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A shift of paradig€m

« To solve: the hierarchy problem

Main candidate,

Supersymmetry . -enlarges Poincaré algebra (new energy scale)
-needs many new particles
-can preserve SM gauge group

» To solve: the strong CP puzzle

Main candidate,
‘Peccei-Quinn’ theory : -enforces CP-symmetry

-needs a new global ‘no symmetry’
(anomalous+spontaneously broken)

(new energy scale)

-entangled with SM gauge group :

SU@B)e@SUR2)rL @U(L)y iocar X [U) 5, ,PQ]global

the QCD axion: «new » Goldstone bosons combination 1 Z;



The Strong CP Puzzle in particle physics
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the measure of the path integral is not invariant under this transformation
axial anomaly shifts quark mass phase to QCD vacuum

U(1)4 chiral transformation: ¢ — €
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Yukawa coupling to the Higgs are complex Ocorar # 0

—Olg ~
L UV a
Lor =G Gy,
this induces a huge electric dipole moment for the neutron:
2] —16 _
Theory: |dn ‘ ~ ’9’ 10~ "e.cm VS Experiment: |d,| < 10 Se.em

— f <10 1Y The strong CP problem

The strong CP problem is really why the combination of QCD and EW parameters make up
should be so small...



The Peccei-Quinn Axion Solution

axial anomaly: 0 gy ) QCD

Solution to the strong CP problem of QCD: add fields such that rotate (/ to the phase of a
complex SM-singlet scalar who gets a VEV and dynamicaly drives

. 2 1 vV Ya Oés U a
Loop = (17" Dy — mye QEW)q - ZGZL Gm/ — HQCDS_WGZL Guu

1. Introduce a new global axial U (1) po symmetry S.B. at high scale
— the low-energy theory has a Goldstone boson (the axion field)

2. Design L ,.ion, Such that Q(qL) #Q(QR) — this makes the U(1)p anomalous :
a Yy d,JH~ G¢ GHY
net effect: Lyzion = Loop + —Gu GM + ... T urSa

3. Non-perturbative QCD effects induce:
—qa
['azcion — EC’hPT(a,uaa T, 1), 77/7 ) + Veff(e + —, T, 1], )
~ —AéCDCOS(H_—F—)

S

— < a>
minimum of the potential: - =

CP symmetry is dynamically restored!




Two standard axion models

Peccei, Quinn ‘77
Weinberg ‘78

PQWW axion : Wilezek 78

axion identified with a phase in a HDM (f, ~ v,,,) : ruled out
phenomenology calls for f, > v, («invisible axion ») J

Kim 79

KSVZ &XIOD. . Shifman, Vainshtein, Zakharov ‘80

New « heavy » electrically neutral quark, charged under U(1) PO
+ 8 new complex scalar singlet

Lisvz = Lsyut @L,Rﬁ\PL,R"l'y‘PL‘PRCb‘l' V(@)

Zhitnitskii '80

DFSZ a,XlOIl . Dine, Fischler, Srednicki ‘81

RHDM, SM quarks and leptons are charged under U(1)p,
+ 8 new complex scalar singlet



Axion Like Particles

5 1

- QCD axion has couplings correlated to its mass, m, ~ AQCD 7
a

Non-trivial topology of
the QCD vacuum

Current bounds push the mass well below the eV

-ALP: add an explicit mass term to get a new light pseudo scalar state

1 .
Larp = E(Oﬂaaﬂa — m?aa) + couplings to SM particles
No longer solve the strong CP problem
May be a, DM candidate

Few might arise from string theory

Ma.ss window spans over sub-eV to few GeV

How to tackle ALP-SM couplings?



Axion couplings

Energy
A

—~— At energies below fq (SSB):
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electroweak couplings recently computed

do not follow the expected pattern
J.Q. and C. Smith, arXiv:1903.12559, 2006.06778,

2010.13683;
J.Q., C. Smith and P.N.H. Vuong , arXiv:2112.00553

—— At energies below AQCD ca—1n — 7’ — n— ... MmixXing

f7r T Mg

fa My, + My

axion mass: Mg = My

axion couplings to electrons, nucleons, mesons, N
(EDMs)
Q E
— —11.92
T o, ( )
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ALP searches from the axion-photon scope

10~°
10~7
108
_ Solar v
102
 o— SHAFT
i 10_10 DSNALP Globular clusters
| Fermi-SNe - Mrk 421 ST =
I o ] S
M87 SN1987A Pulsy o I
6 10_12 Chandra Polarisation |5 5 g’- )
5 <
3 $ % =
H ] g
10713 = 5 “’%
C qn—14 ¢
g 10 ? 0 N
50 1071 =

XMM-Newton

surds a1oy oe[q

INTEGRAL
TTTT T IO T 1T T T T3y

IR M T TS, H S S S S, T W\ S, Wt S N W SN
\D/Xxﬂ/xxggxxﬂ 207 107 407 407 407 407 40 407 10 A0 407 A0 400 407 40" 10

mg [eV]



Axion couplings to massive
gauge bosons
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Axion electroweak couplings

Yy
/

ca—vy. O WL
W,z ¢
a— Il : a_ {:
1§
- —a They need to be crucially explored at the LHC and
« h - aa: hczgﬁn beyond!
— —a

« Muon anomalous magnetic moment:

1



Why axions « have » derivative
couplings?
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An axionic toy model: simple QED extension

elocal U(1)¢,,, new scalar field ¢:

L = —i wF" + L (P +Vr(iP)VR + (Ydpror + h.c.) + 0,010" ¢ — V(o)

— Goldstone boson (axion) remnant of U(1)pg S.S.B.

< Linear representation: @(x) = v + o(x) + i

| 1
Polar representation: ¢(x) = 7(V + g(x))e—@"
2
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Linear representation

P(x) = v + o(x) + ia(x)
Llinear O %a,u@oa'uao T %Q@EV)%@&

—The axion is a usual pseudo-scalar with no derivative couplings to fermions

14



Polar representation
p(x) = pe~ I

To remove « a » from the Yukawa terms (yoyrvg + h.c.)

One reparametrizes fermion fields:

Yr(x) = exp(iaa’(2)/v)¢r(z) , Yr(z) — exp(i(a+ 1)a’(z)/v)r(z)

— Fermion kinetic term induce derivative interactions

VL (iP)r +Yr(iP)YR
0, a’ — _ O, a _ _
O0LDer |= — Mv (v 4+ (a+1)YryHYR) = — SU ((2at+1)yYpyFap+apytys1))
—> L. D 20,a°0"a" +0Lper |+ 2
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Polar representation
#(w) = J5(v+0(@))e "

e Fermionic path integral measure is not invariant under the
fermion reparametrisation: [Fujikawa]

new local interaction (anomaly - Jacobian of the transformation)

e? e?

0L — 0 — 1)) F VFMV — OF VF'W/
Jac= T6m20 " (SEQL) (_Oé;(_qR))) g 16720 H

— L

Polar

D %auao((?“ao + 5£Der + 5£Jac

16



DFSZ axion couplings to SM gauge fields

Effective couplings to SM gauge bosons at one loop:

Axion-photons :

Axion-gluons:

Convenient book-keeping of
the effect of heavy fermions

17



« Polar = Linear »

Polar | Linear
representation: representation:
A =Py
V =9y

- a—-y/l:

Y
VA

V

Vector current is not conserved

One has to consider both couplings:

(0u@)7#~°¢ ana (0,a)dy" )

« idem for ZZ and WW

anomalous

0 interaction

|

not a reliable book-keeping of
the effect of heavy fermions

18
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Axion-Like Particle
Effective Field Theories

19



BSM Higgs stratesgy

BSM
‘EZHiggs

\_

experimental data —

Toy model

K(simple, intuitive, model independant, etc.)

Ex: Higgs kappa-framework

D KWg}f%WhW-I_W_ + Kk, 0 hZZ + K,8 M hit + . ..

It

C»

0
© 15 o

[
I
LY
0s

~

Ex: MSSM

experimental data —

\_

K Ultra-Violet model \
(solve problems, complicated, many parameters, etc.)

experimental data —

Ex: SMEFT

Effective Field Theory x
(phenomenological QF'T, model independant, etc.)

Lavierr = Lo + E ¢; O;
i
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BSM Axion strategy

Ultra-Violet model

Ex: PQWW axion
KSVZ invisible axion
DFSZ invisible axion
ALP models

etc.

\_

On going theoretical effort /

~

QCD axion

<

-

BEx:

D=5
ga—SM

D>6
ga—SM

\_

ALP Effective Field Theory x

Lspyparp—err = Lsy+ Lo+ L sy

ota - a ~ a =
> ) Cor— T1ursl + Coo GG + G F, F
f a -~ a - a s
+C}/ZXF/H/ZMU + CZZXZ'WZ'W + CWWXW,MVW”U

Cano ot H H
DF( MCZ)( Cl) + ...

Which basis for ALP-SM couplings?

On going theoretical effort

%

Useful for model independent searches

Several independent Wilson coefficients :

21

Is this always reasonable from a UV
point of view?



Implication for ALPs searches -

How to construct a truly axion-like basis?
F. Arias-Aragon, J.Q., C. Smith, arXiv:2211.04489

0 A .0 2 0.0
((%CL 0"a” —mya a’) + Lxsvz—like + LDFSZ—like

£ALP _

KSVZ like: New, heavy, electrically neutral quark, charged under U(1)

0
a o _ .
LSz like = = 16727, ( NG, G 4+ g N W, WH + g"* Ny By, B )
* Jagg = asNC )

Jay = @ (N +Ny)

Typically assuming some heavy vector-like fermion
yp y SS g S W S gafyZ = 2x (—NL/tW -+ tw./\/y) 3
+ Manifestly symmetric under SU(3)c ® SU(2)., @ U(1) gezz = & Wi/t )
Jaww = TNL .
Sw
X o= f
No direct coupling to SM fermions, but one loop induced: a ‘.f_” v
X LLLL » f
2,12 o4 az(NL/t%A/+t12/VNY)
eff _ mf r Caf =16 (O‘ Q7 N+ Ny) + as_NC> Iy — 2 2 Izz
Zfermzon _ Z U—Cafaf%f , . 2 3N N wEw 2
F=u,d,e a N 16a Qf(Tf — Qij;/vz‘EV— L/tw + tw Y)LyZ B 40;4./\/’/; vaf']WW
w f!
=f(Ny)

coupling to heavy quarks = J'y = Cr



KS5ZV-like ALPs :

- Parameter space easy to bound, with for example, limits on 8ayy

Cae

v, = 1 TeV 102 107 1

103

=
Il
=z

> 2
I 210
=
I
>

10 10 10

103 1072 107! 1 1073 1072 107! 1 1073 1072 107! 1

m, (TeV) m, (TeV) m; (TeV)

F. Arias-Aragon, J.Q., C. Smith, arXiv:2211.04489
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Implication for ALPS searches

How to construct a truly axion-like basis?

0au 0 2 0.0
Lo 5 = ((La oMa” —mia a”) + LKSvz_like + LDFSZlike

DFSZ like: 2HDM plus extra scalar, SM quarks and leptons are charged under U(1)pq

EDFSZ like — ——3 GZX{/%E]W”%W + X£¢f7“75¢f

f a f = chiral fermions

a

T 1672 f,

(G2NCGE, GO 4 PNLW,, W + g2\ By, B )

- Vector currents do contribute to physical observables

.+ Spurious & and &£ violation included

- Axion-like = need to impose anomaly cancellation!



Implication for ALPs searches :

How to construct a truly axion-like basis?

0au 0 2 0.0
Lo 5 = (Q,Ja oMa” —mia a”) + LKSvz_like + LDFSZlike

DFSZ like: 2HDM plus extra scalar, SM quarks and leptons are charged under U(1)pq
i
0 E : .
ﬁDFSZ like — — a mf XA wf ’7/5 wf ) AnOma]..y cancellation
feud.e taken into account!

* One should not build EFTs with both anomalous couplings

and vectorial-axial fermion couplings : because of anomaly cancellations!
- Effective interactions are not always equal to anomalous interactions!

X

X
a

Zyiige = 4mv (gaggGawGZu + gawF IU/F o4 ganyZqu "'t Gazz 2 7m + 9aWWW+WW )

gauge

%Vv(m) = _—cho( ) 3

: / ' 272
Javiv, = =200 Z myeXy (9(/19‘];27}vv(mf) + 9£19£27}AA(mf)) fz 8axX Ef()(f)

f=u,d,e %AA(m) = —m(Co(m2) -+ 201 (m2))



DFSZ-like ALPs

. 4 physical parameters (y./v,,m ) as opposed to 7 in the generic ALP EFT
' Yar ""a

- g.yyis now a function of the ALP mass :

0.500

tanB=1

0.100}
0.050}

gaxx

0.010}
0.005/

0.001

1073 1072 107! 1
m, (TeV)

10

F. Arias-Aragon, J.Q., C. Smith, arXiv:2211.04489

0.500
J\ tanp=20

0.100!

o.osoJ\ — 99
— YY

0.010} — Zy

0.005! — ZZ
— WW

0-00] | | L LIl | LIl | Lttt | | 111

10°3 1072 107! ] 10

m, (TeV)

- Non-linear correlations among EW g . in the Higgs broken phase

+ ExX: measuring g,,., 84, 84z, 1X€8 & ww & 8,77 in the KSVZ-like scenario (generic EFT)

- In DFSZ-like scenario one degree of freedom remains: curve in the g ww & £,77 Space
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DESZ-like ALPS - a more constrained case

« Mimicking the 2HDM type-II pseudoscalar couplings:

Xu —

332

1+ 22’

Xd = Xe —

1+ x2

with

r=tanf = v, /vy

- Allows to recast pseudoscalar searches for ZHDM on the DFSZ-like ALP parameter space

3 8 888

«a
o

N Q& O0N

—

hMSSM
LHC 14 TeV
b

300
/ .H-ww

v
tang

v, = 100 TeV

Gayy

H Ui O N 00 OO

w

103 1072 107! 1 10
my (TeV)

For v, 2 100 GeV the parameter space is completely unconstrained by the ALP-photon coupling
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Switch to generic ALP EFT

Lspyparp—err = Lsuyt Lo+ L _su

Bx:

D=5 o!a - a ~
Z 1—SM = Z Cff_A J 7/”75][ + CGGXG,MI/G
f
a - a - a - a -
only 2 d.o.f: +nyxF’m/F + C}’ZXF/WZ + szxzﬂyz + CWWXW/WW

C C
P20 > A—“z”(aﬂa)(aﬂa)HTH + A—Z;(aﬂa)(HTiDMH +h.c)H'H+ ...

More degrees of freedom

Major difference for analysis: fermionic & gauge sectors are truly secluded here

28
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Current constraints on :

M. Bauer, M. Heiles, M. Neubert, A. Thamm, arXiv:1808.10323
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ALPs at FCC

30



FCC-ee searches for DFSZ-like ALPs =

Recast of bounds on g, from e¥e™ — ya:

tang

tang

10
9
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7
6
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5
107! N
4 s
1072
e
g 3
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onant ALP production - constraints on

eff
Coo

eff
Crr

P —dad—=>vy

M. Bauer, M. Heiles, M. Neubert, A. Thamm, arXiv:1808.10323
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Higgs decays into ALPs ¢, c¥

Zh’

Br(a — vv) =1
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M. Bauer, M. Heiles, M. Neubert, A. Thamm, arXiv:1808.10323
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eff -1
ICoyl/A[TeV™]

Y, 4, Higgs associated production with an ALPs ¢/

FCC-ee:

€

m, [GeV]
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—
o
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—_—
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o
&
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1072 107 10°° 1073
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M. Bauer, M. Heiles, M. Neubert, A. Thamm, arXiv:1808.10323
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Higgs decays into ALPs c

h — Za

h — aa
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M. Bauer, M. Heiles, M. Neubert, A. Thamm, arXiv:1808.10323

35

Ceff



Conclusion

Axion-electroweak couplings are mostly unexplored yet

Axion-electroweak couplings do not always follow the expected pattern
— must be kept in mind for ALP searches

Axion with fermion pseudoscalar couplings is safer (no ambiguity)

« DFSZ-like and KSZV-like benchmarks presented

- Different set of parameters identified, reduced with respect to generic
ALP EFT with totally different correlations

Generic ALP EFT does not « incorporate » DFSZ and KSVZ-like benchmarks

Scenarios easy to constrain, in particular DFSZ-like through 2HDM
searches

- Full dedicated analysis with all bounds required for LHC and FCC!



Spare slides



Landscape

Axions should be very light and feebly interacting

falGeV]
10" 10 108 102 10" 100 10 108 107 10° 105 10* 10° 10% 10!
1 |l||||||| ||||||||| T ||||||||| |m||||| ‘mmTl‘|nﬂTrr|—|mﬂTﬂ—|mnTﬂ—|mﬂTﬂ—|mnTﬂ—|mnTﬂ—|mnTﬂ—|mnTﬂ—|munl T T T T T [T T
~q
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s ; a
. . M 1077 < 6, <0.1 0.1 <6,<3.0
%before inflation g, < <] =
Lo
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. _ 3 too much DM OK not enough
p@fafter inflation X > 4 > a
(%) &
g
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( % ) for Ny, > 1, predictions spoiled by topological defects

Axion DM constraints from laboratory experiments, from stars and cosmos observations
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QFT Anomalies a0

Anomalies: classical symmetry broken at the quantum level

Example: « triangle anomalies » in massless QED

1 .
gQED — _ZF,quﬂU-I_ 1/7131//

Two invariances: . 1wo classicaly conserved currents:
VH = wyty aﬂw =0

ey — ey
: — 7 5 —
Y l// — e_leAysl/j A'M - l//}/lu}/ v, aﬂAM - O

J

At the quantum level:
Vi=ygrty, 0,VF=0

But axial symmetry is broken :
1
a AM — gF ,uI/F H

* Fermionic path integral measure is not invariant: [ Fujikawa]

= [@y/@l/‘/eis



DFSZ axion summary
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0 2
eff @ 2 N[99 A AYa, v 2 A YY ANy 2e V42 0?4 AN
L = T=r (gsN GG+ e NTTE,, FRY + p—— (Nl sivNo ) ZwF
2 ~ ~
+c2682 (NTZ = 253 NG 7 + sy NG7) Z, 21 + 2NWW92W;;W_’“”>
woSW

Linear Polar )
5 aPys) Anomalous 0,0 PyF 51 0,,a°YyHp
o interactions AVV AAA VAV
~ _ 1 1
g N9 = 3 (az e 5) N99 0 — —
o))
-, va_é(3;+%) N 0 — _
©
< ’YZ 1 1 "}/Z
h NJZ = N N 0 _ 0
3 | 3
5 M7=wtn | M % —INFZ 4 £ | ANFZ - N - §
g N =N N 0 0 N2 =N
=
5 NZZ = N7 N 0 0 0
B

3 3 3 A2 1 32
NP =3 +5 Ni SN = SNTZ 445 3N 5 | SATT — AL = §

J.Q. and C. Smith, arXiv:1903.12559

Effective interactions are not always equal to anomalous interactions!

Remember that J//; is ambiguous



The 2HDM

/11 /12
VaHDM = i ®] + m®I®, + —(@[®))? + —HP]0,)° + Iy (P[P DID,) + Ay( P[P NP P,)

- two neutral scalar Higgs bosons: hand H

After Spontaneous Symmetry Breaking : - a pair of charged Higgs boson H*
- a pseudo-scalar A

linear or polar rep. !

1 Hy +1P
q)l:<?)1—|— 1+21> . Dy =

1 HY
V2 H, V2 \ v2+ Hy+iPs

-neutral CP-even Higges: ( H ) = ( : : ) (Hl)

h
GE\ # # H1
-charged Higges: ( Hi) - ( & # ) ( HE

7V 0S 3 sin 4 P
-neutral CP-odd Higges: ( C/; ) = ( cosp B, ) ( P:i)

—sinf3 cosfd
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DFSZ axion couplings

o 1 .a \/§H|+ o 1 \/—H
= —=exXpyi—xX , = —¢eXp —z——
: J2 4 vl+H10 2 V2 VvV X v.,+H2

Fermion reparametrization: y — exp{ POW) },/,

Consequence 1 : non-invariance of the kinetic terms
- Axion derivative couplings to fermions :

42

Freedom/ambiguity in the PQ charge

u

d

€

14

1 _
ZLper = — ?M Z XL + 1 Gy )

a

u,d,e,v

Xy

1
20+x 2a+— 20 +—

X

1

p

Consequence 2 : non-invariance of the fermionic measure

- Anomalous axion couplings to SM gauge fields at tree-level :

(Jacobian of the transformation)

a 2 a /a,uv | 1
OLsac =gty SN TG’ NC=E(H_)

X
a

2 i :,uv 1
+——g N Wn N, =——(3a+

a
16

= v 1 4 | |
g BuvB“ N — 3a+ +_x+_+_
7z2 r= Y 2( 'B) 3 3x x



DFSZ axion couplings to SM gauge fields

Effective couplings at one loop:

a—>ZZ, WW~ .

V \s I 4 7 W \‘ I=ZW

. ),, VaVa¥a Z W . ’.s’,, VaVaV¥a 7 W : : 4 / VAVAV, Z, a S~k\5‘ -

“ud -1,:‘\ } 4 ‘ud -\z\"\s + “H _\/\\ — —‘;1 “
n.d,e,v Ao Tev I on €,V AVAVA 4 - ’
¢ l- vy i v I' §~. “7 W u,d,e,N ’_, (WAVAY 7Z W l/r,‘(?”
Ss 4 ss
contribute partially contribute contribute does not contribute

Freedom/ambiguity in the PQ charge cancel exactly

2 .. The anomalous contact int. does cancel out systematically with the anomalous part
to the triangle graphs

Laxion-gange =0 LDer|+ 0L jac
/ /
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KS5ZV-like ALPs

- The fermion one-loop coupling arises from an infinite diagram
- Regularizing this diagram may introduce scheme-dependence due to y5
- Dependence removed by projecting fermion pair on the J CP = 0~ state

- This yields a result with more physical meaning than the other schemes

- Renormalization scale 4 = v, identified from two-loop finite process
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