New tests of ALP-fermion interactions

INVISIBLES24
Bologna July 1 - 5 2024

Belén Gavela
Univ. Autonoma de Madrid and IFT

12

UNIV ERS[DAD ALTONOMA
MADRID




New tests of ALP-fermion interactions

CP-violation

INVISIBLES24
Bologna July 1 - 5 2024

Belén Gavela
Univ. Autonoma de Madrid and IFT

12

H2020

LA

UNIVERSIDAD AUTONOMA
DE MADRID




Why CP-violation ?



Why CP-violation ?

Why 3 generations of quarks and leptons,
with mixing and CP-violation....

for "nothing”?



Why CP-violation ?

CP-violation is a fantastic
window to BSM
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Electric dipole moments dG-E
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Fig. 5.3: Summary of current EDM limits (empty circles) and short/mid-term planned sensitiv-
ities (full circles) for light quarks, strange and charm quarks, electron, muon and tau [257].



In the SM the quark EDM is 3-loop suppressed

Maiani 76
Shabalin 78

SM quark EDMs d,, ~ 1034 e-cm
Experiment: d, < 3.6 x 1072° e-cm at 95% CL



In the SM the neutron EDM is very
suppressed

" penguin dominated”

(80’s: Gavela at al.,
Khriplovich+Zhitnitsky)

SM predicts d,, ~ 1030 - 1032 e.cm
Experiment: d, < 3.6 x 1072° e-cm at 95% CL



In the SM they are 3-loop <= vressed

SM predicts d,, ~ 1030 - 10-32 e.cm
Experiment: d, < 3.6 x 107%° e-cm at 95% CL



Why ALPs

or general Scalars ?



Rocio del Rey



do )Goldstone boson

Rocio del Rey



Because they are (pseudo)Goldstone bosons,

Axions and ALPs a

are the tell-tale of hidden
symmetries

awaiting discovery



Think of the pions...

and of the massive W and Z...



‘AL Ps (axion-[iﬁejoarﬁc&zs)



An ALP (axion-like particle) is a generic scalar field a

with derivative couplings to SM particles

and free scale fa:

0,a
L =Lsm +

X SMH

~

general effective couplings

{Ma, faj



An ALP (axion-like particle) is a generic scalar field a

with derivative couplings to SM particles

and free scale fa:

", ~
E p— ‘CSM —|— H X SM"" + Cid Xqu“V + ...
-fa'/, .fa
general effective couplings XV =Fuv Guv Zuv \Nuv

(Ma, 72}



An ALP (axion-like particle) is a generic scalar field a

with derivative couplings to SM particles

and free scale fa:

", ~
E p— ‘CSM —|— H X SM"" + (i QHVX“V + ...
-fa'/, .fa
general effective couplings XV =Fuv Guv Zuv \Nuv



-Linear effective Lagrangian at NLO

I
'SM EFT |
Complete basis (bosons+fermions):

total

1
d=5 2 2
Lot = LM + = (8“0,)(8“& + E ¢; O — 5Maa

OB — _B,u,z/B'UIU Oé — _Ga Gap,u
Ja fa
Oy = —-WoWwew IS e Xy
W T f 3 WY puAap P
T Y=QL,QR,
Ly,LRr

where Xy is a general 3x3 matrix in flavour space

Georgi + Kaplan + Randall 1986

Choi + Kang + Kim, 1986
Salvio + Strumia + Shue, 2013



-Linear effective Lagrangian at NLO

I
'SM EFT |
Complete basis (bosons+fermions):

total

_ 1 i=5 _ 1 2 o
Lot = LM + 5(%&)(8“&) + ;072 — 5 Mad

Mg —-
Georgi + Kaplan + Randall 1986 A

Choi + Kang + Kim, 1986
Salvio + Strumia + Shue, 2013



-Linear effective Lagrangian at NLO

I
'SM EFT |
Complete basis (bosons+fermions):

total

_ l =5 _ 1 2 o
aslpeﬁ‘ — gSM -+ 5(8”0,)(8'“@) -+ CZO,L — §maCI,

Difference between and ALP and a true axion:

an ALP does not intend to solve the strong CP problem

otherwise, the phenomenology is alike (even for DM)

Mg —-
Georgi + Kaplan + Randall 1986 A

Choi + Kang + Kim, 1986
Salvio + Strumia + Shue, 2013



-Linear effective Lagrangian at NLO

I
'SM EFT |
Complete basis (bosons+fermions):

total

_ l =5 _ 1 2 o
aslpeﬁ‘ — gSM -+ 5(8”0,)(8'“@) -+ CZO,L — §maCI,

For an ALP:

[ ma , fa)

are independent parameters

Georgi + Kaplan + Randall 1986

Choi + Kang + Kim, 1986
Salvio + Strumia + Shue, 2013






neutron, proton, top,
electron, muon...




G
a----g CLGMVG'MV
G

neutron, proton, top,
electron, muon...

neutrinos
Bonilla, B.G, Machado [arXiv:2309.15910]



ad-neutrino couplings

Neutrinos are excellent messengers onto the dark sectors
of the universe

What about d-neutrino couplings ?

Bonilla, Gavela, Machado [arXiv:2309.15910] Phys.Rev.D 109 (2024) 3€‘®



Bounds on ALP-neutrino couplings

V



Bounds on ALP-neutrino couplings
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Bounds on ALP-neutrino couplings
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W, WH




Bounds on ALP-neutrino couplings
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Bounds on ALP-neutrino couplings
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L; = ( ) > connected by gauge invariance

00—
Larp D ——Lipy*cr L A

a

0,a

fa

GR’Y CEER

CLASSICAL EOM

. a _
= éR’y“cEeR = — <Zf_€LMECE€R —|—h.C.>

a

éL’yMCLBL = <Zf_€LMECL6R + h. C)

a
B prytervr = <zf—uL1\/L,cL1/R + h.c. )

Mass-suppressed

M. Chala et al, Eur. Phys. J. C 81 (2021), no. 2 181
M. Bauer et al, JHEP 04 (2021) 063
J.Bonilla etal, JHEP 11 (2021) 168



LL — ( ) > connected by gauge invariance

0,0 — o.a
Larp D ——Lpy'ep Ly A erY'crer
a fa Bounds
ALP-gauge
| bosons
CLASSICAL EOM ONE-LOOP EFFECT l
a”aéRv"cEeR = — (zﬂeLMEcEeR + h. c) + Tr[cg| — a _g” B, B* Bounds
fa Ja fa 16727 ALP-neutrino
0,a _ .a a | g” Y g’ %
.]i; €L’y“CL€L = <ZE€LMECL€R —+ hC) Tr [CL] f 647‘(‘ BMVB'M 6477 WMVWN

2

0 . ~
;:LDLVNCLVL = (z%yLMVcLVR + h.C.) Tr [cr] JZ [ g 5B  BM 4 Gsz WWW/W]

Mass-suppressed Mass-independent

M. Challi et al, Eur. Phys. J. C 81 (2021), no. 2 181
M. Bauer et al, JHEP 04 (2021) 063
J.Bonillaetal, JHEP 11 (2021) 168

one-loop anomalous current



Tr(cwy/fa) vs. Tr(Cee/fa)

Bounds on ALP-neutrino coupling

7 width

_— =
S — 3

—10

ma=1 MeV

ma=1 GeV

mMa=250 GeV

1 1
[Tr(cee)|/ fa (Gevil) [Tr(cee)l/ fa (Gevil)

r(Cee/fa) (GeV-1)

Lots of space to explore by LHC and future
colliders

Bonilla, Gavela, Machado [arXiv:2309.15910] Phys.Rev.D 109 (2024)



‘ALPs (axion-[iléejoarﬁcﬂes)

CP-violation



L=LSrM-I'La

CP-violation

Mma> 1 GeV

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133






The ALP EFT
0,a

fa

LoD (R CoQrL + upy'C ., ur + dry* ', dr)

~——— L

CP-violation in flavor-nondiagonal entries

It will source CP-violation observables, e.g. EDMs... at one loop!



The ALP EFT
0,a

fa

LoD (R CoQrL + upy'C ., ur + dry* ', dr)

~——— L

CP-violation in flavor-nondiagonal entries
It will source CP-violation observables, e.g. EDMs... at one loop!

~ =~

s 0N
U { { { \ u
ClQS/fa /fa

'Di Luzio et al., 2010.13760]



The ALP EFT
0,a

fa

LoD (R CoQrL + upy'C ., ur + dry* ', dr)

~——— L

CP-violation in flavor-nondiagonal entries

It will source CP-violation observables, e.g. EDMs... at one loop!

u [ 1 Ny d_uN Qy Im(Cég?’ )
Cl@?)/fa /fa & 327T2 fc%

'Di Luzio et al., 2010.13760]
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0,a

fa

The ALP EFT
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The ALP EFT

—I—(Q_LL UR + CZLMddR —+ hC) —+ 0 g—SGuyé’uV
v

/
. 2/'
Z

Related by the Ua(1) anomaly

physical ) = 6 + Arg det( Md)

nEDM data imply 8 < ~10-10
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The ALP EFT

1 1
Lg D 5@@8“& — §m3a2

_ aS ~ .
—I—(Q_LL uR—I—dLMddR—I—h.C.) —I—(98—7TGHVG'LL
0,a

[ (QLV“CQQL upY"C ., ur +dry"C,, dR)

B

ALPs contribute at one-loop to the quark mass terms,
i.e. ALPs contribute to 6

physical ) = 6 + Arg det( Md)



ALP contribution to 6

4
;7N
u { t \ U
Cy/fa / fa

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



ALP contribution to 6

4}
/‘\

/ Pu N\

u { t \ u

Cy/fa [ fa

* Factor m: for chirality flip

* Factor p,2 from vertices

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



ALP contribution to 6

. —— * Factor mifor chirality tlip

/ Pu N\

u{ t \u

Cy/fa [ fa

* Factor p,2 from vertices

m; max(m2,m; )

1672 f2m,,

AbOaLp ~ Im(CyC,))

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



Neglecting threshold corrections

For an ALP:
é (,UIR) ~ é()—l—
u;={u,c,t} 16W2f§mui won lax (mg’ m’lZLk)
md,, (mc% T m?lk) 'k ~xik f2
—+ Im (CZQ Cd’L ) log a4
dz-:%l,:s,b} 1672 fama, : max (mg, m?lk)



ALP contribution to 6

. —— * Factor mifor chirality tlip

/ Pu N\

u{ t \u

Cy/fa [ fa

* Factor p,2 from vertices

m; max(m2,m; )

1672 f2m,,

AbOaLp ~ Im(CyC,))

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



ALP contribution to 6

a4 “ Factor m; for chirality flip
-~ pu\ N
/ * Factor p,2 from vertices
u { t \ u

Cy/fa [ fa

_ 1 Im(C’éz3 )
me<me - AVALP ~ 7E ( ) fa

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



ALP contribution to 6

4}
/‘\

y Pu N\

u { t \ u

Cy'/ fa /fa

* Factor m: for chirality flip

* Factor p,2 from vertices

_ — 13
ma<mi o]  OQ07° GeVTT) Im(C )
1672
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Ay

Qa



nEDM limits on ALP-fermion couplings

N
4 \ 4 dn, N O(1073 GeV ™) y (mf) Im(C'g’ C’ZS)
—>—

e |5 1672 Mo, f2
Bounds many orders of magnitude stronger €.®

w

m.,

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



nEDM limits on ALP-fermion couplings

X9 =Im(C7C )/ f2(GeV™?)

»
(Y
-
‘l

Bounds many orders of magnitude stronger

Dotted lines:

13 —— NO 1) X
Xy (& dq,czq () 327‘(‘2

x= Solid regions:

dn O(1073 GeV ™) y (ﬂ%f) Im(C’g’ C’Z];’)
e

] ].6’7'('2 mo,

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



ALPs
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Bounds many orders of magnitude strongek\a

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



nEDM limits on ALP-fermion couplings

X9 =Im(C7C )/ f2(GeV™?)

O-bounds qEDM & cEDM
(GeV™2) (GeV™?)

Combination

= s Im[C5'C.l/fZ 1.8x1077 37x107"
oy Im[CECIYl/f2 11 x 107 -

— x1 Im[C5C;R)/f2 1.1x 1072 1.9x107°

== x12 Im[C5C:?)/f2 27x107"*  23x107°

= X Im[CHCI|/fi 23x107"  87x1077

—_—
o
| 1 [ |
N
—
I I I I I I I I

-
..
*~
»

— Xi& Im[C5C;7/f2 86x 107 1.2x107°

M (GeV) ma: 5 GeV

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



nEDM limits on ALP-fermion couplings

X9 =Im(C7C )/ f2(GeV™?)

As a function of mg

1077
v 137/ £2 2 17
[ * 1 mt —
10-" S X; Im C C _/fa < (m3+m%) 2 x 10
2
; *23- 2 my _14
2
107" — x137 / £2 m3 _19
'S o X ImC’  C; =1/ fe < (mg+mg) 3 x 10
N 1 * 127 2 m?2 11
10~1° X,i Im C C ./fa < (mg—l—cmg) 5 x 10
2
- — 2 *23' 2 my —11
10—21, .’... ' o Xd Im C C /fa, < (mg_l_m%) 6 X 10
i - | , )
s T XL W[CHCHA/E < (5aes) 3% 107
-25 \ \
10 1072 107" 10° 10’ 102 103 10*
m, (GeV)

LP case. Bounds on Im[C’zJ C:71/f2 in GeV~?

obtained from the 6 correction.

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



We checked our results in the chirality-flip” basis

0,a _
LoD [ (R CoQr +upyC ., ug +dry"C ), dg)
ur, —>6i%CQ’U,L, dL —)ezfaCQdL,
Chiral rot.: ia O ia



We checked our results in the chirality-flip” basis

0,a , - B _
LoD ; (R CoQr + ury' ', ur + dry* ', dr)
a
| ur, —>6i%CQ’U,L, dL —)ezfaCQdL,
Chiral rot.: wn —s éF:Cuny, dy —s e FsCing,
o a’?
- L O urv |i—K, - QFu UR
Ja i
_ | a a’®
+dr v Zf—Kd | 2F‘ag dp + h.c. + ...
_ Ja a

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



We checked our results in the chirality-flip” basis

0,a _
LoD [ (R CoQr + ury' ', ur + dry* ', dr)
| uy, — ei%CQ’U,L . dL — ei%CQdL .
Chiral rot.: wp —s ¢ Crypn dp —s ¢ f:Clrg,,
i a,2 }
- L D U v Z—K 2 UR
Ja f
_ CL2
+dr v Z—Kd | 2F‘ag dp + h.c. + ...
Ja fa
vK,=CoM,—- M,C,, .
Where | 94 F, = 200 M, C,,, — CLM, — M,C?,




We checked our results in the chirality-flip” basis

0,
LoD [ - (RLY*CoQr + upy"
Chiral rot.:
* LDurv |1
+ dL U

vK,=CoM,— M,C,, ,

where . 2
20F, =2CoM,C,,, — CQM - M, C




There are two diagrams in the " chirality-flip” basis:

£
; N
—»1—)—\—)—
i Px (7
_|_
A
\ /
)i (0

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



General Scalar

L =Lgpm+ Ls

CP-violation

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



Generic scalar

K and F arbitrary: more parameters than for ALPs

e.g. CP-violation in flavour-diagonal couplings

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



Generic scalgrg

K and F arbitrary: more parameters than for ALPs

e.g. CP-violation in flavour-diagonal couplings

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



Generic scalar

K and F arbitrary: more parameters than for ALPs

Contribution to 5 from:

s /75
/ AN + \ /
i Pk ¥;

bounds also improved by orders of magnitude



Generic scalar
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FIG. 5: General scalar. Upper bounds on W”’” =

Im(KY” K7")/A? stemming from the contributions of (sohd
regions) and from the sum of qEDMs and cEDMs (dashed
lines) to the nEDM. The red dotted line shows the projected
bounds on W.? from future nEDM and pEDM experiments
[44, 45]. The grey shaded area is as described in Fig. 2.

1077
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| ] ] ] ‘4 0
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FIG. 6: General scalar. Upper bounds on V;j =

|Im (F;j ) /Az} stemming from the contributions of 6 (solid

regions) to the nEDM. The red dotted line shows the pro-

jected bounds on V,!! from future nEDM and pEDM experi-

ments [47, 48]. The grey shaded area is as described in pre-
vious plots.

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



What ﬁa}o]aens 1f there is a
PQ symmetry (in addition) ?

either for ALPs or generic scalars



With a PQ symmetry present:

0 disappears but a residual 8 induced remains:

Vata-Witten theorem does not apply with extra explicit CP
sources and

2
5 Mo dq.
Hlnd — 9 Z Mg

q=u,d,s
we have updated the bounds in this case

M. Pospelov, arXiv: hep-ph/9707431, Phys. Re. D 58 (1998) 097703



Without a PQ mechanism:

d, = 0.6(3) x 10~ '%9[e - cm]
—0.204(11)d,, + 0.784(28)d; — 0.0028(17)d,
—0.32(15) e dy, + 0.32(15) e dg — 0.014(7)ed;.

In the presence of a P(QQ mechanism:

dE? = —0.204(11)d,, + 0.784(28)d; — 0.0028(17)d,
— 0.31(15)ed,, + 0.62(31)edy



Without a PQ mechanism:

d, = 0.6(3) x 10~ '%9[e - cm]
—0.204(11)d,, + 0.784(28)d; — 0.0028(17)d,
—0.32(15) e d,, + 0.32(15) e dg — 0.014(7)eds.

Chrc}mo—e ectric EDMs

In the presence of a P(QQ mechanism:

dE? = —0.204(11)d,, + 0.784(28)d; — 0.0028(17)d,
— 0.31(15)ed,, + 0.62(31)edy

chromo-electric EDMs



sum rules Hisano et al.

Without a PQ mechanism: /
d, = 0.6(3) “cm] \
(

— 0.204(11)d,A£0.784(28)d, — 0.0828(17)d.

[ attice / ~

+sumrules 0.32(15)°e Ju +0.32(15) e dg — 0.014(7)6J8.

In the presence of a P(QQ mechanism:

dE? = —0.204(11)d,, + 0.784(28)d; — 0.0028(17)d,
— 0.31(15)ed,, + 0.62(31)edy



ALPs

Combination m W

(GeV ™) (GeV—
/f2 37x 107" 3.7x107"°

/fZ 1.9x 1077 3.2x1077

( )
( )

Im(C12C2)/f? 23x107° 2.4 x107°
( )/f2 87x 107 1.2x 1077
( )

/fZ 1.2x107° 1.9x107°

TABLE IV: ALP case. Comparison of bounds w/o the pres-
ence of a PQ symmetry. All bounds are in units of GeV ™~
and m, = 5 GeV has been assumed for illustration.

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



Generic scalar

Combination w m
TV7)  (Cev

Im(K,°K}')/A* 9.0x 107" 92 x 10"
Im(K;°K3;' ) /A? 2.8 x 1077 4.6 x 107°
Im(KJ2K:')/A* 3.1x107° 3.1 x107°

Im(K;°K7 ) /A 82x 107" 1.4x10°°
Im(K;°K7°)/A* 3.8x107°% 53x107°
Im(K, 'K, )/A* 22x107°% 22x107°

( )
( )
( )
Im(K3°K3%)/A* 1.3 x107°% 1.8 x 1077
( )
( )
( )
( )

/A% 8.7x107°% 1.4x107°

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133

TABLE V: General scalar. Comparison of bounds w/o the
presence of a PQ symmetry. All bounds are in units of GeV ™2,
and for my = 5 GeV.



CONCLUSIONS

" ALP couplings to fermions induce one-loop corrections
to 6 —> to the nEDM

* We have improved the bounds on CP-odd ALP-fermion
couplings by ~ 4 orders of magnitude

* The same kind of improvement applies to generic singlet
scalars

* Novel bounds on ALP-neutrino couplings



Backup



Mi,ldOOp — Mu,d + A-Z\d-u,d
AéALP(M) — Z arg [det (Mq (1 + Mq_lAMq))]

q=u.d
~ Im Tr (M 'AM,)
q=u,d
_ 1 B
AQALP(M) Y — Z Im Tr [M ICQLCqR]

q

¢ g=u,d

L = diag(le L27 L3)

2
L, = Mqx [(mi—l—mgk) (1 + log H )

1672 m?2
4 9
I ka ma
"2 _ 2 log 2
Ak a dk _

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133
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Mi,ldOOp — Mu,d + A-Z\d-u,d
AéALP(M) — Z arg [det (Mq (1 + Mq_lAMq))]

q=u.d
~ Y ImTr (M, 'AM,)

q=u,d

_ 1
AbarLp(p) ~ 72 Z Im Tr [Mq_ICQLCQR]

¢ g=u,d

L = diag(Lq, Lo, L3)

V. Enguita, M.B. Gavela, B. Grinstein, P. Quilez, arXiv: 2403.13133



Neglecting threshold corrections

For an ALP:
é (,UIR) ~ é()—l—
u;={u,c,t} 16W2f§mui won lax (mg’ m’lZLk)
md,, (mc% T m?lk) 'k ~xik f2
—+ Im (CZQ Cd’L ) log a4
dz-:%l,:s,b} 1672 fama, : max (mg, m?lk)



Neglecting threshold corrections

For a generic scalar:

N o In (KUKE) o (D)),
(1r) =~ 0o + 167T2A2 - - — 0

+ Z md,, Im szKkz) ’Inqzb Im (Fék) o A2
d; 5 max(mi,mﬁ )

md,

max(mi, mz )
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ALP territory

and more?
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and more?
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Intensely looked for experimentally... g
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ad-photon coupling !
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Axions and ALPs can explain Dark Matter
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Other new WayS tO prObe ALPS at LHC (Fdez. de Troconiz, Gavela,
. No, Sanz, 2019)
Non - resonant diboson searches
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2022: ALP-mediated EW VBS (vector-boson fusion)

* Vector Boson Scattering

— production of a diboson pair + 2 face-to-face jets with high invariant mass
— explore ALP EW couplings with reduced dependence on the gluon coupling

e EW ALP-mediated processes q1q, — q1q,V1V,

q1 q; q1 q

q2
VBS s-channel VBS t-channel

Reinterpretation of Run 2 CMS
analysis:
ViV, =ZZ,Zy, Wy, Wtz wiw=

CMS-SMP-20-001, CMS-SMP-20-016,
CMS-SMP-19-008, CMS-SMP-19-012
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Comparison with existing bounds

J. Bonilla, I. Brivio, J. Machado-Rodriguez and J. F. de Trocdniz [2202.0345]
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Alonso-Alvarez,
Gavela, Quilez,
arXiv:1811.05466
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Figure 4: Coupling to EW gauge bosons. A two-operator framework is used: each panel as-
sumes the existence of the corresponding electroweak coupling plus the axion-gluon coupling. The
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European Strategy for Particle Physics 2020
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Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
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EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
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including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).



One-loop induced couplings
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Bounds on ALP-neutrino coupling
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In “true axion” models (= which solve the strong CP problem):

m,, T, = cte.
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~1/f,

ALP territory

and more?
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~1/f,

ALP territory

and more?
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~1/f,

Difference between and ALP and a true axion:
an ALP does not intend to solve the strong CP problem

otherwise, the phenomenology is alike

mg;

ALP territory

and more?



~1/f,

Difference between the ALP and a true axion:
{ Mg , fa }

are independent parameters for ALPs

mg
ALP territory

and more?



ad-neutron coupling Q -
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a-proton coupling Q -
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a-top coupling
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Strong motivation for singlet (pseudo)scalars from fundamental
SM problems

The nature of DM is unknown

It may be a (SM singlet) scalar S
the “Higgs portal”

3L = O*+Ps2

S has polynomial couplings

Silveira+Zee; Veltman+Yndurain; Patt+Wilczek...
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Strong motivation for singlet (pseudo)scalars from fundamental

SM problems
The nature of DM is unknown The strong CP problem
. Why is the QCD 6 parameter
so small?
LacoD d Glpvél HV
fa

It may be a (SM singlet) scalar S

the “Higgs portal” | _
A dynamical U(1)a solution

5L = PrPs2 - the axion a
It is a pGB: ~ derivative couplings
S has polynomial couplings § ~dua

Also excellent DM candidate

Peccei+Quinn; Wilczek...

Silveira+Zee; Veltman+Yndurain; Patt+Wilczek...



(Pseudo)Goldstone Bosons appear in many BSM theories

* e.g. Extra-dim Kaluza-Klein: 5d gauge field compactified to 4d
The Wilson line around the circle is a GB, which behaves as an axion in 4d

4D

\

Oy~
b(zme_

baulle
* Majorons, for dynamical neutrino masses
* From string models

* The Higgs itself may be a pGB ! (“composite Higgs” models)

* Axions d that solve the strong CP problem, and ALPs (axion-like particles)



