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[https://www.particlezoo.net/collections/all]

Axions are:

Very likeable

Very popular 
(none available at present)

https://www.particlezoo.net/collections/all
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• The QCD Axion was postulated by Peccei and Quinn (1977) in their theory to solve the strong CP problem

3.3. The strong CP problem Page 48

whereMij represents the complex quark mass matrix. Consequently, the U(1)A transformations

lead to an additional phase when we diagonalize the mass matrix. Thus the vacuum angle picks

up contributions both from QCD and the electroweak sector. So in the full theory, the value of

the ✓-term gains an additional contribution equal to the argument of the determinant of the

matrixMij, and is denoted as arg detM . Hence, the total physical vacuum angle becomes [162]

✓̄ = ✓ + arg detM (3.18)

This new vacuum term is called the e↵ective vacuum angle, ✓̄, and generally, it is non-zero.

Hence, the additional ✓-term to the QCD Lagrangian has to be rewritten in the following

form [162]

L✓ = ✓̄
g2
s

32⇡2
Gµ⌫

a
G̃a

↵�
. (3.19)

By introducing this extra term in the QCD Lagrangian, we have successfully allowed for non-

vanishing contributions, by the anomalous current, to the action. Thus the U(1)A is in no way

symmetry of QCD, and we no longer expect a thereto associated preserved Noether current or

Goldstone mode. The U(1)A problem has indeed been solved.

3.3 The strong CP problem

As we discussed above, the U(1)A problem can be explained due to the complex structure

of the QCD vacuum [171]. The mathematical resolution of the problem implies including the

✓-term into the total QCD Lagrangian. However, solving the U(1)A problem leads to a new

fine-tuning problem referred to as the strong CP problem. The additional ✓-term violates the PT

(i.e. parity-time) symmetry, but conserve C (i.e. charge conjugation) symmetry. This makes

it a source of CP violation in the strong interaction. Although the total QCD Lagrangian

includes such a CP-violating term, there is no experimental indication of CP violation in the

strong interactions. For example, the electric dipole moments (EDM) for the neutron is one of

the most sensitive CP-violating observables to the value of ✓. An estimate the neutron EMD

obtained within chiral perturbation theory can be conveniently expressed in the form [172]

dn = �
mumd

mu +md

✓̄(q̄i�5q) . (3.20)

Accordingly, the calculation obtained the following estimation

|dn| ⇠ (2.4± 1.0)⇥ 10�16✓̄ e cm , (3.21)

where e is the electric charge. The current experimental bound is given by [67]

|dn| < 2.9⇥ 10�26 e cm . (3.22)

• Strong CP problem: 

• CP violating term in QCD Lagrangian

• 𝜽 ∈ [0, 2π], free parameter 

• From electric dipole moment of neutron (EDM): 
• 𝜽 < 10-10 
• => fine tuning

• Solution (PQ theory) 

• Adding global U1 symmetry  
• Spontaneously broken at scale fa 

• CP-breaking terms cancel due to structure of the 
QCD vacuum: 

➡ Pseudo Goldstone boson: Axion

<latexit sha1_base64="vuEdw6Yi5jA8qt8jGxjFlbmWSk4="></latexit>

Ltot = LSM,axion + ✓̄
g2s

32⇡2
Gµ⌫

a G̃a
↵� + ⇠

a

fa

g2s
32⇡2

Gµ⌫
b G̃b

↵�
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symmetry of QCD, and we no longer expect a thereto associated preserved Noether current or
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✓̄(q̄i�5q) . (3.20)

Accordingly, the calculation obtained the following estimation
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where e is the electric charge. The current experimental bound is given by [67]
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• Strong CP problem: 

• CP violating term in QCD Lagrangian

• 𝜽 ∈ [0, 2π], free parameter 

• From electric dipole moment of neutron (EDM): 
• 𝜽 < 10-10 
• => fine tuning

• Solution (PQ theory) 

• Adding global U1 symmetry  
• Spontaneously broken at scale fa 

• CP-breaking terms cancel due to structure of the 
QCD vacuum: 

➡ Pseudo Goldstone boson: Axion

Axion:  
Massive, pseudo-scalar particleCoupling: <latexit sha1_base64="qMxxFi/sc0xuXiusMlyOTp0UkyM=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIRdVl047KCfUAbwmQ6aYfOi5lJoYT+iRsXirj1T9z5N07aLLR64MLhnHu5955EMWpsEHx5lbX1jc2t6nZtZ3dv/8A/POoYmWlM2lgyqXsJMoRRQdqWWkZ6ShPEE0a6yeSu8LtTog2V4tHOFIk4GgmaUoysk2LfH8UUDpSWykrIY1SL/XrQCBaAf0lYkjoo0Yr9z8FQ4owTYTFDxvTDQNkoR9pSzMi8NsgMUQhP0Ij0HRWIExPli8vn8MwpQ5hK7UpYuFB/TuSIGzPjievkyI7NqleI/3n9zKY3UU6FyiwReLkozRh0XxYxwCHVBFs2cwRhTd2tEI+RRti6sIoQwtWX/5LORSO8aoQPl/XmbRlHFZyAU3AOQnANmuAetEAbYDAFT+AFvHq59+y9ee/L1opXzhyDX/A+vgGRR5L3</latexit>gi / ma

<latexit sha1_base64="i2EFztc/lhCBIL26zhAbJRCicj0=">AAACAnicbVDNSgMxGMzWv1r/Vj2Jl2ARPJVdEfVY9OKxgq2F7rJk02wbmk1CkhXKsnjxVbx4UMSrT+HNtzFt96CtA4Fh5vv4MhNLRrXxvG+nsrS8srpWXa9tbG5t77i7ex0tMoVJGwsmVDdGmjDKSdtQw0hXKoLSmJH7eHQ98e8fiNJU8DszliRM0YDThGJkrBS5B4OIwkAqIY2AQaIQzv0iTyJURG7da3hTwEXil6QOSrQi9yvoC5ylhBvMkNY935MmzJEyFDNS1IJME4nwCA1Iz1KOUqLDfBqhgMdW6cNEKPu4gVP190aOUq3HaWwnU2SGet6biP95vcwkl2FOucwM4Xh2KMkYtHEnfcA+VQQbNrYEYUXtXyEeItuDsa3VbAn+fORF0jlt+OcN//as3rwq66iCQ3AEToAPLkAT3IAWaAMMHsEzeAVvzpPz4rw7H7PRilPu7IM/cD5/AECpl1k=</latexit>

gi /
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Ltot = LSM,axion + ✓̄
g2s
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a
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Gµ⌫
b G̃b
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• Exact symmetry 

• Spontaneously broken 

• Massless goldstone boson

Figure 3: “Sombrero” potential of the Peccei-Quinn field F is shown schematically before (left) and after
(right) the QCD phase transition. The axion corresponds to the angular direction of this potential. The
potential on the right is shown for the case of colour anomaly N = 4.

Similar phenomena of “spontaneous symmetry breaking” are central to our understanding of many areas of
macroscopic physics, such as superconductivity, and there are also examples in particle physics, such as the
Higgs mechanism for generating particle masses.

To visualize spontaneous symmetry breaking, consider a ball rolling in the “sombrero” potential shown
on the left of Fig. 3. If the ball has enough energy (as at high temperature), it is able to roll over the hill in
the potential and occupies equally all areas of the circular valley in the “brim” of the potential. Now imagine
that the ball loses energy (as at low temperature), slows down and comes to rest. It will choose at random
to sit in one particular position in the potential well - even though every position in the circular minimum
of the potential well is exactly equivalent. This arbitrary choice is spontaneous symmetry breaking. Notice
now that, while it would take a lot of energy to get the ball over the potential hill again, we can push the ball
around the circle of the potential well with the smallest of nudges. This is a generic feature of spontaneous
symmetry breaking. In particle physics, it corresponds to the appearance following spontaneous symmetry
breaking of a massless particle, which is called a Nambu-Goldstone boson [18, 19]. The Nambu-Goldstone
boson of the spontaneously broken Peccei-Quinn symmetry is the axion. It is represented by a field, a, which
is proportional to the problematic q angle of the strong-CP problem, making the angle dynamical rather than
a fixed and mysterious constant. (Achieving this remarkable theoretical sleight of hand is described briefly in
what follows, and in more detail in the Supplemental Material.)

We have not yet solved the Strong CP problem, as the massless axion field could a priori take any value.
The next part of the story is the QCD phase transition (strictly speaking, a cross over) that occurs as the
temperature falls. When it is sufficiently low, QCD becomes strongly-coupled and confines quarks and gluons
into the bound-state protons, neutrons and other hadrons that we see today. This phase transition breaks the
PQ symmetry by distorting the sombrero potential as seen on the right in Fig. 3 for the case N = 4. The
potential now has discrete minima and the energy is minimised by the axion field taking the value of one
of these minima. Thus, after the QCD cross over, the axion field rolls to the newly created minimum point,
which is where the contribution of q̄ to the neutron EDM vanishes, setting the net neutron EDM to zero. (The
reason this minimum has the right CP properties is discussed in the Supplemental Material.) Notice that now,
to make the ball move around the sombrero potential we would need to push it away and up from its minimum
point. The energy required to move the classical axion field a small distance away from the minimum can be
modelled as an effective potential V (a) = m

2
a
a

2/2. Upon quantisation, we interpret the parameter ma in the
classical potential as the mass of the axion particle.

The axion mass can be computed in terms of well-understood physics of the strong nuclear force by
considering the axion mixing with the neutral pion - a bound state of quarks with the same quantum numbers
as the axion. The axion’s interactions with the neutral pion mean that the pion’s mass generates a small mass
for the axion - this effect is only possible because the axion and the pion have the same quantum numbers.
This leads to the following relation for the axion mass ma:

ma fa ⇠ mp fp , (3)

where fa is proportional to the energy at which the PQ symmetry is spontaneously broken, mp is the pion

6

• Approximate symmetry 

• U(1) symmetry explicitly broken by color 
anomalies. 

• Restores CP symmetry 

• Axion gains mass
Science Coffee seminar - Lund

[ J. Ellis et al.: arXiv.org:2105.01406 ]

• Before QCD phase transition • After QCD phase transition 
 (Color anomaly N=4)

<latexit sha1_base64="rZo27h/WMbod729KoV4TF31y964=">AAACA3icbVDLSgNBEJyNrxhfq970MhgET2FXRD0GvXiMYB6QXULvZJIMmX0w06uEJeDFX/HiQRGv/oQ3/8ZJsgdNLGgoqrrp7goSKTQ6zrdVWFpeWV0rrpc2Nre2d+zdvYaOU8V4ncUyVq0ANJci4nUUKHkrURzCQPJmMLye+M17rrSIozscJdwPoR+JnmCARurYB14AKvNwwBHG1FOiP0BQKn6gTscuOxVnCrpI3JyUSY5ax/7yujFLQx4hk6B123US9DNQKJjk45KXap4AG0Kftw2NIOTaz6Y/jOmxUbq0FytTEdKp+nsig1DrURiYzhBwoOe9ifif106xd+lnIkpS5BGbLeqlkmJMJ4HQrlCcoRwZAkwJcytlA1DA0MRWMiG48y8vksZpxT2vuLdn5epVHkeRHJIjckJcckGq5IbUSJ0w8kieySt5s56sF+vd+pi1Fqx8Zp/8gfX5Awtdl8U=</latexit>

✓̄ ! 0

https://arxiv.org/abs/2105.01406
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• Axions couple to quarks by definition 

• Axions also couple to photons 

• Can mix with pi0 

• May couple to other SM particle 
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Figure 3.2 – Feynman diagrams of the axion-photon coupling: coupling of the axion to two

photons via a triangle loop through fermions carrying PQ and electric charges (left panel), and

axion-pion mixing producing the generic coupling of axions to photons (right panel).

3.7.4 Coupling to fermions

Fermions like electrons and quarks would show Yukawa coupling to axions if they carry the PQ

charge. The Feynman diagrams of axion direct coupling with electrons, higher-order coupling

of axion and electron, and axion-to-nucleon coupling, respectively, are shown in figure 3.3. The

coupling of axion to fermions contributes to the Lagrangian density with a term equal to

Laf =
gaf
2mf

( ¯ f�
µ�5 f )@µ a , (3.62)

where  f is the fermion field, fm is its mass, and gaf represents the axion-fermion coupling

constant, that can be written as

gaf =
Cfmf

fa
. (3.63)

The dimensionless coe�cient plays the role of a Yukawa coupling with an e↵ective PQ charge

Cf and a fine-structure constant of the axion ↵↵f = g2
af
/4⇡ can be defined.

Some axion models calculated the interaction coe�cient Ce that describes the axion e↵ective

coupling with electrons at the tree level. In addition, and despite there are no free quarks exists

below the QCD scale ⇤QCD ⇡ 200 MeV, the coupling of axions to light quarks at tree level

and the mixing of axions with pions lead to calculate the interaction coe�cient of axions with

proton Cp and neutron Cn and therefore derive the e↵ective axion-to-nucleon coupling.

3.7.5 Further processes

There are some other processes involving axioms quite relevant in the frame of astrophysics. The

predominant emission process of axion in stars would be the Primako↵ e↵ect �+Ze ! Ze+a,

in which a photon can be converted into an axion in the presence of strong electromagnetic

fields. This process is quite relevant in axion searches because axions could be reconverted into

photons (and detected) inside a strong magnetic field via the inverse Primako↵ e↵ect.
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The dimensionless coe�cient plays the role of a Yukawa coupling with an e↵ective PQ charge

Cf and a fine-structure constant of the axion ↵↵f = g2
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/4⇡ can be defined.

Some axion models calculated the interaction coe�cient Ce that describes the axion e↵ective

coupling with electrons at the tree level. In addition, and despite there are no free quarks exists

below the QCD scale ⇤QCD ⇡ 200 MeV, the coupling of axions to light quarks at tree level

and the mixing of axions with pions lead to calculate the interaction coe�cient of axions with

proton Cp and neutron Cn and therefore derive the e↵ective axion-to-nucleon coupling.

3.7.5 Further processes

There are some other processes involving axioms quite relevant in the frame of astrophysics. The

predominant emission process of axion in stars would be the Primako↵ e↵ect �+Ze ! Ze+a,

in which a photon can be converted into an axion in the presence of strong electromagnetic

fields. This process is quite relevant in axion searches because axions could be reconverted into
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• Two benchmark models: 

• KSVZ:  
 Heavy, electrically neutral, quarks carrying PQ 
charge 

• DFSZ:  
 Quarks carry PQ charge, additional Higgs 
doublet needed
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• Dropping requirement to solve strong CP problem: 

• No strict mass - coupling strength relation 
• Vast parameter space opens up 

• Any new pseudo-scalar particle: 

• Qualitatively similar properties to QCD Axion  
➡ Axion Like Particle (ALP) 

Science Coffee seminar - Lund
[https://www.symmetrymagazine.org/article/the-other-dark-matter-candidate]

https://www.symmetrymagazine.org/article/the-other-dark-matter-candidate
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• Dropping requirement to solve strong CP problem: 

• No strict mass - coupling strength relation 
• Vast parameter space opens up 

• Any new pseudo-scalar particle: 

• Qualitatively similar properties to QCD Axion  
➡ Axion Like Particle (ALP) 

• ALPs appear in many extension to the SM 

• Any new symmetry breaking ‘Higgs’-like field requires 
additional (pseudo)-scalar particles  
• e.g. SUSY, GUT 

• String theories: 
• Any theory predictions extra dimensions leads to the 
existence of ALPs 
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• Dropping requirement to solve strong CP problem: 

• No strict mass - coupling strength relation 
• Vast parameter space opens up 

• Any new pseudo-scalar particle: 

• Qualitatively similar properties to QCD Axion  
➡ Axion Like Particle (ALP) 

• ALPs appear in many extension to the SM 

• Any new symmetry breaking ‘Higgs’-like field requires 
additional (pseudo)-scalar particles  
• e.g. SUSY, GUT 

• String theories: 
• Any theory predictions extra dimensions leads to the 
existence of ALPs 

• Axions could be Dark Matter!

• Contributes to (g-2)µ 

• Debated in literature if it helps to solve the  
  (g-2)µ discrepancy 
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FIG. 5. Two-loop diagram providing the leading contribu-
tion to lepton anomalous magnetic moment including a-�-�0

vertices.

assuming c = 0, as non-zero values of c will only mag-
nify the e↵ect of the dark axion portal contribution and
correspondingly improve the limits. The current best
measurements of the anomalous magnetic moment of the
muon come from a muon storage ring at Brookhaven Na-
tional Laboratory [42–45]. Their measurement exceeds
the theoretically predicted value by 3.5� [3],

�aµ = aµ(exp)� aµ(SM) = (26.8± 7.6)⇥ 10�10
. (13)

The dark axion portal unfortunately exacerbates this dis-
agreement. We place a limit where the SM+dark axion
portal increases �aµ by 15.2 ⇥ 10�10, a 5.5� disagree-
ment. In the future, the E989 collaboration at FNAL
intends to improve on the precision of the current exper-
imental measurement by a factor of three [46].

The electron anomalous magnetic moment has been
determined most accurately through one-electron quan-
tum cyclotron experiments and measurements of the
ratio between the Planck constant and the mass of
Rubidium-87 [47–49]. The theory prediction [50] exceeds
experimental measurements by approximately 1� [51],

�ae = ae(exp)�ae(SM) = �(1.06±0.82)⇥10�12
. (14)

The dark axion portal can reduce the disagreement be-
tween theory and experiment of the electron anomalous
magnetic moment. We place a limit where the dark axion
portal contribution overcorrects the di↵erence between
the SM and experiment, and ae disagrees with the ex-
perimentally measured value by more than 2�. Both this
contour and that derived for muon g � 2 are shown in
Fig. 4.

While the two-loop contribution from the dark axion
portal cannot resolve the muon g � 2 discrepancy (be-
cause of the wrong sign), the situation could become
nontrivial if we allow for the model-dependent contri-
butions from a-fermion-fermion Yukawa couplings or a-
�-� coupling (Ga��). As studied in Ref. [52], the com-
bined e↵ect of Bar-Zee one-loop diagrams and light-by-
light and vacuum polarization two-loop diagrams might
resolve the muon g � 2 discrepancy if su�ciently large

⇡0, ⌘

�

a

� 0

�

Ga��0

FIG. 6. Decay of the pseudoscalar mesons ⇡0 and ⌘ to �a�0

used in the analysis of LSND, MiniBooNE and CHARM. The
o↵-shell internal photon and three body final state suppress
the branching ratio.

coupling strengths are allowed. We will study this more
general situation in subsequent works.

V. FIXED TARGET NEUTRINO
EXPERIMENTS

Fixed target neutrino experiments (FTNEs) impact
high intensity proton beams onto thick targets to produce
charged mesons, primarily pions and kaons, the decays of
which produce neutrinos. FTNEs deliver in excess of 1020

protons on target (POT) over the life of their running
time. While the objective of FTNEs is to study neutrino
oscillations, their high intensity and low Standard Model
backgrounds are also well suited to searching for hidden
sector states with sub-GeV masses [53, 54]. This section
will consider the sensitivity of LSND and MiniBooNE to
the dark axion portal by repurposing published analyses
of neutral current elastic scattering. All cross sections in
this section were calculated with the assistance of Feyn-
Calc [30, 31].

Alongside the charged mesons, FTNEs also produce
the neutral pseudoscalar mesons ⇡

0 and ⌘. The ⇡
0 is

produced in quantities similar to those of the ⇡
+ and

⇡
�, while the ⌘ is produced at a rate suppressed by a

factor of 20 to 30 [55, 56]. The a and the �
0 could be

produced in radiative decays of the pseudoscalar mesons
through the diagram shown in Fig. 6. The partial decay
width of the decay ⇡

0
! a��

0 is given by

d
2�

dm
2
12dm

2
23

=
1

(2⇡)3
1

32m3
⇡0

|M|2, (15)

where m
2
ij = (pi + pj)2 for i, j = 1, 2, 3, where particle 1

corresponds to the �, particle 2 is the a and particle 3 is
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• Axions follow Bose-Einstein statistics 

• Ensemble of light axions:  
 macroscopic, wave-like behaviour 

• Acts as cold dark matter

• ma > 10-22 eV, otherwise no structure formation 
possible 

• QCD axions:  
• ma < 2·10-2 eV from neutrino flux of SN1987A 

• No upper bound on mass of ALPs
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• Axions follow Bose-Einstein statistics 

• Ensemble of light axions:  
 macroscopic, wave-like behaviour 

• Acts as cold dark matter

• ma > 10-22 eV, otherwise no structure formation 
possible 

• QCD axions:  
• ma < 2·10-2 eV from neutrino flux of SN1987A 

• No upper bound on mass of ALPs

• Assuming all of DM is QCD Axions: Predict it’s mass 

• Depends on production mechanism 

• Generation in strings and domain walls  
• Computationally difficult:  

• no ab initio calculation possible  
➡ model dependent results
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• Light axions:  
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   ( Primakoff effect )
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• Production modes (at the LHC): 

 Photon fusion

• Decay channels considered

Photons

• Relativistic nuclei are an intense source of (quasi-real) photons 

• Equivalent photon flux scales with Z4  
• Pb beams at LHC are a superb source of high energy photons!

by (⇤). Since the photon flux associated with each nucleus scales as /2, the LbyL cross section is strongly
enhanced relative to proton–proton (??) collisions.

In this measurement, the final-state signature of interest is the exclusive production of two photons, where
the diphoton final state is measured in the detector surrounding the Pb+Pb interaction region, and the
incoming Pb ions survive the EM interaction. Hence, one expects that two low-energy photons will be
detected with no further activity in the central detector. In particular, no reconstructed charged-particle
tracks originating from the Pb+Pb interaction point are expected.

The LbyL process has been proposed as a sensitive channel to study physics beyond the SM. Modifications of
the WW ! WW scattering rates can be induced by new exotic charged particles [7] and by the presence of extra
spatial dimensions [8]. The LbyL cross sections are also sensitive to Born–Infeld extensions of QED [9],
Lorentz-violating operators in electrodynamics [10], and the presence of space-time non-commutativity in
QED [11]. Additionally, new neutral particles, such as axion-like particles (ALP), can also contribute in
the form of narrow diphoton resonances [12], as shown in Figure 1. ALPs are relatively light, gauge-singlet
(pseudo-)scalar particles that appear in many theories with a spontaneously broken global symmetry. Their
masses and couplings to SM particles may range over many orders of magnitude. The previous ATLAS
searches involving ALP decays to photons are based on ?? collision data [13, 14].

LbyL scattering via an electron loop has been precisely, albeit indirectly, tested in measurements of the
anomalous magnetic moment of the electron and muon [15, 16]. The WW ! WW reaction has been measured
in photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [17–20] and in the photon
splitting process [21]. A related process, in which initial photons fuse to form a pseudoscalar meson which
subsequently decays into a pair of photons, has been studied at electron–positron colliders [22–24].

The authors of Ref. [25] proposed to measure LbyL scattering by exploiting the large photon fluxes available
in heavy-ion collisions at the LHC. The first direct evidence of the LbyL process in Pb+Pb UPC at the
LHC was established by the ATLAS [26] and CMS [27] Collaborations. The evidence was obtained from
Pb+Pb data recorded in 2015 at a centre-of-mass energy of

p
BNN = 5.02 TeV with integrated luminosities

of 0.48 nb�1 (ATLAS) and 0.39 nb�1 (CMS). The CMS Collaboration also set upper limits on the cross
section for ALP production, WW ! 0 ! WW, over a mass range of 5–90 GeV. Exploiting a data sample of
Pb+Pb collisions collected in 2018 at the same centre-of-mass energy with an integrated luminosity of
1.73 nb�1, the ATLAS Collaboration observed LbyL scattering with a significance of 8.2f [28]. These two

Pb

Pb

Pb(*)

Pb(*)

γ

γ

γ

γ

Pb

Pb

Pb(*)

Pb(*)

γ

γ

γ

γ

a

Figure 1: Schematic diagrams of (left) SM LbyL scattering and (right) axion-like particle production in Pb+Pb UPC.
A potential electromagnetic excitation of the outgoing Pb ions is denoted by (⇤).

3[D. d’Enterria, G. G. da Silveira Phys. Rev. Lett. 111, 080405]
• First proposal to measure LbyL scattering at LHC in 2013:

• Beam particles stay intact
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Assuming a 100% ALP decay branching fraction into photons, the derived constraints on the ALP mass and
its coupling to photons are compared in Figure 10 with those obtained from various experiments [27, 69–72].
The exclusion limits from this analysis are the strongest so far for the mass range of 6 < <0 < 100 GeV.
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Figure 9: The 95% CL upper limit on the ALP cross section fWW!0!WW (left) and ALP coupling 1/⇤0 (right) for
the WW ! 0 ! WW process as a function of ALP mass <0. The observed upper limit is shown as a solid black line
and the expected upper limit is shown by the dashed black line with its ±1 and ±2 standard deviation bands. The
discontinuity at <0 = 70 GeV is caused by the increase of the mass-bin width which brings an increase in signal
acceptance.
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Figure 10: Compilation of exclusion limits at 95% CL in the ALP–photon coupling (1/⇤0) versus ALP mass (<0)
plane obtained by di�erent experiments. The existing limits, derived from Refs. [27, 69–72] are compared with the
limits extracted from this measurement. The exclusion limits labelled “LHC (??)” are based on ?? collision data
from ATLAS and CMS. All measurements assume a 100% ALP decay branching fraction into photons. The plot on
the right is a zoomed-in version covering the range 1 < <0 < 120 GeV.

21

CMS  Phys.Lett.B 797 (2019) 134826

ATLAS: JHEP 03 (2021) 243

• Prospects for run 3 + run 4: 

• 10 times more Lumi: 20 nb-1 
• Slight increase in CME: 5.02 TeV -> 5.52 TeV 

• Limits on coupling would improve by factor 3 
• From 6ᐧ10-2 to 2ᐧ10-3

Belle II Phys. Rev. Lett. 125, (2020) 161806

ee ⇾ 𝛾a ⇾ 𝛾𝛾𝛾
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• Associated Z boson:   
• Lepton final states considered 

• Easy Triggering

• pp ⇾ H vs. pp ⇾ ZH 

• 65 times larger cross section  

a ⇾ bb

a ⇾ µµ

• If ALP is a pseudo scalar:  
• Yukawa interaction expected 

• B-quark / tau final states interesting 
• Large branching fraction 

• µ final states experimentally clean

10x better mass resolution 
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• Associated Z boson:   
• Lepton final states considered 

• Easy Triggering
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Figure 16: Constraints on the ALP mass and coupling to photons derived from various experiments
(colored areas without boundaries, adapted from [24]) along with the parameter regions that can be
probed using the Higgs decays h ! Za ! `+`���. The left panel shows the reach of LHC Run-2 with
300 fb�1 of integrated luminosity (shaded in light green). We require at least 100 signal events. The
contours correspond to |Ce↵

Zh|/⇤ = 0.72 TeV�1 (solid), 0.1 TeV�1 (dashed) and 0.015 TeV�1 (dotted).
The red band shows the preferred parameter space where the (g � 2)µ anomaly can be explained at
95% CL. The right panel shows the regions excluded by existing searches for h ! Z� (shaded in
dark green), where we assume |Ce↵

Zh|/⇤ = 0.72 TeV�1.

for which the e↵ective branching ratio has been defined in the first line of (50). In this case
we require that

Nsignal = LLHC ⇥ �13TeV(gg ! h) ⇥ Br(h ! Za ! `
+
`
� + ��)

���
e↵

> 100 . (63)

The green shaded regions in the left panel of Figure 16 show the parameter space which
can be probed in Run-2 for di↵erent values of the relevant Wilson ALP–Higgs coupling.
The three lines limiting these regions correspond to |C

e↵

Zh|/⇤ = 0.72TeV�1 (solid contour),
0.1TeV�1 (dashed contour) and 0.015TeV�1 (dotted contour), taking into account the model-
independent upper bound from h ! BSM derived in (56). Note that the dotted line roughly
corresponds to a TeV-scale coupling suppressed by a loop factor. With 300 fb�1 of luminosity
it is possible to extend the search to slightly smaller couplings, but reaching sensitivity to
couplings smaller than |C

e↵

Zh|/⇤ < 0.01TeV�1 would require a larger luminosity. To draw the
contours in the figure we have assumed that Br(a ! ��) = 1; however, it is important to
realize that their shape is essentially independent of the value of the a ! �� branching ratio as
long as this quantity is larger than a certain critical value, which is set by the required number
of signal events (and as long as the ALP mass is not too close to the kinematic limit). These
limiting values are Br(a ! ��) > 3 · 10�4 (solid), 0.011 (dashed) and 0.46 (solid). Impor-
tantly, it is thus possible to probe the ALP–photon coupling even if the ALP predominantly
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• pp ⇾ H vs. pp ⇾ ZH 

• 65 times larger cross section  
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FIG. 2: ALP production in the Primako↵ process (left) and light meson decay (right).

Very forward ALPs may also arise from the exotic decays of light mesons, shown in the
right panel of Fig. 2, which are abundantly produced at the IP with very high forward-going
momenta. However, as we discuss in more detail in Appendix B, such rare meson decays
typically give a subdominant contribution to the FASER signal relative to the Primako↵
process. In the rest of this section we therefore focus primarily on the Primako↵ process.
When presenting FASER’s sensitivity reach in Sec. IV, however, we include the dominant
exotic meson decays, ⇡0

! a�� and ⌘ ! a��.
Last, we note that ALPs may also be produced at the LHC through other processes,

e.g., through exotic Z decays or photon fusion.1 As with rare meson decays, however, these
processes do not typically produce large numbers of boosted forward-going ALPs, and they
are therefore subdominant contributions to the FASER signal.

B. Primako↵ Process in the TAXN

Forward high-energy photons that eventually hit the TAXN are copiously produced in pp
collisions at the IP, primarily in meson decays. To estimate the FASER event yield of ALPs
produced by such photons, a reliable estimate of the forward photon spectrum is required.
In the left panel of Fig. 3 we show the estimated photon spectrum in the (✓�, p�) plane,
where ✓� and p� are the photon’s angle with respect to the beam axis and its momentum,
respectively. The spectrum was simulated using the CRMC package [38], applying the
EPOS-LHC model [39]. This includes photons produced in the decays of all light mesons.
The dominant contribution comes from the decays ⇡0, ⌘ ! ��; decays of heavier mesons
provide only a small correction. As can be seen, in the log-log plot the events cluster around
the line defined by p� ✓� ⇡ pT = ⇤QCD ⇡ 0.25 GeV. This is indicative of the characteristic
momentum transfer scale for light meson production. As discussed in Ref. [10], the results
are consistent with other Monte Carlo simulations, such as QGSJET-II-04 [40] and SIBYLL
2.3 [41, 42], indicating a good understanding of the forward photon spectrum at the LHC.
This is not surprising, since all three of the simulations have been tuned to the LHC data
collected by the LHCf Collaboration [43, 44].

As noted above, we assume that the TAXN will be located at a distance LTAXN = 130 m
from the IP [35]. Photons produced at the IP may collide with the TAXN at transverse
distances up to the radius RTAXN = 12.5 cm from the beam collision axis or LOS. Within a
transverse distance of RTAXN from the beamline, the TAXN has two holes to let the beams

1 An interesting approach is to use ATLAS and CMS to trigger on ultra-peripheral heavy-ion collisions,

which makes it possible to search for ALPs produced in photon fusion [36, 37].
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are therefore subdominant contributions to the FASER signal.

B. Primako↵ Process in the TAXN

Forward high-energy photons that eventually hit the TAXN are copiously produced in pp
collisions at the IP, primarily in meson decays. To estimate the FASER event yield of ALPs
produced by such photons, a reliable estimate of the forward photon spectrum is required.
In the left panel of Fig. 3 we show the estimated photon spectrum in the (✓�, p�) plane,
where ✓� and p� are the photon’s angle with respect to the beam axis and its momentum,
respectively. The spectrum was simulated using the CRMC package [38], applying the
EPOS-LHC model [39]. This includes photons produced in the decays of all light mesons.
The dominant contribution comes from the decays ⇡0, ⌘ ! ��; decays of heavier mesons
provide only a small correction. As can be seen, in the log-log plot the events cluster around
the line defined by p� ✓� ⇡ pT = ⇤QCD ⇡ 0.25 GeV. This is indicative of the characteristic
momentum transfer scale for light meson production. As discussed in Ref. [10], the results
are consistent with other Monte Carlo simulations, such as QGSJET-II-04 [40] and SIBYLL
2.3 [41, 42], indicating a good understanding of the forward photon spectrum at the LHC.
This is not surprising, since all three of the simulations have been tuned to the LHC data
collected by the LHCf Collaboration [43, 44].

As noted above, we assume that the TAXN will be located at a distance LTAXN = 130 m
from the IP [35]. Photons produced at the IP may collide with the TAXN at transverse
distances up to the radius RTAXN = 12.5 cm from the beam collision axis or LOS. Within a
transverse distance of RTAXN from the beamline, the TAXN has two holes to let the beams

1 An interesting approach is to use ATLAS and CMS to trigger on ultra-peripheral heavy-ion collisions,

which makes it possible to search for ALPs produced in photon fusion [36, 37].
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Last, we note that ALPs may also be produced at the LHC through other processes,

e.g., through exotic Z decays or photon fusion.1 As with rare meson decays, however, these
processes do not typically produce large numbers of boosted forward-going ALPs, and they
are therefore subdominant contributions to the FASER signal.

B. Primako↵ Process in the TAXN

Forward high-energy photons that eventually hit the TAXN are copiously produced in pp
collisions at the IP, primarily in meson decays. To estimate the FASER event yield of ALPs
produced by such photons, a reliable estimate of the forward photon spectrum is required.
In the left panel of Fig. 3 we show the estimated photon spectrum in the (✓�, p�) plane,
where ✓� and p� are the photon’s angle with respect to the beam axis and its momentum,
respectively. The spectrum was simulated using the CRMC package [38], applying the
EPOS-LHC model [39]. This includes photons produced in the decays of all light mesons.
The dominant contribution comes from the decays ⇡0, ⌘ ! ��; decays of heavier mesons
provide only a small correction. As can be seen, in the log-log plot the events cluster around
the line defined by p� ✓� ⇡ pT = ⇤QCD ⇡ 0.25 GeV. This is indicative of the characteristic
momentum transfer scale for light meson production. As discussed in Ref. [10], the results
are consistent with other Monte Carlo simulations, such as QGSJET-II-04 [40] and SIBYLL
2.3 [41, 42], indicating a good understanding of the forward photon spectrum at the LHC.
This is not surprising, since all three of the simulations have been tuned to the LHC data
collected by the LHCf Collaboration [43, 44].

As noted above, we assume that the TAXN will be located at a distance LTAXN = 130 m
from the IP [35]. Photons produced at the IP may collide with the TAXN at transverse
distances up to the radius RTAXN = 12.5 cm from the beam collision axis or LOS. Within a
transverse distance of RTAXN from the beamline, the TAXN has two holes to let the beams

1 An interesting approach is to use ATLAS and CMS to trigger on ultra-peripheral heavy-ion collisions,

which makes it possible to search for ALPs produced in photon fusion [36, 37].
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FIG. 2: ALP production in the Primako↵ process (left) and light meson decay (right).

Very forward ALPs may also arise from the exotic decays of light mesons, shown in the
right panel of Fig. 2, which are abundantly produced at the IP with very high forward-going
momenta. However, as we discuss in more detail in Appendix B, such rare meson decays
typically give a subdominant contribution to the FASER signal relative to the Primako↵
process. In the rest of this section we therefore focus primarily on the Primako↵ process.
When presenting FASER’s sensitivity reach in Sec. IV, however, we include the dominant
exotic meson decays, ⇡0

! a�� and ⌘ ! a��.
Last, we note that ALPs may also be produced at the LHC through other processes,

e.g., through exotic Z decays or photon fusion.1 As with rare meson decays, however, these
processes do not typically produce large numbers of boosted forward-going ALPs, and they
are therefore subdominant contributions to the FASER signal.

B. Primako↵ Process in the TAXN

Forward high-energy photons that eventually hit the TAXN are copiously produced in pp
collisions at the IP, primarily in meson decays. To estimate the FASER event yield of ALPs
produced by such photons, a reliable estimate of the forward photon spectrum is required.
In the left panel of Fig. 3 we show the estimated photon spectrum in the (✓�, p�) plane,
where ✓� and p� are the photon’s angle with respect to the beam axis and its momentum,
respectively. The spectrum was simulated using the CRMC package [38], applying the
EPOS-LHC model [39]. This includes photons produced in the decays of all light mesons.
The dominant contribution comes from the decays ⇡0, ⌘ ! ��; decays of heavier mesons
provide only a small correction. As can be seen, in the log-log plot the events cluster around
the line defined by p� ✓� ⇡ pT = ⇤QCD ⇡ 0.25 GeV. This is indicative of the characteristic
momentum transfer scale for light meson production. As discussed in Ref. [10], the results
are consistent with other Monte Carlo simulations, such as QGSJET-II-04 [40] and SIBYLL
2.3 [41, 42], indicating a good understanding of the forward photon spectrum at the LHC.
This is not surprising, since all three of the simulations have been tuned to the LHC data
collected by the LHCf Collaboration [43, 44].

As noted above, we assume that the TAXN will be located at a distance LTAXN = 130 m
from the IP [35]. Photons produced at the IP may collide with the TAXN at transverse
distances up to the radius RTAXN = 12.5 cm from the beam collision axis or LOS. Within a
transverse distance of RTAXN from the beamline, the TAXN has two holes to let the beams

1 An interesting approach is to use ATLAS and CMS to trigger on ultra-peripheral heavy-ion collisions,

which makes it possible to search for ALPs produced in photon fusion [36, 37].
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Overview | Physics case
! LHC searches/experiments focus on heavy, strongly interacting particles 
! Produced ~isotropically and at relatively low rates, especially in high pT regions 
! FASER makes use of collisions in ATLAS to target an orthogonal phase space 

! FASER targets light and weakly interacting particles 
! Motivated by the lack or results in “traditional” searches and scenarios that e.g. satisfy 

Dark Matter relic density requirements. 
! Exploit the huge inelastic cross section at the LHC (~75 nb) = ~1016 collisions with 

150fb-1@13 TeV to gain sensitivity to processes with very weak couplings. 
! Very distinctive detector signatures: ~TeV long-lived particles produced in the forward 

region 
! Light meson: low 

pT ~ ΛQCD → 
particles are 
collimated: 
! θ ~ ΛQCD/E ~mrad 

• FASER: installation completed, data taking during LHC run-3

Science Coffee seminar - Lund



Kristof Schmieden

FASER detector

15Josh McFayden   |  PBC  |  6/11/2019

FASERFASER

�7

Overview | Detector design

FASERFASER

Tracking stations

Magnets

• 1.5-meter magnetized decay volume  

• 2-meter magnetic spectrometer  
• Three tracking stations 

•Electromagnetic calorimeter 

• Three scintillator stations for 
triggering, veto and precise timing 

• Aperture (10 cm radius) and length 
strongly constrained by available 
space
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FIG. 2: ALP production in the Primako↵ process (left) and light meson decay (right).

Very forward ALPs may also arise from the exotic decays of light mesons, shown in the
right panel of Fig. 2, which are abundantly produced at the IP with very high forward-going
momenta. However, as we discuss in more detail in Appendix B, such rare meson decays
typically give a subdominant contribution to the FASER signal relative to the Primako↵
process. In the rest of this section we therefore focus primarily on the Primako↵ process.
When presenting FASER’s sensitivity reach in Sec. IV, however, we include the dominant
exotic meson decays, ⇡0

! a�� and ⌘ ! a��.
Last, we note that ALPs may also be produced at the LHC through other processes,

e.g., through exotic Z decays or photon fusion.1 As with rare meson decays, however, these
processes do not typically produce large numbers of boosted forward-going ALPs, and they
are therefore subdominant contributions to the FASER signal.

B. Primako↵ Process in the TAXN

Forward high-energy photons that eventually hit the TAXN are copiously produced in pp
collisions at the IP, primarily in meson decays. To estimate the FASER event yield of ALPs
produced by such photons, a reliable estimate of the forward photon spectrum is required.
In the left panel of Fig. 3 we show the estimated photon spectrum in the (✓�, p�) plane,
where ✓� and p� are the photon’s angle with respect to the beam axis and its momentum,
respectively. The spectrum was simulated using the CRMC package [38], applying the
EPOS-LHC model [39]. This includes photons produced in the decays of all light mesons.
The dominant contribution comes from the decays ⇡0, ⌘ ! ��; decays of heavier mesons
provide only a small correction. As can be seen, in the log-log plot the events cluster around
the line defined by p� ✓� ⇡ pT = ⇤QCD ⇡ 0.25 GeV. This is indicative of the characteristic
momentum transfer scale for light meson production. As discussed in Ref. [10], the results
are consistent with other Monte Carlo simulations, such as QGSJET-II-04 [40] and SIBYLL
2.3 [41, 42], indicating a good understanding of the forward photon spectrum at the LHC.
This is not surprising, since all three of the simulations have been tuned to the LHC data
collected by the LHCf Collaboration [43, 44].

As noted above, we assume that the TAXN will be located at a distance LTAXN = 130 m
from the IP [35]. Photons produced at the IP may collide with the TAXN at transverse
distances up to the radius RTAXN = 12.5 cm from the beam collision axis or LOS. Within a
transverse distance of RTAXN from the beamline, the TAXN has two holes to let the beams

1 An interesting approach is to use ATLAS and CMS to trigger on ultra-peripheral heavy-ion collisions,

which makes it possible to search for ALPs produced in photon fusion [36, 37].
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Very forward ALPs may also arise from the exotic decays of light mesons, shown in the
right panel of Fig. 2, which are abundantly produced at the IP with very high forward-going
momenta. However, as we discuss in more detail in Appendix B, such rare meson decays
typically give a subdominant contribution to the FASER signal relative to the Primako↵
process. In the rest of this section we therefore focus primarily on the Primako↵ process.
When presenting FASER’s sensitivity reach in Sec. IV, however, we include the dominant
exotic meson decays, ⇡0

! a�� and ⌘ ! a��.
Last, we note that ALPs may also be produced at the LHC through other processes,

e.g., through exotic Z decays or photon fusion.1 As with rare meson decays, however, these
processes do not typically produce large numbers of boosted forward-going ALPs, and they
are therefore subdominant contributions to the FASER signal.

B. Primako↵ Process in the TAXN

Forward high-energy photons that eventually hit the TAXN are copiously produced in pp
collisions at the IP, primarily in meson decays. To estimate the FASER event yield of ALPs
produced by such photons, a reliable estimate of the forward photon spectrum is required.
In the left panel of Fig. 3 we show the estimated photon spectrum in the (✓�, p�) plane,
where ✓� and p� are the photon’s angle with respect to the beam axis and its momentum,
respectively. The spectrum was simulated using the CRMC package [38], applying the
EPOS-LHC model [39]. This includes photons produced in the decays of all light mesons.
The dominant contribution comes from the decays ⇡0, ⌘ ! ��; decays of heavier mesons
provide only a small correction. As can be seen, in the log-log plot the events cluster around
the line defined by p� ✓� ⇡ pT = ⇤QCD ⇡ 0.25 GeV. This is indicative of the characteristic
momentum transfer scale for light meson production. As discussed in Ref. [10], the results
are consistent with other Monte Carlo simulations, such as QGSJET-II-04 [40] and SIBYLL
2.3 [41, 42], indicating a good understanding of the forward photon spectrum at the LHC.
This is not surprising, since all three of the simulations have been tuned to the LHC data
collected by the LHCf Collaboration [43, 44].

As noted above, we assume that the TAXN will be located at a distance LTAXN = 130 m
from the IP [35]. Photons produced at the IP may collide with the TAXN at transverse
distances up to the radius RTAXN = 12.5 cm from the beam collision axis or LOS. Within a
transverse distance of RTAXN from the beamline, the TAXN has two holes to let the beams

1 An interesting approach is to use ATLAS and CMS to trigger on ultra-peripheral heavy-ion collisions,

which makes it possible to search for ALPs produced in photon fusion [36, 37].
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ALP production 
(Proton beams -> pions -> photons ->ALPs)

between the scale Λ and the relevant low-energy scale [92].
The resulting effective Lagrangian at the one-loop level is

L ¼ LSM þ LDS −
1

2
m2

aa2 −
1

4
gaγγaFμνF̃μν

−
g2s
8
gaggaGA

μνG̃Aμν − i
X

f

gaff
mf

v
af̄γ5f; ð25Þ

where new symbols for the coupling constants, gaii, have
been introduced for clarity. Note that, in principle, each of
these coefficients depends on all the coefficients defined at
the scale Λ, that is, gaii ¼ gaiiðfγ; fG; ff;ΛÞ.
In the following sections we consider simple cases in

which, at the high-energy scale Λ, only one of the couplings
is nonvanishing: that is, either f−1γ ≠ 0 (Sec. VII A), f−1f ≠ 0

(Sec. VII B), or f−1G ≠ 0 (Sec. VII C).

A. Benchmark A1: Photon dominance

Let us first consider the case in which the ALPs only
couple to photons at the high-energy scale Λ. At the low-
energy scale, the coupling to photons is simply given by
gaγγ ¼ 1=fγ , up toOðαÞ corrections. Additionally, the ALP
obtains loop-induced couplings to all charged SM fermions
gaff ∼Q2

fα
2=fγ. Since these couplings are suppressed by

α2, they typically have a negligible effect on the phenom-
enology of ALPs at FASER when compared to the
dominant diphoton coupling, and hence they can be
ignored in the following discussion. One can therefore
write an effective low-energy Lagrangian

L ⊃ −
1

2
m2

aa2 −
1

4
gaγγaFμνF̃μν; ð26Þ

for which the parameter space is spanned by the ALP mass,
ma, and its diphoton coupling gaγγ.

Production.—ALPs with dominantly diphoton cou-
plings can be produced by photon fusion (see, e.g.,
Ref. [93]), rare decays of light mesons, and the
Primakoff process. For highly boosted ALPs in the
far-forward region of the LHC, the dominant pro-
duction mechanism is the Primakoff process, in
which high-energy, forward-going photons pro-
duced at the IP convert into ALPs when interacting
with matter. In particular, efficient conversion can
take place when the photons hit the neutral particle
absorber (TAN) about 140 m away from the IP [32].
The rate is proportional to g2aγγ.

Decay and lifetime.—ALPs with dominantly diphoton
couplings mainly decay into a pair of photons; decays
into pairs of SM fermions are highly suppressed.
A subleading decay channel, in which one of the
photons is produced off shell and converts into an
electron-positron pair, has a branching fraction of
Bða → γeþe−Þ ≈ Bðπ0 → γeþe−Þ ∼ 1%. The total de-
cay width of the ALP is given by

Γða → γγÞ ¼
g2aγγm3

a

64π
: ð27Þ

In the left panel of Fig. 15 we show the ALPs decay
length and its branching fractions to γγ and γeþe− as a
function of ma.

FIG. 15. Benchmark model A1. The decay length (top left panel), decay branching fractions (bottom left panel) and FASER’s reach
(right panel) for ALPs with dominantly diphoton couplinga. The gray-shaded regions are excluded by current limits, and the colored
contours give the projected sensitivities of several other proposed experiments. See the text for details.
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• Sensitivity: ~10 MeV < ma < ~100 MeV 

• Several proposals for new experiments 

• Similar physics reach to ALPs 
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7

UJ12 Alcoves

Purpose-Built Facility

FIG. 1. The locations of the two preferred FPF sites currently under consideration. For the UJ12 alcoves
option, the existing UJ12 cavern is enlarged with alcoves, providing a site located roughly 480–521 m west
of ATLAS IP1 in Switzerland. For the purpose-built facility option, a new cavern and shaft are excavated,
creating a site on the LOS roughly 617–682 m east of ATLAS IP1 on CERN land in France.

away from an LHC IP on the beam collision axis or LOS. Following an initial study of the existing
LHC infrastructure and geological conditions, several options were considered to accommodate the
facility around the ATLAS IP (IP1). These have been narrowed down to two preferred solutions:
alcoves in the UJ12 cavern and a purpose-built facility. The locations of these two options are
shown in Fig. 1. In the next two subsections, we present more details of each of these two FPF
sites.

B. Alcoves in the UJ12 Cavern

One of the preferred options is to house the FPF in the location of the existing UJ12 cavern
by expanding one side of UJ12 with separate alcoves to accommodate the experiments and to
provide the space needed around them. UJ12 is part of the LHC tunnel system and is situated
approximately 480-521 m west of ATLAS IP1 at CERN’s site in Switzerland, as shown in Fig. 1.

A drawback of the UJ12 alcoves option is the di�culty of accessing the worksite. As an access
point, it is envisaged to use the existing PGC3 shaft located on the top of the abandoned tunnel
TI12, and then passing through the 536 m long TI12, which currently houses the FASER experi-
ment. The PGC3 shaft has an internal diameter of 3 m, which imposes significant space constraints,
and the works need to be designed around what can be achieved with only small equipment.

Following the conceptual design studies, the baseline layout includes three alcoves, each with
6.4 m width, but with di↵erent lengths, as shown in Figs. 2 and 3. It must be noted that the
impact of the foreseen works on the existing wall of the cavern and the cavern itself has yet to
be fully assessed. All the works must be carried out in a way that minimizes the impact on the

8

FIG. 2. Proposed CE works for the UJ12 alcoves option. The existing UJ12 cavern would be enlarged by
adding three alcoves, each with 6.4 m width, but with di↵erent lengths, to accommodate experiments and
accompanying services.

FIG. 3. Plan view of the UJ12 alcoves option. The colored boxes indicate the possible experiments (and
their dimensions) that could be installed in the alcoves, including FASER2 to search for long-lived particles,
FORMOSA to search for mCPs, and FASER⌫2 and AdvSND to detect neutrinos and search for DM.

existing facility. It is assumed that all the existing services and equipment will be removed from the
cavern prior to the works. This would include temporarily removing 4 LHC dipole magnets and a
60 m-long section of the QRL cryogenic line, as well as electrical and ventilation equipment. Initial
studies suggest that this would be possible during a multi-year Long Shutdown between LHC runs,
but it would be significant work for many CERN teams.

C. Purpose-Built Facility

The construction of a new facility is proposed as a second option to implement the FPF at
CERN. The proposed location begins approximately 617 m from IP1 on the French side of CERN
land, 10 m away from the LHC tunnel, as shown in Fig. 1. More detailed views are given in Figs. 4,
5, and 6.

The main features of the current layout for the purpose-built facility are:

• 65 m-long cavern. The experimental cavern located on the LOS will be approximately 65 m
long and 8.5 m wide and equipped with a crane serving the experiments along the cavern. The
floor level is set at 1.5 m under the LOS, with a 1.25% fall towards IP1, following the inclination
of the LOS. For safety reasons, given the potential of cold gas leakage, a 1 m-deep trench is
foreseen under the LAr detector (FLArE). See Figs. 5 and 6.

9

FIG. 4. Situation plan of the purpose-built facility option, located approximately 617 m to the west of IP1
on the French side of CERN land, 10 m away from the LHC tunnel.

FIG. 5. General layout plan of the purpose-built facility option. The colored boxes indicate the possible
experiments (and their dimensions) that could be installed in this option, including FASER2 to search for
long-lived particles, FASER⌫2 and AdvSND to study neutrinos and search for new particles, FORMOSA to
search for mCPs, and FLArE to detect neutrinos and search for DM. The green box is a possible cooling
unit for FLArE.

• 9.1 m internal diameter shaft. The 88 m-deep and 9.1 m-diameter shaft will be located on the
top of the experimental cavern. It will be equipped with a lift and staircase for access, having
enough space reserved for transport, as shown in Fig. 6.

• Safety gallery. To comply with CERN’s safety requirements and avoid any possible dead ends,
a safety gallery will connect the experimental cavern to the LHC, as shown in Fig. 7.

• Surface buildings. The surface buildings are designed as steel portal frame structures; see Fig. 8.
The access building located over the shaft will be equipped with a 25-tonne overhead crane
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1.1. Search for ALPs

at ALPs of the dark matter halo of the Milky Way. These ALPs are associated with a specific
energy, which is in the microwave range. Therefore, microwave cavities enclosed by strong
magnetic fields are used for the search. If ALPs are present in the dark matter halo and reach
the microwave cavity, they can oscillate into a photon by the mechanisms described previously
and then be detected by a microwave receiver. Some prominent examples of experiments with
haloscopes are the Axion Dark Matter Experiment (ADMX) [18], the Magnetized Disc and

Mirror Axion Experiment (MADMAX) [19] and ABRACADABRA [20].
Another category are the helioscopes. These types of experiments focus on potential ALPs

that could be generated in the stellar core. For that purpose, optically opaque telescopes, which
are also enclosed by a strong magnetic field, are directed towards the sun. In the magnetic field
of the telescope, ALPs can oscillate into X-ray photons that can be detected by X-ray detectors.
Some examples of these experiments are the CERN Axion Solar Telescope (CAST) [21] and the
the International Axion Observatory (IAXO) [22].

As the description of the two previous methods shows, the probability of ALPs-photon con-
version depends strongly on the modeling of the respective ALPs source. This disadvantage
is not present in the third category of experiments, the Light-shining-through-a-wall (LSW)
experiments, where the photon-ALP-photon conversion is purely laboratory-based. This has
the advantage that the photon source and the magnetic field - and with it the ALPs source - is
precisely defined up to the coupling efficiency, which simplifies the interpretation of the exper-
imental results. The principle of these experiments is shown schematically in Figure 1.1. The

a a

B B

Wall

* *

Figure 1.1: Feyman diagram of light-shining-through-wall experiments, in which g represents
an electro-magnetic field, g⇤ represents a virtual photon field supplied by the mag-
netic field B, and a represents an ALPs field. Two magnetic fields are separated by
a wall that is opaque to photons. In front of the wall, the photon can interact with
the virtual photon and leads to an oscillation into ALPs, which can pass the wall.
Behind the wall the inverse process can take place and the ALPs oscillate into a
detectable photon.

basic principle is to shine photons from a known source onto a wall that is opaque for photons
in the presence of a magnetic field. The photons can interact with the magnetic field, which
supplies virtual photons. This process leads to an oscillation into ALPs. Due to the weak in-
teraction with ordinary matter, ALPs can pass the wall. On the other side of the wall, and in

3

2. Optical layout of ALPS II

Production Cavity Regeneration Cavity

Optical 
Bench 1

Magnet
String

Magnet
String

    Central 
Optical Bench

Optical 
Bench 2

High Power Laser (HPL)

MPCI MPCO MRCI MRCO

DetectorWall

Figure 2.1: Schematic overview of the ALPS II experiment. The probability of producing ALPs
in front of the wall is enhanced by an optical cavity, the so-called Production Cavity,
which is seeded by a High Power Laser (HPL). On the other side the wall, the prob-
ability for photon regeneration is enhanced by another optical cavity, the so-called
Regeneration Cavity. The circulating beam of both cavities is directed through a
string of 12 superconducting dipole magnets. The solid red line represents the ALP-
producing photon field while the dotted red line represents the ALP-regenerated
photon field.

a distance of ⇡ 122 m on the OP2. Its circulating beam is also directed through a similar
magnet configuration as the circulating Production Cavity beam. To prevent photons from the
Production Cavity from entering the Regeneration Cavity, a wall that is opaque to photons from
the Production Cavity shields the two cavities from each other.

ALPS II uses two detection schemes with very different systematics to measure the recon-
verted photon, which will help to increase the confidence in the measurement [27]. For both
detection schemes two different optical systems are required. The first system used is based on
a hetrodyne (HET) detection. Its optical system is described in [31]. In this concept an inter-
ference beat note is generated between a local oscillator, which is a laser, and the regenerated
photon field on a photo detector. The signal of the photo detector is demodulated with a known
frequency difference between the ALPs generating High Power Laser and the local oscillator,
which provides a signal that is proportional to the regenerated field strength. The second detec-
tion system, which is the focus of this thesis, uses a so-called transition edge sensor (TES) [32].
It consists of an absorptive tungsten chip whose temperature is kept at the threshold of super-
conductivity. If a photon is incident on the sensor, it is absorbed and causes a slight increase
of the temperature. This increases the resistance of the chip, which leads to a measurable drop
in the current flowing through the chip. The control architecture of this detection scheme is
described in Section 2.3.

For such a cavity-enhanced LSW experiment, the number of the regenerated photons is given
by

NLSW =
1

16
·z 2 · P

wp
·
�
gAgg

��Ff (qLB)
��BLB

�4 ·bPCbRC ·Dt, (2.1)
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• Idea:  
• Produce axions from laser photons 

• After optically tight wall: 

• Detect photons from axion conversion 

• Sensitivity: ma < meV

• Challenges:  

• High power laser resonator with large dimensions 
• Large B-field 
• Very sensitive, noise free optical detectors  

• ALPS-II (Any Light Particle Search):  

• 70W laser @ 1064nm -> 150kW stored in resonator 
• 122m long optical cavity: BL = 560 Tm 
• 12 x 5.3T SC dipole magnets 
• Detection: Transition Edge Sensors & Heterodyne receiver  

https://doi.org/10.15488/11022
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• Using the sun as axion source 

• Detection of axions in magnetic field, tracking sun 

• Conversion photons in x-ray regime 
• Sensitivity: ma < ~1 eV 

• Current result: CAST  
 (CERN Axion Solar Telescope) 

• New developments: IAXO 
 (International AXion Observatory)
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Figure 5. A plot of gag vs ma, with the most stringent results (solid) and sensitivity prospects (dashed)
of observations and experiments, directly comparable with the previous Figure 2. Prospects of different
phases of IAXO are shown, BabyIAXO, IAXO, and an upgraded version of IAXO, IAXO+. Other
experimental prospects with potential to explore new regions of the parameter space are also included,
as ALPS-II [64] or AMELIE [109].

In the same plot, one can find the projected sensitivity of BabyIAXO; it can be seen that
BabyIAXO will have enough sensitivity to look into unexplored parts of the parameter space,
as it is foreseen to surpass the g4

ag of CAST. These projections are computed taking into account
two data-taking campaigns, in vacuum and with a buffer gas, and under the assumption of
absence of signal.

BabyIAXO will allow to start probing regions of the parameter space that are strongly
motivated by observations, approaching the HB-hint and T-hint, and covering partially the
WD cooling anomaly hint. At the same time, it will cover regions of the parameter space at the
meV scale, favored by QCD axion models and/or connected with other fundamental physics
problems, such as the DM or inflation. See reference [37] for a recent review on BabyIAXO
sensitivity to those favored regions.

The discovery potential of BabyIAXO and IAXO is high as both will enter areas not
probed so far. Should either of the two detect the axion, then important information could
be extracted regarding its mass and coupling constants. Provided sufficient statistics is
obtained, IAXO could measure the axion mass and the coupling to photons and electrons in
an independent way [110,111].

6. From Spain, with love

The group of the University of Zaragoza, currently part of CAPA (Centro de Astropartícu-
las y Física de Altas Energías of the University of Zaragoza), has a long trajectory in the field of
the rare event searches, with deep expertise in low-background techniques and underground
physics. The group started and developed the first underground facilities in the Spanish

[arXiv:1401.3233]

[arXiv:2112.02286]
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Figure 1. Conceptual arrangement of an enhanced axion helioscope with x-ray focalization. Solar axions
are converted into photons by the transverse magnetic field inside the bore of a powerful magnet. The
resulting quasi-parallel beam of photons of cross sectional area A is concentrated by an appropriate x-ray
optics into a small spot area a in a low background detector. The envisaged implementation in IAXO (see
figure 2, includes eight such magnet bores, with their respective optics and detectors.

x-ray detectors. The magnet will be built into a structure with elevation and azimuth drives that will
allow solar tracking for ⇠12 hours each day. All the enabling technologies for IAXO exist, there
is no need for development. IAXO will also benefit from the invaluable expertise and knowledge
gained from the successful operation of CAST for more than a decade.

We refer to [32] for a description of the first motivation and the figure-of-merit study that
supports the IAXO concept. A detailed study of the physics potential of IAXO will be included
in a paper currently under preparation, although it can also be found in the Letter of Intent re-
cently submitted to CERN [33]. In the following sections we describe the different parts of IAXO,
focusing on the enabling technologies of the experiment. The toroidal superconducting magnet
is described in section 2. The IAXO x-ray focusing optics are described in section 3. The Mi-
cromegas low-background detectors are described in section 4. In section 5.2 the main features of
the experiment’s tracking platform, as well as potential additional equipment are briefly described.
Finally, we conclude with section 6.

2. The IAXO superconducting magnet

The outcome of the figure of merit (FOM) analysis [32] indicates the importance and need for a
new magnet to achieve a significant step forward in the sensitivity to the axion-photon coupling.
The design of the new magnet is performed with the magnet’s FOM (MFOM) in mind already
from the initial design stages. Since practically and cost-wise the currently available detector (i.e.
large scale) magnet technology is limited to using NbTi superconductor technology which allows
peak magnetic field of up to 5-6 T, the magnet’s aperture is the only MFOM parameter that can be
considerably enlarged. Consequently, the design of the magnet has started with the focus on this
parameter. The preliminary optimization study has shown that the toroidal geometry is preferred

– 4 –

[Sikivie]
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CAST@CERN

• 20m long toroid magnet 
• 8 x 60cm bores for instrumentation 
• Readout using x-ray telescopes and micro mega detectors

IAXO CAST

• 15m long dipole magnet 
• 1 x 5cm bores for instrumentation 
• Readout using various x-ray detectors
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• Axion conversion to photons in B-field 

• Using RF resonators to enhance the signal 

• Sensitivity: ~µeV - meV
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• 3 orders of magnitude in frequency: 

• Various designs of resonators & DAQ 

• Many experiments!

Need to tune the cavity over a vast 
frequency range

22• Typ signal power: 10-24W
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• Up to 14T magnets in use 
• Up to 20T envisioned 

• Larger fields - smaller volume

• Volume limited by  
• Magnet aperture 
• Resonance frequency  
• Tuning elements

• Depends on cavity material:  

• High purity copper: ~5ᐧ104 

• Superconducting:  difficult in high magnetic field! 
• Target:   106  
• Achieved:  3ᐧ105 (CAPP, non tunable) 

• Materials under study: Nb3Sn, HTS materials (YBCO) 

• Dielectric resonators (saphir): 
• Achieved:  9ᐧ106 @ 8 T B-field (QUAX, non tunable)
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• Up to 14T magnets in use 
• Up to 20T envisioned 

• Larger fields - smaller volume

• Volume limited by  
• Magnet aperture 
• Resonance frequency  
• Tuning elements

• Depends on cavity material:  

• High purity copper: ~5ᐧ104 

• Superconducting:  difficult in high magnetic field! 
• Target:   106  
• Achieved:  3ᐧ105 (CAPP, non tunable) 

• Materials under study: Nb3Sn, HTS materials (YBCO) 

• Dielectric resonators (saphir): 
• Achieved:  9ᐧ106 @ 8 T B-field (QUAX, non tunable)

arXiv:2201.04223 • QUAX, ~10 GHz
to its low loss-tangent, going from about 10�5, at room temperature, down to

a fraction of 10�7 at cryogenic temperatures for purest samples [22, 23].

Figure 1: Sketch of the cavity with dielectric cylindrical shells.

In the following we focus on the application of our dielectric cavity to DM-

axion searches. Many cavity-haloscope experiments are taking data or have

been proposed in recent years: ADMX [24], HAYSTAC [25], ORGAN [26],

CAPP [27], KLASH [28], RADES [29] and QUAX [10]. When the resonant

frequency of the cavity is tuned to the corresponding axion mass, ⌫c = mac2/h,

the expected power generated by DM axions is given by [25]:
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where ⇢a ⇠ 0.4 GeV/cm3 is the local DM density [30], ↵ is the fine-structure

constant, µ0 the vacuum permeability, ⇤ = 78 MeV is a scale parameter related

to hadronic physics, g� the photon-axion coupling constant with central value

equal to �0.97(0.36) in the KSVZ (DFSZ) model [31–34]. It is related to the

coupling appearing in the Lagrangian ga�� = (g�↵/⇡⇤2)ma. The second paren-

theses contain the magnetic field strength B0, the cavity volume V , its angular

frequency !c = 2⇡⌫c, the coupling between cavity and receiver � and the loaded

quality factor QL = Q0/(1 + �), where Q0 is the unloaded quality factor. Cmnl

3
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from TTI [7].
In order to be able to measure the quality factor in this
configuration a switch was necessary to bypass the low noise
amplifier. The signal from the critical coupled port goes from
the switch to one port of a vector network analyser while the
weakly coupled port goes directly to the device.
The magnet bore was filled with liquid helium which has a
dielectric constant of 1.049343 at 4.2K [8]. The insertion into
a dielectric de-tunes our cavity and results in a resonance
frequency of about 8.8GHz during data-taking. Fig. 5 shows
the experimental set-up. Two cavities were installed at the
same time in the magnet bore of 54mm diameter. The bottom
cavity was the Nb3Sn coated cavity and the top one the HTS-
tape cavity. A Hall sensor was attached onto the bottom cavity
in order to align the cavity with the magnetic field.

Fig. 5: Schematics of the experimental set-up for the quality
factor measurements and axion data taking in a 11T magnetic
field at CERN.

V. RESULTS

The quality factor for each cavity was calculated from the S-
parameter measurements with a vector network analyser using
the 3dB method to determine Ql:

Ql =
f0

�f3dB
, (2)

where f0 is the frequency of the maximum amplitude and
�f3dB the bandwidth at - 3 dB. The coupling of the strongly
coupled port was determined using the reflection parameters.
During the measurement in liquid helium we observed a fast

frequency drift which interfered with the Q measurement and
suspect pressure fluctuations to be responsible for this shift.
For each measurement we recorded a frequency range of
2MHz measuring 10 001 points in this range. The frequency
sweep took about 6 seconds and the drift in the frequency
within this time is reflected by the error bars of the Q values
in Fig. 6. The magnetic field was ramped up in 1T steps with
a speed of 10A/s(about 1000 Ampere per Tesla). Afterwards
the field was kept constant for 10 minutes and the quality
factor of both cavities was measured. The results for the
Q0 of both cavities are shown in Fig. 6. The quality factor
of the HTS tape cavity remained almost constant between
60 000 and 80 000 up to 11.6T, while Nb3Sn decreased
considerably and performed worse than our copper reference
cavity above 3T.Investigations about this behaviour are
ongoing. The HTS cavity outperformed the copper cavity by
50% in quality factor and increased the sensitivity of our
axion data-taking. These physics results will be the object of
a separate publication.

Fig. 6: Results of quality factor measurements with the cavity
immersed in liquid helium.
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(a)

(b)

Fig. 3: Photographs of the (a) coating setup and (b) a cavity
half in coating position.

TABLE I: Coating parameters for the Ta and Nb3Sn layers.

t p Pw T Main pulse Positive Pulse
(min) (mbar) (W) (°C) t ⌫ t �t

(µs) (kHz) (µs) (µs)

Ta 40 1⇥10�3 350 750 50 1 200 4
Nb3Sn 75 7⇥10�4 350 750 - - - -

The Ta layer was deposited by High-Power Impulse Mag-
netron Sputtering with a potential reversal for ion acceleration
(HiPIMS + Positive Pulse) for 40min at 1⇥ 10

�3
mbar,

resulting in ⇡ 0.9 µm thick layers. After this step, each cavity
half was left at the same temperature and pressure conditions
(750 °C, 1⇥ 10

�3
mbar of Kr) for a 45min anneal to promote

the formation of Ta-↵ phase. The Nb3Sn layer, ⇡ 2 µm thick,
was sputtered resorting to Direct Current Magnetron Sputter-
ing (DCMS) for 75min at a Kr pressure of 7⇥ 10

�4
mbar.

The final step for each of the cavity halves was a longer second
anneal lasting around 24 h in order to promote the formation
of the Nb3Sn superconducting phase and cure the potential
defects [6].

The coating parameters (duration t, pressure p, temperature
T and power Pw) used for the deposition of each layer are
summarized in Table I. The HiPIMS Main Pulse (duration t
and frequency ⌫) and applied Positive Pulse (duration t and
delay �t) input values used for the Ta layer are also presented.

C. REBCO tape

Each cavity half was coated with 5 segments of 12 mm-
wide coated conductor provided by the company THEVA.
The segments were placed in a way that the REBCO layer
was oriented towards the surface of the cavity half (see
Fig. 4a). To homogeneously heat up the system, we used
specially designed flexible heaters that could adapt to the
curved geometry of the cavity halves. The coated conductors
were soldered onto the surface of the cavity halves using
Sn60Pb38Cu2 due to its low-temperature melting point. During
the soldering process, the heaters and the tapes were kept into
position by applying some pressure onto the system. Once
the system cooled down to room temperature, the tapes were
peeled off by pulling out the hastelloy substrate. In that way
the coated conductor delaminates along the buffer layer –
REBCO interface, exposing the clean REBCO surface (see
Fig. 4b).

(a)

(b)

Fig. 4: a) Schematics of the coated conductor segment’s
position on the RADES cavity. b) Picture of one of the RADES
halves after the coating is completed.

IV. EXPERIMENTAL SET-UP

Before testing the new coatings in magnetic field, the
quality factor was measured in the CERN Central Cryogenic
Laboratory in liquid helium at 4.2K. For the Nb3Sn cavity we
could measure a Q0 of about 700 000 and for the HTS tape
about 80 000, both values being much higher than the Q0 of
40 000 from our copper reference cavity.
Afterwards the cavity was installed in a 11T dipole short
model at CERN and the characterization of the cavities in
high magnetic field was done in parallel to an axion search.
One cavity port is weakly coupled (and terminated for axion
search) and for the other port we aim for a critical coupling.
Since the power of a signal that may be generated by photons
converted from axions is very small, a low noise amplifier is
connected to the critically coupled port. After amplification the
signal is detected by a custom-made data acquisition system

• Increasing the cavities Q-factor:
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(a)

(b)

Fig. 3: Photographs of the (a) coating setup and (b) a cavity
half in coating position.

TABLE I: Coating parameters for the Ta and Nb3Sn layers.

t p Pw T Main pulse Positive Pulse
(min) (mbar) (W) (°C) t ⌫ t �t

(µs) (kHz) (µs) (µs)

Ta 40 1⇥10�3 350 750 50 1 200 4
Nb3Sn 75 7⇥10�4 350 750 - - - -

The Ta layer was deposited by High-Power Impulse Mag-
netron Sputtering with a potential reversal for ion acceleration
(HiPIMS + Positive Pulse) for 40min at 1⇥ 10

�3
mbar,

resulting in ⇡ 0.9 µm thick layers. After this step, each cavity
half was left at the same temperature and pressure conditions
(750 °C, 1⇥ 10

�3
mbar of Kr) for a 45min anneal to promote

the formation of Ta-↵ phase. The Nb3Sn layer, ⇡ 2 µm thick,
was sputtered resorting to Direct Current Magnetron Sputter-
ing (DCMS) for 75min at a Kr pressure of 7⇥ 10

�4
mbar.

The final step for each of the cavity halves was a longer second
anneal lasting around 24 h in order to promote the formation
of the Nb3Sn superconducting phase and cure the potential
defects [6].

The coating parameters (duration t, pressure p, temperature
T and power Pw) used for the deposition of each layer are
summarized in Table I. The HiPIMS Main Pulse (duration t
and frequency ⌫) and applied Positive Pulse (duration t and
delay �t) input values used for the Ta layer are also presented.

C. REBCO tape

Each cavity half was coated with 5 segments of 12 mm-
wide coated conductor provided by the company THEVA.
The segments were placed in a way that the REBCO layer
was oriented towards the surface of the cavity half (see
Fig. 4a). To homogeneously heat up the system, we used
specially designed flexible heaters that could adapt to the
curved geometry of the cavity halves. The coated conductors
were soldered onto the surface of the cavity halves using
Sn60Pb38Cu2 due to its low-temperature melting point. During
the soldering process, the heaters and the tapes were kept into
position by applying some pressure onto the system. Once
the system cooled down to room temperature, the tapes were
peeled off by pulling out the hastelloy substrate. In that way
the coated conductor delaminates along the buffer layer –
REBCO interface, exposing the clean REBCO surface (see
Fig. 4b).

(a)

(b)

Fig. 4: a) Schematics of the coated conductor segment’s
position on the RADES cavity. b) Picture of one of the RADES
halves after the coating is completed.

IV. EXPERIMENTAL SET-UP

Before testing the new coatings in magnetic field, the
quality factor was measured in the CERN Central Cryogenic
Laboratory in liquid helium at 4.2K. For the Nb3Sn cavity we
could measure a Q0 of about 700 000 and for the HTS tape
about 80 000, both values being much higher than the Q0 of
40 000 from our copper reference cavity.
Afterwards the cavity was installed in a 11T dipole short
model at CERN and the characterization of the cavities in
high magnetic field was done in parallel to an axion search.
One cavity port is weakly coupled (and terminated for axion
search) and for the other port we aim for a critical coupling.
Since the power of a signal that may be generated by photons
converted from axions is very small, a low noise amplifier is
connected to the critically coupled port. After amplification the
signal is detected by a custom-made data acquisition system

https://arxiv.org/abs/2110.01296 
• J. Golm et. al (RADES), ~8 GHz
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FIG. 4. Unloaded quality factor vs applied magnetic field. Diamond
data points were acquired during magnetic field ramp down. Inset:
Corresponding frequency shift. Note that at about 5 T the cavity fre-
quency shifts by about 1.7 kHz, value comparable to the unloaded
cavity linewidth D f = f/Q0 ' 1.1 kHz.

lowed by a small growth up to approximately 5 T. For values
exceeding 5 T, a quality factor of about 9 millions is recorded,
50% greater than the value at null field. Remarkably, the mea-
sured maximum value at 8 T is only about 20% lower than
the value expected from the simulations. The unexpected in-
crease of quality factor in the presence of intense magnetic
fields can be attributed to the magnetic properties of the di-
electric cylinders. In fact, high purity sapphire crystals are
known to host a number of paramagnetic impurities51,52 as
Cr3+, Fe3+ and Mo3+. V2+ spin ensembles are also expected
if the crystal has been subjected to radiation treatment or an-
nealing procedures51 to relax internal stresses. Note that the
present sapphire tubes have been annealed in vacuum at a tem-
perature of 1900 C degrees.

Even when their concentration is as low as parts per bil-
lion, impurities can be detected and investigated by identify-
ing avoided crossings between their electron spin resonances
(ESR) and photonic whispering gallery modes51,52. Mea-
sured properties are the zero field splitting, and the Landé
g factors are obtained through the gradient of the frequency
dependence on magnetic field of detected ESR transitions
d f/dB = gµB/h̄, with µB being the Bohr magneton. For in-
stance, reported spin transition lines at zero field for Fe3+,
Cr3+ are at 12.03 GHz and 11.45 GHz respectively, while 8
lines in the range 8.7 � 10.4 GHz are attributed to the ion
V2+. With the application of a magnetic field, these absorp-
tion lines are tuned away from the TM030 cavity mode at the
rate ⇠ 28 GHz/T for Cr and V impurities, and even faster for
some transitions in Fe51. Therefore we might expect that al-
ready at a few Tesla magnetic field amplitude, the related dis-
sipative channel is significantly suppressed, giving a plausible
explanation of the observed Q0 vs B data trend.

(a)

(b)

(d)
(c)

FIG. 5. Cryogenic frequency tuning. (a) Maximum 1.2 MHz fre-
quency shift obtained and (b) measured Q0 values exceeding Qa. (c)
Picture of the rods positioning system (top). Tuning is accomplished
by displacing triplets of 2 mm-diameter sapphire rods relative to the
top and bottom cavity endcaps. The triplets are anchored to copper
blocks hanging on steel wires, that allow for controlling the rods po-
sition inside the cavity with an external micrometer. (d) Fine tuning.
1 kHz is the shown minimum frequency shift.

VI. TUNING

To make this resonator suitable for axion searches, the in-
ternal sapphire tube is substituted by two hollow half cylin-
ders that allow for tuning the TM030 frequency up to about
500 MHz when moved apart along the radial direction26,27. To
demonstrate such a wide tuning range, a thorough study is un-
der way involving simulations and in situ tests, here we report
a tuning method that was implemented to tune over a narrow
range the same cavity used in the measurements presented in
previous sections. The objective in this case is to investigate
the experimental requirements that are needed for running the
experiment with a cavity exceeding the axion quality factor
Qa. In this study, that is currently ongoing in our laboratory,
capability to shift the cavity central frequency within a frac-
tion of its bandwidth is required. By displacing triplets of
2 mm-diameter sapphire rods relative to the top and bottom
cavity endcaps, we shift the TM030 mode frequency without
impacting the quality factor as shown in Fig. 5. The maximum
shift we obtain is of about 1.2MHz, with 1 kHz minimum fre-
quency change, comparable with the cavity bandwidth.

VII. CONCLUSIONS

Microwave cavity resonators employed in axion dark mat-
ter search shall exhibit high quality factors in the presence
of multi-tesla fields. In this work we have demonstrated the
highest quality factor ever reported in the literature for a mi-
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T (K) s eff
Cu er tand f (GHz) C030 QSapph QCu Q0 Q0,exp

293 37.75 11.44 4.87·10�6 10.4468 0.0321 1.21·106 2.04·106 7.60·105 6.17·105

260 40.55 11.3889 3.93·10�6 10.4529 0.0321 1.50·106 2.18·106 8.88·105 7.28·105

230 43.70 11.3486 2.88·10�6 10.4576 0.0321 2.05·106 2.35·106 1.09·106 8.08·105

190 49.34 11.2953 1.81·10�6 10.4638 0.0320 3.26·106 2.64·106 1.46·106 1.09·106

160 55.53 11.2602 7.84·10�7 10.4676 0.0320 7.51·106 3.02·106 2.12·106 1.48·106

125 67.57 11.2288 2.56·10�7 10.4711 0.0320 2.29·107 3.58·106 3.09·106 2.19·106

100 84.17 11.2125 8.87·10�8 10.4729 0.0320 6.62·107 4.47·106 4.15·106 2.80·106

77 114.73 11.2044 2.48·10�8 10.4738 0.0320 2.37·108 6.10·106 5.88·106 3.33·106

50 174.57 11.2006 7.52·10�9 10.4744 0.0320 7.82·108 9.29·106 9.02·106 4.63·106

25 205.16 11.2002 5.34·10�9 10.4745 0.0321 1.10·109 1.09·107 1.06·107 5.48·106

4.2 207.04 11.2 1.19·10�9 10.4745 0.0321 1.03·109 1.10·107 1.08·107 6.23·106

TABLE I. Parameters set in the FEM simulations and results. Values are given at different temperatures for the effective copper conductivity
sCu, the relative dielectric constant er and the tangent loss of sapphire. Losses in copper (QCu) and in sapphire (QSapph) are quantified by
respectively running a model in which tand is set to null value, and another model with lossless cavity walls. In the last column we report for
comparison the measured unloaded quality factor Q0,exp.

er f (GHz) C030 QCu QSapph Q0

11.44 10.4556 0.0324 1.14·107 4.98·109 1.11·107

11.3 10.4666 0.0322 1.10·107 4.96·109 1.10·107

11.2 10.4745 0.0321 1.09·107 1.03·109 1.08·107

11.1 10.4825 0.0319 1.07·107 1.21·109 1.06·107

TABLE II. Simulation of the cavity at 4.2 K for different values of
er. The cavity frequency changes by 19 MHz (relative change ) using
the values reported in table I at room temperature and 4.2 K, while
Q0 and f are not significantly influenced.

when the TM030 mode mixes with other TE or TEM cavity
modes.

While discrepancy between experimental data and the sim-
ulation results is within 20 % at room temperature, we observe
in Fig. 3 an increasing deviation when the cavity is cooled
down, suggesting that the dielectric losses in sapphire play
a role also at low temperature. As shown in the inset of Fig. 3
the overall frequency shift of about 28 MHz predicted by the
simulations for the temperature change from 293 K to 4.2 K,
is in good agreement with the experimental results.

V. MEASUREMENTS AT LIQUID HELIUM
TEMPERATURE IN HIGH MAGNETIC FIELDS

As this resonator is targeted to axion detection, it is impor-
tant to measure its parameters under intense magnetic fields.
Bulk copper undergoes magnetoresistance48, but as shown in
recent studies49, the fractional change in quality factor of cop-
per resonators immersed in B fields between 6 to 10 T is al-
ways positive, of about 2 % percent. Fig. 4 shows the results

FIG. 3. Temperature dependence of the unloaded cavity quality
factor. The light blue circles and black cross correspond to data series
acquired during two different cooling runs. Red diamond data points
are the values of quality factors obtained from the simulation. Inset:
Temperature dependence of the TM030 mode frequency. Note that
the resonant frequency values obtained from the simulations have
been shifted by 121 MHz to match the value measured at 4 K.

of measurements with the present dielectric cavity inserted in-
side the 150 mm-diameter bore of an 8.1 T superconducting
(SC) magnet of length 500 mm.

The magnet, manufactured by Cryogenic Ltd50, was cooled
in LHe and can be ramped up to a maximum of 8 T over less
than 1 hour. To record the quality factor vs B-field depen-
dence, we manually set current values using smaller steps be-
tween 0 and 2 T, and larger ones afterwards. Different regimes
can be identified in the measured quality factor vs B-field plot:
a rapid increase up to 0.8 T, a knee between 0.8 and 2 T fol-
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FIG. 1. (a) Cavity model (not in scale) and relevant dimensions. Teflon pins are shown in orange. (b) 3D cavity model (in scale, half
length) with copper external cylinder (light yellow), sapphire tubes (violet), teflon pins (red) and sapphire rods employed for tuning the cavity
frequency (light blue). (c) Electric field profile of the TM030 mode and (d) surface loss calculated via FEM simulations for a fraction of the
overall cavity volume. (e) Surface loss in the cone structure.

operated in TM modes of higher order24. Proof-of-concept
experiments, including demonstration of a tuning mechanism,
have been reported for a prototype Teflon-wedge dielectric
cavity at room temperature, following accurate design based
on results from finite-element modeling28. Highly pure alu-
minum oxide (99.7% Al2O3) was chosen as the dielectric ma-
terial in a work by a different group, that investigated at 4 K
the mode mixing of the TM030 mode with other cavity modes
while tuning its frequency in the range (7.02-7.32) GHz26.

Frequency tuning mechanisms in conventional experiments
are based on transverse symmetry breaking by displacing
one16 or multiple38 metallic cylindrical rods. This can be per-
formed by means of piezo-actuators or cryogenic motors. To
demonstrate the resonator’s effective tunability, careful com-
parison of simulation results and in situ tests are needed to
address the problem of mode mixing, that takes place when
other cavity modes cross with the axion-sensitive mode.

The proposed tuning methods for dielectric resonators en-
compass splitting the dielectric hollow cylinder vertically
into two halves and moving them apart along the radial
direction26,27, or breaking the symmetry along the cavity axis
by spitting the dielectric in the longitudinal direction39.

In section VI we demonstrate a fine tuning mechanism
based on dielectric rods, devised for preliminary tests of sci-
entific runs. There is in fact much to be understood in the
regime Qc > Qa, that this cavity allows to probe for the first
time. The ⇠ 1 kHz-resolution, ⇠ 1 MHz-maximum range tun-
ing we obtained reveal new challenges for data analysis that
will be reported in a forthcoming work.

III. FEM ELECTROMAGNETIC SIMULATIONS AND
METHODOLOGY

In our previous work27 we reported tests conducted with a
dielectric resonator composed of a couple of concentric hol-
low sapphire cylinders centered about the axis of a cylindrical
copper cavity (see Fig. 1). In this type of cavity higher order

modes are exploited, and we focused on the TM030 mode for
axion detection. The cavity was designed using finite element
methods (FEM) so that the product CV was of the same order
of magnitude for the TM030 mode in the dielectric cavity and
the TM010 mode of a cylindrical copper cavity with same fre-
quency and length. The realized cavity presented some prac-
tical issues, as the cylinders were not properly blocked, and
therefore the cavity parameters were not reproducible at every
cooling run. Most importantly, interference with a number of
spurious modes was experimentally observed, that negatively
impacted on the expected quality factor of the TM030 mode.
Comparison of the results of an improved finite-element anal-
ysis of the adopted solution with in-situ tests, has shown that
these additional modes arise from the circular grooves made in
the copper endplates to hold the dielectric shells in place. An-
other important issue in the previous realization was related to
the irregular shape of the sapphire tubes we used.

The cavity presented in this work has been re-designed to
allow for centering of the dielectric shells axis to the copper
cavity axis at cryogenic temperature. In the present config-
uration, the sapphire tubes are held in place by teflon pins
as shown in Fig. 1 (a) and (b), without the need of grooves
in the copper endplates. The cylindrical body is 420 mm
long and has 57 mm-diameter, while inner/external sapphire
tubes have 21.75 mm/41.8 mm internal diameter and thickness
2.35 mm/1.94 mm. The cavity volume V is then 1.0776 l. In
addition, the sapphire tubes we used for the present dielec-
tric resonator have been shaped with mechanical tolerances
chosen on the basis of FEM simulations. For instance, the re-
quired tolerances for the external/internal diameter of the in-
ternal cylinder were of ±0.05 mm/±0.15 mm. Tolerances on
concentricity, linearity and coaxiality have also been given.
Confinement of the electric field around the cavity axis, that is
crucial to suppress dissipation in the cavity walls, is visualized
in Fig. 1 (c).

The crystal tubes are grown using the Stephanov method by
Rostox-N Ltd (Russia)40. Pure sapphire raw materials (at least
99.99% Al2O3) are melted in a crucible made of Molybdenum
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FIG. 1. (a) Cavity model (not in scale) and relevant dimensions. Teflon pins are shown in orange. (b) 3D cavity model (in scale, half
length) with copper external cylinder (light yellow), sapphire tubes (violet), teflon pins (red) and sapphire rods employed for tuning the cavity
frequency (light blue). (c) Electric field profile of the TM030 mode and (d) surface loss calculated via FEM simulations for a fraction of the
overall cavity volume. (e) Surface loss in the cone structure.

operated in TM modes of higher order24. Proof-of-concept
experiments, including demonstration of a tuning mechanism,
have been reported for a prototype Teflon-wedge dielectric
cavity at room temperature, following accurate design based
on results from finite-element modeling28. Highly pure alu-
minum oxide (99.7% Al2O3) was chosen as the dielectric ma-
terial in a work by a different group, that investigated at 4 K
the mode mixing of the TM030 mode with other cavity modes
while tuning its frequency in the range (7.02-7.32) GHz26.

Frequency tuning mechanisms in conventional experiments
are based on transverse symmetry breaking by displacing
one16 or multiple38 metallic cylindrical rods. This can be per-
formed by means of piezo-actuators or cryogenic motors. To
demonstrate the resonator’s effective tunability, careful com-
parison of simulation results and in situ tests are needed to
address the problem of mode mixing, that takes place when
other cavity modes cross with the axion-sensitive mode.

The proposed tuning methods for dielectric resonators en-
compass splitting the dielectric hollow cylinder vertically
into two halves and moving them apart along the radial
direction26,27, or breaking the symmetry along the cavity axis
by spitting the dielectric in the longitudinal direction39.

In section VI we demonstrate a fine tuning mechanism
based on dielectric rods, devised for preliminary tests of sci-
entific runs. There is in fact much to be understood in the
regime Qc > Qa, that this cavity allows to probe for the first
time. The ⇠ 1 kHz-resolution, ⇠ 1 MHz-maximum range tun-
ing we obtained reveal new challenges for data analysis that
will be reported in a forthcoming work.

III. FEM ELECTROMAGNETIC SIMULATIONS AND
METHODOLOGY

In our previous work27 we reported tests conducted with a
dielectric resonator composed of a couple of concentric hol-
low sapphire cylinders centered about the axis of a cylindrical
copper cavity (see Fig. 1). In this type of cavity higher order

modes are exploited, and we focused on the TM030 mode for
axion detection. The cavity was designed using finite element
methods (FEM) so that the product CV was of the same order
of magnitude for the TM030 mode in the dielectric cavity and
the TM010 mode of a cylindrical copper cavity with same fre-
quency and length. The realized cavity presented some prac-
tical issues, as the cylinders were not properly blocked, and
therefore the cavity parameters were not reproducible at every
cooling run. Most importantly, interference with a number of
spurious modes was experimentally observed, that negatively
impacted on the expected quality factor of the TM030 mode.
Comparison of the results of an improved finite-element anal-
ysis of the adopted solution with in-situ tests, has shown that
these additional modes arise from the circular grooves made in
the copper endplates to hold the dielectric shells in place. An-
other important issue in the previous realization was related to
the irregular shape of the sapphire tubes we used.

The cavity presented in this work has been re-designed to
allow for centering of the dielectric shells axis to the copper
cavity axis at cryogenic temperature. In the present config-
uration, the sapphire tubes are held in place by teflon pins
as shown in Fig. 1 (a) and (b), without the need of grooves
in the copper endplates. The cylindrical body is 420 mm
long and has 57 mm-diameter, while inner/external sapphire
tubes have 21.75 mm/41.8 mm internal diameter and thickness
2.35 mm/1.94 mm. The cavity volume V is then 1.0776 l. In
addition, the sapphire tubes we used for the present dielec-
tric resonator have been shaped with mechanical tolerances
chosen on the basis of FEM simulations. For instance, the re-
quired tolerances for the external/internal diameter of the in-
ternal cylinder were of ±0.05 mm/±0.15 mm. Tolerances on
concentricity, linearity and coaxiality have also been given.
Confinement of the electric field around the cavity axis, that is
crucial to suppress dissipation in the cavity walls, is visualized
in Fig. 1 (c).

The crystal tubes are grown using the Stephanov method by
Rostox-N Ltd (Russia)40. Pure sapphire raw materials (at least
99.99% Al2O3) are melted in a crucible made of Molybdenum

• Paramagnetic clusters from impurities 
• Electron spin resonance frequency tuned away by B-field
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22 Chapter 2. Physics Reach

integration time and Dna the intrinsic bandwith of the galactic axion signal (Dna/na ' 10�6).

2.1 Summary of KLASH Haloscope

The KLASH haloscope is composed of a large resonant cavity made of copper, inserted in a cryostat
cooled down to 4.5 K. The cryostat is inserted inside the KLOE [120] magnet [121, 122] (Fig. 2.1),
an iron shielded solenoid coil made from an aluminium-stabilised niobium titanium superconductor,
providing an homogeneus axial field of 0.6 T.

Figure 2.1: Kloe magnet

A detailed description of the mechanical design and cryogenics in discussed in section (add
reference to section on mechanical design).The cutaway of the haloscope is shown in Fig. 2.2. Two

Figure 2.2: Left: Cutaway picture of the KLASH haloscope. Right: The KLASH resonant cavity.

different resonant cavities are foreseen to investigate the axion mass region between 0.3 and 1 µeV.
They are cylindrical with length 2041 mm and radius 1,860 mm and 900 mm.

Frequency tuning is obtained by means of three metallic rods and fins as shown in Fig. 2.3 and
by replacement of the larger cavity with the a smaller one. A detailed description of the tuning
procedure and of simulation results are discussed in Chap. 5. Fine frequency tuning, between rod
rotations, is obtained by the insertion of a dielectric rod. A similar technique will be used to avoid
mode crossing. A summary of the cavity and tuning rod geometry is listed in Tab. 2.1.

3.
6 

m

2.0 m

• Increasing the Volume of the cavity 

• Low frequency -> large size cavities:  
• KLASH: Cavity inside the KLOE magnet (0.6T) 
   65 - 150 MHz https://arxiv.org/abs/1911.02427
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2.1 Summary of KLASH Haloscope

The KLASH haloscope is composed of a large resonant cavity made of copper, inserted in a cryostat
cooled down to 4.5 K. The cryostat is inserted inside the KLOE [120] magnet [121, 122] (Fig. 2.1),
an iron shielded solenoid coil made from an aluminium-stabilised niobium titanium superconductor,
providing an homogeneus axial field of 0.6 T.

Figure 2.1: Kloe magnet

A detailed description of the mechanical design and cryogenics in discussed in section (add
reference to section on mechanical design).The cutaway of the haloscope is shown in Fig. 2.2. Two

Figure 2.2: Left: Cutaway picture of the KLASH haloscope. Right: The KLASH resonant cavity.

different resonant cavities are foreseen to investigate the axion mass region between 0.3 and 1 µeV.
They are cylindrical with length 2041 mm and radius 1,860 mm and 900 mm.

Frequency tuning is obtained by means of three metallic rods and fins as shown in Fig. 2.3 and
by replacement of the larger cavity with the a smaller one. A detailed description of the tuning
procedure and of simulation results are discussed in Chap. 5. Fine frequency tuning, between rod
rotations, is obtained by the insertion of a dielectric rod. A similar technique will be used to avoid
mode crossing. A summary of the cavity and tuning rod geometry is listed in Tab. 2.1.
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• Increasing the Volume of the cavity 

• Low frequency -> large size cavities:  
• KLASH: Cavity inside the KLOE magnet (0.6T) 
   65 - 150 MHz https://arxiv.org/abs/1911.02427

• Medium frequencies: 
• Coupled cavities: CAPP-9T (3 GHz) 
https://doi.org/10.1103/PhysRevLett.125.221302 
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integration time and Dna the intrinsic bandwith of the galactic axion signal (Dna/na ' 10�6).

2.1 Summary of KLASH Haloscope

The KLASH haloscope is composed of a large resonant cavity made of copper, inserted in a cryostat
cooled down to 4.5 K. The cryostat is inserted inside the KLOE [120] magnet [121, 122] (Fig. 2.1),
an iron shielded solenoid coil made from an aluminium-stabilised niobium titanium superconductor,
providing an homogeneus axial field of 0.6 T.

Figure 2.1: Kloe magnet

A detailed description of the mechanical design and cryogenics in discussed in section (add
reference to section on mechanical design).The cutaway of the haloscope is shown in Fig. 2.2. Two

Figure 2.2: Left: Cutaway picture of the KLASH haloscope. Right: The KLASH resonant cavity.

different resonant cavities are foreseen to investigate the axion mass region between 0.3 and 1 µeV.
They are cylindrical with length 2041 mm and radius 1,860 mm and 900 mm.

Frequency tuning is obtained by means of three metallic rods and fins as shown in Fig. 2.3 and
by replacement of the larger cavity with the a smaller one. A detailed description of the tuning
procedure and of simulation results are discussed in Chap. 5. Fine frequency tuning, between rod
rotations, is obtained by the insertion of a dielectric rod. A similar technique will be used to avoid
mode crossing. A summary of the cavity and tuning rod geometry is listed in Tab. 2.1.
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• Low frequency -> large size cavities:  
• KLASH: Cavity inside the KLOE magnet (0.6T) 
   65 - 150 MHz https://arxiv.org/abs/1911.02427

•High frequencies: 
• Use higher order modes in large R cavity 

• (ORGAN) TM030 26-27 GHz
https://doi.org/10.1007/978-3-319-92726-8_14

• Medium frequencies: 
• Coupled cavities: CAPP-9T (3 GHz) 
https://doi.org/10.1103/PhysRevLett.125.221302 

also
been

dem
onstrated,yettheir

sensitivities
w
ere

lim
ited

m
ainly

because
of

com
prom

ises
betw

een
the

resonant
frequency

and
volum

e
of

the
cavity—

H
A
Y
STA

C
[14],

O
R
G
A
N

[15],
A
D
M
X

[16],
and

Q
U
A
X
-aγ

[17].
M
ean-

w
hile,

several
studies

have
been

perform
ed

on
cavity

design
to

com
pensate

for
the

volum
e
loss,

e.g.,
arrays

of
m
ultiple

cavities
[18,19],

cavities
w
ith

equidistant
partitions

[20,21],
designs

exploiting
higher-order

m
odes

[22–24],
and

high-Q
cavities

[25,26].
In

this
L
etter,

w
e

apply
a
novelcavity

design,know
n
as

m
ultiple-cellcavity,

to
high-m

ass
axion

searches
and

report
the

first
results

using
a
double-cell

cavity
haloscope.

T
he

m
ultiple-cell

cavity
design,

characterized
by

con-
ducting

partitions
w
hich

vertically
divide

the
cavity

volum
e

into
identical

cells,
effectively

increases
the

resonant
frequencies

w
ith

m
inim

al
volum

e
loss,

as
illustrated

in
Fig.

1.
T
he

gap
betw

een
partitions

in
the

m
iddle

of
the

cavity
plays

several
critical

roles:
(1)

it
spatially

connects
allthe

cells,enabling
a
single

antenna
to

pick
up

the
signal

from
the

entire
volum

e
and

thus
significantly

sim
plifying

the
structure

of
the

receiver
chain,

(2)
it

breaks
the

frequency
degeneracy

w
ith

the
low

estm
ode

corresponding
to

the
T
M

0
1
0 -like

m
ode

regardless
of

the
cell

m
ultiplicity,

m
aking

the
m
ode

identification
straightforw

ard,and
(3)

it
vanishes

the
E

field
of

the
degeneracy-broken

higher
m
odes

atthe
centerofthe

cavity
underidealcircum

stances,
im

posing
a
unique

condition
to

ensure
the

field
is

evenly
distributed,

and
thus

m
axim

ize
the

effective
detection

volum
e
[20].

In
reality,

how
ever,

dim
ensional

tolerances
in

cavity
construction

can
cause

the
electrom

agnetic
(E
M
)field

to
be

localized
in

particular
cells,

w
hich

eventually
reduces

the
effective

volum
e.To

estim
ate

the
effect,a

tw
o-dim

ensional
sim

ulation
study

w
as

conducted
using

the
C
O
M
SO

L

M
ultiphysics

softw
are

[27].
Starting

w
ith

an
ideal

cavity
m
odel,

w
e
varied

several
dim

ensions—
the

radius
of

each
cell

and
the

thickness
and

position
of

each
partition—

independently
by

the
am

ounts
random

ly
selected

from
a

norm
al

distribution
w
ith

σ
¼

1
0
0
μm

,
w
hich

corresponds
to
the

typicalm
achining

tolerance
[28].Fora

fixed
partition

gap,
such

perturbations
w
ere

m
odeled

100
tim

es,
and

in
each

case
a
quantity

V
2C

2Q
,a

productofcavity-associated
param

eters
in

E
q.(3),w

as
calculated.T

his
procedure

w
as

repeated
for

differently
sized

center
gap.

T
he

sim
ulation

resultfora
double-cellcavity

is
show

n
in

Fig.2,w
here

w
e

notice
that

there
is
an

optim
al

gap
to

m
inim

ize
the

effect.

To
avoid

com
plications

in
the

tuning
system

w
ith

increasing
cell

m
ultiplicity,

the
tuning

m
echanism

of
R
ef.[20]

w
as

revised.To
the

top
and

bottom
of

each
cell,

w
e
introduced

an
arch-shaped

opening
through

w
hich

a
tuning

rod
can

be
extended

outof
the

cavity.T
he

opening
stretches

from
a
partition

to
the

cellfield
center

to
achieve

large
frequency

tunability.T
he

setoftuning
rods

is
gripped

at
both

ends
by

a
pair

of
G
-10

bars
outside

the
cavity:

beneath
the

cavity,a
6-m

m
-thick

baris
m
ounted

on
a
single

rotational
actuator,

w
hich

eventually
m
oves

all
the

rods
sim

ultaneously,w
hile

on
the

cavity
top,the

otherbarw
ith

a
hole

in
the

m
iddle

through
w
hich

a
pickup

antenna
can

be
inserted

into
the

cavity
guides

them
for

sym
m
etric

m
otion

w
ith

respect
to

the
cavity

center.
C
oncerning

the
potential

field
localization

due
to

m
is-

alignm
ent

of
the

tuning
system

,
the

effect
w
as

also
estim

ated
based

on
a
sim

ulation
study.

For
sim

plicity,
w
e
m
odeled

a
double-cell

cavity
system

w
ith

the
optim

al
partition

gap
and

a
pair

of
identical

dielectric
rods

w
ith

ϵ
r ¼

1
0.T

he
pairw

as
artificially

m
isaligned

so
thatthe

E
M

field
sym

m
etry

w
as

slightly
broken,

causing
the

field
to

populate
one

cell
m
ore

than
the

other.
Such

field
locali-

zation
is

characterized
by

a
nonvanishing

E
field

of
the

higher(T
M

1
1
0 -like)m

ode
in
the

cavity
center,w

hich
can

be
translated

into
the

nonzero
coupling

strength,
an

experi-
m
entally

m
easurable

quantity.For
each

m
isalignm

ent,the
reflection

coefficientw
as

com
puted

and
a
cavity-associated

quantity
C
2Q

w
as

calculated.T
his

procedure
w
as

repeated
at

several
different

positions
along

the
arch-shaped

holes
and

the
resultis

show
n
in
Fig.3.Typically

m
easured

values
<

0.0
5
dB

correspond
to

<
1
%

reductions
in

scan
rate.

A
n
axion

search
experim

ent
em

ploying
a
double-cell

cavity
w
as

carried
out

utilizing
a
H
e-3

cryogenic
system

and
a
9T

SC
m
agnet,

after
w
hich

the
experim

ent
w
as

nam
ed

“C
A
PP-9

T.”
T
he

cryogenic
system

,
containing

10
L
of

H
e-3

gas,em
ploys

a
set

of
pum

ps:
(1)

a
1
K

pot
pum

p
to

condense
the

gas
and

collectthe
liquid

in
the

H
e-3

pot
and

(2)
a
charcoal

sorption
pum

p
to

adjust
the

vapor
pressure

and
thus

controlthe
tem

perature
ofthe

H
e-3

plate.

FIG
.1.

V
arious

m
ultiple-cell(double-,quadruple-,and

octuple-
cell)

cavities
w
ith

the
E
-field

distributions
of

the
T
M

0
1
0 -like

m
ode.

FIG
.
2.

E
ffects

of
m
achining

tolerance
from

a
2D

double-cell
cavity

m
odel,represented

by
the

points
w
ith

error
bars,denoting

the
system

atic
uncertainties

from
the

sim
ulation,

as
com

pared
w
ith

the
ideal

situation.
T
he

optim
al

gap
is

indicated
by

the
verticaldotted

line.T
he

perform
ance

of
a
standard

single-cavity
geom

etry
yielding

the
sam

e
resonant

frequency
is

contrasted.

PH
Y
SIC

A
L
R
E
V
IE
W

L
E
T
T
E
R
S
125,

221302
(2020)

221302-2

Science Coffee seminar - Lund

https://github.com/cajohare/AxionLimits
https://arxiv.org/abs/1911.02427
https://doi.org/10.1007/978-3-319-92726-8_14
https://doi.org/10.1103/PhysRevLett.125.221302


Kristof Schmieden

 Light Axions - RF cavity based searches - High frequencies

27

10°
12

10°
11

10°
10

10°
9

10°
8

10°
7

10°
6

10°
5

10°
4

10°
3

10°
2

10°
1

100
101

102
103

104
105

106
107

ma [eV]

10°19

10°18

10°17

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

|g
ag

|[
G

eV
°

1 ]

X-rays
EBL

Ionisation
fraction

BBN
+N

eff

COBE/FIRAS

Horizontal branch

Solar n

W
hi

te
dw

ar
fs

ADMX

R
B

F+U
F

SHAFT

C
A

PP ORGAN

D
M

-R
ad

io

ALPHA
MADMAX

K
LA

SH

TOO
RAD

BRASS

ADBC

DANCE

aLIGO

WISPLC

CAST

IA
XO

ALPS-I PVLAS

OSQAR

CROWS

Fermi-SNe

DSNALP

Hydra

M87

HESS

Mrk 421

FermiStar

clu
ste

rs

Ferm
i SN

SN1987A (g)

SN1987A
(n)

M
U

SE

V
IM

O
S

XMM-Newton

Leo T

THESEUS

eROSITA

Neutron stars

B
lack

hole
spins

ABRA
10 cm

A
LP

S-
II

65 MHz - 50 GHz

[source: https://github.com/cajohare/AxionLimits ]

• Creating a linear cavity using dielectric discs: MADMAX 

• Exploiting interference effects 
• Frequency range: 10-100 GHz

 Eur. Phys. J. C 79 (2019) no.3, 186

Mirror Dielectric  Disks Receiver 

Be 

Figure 4. A dielectric haloscope consisting of a mirror and several dielectric disks placed in an external
magnetic field Be and a receiver in the field-free region. A focusing mirror (not shown) could be used to
concentrate the emitted power into the receiver. Internal reflections are not shown. Figure taken with
permission from [30].

excitation. The length scale of the cavity needs to be approximately �a/2 where �a = 2⇡/ma is
the Compton wavelength given by the axion mass. As the emitted power of the cavity scales with
the size of the cavity, this approach is impeded for small wavelengths and therefore small cavity
sizes. For even lower values of ma nuclear magnetic resonance techniques like CASPER [48] or
with LC circuits [49, 50], e.g. ABRACADABRA [51] and DM-Radio [54], could be e↵ective.

The mass range favored in scenario B (2.5) and ma . 40µeV in particular is not covered by
current experiments with a sensitivty su�ciently high to probe QCD axion DM scenarios. In
various proposals the cavity concept is extended to this mass range by employing higher mode
resonators, such as in ORPHEUS [52], ORGAN [17] or RADES [53]. In addition, fifth-force
experiments [55] could search in this region, but would not directly reveal the nature of DM.

In [30] a new concept to cover this important gap was introduced that is capable of discovering
⇠ 100µeV mass axions. The main idea of this concept is to exploit constructive interference
of electromagnetic radiation emitted at several surfaces as well as resonant enhancement. This
is achieved through a series of parallel dielectric disks with a mirror on one side, all within a
magnetic field Be parallel to the surfaces as shown in figure 4—a dielectric haloscope.

As discussed in [30] the output power P of the dielectric haloscope per unit area A is

P

A
= �2 P0

A
= 2.2⇥ 10�27 W

m2
�2

✓
Be

10 T

◆2

C2
a� , (3.1)

which implicitly depends linearly on the galactic axion DM density which is here assumed
to make up all of the galactic cold DM density; cf. section 2.4. Moreover, �2 is the power
boost factor that represents the enhancement of the output power of the dielectric haloscope
with respect to the output power P0 of one single magnetized mirror only [31]. The value of
� = �(⌫a) as a function of frequency is calculated by matching the axion-induced electric field
in each region (dielectric disk or vacuum) with left and right-moving electromagnetic waves of
frequency ⌫a as imposed by the continuity of the total electric and magnetic fields parallel to
the disk/mirror surface (E|| and H||, respectively) at the interfaces [56]. The quantum field
calculation [57] of the power agrees with the classical calculation.

The desired enhancement, �2 � 1, comes from two e↵ects, which generally act together
but can be di↵erentiated in limiting cases. These e↵ects depend on the optical thickness of
each disk � = 2⇡⌫d

p
✏, where d is the physical thickness, ✏ the dielectric constant, and ⌫ the

– 7 –
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http://arxiv.org/abs/1105.4203v1

• Lower Readout noise 

• Lower temperature: <100mK in dilution refrigerators 

• Low noise amplifiers (ADMX):  

• Transistor based amplifiers:  Tnoise ~ 2-4 K  
• SQUID based readout:   Tnoise ~ 100 mK 

• Typical gain: 10 dB

• Overcoming quantum limit of linear amplifiers 

• Using squeezed states in cavity 

• Using q-bits for single RF photon readout
https://doi.org/10.1103/PhysRevLett.126.141302 

Science Coffee seminar - Lund

https://github.com/cajohare/AxionLimits
http://arxiv.org/abs/1105.4203v1
https://doi.org/10.1103/PhysRevLett.126.141302
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• Magnet bore: 89mm 
• Inner cryostat diameter: 50 mm

• Suppression of 300K noise from outside: 
• Attenuators on input lines @ 4K 

• Isolator (Circulator) before Preamp 
• Reduction of residual RF reflection 

• Cryo Preamp @ 4K, 10GHz:  
• Gain:  36 dB 
• Noise:   3.8K (0.06dB)

14T solenoid magnet 
(existing)

8GHz cavity 

Cryo LNA (42dB)

Cavity supportlHe Cryostat

→ to vacuum pumpHe return ←

lHe feed →
← lN2 feed

Cryo circulator

LNA (36dB)

← signal injection
→ to spectrum analyser

Cryo Attenuators

Cryo switch

Sample tube
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RF Cavity Pre-amp: 
LNF-LNC4_16B 

RF Switch to 
bypass preamp

Attenuator

Spectrum 
analyser: 
RSA518

RF input

DAQ PC via USB3

Circultaor /  
Isolator

50 Ω

Pre-amp

• Tec details:  

• Pre-amp @ 10 GHz, 4K: 
• Tnoise = 3.8K (0.06dB) 
• Gain = 36 dB

• Pre-amp @ 10 GHz, 296K: 
• Tnoise = 58K 
• Gain = 38 dB

• Signal Power (in 1kHz bin):  
• 10-23 W = -200 dBm

• Signal Power:  
• 4·10-20 W = -164 dBm

• Signal Power:  
• 3·10-16 W = -126 dBm

• Thermal Power (in 1kHz bin):  
• 4K:  10-19 W = -160 dBm 
• 0.1K: 10-21 W = -176 dBm
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RF Cavity Pre-amp: 
LNF-LNC4_16B 

RF Switch to 
bypass preamp

Attenuator

Spectrum 
analyser: 
RSA518

RF input

DAQ PC via USB3

Circultaor /  
Isolator

50 Ω

Pre-amp

• Tec details:  

• Pre-amp @ 10 GHz, 4K: 
• Tnoise = 3.8K (0.06dB) 
• Gain = 36 dB

• Pre-amp @ 10 GHz, 296K: 
• Tnoise = 58K 
• Gain = 38 dB

• Signal Power (in 1kHz bin):  
• 10-23 W = -200 dBm

• Signal Power:  
• 4·10-20 W = -164 dBm

• Signal Power:  
• 3·10-16 W = -126 dBm

• Thermal Power (in 1kHz bin):  
• 4K:  10-19 W = -160 dBm 
• 0.1K: 10-21 W = -176 dBm

Statistical Noise -> reduce by averaging
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• Signal Power (in 1kHz bin):  
• 10-23 W = -200 dBm

• Thermal Power (in 1kHz bin):  
• 4K:  10-19 W = -160 dBm 
• 0.1K: 10-21 W = -176 dBm

Statistical Noise -> reduce by averaging
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Primer

www.tektronix.com/rsa6

Figure 1-2 a, b, c. Simplified Block Diagram of Swept Spectrum Analyzer (a), Vector Signal Analyzer (b), and Real-Time Spectrum Analyzer (c).

a)   Swept Tuned Spectrum Analyzer (SA) 

b)   Vector Signal Analyzer (VSA)

c)   Real-Time Spectrum Analyzer (RSA5100 Series)
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Fundamentals of Real-Time
Spectrum Analysis
Primer

From Tektronix: 

• Real time acquisition:  
• 112 MS/s (= 56MS/s of IQ values) 
• Max. 40MHz bandwidth 

• IQ time series to app or file 
• Conversion from IF -> IQ in software

112MS/s
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b)   Vector Signal Analyzer (VSA)
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From Tektronix: 

• Real time acquisition:  
• 112 MS/s (= 56MS/s of IQ values) 
• Max. 40MHz bandwidth 

• IQ time series to app or file 
• Conversion from IF -> IQ in software

112MS/sPrimer

www.tektronix.com/rsa8

The heart of the RSA is a real-time processing block as shown 
in Figure 1-2c (on page 6). Similar to the VSA, a wide capture 
bandwidth is digitized. Unlike the VSA, the real-time engine 
operates fast enough to process every sample without gaps 
as shown in Figure 1-3. Amplitude and phase corrections 
that compensate for analog IF and RF responses can be 
continuously applied. Not only can the data stored in memory 
be fully corrected, but this enables all subsequent real-time 
processing to operate on corrected data as well. The real-time 
engine enables the following features that address the needs 
of modern RF analysis: 

 Real-time correction for imperfections in the analog signal 
path 

 DPX® Live RF display allows the discovery of events missed 
by swept SAs and VSAs 

 DPX Density™ measurements and triggering defined by the 
persistency of a signal’s occurrence 

 Advanced time-qualified triggering, such as runt triggering, 
usually found in performance oscilloscopes 

 Triggering in the frequency domain with Frequency Mask 
Trigger (FMT) 

 Triggering on user specified bandwidths with filtered power 
trigger 

 Real-time demodulation allowing the user to “listen” to a 
particular signal within a busy band 

 Digital IQ streaming of digitized data allows the 
uninterrupted output of the signal for external storage and 
processing 

The real-time engine not only enables signal discovery and 
trigger, but it also performs many of the repetitive signal 
processing tasks, freeing up valuable software-based 
resources. Like the VSA, the RSA offers post-acquisition 
analysis using DSP. It can perform measurements in multiple 
time-correlated domains that can be displayed simultaneously.

Figure 1-3. VSA processing vs. Real-Time Spectrum Analyzers real-time engine processing.

VSA

RSA

Frame Frame Frame Frame

Frame

Real-Time

Input
Not Real-Time Missed

Frame Frame Frame

Frame Frame Frame Frame

Frequency
Domain

FFT FFT FFT

Time
Time Sampled

FFT

FFT FFT

Processing Time < Acquisition time!
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• Example spectrum: open RSA input
• 40MHz bandwidth 
• 2 second averaging 
• 4kHz RBW

• Test of Noise shape:  
• Divide adjecent 2sec intervals
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• Example spectrum: test cavity at 4K 
• All preamps ON 
• Cavity resonance shape clearly visible
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18−10×

• Averaging over several hours requires stability:  
• Freq. 
• Gain 
• Noise

• Environmental condition:  
• Cavity:   Pressure, Temperature 
• Readout:  Temperature, ageing

• Reflections:  
• Cause interference / beat frequencies 
• Noise scaling behaviour changed 

• Non-gaussian noise components

 ~20ms of data
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• Two approaches for data calibration:

• Calibration measurement with B-field OFF
• Physics run with B-field ON normalized with calibration run 
• Offline averaging 
• Narrow band bump hunt for signal

• Requires long term stability of setup (~days) 
• Most likely not achievable
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• Two approaches for data calibration:

• Calibration measurement with B-field OFF
• Physics run with B-field ON normalized with calibration run 
• Offline averaging 
• Narrow band bump hunt for signal

• Requires long term stability of setup (~days) 
• Most likely not achievable

• Physics run with B-field ON 

• Fit of cavity resonance curve  
  + Polynomial description of electronic gain variations 

• Repeat fit in regular chunks of data 
• Normalise data by fitted calibration 

• Offline averaging 
• Narrow band bump hunt for signal

• Requires stability over ~min  
• Monitoring of drifts in DAQ for free

• Non-trivial modelling of signal path

 Baseline
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17 91. Axions and Other Similar Particles

Figure 91.4: Exclusion plot for ALPs as described in the text.

realistic axions, see Fig. 91.4. Later, ADMX (B ≥ 8 T, V ≥ 200 liters) has achieved sensitivity
to KSVZ axions, assuming they saturate the local DM density and are well virialized, over the
mass range 1.9–3.3 µeV [238]. Should halo axions have a significant component not yet virialized,
ADMX is sensitive to DFSZ axions over the entire mass range [239]. The corresponding 90% CL
exclusion regions shown in Fig. 91.4 are normalized to an assumed local CDM density of 7.5 ◊

10≠25 g cm≠3 (450 MeV cm≠3). More recently, the ADMX experiment commissioned an upgrade
[240] that replaces the microwave HFET amplifiers by near quantum-limited low-noise dc SQUID
microwave amplifiers [241]. It has reached an unprecedented axion DM sensitivity in the mass
range between 2.66 and 3.31 µeV [242,243], down to the DFSZ benchmark axion-photon coupling,
see Fig. 91.4. This apparatus is also sensitive to other hypothetical light bosons, such as hidden
photons or chameleons, over a limited parameter space [189, 244, 245]. ADMX has also done a
testbed experiment to probe higher masses. This experiment lives inside of and operates in tandem
with the main ADMX experiment, searches in three widely spaced frequency ranges (4202–4249
MHz, 5086–5799 MHz and 7173–7203 MHz), uses both the TM010 and TM020 cavity modes, and
demonstrates the successful use of a piezoelectric actuator for cavity tuning [246]. Recently, the
HAYSTAC experiment reported on first results from a new microwave cavity search for DM axions
with masses above 20 µeV. They exclude axions with two-photon coupling |gA““ | & 2◊10≠14 GeV≠1

over the range 23.15 µeV < mA < 24.0 µeV [247, 248], a factor of 2.7 above the KSVZ benchmark,
see Fig. 91.4. Exploiting a Josephson parametric amplifier, this experiment has demonstrated
total noise approaching the standard quantum limit for the first time in an axion search. A
Rydberg atom single-photon detector [249], like any photon counter, can in principle evade the
standard quantum limit for coherent photon detection. The ORGAN experiment is designed to
probe axions in the mass range 60 µeV < mA < 210 µeV. In a pathfinding run, it has set the limit
|gA““ | < 2◊10≠12 GeV≠1 at 110 µeV, in a span of 2.5 neV [250]. There are further microwave cavity
axion DM experiments recently in operation (CULTASK [251]), under construction (RADES [252])
or proposed (KLASH [253]).

1st June, 2020 8:32am

This
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 Scan rate: 1MHz/h

SupAx 
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• Aim: scan a large frequency range 
• Requires frequency tuning 

Deformation of cavity Movement of dielectric rods Pressure change / gas chance

CAPP-PACE 19

Figure 2.7: (a) Frequency tuning rods assemblies of CAPP-PACE, the centered rods are
sapphire and OFHC from left to right, respectively. (b) Microwave cavity with sapphire
tuning rod installed. (c) Magnified view of a bottom shaft. (d) Single row full ceramic
bearing (4mm x 12mm x 4mm) made of silicon nitride.

the intermediate region of 2.5 ⇠ 2.6 GHz is a blind spot that cannot be scanned with the
original method, but even with difficulties such as mode crossing problems and low form
factor problems, a metal rod is additionally arranged appropriately and we could achieve
fairly high scanning rates. In the region above 2.6 GHz, a copper-plated thin rod is used in
stainless steel to reduce the probability of occurrence of the hybrid mode and to minimize
the area of the conducting area, thereby enabling high C factor and Q factor.

Figure 2.8: Cavity properties with respect to frequency tuning. The solid line represents
simulation results and the dotted line does measurements

 2.45 - 2.65 GHz - 8%

CAPP: arXiv:1910.11591 
Figure 8: Sketch of the geometry showing the possible implementation of a tuning system to

change the resonance frequency of the cavity without a↵ecting its performances.

Figure 9: (colour online) Magnitude of the electric field when the distance between the two

halves is 3 mm.

10

 10.38 - 10.92 GHz - 5%

QUAX: arXiv:2004.02754 

 8.1 - 8.2 GHz - 1%

• Cavity within heat exchange gas 

• Gas acts as dielectric 

• Change in Pressure changes 
resonance frequency 

• Few % tuning possible



Could RF cavities be used for something else?
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Interaction with magnetic field
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• Axions: 
• CDM: non relativistic 
• Resulting E-field direction given by static B-field

4
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FIG. 1. A cartoon illustrating the di↵erences between GW-EM conversion (left) and axion-EM conversion (right) in the

presence of an external magnetic field B0. The GW e↵ective current is proportional to !ghB0, with a direction dependent on

the GW polarization and a typical quadrupole pattern, yielding a signal field with amplitude hB0. The axion e↵ective current

is proportional to !a✓aB0, with a direction parallel to the external field B0, yielding a signal field with amplitude ✓aB0. The

di↵ering geometry of the e↵ective current yields di↵erent selection rules for coupling the GW and axion to cavity modes.

fields has been noted since the seminal paper of Ra↵elt and Stodolsky [69], and the e↵ective current formalism [70] is

often used when studying axion dark matter signals in the low-frequency (quasistatic) limit [71, 72]. The Lagrangian

for an axion dark matter field a interacting with EM fields is L = �
1
4 ga�� a Fµ⌫ F̃µ⌫ = ga�� a E · B, where ga�� is

the dimensionful axion-photon coupling. Taking B = B0 to be a static external B-field, the Lagrangian now contains

the bilinear ga�� aE, which allows an axion field at frequency !a to convert to an E-field that oscillates at the same

frequency, with typical magnitude ga�� aB0. This is reflected in the equations of motion for the axion and EM fields,

which can be written so that the time derivative of a non-relativistic axion background field sources an e↵ective

current term je↵ � ga�� @taB0 ' !a ✓a B0 on the right-hand side of Ampère’s Law. Here, we defined the e↵ective

dimensionless field ✓a ⌘ ga��a, which will allow for a useful comparison to the GW case discussed above. Since

axion dark matter is described by a a non-relativistic spin-0 field, the direction of the e↵ective current is determined

straightforwardly by the external field B0, independent of the axion.1

A schematic illustration of this axion vs. GW comparison is shown in Fig. 1. The e↵ective current formalism helps

elucidate the fact that the cavity modes which couple most strongly to GWs will in general be di↵erent from those

excited by axions. Nonetheless, we will show below that for certain geometries, GWs do indeed have a non-zero

coupling to the TM010 cavity mode currently employed in, e.g., the ADMX and HAYSTAC axion detectors, meaning

that these experiments already have some sensitivity to GWs in their resonant frequency ranges. Momentarily

ignoring very important di↵erences in the spectral characteristics of the axion dark matter and GW fields, we can

derive a conservative estimate for the sensitivity of axion dark matter experiments to coherent high-frequency GWs

by comparing the respective forms of the e↵ective currents. In particular, identifying ✓a ⇠ h and noting that ADMX

is currently sensitive to the QCD axion parameter space, corresponding to ✓a ⇠ several ⇥ 10�22, implies that such

experiments are sensitive to similar values of the strain h (as well as smaller values for GW signals that are more

coherent than axion dark matter). A more precise sensitivity estimate will be provided in Sec. V.

Aside from the di↵erence in cavity mode selection rules, there is a second important conceptual di↵erence between

axions and gravitons related to the role of reference frames. The axion dark matter field is assumed to have a

Maxwellian speed distribution in the galactic rest frame, and moving to the laboratory frame where the cavity fields

are defined is a simple Galilean boost which does not parametrically a↵ect the signal strength. On the other hand,

the large gauge freedom of linearized general relativity allows the GW signal to be computed in di↵erent reference

frames, but a gauge transformation will also transform the background EM fields at the same order as the signal

strength. We explore these issues in detail below.

1
To be more precise, the dominant coupling in the e↵ective current for non-relativistic axions only involves the time derivative and not

the gradient of the axion field; instead, for relativistic axions [73], the wavevector partially determines the direction of the e↵ective

current. However, since gravitons are massless, GWs are always relativistic in this sense, which is an important di↵erence with the axion

scenario.

• Gravitational Waves: 
• Always relativistic 
• Resulting E-field direction given by GW direction
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FIG. 1. A cartoon illustrating the di↵erences between GW-EM conversion (left) and axion-EM conversion (right) in the

presence of an external magnetic field B0. The GW e↵ective current is proportional to !ghB0, with a direction dependent on

the GW polarization and a typical quadrupole pattern, yielding a signal field with amplitude hB0. The axion e↵ective current

is proportional to !a✓aB0, with a direction parallel to the external field B0, yielding a signal field with amplitude ✓aB0. The

di↵ering geometry of the e↵ective current yields di↵erent selection rules for coupling the GW and axion to cavity modes.

fields has been noted since the seminal paper of Ra↵elt and Stodolsky [69], and the e↵ective current formalism [70] is

often used when studying axion dark matter signals in the low-frequency (quasistatic) limit [71, 72]. The Lagrangian

for an axion dark matter field a interacting with EM fields is L = �
1
4 ga�� a Fµ⌫ F̃µ⌫ = ga�� a E · B, where ga�� is

the dimensionful axion-photon coupling. Taking B = B0 to be a static external B-field, the Lagrangian now contains

the bilinear ga�� aE, which allows an axion field at frequency !a to convert to an E-field that oscillates at the same

frequency, with typical magnitude ga�� aB0. This is reflected in the equations of motion for the axion and EM fields,

which can be written so that the time derivative of a non-relativistic axion background field sources an e↵ective

current term je↵ � ga�� @taB0 ' !a ✓a B0 on the right-hand side of Ampère’s Law. Here, we defined the e↵ective

dimensionless field ✓a ⌘ ga��a, which will allow for a useful comparison to the GW case discussed above. Since

axion dark matter is described by a a non-relativistic spin-0 field, the direction of the e↵ective current is determined

straightforwardly by the external field B0, independent of the axion.1

A schematic illustration of this axion vs. GW comparison is shown in Fig. 1. The e↵ective current formalism helps

elucidate the fact that the cavity modes which couple most strongly to GWs will in general be di↵erent from those

excited by axions. Nonetheless, we will show below that for certain geometries, GWs do indeed have a non-zero

coupling to the TM010 cavity mode currently employed in, e.g., the ADMX and HAYSTAC axion detectors, meaning

that these experiments already have some sensitivity to GWs in their resonant frequency ranges. Momentarily

ignoring very important di↵erences in the spectral characteristics of the axion dark matter and GW fields, we can

derive a conservative estimate for the sensitivity of axion dark matter experiments to coherent high-frequency GWs

by comparing the respective forms of the e↵ective currents. In particular, identifying ✓a ⇠ h and noting that ADMX

is currently sensitive to the QCD axion parameter space, corresponding to ✓a ⇠ several ⇥ 10�22, implies that such

experiments are sensitive to similar values of the strain h (as well as smaller values for GW signals that are more

coherent than axion dark matter). A more precise sensitivity estimate will be provided in Sec. V.

Aside from the di↵erence in cavity mode selection rules, there is a second important conceptual di↵erence between

axions and gravitons related to the role of reference frames. The axion dark matter field is assumed to have a

Maxwellian speed distribution in the galactic rest frame, and moving to the laboratory frame where the cavity fields

are defined is a simple Galilean boost which does not parametrically a↵ect the signal strength. On the other hand,

the large gauge freedom of linearized general relativity allows the GW signal to be computed in di↵erent reference

frames, but a gauge transformation will also transform the background EM fields at the same order as the signal

strength. We explore these issues in detail below.

1
To be more precise, the dominant coupling in the e↵ective current for non-relativistic axions only involves the time derivative and not

the gradient of the axion field; instead, for relativistic axions [73], the wavevector partially determines the direction of the e↵ective

current. However, since gravitons are massless, GWs are always relativistic in this sense, which is an important di↵erence with the axion

scenario.
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FIG. 1. A cartoon illustrating the di↵erences between GW-EM conversion (left) and axion-EM conversion (right) in the

presence of an external magnetic field B0. The GW e↵ective current is proportional to !ghB0, with a direction dependent on

the GW polarization and a typical quadrupole pattern, yielding a signal field with amplitude hB0. The axion e↵ective current

is proportional to !a✓aB0, with a direction parallel to the external field B0, yielding a signal field with amplitude ✓aB0. The

di↵ering geometry of the e↵ective current yields di↵erent selection rules for coupling the GW and axion to cavity modes.

fields has been noted since the seminal paper of Ra↵elt and Stodolsky [69], and the e↵ective current formalism [70] is

often used when studying axion dark matter signals in the low-frequency (quasistatic) limit [71, 72]. The Lagrangian

for an axion dark matter field a interacting with EM fields is L = �
1
4 ga�� a Fµ⌫ F̃µ⌫ = ga�� a E · B, where ga�� is

the dimensionful axion-photon coupling. Taking B = B0 to be a static external B-field, the Lagrangian now contains

the bilinear ga�� aE, which allows an axion field at frequency !a to convert to an E-field that oscillates at the same

frequency, with typical magnitude ga�� aB0. This is reflected in the equations of motion for the axion and EM fields,

which can be written so that the time derivative of a non-relativistic axion background field sources an e↵ective

current term je↵ � ga�� @taB0 ' !a ✓a B0 on the right-hand side of Ampère’s Law. Here, we defined the e↵ective

dimensionless field ✓a ⌘ ga��a, which will allow for a useful comparison to the GW case discussed above. Since

axion dark matter is described by a a non-relativistic spin-0 field, the direction of the e↵ective current is determined

straightforwardly by the external field B0, independent of the axion.1

A schematic illustration of this axion vs. GW comparison is shown in Fig. 1. The e↵ective current formalism helps

elucidate the fact that the cavity modes which couple most strongly to GWs will in general be di↵erent from those

excited by axions. Nonetheless, we will show below that for certain geometries, GWs do indeed have a non-zero

coupling to the TM010 cavity mode currently employed in, e.g., the ADMX and HAYSTAC axion detectors, meaning

that these experiments already have some sensitivity to GWs in their resonant frequency ranges. Momentarily

ignoring very important di↵erences in the spectral characteristics of the axion dark matter and GW fields, we can

derive a conservative estimate for the sensitivity of axion dark matter experiments to coherent high-frequency GWs

by comparing the respective forms of the e↵ective currents. In particular, identifying ✓a ⇠ h and noting that ADMX

is currently sensitive to the QCD axion parameter space, corresponding to ✓a ⇠ several ⇥ 10�22, implies that such

experiments are sensitive to similar values of the strain h (as well as smaller values for GW signals that are more

coherent than axion dark matter). A more precise sensitivity estimate will be provided in Sec. V.

Aside from the di↵erence in cavity mode selection rules, there is a second important conceptual di↵erence between

axions and gravitons related to the role of reference frames. The axion dark matter field is assumed to have a

Maxwellian speed distribution in the galactic rest frame, and moving to the laboratory frame where the cavity fields

are defined is a simple Galilean boost which does not parametrically a↵ect the signal strength. On the other hand,

the large gauge freedom of linearized general relativity allows the GW signal to be computed in di↵erent reference

frames, but a gauge transformation will also transform the background EM fields at the same order as the signal

strength. We explore these issues in detail below.

1
To be more precise, the dominant coupling in the e↵ective current for non-relativistic axions only involves the time derivative and not

the gradient of the axion field; instead, for relativistic axions [73], the wavevector partially determines the direction of the e↵ective

current. However, since gravitons are massless, GWs are always relativistic in this sense, which is an important di↵erence with the axion

scenario.
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FIG. 1. A cartoon illustrating the di↵erences between GW-EM conversion (left) and axion-EM conversion (right) in the

presence of an external magnetic field B0. The GW e↵ective current is proportional to !ghB0, with a direction dependent on

the GW polarization and a typical quadrupole pattern, yielding a signal field with amplitude hB0. The axion e↵ective current

is proportional to !a✓aB0, with a direction parallel to the external field B0, yielding a signal field with amplitude ✓aB0. The

di↵ering geometry of the e↵ective current yields di↵erent selection rules for coupling the GW and axion to cavity modes.

fields has been noted since the seminal paper of Ra↵elt and Stodolsky [69], and the e↵ective current formalism [70] is

often used when studying axion dark matter signals in the low-frequency (quasistatic) limit [71, 72]. The Lagrangian

for an axion dark matter field a interacting with EM fields is L = �
1
4 ga�� a Fµ⌫ F̃µ⌫ = ga�� a E · B, where ga�� is

the dimensionful axion-photon coupling. Taking B = B0 to be a static external B-field, the Lagrangian now contains

the bilinear ga�� aE, which allows an axion field at frequency !a to convert to an E-field that oscillates at the same

frequency, with typical magnitude ga�� aB0. This is reflected in the equations of motion for the axion and EM fields,

which can be written so that the time derivative of a non-relativistic axion background field sources an e↵ective

current term je↵ � ga�� @taB0 ' !a ✓a B0 on the right-hand side of Ampère’s Law. Here, we defined the e↵ective

dimensionless field ✓a ⌘ ga��a, which will allow for a useful comparison to the GW case discussed above. Since

axion dark matter is described by a a non-relativistic spin-0 field, the direction of the e↵ective current is determined

straightforwardly by the external field B0, independent of the axion.1

A schematic illustration of this axion vs. GW comparison is shown in Fig. 1. The e↵ective current formalism helps

elucidate the fact that the cavity modes which couple most strongly to GWs will in general be di↵erent from those

excited by axions. Nonetheless, we will show below that for certain geometries, GWs do indeed have a non-zero

coupling to the TM010 cavity mode currently employed in, e.g., the ADMX and HAYSTAC axion detectors, meaning

that these experiments already have some sensitivity to GWs in their resonant frequency ranges. Momentarily

ignoring very important di↵erences in the spectral characteristics of the axion dark matter and GW fields, we can

derive a conservative estimate for the sensitivity of axion dark matter experiments to coherent high-frequency GWs

by comparing the respective forms of the e↵ective currents. In particular, identifying ✓a ⇠ h and noting that ADMX

is currently sensitive to the QCD axion parameter space, corresponding to ✓a ⇠ several ⇥ 10�22, implies that such

experiments are sensitive to similar values of the strain h (as well as smaller values for GW signals that are more

coherent than axion dark matter). A more precise sensitivity estimate will be provided in Sec. V.

Aside from the di↵erence in cavity mode selection rules, there is a second important conceptual di↵erence between

axions and gravitons related to the role of reference frames. The axion dark matter field is assumed to have a

Maxwellian speed distribution in the galactic rest frame, and moving to the laboratory frame where the cavity fields

are defined is a simple Galilean boost which does not parametrically a↵ect the signal strength. On the other hand,

the large gauge freedom of linearized general relativity allows the GW signal to be computed in di↵erent reference

frames, but a gauge transformation will also transform the background EM fields at the same order as the signal

strength. We explore these issues in detail below.

1
To be more precise, the dominant coupling in the e↵ective current for non-relativistic axions only involves the time derivative and not

the gradient of the axion field; instead, for relativistic axions [73], the wavevector partially determines the direction of the e↵ective

current. However, since gravitons are massless, GWs are always relativistic in this sense, which is an important di↵erence with the axion

scenario.

3

The rest of this paper is organized as follows. In Sec. II, we provide a conceptual overview of the class of experimental

signals discussed here and derive the GW-EM coupling in the form of an e↵ective current. We also demonstrate

gauge invariance between the TT and PD frames with a simple toy example consisting of a GW impinging on a

background magnetic field in empty space. This lays the foundations for applying this formalism to a more realistic

setup consisting of a resonant cavity immersed in a magnetic field, for which we motivate the optimally-coupled cavity

modes in Sec. III. Following a brief survey of possible GW sources in Sec. IV, in Sec. V we discuss the overall sensitivity

of setups identical or similar to existing dark matter haloscopes and catalog the GW-cavity coupling coe�cient for

various resonant modes, GW propagation directions, and GW polarizations. Finally, in Sec. VI we conclude and give

an outlook on future detection possibilities. Appendix A contains additional details about cavity mode functions and

energy densities.

II. GW ELECTRODYNAMICS IN THE PROPER DETECTOR FRAME

In this section, we provide a detailed discussion of GW electrodynamics, paying particular attention to the role of

gauge invariance. Before presenting the technical details, we give a conceptual overview of the signal strength and the

process of graviton-photon conversion in the language of classical fields. As we show in the following sections, we find

this formalism particularly convenient at the level of identifying optimal cavity modes and quantifying the dependence

of the signal on the GW’s direction of propagation. Our notation and conventions follow those of Ref. [53].

The GW-EM coupling is encapsulated in the Einstein-Maxwell action

S =

Z
d4x

p
�g

✓
�

1

4
gµ↵ g⌫� Fµ⌫ F↵�

◆
, (1)

where Fµ⌫ is the EM field strength. To isolate the e↵ect of a GW, we first linearize the metric as gµ⌫ = ⌘µ⌫ + hµ⌫ +

O(h2), where ⌘µ⌫ = diag(�1, 1, 1, 1) is the flat-space metric, hµ⌫ is the dimensionless GW strain, and O(hn) denotes

a quantity order-n in strain hµ⌫ . In the presence of a static external B-field B0, the action contains O(h) terms

schematically of the form ⇠ hB · B0. This implies that a GW of frequency !g can generate an EM field of typical

magnitude hB0 at the same frequency. Inside an EM cavity, this signal will ring up coherently if !g matches the

cavity’s resonant frequency. At the level of single quanta, this e↵ect can be interpreted as graviton-photon mixing in

a background magnetic field, known as the inverse-Gertsenshtein e↵ect [54–56]. We can also describe this e↵ect in

terms of a classical e↵ective current, which as we show below is parametrically of size je↵ ⇠ !g h B0 when the cavity

size is of order Ldet ⇠ 1/!g. Because the graviton is described by a spin-2 tensor field, the direction of this e↵ective

current is non-trivially determined by the polarization of the GW.

As mentioned above, we make use of the PD frame throughout this work. This frame utilizes so-called Fermi-

normal coordinates [51, 57, 58], which describe GWs according to a freely-falling inertial observer (see footnote 3)

and are written as an expansion in the proper distance from the detector’s center of mass. The lowest order terms

in this expansion were derived in Refs. [51, 59–61] and to all orders in Refs. [62, 63]. As we illustrate below, the

EM signals generated by GWs in resonant cavities are most simply described using such coordinates. Regardless,

this computation is non-trivial when the GW wavelength �g is comparable to the cavity size Ldet, in which case the

expansion parameter is Ldet/�g ⇠ O(1) and the series expansion cannot be approximated by the first few terms [64–

68]. As far as we are aware, a closed-form expression for the metric, including terms to all orders in Ldet/�g, has not

been presented previously. In particular, we show below that resumming the metric in the PD frame is possible for a

monochromatic GW of any wavelength traveling along a fixed direction.

A. Analogies with Axion Dark Matter Detection

Though it is not strictly necessary for the logic of the paper, it is useful at this point to make an analogy with axion-

photon conversion, since this will allow us to derive a quick back-of-the-envelope estimate for the sensitivity of existing

axion experiments to GWs. Indeed, the similarity of the phenomenology of axions and gravitons interacting with EM

freq. of GW strain of GW

• GW excites different 
mode compared to axion!
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A. General Formalism

The components of the e↵ective current jµ
e↵ = (⇢e↵ , je↵) enter as additional source terms in the inhomogeneous

Maxwell equations,

r · E = ⇢e↵ + ⇢, (12)

r ⇥ B � @tE = je↵ + j , (13)

where ⇢ and j are physical charge and current densities. The piece of j independent of hµ⌫ sources, for example,

the external B-field: r ⇥ B0 = j0. In the following we subtract all such zeroth-order pieces from Eq. (13) such that

all fields are O(h). On the other hand, the homogeneous Maxwell equations (Gauss’ law for magnetism, r · B = 0,

and Faraday’s law, r ⇥ E + @tB = 0) are not modified by the GW. Indeed, this is because these Maxwell equations

come from a topological equation of motion dF = 0 (where d is the exterior derivative and F is the field-strength

two-form) which does not involve the metric gµ⌫ . This will be of practical importance because the homogeneous

Maxwell equations determine the resonant cavity modes, and thus we will see that the change in the modes induced

by the tidal force of the GW a↵ects our signal only at O(h2).

Combining Eq. (13) with Faraday’s law yields the standard form of the wave equation

r ⇥ r ⇥ E + @2
t E = �@tje↵ � @tj . (14)

The electric field in the cavity is expanded in terms of the resonant modes En(x) as [75, 79, 80]:

E(x, t) =
X

n

en(t)En(x) , (15)

where n indexes the various modes and en is a dimensionless time-dependent coe�cient. In general, the sum over

the modes En includes both solenoidal (r · En = 0) and irrotational (r ⇥ En = 0) contributions. Since irrotational

modes are not resonantly enhanced (see Appendix A 1), they are omitted from our analysis below. Note also that we

assume any degenerate modes have been diagonalized into orthogonal mode functions and indexed separately in the

sum.

The spatial mode functions En satisfy the relations

r
2 En(x) = �!2

n En(x) , (16)Z

Vcav

d3x En(x) · E⇤
m(x) = �nm

Z

Vcav

d3x |En(x)|2 , (17)

where !n is the resonant frequency of mode n and Vcav is the volume of the cavity. The above relations are sup-

plemented by the boundary condition n̂ ⇥ En = 0 over the surface of the cavity, where n̂ is the unit vector normal

to the boundary. Note that formally this boundary condition is unchanged even in the presence of the GW, since it

follows from the standard form of Faraday’s law, as mentioned above. The boundary of the cavity can oscillate in the

presence of a GW, but as we will see below this only a↵ects the signal at O(h2).

Using Eqs. (15)–(17), the wave equation in Eq. (14) can be rewritten in terms of the mode coe�cients en. In the

absence of external physical current sources, this gives

⇣
@2

t +
!n

Qn
@t + !2

n

⌘
en(t) = �

R
Vcav

d3x E⇤
n · @tje↵R

Vcav
d3x |En|2

, (18)

where the mode-dependent quality factor Qn appears from losses in the cavity. In principle, !n and Vcav appearing in

the above equation are perturbed by the tidal force of the GW at O(h). However, if in the absence of the GW there

is no power in the cavity modes, this e↵ect corrects our signal only by terms of O(h en) and O(h je↵), both of which

are O(h2).

Taking the GW to be monochromatic and on resonance with the cavity mode, i.e., je↵(x, t) = ei!gt je↵(x) where the

GW frequency is !g ' !n, the solution to Eq. (18) is enhanced by the large quality factor Qn � 1. The steady-state

• Effective signal current 
enters Maxwell equations:

• Preferred mode: TE010 • Preferred mode: TE212 
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form of the excited signal electric field Esig = en En is then given by

Esig(x, t) = �

R
Vcav

d3x0 E⇤
n · je↵R

Vcav
d3x0 |En|2

Q

!g
En(x) ei!gt , (19)

where for convenience, we will drop the subscript from the quality factor, Q ⌘ Qn, from now on. Note that if there

are multiple degenerate modes at !g, we must sum over all such modes with their own time functions en(t) to obtain

the total signal field; we will see such an example for cylindrical cavities in Sec. III B below. Since the e↵ective current

scales as je↵ / !2
g in both the high- and low-frequency limits (see Sec. III B), we decompose it into a dimensionful

amplitude and two spatially-dependent dimensionless functions ĵ+(x) and ĵ⇥(x) that describe the spatial profile and

polarization of the GW signal, as follows:

je↵(x) ⌘ B0 !2
g V 1/3

cav (h+ ĵ+(x) + h⇥ ĵ⇥(x)) . (20)

The steady-state signal power delivered to the cavity can then be expressed as

Psig =
!g

2Q

Z

Vcav

d3x |Esig|
2 , (21)

which follows from the energy density stored in resonant cavity modes (see Appendix A 3). Note from Eq. (19) that

when both polarizations in je↵ are present, the power will generically have cross-terms between the two polarizations.

However, for simplicity of presentation, we will often consider the case where only one of the polarizations is present

at a time. In this case, we can can define a dimensionless coupling coe�cient

⌘n ⌘

���
R

Vcav
d3x E⇤

n · ĵ+,⇥

���

V 1/2
cav

� R
Vcav

d3x |En|2
�1/2

, (22)

in terms of which the signal power can be written as

Psig =
1

2
Q !3

g V 5/3
cav (⌘n h0 B0)

2 , (23)

where h0 = h+ or h⇥ is the magnitude of the GW strain. Eq. (23) illustrates the scaling of the power in a transparent

way; when both polarizations are present, the power should be computed directly from Eqs. (20) and (21). In the next

section, we evaluate Eq. (22) for di↵erent configurations, corresponding to various cavity modes, GW polarizations,

and orientations of the GW’s direction of propagation with respect to the symmetry axis of the cavity.

B. Selection Rules for Cylindrical Cavities

The discussion in the previous section is valid for cavities of any shape. In the following, we focus specifically on

cylindrical cavities in part because existing experiments use this geometry. For concreteness, we will consider such

a cavity of equal radius and length, Rdet = Ldet. The solenoidal modes of a cylindrical cavity are classified into

transverse magnetic (TM) and transverse electric (TE) modes. For cylindrical cavities, the generic mode number n,

introduced in the previous section, is represented by three integers n = (m, n, p) and a ± index, where m, n, and

p stand for the azimuthal, radial, and longitudinal mode indices, and the ± indexes a pair of degenerate modes for

m 6= 0 with distinct azimuthal dependence. The explicit form of the mode functions, along with expressions for the

corresponding resonance frequencies !mnp, are provided in Appendix A 2.

As illustrated by the coupling coe�cient of Eq. (22), it is advantageous to have a large overlap between the electric

field mode and the GW-induced e↵ective current je↵. A cross-sectional view of ĵ+ is shown in the xy-plane in the

left-panel of Fig. 3, taking both the GW’s direction of propagation and the applied magnetic field B0 to be along

the cavity axis. We define our coordinate system such that the center of the cavity is located at the origin and the

cavity axis is along the z-axis. The black arrows illustrate the direction of ĵ+, while the lighter/darker colored regions

Effective coupling to EM field, 
dependent on selected cavity mode
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form of the excited signal electric field Esig = en En is then given by

Esig(x, t) = �

R
Vcav

d3x0 E⇤
n · je↵R

Vcav
d3x0 |En|2

Q

!g
En(x) ei!gt , (19)

where for convenience, we will drop the subscript from the quality factor, Q ⌘ Qn, from now on. Note that if there

are multiple degenerate modes at !g, we must sum over all such modes with their own time functions en(t) to obtain

the total signal field; we will see such an example for cylindrical cavities in Sec. III B below. Since the e↵ective current

scales as je↵ / !2
g in both the high- and low-frequency limits (see Sec. III B), we decompose it into a dimensionful

amplitude and two spatially-dependent dimensionless functions ĵ+(x) and ĵ⇥(x) that describe the spatial profile and

polarization of the GW signal, as follows:

je↵(x) ⌘ B0 !2
g V 1/3

cav (h+ ĵ+(x) + h⇥ ĵ⇥(x)) . (20)

The steady-state signal power delivered to the cavity can then be expressed as

Psig =
!g

2Q

Z

Vcav

d3x |Esig|
2 , (21)

which follows from the energy density stored in resonant cavity modes (see Appendix A 3). Note from Eq. (19) that

when both polarizations in je↵ are present, the power will generically have cross-terms between the two polarizations.

However, for simplicity of presentation, we will often consider the case where only one of the polarizations is present

at a time. In this case, we can can define a dimensionless coupling coe�cient

⌘n ⌘

���
R

Vcav
d3x E⇤

n · ĵ+,⇥

���

V 1/2
cav

� R
Vcav

d3x |En|2
�1/2

, (22)

in terms of which the signal power can be written as

Psig =
1

2
Q !3

g V 5/3
cav (⌘n h0 B0)

2 , (23)

where h0 = h+ or h⇥ is the magnitude of the GW strain. Eq. (23) illustrates the scaling of the power in a transparent

way; when both polarizations are present, the power should be computed directly from Eqs. (20) and (21). In the next

section, we evaluate Eq. (22) for di↵erent configurations, corresponding to various cavity modes, GW polarizations,

and orientations of the GW’s direction of propagation with respect to the symmetry axis of the cavity.

B. Selection Rules for Cylindrical Cavities

The discussion in the previous section is valid for cavities of any shape. In the following, we focus specifically on

cylindrical cavities in part because existing experiments use this geometry. For concreteness, we will consider such

a cavity of equal radius and length, Rdet = Ldet. The solenoidal modes of a cylindrical cavity are classified into

transverse magnetic (TM) and transverse electric (TE) modes. For cylindrical cavities, the generic mode number n,

introduced in the previous section, is represented by three integers n = (m, n, p) and a ± index, where m, n, and

p stand for the azimuthal, radial, and longitudinal mode indices, and the ± indexes a pair of degenerate modes for

m 6= 0 with distinct azimuthal dependence. The explicit form of the mode functions, along with expressions for the

corresponding resonance frequencies !mnp, are provided in Appendix A 2.

As illustrated by the coupling coe�cient of Eq. (22), it is advantageous to have a large overlap between the electric

field mode and the GW-induced e↵ective current je↵. A cross-sectional view of ĵ+ is shown in the xy-plane in the

left-panel of Fig. 3, taking both the GW’s direction of propagation and the applied magnetic field B0 to be along

the cavity axis. We define our coordinate system such that the center of the cavity is located at the origin and the

cavity axis is along the z-axis. The black arrows illustrate the direction of ĵ+, while the lighter/darker colored regions

   

 

Fig. 6: Transverse electric-field distributions of different modes in a round waveguide 
Table 1: Collection of parameters and formulae describing waveguide modes 

General cylindrical waveguide          TE modes                                                     TM modes 
   Boundary 
conditions 

𝑠𝑠�⃗ ∙ ∇𝑇𝑇 = 0 𝑇𝑇 = 0 

Longitudinal 
wave 
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d𝑈𝑈(𝑥𝑥)
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d𝑥𝑥 + 𝑗𝑗𝑘𝑘𝑧𝑧
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Propagation 
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�
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𝑘𝑘𝑧𝑧 
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Ortho-normal 
eigenvectors 

𝑒𝑒 = 𝑢𝑢�⃗ 𝑧𝑧 × 𝛻𝛻𝑇𝑇 𝑒𝑒 = −∇𝑇𝑇 

Transverse 
fields 
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Longitudinal 
fields 𝐻𝐻𝑧𝑧 = �

𝜔𝜔𝑐𝑐
𝜔𝜔
�
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�
2 𝑇𝑇 𝐼𝐼(𝑥𝑥)
𝑗𝑗𝜔𝜔𝜔𝜔
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• Expecting competitive measurements w.r.t. Haystack

14

10�24 10�23 10�22 10�21 10�20 10�19

Strain Sensitivity h0

ADMX

HAYSTAC

CAPP

ORGAN

SQMS params.

!g/2⇡ � [0.65, 1.02] GHz

Q � 8 � 10
4, B0 = 7.5 T

Vcav = 136 L, Tsys � 0.6 K

!g/2⇡ � [5.6, 5.8] GHz

Q � 3 � 10
4, B0 = 9 T

Vcav = 2 L, Tsys � 0.13 K

!g/2⇡ � [1.6, 1.65] GHz

Q � 4 � 10
4, B0 = 7.3 T

Vcav = 3.47 L, Tsys � 1.2 K

!g/2⇡ = 26.531 GHz

Q � 1.3 � 10
4, B0 = 7 T

Vcav � 0.0078 L, Tsys � 4 K

!g/2⇡ � [1, 2] GHz

Q � 10
6, B0 = 5 T

Vcav = 100 L, Tsys � 1 K

Projected Sensitivities of Axion Experiments

FIG. 4. Projected sensitivity of axion experiments to high-frequency GWs, assuming an integration time of tint = 2 min for

ADMX, HAYSTAC and CAPP, tint = 4 day for ORGAN, and tint = 1 day for the SQMS parameters. These integration times

are characteristic of data-taking runs in each experiment. The GW-cavity coupling coe�cient is fixed to ⌘n = 0.1 for each

experiment, and the signal bandwidth �⌫ is conservatively fixed to the linewidth of the cavity. Dark (light) blue regions indicate

the sensitivity at the lowest (highest) resonant frequency of the tunable signal mode. For ADMX [46, 120, 122], HAYSTAC [47],

and CAPP [123], the signal mode is TM010, but for ORGAN [48] the signal mode is TM020. The system temperature Tsys

defining the thermal noise floor of each experiment is given in the figure, along with relevant experimental parameters including

the loaded cavity quality factor Q.

A. Sensitivity Estimate

The signal power Psig due to a coherent GW on resonance with the cavity is given by Eq. (23). The signal-to-noise

ratio (SNR) is then given by the Dicke radiometer equation as

SNR '
Psig

Tsys

r
tint

�⌫
, (28)

where Tsys is the e↵ective noise temperature, tint is the measurement integration time, and �⌫ is the signal frequency

bandwidth. The sensitivity is estimated by taking SNR & 1, which after using Eqs. (23) and (28) yields

h0 & 3 ⇥ 10�22
⇥

✓
1 GHz

!g/2⇡

◆3/2✓0.1

⌘n

◆✓
8 T

B0

◆✓
0.1 m3

Vcav

◆5/6✓105

Q

◆1/2✓Tsys

1 K

◆1/2✓ �⌫

10 kHz

◆1/4✓1 min

tint

◆1/4

, (29)

where we have adopted experimental parameters similar to those of ADMX [120]. Recent advances in superconducting

cavity technology suggest that achieving Q = 107 with B0 = 6 T may be possible in the near future [121], and of

course a longer integration time is possible for a dedicated GW search.

In a realistic setup, the signal bandwidth �⌫ will be determined by a combination of factors. For instance, �⌫

is bounded from below by, e.g., the intrinsic frequency spread of the GW source or the drift of the cavity resonant

frequency, and it is bounded from above by the cavity bandwidth ⇠ !g/(2⇡Q). Our conservative benchmark of

�⌫ = 10 kHz corresponds to the cavity bandwidth for Q = 105 and !g/2⇡ = 1 GHz, similar to that of the ADMX

cavity. The fundamental lower bound on the bandwidth is given by the frequency resolution �⌫ & 1/tint, which

[arXiv:2112.11465] 
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 ALPs & Axions: 

 Theoretically well motivated   —    Intriguing candidate for Dark Matter  —  Huge parameter range   
Diverse array of experimental approaches

NB.: Only a personal selection of experimental approaches was shown
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Advertisement:  Wavy Dark Matter summer in Mainz
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31.07.-05.08.2022 Ultralight Dark Matter - Scientific foundations and experimental 
searches Summer School 
(Physics Center Bad Honnef, Germany) Scientific program

08.08.-12.08.2022 17th Patras Workshop on Axions, WIMPs and WISPs  
(Johannes Gutenberg University in Mainz (JGU), Germany)

15.08.-19.08.2022 Wavy Dark Matter Detection with Quantum Networks 

Workshop

(Mainz Institute for Theoretical Physics (MITP), Germany)

https://wavydarkmatter.org/

https://www.dpg-physik.de/veranstaltungen/2022/ultralight-dark-matter
https://www.dpg-physik.de/veranstaltungen/2022/progs322-1.pdf
https://axion-wimp2022.desy.de/
https://indico.mitp.uni-mainz.de/event/265/
https://wavydarkmatter.org/
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• Blackbody radiation in solar core in keV regime 
• Convert to axions in sun’s magnetic field

LLNL-PRES-676942 9/20 Pivovaroff      TAUP 2015 

� First axion helioscope proposed by P. Sikivie 

• Blackbody photons (keV) in solar core can be converted intoaxions in the 
presence of strong EM fields in the plasma    

• Reconversions of axions into x-ray photons possible in strong laboratory 
magnetic field 

 

 

 
 

 

 

� Idea refined by K. van Bibber by using buffer gas to restore 
coherence over long magnetic field 

Sikivie  PRL 51:1415 (1983) 

Van Bibber et al. PhysRevD 39:2089 (1989) 

Axion – Production and detection mechanism 

Primakoff effect Primakoff effect 

Spectrum 
peaks at 
~3 keV 

Axions from the sun: Helioscope experimentsAn improved limit on the axion-photon coupling from the CAST experiment 9
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Figure 2. Left: Solar axion surface luminosity depending on energy and the radius r
on the solar disk. The flux is given in units of axions cm−2 s−1 keV−1 per unit surface
area on the solar disk. Also shown is the radial distribution of the axion energy loss
rate of the Sun (dLa/dR) as well as the energy distribution of the solar axion flux
(dΦa/dE). Right: Differential solar axion spectrum, derived by integrating the model
shown on the left up to different values of r in units of the solar radius R". The peak
of the spectrum moves towards lower energies if integration radius moves towards the
outer rim of the solar disk.

in the recoil-free approximation where the energy of the photon and axion are identical,
equation (5) also gives us the inverse mfp for the reverse process of an axion with energy

E to be converted to a photon, i.e., of axion absorption. As an example we consider an

axion with energy 4 keV, near the average of the expected spectrum, and note that the

temperature at the solar center is T ≈ 1.3 keV whereas the screening scale is κs ≈ 9 keV.

The axion mfp is then found to be λa ≈ g−2
10 6 × 1024 cm ≈ g−2

10 8 × 1013 R", or about

10−3 of the radius of the visible universe.
Therefore, in the absence of other interactions, the axion-photon coupling would

have to be more than 107 times larger than the CAST limit for axions to be re-absorbed

within the Sun. However, even in this extreme case axions are not harmless for the solar

structure because they would then carry the bulk of the energy flux within the Sun that

otherwise is carried by photons. Low-mass particles that are trapped in the Sun should

interact so strongly that their mfp is smaller than that of photons [62]. Note that the
photon mfp for the conditions near the solar center is less than 1 mm. Only particles

with a mfp not much larger than this will leave the solar structure unaffected. They

will cause a gross acceleration of the rate of energy transfer in the Sun and other stars if

their mfp is much larger than this. These requirements are so extreme that for anything

like axions the possibility of re-absorption is not a serious possibility.

2.4. Is the CAST limit consistent with standard solar models?

Our final limit, equation (21), on the axion-photon coupling implies that the solar

axion flux is bounded by La ∼< 1.3 × 10−3 L". Self-consistent solar models including

axion losses were constructed in [63]. In particular, it was found that helioseismological

[CAST coll., JCAP 0704:010,2007]
28

• Solar axions produced (mainly) in the core of the sun
• Energy <E> ~ 4.2 keV
• rather robust predicEon   

• Axions mainly produced in core of sun
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• Combination of  
• Cavity temperature 
• Readout noise

 Integration time

• Bandwidth of the readout  
• Axion line width = 1kHz,  
• Cavity bandwidth depending on Q, typ: ~25kHz

<latexit sha1_base64="MyzY7PFGkIucNYvVIJrEDcWJNH8="></latexit>
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• Integration time is defined by targeted SNR 

• Null measurement with expected SNR 5.1 <=> 95% CL 
upper limit on ga𝛾𝛾  
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• Medium frequencies: 
• Coupled cavities: CAPP-9T (3 GHz) 

https://doi.org/10.1103/PhysRevLett.125.221302 

also been demonstrated, yet their sensitivities were limited
mainly because of compromises between the resonant
frequency and volume of the cavity—HAYSTAC [14],
ORGAN [15], ADMX [16], and QUAX-aγ [17]. Mean-
while, several studies have been performed on cavity
design to compensate for the volume loss, e.g., arrays of
multiple cavities [18,19], cavities with equidistant
partitions [20,21], designs exploiting higher-order modes
[22–24], and high-Q cavities [25,26]. In this Letter, we
apply a novel cavity design, known as multiple-cell cavity,
to high-mass axion searches and report the first results
using a double-cell cavity haloscope.
The multiple-cell cavity design, characterized by con-

ducting partitions which vertically divide the cavity volume
into identical cells, effectively increases the resonant
frequencies with minimal volume loss, as illustrated in
Fig. 1. The gap between partitions in the middle of the
cavity plays several critical roles: (1) it spatially connects
all the cells, enabling a single antenna to pick up the signal
from the entire volume and thus significantly simplifying
the structure of the receiver chain, (2) it breaks the
frequency degeneracy with the lowest mode corresponding
to the TM010-like mode regardless of the cell multiplicity,
making the mode identification straightforward, and (3) it
vanishes the E field of the degeneracy-broken higher
modes at the center of the cavity under ideal circumstances,
imposing a unique condition to ensure the field is evenly
distributed, and thus maximize the effective detection
volume [20].
In reality, however, dimensional tolerances in cavity

construction can cause the electromagnetic (EM) field to be
localized in particular cells, which eventually reduces the
effective volume. To estimate the effect, a two-dimensional
simulation study was conducted using the COMSOL

Multiphysics software [27]. Starting with an ideal cavity
model, we varied several dimensions—the radius of each
cell and the thickness and position of each partition—
independently by the amounts randomly selected from a
normal distribution with σ ¼ 100 μm, which corresponds
to the typical machining tolerance [28]. For a fixed partition
gap, such perturbations were modeled 100 times, and in
each case a quantity V2C2Q, a product of cavity-associated
parameters in Eq. (3), was calculated. This procedure was
repeated for differently sized center gap. The simulation
result for a double-cell cavity is shown in Fig. 2, where we
notice that there is an optimal gap to minimize the effect.

To avoid complications in the tuning system with
increasing cell multiplicity, the tuning mechanism of
Ref. [20] was revised. To the top and bottom of each cell,
we introduced an arch-shaped opening through which a
tuning rod can be extended out of the cavity. The opening
stretches from a partition to the cell field center to achieve
large frequency tunability. The set of tuning rods is gripped
at both ends by a pair of G-10 bars outside the cavity:
beneath the cavity, a 6-mm-thick bar is mounted on a single
rotational actuator, which eventually moves all the rods
simultaneously, while on the cavity top, the other bar with a
hole in the middle through which a pickup antenna can be
inserted into the cavity guides them for symmetric motion
with respect to the cavity center.
Concerning the potential field localization due to mis-

alignment of the tuning system, the effect was also
estimated based on a simulation study. For simplicity,
we modeled a double-cell cavity system with the optimal
partition gap and a pair of identical dielectric rods with
ϵr ¼ 10. The pair was artificially misaligned so that the EM
field symmetry was slightly broken, causing the field to
populate one cell more than the other. Such field locali-
zation is characterized by a nonvanishing E field of the
higher (TM110-like) mode in the cavity center, which can be
translated into the nonzero coupling strength, an experi-
mentally measurable quantity. For each misalignment, the
reflection coefficient was computed and a cavity-associated
quantity C2Q was calculated. This procedure was repeated
at several different positions along the arch-shaped holes
and the result is shown in Fig. 3. Typically measured values
< 0.05 dB correspond to < 1% reductions in scan rate.
An axion search experiment employing a double-cell

cavity was carried out utilizing a He-3 cryogenic system
and a 9T SC magnet, after which the experiment was
named “CAPP-9 T.” The cryogenic system, containing
10 L of He-3 gas, employs a set of pumps: (1) a 1 K pot
pump to condense the gas and collect the liquid in the He-3
pot and (2) a charcoal sorption pump to adjust the vapor
pressure and thus control the temperature of the He-3 plate.

FIG. 1. Various multiple-cell (double-, quadruple-, and octuple-
cell) cavities with the E-field distributions of the TM010-like
mode.

FIG. 2. Effects of machining tolerance from a 2D double-cell
cavity model, represented by the points with error bars, denoting
the systematic uncertainties from the simulation, as compared
with the ideal situation. The optimal gap is indicated by the
vertical dotted line. The performance of a standard single-cavity
geometry yielding the same resonant frequency is contrasted.
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translated into the nonzero coupling strength, an experi-
mentally measurable quantity. For each misalignment, the
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quantity C2Q was calculated. This procedure was repeated
at several different positions along the arch-shaped holes
and the result is shown in Fig. 3. Typically measured values
< 0.05 dB correspond to < 1% reductions in scan rate.
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cavity was carried out utilizing a He-3 cryogenic system
and a 9T SC magnet, after which the experiment was
named “CAPP-9 T.” The cryogenic system, containing
10 L of He-3 gas, employs a set of pumps: (1) a 1 K pot
pump to condense the gas and collect the liquid in the He-3
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•High frequencies: 
• Use higher order modes in large R cavity 

• (ORGAN) TM030 26-27 GHz 
• Need to introduce dielectric rings to keep coupling high
https://doi.org/10.1007/978-3-319-92726-8_14
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FIG. 3. A cross-sectional view of the dimensionless e↵ective current ĵ+ (left) and electric field of the TE212� signal-mode Esig

(right). The black arrows denote the direction of ĵ+ or Esig projected onto the xy-plane (in units of the cavity radius Rcav) near

z = 0 (corresponding to the cavity’s center of mass) where the symmetry axis of the cylindrical cavity, the applied magnetic

field, and the gravitational wave’s direction of propagation are chosen to align with the z-axis (not shown). The lighter/darker

colored regions correspond to smaller/larger magnitudes of ĵ+ or Esig. The geometrical coupling between the gravitational

wave and the cavity (encapsulated by the coupling coe�cient ⌘n) is O(1), as can be inferred from the similar spatial profiles of

ĵ+ and Esig.

correspond to smaller/larger magnitudes |ĵ+|. The e↵ective current exhibits a quadrupolar structure in the xy-plane,

due to the spin-2 nature of the gravitational field (see the discussion below). An optimally-coupled cavity mode is

one that possesses the same spin-2 structure along the azimuthal direction. This is shown in the right-panel of Fig. 3,

which displays the vector field for the electric component of the TE212� mode. As is evident by comparing both

panels of Fig. 3, the e↵ective current and the electric field of the TE212� mode have a similar spatial dependence and

therefore a large overlap, as quantified by Eq. (22). In Sec. V B, we confirm this statement by numerically evaluating

the coupling coe�cient ⌘n for di↵erent cavity modes and find that ⌘n ⇠ O(0.1) is generic for various geometrical

configurations, including this one.

For this specific example, the direction of the GW and the applied magnetic field preserve the cylindrical symmetry

of the cavity. As a result, the form of jµ
e↵ vastly simplifies, and one can derive simple cavity mode selection rules.

This is made manifest by rewriting jµ
e↵ in cylindrical coordinates, i.e., jµ

e↵ = (⇢e↵ , jr
e↵ , j�

e↵ , jz
e↵), such that

jµ
e↵ = �

B0 !2
g r

6
p

2
ei!gt

⇣
0 , ie�2i� h+2 � ie2i� h�2 , e�2i� h+2 + e2i� h�2 , 0

⌘
⇥ f(!gz) , (24)

where

f(x) ⌘ �3 � 6i x�1
� 12 e�ix x�2

� 12i (1 � e�ix) x�3 (25)

is a dimensionless function that obeys limx!0 f(x) = 1 and limx!1 f(x) = �3. Above, we have introduced the GW

helicity components h±2 ⌘ (h+ ± ih⇥)/
p

2, which transform under a rotation by �� about the cavity/GW axis as

h±2 ! e±2i�� h±2. From the explicit form of the current in Eq. (24), we can understand our choice of normalization

for je↵ in Eq. (20). Indeed, the spatial components of the current scale as je↵ / h0 B0 !2
g r, where the typical size of r

10

form of the excited signal electric field Esig = en En is then given by

Esig(x, t) = �

R
Vcav

d3x0 E⇤
n · je↵R

Vcav
d3x0 |En|2

Q

!g
En(x) ei!gt , (19)

where for convenience, we will drop the subscript from the quality factor, Q ⌘ Qn, from now on. Note that if there

are multiple degenerate modes at !g, we must sum over all such modes with their own time functions en(t) to obtain

the total signal field; we will see such an example for cylindrical cavities in Sec. III B below. Since the e↵ective current

scales as je↵ / !2
g in both the high- and low-frequency limits (see Sec. III B), we decompose it into a dimensionful

amplitude and two spatially-dependent dimensionless functions ĵ+(x) and ĵ⇥(x) that describe the spatial profile and

polarization of the GW signal, as follows:

je↵(x) ⌘ B0 !2
g V 1/3

cav (h+ ĵ+(x) + h⇥ ĵ⇥(x)) . (20)

The steady-state signal power delivered to the cavity can then be expressed as

Psig =
!g

2Q

Z

Vcav

d3x |Esig|
2 , (21)

which follows from the energy density stored in resonant cavity modes (see Appendix A 3). Note from Eq. (19) that

when both polarizations in je↵ are present, the power will generically have cross-terms between the two polarizations.

However, for simplicity of presentation, we will often consider the case where only one of the polarizations is present

at a time. In this case, we can can define a dimensionless coupling coe�cient

⌘n ⌘

���
R

Vcav
d3x E⇤

n · ĵ+,⇥

���

V 1/2
cav

� R
Vcav

d3x |En|2
�1/2

, (22)

in terms of which the signal power can be written as

Psig =
1

2
Q !3

g V 5/3
cav (⌘n h0 B0)

2 , (23)

where h0 = h+ or h⇥ is the magnitude of the GW strain. Eq. (23) illustrates the scaling of the power in a transparent

way; when both polarizations are present, the power should be computed directly from Eqs. (20) and (21). In the next

section, we evaluate Eq. (22) for di↵erent configurations, corresponding to various cavity modes, GW polarizations,

and orientations of the GW’s direction of propagation with respect to the symmetry axis of the cavity.

B. Selection Rules for Cylindrical Cavities

The discussion in the previous section is valid for cavities of any shape. In the following, we focus specifically on

cylindrical cavities in part because existing experiments use this geometry. For concreteness, we will consider such

a cavity of equal radius and length, Rdet = Ldet. The solenoidal modes of a cylindrical cavity are classified into

transverse magnetic (TM) and transverse electric (TE) modes. For cylindrical cavities, the generic mode number n,

introduced in the previous section, is represented by three integers n = (m, n, p) and a ± index, where m, n, and

p stand for the azimuthal, radial, and longitudinal mode indices, and the ± indexes a pair of degenerate modes for

m 6= 0 with distinct azimuthal dependence. The explicit form of the mode functions, along with expressions for the

corresponding resonance frequencies !mnp, are provided in Appendix A 2.

As illustrated by the coupling coe�cient of Eq. (22), it is advantageous to have a large overlap between the electric

field mode and the GW-induced e↵ective current je↵. A cross-sectional view of ĵ+ is shown in the xy-plane in the

left-panel of Fig. 3, taking both the GW’s direction of propagation and the applied magnetic field B0 to be along

the cavity axis. We define our coordinate system such that the center of the cavity is located at the origin and the

cavity axis is along the z-axis. The black arrows illustrate the direction of ĵ+, while the lighter/darker colored regions

Effective coupling to EM field, 
dependent on selected cavity mode

• Signal Power
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are multiple degenerate modes at !g, we must sum over all such modes with their own time functions en(t) to obtain
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• Production modes (at the LHC): 

 Photon fusion  Gluon fusion

Z Boson / Higgs Boson decays

• Decay channels considered

Photons Leptons Quarks Invisible
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Heavy axions - Collider Based Searches - Higgs decays
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• Associated Z boson:   
• Lepton final states considered 

• Easy Triggering

• Event selection exploiting:  
• 4 particle invariant mass 
• relation between reconstructed axions 

• Usually MVA methods utilised to reduce background 

• Axion mass reconstruction: 

• Easy with leptons in final state 

• Hadronic final states:  

• Worse mass resolution  
• Attempts to reconstruct mass using NN 

• pp ⇾ H vs. pp ⇾ ZH 

• 65 times larger cross section  
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 CMS: Phys. Lett. B 795 (2019) 398 Phys. Rev. D 105 (2022) 012006 
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• Background: Drell-Yan + jets, top 
• Event selection (ATLAS):  

• using kinematic fit to optimise 4-object invariant mass 
• MVA method exploiting dijet and dimuon kinematics 

4

for jets originating from c quarks is around 30, 10, and 2%, respectively, for the loose, medium,
and tight working points. The efficiencies for correctly identifying b jets are ⇡80% for the loose,
⇡60% for the medium, and ⇡40% for the tight working point. The jet with maximum discrim-
inator value must pass the tight working point of the algorithm, while the second is required
to pass the loose one. The correction factors for b jet identification are applied to simulated
events to reproduce the data distribution of the b tagging discriminator. In events with more
jets passing the selection criteria, the two with the largest pT are taken.

The imbalance in the transverse momentum in signal events is not expected to be large, as the
contribution from neutrinos from semileptonic decays in b jets is typically small. The miss-
ing transverse momentum, p

miss
T is defined as the magnitude of the negative vector sum of

the transverse momenta of all reconstructed particles. The jet energy calibration introduces
corrections to the p

miss
T measurement [45]. Events are required to have p

miss
T < 60 GeV.

Assuming the b quark jets and muons are the decay products of the pseudoscalar a1, it is
expected to have mbb⇡mµµ⇡ma1

in signal events. Moreover, the system of muons and b quark
jets is expected to have an invariant mass close to mh. A c2 variable is introduced as c2

bb + c2
h,

where

cbb =
(mbb � mµµ)

sbb
and ch =

(mµµbb � mh)

sh
. (2)

Here sbb and sh are, respectively, the mass resolutions of the di-b-quark jet system and the
Higgs boson candidate, derived from simulation. The mass resolution of the di-b-quark jet
system increases linearly with ma1

. It is evaluated on an event-by-event basis, where mµµ is as-
sumed to be equal to ma1

. The decay width of a1 is negligible compared with the experimental
mass resolutions in the analysis. The distribution of c2 in the signal sample with ma1

= 40 GeV
is compared with that in backgrounds in Fig. 1. Events are selected with c2 < 5. In Fig. 2, cbb
and ch are shown in 2D histograms for backgrounds and for the signal with ma1

= 40 GeV,
where the contour of c2 < 5 is also presented. This selection has a signal efficiency up to 64%
while rejecting more than 95% of backgrounds. The tails in the cbb and ch distributions, arising
from the imperfect energy estimation of b jets as well as combinatorics of the di-b-jet system,
are more populated in background processes. The search for the new particle a1 is performed
within 20  ma1

 62.5 GeV. A slightly wider range, driven by the narrow width of a1 and
the high resolution of mµµ , is used for the event selection; thus events with mµµ values not in
[19.5, 63.5]GeV are discarded. This ensures the full signal selection efficiency and the proper
background modelling at the boundaries.

A method that fully relies on data is used to estimate the background, as described in Sec-
tion 5. Simulated background samples are however used to optimise the selection. Figure 3
shows distributions, in data and simulation, for events passing the selection requirements ex-
cept those of p

miss
T and c2. In this figure, expected number of simulated events is normalised

to the integrated luminosity of 35.9 fb�1. Data and simulation are compared for the pT of the
dimuon system, and the mass and pT of the di-b-jet system. Using the same selected muon and
jet pairs, Fig. 3 also illustrates the distributions of the invariant mass mµµbb and the transverse

momentum p
µµbb
T of the four-body system. The distributions for simulated events follow rea-

sonably those in the data, within the statistical uncertainties presented in the figure. The yield
in data and the expected yields in simulation are presented in Table 1. The expected yield from
a signal of h ! a1a1 ! µ+µ�t�t+ is found to be around 0.01 with the model parameters used
in this table.

To enhance the sensitivity, an event categorisation is employed: different categorisation schemes

5

0 5 10 15 20 25 30 35 40 45 50

b
2χ+

h
2χ

3−10

2−10

1−10

1

a.
 u

. 13 TeV
CMS
Simulation

 = 40 GeV
1am

Backgrounds

 bbµµ → 1a1 a→h 

Figure 1: The distribution of c2 in simulated background processes and the signal process with
ma1

= 40 GeV. The samples are normalised to unity.
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Figure 2: The distribution of cbb versus ch as defined in Eq. (2) for (left) simulated background
processes and (right) the signal process with ma1

= 40 GeV. The contours encircle the area with
c2 < 5. The grey scale represents the expected yields at 35.9 fb�1.

are tried, and the one resulting in the highest expected significance is chosen. The data in a side-
band region are used to determine the categorisation that is most sensitive for this analysis. The
sideband region is constructed using the same selection as that for the signal region except that
5 < c2 < 11. In simulated background samples, the correlations between c2 and mµµ and
the variables used for categorisation are found to be small. The best sensitivity is found with
categorisation according to the b tagging discriminator value of the loose b-tagged jet. The
tight-tight (TT) category contains events with both jets passing the tight requirements of the b
jet identification algorithm. Events in which the loose b-tagged jet passes the medium b tag-
ging requirements but fails the tight conditions fall into the tight-medium (TM) category. The
remaining events with the loose b-tagged jet failing the medium requirements of the b jet iden-
tification algorithm belong to the tight-loose (TL) category. On average, 41% of signal events
pass the TL selection, while 32% fulfil the TM requirements and 27% belong to the TT category.
According to the data in the sideband region, the majority of background events (⇡70%) fall
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and tight working points. The efficiencies for correctly identifying b jets are ⇡80% for the loose,
⇡60% for the medium, and ⇡40% for the tight working point. The jet with maximum discrim-
inator value must pass the tight working point of the algorithm, while the second is required
to pass the loose one. The correction factors for b jet identification are applied to simulated
events to reproduce the data distribution of the b tagging discriminator. In events with more
jets passing the selection criteria, the two with the largest pT are taken.
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system increases linearly with ma1

. It is evaluated on an event-by-event basis, where mµµ is as-
sumed to be equal to ma1

. The decay width of a1 is negligible compared with the experimental
mass resolutions in the analysis. The distribution of c2 in the signal sample with ma1

= 40 GeV
is compared with that in backgrounds in Fig. 1. Events are selected with c2 < 5. In Fig. 2, cbb
and ch are shown in 2D histograms for backgrounds and for the signal with ma1

= 40 GeV,
where the contour of c2 < 5 is also presented. This selection has a signal efficiency up to 64%
while rejecting more than 95% of backgrounds. The tails in the cbb and ch distributions, arising
from the imperfect energy estimation of b jets as well as combinatorics of the di-b-jet system,
are more populated in background processes. The search for the new particle a1 is performed
within 20  ma1

 62.5 GeV. A slightly wider range, driven by the narrow width of a1 and
the high resolution of mµµ , is used for the event selection; thus events with mµµ values not in
[19.5, 63.5]GeV are discarded. This ensures the full signal selection efficiency and the proper
background modelling at the boundaries.

A method that fully relies on data is used to estimate the background, as described in Sec-
tion 5. Simulated background samples are however used to optimise the selection. Figure 3
shows distributions, in data and simulation, for events passing the selection requirements ex-
cept those of p

miss
T and c2. In this figure, expected number of simulated events is normalised

to the integrated luminosity of 35.9 fb�1. Data and simulation are compared for the pT of the
dimuon system, and the mass and pT of the di-b-jet system. Using the same selected muon and
jet pairs, Fig. 3 also illustrates the distributions of the invariant mass mµµbb and the transverse

momentum p
µµbb
T of the four-body system. The distributions for simulated events follow rea-

sonably those in the data, within the statistical uncertainties presented in the figure. The yield
in data and the expected yields in simulation are presented in Table 1. The expected yield from
a signal of h ! a1a1 ! µ+µ�t�t+ is found to be around 0.01 with the model parameters used
in this table.

To enhance the sensitivity, an event categorisation is employed: different categorisation schemes

• Event selection (CMS):  
• Defining chi2 variable based 
on relative mass differences
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for jets originating from c quarks is around 30, 10, and 2%, respectively, for the loose, medium,
and tight working points. The efficiencies for correctly identifying b jets are ⇡80% for the loose,
⇡60% for the medium, and ⇡40% for the tight working point. The jet with maximum discrim-
inator value must pass the tight working point of the algorithm, while the second is required
to pass the loose one. The correction factors for b jet identification are applied to simulated
events to reproduce the data distribution of the b tagging discriminator. In events with more
jets passing the selection criteria, the two with the largest pT are taken.

The imbalance in the transverse momentum in signal events is not expected to be large, as the
contribution from neutrinos from semileptonic decays in b jets is typically small. The miss-
ing transverse momentum, p

miss
T is defined as the magnitude of the negative vector sum of

the transverse momenta of all reconstructed particles. The jet energy calibration introduces
corrections to the p

miss
T measurement [45]. Events are required to have p

miss
T < 60 GeV.

Assuming the b quark jets and muons are the decay products of the pseudoscalar a1, it is
expected to have mbb⇡mµµ⇡ma1

in signal events. Moreover, the system of muons and b quark
jets is expected to have an invariant mass close to mh. A c2 variable is introduced as c2

bb + c2
h,

where

cbb =
(mbb � mµµ)

sbb
and ch =

(mµµbb � mh)

sh
. (2)

Here sbb and sh are, respectively, the mass resolutions of the di-b-quark jet system and the
Higgs boson candidate, derived from simulation. The mass resolution of the di-b-quark jet
system increases linearly with ma1

. It is evaluated on an event-by-event basis, where mµµ is as-
sumed to be equal to ma1

. The decay width of a1 is negligible compared with the experimental
mass resolutions in the analysis. The distribution of c2 in the signal sample with ma1

= 40 GeV
is compared with that in backgrounds in Fig. 1. Events are selected with c2 < 5. In Fig. 2, cbb
and ch are shown in 2D histograms for backgrounds and for the signal with ma1

= 40 GeV,
where the contour of c2 < 5 is also presented. This selection has a signal efficiency up to 64%
while rejecting more than 95% of backgrounds. The tails in the cbb and ch distributions, arising
from the imperfect energy estimation of b jets as well as combinatorics of the di-b-jet system,
are more populated in background processes. The search for the new particle a1 is performed
within 20  ma1

 62.5 GeV. A slightly wider range, driven by the narrow width of a1 and
the high resolution of mµµ , is used for the event selection; thus events with mµµ values not in
[19.5, 63.5]GeV are discarded. This ensures the full signal selection efficiency and the proper
background modelling at the boundaries.

A method that fully relies on data is used to estimate the background, as described in Sec-
tion 5. Simulated background samples are however used to optimise the selection. Figure 3
shows distributions, in data and simulation, for events passing the selection requirements ex-
cept those of p

miss
T and c2. In this figure, expected number of simulated events is normalised

to the integrated luminosity of 35.9 fb�1. Data and simulation are compared for the pT of the
dimuon system, and the mass and pT of the di-b-jet system. Using the same selected muon and
jet pairs, Fig. 3 also illustrates the distributions of the invariant mass mµµbb and the transverse

momentum p
µµbb
T of the four-body system. The distributions for simulated events follow rea-

sonably those in the data, within the statistical uncertainties presented in the figure. The yield
in data and the expected yields in simulation are presented in Table 1. The expected yield from
a signal of h ! a1a1 ! µ+µ�t�t+ is found to be around 0.01 with the model parameters used
in this table.

To enhance the sensitivity, an event categorisation is employed: different categorisation schemes
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Figure 2: The distribution of cbb versus ch as defined in Eq. (2) for (left) simulated background
processes and (right) the signal process with ma1
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c2 < 5. The grey scale represents the expected yields at 35.9 fb�1.

are tried, and the one resulting in the highest expected significance is chosen. The data in a side-
band region are used to determine the categorisation that is most sensitive for this analysis. The
sideband region is constructed using the same selection as that for the signal region except that
5 < c2 < 11. In simulated background samples, the correlations between c2 and mµµ and
the variables used for categorisation are found to be small. The best sensitivity is found with
categorisation according to the b tagging discriminator value of the loose b-tagged jet. The
tight-tight (TT) category contains events with both jets passing the tight requirements of the b
jet identification algorithm. Events in which the loose b-tagged jet passes the medium b tag-
ging requirements but fails the tight conditions fall into the tight-medium (TM) category. The
remaining events with the loose b-tagged jet failing the medium requirements of the b jet iden-
tification algorithm belong to the tight-loose (TL) category. On average, 41% of signal events
pass the TL selection, while 32% fulfil the TM requirements and 27% belong to the TT category.
According to the data in the sideband region, the majority of background events (⇡70%) fall
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for jets originating from c quarks is around 30, 10, and 2%, respectively, for the loose, medium,
and tight working points. The efficiencies for correctly identifying b jets are ⇡80% for the loose,
⇡60% for the medium, and ⇡40% for the tight working point. The jet with maximum discrim-
inator value must pass the tight working point of the algorithm, while the second is required
to pass the loose one. The correction factors for b jet identification are applied to simulated
events to reproduce the data distribution of the b tagging discriminator. In events with more
jets passing the selection criteria, the two with the largest pT are taken.

The imbalance in the transverse momentum in signal events is not expected to be large, as the
contribution from neutrinos from semileptonic decays in b jets is typically small. The miss-
ing transverse momentum, p

miss
T is defined as the magnitude of the negative vector sum of

the transverse momenta of all reconstructed particles. The jet energy calibration introduces
corrections to the p

miss
T measurement [45]. Events are required to have p

miss
T < 60 GeV.

Assuming the b quark jets and muons are the decay products of the pseudoscalar a1, it is
expected to have mbb⇡mµµ⇡ma1

in signal events. Moreover, the system of muons and b quark
jets is expected to have an invariant mass close to mh. A c2 variable is introduced as c2

bb + c2
h,

where

cbb =
(mbb � mµµ)

sbb
and ch =

(mµµbb � mh)

sh
. (2)

Here sbb and sh are, respectively, the mass resolutions of the di-b-quark jet system and the
Higgs boson candidate, derived from simulation. The mass resolution of the di-b-quark jet
system increases linearly with ma1

. It is evaluated on an event-by-event basis, where mµµ is as-
sumed to be equal to ma1

. The decay width of a1 is negligible compared with the experimental
mass resolutions in the analysis. The distribution of c2 in the signal sample with ma1

= 40 GeV
is compared with that in backgrounds in Fig. 1. Events are selected with c2 < 5. In Fig. 2, cbb
and ch are shown in 2D histograms for backgrounds and for the signal with ma1

= 40 GeV,
where the contour of c2 < 5 is also presented. This selection has a signal efficiency up to 64%
while rejecting more than 95% of backgrounds. The tails in the cbb and ch distributions, arising
from the imperfect energy estimation of b jets as well as combinatorics of the di-b-jet system,
are more populated in background processes. The search for the new particle a1 is performed
within 20  ma1

 62.5 GeV. A slightly wider range, driven by the narrow width of a1 and
the high resolution of mµµ , is used for the event selection; thus events with mµµ values not in
[19.5, 63.5]GeV are discarded. This ensures the full signal selection efficiency and the proper
background modelling at the boundaries.

A method that fully relies on data is used to estimate the background, as described in Sec-
tion 5. Simulated background samples are however used to optimise the selection. Figure 3
shows distributions, in data and simulation, for events passing the selection requirements ex-
cept those of p

miss
T and c2. In this figure, expected number of simulated events is normalised

to the integrated luminosity of 35.9 fb�1. Data and simulation are compared for the pT of the
dimuon system, and the mass and pT of the di-b-jet system. Using the same selected muon and
jet pairs, Fig. 3 also illustrates the distributions of the invariant mass mµµbb and the transverse

momentum p
µµbb
T of the four-body system. The distributions for simulated events follow rea-

sonably those in the data, within the statistical uncertainties presented in the figure. The yield
in data and the expected yields in simulation are presented in Table 1. The expected yield from
a signal of h ! a1a1 ! µ+µ�t�t+ is found to be around 0.01 with the model parameters used
in this table.

To enhance the sensitivity, an event categorisation is employed: different categorisation schemes

• Event selection (CMS):  
• Defining chi2 variable based 
on relative mass differences
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Photons, having neither mass nor charge, lack self interactions at the leading order in the
perturbation series expansion of the four-photon transition amplitude. However, because of
the characteristics of the vacuum, photons with sufficient energy may fluctuate into particle-
antiparticle pairs, thus giving rise to photon-photon interactions. When two photons interact
in this way through an intermediate charged particle loop to create two different outgoing
photons, the process is known as light-by-light (LbyL) scattering. The observation of this phe-
nomenon has been sought after in laboratory experiments for decades [1–4], and has been stud-
ied indirectly by the measurement of the anomalous magnetic moment of the muon [5].

The CMS and ATLAS experiments at the LHC recently reported first measurements of LbyL
scattering [6–8] among the broad spectrum of gg production channels populated at LHC ener-
gies. Analyses based on both proton-proton and heavy-ion collision data find results consistent
with the standard model (SM) expectations. However, these analyses probe the production of
LbyL candidates in the diphoton mass range of a few GeV. Complementary to these previous
results, a high diphoton mass spectrum starting from 350 GeV is studied in this note for the
first time at a hadron-hadron collider.

The LbyL scattering process, which can be studied at the electroweak energy scale and higher
in proton-proton collisions at the LHC, is of great interest because of its sensitivity to many SM
extensions of quantum electrodynamics [9–13]. Among these, a purely effective extension of
the SM Lagrangian using charge-parity conserving operators, as used, e.g., in Refs. [14–16] for
the ggW+W� quartic coupling, leads to a minimum dimension-eight term for the four-photon
coupling. This term contains the two parameters z1,2 = a

gg
1,2/L4, where L is the scale for new

physics, generally at the order of a few TeVs:

L
gggg
8 = z1FµnF

µn
FrsF

rs + z2FµnF
µr

FrsF
sn.

In proton-proton collisions, LbyL scattering (pictured in Fig. 1) can lead to the observation of
two photons and two intact protons, using two separate detectors. In this note, a search for this
process is performed in pp collisions at a center-of-mass energy of 13 TeV using data collected
with the CMS and TOTEM detectors in 2016, corresponding to an integrated luminosity of
9.4 fb�1.

�

�

p

p

p

�

�

p

Figure 1: The process for diphoton production via photon exchange with intact protons in the
final state. Several couplings may enter the four-photon shaded area such as a loop of a fermion
or a charged boson. The model can be extended with intermediate interactions of new physics
objects, such as a loop of a heavy charged particle or an s-channel exchange.

The CMS detector is built around the central feature of its 3.8 T magnetic field passing through
the core of a superconducting solenoid. Within this field are located a silicon pixel and strip
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Figure 3: Invariant mass distribution of the diphoton pairs for the elastic selection region with
events satisfying 1 � |Dfgg /p| < 0.005 as described in the text. The hatched bands indicate
the statistical uncertainty on simulated samples added in quadrature.

For all selection regions used in this study, the data are found to be consistent with the back-
ground prediction within statistical uncertainties. A total of 266 diphoton candidates are found
in the elastic search region to be compared with the expectation of 263.1 ± 4.1 (stat). The re-
sulting diphoton mass spectrum of events passing the elastic selection can be seen in Fig. 3.

Sensitivity to the LbyL signal is enhanced by measuring the resulting final state protons. In
exclusive events where the protons remain intact, momentum loss from the protons should
equal the invariant mass found for the diphoton system. Imposing conservation of momentum
by requiring a matching between the two systems (the forward protons and central photons)
on top of the selection criteria defined above, allows for the selection of signal candidates. The
kinematics of an opposite-arm, two-proton system is converted into missing mass and rapidity
of the central system kinematics through mpp =

p
sx+x�, and ypp = (1/2) log(x+/x�). In

the case of exclusive diphoton production, both systems are correlated through mpp = mgg

and ypp = ygg . In this search, a 2s resolution window is used in matching the difference,
both in mass and rapidity, between the central and two-proton systems within their combined
uncertainties.

As previously postulated in Ref. [31], performing a matching of mass and rapidity between
the diphoton system and by the scattered protons on an event-by-event basis may reduce sig-
nificantly the contribution of inclusive backgrounds. In fact, the large majority of such events
comes from the coincidence of an inclusively produced diphoton event with pileup protons
from unrelated events. The matching therefore almost completely ensures that the two sys-
tems are originating from the same vertex.

The CT-PPS silicon strips, by design, can only reconstruct one proton at a time. This causes an
inefficiency when multiple diffracted protons are observed in one bunch crossing. In this study,
the time variation of this inefficiency due to varying pileup conditions has been neglected and
a single-tracking CT-PPS silicon strip efficiency of 70% is assumed for the entire data taking
period for each arm.

In addition, radiation damage, as previously discussed, further reduces the efficiency in regions

• Scattered protons need to be tagged 
• Invariant di-photon mass depends on proton tagger position & LHC optics 

•CMS & TOTEM:  

• Measurement can be interpreted as ALP search 
• In progress  

CMS PAS EXO-18-014  
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• Final state particles:   
• Triggering

• ALP invisible

• Decay to invisible particles 
• Long lived 

• Missing transverse energy  
  typ. > 200  GeV

• No reconstruction of ALP mass 
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• Final state particles:   
• Triggering

• ALP invisible

• Decay to invisible particles 
• Long lived 

• Missing transverse energy  
  typ. > 200  GeV

• No reconstruction of ALP mass 

• Largest backgrounds 
• Electron / Jet mis-identified as photon  
• Z/W + photon processes

• Largest backgrounds 
• Z/W + jet processes

• Largest backgrounds 
• ZZ, WZ 

Science Coffee seminar - Lund


