational), then�P &�T .

∗ non-selfconjugate particle is not its own antiparticle⇒ at least one “charge” non-zero

Werner Bernreuther (2012)
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Theorem: Permanent EDMs of non-selfconjugate∗particles with spin j≠0

Let ⟨jP
∣ d⃗ ∣ jP

⟩ = d ⟨jP
∣ J⃗ ∣ jP

⟩ with d⃗ ≡ ∫ r⃗ρ(r⃗)d3r be an EDM operator in a stationary
state ∣jP

⟩ of definite parity P and nonzero spin j , such that

⟨jP∣ d⃗ ∣ jP⟩→ ∓⟨jP∣ d⃗ ∣ jP⟩ & ⟨jP∣ J⃗ ∣ jP⟩→ ±⟨jP∣ J⃗ ∣ jP⟩ under { space reflection,
time reversal.

If d ≠0 and ∣jP
⟩ has no degeneracy (besides rotational), then�P &�T .

∗ non-selfconjugate particle is not its own antiparticle⇒ at least one “charge” non-zero

It can be interpreted as a special case of the theorem:

Any finite quantum system without explicit symmetry breaking cannot have a
spontaneously broken groundstate.
Keywords: symmetric double-well potential and quantum tunneling (instantons)
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Theorem: Permanent EDMs of non-selfconjugate∗particles with spin j≠0

Let ⟨jP
∣ d⃗ ∣ jP

⟩ = d ⟨jP
∣ J⃗ ∣ jP

⟩ with d⃗ ≡ ∫ r⃗ρ(r⃗)d3r be an EDM operator in a stationary
state ∣jP

⟩ of definite parity P and nonzero spin j , such that

⟨jP∣ d⃗ ∣ jP⟩→ ∓⟨jP∣ d⃗ ∣ jP⟩ & ⟨jP∣ J⃗ ∣ jP⟩→ ±⟨jP∣ J⃗ ∣ jP⟩ under { space reflection,
time reversal.

If d ≠0 and ∣jP
⟩ has no degeneracy (besides rotational), then�P &�T .

∗ non-selfconjugate particle is not its own antiparticle⇒ at least one “charge” non-zero

State ∣jP⟩ can be ‘elementary’ particle (quark, charged lepton, W± boson,
Dirac neutrino, ...)
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Theorem: Permanent EDMs of non-selfconjugate∗particles with spin j≠0

Let ⟨jP
∣ d⃗ ∣ jP

⟩ = d ⟨jP
∣ J⃗ ∣ jP

⟩ with d⃗ ≡ ∫ r⃗ρ(r⃗)d3r be an EDM operator in a stationary
state ∣jP

⟩ of definite parity P and nonzero spin j , such that

⟨jP∣ d⃗ ∣ jP⟩→ ∓⟨jP∣ d⃗ ∣ jP⟩ & ⟨jP∣ J⃗ ∣ jP⟩→ ±⟨jP∣ J⃗ ∣ jP⟩ under { space reflection,
time reversal.

If d ≠0 and ∣jP
⟩ has no degeneracy (besides rotational), then�P &�T .

∗ non-selfconjugate particle is not its own antiparticle⇒ at least one “charge” non-zero

State ∣jP⟩ can be ‘elementary’ particle (quark, charged lepton, W± boson,
Dirac neutrino, ...)

‘Isn’t an elementary particle a point-particle without structure?
How can such a particle be polarized and support an EDM?’
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Theorem: Permanent EDMs of non-selfconjugate∗particles with spin j≠0

Let ⟨jP
∣ d⃗ ∣ jP

⟩ = d ⟨jP
∣ J⃗ ∣ jP

⟩ with d⃗ ≡ ∫ r⃗ρ(r⃗)d3r be an EDM operator in a stationary
state ∣jP

⟩ of definite parity P and nonzero spin j , such that

⟨jP∣ d⃗ ∣ jP⟩→ ∓⟨jP∣ d⃗ ∣ jP⟩ & ⟨jP∣ J⃗ ∣ jP⟩→ ±⟨jP∣ J⃗ ∣ jP⟩ under { space reflection,
time reversal.

If d ≠0 and ∣jP
⟩ has no degeneracy (besides rotational), then�P &�T .

∗ non-selfconjugate particle is not its own antiparticle⇒ at least one “charge” non-zero

State ∣jP⟩ can be ‘elementary’ particle (quark, charged lepton, W± boson,
Dirac neutrino, ...)

‘Isn’t an elementary particle a point-particle without structure?
How can such a particle be polarized and support an EDM?’

There are always vacuum polarizations with rich short-distance structure

(g−2 of the electron and muon aren’t exactly zero either)
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‘What about the huge EDMs of H2O or NH3 molecules?’
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State ∣jP⟩ can be ‘elementary’ particle (quark, charged lepton, W± boson,
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‘What about the huge EDMs of H2O or NH3 molecules?’

The ground states of these molecules at non-zero temperatures or strong E-fields are
mixtures of at least 2 opposite parity states:

The theorem doesn’t apply for degenerate states: neither�T nor�P !
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State ∣jP⟩ can be ‘elementary’ particle (quark, charged lepton, W± boson,
Dirac neutrino, ...) or a ‘composite’ neutron, proton, nucleus, atom, molecule.

‘But what about the induced EDM (polarization)?’

The induced EDM is quadratic in the electric field and neither�P nor�T

induced EDM ←→ quadratic Stark effect (∝ E2)
permanent EDM ←→ linear Stark effect (∝ E )
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If d ≠0 and ∣jP
⟩ has no degeneracy (besides rotational), then�P &�T .

∗ non-selfconjugate particle is not its own antiparticle⇒ at least one “charge” non-zero

State ∣jP⟩ can be ‘elementary’ particle (quark, charged lepton, W± boson,
Dirac neutrino, ...) or a ‘composite’ neutron, proton, nucleus, atom, molecule.

If the interactions are described by an action which is

local, Lorentz-invariant, and hermitian

then CPT invariance holds: thus �T ⇐⇒ ��CP

back
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The essence of electric dipole moments (EDMs)

A spherical cow has no EDM

and

a spherical bastard∗ has no EDM either

∗ according to Fritz Zwicky a person who is a bastard
no matter from which direction you look at him or her
– even worse than a blockhead ! back
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Matter Excess in the Universe
1 End of inflation: nB = nB̄

2 Cosmic Microwave Bkgr.
● SM(s) prediction:
(nB −��ZZnB̄)/nγ ∣CMB ∼10−18

● WMAP+PLANCK (’13):
nB/nγ ∣CMB=(6.05±0.07)10−10

Sakharov conditions (’67)
for dyn. generation of net B:

1 B violation
to depart from initial B=0

2 C & CP violation
to distinguish B from B̄ prod. rates

3 Either CPT violation or
out-of-thermal equilibrium
to distinguish B production from
back reaction and to escape ⟨B⟩=0
if CPT holds back
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Helioscopy
R. Battesti et al., Springer Lect. Notes Phys. 741 (2008)

Helioscopy

Principle: Time-reversed Primakoff effect, a + γvirt → γ.
most sensitive for 10−5 eV ≤ ma ≤ 1 eV
Depends on field B, length L, transfered momentum q = ma/2Eγ .
+Depends on Solar Models (minor corrections)

Vergis (Uni Bonn) The Axion Seminar Talk, January 2015 20 / 36

Time-reversed Primakoff effect: a + γvirtual → γ

most sensitive for 10−5 eV ≤ ma ≤ 1 eV
depends on field B, length L, transferred momentum q = ma/2E
and solar models

CAST experiment (CERN Axion Solar Telescope)

ma < 1.17 eV (intersecting the KSVZ band)
Next generation: IAXO (International Axion Oberservatory)@CERN

back
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Halioscopy
R. Battesti et al., Springer Lect. Notes Phys. 741 (2008)

Microwave Cavity Experiments

Most sensitive detectors for CDM of axions (µeV ≤ ma ≤ meV )
Metalic conductor acting as cavity for photons (Primakoff process)
Tunable cavity for resonance, v = (ma/2π)[1 +O(10−6)]
Signal not only info on mass, but also virial distribution of
thermalized axions in our galaxy.
Vergis (Uni Bonn) The Axion Seminar Talk, January 2015 22 / 36

Search for galactic axions via Primakoff effect: a + γvirtual → γ

Tunable cavity search for microwave resonances
Most sensitive detectors for CDM axions (µeV ≲ ma ≲ meV)

ADMX (Axion Dark Matter eXperiment) @University of Washington

sensitivity to KVSZ axions between 1.9µeV ≲ ma ≲ 3.3, µeV
still on-going (ADMX II) back
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Supernovae (SN1987a)
G.G. Raffelt, Springer Lect. Notes Phys. 741 (2008)

Supernovae

Axions emitted by Nucleon Bremsstrahlung NN → NNa , depending
on gaNN .
Energy-loss rate εa . 1019 erg g−1 s−1

Neutrino burst duration (late-time signal)

Vergis (Uni Bonn) The Axion Seminar Talk, January 2015 26 / 36

Axions emitted by nucleon Bremsstrahlung NN → NNa
– depends therefore on gaNN

Constraints:
energy loss rate εaxion ≲ 1019erg g−1s−1

Neutrino burst duration
back
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Resonance method for oscillating ALPs searches at storage rings

Spin precession in magnetic field in particle rest frame:

dS⃗
dt

= µ⃗ × B⃗ + d⃗ × E⃗ = (Ω⃗g−2 + Ω⃗EDM) × S⃗

= −
e
m

g − 2
2

B⃗ × S⃗
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

in ring plane

+
−e
2m

η(t) (β⃗ × B⃗) × S⃗
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

perp. to ring plane

with η(t) = ηstat + ηosc cos(mat + φ)

Idea: measure vertical spin polarization for different g − 2 frequencies

off resonance: averaging to zero / on resonance: accumulation ; jump

t-scan of g − 2 frequencies:

Experimental Search for DM Galactic Axions
Magnetic Storage Ring EDM

Fabian Müller 18/20

• o� resonant: polarization averages to zero
• resonant: polarization accumulates

⇒ increase g − 2 frequency with time

Ref.: Ed Stephenson et al., COSY (Cooler Synchrotron, FZ Jülich), 2018

SIMULATION

Ed Stephenson et al., 2018

back
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