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We always hear that “axions” are well motivated:


- Strong CP problem

- Pseudo Nambu-Goldstone bosons

- String theory axiverse

- DM candidate
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We always hear that “axions” are well motivated:


- Strong CP problem 
- Pseudo Nambu-Goldstone bosons

- String theory axiverse

- DM candidate

Symmetries allow for the operator
However, experimentally
Solution: make            dynamical

dn < 3 · 10�26 e · cm ) ✓QCD . 10�10
<latexit sha1_base64="ndFLJeBVk9S2jkY1WOUWPOh/y7Y="></latexit>

Pendlebury et al (15)✓QCD
<latexit sha1_base64="6cW5fIL7t7PWDjPcF+Uz/8a5Opw="></latexit>

✓QCD ! h✓i+ â

fa
<latexit sha1_base64="euJ+gE8LasCgzsYDQCXnEmKQ3Nw="></latexit>

h✓i = 0
<latexit sha1_base64="ea4V7p9EoHHtjPoXoQe6AVR0jxc="></latexit>

â
<latexit sha1_base64="uNSp9Xa2mPtH1Eb5RgQsLpzoobc="></latexit>

automatically.
is a new particle: the (QCD) axion.

Vafa, Witten (84)

LQCD � ✓QCD Gµ⌫G̃
µ⌫

<latexit sha1_base64="JjocUavxZHWMDfAkWOKLgm8FkYM="></latexit>
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We always hear that “axions” are well motivated:


- Strong CP problem

- Pseudo Nambu-Goldstone bosons 
- String theory axiverse

- DM candidate

Goals & Motivation

Gonzalo Alonso-Álvarez

Arising from spontaneously broken global symmetries
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Goals & Motivation

Gonzalo Alonso-Álvarez

We always hear that “axions” are well motivated:


- Strong CP problem

- Pseudo Nambu-Goldstone bosons

- String theory axiverse 
- DM candidate

Marsh (15)

Axions appear as the Kaluza-Klein zero 
modes of antisymmetric tensors when 
compactifying extra dimensions.


            String Theory axiverse.
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Goals & Motivation

Gonzalo Alonso-Álvarez

We always hear that “axions” are well motivated:


- Strong CP problem

- Pseudo Nambu-Goldstone bosons

- String theory axiverse

- DM candidate

Coherent oscillations of the axion field 
behave as cold dark matter.


A wide range of masses is possible.
10�22 eV . ma . 1 keV

<latexit sha1_base64="QG1DQnLcZCtpff4U1o8RHiC961E=">AAACI3icbVDLSgMxFM34rPVVdekmWAQXWmZGQXFVdOOygn1AZyyZ9LYNTWaGJCOUof/ixl9x40Ipblz4L2ba4qP1QODk3HO5954g5kxp2/6wFhaXlldWc2v59Y3Nre3Czm5NRYmkUKURj2QjIAo4C6GqmebQiCUQEXCoB/3rrF5/AKlYFN7pQQy+IN2QdRgl2kitwqVj36cnrjv0jj1BdE+KFGpDj4NSigksWgR/f5wfT9+YWoWiXbLHwPPEmZIimqLSKoy8dkQTAaGmnCjVdOxY+ymRmlEOw7yXKIgJ7ZMuNA0NiQDlp+Mbh/jQKG3ciaR5ocZj9XdHSoRSAxEYZ7ajmq1l4n+1ZqI7F37KwjjRENLJoE7CsY5wFhhuMwlU84EhhEpmdsW0RySh2sSaNyE4syfPk5pbck5L7u1ZsXw1jSOH9tEBOkIOOkdldIMqqIooekTP6BW9WU/WizWy3ifWBWvas4f+wPr8ArT3pFw=</latexit>
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Goals & Motivation

Gonzalo Alonso-Álvarez

We always hear that “axions” are well motivated:


- Strong CP problem

- Pseudo Nambu-Goldstone bosons

- String theory axiverse

- DM candidate


Are all these the same axion? Different axions? 

What about axion-like particles (ALPs)? 

How can we distinguish them?

Particle physics seminar



Axion zoology
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AXION
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Axion zoology

Gonzalo Alonso-Álvarez

- Axion taxonomy: What different kind of axions are 
there?


- Axion ecology: How do axions interact with other 
particles?


- Axion ethology: How do axions “behave” in high-
energy physics experiments?


‣ For another time, axion astrobiology: Axions as 
DM & their role in cosmology and astrophysics.
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Axion taxonomy

Gonzalo Alonso-Álvarez

AXION
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The pseudoscalar GB kingdom

Gonzalo Alonso-Álvarez

Quantum Field Theory: pseudoscalar Goldstone 
bosons of spontaneously broken global chiral 
symmetries.

- Classical shift symmetry:

- Examples:


- Neutral pion and eta meson.

- CP-odd composite Higgs boson.

- QCD Axions.


         String Theory & Supergravity “axions”: also pseudoscalar 
aaaaafields associated to the geometry of compact dimensions.

Pseudoscalar GB kingdom

a(x) ⌘ a(x) + const.
<latexit sha1_base64="hSQ4epTCeuJ9sKVRGXAnBySKYDQ="></latexit>
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How to solve the strong CP problem:


The potential has to be minimised at a = �fa✓
<latexit sha1_base64="wIBOAIdaM6pFLShMVxW5AnXjF2E="></latexit>

Gonzalo Alonso-Álvarez

Two families are most important to us:

- (True) axions: solve strong CP problem

- ALPs: don’t solve the strong CP problem


The true axion and ALP families
Pseudoscalar GB kingdom

True axion family ALP family Meson family …

L �
✓
✓ +

a

fa

◆
GG̃+ V (a)

<latexit sha1_base64="DFtkOLZbbiihCuXSWUSUH46PsS4="></latexit>

Particle physics seminar



The true axion family

Gonzalo Alonso-Álvarez

Pseudoscalar GB kingdom

True axion family ALP family Meson family

Visible  
genus

Invisible  
genus

…

We distinguish 2 basic different types of true axions:

- Visible axion: it appears at the EW scale


- Large couplings, ruled out experimentally

- Invisible axion: it appears at some large scale 


- Couplings are suppressed by this large scale 
fa

<latexit sha1_base64="1YWbHioqzjNu/Z/jDGzGLYeIFfo="></latexit>
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Species in the true axion family

Gonzalo Alonso-Álvarez

Many species (models):

- PQWW axion

- DFSZ

- KSVZ

- Heavy axions

- Axiflavon (flaxion)

- …

Pseudoscalar GB kingdom

True axion family ALP family Meson family

Visible  
genus

Invisible  
genus

…

PQWW KSVZ 

DSFZ

Heavy axion

Peccei, Quinn (77)
Dine et al (81)

Kim (79), Shifman et al (80)

Holdom, Peskin (82), …
Ema et al (16), 

Calibbi et al (16)
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Species in the ALP family

Gonzalo Alonso-Álvarez

Even more species:


- String theory axions


- Ultra Light axions


- Gluonic ALPs


- Photophobic ALP


- …


Pseudoscalar GB kingdom

True axion family ALP family Meson family

ULA 

String Theory

Gluonic ALP

…

The mass and

decay constant

are independent

parameters

V (a) =
1

2
M2

aa
2

<latexit sha1_base64="+tRGC29Kx18ZeuKUsaWWkxK86qY="></latexit> Arvanitaki et al (09)

Marsh (15)

Craig, Hook, Kasko (18)
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Everything at a glance

Gonzalo Alonso-Álvarez

Pseudoscalar GB kingdom

True axion family ALP family Meson family

Visible  
genus

Invisible  
genus

PQWW KSVZ 

DSFZ

Heavy axion

ULA 

String Theory

Gluonic ALP

Pions 

Eta mesons

…
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Axion ecology

Gonzalo Alonso-Álvarez

@µa

fa
 ̄�µ�5 

<latexit sha1_base64="4aHv4IOjWGYBupUfaxE+HRc5g20=">AAACJXicbZDLSsNAFIYn3q23qEs3g0VwISXxgi5cFNzoroJVoVPDyXTSDs4kYWYilJCXceOruHGhiODKV3HSZqHWAwMf/38OZ84fpoJr43mfztT0zOzc/MJibWl5ZXXNXd+41kmmKGvTRCTqNgTNBI9Z23Aj2G2qGMhQsJvw/qz0bx6Y0jyJr8wwZV0J/ZhHnIKxUuCekkgBzUkKynAQAZEZhiKPAijIHglBWUvzgvRBSrizbkVHpRy4da/hjQpPgl9BHVXVCtw30ktoJllsqACtO76Xmm5e7qaCFTWSaZYCvYc+61iMQTLdzUdXFnjHKj0cJcq+2OCR+nMiB6n1UIa2U4IZ6L9eKf7ndTITnXRzHqeZYTEdL4oygU2Cy8hwjytGjRhaAKq4/SumA7CxGRtszYbg/z15Eq73G/5Bw7s8rDcvqjgW0BbaRrvIR8eoic5RC7URRY/oGb2iN+fJeXHenY9x65RTzWyiX+V8fQME0KbP</latexit>

m  ̄ ei�
5 a

fa  
<latexit sha1_base64="6fM/sJUPPx4Yrb+bCMgAtj5fv4g="></latexit>

Classically, two equivalent couplings to fermions:

 ! ei�
5 a

2fa  
<latexit sha1_base64="j1oWjqFplOVMpLyqDzsipRi+adg="></latexit>

“Derivative coupling” “Phase in mass matrix”

The shift symmetry is preserved, the axion is massless.

Only one independent coupling.)
<latexit sha1_base64="Lyld868t9LvGIjdPr37sLnPCJbM="></latexit>

a ! a+ const.
<latexit sha1_base64="HCVaEnWuvrZLBY6jHIuPXed8JxY="></latexit>
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Axion ecology

Gonzalo Alonso-Álvarez

@µa

fa
 ̄�µ�5 
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m  ̄ ei�
5 a

fa  
<latexit sha1_base64="6fM/sJUPPx4Yrb+bCMgAtj5fv4g="></latexit>

Quantum mechanically, the chiral symmetry can be 
anomalous:

 ! ei�
5 a

2fa  
<latexit sha1_base64="j1oWjqFplOVMpLyqDzsipRi+adg="></latexit>

“Anomalous 

coupling”

Two independent couplings.)
<latexit sha1_base64="Lyld868t9LvGIjdPr37sLnPCJbM="></latexit>

a
 

 

F̃ a,µ⌫

 F a
µ⌫

<latexit sha1_base64="0BM5o6XsOrZuXXja08qJKGAowNg="></latexit>

↵

8⇡

a

fa
F a
µ⌫ F̃

a, µ⌫

<latexit sha1_base64="RRRtIf+/e8em0AQOuyCbWlaxjN4="></latexit>

If the shift symmetry is broken, the axion can get a mass.
a  ! a+ 2⇡fa

<latexit sha1_base64="AjCL74gdaMLDKHcQ2pPXJouFY8o=">AAACC3icbVA9SwNBEN2LXzF+RS1tlgRBUMJdFLQUbSwjGCPkQpjb7CVL9naP3TklBHsb/4qNhSK2/gE7/42bmEITHww83pthZl6USmHR97+83Nz8wuJSfrmwsrq2vlHc3Lq2OjOM15mW2txEYLkUitdRoOQ3qeGQRJI3ov75yG/ccmOFVlc4SHkrga4SsWCATmoXSxAehFKrruQxGtHtIRij78ID2K+GqaBxG9rFsl/xx6CzJJiQMpmg1i5+hh3NsoQrZBKsbQZ+iq0hGBRM8vtCmFmeAutDlzcdVZBw2xqOf7mnu07p0FgbVwrpWP09MYTE2kESuc4EsGenvZH4n9fMMD5pDYVKM+SK/SyKM0lR01EwtCMMZygHjgAzwt1KWQ8MMHTxFVwIwfTLs+S6WgkOK9XLo/Lp2SSOPNkhJbJHAnJMTskFqZE6YeSBPJEX8uo9es/em/f+05rzJjPb5A+8j297uZqt</latexit>
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Axion ecology

Gonzalo Alonso-Álvarez

Abuse of language: the physical coupling to gauge 
bosons are actually independent of the anomaly!

Linearly vs non-linearly 
realised sigma model.

Quevillon, Smith (19)

The distinction is important for heavy gauge bosons.

@µa

fa
 ̄�µ�5 
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↵

8⇡

a

fa
F a
µ⌫ F̃

a, µ⌫

<latexit sha1_base64="RRRtIf+/e8em0AQOuyCbWlaxjN4="></latexit>

+ = m 
a

fa
 ̄�5 

<latexit sha1_base64="uKKtcUoL7BQJQl/LX62RYxOu1n4="></latexit>
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True axion ecology

Gonzalo Alonso-Álvarez

SM example: true axion coupling to two photons.

a

�

�

<latexit sha1_base64="Cm+9upsnIhbOzJOGyu8oeAOQZUs="></latexit>

L � 1

4
ga�� aFµ⌫ F̃

µ⌫

<latexit sha1_base64="zLY3xrz1rDzdlRtwavJjFGrLqAk="></latexit>

Model dependent:

anomaly coefficients

Model independent:

where does this come from?

ga�� =
↵em

2⇡

1

fa

✓
E

N
� 1.92

◆

<latexit sha1_base64="5uuQQg6ZigYVmbNLlZvxlE1OslM="></latexit>
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True axion ecology

Gonzalo Alonso-Álvarez

Above confinement: Perturbation theory.

A special one: the coupling to gluons.

L � 1

4
gagg aG

a
µ⌫G̃

a, µ⌫

<latexit sha1_base64="B6qT90dC62Ly/J/3QBxedTPn9cY="></latexit>

a

g

g

<latexit sha1_base64="HUOfZI1pYE7SscjEWAgCnIPp6B4="></latexit>

Model dependent:

anomaly coefficient

Essentially the same as for the photon coupling.

gagg =
↵s

2⇡

1

fa
N

<latexit sha1_base64="isVO2tvFzeW8nv+Mios93v719HA="></latexit>
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True axion ecology

Gonzalo Alonso-Álvarez

Below confinement: Non-perturbative theory.

A special one: the coupling to gluons.

L � 1

4
gagg aG

a
µ⌫G̃

a, µ⌫

<latexit sha1_base64="B6qT90dC62Ly/J/3QBxedTPn9cY="></latexit>

a

g

g

<latexit sha1_base64="J3Qp5G5ofOzNc7BT3mcD9HOSeFU="></latexit>

g

g

⇡

<latexit sha1_base64="8ClHVraHH5pxTu4RLy/NpPEnqPc="></latexit>

We expect couplings of the axion to mesons and 
baryons to arise.

Use chiral perturbation theory to calculate them.)
<latexit sha1_base64="Lyld868t9LvGIjdPr37sLnPCJbM="></latexit>
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True axion ecology

Gonzalo Alonso-Álvarez

Below confinement: chiral perturbation theory.

Diagonalise to get

✓aX / f⇡
fa

<latexit sha1_base64="3P9zkwpdLCIkq9huMTONiE+0Zus="></latexit>

with

m2
⇡ , m2

⌘ , m2
a ⇠

⇤2
QCD

fa
<latexit sha1_base64="JBH0l8TvATqR9k4R/j8mJw0NSwo="></latexit>

M2
{⇡3, ⌘0,a} =

0

@
B0 (mu +md) B0 (mu �md) 0
B0 (mu �md) 4K/f⇡ +B0(mu +md) 2K/(f⇡fa)

0 2K/(f⇡fa) K/f2
a

1

A

<latexit sha1_base64="wHsChhuYnVEx2waaXmSeSewlUc0="></latexit>

a
<latexit sha1_base64="0WCHzQQSXkZNsRj3RhbgcGdF0x4="></latexit>

⌘
<latexit sha1_base64="pOVsJqwOQ0daNd4gHyfdEjT4s/c="></latexit>

M2
{⇡,⌘,a}

<latexit sha1_base64="+qegDJfGofZlXZUlI1diRvMU6N0=">AAACyHicbVHLahsxFNVMX6n7cttlN6ImpQtjZtxAugxJF6WkkEDtBCx3uKPRNCLSjCppnBqhTb+sv9HP6B9UHg/kYV8QHM65Oudyb64ENzZJ/kbxvfsPHj7aedx78vTZ8xf9l6+mpm40ZRNai1qf52CY4BWbWG4FO1eagcwFO8svj1b62YJpw+vqm10qNpfwo+Ilp2ADlfX/7Mrv48yR1slZBsITxT0ZDsnPBgp8U60FXzBPmI XterBmVRCDbLjEpNRAHTkOwxTQtmmJT48+ee/KDHzva8s5vBE+xFsSr8nrGEy8z/qDZJS0hTdB2oEB6uok6/8jRU0bGTyoAGNmaaLs3IG2nArme6QxTAG9DCmzACuQzMxdG+3xbmAKXNY6vMrilr35w4E0Zinz0CnBXpi72orcps0aW36cO16pxrKKroPKRmBb49XZcME1o1YsAwCqeZgV0wsIC7bhuLecigVXppv613rssKP07kY2wXQ8Sj+Mxqd7g4PDbls76A16i96jFO2jA/QZnaAJotG76DiaRNP4S6ziq3i5bo2j7s9rdKvi3/8BUDfjRQ==</latexit>

⇡
<latexit sha1_base64="lb/flJa+o6x6lyTP9txtV8iOn+8="></latexit>

• eigenvectors:

• eigenvalues:
8
><

>:

a ' a+ ✓a⇡⇡ + ✓a⌘⌘

⇡ ' ⇡ + ✓⇡⌘⌘ + ✓⇡aa

⌘ ' ⌘ + ✓⌘aa+ ✓⌘⇡⇡
<latexit sha1_base64="YTZnze1w+gR9kA8XvQftyBnDKXk="></latexit>
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True axion ecology

Gonzalo Alonso-Álvarez

Below confinement: chiral perturbation theory.

Because of the mixing, the axion inherits couplings 
from the pion and eta.

ga�� = g0a�� + ✓a⇡ g⇡�� + ✓a⌘ g⌘��
<latexit sha1_base64="aXK3PSks3q29SV/g2L8Ga19bpqU="></latexit>

/ f⇡
fa

<latexit sha1_base64="XobbcNdIcg2p36zp+yQeupCsAIM="></latexit>

/ ↵em

f⇡
<latexit sha1_base64="XySMNowl+oHZQwfRpbp0HXyyvTU="></latexit>

ga�� = � ↵

2⇡fa

✓
E

N
� 2

3

mu + 4md

mu +md

◆

<latexit sha1_base64="4tCArzQ3hdfu6jMCdVGVUUBiq5A="></latexit>

—>1.92 @ NLO in CPT' 2.03
<latexit sha1_base64="RCpfLti17324MVi3/t+atit86AM="></latexit>

di Cortona et al (16)
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True axion ecology

Gonzalo Alonso-Álvarez

Below confinement: chiral perturbation theory.

We can compute the equivalent contribution to all 
gauge boson couplings.

ga�� = � 1

2⇡fa
↵em

✓
E

N
� 2.03

◆

gaWW = � 1

2⇡fa

↵em

s2w

✓
L

N
� 0.75

◆

gaZZ = � 1

2⇡fa

↵em

s2wc
2
w

✓
Z

N
� 0.52

◆

ga�Z = � 1

2⇡fa

↵em

swcw

✓
2R

N
� 0.74

◆

<latexit sha1_base64="XL5BlYbekiaLsV4rJxvSWKd3C8c="></latexit>

GA, Gavela, Quílez (19)
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Gluonic ALPs & heavy axions

Gonzalo Alonso-Álvarez

The QCD axion acquires its mass when QCD confines.


A mass can also be generated if the axial symmetry is 
explicitly broken,


Gluonic ALP, doesn’t solve the strong CP problem.

L �
✓
✓ +

a

fa

◆
GG̃+

1

2
M2(a� hvi)2

<latexit sha1_base64="GSy49aDvEeUWBaglbg7lbKzXcDA="></latexit>

, hvi unrelated to ✓
<latexit sha1_base64="07P4iKbcJ/0ip68uZUsAnjATuLA="></latexit>

Two parameter model: (fa,ma)
<latexit sha1_base64="M2PK+T47+ihu4oaxAsRHLd2469s="></latexit>
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Gonzalo Alonso-Álvarez

The QCD axion acquires its mass when QCD confines.


What if it also couples to another confining group?


If 


Heavy axion, can still solve the strong CP problem.

mQCD ⇠
⇤2
QCD

fa
<latexit sha1_base64="Yo0GsqfcUfEIFUW0JA0/hrFnjA8="></latexit>

mnew ⇠ ⇤2
new

fa
<latexit sha1_base64="2L3zP5fnQRCqFBuOHrPdp+2DN1g="></latexit>

⇤new � ⇤QCD ) mnew � mQCD
<latexit sha1_base64="bMRZYwr6bqJ9sGdq399iNVXV2HY="></latexit>

Two parameter model: (fa,ma)
<latexit sha1_base64="M2PK+T47+ihu4oaxAsRHLd2469s="></latexit>

Gluonic ALPs & heavy axions
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Heavy axion ecology

Gonzalo Alonso-Álvarez

The mixing with mesons now depends on the axion mass.
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Heavy axion ecology

Gonzalo Alonso-Álvarez

The couplings also depend explicitly on the mass.
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The model-independent part vanishes at large masses.
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Loop-induced couplings

Gonzalo Alonso-Álvarez

Even if a coupling is not present at tree level, it can be 
generated at loop level.
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Particularly important for the decay of light axions.

Bauer, Neubert, Thamm (17)
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Axion ethology
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AXION
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Axion ethology

Gonzalo Alonso-Álvarez

Many opportunities to look for axions in high-energy 
experiments:


- Colliders (LEP, LHC…)

- Direct production & decay

- Long lived searches

- Heavy ion collisions


- Rare decays

- Flavour (LHCb, Babar, Belle…)

- Beam dumps


In addition to all the low-energy experiments.


Jaeckel, Spannowsky (12), …

Knapen et al (17), …

Alimena et al (19), …

Izaguirre, Lin, Shuve (17), …

Döbrich et al (16), …

Particle physics seminar



Heavy axion decays

Gonzalo Alonso-Álvarez

Benchmark: ga�� = 10�7 GeV�1
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Heavy axion decays

Gonzalo Alonso-Álvarez

The region 1-3 GeV contains many hadronic resonances.

Aloni, Soreq, Williams (18)
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Axion ethology

Gonzalo Alonso-Álvarez

Example: coupling to photons (most constrained one)
Bauer et al (18)
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True axion ethology

Gonzalo Alonso-Álvarez

Usually, only one coupling at a time is considered.

But for true axions, the gluon coupling is always present.

Two-coupling-at-a-time approach:

- Gluon coupling

- One EW coupling

- + all loop-induced couplings

Great perspectives at the LHC:

�(pp ! a)⇥ BR(a ! XY ) /
g2agg g

2
aXY

8g2agg + g2aXY

gagg&gaXY�������! g2aXY

8
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True axions and EW boson couplings

Gonzalo Alonso-Álvarez

Photons
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True axions and EW boson couplings

Gonzalo Alonso-Álvarez

W bosons
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True axions and EW boson couplings

Gonzalo Alonso-Álvarez

Z bosons
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True axions and EW boson couplings

Gonzalo Alonso-Álvarez

Photon - Z boson
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Conclusions

Gonzalo Alonso-Álvarez

1. Taxonomy: We need to know what kind of axion 
we are talking about.


2. Ecology: Contributions to couplings are 
generated in many different ways.


3. Ethology: It’s important to take into account 
multiple couplings simultaneously.
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True axions and EW boson couplings

Gonzalo Alonso-Álvarez

Gluon coupling
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