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Electroweak Symmetry Breaking

Alex Pomarol (Univ. Autonoma Barcelona)



Outline:

® Electroweak symmetry breaking (EWSB): Generalities
® The Higgs mechanism

® Higgsless approach: Technicolor and EWSB by extra
dimensions

® Composite Higgs: Pseudo-Goldstone particle:
Holographic Higgs
Little Higgs

e EWSB at the LHC



I. EWSB: Generalities



Lets start having a look at the EWV sector
without any “theoretical prejudice”

Experimental data tell us that particle physics is very well
described by a gauge theory:

Gauge SU3)xSUQ2)xU(1) Qr: (3,2,1/3)
URr - (3,1,4/3)

3 families of dr: (3,1,-2/3)

I (1,2,-1)

€R - ( 717_2)

+ symmetry-breaking terms:

2 72
mZZN

Mg qLqr + me érer + miy |[WH + 5



All information on EVVSB:

_ _ 1
Mg qLgr + Me €ELER + m%V\W/jlz + imZZZi

—

Plenty of information: But, up to now, not very
illuminating: Flavor Puzzle
(only the heaviness of the top gives us
suggestions on EWSB)



All information on EVVSB:

_ _ 1
Mg qrL4Rr + Me €LER T m%/[/‘le’Z + 577"&2222

——

Focus on this part:

1
iy (W2 4 Sm (Wieo,, — Busa, )’

l Absorbing the couplings
into the kinetic terms

2 2 2
m 1 mzcy
e g T (- B

Breaks SU(2)xU(l) but preserves a U(l): Q=(T3+Y)/2



Intriguing experimental relation:

2
_Mw
2 2
MzCo.,

=p~1.0

Possible origin: A remnant global SU(2) under which
(W1,W32,W3) form a triplet = Custodial symmetry

Force equal masses for the Wy, 5,3

But symmetry not respected by gauge boson B

Nor for fermions



Lets, from empirical facts, assume this symmetry

2 2 o
m 03 W, = —W“
Mass terms: W Ty {Wu — —BH} o2
g° 2

Redefinition: W/, — ZWNZT — iZ@’MET
Y — eiaaGa

2x2 unitary matrix of Det=|

(d.of.: 3 real scalars Gy,3,3)

2 2 2
My, . 073 My, 2
—_— g—QTI‘ 8MZ—|—ZLLMZ—ZZ?BM = ?TT‘DMEH

iO‘3(9y

Invariant i, 2 — ULZU;L, Uy =e



Assets:
* EW symmetry realized, ... but not in the vacuum:

<Z> — 1 — UL U;f/_ broken generators:T1,, and T3-Y

* No mass term allowed for 2 TrZZT~I

G= Goldstones of the symmetry associated to each broken generator

* “Accidental” larger global symmetry:

S —USUL  Up e SU©2)g

broken by the vacuum to a global SU(2) (U, = Ug)
and the gauging of Hypercharge (B-field)



Definition of the decay-constant F of the Goldstones

1, F? 5
ZF —_—> ﬁG = ITT‘DME’
F ~ 246 GeV

In QCD leads to the pion decay:

T —»w\m<
F



Similarly for fermions:

_ < My + mq — M4 =
Mmyurur +mgdrdpr = QLQr + 2 Qros@r

u
where QL,R — ( L.R > under hypercharge:

dr. R
Qr — e PQ;
introducing Qr — et(1/3+03)0y Qr
by field redefinitions

7y + mq My, — Mg
5 QLEQR +

QrYo3Qr

Breaks the custodial symmetry



So far, so good...



Nevertheless, unitarity problems:

Lets expand in terms of the Goldstones:

F? 1 —>
" g, 52 = P [ (0uGa)* + 7 (GaBuGa)* + -+

1
4 2
Self-Interactions

G. Jext
N v S

PN :ﬁ
G - ~ G

Grows with the energy an violates unitarity at high-energies: &/ 2> 1 TeV/

=> Theory valid up to energies A ~ | TeV

A= cutoff of the theory



Not a problem associated by introducing 2

In the unitary gauge 2=1:

2
WW—-2Z/7: M + }:{: -~ g s

at large energies




Can we live with this theory (and wait till the LHC tells us what is
there at the TeV to UV-complete the theory)?

First simple question: What about quantum corrections (loops)?

The theory can be quantized and loops can be calculated
(similar to the chiral lagrangian in QCD)

If infinities appear in loop diagrams, counterterms must be added

If we look for physics at energies E<A, the number of
counterterms are finite = PREDICTIONS!



Most important effects of quantum corrections are those to the
propagator of the gauge boson: Vacuum polarization

Highly constrained by LEP!



Assuming new physics scale A\ > My, we can ex-
pand in g/A:

4
Ma(q) = Ma(0) + o’ T,(0) + - TI{(0)+..



SM gauge boson self-energies

My+ = Tyi(0) + @®Ty,(0) + ST, (0)+
4

Mw,= w0 + Ty, 0) + Ty, 0+

Mp= Tp(0) + o’Mg0) + LILO) +--

4
Iy, = Mw,s(0) + o’Il,5(0) + I, 5(0) + -

Up to order q*: 4 x3=12 parameters
Masslessness of the photon -2
Absorbed by g, ¢, v2 -3

Independent parameters 7



Form factors

custodial SU(2);,

mz (1w, (0) — My (0)
g

_ 2
U = [H’W3(0) — Il (0)] — —
2n 12
g“M
V = s [Ty, (0) — T, (0)] — —
= g? Iy p(0) -
. ggl\/[
X = W I, 5(0) + _
2N\ 12
g“M
= 2W H/\/7V3(0) + +
/2 2
= YW 12, (0)
Keep the leading one in the g2 expansion:



Form factors custodial SU(2);,

tz [Mw,(0) — T4 (0)] - -

— 2
U = g? |y, (0) — Ty, (0))] - -
2n 2
g“M
Vo= E5W T (0) - Ty, (0)] - -
= g2 HlVVgB(O) + -
_ g'gM3
X = o Iy,p(0) + -
2N\ 12
g“M
- 2W H/\,7V3(O) + +
g/2M2
== ) W H%(O)
Keep the leading one in the g2 expansion:



All these effects nicely parametrized in terms of 4 quantities:

= 35 [Twy(0) Iy (0)
= g2 HlVVgB(O)

2012
I M
= =~ Iy, (0)

g/21\/12
— ) W H%(O)




All these effects nicely parametrized in terms of 4 quantities:

= 3 [Tw,y(0) — iy (0)
— g2 HIVVBB(O)

2n\12
g M
= £,V 1w, (0)

g/21\/12
— ) W H%(O)

!

Most important in EWSB physics

Generated only if EWSB

=0 for custodial invariant theories



From LEP and Tevatron:
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Effects on

® No contribution from loops of Goldstone bosons

® |argest contribution from the top

- 3m?
«/\Q\m T ~ 622 ~ (0.008

® Logarithmic divergent contribution from B-loops

Finite!

Counterterm exists: ¢; F'2 Tr* o3 EDMZT]



N
Effects on S:

e Contribution from Goldstone-loops logarithmically divergent

N A 2 A2
AN o G Y 1n<_>

A 19272 \'m2,

Counterterm:

cSTr[WWz%BWZT ]



Assuming ¢, = ¢; = 0, we obtain:

~)

.01

.009

.008

.007

.006

.005

.004

.003

N~TeV

0.0030.0040.0050.0060.0070.008

AN

S

EWPT prefers
small A\ !



Possible UV-completions
of the EW sector

How to recover unitarity!?

EWSB sector must contain new states



I. Higgs mechanism



Brute force approach => Find the minimal number of states
needed to have well-behaved amplitudes (at high-energies)

Adding a scalar: h with a coupling hF(9,G,)”

G+ N P G3 G+ N ) (33
T “~ h <
>< + :)— —— —«
// \\\ R N
G g (;3 G 7/ A G3
S 52 1 larges m%
2 e o2 B2 T T2
s—my I F

Do not grow
with the energy!



One finds that a single scalar can “repair” all amplitudes

Easy to introduce:
L(,..) — LS+ h/F),..)

~—— 6=F+h

F F
Why unitarity is restored? B
M = gbei‘?'é = ¢(cos G + 10 - gsinG) — ¢+id-G

field redefinition
We have now:

1 1 1
ZTr‘auM’2 = 5((9#@2 + 5((%63@)2

It is just only the kinetic term of four scalar! No self-interactions!



This is usually refer as the linear-model

It was easy, but...
now a mass term is allowed for ¢:

m? Te[M M1 = 2m2¢® + - -

and we must have this mass of the order of W-mass

this operator is not protected by any symmetry: Difficult to keep it

smaller than other big scales in physics (GUT-scale, Planck-scale,..)
= HIERARCHY PROBLEM

requires more stuff at the TeV (SUSY?)



Last redefinition: \/ — \/5(2'(72[—[*, H)
where H is a Higgs doublet multiplet (Y=1):

o L ( G1 —iGo >
Transformation rules: H — U; H V2 \ ¢ —iGs
— UyH
One can proof:
L > _ >
a) 4TT|DMM| = |D,H]
m? PN T
b) V(M) = —-TeMM' + ZTr* MM

equals to V(H) = m?*|H|* + A\ H|*

Same dimension-4 lagrangian terms as the Higgs of the SM

Custodial symmetry an accidental symmetry of the Higgs potential and
interactions with W. Prediction of the Higgs-doublet: p=1I (at tree-level)



Higgs VEV can be written as a function of the
Higgs potential parameters .

V(H) =m?[H|* + A|H[*

m% — 2)\v° Physical Higgs mass unknown



recall how was introduced:

Higgs couplings: X — X(14+h/v)
higgs-fermion-fermion: my
()
m2 7
higgs-WW(ZZ): —%-
v

e “Difficult” to be produced in colliders due to its
small coupling to light fermions

® Decays to the heaviest particle (allowed kinematically)



Higgs branching ratios:

1

10

Higgs mass



Present bounds

2) LEP:
Direct searches: my > 114.4 GeV  (95% CL)
EWPT: mp < 185 GeV

b) Tevatron Higgs excluded in the region:

160 GeV < my < 170 GeV

|¢




Radiative corrections:
Finite contributions to S and |

A-scale = Higgs mass

0.009

0.008

0.007

~)

.006

EWPT prefers
light Higgs!

0.005

0.004

B mp = 1 TeV
0.003 :

0.0030.0040.0050.0060.007 0.008
AN

S



Search for the Higgs Particle
Status as of March 2009

95% confidence level

Excluded by Excluded by Excluded by
LEP Experiments Tevatron Indirect Measurements
95% confidence level Experiments 95% confidence level

100 114 120 140 160 170 180185 200 GeV/c?

Higgs mass values



More Higgs? Why not

But one must be careful with the p-parameter

(Higgs-doublet was special)

|) Adding more Higgs doublets (e.g. MSSM):

Higgs-WV interactions preserve the custodial symmetry
But not the 2 Higgs-doublet potential:
Effects on p at the loop-level small enough

2) Higgs triplet or higher reps. leads to p#1
If present, they must get a small VEV



I1. Higgsless theories



Technicolor models for EWSB:
Achievements and pitfalls

TC is inspired by QCD, a model of dynamical EVWSB:

SU(3) theory of two massless quarks: e I el
dr, dr

Accidental global symmetry of QCD: SU (2);, x SU(2)r x U(1)

Chiral symmetry breaking by the quark condensate:
(arur) = (drdr) # 0

— 0
3 Goldstone bosons: 7T+77T y T



Large N QCD ———> Theory of infinite resonances, p, o', ...

“dual” description )
P massive m, ~ 1 GeV

and weakly coupled g, ~ 1/V N

LQen(,G) et (%, p, ') OO
&sN > 1 gp < 1



‘tHooft

Large N QCD ———> Theory of infinite resonances, p, o', ...

“dual” description )
P massive m, ~ 1 GeV

and weakly coupled g, ~ 1/V N

LQen(,G) et (%, p, ') OO
asN > 1 gp < 1

Both must lead to the same generating functional of current correlators
Z [Aﬁ,Am = /DqDGeXp [iSQCD +i/d4x(ng£ +j]‘f2A§)]
= /DWDp- <o exp [iSreSOD + M / d4xp“(Aﬁ + Af) + - ]

Aﬁ =W, , Af = B, 03+ -+ treated as external fields



At low-energies, I/ < m ,, we can integrate out all the resonances
and write the effective theory for the pions (chiral lagrangian)

U — eiaaﬁa/f7T

1
Leg = fg {Z|DMU‘2 + %TI[W/fVUWR“VUT] 4.
P

We present the only terms that will give contributions
to the external field propagator



At low-energies, I/ < m ,, we can integrate out all the resonances
and write the effective theory for the pions (chiral lagrangian)

U — eiO'a’ﬂ'a/fﬂ-

1
Leg = fg {Z|DMU‘2 + %Tr[WjVUWR“VUT] 4.
P

We present the onfy terms that will give contributions
to the ¢xternal field propagator

Uy =1

1
2 2 p2 2 2 p2
mW:ngﬂ- y My = gfw
W
Since the W gauge bosons are a 3 of SU(2)V they receive equal masses

for g'=0 “custodial” symmetry



At low-energies, [ < m ,, we can integrate out all the resonances
and write the effective theory for the pions (chiral lagrangian)

U — e’iO'a’ﬂ'a/fW

1
Leg = fg {Z|DMU‘2 + %TI[W/fVUWR“VUT] 4.
p

We present the only terms that will gle contributions
to the external field propagaQr



TTm — T grows with the energy:

v S
< M x —

PN f2

0000000

So who unitarizes this amplitude at high-energy?



TTw — T grows with the energy:

v S
< M x —

PN f2

M

So who unitarizes this amplitude at high-energy?

QCD resonances come to recover unitarity:

M

one needs infinite of them !

500 1000 1500 2000 2500 3000



Lessons from QCD:

e Simple example of EWSB with my ~ Aqcp < Mp

® Unitarity without a Higgs (there are QCD
scalar resonances but none behave like a Higgs)



Technicolor theories: a QCD-like theory at the TeV

Weinberg, Susskind ‘79

7Ta — GCL
QCD — TC
F o100 MeV — o= 246 GeV = 2w
g

Chiral breaking — EWSB

SU(Q)L X SU(?)R — SU(Q)V

/ /

Resonances : p,p ... — p,p ...

m, ~ 700 MeV — m,~ 15 TeV




First problem: EW precision tests

Goldstone contributions:

0.01
0.009
0.008
0.007
0.006
0.005

0.004

0.003 A ~ mp ~ 1 TGV

0.0030.0040.0050.0060.0070.008



Contributions from heavy resonances:

T = (0  attree-level, due to the custodial symmetry

~ 2 N
S = —g2csf—7r2 ~23-107° (—)
o)

: \3

0.009 P
0.008 WL /\/\W\/\/ B

0.007

taking values from QCD

0.006

0.005

0-008 TC:N=3

0.003 @

0.0030.0040.0050.0060.0070.008



Contributions from heavy resonances:

T = (0  attree-level, due to the custodial symmetry

A 2 N
S = —g2csf—7r2 ~23.107° (—)
o)

: \3

taking values from QCD
0.009 | P
; LSRAVAS A" AVAVATAVAVIY
0.007
0.006 ? WAY OUTS:
0.005 can a one-loop contribution
0.004 Te:N=3 - to T put it back in the ellipse?
0.003 o -

0.0030.0040.0050.0060.0070.008



Contributions from heavy resonances:

T = (0  attree-level, due to the custodial symmetry

A 2 N
S = —g2csf—7T ~23.107° (—)

e \3

taking values from QCD
0.009 P
0.008 WL /\/\WW\/\/ B
T 0.006 WAY OUTS
0-005 | can a TC model be different
0.004 TC:N=3 from QCD and give you small or
0.003 ) ¢ - negative S?

0.0030.0040.0050.0060.0070.008
A~

S



Difficult to answer this questions
within strongly interacting theories:
Absence of calculability !



Second problem: Fermion masses

New sector must be introduced to mix the SM fermions (f)
to the TC-quark (F) condensate that breaks the EVWWSB

Done by an Extended TC gauge sector: Wi Fy, f

Integrating them out: [
SM fermion masses:

(F'F)
mf ~
BUT: Mz

* ETC also induce: ! X gives too large flavor
transitions (FCNC)
e.g., K — K mixing

® Top mass to large to be induced by a higher-dim operator



Second problem: Fermion masses

New sector must be introduced to mix the SM fermions (f)
to the TC-quark (F) condensate that breaks the EVWWSB

Done by an Extended TC gauge sector: Wi Fy, f

Integrating them out: [
SM fermion masses:

(F'F)
mpy ~ M2
BUT: f ETC
* ETC also induce: X gives too large flavor
transitions (FCNC)

Solution proposed: Walkmg TC

® Top mass to large to be induced by a higher-dim operator
Solution proposed: Topcolor




Even if the top mass is large enough, still one must check
that Zbb coupling is not corrected:

whatever generates 'z tr

must not generate by by



Even if the top mass is large enough, still one must check
that Zbb coupling is not corrected:

whatever generates 'z tr
YL YR

Must not generate by
Yyr__ Yi,

Z

Difficult since 17, is with b7, in the same weak doublet

Estimate: § m
09v YL G607 Too large!
9v YrMmp XN

yr ~ YR



If Yr > YL, possible large loop contributions
to T-parameter




Summary of the difficulties in TC Higgsless models:

® S-parameter too large, unless a contribution to
T-parameter is also large

® Sizable FCNC
® Top mass

® Corrections to Zbb

Difficult to tackle:These are strongly coupled
theories (perturbative methods cannot apply)

Recent progress: explicit weakly-coupled examples
of Higgsless theories using extra dimensions



II1. Composite Higgs



|dea:
The strong sector does not break the EWSB symmetry (as in TC)

but has a “Higgs” in its spectrum (composite state) that will be
responsible for EVWWSB



There is a Higgs but it is not elementary: It’s a composite particle!

H is “almost” a Higgs ( its couplings deviate b

from a point-like scalar)

WW unitarity:
light H P
E — > —I_ _I_ XX)

partly complete the

unitarize! unitarization
3.5

\mplitude : /
2.5
2
1.5
1
What we
gain? 1000 2000 3000 4000 5000

The heavy states ) are needed to unitarize WW at an energy higher that | TeV
Having bigger masses, they give smaller effects to the SM gauge boson propagators



1st important question of this scenario:
Why the Higgs mass will be smaller than 7111,7?



Composite Higgs scenario is inspired by QCD where one observes
that the (pseudo) scalar are the lightest states

Spectrum:

0

T

™~

Get small masses from the explicit breaking
of the chiral symmetry

. Can the light Higgs be a kind of a pion
from a new strong QCD-like sector?



Example (minimal case):

|) Global symmetry breaking of the new strong sector:
SO(5) = SO(4)

4 Goldstones = a doublet of SU(2) = Higgs

(%) = (0,0,0,0,1), II= ( (}}T Ig)

4
I
4
o
=
Y

2) Not a true Goldstone since the gauging of SM SU(2) € SO(5)
breaks the global SO(5) symmetry:

3) SM Fermion must couple to the strong sector:
This must also break the SO(5)

A Higgs potential is generated V(h) but at the one-loop level



Origin of EVWSB

Higgs potential induced by gauge loops + top loops

/

2.2
—thth—l—"'
1672

V(h) ~

A heavy top essential to break EWSB!

The physical Higgs mass is one-loop smaller than other resonance
masses: m(h)~100-200 GeV



Main problem with this scenario:

How to go further: Calculate spectrum, check consistency
with EWPTs, fermion sector (flavor problem),...

i.e. how to calculate within strongly coupled theories

Lack of predictability !!




Recent progress: explicit weakly-coupled examples

® Extra dimensions : Holographic Higgs  ContinoNomuraap

\gashe, Contino, AP

o thtle nggs Arkani-Hamed, Cohen, Katz, Nelson

Predictive models!



EWSB with extra dimensions



Recent new tool to calculate within strongly coupled theories:

AdS/CFT correspondence

duality Weakly coupled

in the large-N limit string theories in 10D

Strongly coupled 4D theories



Recent new tool to calculate within strongly coupled theories:
Maldacena 97

AdS/CFT correspondence

Idualityl Weakly coupled

in the large-N limit string theories in 10D

Strongly coupled 4D theories

Can we find dual examples of TC-like models for EWSB?

Yes, the Sakai-Sugimoto model

D4-D8 system with chiral symmetry breaking:



At low-energy, this theory is equivalent to a gauge theory in 5D
with chiral breaking on the z=0 boundary

_— —

UV-bound. IR-bound.

SM-group SU(2)® SU(2)r SU(2)r+r

> /
/ warped extra dim: z boundy conditions:

L 1 o
Dirichlet: AL — AR =0

. MO pHo
Neumann: /', —|—FR =0



Taking Ny = 2, the SS-model can be considered the dual model of

dynamical EVV breaking

Weakly coupled theory where the KK-states are the mesons

We can calculate physical quantities such as the S-parameter

~ N
~3.107° [ —
500 (Y)

~ 30% more than in QCD!

We obtain:



Holographic composite Higgs



A benchmark model: Minimal 5D composite Higgs

/

UV-bound.

SU(2).® U(1)y

AdS;

SO(5)® U(1)

Fermions € 5 of SO(5)

>

/

extra dim

/

IR-bound.

SO(4)® U(1)

/

Agashe,Contino,A.P.



A benchmark model: Minimal 5D composite Higgs

The bosonic sector:

_— —

UV-bound. AdS; IR-bound.

SU(2).® U(1)y SO(5)® U(1) SO(4)® U(1)

Fermions € 5 of SO(5)

Planck-scale EW-scale

ds® = a(2)?[dz? + dz?]
a(z) =L/z

Randall-Sundrum solution to the hierarchy problem:
Graviton localized on the Planck-brane



Why this symmetry breaking pattern?

We are in 5D: Ay = (A, As)

Massless boson spectrum:

e A, of SU(2),0U(1)y = SM Gauge bosons
e A5 of SO(5)/SO(4) = 2 of SU(2), = SM Higgs

— | Higgs-gauge unification

Hosotani mechanism

Higgs mass protected by 5D gauge invariance!

A5 — A5 —|—859

™~

shifts as a PGB



The fermionic sector: We have to choose the bulk
symmetry representation of the fermions and b.c. giving
only the 4D massless spectrum of the SM

Up-quark sector: 5;5,;3 of SO(5)xU(1)x.




Depending on the 5D mass the wave-function of the SM
fermion can be picked towards the UV-bound., having a small
overlapping with the IR-bound., and then small masses, or be

picked towards the IR and get large masses

_— —

UV-bound. IR-bound.

/g
— —

Msp > k/2
]\[rgD < l{/2

d Nice “geomelrical” solution to the flavor problem




Fermion masses, Higgs potential and S-parameter
can be calculated

They are low-energy quantities and can be treated with
perturbation theory (5D)



. . _ I I
Higgs potential: V(h) = o sin? (b—l> + /3 sin? <b—1

.. h —
Minimum at sin? — — /&
Fr 203

QL ﬁ loop quantities depending on

Parameters:
gsD : 5D gauge coupling
Cq,u : 5D top masses
My
M,

boundary masses

and the overall scale (compactification scale):

Higgs decay-constant:

p_ 21 oo e ST
T 95p L1 -mass: M, =~ 1L



Important constraint: S-parameter

v 1
= o S 10

Exists certain tension!

T=0 by the custodial symmetry



Predictions

Light Higgs —|— KK resonances
for each SM field

in complete reps of the

bulk group SO(5)

tOp: 5= 27/6 + 21/6 -+ 12/3

\

exolic states of Q=5/3



Spectrum

A

4.2TeV  — graviton KK
25TeV 1 gauge KK
2/3

-4 9 . .
500-1500 GeV _21;6 } color fermionic KK
7/6

the higher the spin,
. @igher f@
110-180 GeV —— Higgs




Little Higgs



Engineer a model where

V(h) = —m*h* + \h*

7\

two-loops one-loop

/ 10TeV ¥ o
Two-loop gap

\ 100 GeV

h Little Higgs!




How?

Collective breaking: Demand two gauge couplings needed
to break the PGB symmetry

/ 10TeV ¥ o
Two-loop gap

\ 100 GeV

h Little Higgs!



How?

Collective breaking: Demand two gauge couplings needed
to break the PGB symmetry

|10 TeV 0 New fields must be

introduced

T7WH7BH /

e

Two-loop gap TeV -

\‘ 100 GeV

l
1
-



IV. EWSB at the LHC



Type of searches:

Model Independent: WWV-scattering, Higgs searches: Measure of
its couplings to see if they differ from a SM (elementary) Higgs

Model Dependent: Extra resonances around TeV with SM quantum
numbers: W', Z’, t’, b’, ... and other exotics



WW-scattering at the LHC



Accomando et al Phys.Rev.D75:113006,2007

q > > q

q > > q
Mot NoHiggs M(H)=200 GeV|Ratio
800 GeV| 31  (14,17) | 12 (7.5) | 2.59
900 GeV| 25 (12,13) | 8  (53) |3.12
1.0 TeV | 19 (9,10) 6 (4,2) 3.16
11TeV| 16 (7.9) 5 (32) 320
1.2TeV 13 (6,7) 3 (21) | 433
1.3TeV| 11 (5.,6) 2 (11) | 550
14TeV| 9 (4,5) 2 (L,1) | 450

| \
TABLE V: Number of events as a function of the minumum invariant mass of the ZV — p*pu=jj

pair for L=100 fb~!. All events satisfy |7(Zy;)| < 2 and |n(qv)| < 2. In brackets we show the

contribution of the (ZW,ZZ) final states.



Higgs searches



103 - SM Higes producton

G [fb]

LHC

gg,qq — tth
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Higgs branching ratios:

1

10

Higgs mass



If the Higgs is (PGB) composite state,
its coupling will deviate from SM coupling

Deviations can be parametrized by 4 dimension-six operators

;—Ji;aﬂ (H'H) 9, (H'H) + ;—JZ; (HTWH) (HT?NH>

66)\

7 (HTH)?) + (%HTHfLHfR + h-C-)

£2
CH,CT, C6, Cy : model-dependent coefficients

f can be as small as ~ 500 GeV



\}

Measuring the compositeness of the Higgs: ¢

| S
[\)

Definite modifications of Higgs decay widths:
F(hﬁfﬂSILH:F(h_)ff)SM[l_5(20y+CH)]

2
r(h— W+W—>SILH =TI (h— W+W(*)_)SM ll —& <CH - %éw>]
P
2

D(h— ZZ)gun =T (h— Z2Z%), {1 —¢ (cH - g—Qézﬂ
9p

dy?c
I (h N gg)SILH =T (h — gg)SM ll — & Re (QCy +cyg + g2t[g>}
P9

2c, +cy  CH T Z_zéW %Cv
1—¢&Re ? + L 4 £
1+J’Y/I’Y 1_‘_[7/‘]7 I’Y—l_J’Y

_22;
1 —¢&Re 26y+cH+CH g%CWJr Acrz
1—|—Jz/IZ 1+]Z/<]Z I;+Jy

I'(h— VV)SILH =T(h— VV)SM

I'(h— VZ)SILH =T(h— VZ)SM




Deviations from the SM:

A(e BR)/(o BR)
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Visible at LHC?
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..certainly if they are of order 20-40%

ILC would be a perfect machine to test these scenarios:
effects could be measured up to a few %



Coupling Constant to Higegs Boson
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2 Higgs-production also grows with s:

. h
|44 7
WS N
S h
A(Z2070 — hh) = A(WW, — hh) = (;if—;

Challenging!



Detection of new Resonances



Higgsless Composite/PGB Higgs

7N\ 7\

TC 5D models Little Higgs 5D Higgs



Higgsless Composite/PGB Higgs

7\

5D models Little Higgs 5D Higgs

XLV

W', Z'




Higgsless Composite/PGB Higgs

7N\ 7\

TC 5D models Little Higgs 5D Higgs
!

W', Z'

Decay: /

W', Z' — leptons

'

Wla Z/ — tOpS, Wlonga Zlonga h

Possible to see up fo 2-3 TeV



Higgsless

7N\

TC 5D models

Little Higgs

Composite/PGB Higgs

7\

5D Higgs

g/
Decay: g — {1 10 dm,

E - det=100fb"

§1OS§

..g I~ . Signal + Background

< 0k Possible
E up to 4 TeV
: Background
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Higgsless Composite/PGB Higgs

/\ 7\

5D models Little Higgs 5D Higgs

N/

tr

Decay: tm — Wiongb

feasible to see up to 1-2 TeV



Higgsless Composite/PGB Higgs

7N\ 7\

TC 5D models Little Higgs 5D Higgs

\

153

Decay: T5/3 — Wiong?

feasible to see up to 1-2 TeV



If this KK-fermion is light, it can be double produced:

masses up to | TeV reached with an integrated luminosity of 20/fb



Conclusions



Three possibilites that could UV-complete the
experimentally known SM:

sketchy behavior
of the WW-amplitude

1) No Higgs
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2) Composite Higgs *
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Three possibilites that could UV-complete the
experimentally known SM:

. Sketchy behavior
sof the WW-amplitude
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