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The axion story

e
Lee & Yang, 56’; Wu, 57’ cl
 Weak int. violates both P and CP.

) . Cronin, Fitch, 64’
* CP symmetry in strong interaction? /

1 0g% _ -
L5 -G+ 25GG >
T
A(O) A(l) A(z) A(3)
In the SM, CP is broken by QCD (eQCD)r as super- Classical (PG) vacua connected by

instantons, hep-ph/0009136
Vacuum min. energy @ 8 = 0, with Dirac

| 9) — N E :ezﬁn | n) spectrum assumptions (Vafa, Witten 84’)

selection rule of QCD’s instanton connected vacua

And also explicitly broken after U(1), breaking in the SM.
Chiral transformation shifts 6 as ¢ %50 >= |0 + a >
With complex quark masses, a chiral transformation on quarks add Arg det(M,)

6 = Oocp + Arg Det M,
Is the total angle, which breaks P and T (thus CP breaking), and naturally 8 ~ O(1).



0 is an independent parameter of the theory (SM).
It is invariant under the anomalous symmetry:

Xe' —1Qy
U—e™l, 0 —0—2a, M — e M For a conceptual review, see
0 in-principle only determined via measurement. “Reflections on the Strong CP

. , . ~ Problem”, R. Peccei,
Naturally’ the combined 6 should take O(1) values. hep-ph/9807514

In the effective strong interaction potential
breaks U(1),

L= f2Tro,U"U" +af? Tr MU + bftdetU + h.c.

Yields the minimum at h— \b|ef’9
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The strong CP problem Ay

(SN
0 causes CP-violation and appears in baryon EDM: - f' o : -
7 C+ 1 .gAMN My My
L=-0 T NTIN® —i T'NTYNC, j=—— Feynman diagram for
J fx M = M neutron EDM
i) 2
efqgac A — ~ 1.27

dn:%log—Qw?)xlOwQecm ga

8 fﬂ' maz CiL =~ 1.7

1509.04411 -

Experimental value: § 5 1010

=) 10 orders of fine-tuning. g

SHIELDED

Some easy ways out:

* massless u-quark (G *tHooft, 76): My < 1071%my, =
® P'pa rity mOdels (Babu, Mahapatra, 90’) I - - EASUREMENT

* Spontaneous CPV models (Nelson,84’ & Barr, 84') nEDM @ Oak Ridge

see recent worldwide
updates: 1810.03718
& Snowmass 2203.08103


https://arxiv.org/pdf/1810.03718
https://arxiv.org/abs/2203.08103

Peccei, Quinn, 77’

Peccei & Quinn’s global U(1) symmetry

e After spontaneous breaking, leaves a goldstone
* Anomalous, contributes to a U(1), rotation

e Acquires a mass (pseudo-goldstone) at low energy.

Assume a global U(1),, as good UV symmetry

Qi/Uf/Df/Li/ Ef — " @Q;/Uf /D5 /Li/Ef
Hy/H, — e ?*Hy/H, .

(as in original PQWW)

U(1),q breaks after 'some’ scalar (has PQ charge) gets a vev ~ O(f,), leaving out a
goldstone field a. The goldstone can acquire an (ABJ) anomalous coupling term :

1 .
—GG that effective ‘extends’ 0 into a dynamic field
fa y LD (fa ) 3972 )

0 - 0=0+0,+0,+ —~
fa



KSVZ model (Kim-Shifman -Vainstein-Zakharov):
F heavy vector-like quarks, with coupling 1,Q°QS
— — — Axion as the Im part of an extra scalar.
The PQ U(1): Q/Q — e®Q¢/Q, S—e 225

See Kim’s review: Rev.Mod.Phys. 91 (2019)
4, 049902 (erratum)
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DSFZ model (Dine-Fischler-Srednicki-Zhitnitskii):
{H,, H;, S} charged as

2
AL D AH,H;S {-1, -1, +1} under U(1),
1
a= (v ImH; + v,ImH; +vs ImS) fa = \/v& + vczl + vf
2 2 2
\/v” T VaT Vs raised by large S vev.

+ Many other variants, with a central goal to increase f, to avoid astro/flavor limits.

See review: The landscape of QCD axion models, Phys.Rept. 870 (2020) 1-117
n=1 __

Example: an effective UV construction into a Fraggett-Nielson (%) fiH f;like :

A DSFZ type in case of f->SM fermions, e.g. can derive from GUT/higher scale physics,

& realize some flavor features.
Qi Li Uf. DS, B¢ 2 1

S - S :
U c d ¢ ¢ :
AL D —y5QiUjHy — yj5=7QiDjHy — yj;=—LiEf H,, Hy =2

~ Vi,

Mod.Phys.Lett.A 37 (2022) 09, 2250055 + other PQ S:—4 :

assignments



PQ quality problem

Global symmetries broken by non-renom. operators.

Coupled UV CPV sector gives a remnant Q.Gravity: n > 14 not to spoil strong CP.
Georgi and Randall,86’
VPQ-break = ! Jd cos(nf + dy) 2 a
2n/2-1 A A V~——cos|+—+o,
Mp a

Shifts the rebalanced (with Vp) 6 to
See: Barr, Seckel, 92’ Holman,et.al.92’

nA{ 7 sin 0 Kamionkowski, March-Russell 92’
a 231 f2p2 Ghigna et.al. 92’

Ou =~

Popular solutions:

U(1),q as a accidental sym. from a large Zy J.kim,81" Georgi Hall, Wise, 81"

String origin, witten,84”  Extra-dimension cheng and D. E. Kaplan,01’
Relaxed by supersymmetry carpenter, Dine, Festuccia, 09’ Gauge symmetry Randall, 92', Dobrescu,97'



Why U(1)? A connection to flavor

U(1),q as a flavor symmetry  pavidson, wali, 82’; Wilczek 82'  Froggatt, Nielsen, 79’

Unified PQ symmetry and the FN symmetry: “flaxion”,“axiflavon” etc

Ema, Hamaguchi, Moroi, Nakayama, 16’; Calibbi,Goertz, Redigolo, et.al. 16'

712-13-_ n}fj_ N
—L = yg] (£> QinR_] + UZJ ( d) ) QZ‘HURJ'

With a flavon field o, M M
its vev v, generates (O n _ b\ "~
flavor hierarchies. Ui (M) Lilllg; + yia (]\[) LiH Npa
mij = yigo({o)/A)" ! "
” N + yfyg i MNg, Nrg + h.c 1612.05492
2 M
FI interacti ’ (- (s +ia) H v
avon interactions O =0y +—=(s+1ia), = ,
| T V2 VEW T 75
7S
fof ooy \
h MmN (s f-ia) | —
_[: == Tnf (1 ‘l— ) —I— i !]L]J-jf[{"‘l_ h.(’,
f—iu:({g [ ! V2v0pw V203 J/
:

=~ - DFSZ-type axion

Flavor non-diag. couplings have serious constraints from rare decays. See 2111.12108



Effective ops from UV:

Renorm. Lagrangian, with vector-like fields (&;,&5) with high scale masses
=~y Qi L, — Yy SDfG + M58

Integrating out & &° fields leads to effective terms
axion: dominated by ImS.
yzj Y

Mjk

»Ceff Q D

Flavor diagonal axion couplings (via H): o< 1 /v, suppressed by PQ scale.
Flavor non-diagonal: only at high scale M. (No Higgs mediated FV, by GIM)

<H > dim-5
Yaqq' = Z M. V(}Lz Y Uy
1=1.,2,3

Baryon # violation operators: suppressed by v,/M

7% Q,Q,QsL,S  (S) e UUD*E°S*  (S)

U“DE*®

, : , L, ‘ ~
E M, ~M?2 @@ M3 M. M?
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An handy ALP: a Majoron?

Promote L# into PQ
Mohapatra and G. Senjanovic, 83'; Shafi and Stecker, 84, etc

2Xo = Ko, = Xo, - »Cgfffz‘*_mi = Q.Y Pour + Q,Yy® dp + LY, D, (g
) 1 2 —
V(Py, Py, 0) 3 Ao Po0” + h.c. B ) %Tr[Z‘fthZ]
1510.01015: + LYpYX Py + + h.c.

iTr[Echso*Y)

DSFZ-axion + Type lll seesaw

v, also gives a large N mass

“SMASH” model
’02 2 . ’U2 2 ’02 ‘ ’U2
V(H,(T) :/\H (HTH_?) +)\J (|0|2—7U) +2)\HU (HTH—?) (|0|2_7J)

Ballesteros, Redondo, 1 VRN /M— \
Ringwald, Tamarit,16’ L — F@'jLiEHNj + —}lijUNiNj #y QUQ K dez’UQdi + h.c.
+ several papers since. 2\ 7 \ / '
~ - ~ -
q | wu d | L | N | E Q | Q@ |o connect to Q: Heavy VL quarks
V2| =12 =172 12| 12| =172 | =1/2 [ =1/2 | 1 seesaw scale KSVZ-type axion

11



Axion as cold dark matter

A fast oscillating field at the bottom of a V(¢)~(d — ¢d,)? potential
M. Turner, 83’

behaves as matter-like: p(z) ~ (1+z)3

axion starts to oscillate by V, ..
after strong QCD phase transition

P 2/3
a(t) = aq ( R"E;;) cos(mgt)

Misalignment Mechanism:

axion potential overcomes Hubble friction
and start oscillation from a homogeneous
initial value a, (via inflation). Initial value
gives the DM abundance:

7/6
2 4 fa 2
Quh? ~ 2 x 10 (1016 Ge\/) (02.:)

( topological defects contribute
if £, is lower than inflation scale)

See axion cosmology

review 1510.07633 & the
more recent 2403.17697

Axion Field ¢

1
= Hubble

—_— /2

<

—_
T

Equation of State w

DE-like

©]
= Exact Density | ]

Approx. Densitly
I |

10t
Scale Factor a/a;

102

10! 107
Scale Factor a/a;
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Defects in post-inflation scenario

Cosmic strings form when U(1)

Domain walls form when V.
breaks after end of inflation.

develops a ‘true’ vacuum (vacua)

$(x) = (fo + 7(x)) )

Contribute to the axion energy density:
1 5. 2

pu =2 £207+ =L (V)2 4 (T) (1 - cos )
2 2a(t)

Huge amount of numerical simulation devoted to study string networks,
yet large uncertainties remain, see recent review by Saikawa, Redondo, et.al. 2401.17253

13



QCD axion dark matter requires f,;~1011GeV, m,= 10-100 peV

Davis, 1986 ®
Recent Harari, 1987 ®

calculations: Davis, 1989 ®
Hagmann, 1991 @

Nagasawa, 1994 @
Battye, 1994 e—
Battye, 1996
Chang, 1998 @
Yamaguchi, 1999 m—

Post-inflation Hagmann, 2001 s

Hiramatsu, 2011 se—

Hiramatsu, 2012 s
Kawasaki, 2015 m
Fleury, 2016 s—
Klaer, 2017 mm
Gorghetto, 2018
Buschmann, 2020 s
johare.github.io/AxionLimits/ Gorghetto, 2021 smmm—

Buschmann, 2022 ee—

T LN T T T T T T T TTT T T LI T T L
107% 10712 1071 10~ 10~ 108 1077 10°¢ 10° 107* 10~® 102 10! 10° 10
QCD axion mass, m, [eV]

1012 GeV G. Grilli di Cortona, E. Hardy,
m, = 5.70(7)ueV ( c )

. J. Pardo Vega and G. Villadoro,
fa JHEP 1601, 034 (2016)

= — T. Hiramatsu, et.al., PRD 85, 105020 (2012)
m, = 1 V
o = 60-150 pe M. Kawasaki, et.al. PRD 91, no. 6, 065014(2015)

mg = 206.5+3.4 ueV V.B.Klaer, G.D.Moore, JCAP 1711, no.11, 049 (2017)

14



Date of paper

60 K [ t . . | [ t
“Some” effective PQ-breaking effect lets the phase
to rotate at 8 # 0 before V., emerges at T*.
% %
- = If the axion kinetic energy
Field starts to oscillate as m,~3H N2 f2
V(6) o _ unless our patch sits right on hilltop K =10 f¢/2
Misalignment Mechanism (fine-tuned in vanilla misalignment) Keeps running over the barrier
6;=0 ' until some later time T, < T*,
, ) when V > K and axion will start
to oscillate like a DM.
: 2]
v(6) g
Field stills carry Axion number density conserved if adiabatic:

Kinetic Misalignment Mechanism . .
nonzero kinetic

energy at m.~ 3H abundance indep. from m, evolution

N s P=m0 ) = om0

S

R.T. Co, L. J. Hall, K. Harigaya, 19' )
6f4 o« R™3is a Noether charge

Yy = 0f2/s ~ const
witha 8 > 6 + af;, shift sym. o = 0fg/s ™~ cons

15



Co, Hall & Harigaya proposed the PQV field has some
large initial value (thus higher-D terms might be

important) and gets kicked to rotate. “Free up param space
2\ 2 2 otherwise discarded”
2 o Td o Lmg
v=x(pp-fe) =I5
2 2 15 See 2305.15465 for other axion

possibilities via mixing

3 1
g S 2 /10710 2
V=20 g0 e[ —20
T 0¢ (1017 GeV) ( A )

10" ;
= 3 =5
i Conventional misalignment mechanism 10 . 1910.02080
i UV completions:  2006.05687
10" E ] 2006.04809
: 3107 +many others
10 . <
- 109 3
r ©
I g
10%F : : . 2206.14259
§ 4102 ere.edback durmg_rol’llng. See 2408.08355
:SN1987A-'99 axion fragmentation for extensive
108L (saxion) 5 . model studies
F SN1987A (axion) 10"
Lol cvd covd v vd cevd vl vl ced vl vl

1073102107 1 10 10° 10 10* 10° 10° 10" 10® 10° 10™
mg (GeV)
16



Baryon asymmetry in kinetic misalignment

PQ charge
bQinitiaIg strong > Quark chiral weak > Baryon #
rgtation sphalerons asymmetry sphalerons asymmetry

See: Co, Harigaya, 1910.02080
Co, Gherghetta, Harigaya,

nj - 87 X 10*11 YPQ (CB) 10° GeV 2 i 2 2206.00678 and refs therein.
s © 510/ \0.1 fa 130 GeV ) 10, —

Pu oo (__ta 130 GeV\? (0.1 R
pDM B 108 GeV TWS Cp 10—3

(weak sphalerons inefficient below T,ys)

Simple (traditional) scenario seems to
overproduce DM. Co & company
proposed a "heavy axion’ to rescue

,_l
<
T

'I UNE ND

-8 A 'Wl e

10~ 3 1072 107! 1 10
my (GeV)

102
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Other alternatives

“Stronger QCD” in early Universe
Jeong, Takahashi, 1304.8131

“Hidden U(1),, monopoles” gives a larger
ma and earlier oscillation

Kawasaki, Takahashi, Yamada, 1511.05030

“Dynamic PQ scale”
Allalil, Hertzberg, Lyu, 2203.15817

1 A
£ =/=g|5100* = Z(®l* - F()*)? = V(6,T)
1 2 1 2.2
#5007 = Smi
“Trapped misalighment”
Luzio, Gavela, Quilez, Ringwald, 2102.01082
“A Z,, symmetry on axion potential

with N copies of mirror Worlds” and
highly nontrivial V(8,T) evolution.

“Axion fragmentation”
Enhanced energy dissipation by
feedback from potential wiggles
up + (lfz —
Fonseca, Morgante, Sato,
Servant,1911.08472

Mathieu equ has growth solution
at parametric resonance, releasing
kinetic E into axion excitations

/f\—gcos g;t) up = 0

See recent review: Di Luzio, et.al. 2312.17310

ro S e+ (0,4 7 .6
= 2 sm T o\ Ve T 7 LGk
2 2
Vi (0.) ~ —ada oA
N( u) — = NZ CO&( a)
- 2102.00012
2 ~ Wl.‘?r_‘,‘,.r ]_ ]_ Z 3/2 Z’Af
Ma = 2 V142 N

18



Axion miniclusters & stars

Miniclusters:

Post-inflationary scenario causes inhomogeneities.

A naive estimate on the clump masses:
41t _ _3
M = ? (1 + d)pH(Tosc)

Or solve the density fluctuation’s equation

2.2
. . C.S‘ _
0+2Ho + 5~ —4nGnp,|0=0
5 a
7 k
Cs ¥ 2 2 Gee: 14041938 1810.11468
1 a .
a 1911.07853 2006.08637

1207.3124

Or use N-body simulation.

1911.09417 2101.04177
2207.11276 2402.18221

Axion stars:

See review:

Braaten & Zhang, 19’

Localized (soliton) solutions under

self-interaction / gravity

Oscillons (m, > 0): astro-ph/9311037
Boson star (w gravity) 1406.6586

ith = —

Vzw

o9m

XV 9y )

oo [ a2

Solitons

¥

x/|

81,2}*

2203.10100

19


https://arxiv.org/abs/2203.10100

Axion DM granularity: dynamic heating

All evidences of DM are gravitational: should gravity effects tell us more?

Galaxy scale dynamics: Stellar orbits disrupted

Disk thickening, stellar streams due to DM granularity =<, \
Church, J. P. Ostriker, and P. Mocz, 18’ ’ ) h
Amorisco and A. Loeb, 18’

excludes m < 10722 eV

Granularity above the de Broglie
wavelength ~ 2 /mv  LHui, 16
exclusion limit m — 107 %1ev

Relaxation of old cluster (dwarf galaxy scale)

exclusion limit m — 10729~10"1%yVv

Bar-Or, Fouvry, and Tremaine, 19’ o '
Marsh and Niemeye, 19’ ALPs are dark, and can be tidal

Wasserman, 19’ etc. above their coherence scales

20



Relaxation on star clusters

1 1 1 v — o AV B W v

O 4 1
1.0 1 ~ |
T %-
£ ~° l
0.8 A S Lo i
S |
O 4 o
_ 06 - o Lo
c _ ol
~ _»'.b I I
< 04 % . . . . .:,:. .
) “ M) “ Q “ ) \2) N
» g o M RS SN SN NS
0.2 -
l0g107s log,0m;
00 = T .
Lot Lg—20 L9 The MUSE-Faint survey (2101.00253)
Ma [eV] Quote: “Substantial evidence (Bayes factor
~107%%) for cold dark matter (a cuspy halo) over
Axion DM granularity contributes to Cluster Relaxation self-interacting dark matter (a cored halo) and
weak evidence (Bayes factor ~107%4) for fuzzy
Relaxation for Eridanus Il, see Marsh and Niemeyer, 19’ dark matter over cold dark matter.... These limits
See ‘revised constraints’, Chiang et.al: 2104.13359 are equivalent to a fuzzy-dark-matter particle

mass m, > 4*10-20 eVc2”

21


https://inspirehep.net/authors/1861283
https://arxiv.org/abs/2104.13359
https://arxiv.org/abs/2101.00253

Binary star disruptions:

ALP boson stars, milliclusters may
disrupt orbits near/larger than
their granularity size.

Galaxy halo -> 1022 eV (100kpc)

Dwarfs -> 101 eV (kpc)
Binaries -> 1071 eV (< pc)

GAIA’s halo-like binaries

1.0 1 / e 00<a, <0.1pc
° e 01l1l<a, <0.5pc
CataIOgl 05<a; <0.7pc
0.8 1 . e 07<a, <1.0pc
[ ]
— 0.6
€
2
— =
o4 & . i .
w X “boundary” candidates
8
0.2 1 .
'; . .
.‘- [ ° o °
0.0 - i ¢

ms (Mo)

Lighter

bosons‘—"
v o~
2404.18099
y 1001 'I';'ioo
~

Heavier bosons

Small-scale fluctuation’s binary heating rate:

AFE 2 upoG? [Pk 5 - (Fae)? -
B [ [ e 5552 (o [ 5 )]
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https://arxiv.org/abs/2404.18099

Binary disruption bounds for ALP minicluster halos

3
104 — PS 10%;
Axion minicluster halo  — ST |
mass functions —— Agsc=0.1 102 -
100 - —— Simulation 1 1
—— Simulation 2 ]
104
o|g 107t
olE o
mr_’ £ 100
glg
1072 ]
101 E
1073 4 Collapse models: ]
PS: Press-Schechter, 74’ 10724
ST: Sheth—Tormen, 99’ ]
O T e T 1 Tor 105 106 167 107
m 10—19 10—18 1017 10—16 10-15 1014 10—13 10—12
Mo m, (eV)
mo = 281 Mg, ( Ma )‘% x5 (Tosc) *—%(T ) Denser models of MCH seem to
10-1%eV 9+s(To) indicate a disruption effect.

Z.Wang, Y. Gao, 2409.02468
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Astrophysics: a — y conversion, a emissions, etc.

1071
102
103

,b&'\o
"

3
)

-photon coupling [GeV ]

Laboratory
v —a

Astrophysms

Spectral
distortiorfs

aeV

Sf

non-lglM)

Dark matter
(direct detection)

&
2O

@@f@@
.7

feV. peV neV peV meV eV

Axion mass [eV]

(mo'stly)™
a decays

2403.17697

Q Dark matter
(astrophysics)

keV MeV GeV TeV

|



Birefringence (DM as a medium)

fo=my/(2m) [Hz|

Axion field is a parity-violating medium.
It rotates the linear polarization of light.

1

AB = Egay

Aa

only determined by a field difference
between initial & final positions (for
freq. w >>m,) Raffelt, L. Stodolsky, 87’

Harari,
Sikivie,
92":

Carroll, Field & Jackiw, 90’

H=B-ZE&D=E+ZB
satisfy free wave equations

Comparison: Faraday effect

Ired

GFara,day = m /dﬁc . B(IL’) ne(w)

+ lab searches on birefringence
& dichroism under B-field

107

-9.0

1072

1077 106

i early osc. on CMB 1
"~ polarization corr.
1903.02666

= Polarization washout
= AC oscillation

1
10° 19

10718

-10.0 A

Log1olgay(GeV1)]

-13.0

-14.0

VLBA

-11.0

-12.0

Pulsar

CAST
[ 7(1 """""""" f‘
SN1987A
_____________________________ MI_N —— ————
X-ray
Sgr A*

pol. osc. from GC
(EHT) 2008.13662

-23.0 -22.0

-21.0 -20.0

Logiolm(eVv)]

-19.0

-18.0

-17.0
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Observation Updates

Oscillation period (day)

10° 102 10 10° 101
“ PorArRBEAR CMB (2023)
107° 4 —— Castillo et al. (2022)
POLARBEAR Tau A (This work)
] —— Smoothed stochastic (This work)
i -9 ] ----- Smoothed deterministic (This work)
10
e SPT-3G (2022)
C Fedderke et al. (2019) .
- ]
3 —10 |
ob 10774 cast
.b_b 4
£
E;
3 1071 5
- 1 SN1987A .
O B
4+
o
=
i 10712_E
— 1 H1821+643
< ]
g
1075 : 5 Xiv:2403.02096
g ” arXiv: .
Fuzzy DM Ez
y =
ToEm wE e

ALP mass: m, (eV)

Polarization angle shifts by

P =

Yaryy
2

(¢detected - ¢emitted )

Available sources: radio
galaxies, jets in active

galaxies, protoplanetary
disks, pulsars, and CMB

m, f,~ const. Smaller m,
leads to more sophisticated
pattern but also a less
constrained f,



Axion DM -> light @ magnetars

f=my/(2r) [MHZ]
Resonant axion DM > photon

conversion when axion mass non-relativistic 510

dark matter

10—11

matches photon’s (eff.) mass

)
ADMX/Projection

my, =~ _a)p ~ (47ra:ne_/me)1/2

s, [GEV ]

10—15

Resonance radius (NS),

1/3

km ,

1 ‘ : Rns B 1sec /1 peV\?
NS = 168.62 x [3cos?0 — 1|7 x [ = ) x 0 25%¢ (2 HC
) 10 km

4G P Mg

J.-W. Wang, X.-J. Bi,

Sh o T1.97 puly PDA Mys\ "2 Vg B N\ P T R-M.Yao, P-F. Vi,
“y — "\ 0.3 GeV/em?® M, 200 km/s 10 km 1 sec Phys.Rev.D 103 (2021)

« Gar ? By 5/6 m, 4/3 d —2 B —1 11, 2101.02585
10712 Gev! 10" G 1 eV 100 pe 1 kHz




Radio limits (MeerKAT)

Frequency [MHz] Frequency [MHz]
8000 9000  10° 109 103 10*
FOSIEREEaR 10-10 7 Foster et al.
oy 10—“;
[ E
> ]
U 10 124
T_ 10713% i
oy g
0 10—14%
h 10715;
3.0 4.0 5.0 6.0 107 T s T o
Mma [er] Mg [eV]
Axion conversion power in NS magnetosphere: (10 hr) observation on NS J0806.4-4123
P sTx10° W 8ayy 2( INs )5/2( n, )4/3
o 10-2Gev-!) \10km GHz Axion conversion signal is narrow-
s ( B, )5/6(£)7/6 oS Mg |2 frequency. Need good frequency resolution
10 G sec 0.45GeVem™> J\ Mg
(2001<ms1) 3(m- 1) +1 Y.-F. Zhou, N. Houston, G.|.G. Jozsa, et al.,
o [3cos i - £ - cos 9m|7/6’ Phys.Rev.D 106 (2022) 8, 083006, (2209.09695)



Gayy (95% confidence limit) [GeV~!]

Frequency [GHz]
More radio limits
lo-ll;_
R. A. Battye, M. J. Keith, J. I. McDonald, et al., 2303.11792 % o2k S
. O 3 .
(MeerTime) " Galactic Center Survey
. s 107°F
J. W. Foster, S. J..Wltte, M. Lawson, et al., 2202.08274 % : 2002.08274
(Breakthrough Listen) oL I e B - .
R
Recent review on astro non-DM axion bounds, 10—t bt L L L
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Radio echo’ from axion DM

* Intriguing (resonant) solutions to the axion-Maxwell Equations.

Under the perturbation of a traveling EM wave

. .. . 1 |a)
* Stimulated emission of photons if w,, = m, DM () on (M)
* DM can respond with a backward T @
emission as an echo’ incident wave
A. Arza, P. Sikivie, / (0)\:”"55'0”5
Phys.Rev.Lett. 123 (2019) 13, 131804 emissions 1

A. Arza, E. Todarello,
Phys.Rev.D 105 (2022) 2, 023023, 2108.00195

1078
107°

—10

Similar resonance solutions in other scenarios:

10—11 E

10—12 4

May stimulate the decay of axion clumps

Z. Wang, L. Shao, L.-X. Li, 10713 5
JCAP 07 (2020) 038, 2002.09144
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Direct detection on ALP DM

CDEX Collaboration, Phys.Rev.D 101 (2020) 5, 052003
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FIG. 10. The CDEX-1B 90% C.L. upper limit on coupling of
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Axio-electric absorption of ALPs
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Sensitive to ALP coupling
to electrons (for ionization)
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Fresh from PandaX-4T (August)

m, from 1 to 25 keV 2408.07641

PandaX-II

S LUX \' LA
=1 /8 ‘
" _M5Y " XENONIT
R/t
N PandaX-4T (2024)
_14— .
XENONNT
| | | | |
0.0 0.5 1.0 1.5 2.0

lg(mg [keV/cH)



Gae

10—11 -
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10—13 !

10—14

Xenon-nT 2207.11330
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T | N
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2407.08085,
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https://arxiv.org/abs/2207.11330

Axion Haloscope & recent novelties

Primakoff conversion of
DM axions into
microwave photons
inside cavity

Assumption: DM is mostly axions

Resonant cavities (Sikivie,1983)
— Primakoff conversion inside a “tunable”,

resonant cavity

— Energy of photon = m_c?+0(b?) ; 0 P
Py =g2 VB*C—=Q

Mg

Axion DM field
Non-relativistic

=)
>
VL

.
Frequency € axion mass .

If cavity tuned to the
axion frequency,
Cavity dimensions conversion is “boosted”
smaller than de Broglie by resonant factor

wavelength of axions (Q quality factor)




'aQED’: electromagnetic tests

e Axion DM acts as a source in Maxwell equations, cavity as a pickup.

-5 - - Effective charge: (any ideas?)
V-E=pe+g a
VXB—-— =gExVa—gB— +7
ot o ¢
V-B=0 ~ Axio-magnetic current;
- _ 0B Abracadabra, ADMX-SLIC, etc
y VXE=——|
4 ot
BN !
St Axio-electric current
7 e DM axion flow Induces Jj, under B field:
Ej a magnetic signal inside (anti)parallel with
YA I Efield: j, = gE x Va B field direction

—_

B'ata

Vi A -

Eg, | 8 2012.13946 (broad-band) &
y ' v /72 2204.14033 (narrow-band)
= A a ———————————
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https://arxiv.org/abs/2012.13946
https://arxiv.org/abs/2204.14033

24, U pd ates ««« (from Ciaran O’Hare, 2403.17697)
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A resonance enhancement

High Q ~ 10° quality factor key to good sensitivity tunable IS
(to reach QCD axion parameter space) cavity (.

A cavity’s Q-factor enhances axion
DM conversion rate at both classical
& quantum (2201.08291) levels

S
_ 2 Pa p2 % &
R = ga”y’yWBOCkV. Q \535
a 3
>
Non-cavity: use electronic (LC) circuit (p.Sikivie,13’)
resonance tuned to axion frequency R
(ADMX-SLIC,ABRACADABRA, BASE, etc.) AMA
Inter—d.lsupllnary | — ——
Low noise amplification/detection
. . . w = 1/VLC
technique input from Quantum Optics (JPA,TWPA), — 000" | (R resonance
£

HBT interferometry(2201.08291) etc.
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http://arxiv.org/abs/2201.08291
http://arxiv.org/abs/2201.08291

Open cavity designs: m_<<pev

Cavity with magnetic field

§4K ........................... Phase lock
: N p Amp

Cavity with |
electric field R[ . |  Resonant

ELEctric Axion

Multi-meter scale
/GW Probe

— to reach QCD axion f,

[ X X N N N N J
)

T.~mK Rs = wql,/Q. . 2206.13543
_ g L] e 305 00877
071(,:_- _______________ CAST 1 1 e, I -
S x — =
‘Ofllr 5
o2k : - ADMX SLIC
e ) A . 1%tresult: f
owp T 1 1911.05772
0-“; GO'Q\ ’ T
10-16;;“ DM-Radio
Magnetic signal Mg O Magnetic signal
. . 107 107 107% 1077 107 107° .
from DM axion wind o (V] from DM axion
through a strong E field 2204.14033 in a strong B field

2203.11246
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https://arxiv.org/abs/2204.14033
https://arxiv.org/abs/2206.13543
https://arxiv.org/abs/2305.00877
https://arxiv.org/abs/2203.11246
https://arxiv.org/abs/1911.05772

Also at lower m_: energy differences

Instead of preparing right on w,4, = Wpyy,

r_ 0
A - C : R N prepare w cqpy = W cqy + Wpm
e (]
ma{——u)()
** cavity mode transitions to capture DM
S . (similarly in MNR, CASPEr systems)
-1,
I ol | Axion DM acts as external field
Wo . . .
‘ flip atomic hyperfine states: 1912.11472
Ey
) 1 Hydrogen Storage Bulb
discharge .
=
(a) Cartoon of cavity setup. '\ 0> .
1912.11048 State selector =
Also see: 2309.12387 _
Zeeman
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Compton frequency (Hz)

I_a Ll T I 5|() T T T T 1(?0 T T 1 Ll 1?0 Ll I
Magnetometers
107
New force
DM axion’s interaction to fermions with a ;;
. . 10
magnetic moment acts as external B field. ]
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g ' ' , 1 100 200 300 400 500 600 700
10 L T = max(r,, T) : SNI987A - Axion mass (feV)
P | P PR M.Jiang, et al. Nature Phys. 17 (2021) 12, 1402-1407
| ) Also see: Nature Commun. 15 (2024) 1, 3331
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101°¢

Reanalysis on “overlooked’ enhancement for axion T —— Thls work(SC) " Tooewoosooso
coherence time < spin relaxation time 10° 107! 10° 10! 107 10°
Dror, Gori,Leedom, Rodd, Phys.Rev.Lett. 130 (2023) fo (Hz)  Kai Wei, 2306.08039
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Volume issue at high frequency

“half-wavelength cutoff’:
signal coherence loss if antenna/pick
is larger than photon wavelength

T 9

R~ —

Pa 2
3 v gz D0 V&

LNTI’tC_l1 Larger volume

Flattens to
-1 open 2D

RGN

Compensate for
high Q value if
mq L~103m,?

for high —freq:

A dilemma btw high w,
and a coherent volume

Conversion Power P = m,R « m?,

high frequency is limited by coherent
volume

L>» mj?t




Magnetized surface: a 2D coherently radiating source

BRASS (Dish Antenna@ DESY)

http://wwwiexp.desy.de/groups/astroparticle/brass/brassweb.htm

From BRASS website.

z Photon flux oc <B,*> A see 2206.13543

_" ) — Conducting
i Conversion B, — > surface:
. height: ! - & = S/3
o }\. S ms :: me:

mes

[OA

T

DM axions

¥

74 RN
Permanently magnetized surface area, A
] .

N N

Spherical reflector
D~8m,f~12.5m

Correlator /
Spectral
analyzer

Magnetized Surface
(Halbach array, ~1T)

Magnetized Surface
(Halbach array,~1T)

e spherical reflector
D~8m,f~12.5m

Receiver
D module :]

Detector Room

Alternative coherent effective current density j, = Bd;a

along the surface.

Open region: total conversion power similar toa Q™1
cavity.

Radiation (coherent wave-front) maximizes in the
perpendicular direction: can be focused to a detector.

T=4K
Detection Chamber Detection Chamber
T = 300K T = 300K
Magnetized
surfaces


https://arxiv.org/abs/2206.13543

MADMAX (tunable dielectric layers)

Dielectric haloscope proposal: 1611.05865

TITTTrreeeeense Celectric . 1612.07057

boost factor B = 2B.Ey

/ dx Edh Be

Ey =a/(2m) |CeyBe b

“Waves emitted by each dielectric disk are reflected by and

. transmitted through the other disks before exiting. With suitable
—r—r—r—1 disk placement, these waves add coherently to the emitted
Mirror Dielectric Disks Receiver power considerably with respect to a single mirror.”
P=B- ) =11x102w( Y c P -
b+ F7(v) = 1.1x10 (5 c107) \tm2 ) \107) o3 cev/em® ) “
Mirror (not visible) 2407 107 16

9 T dipole magnet

Cryostat (4 K
y 4K Horn antenna

& receiver system

Separate cryogenic
volume

1901.07401

Booster: 80 adjustable dielectric disks (21.25 m)

Focusing mirror


https://arxiv.org/abs/1901.07401

Plasmon-axion mixing P

Tune the plasmon mass to match m, f N

(os]}
(=
&/

Metamaterial: provide a tunable plasma mass
at cryogenic conditions.

wd? e2rd?n S N\
Me =N—5 3 Meff = —logg,

J.B.Pendry, et.al. Journal of
Physics: Condensed Matter

W2 = nee” _ 2m 10 (1338 47854803. *ALPHA Collaboration
P mesrr s?log(s/d) 2210.00017 [hep-ph]
“The array of wires acts as
Signal power: an effective medium with

plasma frequency set by
the wire spacing. The axion
excites a bulk plasmon in
the wire metamaterial.”

N a2g2 B2V 2 Ow

P = kGV - p, g2, B
m

a



https://inspirehep.net/literature?q=collaboration:ALPHA
https://arxiv.org/abs/2210.00017

Quantum clocks

“Frequency ratio btw atomic clocks A and B is parametrised in terms of
the fine-structure constant (a), electron to-proton mass ratio (me/mp)

and the ratio between quark mass (m,) and QCD energy scale (Aqcp) ”  See laborious studies: 1604.08514,
nucl-th/0601050, 2302.04565,

5
WWAIB _ e §o(a) + ke 8o(a) — (ke + ky) 6,(a) + ky 3x(a) 2402.09643

VA/B

' _ Compare microwave, atomic
Express 6(v,/vg)/ (V4/Vg) in terms of the low-energy Lagrangian and nuclear clocks.

parameters and the ratio a?/f >

001} s o B

s2d02s0joH

001
1077 . ____________________________________ §_ g I8
107 T T S
; S |
|
8 oo S w
° 10 S
S
3 3
Q ° [
1077F e 1077
. »\ "Future’ limits: ’ ; P
i L 2408.06412 e Current limits: 2408.06412
22| 1 PR
02 ; ; : w02f  w? i
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Wave-like axion DM: QM characteristics?

Sikivie & Yang, 09'
* Axion DM is in a condensate, and only occasionally picked up by quantized sensors

* Does ‘quantum-ness’ leads to any observable effect?

100 T ‘ T T T T T T ]_O
] |
| |
0.75 \ || | | |\ 0.0
AT | -
[ T . . “ ~0.5
\ | l ‘| H | —10 = (5x(t)) Numeric
= | { || |\ | == (S,(t)) Linear Order
(S,(t)) Numeric

= 050r | C}0) < C*(7) ’| . -15
| |

l | 2.0 H==== (Sy(t)) Linear Order
|

| | ‘ | 1
025+ | ‘l\ ‘lw “l ﬂ H 1 /|| | | 0 5 10 15 20 25
J tin [ma]1

Axion-detector interaction might cause further

splitting & oscillation Jaeckel, Montoya, Quint, Annalen
Phys. 536 (2024) 1, 2300151, 2304.02523

-12000 -8000 -4000 0 4000 8000 12000
7(arb.)

Low occupation # -> mostly single photon

excitation state with dual-path corr. function C?:

A possibility with antibunching, as a post-
discovery test of the signal’s QM state.

Yang, Gao, Peng, Commun.Phys. 7 (2024) 1, 277,
2201.08291

Should DM live in a Coherent state (-> classical field)
or a Fock state (free-streaming particles), or other?

also see discussion in: Cheong, Rodd, Wang, 2408.04696
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https://arxiv.org/abs/2201.08291
https://inspirehep.net/literature/2649281

More is coming!
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