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Axions and axion-like particles (ALPs)

Well motivated theoretically:

. Peccei—Quinn solution to strong CP problem: new scalar field @ = |® | e’ coupled to
chiral fermions, Chqrged under o symmetry U(/)PQ [Peccei, Quinn 1977: Weinberg 1978; Wilczek 1978]

. Spontaneous symmetry breaking vields a VEV for @

. Performing a chiral transformation on the fermion fields,
one finds:

a @7 o
/i 0 2 G* GF L
QCD — ( fa> . MVG +
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Axions and axion-like particles (ALPs)

Well motivated theoretically:

. Peccei—Quinn solution to strong CP problem: new scalar field @ = |® | e’ coupled to
chiral fermions, charged under a symmetry U(Dpq [Peccei, Quinn 1977: Weinberg 1978: Wilczek 1978]

. Spontaneous symmetry breaking vields a VEV for @

. Performing a chiral transformation on the fermion fields,
one finds:

a @7 o
/i 0 2 G* GF L
QCD — ( fa) . MVG +

- QCD instantons generate a potential for the axion and enforce 0,4 = 0 mod 2m
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Axions and axion-like particles (ALPs)

Well motivated theoretically:

. Axion mass is inversely proportional to f, and
can be very light if 1 is sufficiently large:

m%fg MMy MM
= 2 (mu —+ md)2

. Axion coupling to photons is also inversely

proportional to f, with a model-dependent

coefficient

[Kim 1979; Shifman, Vainshtein, Zakharov 1980 (KSVZ)]
[Dine, Fishler, Srednicki 1981; Zhitnitsky 1980 (DFSZ)]

> 107 102 10" 1 10
m,(eV)
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Axions and axion-like particles (ALPs)

Well motivated theoretically:

- There are ways to relax the strict relation between the axion mass and photon coupling

[for recent ideas, see e.g.: Elahi, Elor, Kivel, Laux, Najjari, Yu 2023; Gavela, Quilez, Ramos 2023

- More generally, axion-like particles (ALPs) can arise as pseudo Nombu—Golstone bosons
of a spontaneously broken global U(1) symmetry in a large class of BSM models

. For heavier ALPs, couplings to SM particles other than the photon play an important role

and can be probed in particle-physics experiments
[Bauer, MN, Thamm 2017; ...]
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lective Lagrangian for a light ALP

« Most general effective Lagrangian for a pseudoscalar boson a coupled to the SM vio
classically shift-invariant interactions (lbroken softly by a mass term):  [Georgi, Kaplan, Randall 1986]

couplings to chiral fermions  coupling to Higgs doublet

| m? 0" a _ ot a —
D<5 :
Lo =5 (Oua)(0"a) = 5t a* + == ) drerytbr + s — ('iD,0)
F
coupling to gluons coupling to SU(2)L bosons coupling to hypercharge boson
87 a ~ 042 a ~ (){1 a ~
+ caa 4; 7 G, G"" + cww I | W:‘V WH4 4+ cpp ] B, B"

. All interactions are suppressed by inverse powers of f, with f/|2c.| = f,

- 5 out of the 49 real couplings in this Lagrangian are redundant

. Will always work with physical combinations €y, cf]’q of coupling parameters
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RG evo.

Matthias Neubert

Peccei-Quinn symmetry )
breaking Effec?tlve. ALP Matching
Lagrangian in the UV
AN=Arf

SM + ALP l Running

Electroweak symmetry Effective ALP
breaking Lagrangian after EWSE [JRESSE

~ 100 GeV

SM’ + ALP l Running

Chiral symmetry _ |
breaking Effective chiral

Ay = Arfx Lagrangian with ALP  [RGEELIS

Hadrons + ALP

[Bauer, MN, Renner, Schnubel, Thamm 2020; Chala, Guedes, Ramos, Santiago 2020]
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High-energy probes of ALP

couplings



ALP production in Higgs-boson decays

Interesting search channel i — aa — 4y

T — inv. +y
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ALP production in Higgs-boson decays

Interesting search channel i — aa — 4y

SUMICO

. Resulting bounds on the ALP—photon

coupling (ALP decay) depend on the ALP
coupling (8,@)2 o' ¢ to Higgs bosons
(ALP production)

Canl/A?
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(—
-
o

T
g
=,
<
~

eff
YY

. Potential to cover the parameter space in
which an ALP could explain (g-2),,

C

[
-
&

Matthias Neubert La Thuile 2024: Axion-Like Particles @ Colliders [Bauer, MN, Thamm 2017/] v



ALP production in Higgs-boson decays

Interesting search channel i — aa — 4y ATLAS ‘
Vs =13 TeV, 140 fo~%, H - aa - 4}

. Resulting bounds on the ALP—photon ——
coupling (ALP decay) depend on the ALP .' ATLAS LbyL

coupling (8,@)2 o'é to Higgs bosons
(ALP production)

Beam dump —— Obs. limit |CE/T| = 1.0

— ==~ Obs. limit |CET = 0.1
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SN1987a
. Potential to cover the parameter space in

which an ALP could explain (g-2),,

« Recent ATLAS analysis confirms our
estimates

[ATLAS collaboration, arXiv:2312.03306]
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Flavor propes of ALP couplings



ALP production in rare kaon decays

Interesting search channel K~ — 77 a

; : : : U T T,
- Model-independent analysis using chiral e
: K~ 98 K= 98 K= 98
perturbation theory
T e U "~
a’ a’

a[\

- Previous calculations used an incorrect ALP-bioN Mixing ALP-n mixing Jertex graph
implementation of the chiral currents; as a T
result, the BR gets enhanced by factor 37 K, ot oot K Ko ™ K,

gs ‘\“ ‘\“ gs .

. Strong constraints on flavor-violating ana 0" a ; o a

- : final-state radiation  initial-state radiation avor-changing
flavor-conserving ALP couplings ALP vertex

[Bauer, MN, Renner, Schnubel, Thamm 2021]
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ALP production in rare kaon decays

Interesting search channel K~ — 77 a

; : : : U T T,
- Model-independent analysis using chiral e
: K~ 98 K= 98 K= 98
perturbation theory
T e U "~
a’ a’

a[\

- Previous calculations used an incorrect ALP-pion mixing ALP-7 miXinG vertex graph
implementation of the chiral currents; as a

.

‘esult, the BR gets enhanced by factor 37 | K, Ko T ‘
. 08 ..

. . a

.
. Strong constraints on flavor-violating and a

flavor-changing

final-state radiation  initial-state radiation

flavor-conserving ALP couplings ALP vertex
[Bauer, MN, Renner, Schnubel, Thamm 2021]
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ALP production in rare kaon decays

Interesting search channel K~ — 77 a

- ALP flavor violation can arise from the UV
theory and/or from the SM

- Assuming flavor universality in the UV and

[Bauer, MN, Renner, Schnubel, Thamm 2021]

f = 1TeV yields in the mass basis:

Fu.e(me)];; = [Fude(m:)];; =0

¥, LY,

kp(my)];; =~ 0.019 V5V (M) — 0.0032 éae(A) — 0.0057 Gy (A)

flavor change through SM loops containing W-bosons

Matthias Neubert La Thuile 2024: Axion-Like Particles @ Colliders 10



ALP production in rare kaon decays

[Cornella, Galda, MN 2023]

Important subtlety: o new SU(3) octet operator arises in the LO weak chiral Lagrangian

2 F2 2
L&ch = (D) (D) + x5 + 5xF) + — Ho (D,.6)(D"6)

ke o _ L,=%i(D,x"
L) == |Gs(AeLu LMY + G2 (D,0) (A6 LM)| + h.c. D0 = —2¢c;(0ua)/ f

E(x) — 6—%9(33) Kq Z()(.CE) 6—%9(x) Kq
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ALP production in rare kaon decays

[Cornella, Galda, MN 2023]
Important subtlety: o new SU(3) octet operator arises in the LO weak chiral Lagrangian

2 F2 2
cgc}) — ?«Dﬂz) (D*T) + xS + 3y ) - - Ho (D,0)(D")

ke o _ L,=%i(D,x"
L) == |Gs(AeLu LMY + G2 (D,0) (A6 LM)| + h.c. D0 = —2¢c;(0ua)/ f

E(m) — 6—%9(33) Kq Z()(.CE) 6—%9(w) Kq

Whereas Gg is known from K — zz decays, GSH is still unknown

. will vary it later within reasonable limits
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ALP production in rare kaon decays

Interesting search channel K~ — 77 a

Diagrams involving flavor-changing ALP couplings:

- At NLO in chiral perturbation theory the
calculation is far more involvec

- NLO QCD and weak chiral Lagrangians Q

| T K
kK [ia
need to be supplemented by 3 resp. 9 ALP flavor change ALP flavor change ALP flavor change

operators involving D, @
H m  QCD chiral Lagrangian (LO)

» Sensitivity to several poorly known low- 0 QCD chiral Lagrangian (NLO)
energy constants [Cornella, Galda, MN 2023]
. ka + kp|12 N n
ZAEE)/JFNLO = —(m3 —m3) | 2f | Fo' 7™ (q% = mg); Fy*7™(0) = (1o — 0.023n10)
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ALP production in rare kaon decays

()

<

Matthias Neubert

®
G

Diagrams with flavor-conserving ALP couplings:

® |

QCD chiral Lagrangian (LO)

QCD chiral Lagrangian (NLO)
weak chiral Lagrangian (LO)

weak chiral Lagrangian (NLO)

[Cornella, Galda, MN 2023]
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Contributions proportional to Gs (for mq= 0):

G F2 m?
iAGs — 8 ;me [1.88 oo — 0.02¢% — 0.48 (2, + cgs)}
G F2 2
iAG: = T8 QmeK [(—0.25 +0.43 £ 0.61) éee + (5.21 £ 1.03 -

+(0.06 4 0.11 + 0.16) (¢, + cgs)}

. Modest NLO corrections with sizable uncertainties

Matthias Neubert La Thuile 2024: Axion-Like Particles @ Colliders
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ALP production in rare kaon decays
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ALP production in rare kaon decays

Contributions proportional to Gs:

50 100 150 200 250 300 350 | 50 100 150 200 250 300 350 | 50 100 150 200 250 300 350
Mg [MeV] Mg [MeV] Mg [MeV]

. Weak dependence on ALP mass, except for m, & m

Matthias Neubert La Thuile 2024: Axion-Like Particles @ Colliders 15



ALP production in rare kaon decays

Contribution proportional to Gsé:

6 2 9
'AGg e GS F7T mK
LALO+LNLO = 2 f

x [ —1.841,0 + (0.25 4+ 0.43 + 0.60) 516 | Cac

- Only a single physical ALP coupling enters, but

the low-energy coupling Gg IS unknown

L) Y (1) SN RN RN PR N S

. Modest NLO corrections with sizable 0 50 100 150200 250 300" 350

oy mg [MeV]
Jncertainties
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Bounds on ALP couplings

Interesting search channel K~ — 77 a

- NAB2Z experimental imitson K~ —- = X

imply bounds on ALP couplings (one at a 920. 108
P S o ___
parameters Agff :f/ ‘ Ci‘ INAB2: 210315389] ‘GG

| _
* Newphysics scales poved ange fom | R

ew to tens of TeV

|Cornella, Galda, MN 2023]

(*) assuming G86' = ()
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Bounds on ALP couplings

Interesting search channel K~ — 7 a

- NAB2Z experimental imitson K~ —- = X
imply bounds on ALP couplings (one at a
time), which we express in the form of

parameters Aﬁff = fl|c;| [NAG2:210315389]

- New-physics scales probed range from
few to tens of TeV

. \ery strong bounds on flavor-changing ALP
couplings call for a flavor symmetry, else:

f,~ f>30-10""GeV
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Bounds on ALP couplings

Interesting search channel K~ — 7 a

- NAB2Z experimental imitson K~ —- = X
imply bounds on ALP couplings (one at a
time), which we express in the form of

parameters Aﬁff = fl|c;| [NAG2:210315389]

- New-physics scales probed range from
few to tens of TeV

. \ery strong bounds on flavor-changing ALP Cosmological upper bound:

couplings call for a flavor symmetry, else: fa S10°GeV  (KSVZ)
9

|Gorghetto, Hardy, Villadoro 2021]
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Bounds on ALP couplings

. Large flavor-changing ALP couplings can
ne avoided by assuming a flavor-universal

ALP at the UV scale A = 4xf

. Still, at low energies flavor-changing
couplings are generated by RG effects

[Cornella, Galda, MN 2023]

ka(pn) + k()15 =~ 107° VigVig [1.9 - 10% &, (A) — 6.1 éga(A) — 2.8¢ ww (A) — 0.02é5(A)]
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Bounds on ALP couplings

. Large flavor-changing ALP couplings can
ne avoided by assuming a flavor-universal

ALP at the UV scale A = 4xf

. Still, at low energies flavor-changing
couplings are generated by RG effects

*) assuming G¢ = 0
0 e 15107 1010
_“

[Cornella, Galda, MN 2023]
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Bounds on ALP couplings

. Large flavor-changing ALP couplings can
ne avoided by assuming a flavor-universal

ALP at the UV scale A = 4xf

. Still, at low energies flavor-changing
couplings are generated by RG effects

- Obtained strong bounds on the ALP

couplings to gluons, W-bosons and quarks
are the best particle-physics bounds in
the mass range below 340 MeV

[Cornella, Galda, MN 2023]
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Bounds on ALP couplings

Logarithmic dependence of the effective Dependence of AS! on the low-energy

CGG
new-physics scales on f: constant G e
5 Gg = V;dvus gg

no bound Agff

CGG

20 TeV

40 TeV

100 TeV |
10° 107
f|TeV]
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Other

ALP—ur coupling in the UV:

Matthias Neubert

avor pounds (examp.

B — Bs mixing

T — ~ + hadrons B, — B, mixing

&
s
o~

A
T — ya(pp)

J/V — ya(pp)

BY s atutu

lcal/f [TeV™']

B g

)

BT — Ktup

a(ﬂu)

Bt — Kta(uu)

[Bauer, MN, Renner, Schnubel, Thamm 2021]
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Co

ALP—dr coupling in the UV:

T ~ 4+ hadrons

T — ya(pp) :

B — K*a(up)

Bt — KT a(up)




Conclusions

. Axions and axion-like particles belong

with weak couplings to the

Standard Model

0 a class of well-motivated light BSM particles

- They are interesting targets for searches in high-energy physics, using collider, flavor,

and precision probes

- Examples from Higgs physi

cs (h — aa — 4y) and rare meso

nave been discussed in de

ohysics bounds (for me < 340 MeV) on almost all ALP coup

Matthias Neubert

ail, with the latter process providi

Thank you.’
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N decays (K~ — 77 a)

Ng the strongest particle-

iNngs to the SM
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