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by considering the weak interactions alone without the
determinental interaction, but the conditions of the fla-
vor singlet, chirality flipping (L↔R) and CP violating
effects do not occur at one loop level. In the SM with
the Kobayashi-Maskawa CP violation, Ref. [153, Ellis,
Gaillard (1979)] shows that a finite correction occurs at
the fourth order, O(α2), leading to a very small NEDM,
but infinite corrections occur from O(α7). These can
give rise to a linear term of π. In the SM, the pioneering
calculation with axion has been performed in chiral per-
turbation theory to obtain θ ≤ 10−17 [167, 168, Georgi,
Kaplan, Randall (1986), Georgi, Randall (1986)]. The es-
timated θ however is far below the current experimental
limit of 10−11.

C. Axion couplings

The axion interactions are given in Eq. (19) which
are depicted in Fig. 10 where we have not drawn aWW̃
and aZZ̃ diagrams which are orthogonal to the aγγ̃. The
diagrams of Fig. 10 are complete for the low energy axion
phenomenology, where the suppression factor, 1/Fa, by
the axion decay constant is explicitly shown.
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FIG. 10: The Feynman diagrams of axion couplings. G and
γ are gluon and photon, respectively. c3 and caγγ couplings
are anomalous.

1. Axion hadron coupling

When we discuss axion–hadron interactions, which are
the relevant ones for low energy laboratory experiments
and physics at the core of supernovae, we must integrate
out gluon fields. Technically, it is achieved by using the
reparametrization invariance to remove the c3θGG̃ cou-
pling. If we keep the c3 coupling, we must consider the
axion–gluon–gluon interactions also, which is hard to be
treated accurately with its face value but must be the
same as the one in the c3 = 0 basis. In this way, the
quark interactions are changed from the original value as

c1 → c̄1 = c1 + 1
2c3

c2 → c̄2 = c2 + c3

c3 → c̄3 = c3 − c3 = 0.

(49)

In the barred notation, there exist only c̄1 and c̄2.

We will discuss one family without separating c1,2

into cu,d
1,2 first for an illustration, and then we will dis-

cuss the cases with cu,d
1,2 and write down formulae for

three families. Let us define the initial parameters c1, c2

and c3 together with the definition of the vacuum an-
gle θ0 ≡ θQCD. In principle, the initial vacuum angle
can be a free parameter. Here, the vacuum angle θQCD

is defined such that c1 = 0. Picking up the axion de-
pendent chiral rotation charge defined below the chiral
symmetry breaking scale Eq. (47), the chiral quarks
in the chiral perturbation theory are transforming as
qL → exp(iQAθ)qL, qR → exp(−iQAθ)qR where

QA =
1

2

M−1

TrM−1
, M−1 = diag.(

1

mu
,

1

md
). (50)

The derivative interactions of axion is obtained in this
way [167, 215, Kaplan (1985), Georgi, Kaplan, Randall
(1986)].

For the KSVZ axion, we have c1 = c2 = 0 and c3 = 1,
and the coefficient of the gluon anomaly term is (a/Fa)+
θQCD. Hence, redefining the axion as a + FaθQCD, we
obtain3

KSVZ axion (c1 = 0, c2 = 0) :

c̄1 = 1
2c3 = 1

2 ,

c̄2 = c2 + c3 = 1.

(51)

Here, c̄2 must be split according to the flavor singlet con-
dition to c̄u

2 + c̄d
2, (47) or (50).

For the DFSZ and PQWW axions, c1 = 0, c2 &= 0 and
c3 = 0. If a non-vanishing θQCD is introduced here, we
have, using the reparametrization invariance (21), c′1 =
−c2/2, c′2 = 0, and c′3 = c2. Then, the coefficient of
the gluon anomaly term is c2(a/fS) + θQCD, and hence
redefining axion as a + (fS/c2)θQCD and going back to
the c̄3 = 0 basis, we obtain for one family

DFSZ and PQWW axions :

c̄1 = 1
2 (−c2 + c̄2),

c̄2 &= 0, c̄3 = 0.

(52)

Again, c′3 must be split according to the flavor singlet
condition to c̄u

2 + c̄d
2 according to the anomaly matching

condition, Eq. (47).

Integrating out the heavy σ field and heavy quark
fields, the massless (at this level) degree a = Faθ which
appears from the phase of the singlet field σ = (〈σ〉 +
ρ√
2
)eiθ appears in the effective low energy Lagrangian.

If there are multiple SM singlets Si carrying PQ charges

3 The sign convention is stated below.
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LC resonator
• Easier to construct

• More sensitive for any scan
• Deeper in gaᵧᵧ
• Wider frequency band at a given gaᵧᵧ

BROADBAND

RESONANT

Chaudhuri et al. 1904.05806
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Q reduction corresponding to magnetic field ramp
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Crisosto et al. Phys. Rev. Lett. (2020)

Q reduction corresponding to magnetic field ramp New limits around 40MHz
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CHALLENGES
• Vibrations at low frequencies

• EMI

• Q reduction with magnetic field

• Parasitic inductances

• Limited tuning range

FUTURE IDEAS & PLANS
• Additional runs

• Vibration isolation

• Scaling up

• Reentrant cavities

• Improved couplings

• Improved tuning

• Precision magnetic fields
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S. Cheng
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Scan rate enhancement; detuned SNR the same!

Chaudhuri et al. 1904.05806
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Backaction is exchanged for imprecision
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Optimize coupling to maximize sensitivity bandwidth
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