
















































































TESTING THE FAR UV WITH

LOW E AXION EXPERIMENT
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DARKMATTER BEYOND THE WEAK SCALE
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WHY TOPOLOGICAL COUPLINGS

Or What can we learn with gas ma

9
Imagine we find

this teen

Dark matter Strong Ct
mmmm on me

A Is the SM unified in the UV

B can we test distinguish different

string theories at low E

1


















































































AXIONREVIEW

I Ameer periodic compact scalar with discrete

AKA axion like shift symmetry
a atznfparticle ALP

NOTNECESSARILYCOUPLED TO QCD

periodic Interactions shaped by shift symmetry

If 58851 FÉ V a A cos a fat

Field theory language pNG6 of anomalous symmetries

U 1 pa for QCD axion

SU 3 0111Pa a

anomalycoefficient
2


















































































WEAXIONS
Appear BSM models stringTheory i.e Axiverse

solve strong CP problem OCD axion

Daddler candidates

Dark energy or even inflation

Es QCD Axion

OasGG 65

solvesstrongCP 2

V a Aoct 11 cos Ea Man

s.ME


















































































WEAXIONS
Appear in many BSM

constructions

solve strong CP problem OCD axion

Dark matter candidates

Dark energy or even inflation

Topological quantized couplings to gauge bosons

2 10 A a
GoutGOUT

exterior
Anomaly A EE an integer
coefficient
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TOPOLOGICAL COUPLINGS TO GAUGE BOSONS

Anomalycoeff unaffected by renormalization fee anomaly
matching

directlyprobing
the

Aw AIR
for UV

surgeininterestrecently

Reece Agrawal CoudovatiChoit 23

One possible caveat to claims Axion MIXING

topological
axionpion

nature mixing

e g acraxion If 1.92 a FÉ
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APPLICATION 1

Is the 5M unified in
the Uv


















































































HINTS FOR UNIFICATION

GUTS explain chargequantisation integersof ge

11 1 15

iii
Anomaly freedom

e g Try 2 6 3 3 5 13 0

Unificationof couplings sinow mF
sinew Mmf 3 at low E

g Eg 6


















































































AXIONS AS PROBES OF UNIFICATION
see AgrawalNeeMR 2206.07053

UVgauge SSB
group Gout SU 3 50127 0611
SU 51 501101 I

Topological quantised couplings to gaugebosons

La NI't A Gout

Anomalymatching Aur AIR strongconstraints

Gaugeinvariance of Gout forecouring

Based on topology independentof SSB and physics
7 intermediate scales


















































































AXIONS AS PROBES OF UNIFICATION

Starting point Gout UCI poi

simplegauge set ofcommutingglobal
group e g 5015 unbroken symmetries

Analogy U 1 B and V11 L U s anomaly free
with SM McKim UCI B L ANOMALOUS

50121
applications for baryogenef

After symmetry redefinition

GOUT U I TithUTIImportant

Gout Ulla 0 exact or decoupled

Goot UTI D ONLY ONE ANION COUPLED Goldstonebosons

THROUGH THE ANOMALY A O
8


















































































AXIONS AS PROBES OF UNIFICATION
see

GAVINVARIANCE
EFÉmtαsNGGai 2206.07053

unavoidable CDpotential

zero order statement a Aadicos alfa

Single axion coupled to photons QCD axion

Esests
not compatible

gas with Guts 918
D

ai
compatiblewith

axionmixing
mummoduts

but require
charged axiousmodelbuilding pion like fields

Macs Dfa Dark photonmodels

Mar 9 Extra dim OUTS


















































































APPLICATION 2

WHAT CAN AXIONS SAY ABOUT

STRING THEORY 7 for at least
some ofthem

Work in progress w F Agrawal MNee


















































































AXIONS IN STRING THEORY

EEEEEEeeeeets.no
Multiple sources of anions in St Bmw Cp gaugefields

Axions from p formfieldswrapping p cycles O SwCp

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

CAVEAT

Exponentiallygood PQ moduli stabilisationmightspoilthis
Conlon 06 McAllister Quevedo 23

Fa tends to be large Observability Overabundance

althoughavgdecreases I Gendleret al 231
with axions

10


















































































WHAT'S NEW HERE
Hugeamount of papers
since Witten et al in 80s

UV consistency fixes UV gauge group in some ST

Axion couplings are topological in ST

ADMK orMATCH XD um MY LIFE similarAXION COUPLINGS I experiment
compactify matchcouplings T
GDspace from R to IR

well defined axion predictions independentofdetails
associated to codification obtainingdspectrum

In some St 9aymasff.fm holds


















































































DIFFERENT STRING THEORIES

HETEROTIC Type theoriesofE8E8
intersecting

I

501321

Type
Granes

HETEROTIC
gaugegroupmaychange

angegroupfixed
IOD confistency

by UV consistency Type RR tadpolecancellation

1 torrelation
with axion couplings

12


















































































HETEROTIC STRINGS

Theoryof closed super strings in IOD

metric moduly
EFFECTIVE
ACTION

Massless states 4
9mn BMN

at

g
IOD N

Gaugeboson gauging

chargedmatter shuffles SORA

GreenSchwarz anomalycancellation EsxEs or 50132

F Ent
BatrF atrF Axion COUPLING IN 4d

see surale Witten a GG
for a review 6 I


















































































HETEROTIC STRINGS

Fake UV simplicity vs IR richness

EgxEg in Od
mmmm

compactifying on Calabi Yau or toroidal orbifold

discrete Wilson lines

MANY 4D EFT become available

50151 50610 EG trinification etc

111


















































































CONNECTING FARUV.TO IR
Energy
scale

Fully
fledged

ST

Axions offer pristine
100 SUGRA
EXE t window into UVphysics

4DEFT R
Eg 504101 su 5lxU ll Independentof
501st Pati Salam SM like intermediate
chiralfermionsdepend on scalephysics
topologyof impactspace

LHC Results willonly
EWSB depend on SM

embedding into

Axion Experiment EgxEg
15


















































































Axions FROM HIGHER D GAUGE FIELDS

Baby tension QCD UC in 50

Compactify S
2

genons A

pseudo scalar B
Rikers costofmovingparticlearound e

Mdt

2
Particle
worldline e

5135 5
m V B R éScos B R

Non local
P

uninstanton from 4D
5 2 MR

point of view

Ii ChernSimons fk Emmar B GGar BÉGG in 4D
interaction

16


















































































AXIONS IN HETEROTIC STRINGS
see SurcekWittenfor

BMN 2 index antisym tensor a review

B2 B B day Be dual ofBz

M depadenta n a a 36

MDI

ffffgff.fi
zero modes of Bmn

internal

bify Bz dimensions

SHIFIMMETRYBREAKINGEFFECTS

Instantons in E8 E8 worldsheet instantons NS 5 branes

Only e
s
effects see Choi 9706171
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MATCHING AXION COUPLINGS

BenBoa th F tr2F
6 MDcouplings

Siod
6 MI couplings

24
MI axion

couplings L Alfa tr F4trzF2 universallycoupled
to gaugebosons

4 trnF Itr F unbrokengaugegroups in 1st Eg

I
MD axion

wings Eki fybitr.tt Ekidfybitr.tt
depend on compactspace
CALCULABLE

109
suora Sod Axion couplings R'in 4d EFT

18


















































































EMBEDDING THE SM
ER

3 Qtr F fogtype
01,02 different
linear combinations
of a bi

Mamc.wst
low E only depend on

how we embed the SM
Energy

TITIMM
s
Instffory i Eg G SM secondEg untouched

R
I Sit IR

EW unaffected
22 SM non triviallyembedded in

byrunning Eg Es
ADMK

19


















































































EMBEDDING THE SM

L 3 01 tmF Qtr F41
My

Hidden sector1

Energy tr F QCD EW Hypercharge

1

Stop matched

R
I sit ix jambiguay

at Eki 6

Ew anaggeted
Model model

grunning
independent dependent

valueof K dependsADMK
oncompactspace

20


















































































STANDARD SM EMBEDDING

LEEET R scale SM from firstEs

L
g
CαBBIαzWÑ α3GE HH ƩUC6i

a Eki bi
adf.at

ther than
those in 01 not

40 EFT below EWSB scale important for
ummmm gas

L Rem E 1.92 FF GG Vegf bi source of
OnlyQCD axion to leading order

axionmincing

Additional axions dem
satisfy Ffa mTfn

21


















































































ZERO ORDER STATEMENT

Find an axion with gamma
αem
mnf

Forexample

cosmic birefringence
gas f

compatiblewith

Ultralight axions month Heteroticstrings
coupledto photons

Ma

Beetterticting
ANY LOOPHOLE

22


















































































NON STANDARD SM EMBEDDING

Possible

Kayet Lu QᵗmF fqtrF
buggy ALP

Take 8 5 8

50131 5012 0611 011mxGn

Tuskle Gin _keep out instantons under
control subdominantwrtOCD

G Add cos 01 I
9 Aai cos02

Aau vs acD

23


















































































WHAT'S THE COST OF THE ALP

ALP line I

gas
ALP ALP line 1 or 2

mhy
h

he 2
Aaa vs Alt

Maddependentequestion

Irreducible axion potential
Ma V Daly R e Houtcos 0

ifeng.EEiEeEiEiE.E sina.is
Standard OUT

ii Fractional charges Possibly chiral 50W 318

24



















































































UV LESSONS FROM IR EXP

1 On top of StrongCP Dark Matter etc axious

offer unpolluted UV information GUTS Heterotic
strings

2 Manyexperiments searchingfor axion photon in
near future specially gas wasYm.fm

3 We CANNOT confirm
GUTS or Heterotic strings

BE
axion searches offer
NONTRIVIALTESTS of
these theories

25


















































































BACK UP
mm


















































































FIELD THEORETIC AXIONS

Can we get axious from the phaseofcomplex scalars
0 5 e c C 9.0

YES BUI onlyin theories where the
lightness

seet
is guaranteedby a gaugesymmetry Ulla ImaUCLgario

On e seia
In phasefrom mixes with

a and inherits axion coupling

Couplingsof c are the EyFF
same as MI axion a

Question can we formcosmicstrings
Dothey have decompactified core


















































































COMPUTING KnÉ

K are anomaly coeff formodel dependent axions

SBaX8 I kifubi.tnF I kifmbi.tkF

Ki β trR 2tr F trzF

Field strengthsubject to topological constrain

dH tr F trE trR trR EF t GET
same cohomologyclass


















































































TWISTED STATE CONTRIBUTIONS

Compactification on non simply connectedmanifold
K Ko G

Fractionallychargedstates appear ms Do theymodify
garlwa tea

mnfm
4 do they induce gas

EFT

L µ Te ray myFY garn z

Calabi Yau compactification z e
S

S 2M α

Orbifold z May e


















































































P FORM FIELDS

Antisym tensor field generalised gaugepotential

Pth Cpta dAp p formgauge
parameter

f
Field strength Fptz dept

p branes electric objects Selec Of
Dues
4Fptz Fd p 2 Fd p z da p 3

d p 4 branes electricallycharged under Cd p

and magneticallycharged under Cpa


















































































AXIONS IN HETEROTIC STRINGS If time
allows

T
MD bif.bz algin a 36
axions

B2
100 dual object

B

electrically magnetically electrically

charged
charged charged

under under
v

sessiing Essences

point of view superstring axion string

I


















































































4D GUT ONE ANION COUPLED TO GAUGE BOSONS

17 Ucla 011109 17 a

field redef Tonly this linear combination given an
axion coupledto gaugebosons

Ata and due to quantisation A t
A 0

Above PQ GUT
SSB scales

CURRENTS

Ulna 215,9 Are

011 2M 0
I decoupledGoldstones

fromgaugebosons

14


















































































SINGLE AXION DEPENDENCE ON PQ SCALE

current what if I

A Fasted effects of anomalycaptured by
dim 5 of

APA
a80

6GoutMacion couples to
both

photons and gluons

B Eat
5 434 9,9189

2 Pa Ks 66T Kz WW Ka BB

After PQ breaking

Apa
a
Ks GOLD Kz WÑ Ks BB

Again axion couples to both
15 photons gluons


















































































H mxingtangeesult.ro
In the absenceofmixing 1 anomalous 011 a

I axion coupled

17 Ulna 0111 15 s
to photons

onlypossible if unbroken

small explicit breaking ofshift symmetries

may turn
on non quantised mixing

see a ti mixing

Do we get additional light ALPs with Gar
26


















































































MASS MIXED Axions

L Si
5

dec

ta ni Mi diag

XIII
to solve strongCP

No longer freedom to rotate away axious

SPECTRUM
Heavy decoupled axions miss me

OF

ADDITIONAL LIGHT AXIONS WITH M ME
ALPS

27


















































































2 1 6,10
go.net net

a Moss.AE ga
XD axion QQ a

heavy ALP 6 mass me coupling gas

6 wok Haifa
on a

fat
decoupled lightALP go Ifa deforthogonallinear tomb

Malp MGgas

2nd axion
yep
likeaxious QCDaxion heavyall ALPphotoncouplinginduced

1 a bymixingis smaller thanthe

Example m 10her 1 10her huge
suppression

h

gain T.gfa.at
too

decaysas I M
manm may

28


















































































Arnotonoupling viamixing
Generatesetsof pointsL Fatf 65 21m66 la gari 6 girl

91st.wm

Ranges

We 15 Bev

9 91 9 fa.fr1109,10 Gev

e

far Mp fact to cev

ADDITIONAL
GEE is always smaller than OCD axion 9ALPS

Doesnotdependonnumberofaxious
29


















































































sins
smaran

exacteverywhere
in extra dimensio

Cdecfling e.g 50
4dimensions

4d result trivially
5 fdscEMNARBMTRCGN.GR EGOUTGOUT extended to higher Dl

Cs level anom.cooff Bs axion a

Stringtheoryoffers richer possibilities orbifold
GUTS

mummmmmon
positiondependent gaugesymmetry

branes

y 0 y leading to APPARENTUNIFICATIOImm

mmmmmm.si
IE soet
ftya

iE

Tent Eritreans
AMPLE 9 2 22 MR0106166 32


















































































TOYMODELOFLAPPARENTUNIFICATION

General GUT symmetric bulk with SM like defect
see 0212134forareview

EY Es 1M
Éffffffff

a 1 dim
defect inGUT bulk

MATCHÑGm 1 R1

ANARENTUNIFICATION

localized axion Aea Fe m

ALPI 33


















































































andwewithhow
M Ld

appliedto ALPS

I

initiate a Ex R é cos Oi

Eithereressin D instanton action

Zero modes saturated by sx.in nnnnhhhMsustinsertions
Dominates a

Charged chiral matter axion massless macho

highly constrained if α 1 45
eg Zdecays Higgs

properties

Although minimum mass it may well
be orders ofmagnitude below Ho

37


















































































ff.fifiyf ii
aentuniFicaion

idols
a or

coupledtophotons
localized axion Fifi

Tampledged inGUT bulkSM as a 1 dim

IE iEs i yEs0421125 LOSALISED

sinew prediction
yes

n D N

LARGE MASS FOR SD O 1

EEEEEEE.es

Oei K R é as Oi
38


















































































s

Axion kinetic

mixing matrix linear combination
coupled to GUT

Rememberaboutredef
of anomalous U 1 s 7

Mesenchyme freedom to
rotate away Kij
EFF NGE

Sij Jai 2 Aj a c 6Gt
bunchofmassless

I
decoupled axions

SINGLE ANION COUPLED TO PHOTONS QCD ACION


















































































Eachsite scalarfield
1 MWW dd

1611.09855
link _weary

or

YE.EC XD D

Crucially relies on

having incomplete

coupling to photons multiplets each site

gets exp
enhancement GUT like construction

gas 9 EN 1.92 are expected to get

with EN 9
M back to kt


















































































Neckers see iii

Zn SM SMKA
a a 2mg

N copies of
SM

m MAID IN

Eg
to get m 10 eV

Fanloiter

Need We 100
copiesof
SM


















































































FLIPPEDGUTIwhat about exoticcharges

Theories based on SU 5 0111 or more complex groups

UCs y comes from Tai I properly normalizing

KEELEINGENCE outscale

sinon É I

Only if α
StandardGUT prediction
All couplingsmeet Gut scale

ONLY OCD Axion Embeddable in simple group
IN THIS CASE I 50110 EG

26


















































































FLIPPEDGUI

QUANTUM NUMBERS LEETEINEAGE
SO 5 U 1 I

5 3,101,15 sina.IE Et.EE
Axion coupled to U 1 x ̅ without 5015 common

origin
1 reason for SM charges

eg fermion with electriccharge tf f
α5 αI

ii prediction of sinton
Priestley

27


















































































darkphoton5

M TI fagg g fi
e'd to dark sector

Gauge invariance forbids tree level
kin mixing

higher dig InFor I
Got

up mm ymm
out

e Eff IIe to

After out 553 Eg 44ft gifted
to give a

largesuppression


















































































CHARGE QUANTISATION
see Polanski ING
ST Vol 21

Define Q's dem t T
a oats for triality
Isolatedstates have

Tolov O mod3

All particles in 5 plot of su s have

integer Q

All So 5 reps are obtainedby tensor

prod of 5 pet

Q's integer Clem integer for isolated
States too

Is


