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Can we break
Electroweak Symmetry
with Boundary Conditions?

e how do we reduce the rank of the gauge group?
e is WW scattering unitary?

o why is My, # M7

e why is p =17

e how do we get quark and lepton masses??

e precision electroweak measurements???



5D bcalar Theory

S = [d=x fOR dy |20V ¢pOnd — V()]
B fy:O dx %¢2 M12 N fy:R d'z %¢2 ]\422

58 = —[dz [[Fdy s (D5¢_|_ g_m _
[ d*x (66 (050 + MP §)|, — 66 (050 + M3 ¢)|,) =0

0 (05 + M ) |O,R =0

Consistent BC'’s:

(4) (a5¢ + Mz'2 ¢> ly=0,r =0
(#)  ¢ly=o,r = const.



5D Gauge Theory

§=—[d'a [ dyiFi, F" + §FE,F + 5 (0,A™ — £05A3)°
0S =
[ doz (aMFaMV —gfete Ry AMe 4 199.A% — 8”85Ag) §AC
— [ dPx (97 F%s — gf* F25 A% + 950.A% — ED3AL) 6 AL
+1 [drz [Fl 0AY]) + [ d*z [(0, A% + {05 A2)5 AL

Boundary pieces:
Fls0A" 0 r =0
(05 A% + £05A8)0AS10.r = 0

Consistent BC’s:
(¢) Aj =0, A5 = const.

(1) Af =0,0545 =0
(wi) OsA% =0, A5 = const.



Boundary Higgs

S=—[d'z [dy Lok + [d*z (5D,P;D"®;, — V(D))
O, = (D) + @i, X7 =T5(Dy)

S=[d*z [dy Lyur
+ [ d*x ( 50,0:0"¢; + QQX?XSAZmAMblo T gau(b"'XiaAZIo)
b db (~ (0,40 — €gX76.)? — §M30u0,)
B(C’s:
(P + X0 XVAL 4 10,0,40%) 549 =
(0, A% — £05A5)6 A5)10 = 0
(0u0" i + Eg* X[ X[ dj + MP5)ox: =0

Unitary limit: 9, A%[o,r = gQXZ-aXZbAmO

Dirichlet and Neumann are special cases



KK Modes

Al(z,y) = 3, aufi(y)e®, where p;, = M7

£ (y) + M2f(y) =0, filor = ViR lon

Jeubic — 920 =g [dyfs () fo(y) fi(y)

Gvarvic — 9235 = g2 [dyfa (y) f2(v) fE(y) fi(y)



Scattering Amplitude

incoming: p, = (F,0,0,4++/E? — M?)

outgoing: k, = (E,++/E? — M2sin6,0,++/E? — M2 cos0)
&)
I

7]

longitudinal polarization: €, = (%7, %




WW Scattering via KK bosons

t channel exchange u channel exchange



Scattering Amplitude

E* term:
A(4) Z ( nnnn Zk gnnk)
(fabefcde 3 T 669 . C@) 4 2(3 . Cg)facefbde)
E? term is:
A(Q) — M2 facefbde (4gnnnnM2 — 3 Zk gnnkM2)

2M2 fabefcde (4gnnnnM2 3 Zk gnnkM2
+ (1262, M2 + 3, g2, (3M2 — 16 M2)) cy)

if g%nnn o Zk g?%nk = 0 then

A(Q) — (4gnnnnM2 —3 Zk; gnnkM2)
(facefbde . 2 0 fabefcde)



Cancellation

fo dy fr(y) Zszo dyfo dz fr(y)fr(2) [ (v) fi(2)

true for BC’s that maintain hermiticity of 05
because of completeness:

2k JeW)fi(2) = 0(y — 2)

E? terms are more subtle:
R

S M2 [dy [Fdz f2(9) F2(2) fo (0) Fio(2) = & M2 [ dy fA(y)

S ME ([ dyf2()fu(y)” = M2 [dyfi(y) — 2[/3 1))
+23 (Sl fe] [ dy 3( ) fi (W)
S PR S dyf2 () ()

for Dirichlet or Neumann BC’s the E? terms cancel



Mixed Boundary Condition

05 Af(1,0) =0, 0O5Af(x, R) = VAL (x,R)
A(2,0) =0, Af(x,R)=0
Ay (e, y) = 02 o)A (@), with fi(y) = ar cos(Miy)

V2
sin(MyR)\/R(1+M2/V?2)—1/V

ap —
M. tan(MkR) = -V

S M2 ([dyf2fi)” = 4M2 [dyft+ 1V FA(R)

AR) = %Vfﬁ(R) (—6905ed 4 §2¢§% sin® 0/2 4 5995 cos® 0/2)



Boundary Higgs Field

()

Eboundary — fd4$%g2U2AZ(ZE,R)

boundary terms: (8514“ 0A* + ngUQAM 5A“)

mixed BC: 0547 (z, R) = VA% (z, R),

s channel t channel u channel

AR2) — ig*v’ f;LL(R) (_5ab5cd i gacsbd ¢in? (9/2 N Jad sbe 60820/2)

AM?2



Decoupling the Higgs
A®) = 38V FA(R) (—09b0¢d + 596> sin? 0/2 + 56" cos? 0/2)
fr(R) = agcos(MyR)

for V> 1/R

fozl(R) ™~ (221:;61‘)/371-

Higgs does not contribute to scattering



Towards a Realistic Model

z

ds® = (5)2 (nuyda:”da:” — dz2)

SU(Q)L X SU(Q)R X U(l)B_L

BCs: L R1,2
(9.ALe =0, AR1L2 =0

at z=R: { 0:(95Bu+35A%) =0, 358, —gs AP =0

Abe =0, ARa =0, By =0
(9. (Aka 4 ARe) —0, 9,B, =0
ALa Z gRa —

AF* =0, 0,A;*=0, Bs=0

at z =R : X«

\

at z = R/, FLo + plie =
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KK Modes
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,({A)(z) =z (a,gA)Jl(qkz) + béA)Yl qkz))

spectrum : (Rg — Ro)(R1 — R1) +

(
where R; = ?E%gg R, = LME)

2 _ 1
My = 3 log( &)

M2 — 951275 1
Z 7 95+35 R log(4r)



Finite VEV
B(C’s for a finite VEV:

at z = R : { aZ(Aﬁa—i—Aﬁa):Ov

0. (ALe — Afe) =~ (afe - Af)

7
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Resonances
using R =10"12 GeV~!, R =2-10"23 GeV ! gives

[ MW ~ 80 GeV

uncanceled E? amplitudes blow up at 1.8 TeV
e KK excitations: M3V ~ M# ~ M) ~ 1.2 TeV

e next set of resonances arise at M3" ~ M# ~ 1.9 TeV



Wavelunctions

W(z) m co + M? (c122 — L2%1log(z/R)) + O(M*z%)

fRR/ dz (%) Y(2)? ~ Rcilog (%)

(L+) (R%)

g ~=c+, ¢ =0,
(L3) (R3) g (B) 95 s
C — C C ~ —C = C ~ —C =
0 >0 g5+gs ' 0 95+93




oM Gauge Couplings

959500Q, + g5 (R) Ty Wi
(95¢(L3)( VT3 + g5t (R )5) 2y

@2 = g2vi" (R)? g2
o /
(w Li)(R)Q_i_ngi)(R)Q) — Rlog(R'/R)
e? = g?,g?)ag 9595

é?’ dz (B)(252+92)a;  (93+252)Rlog(R'/R)

the Z couplings are also reproduced:

ggw(L?)) (R)2

2 2 —
g-cosby, = T dz(%)(w(m’)(R)2+¢(R3)<R>2+w(B)(R)2)
952) 95"‘95
Rlog(R’/R) gz +2g?
2 _ 955
g (92 +95)Rlog(R’/R) 7

sin HW = gs — g

VET23E  \oP+g?

Hence p = My 1, S~ 0O(1)




Fermion Boundary Conditions

_— ;
— 2
XL,R Z _AL,RJ%%L,R(ng) + BL,RJ_%_CL’R(ng)_
5T
'QDL,R = z2 AL,RJl (ng)—f—BL,RJ 1 (mnz)
] 5 —CL,R —5tCL.R

Stev = [d'x (%)4 MpR' [YrxL + Xt¥r +VLXR + XRVL]
Spi = [ d*z —i5"0,€ — inot 0,7 + f (€ +£7)
+MVR (Yré + EYR)

Taking c;, =~ 0.4, cp ~ —%, Mp =900, M; =0, M, =108
and f = 3-10' GeV gives

my = 170 GeV
my =~ 4.5 GeV



Fermion Wavelunctions




Hlectroweak

Precision
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one resonance drops from 1.2 TeV to 300 GeV

wavefunction renormalization:

Lw =
Ly =
S =~ (s _8m
gQIOg%’ g°
/
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J=0 Partial Wave Scattering

y+Z+ 7



J=0 Partial Wave Scattering
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Conclusions

B(C’s can be used to break electroweak symmetry

WW scattering can be unitarized without a Higgs
via KK modes

nevertheless My, /M, 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



