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Can we break
Electroweak Symmetry

with Boundary Conditions?

• how do we reduce the rank of the gauge group?

• is WW scattering unitary?

• why is MW 6= MZ?

• why is ρ = 1?

• how do we get quark and lepton masses??

• precision electroweak measurements???



5D Scalar Theory

S =
∫
d4x

∫ R
0
dy

[
1
2∂

Nφ∂Nφ− V (φ)
]

−
∫
y=0

d4x 1
2φ

2M2
1 −

∫
y=R

d4x 1
2φ

2M2
2

δS = −
∫
d4x

∫ R
0
dy δφ

(
�5φ+ ∂V

∂φ

)
−∫

d4x
(
δφ

(
∂5φ+M2

1 φ
)∣∣
R
− δφ

(
∂5φ+M2

2 φ
)∣∣

0

)
= 0

δφ
(
∂5φ+M2

1 φ
)∣∣

0,R
= 0

Consistent BC’s:

(i)
(
∂5φ+M2

i φ
)
|y=0,R = 0

(ii) φ|y=0,R = const.



5D Gauge Theory
S = −

∫
d4x

∫ R
0
dy 1

4F
a
µνF

aµν + 1
2F

a
5νF

a5ν + 1
2ξ (∂µA

aµ − ξ∂5A
a
5)2

δS =∫
d5x

(
∂MF

aMν − gfabc F bνM AMc + 1
ξ∂

ν∂.Aa − ∂ν∂5A
a
5

)
δAaν

−
∫
d5x

(
∂σF aσ5 − gfabc F bσ5A

cσ + ∂5∂.A
a − ξ∂2

5A
a
5

)
δAa5

+ 1
2

∫
d4x [F aν5 δA

aν ] +
∫
d4x [(∂σAaσ + ξ∂5A

a
5)δAa5 ]

Boundary pieces:
F aν5 δA

aν
|0,R = 0

(∂σAaσ + ξ∂5A
a
5)δAa5 |0,R = 0

Consistent BC’s:
(i) Aaµ| = 0, Aa5| = const.

(ii) Aaµ| = 0, ∂5A
a
5| = 0

(iii) ∂5A
a
µ| = 0, Aa5| = const.



Boundary Higgs
S = −

∫
d4x

∫
dy Lbulk +

∫
d4x

(
1
2DµΦiDµΦi − V (Φ)

)
Φi = 〈Φi〉+ φi, Xa

i = T aij〈Φj〉

S =
∫
d4x

∫
dy Lbulk

+
∫
d4x

(
1
2∂µφi∂

µφi + g2Xa
i X

b
iA

a
µ|0
Aµb|0 + g∂µφiX

a
i A

a
µ|0

)
+

∫
d4x

(
− 1

2ξ (∂µA
µa
|0 − ξgXa

i φi)
2 − 1

2M
2
ijφiφj

)
BC’s:

(F aν5 + g2Xa
i X

b
iA

b
ν + 1

ξ∂ν∂µA
aµ) δAaν |0 = 0

(∂σAaσ − ξ∂5A
a
5)δAa5 |0 = 0

(∂µ∂µφi + ξg2Xa
i X

a
j φj +M2

ij)δχi = 0

Unitary limit: ∂yA
a
µ|0,R = g2Xa

i X
b
iA

b
µ|0

Dirichlet and Neumann are special cases



KK Modes

Aaµ(x, y) =
∑
n aµf

a
n(y)eipnx, where p2

n = M2
n

fan
′′(y) +M2

nf
a
n(y) = 0, fan

′
|0,R = V ab0,Rf

b
n|0,R

gcubic → gabcmnk = g
∫
dyfam(y)f bn(y)f

c
k(y)

g2
quartic → g2 abcd

mnkl = g2
∫
dyfam(y)f bn(y)f

c
k(y)f

d
l (y)



Scattering Amplitude

incoming: pµ = (E, 0, 0,±
√
E2 −M2

n)
outgoing: kµ = (E,±

√
E2 −M2

n sin θ, 0,±
√
E2 −M2

n cos θ)
longitudinal polarization: εµ = ( |~p|M , EM

~p
|~p| )
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A = A(4) E4

M4
n

+A(2) E2

M2
n

+A(0) + . . .



WW Scattering via KK bosons
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Scattering Amplitude
E4 term:

A(4) = i
(
g2
nnnn −

∑
k g

2
nnk

)(
fabefcde(3 + 6cθ − c2θ) + 2(3− c2θ)f

acef bde
)

E2 term is:

A(2) = i
M2

n
facef bde

(
4g2
nnnnM

2
n − 3

∑
k g

2
nnkM

2
k

)
− i

2M2
n
fabefcde

(
4g2
nnnnM

2
n − 3

∑
k g

2
nnkM

2
k

+
(
12g2

nnnnM
2
n +

∑
k g

2
nnk(3M

2
k − 16M2

n)
)
cθ

)
if g2

nnnn −
∑
k g

2
nnk = 0 then

A(2) = i
M2

n

(
4g2
nnnnM

2
n − 3

∑
k g

2
nnkM

2
k

)(
facef bde − sin2 θ

2 f
abefcde

)



Cancellation
g2
nnnn =

∑
k g

2
nnk∫ R

0
dy f4

n(y) =
∑
k

∫ R
0
dy

∫ R
0
dz f2

n(y)f2
n(z)fk(y)fk(z)

true for BC’s that maintain hermiticity of ∂2
y

because of completeness:∑
k fk(y)fk(z) = δ(y − z)

E2 terms are more subtle:∑
kM

2
k

∫ R
0
dy

∫ R
0
dz f2

n(y)f2
n(z)fk(y)fk(z) = 4

3 M
2
n

∫ R
0
dy f4

n(y)∑
k M

2
k

(∫
dyf2

n(y)fk(y)
)2 = 4

3M
2
n

∫
dyf4

n(y)− 2
3 [f3

nf
′
n]

+2
∑
k [fnf ′nfk]

∫
dyf2

n(y)fk(y)
−

∑
k [f2

nf
′
k]

∫
dyf2

n(y)fk(y)

for Dirichlet or Neumann BC’s the E2 terms cancel



Mixed Boundary Condition
∂5A

a
µ(x, 0) = 0, ∂5A

a
µ(x,R) = V Aaµ(x,R)

Aa5(x, 0) = 0, Aa5(x,R) = 0

Aaµ(x, y) =
∑∞
k=1 fk(y)A

(k)
µ (x), with fk(y) = ak cos(Mky)

ak =
√

2

sin(MkR)
√
R(1+M2

k/V
2)−1/V

Mk tan(MkR) = −V∑
k M

2
k

(∫
dyf2

nfk
)2 = 4

3M
2
n

∫
dyf4

n + 1
3V f

4
n(R)

A(2) = ig2

M2
n
V f4

n(R)
(
−δabδcd + δacδbd sin2 θ/2 + δadδbc cos2 θ/2

)



Boundary Higgs Field

〈H〉 = 1√
2

(
0
v

)
Lboundary =

∫
d4x1

8g
2v2A2

µ(x,R)

boundary terms:
(
∂5Aµ δA

µ + 1
4g

2v2Aµ δA
µ
)
|R

mixed BC: ∂5A
a
µ(x,R) = V Aaµ(x,R), with V = − 1

4g
2v2
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A(2) = ig4v2

4M2
n
f4
n(R)

(
−δabδcd + δacδbd sin2 θ/2 + δadδbc cos2θ/2

)



Decoupling the Higgs

A(2) = ig2

M2
n
V f4

n(R)
(
−δabδcd + δacδbd sin2 θ/2 + δadδbc cos2 θ/2

)
fk(R) = akcos(MkR)

for V � 1/R

Mk ∼ 2k+1
2R

(
1 + 1

RV + . . .
)
, k = 0, 1, 2 . . .

V f4
n(R) ∼ (2n+1)4π4

4R6V 3

Higgs does not contribute to scattering



Towards a Realistic Model

ds2 =
(
R
z

)2
(
ηµνdx

µdxν − dz2
)

SU(2)L × SU(2)R × U(1)B−L

BC’s:

at z = R :


∂zA

La
µ = 0, AR 1,2

µ = 0

∂z
(
g5Bµ + g̃5A

R 3
µ

)
= 0, g̃5Bµ − g5A

R 3
µ = 0

ALa5 = 0, ARa5 = 0, B5 = 0

at z = R′ :


∂z

(
ALaµ +ARaµ

)
= 0, ∂zBµ = 0

ALaµ −ARaµ = 0,

A+ a
5 = 0, ∂zA− a5 = 0, B5 = 0

at z = R′, FLaν5 + FRaν5 = 0



KK Modes

Bµ(x, z) = g5 a0Aµ(x) +
∑∞
k=1 ψ

(B)
k (z)Z(k)

µ (x) ,
AL 3
µ (x, z) = g̃5 a0Aµ(x) +

∑∞
k=1 ψ

(L3)
k (z)Z(k)

µ (x) ,
AR 3
µ (x, z) = g̃5 a0Aµ(x) +

∑∞
k=1 ψ

(R3)
k (z)Z(k)

µ (x) ,
AL±µ (x, z) =

∑∞
k=1 ψ

(L±)
k (z)W (k)±

µ (x) ,
AR±µ (x, z) =

∑∞
k=1 ψ

(R±)
k (z)W (k)±

µ (x) .

ψ
(A)
k (z) = z

(
a
(A)
k J1(qkz) + b

(A)
k Y1(qkz)

)
spectrum : (R0 − R̃0)(R1 − R̃1) + (R̃1 −R0)(R̃0 −R1) = 0

where Ri ≡ Yi(MR)
Ji(MR) , R̃i ≡

Yi(MR′)
Ji(MR′)

M2
W = 1

R′2 log(R′
R )

M2
Z = g25+2g̃25

g25+g̃25

1

R′2 log(R′
R )



Finite VEV
BC’s for a finite VEV:

at z = R′ :

{
∂z

(
ALaµ +ARaµ

)
= 0,

∂z
(
ALaµ −ARaµ

)
= − g25v

2

2

(
ALaµ −ARaµ

)
for small v: M2

W = g2v2

4
R2

R′2

for R′ = 2 · 10−3 GeV−1, R = 10−19 GeV−1



Resonances
using R = 10−19 GeV−1, R′ = 2 · 10−3 GeV−1 gives

• MW ≈ 80 GeV

uncanceled E2 amplitudes blow up at 1.8 TeV

• KK excitations: MW
2 ∼MZ

2 ∼Mγ
2 ∼ 1.2 TeV

• next set of resonances arise at MW
3 ∼MZ

3 ∼ 1.9 TeV



Wavefunctions
ψ(z) ≈ c0 +M2

(
c1z

2 − c0
2 z

2 log(z/R)
)

+O(M4z4)∫ R′
R
dz

(
R
z

)
ψ(z)2 ≈ Rc20 log

(
R′

R

)
c
(L±)
0 = c± , c

(R±)
0 ≈ 0 ,

c
(L3)
0 = c , c

(R3)
0 ≈ −c g̃25

g25+g̃25
, c

(B)
0 ≈ −c g5 g̃5

g25+g̃25

0.0005 0.001 0.0015 0.002

-2·108

2·108

4·108

6·108



SM Gauge Couplings
g̃5g5a0Qγµ + g5ψ

L±
1 (R)T±W±

µ

+
(
g5ψ

(L3)
1 (R)T3 + g̃5ψ

(B)
1 (R)Y2

)
Zµ

g2 = g25ψ
(L±)
1 (R)2R R′

R
dz
R
z (ψ

(L±)
1 (R)2+ψ

(R±)
1 (R)2)

= g25
R log(R′/R)

e2 = g̃25g
2
5a

2
0R R′

R
dz (R

z )(2g̃25+g25)a2
0

= g25 g̃
2
5

(g25+2g̃25)R log(R′/R)

the Z couplings are also reproduced:

g2 cos θ2W = g25ψ
(L3)(R)2R R′

R
dz (R

z )(ψ(L3)(R)2+ψ(R3)(R)2+ψ(B)(R)2)

= g25
R log(R′/R)

g25+ g̃25
g25+2g̃25

,

g′2 = g25 g̃
2
5

(g25+g̃25)R log(R′/R)
,

sin θW = g̃5√
g25+2g̃25

= g′√
g2+g′2

.

Hence ρ = M2
W

M2
Z cos2 θW

≈ 1, S ≈ O(1)



Fermion Boundary Conditions

χL,R = z
5
2

[
AL,RJ 1

2+cL,R
(mnz) +BL,RJ− 1

2−cL,R
(mnz)

]

ψL,R = z
5
2

[
AL,RJ 1

2−cL,R
(mnz) +BL,RJ− 1

2+cL,R
(mnz)

]
STeV =

∫
d4x

(
R
z

)4
MDR

′ [ψRχL + χ̄Lψ̄R + ψLχR + χ̄Rψ̄L
]

SPl =
∫
d4x− iξ̄σ̄µ∂µξ − iησµ∂µη̄ + f

(
ηξ + ξ̄η̄

)
+M

√
R

(
ψRξ + ξ̄ψ̄R

)
Taking cL ≈ 0.4, cR ≈ −1

3 , MD = 900, Mt = 0, Mb = 1018

and f = 3 · 1013 GeV gives

mt ≈ 170 GeV
mb ≈ 4.5 GeV



Fermion Wavefunctions
|Ψ|
z3/2



Precision Electroweak
Lbrane = −R′

R
τ ′

4 BµνB
µνδ(z −R′)

one resonance drops from 1.2 TeV to 300 GeV

wavefunction renormalization:

ZW = 1− g2Π′
11

ZZ = 1− (g2 + g′ 2)Π′
33

S ≈ 6π

g2 log R′
R

− 8π
g2

(
1−

(
g′

g

)2
)

τ ′2

(R logR′/R)2

T ≈ −2π
g2

(
1−

(
g′

g

)4
)

τ ′2

(R logR′/R)2

U ≈ 0



0.1 0.2 0.3 0.4 0.5
η’

0.05

0.1

0.15

0.2

0.25

0.3

0.35

U

0.1 0.2 0.3 0.4 0.5
h’

-8

-6

-4

-2

S

0.1 0.2 0.3 0.4 0.5
η’

-4

-3

-2

-1

T



J=0 Partial Wave Scattering
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J=0 Partial Wave Scattering

γ + Z + Z ′′
1000 2000 3000 4000 5000 6000 7000

0.3

0.4

0.5

0.6

0.7

0.8

γ + Z + 9Z ′s

2000 4000 6000 8000 10000

0.1555

0.1565

0.157

0.1575



Conclusions

• BC’s can be used to break electroweak symmetry

• WW scattering can be unitarized without a Higgs
via KK modes

• nevertheless MW /MZ depends on gauge couplings

• models with custodial symmetry exist

• quarks and leptons can also obtain masses from BC’s

• precision electroweak measurements can be satisfied


