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The nature of the

STANDARD MODEL electroweak Higgs

sector

Mariano Quirés

» In the Standard Model the electroweak symmetry is
spontaneously broken by the Higgs mechanism where an
SU(2), doublet Higgs boson is needed

Standard Model

Higgs mechanism

H* 212
H:< >,['Higgs:|DuH|2_%|:|H|2_72] + Ly

» The term \DMH|2 gives a mass to gauge bosons W and
Z which absorb the Goldstone bosons H* and ImH°

» The term Ly gives a mass to SM fermions

» The Higgs can “regularize” the bad UV behaviour of
gauge bosons with longitudinal polarization
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Unitarity bound

The Higgs unitarizes the scattering of longitudinal gauge
bosons
Partial wave decomposition

Mariano Quirés

Unitarity bound
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Unitarity bound
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Including the ZZ scattering one gets

my < 780 GeV J



THEORETICAL CONSTRAINTS e

sector

Mariano Quirés

» The Higgs mass

m?, = 2\v? is an independent parameter in the SM. |

Theoretical

» Loop corrections to the \ parameter

, dA

= 3(4)2 +2R°N — R2) + ...
87T dlog/\ 3( + t t)+

produce two bounds on my for a given scale A
» For large values of A\ (large Higgs masses) there is a
Landau pole for some value of A: triviality bound
» For small values of A (small Higgs masses) the quartic
coupling becomes negative for some value of A: stability
bound



Triviality bounds

» For large Higgs masses RGE are dominated by

5 dA
m
dlog A

~ 12)\2

and X\ increases with A

2
A(N) ~ M

3m?
2v2 — i m2, Iog 2

» For fixed A there is a lower bound on the Higgs mass

4722
e —
3log(A/v)

» For fixed my there is an upper bound on A

A < vexp(4m2v?/3m?)
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Stability bounds

» For small Higgs masses RGE are dominated by

2 d\ 4

8 ~
™ dlogA t

and )\ decreases with A

3 . A
» When A(A) < 0 the potential is unbounded from below

» For fixed A there is a lower bound on the Higgs mass

3hZm? A

272 log v

2
my >

» For fixed my there is an upper bound on A

A < vexp(2m®m3 /3h2m?)
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The Standard Model Window
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EXPERIMENTAL CONSTRAINTS

» Non-observation of the Higgs at LEP-2 in the process
eTe~ — ZH imposes the direct lower bound

Direct search limit
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my > 114.4 GeV

Experimental
constraints

» The Higgs mass enters the quantum corrections of
electroweak observables, in particular through the
p=14+Ap=1+T and S parameters

M33(0) — M4 (0 3G my
7= s(0) - O 2Fm? — (M2 — M) log T8
MW 87T\/§ M

S o Mjg(0) = 1|oﬂ
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Electroweak observables
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Indirect search limit e CEia of Gie
electroweak Higgs
sector
my < 144 GeV 95% C L Mariano Quirés
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Standard Model Drawbacks The nature of the
electroweak Higgs
» Big Hierarchy problem: The Higgs mass is sensitive to sector

UV physics. Quantum corrections are quadratically
sensitive to the cutoff A

Mariano Quirés

2
NF.BEF,B 2
Amy(F,B) = F——52
. . Standard Model
They are not protected by any symmetry which is Drawbacks

enhanced when my =0
» On the contrary fermions masses

are protected by chiral symmetry for mg =0

» Electroweak symmetry breaking requires a tachyonic
mass for the Higgs

» Dark Matter: there is no candidate

There is no gauge coupling unification

» Strong CP-problem: axion required

v




The Little Hierarchy Problem/LEP paradox R

» The leading quantum correction to the Higgs mass secer
parameter is expected to come from the top sector as

Mariano Quirés

3h? A2

Am? = -2
MH 872

» In the absence of tuning this implies a lower bound on
the cutoff scale as Little Hierarchy

Problem

A < 600 GeV (20(;"%)

» Why did LEP not detect any deviation from the SM
predictions? (LEP paradox)

» In particular one can parametrize the new effects as
non-renormalizable operators (d = 6)

c
A2

> If ¢ = O(1) = A > 10 TeV = tension

Leir = (57“6)2 +...




MSSM

Minimal Supersymmetric Extension of the Standard Model

» An extended Higgs sector

0 +
a- (i) meC5)
1 —1/2 2 /J1)2

> After the Higgs mechanism (HY) = vy, (H9) = s,
tan 8 = v» /v there are five Higgses left: two scalar
(h, H), one pseudoscalar (A) and two charged (H*)

» Supersymmetry has to be broken, e.g. by embedding
the MSSM into a local supersymmetry

» The Higgs spectrum is determined by two free
parameters: ma and tan 3
mpy+ :mi—l—l\/l2 , m,277H:

1 [mf\ + M2 F \/(mf\ + M2)2 — 4m3 M2 cos? 26]
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Big Hierarchy problem

» Because quantum corrections to the Higgs mass from
bosonic loops have opposite signs there is a cancellation
between supersymmetric partners. Supersymmetry
protects the Higgs mass

» When supersymmetry is broken by soft terms the
supersymmetric cancellation holds up to supersymmetry
breaking terms

» Quadratic divergences are still absent

» Hierarchy problem is technically solved by the
non-renormalization theorems of supersymmetry

Dark Matter

There is a natural candidate for Cold Dark Mater in the
MSSM: the lightest neutralino, provided that R-parity is
unbroken
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Gauge coupling unification

Consistently with LEP measurements and if superparticles
are at ~ TeV scale gauge couplings unify at a scale
MGUT ~ 2 X 1016 GeV
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Electroweak breaking

If soft breaking parameters are generated at MgyT a

tachyonic mass can be triggered by RGE at the weak scale
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Stability/triviality problems

» The stability (A < 0) and triviality/Landau pole
(A — o0) problems are solved because of the
supersymmetric relation

A= +e)
» Because the gauge couplings remain perturbative (and
positive) up to Mgyt there is no stability and/or
triviality problem in the MSSM

» As a consequence: the Higgs mass (unlike in the SM) is
NOT a free parameter. For the SM-like Higgs

3Gemt | mz A A2
mi =~ M2 cos? 23+ i [Iog m—; + L <1 £ )
t

V22 M2\~ 12M2
» The Higgs mass is a prediction in a supersymmetric
theory = theoretical constraints
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THEORETICAL CONSTRAINTS e

> The Higgs mass is a prediction in the MSSM

. Mariano Quirés
» At the tree level there is the absolute bound

Tree-level

m2 < M2

» At one-loop there is an important contribution jileots ool
controlled by the top/stop sector

One-loop

3G;:m4 |: mg A2 A2
Am? = t llog —& + il — —=
22 m M2 12M2

» Even if the one-loop contribution can be larger than the
tree-level perturbation theory holds

Little fine-tuning problem

To satisfy the experimental bounds a stop around the TeV
scale is needed which produces a ~ 1% fine-tuning in the
determination of the Z-mass
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my, Vs. Msysy [ma ~ 1 TeV, (a,b) tang = 15
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Theoretical
constraints
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mp Vs. ma [MSUSY ~1 TeV]
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my Vs. ma [MSUSY ~ 1 TeV]

my [GeV]
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Experimental constraints from LEP-2 clectroweak Higgs
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tanf3

Solutions to SM
drawbacks
Theoretical
10 constraints
Experimental
constraints
Drawbacks of the
MSSM

Theoretically
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Drawbacks of the MSSM

» Little fine tuning: ~ 1% fine-tuning
> Large number (~ 102) of free parameters
» Uncertainty in the mechanism of supersymmetry
breaking:
» Gravity mediation:

> Universal mechanism solving the p/Bp problem
> Its minimal version reduces the number of free
parameters to a few
> So-called Supergravity models
» Gauge mediation

» It is flavor blind
> It has p/Bpu problems
» Gravitino is the LSP

» Anomaly mediation
» Tachyonic sleptons
» Supersymmetric flavor problem: supersymmetric
partners can create FCNC and CP violating operators
» Gravity mediation has to be subdominant (~ 0.1% of
gauge mediation)
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LitTLE HIGGS

>

Little Higgs models aim to solve the Little Hierarchy
problem

The symmetry that protects the (little) hierarchy is a
global symmetry of which the Higgs is an approximate
(pseudo) Goldstone boson

It is inspired from low energy hadronic physics: there
%0 are Goldstone bosons associated to the
spontaneous breaking SU(2), x SU(2)r — SU(2),
Similarly the Higgs is the Goldstone boson of a global
symmetry Go — Hp. It is in the coset space H € Gy/Hp
The symmetry H — H + c is broken (in particular) by
Yukawa interactions

= my ~ Z—t/\2 = LEP paradox
T

LH is a clever construction to avoid the appearance of

the lowest order contribution to m,24
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Collective breaking

» The mass of a Higgs pseudo-Goldstone boson from the
different couplings «; that break the Goldstone
symmetry is

my = <C,'4—7;_ + cjj (4;)J2> A

where the coefficients are controlled by selection rules
> If the Goldstone symmetry is restored when any single

coupling a; =0

= To totally destroy the Goldstone symmetry one

requires the combined effect [collective breaking] of at

least two non-zero couplings

2
= mi~ (=) A= A~ 10 Tev
4

» This is a solution to the LEP paradox/Little Hierarchy
problem
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General structure

> There is a global group Gz which spontaneously breaks
to a subgroup H, at a scale f ~ 1 TeV and the theory
becomes strong at the scale A ~ 4rf ~ 10 TeV [Scales
are similar to Agcp and £ in QCD]

» The subgroup G, C G; is gauged: G; D SU(2) x U(1)

» The combination of spontaneous and collective breaking
makes: G, — SU(2) x U(1) leaving heavy vector bosons
and fermions with masses

Mtyeavy ~ gf ~1TeV

» Higgs is part of the Goldstone multiplet which
parametrizes the coset space Gg/Hg

Model Gg H,
Littlest  SU(5)  SO(5)
Simplest  SU(3)?> SU(2)?
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General structure

>

The generators of G; do not commute with the
generators of the Higgs and thus gauge and Yukawa
couplings collectively break the Goldstone symmetry
and induce a Higgs mass
The global invariance of the SM must be extended
according to the different models (Littlest, Simplest,...)
There are same spin partners for every SM field.
When computing corrections to the Higgs mass these
partners enforce the selection rule ¢; = 0 by cancelling
the one-loop quadratic divergent contributions of the
Higgs field
For instance if SU(3) C Gg
» The quarks appear in triplets or singlets

t

b ,tr, br, Tk

T/,

» The Higgs boson arises as a pseudo-Goldstone boson
from the spontaneous breaking SU(3) — SU(2) x U(1)

~
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General structure

» The gauge structure is also enlarged
Model Gg He G,
Littlest  SU(5)  SO(5) [SU(2) x U(1)]?
Simplest SU(3)? SU(2)?> SU(3) x U(1)
> Littlest:
- SU(5) — SO(5): 24-10=14 Goldstone bosons
- 4 absorbed by the broken gauge group
- 10 Goldstone bosons= 4 (Higgs doublet)+6 (Higgs
triplet)
» The one-loop quadratic divergence from the top quark

AM?Z, ~ —4—/\2

is cancelled by that from the T quark
» The one-loop quadratic divergence from the W gauge
boson
AM?, ~ 4—/\2

is cancelled by that from the Wy gauge boson
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Cancellation of quadratic divergences

W
GE
H H

H

()

H H
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Electroweak breaking
It is triggered by the t — T sector analogously to the MSSM

2
Amd = ——

Since Am?, ~ m% electroweak breaking requires some
tuning of at least 5% as in the MSSM

Dark Matter

In the Littlest LH models one can introduce a T-parity such
that SM particles (extra particles) are T-even (T-odd). In
this case the lightest T-odd gauge bososon is a candidate to
DM

Electroweak precision tests

T-parity forbids the mixing between T-odd and T-even
gauge bosons leading naturally to S =0
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electroweak Higgs
G’AUGE HIGGS UNIFICATION The nature of the

sector

» We have explored two symmetries protecting the Higgs Mariano Quirés
from quadratic divergences: supersymmetry and a
global symmetry

» In higher dimensional theories there is another
symmetry which could do the job: a gauge symmetry

» The gauge bosons of a higher dimensional gauge
symmetry decompose as

Gauge-Higgs
unification

Lorentz Decomposition

Ap =AN AN [u=0,...,3,i=1,...,d]

W

> Aﬁ are gauge bosons in four dimensions
> Af‘ are scalar in the adjoint representation

Orbifold constructions

We need to compactify extra dimensions in an orbifold:

e.g. ford =1 (A, As)
8 sz,




» The orbifold group has to act non trivially on the group The nature of the

electroweak Higgs

generators such that: sector
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Orbifold Decomposition

AZ‘ = Aj(even), Aﬁ(odd)
AL = AZ(odd), Ai(even)

: (n) _
> On.Iy even flelds have zero modes ¢eyen, n = 0,1,2, ... Gouge Higgs
while odd field have only non zero modes et

oM n=1,2,..

» The Higgs mechanism acts for all modes as

Higgs mechanism

(A2 massless + AZ)(n#0) — Az("io) massive

(A% massless + A2)(n#0) = AZ(";AO) massive

» The massless states are the zero modes

Massless states

= 5(n=0
AZ( 0)’ Ag(n )



. The nature of the
» To get a doublet out of an adjoint one has to make a electroweak Higgs

careful orbifold breaking et
» One has to enlarge the gauge group since the

Mariano Quirés

SM Higgs is NOT in the adjoint representation of
SU(2) x U(1) J

» For instance

SU(3) — SU(2) X U(]_) How to get a doublet

Achieved by the orbifold action
Au(—y) = UAL(y)UT, As(—y) = —UAs(y)UT with

diag(—1,—1,+1)

which breaks SU(3) into SU(2) x U(1)

4

» The Higgs mass is protected from quadratic divergences
in the bulk of the extra dimension by the
five-dimensional gauge symmetry



The nature of the
electroweak Higgs

» The orbifold has two fixed points at y = 0, 7R which sector
are singular and four-dimensional s Qi
» The Higgs mass is protected from quadratic divergences
at the fixed points by the shift symmetry (inherited
from the five-dimensional gauge invariance) dAs = 0, As

How to get the gauge bosons

AS+HAS/NB A2 AL A
A1 + :A% —A3 A8 /\/3 Ag — iA6
4 o 5 6 a7 8
A, +iA) Au+’Au —2A /\/_

How to get the Higgs bosons

AR+ AB/V3 A2 AR AE — A2
A1 -+ /A2 —A3+ AE/V3 AL - iAS
Ag‘ + iAg A +IiAL  —2A%/V3




» Since the space is compactified there can be finite
contributions to the AZ mass proportional to 1/R

Hosotani breaking

The diagrams contributing to the mass of Aé’ are

Als Als
A A
A2 AE
c&C P
'll‘ = .s\‘ Ag A
’\/XaVV\/“ ,NVVW
5 \\ ,1 A5
3 2
mi = 8 ((3)[3C2(G) — 4T(R)N¢]

ot
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There is a number of difficulties with this (otherwise very
nice) scenario

>

In more than five dimensions a (quadratically divergent)
tadpole localized at the fixed points F; is generated by
radiative corrections while the quartic Higgs coupling is
sizeable and generated by the term F,-12- in the bulk

In five dimensions there is no localized tadpole but
there is neither a tree-level quartic coupling which
means difficulties with too small a Higgs mass

It is difficult to have a theory with the correct prediction
for the weak angle [extra U(1)’s are usually required]
Fermion masses are difficult to accomodate since they
come from gauge couplings: in particular the top quark
use to be too light

The compactification scale is usually too small in
conflict with EWPT

The theory has a very low cutoff after which it becomes
non-perturbative
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Some of these difficulties can be alleviated by embedding The nature of the

H . . . electroweak Higgs
GHU in a warped (Randall-Sundrum) five-dimensional space sector
time Mariano Quirés

Wayouts

» Warped models are valid up to scales of order Mgyt or
Mpjanck and they can unify

» The Higgs is holographic, i.e. it is localized towards the
IR brane [at higher scales it is composite]

» Fermion masses can be implemented by means of their
localization, i.e. five-dimensional masses

» The top quark (to get a big mass) is localized as the
Higgs. So it is also holographic

» EWPT as well as corrections to the Zbb vertex lead to
KK-masses in the 2.5 — 4 TeV, which imply ~ 1%
fine-tuning for the Higgs mass (similar to the MSSM)

» These models are the modern version of technicolor
theories: they make use of the AdS/CFT
correspondence for calculability

Wayouts




CONFORMAL Hicas

Unparticles

» Recently Georgi ? has introduced a new way of studying
conformal sectors, with a fixed point at the scale A,
that couple to the Standard Model.

» Fields in a conformal theory can acquire large
anomalous dimensions 7 and modify the scaling
dimension d of the field

> If the conformal symmetry is broken at a scale mg,
which provides a continuum of states above the mass
gap the propagator for a scalar particle can be described

as
1

(7 + g — ie) =

A(p)

» The particle propagator is reached for the case v =0

?H. Georgi, hep-ph/0703260
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S

» Making a step forward along the previous direction one o
can speculate with the idea that the Higgs is an object
of a conformal theory (unparticle) with a fixed point at
a scale A and a scaling dimension d = 1 + ~, where 7 is
the anomalous dimensions: an un-Higgs ?

» The un-Higgs is coupled to the SM fields by Yukawa
interactions

Mariano Quirés

Conformal Higgg

R
L= hthTthR aF h.c.

» For v > 0 the operator is irrelevant and does not take
the conformal theory out of the fixed point

» The conformal symmetry should be broken at a scale
mg which is related to the VEV of the un-Higgs, ve: it
can be triggered by SM top-loop effects

?D. Stancato and J. Terning, 0807.3961 [hep-ph]
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5 o 0 electroweak Higgs
The fine-tuning/hierarchy problem sector

» The Higgs mass term is given by Mariano Quirds
2(1—
mH( ’Y)|H|2

» The radiative corrections induced by the top Yukawa
coupling are
2(1—7) _ 3h p2(1—
(SmH = 8?/\ ( ’Y)

» The sensitivity of the Higgs mass to radiative
corrections is
3h2 2 1—y
14 3% ()
82 H

» For v = 0 it is the usual sensitivity appearing from
quadratic divergences

» For v — 1 the sensitivity is tiny for any value of A

» For instance for v = 0.7 one can push A = 10 TeV
without much tuning

Conformal Higgg




Conclusions

>
>

The last word will be from LHC

One possibility is that the theory below Mpj,ck is just
the Standard Model: in that case we should try to find
other solutions to the hierarchy problem, as e.g. an
anthropic solution/landscape

If the Higgs is light (< 135 GeV) then an excellent
candidate is the MSSM although supersymmetric
particles should show up at LHC

If the Higgs is heavy then other particles should appear
to restore agreement with present electroweak precision
tests

If there is no Higgs at all other resonances should
appear to restore unitarity in WW scattering

Even if the Higgs is found we will (probably) need a
linear collider for Higgs precision physics
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