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Strong CP problem

m Lsy D 93% GijﬁU—i-qC .9, GM = e‘”’p"G

m Anomaly: Under chiral rotations
qg—eq, q¢°— e (1)
the massless Lagrangian is not invariant, but transforms as
0 —0—2a. (2)

m Invariant quantity § = 0 + argdet M, < 1071° from lack of
CP-violation in neutron EDM d,, <3 x 10726 ecm.

Why?
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QCD axion and ALPs

m To solve strong CP, introduce a new U(1)pq symmetry.
Spontaneously broken at some high scale f;, where the
pseudo-Goldstone a is the QCD axion.

m This symmetry is also anomalous, so couples to GG.
m (a) = —f,0 = No CP-violation!

m String theory compactification leads to (pseudo)scalars with compact
field spaces. These are axion-like particles (ALPs).

m ALPs do not necessarily couple to GG, so the ALP parameter space is
less prescribed by theory.
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Axion-photon coupling

m QCD axions and pions share the same quantum numbers: ought to be
a loop-induced coupling to two photons for any field coupling to GG:

,Ca’y'y - L:y'y aFI:_

(3)

= —g.vaE-B
Bext

m In the presence of an external

magnetic field, this is an

effective mass-mixing matrix

between axions and photons (cf

neutrinos).

a------ g
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Astrophysical constraints

Stellar cooling

m Axions with masses below Ty >~ 10 keV can be produced in stars.

m Weakly coupled particles allow efficient energy transport out of the
star, leading to cooling and faster fusion (Primakoff process).

m Lifetimes of horizontal branch stars = g,,, < 10710 GeV 1.

m Indirect: requires precise models of stellar cooling.

Solar axions

m Helioscopes pointed at the Sun, e.g. CAST, can directly detect axions
produced by conversion to photons in a magnetic field.

m Plasma and thermal effects also change effective couplings probed.
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Laboratory constraints |

What model-independent constraints are there? Weak couplings and low
masses suggest high intensity or rare processes are optimal.
Birefringence and dichroism
m The effective photon mass in B-fields induces rotation of polarized
lasers.
m QED contribution comes from box diagram and is heavily suppressed.

Even so, this sets an practical limit on axion couplings that can be
probed: Anqep = 4 x 1072472,

Bext Bext
Bext Bext
a
Y ANAAAANE - - Y A Y
Y < Y
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Laboratory constraints Il

Light shining through walls (LSW)

m Photons in a laser convert into axions in external B-field. These pass

through an intervening wall, after which a photon can be reconverted
with another B-field.

B? ql
Pasyy = 4gaw 727, sin ( 2) , (4)
for momentum transfer g, magnet length L.
m Relativistic axions = sin (‘72L> ~ ("2L)2 so coherence across whole
B-field region.

m How can we probe higher mass regions with optical photon
frequencies w ~ 1 eV, where axion is no longer relativistic?
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Light-by-light scattering

v v
LLLLLH J_;Hﬁ v g
A \ _.a
fff E& , .
Y Y (b) Axion-mediated

light-by-light scattering.

2

(a) QED light-by-light scattering oo~ g:ww W m,

with electrons running in the

4 6
loop. oqep ~ %5, W <K Me.
e

m For 0, 2 0QeD, 82y = 1075 GeV ! - excluded by LSW.
m Resonance? If axion is on-shell, it will likely live too long to be
produced by stimulated decay within the beam.
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Using resonant scattering

m To detect a real axion, we must reconvert it at a macroscopic
distance from production region.

Incoming lasers \Wa||  Reconversion region

a Y

m No QED background. Scales as N% (cf linear LSW scaling). But
effect is O(gy,,) (like LSW, unlike birefringence).

m Coherence: laser substructures? Phase plates can create intensity
patterns within beam, enhancing scattering - analagous to Bragg
scattering.
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Scanning the mass range

m Difficulty in axion experiments is varying parameters to explore entire
mass region.

m The laser collision angle 612 can be adjusted to probe different
centre-of-mass energies. Order of magnitude in m, in ~ 30 shots -
here we are limited by d15, the step-size in collision angle.
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Possible experimental reach

w=155eV —— w=3.1eV —— w=3.1 eV (Coherent)

outf+ J-

&yy[GeV!]

HB Cooling

10-1 . A | . . A T
0.01 0.05 0.10 0.50 1
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Conclusions

m Important to explore available regions of axion parameter space in as
model-independent a way as possible.

m Resonant v~ scattering allows for stringent bounds to be placed at
~ 1eV masses.

m Laser subtructures - more investigation needed. Possible applications
to QED light-by-light scattering?
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Compactification and String Theory

Compactification aims to reconcile our 4 observable dimensions with the
10 dimensions of string theory. We " compactify” the 10d spacetime
My X Xg such that My is 4d Minkowski space and Xg is a 6d, compact,
curved manifold.

Fermions in the Standard Model are chiral — we must start with a chiral
string theory which has potential anomalies.

The only anomaly-free chiral superstring theories are

type 1A

type IIB /\ heterotic Eg X Eg — what we use

type | heterotic SO(32)
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Heterotic String Theory

We work with heterotic Eg X Eg! Why?
e SU(3) x SU(2) x U(1) C Es,
@ allows us to construct realistic particle physics models,
@ low energy 10d effective field theory includes Yang-Mills interactions,

@ heterotic ST has an associated vector bundle whose geometry
determines many phenomenological features of the effective field
theory obtained after compactification.
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Heterotic String Compactifications

The 6d space that we compactify on is a Calabi-Yau manifold. Why?

Spinors on Xg determine spinors on M.
To ensure chirality of fermions we must preserve A/ = 1 SUSY at 4d.

Covariantly constant spinors Vx,&(x™) = 0 correspond to local
unbroken supersymmetry.

A generic 6d manifold has holonomy group Spin(6) ~ SU(4) - this
gives no covariantly constant spinors.

Covariantly constant spinors with the right supercharge count are

guaranteed when they transform trivially under SU(3) - manifolds

with SU(3) holonomy are Calabi-Yau manifolds!
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Heterotic String Compactifications

When we compactify a heterotic string theory some of the gauge fields
must exist in the compactified dimensions and are given in the form of a
vector bundle V.
@ The gauge connection must satisfy hermitian Yang-Mills equations to
preserve N' = 1 supersymmetry
» Fi= Ffj‘ =0 = V holomorphic,
> giF; =0 = V stable
@ The structure of the bundle determines the breaking of Eg:
» B — SU(3) X Es
» Eg — SU(4) x SO(10)
» Eg — SU(5) x SU(5)
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Grand Unified Theories

Grand Unified Theories (GUT) propose that the SM gauge groups are

unified into one single gauge group with the matter fields combined into
multiplets.

@ Allows us to incorporate the seesaw mechanism.
o Offers an explanation for charge quantization.
Why do we work with SO(10)?
@ All quarks and leptons fit into the 16 spinor representation of SO(10).
@ This 16 contains an extra singlet - a right-handed neutrino

o After breaking SO(10) to the SM gauge group there exists an
additional U(1) factor that could be responsible for preserving B — L
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Wilson Lines

The GUT group (in our case SO(10)) must be broken to something
resembling SU(3) x SU(2) x U(1). To do this we introduce Wilson lines:
o divide the manifold by a freely acting discrete symmetry '
o e.g. [ =73 X Z3 breaks SO(10) to SU(3) x SU(2) x U(1)?

In summary, in order to have a complete heterotic string model we must
have a Calabi-Yau manifold and an SU(4) structure vector bundle with
discrete symmetries that will reduce the GUT symmetry to the SM
symmetry.
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Complete Intersection Calabi-Yau manifolds

What are Complete Intersection Calabi-Yau manifolds? (CICY)

o Classification of Calabi-Yau's is an open problem - possibly and
infinite number

e Complete Intersection Calabi Yau manifolds (CICY) are realised as
the complete intersection of polynomials in a product of projective
spaces P™ X ... X P,

P1
P2
P3

Why do we use them?
@ One of the simplest way to explicitly construct CYs.
@ There is a finite number of CICYs.

o Easily identifiable discrete symmetries.
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Monads

Theorem: Every bundle on P” can be expressed as a monad

What are monads?

@ Short exact sequences between vector bundles

0osvV-oBLcoo (1)

@ Exact therefore V = ker(f) — a way of constructing vector bundles.
Why monad construction of V?

@ Vector bundles B and C can be constructed out of sums of line
bundles.

@ Line bundles on projective spaces are simply characterised by integers:
L = O(k), where k = (k*, ..., k™)

@ Leads to a simpler construction of V.
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Topological Invariants

Many physical characteristics of our 4d theory are affected by the
topological invariants of the 6d compactified space

Physical constraint H Mathematical constraint
Calabi-Yau manifold ca(V)=0
Anomaly cancellation a(TX)— (V) >0

Three generations ind(V) divisible by 3

Stability RO(X,V)=h3(X,V)=0

For instance: the number of massless fields in 4d is counted by the number
of solutions to the zero mode equations on Xg. The solutions are harmonic
forms which are counted by the cohomology dimensions.
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A recipe for model building

1. Pick a CICY with appropriate discrete symmetries: we pick the
bi-cubic

PZ

4 @

2. Generate sets of integers which represent the line bundles B and C
3. Test these integers against the mathematical conditions listed above
4. Result: obtain Standard Model candidates!

Our current aim is to classify all possible monad bundles on the bi-cubic as

a case study. The future outlook involves generalising our results to other
CICYs.
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Preliminary results

We're working on scanning the bi-cubic manifold for monads that satisfy
our conditions. All of these monads guarantee the vanishing of ¢;(V),

have an index that will give us 3 generations, and satisfy the anomaly
cancellation condition.

e rk(B) =5,rk(C) =1 : no monads have been found
e rk(B) =6,rk(C) =2 : only one monad bundle exists

0— V= 01,0 000,1)" - 0(1,1) © 0(2,2) = 0
o rk(B) =7,rk(C) = 3 : so far 27557 monads have been found, e.g.

0—V—=0(51)®0(5,2)®0(7,8) ®O(1,1) ® 0(0,1) —
— 0(2,8)® 0(8,2) ¢ 0(8,5) = 0

We are working on finding additional constraints that could reduce the
number of bundles we find.

12/12



X ‘ fot
K1 PR Y,

.

LRI a0
e f . Mals
ga¥ .v," j,-“.

)

| A i N ""
' S % L

'S y

z\ -

Fileppo Ré\/gfw\

g "
I
e ! e =

1\ —-

Supervisor: Prof. Joseph Corsion







Introduction

y

Preg)rain.: criterta to aistinguish Ww’%

S aovLttling a UV completion tn ST (&




Introduction

. criteria to aistingutsh low
ANS ALt 'm““r?wg a UV completlonw L ST




(ntroduction

. cyitena to distinguish low
s e, 6’ ’ Sl
ANS Al !Mn(lﬂluu a LV WM]‘{'W ST




(ntroduction

".\r"JMVV 8 ("':“F?' : A w &&:&W W

” < « (of
LS (‘“!“,“ a AV 11@ Lo L ST

his ta

-

I AT R
=

swampland co wstraints



Introduction

’

b'pwrnv ‘m:(m“ rn ( 15““ W
admitting a UV mww n S




Introduction

| oo citenia to astinguish Low ener
— f Ariyg .,:Z:I ) : 3 y 750’ | . ; Pl
lLagrangrans aomitting a UV completion tn ST (&

Swampland co nstraind



Introduction
criteria to distinguish low energy |
lagrangilans admitting a UV completion tn ST (RG) |

Topte of this talk: AOS/CET

& e

sSwampland constratnts CFT Lnconsistencles




Introduction
criteria to distinguish low energy |
lagrangilans admitting a UV completion tn ST (RG) |

Topte of this talk: AOS/CET

sSwampland constratnts CFT Lnconsistencles
or

reformulation




Introduction
criteria to distinguish low energy |
lagrangilans admitting a UV completion tn ST (RG) |

Topte of this talk: AOS/CET

sSwampland constratnts CFT Lnconsistencles
or

reformulation




Introduction
criteria to distinguish low energy |
lagrangilans admitting a UV completion tn ST (RG) |

Topte of this talk: AOS/CET

sSwampland constratnts CFT Lnconsistencles
or

reformulation

whuy?




Introduction
criteria to distinguish low energy |
lagrangilans admitting a UV completion tn ST (RG) |

Topte of this talk: AdS/CET

sSwampland constratnts CFT Lnconsistencles
or

reformulation

whuy?

N4

Independent check for oompLioatcd constructlons



Introduction
criteria to distinguish low energy |
lagrangilans admitting a UV completion tn ST (RG) |

Topte of this talk: AdS/CET

sSwampland constratnts CFT Lnconsistencles
or

reformulation

whuy?

N4

Independent check for oompLioatcd constructlons

AAS/CFT universal - any theory of R4, not just ST



Introduction
criteria to distinguish low energy |
lagranglans adwmitting a UV completion tn ST (RG) '

Topte of this talk: AdS/CET
sSwampland constratnts CFT Lncownslstencles
oY
reformulation
WwWh Y ?

Independent check for oompLioated constructlons
AAS/CFT universal - any theory of R4, not just ST

Bootstrap more successful tn mapping space of allowed theortes






The Large Volume Scenarto

il e

; ’ r o & ;
| NVAWALLCS @){r N0 l‘ ALL Ms'jr'




The Large Volume Scenarto

il e

; ’ r o & ;
| NVAWALLCS @){r N0 l‘ ALL Ms'jr'




Volume Scenarto

Vs

ﬁ \/\, L"V\/‘fa, l :

-




The Large Volume Scenarto

Cowncrete setting: Low energy dywamics of modull tn ST
shape § size
of extra dim

stmple holographic pieticre



The Large Volume Scenarto

Cowncrete setting: Low energy dywamics of modull tn ST
’ 7; > h %
cinle oo OO e

Stabilized at



The Large Volume Scenarto

Cowncrete setting: Low energy dywamties of modull tn ST
shape § size
of extra dim

stmple holographic pieticre

Stabilized at

¢ Vv —AP/Mp A i 2 :
j: g ( ( Mp> = ) o \/; Iny !




The Large Volume Scenarto

Cowncrete setting: Low energy dywamties of modull tn ST
shape § size
of extra dim

stmple holographic pieticre

Stabilized at

| V_Ve 'S ( 2 > / + A P = \EW :
 ; Mp 3

cawowicaLLg normalised
volume modulus



The Large Volume Scenarto

Cowncrete setting: Low energy dywamties of modull tn ST
shape § size
of extra dim

stmple holographic pieticre

Stabilized at

| V_Ve 'S ( 2 > / + A P = \EW :
 ; Mp 3

cawowicaLLg normalised
volume modulus



The Large Volume Scenarto

Cowncrete setting: Low energy dywamties of modull tn ST
shape § size
of extra dim

stmple holographic pieticre

Stabilized at

| V_Ve 'S ( 2 > / + A P = \EW :
 ; Mp 3

AdS vacuum: canonically normalised

volume modulus



The Large Volume Scenarto

Cowncrete setting: Low energy dywamties of modull tn ST
shape § size
of extra dim

stmple holographic pieticre

Stabilized at

I v — AP /Mp A - L
: ie ( (Mp> i ) g \/;lnv

AdS vacuum: canonically normalised

volume modulus

< 5N
bt \/;RAdS




The Large Volume Scenarto

Cowncrete setting: Low energy dywamties of modull tn ST
shape § size
of extra dim

stmple holographic pieticre

Stabilized at

. L a7 e e A i ey e a7 PTN D OR e T e — o e a7 o o Lo o o — o e S e o L o o

| V=Yoo 8 ( E ) : ! @:\ﬁlnv
Mp 3 .

fosma o e cp il ) S Ash 8¢ Lo b2

AdS vacuum: canonically normalised

volume modulus

< 5N
bt \/;RAdS

[Balasubramanian,Berglund,Conlon,Quevedo '05]

[Conlon,Quevedo,Suruliz *05]












LC repormie




ANS/




raphie reformu

ANS/CHs

3 .,‘l-—,—. &

Oruwm L.




T == —===mea— -
:

: T AT TaT e AL I L N/




T == —===mea— -
:

: T AT TaT e AL I L N/




Holographte reformulation
AO0S/CHIy

4d modull BFT tn AdS Putative =0 CFT dual

T  mRis=AL-3)

me << Mgz/2 as V — o0

H/_/

swall number of low Lying operators:




Holographte reformulation

4d modullt EFT i AdS Putative 2d CFT dual

T  mRis=AL-3)

me << Mgz/2 as V — o0

H/_/

Swall number of Low Lyitng operators:




Holographte reformulation
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Modult stabtlisation

BSM Perspective: Planck Scale suppressed couplings

ﬁ il 5

Potential “fifth forces”

Cosmological Modult Problem
unless m 2= O(10 — 100) TeV

- many constructions Ln Literature

These are the lLagranolans we wish to constrain

SPCO'LﬁO realisation: LS [Balasubramanian,Berglund,Conlon,Quevedo '05]
[Conlon,Quevedo,Suruliz ’05]



The Large Volume Scenarto

“Blg” and “small” Kihler modult Ty, T
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CFT posttivity bounds
Twist 7=A —/

Mintmal twist operators dominate LorentzLan OPE
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[Komargodski, Zhiboedov '12] [Komargodski, Kulaxizi, Parnachev, Zhiboedov ’16]
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| OausaLitg arguments
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S-Matrix posit'wltg
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[Adams,Arkani-Hamed,Dubovsky,Nicolis,Rattazzi ’06]



How do we compute ?

Correlation functions wWittem DLagrams L AdsS

Other technigues:

Bootstrapping correlators (good for exchanges )
[Zhou ’18; Alday,Bissi,Perlmutter ’17 + others]

Elgenvalues of dilatation operator : y(n,l) = (n,¢|AH|n,¢)
[Fitzpatrick,Katz,Poland,Simmons-Duffin ’12]

Mellin amplitude formula for v(0, £)

[Costa,Goncalves,Penedones ’'12]



Mellin Amplitudes (1)

CONVENLENE represewtatiow of corvrelators
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n(n-3)/2 tndependent
with  9; = — A\, Z =0 >  variables - analogue to
: n-particle scattering

cawn introduce fictions moments s.t.
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Mellin Amplitudes (2)
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Contact unteractlons:
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Perturbative stabilisation
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Racetrack

— _3log—i(T-T) T B 7
[Krasnikov ’87, Taylor '90,
___De Carlos, Casas, Munoz '93);

Potential for a » A, >3 e
stmilar
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Y

’ ’, ’ 1 1
Negative anomalous dimensions for o. 2 —, e
' a

wo need to decouple
higher order contributions

Ay A e




