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WHITWELL
i Quantization of axiom photon coupling allows
knowledge about UV chargequantization Guts

ji In all unifiedtheories the only axiom

coupled to photons is the OCD axion

Minimal prediction Ocp band gar Iit Yg's eÉ

X Requires

Anyother axiom 1 At woolly Yeggnecessarily has GEE It
I couplingus mass plan

me


















































































soso.FI II1IEItutt

Unexplainedphenomena DM baryogenesis SCproblem hierarchy

3 independent 1 interactions low E

m

Quarks leptons LH RH fields 3 Families

Plethora of independent charges quantumnumbers

but still
chirality gstrong Gweak Gy n O 1 TeV

ANOMALY FREEDOM

verydifferentfrom Yukawa couplings

2
Yest k 42nd K 43rd


















































































THESTANDARDMODEI
SUB cXSU 2 LxU 1

y

Gaugecouplings

gs gwen g OCA at low energies

approach a
common value

looks even better a

at high E

E


















































































THE STANDARD MODEL

s0 3 cxs0 22xU

To keep couplings together we need a sidelegrone
what I'll call Gut here Gg

Luv 1 25
Unification almostperfect

theory

mom
2

j


















































































minimal sucaxual

III a.e.ggit
sin w

gz
3g M out low E sinew 0.23

g Eg

Other outs 50 5 8 7,8
spinorunification A
particularlyappealing CHIRAL ANOMALYFREE

5060 spinor 16 q tu't d te te't V
I will betalkingabout

willbe using all the time

5 5015 as particularexam


















































































THEGOODHINTSFORUNIFICATIOI

Charge quantisation ALL isolated states have

integer electric charge

I Qnt 10 Ct to

Anomaly freedom s in quantumnumbers conspire

to cancel gaugeanomalies

Unificationof couplings
sinOw Mmt

sinew eggs mm 3 at low E

g Eg
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gS0
5 ADJ0iNTMATRix24mmmmm

gluon's decay
out bosons

REMARMAY hyperchargeboson
A adiagf's 5 t.ttGffiigashes

X 13,21 5 64
Weak sons

Hyper K expected9 1 99 99

Moot 10 Gev

factor of 10
Croton i away

to improveby

datataking 02027

current limits from Super K
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THEUOLYGUTDRAWBACKI
Doublet triplet splitting

5 ftp lead to proton
decayunless May Moot

Mass ratios Mg is Ok but Msm or Mmde

NOT EVERYTHING IS LOST

requires model buildingeffort orbifold Guts flavorsym

Mfs Our results will be independentof Gut modelbuilding details
I Onlydepend on having a
simple goop Gort 8


















































































Axion REVIEW

Anion pIcoyat sawithd crete
ummm

shift symmetryAKA avion like anatznffparticle ALP

periodic Interactions shaped by shift symmetry

Ofa tryst EaFÉ Vla A cos alfa

Field theory language prob of anomalous symmetries

U 1 pg for OCD axion

su 3 Tx UN ee Adf anomalycoefficient
9


















































































appear

YIII.in

y
e.axiverse

solve strong CP problem OCD axiom

Dark matter candidates

Dark energy or even inflation

Ex OCD Axion

On GE Ea g g 4
solvesstrong co EE o

H V a Hack 1 cos Ea MaAEI

no t.TN


















































































Appear thief
solve strong CP problem OCD axiom

Dark matter candidates

Dark energy or even inflation

Topological quantized couplings to gauge
bosons

L 10121 A EYE GoutGout

earisation
Anomaly it e Z an integer
coefficient
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i matching

Hovatter directlyprobing
the

far UV

Together with gauge invariance offers info about gaugegroup

axionpiontopological
nature I f mixingTtÉÉÉÉÉÉÉÉÉÉÉu

nine

q Ew t.az aFFOCDaxioncase

We obtain solid information in the massless axiom limit
MIXINGEFFECTS

Ehinthicit
MUM act NÉ

fa WILL BE SHOWN
LATER
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Minimal

Starting point Gout I Ochoa
simplegauge set ofcommutingglobal
group e g 5015

Analogy UCSB and Ua
up anomalyfree

with SM Idf u 1 Btc Anomalous
5012 applications for baryogeng

After symmetry redefinition

Important
Gout U 1 paxton U 3 i

Gout Ulla A g exact or decoupled
axiom Goldstonebosons

Gout UCI D
13


















































































4D GOT ONE AION COUPLED TO GAUGE BOSONS

17 Ucla Ultra x G

field redef Tony this linear combination gives an

axiom coupledto gaugebosons

Ata 40 and due to quantisation AIA
Ai 0

Above PQ OUT
SSB scales

CURRENTS

uinta 215,9 tea 0É w É
011 2m51 O

I decoupledGoldstoves

fromgaugebosons
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endence on the scale

went

n What if F

A Fast effects of anomalycaptured by
dim 5 op

Apa Ea Jt GGoo
Marion couples to both

photons and gluons
ka ka ka levelsofembedding
of 5013 SU 2 V17

in Gout

214J Apa K EgGEasotkzEWW
ka BB

I After PQ breaking

Apa Fa Ks436Ears Kz EWW ka BB

Again anion couples to both
15 photons gluons


















































































RESULT MINIMAL 4 dim
mmmm

To701064

GAUGEINVARIANCETGL.net ntntqN6 generates OSD potential

Generic GUT prediction u fat hat in an la all

FM QLD
an
omg E kz

y ki levelofembeddingof i th
SMgroup 3,2 1

Kz Kz 1

standard embedding ka 513
EIN 813

Only one a scion coupled to photons
the OCD axion

d ID band
MNWERSTGUTswi.tt

ng8arTitthw78ts
ble

x
Gutsbutrequire

16 Me


















































































IE iII.YiIiI m
NCO Alps can appear BUT have Gathings gathman shown later

NEE We iannotreallypredict mass
thisdepends on Fa non topologicalquantity

Exanthema

I Ultralight anion coupled
garked

finding
an

d
to photons
Ma toEV Fa lo GeV

f
here

OUT

EXAMPLE2

Ma 10kV RotationofCMBpolarisationbyfairer
we

lightanioncomatophotons

so or t weds Requires HI map
Ho

www.yyy


















































































ASSUMPTIONSMADE SOFAR

A scion is a Gut singlet See UCD SSB

y Axions have no mass mixing

Got group is simple leg novel factors

Does
the
main

GOT

result
change if

4 D GUTS

we
relax

these

assumptions
18


















































































ASSUMPTIONSMADE SOFAR

A scion is a Gut singlet See UCD SSB

y Axions have no mass mixing

Got group is simple leg novel factors

Does
the
main

GOT

result
change if

4 D GUTS

we
relax

these

assumptions
18


















































































teaming thangeteresult

In the absenceofmixing I anomalous outta

Taxi on coupled
to photons

17 Ucla Ucla xi is
I onlypossible if unbroken

small explicit breaking ofshift symmetries

may turn
on non quantised mixing

see a ti mining

Does it change the result
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MASS MIXED AXIONS

L Si 29.21 Aac 66 Nij Aia

5
def Wii 0 or may Imicino
to solve strongCP

No longer freedom to rotate away axious

SPECTRUM
Heavy decoupled axions m me

OF

AXIS LIGHT ANONS WITH M Macs
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c lost iTg net.au

a Mos Aact ga f
old anion Aaa a

meaning1
1 1 1

miss g

orthogonallinear tomb Gar My age

gapgq

Md light Ale

GI Ale photoncouplinginduced

bymixingeffectsvanishes2nd axiom www.gysacdaxionthavnyall
n

mm Isiah
É m

ae
decaysas MlmaoMmain
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A photonceptingviamiting
Generatesetsof pointsL fatty GE t 21m56 la gas 6 girl

Estum
Ranges

no lot Dev

9m91 S fa.fi 1109,10700

t

fac Mp fact loacev

Gate

Fay
is always smaller than OCD axion 9g

Doesnotdependonnumberofaxioms
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ASSUMPTIONSIRESULTS see 2206.07053

Turn on mass kinetic mixing for alps

Out alp constraint Omfgc 91 toytheright

A scion is Not a Gut singlet
charged axious get largeperturbative

mass

Higher D GUTS stringy axioms which avoid

gluonsgetmass from D
instanton

Others Clockwork mirror worlds dark photons
ASK ME I
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ig m T
lab haloscopes astrophysics cosmology

Manyongoingand
plannedexperiments

lookingforaxious
coupledto photons

LSIDESLEI
SAME

i no hope for exp I

Zi TESTINGGUTS WITH
TABLETOP FRP

Incompatible with
see 2206.07053

GUTS
24


















































































BACK UP
mm


















































































kinggiggons

Axion kinetic

mixing matrix 1 Ls linear combination
coupled to CUT

Rememberaboutredef
of anomalous U I s I
Mmaelesslimiti freedom to rotate away Kij

y
EFF No 8

Sij Jai 2 Aj age off
bunchofmassless

I
decoupled axioms

SINGLE ARION COUPLED TO PHOTONS OCD AXION


















































































Eachsite scalarfield
link near L

how

I hM
1611.09855

MEE XD D

Crucially relies on

Fi ti Edt
having incomplete

Coupling to photons multiplets each site

gets exp
enhancement Gut like construction

gar FI Esv
1.92 are expected to get

back to E kitwith Eg q
M


















































































Masons see

Zn SME SMA
a a type

Y N copies of
SM

ME MIX IN

Eg to get mu lo ev

Farlonger

Need We pop
copiesof
SM


















































































What thanotacutsinglet
We've assumed A is p Nob from U 7 ee

I pp
i a Fa

Photon coupling from Gout x urea anomaly

Anomalywatching OUTanomaly FM anomaly

Example U 1 pa does not commute with GoutMmmmm

a scion coupled to UG em without OCD coupling

Avoids anomaly
matchingargument
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mmmm THEPIONCASIWARM UP

OCD provides an example of an alp coupled
to photons

Flavor
symmetry 7 SU 21 x SU 21 R z

SURI v pious as NGb

Mahal n 3 ofSURIv
Nf 2

Eaten

caused gauging U II en
c Su 2 u induces an anomaly

for neutral pion current

EYE FE typify
triangleanomaly

170 722

Cheez tf receive a mass at Or it DM.kznfnI
from EM effects

I generatorof tf donot
nominate with Qem


















































































Pion like out charged Axions

SU 5 GUT X SU N HC confininginteraction AHee fas Ew

CEI AI
Enemies SM E 5 N 4 S N

Let's gauge a

Elesymmetry
SU G x 50 6 R SU G art subgroupofthe

flavor symmet

pion like field Man35In this out case mmmm mmmmm
Is there an ALDhere

SU 5 is gauged
Man 35 24 5 5 t d

acp like anion ma Agfa

contains SM singlet
24 8,1 0 I 3 3,2 516 5,2556

COUPLED TO PHOTONS
I l Q

Littered IT
targeperturbation
mass

Compositeness Mudsin AHe
22


















































































Pion like out charged Axions

6 aligned in
hypercharge directionWhat happens to 11 10
Tay diagf 2 2 2,3131

y
Ion

3.215 0 gopedmmtephantons
non

42 minty 424g
LeafyFFTVCTI.it

COMPOSITE ALP equiv to ti in AID
mummmmm

Massprediction

getaway ME Lou

EI AE Fa Anc for pion like axioms

Flip inputMort loker
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Pion like out charged Axions

Emergent charged axiom does

Not invalidate previous results
no anion parametrically
lighter than OCD can

arise afterGUTbreaking

Mystgaratma
I

may FI qualitatively

different1 to
garr Ea

AdaptedfromBaueretal 1708.004433 FanAnc for pion like ALPS
Assuming Mautz to GeV
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FLIPPEDGI what about exotic

Theories based on SU 5 x Uh Irmore igÉ groups

UCS y comes from Tai I Cengerly normalizing

WEAKMIXINGANGLE Gutscale

simon FELT
Only if 25 2

standard out prediction
All couplingsmeet Gut scale

only OCD Axion Embeddable in simple group
In this CASE 50110 EG
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FLIPPEDGUTHQUANTUM NUMBERS WEAKMISCINCANGLE

SO 5 X U A I
sink IEEEi

Axiom coupled to V11 without 5015 common

origin
i reason for SM charges

eg fermion with electricchange tf I
95 AI

in prediction of sinew
Priegeneay
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darkphotont

M TI gaog g fi
e'd to dark sector

Gauge invariance forbids tree level
kin mixing

higher dig InFor I
Got

upmotor out
e FETE Is
After out 553 Eg44,172gifted

to give a
largesuppression


