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Inkroduckion

e String Pheno: need to compactify

* Kaluza-Klein reduction: prime example

l R—-0
%D
Décomposition in Fourier modes ¢ = Z ¢, e’ y~y+21
nez
n * massive modes run in loops
mass M, = |
* may be relevant (e.g. anomalies)
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Inkroduckion

e String Pheno: need to compactify
* Kaluza-Klein reduction: prime example

* Play a central role in effective actions of F-theory

F-theory (12D)
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ADN =1
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Chiral Anomalies o a Cirecle

4D gauge theory with chiral fermions ¢ y# (i, + gA,) P,
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Chiral Anomalies o a Cirecle

A=A
4D gauge theory with chiral fermions g y* (i0, + qAﬂ) Py

Anomalous unless Z g =0

l
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Expect 3D theory not to be invariant under ¢ — ¢+ 1
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A->A+di
4D gauge theory with chiral fermions g y* (i0, + qAﬂ) Py
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Expect 3D theory not to be invariant under ¢ — ¢+ 1
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Need to preserve the UV symmetries, here 4D Lorentz invariance
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Need to preserve the UV symmetries, here 4D Lorentz invariance

One way: regulate quantity in 4D, e.g. using PV, and perform reduction

\
atm, + uM*(a, + %kz)

©=lim Y ZJdkkz M
/ (k2 — m2)> (aghy, — p2M2)?

e \ J

where @& = k*—n*—M?
bk=k2—m,%—M2
m,=n+q(¢
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Need to preserve the UV symmetries, here 4D Lorentz invariance

One way: regulate quantity in 4D, e.g. using PV, and perform reduction
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( l 2 2 / o\ O\
. 2 m, aim, + pM*(a + $k°)
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(k= — my)? (b — p>M?)>?

e \ J

where @& = k*—n*—M?
bk=k2—m,%—M2
m,=n+q(¢

R | @—1+LCJ—EC
esult =3 3

shifts as expected!

[PC,Grimm,Regalado’10]
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4D hard cutoff

Problems:

e Cumbersome
 What if the quantity does not lift a 4D one?
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4D hard cutoff

Problems:

e Cumbersome
 What if the quantity does not lift a 4D one?
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Introduce 4D hard cutoff k2= k2 — (%) < A?

4D cutoff

div piece
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= 11m 777 =
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With “4D regularisation”: O = % A %C
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4D P’“m&kearj amomatv ﬂf'ree

With “4D regularisation”: O = % A %C

q° 2
L% | S+’ lall=54’C | ANF
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4D ﬁm&k@.@fj amomatv ﬂf'r@.@.

With “4D regularisation”: O = % A %C

q° 2
Fhioor 5 R + g% q¢] —5435 ANF

)

NOT gauge invariant, unless Y’ g’ =0
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4D F‘»’“—-%heorv amomaiv free

With “4D regularisation”: O = % A %C

q° 2
Fhioor 5 R + g% q¢] —§q35 ANF

)

NOT gauge invariant, unless Y’ g’ =0

m——— = — ——

| 3D Eheerv Ls gauge j i: 4D chiral anomalies

' tavariank o one loop are cancelled

| ==
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M*&heorj reduckion

4D chiral anomalies 3D theory is gauge

”\ are cancelled thvariank at one LQQP
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M*Eheorv reduckion

4D chiral anomalies 3D &h“""j s gauge
|

’ are cancelled thvariank at one Loop

| F-theory (12D)

M-theory (11D)

Classical reduction of M-theory with G4 -flux:

® gauge invariant

* non zero Chern-Simons ©® Haack. Louis01] s
A 3D N =2
J' C A G A G compare
MXCYy
C=AAro"! k& [ o Ao A Gy J ANF incorporates one-loop effects!
Q)
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M*%heorv reduckion

4D chiral anomalies 3D &h“""j s gauge

F-theory (12D)

are cawncelled tvariank ok one Loop

M-theory (11D)

Classical reduction of M-theory with G4 -flux:

® gauge invariant

* non zero Chern-Simons ©® Haack. Louis01] s
A 3D N =
J CAGAG compare
MXCYy
C=AAro"! L& [ o Ao NGy J ANF incorporates one-loop effects!
®
| 3D effective action ° gqauge itivariant
| from M-theory: * incorporates one-loop effects
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Cancellation of anomalies

P~ = — e ——— _ = _

| ] 0 3D theory is qauqe
4D chiral anomalies <___.x_1> 3D Y LS gaug

| are cancelled invariant at one Loop

|

S— B _ — - i e i

3D effective action * gauqe invariank

from M-theory: * lncorporates one-loop effects

- — — === _ = — —— __ — = = — P

[PC,Grimm,Regalado’10]
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Cancellation of anomalies

4D chiral anomalies <%___.1_]> 3D theory is gauge
| are cancelled

!ﬂ it

T e —— - e e

tvariant abk one Loop

3D effective action * gauqe invariank

from M-theory: * lncorporates one-loop effects

| . el : A1
— = — ————— e = __ — S — —

fL = — ——  —— __ __———

[PC,Grimm,Regalado’10]
Assumptions: ® Geometry can be smoothed
e Chirality induced by ‘standard’ G, -flux
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Swamytav\d Distance Cownjecture

Infinite Distance

‘ Infinitely many
i modull space |

light states |

[Ooguri, Vafa '06]
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‘Swamyiamd Distance Cownjecture

—

Infinite Distance
in moduli space

Infinitely many
Light states

In particular, Infinite distance singularities
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Infinitely many
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In particular, Infinite distance singularities

¢i

moduli space
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Swamytamd Distance Cownjecture

N, Infinitely many
Light states

Infinite Distance
th moduli space

In particular, Infinite distance singularities

metric ~ g;d¢’ A x d¢p’

¢i

moduli space
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inf dist sing
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Swo\m!&tamd Distance Cownjecture

N, Infinitely many
Light states

Infinite Distance
i modull space

In particular, Infinite distance singularities

metric ~ g;d¢’ A x d¢p’
inf dist sing
X

\—v tower of light states
¢i

moduli space Strong evidence for this conjecture in the
complex structure moduli space of [IB on a CY

[Grimm, Palti, Valenzuela '18] [Irene’s talk]
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Swamyta\md Distance Camjet?:ure

n
Circle compactification: tower of KK modes m, = =
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Swamymmd Distance Cownjecture

n
Circle compactification: tower of KK modes m, = =

moduli space:

1
metric ~—dR A xdR
R2
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Swamytand Distance Cownjecture

n
Circle compactification: tower of KK modes m, = =

INf dist si
moduli space: s el \
e

R=0 R =0

1
metric ~—dR A xdR
R2
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Swamytav\d Distance Cownjecture

Circle compactification: tower of KK modes m,

KK tower massless

fd t
moduli space: ESsLEng \ /

R=0 R =0

1
metric ~—dR A xdR
R2
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Swamytav\d Distance Cownjecture

Circle compactification: tower of KK modes m,

KK tower massless

fd t
moduli space: ESsLEng \ /

R=0 R =0

1
metric ~—dR A xdR k}
R2
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Swamymmd Distance Cownjecture

Circle compactification: tower of KK modes m,

KK tower massless

fd t
moduli space: ESsLEng \ /

R=0 R =0

1
metric ~—dR A *xdR
R2
P winding modes

become masslessas R— 0
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Ewerqgence

S

Infinite Distance
in moduli space

SDC

Ihfihi,&ei.v many
Light states
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Ewerqgence

S

Infinite Distance
in moduli space

—_ Ihfihi,&ei.v many
Z —d Light states
Emergence "
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Emergevxa‘e

S

- Infinite Distance
in moduli space

—_ Ihfihifzei.v many
< .“_.:.;;; Light states
Emergence "
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Emergevme

S

- Infinite Distance
in moduli space

= Infinitely many
< = Light states
Emerqence N

X

\—v tower of light states
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Emergevme

S

- Infinite Distance
in moduli space

= Infinitely many
< = Light states
Emerqence N

T iIntegrate them out

\—v tower of light states

X
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Emergenﬁe

S

- Infinite Distance
in moduli space

- Infinitely many
=1 Light states

Emergence

metric ~ g;d¢’ A x d¢/

T iIntegrate them out

\—v tower of light states

X
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Emergehﬁe

—_ =

- Infinite Distance
in moduli space

- Infinitely many
- Light states

Emergence

metric ~ g;d¢’ A x d¢/

~

nf dist sing T integrate them out
X

\—v tower of light states
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EmergeM€e

—_ ==

- Infinite Distance
i modull space

— - Infinitely many
- Light states

Emergence

metric ~ g;d¢’ A x d¢/

~

nf dist sing T integrate them out
X

\—v tower of light states

Strong evidence in the complex
structure moduli space of [IB on a CY

[see Irene’s talk]
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n
Circle: tower of KK modes m, = =
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Emerqgence for circle reduction?

n
Circle: tower of KK modes m, = =

/ KK tower massless
moduli space:

1
classical metric ~ = dR A xdR
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Emerqgence for circle reduction?

n
Circle: tower of KK modes m, = =

/ KK tower massless
moduli space:

Integrate
R=0 R It out

1
classical metric ~ =7 dR A xdR 1
R guantum metric ~ 2 dR A xdR
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Emerqeince for circle reduction?

n
Circle: tower of KK modes m, = =

/ KK tower massless
moduli space:

Integrate
R=0 e It out

1
classical metric ~ =7 dR A xdR 1
R guantum metric ~ 2 dR A xdR

In the case of CY: e same growth as stable BPS states

sum up to the species bound: e match with the classical metric
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Emerqeince for circle reduction?

n
Circle: tower of KK modes m, = =

/ KK tower massless
moduli space:

Integrate
R=0 e It out

1
classical metric ~ =7 dR A xdR 1
R guantum metric ~ 2 dR A xdR

In the case of CY: e same growth as stable BPS states

sum up to the species bound: e match with the classical metric

For a KK reduction?
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Species bound and KK

M, 1,3

Species bound in 3D Ao S ]Ii,

[Dvali '07]

k_ Number of species below Agyg
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M, 1,3

Species bound in 3D Ao S ]Ii,
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If evenly spaced tower Ay =NAm

For a KK reduction:

1
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For a KK reduction: from 4D to 3D:
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Species bound and KK

M, 1,3

Species bound in 3D Ao S ]Ii,

[Dvali *07]

k Number of species below Agyg

If evenly spaced tower Ay =NAm

I E
For a KK reduction: from 4D to 3D: M, 3
11 1 2
Am = R My 3 = RM, ,
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Species bound and KK

M, 1,3

Species bound in 3D Ao S ]Ii,

[Dvali *07]

k Number of species below Agyg

If evenly spaced tower Ay =NAm

I E
For a KK reduction: from 4D to 3D: M, 3
11 1 2
Am = R My 3 = RM, ,

4 R
N ~ (RM, 3)> = RM,, , R ¥ 0
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Species bound and KK

M, 1,3

Species bound in 3D Ao S ]Ii,

[Dvali *07]

k Number of species below Agyg

If evenly spaced tower Ay =NAm

I E
For a KK reduction: from 4D to 3D: M, 3
1 Zsum
Am = R M3 = RM§1,4 RTINS

4 R
N ~ (RM, 3)> = RM,, , R ¥ 0
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Species bound and KK

M, 1,3

Species bound in 3D Ao S ]Ii,

[Dvali *07]

k Number of species below Agyg

If evenly spaced tower Ay =NAm

I E
For a KK reduction: from 4D to 3D: M, 3
1 &
S My 3= RM,, %
R = S Ao ~ M4 <
1
Mo \7
plL,3 =
AQGN < R ) —Mp14
1
¢ B
N ~ (RM,,;)* = RM,,, & ¥ 0
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Species bound and KK

M, 1,.D

p
Species bound in 3D et s 7
ND—

[Dvali '07]

k Number of species below Agyg

If evenly spaced tower Ay =NAm

I E
For a KK reduction: from D+1 to D: M p

n
1 L4
—_ — ?\ID—Z — ﬂ[D—l 1,.D+1
Am R plL,LD R pl,.D+1 A A
oG pl,LD+1 ==
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AR
N~RM,, recall: 4D reg Z
n=—AR
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(}Memwatp mebrie

AR
N~RM; 4 recall: 4D reg z
n=—AR

species bound <> 4D regularisation!

| &
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Omemwc;)p mebrie

AR
N~RM; 4 recall: 4D reg Z
n=—AR

species bound <> 4D regularisation!

-  Use this bound the compute the loop corrections to the metric for R
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O*Memwc;)[p mebrie

AR
N~RM; 4 recall: 4D reg Z
n=—AR

species bound <> 4D regularisation!

Use this bound the compute the loop corrections to the metric for R
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Gmemtoc}p mebrie

AR
N~RM,, recall: 4D reg Z
n=—AR

species bound @ 4D reqgularisation!

Use this bound the compute the loop corrections to the metric for R

dp? R? ~ Emergence

Same R-dependence as the classical piece!
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Gmemtoap mebrie

AR
N~RM; 4 recall: 4D reg Z
n=—AR

species bound <> 4D regularisation!

Use this bound the compute the loop corrections to the metric for R

dp? . W A EnEielEieE

Same R-dependence as the classical piece!

Integrating out the winding mode ? <—/
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Gmemtoap mebrie

AR
N~RM; 4 recall: 4D reg Z
n=—AR

~ species bound <> 4D regularisation!

Use this bound the compute the loop corrections to the metric for R

dp? R? ~ Emergence

Same R-dependence as the classical piece!

Integrating out the winding mode ? <—/

Other interpretation: unification

[Heidenreich,Reece,Rudelius’18]
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Suw MATY

€» Explored in detail how to sum modes of a KK tower

k» preserving higher dimensional symmetries

€» Showed that information about chiral anomaly preserved in 3D

k' Chiral anomaly canceled in 4D effectives action of F-theory

€» Relation with the species bound

k’ AQG ~ Vipl,D+1

@ One-loop correction to the metric for R: same parametric dependence
as classical piece

k» Emergence / unification
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Suw MATY

€» Explored in detail how to sum modes of a KK tower

k» preserving higher dimensional symmetries

€» Showed that information about chiral anomaly preserved in 3D

k' Chiral anomaly canceled in 4D effectives action of F-theory

€» Relation with the species bound

k’ AQG ~ Vipl,D+1

@ One-loop correction to the metric for R: same parametric dependence
as classical piece

k» Emergence / unification

Thawnle 30%!
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bacwwup slides
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3d compu&&&iow triangle diagram

S THE =<
S W 4
A > v C:<C>+X
i)

With the whole KK tower

\-../) running in the loop!
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3d aompu&&&iow triangle diagram

Z Wik

With the whole KK tower

v running in the loop!

Again, 3D regularisation -4 gauge invariant (0)
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3d aompu&a&iow triangle diagram

S THE =<
S W 4
A > v C:<C>+X
i)

With the whole KK tower

\...//? running in the loop!

Again, 3D regularisation -4 gauge invariant (0)

Using 4D Pauli-Villars, find

1
T s
o

T —
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3d aompu&a&iow triangle diagram

S THE =<
S W 4
A > v C:<C>+X
i)

With the whole KK tower

\...//? running in the loop!

Again, 3D regularisation -4 gauge invariant (0)

Using 4D Pauli-Villars, find

1
T s
o

T —

NOT invariantunder A — A+ d\ as expected
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Unificakion

Assume  K(¢) (0p)?

Suppose the scale strongly couple same as gravity ~ unification

Compute the quantum corrections at that scale Agyg

: 1
Ask that QC ~1 o K(¢p) ~ 5

[Heidenreich,Reece,Rudelius’18]
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Species bound and KK

M, 1,.D

p
Species bound in 3D et s 7
ND—

[Dvali '07]

k Number of species below Agyg

If evenly spaced tower Ay =NAm

I E
For a KK reduction: from D+1 to D: M p

1 n
1 /R,\P-?2 D-2 _ D—1 ' N 1,D+1
Am = < O> MPLD - ROMPLD“ Vil >< j
R \ R QG pl,D+1 ==
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one Lo«op mebric

A, ~m, (R)m (R)

dHn - mD—4m 2

3) n n
dp

prm?
N N
Iloop dHn D—2R R—D—l
Erp > - n 0
dp
n=—N p2<<m,% n=—N
N ND—IROR—D—I
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