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In 10 years from now ¢
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In 10 years from now ¢

falGeV] ¢ An experimental opportunity
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QCD axion

Strong CP problem Dark Matter

2

dLqcp = 6 3;3 -GG |9| <107 misalignment + topological defects
78
promote 8 to a dynamical field, $V(a) T>1GeV
which washes-out CP violation in QCD
#=a>
[Raffelt]
S AV(a) T ~1GeV
-~
S Wq = pa/pa ~ ()
a
>
-2r —-7 0 T 2m s _
p ©=0
a : .. : 92 . a
(9—>f— with (ay =10 a+3Ha+m,(T)f,sin 7 =0
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PQ mechanism

* Assume a new spin-0 boson with a pseudo-shift symmetry a—a+af,

2 X
broken by %3;;2 GG ooty F(0) < E((a))  [Vafa-Witten, PRL 53 (1984)]
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PQ mechanism

* Assume a new spin-0 boson with a pseudo-shift symmetry a—a+af,

2 .
broken by fi 3322 GG ey E(0) < E({a))  [Vafa-Witten, PRL 53 (1984)]
eeff — % 6—V4E(9eff) — /DQO e—SQ—I—’ieefffGé

_ |/Dg0 6—30-|—i9efffGé

S /DQO |6—So—|—’i96fffGé| — €_V4E(O)
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PQ mechanism

* Assume a new spin-0 boson with a pseudo-shift symmetry a—a+af,

~

a g
broken by T 39,2 GG

E(0) < E({a)) [Vafa-Witten, PRL 53 (1984)]

eeff — @ 6—V4E(9eff) — /DQO e—So—I—ieefffGé

_ ‘/Dgp 6—30-|—i9efffGé

S /DQO |6—So—|—’i96fffGé| — €_V4E(O)

* Does the axion really relax to zero ¢

bath-integral measure positive definite
Dy = dA® det (I + M) . only for a vector-like theory (e.g. QCD)
does not apply to the SM'!
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PQ mechanism

* Assume a new spin-0 boson with a pseudo-shift symmetry a—a+af,

2 .
broken by fﬁ 3322 GG ey E(0) < E({a))  [Vafa-Witten, PRL 53 (1984)]
eeff — % 6—V4E(9eff) — /DQO G—So—l—ieefffGG’

_ ‘/Dgp 6—30-|—i9efffGé

S /DQO |6—So—|—’i96fffGé| — €_V4E(O)

* Does the axion really relax to zero ¢

Ot ~ G5 f2joxm ~ 10718 [Georgi Randall, NPB276 (1986)
Okawa, Pospelov, Ritz, 21 | 1.08040]

PQ mechanism works accidentally in the SM | jorm = Im Vg Vi Ves Vi, =~ 107°
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PQ mechanism

* Assume a new spin-0 boson with a pseudo-shift symmetry a—a+af,

broken by 33,3 GG ety F(0) < E({a))
* its origin can be traced back to a global U(1)pg [Peccei, Quinn '77, Weinberg '78, Wilczek 78]

|. spontaneously broken (axion is the associated pNGB)

2. QCD anomalous

N o 5
4

I o

__ 6”]563 —
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Axion properties [model-indep. |

2
a ~
* Consequences of —33*;2 GG

| . axion mass

“ @ Aep 2
- S “""‘b ma ~ Agep/ fa

1012 GeV
fa

mg = 5.691(51) eV

[Gorghetto, Villadoro, 1812.01008 (NNLO chiPT)
Bonati, D’Elia, Martti, Martinelli, Mesiti, Negro, Sanfilippo, Villadoro, 1512.06746 (lattice)
Borsanyi et al, 1606.0/494 (lattice)]
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Axion properties [model-indep. |

2

a g ~

o ——=GG
Consequences of 39

2.'model-independent’ axion couplings to photons, nucleons, electrons, ...

p n !
@ @ @
P n -

€

[3

Mme
a C - C —
Ea D) S_W—ZGFMVFM + 2fJ; 8,uaff7'u’75f (f :pvnae)

[Gnilli di Cortona, Hardy, Vega, Villadoro, 1511.02867
Lu, Du, Guo, Mei3ner, Vonk, 2003.01625 | | | |
Choi, Im, Kim, Seong, 2106.05816] [see talk by G. Piazza for axion-pion coupling]
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AXIoN pro

2

a g ~

o ——=GG
Consequences of 39,3

berties [model-inde

3. EFT breaks down at energies of order f,

g [V completion can drastically affect low-energy axion properties !
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Axion properties [model-dep.]

|. Axion-photon

g
a__
g
Na, , ~ E
M= —2G-G+—FF
s s

C, = E/N — 1.92(4)

model-independent

depends on UV completion

‘ enhance/suppress Cy '

Gar (GeV 1]

falGeV]

10" 10" 107 10'® 10 10' 10" 10'2 10" 10" 10° 108 107

10710
107"
107"2
1071
1071
10715
10710
10~17
10-18
10~19

E
EE “Q; X \\\{}\\\\\\\\\\\\}\\\\\:§§\\\§\\ \\< Qi:.\
E i
E
— (4]
[ (&)
C
E O
— ©
- O
E ©
= =
= cIn —— DFSZ| E/N =8/3
- o —— DFSzZIl E/N =2/3
=
5 | Hadronic E/N=5/3 - 44/3

| Hadronic E/N<170/3

IA%\%N‘“ IIIIII,IJ IIIIIII,IJ IIIIIII,IJ IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| L1

5"“

1071210711079 102 1078 1077 107 10> 10~* 1073 1072 10! 1

me|eV]

[LDL, Giannotti, Nardi,Visinelli 2003.01 100 (Phys. Rept.)]

L. Di Luzio (INFN Padova) - The landscape of QCD axion models



Axion properties [model-dep.]

2. Axion-SM fermions [Robert Ziegler, La Thuile'| 9]
SM quark/lepton £.]GeV]
a

i 1013

10"
SM quark/ lepton oo

10t 101 10 108

d,a

2fa fﬂ () + 75)1?7 | BELLE I |
J e <]
i % isalignment) . IAXO
Jbq 1077 107% 107® 107* 107* 1072 107!
Cl;/ A (Vl}; PQ, V) (PQ as a flavour symmetry 7) Ma [eV]
@vour—violating axion couplin%) for C; ={C,,C,,Cy,C),,C) } =1

flavour beats astrophysics !

enhance/suppress Cpne
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Axion properties [model-dep. |

2. Axion-SM fermions

SM quark/lepton

SM quark/lepton

d,a

21,

VA (CF + Chs )Y,
|

Jbq

flavour-violating axion coupling

‘ enhance/suppress Cpne '

[LDL, Mescia, Nardi, Panci, Ziegler; 1 712.04940 + 190/7.06575
"Astrophobic Axions”]

fa [GeV]
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Axion properties [model-dep.]

3. CP-violating axions [Moody, Wilczek PRD30 (1984)]

~ —. Jfr
LD gonaNN + gffaf@%f Gon ™~ f_‘geff

from UV sources of CP-violation
e.g Ocpv = (uu)(divsd)

[Barbieri, Romanino, Strumia hep-ph/9605368
Pospelov hep-ph/970743 |

Bigazzi, Cotrone, Jarvinen, Kiritsis 1906.12132
Bertolini, LDL, Nesti 2006.12508

Okawa, Pospelov, Ritz, 2| | 1.08040

Dekens, de Vries, Shain, 2203.1 1230]
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Axion properties [model-dep. |

3. CP-violating axions [Moody, Wilczek PRD30 (1984)]
LD ginaNN + ghrafivsf g ~ %Heﬂc from UV sources of CP-violation

New macroscopic forces from non-relativistic potentials

gt} -—--{qg? | 9o ivs9a | ivsOpf--—--<irsgs
A O T B A
(a) (b) | (c)
monopole-monopole l monopole-dipole dipole-dipole
double 8.4 suppression ARIADNE, OUAX gpgs, ... Spin suppression + bkgd
NMR enhancement from ordinary magnetic forces
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Axion properties [model-dep.]

3. CP-violating axions [Moody, Wilczek PRD30 (1984)]

from UV sources of CP-violation

LD ganaNN + g.rafivsf Juny ™~

Re Rg km m cm pm nm A
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Benchmark axion models

* olobal U(l)pq (OCD 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 ‘811 Shifman, Vainshtein, Zakharov '80]
fo ~v ruled out fo>v “Invisible” axion (phase of singlet field)
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Benchmark axion models

* olobal U(l)pq (OCD 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

(also no flavour and CP-violating effects)
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Axions beyond benchmarks

c/fa ¢/ 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 161 1.09855 LDL, Gavela, Quilez, Ringwald 2102.00012
Agrawal, Fan, Reece, Wang | 709.06085 + 2102.01082]

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

= QCD axion parameter space much larger than what traditionally thought
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Axion-Photon

EXP STATUS
CAST (CERN) finished
ADMX (Seattle) running
HAYSTAC (New Haven) | running
ALPs-II (DESY) construction
CAPP (South Korea) construction
ORGAN (Perth) prototype
ABRACADABRA (MIT) prototype
(Baby)IAXO (DESY) preparation
MADMAX (DESY) preparation
ACTION (South Korea) proposed
FLASH (Frascati) CDR
QUAX-ay (Legnaro) running
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cnhancing g,

gauge

a Cgy

Gary = Nay - Fa - global
“ " o o

G-G+ —F-F -
4 + 4

Coy = E/N —1.92(4) orJEQ =

e —

gauge
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cnhancing g,

gauge
— o @ —B/N -1 024)) 9= TG G+ OF-F o
Y= 9 S, oy TR w7 g in T
l . . gauge
Rq Ogs  |AlanamlGeV]| E/N o Pheno preferred hadronic axions
(3,1,=1/3) |  Qpdr  [93-10%(¢g1)| 2/3 . . .
3.1.2/3) T.un  |54.10%(91) ] 8/3 [. Q-fermions short lived (no coloured relics)
flo [[G2Y0 | Qua  |65:10%e) |53 2 No [andau 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
ra) H 6 - 27
3.3.2/3) | QpqH 166-10 (g2) | 20/3 'LDL, Mescia, Nardi 1610.07593]
REy 1(3,3,-4/3) | QudrH'™ [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
Gog = 2 G Cor = E/N — 1.92(4) grgra _ Nosg o Bop o 8008
2w f, T ' N 4 T
£.1GeV] | | gauge
19 1018 1017 1016 1015 1014 1013 1012 1011 1010 109 108 107 i Pheno preferred hadronlc aX|OnS
10—11% e More Q’s? [LDL Mescia, Nardi 1705.05370]
10712 =
T 107 BE - .
5 g E E/N < 170/3 (perturbativity)
T 105k E -
= 10_16; E é Yan — 0
10:12? E [ “such a cancellation is immoral, but not unnatural”,
7 E D. B. Kaplan, NPB260 (1985)]
10_19_ AR ] IIIII_I_I| ] IIIII_IJ] | ||||I_IJ] | IIIIIJJ] | IIIIIJJ] | III||.|]| | IIIIIJ]]:
10-1210-1110-10 109 105 107 106 105 104 102 102 101 1
MaleV] » Going above E/N = [/0/37?

- boost global charge (clockwork) — backup slides

- be agnostic, E/N is a free parameter

L. Di Luzio (INFN Padova) - The landscape of QCD axion models



cnhancing g,

a C -
Jay = 5 fm Coy = E/N —1.92(4) [LDL, Giannotti, Nardi, Visinelli 2003.01 100 (Phys. Rept.)]
a
falGeV]
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oE : 0EZ EE
g E = M ] 3
10—18% E_ \ =
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exp.s have just started to constrain E/N from above

2. E/IN ~ .92 appears as a tuned region in theory space
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suppressing m,,

e Standard QCD axion [Di Vecchia, Veneziano, NPB 1 71 (1980)
Leutwyler, Smilga, PRD46 (1992)

Grilli di Cortona, Hardy, Vega, Villadoro, 1511.02867]

fa 8m (Mo, + My

2266  —ep V(a) = —mifz\/l - 4mumd)2 i’ (%)
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suppressing m,,

* Z, axion: mirror world

SM +— SM, « a ~ Q a ~
L= Lo+ Loyy + =2 ( —0)GG+ 8 ( —9-|—7T)G/G,
a— a-—+ 7Tfa 8 .fa, 8 fa,
axion mass Is suppressed
(YR N /A W S 4 WS A0 W — but minimum in /2
g 057\
IS
E 04_ ____________________________
Py
g'g T e S . o A L B O
~
3 0 2 ___________________________________________________________________________
S AN A W A e A
; ; : ; —— Veum(a/fa)
e A U -\ /) — Vsmla/fa)
ool NN\ ______________ —— Vz{(a/fa)
—6 —4 9 0 2 4 6
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suppressing m,,

e Zy axion: N mirror worlds  [Hook 1802.10093] SM

SMj; —> SMp41 (mod A7)

2k k=2
o —at 2Ry,

SM_ _,
the axion (6, = alf,) redlizes the Zy symmetry non-linearly
N-1 -
a, onk [LDL, Gavela, Quilez, Ringwald 2102.00012]
L = kzzo [[’SMk + 8_71' (9a+ N ) Gka]
4z . 5 (0, Tk =M 1
(1+z)2Sln (2+N) ) my
m2 f2 2 N2V cos(A6) axion potential exponentially

ﬁ 1 + 2z suppressed at large N

L. Di Luzio (INFN Padova) - The landscape of QCD axion models



suppressing m,,

e Zy axion: N mirror worlds  [Hook 1802.10093]

SMk — S:M:k:+1 (mod N)

a—)a-l-@f e
N‘ a)

e.g. Z; axion

[LDL, Gavela, Quilez, Ringwald 2102.00012]

«v--} N needs to be odd in order to
have a minimum in zero

(strong CP problem is solved
with [/N probability)
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Su

o ZN axion: N mirror worlds

CAST

ALPS II

Astrophysics

an+Ja949

Neutron stars

dressing m,,

[LDL, Gavela, Quilez, Ringwald 2102.00012 + 2102.01082]

e EBEE (6
) ' 1Rk 1o
R 2l
10—13 // ’¢ Jg‘i : | 1010;
. ' ¢ Y { P9
n f i f / h;’jé \TOORAD o i
% 10-14 % ﬁ/ f// 7) \ ORGAN S
g [ ’g /. MADMAX _ 1012 B
= 1075 ’/ Plasma haloscope 2_
Qsj ’ - 1013® g
— 1-16 ‘ ADMX %%
S|
1071 [
- 1015
1071
- 1016
10—19
- 1017
1072 '

Mg [eV]

mzzmiﬁ 1 1—ZN3/2ZN
B AVEA I

universal enhancement of all axion
couplings wi.rt. standard QCD axion

CASPErElectric could disentangle
enhanced coupling vs. suppressed
mass mechanism — backup slides
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Conclusions

* [ake home message

axion properties are UV dependent

|. enhanced/suppressed axion couplings
2. modified m, - f,, relation
3. flavour violating axions

4. CP-violating axions

if an “axion-like particle” will be ever discovered away from the canonical QCD window,
it might still have something to do with strong CP violation
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Backup slides
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A photo- and electro-philic Axion !

* Consider a DFSZ-like construction with 2 + n Higgs doublets + a SM singlet ®

»CY — Yu @LURH’U, -+ Yd @LdRHd + Ye fLeRHe

X(H,) + S (Hy) +{x (1) X (H,))m.
Gae = N

LX(H,) + X (Hy) fa

E

QO [~

naively, a large PQ charge for He would make the job... but, enhanced global symmetry
U(l)n+3 — U(l)PQ X U(l)y

must be explicitly broken in the scalar potential via non-trivial invariants (e.g. H, H;®?)

~=f»  non-trivial constraints on PQ charges
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A photo- and electro-philic Axion !

* Consider a DFSZ-like construction with 2 + n Higgs doublets + a SM singlet ®

clockwork-like scenarios allow to consistently boost E/N  [LDL Mescia, Nardi 1705.05370]

B _ 4(H) + X(Ho) (X (H.) - _(xu
LX(H,) + Lx(H,) . V' fa
(H, H,®?)
(H Hy_ | )(Hi_ H?) ooam . E/N ~ 2+
(H.H,)(H,Hy) [See also Farina et al. [611.09855,
[Giudice, McCullough] for KSVZ clockwork]

+1 ve - kUi
X(H,) =2 (1—§)—];22U—2
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How to tell which mechanism !¢

= CASPErElectric could disentangle enhanced coupling vs. suppressed mass

ga/yn I:Pablo QUileZ:

a O

EDfa 87’(‘GG + ...

i(0.011e\a _ , 2 77~ 2 @ Md
= —a%%%w SRR

o ga’yn m2 f2 - mfrfyg 1 — ZN3/2 N
ele = Jr V142
phase III i COU plin tO the .
| , S Axion mass
10-—23 IIII IIIlI|,u] IIIIIud Illlluj ll|l|,|,|,|| Illlm‘ Illll|,|,|] l|||l|,ul Illllu‘llllluul Ll nEDM
10710712107 110-910? 102 10~ 10~%10~9.10~* 10~* 102
me(eV)
—frastorzarRedordo 18]
Based on 2102.00012 and 2102.01082 Maq (eV) 56
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CASPEr-Electric

* Cosmic Axion Spin Precession Experiment  [Graham, Rajendran 1306.6088, Budker+ 1306.6089,
Jackson Kimball+ 1/11.08999]

Axion DM field induces an oscillating nEDM

/) . axion Compton frequency (Hz)
LD _§ gat no‘,uuf}%nF'LW 10° 10° 10"
— o ! SN1987A
4, (t) = 942 cos(m,t) £ |
m, 3107 | L
E | #
o . | o |
...which is detected via NMR techniques S
gl =8  BEsEn S
a =
O e
& | 8
S 2w S
e R e phase Il
i od ~ 12)-12 16'8 16-4
SQUID ’ ’f ’ Bext axion mass (eV)
pickup f f !
loop ,f ,f ,f
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https://arxiv.org/abs/1306.6088
https://arxiv.org/abs/1306.6089
https://arxiv.org/abs/1711.08999

CPV axion & long-range forces

* New CP violation in the UV can source a scalar axion-nucleon coupling

2
f—;%ﬁl\f — g ,naNN GaN ™ ﬁ6’eff Ooit = (@) £ 0

[Moody, Wilczek PRD30 (1984)]
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CPV axion & long-range forces

* New CP violation in the UV can source a scalar axion-nucleon coupling

f7r = f7T <a>
NN — aNN Gan ~ S Vett Ot = — # 0
2 f2 gaN N fa i fa #
[Moody, Wilczek PRD30 (1984)]
g; —-—-- 9: 9; ““““ 'Ysg: H '759:’ ““““ lys 9%
¥ ¥ v, | ¥ v
[ | 2 2 | 2
(a) | (c)
monopole-monopole monopole-dipole ’ dipole-dipole
2 —m_r
- —gsgse ° My 1 | —myr
Vr)= 4y Vir)= gsgp) 1TM2 [ . + 2 e ¢
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A new master formula

* Moody-Wilczek formula [Moody, Wilczek PRD30 (1984)]
1 e muymyg — 1— (17 MeV
g N = — Nl|u dd|N) ~ —0,
Jan 2 fa mu+md< ‘uu_l_ ‘ > 2 ff( fa )
* From bary-meson chiral Lagrangian [Bertolini, LDL, Nesti 2006.12508]

0 B . . My, _
T et | 2 b+ be) S0+ 0o g [t 20) 2 = (b0t (b + b)) |

meson tadpoles
iso-spin breaking

MW missed a factor |/2
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https://arxiv.org/pdf/2006.12508.pdf

An application: Left-Right

* [ ow-scale (PQ)Left-Right with P-parity [Bertolini, LDL, Nesti 2006.12508
PRLI26 (2021)]

4-quark op. from Wy exchange

chiral representation

Oud (uu)(dw5d) Cg(U]J_rlUQQ — UllUQJrQ)

21 2i
U = exp JeF ’701‘|‘F_H
0 T

Sam— e

c3 My + mg + 4my

BoF?2 mymg + mgms + mgmy,

[ud] \/_CS mqg — My,
BoF2 mymg + mgms + mgmy,

_Gr
1
C (ud] 2C3 Mg — My
BOF2 My My
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https://arxiv.org/pdf/2006.12508.pdf

An application: Left-Right

* [ ow-scale (PQ)Left-Right with P-parity [Bertolini, LDL, Nesti 2006.12508
PRLI26 (2021)]

4 CPV observables (e, €', d,, g,n) function of a single phase a (®) = diag {v1, e"v2}
0t | Oth
ARIADNEIs he<Ol| | ho = g

| ARIADNE Projected

\/ 8an 8aN X (100ueV/my)

10-19 ¢ hg<0.5 hg<0.15

| SQUID Sensitivity Limit
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https://arxiv.org/pdf/2006.12508.pdf

CP-violating axions

* Rethinking the axion as a portal to UV sources of CP-violation

Fundamental origin of CP violation
Baryogenesis ?

Acpv

Ocpv

Aqcp
<GG, OCPV> £0 ey O = (@) nEDM (bound)

S :
el JaN new macroscopic forces

strong CP problem or strong CP opportunity 7
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