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Abstract: <span>In thistalk, I'll give abrief summary of & nbsp;how one-loop

bulk ei—€ects

renormalize both bulk and brane ei-€ective interactions for geometries sourced by codimension-two
branes. I'll then discuss what these results imply for a six-dimensional

supergravity model which aims to capture the features that make extra-dimensional

physics attractive for understanding naturalness issues in particle physics.

I'll al'so emphasize the role that brane back-reaction playsin yielding

unexpected results, and present a one-loop contribution to the 4D vacuum energy

whose sizeis set by the KK scale.</span>
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Motivation

» If Vacuum Energy <> Space-time Curvature
then py ~ (3 x 1073 eV)* = fine-tuning.
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Motivation

» If Vacuum Energy <> Space-time Curvature
then py, ~ (3 x 1073 eV)% = fine-tuning.

» Extra dimensions seem already ruled out:

hc
E..=3%x10%eV=— = L ~65yumX;

L

but loop factors can make a significant difference:

he
ECC=(47T)3><10—3cV=f =—> L~5umv .

» Two micron-sized extra dimensions give M, ~ 10 TeV
—=> readily testable phenomenology.
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Motivation

» If Vacuum Energy <> Space-time Curvature
then py, ~ (3 x 1073 eV)% = fine-tuning.

» Extra dimensions seem already ruled out:

hc
E.=3%x10%eV=— = L ~65umX;

L

but loop factors can make a significant difference:

he
Ecc=(47-r)3><10—3@V=f = L~5umv .

» Two micron-sized extra dimensions give M, ~ 10 TeV
==> readily testable phenomenology.

» A new purpose for supersymmetry: taming extra-dimensional
contributions to the 4D vacuum energy.
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Today's Agenda

» Introduce a particular model for studying
supersymmetric codimension-2 systems.

L ww:u— O SArEsCl OF JPO- ViSCLLY

e &Y
ConsumerReports
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Today’'s Agenda

Introduce a particular model for studying
supersymmetric codimension-2 systems.

Present the 1-loop 4D vacuum energy due
to an extra-dimensional hypermultiplet in
six dimensions. (Similar methods hold for

other multiplets.)

Identify the relevant bulk, brane
counterterms needed to regularize
divergences.

Test whether the renormalized,

back-reacted 4D vacuum energy remains
small (as advertised).
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Take-home Message

We can do loop calculations with co-dimension 2 branes

We are using these techniques to test the naturalness of a
particular co-dimension 2 model

Brane back-reaction is crucial to understanding
extra-dimensional supersymmetry

Pirsa: 12120039 Page 8/45



6D Chiral, Gauged Supergravity

Gravity Sector:

» graviton (garn), gravitino (¢,s), antisymmetric Kalb-Ramond
field (Garnpe), dilatino (x) and dilaton (¢).
Matter Sector:
» Gauge multiplet: gauge potential (A%,) and gaugino (A?%);
» Includes U (1),, — stabilizing flux

» Hypermultiplet: four complex scalars (®) and hyperino (¥');
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Sp = —/d4xv—g4 Ly ,

Background Metric:

2 (d6? + ? sin? 6 dp?)

ds? = g dxtdz’ +r

2L _
or

1

27r=

I‘C2L+
Deficit angle: § = 27(1 — @).

a=1—

If Ly = 0 then a = 1 — sphere.
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Stabilizing U (1), Flux

Ansatz: F,,,, = F ;, = 0; Frnpn = f €mn- (€mn — 2D volume form)

Sp = — /ddx\/—gd (Tb = ;A;{;f"”t ‘mn +o((')2))

—~

.T.

Brane-localized flux has two effects:
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Stabilizing Ui(1)z Flux

Ansatz: F,, = F,m = 0; Fryn = f €mn. (Emn — 2D volume form)

Sb — /ddx\/_qfl (Tb T i{;_ernn “mn +O((')2))

—

T

Brane-localized flux has two effects:
1. alters gauge field boundary conditions (b = =1 <— N/S pole):

Ap e®

A d=0)=0D>
o (cos ) >

s== Oy

2. changes flux quantization condition (N € Z, ® = >, ®):

N — D
Jo oand
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Stabilizing U (1), Flux

Ansatz: F,, = F,y, = 0; Fryun = f €mn. (Emn — 2D volume form)

Sb — /ddx\/_qd (Tb i ;{;_Ernn Fvnn +O((')'2))

—

‘T‘

Brane-localized flux has two effects:
1. alters gauge field boundary conditions (b = =1 <— N/S pole):

Ap e®

A 8=0)=D>
o (cos ) o

s==" Ly o

2. changes flux quantization condition (N € Z, ® = >, ®):

N —&®
or Fpyp = Tsinﬁ.

EOM: f==*1/2r? => N ==%1, & = (1 — a).
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Accidental SUSY: The Easy Way

SUSY transformations:

‘ | [ AP
M(b)PMC g, e - ¢GM el e

1
e (0
X = /3 12

|
2‘\/§ 9r
V2 1 PQRT

S\ C_¢/2FJ\.; ‘\rI“\'!'N'G i

M€

OYrr ? Dyce + ﬁ e 7 GPQHF

These should vanish at a supersymmetric background.
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Accidental SUSY: The Easy Way

SUSY transformations:

G MNP
mP)L e+ —e ¢GM NTS bl -

1
= = (o
X =2 12

1
2‘\/§ 9r
V2 1

S\ C_¢/2FM NFA.!.N'G A

OWY s ? D, e+ ﬂ e ¥ GPQHFPQRFMG

These should vanish at a supersymmetric background.
» dx — check!

> O\ —> €= (64"*"), Y5€44 = t€q4 EOM: (c‘f’ — —"’22—2
0 4gRT
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Accidental SUSY: The Easy Way

SUSY transformations:

| I MNP
MP)L e+ —e ¢GM el e

|
b
X =73 12

1
2‘\/§ 9r
V2 1

S\ C_¢/2FJ\_; NFMNC il

5’110.'\‘1' ? D;\IC + ﬂ C_Cb G’I,C‘?}?FI’C,?IfFAIE

These should vanish at a supersymmetric background.
» dx — check!

> O\ —> €= (C’“"), Y5€44 = €44 EOM: (cd’ — —"’22—2
0 49%T
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Accidental SUSY: The Easy Way

SUSY transformations:

: | i AN P
mMP)Te+ —e ch.\-f.-\"PP.\I.\I €

[ |
= (@
X = 73 12

1
2\/§ 9r
V2 1

5 X C_¢/2FA1NFAJNG a3

OWY s ? D,se + éz e ¥ GPQHFPQRFMG

These should vanish at a supersymmetric background.
» dx — check!

> O\ —> € = (64'3‘), Y5€44+ = €44 EOM: (ed’ — —"’22—2
0 49%T

» Yy > P4 =P_ = +(1 — a)/2. (Before: & = (1 — «).)
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Accidental SUSY: The Easy Way

SUSY transformations:

| e MNP
M(b)l—hwf o = ¢GM I il

1
e~ @
X= v 12

1
2\/§ gr
/2 1

6A C_¢/2FJ\.I‘NPI‘A’!‘N.G e

OWY s ? D, e+ ﬂ e 7 GPQHFPQRFMG

These should vanish at a supersymmetric background.
» dx — check!

> O\ —> €= (64'3‘), Y5€44 = €44 EOM: (cd’ — —"’22—2
0 4gRT

> Yy > P4 =P_ = £(1 — a)/2. (Before: & = (1 — «).)
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Accidental SUSY: The Easy Way

SUSY transformations:

i MNP
.\Iqb)rjwé W= € ¢GM mely e

|
= — (&
X o 12

1
2\/§ 9r
V2 1

S\ C_¢/2F;\J NF,M.N'G o

OY s ? D,se + ﬁ e ¥ GPQHFPQRFMG

These should vanish at a supersymmetric background.
» dx — check!

> O\ —> €= (64'3‘), Y5€44 = t€q4 EOM: (cd’ — —"’22—2
0 49%T

» Yy > P4 =P_ = +(1 — a)/2. (Before: & = (1 — «).)
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Accidental SUSY: The Easy Way

SUSY transformations:

| i MNP
M(b)FMG e ¢G.\f!.-\"1’]-—‘.\1-\1 €

1
= (@
X = /3 12

1
2‘\/§ 9r
2 1

S C_¢/2F;\J NIMMNG I

5"104\1 ? D,se + ﬁ C_c'b GPQHFPQRFMG

These should vanish at a supersymmetric background.
» dx — check!

> O\ —> €= (64"*"), Y5€44 = t€q4 EOM: (cd’ — —"’22—2
0 4gRT

> Yy > P4 =P_ = +(1 — a)/2. (Before: & = (1 — «).)
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Why is this an interesting model?

Because loop corrections are the leading contribution to 4D

vacuum energy, P .
In hep-th/1108.0345, L. van Nierop & C.P. Burgess show

oLy
— =0 = A =1
6‘25 class.

Back-reaction is important here, too.
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Why is this an interesting model?

Because loop corrections are the leading contribution to 4D

vacuum energy, P .
In hep-th/1108.0345, L. van Nierop & C.P. Burgess show

SEs
— =0 = A == (),
6‘25 class.

Back-reaction is important here, too.
This is a sketch of their argument:

» 4D curvature: fﬁl e gw’fzw 1 ox L < total
class.
derivative;

» [d?y R4 = lim,—0 (2mp 8,¢) (p — proper distance);
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Why is this an interesting model?

Because loop corrections are the leading contribution to 4D

vacuum energy, P .
In hep-th/1108.0345, L. van Nierop & C.P. Burgess show

oL,
— =0 = A = (),
B(Jb class.
Back-reaction is important here, too.
This is a sketch of their argument:

» 4D curvature: Ry := g"" R, x O <« total

: ; class.
derivative;
» [d?y R4 = lim,—0 (2mp 8,¢) (p — proper distance);

» Matching:
oL
- Sl /1

llrn (2wp O,p) = K D0
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Why is this an interesting model?

Because loop corrections are the leading contribution to 4D

vacuum energy, Py .
In hep-th/1108.0345, L. van Nierop & C.P. Burgess show

SEs
— =0 == A == ().
6‘25 class.

Back-reaction is important here, too.
This is a sketch of their argument:

» 4D curvature: R4 := "R, : oc O <+ total
class.
derivative;
» [d?y R4 = lim,—0 (2mp 8,¢) (p — proper distance);

» Matching:
oL
- Sfbesal "

llrn (2wp O,p) = K 56

» Therefore, A

class.
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Sketch of a Hyperscalar Loop Calculation
Action: S = S+ D>, Sp where

L i 2=
S D — /dGXV P (5 G (P) 9V VN Dp ' DpP7 + % ecpu(@))

Sb — — /d4$\/ -4 (Tb e AZ Gmnan -t= 0(62))

2g
where
2
i <
D_.\,;Qb fe— 83,{@ boar quJ\f¢, U((b) pe— 1 + E gI‘;(O)@I@J + e e o @

EOM:
2

<
e A2 2
grT

We want:

E}-L = — /d4$ V].I, — %ln Dct(_‘DA,ID‘\._f -+ mz)
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Sketch of a Hyperscalar Loop Calculation
Action: S = S+ D>, Sp where

i | o 2g<
S D — /dGXV g (5 G, (P) 9V VN Dp ' DpP7 + % etpu(@))

Sb — — /d4$\/ — g4 (Tb — Al; Gmnan -4~ 0(62))

2g
where
2
; <
D_q,;q.b pom— 33,{@5 o quh'!¢’ U((D) —_ 1 + E g1‘1(0)®1¢.] + e e o @

EOM:
2

<
et - A2 r2
grT

We want:

E]-L = — /d4$ V].I, — %ln Dct(_‘DA'ID‘\._f -1 mz)
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Sketch of a Hyperscalar Loop Calculation
Action: S = S+ D>, Sp where

1 s 29t
Sg D — /dGXV i (5 g!.l((p) QM‘N D\ ®'Dyd7 + % etpu(@))

Sb — — /d4$\/ —a (Tb e Al; Gmnan -t 0(62))

2g
where
2
3 <
D.\qu pom— 83,{@ e quJ\f¢, U(é) pe— 1 + E g1‘1(0)®1®.] + e e o @

EOM:
2

<
e® = 22
4911".T

We want:

EIL = — /d4$ V].I, —— %11’1 Dct(_D‘\'ID‘-x._f -1 mz)
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Sketch of a Hyperscalar Loop Calculation (cont’'d)

kz + m? + m%,
112

Heat kernel expansion;
Solve for scalar's KK spectrum, mfn(a, N, ®y);
Sum over KK spectrum using Poisson resummation;

Take Ilimit d — 4:

. 1 L
Vis = @R [4—d : (E)] 27l

2

2 SO 4 ™m
s, w30 <f= 89

2 r2

and where. ..
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Sketch of a Hyperscalar Loop Calculation (cont’'d)

Heat kernel expansion;

Solve for scalar's KK spectrum, mfn(a, N, Py);
Sum over KK spectrum using Poisson resummation;
Take limit d — 4:

e 1 L
Vi = TR [4—d g3 (%)] SE

2

2 SO 4 ™m
s - 1 8

2 r2

and where. ..
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Sketch of a Hyperscalar Loop Calculation (cont’'d)

Heat kernel expansion;
Solve for scalar's KK spectrum, mfn(a, N, ®y);
Sum over KK spectrum using Poisson resummation;

Take Ilimit d — 4:

s 1 L
Vic = Gar)? [4—d o (E)] RE

2
8_1 . S0 m
—m®r? — —m? + s

6 2 r2

and where. ..
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Sketch of a Hyperscalar Loop Calculation (cont’'d)

Heat kernel expansion;

Solve for scalar’'s KK spectrum, mfn(a, N, ®y);
Sum over KK spectrum using Poisson resummation;
Take limit d — 4:

. E 1 L
iz = )2 [4—d e (E)] ald L

2

2 SO 4 ™m
e S ]

2 r2

and where. ..
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Sketch of a Hyperscalar Loop Calculation (cont’'d)

Heat kernel expansion;

Solve for scalar's KK spectrum, mfn(a, N, ®yp);
Sum over KK spectrum using Poisson resummation;
Take limit d — 4:

- 1 L
Vi = Gmye [4—d - (E)] =

2

2 SO 4 ™m
-l 1= 81

2 r2

and where. ..
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Sketch of a Hyperscalar Loop Calculation (cont’'d)

Heat kernel expansion;
Solve for scalar's KK spectrum, mfn(a, N, Py);
Sum over KK spectrum using Poisson resummation;

Take Ilimit d — 4:

. C 1 L
Vis = )2 [4—d e (E)] wd

2
—m®r? — —m? + s

6 2 r2

and where. ..

Pirsa: 12120039 Page 33/45



Sketch of a Hyperscalar Loop Calculation (cont’'d)

Shs

88° (w, N, ®p) = «

s (w, N, ®p) =

h“ (w, N, Pp) = o
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E (I)b (;(|<I>g,[) -+

180 (1 - 15F(2J)]
b

(1 - 151?(2))
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1

"~ 36
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210
WA N

B 180
- P, G(|4€ 1 3F;
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1
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360
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“Bulk Renormalization is Independent of BC's”

Sphere, no BLF's (a = 1, ®, = 0):

. . 1
S.s_[:ulh =1, S.Bph S i
6

1
40

sph,00
ot MG y 81

Required bulk counterterms:

KCAn
-
gh’

H i PEVH - b +Cps ﬁa+

2K2 "’ 4g%,

) 1 SRR
Vl Lot — —(411"7“2) [(Jr+ R+CH‘2 R2+

R F.‘U N F M N ]

so that Vo = — [d?y L £ cancels all UV divergences.
g
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“Bulk Renormalization is Independent of BC's”

Sphere, no BLF's (a = 1, ®, = 0):

1
40

sph __ 1 sph i 1
Sy ?

s5Pl 85 L K Srlzph,l) -
6

:‘31

Required bulk counterterms:

K2 <

) | el
Vl Lct — '—(471"7'2) [(J"-'{" > R+ C_H‘! R2+

so that Vo = — [d?y Lt Gl cancels all UV divergences.
g
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“Brane Renormalization depends only on itself”

» Bulk renormalization is independent of brane physics —
contribution to Vi, scales with & (volume factor);

» Brane renormalization vanishes in the limit « — 1, & — O.

s; = asSP? 4+ Z 53;(p)
b
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“Brane Renormalization depends only on itself”

» Bulk renormalization is independent of brane physics —
contribution to Vi1, scales with & (volume factor);

» Brane renormalization vanishes in the limit « — 1, & — O.

s; = asSP? + Z 53;(p)
b

Brane counterterms:

Eb,(?t = =y —g4 (Tb,(:t . Ab‘(:t €-F <+ @ R 4 @ F2 o M Re-F + Cu‘zb ﬁz) .

29% I 4g7%, 29%,
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Explicit Example of Cancellation

Similar story for the hyperino (but they have ¢g; = 0) — upshot is:

o7y ‘ m* ow i Sw?
7 O fo | 2(4w)2w \ 3 6 ;

Compare with

Ty m? 2 Sw ow?
ol — i o N e L L
1% (u 6#)115 sty (o + 25— 2021®5|(1 — |26]))

when ®, = +31(1 —a) (= x3(w— 1)/w).

Net result:

( BTb) e
i 6'“’ hm .

In general, individual brane terms renormalize, but their net
contribution to pu(8V/8u) vanishes.

Pirsa: 12120039 Page 39/45



Explicit Example of Cancellation

Similar story for the hyperino (but they have ¢g; = 0) — upshot is:

o7y i m* ow i Sw?
K Op o 2(dw)w \ 3 6 '

Compare with

Ty el 20w = Sdw? o
i (1) st (25455 s 10)

when ®, = +31(1 —a) (= x3(w—1)/w).

Net result:

( BTb) e
. 8'“’ hm .

In general, individual brane terms renormalize, but their net
contribution to pu(8V/8u) vanishes.
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Not quite the full story...

Back-reaction:

» Relevant thing: e¢®? dependence — enters from terms o< m?,

m2.
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Not quite the full story...

Back-reaction:

» Relevant thing: e¢®? dependence — enters from terms o< m?,

m2

» Massive multiplet (7 = |A®|/(2a), m? = M?e?):

ks (4#7“2)2 [(2%) ( —1)2_ )(2qu ] <$)
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Take-home Message

We can do loop calculations with co-dimension 2 branes

We are using these techniques to test the naturalness of a
particular co-dimension 2 model

Brane back-reaction is crucial to understanding
extra-dimensional supersymmetry
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Thank you for your attention!
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Thank you for your attention!
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