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My vision In superconductmg RF accelerators
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My main business: Radio Frequency cavities for accelerators

FCCeej FCChh

proton driver for neutm ——

It W|II take time, very expensive, and very polltlcal ®
= Can’t we directly make use of RF for discovery?




Microwave photons may address fundamental physics

Axions Neutrinos Gravitational waves

-8
R x U(1) theory ive A
a - > -~<Far4 -aphs of fig. 2 also invol
kinematic cases of inte

); this case gives the sta
B, 0; this case describes tl

S. Ellis

R B(x,1)

Inverse Primakoff effect Cosmic neutrino background  Inverse Gertsenshtein effect
Minimal extension of SM Extension of SM and/or SM Solution of general relativity
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ShOl‘tCUt! New physics

leptoquark Flavor anomaly
axions
3 TeV Supersymmetry v Dirac CP |«
Cosmology
f
Gravitational wave Testing gauge theory
7\
Relativistic Higgs mechanism QCD Waiting for
Not in good news
today’s talk T
Accelerator projects
Plasma FCCee/eh/hh/CEPC J-PARC-HyperK / PIPII-DUNE
MuCol LHeC | | CLIC/C3 || ILC EIC S-KEKB

|

Microwave Superconducting cavities
R&D f

Nonequilibrium superconductivity

A

non-relativistic Higgs mechanism 6




Outline

* We need new physics!

DM axion as classical waves
e Axions at higher mass

* Quantum sensing

* Conclusion
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From
wikipedia

mass
charge
spin

LEPTONS

Standard Model of Elementary Particles

three generations of matter
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Clear need for new physics: e.g. Dark Matter (DM)

Observations
. from starlight

Velocity 5
; (km s-1) " . ¢ v
2 - Expected from
the visible disk
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Modified-gravity " ookn linked to intrinsic issues in
* al. Nature 555, 629-632 (2018)
Primordial black holes? the Standard Model?
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Axions: a byproduct to cancel the strong CP

Quantum Chromodynamics includes -

gluons

uva
Loco 2 =7 GG + 355

This term generates electric dipole moment in neutron
* Theory:d,~(2.4+1.0) x107°0 efm
* Experiment: |d,| < 1.8 X 10713 efm "=
- 0] <08x1071Y% « 1

Naturalness problem without anthropic solution

2
g ~
" 0G%,GH°

) symmefry (ng

| éaxiom (NG boson)

12

Introduce a new global chiral U(1) (PQ symmetry) field a

2
Is . (e + 3) G2,GHv® - 0 (after SSB)
321 F,

Spontaneous Symmetry Breaking
- A Nambu-Goldston boson appears as a byproduct = axion



Axion after QCD phase transition  mgf,~my.f;

F. Chadha-Day, J. Ellis, D. J. E. Marsh, "Axion Dark Matter: What is it and Why Now?” arXiv:2105.0140

V(q)). .

Figure 3: “Sombrero” potential of the Peccei-Quinn field ® is shown schematically before (left) and after 1016
(right) the QCD phase transition. The axion corresponds to the angular direction of this potential, shown
by the orange line. The state of the field is given by a point in the potential. Low energy configurations
are favoured. For illustration, the potential on the right is shown for a scenario with a large amount of PQ 1018
symmetry breaking. More details are given in appendix A.2.
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Axion couples to two
photons (Primakoff effect)
- RF/microwaves ..

PQ Symmetry is explicitly broken
— Axion gains (light) mass



Axion as dark matter (PQ scale > inflation)

Axion loses kinetic energy non-thermally by coherent oscillation in the PQ potential

)

Co &
Harigaya

e

3
)
~

axion potential energy

axion field
Misalignment d2a da

. 2
mechanism =7 + 3 T +m, (T)?a =0

Hubble parameter: friction = “cooling” down

14



Outline

e DM axion as classical waves



De Broglie wavelength Ag vs density of DM n

* We are moving in the galaxy halo of dark & —Z-GL0
matter with speed of 220 km/s 2> ~0.07% BN,
* Galaxy halo of dark matter density p ~0.45 GeV/cm? [ R N\QE 4
WIMP: Axions: m~10 peV e e s ™

m~1 TeV {Higesino) 27 X 196 MeVfm

~ — Ag~ =176
B~ 007 x 1Tev oM MBT 00706 x 10 pev m
0.45 GeV/cm3 3

F~ - \; ~1073cm™3 7. 0.45 GeV/cm 1013 -3
€ 10 ueV
_ 1 1
- n KL B ->n> PE

WIMP behaves DM axions behave Eq =

as a particle as a classical wave



Standard model of dark matter axion distribution function

Velocity
dispersion of
Milky way
Galaxy around
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Microwaves converted from DM axion

is very narrow band classical waves
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Wakefield links accelerators & axion dark matter detectors

2

Accelerator as a resonator

Driven by RF source via coupler

Accelerator as an oscillator

Wakefield by high current e-/e+ beam
(crucial in FCCee collider) tanf

Detector as a resonator
ER

/g\

detector as an oscillator
JG

V-D=p(tr) ( V'D=p/€tﬁﬂ)_gay38'va
JVXH-D=](tr) =<|7><1L1—D=]}<tﬁﬂ)+gay(aBe—E€><Va)
\7-B=.0 V-B=0
. VXE+B=0 \ VXE+B=0

Driven by MW
source via antenna

Jacob Egge PhD thesis

ST
PEC —

VG
7/

Wakefield by
dark matter

Db
PE

—_— axions

PML
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Classical electrodynamics is the mean to hunt axions

Skivie haloscope

B- Field

Axions modify ‘%, "
. ),
Maxwell equation ¢

Amplify

Digitize

> = 0B
E=—-——
V x 5
— — 8E — aa
B=— N E — —B
V X En +J gw( x Va 5

A microwave is B

. Boutan
generated and resonated
inside a cavity

B- Field

144

This axion lineshape
has been |

Power

Power Spectrum

exaggerated. A real

- signal would hide
~ beneath the noise in |
a single digitization.
An axion detection
requires a very cold
experiment and an
ultra low noise
receiver-chain.

Frequency

. Unknown axion mass !
- requires a tunable resonator |

Courtesy:

Gray Rybka, PATRAS2022



photons Electromagnetic
AN waves \
W , ~
cavity cavity
S€NsSor | proadband RF amp
; ; DC amp LO mixer
(Flash) ADC /G ADC
Digital processing
q 50C chonnal FFT £ o, AMet ol ANNALEN DER
p (t) X R &V ; £ 10w PHYSIK 2023836, 2200619
—n w apc (t) RF(t) = I(t) cos(wt) + Q(t) sin(wt) z°.
AgpAn > 1 - P(w) =I“(w) + Q“(w) e I Tl L T

frequency-30GHz [Hz]



Photon (energy) detection vs wave detection
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Electromagnetic
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Axion Dark Matter eXperiment (ADMX)

Signal to Noise Ratio is the key for discovery
* Signal is a narrow peak (f/Af ~10°) from axion

arXiv:2010.00169

Ps = (1.0 x 10722 W)
VN[ BN (C\/ gV p f Q |
* (136L) (6.8T) <0.4> (0.97) (0.45 GeV/cm3) <650 MHz) <SOOQQ|)_HGQ on B

* Johnson Nyquist noise power |

Quantum Amplifier
T
Py = kgT, = 1.4 x 10723 (ﬁ{) W/Hz

Package

Antennas

* Dicke’s radiometer formula Mixing
Chamber
[ 10 ! Microwave
S/ B PS t ’ Cavity
—_ = { Tuning Rods
N PN V b L :

"Magnet
RO640D 80642 59544 59646 5948 89650

t:integration time <o < 10°

b: measurement bandwidth Rybka - August 2022
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Outline

e Axions at higher mass
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axion strings

Cosmic axion
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\M[: simulation volume
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Buschmann, et al. Nat
Commun 13, 1049 (2022)




Issue of high-frequency resonators for dark matter search

An RF cavity (ADMX-type) becomes V~f 3 An over-sized cavity cancels the signal
+ + + 4+ + +
Dark ﬂ | ﬂ ﬁ
matter _t ‘~\\\

Photon mode mode matter
mode

VUV

[

Photon moge
Signal: < VQ The dark matter is cold = De Broglie wavelength is long

The signal is lost by higher frequency Spatial integral is cancelled!

- We have needed an idea to keep the resonator size reasonable
with high frequency without having polarity changes 25



Four ideas toward heavier axion dark matter

Multiple small cavities Dish antenna Dielectric disks Wire metamaterial
N A S /
Tt rIeet e p A
LI 6
= AN
ADMX-EFR @ FNAL © BRASS @ DESY ORGAN @ Australia  ALPHA @ SU+Ylae+UCB

CAST-CAPP @ CERN  BREAD @ Uchicago ~ ADMX-Orpheus @ US

New projects rising
DAWA@CEA MADMAX @ DESY

26



Four ideas toward heavier axion dark matter

Multiple small cavities Dish antenna Dielectric disks Wire metamaterial
o) /.
-) -) ERRRRRAARRAREE i A
UG a ©
o @ = :

Dielectric Disks Receiver

ADMX-EFR @ FNAL  BRASS @ DESY ORGAN @ Australia ALPHA @ SU+Ylae+UCB

CAST-CAPP @ CERN BREAD @ Uchicag ADMX-Orpheus @ US New projects rising
DAWA@CEA MADMAX @ DESY

Z/



MADMAX: multiple dielectric disks

* Avoid the negative overlap with dielectric disks

 Many disks to boost the signal
 Dipole magnet is mandatory /\/\AD /\/\ AX

’I”I‘T’I”I‘T’I”I‘T’I”I‘T’I”I‘?’I”I‘TT’I”I‘T’I”I"I”I“I“I”I“I"I”I“I”I”I“I‘
r o Magnetic Field

< >

Courtesy of Alex Millar Jr. PhOton
Frequency tuning by

moving disks with piezo
28



Current status and prospect of /A0 ) ax

MADMAX collaboration, PRL 135, 041001 (2025) MADMAX collaboration, PRL 134, 15, 151004 (2025)
| HAX Frequency [GHz]
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Scaling up
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https://journals.aps.org/prl/abstract/10.1103/c749-419q
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.134.151004

Another approach: axion-plasmon mixing in a cavity

L 4 ‘@
2 -1 @ O %
JayBea Wy .
E=— = —gayBea [ 1 — SR n. e .
€ ws — wwal’ 2 e C
Wp = O
et-0
trrttrrtterettreteeettrettrettreteeet .
Magnetic Field e
Axion ' Photon gains effective o—
/"\‘ e mass in plasma (plasmon) o . P o
Courtesy of Alex Millar Jr. . 9 momentum mismatch —> V¥ <— El
i |
Photon is solved! _
Natural plasma is too hot (10,000 K) = thermal noise, non-tunable plasma density, etc e

v" Wire metamaterial plasma provides effective 1D plasma along the wire

For example, r = 0.5 mm, a = 5 mm gives ) 2T
~ Wy =
w, /21 ~16 GHz @ P g2 log(a/T)

Free from the size of the cavity itself

In reality, this is similar to drift chambers




Power [dB]

Status and prospect of ()
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* Quantum sensing



Johnson Nyquist Thermal Noise

Any conductor at temperature T

é gR
R, © Vout
> I—O

A

(V)
v C C J. B. Johnson Phys Rev 32 97 (1928): \_/
AAAAAA in B out Experimental discovery of the relation
N C I H. Nyquist Phys Rev 32 110 (1928): )

of bosonic modes

Thermodynamics + statistical mechanics

'V Voltage fluctuates
/\/\ AW, (V2)

VAL

“Blackbody radiation” of electromagnetic waves inside a 1D conductor

hv hv<kgT
(V2)Av~4RAV R, 4Av

hv/kgT __
e /kp 1 Rayleigh Jeans

. o {v?)
Noise PSD: N = TRAT kgT [W/Hz]

Average number of thermal photons

1
th/kBT —1

n =
was derived by Planck via quantum

statistics

Corresponding classical waves are
incoherent chaos waves



Standard Quantum Limit from the Kennard inequality

: p
[p.al = B} - (Ap*X{Aq?) = K[p, qD)|* = 1 (Kennard) | o
DA
|p;,q;] = % = [pf, qf] : before and after the amplifier chain N \]/ v
qr = Gq; + q,4 pr = Gp; +py
iG°h lh 4i Di cavity
[pf' qf] = [GPO' GCIO] + [pg; qg] — 2 + [pg; qg] — ? i
Gain G
i(1—G*)h o (G2 = 1)R? hame
— [Pg;clg] = ) — <Apg><Aq9> = A 5 e
Amplifier uncertainty principle s e
1 [G*hv  (G? — Dhv]le»1  hv g Dy |V/QADC
P = + >»2X—=h rer
G| 2 2 2

Digital processing

Pso;, = hv : standard quantum limit

FFT
SK. L t al Phys Rev D 98 035020 (2013) — —25
€. M. Caves PRD 26 8 1817 1982 Ex) h X 1 GHz = 6.6 X 107“> W/Hz




Single photon sensors can overcome SQL

Noise power of wave detection

102 E \I 1 I I'\I | | | | | |
B Av -
Pp=hv(n+1) [—xv Q -
t Q_:” -
. . \ 1 0 = F. Paolucci et al PhysRev Appl. 14 034055 (2020)
Noise power of photon detection - - 4
- (a)  cylindrical : (b) .
— trap cavity  electron :
P, = hv |22 oy ; Vo -
== — hw,
P 2mvt - % A ke
- \\ L AT L haw,
1 1 BN 2 n=0——
ﬁ — 1 0 — - ~ X
th/kBT . 1 E E electrode  magnetic bottle
B X. Fan et al, PRL129,
Q.: cavity quality factor o[ 30 GHz | | 261801, 2022
n: quantum efficiency of the sensor 10 - |
-2 -1
S.K. Lamoreaux et al Phys Rev D 98 035020 (2013) 1 0 1 O 1
T [K]

Single photon sensors may be a solution in the future
— Although one loses phase information, zero background at cold may be better

- Lower noise in higher frequency = where is the cross-over? 10 GHz? 100 GHz??

35



Question: classical 2 guantum @

Classical
axion

|Classical
microwaves detection

| Quantum

eV-E =p—g,/Be-Va,
VxH-E =17+ g.,Bea,
&—VQa—I—mga:ng-Be,

Can we obtain quantum statistical distribution without
assuming quantum nature in the source?
Can we assume a Poisson distribution?

What is the quantum statistical
distribution of detected photons?
- Goal: Monte Carlo

0.14 ph.e.

= 0242 + 0.001
Q, = 32.51 £ 0.12
1195 £ 0.13

0.035 = 0.002
0064 + 0.004
138 £ 0 002

S

200
a ADC channel




Glauber’s theorem: classical 2 quantum

y \ \

PHYSICAL REVIEW

VOLUME 131, NUMBER 6

15 SEPTEMBER 1963

Coherent and Incoherent States of the Radiation Field*

Roy J. GLAUBER
Lyman Laboratory of Physics, Harvard University, Cambridge, M assachuselts
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1
Hi(t)=—- /i (r,t) - A(r,t)dr. (9.16)

c

The introduction of an explicitly time-dependent
interaction of this type means that the state vector for
the field, | ), which previously was fixed (corresponding
to the Heisenberg picture) will begin to change with
time in accordance with the Schrédinger equation

)
h—| y=H\(@®)| ), (9.17)
ot

which is the one appropriate to the interaction repre-
sentation. The solution of this equation is easily found.2
If we assume that the initial state of the field at time
t=— o is one empty of all photons, then the state of
the field at time ¢ may be written in the form

[t)=exp [;—j; /:;dt’/j (0,t)- A(x,t")dr+i0(2) { | vac).
(9.18)

Dk(ﬂk) = eXp]:.Bkak*—-ﬂk*ak:l. (9.19)

Then it is clear from the expansion (2.10) for the vector
potential that we may write

exp{i / ar' / j(r,t’)-A(r,t’)dr]=HDk[ak(t)], (9.20)
e J_o k

where the time-dependent amplitudes a;(¢) are given by

7

ai(t)=

(2h) / dt,f dru;” (r)-(r,t)e . (9.21)

Photo: J.Reed

Classical current generates quantized
photons in a quantum coherent state
- Let’s apply this to classical axions ¥



Any classical axion generates photons in a quantum coherent state

single mode inside a resonant

axion Y cavity
N 1 [6,57] =1
\ By U
[5,b] = [bT,b7] =
filn) = b*b|n) = n|n)
IE(x) btn) =vn + 1jn + 1)
bln) = Vn|n — 1)
. . Only linear
Hyg I operators
. e 1 ~ 11 1 Exact solution
H = hw (b b+2> + |a[f ()bt + F*(t)b] without :
[ perturbation ]
F© = gapya® || B - B
Any classical ] . -
axion field Derived by Ayuki Kamada U Warsaw

—’I>—’ Quantum state of photons from axions
Quantized photon states of a

1B)

Classical axion
~ displacement
operator (x phase)

>

|8) = D(B)|0)
D(B) = exp(BbT — B*b)

19(©) = exp(=iC, (DD (D)
B(t) = C5(t) exp(—iwt)

exp(—iHot/h) [1(0))

i [t t!
C,(t) = _Ef dt'f*(t') exp(iwt’)j dt" f(t") exp(iwt")
0 0
t

38

C,(t) :j dt'f(t") exp(iwt')



Der stetige Ubergang von der Mikro- zur Makromechanik.
Von E, SCHRODINGER, Zirich.
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Quantum coherent state: Schrédinger’s wave packet

1 2
qj(x ) — e—(xl—oc cos wt)
! V21
W) = |y + 5| W)
a¥P(xq1) = |xq 2 dx, X1
a: eigenvalue of annihilation
operator
a=x;+ix,

By Ashton Bradley Aspir8 (talk) -
a | CZ) = | (X) Own work, CC BY-SA 4.0,
https://commons.wikimedia.org/w
/index.php?curid=149671045

Hints for derivation

P(x,) = (x;|)

(x1|551|x1> = X1
l
[X1;x2] = E - <x1|X2|X1) =

—

0H
21 dxq



Modern representation of wave packet: coherent state

@) = el /zz |n) ? | %= (a-an)
. Quantum 1/2
Displacement operator flucfuation «—
D(a) = exp(ad’™ — a*a) 1/2 I
) = D()[0) T Jw@) = Jae™)
Electric field operator D(a)
0)
é(r, t) — i hw [ae—i(a)t—k-r) . a'l-ei(a)t—k-r)] | / R
\ 26V N 2, =%(a +at) *1
_ A - |
= (a|é(r,t)|a) =i ZEwV |aeiwt=kn) _ grg+ilwt-kn)] . p|ane wave solution of Maxwell equation
0

—> Axion via amplifier

2\n
(lal*) 12
e~ lal

P(n) = [{(n]la)|? = : Poisson distribution > Axion via photon counting i

~——



Outline

* Conclusion



Conclusion

* We need new physics!
* SM does not include DMs: WIMPs or others?
* RF technology is the key for the next accelerator: wakefield in FCCee = 2HDM tan f8
* RF will be also useful for direct detection of DMs: axion DM = m,

DM axion as classical waves
e Axion solves the strong CP problem in SM and can be a light DM candidate
* Light dark matter = long de Broglie wavelength = classical waves
* Axion DM - Maxwell equation = classical microwaves

* Axions at higher mass
* Higher mass axions are motivated if inflation scale is higher than PQ
* Momentum mismatch to microwaves = dish antenna, dielectric, wire metamaterial

* Quantum sensing
* Classical microwave sensing reaches SQL = photon counting
 Classical axions generate microwave photons in a quantum coherent state



More pedagogical lectures of mine

* 90 min x 3 lectures on axions in Nagoya University
 https://indico.kmi.nagoya-u.ac.jp/event/15/overview

e 1-week lectures + hands-on about RF for axions in Hamburg University
 https://indico.desy.de/event/50207/

 CERN Summer Student Lecture about superconducting cavities
 https://indico.cern.ch/event/1508891/

* Introduction to accelerators technology at Université Paris Saclay
e https://indico.ijclab.in2p3.fr/event/11923/

» Textbooks (we do not have established textbook for axions ®):
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