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WHY TOPOLOGICAL COUPLINGS

Or what can we learn with gas ma

9 Imagine we find
this tent

THIS
TALK

Ma
Dark matter Strong CP

mmmm mmmm our our

A Is the SM unified in the UV

B can we test distinguish different

string theories at low E
1


















































































AXION REVIEW

9Ancien periodic compact scalar with discrete

AKA axion like shift symmetry
a at2hfparticle ALP

NOTNECESSARILYCOUPLED TO QCD

Interactions shaped by shift symmetry

If frit aFF vial cos alfa

Field theory language pNG6 of anomalous symmetries

U 1 pa for OCD axion

5013 Ulla Aacd
2 anomaly coefficient


















































































WHY AXIONS

Appear in BSM models StringTheory i.e Axiversment

solve strong CP problem OCD axion

Dardlter candidates

Dark energy or even inflation

Ed QCD Axion

QcDGG 6g

solvesstrongCP EE o

V a Aaai 1 cos Ea Man

RELICABUNDANCE

ranko Hi t.ME


















































































WHY AXIONS MOTIVATION
Appear in many BSM

constructions

solve strong CP problem OCD axion

Dark matter candidates

Dark energy or even inflation

Topological quantised couplings to gauge bosons

I 1a't it 8 FF e g field strength2
of EM

canonically QUANTISATION
normalised

Anomaly A Z an integer
coefficient
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TOPOLOGICAL COUPLINGS TO GAUGE BOSONS

Anomalycoeff unaffected by renormalization see anomaly
matching

directlyprobing
the

Hov AIR
a fork

Axion as 0 form gaugefield Photon as 1 formgaugefield
Fa depending on scalebut dem running but e

A unaffectedby RGE chargebeing quantised
KAY

Emmet
The axion photon coupling is the BEST

inoFted
ettoboutuvehysicsofeINACCESS.BE





























seeTHE AXION EXP LANDSCAPE
WE

Haloscope resonant
cavitylookingfor axion DM f

y
Helioscope searches for solar

axions
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THE AXION PHOTON LANDSCAPE

manyongoing planned searches lab astro cosmo

gar HEE

T

ICiaran OHare Axionlimits
9Eur fm 8 n7


















































































LIMEBEOPTIMISTIC

gar Let's assume we

discover an axion

i e a point

gas ma

GOAL OF THE TALK

What can we learn

Ma


















































































APPLICATION 1

IE meeeov
THEORY Y

Gout su 3 SU 2 0111
Examples Fantum TE
SU 5

thromodyn interaction

506101
EG

All SM generators some from non abelian

simple gaugegroup g


















































































HINTS FOR UNIFICATION

GUTS explain chargequantisation integersof e

Why is the H11 1 1021
atom neutral

P

Anomaly cancellation
i

__

e.g Try 2125 61 5 3135 3 5 13 0

Unificationof couplings simon Mmt

sinew 3 m 3 at low E

g Eg 9


















































































AXIONS AS PROBES OF UNIFICATION
see AgrawalNeeMR 2206.07053

using'aige

Gout 5013 50127 0611
group
Sulst sociol I Aicions in GUTS studied since80s

Wise GeorgiGlasnow 81 Nilles Raby 823

Topological quantised couplings to gaugebosons

La KI't A Gout

Anomalymatching Aur AIR strongconstraints

Gaugeinvariance of Gout forecouring

Based on topology independentof SSB and physics
intermediate scales

10


















































































AXIONS AS PROBES OF UNIFICATION

starting point Gout x.MU 1
poi

simplegauge set ofcommutingglobal
group e.g.SU5t sollo1 unbroken symmetries

Analogy U 1 B and V11 L U s c anomaly freewith SM

U 1 Be ANOMALOUS
anomalous wut SU 2 weak

applications for baryogenies

After symmetry redefinition

Important Gout U 1 pqxti.mn U
Gout Ulllpa 0

Gout VII D ONLY ONE ATION COUPLED
DecoupledGoldstone
bosons

THROUGH THE ANOMALY A 0
77


















































































AXIONS AS PROBES OF UNIFICATION
see 2206.0 053

TOLOGY LIE
a
αemEFFem αsNGGan

caEinvarianceyanomay.fm idableacD
potential

off a Aac cos Alfa

Single axion coupled to photons
BassettOCD axion indep f fa
99not compatible 91 5 Tai Iffgas with GUTS

axionmixing

mmfuMM0u
t equÉ charged axious

pion like fieldsmodelbuilding Clockwork

an n Dark photonmodels

Mar 11 Extra dim OUTS


















































































ALP photon coupling via mixing
behaviour depends onL fat GE 21M Mb man

Generatesetsof points

91st.am
19gal 6 ger

Ranges

mo 1511,1 eV

119T no

e.pe p
fa.fi 109,10170

fact Mp fact locev

ADDITIONAL

gig is always smaller than QCD axion 9ALPS
Doesnotdependonnumberofaxions


















































































APPLICATION 2

WHAT CAN AXIONS SAY ABOUT

STRING THEORY 7 for at least
some ofthem

see 2410.03820 w F Agrawal MNee


















































































DIFFERENT STRING THEORIES
Best understood framework unifying GR particle

physics
Allows understandingof some BH properties e g entropy

Different ST related by network of dualities

HETEROTIC
EYES theoriesof

intersecting

Type
branes

HETEROTIC
501321

gaugegroupmaychange
Gaugegroupfixed
by UV consistency Type

I 100 capsistency

RR tadpolecancellation

12


















































































DIFFERENT STRING THEORIES

I will restrict myself to Heterotic strings

HEEROTIC TYP Not
E8E8

today
work in

HERROTCY
TY progress

501321

Gaugegroupfixed
by UV consistency

dithasceatiupn.gs Is welldefinedpredictions

for axion photon coupling
12 T


















































































STRINGY AXIONS KNOWN RESULTS

Many papers since Witten Choi and Kim et al in 80s

Multiplesqueegeeing in ST B2 Cp gaugefields

Axions from p formfieldswrapping p cycles SwCe

Appear in large number axions complexity of compact space
SteemAVERSE Arvanitaki et al 09

CAVEAT Conlon 0602233

Exponentiallygood PQ moduli stabilisationmightspoil this

Nicelyexplainedbyhigher formsymmetries Brennan Hong
2306.00912

Fa tends to be large Observability Overabundance

See Imetal 1906 11851 Gendleret al 2309.13145

however Choiet al 1104.3274

and others Emmetatistics
13


















































































WHAT'S NEW HERE

i UV consistencyfixes UV gauge group in some ST

ii Axion couplings are topological in St fixed at

MATCHTO OBTAIN
Trammel

axioikotes.pt ETm eFwte similar
rompatify match couplings experiment
GDspace from R 1 to IR T

well defined axion predictions independentofdetails
associated to codification obespectrum

In some ST 9ar ma
m

m
holds

14


















































































HETEROTIC STRINGS CY and toroida
orbifoldcompact

Theoryof closed super strings in 1018

metric moduli EFFECTIVE

Massless states 9mi Bmn
dilation action

Gaugeboson
ganginos

ng
10D N

charged matter Sketches SUGRA

GreenSchwarz anomalycancellation EsxEs or 50132

Crucial for axions Focus on

e g BxtrF2trF2 A LinGin4dl

Si a GE
6,5


















































































HETEROTIC STRINGS

P m Uv simplicity vs IR complexity

EsxEg in 104 I won't consider 50 132 but results apply
common

Compactifying on Calabi Yau or toroidal orbifold
compact spaces with different
topologicalproperties

discrete Wilson lines

MANY 4D EFT become available

Examples SU 51 50110 E trinification SM etc

16


















































































CONNECTING FARUV.TO IR
Energy strategy match mixed anomalies
scale
fully fledgest of GLOBE higher form

Mp symmetries to100 SUGRA
EXE 5 4d axion anomalies

4DEFT R
Eg Sociol suls Ulll Independentof
50151 Pati Salam SM like intermediate
chiralfermionsdepend on scale physics
topologyof rompactspace mmmm mm

LHC Results willonly
EWSB depend on SM

embedding into

Axion Experiment EgxEs
17


















































































STRINGY ASCIONS

HOW DO THEY

LOOK LIKE


















































































AXIONS IN HETEROTIC STRINGS
see SurcekWitten for a review

B2 2 index antisym tensor Bg 10 d dual of B2
B2 Be dth 6 form integrated

over 64 space 2
tendependent n a Be ofree

d

Is Gdcompactspace

Model dependent axious bi zero modes of B2
and decay conwrapping 2Ts Wi

bifn.PEdepends on compactMDI
space

Edthoraicasions Feels complexphase
Relevant in scenarios with anomalous UCll Do not add new

is ingredients wrt MI MD


















































































MATCHING AXION COUPLINGS

Take 104 SUGRA action Green Schwart mech

Siod Box EG F tr2F BanXg
Contains

tri F trjF

MI axion couplings MD axion couplings

see Bianchi id OH trF t'R
eg ki SB2x trip quantised

Consistencyof the 100 SUGRA gives couplings of B2
and Bg to gaugebosons Alternative matchhigher

Ʃ form anomalies
Sod Axion couplings R in 4d EFT

26


















































































After dim reduction
40 AXION COUPLINGS

MI axion Universallycoupled

quings Alfa trF tV2F
to gaugebosons

tr Faf trnF Etr F unbroken 40gaugegroupsfrom 1st Es

MD axien

axing
Lmi Eki bitr Eki bite

depend on compactspace
CALCULABLE

CRUCIAL POINT Only 2 linear comb Or 02
MOST GENERAL

L SO tr F 02tr2FAXION
COUPLINGS D My My

19


















































































EMBEDDING THE SM IN EXES

I 0,02 different
linear combinations

L s Or tryF 1,02tvzF of a bi

Hogar
E g

at Eki 6
low E onlydepend on

how we embed the SM
Energy

Sion matched

R
t 54 Rajham 9 i Eg G SM secondEsintouched

EW unassected ii SM non triviallyembedded in
byrunning Esx Es

ADMIC
20


















































































EMBEDDING THE SM IN EXES
The same result

Lap SO tryF QtrzF holdsfor 501321
Mu Mu Ʃ

Hidden sector

F ACD EW Hypercharge
Energy

VISIBLE AXION

15

Sion matched

R
ftp.ymambiguoly

Model model
EW unaffected

byrunning
independent dependent
axion

ADMIC valueof k depends axions

oncompactspace
21


















































































SM EMBEDDING IN A SINGLE E8

LLEFT R scale sm from firstEs

L ÉsαBB α2WÑ AGE EHe ƩU bit

G a Eki bi
aff.is ther than
those in 01 only

4D EFT below EWSB scale couplethroughmixing
ummmm

L It.fm E 1.92 FF GG Vess bi source of
OnlyOCD axion to leading order

axionmincing

Additional axions dem
satisfy Tnfn

22


















































































SM EMBEDDING IN A SINGLE E8

Find an axion with Garima demyman

Forexample not
compatible

cosmic birefringence gas
with efthpf.pe

ma to ev fanlotev

Ultralight axions mmmv ffr8f
smiting

coupledto photons

ma to ev fa to oev Ma

Emmitetistings
INDEPENDENT OF Embedding into a single E
THEDECAY CONSTANT

23


















































































NON STANDARD SM EMBEDDING
see orbifold papers OCD

Part of Fly
Fontetal 90 2 3 O try Qtr2FIbañezetal 8t 40

My
bragon ALP

Take E8 E8 No known realistic

50 3 5012 xU 11 UHmxGn model with non standard
embedding

Justle GI Instantons generate
G 1a'd cos 0

AL potential

9 half cos02
Haw vs Aacd

24


















































































WHAT'S THE COST OF THE ALP

ALPline 1 line means II III
gas

mggmhm

HE 2 Alone son 2

A OCD VS AIP

Maddependentequestion

Irreducible axion potential
Ma

Daly R e HoutcosDap

iFEEE.EEgiEiEiEE sina.is
Standard OUT

ii Fractional charges Possibly chiral 50W 318

25



















































































UV LESSONS FROM IR EXP

1 On top of strong CP Dark Matter etc axions

offer unpolluted UV information GUTS Heterotic others

strings
2 Manyexperiments searchingfor axion photon in

near future specially gas washymmen

3 We CANNOT confirm
GUTS or Heterotic strings

BUI
axion searches offer
NONTRIVIALTESTS of
these theories
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