Axions and similar particles

- how to cover 107° orders of magnitude in mass -

Science Coffee seminar, Lund, 05/04/2022

Kristof Schmieden

10-12 109 106 103 100 103 106 109 1012 [eV]
MeV GeV TeV



‘What are Axions! _

- Axions are:

, ' Very likeable
AXion

Very popular
(none available at present)

| /-\‘
-
.

Antitop Quark Antiup Quark
$11.99 $11.99
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https://www.particlezoo.net/collections/all

- What are Axions! |

e The QCD Axion was postulated by Peccei and Quinn (1977) in their theory to solve the strong CP problem

e Strong CP problem: e Solution (PQ theory)
e CP violating term in QCD Lagrangian e Adding global U1 symmetry
_ g2 . e Spontaneously broken at scale fa
Lo = 9328 ;Go Gag 9; = a g3 b
@ L ot — ['SM axion T é > GZWGZ + f : GMVG@
e 0 c [0, 2r1], free parameter vot ’ 3272 O f,32m2 0 B
- e CP-breaking terms cancel due to structure of the
e From electric dipole moment of neutron (EDM): QCD vacuum:
e 0 <1010
e => fine tuning = Pseudo Goldstone boson: Axion
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‘What are Axions! |

e The QCD Axion was postulated by Peccei and Quinn (1977) in their theory to solve the strong CP problem

e Strong CP problem:

e CP violating term in QCD Lagrangian

- gs UV
Ly = 93%26* G

e 0 € |0, 21|, free parameter

e From electric dipole moment of neutron (EDM):

e 0 <1010
e => fine tuning

e Solution (PQ theory)

e Adding global U1 symmetry
e Spontaneously broken at scale f4

2
n gs oy a gs vV ~b
Liot = L3M axion + 0 G“ Ga GH' G

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

= P- aydo Goldstone boson: Axion
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PQ potential |

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

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

V(D)

e Exact symmetry e Approximate symmetry

e U(1) symmetry explicitly broken by color

e Spontaneously broken .
anomalies.

e Massless goldstone boson
J e Restores CP symmetry

e AXion gains mass
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https://arxiv.org/abs/2105.01406

Couplings of the QCD Axion @&

e Axions couple to quarks by definition

,y
e Axions also couple to photons a K
q <« ﬂﬂ ...............
e Can mix with pi0 . !

10-° - .
—7 5 2
10 = IE
10_8 SN1987A %I
;|1—1 1010 oo SHAFT M Horizontil branch S/v]9874 %
Hydn o i & S
e Two benchmark models: > 1071 S y 2 2 SN S
) Y EVESY o\ 1957 A T MWD |5 s o2 O
U 10—12 = Chandra mPOlarisation % E ~ éo ¢>‘< E
® KSVZ — 10—132 g % S § E OO@&/ \%\/\;@o 8
. . _ = ~ & O
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charge = < > =
° S5 107752 < B
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e DFSZ: 10716 4 & + =
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doublet needed 10-18 1E XMM.-Newton ® =
sl @D
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https://github.com/cajohare/AxionLimits

Axion Like Particles

PR et aruiains o— P — P — POy __— — -

e Dropping requirement to solve strong CP problem:

e No strict mass - coupling strength relation

e \Vast parameter space opens up

e Any new pseudo-scalar particle:

e Qualitatively similar properties to QCD A><|on

= Axion Like Particle (ALP)
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O

MAY CONVERT
INTO PHOTONS IN
A MAGNETIC FIELD

NAMED BY ME. PHYSICIST
FRANK WILCZEK

.........

.......

[httDS [Iwww. Svmmetrvmaqazme org/article/the-other-dark-matter-candidate]
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https://www.symmetrymagazine.org/article/the-other-dark-matter-candidate

~Axion Like Particles
e Dropping requirement to solve strong CP problem:

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

e Any new pseudo-scalar particle:

e Qualitatively similar properties to QCD Axion
= Axion Like Particle (ALP)

e ALPs appear in many extension to the SM

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

e String theories:
 Any theory predictions extra dimensions leads to the
existence of ALPs
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~Axion Like Particles

e Dropping requirement to solve strong CP problem:

e Contributes to (g-2)yu
e No strict mass - coupling strength relation

e \/ast parameter space opens up e Debated in literature if it helps to solve the
(g-2)u discrepancy
e Any new pseudo-scalar particle:

e Qualitatively similar properties to QCD Axion
= Axion Like Particle (ALP)

e ALPs appear in many extension to the SM

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

* String theories: e Axions could be Dark Matter!
 Any theory predictions extra dimensions leads to the

existence of ALPs
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| ALPs as Dark Matter ,

e Axions follow Bose-Einstein statistics

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

e Acts as cold dark matter

* Mz > 1022 €V, otherwise no structure formation
possible

e QCD axions:
* Ma < 2:-102 eV from neutrino flux of SN1987A

e No upper bound on mass of ALPs
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| ALPs as Dark Matter ,

e Axions follow Bose-Einstein statistics

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

e Acts as cold dark matter

* Mz > 1022 €V, otherwise no structure formation
possible

e QCD axions:
* Ma < 2:-102 eV from neutrino flux of SN1987A

e No upper bound on mass of ALPs

e Assuming all of DM is QCD Axions: Predict it's mass
e Depends on production mechanism

e (Generation in strings and domain walls
e Computationally difficult:

e NO ab Initio calculation possible
= model dependent results
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| ALPs as Dark Matter ,

e Axions follow Bose-Einstein statistics

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

e Acts as cold dark matter

* Mz > 1022 €V, otherwise no structure formation

possible

e QCD axions:

* Ma < 2:-102 eV from neutrino flux of SN1987A

e No upper bound on mass of ALPs

e Assuming all of DM is QCD Axions: Predict it's mass

e Depends on production mechanism

e (Generation in strings and domain walls
e Computationally difficult:

e NO ab Initio calculation possible
= model dependent results
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https://github.com/cajohare/AxionLimits

Parameter Space for ALPs . '

e | ight axions: P |
e Conversion to photon in magnetic field  5__, _ 4., * Heavy axions:
( Primakoft effect )

e All couplings studied at
collider experiments
B,

ight-shining-though-wall _ Accelerator based

Forward
H -
searches

Helioscopes

Haloscopes Beam dump Y

a3

DM predictions

p—-_4 ce - ya - yyy

10-12 10-9 10-6 10-3 100 103 106 109 1012 [eV]
MeV GeV TeV
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Parameter Space for ALPs e §

e | ight axions: P |
e Conversion to photon in magnetic field 5., __4 * Heavy axions:
( Primakoft effect )

e All couplings studied at
collider experiments
B,

~ Accelerator based

— 4

Forward H
_{>
searches

Haloscopes

Beam d

p—- € > ya - yyy

10-12 10-9 10-6 10-3 100 103 106 109 1012 [eV]
MeV GeV TeV
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Heavy axions - Collider Based Searches - Photons o o o o clvp

° Productlon modes (at the LHC)

Photon fusion

e Decay channels considered

| Q

Photons

Kristof Schmieden Science Coffee seminar - Lund 9



‘Heavy axions - Collider Based Searches - Photons f
* Production modes (at the LHC): e Relativistic nuclei are an intense source of (quasi-real) photons

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

e Decay channels considered

| Q

Photons
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‘Heavy axions - Collider Based Searches - Photons )
* Production modes (at the LHC): e Relativistic nuclei are an intense source of (quasi-real) photons

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

N
e Decay channels considered
N
p,Pb p,Pb
a
- - e Beam particles stay intact
e First proposal to measure LbyL scattering at LHC in 2013:
Photons [D. d’Enterria, G. G. da Silveira Phys. Rev. Lett. 111, 0804095]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.080405

Hleavy axions - Collider Based Searches - Photons . D

v

ATLAS

| — '
EXPERIMENT Jj | \\ \\\i

Run: 367321
Event: 755541675
2018-12-01 08:30:26 CEST

ATLAS HION-2018-19
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2018-19/

Heavy axions - Collider Based Searches - Photons % o o \

Existing constraints from JHEP 12 (2017) 044

? | | | | o U

>

(D)

< 10"k _

= | LHG
Y- y+inv. (pp)

PrimEx

CMS yy - (2019) 134826] -

(this paper)

107'F Beam-dump ~ ATLAS  ATLA

10 102 10" 10° 10" 102  10°
m, [GeV]
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ATLAS: JHEP 03 (2021) 243

CMS Phys.L ett.B 797 (2019) 134826

€€ = ya = yry

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

e Prospects for run 3 + run 4:

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

e | imits on coupling would improve by factor 3
* From 6:102 to 2:10-3
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https://www.sciencedirect.com/science/article/pii/S0370269319305404?via=ihub
https://link.springer.com/article/10.1007/JHEP03(2021)243
https://doi.org/10.1103/PhysRevLett.125.161806

Heavy xios - Colider Basd Seahes His decays o o o o clvp

: // e [ ALP Is a pseudo scalar:

\\" oz/<§__
' \/\%<§

b
e Associated Z boson:
e | epton final states considered

e Fasy Triggering

/ \

+ -+
N
% a \</A' Ll 4 a N
* pp = HVvs. pp -+ ZH

e 65 times larger cross section

Kristof Schmieden Science Coffee seminar - Lund

e B-quark / tau final states interesting

e U final states experimentally clean

a = bb
a - py
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Heavy axions - Collider Based Searches - Higgs decays o o ) clvg

\\'_ oz/<§__
' \/\%<ég

b
e Assoclated Z boson:
e | epton final states considered

e Fasy Triggering

/ \

~ to?
ot a\<//,' 1
e pp -+ HVvs. pp » ZH

* 05 times larger cross section
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https://arxiv.org/abs/1708.00443

Forward searches / beam dump experiments ,

ALP production
(Proton beams -> pions -> photons ->ALPSs)

Kristof Schmieden Science Coffee seminar - Lund

Instrumented beam dump:

Detection of missing energy / momentum

ALP

14



Forward searches / beam dump experiments ,

ALP production
(Proton beams -> pions -> photons ->ALPS)

a
ALP
,.Y*
F(t)
a N | | N

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

h d particles (P<7 TeV 0
charged particles ( eV) \'\,\C“’

neutrino, d;rk_photon JE—

}< 100 m of rock ><
480 m 4

o LHC magnets
p-p collision at IP

of ATLAS
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FASER detector f % o o \ w o

JG|u

e 1.5-meter magnetized decay volume

e 2-meter magnetic spectrometer

2 \Veto stations

Magnets

Jrigger/Timing Station
Trigger/Preshower Station

\

1 —
N ] ;
]
J
|
l\
‘ ” :
{
|
/

Calorimeter &g

Photon Shield

\ » Three tracking stations
*f-|ectromagnetic calorimeter

e Three scintillator stations for
triggering, veto and precise timing

e Aperture (10 cm radius) and length
strongly constrained by available
space

AN

Tracking stations
Preshower &

backsplash stopper

£

Kristof Schmieden Science Coffee seminar - Lund
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Forward searches / beam dump experiments _

ALP production
(Proton beams -> pions -> photons ->ALPS)

e Sensitivity: ~10 MeV < ma < ~100 MeV

e Several proposals for new experiments

Phys. Rev. D 99, 095011

e Similar physics reach to ALPs

m, [GeV]

Kristof Schmieden Science Coffee seminar - Lund 10


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.095011

Forward physics Fcilit prosal )
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_Light Axions - - - B

e | ight axions:

e Conversion to photon in magnetic field
( Primakoff effect )

.

f'\/\./\/"Y
a_—y_é‘

Light-shining-though-wall

Helioscopes

Haloscopes

10-12 10-9 106 10-3

100

103

~ Accelerator based

—— 4

Forward H
_[>
searches

—4 ee - ya - yyy

106 109 1012
MeV GeV TeV

Ma [eV]
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Light shining through wall experiments f f f f ) % % ) ‘ clvp

e [dea:
e Produce axions from laser photons Wall

e After optically tight wall:

a d
Y > Y
* Detect photons from axion conversion B B
y*

e Sensitivity: ma < meV v*

e Challenges:

Optical Magnet Central Magnet Optical
e High power laser resonator with large dimensions Bench 1 String Optical Bench String Bench 2
o Lal’ge B-field High Power Laser (HPL)| . ' ' Detector
* \ery sensitive, noise free optical detectors Y
|| Mo
o Al PS-|| (Aﬂy nght Particle Search): Production Cavity — — Regeneration Cavity—

https://doi1.org/10.15488/11022

e 7/0W laser @ 1064nm -> 150kW stored in resonator

e 122m long optical cavity: BL = 560 Tm

e 12 x 5.3T SC dipole magnets

e Detection: Transition Edge Sensors & Heterodyne receiver

Kristof Schmieden Science Coffee seminar - Lund 19


https://doi.org/10.15488/11022

LightAxions-HeIiscoes B B \ \ \ \ f I

e Using the sun as axion source
e Detection of axions in magnetic field, tracking sun

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

e Current result: CAST
(CERN Axion Solar Telescope)

e New developments: |AXO
(International AXion Observatory)

Helioscopes

X-ray optics
L
Solar N -
axion
flux

1 \
(B}
v
LI |
1 |
\

108

|gcw| (GeV_l)

10—10

10—11

10—12 i

101

X-ray detectors

Movable platform T Shielding
[arXiv:1401.3233]
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https://arxiv.org/abs/1401.3233
https://arxiv.org/abs/2112.02286

Light Axion - Heliscoes B B \ \ % o o \ \

CAST@CERN

e 20m long toroid magnet
e 8 x 60cm bores for instrumentation

e Readout using x-ray telescopes and micro mega detectors * 15m long dipole magnet

e 1 x 5cm bores for instrumentation
e Readout using various x-ray detectors
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Light Axions - Haloscopes - RF cavity based searches o o ) clvp

e Axion conversion to photons in B-field

e Using RF resonators to enhance the signal

o Sensitivity: ~peV - meV

e 3 orders of magnitude in frequency:

e \arious designs of resonators & DAQ

e Many experiments!

Preamp

FFT

_[>

jyeuden
<}
I
e —
-2
youle

e [yp signal power:

Kristof Schmieden
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https://github.com/cajohare/AxionLimits

Light Axions - RF cavity based searches - New developments

* Depends on cavity material: l

j;- Up to 14T magnetsi use
e Up to 20T envisioned *

‘ * High purity copper: ~5-104
| * Larger fields - smaller volume |

ar |
e Superconducting: difficult in high magnetic field! ‘
e Jarget: 106 1
‘ e Achieved:  3-105 (CAPP, non tunable) !

e Materials under study: NbaSn, HTS materials (YBCO)

~* Dielectric resonators (saphir): \
l‘ * Achieved:  9105@8T B f|e|d (QUAX non tunable) |

e Volume limited by
e Magnet aperture i
* Resonance frequency |
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Light Axions - RF cavity based searches - New developments

1‘ o Depends on CaV|ty matenal |

| 'Upt;o 14Tmagnetse -\
e Up to 20T envisioned *

* High purity copper: ~5-104 |
* Larger f|e|ds smaller volume f

l [

e Superconducting: difficult in high magnetic field! \
e larget: 106 i
* Achieved: 3-10° (CAPP, non tunable) |
e Materials under study: NbsSn, HTS materials (YBCO) {

e Dielectric resonators (saphir):
* Achieved: 9 106 @ 8 T B-field (QUAX non tunable)

I 'YBJ:O e [+ Nesnay © oD, Ahn et. al (CAPP), ~7 GHz
........ <. | 3 REBCOtape cavity L https://arxiv.org/abs/2002.08769
u rererence cavity I
e J. Golm et. al (RADES), ~8 GHz
S 0y + o 4 o * * o 4+ o« oo https://arxiv.org/abs/2110.01296
"8 'S A i
‘g x - e« QUAX, ~10 GHz arXiv:2201.04223
T - ' ey e— c_§ * x | R Sapphire
| ® Volume limited by l o 10t }
* Magnet aperture i 1
e Resonance frequency [ “x
~ ¢ Tuning elements H .\ J
o - h o 2 4 & 8 10 1 j

magnetic field B (T)
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https://arxiv.org/abs/2002.08769
https://arxiv.org/abs/2110.01296
https://arxiv.org/abs/2201.04223

~ Light Axions - RF cavity based searches - Proposed experiments - o o clvp

e I[ncreasing the cavities Q-factor:

delamination interface

65 MHz - 50 GHz

SnPbCu 10-°

v

Solar v T
: DSNALP . : Neutron stars Horizontal branch S/\/]987
I Fermi-SNe — | ‘ || ;h g. & 4 (?)
> 22 %
QD 10—12 =By X
-]
O & 7
— 10—13 &% (%5‘0
’/.37& ({‘
g‘ 10~ 14 (GO» &(
cl — MADMAX
S0 1015 4 g . yﬂo ALPHA
1618 s
- +
(N 10717 4 & > ¢
= a THESEUS 1 X
10-18 é E- XMM-Newton A &F
= eROSITA
10 19 IR Illlllrré IIIIII| | IIIIIIfl | IIIIIII| AL IIIIIIfl ALY DUARALLLL DAL AL AL
A2 A AD . T, TR A WA\ \ V > A 5 0 7
077407 407 407 4077407 40740 407 A0 40T 407 407 40 A0 400 10
e J. Golm et. al (RADES), ~8 GHz 030 A0 AN AT A8 A0 A0 A0y
https://arxiv.org/abs/2110.01296 m, [eV]

[source: https://github.com/cajohare/AxionLimits |
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https://github.com/cajohare/AxionLimits
https://arxiv.org/abs/2110.01296

Light Ao<ios - RF avit basd searhes - Proposed experiments f f B

e I[ncreasing the cavities Q-factor:

JG|u

e Dielectric cylinders - Quax's approach: x10°
e Shaping EM field to minimize losses in copper ¢ 10.35| o
; 1or 10345} \”m
N
9 o EHB 1034 =
T ol = 10335
10.33 |
T 10'3250 S0 100 150 200 250 ;60
= 6 ++Q$ ¢
C -9"%
51 R
By
7 o -6:&-"4_,_ i
di g,
%00
° ° ® e H 2 %Oﬁ- ¢
. P, e
1+ +Hehyy, ®
oA e e 3
ool . 0 50 100 150 200 250 300
20001 *¢¢ SRR T (K)
@1500-
“¥ 1000}
SR e Paramagnetic clusters from impurities
0 gl ¢ e Electron spin resonance frequency tuned away by B-field
éll 6 7I 8
B(T)
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https://arxiv.org/abs/2201.04223

~ Light Axions - RF cavity based searches - New developments |
e I[ncreasing the Volume of the cavity

e | ow frequency -> large size cavities:
e KLASH: Cavity inside the KLOE magnet (0.6T)

65 - 150 MHz https://arxiv.org/abs/1911.02427

65 MHz - 50 GHz

10°
10~7 - :
A K OSSO
_8 J
10 0
- = A :
@ F" ' 1010 8 ; DI'1ZC D
Q) I 00 =
10-11 RAD +O < A
> S ] @;__ ’\Y’ E E o = 5
U 1012 S22 = Az = ] C
), 4a < )
— 10713 <
S ” aLIGO i
g‘ 10— ORGAN 2 ¢q
MADMAX
~15 sne | —"
Q0 10 = yo [ ALPHA
10—16 ; ‘,}; S ADMX
- o2
7 = -
1077 o & 2
3 - THESEUS
10-18 é "§. XMM-Newton
19 ] eROSITA
10 AL AL rrmmg 1 llllllrl IRILLLLLL IBALLL llllllrl ALY DUARALLLL DAL AL AL

2 0 A0 9 % 1T 6 5% & 3% 2 A 0 .. 2.dd b
\Q/XxQ/XxQ;X\9 207 407 407 407 407 407 40 407 10 10 407 A0 400 407 40 A0
m, [eV]

[source: https://github.com/cajohare/AxionLimits |
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https://github.com/cajohare/AxionLimits
https://arxiv.org/abs/1911.02427

~ Light Axions - RF cavity based searches - New developments |
e I[ncreasing the Volume of the cavity

e | ow frequency -> large size cavities:
e KLASH: Cavity inside the KLOE magnet (0.6T)

65 - 150 MHz https://arxiv.org/abs/1911.02427

65 MHz - 50 GHz
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10~ 17 g E‘f E THESEUS
: . 10_18 é E XMM-Newton
e Medium frequencies: 019 i . ¢ROSITA
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https://doi.org/10.1103/PhysRevl ett. 125.221302
m, [eV]

[source: https://github.com/cajohare/AxionLimits |
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https://github.com/cajohare/AxionLimits
https://arxiv.org/abs/1911.02427
https://doi.org/10.1103/PhysRevLett.125.221302

~ Light Axions - RF cavity based searches - New developments - - f N

e I[ncreasing the Volume of the cavity e High frequencies:
e Use higher order modes in large R cavity
e | ow frequency -> large size cavities: e (ORGAN) TMoz026-27 GHz
* KLASH: Cavity inside the KLOE magnet (0.6T) hitps://doi.org/10.1007/978-3-319-92726-8 14

65 - 150 MHz https://arxiv.org/abs/1911.02427

65 MHz - 50 GHz

107°
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- ~ A :
?g : 10_10 l. A . A : C D E : : -
|> 10_11 = 5 : y éj"o 23} S “o
: ) i = o); y S Sl = IR <
8 10_12 / £Q$C Q““Q CZJ %Q,y > 8 O
—_— 1013 %é‘/ v X
_?‘ u A aLIGO i
S 1 o MA(;)RI\EI;:)I(\I ' i
Q0 10-15 o wWist ALPHA
o \
. 3 S ADMX
= oz
1= '
1017 E E‘f E THESEUS
10-18 é "g. XMM-Newton
e Medium frequencies: 019 i . ¢ROSITA
® Coupled CaVitieS: CAPP_9T (3 GHZ) Xllllllllﬂxlllllll XQ llllll| Illllllfl IIIIIIIILLI Illl|/(l5llllllfl/(lLlIlllll|/,lxlllllll|0lIIIIIII|XIlllllll|llllllll3 A; 6 6 7
| A07 407 407 A xo @ @ xo 407 40 407407 10 400 407 A0 407 407 400 A0
https://doi.org/10.1103/PhysRevl ett. 125.221302
m, [eV]

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

nght AX|ons - RF cawty based searches - ngh frequenues

e Creating a linear cavity using dielectric discs: MADMAX Eur. Phys. J. C 79 (2019) no.3, 186

e Exploiting interference ettects
e Frequency range: 10-100 GHz

T T11t s 65 MHz - 50 GHz

.
- 10-°
4 —P >
L 7 9
- — > 10
> g 0SQ
- —> > 10 0
- 0
| > 10_9 A
.
< —> > — —10 > ; 0 0 D
= | Rgg O =
> —11 )
B | > 10 A7l A G
Mirror Dielectric Disks Receiver ) 1o . & N = B <
10 OQ,C e{& Q- E N O
O A2
— 10 B 47 2 \
— " aLIGO f
g‘ 10~ ORGAN % 4
15 anc | —" MADMAX
90 10 = = \ ALPHA
1016 é ‘(:3_ g ADMX
9 = =
1077 4 & =
9 a THESEUS
10—18 4 'E- XMM-Newton
5 @«
— eROSITA
10_19 [ TTTHI Illllllrré IIIIII| IIIIIII|| IIIIIIII| AL ALY BUALLLLL DAL WAL DR BN
AL Y A0 B L IS S WP\ \ V2 & A 0 0 v
A0 407 407 A0 XQ xQ xQ x() @ A0 40 407 A0 407 407 407 40" A0 40" 10
m, |eV]

[source: https://github.com/cajohare/AxionLimits |
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https://github.com/cajohare/AxionLimits
https://arxiv.org/abs/1901.07401

~ Light Axions - RF cavity based searches - New developments - - o clvp

e Lower Readout noise
e | ower temperature: <100mK in dilution refrigerators

e | ow noise amplifiers (ADMX):
T ~ 2.4 K 65 MHz - 50 GHz

a—

e Transistor based amplifiers:
e SQUID based readout: Thoise ~ 100 mK

e Jypical gain: 10 dB 07 crOWS o /@”“%
. &
hitp://arxiv.org/abs/1105.4203V 1 10-8 ' 4
109 v CAST Solar v e
;ﬂ 10-10 1o SHAFT ' T Horizontal branch SN@&
| S & < ;rﬂ il o >2 N “Ap,
\%@ Fermi _ g_’a;
e Overcoming quantum limit of linear amplifiers % E /: S & @I?
U = ’ y @ g 7
- : : e /] | 6‘% s
e Using squeezed states in cavity _ %% s &
- ' () (Oo} &
. ] . CSQ I 7 MADMAX <
e Using g-bits for single RF photon readout — 107y 5 A\ ALPHA
: 10—16 é A ADMX
https://doi.org/10.1103/PhysRevl ett. 126.141302 Lz %,
10 ERS THESEUS ‘ )
10—18 é hg XMM-Newton m
= eROSITA” 2
10_19 AL AL L | Illllllfl IRRRLLLL AL Illllllfl ALY DUARALLLL DAL AL AL

\ 9 % 1 6 % & % 2 A NV & . 2 . 2. & O 0 A
407407 407 407 107 407 407 407 407 407407407 A0 A0 407 A0 40T 4D 407 40

m, [eV]

[source: https://github.com/cajohare/AxionLimits |
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https://github.com/cajohare/AxionLimits
http://arxiv.org/abs/1105.4203v1
https://doi.org/10.1103/PhysRevLett.126.141302

Expectations on sensitivity for future experiments ,

65 MHz - 50 GHz
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m, [eV]
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Efforts in Mainz - SupAx setup ? ? B o

LNA (36dB)

— to spectrum analyser * Magnet bore: 89mm
< signal injection e Inner cryostat diameter: 50 mm

He return « I
I — to vacuum pump

e Suppression of 300K noise from outside:

IHe feed — | e Attenuators on input lines @ 4K

I — IN2 feed

IHe Cryostat - | Cavity support e |solator (Circulator) before Preamp
----------- Cryo Attenuators e Reduction of residual RF reflection

e Cryo Preamp @ 4K, 10GHz:
e Gain: 36 dB
-Cryo LNA (42dB) e Noise: 3.8K (0.06dB)

-.Cryo circulator
-Cryo switch

- 8GHz cavity

- Sample tube

14T solenoid magnet
(existing)

T — e
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DAQ&DataanaIyis o f \ \ \ \ e I

Kristof Schmieden

Attenuator

RF Cavity

e Signal Power (in 1kHz bin):
e 1023 W = -200 dBm

e Thermal Power (in 1kHz bin):
e 4K: 1019W = -160 dBm
e 0.1K: 1021 W = -176 dBm

Circultaor /

|solator

50 Q)

Pre-amp:
LNF-LNC4_16B

RF Switch to
bypass preamp

e [ec detalls:

e Pre-amp @ 10 GHz, 4K:

* Thoise = 3.8K (0.06dB)
e Gain = 36 dB

e Signal Power:
e 4-10-20 W = -164 dBm

Science Coffee seminar - Lund

RF input

Spectrum
Pre-amp | analyser:

RSA518

DAQ PC via USB3

e Pre-amp @ 10 GHz, 296K:

* [hoise = D8K
e Gain = 38 dB

e Signal Power:
e 3-10-16 W = -126 dBm
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DAQ & Data analyis o f \ \ f o B B \ \

RF input

Attenuator

Spectrum

Circultaor / Pre-amp: Pre-amp | analyser:

|solator LNF-LNC4 16B

RF Cavity
RSA518

50 Q) RF Switch to
bypass preamp

DAQ PC via USB3

e [ec detalls:

e Pre-amp @ 10 GHz, 4K: e Pre-amp @ 10 GHz, 296K:
* Thoise = 3.8K (0.06dB) ®* [hoise = O8K
e Gain = 36 dB e Gain = 38 dB
e Signal Power (in 1kHz bin): e Signal Power: e Signal Power:
e 1023 W = -200 dBm e 4-1020 W = -164 dBm e 3-10-16 W = -126 dBm

e Thermal Power (in 1kHz bin):
e 4K: 1019W = -160 dBm
e 0.1K: 1021 W = -176 dBm

Statistical Noise -> reduce by averaging

Kristof Schmieden Science Coffee seminar - Lund 31



DAQ Daa analyis o S f f f o ) clvp

Kristof Schmieden

1071°
10720

1072

Noise Power [W]

R 411 e A1) O A A

10722

T

10723

10724

T T (TE - T

&

t=1secC

t =10 sec
t =100 sec
t =1000 sec
t = 10000 sec
SNR =1

1072°
1072

107"

e Signal Power (in 1kHz bin):

e 1023 W = -200 dBm

e Thermal Power (in 1kHz bin):

e 4K: 10 W =-160 dBm

e 0.1K: 1027 W = -1/6 dBm

1 10 107

Tgys LK

Statistical Noise -> reduce by averaging

Science Coffee seminar - Lund
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e Real time acquisition:
e 112 MS/s (= 56MS/s of 1Q values)
e Max. 40MHz bandwidth

e |Q time series to app or file
e Conversion from IF -> 1Q in software

Kristof Schmieden

RF Downconverter

Low-Pass

Attenuator IF Filter

&8

Band-Pass

Oscillator

Science Coffee seminar - Lund

ADC

112MS/s

JG|U

DAQ&DataanaIyis % B B \ \ \ \ \ % o S D

Real-Time Digital Post Capture
Downconvert
& Filter Capture Displays

Live Signal
Processing

DPX

Real-Time Bandwidth Display Processing >

<

From Tektronix:
Fundamentals of Real-Time
Spectrum Analysis
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e Real time acquisition:

e 112 MS/s (= 56MS/s of 1Q values)

e Max. 40MHz bandwidth

e |Q time series to app or

file

e Conversion from IF -> 1Q in software

VSA

Attenuator

Frame

Low-Pass

Frame

Band-Pass

RF Downconverter

Frame

OO0 O0OO0O0000000000000000

-1,

7?!

mm

O0O00 000

Input

VVV\ NN

—
RSA

Processing Time

Kristof Schmieden

Frame Frame
FFET

OOO0O0O0O000 0000

IF Filter

&8

Oscillator

Frame

ADC

112MS/s

Y

< Acquisition time!

2

i

|7F

3

OO0 000000000000 000000

| Frame

Frame

| Frame

Time Sampled ——y-

——  NotReal-Time — / Missed
FFT FFT
Frame Frame
FFET FFET FFT
Frequency
Real-Time \4_ \ Domain
N , OO0 0O0000000000000000 00

/\/\/ Time

2

Frame

Science Coffee seminar - Lund

JG|u

DAQ&Daa analyis % B B \ \ \ \ \ % o - BN

Real-Time Digital Post Capture
Downconvert
& Filter Capture Displays

Live Signal
Processing

DPX

Real-Time Bandwidth Display Processing >

<

From Tektronix:
Fundamentals of Real-Time
Spectrum Analysis

33



DAQ & Data analysis

. Example spectrum open RSA |nput e Jest of Noise shape:

e 40MHz bandwidth e Divide adjecent 2sec Iintervals
e 2 second averaging
o 4kHz RBW 5
2 1.03:—
o 1.02F-
© -
10_6 % 1.01
X > -
5 0.35F E
m. - - | |
¢ 03 0.9 " g ek Al N“"‘
c;) C 0985— il ‘H l} "” “l i “ )||
o 025 S
- 0.97H 10°
[ SN BT v by v v v vy v v by v v by gy Lo v v b by X
0.2 8380 8385 8390 8395 8200 8405 8410 8415 8420
B frequency [Hz]
0.15
01 :_ normStat_2
u _8 120 — Entries 9088
0.05 I - I\sﬂtza[r;ev 0.0076871
B L\ 100_—
OF | | | | 1x10° 80—
8380 8385 8390 8395 8400 8405 8410 8415 8420 -
frequency [Hz] 60—
40—
20
0006 097 008 099 1 101 102 103 104

normalized power
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DAQ & Data analysis

e Example spectrum: test cavity at 4K
e All preamps ON
e Cavity resonance shape clearly visible

e Averaging over several hours requires stability:

* Freq.

<10 e Gain
60 — %  Noise
50:— | e Environmental condition:

- e Cavity: Pressure, Temperature
40— “ e Readout. Temperature, ageing
30— .

- e Reflections:
sol_ e Cause interference / beat frequencies

_ e Noise scaling behaviour changed

- e Non-gaussian noise components
10—

O:I l | l l | l l l | l l l | l l l | l l l | l l l | l l L™ l ] X106

8614 8616 8618 8620 8622 8624 8626 8628

~20ms of data
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_DAQ & Data analysis

e TwO approaohes for data Callbratlon

e Calibration measurement with B-field OFF

e Physics run with B-field ON normalized with calibration run
e Offline averaging
e Narrow band bump hunt for signal

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

Kristof Schmieden Science Coffee seminar - Lund
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_DAQ & Data analysis

e TwO approaohes for data Callbratlon
Baseline

e Physics run with B-field ON

e it of cavity resonance curve
+ Polynomial description of electronic gain variations

e Physics run with B-field ON normalized with calibration run * Repeat fit in regular chunks of data
e Offline averaging e Normalise data by fitted calibration

e Narrow band bump hunt for signal

e Calibration measurement with B-field OFF

e Offline averaging
e Narrow band bump hunt for signal

e Requires long term stability of setup (~days)

* Most likely not achievable e Requires stability over ~min
e Monitoring of drifts in DAQ for free

e Non-trivial modelling of signal path
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Expected sensitivity ,;

Scan rate: 1MHz/h

10_10 I i i 1I_'_| 1 0_1 0 El | | | | | U | | 11 | =
CAST Limit > E - RF1 cavity, single mass point @ 4.2K SU pAX E

11 8 11 B - optimised cavity @ 4.2K ]

1 O :I _ 1 O E_ optimised cavity @ 120mK _E

Wi = — =

. ) | _
_10742; ADMX PROAN 1072 =
s
© 10713 __,J‘_'_L ‘ HAYSTAC 10713 & —
é / — I //_
o / 1 O_.I 4 §_ | _§
107° =

1 0—1 6 i ] ] ] | I | | ] ] ] ] ] | I | | |

10-* 107 107 107
Axion Mass (eV) axion mass [eV]
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~Tuning of cavities

e Aim: scan a large frequency range
* Requires frequency tuning

Deformation of cavity

10.38 - 10.92 GHz - 5% 2.45-2.65 GHz - 8% 8.1-82GHz-1%

Movement of dielectric rods

Pressure change / gas chance

e Cavity within heat exchange gas

e (3as acts as dielectric

e Change in Pressure changes
resonance frequency

- «— J
//
"
Movable half

e Few % tuning possible

QUAX: arXiv:2004.02754 CAPP: arXiv:1910.11591
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Could RF cavities be used for something else?




Interaction with magnetic field |

e AXIONS:
e CDM: non relativistic

e (Gravitational Waves:

e Resulting E-field direction given by static B-field

L = —igaWaFwﬁ’W = guvva E - B

jeff D) gaw &ga BO ~ Wq (90, BO

e Preferred mode: TEop1o

Kristof Schmieden

e Effective signal current
enters Maxwell equations:

V°E:,Oeff——,0,
VXB_atE:jeﬂ‘——j

e GW excites different
mode compared to axion!

e Always relativistic
e Resulting E-field direction given by GW direction

jeff ~ Wq hBO

freq. of GW

strain of GW

e Preferred mode: TEoqo




GW waves exited higher order mode(s) in cavity

e Sighal Power

cav

1
Pig = 5 Qg Vli’ (nn ho Bo)’

Effective coupling to EM field,
dependent on selected cavity mode

‘ Sy Ex EL -3y
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Tn
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https://arxiv.org/abs/1601.05230

Recasting axion experiments into GW searches sl

e Expecting competitive measurements w.r.t. Haystack

Projected Sensitivities of Axion Experiments

e IR Ik IR L IR I B
) wg/2m € [0.65,1.02] GHz
I i g d1Q~8x10% By=75T
jo-14L GWs in SMASH ADMX D a6 L, T b6 K
i g wg /27 € [5.6,5.8] GHz
-19[ - HAYSTAC —{|@~3x10% Bo=9T

wg/2m € [1.6,1.65] GHz

dlQ~4x10% By=73T
CAPP Veav = 3.47 L, Tsys ~ 1.2 K

10724

,\\\ /
\\ 5
. EDGES
GB [AXO SPD IAXO HET

JURA ALPS II
[AXO

wy /27 = 26.531 GHz

ORGAN - Q~13x10% Bg=7T

%av N/ 0-0078 L, Tsys i 4 K

10729}

Eq. CGMB

— GWs from preheating

wg/2m € [1,2] GHz

vV
SQMS params. — //A%; 1_0610593 _TfySTN f KP//

10—24 - ”il(;l_% - Hil(;l_m | 10 2 10 0 ”10 19
Strain Sensitivity hg

GWs from thermal plasma

| S TN TN NN AN NN (NN NN (NN NN N NN AN NN SN N NN NN SN AU NN N N S S S N . |

vl ool ool voud ool ool o

10~ 1077 10" 10° 10> 10’7 10° 10! 1013 10'° 1017 10'°
f |Hz|

E

[arX1v:2112.11465]
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‘Summary ALPs & Axions: |

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

Stellar / Cosmological observations

= g B : —
N

~ Accelerator based

Forward
H-
searches

Light-shining-though-wall

= e

Helioscopes

Haloscopes | Beam dump

DM predictions —4 ee-ya-yyy

10-12 10-9 10-6 10-3 100 103 106 109 1012 [eV]
MeV GeV TeV

NB.: Only a personal selection of experimental approaches was shown

Kristof Schmieden Science Coffee seminar - Lund
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Advertisement: Wavy Dark Matter summer in Mainz |

17TH PATRAS WORKSHOP ON
- AXIONS, WIMPS: AND WISPS

08 - 12 August 2022

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 1/7th 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)

Kristof Schmieden Science Coffee seminar - Lund
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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/

BACKUP




- Axion Spektrum from the sun

e Blackbody radiation in solar core in keV regime
e Convert to axions in sun’s magnetic field

Primakoff effect

—~ 8000

Energy [keV]
SIES SN S

o ]
Axion flux (cm™ s keV

Sun

Energy (keV)

000 005 0.10 0.15 020 0.25 0.30
Radius

I146.6

122.1
97.7
73.3
48.9

24 4

0.0
1.0 p

2
0.5 7

o
10.0

e Axions mainly produced in core of sun
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Lightion - RF cavity as seares o - o \ clvp

e I[ntegration time is defined by targeted SNR

e Null measurement with expected SNR 5.1 <=> 95% CL
upper limit on ga,,

. Integration time |

e Main figure of merit: scanning speed

O Gary (]
ot  m2 \SNR

K Bandwidth of the readout
0 AX|on line W|dth = 1kHz,

Kristof Schmieden Science Coffee seminar - Lund
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~ Light Axions - RF cavity based searches - Proposed experiments % o ) clvg

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

65 MHz - 50 GHz
00 OO

(sl \ '

&J|*

6|0 1o~

&
g
10-7 CROWS @ 5o é:
. 10-8 OSQAR @“
1.0 7 Solar v SN1987A
8 08 102 CAST ®
S F— 10 Neutron st Horizontal branch Sy
a 0.6 — Ideal v 10 . Mk 421 ;‘ I |eurﬁmsar8 oo . 19874
o . | —11 s : S 5 &
= 0.4. :  —4— withtolerance > 10 725 a5 %
o : ---- Single cavit : <~ a ey 4
N : 9 Y Q ~12 C S i S S 2
& 0.2 fmmmmmmmmmmmmmmmmmemoe- = & 10 Vs ||| G & > 3 o
: /A o
- 0.0 — 1071 5 I /’)‘ O‘% .
0.00 0.03 0.06 0.09 012 015 = 014 aLIGO W K %
o
Center gap (relative to the cavity diameter) C}% i e | ‘.’.1 ‘AA%RI\EIE:E > (
10 W o ALPHA

X

VS
THESEUS ‘ X
XMM-Newton &

e High frequencies:
e Use higher order modes in large R cavity
e (ORGAN) TMozo 26-27 GHZz

e Need to introduce dielectric rings to keep coupling high 1@ Ty T
https://doi.org/10 1007/978_3_319?92726_8p14 e TS 10 30 30071070 40 0 0 0 0 A AT AT A8 40 4T 4 4l

m, [eV]

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

uids ajoy Moerg

cod pod ccrood o g

eROSITA \
llllll| lllllllfl AL DAL DAL NSNUALALLL ALY DAL ALY L
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https://github.com/cajohare/AxionLimits
https://doi.org/10.1103/PhysRevLett.125.221302

GW waves exited higher order mode(s) in cavity f B o

e Signal Power

31g — 9 ng V5/3 (nn h() BO)2

Ccav

/

Effective coupling to EM field,
dependent on selected cavity mode

‘ Jv.. ’x E;, - j+ X
T ,
VA2 ([, dx [B,2)"?

Kristof Schmieden

Yy [Rcav]
o

effective current

0.5

Y [Reav]

TE212 mode

electric field

0.5

—1

arXiv:2112.11465]

49



Heavy aX|ons - Colllder Based Searches o I D

° Productlon modes (at the LHC)

Photon fusion

e Decay channels considered

| Q

Photons

Kristof Schmieden

Z Boson / Higgs Boson decays

Gluon fusion

o ot

o eamms 4o

N
N
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4 +
q < /r, T o /b L2
— — a_
- - \ _
a b 4
Leptons Quarks Invisible
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Heavy xios - Colider Basd Seahes His decays o o o o clvp

*
L
.|-
. /[/ £
\\ 2* 2 | N
_ / { * Event selection exploiting:
e —
- // \/’4‘»
! RS
< _ e Usually MVA methods utilised to reduce background
b
* Associated Z boson: e Axion mass reconstruction:

e | epton final states considered

e Fasy with leptons in final state
e Fasy Triggering

/ & ZI e Hadronic final states:
0‘/ 5% Z// e \Worse mass resolution
? Yy, / e Attempts to reconstruct mass using NN
N\
N N . ,C_,-i. X N
% a \<//,l | a
821

* pp = HVvs. pp -+ ZH

e 65 times larger cross section
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Example: H - aa - 2b2p Phys. Rev. D 105 (2022) 012006 CMS: Phys. Lett. B 795 (2019) 398 €

e Background: Drell-Yan + jets, top

e Fvent selection (ATLAS):
e Using kinematic fit to optimise 4-object invariant mass
e MVA method exploiting dijet and dimuon kinematics

E 50_| |||||||||||||||||||||||||||||||||||||||||||| L

o —  ATLAS e Data 4% SM total -

» 40— 1 DY +jets tt —

t E Vs =13 TeV, 139 fb B Other + =
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10: /| X A g 4 " A |
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(= m,,,, bin center [GeV]

. 13 TeV
-] -
e Event selection (CMS): < [, CMS — Backgrounds
C : : - Simulation

e Defining chi?2 variable based - — h—aa, — uubb
on relative mass ditferences m,, = 40 GeV

10_1:—
X _(mbb_myy) B
bb —
Ibb -
10'2:—
N (myybb_mh) N
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N B
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https://link.aps.org/doi/10.1103/PhysRevD.102.112006
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-011/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-03/

Example: H - aa - 2b2p Phys. Rev. D 105 (2022) 012006 CMS: Phys. Lett. B 795 (2019) 398 [l

e Background: Drell-Yan + jets, top Local: 3.30, Global: 1.70 @ m = 52 GeV

e Event selection (ATLAS): ~ oo
e Using kinematic fit to optimise 4-object invariant mass 5§ 4 ATLAS —— Observed 95% CL upper limit |
e MVA method exploiting dijet and dimuon kinematics ! - 1s=13TeV, 139" === Expected 95% Gl upperlimit 5
S 0.7 — - Expected limit (= 1o) —]
E 50_| |||||||||||||||||||||||||||||||||||||||||||| T 1\ | « imit (= 20 _
S E ATLAS e Data 4% SM total = T o6l Expedtediimit(=20)
o0 40— y DY +jets tt + = e B _
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,x10° 35.9 b (13 TeV)
5 1 13 TeV % ~  95% CL upper limits CMS
o Event Selection (CMS) S (.;MS/ . —— Backgrounds ?A e Median expected
e : : - imulati - B 95% expected
o Defmmg chi2 varllable based : —h—aa,— uubb S_ sl [ e8% expected
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https://link.aps.org/doi/10.1103/PhysRevD.102.112006
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-011/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-03/

Photon collisions using proton - proton beams ' CMSPASEXO-18-014 el

e Scattered protons need to be tagged
e |[nvariant di-photon mass depends on proton tagger position & LHC optics

oCMS & TOTEM: K

: Y
Leading Protons measured at
gyl et - C?MS Experimental Area (IP5) v
p p
l I
Elastic selection 9.4 b (13 TeV)
> S e e e -
8 10°=CMS —e— Data =
= Preliminary tt +j (NLO) -
S - Incl. Zy ]
— B o Incl. Wy 7]
- 10°E Incl. y =
(2 = ] Incluswe v +j (NLO) =
- - 1 QCD (e-y enrlched) -
g’ B $ —— SMyy—vy (x5000) 7
T Ty :
TOTE M E xXbe r‘ll me n-'- Leading Protans measured at = S ST
P +147m & +220m from the CM.S - *\ =
10 = =
— | | | | | | | | =
_O' :_I | | | |
. o | é%

e Measurement can be interpreted as ALP search L e \\&

+«~ 0.5 N\ -\-\-\-\-\-\-\-\-\iis-\
* [N progress S of nnnkk

0O = NN r \\\\\\\1\\\\\\
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https://www.sciencedirect.com/science/article/pii/S0370269319305404?via=ihub

ALPs @ LHC: Mono - X signatures - D

—ry
[
‘7\\ 2 e ALP

a /
/
S
_ / e Decay to invisible particles
4 e Long lived oeille
Cs q
¢ Qeﬁﬁe P
/
e Missing transverse energy ~
typ. > 200 GeV \\
['wvv.t(‘{(( % \< Q7N+

o e NO reconstruction of ALP mass .-
%ffﬁ S z,/u
3 yd
s
/

[4 e Final state particles:

e [riggering
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ALPs @ LHC: Mono - X signatures @

(wvili

X
[
/

7\\ :
4’/ !

e | argest backgrounds
e Electron / Jet mis-identified as photon
e //W + photon processes

['\4 vvs C| { C

SN
‘J [ .

Cs

a
/
/S
4

e | argest backgrounds
e //W + |et processes

Kristof Schmieden

e ALP
e Decay to invisible particles

e | ong lived

e Missing transverse energy
typ. > 200 GeV

e No reconstruction of ALP mass

e Final state particles:
e [riggering
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e | argest backgrounds
e //, W/
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