Finanziato /3%, Ministero
dall'Unione europea m;?; dell’Universita I N F N
NextGenerationEU “5¢> e della Ricerca '

Istituto Nazionale di Fisica Nucleare

The Axion Window on Low-Energy
Precision Physics

4th Liverpool Workshop on Muon Precision Physics 2025

Luca Di Luzio

INFN

Work supported by the European Union - Next Generation EU and by the Italian Ministry of University and Research
(MUR) via the PRIN 2022 project n. 2022K4B58X - AxionOrigins



DARK
ENERGY

DARK
MATTER

NORMAL MATTER



QCD axion & strong CP

* Introduced to address the strong CP problem [Peccei, Quinn 77, Weinberg '78, Wilczek '78]
2 ~
0Lqcp = 9333 ;GG o] <1071 (bound from NEDM)
™
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QCD axion & strong CP

* Introduced to address the strong CP problem [Peccei, Quinn 77, Weinberg '78, Wilczek '78]
2 ~
0Lqcp = 0333 ;GG o] <1071 (bound from nEDM)
™

- Naive Dimensional Analysis:

L =—d, %ﬁcf”’/%nFW — H=—-d,E- S
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QCD axion & strong CP

* Introduced to address the strong CP problem [Peccei, Quinn 77, Weinberg '78, Wilczek '78]
2 ~
0Lqcp = 93;3 ;GG o] <1071 (bound from nEDM)
™

- Naive Dimensional Analysis:

L =—d, %ﬁa“’/%nFW — H=—-d,E- S

—no"ysnk), + h.c.
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QCD axion & strong CP

* Introduced to address the strong CP problem [Peccei, Quinn 77, Weinberg '78, Wilczek '78]
2 ~
0Lqcp = 9333 ;GG o] <1071 (bound from nEDM)
™

- Naive Dimensional Analysis:

1

L =—d, §ﬁa“yy5nFW — H=—-d,E- S
Mg o € _ v — _qi
(1 — 62"7716 ) m—nna“ 75nFW + h.c. m-n-} d, = Cmn mn9
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QCD axion & strong CP

* Introduced to address the strong CP problem [Peccei, Quinn 77, Weinberg '78, Wilczek '78]
2 ~
0Lqcp = 9333 ;GG o] <1071 (bound from nEDM)
™

- Naive Dimensional Analysis:

7
L =—d, §ﬁa“yfy5nFW <—

|dnP| < 1.8-10726 ¢ cm (90% CL)

[Abel et al, Phys. Rev. Lett. 124 (2020) 08 1803]

L. Di Luzio (INFN Padua) - The Axion Window on Low-Energy Precision Physics



QCD axion & strong CP

* Introduced to address the strong CP problem [Peccei, Quinn 77, Weinberg '78, Wilczek ‘78]
92 = 10
0Lqcp = 9323 -GG 0] < 10™ (bound from nEDM)
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QCD axion & strong CP

* |ntroduced to address the strong CP problem [Peccei, Quinn 77, Weinberg ‘78, Wilczek '78]
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QCD axion & strong CP

* Introduced to address the strong CP problem [Peccei, Quinn 77, Weinberg '78, Wilczek ‘78]
95 7
0L =0—"-GG
AP 3202

- promote @ to a dynamical field (axion): 8 — had

Ja

- acquires a QCD potential and relaxes dynamically to zero

V(&)

-2 -7 0 T 2r
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QCD axion & dark matter

e Unavoidably contributes to 2pp

[Preskill, Wise, Wilczek '83,

) misalignment mechanism (axion oscillations) Abbott, Sikivie '83,
Dine, Fischler ‘83]

i+ 3Ha + m2(T) f, sin (fﬁ) =0
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QCD axion & dark matter

e Unavoidably contributes to 2pp

[Preskill, Wise, Wilczek '83,

) misalignment mechanism (axion oscillations) Abbott, Sikivie '83,
Dine, Fischler ‘83]

Via) 4 a
i+ 3Ha +%€’)fa sin (f—) =0

0. = a.lf,

K ) > ! (T > T, ~ 150 MeV)
a

mXT) ~ m? (TIT,) ™

T>1GeV |

T~1GeV |

[Axion mass at finite T from lattice QCD inputs -
see e.g. Borsanyi et al 1606.07494]
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QCD axion & dark matter

e Unavoidably contributes to 2pp

[Preskill, Wise, Wilczek '83,

) misalignment mechanism (axion oscillations) Abbott, Sikivie '83,
Dine, Fischler ‘83]

V(a) , a
i +>&é+ m2(T) fa sin (f_) = (

, 0, = alf,
T > 1GeV o o
» > 1.16
Q_h%~0.12 (6Mev) 07
Via) h

T~1GeV | \ : /
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QCD axion & dark matter

e Unavoidably contributes to 2pp

) misalignment mechanism (axion oscillations)

) topological defects (axion strings, ...) [Davies ‘86, Harari Sikivie '87, ...]

absent if PQ symmetry is broken before inflation (Pre-inflation)
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QCD axion & dark matter

e Unavoidably contributes to 2pp

) misalignment mechanism (axion oscillations)

) topological defects (axion strings, ...)

post-inflationary PQ breaking pre-inflationary PQ breaking
Ja < maX{HIaTR} fo > maX{HI,TR}
A 0, arbitrar

misalignment contribution unigue,

QUis < Q) 2 . > 30 peV L "
¢ oM Ma & ST HE but depends on Initial condrtions

ibut | 16
+ contribution from topological defects o 12(6”GV)11 2

m,
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QCD axion & dark matter

e Unavoidably contributes to 2pp

) misalignment mechanism (axion oscillations)

) topological defects (axion strings, ...)

[https://cajohare.github.io/AxionLimits]
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| Dine, 2017 s—
° o Kim, 2024
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Back to PQ mechanism

* New spin-0 boson with a pseudo-shift symmetry a — a+«f,

a g
broken by T 3072 GG

E(0) < E({(a)) [Vafa, Witten PRL 53 (1984)]
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Back to PQ mechanism

* New spin-0 boson with a pseudo-shift symmetry a — a+«f,

2 .
broken by fi 333 -GG el E(0) < E({a))  [VafaWitten PRL 53 (1984)]
a s
eeff — % 6—V4E(9eff) — /DQO G—S()—I—’i@efffGé

_ |/Dg0 6—30-|—i9efffGé

S /DQO |6—So—|—’i96fffGé| — €_V4E(O)

*path-integral measure positive definite for a vector-like theory (e.g. QCD)
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Back to PQ mechanism

* New spin-0 boson with a pseudo-shift symmetry a — a+«f,

2 .
broken by fi 333 -GG el E(0) < E({a))  [VafaWitten PRL 53 (1984)]
a s
eeff — % 6—V4E(9eff) — /DQO G—S()—I—’i@efffGé

_ |/Dg0 6—30-|—i9efffGé

S /DQO |6—So—|—’i96fffGé| — €_V4E(O)
* Does the axion really relax to zero ¢

.,..._..b. i @ ~ G% f;j joxm ~ 10718 [Georgi, Randall, NPB276 (1986)]
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Back to PQ mechanism

* New spin-0 boson with a pseudo-shift symmetry a — a+«f,

2 .
broken by %Sgs -GG ety E(0) < E({a))  [VafaWitten PRL 53 (1984)]
o 32T
* its origin can be traced back to a global U(|)prg [Peccei, Quinn '77,Weinberg '78, Wilczek 78]

|. spontaneously broken (the axion is the associated pNGB)

2. QCD anomalous

N« ~
°G-G
A7t

I o

- - 6#]5@ —
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AXIoN properties

2
a ~
* Consequences of —3g;2GG

Axion mass

“ @ Aep 2
o 7 = ma~Agep/fa
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AXIoN properties

2
a ~
* Consequences of —35‘;2 GG

Axion mass

. o A | 10° GeV
____N QD ) ma=5.691(51)meV< - )

[Gorghetto,Villadoro 1812.01008 (NNLO chiPT)
Bonati et al, 1512.06746 + Borsanyi et al 1606.07494 (lattice)]

f, = 10° GeV from astrophysics e il very light & weakly coupled
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AXIoN properties

2

a g ~

* ——-GG
Consequences of 39

Axion mass

. o A | 10° GeV
--__N QoD ereerre ma=5.691(51)meV< - )

[Gorghetto,Villadoro 1812.01008 (NNLO chiPT)
Bonati et al, 1512.06746 + Borsanyi et al 1606.07494 (lattice)]

f, = 10° GeV from astrophysics 2 very light & weakly coupled

- experimentally, more useful to think about the axion as wave

h \Y
Mg = ~ 20 cm 22
Mg C Mg
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AXIoN properties

2

a g ~

o ——=GG
Consequences of 39

Axion couplings to photons, nucleons, electrons, ...

p n !
@& @& @
p 7 -

€

e

Ne
R o L Sl P Y _
Ea D) 8t f. aF,uz/F + 2fa 8,Lbaf7 ’75f (f _pvnae)

[Grilli di Cortona, Hardy, Vega, Villadoro 1511.02867 (NLO chiPT)
Lu, Du, Guo, Meif3ner, Vonk 2003.01625 (NNLO chiPT)]

L. Di Luzio (INFN Padua) - The Axion Window on Low-Energy Precision Physics



AXIoN properties

2
a g ~
o ——=GG
Consequences of 39

Axion couplings to photons, nucleons, electrons, ...

A motivated target for experiments,
but UV completion can drastically affect low-energy axion properties

e —— E— S

)

., = —1.92(4) C, = —0.47(3) C, =—0.02(3) C,=-7.82)x 10" 610g(f

a C, Cy
— —TaF, JEHRY g 7
LoD o 7 Ta 2fa8 wa fy s f (f =p,n,e) '

—
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Benchmark axion models

* olobal U(l)pg (QCD anomalous + spontaneously broken)
U(1)pq x SU(3)?

X

SM fermions BSM fermions
2Higgs 2Higgs+Singlet Higgs+Singlet
POWW DFSZ KSVZ
[Peccei, Quinn '77, [Zhitnitsky ‘80, [Kim '79,
Weinberg '78, Wilczek '78] Dine, Fischler; Srednicki 8] Shifman, Vainshtein, Zakharov '80]
fa ~v ruled out Ja > v “Invisible” axion (phase of singlet field)

L. Di Luzio (INFN Padua) - The Axion Window on Low-Energy Precision Physics



Benchmark axion models

* olobal U(l)pg (QCD anomalous + spontaneously broken)
U(1)pq x SU(3)?

X

SM fermions BSM fermions
2Higgs+Singlet Higgs+Singlet
DFSZ KSVZ
C, = E/N —1.92(4) E/N =8/3 E/N =0
Cpm.e(B) ~ O(1) Cp = —0.5
Cp.e =0
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Axions beyond benchmarks

c/fa

m, Mg
enhance Wilson coefficient for fixed m,, suppress axion mass for fixed f,
[LDL, Mescia, Nardi 1610.07593 + 1705.05370 [Hook 1802.10093,

Farina, Pappadopulo, Rompineve, Tesi 1611.09855 LDL, Gavela, Quilez, Ringwald 2102.00012
Agrawal, Fan, Reece, Wang 1709.06085 +2102.01082]

Darme’, LDL, Giannotti, Nardi 2010.15846
Ringwald, Sokolov 2104.02574, ...]

B QCD axion parameter space much larger than what traditionally thought
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Experimental landscape

ChandriluSTAR
s FermPlanck
INTEGRAL
XMM-Newtorn.
< eROSIT/COBE
5 HINODEISA / -
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v cnows = hangE /CAPP SUMICO

UALIPH A [\DA AR ‘ ARGO‘YBP ’L ADANCE
.,S,kE f|e|d'€ ""’E)"““‘I-A POST RADES- Lsnum % }\NASDUCK \SAPP"““~ S DOSUE-RR
'DarkSide Y

SNALPH PVLS W /
BACON ?moADMX MGIC "8t ﬁadloAxm U ancla)(" aeT" / SAPPHIRES
HAWE PADME /% MUDHIS TASE"
Axion | é/POL S BEAR . ,' SKX albh .
Oy I Vg B UPLOAD/DOWNLOAD
Dark photon S Ve ORGANS..  _PPTA
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Image created by Giovanni Grilli di Cortona (INFN-I;NGS)
modified from https://cajohare.github.io/AxionLimits/
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Axion detection

* Ways to look for axions

(M H Magnet Light-Shining-Through-Wall Experiment
?NW ‘2] |aboratory-based experiments producing and
B\ 2B detecting axions
ikd"f/‘j{‘ H M:gnet He“O_SCO' )
Q_’ “% "" . S /MRl Seientific instrument designed to detect axions or
e < axion-like particles (ALPs) coming from the Sun

. Magnet Haloscope
06@) ): /A "%\/\/V\/Wetecmf Scientific instrument designed to detect axions in

2B the Milky Way halo
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Axion detection

* Classification by couplings vs. production mechanism

LAB HELIO HALO
- photons X X X
- electrons X X
- nucleons X
- EDMs X
- CP-violating X

- flavour-violating
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Axion-photon

1 -
e D ZgayaFF= g, 0E - B

Haloscope principle: P. Sikivie, Phys. Rev. Lett., 51, 1415 (1983)

« Concept: In microwave cavity placed in magnetic field, DM axion converts into photon

[A. Ringwald, TAUP2023] .

Signal

Resonant » Detector

cavity . Photon frequency
Magnetic — (xaxion mass)
field

Photon
Axion @

Power

Frequency

[Irastorza, Nature 21]
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If axion mass matches reso-
nance frequency of cavity,

Mg = 2TVres ~ 4 peV ( érIfIsz)

power output

Pyt ~ 927 paB(Q)VQ
enhanced by quality factor

Q ~ 10°

Need to scan by tuning reso-
nance frequency



Axion-photon

¢« ¥D %gay aFF =y the QCD axion DM hypothesis will be largely tested

in the next decades
[https://cajohare.github.io/AxionLimits]
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Axion-electron

d,a — —
a vermrnckl) Hj—gae Va-o— gaedg-P
m, | 2me 2m62
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Axion-electron

0.a |
H gae g - gae s
o £Dg eytyse m—-} HD> - Va-o— aoc- P
“om, | 2m, 2m?2
a(t) ~ aycos(myt —p - X)
v v
axion-wind axion-electric
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Axion-electron

0,a ~ g, — g —
LD g=—0r'rse =By HD-"Va-5--"45-P
® gaezme }/}/5 2me zmez

[https://cajohare.github.io/AxionLimits]

pHz mHz Hz kHz MHz  GHz THz PHz

104 ‘ ‘
5 Electron ¢ — 2
10~ Old
comagnetometers
—6 o]
10 (K-He)

10~7 Torsion pendulum

10-8 Torsion (dipole-dipole force)

pendulum

Solar i

XENONNT (Solar axions)

Red giants («wCen)

10_20 | Il |
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Axion-neutron

[https://cajohare.github.io/AxionLimits]

pnHz mHz Hz kHz MHz GHz THz

101
102 > . Casimir
CASPEr-ZULF (Comag.) 129X e

Torsion ‘
K-He SNO

1073
104
10~
107°
107
10-8
10~
10~19 JCASPE-ZULF (;
10—11
10—12
10—13
10—14
10—15
1016 AL AL AL S BLALLLL SRR AL SRR AL R

0 M 20 49 A% 4T 46 45 b 4D A2 43 40 .9 % 1 6 5 & 3 9
10" 10 2&0 A0 \@ X@ X@ X@ X@ X@ X@ X@ X@ TA0T40T 407 407 407 407 407 10

my [eV]

NASDUCK

Neutron star cooling

San|
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AXxion-proton

6ﬂa B
e D gapgpy”rsp

[https://cajohare.github.io/AxionLimits]

pHz mHz Hz kHz MHz GHz THz

Casimir
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CASPEr-ZULF (Comag.)

NASDUCK

§" o Neutron star cooling
RSO S —— Z o | | SN1987A
10~10 4 CASPEr-ZULF (projected) /’,/' ! : iz
10-11 | : A
10-12 JEmEmsterageming HU-=" : s Ky &
107+ s Fhe
10-1 $
10-15
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107407 A0 A0 407407 40740 A0 407 107 A0 40 A0 407 407 107 407 407 407 10

my [eV]

L. Di Luzio (INFN Padua) - The Axion Window on Low-Energy Precision Physics



Axion-EDM

* CP-violating axion DM background induces an oscillating (nucleon) EDM

i

g a _ x _
- <D - = 8any ano,,ysnk*"

~GG
3272 f,

£ D
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Axion-EDM

* CP-violating axion DM background induces an oscillating (nucleon) EDM

8s EGG’

£ D
327 f,

l J—
Z D - o Bany ano,,ysnk*"
N

2
a(t) = 4 [ 22M cos(m, 1)
m

2
d(1) = 8upy ; DzM cos(m,t) =~ 1073* e cm cos(m,t)
a

i : . - [Graham, Rajendran Phys. Rev. D 88 (2013),
NMR techniques (CASPErelectric) 50 0 ¢ oo Ledbetier Rajendran, Sushkov, Phys. Rev. X 4 (2014)]

[Graham et al, Phys. Rev. D 103 (2021)

- proton storage rings i e e uidis, Phys. Rev. D 104 (2021)]
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Axion-EDM

* CP-violating axion DM background induces an oscillating (nucleon) EDM

[Alexander et al, 2205.00830]

log,o(Frequency/Hz)
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RadioAxion

* [ime modulation of a-radioactivity from axion DM [Broggini, Di Carlo, LDL, Toni 2404.18993]
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RadioAxion

* [ime modulation of a-radioactivity from axion DM [Broggini, Di Carlo, LDL, Toni 2404.18993]
2 : :
80 _ ~ . 0-dependence impacts nuclear physics
Ly= GG -um-b s o L .
O 32 | (studied in the anthropic context)

[Ubaldi 081 1.1599
Lee, Meil3ner, Olive, Shifman,Vonk 2006.12321]

time modulation of radioactive decays

[ Tritium-decay previously considered in Zhang, Houston, Li 2303.09865]

Lexp(t) = (N(2) = (N))/{N)
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RacC

* Time modulation of a-radioactivity from axion DM

we computed expected time
modulation for a-decay [see backup slides]

we started data taking with an **'Am T
source in the Gran Sasso Labs g
S
~.
i
Lexp(t) = (N(2) = (N))/{N)
= -43x107° cos(2mat)( o 3)
0.45GeV/cm
(10-16 eV)2(108 GeV)2
X ’
my Ja

[Beta decay and electron capture considered in
Alda, Broggini, Di Carlo, LDL, Piatti, Rigolin, Toni 2412.20930]

I0AXION

[Broggini, Di Carlo, LDL, Toni 2404.18993]

RadioAxion=n

=
(o3
&)
&)
=
c
o)
=
E

Solar core
(S
285

W

&
&

glnnl‘lq}lnurﬂl '|\||||I11| |0||||I11| I9IIII|T| [bllllml :I||||I'I1| |6|||||'I1| glmlTll L||||I11| 'Ibllllml :Lllllnl &lllllTll |°||||I'I1| 9| TTrrm) o
A0 40" xO/'L xG/l xOA xQA xOA xo/x @A xo” xOA xGA @A xGA A0 A0

m, [eV]

L. Di Luzio (INFN Padua) - The Axion Window on Low-Energy Precision Physics



CP-violating axions

f,

* &> glaNiysN + g .aNN gy~ 7
a

eeff

from UV sources of CP-violation
or PQ breaking

[Moody, Wilczek PRD 30 (1984)

Barbieri, Romanino, Strumia hep-ph/9605368
Pospelov hep-ph/9/0743 |

Bertolini, LDL, Nesti 2006.12508

Okawa, Pospelov, Ritz, 21 | 1.08040

Dekens, de Vries, Shain, 2203.11230]
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CP-violating axions

* ¥ > ghaNiysN + g ,aNN gy~ Ja i M from UV sources of CP-violation
Ja or PQ breaking

New macroscopic forces from non-relativistic potentials  [Moody, Wilczek PRD 30 (1984)]

g; =" g: H 9; ““““ i)’sgi H i)’sﬂgl'» === i)’sgg
A A “ | A
(a) (b) | (c)
monopole-monopole monopole—dipJole) dipole-dipole
double 6, ¢ suppression ARIADNE, QUAX-gpgs, ... Spin suppression + bkgd

from ordinary magnetic forces
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CP-violating axions
f;

=0, §—  from UV sources of CP-violation
Ja or PQ breaking

[O'Hare,Vitagliano 2010.03889
https://cajohare.github.io/AxionLimits]

* &> glaNiysN + g .aNN gy~

Force range, A
Ro Rg km m cm pm nm A

7’

10—37 ____ - /2\,{&\3;
10—38 Comagnetometersxéj;o&o &: ,/ MO“OPOle'dlp Ole

10_39  ILLILLLLL ELRUILLLLL | ||lnﬁ| URLLLLLLL BUULLLLL BALALAALL EALILLLLL WAL WAL Jlmm?f'mml R ILLLLL EALALLLLLY ULALLALLY WLLLALL WLRALLL WAL UL ALALLLLL
A6 A5 AR A3 A2 Ay A0 9 % T 6 5 & 3 2 A D L L®
407107407 107407 107 407 107 407 407 407 407 407 407 407407 10 40" 107 40

m, [eV]

Nucleon-nucleon cou
=
|
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CP-violating axions

égeff @~ from UV sources of CP-violation
Ja or PQ breaking

[LDL, Gisbert, Nesti, Sarensen - 2407/.15928]

* &> glaNiysN + g .aNN gy~

Force range, A
Rgo Rg km m cm pm nm A

- 7
Comagnetometers /Qj;o\.o(’\

Monopole-dipole
UL | ||||‘Iﬁ| LRLILLLLL BAAL Y.’|/|||I'IT| T T |||||n|_!'rlﬁ UL BURLILLLLY ERLALLLL WUUALLLLL! DSUALLLL

A6 A% AE A% A2 Ay A0 9 % T 6 5 & 3 2 A 0.l aD
407407 107 407 407 107 107 407107 407 407 107407 407 407 107 107 10 407 40

m, [eV]

Nucleon-nucleon cou
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Flavour-violating axions

0,0 —
<L, D >,

v (CF 4 Cs);

Jbq
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Flavour-violating axions

g D) L CV + - [“Astrophobic Axions” with non-universal PQ allow to relax
2f, 'Qb 3 ( ‘775)¢ SNT987A + WD/RGB bounds by ~ | order of magnitude
l | | LDL, Mescia, Nardi, Panci, Ziegler; 1712.04940 + 1907.06575]
Jﬂ
PQ fa [GeV]
: — : 10° 10°® 107
enhance/suppress Cp'n,e _I I I I liill L I I TTrr 1T T T

10-10| ' :
= :
> TASTE .~ ]

A s
'(2‘ 10_11 _BabYIAXO |
& TAXO .
o0 - 1
- IAXOT ]
_ ' M1 |

— — M
10-12| . B V- ]
- :Flavor window KSVZ (E/N = 0) a
- K-> ma DFSZ-1I 1
:> L DFSZ-1 _
1073 102 107! 1

m, [eV]
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Flavour-violating axions

0,0 —

Vv V,A - -
£, D 2, Yy (C; + 0975)1& CLl o (VIPQ,V, )iz # O if PQ,, non-universal
| |
| sty PQ as a flavour symmetry ?
7
JPQ
[Davidson, Wali PRL 48 (1982)
enhance/suppress Cp,n,e Wilczek PRL 49 (|982)
— - . Ema, Hamaguchi, Moroi, Nakayama 1612.05492
‘ﬂavour—wolatmg axion coupling | Calibbi, Goertz, Redigolo, Ziegler, Zupan 1612.08040
— Bjorkeroth, LDL, Mescia, Nardi 1811.09637]
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Flavour-violating axions

£, D 2”?@& v (C’V + 0975)¢ Cl.‘;]‘.“ x (VIPQ,V, )i # 0 if PQ,, non-universal

[R. Ziegler @ DISCRETE 2022]
F; =2 f,/C; [GeV]

108 1012 101 1010 10° 108 107 10° 10°
62

A — na c4
BESTI Ceu

B — pa ci

I ue
/ %@/ CV+A
L pe

Axion Dark Matter Cre

flavor-diagonal couplings — Fe FN : Ffm F/J F},
PN T | 1 i IR SR T T | i 1 S N | 1 IS BT . | 1 1 PR

[w/o Haloscopes!] White Dwarts SN1987A IAXO  SN1S87TA  HB stars/CAST

for C;={C,,C,, Cy,Cyy, Cy» Gt C,.} = 1 flavour beats astrophysics !

L. Di Luzio (INFN Padua) - The Axion Window on Low-Energy Precision Physics



Conclusions

* The QCD axion provides a guide for where to search

* World-wide experimental effort, employing complementary techniques and couplings

RADES-BabylAXO © e ChandraluSTAR
3 gEﬁ - ST T Ty FermrPI:nck
AL P . INTEGRAL
z . AR B - - @
LOF | %ﬁw : HINODEISA / -
SNIPE-HUnBASP e\ \ I > MICROSCOFE -
: uperCDMs ON. S\ 7 IER K ,
SOoEl NAE "Wh o BRDESISPST - AMALLS
H N W AST NP ‘
‘ e [? YSTAc N/ ( \ = ¢ROW§ BBperDark | |
DM-Radi .. ‘ hangE-' APP SUMICO
QUAL'PH'% SN|PE I.lntl_ ADA ‘ ARGO{Bsf;PPHIRE, »\‘A‘DANCE
Dark E-field SHuntia POST RADES- LSﬁURI ilg NASDUCK 4 L "™~ DOSUE-RR
BACON"“} EGQADMX PX{'"}_X n;dIL Aex - Paﬁg!aXI;‘A/ST / SAPPHIRES
-. GIC | LAS V7 B
HAWE g . ISt PADME MUDHIG, 1 {SFAsE
Axion ”/ POLARBEAR Lt - o
A HES.S~ [~ UPLOAD/DOWNLOAD
Dark photon VLT X ORGAN-, __ PPTA
;o SKA
Scalar/vector SBL.
{ - Il:lage created by Giovanni Grilli di Cortona (INFN-I;NGS)

modified from https://cajohare.github.io/AxionLimits/
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—nhancing &,

gauge
_ @ Lo @ — E/N -1 92(@ grgra _ Nosg o Bop o 8008
Y " o, ay T BV w T In
. . gauge
Rq 00 |MaamlGeV]| E/N ¢ Pheno preferred hadronic axions

(3,1,-1/3) Qrdr 9.3-10%(g1) | 2/3 . . .
3.1.2/3) Toon |54 10%(g)) | 8/3 |. Q-fermions short lived (no coloured relics)
2 11/ _Qra 6.5-10"(g1) | 5/3 2. No Landau poles below Planck

(3,2,-5/6) | QrdrH'" [4.3-10*"(g1)|17/3

(3,2,7/6) Q urH |5.6-10**(g1)|29/3 . & E/N € [5/3.44/3
(3,3,-1/3) | QprqrH' |5.1-10%(ge) | 14/3 | / 5/3,44/3

Vo) 1027

(3,3.2/3) | QnacH 6610 (g2) | 20/3 [LDL, Mescia, Nardi 1610.07593]
(3,3,—4/3) | Q.drH"™ |3.5-10'%(g1) | 44/3

(6,1, -1/3) |Q, 0, drG*"|2.3-10%(¢g1) | 4/15

(6,1,2/3) Q.0 urG*|5.1-10°°(g1) |16/15

(67 27 1/6) @ROMVQLG“V 7.3 1038 (gl) 2/3

(8,1,-1) |Q.0uerG"” | 7.6-10*3(g1) | 8/3

(8,2,-1/2) | QroulrG*" | 6.7-10%*"(g1) | 4/3

(15,1, -1/3)| Q0. drG*" | 8.3 -10%*"(g3) | 1/6

(15,1,2/3) |QroumurG* | 7.6-10*"(g3) | 2/3
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cnhancing g,

gauge

p— p— P l‘l' PQ — S o _ . — — —
Jar = 5o 5 Cory = E/N =1.92(4)] 9900 ==22G -G+ F - F

faGeV] | | gauge
109 10% 1017 1016 1015 101 10 1012 101 100 10° 10° 107 ® Pheno preferred hadronic axions

10-10 . . .
o D, eonee ML BB |. Q-fermions short lived (no coloured relics)
1o E 2. No Landau poles below Planck
— 10-13 ]
T> 10 : g%
10—14 c ?_
s E/N € [5/3,44/3]
< 2 E
10716 @ —— DFSZI E/N=8/3 _
o @ — DFSzil E/N=2/3 3 [LDL, Mescia, Nardi 1610.07593]
i, " | Hadronic E/N=5/3 - 44/3 3
10 IR | Hadronic E/N<170/3 E
10_19 SNNY IIIII.IJ] | IIIIILII | IIIIIH] | IIIII.IJ] | IIIIILII | IIIIIH] | IIIII.IJ] | IIIIILII | Illlllﬂg
1

meleV]

[LDL, Giannotti, Nardi,Visinelli 2003.01 100]
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cnhancing g,

gauge

— — kPR — °G - o
2w T Coy = E/N —1.92(4) 0" J! GG+ F-F

Gavy —

faGeV] | | gauge
109 10% 1017 1016 1015 101 10 1012 101 100 10° 10° 107 ® Pheno preferred hadronic axions

10-105- i : : .
b \\\ TR |. Q-fermions short lived (no coloured relics)
1077 | #w } % 2. No Landau poles below Planck
— 10-130 Cim-leisd | ]
[ N i 5 -""';'E E [LDL, Mescia, Nardi 1705.05370
o 107“E § o A - ) , Mescia, Nardi .
O E % 8% E More Qs ? b Hoof 2107.1237]
N 1077 = = i . —=
SN E & ) ! 3
10716 @ —— DFSZI E/N=8/3 .
b B — oFszi EN=23 E/N < 170/3  (perturbativity)
10_1; " | Hadronic E/N=5/3 - 44/3 3
El P | Hadronic E/N<170/3 E - — )
10 PE ..:.Im IIIII.IJ] | IIIIII_II | IIIIIlll | IIIII.IJ] | IIIIII_II | IIIIIlll | IIIII.IJ] | IIIIII_II | IIIIH]]E GOIng M E/N | 70/3 .
101210“101010910810710610510_4103102101 1
MaleV] - boost global charge (clockwork)

[Farina, Pappadopulo, Rompineve, Tesi 161 1.09855

Darme’, LDL, Giannotti, Nardi 2010.15846]
[LDL, Giannotti, Nardi,Visinelli 2003.01 100]

- be agnostic, E/N is a free parameter
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CPV beyond CKM

e Axion potential in the presence of Ocpy e.g. Ocpy =

2
1 a a
Va)~—=—K| — ) +K'| —
2 \U/a Ja
K =(GG,GG) ~ Ay, @
(D)

(q9)(qiysq)
ACPV ’

AQCD

= (GG, Ocpy) ~

OO
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CPV beyond CKM

e Axion potential in the presence of Ocpy e.g Ocpy = 5—(G9)@irsq)
CpPV

Fundamental origin of CP violation / PQ breaking
Baryogenesis !

Acpy
Ocpv

Agcp
(GG,Ocpv) #0  —Bp b= <jfi> nEDM

e ¢ g>y aNN new macroscopic forces
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@-dependence of a-decay

* Gamow theory of a-decay [Broggini, Di Carlo, LDL, Toni 2404.18993]
In2
Ty = ——exp(K)
Vo
Eq
2 E=0
K = zf dr \/le[Vtot(r) - Q]
n
8.“ 12 Qaerell T
=Z,Z —\| F F(x) ~ = —-2vx+...
daQED( Qa) ZoZ4aQED -U, ) 2 v

- half-life is highly sensitive to O-value Q. = BE(A -4,Z - 2) + BE(4,2) - BE(4,2)

- O@-term changes the size of the scalar (attractive) and vector (repulsive) nuclear interaction

H = Gs(NN)(NN) + Gy(Ny,N)(Ny*N)
Qo(0) = Q. (6 =0) — 97 MeV (ns(6) — 1)
X ((A — 4)*3 + 4213 — A23y

G50 Gy
T Gs0=0)" T Gy(6=0)

UN

[Damour, Donoghue 0712.2968]
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@-dependence of a-decay

* Gamow theory of a-decay [Broggini, Di Carlo, LDL, Toni 2404.18993]
- 110
T = —CXP(K) T1/2(6) ~ T12(0) + T12(0)6° | — 630
& 100 - ‘:‘ — 567
(1)) — (T~ 90
1) = Tip®o) - (T 6(1) = 6y cos(myt).
(Tl /2) N 80 - 378
1 712(0) & cos(2m. 1) 6o = v2ppMm ) 315
2 TI/Z(O) 0 ¢ maf a T 252
=-43x107° cos(2mat)( bl 3) 60
0.45 GeV/cm 126
1076 eV)’( 108 GeV’ 50, .
X ’
My Ja

Figure A.3: Contours of f’l /2(0)/T1/2(0) in the (Qy, Z) plane for A = 241. The
case of >*' Am is indicated by a white dot.

TI/Z(O) ) 0K 2/3 _ 8 MeV 32
prwcsmom ~ K = e =845(Z-2) |4
¥ 5.0 50, On =845 )[ 3415 |\ 0,

~ 125 (for Americium-241)
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