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Introduction

We are inspired by the Randall-Sundrum warped metric solution.

RS1 is a compact extra dimension: provides a solution to the hierarchy
problem — lots of work on this model. Branes are string theory like
objects. Warped throats, inflation, dark matter, ...

RS2 is an infinite extra dimension: solves the trapping of low-energy
gravity. Not as much interest because it doesn't solve any major
problems, just introduces another dimension.

We will pursue RS2 because it seems a natural extension of 3+1 space.

Most work done in collaboration with:
Ray Volkas (Melbourne U) and Rhys Davies (Oxford U).
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Brane worlds

Premise:
m take the standard model and general relativity
m add an infinite extra space dimension
m recover the standard model and general relativity at low energies

S= /d43: /dy\/m [=MPR + 6(y)Lsm]



RS2 model

Need brane and bulk sources:

S = /d4l /dU [M(—MW - Abulk) + \/M&ZU)(CSM - Abrane)}
(1)



RS2 model

Need brane and bulk sources:
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m Solve Einstein's equations (Lsm = 0 and R = 0):
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RS2 model

Need brane and bulk sources:

s= [t [ [\/gu—ﬂm — Avaid) + 1/19015(5) (Lom — Abraneﬂ
1)
Solve the theory:

m Randall-Sundrum metric ansatz: ds? = e_%‘y'g,(ﬁ)d:c“d:c” — dy?

m Solve Einstein's equations (Lsm = 0 and R = 0):
Apui = —12K* M Abrane = 12kM3

m Write R in terms of R®W: R = 2*WIR™M — 16k6(y) + 20k2
Substitute into (1) and integrate over y:

5= /d4\/7[—R + Lsu

A dimensionally reduced theory.



Newton's law

Just need to check Newton's law. Linear tensor fluctuations are:
—2k 4
o o +Zh%2w )b (y)

(4)

0 v dominates the Kaluza-Klein tower.

The zero mode h
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The zero mode h(() ;)w dominates the Kaluza-Klein tower.
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Newton’s law

Just need to check Newton's law. Linear tensor fluctuations are:

G = €Wl +Zh$;‘LV ) (y)

The zero mode h(() ;)w dominates the Kaluza-Klein tower.

Newton's law is modified to:

V(r) = ~Gy

2
<1 + 62) (where € = 1/k)
,
Current experimental bounds are very weak:
e<12um = k>16x10"3eV

m We have what we wanted: a 5D
theory that at low energies looks like
our 4D universe.

m But almost no new phenomenology.

m Next step: brane forms naturally.
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m First we show how to make a dynamical brane.

m Then we show how to trap scalars, fermions and gauge fields to the
brane.

m Finally we present a 44+1-d SU(5) based extension to the standard
model.



Thick and smooth RS2

We want to remove the 6(y) part of the action:

S = /d4:1: / dy [\/@ (=M3R — Apui) + /195 (y) (Lsm — Abrane):|

Everything from now on is one way of doing that.

Geometry, hence gravity, is 5D. So why not try to make all fields 5D?

m First we show how to make a dynamical brane.

m Then we show how to trap scalars, fermions and gauge fields to the
brane.

m Finally we present a 44+1-d SU(5) based extension to the standard
model.

Turn off warped gravity for now — just think about trapping 5D fields.



A domain-wall as a brane

Idea: imagine the Higgs VEV had one value here, another there.

The interface is a
domain-wall.

V=Moo —v?)?

T
3
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A domain-wall as a brane

Idea: imagine the Higgs VEV had one value here, another there.

The interface is a
domain-wall.

V=Moo —v?)?

domain-wall

This is unstable — vacua can be
continuously deformed to each
other.

(key: real,imaginary)
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Disconnected degenerate vacua

We need a potential with disconnected
and degenerate vacua:

V= A(¢" —v?)?

V()

! ! with ¢ now a scalar.



Disconnected degenerate vacua

We need a potential with disconnected
and degenerate vacua:

V= A(¢" —v?)?

V()

! ! with ¢ now a scalar.

Lagrangian for ¢(x*,y):

L= 5010 0V6 - V(9)

A solution is the kink: oxtea dimonsion
¢(y) = vtanh(v2\vy)

It is stable!




More complicated domain-walls

These examples use two scalar fields to form the wall.

V = M(¢7 + ¢3 — v%)* + Ao b3 V = N@1+¢5—07)* (1 +p5+v3)
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More complicated domain-walls

These examples use two scalar fields to form the wall.

V = M(¢7 + ¢3 — v%)* + Ao b3 V = N@1+¢5—07)* (1 +p5+v3)

In a realistic model, symmetries dictate V.

To determine stability, expand ¢ in normal modes about the background:
(1) = ppg(z) + 3, En()e™nt. Make sure w2 >0

10 /34



Trapping matter fields



Trapping scalar fields

—_
—

Aim: to trap a 5D scalar field Z(z#,y) to the brane.

A simple quartic coupling works:

1 4,
S = / diz / dy Ba% od —Vi(p) + 5a“z OME —W(E) — gngEQ]
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Trapping scalar fields

Aim: to trap a 5D scalar field Z(z#,y) to the brane.

A simple quartic coupling works:

1 2, 1.,
S = / diz / dy [26‘”() oo — V(o) + 58“3 OME —W(E) — gngEQ]

Expand = in extra dimensional (Kaluza-Klein) modes:
E(zty) = an (z")k

&, are the 4D fields, k&, their extra-dimensional profile. The profiles
satisfy a Schrodinger equation:

2
(- oz + 200k ) bnl0) = B2l

The energy eigenvalues E,, are related to the mass of the 4D field &,.

12 /34



Trapping via a potential well

. . . d2 ) o 2
The effective potential acts like a well. <_W + Qg@bg> kn = EZky,
T T T I T T T T T T I T T T
8
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% =
Q
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3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3
extra dimension y extra dimension y
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Trapping via a potential well

. . . d2 ) o 2
The effective potential acts like a well. <_W + Qngg> kn = EZky,
T T T T T T T T T T T T T T
8
IS
i) Q@
o =
<% [ o
() o
% =
Q
=
5 |
1 1 1 1 1 1 1 1 1 1 1 1 1 1
3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3
extra dimension y extra dimension y

To get 4D theory, substitute mode expansion into action and integrate y:

1
S= [dz [Z (Qﬁ“fn(%ﬁn — m%@%) + (higher order terms)
m Orthonormal basis k,, = diagonal kinetic and mass terms.

m m, can be tuned.

13 /34



Trapping fermions

We can trap a fermion ¥ (z#,y) to the brane with a Yukawa coupling:

S = / d*z / dy [;a% O — V(g) + WilMgy, v — h¢\1n1/]
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We can trap a fermion ¥ (z#,y) to the brane with a Yukawa coupling:
1., o _
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Trapping fermions

We can trap a fermion ¥ (z#,y) to the brane with a Yukawa coupling:
1., o _
S = / dz / dy [281‘"’@ O — V(g) + WilMgy, v — h¢w]

Decompose into left- and right-chiral fields and Kaluza-Klein modes:

Ut y) = Y Worn(@") fin(y) + Yral@) fra(y)]

n

Schrodinger equation (mode index n suppressed):

2
(—d + (P°¢pg T hﬁb/bg)) for(y) =m?frr(y)

dy?

— — . [, profile frn Profile

s g 10 | ;

3 5 8

2 \ f 2 6

: : 2

g g L

5 L — z | |
L R o O 1771 PRI R T T R
-3 -2 -1 0 1 2 3 -3-2-1 0123 -3-2-10123

extra dimension y extra dimension y extra dimension y

14 /34



Gravity and matter fields

Brane (domain-wall/kink), trapped scalar and fermion. Plus gravity:
5 1 .,
S = /d4l‘ /dy\/ ‘g‘ |: — M°R — A\bulk + 50]\'1(/) 0]\175 - V(¢)
Y .
+ §aM 2 0pE — W(E) — gp*E2

LMYy, v — h@qf]
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Gravity and matter fields

Brane (domain-wall/kink), trapped scalar and fermion. Plus gravity:
5 1 .,
S = /d41‘ /dy\/ lg] [ — M R — Apyc + §0M(/) g —V(g)
Y o
+ 58M 2 0pE — W(E) — gp*E2

LMYy, v — h@qf]

Dimensionally reduce by integrating over y:

S :/d4x\/ lg@| [ — Mjin R + (brane dynamics)

1 ‘
+ iaufnayfn - 7”721531 - Tmn,opg’m,fnfofp - (brane interactions)
+ Yoy Outbro + ¥y, (iv"* 0y — pn)n — (brane interactions)
4D parameters (Map, My, Tmnop, [in, brane dynamics) determined by

eigenvalue spectra and overlap integrals.
15 /34



Warped matter

Warped metric ds? = e=20Wy,,, dz*dz” — dy? modifies profile equation:

d2
<_dy2+ 20" — +U<y>) Frn(y) = 2% fa(y)
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Warped matter

Warped metric ds? = e=20Wy,,, dz*dz” — dy? modifies profile equation:

d2
<_dy2+ 20" — +U<y>) Frn(y) = 2% fa(y)

Conformal coordinates~ds2 = e 200w (n,, datda? — dz?).
Rescale fr,(y) = e%an(z):

2 _ _
<_jz2 + U(y(z))> frn(2) = mj frn(2)

Matter trapping potentials are warped down.
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Warped matter

Warped metric ds? = e=20Wy,,, dz*dz” — dy? modifies profile equation:

d2
<_dy2+ 20" — +U<y>) Frn(y) = 2% fa(y)

Conformal coordinates~ds2 = e 200w (n,, datda? — dz?).
Rescale fr,(y) = e%an(z):

2 _ _
<_jz2 + U(y(z))> frn(2) = mj frn(2)

Matter trapping potentials are warped down.

a=0

m Finite bound
state lifetimes.

a=0.04 —----- 04 ----- 100 4 J

m Resonances.

left-handed potential W/ k2
brane interaction density
5
5

m Tiny probability N
of interaction % o a0 0 0 2 o 1 2 3 4 5 6 7 8
. ) dimensionless conformal coordinate kz (mass of mode/ k)2
with continuum.

(a ~ 1/M?3 ~ 5D Newton's constant)



Trapping gauge fields



Confining gauge fields

Need to trap gauge fields or e.g. Coulomb potential would be
VCoqumb ~ 1/T2-

Not as simple as a Kaluza-Klein mode expansion:
m Photon and gluons must remain massless.

m Need to preserve gauge universality at 3+1-d level.

We use the Dvali-Shifman mechanism, following an argument due to
arXiv:0710.5051 (Dvali et al).

18 /34



Abelian Higgs model

U(1) gauge theory, charged Higgs x:

S = fate fay | 3P Fuy -+ 500 D~ (i - 22 ’X'}

1L

extradimension

><

IXI
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Abelian Higgs model

U(1) gauge theory, charged Higgs x:

2
S = fate fau | T3P Fuy + 500 D~ (- 22PN
X

In the bulk:
m U(1) is broken, massive photon ~ M,,.
. m Higgs vacuum is a superconductor.

m Electric charges are screened.
On the brane:

><

x|

extradimension

m U(1) is restored, massless photon.
superconductor superconductor m Electric fleld ends on nggs vacuum.

Charge screening leaks onto the brane!

19/34



Using a dual superconductor

SU(2) gauge theory, adjoint Higgs x° (a = 1,2, 3):

a a XX
S:/d /dy [4 —GMNGS + = (DM )" Darx® = (x*x* — My)? MQ}

Ix]

extradimension
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Using a dual superconductor

SU(2) gauge theory adjoint nggs X® (a=1,2,3):

a a Xa

In the bulk:

m SU(2) is restored, in confining regime.

m Large mass gap ~ M, to colourless state.
0 m QCD-like vacuum is dual superconductor.
On the brane:

m SU(2) broken to U(1), massless photon.

m Electric field repelled from dual
dua dua superconductor.

extradimension

superconductor superconductor

For distances much larger than brane width,
electric potential ~ 1/r.

20/ 34



Dvali-Shifman model

Stabilise the domain-wall with an extra uncharged scalar field 7:
S = /d4 /dy{ G MGGy + a oM + 5 (DM “V Dprx

A(n? —v?)? — 2(xx + K2 02+n2)2}

m 7 has a kink profile.

mIf k2 — 0?2 <0, X becomes
tachyonic near domain-wall
(where 7 ~ 0).

m True vacuum has x # 0 near
domain-wall.

field profile

m Y breaks symmetry near wall
and confines gauge fields. extradimension y
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Dvali-Shifman model

Stabilise the domain-wall with an extra uncharged scalar field 7:
S = /d4 /dy{ G MGGy + a oM + 5 (DM “V Dprx

A(n? —v?)? — 2(xx + K2 02+n2)2}

m 7 has a kink profile.

mIf k2 — 0?2 <0, X becomes
tachyonic near domain-wall
(where 7 ~ 0).

m True vacuum has x # 0 near
domain-wall.

field profile

m Y breaks symmetry near wall
and confines gauge fields. extradimension y

Can add gravity: self consistently solve o (warped metric profile), 7, x.

21/34



Dvali-Shifman mechanism

The Dvali-Shifman mechanism:
m Works with any non-Abelian SU(N) theory.
m Assumes the SU(N) theory is confining (not proven for 5D).

m Has gauge universality:
m Charges in the bulk are connected to the brane by a flux tube.
m Coupling to gauge fields is independent of extra dimensional profile.
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Dvali-Shifman mechanism

The Dvali-Shifman mechanism:
m Works with any non-Abelian SU(N) theory.
m Assumes the SU(N) theory is confining (not proven for 5D).

m Has gauge universality:
m Charges in the bulk are connected to the brane by a flux tube.
m Coupling to gauge fields is independent of extra dimensional profile.

Obvious choice for SU(N) group is SU(5).

22 /34



Aside: The standard model and SU(5)



Quantum numbers of the standard model

Representations under SU(3) x SU(2)r, x U(1)y:

qr ~ (3,2)1/3 upr ~ (3,1)y/3 dr ~ (3,1)_9/3
Ip ~(1,2) vr ~ (1,1) er~ (1,1)_
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Quantum numbers of the standard model

Representations under SU(3) x SU(2)r, x U(1)y:

qr ~ (3,2)1/3 upr ~ (3,1)y/3 dr ~ (3,1)_9/3
Ip ~(1,2) vr ~ (1,1) er~ (1,1)_

A 4D combined weight diagram:

Ve ER}‘ o—{uL ecr

ere ER}- r{dL oUR

24 /34



Spanning the diagram

With the right basis vectors, we can span this space (Z2 coefficients).

SU(2)L
pRREES
3 5 ¢ Uy
oo
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Spanning the diagram

With the right basis vectors, we can span this space (Z2 coefficients).

SU(2)L
. bR o4
: s L1
S
vL

dy
T S

€L



Spanning the diagram

With the right basis vectors, we can span this space (Z2 coefficients).

SU(2)L

e

bl

{

[V

9 UMy

25 /34



Multiplets of SU(5)

Take the basis vectors as the 5 of SU(5):

Ve

drde

o

uy, UR =
€R L
. Yo o .
ere TRy-e oLy, TR
Anti-symmetric products of the 5 give:
1 vy,
—r,w,t
5* dzu') vy, e
(5% 5) A 10 | @yt dyt e,

26 /34



Putting it all together



The SU(5) model

Want the standard model on the brane: SU(3) x SU(2)r x U(1)y.
Dvali-Shifman needs a larger gauge group in the bulk:

SU(5) is a perfect fit!

Unify the fermions as usual: 5%, 10.
Higgs doublet goes in a 5*.

28 /34



The SU(5) model

Want the standard model on the brane: SU(3) x SU(2)r x U(1)y.
Dvali-Shifman needs a larger gauge group in the bulk:

SU(5) is a perfect fit!

Unify the fermions as usual: 5%, 10.
Higgs doublet goes in a 5*.

Summary:
m 4 + 1-dimensional theory — all spatial dimensions the same.

m SU(5) local gauge symmetry, Zy discrete symmetry.
m Field content:
m gauge fields: Gy ~ 24.
m scalars: n~ 1, x ~ 24, & ~ 5.
m fermions: U5 ~ 5% Wiy ~ 10.
m The standard model emerges as a low energy approximation.

Ignore gravity for now.

28 /34



The action (without gravity)

The theory is described by:

S = /d4 /dy {4 2GC‘MNG + laMné?M/r/ + Tr <(DM><)T(DMX))
+ (DM (D ®) 4+ UsiTM Dy U5 + Uil Dy
— henUsWsn — hsy Us X" U5
— h1oy Te(P10P10)n + 2h10y Tr(P1oxP10)
—h_ (\115)cx1110<1> — hy (e(U10)eW1p®*) + h.c.
— (en? = p3) Tr(x?) — dn Tr(x®)
— M [T = A Tr(h) = U — v?)?
— 201D — A\3(BTD)? — N DT P

— 225070 Tr(y?) — MA@ (x7)%® — A\ 0Ty By

with kinetic, brane trapping, mass and Dvali-Shifman terms.
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Split fermions

Let ¥,y be the components of U5 and ¥y (n = 5,10, Y = hypercharge
of component), e.g. U5 D U5 1 =[;. Dirac equation:

. 3Y
[ZFMaM - hmﬂ?(i’/) - \/;2 hnxXl(y)

Each W,y is a non-chiral 5D field: need to extract the confined
left-chiral zero-mode (recall the mode expansion and Schrodinger
equation approach):

\IJnY(xM7 y) =0

Uy (2, y) = Yny,r (") fry (y) + massive modes

30/34



Split fermions

Let ¥,y be the components of U5 and ¥y (n = 5,10, Y = hypercharge
of component), e.g. U5 D U5 1 =[;. Dirac equation:

. 3Y
[ZFMaM - hmﬂ?(y) - \/;2 hnxXl(y)

Each W,y is a non-chiral 5D field: need to extract the confined
left-chiral zero-mode (recall the mode expansion and Schrodinger
equation approach):

\IJnY(xM7 y) =0

Uy (2, y) = Yny,r (") fry (y) + massive modes

5y

The effective Schrodinger potential
depends on Y.

Thus each component 1,y has a
different profile f,y.

flov

- o R M|
6 -4 -2 0 2 4 6
dimensionless coordinate ky




® contains the Higgs doublet ®,, and a coloured triplet ®.. Mode
expand @, (2", y) = Py c(2")pw,c(y). Schrodinger equation for py, . is:

2 3y? . 3y
<_dy2 + %)\6Xf + \/;2)\77”(1 + .. ) pw’c(y) = quu,cpw,c(y)

Critical that ground states have:
m m2, < 0 to break electroweak symmetry.

] mg > 0 to preserve QCD.
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® contains the Higgs doublet ®,, and a coloured triplet ®.. Mode
expand @, (2", y) = Py c(2")pw,c(y). Schrodinger equation for py, . is:

2 3y? . 3y
<_dy2 + %)\fﬁ(f + \/;2)\777961 + .. ) pw’c(y) = quu,cpw,c(y)

Critical that ground states have:
m m2, < 0 to break electroweak symmetry.

] mg > 0 to preserve QCD.

Wy
Wojg -----
Large enough parameter space g
to allow this.
1 1 1
2 4 6

dimensionless coordinate ky
31/34



Features

Standard model parameters are computed from overlap integrals.
With one generation of fermions, parameters are easy to fit.

The model overcomes the major SU(5) obstacles:
B m. = my not obtained due to naturally split fermions.
m Coloured Higgs induced proton decay is suppressed.

m Gauge coupling constant running modified due to Kaluza-Klein
modes appearing (not analysed yet).
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Features

Standard model parameters are computed from overlap integrals.
With one generation of fermions, parameters are easy to fit.

The model overcomes the major SU(5) obstacles:
B m. = my not obtained due to naturally split fermions.
m Coloured Higgs induced proton decay is suppressed.

m Gauge coupling constant running modified due to Kaluza-Klein
modes appearing (not analysed yet).

Adding gravity:
m Solve for warped metric, kink and Dvali-Shifman background.

m Continuum fermion and scalar modes are highly suppressed on the
brane.

m Main features remain.

32/34



Future work and extensions

Future work:
m Understand confinement of SU(N) in 5D.
m Three families with full parameter fitting.
m Neutrino masses and mixings.

m Brane cosmology.
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Future work and extensions

Future work:
m Understand confinement of SU(N) in 5D.
m Three families with full parameter fitting.
m Neutrino masses and mixings.

m Brane cosmology.

One promising extension is to the Eg group:
Es — SO(10) in the bulk.

SO(10) — SU(5) on the brane due to
clash-of-symmetries and Dvali-Shifman.

Can eliminate kink scalar field 7.
Can unify \115 and \1110.

Large reduction of free parameters.
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