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Some Open QuestionX

ADespite remarkable success of:

A Standard Model of particle physics (Stgcoveries of the weak gauge bosons, the
jdzk N} = Gl dz ySdziNRAy23 |1 A33a 62a2y X
A Standard cosmological modgICDM: Consistent with all data from the Cosmic Microws

Background, largscale structure, gravitational lensing, supernovae, clusters, light element
I 0dzy R yOSazx X

ANo doubt about need of new knowledge in physics:
A CPTinvarianceofS® I FGSNJ . A3 . Fy3 0KS ! yYADBSNARS ¢

' Matter-Antimatter asymmetry (violations obarion number, CP and equilibrium)
A QCDLagrangiarcontains a CP violating term (strong CP problem)
b EDM for hadrons  n
"bthere should be CP violation in the strong sector - *
AgS R2y QU dzplivSchEdark ryfaRer, daikk®nergy, or inflation.
A2KId Aa GKS 5FN}] allOdSNK b2 LINIGAOES 2F {a OFy
A Who is thenflator?
A What is the origin of Cosmic Acceleration?

A Dark Energy or Modification of General Relativity?
A [ or dynamical component (e.g., an ullight scalar field)?

A How DM, DE anidflatonfit into extensions of the Standard Model of Particle Physics?

ABeyond GR, ST, GQUGraetc. towards Quantum Gravity?

A Very hard to devise experiments to test theories



The strong CPproblem in QCD

A (permanent) neutron EDMI, that violates CP is expected from simple arguments:
A Neutron: neutral particle but consists of charged quarks
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A from low energy effectivéagrangiarof QCD in standard model
QQCD
272
A QCD calculations (perturbative and lattice) lead twEDM

Logep = TrG,,G*’  aterm that violates CP (non trivialvacug
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A If besidesQCDone includes theveak interactions
the quark mass matrix (CKM matrix) is riagonal and complex

fl PREAS | R o o1 8o, CP is conserved if My (Mckm®

Todiagonalizavl one must perform a chiraltransformation by an angleof Argdet M
whichchangeg into
Oiotal = docpt Argdet M



Solutions to the Strong CHroblem

R.DPeccelect.NotedPhys 741,3-17 (2008)
A Thestrong CRroblemcanbe statedasfollows:

why is the angleq..;, comingfrom the strong and weak interactions, sosmalf?

C1tota| : 10_10

w There are only three known classessofutionsto the strong CP problem:
1) Anthropic principlen;, is small from initial conditions (fine tuning)

2) CP is broken spontaneously and the induggg, iIs small{he models which

lead toq,, © 10-1%are rather complex and often are at odds with cosmology)
a dynamical field? 0(t. x)

3) A chiral global symmetry Ughdrivesqg;, o 5 Energy — qenerted by D
l.e. to a CP conserving limit
(onlythis seems viable solution, although it \/
necessitates introducingew global, ) T 1 0

spontaneously broken, chiral symmetry)




QCD AXIONS

A Introducing a globadl(1)osymmetry which is necessarily spontaneously

broken, replaces P — e'59)
q Y a(t,x) / f,
Static CP Viol. Angle Dynamical CP conserviAgion field
and, effectively, eliminates CP violation in the strong sector
- 2
g s Y s Ui s
Ld —d32, 5 Fa Fas : a fa 32’02 a " amn

f,1s the scale of the breaking of thé&(1).osymmetry, whilea(x)isthe Nambu-
Goldstone axion fielcassociated with the broken symmetry [WeinbeWyilczek

A Axion particles are excitations ofta
Almost model independent prediction:a ¢ ¢ and mf @m,f,

A QCD axion mass with perille accuracy!

M. Gorghettg G.JVilladora o 1012 GeV
High Energy Phy2019,33 (2019). ma = 5.691(51) peV ————.




e AxXxl on Tentati ve

AAxions as solution of strong CP problem in QCD ¥
A neutron EDM ¢,<10%%e cm) >

dﬁu P d¢

A Why so small? (QCD predictiorrt@ cm) - oA

A Solution as dynamical (CP conserving) axion field T "
A Axion models DSKZ and SKVZ T

AAxions as CDM in cosmology

A Need for Dark Matter from precision cosmology
A Axion can be efficiently produced in the Early universe
A Alight axion(m, < eV) can solve DM mystery

A Axion& CosmologyAxion& Astrophysics

A DM Halo different models)

A CosmicAxionBackgroundCaB

AAxionassource ofmatter-antimatter asymmetry

A Kineticterm qfrom explicit breaking of the axion shift symmetry in
the early Universe
A PhysRev. Lett. 124, 251802 (202@hys RevLett. 124, 111602 2020

AAxionfield drivinginflation




AXions?

PHYSICAL REVIEW D

Institute of Theoretical Physics, Department of Physics, Stanford University, Stanford, California 94305

We critically examine various existing experiments which could provide evidence for the axion. Although
our conclusions regarding the existence of this particle are somewhat pessimistic, we discuss other possible
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Do axions exist?

T. W. Donnelly, S. J. Freedman, R. S. Lytel, R. D. Peccei, and M. Schwartz

(Received 21 March 1978)

experiments which could throw additional light on this question.

1 SEPTEMBER 1978

A The Peccei Quinn Weinberglczek PQWW axion model:

scale

PQ simmetry breaking at the electroweak
.~ 250 GeV -> m,~ 100 keV

A Searched for antuled out in several beam dump experiments

Electron beam dump @ SLAC

VACUUM 7
PlPE] N ﬁgtJEIYER
7 ‘ 55 m 4 K
-Qz---U-- BEAM— — — — — — — — ML
REMOVABLE VACUUM DUMP  STEEL DETECTOR
WATER PIPE
TARGET

R.Peccei,H.RQuinn, PRL38(1977)1440
R.Peccei,H.RQuinn, PRD16(1977)1791
S. Weinberg, PRL40(1978)223

F. Wilczek, PRL40(1978)279

FIG. 2. Schematic of the SLAC beam-dump experiment
showing the location of the detector and shielding in re-
lation to the end station A beam dump.

PRD 18, 1607 (1978)

COUNTER
B MUON SHIELD NEUTRINO
BEAM DUMP MUON FLUX MEASUREMENT BEBCEXP‘
GAPS | l GARGAMELLE
;// \ \\ /
400 GeV | %% 1,
PROTONS _'CuFe —V 9% /%/,//724;/’/,;72 B i *H
i%_,a,‘*,,, - . _,_| | |
120m 300m 400m P isom !
Proton beam dump @ CERN ot

100m

Fig. 1. Layout of the CERN SPS proton beam dump experiments.
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Other models for the axion

A However, otheraxion models (QCD axion) have been devised

DineFischletSrednickiZhitnitski(DFSZ) | | KimShifmarVainsteirZakharo(KSVZzZ)

M.Dine W.Fischler,M.Srednicki,Phys.Lett.104B(1981)199 J.E.Kim,PRL43(1979)103

A.R.Zhitnitsky,Sov.J.Nucl.Phys.31(1980)260 M.A.Shifman,A.l.Vainshtein,V.l.Zakharov,NPB166(1980)4¢
A 2 extra Higgs doublets A New extra heavy quark
A New complex scalar A New complex scalar

A solutions to the strong CP problem that conveniently avoid all constraints from laboratory
searches and stellar evolution by makig@rbitrarily large

A low mass n, < eV)andvery weak couplinggor f, >>V, ..

e.g. for PQ symmetry breaking at the grand unification scale@@V, all axion production and interaction
rates suppressed by 25 orders of magnitude relative to those of the PQWW axion

It was born the idea of thé A Y @A & A dhét Sontinied téeyadedall current experimental searches
Models list not exhaustive axions can be embedded in SUSY or GUT

Fortunately, thefinite age of the Universemplies a limit on how largg,, or equivalenthhow smallm,, can
be

To Do o Do

A could affectcosmology
A could affectstellar evolution
The axion A could mediatenew long range forces
A could beproduced in terrestrial laboratory

A could be a main component &fark Matter



Axion interactions

ASeveral interactions are possible




AXion interactions 2

AAxioninteractions are model dependent, normally small
differences between models

Axion photon photon

/ \ ag\ i i __ g,=0.36 (DFS2)
ql ;Cayy‘—‘— —'T_I']T aE-B=—ga77aE B
- a g,=-0.97 (KSV2)
—_q 8 M
Oy = Gy
ay Qp mpfp

Axion electron electron

o _<e L =-g@8gea o ET‘B =407 10"m,  (DFS2)

e o P

0. ~ 0 (Strongly suppressed) (KSVZ)

All couplings are extremely weak!



AXxion interactions 3

A Axion interactions are now model dependent

Axion photon photon

g,= 0.36 (DFSZ)

Loay™ —(-— ——)aE-I§= —gawaE-B'
g,=-0.97 (KSV2)

A If the axion mass is lighter tham2,, we can calculate its lifetime

83 f2 310% o) Wheret F nl’snisthe age of the Universe
t(a- 2g)—2’0 f. 0365 10 geexos u
g,a° m; g, ¢Mm.+
310/ 0] %
@ 10tgee¥0 ST oo DA A o] =i SR 2T S I U

g, ¢M.=+ lifetime corresponding tot,.



Cosmological axion origin

A In the early universe axions are produced by processes involving quarks and
-> Hot dark matter (BAD)

A Other mechanisms in the early Universe are fleermal: thevacuum realignmen

mechanisnmand thedecay of topological defec{axion strings and domain walls)
A Cold dark matter (GOOD)

A Vacuum realignment mechanismelaxation of the axion field after breakdown o

the PQ symmetnp The expected cosmic mass density of axions depends on
whether inflation happens after or before PQ breakdown

, A Theseregionsobtainedby assumingaxion saturate DM density.
Allowed regions of mass |owervaluesof m, would overproduceDM while higher masses

(decay CO nstant) would leadto subdominantamountof axionDM
A If axionsexistat leasta fraction of DM are axions

After inflation Npyw > 1

After inflation Npw = 1

0« 6, Beforeinflation 0, > = Subdominant

R LAY L LLLL S L OB L L L L L L ALLLLLY L O L UL i |
1000 107 10° 107 10° 1wet 10t 102 1w* 1w 10 10!

m, (eV)
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The pre and post inflationary scenarios

A Difference between the preand post inflationary scenarios isredictability:

A Inpre-inflationary there aretwo continuous free parametersan angleg and the mass m to
obtain the observed dark matter density

A Inpost-inflationary there is one continuous parameter, jrand a discrete one N.
U In principle the observed DM density predicts the value of m
U Due to nonlinearities, computing this mass accurately is a real challenge
U Recent works make use of large static lattice simulations

n Nature Communicationgolume13, Articlenumber:1049(2022)
Select SciPost Phys. 10, 050 (2021)

log(m,/H) = — 4 log(m,/H) =5 log(m,/H) =8 log(m,/H) =9

More axions from strings

Marco Gorghetto!, Edward Hardy? and Giovanni Villadoro®

| | | o [')mpl‘]'— l;' IHL:sLI‘hImann ‘21, |
oo o iz Ballesteros 17 : ARTICLE RS A0
M I ‘ ‘
Petreczky '16 Buschmann 20 | _ . ‘ . .
Mo erkowitz 15 Dark matter from axion strings with adaptive mesh
. Fleury ‘15 .
| | | [ N | l| | | | |Ll |\ (| | reflnement
10_6 10_5 10_4 Malte Buschmann'®, Joshua W. Foster?34™ Anson Hook®, Adam Peterson®, Don E. Willcox®,
mﬂ [eV] Weiqun Zhang® & Benjamin R. Safdi@ 34
Postinflationary scenario a 1 l-IJ Tt microeV 13



https://www.nature.com/ncomms

Can we detect axions?

ASearching for axion extremely challenging
AExploit coherence effect over macroscopic distance/long times
AMost promising approach: use

Primakoffeffect: Y e
scattering from an electromagnetic

{‘
field (virtual photon) ’ il

In the presence of aaxternal field(magnetic or electric) thaxion and the photon mixand
give rise tooscillation/conversion

i i
A Higher magnetic field are easily Eay/?

obtainable than electric fields.
A _Strong_ magnetic fifelds are key 0 =g a m

ingredient of all axion searches ¥ Y pm,f, i

Classical EM field Sea of virtual photons Primakoff Effect

(8002) 182 ‘6% "SAud "dwaeluo) ‘[e 1asored 9



Axion Like Patrticles (ALPS)

A An ALP is a particle haviimgeractions similar to the axionwhose origin is
expected to be similar, but witdifferent relation, respect to the axion, between
coupling constants and mass in general UNRELATED

A For example, string theory predicts a large spectrum of ALPs, p$¢amibu
Goldstone boson of a symmetry spontaneously broken at very high energy

A For example, in the case of the photon coupling

1 L

LALP Zﬂ aﬂma mALPa gaggE xBa

With g, a free parameter to
be determined experimentally

A Experimental searches are mainly directed to AlPsorder to relax the coupling
parameter. Experiments looking for the ALPs are, in principle, sensitive also

axions

A We will often be using the word axion in a generic way including ALPs, explic
sayingQCD axion for that ALP that solves the strong CP problem



WISPs

AWeaklylnteractingSim Particles include a much wider lists:

A Axion and Axion Like Particles
A Hidden Photons
A Milli Charged Particles

A Chameleons, massive gravity scalars

AMany of them share properties of the axion, and in principle cou
be searched for by the experiments that will be showed

Alt will be difficult to attribute a possibldiscovery signalo exactly
the QCD axioA, asmany different signals as possible needed In
order to discriminate between QCD axion and ALPs



Main detection strategies

A global list not necessarily complete

A. Pure laboratory experiments:

1. Polarization experiments
_ight shining through walls (LSW)
3. ~1fth force measurements

B. Solarhelioscopes
C. Dark matterhaloscopesnd other DM receivers

D. Astrophysics, cosmology: stellar evolution/dynamg@gsy

transparency



Detection schemes

A Most of the searches based on thgion-photon coupling

A Production and detection ofxionsin a terrestrial laboratory

Polarization experiments Light shining through walls

Fabry-

Detection ofaxionspresent into the
c Galactic HaleHaloscopes

AE/E ~ 10711

Amplifier

D e

! T ) EEEa > Frequency
\ - ‘ ; Maxion (energy)

detector

magnet

(8002) 182 ‘61 "SAud ‘dwaiuod ‘e 1asoeln :wol sainoid ||



Axion-photon coupling [GeV 1]

Current constraint Axion Photon Coupling

106

07 Light-shining-through-walls Polarization

Lumped Elements

-8
10 Haloscopes

10_9 SHAFT ABRA
10-10 Helioscope CAST

10—11
10—12
10—13
10—14
10—15
10—16
10—17
10—18

Astrophysics

Telescopes

Hal oscopes

5
9,
QO
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Comparison

Lab Experiments

Axion Like Particle
Wide band experiment

Optical photons

Helioscopes

ALPS & QCD Axion
Wide band experiment

X rays photons

Haloscopes

ALPS &CD Axion

Resonance experiment

Microwave photons

Strong model dependen:

G/Iodel Independent Model dependent
| [ |

Low axion flux

Medium axion flux

High axion flux

Low sensitivity to alps

— |
Good sensitivity to alps

Reaches axio

coupling coupling; high mass axion models
S TTheme
(a) ’ By | Wall | B |[:;Z::" \ Cavity o l ) f=mgch
"*E,—Wj vy t a I T L i Ry O gY Ef’“’ AR
’Tagﬁ [ Magnet | magnet J a \E’E?’f ;

laxion

C




[A] Pure Iaboratory experiments

o oL by

Polarization
experiments

Light shining
through walls



[A.1] Pure lab: Polarization experiments

A Seminal paper bilaiani Petronzioand Zavattini(1986)
A Experiments aiming at measuring thragnetic birefringence of vacuum

(QED)

A Alinearly polarisedoptical beam traverses a static dipolar magnetic
field region: arellipticity y and adichroismr indicatevirtual and real

production of axions

Index of refraction of vacuum

nvacuum :1+(nB ) ikB)ﬁdd

Fabry-
Perot

«—  —»

aX'O” absorption E" ‘

T

axion

\da

M
Y,

ek ATATATATAS - AV ,/
« | . . g
| __ dispersion /\/5

QED:E ’éa _ -

P

7 7
ARG
g i E;
B B [ y | 7
Ep | /// /?
7
+ /
7 7

Two independent measurements:

andellipticity y

22



[A.1] Pure lab: Polarization experiments Il

A Alinearly polarisedoptical beam (frequencyv) traverses a static dipolar magnetic field region:
ellipticity y and adichroismr indicatevirtual and real production ofaixions

Index of refraction of vacuum An = n-—n, # 0|
_ : _ Ye T m 4
nvacuum _1+(nB B IkB)ﬁdd D( _ K| B k'\ 5 O p
Measured effects Relation with axion parameters
2 LN 2 6 Z
Pksin2d  jak| =2 <9“VVB°L> (Sm x)
4 X m?lL
2 2 * = 4w
: B Sin 2x
y—p—Dnsm2.J An| = 2920 (4 _
/ 2m, 2x

o ; Natural Heaviside Lorentz units
N ¢ number of passes, dlength of magnetic field region 5

1 ¢ angle between light polarization and magnetic figid

From two independent measurement we gebupling constani,,, and massm,



[A.1] Pure lab: Polarization experiments llI

A Alinearly polarisedoptical beam (frequencyv) traverses a static dipolar magnetic field region:
ellipticity y and adichroismr indicatevirtual and real production ofaixions

High magnetic dipolar field B y,ru B2
Optical cavityto amplify signal: N = 2_F
FabryPerot resonator witHinesse F D

Ultra high sensitivity polarimetry: modulatiorof the effect for
heterodyne/homodyne detection scheme

m, £ 2pw » 1 meV
Peak sensitivity depends on magnet length VL



Polarization experiments apparatuses

PVLAS @egnaro(1992¢ 2008)

FabryPerot
N ~ 50 000

( b ) ENTRANCE MIRROR

5T
Rotating Super
conducting Magnet

END MIRROR ELLIPSOMETER
\ 10 M
| . o

Tl T L |

CBA DIPOLE

PVLAS @ Ferrara (20Q2919)

FabryPerot Rotating permanent magnets
N ~ 300k FabryPerot N ~ 500k

Pulsed | O 4N
Magnets -—;ng“ ==

Other apparatuseQ&A (Taiwan), OSQAR (CERN)

25



Experimental schemeHeterodyne (PVLAS)

Modulation of the effect allows to increase sensitivity

ly polariser T Ht) carrier ellipticity analyser :
I Tr
Z 4 ;
mirror magnetic field mirror Nviop

I = 10852+ (v (0 +A(0) +a,(1) "]

7w LN ,
= 1,85 % +(A(0)? +2y A1) +2a,OA() +...)t $(t) ox ——B"sin26(t)
signal noise
| TR(N) 4 Modulations:
______ A Field direction
h42 A Field amplitude
I A Polarization direction
hy I Intggration with time allows to IookvfoAr
Nvoo nS|gnal nI\/IOD"'nS|gnaI 2 S l cl' = 7\ 3 y l f E 7\ y O S y

nI\/IOD 2nMOD



PVLAS @ Ferrara

A Anew redesigned apparatuwith respect toLegnaro
A Based ontwo permanent magnet im long, 2.5 Trotating up tol0 Hz(reduced 1/f noise)

A Ultra high finesse optical cavity: L = 3.3 m ; F = 770 000 ; amplification factor N = 450 000
A Optics suspended onsingle granite optical table 4.8 m long

Final results

AnPVIASTFE) — (124 17)x 1002 @B =25T
| A |PVIASTFE) — (10 £28) x 1002 @B =25T.  Physics Report 871, 1 (2020)

1x1073

10 F ! 2 an>0 5 ? E sx106 F n
E v An<O - ! ] L

-18 ® undefined sign
10k ; ;

OVAL :
ABFRT ]

1x10°°%F

5x107 | Q‘l\}& il
ST

1x1077 | i i ! — —

5% 1078 / %Rptation PVLAS

; L
15 2020 \ \

1x10-* L ALPS coupling limits

1x107* 2x10™ Sx 107 e eeem aen el

107 ¢ —PVLASANLS oo o 5 FBMY =

VIEAS Toast
FVLAO=-TESL =

Measured value of |1Anl / 82 [T 2]
Coupling constant g (GeV ™)

10 ¢ Predicted QED value

10 ‘f ! i 1
1990 1995 2000 2005 2010

Year

-

Axion mass m (eV)

PVLAS total integration time 59€ 27



PVLAS @ Ferrara

Vacuum
chambers

Complete
apparatus

Movable
mirror
holder

28



[A.2] Pure lab: light shining through walls (LSW)

A Productiondetection type: seminal ideas i®kun(1982),Sikivie(1983),! y & S €
(1985), Van Bibber et al. (1987)

A Due to theirvery weak interactionaxion maytraverse any wallbbpaque to most
standard model constituent

A Axion can transfer information through a shield
A Axion can convert baakregeneratec photons behind a shield

Production Regeneration
Photon
By Wall By Detector
Yy + a I T
Magnet Magnet

29



Pure laboratory: LSW

w ¢ photon energy By

- Y Aa .........

+«— L —»
Conversion probability in a magnet

1 1
P :z(gaggBoL)z > Z(gaggBoL)z

L2
Inx

Total probability

4

Plg- a- y)=P*" g,

Figure of merit
1 w N1/8
o BL Pl/4 1/8

sens(gayy)

A

A
A

A

Low noise

photon detector

............... T i

e R w—
Coherent process

_ m°L Phase difference between

1] axion and photon fields
4w

Coherence can be tuned using a
buffer gas in the second magnet

X

High magnetic fieldB

_ong magnetd
High laser powelP

Ultra low noiseN receiver




(Some) LSW apparatuses

OSQAR @ CERN

State of the art
CCD detector

SpareLHC Dipoles
N 9 Toverl14.3m

20 Wcw Laser

ALPS | experiment @ DESY

84 m 7.6 m
_________________________________________ 4. 4.,

v stray Iighti <m0 EM Wall A Detector Bench
- Laser Bench sensor \\
5 L LN E T = P
o A | F=\
E 4 - / e E\ — HERA dipole Magnet e / M
' I_El EF i Production vacuum tube Regeneration vacuum tube .
: PD2 : \

\\ \- SRR ' Reference Beam / Shutter

\(_:_’Y\\ 5 :
Resonants \ g single-frequency E

i\ ] MOPA laser i
SHG ’\?7 :
PD1

-———

A ResonanfFabryPerot input cavity

A Effective input power 1 kW

A 5 T Hera Magneg 8.8 m total length
A CCD detector

Othersexps

A BMV @ LULI

A GammeV@
Fermilab

A CROWS @CER

(Microwave
photons)

o]



Resonant LSW: ALPS Il @ DESY

A Resonantly enhance production and regeneration process by ositched Fabry
Perot (FP) cavities within both magnets

Photon
(b) Detectors

-

Matched Fabry-Perots

1 W N1/8 A Extra gain with the two matched FPs
SenS(ga’Y’Y) X B Pl/4 (F1F2)1/4 +1/8 A Finesse$, F, larger than 16
I

This Is the task of the ALPS Il project in DESamburg

A 120 + 120 m resonant Fabry Perot cavities
A 12 + 12 High magnetic field HERA magnets
A Transition Edge low noise sensor (or optical heterodyning) 32



Resonant LSW: ALPS Il @ DESY

~ 100 m ~ 100 m
- e - -
| | O O N O O
Laser I """"""""" Detector
N O (|
Production cavity Regeneration /4
(PC) cavity (RC)

HERA dipole magnet

Improvement with respect to previous
generation experiment

Parameter Scaling ALPS-I ALPS-IIc Sens. gain

Effective laser power Pjser Gary X P]_l\l“l 1 kW 150 kW 3.5

Rel. photon number flux n, Gary OC /1;1/4 1 (532nm) | 2 (1064 nm) 1.2

Power built up in RC Prc Jay X P,T,l, & 1 40,000 14

BL (before& after the wall) | gqy (BL)™! 22 Tm 468 Tm Z1 -
Detector efficiency QF Jary X QB 0.9 0.75 0.96 7
Detector noise DC' Jary o< DCY®10.0018 s~ | 0.000001 s~ 1 2.6

Combined improvements I 3082 I

Among the challenges to be addressed:
A Frequency matching of two high finesse FP cavity (mode matching by design)
A Single photon detection with ultra low noise

A Adaptation of HERA magnets (curved) to linear cavity 33



ALPS Il status / progress

Longest storage time Fabry Perot cavity ever!

Length: 124.6m, FSR: 1.22 MHz
Storage time: 7.04 ms

Regeneration cavity

I N T
ALPs §|
e o I e o o ﬂ ) :W | I
Ooo0000 detector

s ELHLATEL magnet string

RC storage time on 2023-06-09

Laser Off

\

|

|

Laser On |

0.7 1
|

|

|

©
w

o b ¢ resonant

305 Number of m rements: 14

E - Stiora:ec:imee:iu.oi teO.t§1 ms en hacement VS
T single pass

o
N

o©

o

o [EEEEsie e R B R

Time (ms)

The ALPS Il First Science Run | Aaron Spector | Patras 18 | Rijeka, Croatia | July 6, 2023

Heterodyne sensing

AMix weak signal with a frequency f shifted local oscillator
E beat note signal

ADetection of a photon flux corresponding to 5-10-2* W
demonstrated.
ASensitivity of 102 W demonstrated.

o [INNANAAR @\AA_ Jsignal

"local oscillator" "beat note"

Jro + fvignal
"weak field"

102

\\ Signal present at 2.4 Hz
10 ¢ s

Sig,
&
%
tec”o Y
i,
7t

ik I

0.1¢

| 3.33x102 photons
per second

1072

103

Photons per second

10_4 | Demodulation at exactly 2.4 Hz -
Demodulation at 2.4003 Hz
1075 Demodulation 2.5 Hz
Expected value (no signal)
10 : ‘

01 1 10 107 10° 10
Integration time 7 in seconds

Z. Bush et al., Phys. Rev. D 99, 022001 (2019)



Microwave LSW

Vector signal analyser (Agilent N9010A EXA)

CROWS @ CERN
Cavty sollososssscs
( Analog Data Digitized da l Jy eam \
1 ~ ~
/ \. N N\
“—*—‘—‘} "/ “ﬁqu i&\
I
F Input FET
e | Quadrature
RF A —D—— -«[v(»(ch Tlma Freauency [ ormain
input * Digital Fitering Dda
Anb-Ala
> V’ mfr Filter '
'
Lc-‘al
scilator !
'
! %
< T > t
Hardware «+ DSP
Implementation | techniques Tirme Dormain
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Resolution bandwidth in the 1®Hz range

Strong magnet perfect EM. shielding

(for Axions only) FFT on a 24 h time trace Frequency drift under control
Large 3 T MRI magneR0 h of data taking

Room temperature setip
TABLE IV: Parameters of the ALP run in June 2013

foys = 1.739990 GHz Q =11392,12151 B =288 T
Pig=98-100® W Py =479 W  |G|max = 0.94
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Pure Lab: results and perspectives

Excluded regions in the axighoton
couplingg,y vs mass

I IIIIIII| I IlIII|T| T

lllllllll | Illlll lll:]lllll Illllllll Illllllll |

| IlIlIllI | Illlllll | IlllIIlI | IllllIII | lllllllI | lIIIIIII | IIlIIlI L L Lt

10-¢ 162 1077 10~% 1075 164 1074 10-2
mq(eV)

A None of these experiments
capable of exploring the QCD
axion model

A They set exclusion regions for
Axion Like Particles coupling ii
a truly independent manner

A ALPS Will increase physics
reach by several orders of
magnitude, exploring regions
where hints are present

A STAX ltalian LSW effort using
high power microwave sources
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[A.3] Pure lab: fifth force experiments

Very light particles with weak couplings to ordinary matter, suchxasnsor axionlikeparticles, can mediate

long-range forces between polarized anapolarizedfermions.
Different type of interactionsmassmass, spiAmass, spirspin

PHYSICAL REVIEW LETTERS 120, 161801 (2018)

Improved Limits on Spin-Mass Interactions

Junyi Lee,* Attaallah Almasi, and Michael Romalis
Department of Physics, Princeton University, Princeton, New Jersey 08544, USA

K-3Hecomagnetometerand a movablaunpolarizedsource mas

Ref [23] is the experimer@®UAXgpgs

Physics Letters B 773 (2017) 677-680

Contents lists available at ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Improved constraints on monopole-dipole interaction mediated by
pseudo-scalar bosons
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Improvement in sensitivity by two orders of magnitude

US based collaboration developing a new experimental apparatus fog¢ spin interaction with expected




The axion as a mediator of fifth forces?

Moody and Wilczek suggests that the axion mediates spin-dependent forces.

PHYSICAL REVIEW D

VOLUME 30, NUMBER 1

New macroscopic forces?

J. E. Moody* and Frank Wilczek

1JULY 1984

Institute for Theoretical Physics, University of California, Santa Barbara, California 93106
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FIG. 2. Dimensionless axion couplings (at scale A ;) as func-
tions of F and 0. Long dashed lines are Gyy /47 for 0=10""*
and #=10"". Short-dashed lines are Gy, /47 for #=10"" and
0=10""%, Solid diagonal lin¢ is G /4. Gravitational coupling
between two nucleons ( My /Mp )’ shown for comparison.

(Received 17 January 1984)

This idea opens the way to

different approaches

New table-top experiments

can be performed:

» High precision measurements

» Broadband axion detection

» Sensitive to any pseudo-scalar boson

-
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Experimental Approach

The axion mediates an | interaction between mass and spin |: the g,,gs coupling
(scalar-pseudoscalar or monopolo-dipole).

19y Y5 )= === = - igy — - <5 O
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Detector and Source

Detector:

Paramagnetic GSO

crystal

T'~4K

lead

Source:
Unpolarized masses of

T ~ Tamb

7127




Noise and sensitivity

The main sources of noise are the crystal and the SQUID
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