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$8.0. Introduction

e 5D Higgsless modeb talk by C.Grojean
An interesting alternative to the SM Higgs, achieving perturbative
unitarity at~ 1TeV.

e Deconstructed (latticized) Higgslesqmy talk)
Advantages

— Familiar language of spontaneous gauge symmetry breaking in
4D (gauged nonlinear model).

— Easier to understand the physics behind the delay of unitarity
violation.

— Easier to calculate corrections to electroweak interactions.
— Allows for arbitrary background 5D geometry, spatially
dependent gauge couplings, and brane kinetic terms.

c.f., R.Foadi, S.Gopalakrishna, and C.Schmidt, JHEP 03 (2004) 042.



§.1. Boundary condition vs. Deconstruction
Gauge symmetry breaking from boundary conditions

Example: 5D gauge theory with an extra dimension compactified ontarval .

y=20 y =/
@ o
AM7A5

Dirichlet or Neumann BC?
1. Aux.Y)ly=0=0(D), A.(XY)ly-r =0 (D). [DD]
2. 9sAu (% Yly-o = O (N),  3sA(XY)ly-c = O (N).  [NN]
3. AuXY)ly=0 =0 (D), IsA.(X Y)ly=c = O (N). [DN]
4. 9sA, (X Y)ly-0=0(N), A,(XY)l=c=0(D).  [ND]
Spectrum and 4D gauge symmetry
In addition to a tower of massive spin-1 KK-modes, we have
1. [DD]: massless spin-0 particle. 4D gauge sym. is all broken.
2. [NN]: massless spin-1 particle. unbroken 4D gauge sym.
3. [DN]: no massless particle. 4D gauge sym. is all broken.
4. [ND]: no massless particle. 4D gauge sym. is all broken.



Deconstruction of an interval

e N. Arkani-Hamed, A. G. Cohen and H. Georgi, Phys. Rev. (8614757 (2001).

e C.T. Hill, S. Pokorski and J. Wang, Phys. ReveB 105005 (2001).
Lattice spacing.
o A}l(x) = A,(X,y = Ja) : Gauge field at the sitg

o U(X) = exp( f(;:)a dyAs(x,y)) : Link field between site$ — 1 andj.
Nonlinearo model field.

Deconstruction of an interval in “moose” notation:

[DD] case INN] case
H—G—G—G - G—I @—G—G—G - G—G
#(U;) = #(A)) + 1. #(U;) = #(A)) — 1.

[DN] case [IND] case
H—G—G—0G GG G—G—0G—G -G —I
#(U;) = #(A)). #(U)) = #(A)).



Deconstruction of 5D Higgsless models
SU(Q)R X U(l)B_L — U(l)y SU(Q)L X SU(Q)R — SU(Q)V
(y =0) (y=1)

o
% SU(Q)L XSU(Q)RX U(I)B_L
quarks/leptons

and its deconstruction

O O

O

—0O

5D Higgsless models are described dyear moose

u@)



§.2. Technicolor & BESS model
We note a similarity between technicolor and 5D Higgsless models.

Existence of massive spin-1 resonance:
e Technip in technicolor QQ bound state)

¢ KK-mode of W andZ

The QCDp meson is described as a dynamical gauge boson in the Hidden
Local Symmetry HLS) formalism.

e M.Bando, T.Kugo, S.Uehara, K.Yamawaki, and T.Yanagida, Phys.Rev.Lett.
54 (1985) 1215.

e M.Bando, T.Kugo, K.Yamawaki, Phys.Re[64(1988) 217.

Application of HLS formalism in the electroweak symmetry breaking (a
low energy &ective theory of technicolorBESSmodel

e R.Casalbuoni, S.De Curtis, D.Dominici, and R. Gatto, Phys B&g5
(1985) 95.



Properties of QCL» anda; mesons are described by a linear moose:

| Q Q | e p meson (vector)

L R e a; meson (axial-vector)

We have two gauge groups between L and R.
We thus obtain
1

FT(T[I (X IKO)]) g for |0?| > 1 Ge\?,

which is consistent with the behavior derived from the Weinberg sum rules,

((Wh)?)
FT(TII (IO (’ﬁq‘f‘) |

Here we used dimensional analysis with

dim[F7] =4, dim[J*] =3, dim[(yv)?] = 6.



The dtective theory of one-doublet QCD-like technicolor (BESS model)
IS described in terms of a linear moose

fermion fermion
SU2)w U(l)Y
SU(2)w andU(1)y are weakly gauged.

Techni-p and techni-a; are described also by dinear moosé

Linear moose provides a general framework to describe Higgsless
models with and without an extra dimesion.

The precision tests of the electroweak interactions severely restrict
technicolor models.

General structure of corrections to electroweak interactions in linear
moose models



§.3. Linear moose models
General linear moose witlbcalizedJ;,, and J;,:

————— SU@) ——— | Uu@) ]

g0 g1 gp gN gN+M gN+M+1

f, ‘
Tw
1_N+M+1 N+M+1 1
L= Z f2tr((D,U;)"(D*U;)) - Z 4—g2F;WFW
j=1 j=0
with D, Uj = d,U; —iAl'U; +iU;AL.

Low energy Fermi-constant. (EW symmetry is broken collectively)

N+1 q 1
o
j=p+1 J NC j=p+1
Low energy QED coupllng: 1 &t
2= 2 7
j=0 J



e Delay of unitarity violation
For largeN — p, we are able to achieve the delay of unitarity violation

min(f;) > v ~ 250 Ge\/ V8rmin(f;) > V8rv ~ 1.2TeV.

Note, however, N < 100

If we assume perturbative gauge couplirgj’/(47r) <1.

The perturbative unitarity is eventually violated at or below 10 TeV.
Ve a1
o pparameter , =14 Ap= -C =142 3 —>1
NC j=N+2 fj
In this talk, we concentrate our attention on “Case I’ models (N + 1):

SU@2) — — U1) —

gO gl gp gN gN+1 gN+M gN+M+l

In which Ap = Ois satisfied automatically.
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“open” and “closed” interval notation:

> gi+1 gi+2 gi+3 g] 1 > gi+1 gi+2 gi+3 gj-] gj
. () ‘) e e = () () ( )

M(I J) fi+1 - fi+2 ~/ fi+3 O- O ﬁ I M(I’J] "t fi+1 N fi+2 - fi+3 O- f]
g +1 g +2 g g 1 +2 g 3 gj-l gj

gi g1+ gi i+
_ 2 - N
['J) Qf1Uf2Uf3Q O | M[',l]'OfmememO f, O
Gauge boson mass matrices and propagators:

e Neutral current (NC):
Mic = Mionemasp  [Gne(Q9)]ij = 6i9i([Q% + MRc] )i
e Charged current (CC):
Méc = Mg nes)  [Gec(@)ij = 9i9i([Q% + MEc] )i
We also define

[Gee(@)Iww = [Gec(@)]pps  [Crne(Q)]ww = [Gne(Q)]p.p.
[Gne(Q@)]wy = [Gne(@)]pas  [Grne(Q9)]vy = [Gne(@)]ga-

11



Four-fermion amplitudesf(f — f’f’) in the linear moose model

e Neutral current process:

~Anc = [Gne(Q)Iwwlsls + [Gne(Q)lwyla(@ —15)
+[Gne(Q)Iw(@Q — 13)15 + [Gne(Q)]v (@ - 1:3)(@Q - 13)

= A@)Isl} + B(Q*)(1:Q +Ql3) + C(Q)QQ,
with

AQ?) = [Cne(@)lww — 2[Gne(Q)]wy + [Grne(Q)] vy,
B(QZ) = [GNC(QZ)]WY - [GNC(QZ)]YY,
C(QZ) = [GNC(QZ)]YY-

e Charged current process:

~Acc = [Gec(QM)ww(l+12 +1-15)/2

Deviations of Gnc(Q?)] and [Gee(Q?)] from their SM values
U

Corrections to the electroweak interactions in linear moose models

12



Electroweak correction paramet&sT, ao: (Ap = 0 is assumed)

QQ (I - Q)5 - £Q)
_ﬂNC = 82 +
Q? [szc2 S ) , 1 s J
_ + 1+ —aTl
& 16 AN2GE 422
o
+4V2G¢ pexilie 4V2GraT(Q - 1)@ - 13),
(117 +1_17)/2

[sz S ]QZ 1 (1 @ ]
— - — + +

& 167 A2G A2
as (1,17 +1_17)

+4 \/EGF
452 2

c.f. R.Barbieri, A.Pomarol, R.Rattazzi, and A. Strumia, he®@pd5040
zero-momentum formalisn§( T, W, Y)
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§.4. Corrections to electroweak interactions

We first consider a special class of models O, M = 0 in “Case I”:
— SU@2) —

o g1 SN SNl

The BESS model (@ective theory of technicolor) is included in this class
of models.

Number of free parametersN2+ 3= (N + 2) + (N + 1).
The model is specified completely oneeGg, My, Mi, Mwa
(k,di=12---,N)are fixed.
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Properties of Gne(Q?)]wy:
e Polesa’ =0,-MZ, -MZ ,---,—-MZ .
e Charge universality of QED determines the pole residue of photon:

lim QZ[GNC(QZ)]WY = €.
Q?—0

e Generalized Weinberg sum rules:

1

QZ(N+2) ’

[Gne(Q)]wy o for @ > IVI§N-

These conditions are enough to determine the fornGQE[(Q?)]wy completely:

N 2
[T |
Q"+ M,

k=1

M2

Q* Q° + M7

[Gne(Q@)lwy =

15



We rewrite

[&dwy  [Ezlwy N ZN: (&7, Iwy

[GNC(QZ)]WY = + >
Q¥ Q+M T +M
with N MZ
(£, lwy = €, [£2]wy = —€° l_[ >
i1 M2 Z - M7
TheS parameter can be defined &s][yy = —€° |1 + S|.
4;C;

We thus obtainmanifestly positive expressiaf S

N 2

aS = 43¢5 Z —ZZ >0. (M2, > MZis assumed.)
k=1 Z;

We needZ’ lighter than a TeV in order to achieve tree-level unitarity at 1 TeV.
Such a lightZ’ gives significant fect to theS parameterS > 1, andruled out by
the existing precision tests

16



We finally consider general “Case I’ models:
— SU@) — —— U(l) —

2o g1 gp gN gN+1

g N+M g N+M+1

fl ‘ fN+1‘ fN+M4l—1
Tw Iy
We find
2 @o 2
aS - 4czaT + — = 45 Mg EpNa1) > 0.
Cz

1
Tree level unitarity sayspn+1) > —. We thus obtain

8V

5 o
¢

In any unitary theory.
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§.5. Which models are viable?

No linear moose model withlocalized J,,,,, can satisfy the precision
electroweak tests and the tree level unitarity at 1 TeV simultaneously.

This conclusion is independent of

e background 5D geometry

e spatially dependent gauge couplings

e pbrane kinetic terms

e efc.
We thus need‘delocalization” of Jyy to construct a viable model.
Continuum 5D theories with delocalized fermion:

e G.Cacciapaglia, C.Csaki, C.Grojean, and J.Terning, hé@4p9126.
e R.Foadi, S.Gopalakrishna, and C.Schmidt, hef®4$09266.
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Example: a linear moose with delocalized fermion

e, g, g,
Cﬁj(%;{D
B |

0 1
Xodi A 4 xq J4 AL

L m Xo+ X =1
T Iy
W
o 8 free parameterg(, f;, x1) Amount of required delocalization:
e 4inputs:€?, Mz,Gg,S=0 f ‘ 2000GeV 1000GeV 300GeV
o 3 ansatzesfz — f3’ 01=0p = 4 X1 ‘ 0.48 0.14 0.015
We find

T~0, U=0, Ap=0, 6xx.

We are able to make the size of electroweak correction small enough
consistent with the precision measurements.

e R.S.Chivukula, E.H.Simmons, H.-J.He, M.Kurachi, M.T., in preparation.
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[Gne(Q2)]/[Grne(Q)]PM for the LEP energy range

102 ——M 1.02

101 | | 1.01 |
= N
S0 21 1.00

099 | T 0.99 |

098 L— 098 L

100 120 140 160 180 200 100 120 140 160 180 200
V=02 [GeV] V=02 [GeV]

for f; = 2000, 1000, 300 GeV.

The 4-site model with delocalized fermion is consistent with precision
measurements at LEP for <1TeV, still achieving the delay of unitarity

violation.
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§.6. Summary and Outlooks

e Higgsless theory is an interesting alternative to the standard
model Higgs, achieving tree level unitarity at 1 TeV.

e Both 4D and 5D Higgsless models are described in terms of linear
Moose.

e \We need “delocalization” of fermions in order to construct a
viable Higgsless model satisfying various requirements of the
precision electroweak tests. (flavor universal extended
technicolor in technicolor model.)

e KK-modes of Wand Z (W', Z’ or techni-p) exist below a TeV in
these models. Collider phenomenology of these particles should
be investigated.
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