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WHATDOWELEARN

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

ji In all unifiedtheories the only ancient

coupled to photons is the OCD axion

g
Itt

alp band

Anyother axiom X
necessarily has EE EE wily
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comstIIIIIIEIette

Unexplainedphenomena DM baryogenesis SCproblem hierarchy I
problem

3 independent 1 interactions low E

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


















































































SU 3 X SU 2 Lx U I y

gs gwen g O A at low energies

approach a
common value

looks even better

at high E

E

o


















































































THESTANDARDMODEL

SU 3 X SU 2 L X U I y

To keep couplings together we need a sigelegrone

Gut

Luv 1 25
Unification almostperfect

theory

mom
7
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minimal sucaxual

5 50 9
ie.Ejdj.geChiraltYfee

sin w

gz
3g M out low E sinew 0.23

g Eg

Other outs 50 5 8 7,8
spinorunification A
particularlyappealing chiral aroma

yogggfightgmmm5060 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
IApfel 1021 PDO

Anomaly freedom sin quantumnumbers conspire

to cancel gaugeanomalies

Unificationof couplings
sinOw Mmt

sinew 3 mm 3 at low E

g Eg
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ÉEEYYIEIT

I mediate proton
gluons 2 decay

out boons

GgGMhNffphyeercnarge6osoAxdiagfj.tt.ttappliance's
asXn 3,255 6 t weak Ésons Hyper K expected

Moot 310 Gev

Tprotons 1.6
1034

to improveby
factor of 10

datataking n 2027

current limits from Super K
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THEVOLYGUTDRAWBACKI
Doublet triplet splitting

5 ftp lead to proton
decayunless

Ma Moot

Mass ratios Mg is Ok but Msm or Mmde

NOT EVERYTHING IS LOST

requires model buildingeffort orbifold Guts flavorsym

Our results will be independentof Gut modelbuilding details
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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 ory
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

V a Hack 1 cos Ea MaAEI

no t.IN


















































































Appear

t

Éyf
solve strong CP problem ACD axiom

Dark matter candidates

Dark energy or even inflation

Topological quantized couplings to gauge
bosons

L 10121 A EYE GoutGout

Thern Simons like 1
coupling is eerisation

Anomaly it e z an integer
coefficient
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Aureate
directlyprobing

the

far UV

Together with gauge invariance offers info about gaugegroup

axionpiontopological
nature I f mixingtÉÉÉÉÉÉÉÉÉÉÉu

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
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1

11 7.1177
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

Ulloa 215,9 Are 85GEE anion
of

66th
photog

moms

011 2m31 O
I decoupledGoldstoves

fromgaugebosons
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DEPENDENCE ON PO SCALE

a current
above Fa Moot JiFEWhaty I

A Fast effects of anomaly captured by
dim 5 op

ai cion couples to both
Apa E 4,5 Off photons and gluons

ka ka ka levelsofembedding
of 5013 SU21 V17

in Gout
B FacMI
214J Apa K E GEasotkzEWW

Ka BB

I After PQ breaking
Apa Fa Ks GEasothEWW ka BB

Again a cion couples to both
15 photons gluons


















































































RESULT MINIMAL 4 dim GUT
mmmm

To7010GY

generates OSD potential

Ufat Aai Il cos lattall
Generic GUT prediction

Kz Kz 1

if
i

Standard GUT embedding ka 513

E
K

EIN 813

Only one a scion coupled to photons
the OCD axion


















































































I
metin coupled to photons must lie on the CCD line

Finding
an
axiom

there forgaur Mg E r.az

g

goma 10kV ANOTHERÉMPLE
ga now

light anion coupled
to photons

in Requires Ham Map Ho
Fa Mp
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ASSUMPTIONSMADE SOFAR

A scion is a Gut singlet See UCD
SSB

Axions have no mass kinetic mixing

Got group is simple leg novel factors

Does
the
main

GOT
If time allows I

result
change if

4 D GUTS

we
relax

there

assumptions
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Why thaintacutsinglet
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Why thaintacutsinglet
We've assumed A is p Nob from U 7 a

e.g I pplleia Fa

Photon coupling from Gout x Uhler anomaly
Anomalywatching Outanomaly FManomaly

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 t.IE n

Flavor
symmetry

SU 21 x SU 21122g SURI v Pingage My sup

Eaten

Caused gauging U Isle
CSU 2 u induces an anomaly

for neutral pion current

EYE FEtrczf.my
triangleanomaly

170 722

orConseq2 tf receive a mass at it DM.tnnfimum

from EM effects
I generatorof tf donot

tommute with Qin


















































































Pion like out charged Axions

SU 5 GUT X SU N HC confininginteraction AHc fa EW

Enemies SM E 5 N 4 S N CEI I
6 As for Tink

SU G x SU G R SU G ur
weweaklygauge

Emetine
pion.gefield man35

N
flavor symmetr

Example mmmm Mmmmm
Is there an ALDhere

SU 5 is gauged
35 24 5 5 t d

acp like anion ma AEI

contains SM singlet
24 8,1 0 I 3 3,2 5161 5,255 6

COUPLED TO PHOTONS
I l Q

Littlewood the
targeperturbation
mass

Compositeness MadsenAHe
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Pion like out charged Axions

What happens to Cnn a f p aligned in
hypercharge direction

y
Ion

3.215 0
coupled to photons

y wing pay
dem IFÉ

COMPOSITE ALP equiv to ti in AID
mummmmm

Mamasseredatimon

Integrating out
out gauge bosons ME Lout

EY 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

Mystgarity

different

garr Ea

AdaptedfromBaueretal 1708.004433 Fanatic for pion like ALPS
Assuming Mautz to GeV
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tanning tangeresult
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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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Kiggins

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

canonical

Si Jai 2 Aj age off bunchofmassless

I
out decoupled axioms

SINGLE ARION COUPLED TO PHOTONS OCD AXION
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MASS MIXED AXIONS

Si
09

21
Aac 66 Nij Ai Aj

dot mis o Ficino T as we turn

to solve strongco
on Mij

No longer freedom to rotate away axious

SPECTRUM
Heavy decoupled axions m me

OF

AXIS LIGHT ANIONS WITH ME a Mak
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ToynoDElwitH2Mangeneralisedto
L fatty GE t 21m66 arbitrarynumberofancient

Y
heavy ALD b mass web coupling gar g

6 Moe Ad Iga
m
991 4 8

decoupled lightALP Gar YayTyorthogonallineartomb

gas 9ft Ale photoncouplinginduced
t bymixingeffectsvanishes

2nd axiom www.gfusacdaxionthavnyall

huge
suppression

it 1
m

fI s

decaysas M
maeDWmack

30


















































































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

Ranges

me 15 I eV

9m91 S fa.fi 1109,10700

t

fac Mp fact to cev

9mF is always smaller than OCD axion 9g
Doesnotdependonnumberofaxioms
31


















































































Do axions in extra dimensions

Langsdorf
WORK IN

Prooress
giponoÉiÉ

23 4 44444
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Do axions in extra dimensions
workin

cangethrytoPROGRESS

Arise from extra dim gauge fields

Ex 5 D model Am Am As

Shift symmetry as Higher dimensional gauge invariance

non local l

chargedparticles
in the bulk axiom potential

a es Ecos alfa 15

Instanton action

S 21715MW
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STRING A LIONS GUTS

SM is embeddedinhigherdim.simplegangegrout
symmetry is

a cat everywhere
in eictradimensio

4dimensions

ÉÉ Éi concan oooooo a result trivially
extended to higher Dl

Cs level anomcoff Bs axion a

string theoryoffers richer possibilities orbifold
Guts

positiondependent gaugesymmetry
branes

doing

leading to

APPARENTUNificationmmmmmmn.ieEntreating

Izz x orbifold
seeAHTMR0106166
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TOY MODEL OF APPARENT UNIFICATION

Generaloutsymmetricbulkwithsmlikedefed
see 0212134forareview

x 1144

ii

IE

EE

iGAV
BULK

defect inGUT bulk

MATCHINCMMM R1

APPARENTUNIFICATION

Y 1y 1ygt2 I fudged
E

For longdistancephysics boundaryeffects become important
localized axiom Ala Femtemcoupledto photons 35


















































































AXION PHOTON COUPLING IN

HIGHER DIMENSIONAL GUTS

We can get a brave localized ALP Aea Fenter

Is there any effect generating
a mass

Instantons are as abundant as axiom in St 4 15

Effects breaking axionis shiftsymmetries are expected

branes Y T E
what's the mass

of this guy
Is

a love t
BRANELOCALITFD M

see 0212134forareview UMY 36


















































































STRINGY LIST OF INGREDIENTS

Gauge sectors arise from DCP 3 branes

wrapping p cycles
in I compactmanifold

T5 E.ME
see 0605206 forreview

Axious arise from p form fields integrated
over p cycles

a ESsee0902.3251 forreview pointifflowwski

Instantons given by DCP 1 branes wrapping

p cycles D instantons

x type I
Dads instantons SDip tt 4 by IngfngmrEnqtIwit

typeII y
A D2instantons

B DenD3instantons
37


















































































s
27 Sm

a
Cpa tr F

Compactspace
wheregaugecycle

Op lives

Let op be the gauge cycle hosting Only or suck

Associated

s instanton spip y gswlf f.tnaction

P N brane is Ligzaaitreatetisu 2k i v lily
wrt p form fields

Igiving axial Vol re to gaugecoupling

This corresponds to the particular case Ep Wp Jp

38


















































































we equalityeven
KLAASIn somesenseisthe

appliedto ALPS

y

IEEE V a Ix R
Y
e
SD cos ai

Ciresomeression D instanton action

zero modes saturated by SDoy 2t
M

Msusx insertions
Dominates Vca

Charged chiral water
anion massless macho

highly constrained
e.g Zdecays higgs

properties
if di E 1 45

Although I minimum mass it may well
be orders ofmagnitude below Ho
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9

i

EÉta

coupledtophotons
localized axiom

Gia Fifi
ftp.sm as a s din

defect inGUT bulk

ge EiIi gts200141 25

a sinew prediction
yg

eu7 U
Ysteitaratneticalywearrog

Localized
coupling

011 to preservLARGE MASS FOR

beeieracies

V Oni It at e agg
unification

40




















































































twitter.me igM
lab haloscopes astrophysics cosmology

Manyongoingand
plannedexperiments

looking for axious
coupled to photons

specially Micmacom

AgighffITh
GUTS

Film mn

out alp constraint gig gig
to the right
of all band

Incompatible with
GUTS
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BACK UP
mm


















































































Masons segiiii
Zn SME SMA

a a type
Y N copies of

SM

ME MIX IN
to get mu lo ev

Farlonger

Need We pop
copiesof
SM


















































































IIIIInisemiti sication

f ne Ta Loui doin

DH instantonWyld to brane localized axioms SanYELÉ
Bulk in stanton is a DO brave equivalent

to a particle going

around the extra dimension generating the classic Son2726

that is So 27g I Sei

bulk axion coupled to full FourFor

remains OCD like Uv instantonnegligible


















































































no

ÉÉÉmjÉ

B Align exotic instantons

5015 SU 5 2x SU 5 n
SU 5

diag
GUT

matching condition not Edita
a Lout Ernest

Uv instantons SSB scale

generate large axion Mass
AgrawalHowe

Flight axion but CP conserving minimum

UNCERTAIN 4 Masa 011 Additional matter Whyonly 3
families


















































































EMERGENTORIHARGEDAXIONI
Instead of Ultra avion give it a Gut charge

Example ALP from estimator in adjointrepresent

adjoint E TV EGGut Not a total Derivative
BREAKS SHIFTSYMMETRY

hyperchargedirection
Eg sols ja d diag 13 2 k

g
on boson

Doesn'tcouple
to gluons YaFunnyFunny

Mass from Gut bosons mm
a a

main YouMott
if ALP iselementary analogoustohierarchy

problem


















































































What if th greasing
We've used topology gauge in variance

How do non simple gaugegroup change

the result

Su 15 x U 111

Tati Salam

Trinification


















































































FLIPPEDGI what about exotic

Theories based on SU 5 x Uh Irmore igÉ groups

UCS y comes from Tay I Cengerly normalizing

WEAKMIXINGANGLE Gutscale

simon FELT
Only if As

standard out prediction
All couplingsmeet Gut scale

only acDaxion Embeddable in simple group
In this CASE 50110 EG


















































































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 electriccharge tf 45 AI
tin A prediction of sinew
Priegeneay



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



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 5 have

integer Q

All So 5 reps are obtainedby tensor

prod of 5 pet

Q's integer Clem integer for isolated
States too

Is



NONSTANDARDEMBEDDINI

Gout 3 5015 7 SU 3 SUCH x U J

corresponds to the lanonical standard embedding

If Gout is larger otherembedding
are possible

K level embedding O x Gu Gdiag

OUT predictions I sin Ow ang Kitty

replication of representations K lopies

Problems

J fractional instantons Su E
Footie chiral fermions


