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Higgs and alternatives



Part of the enormous success of particle 
physics in the last 50 years has grounded in 

gauge theories 

e.g.  QED:    ge-2=0.0023193043

Impressive calculability



Gauge theories have allowed to explain the 
properties of the particle zoo

interactions dictated by a gauge theory 
based on the SU(3)xSU(2)xU(1) symmetry.... 

at 2010:



interactions dictated by a gauge theory 
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at 2010:

Up to mass terms!
Don’t respect the SU(2)xU(1) symmetries

Gauge theories have allowed to explain the 
properties of the particle zoo



Gauge theories have allowed to explain the 
properties of the particle zoo:

interactions dictated by a gauge theory 
based on the SU(3)xSU(2)xU(1) symmetry.... 

at 2010:

Massive W and Z have 3 polarizations:
 New physical states:   WL ,  ZL



These new states  WL ,  ZL  (that must be present even if the 
masses were tiny) spoil the nice properties of gauge theories  

Calculability is lost!

Do not allow for precision calculations as in QED

Loops are not finite!

Unitarity is lost at high-energies
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There is a missing ingredient 
in the observed particle content 

To find this missing piece (or pieces) in the 
particle zoo is the main mission of the LHC !

?
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What this missing piece(s) could be?



Blame it on the vacuum

Simple Option:
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Blame it on the vacuum EW Symmetry restoration

Gauge symmetry restoration possible if an extra scalar is 
present  =  the Higgs boson 

The theory, before set 
in its minimum, 

was SU(2)xU(1) symmetric  
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Blame it on the vacuum EW Symmetry restoration

Gauge symmetry restoration possible if an extra scalar is 
present  =  the Higgs boson 

The theory, before set 
in its minimum, 

was SU(2)xU(1) symmetric  

?or, more fair, the
Hagen-Englert-Guralnik-Higgs-Brout-Kibble
   boson

according to Wikipedia and Sakurai-Prize committee

Simple Option:

Not invariant under
 the EW symmetry 

Completes the SM:

( )



The Higgs is a very special scalar:

h

h

W , Z

W , Z

=
gMf

2MW

= gMW ,
gMZ

cos θW

f

f

Likes to couple to heavy particles:

At tree-level the couplings must be exactly this ones
to make the SM a consistent theory

Otherwise is NOT the Higgs = “Impostor”



With the Higgs calculability is recovered:

Back to the prediction era!
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Finite results!

h

h

500 1000 1500 2000 2500 3000

0.5

1

1.5

2

2.5

3

3.5

Untitled-1 1

√
s

M



??

Only one unknown parameter:   
                              The Higgs mass



If we want the SM to be a theory
  valid up to the Planck scale: 

a) Theoretical bounds:
??

Only one unknown parameter:   
                              The Higgs mass

J.Ellis et al
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Figure 4: The levels of 1−CL versus MH for the different scenarios defined by the ultraviolet
behaviour of the Higgs potential. The regions are (from left to right): the ‘collapse region’
(light [red] shaded/hatched) corresponding to MH violating the metastability bound (5) and
thus vulnerable to quantum tunneling of the electroweak vacuum in a time shorter than the
age of the Universe; the ‘zero-temperature metastability’ region ([blue] dotted) correspond-
ing to values of MH between the bounds (5) and (4), where quantum tunneling is acceptably
slow; the ‘finite-temperature metastability’ region (dark [green] hatched), defined by the lower
bound (6), where the local SM minimum is stable against thermal fluctuations up to temper-
atures equal to MP ; the ‘stability’ region (darker [green] shaded) delimited by the bounds (4)
and (3); and finally the ‘non-perturbativity’ region (light [grey] shaded/hatched), bound by
Eq. (3), where the Higgs self-coupling becomes non-perturbative at some scale smaller than
MP . The slopes of the ‘pyramids’ representing the boundaries of the different regions reflect
the uncertainties in mt and αS(M2

Z) which lead, together with the theoretical errors affecting
the bounds, to apparent overlaps between the regions. Also shown is the 1−CL function for
the combination of current constraints on MH equivalent to the right plot of Fig. 1 (bold solid
[blue] line).

and its width at the top reflects the theoretical error, which includes the ambiguity in the

choice for λc(Λ). The non-perturbative region at larger MH is shaded light [grey].

The requirement that the electroweak vacuum be the absolute minimum of the potential,

up to a Higgs field scale Λ, implies λ(µ) > 0 for any µ < Λ. The light shaded [green] band
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LEP searches    +   EW Precision Tests ??

Only one unknown parameter:   
                              The Higgs mass

b) Experimental bounds:
1. The Higgs in the SM: experimental constraints
Direct searches at LEP:
H looked for in e+e−→ZH
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Z

We have a limit at 95% CL:
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Figure 2.25: The SM Higgs boson decay branching ratios as a function of MH .

Figure 2.26: The SM Higgs boson total decay width as a function of MH .

112

Higgs BR

Small uncertainties in present calculations:  < 5%

Higgs hunting at the LHC

A precise theory, gives a precise prediction 
for Higgs physics at the LHC
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Fig. 1: Total cross sections for Higgs production at the LHC. The gluon fusion result is NNLO QCD with soft gluon resumma-
tion effects included at NNLL and uses MRST2002 PDFs with renormalization/factorization scales equal to mh. The vector
boson fusion curve is shown at NLO QCD with CTEQ6M PDFs and renormalization/factorization scales equal to mh. The V h

results (V = W,Z) include NNLO QCD corrections and NLO EW corrections and use MRST2002 PDFs with the renormal-
ization /factorization scales equal to the mh −MV invariant mass. The bb → h result is NNLO QCD, with MRST2002 PDFs,
renormalization scale equal to mh and factorization scale equal to mh/4. The results for tth production are NLO QCD, use
CTEQ6M PDFs and set the renormalization/factorization scale to mt + mh/2 [100].

discovery channel in the low Higgs mass region, looking at the h → bb̄ decay mode and triggering on
the leptonic decay of one of the top. The main backgrounds are tt̄bb̄ and tt̄bjj. Recently, more detailed
investigations based on a more careful background evaluation and full detector simulation lead to a more
pessimistic view on the possibility of observing the Higgs signal in this channel [98]. This channel could
be important for measuring the top quark Yukawa coupling [8, 99].

1.5 Associated production with aW or a Z boson
This channel is essential for the Higgs search at the Tevatron for Higgs masses below 130 GeV. The
leptonic decay of the vector boson provides the necessary background rejection to allow for looking at
the h → bb̄ decay mode. The signal cross section is known up to NNLO in QCD, the corrections being
about +30% [101, 102]. These corrections are identical to those of Drell-Yan, but in the case of Zh an
additional contribution from the gg initial state must be included [103]. Full EW corrections are known
and decrease the cross section by 5 − 10% [104].

1.6 Conclusions
The important Higgs production channels are known at NLO QCD and in a few cases to NNLO and
progress is being made in implementing these results in Monte Carlo programs. A summary of the total
rates for the most important Higgs production channels is shown in Fig. 1 [100].

                                Higgs production cross-section
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pessimistic view on the possibility of observing the Higgs signal in this channel [98]. This channel could
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1.5 Associated production with aW or a Z boson
This channel is essential for the Higgs search at the Tevatron for Higgs masses below 130 GeV. The
leptonic decay of the vector boson provides the necessary background rejection to allow for looking at
the h → bb̄ decay mode. The signal cross section is known up to NNLO in QCD, the corrections being
about +30% [101, 102]. These corrections are identical to those of Drell-Yan, but in the case of Zh an
additional contribution from the gg initial state must be included [103]. Full EW corrections are known
and decrease the cross section by 5 − 10% [104].

1.6 Conclusions
The important Higgs production channels are known at NLO QCD and in a few cases to NNLO and
progress is being made in implementing these results in Monte Carlo programs. A summary of the total
rates for the most important Higgs production channels is shown in Fig. 1 [100].

                                Higgs production cross-section

                                Uncertainties < 15% from strong corrections



ATLAS (talk at Planck10) for √s=7 TeV and 1/fb: 
                                       “Higgs: 3σ evidence in the mass range 145-180GeV” 

Best scenario:

Production from color particles 
                                            +  Decay to colorless states:

User's Meeting

June 3
rd

 2009

9Wade Fisher Tevatron Higgs Boson Searches

Associated Production:  Low mass only, 3 final states

WH!l"bb ZH!""bb ZH!llbb

Gluon Fusion Production: 

Maximum sensitivity at high mass,
also useful at low mass

Higgs Search Channels

These are the major search channels, but the Tevatron has a

 comprehensive search program exploiting many other production

and decay modes in an effort to maximize search sensitivity.

... but full coverage in the long run



Is the Higgs a “hunting piece” 
worthy enough the LHC cost?



Is the Higgs a “hunting piece” 
worthy enough the LHC cost?

Theoretical viewpoint:  
 There must be more than a single Higgs

Although the SM is consistent, it is not “natural” 

In QFT is difficult to keep scalar masses
 small as compared to other large scales

 ( Mh << MP )



Is the Higgs a “hunting piece” 
worthy enough the LHC cost?

Theoretical viewpoint:  
 There must be more than a single Higgs

Although the SM is consistent, it is not “natural” 

In QFT is difficult to keep scalar masses
 small as compared to other large scales

 ( Mh << MP )

Example of fine-tuning

Hierarchy problem!
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therefore, due to the Maxwell equation

∇ ∧E = −1
c

∂B
∂t

, (1.1)

the magnetic field is frozen, whereas it is expelled. This implies that superconductivity will be destroyed by a critical
magnetic field Hc such that

fs(T ) +
H

2
c (T )
8π

= fn(T ) , (1.2)

where fs,n(T ) are the densities of free energy in the the superconducting phase at zero magnetic field and the density
of free energy in the normal phase. The behavior of the critical magnetic field with temperature was found empirically
to be parabolic (see Fig. 2)
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Higgs Model  ⇔ Landau Model
EWSB ⇔  Breaking of U(1)EM 

�h� = �e−e−�

�h� = 0

�h� �= 0

Tc

Bc

Analogy with Superconductivity

V (h) = m2|h|2 + λ|h|4 + · · ·



Higgs Model  ⇔ Landau Model
EWSB ⇔  Breaking of U(1)EM 

�h� = �e−e−�

Give Landau Model a 
good description 

of superconductors?
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NO, it only works close
 to the critical line

Analogy with Superconductivity

Higgs Model  ⇔ Landau Model
EWSB ⇔  Breaking of U(1)EM 

Give Landau Model a 
good description 

of superconductors?

only there        is small and it 
makes sense to Taylor-expand 

the potential:

V (h) = m2|h|2 + λ|h|4 + · · ·

�h� = �e−e−�

�h� = 0

�h� �= 0

Tc

Bc

�h�



Possibilities that theorists envisage 
to tackle the Hierarchy Problem:

1) Supersymmetry: Stabilize the Higgs potential 

2) The Higgs is not elementary: Composite Higgs

As in superconductivity:  h ~ ee

or QCD:  pions ~ qq-

➥ Both implies changes in the Higgs sector



Supersymmetry = MSSM
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Supersymmetry = MSSM

Brings Predictions:

1) Extra doublet needed:  h  +  H,  A, H⁺

2) One Higgs , h, always light:             Mh � 130 GeV

Good:  Since EWPT favors a light Higgs  

Bad:  Since LEP Higgs bounds rule out a big chunk 
of the MSSM parameter space (~ 90% or more)

}
Both play the role of the SM Higgs



MSSM Higgs hunting at the LHC

Bad news:  h too light to decay to WW/ZZ

A, H⁺  have very small couplings to VV

Good news:  Regions where the decays of H,  A, H⁺ to 
leptons are enhanced (Large Tanβ region)

H  small regions with sizable 
                         couplings to WW/ZZ  



F. Ronga (ETH Zurich) – Planck 2010 – June 3, 2010

Expected sensitivity to the MSSM Higgs boson
in the !! channel

Neutral MSSM Higgs
!Associated production with 

b-jets

! combining three "" channels

"with at least one leptonic decay: 
!had!#, !had!e, !e!#

! cross-sections scaled from 
14 TeV to 7 TeV

• Large range covered, down 
to tan$ ~ 15 at low mA

21

5# discovery

95% exclusion

CMS NOTE-2010/008

Near future:



3. MSSM Higgses: detection at the LHC

 ATLAS

LEP 2000
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In the long run....



Composite Higgs



Composite Higgs

Positive:  We already have examples like this in nature: 
QCD:        mπ << MP

Two attitudes:

Negative:  Not again strong dynamics!
                                calculations are difficult



Composite Higgs

Positive:  We already have examples like this in nature: 

Negative:  Not again strong dynamics!  
                                calculations are difficult

QCD:        mπ << MP

Two attitudes:

“Sexier” approach to 
composite Higgs:

Higgs as an “hologram”

Picture from
 G.F. de Teramond

The 4D compositeness 
properties of the Higgs are 

due to its 5D nature 
(AdS/CFT correspondence)

Contino,Nomura,AP 03

Maldacena 98



QCD spectrum:

π

ρ

Are Pseudo-Goldstone
 bosons (PGB)

Mass protected by 
global symmetries in QCD!

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

Kaplan,Georgi ‘80



Spectrum of the new QCD-like sector:

ρ

Pseudo-Goldstone
 bosons (PGB)

Mass protected by a 
global symmetry G

h100-200 GeV

2-3 TeV

Similar but slightly different approach:  Little Higgs
Arkani-Hamed,Cohen,Georgi

Kaplan,Georgi ‘80



How to unravel the composite nature of the Higgs?

Electromagnetic form factor of

the pion Fπ(p)

Coupling of the pion to the external photon

π π ⇒

γ

π π

γ

ρ(n)

⇓
Fπ(p) =

∑

n gVnππ
MVnFVn

p2+M2
Vn

a) At p = 0:

Charge normalization Fπ(0) = 1 ⇒ gρππFρ # Mρ
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3Fπb) Large momentum:

Conformal symmetry says Fπ → 1/p2
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As we do it with pions in QCD:

Elementary state

Composite state

Easy in an ideal collider:

p

p

Fπ(p)
Fπ(p)



Similarly for the Higgs:

Elementary state

Composite state
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How to unravel the composite nature of the Higgs?

Easy in an ideal collider:



Only access up to few TeV

Elementary state

Composite state

But in a real collider (LHC):
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Charge normalization Fπ(0) = 1 ⇒ gρππFρ # Mρ

↪→ Fρ #
√

3Fπb) Large momentum:

Conformal symmetry says Fπ → 1/p2

0.5 1 1.5 2

0.2
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Similar to VMD (dashed line): Fπ(p) =
M 2

ρ

p2+M 2
ρ

successful exp.!!

hh

W

Fh(p)
Fh(p) W

How to unravel the composite nature of the Higgs?

Can we see 
deviations of 

the Higgs 
couplings? 
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Parametrization of deviations 
from SM Higgs couplings

SM Higgs:

Composite Higgs:

L =
M2

V

2
V 2

µ

�
1 + 2a

h

v
+ b

h2

v2

�
−mf ψ̄LψR

�
1 + c

h

v

�
+ · · ·

a = b = c = 1

a =

�

1− v2

f2
b = 1− 2v2

f2
c =

�

1− v2

f2
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Scale related to the composite-scale

Since its couplings are different, it’s NOT a true Higgs 
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Maximal degree of compositeness not 
allowed by EWPT

T̂

Ŝ
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Maximal Composite

a=1
➟ a > 0.86 

Put a bound on the scale of
    compositeness:   f>500 GeV 

a=0●

a a

Higgsless (a=0) disfavored



Of course,  extra contributions can make a~0 case 
consistent with EWPT  

EXAMPLE:   Extra state  Dilaton Goldberger, Grinstein, Skiba 07

(present in certain theories with 

spontaneous breaking of scale invariance) 

Higgs-like state with: 

a =
√

b = c =
v

fD
∼ O(1)

The most serious Higgs impostor!

Acts like a Higgs but has nothing to do with EWSB

Helps for EWPT



If the Higgs is composite,
 how it will change LHC predictions?

Giudice,Grojean,AP,Rattazzi 07 

Bad news: Reduction of rates!

see also, Grojean,Espinosa,Muhlleitner 10



at LHC can measure                           up to 20-40 % 

by studying rates for Higgs production and decay

cy

v2

f2
, cH

v2

f2

at ILC one would test these e!ects  to percent level

Duhrssen 03

36

Higgs coupling measurements  ~ 20-40%

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

recent studies Lafaye,Plehn,Rauch,Zerwas,Duhrssen 09



Genuine properties of the 
composite nature of the Higgs

1)  WLWL -scattering grows at high energy

W

W

h

h

2)  Double-Higgs production grows at high energy

Contino et al 10

In the best cases  “3σ signal significance 
with  300/fb collected at a 14 TeV LHC”



Genuine properties of the 
composite nature of the Higgs

1)  WLWL -scattering grows at high energy

W

W

h

h

2)  Double-Higgs production grows at high energy

Contino et al 10

pp→ hhjj → 4Wjj →






l+l+l−l− �ET + 2j

l+l−l± �ET + 4j

l+(−)l+(−) �ET + 5j (6j)

In the best cases  “3σ signal significance 
with  300/fb collected at a 14 TeV LHC”



0 500 1000 1500 2000 2500
 

 

 

 

1

SM
MCHM4 (ξ = 0.5)
Dilaton (aD=1.5)

mhh  [GeV]

10

10

10

-1

-2

-3

-410

 [f
b/

48
 G

eV
]

d!(pp!hhjj)/dmhh

0 200 400 600 800 1000 1200 1400

 

 

 

HT   [GeV]

SM
MCHM4 (ξ = 0.5)
Dilaton (aD=1.5)10-1

10

10

-2

-3

ar
bi

tra
ry

 u
ni

ts

HT =
�

i=1,2

|pTHi |

Contino et al 10

Distinguishing a SM Higgs, a composite 
Higgs and a dilaton 



       The composite Higgs can have PGB companions

In certain models:  One Higgs doublet (h) + Singlet (η)

Gripaios,  AP, Riva, Serra

Possibility for a new Higgs decay:

Similar signatures in non-minimal Susy Higgs models
Dermisek, Gunion

h→ ηη → bb̄bb̄ τ τ̄τ τ̄or (depending on the η-mass)



Conclusions

LHC must (and will) find the missing piece(s) of the SM

WL

WL

WL

WL

?
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A rough perspective of different theoretical scenarios:
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