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Abstract: From the Quantum Field Theory point of view, matter and gauge fields are generally expected to be localised around branes (topological
defects) occurring in extra dimensions. | will discuss a ssimple scenario where, by starting with a five dimensional SU(3) gauge theory, we end up
with several 4-D parallel braneworlds with localised ‘chiral’ fermions and gauge fields to them. | will show that it is possible to reproduce the
electroweak model confined to a single brane, allowing a simple and geometrical approach to the hierarchy problem. Some nice results of this
construction are: Gauge and Higgs fields are unified at the 5-D level, and new particles are predicted: a left-handed neutrino (with
zero-hypercharge) and a massive vector field coupling together the new neutrino to other leptons.
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Motivation 1 Gauge-Higgs Unification:

Gauge and Higgs fields could be components of the same field
in higher dimensions.

5D

The Higgs scalar is the transverse component of the extra di-
mensional Gauge field.

N.S. Manton, Nucl.Phys. B 158, 136 (1979)
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Toy model: Consider a 5-D system consisting of a spin-1/2
fermion W and a real scalar &:

£5 — _ g [')__l—l—f”_l__u’qu]w
1 : ( ;. g P
——{f}_;_fb)g——__‘:b“;—f ]
A—3 ..., 5 5 (1 O
z=2> pu=1,..., 4 o —3
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Toy model: Consider a 5-D system consisting of a spin-1/2
fermion W and a real scalar &:
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The system admits a kKink solution of the form: ®(z) = vtanh (kz)

with k = v,/c/2.

\ Kirk Solution D

/,f
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So we want to solve: [ ROy +~4°0: +yd(2)| W =0

To solve this equation notice that the translational invariance
along z is broken:

PWw, =4+w; and  A%Wp = —wg
The solution is:
Wr r=Aexp {P;/D:@(‘fﬂ-f-‘f} 5:169
where A is such that:
[ff_-_: W2 = ()]
If v > 0 then the left handed fermion is normalizable.

If y < O then the right handed fermion is normalizable.
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For example, consider the case v > O:

* 5,
: 0y
/ le
! \
Z
—a—]
A depends on parameters of the theory (¢, ¢ and »). We can
compute the 4-D Lagrangian:
-(4 = -
L( ) — —f_'L(‘I.‘“rJH)?_‘L

In the Ilimit A — 0, we obtain:

£B) = 5(z)c®
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We could also add a mass m:

[*..#f_:)“ + ,‘:5{_'}? —+ 11 T erD(‘)} W =20
T he solution is:

-

UJL_R — A exXp {:F/D[m — .r).er[:'_ -}[ rf.‘_.'} f_'L_R(_F')

[

b2 |
Where zo = —mAZ2. Again the theory is massless:
£H) = _Fr(+vau)vr
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A few questions:

1. What about gauge fields?

2. Can we reproduce the correct chiral structure for the stan-
dard model?

3. If so, any specific predictions?

4. Hierarchy problem?
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A few questions:

1. What about gauge fields?

2. Can we reproduce the correct chiral structure for the stan-
dard model?

3. If so, any specific predictions?

4. Hierarchy problem?

Rest of the talk:

1. More on domain wall fermions.
2. Quasi-localization of gauge fields.
3. “Electroweak Brane" construction.
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L ocalizing SU(3) fermions:

Consider a 5-D space: M = R?* x s1 with =

the Lagrangian:

) = —UHAD, + Y (P,
D\ — (84 — iESTx)W.

ESG:. SU(3) bulk gauge field (a=1...., 8)
Te: SU(3) generators

b = P*T,: Adjoint repr. scalar field
SU(3) charges are: Q = (7T3,7T3).

[

x> = [U,L] and
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L ocalizing SU(3) fermions:

The gauge part of the theory has the action:

: 1 . I
£D) — P FAR | iESUT. W

4g

G

oF ‘ ¥ ¥E o .
= ‘--’AEE’ - f_;BE‘jL 1 _,..t# EAE'B

Consider the decomposition:

Tl
Wi
rl

1 H
:

()

By,
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I
E;
i
E;u

(
EE

8
E,.

with
with
with

a—1.x 3
i — 4. 56 7T.
r—8. 5 6. I.
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L ocalizing SU(3) fermions:

Consider a 5-D space: M = R?* x s1 with =

the Lagrangian:

) = —UHAD, + Y (P,
DAV = (84 — iESTa)W.

E%:. SU(3) bulk gauge field (a=1,..., 8)
To: SU(3) generators

b = dT,: Adjoint repr. scalar field
SU(3) charges are: Q = (T5,T3).

[

= [0, L] and
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L ocalizing SU(3) fermions:
The gauge part of the theory has the action:

(5) S AR = codieEr
ﬁG - —FF_;{BFH T -..I’;_..RLU!_,_,,W

¥ s 2 : X @i B 'y
AR = r_.—"‘._lJE‘B = r'}BE_JL + ".r_ ..',_ E‘—KEB

Consider the decomposition:

H';f = E:Li with a— 1. F 3
V: — B with i =4.5.6,7,
@ = Ei with : —4.,5,6.7,
B, = E;
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L ocalizing SU(3) fermions:

Consider a 5-D space: M = R?* x s1 with =

the Lagrangian:

£) = —UAD4 + Y (P,
DAV = (84 — iESTa)W.

ES. SU(3) bulk gauge field (a=1...., 8)
Te: SU(3) generators

b = P*T,: Adjoint repr. scalar field
SU(3) charges are: Q = (T3,7T3).

[

x> < [0,L] and
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L ocalizing SU(3) fermions:

Consider a 5-D space: M = R%* x s1 with =
the Lagrangian:

) = _UHAD, + Y (O,
DaWV = (04 —iEGTa)W.

ES:. SU(3) bulk gauge field (a=1...., 8)
To: SU(3) generators

b = dT,: Adjoint repr. scalar field
SU(3) charges are: Q = (7T5,7Tg).

The potential for @ is;

T )

K= (DD, — 02

IR

Only ®3 and 2 can acquire non-zero v.e.v's

> = [U.L] and
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There is a single-winding solution:
(D(2)} = Dg [cos(kz)T3 + sin(kz)Tg]
where k = 27 /L and ®3 = v2 + k?/o.

Then, the zero mode fermions are:

WVrpr==A EXD{IF/;.‘: (db)rf:_:} v g(x),
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L ocalizing SU(3) fermions:

Consider a 5-D space: M =R* x St with z = 2% € [0, L] and
the Lagrangian:
) = —UHAD, + Y (O,
D W = (84 —iESTa)W.

E%. SU(3) bulk gauge field (a=1...., 8)
Te: SU(3) generators

b = d*T,: Adjoint repr. scalar field
SU(3) charges are: Q = (7T5,Tg).

[

The potential for @ is;

T #

V(®) = 3 [y — 0]

Only ®3 and $2 can acquire non-zero v.e.v's
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There is a single-winding solution:
(D(z)) = Dg [cos(kz)T3 + sin(kz)Tg]
where k = 27 /L and &3 = v2 + k?/o.

oD - \_/Z D -

Then, the zero mode fermions are:

WV, p=A exp{$/;}'(cb)r_f::} v g(x).
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There is a single-winding solution:
(D(z)) = Pg [cos(kz)T3 + sin(kz)Tg]
where k = 27 /L and &3 = v2 + k?/o.

V

Y[®]=0

Then, the zero mode fermions are:

WV, p=A exp{$/;‘;'(cb)r_f:} vy g(x).
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Example: Consider the fundamental representation of SU(3),
the 3, and assume the simple case: Y () = yd = yd*T,.

I TB
1 l_l_1~
G 3 e B
Ts
®
Y ()W = —.u;icbﬂ sin(kz) w3

The confining scaleis A =1 V ydokl.
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Then if y > O

o
“T~ P 1 i h
1\ g R . b o
IIIIII| .I|III|
SO i N e
,. Z
0 L/2 3

The representation is decomposed along the extra dimension!

The theory at = = 0 when A — 0 is:
. DS e e
L,eff = —a‘?(?)i‘_‘R’:‘u f-**,u T '?f;r YR
JE — _ e 3~ a3
= 3 " ‘
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Constructing the Electroweak Brane:

Consider © = ©%T, and © = ©%7T, with the following poten-
tials:

>

Vo [0%a —v?]”

2

U x [@“@ﬂ - u?] i

And consider a Y coupling having the form:

Y = —y ( ~{®, 0} — 20D, + 20| ¢>)
> 4 2

p=1if Y couples to the 10
p= —1/3 if Y couples to the 6

|

Now assume that (©) = uTg, and that & has the same solution
as before
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Example: Consider the 10 (p=1) and the case ydgu > 0. The
following states confine to z = 0.

AN TB

£ D ® ®
N | eft handed
7N
—
r...--"'
( |
I_ Il‘x. ® eft handed
R !, Right handed

N, L and R generate SU(2) x U(1) currents
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N, L and R are described by the following 4-D Lagrangian:

£ — _R{Mmffxzﬂuﬂﬁ
—L[ Aoy — iy WiTa + a‘—3~»“ B, ]L
—N~+*9, N + L‘i{:"t) i
where:
£ =-4mﬁ§?£+hﬂ

—iBV,Nv*T; L + h.c.

This is just the electroweak model for leptons with gauge cou-

plings g1 = Ay and g» = v/3\g, with Higgs field ¢', and new
fields V! and N.
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Localization of gauge fields:

We have a domain-wall at = = 0 s.t:
.(5) E i R o wae
LG — _TPF?}-BFE + {}(-_ )E__i"l-'u ( f')

The transformation properties of .J2' are transferred to the lo-
calized gauge fields at the brane z = 0.
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N, L and R are described by the following 4-D Lagrangian:

,{:{4) = —H|: {JIHTJ'\,B 'MLJr]R
—L{ "“rﬁ — yFPW T, + 3'1—3*.“ E}“]L
L
—_\-"L'f_'}_“.:\- -+ Lf' )
where:
£ =-4nJETL+hC

—i3 'V, N+ T-E-+-hc

This is just the electroweak model for leptons with gauge cou-

plings g1 = Ag and g = ME.'\,-_-,:. with Higgs field o', and new
fields V! and N.
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Localization of gauge fields:

We have a domain-wall at z = 0 s.t:
(5) - AB rAg
LG B _4r;'—F-lBF +0(z )E—lh)

The transformation properties of J2 are transferred to the lo-
calized gauge fields at the brane z = 0.
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In our case J2' transforms under SU(2) x U(1), so remember
the decomposition:

W = Ej with gl Ny
V: = E; with i—4.5 6,7
¢ = EL with :—4.5.6.7,

Then the current term is:

a 1A r@ T ¢ g y7% M 5 7
EZJ, =W uJa +B,,J! ;—1'”.1; +o'.J

Other terms are excluded when confining SU(3) fermions. T hen,
the 5-D theory near the brane reads:

£5) R AB .\ ()
£ — _4”2 ‘—{BEJ +!}('-)‘{"G
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Where ﬂg) is the induced Lagrangian:

-4 _

G

H

v

i
Quu

G iy
D;f @ s

4

1
(1 IL{ L — {("1 ( 5 1'[]'_.\]_
> prsta g =
X2 4)\2
1 * A 1 ; L
2 Dq ]| a 2 (“le;rj,f(a:)f LR

& ( S )

W — W + CoW WS
OV, — BV + ”_;H;‘ji -
+C%VIWS + C;BuVy)
+C1gV! B,
rfﬁBf, —_ f), B

_,uf_’ . H ”r}-‘? + C SEFII{’
1 N A

5 = N —
A< 5
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In our case .J3' transforms under SU(2) x U(1), so remember
the decompaosition:

We = B¢ with a—1273
v — B with i—4.56.7,
o = Eg with 1 —4.5 6.1,

Then the current term is:

EGIA =W T B b 4V 146,

Other terms are excluded when confining SU(3) fermions. T hen,
the 5-D theory near the brane reads:

.(5) __ _- AB co x (&)
Lg™ = apFa = T9(2)Lg

442
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Where L

(4)
G

is the induced Lagrangian:

L

(4)
G

Hrf

v

Q'

L

{_-T.IL{}/
Dy, o8

1
) 1L i ~rLLE
‘x pv : 5 GG
& 1'_-.
]' # A : L £
2,\: D'J| ’_"("le;_.rf}{‘ﬁ)lf T AV
# {,“-.I
: P ral rd 1 '-{I. byyre
Wy — W _hr.,nplxp
8,V uf/lﬂ - CL WAV
e .-"I:' -'I I'_.[ 'il '.'I
CLVIiwa A (_BJBEIH
_(_ Iri_"- ¥ B};

f};{Bj; — {);;_.IB}H

_ I“'{_J
1 \
\2 I 1 22

Wael + CL Buo?
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So far:

We have obtained the lepton sector of the EW model together
with SU(2) xU(1) gauge fields localized to a brane. This came

from the 10 representation.
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So far:

We have obtained the lepton sector of the EW model together
with SU(2) xU(1) gauge fields localized to a brane. This came
from the 10 representation.

Quarks: Consider the 6 (p = —1/3):

\'I
!

W

Pirsa: 06010023 Page 36/50



Example: Consider the 10 (p=1) and the case ydgu > 0. The
following states confine to z = 0.

= X 3 >
Ts
r‘/-
I |I
I_ I"x. ® | eft handed

N, L and R generate SU(2) x U(1) currents
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N, L and R are described by the following 4-D Lagrangian:

(%) ==-—§{“%mr+#ﬁ§;p£*lﬁ

_ 3
_Lﬁﬂwy_hﬂuyfg+;%;ﬁﬁg1L

o (4
—Nn F*’-;_-jlip-‘\. -+ f‘f )

where:

™ = _a¢'RT,L+hec
_iBVINY*T,L + h.c.

This is just the electroweak model for leptons with gauge cou-

plings g1 = Ag and g = ~1..§..'x,-_-,:, with Higgs field o', and new
fields V! and N.
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So far:

We have obtained the lepton sector of the EW model together
with SU(2) xU(1) gauge fields localized to a brane. This came

from the 10 representation.

Quarks: Consider the 6 (p = —1/3):
AT -I_EL
;. Right handed
» .'“-:, Lett handed
- "
| Right handed TS
L ’ ]
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Other branes:

Electroweak U(1)branes Mirror
brane brane
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'he Hierarchy problem: Observe that if ¢ is the Higgs, then:

Mejectron ~ Mquarks ~ Myy ~ My,
This is just the hierarchy problem for this modell To solve it,
we modify Y:

Y=Y —yq|P|©
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The Hierarchy problem: Observe that if ¢' is the Higgs, then:

Mejectron ~ Mquarks ~ My ~ My,
This is just the hierarchy problem for this modell To solve it,
we modify Y

Y=Y —yq|®|©

The big picture:

Electroweak Uf1)branes Mirror

brans brane

g
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The Hierarchy problem: Observe that if ¢' is the Higgs, then:

Mgjectron ~ jllfquhz:aurks ~ My ~ My,
This is just the hierarchy problem for this modell To solve it,
we modify Y

Y=Y —yq|®P|©

The big picture:

Elxtroweak - Mirror
i1 branss

brans brane

g

L2
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Summary: We have obtained a realization of the electroweak
model confined to a brane.
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Summary: We have obtained a realization of the electroweak

model confined to a brane.

Nice results: Electroweak chiral fermions obtained from SU(3)
bulk fermions. Prediction of new fields N and V! (with Ny ~
My ). Gauge-Higgs unification.
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Summary: We have obtained a realization of the electroweak
model confined to a brane.

Nice results: Electroweak chiral fermions obtained from SU(3)
bulk fermions. Prediction of new fields N and V! (with Ny ~
My ). Gauge-Higgs unification.

Not so nice: Setup involving © and @ rather ad hoc.
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Summary: We have obtained a realization of the electroweak
model confined to a brane.

Nice results: Electroweak chiral fermions obtained from SU(3)

bulk fermions. Prediction of new fields N and i:u_ (with Ny ~
My ). Gauge-Higgs unification.

Not so nice: Setup involving © and @ rather ad hoc.

Looking forward: Compute the Higgs v.e.v. ¢g. Include mixing
of generations. Phenomenology of N and V fields.
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Then if y > 0:

i o
T\ s AN AR
. N, ¥ S
. Z
0 L/2 2

The representation is decomposed along the extra dimension!

The theory at = = 0 when A — 0 is:
i i = T \ /3 8 3
L,efr = —a'?(?)i'_‘R*l.fJ "-’*,H T TJ‘;F vn.
B V'3 NG T A |
=8 = 3 1 R:
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Constructing the Electroweak Brane:

Consider ® = ®%T, and © = ©%T, with the following poten-
tials:

“)

V o [0%a —v?]”

.

Ux |00 —u?|”

And consider a Y coupling having the form:

| 3 : V'3
Y — —1 —_ —_ — g ¥ J—
. __;(2{&3,@}» 4@ Dy + 3 5 |@|¢>)

p=1Iif Y couples to the 10
p= —1/3 if Y couples to the 6

|

Now assume that (©) = ulg, and that ¢ has the same solution
as before
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Constructing the Electroweak Brane:

Consider ®© = 9T, and © = ©%T, with the following poten-
tials:

V [CD“CD,;, — r.‘z}z , Ux [@"-"'@q — uz]z.

And consider a Y coupling having the form:

: S . P v 3
Y =—y| P, O} — -, —| | P
.u(z{ } —20%0a + p O] )

1 if Y couples to the 10
_1/3 if Y couples to the 6

|'”
j'}

|

Now assume that (©) = ulTg, and that ¢ has the same solution
as before
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