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LHC ? 
W, Z bosons

nuclear

free quarks
hadrons
pions

GUTs ?

quantum gravity ?

Different relevant degrees
of freedom and dynamics 

associated with each energy scale

Limited information about
higher energies contained 

in feeble effects at lower energies



8.5 km

R ∝ p

B
synchrotron radiation ∝ E4

R2m4

Energy use
 400 GWh/year

7 TeV + 7 TeV 
protons



A typical Higgs event
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Event rates:

109 Hz
p + p → anything

Higgs events
10−5 Hz

CMS Collaboration



Maximally Large Hadron Collider 

Ultra-high energy 
cosmic rays have
been observed 

up to energies of
100,000,000 TeV 

RMLHC

RLHC
7 TeV ≈ 10, 000 TeV



The Standard Model of elementary particles

Higgs boson
charge=0
spin=0
mass>114 GeV

Missing piece:



Unitarity argument for the Higgs
Heavy gauge bosons, W and Z, were 
expected long before their discovery
based on scattering cross sections

ν
e

q q′GF

GF ∝ 1
M2

=⇒ σ ∝ E2

M4

Cross section ceases to be unitary for E > M



+ + + ...

a)  heavy vector bosons, W  and Z,
- the electroweak theory  

W

b) strong interactions

σ ∝ E2

(E2 − M2)2
≈ 1

E2



Standard Model with only the particles discovered so far,
that is without the Higgs, violates unitarity at about 1 TeV 
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a)  Higgs boson, h, in the range accessible by LHC

b) strong interactions (technicolor, Higgsless models) 

h

The “no-lose” theorem for the LHC:
either the Higgs 

or strong interactions with associated resonances
will be discovered



Higgs boson in the Standard Model

a ) Restores unitarity in                      scattering WW → WW

b) Provides masses for gauge bosons 

+ + + +

c) Provides masses for matter: leptons and quarks

+ + +

l, q

W,Z

h h

h



Precision measurements test Higgs couplings

W,Z

h

W,Z

t, b

Including loop corrections:
ρ = 1.012 ± 0.001

without loop corrections )ρ ≡ M2
W

M2
Z cos θ

(= 1
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Global Standard Model Analysis

MHiggs = 113+62
-42 GeV

Incl. theory uncertainty:
  MHiggs < 237 GeV (95%CL)

does not include:

Direct search limit (LEP-2):
  MHiggs > 114 GeV (95%CL)

Renormalise probability
  for MH>113 GeV to 100%:
  MHiggs < 269 GeV (95%CL)

Theory uncertainty: 
  Need two-loop 
  calculations for sin2Qeff

LEP electroweak working group

∆χ2

Indirect evidence for light Higgs boson

MH < 269 GeV(95%)

“only” Higgs 
at the LHC ?
  - unlikely!



Loop contributions to the Higgs mass

+
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Let’s assume that the Standard Model 
is correct up to energy scale Λ
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m2
h,physical = δm2

h + m2
h,0

(114-300 GeV)             increase ∝ Λ22
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Higgs naturalness (fine tuning) problem:



Fine tuning in the Standard Model
with a Higgs boson corresponds to  

H

D

H
D

= 1032

All solutions to the 
naturalness problem :

very short pencils with
H ≈ D



Avoiding fine tuning:

a)  Extra dimensions (”large” or “warped”)
     - gravity at low scales, no large hierarchy

b) Technicolor, Higgsless models
    - there is no elementary Higgs, so there is no problem

c) Supersymmetry, little Higgs
    - loop contributions from SM particles
      are canceled by new heavier states
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Global Standard Model Analysis

Fit to all 17 observables
  + Dahad:

  c2/ndof = 16.3/13 (23.3%)

Largest c2 contribution:
  Al(SLD) vs. Afbb(LEP)
  Decided in favour of 
    ''leptons'' by MW
  Afb(b) has largest pull: 2.5

Predict observables measured
  in reactions with: Q2 MW

2

LEP electroweak working group

Standard  Model agrees 
very well with the 

available data

These measurements
also constrain new states

New particles need 
to be heavier than

1-5 TeV depending on 
their couplings

(Lighter if only in loops) 
Z. Han, W. Skiba, hep-ph/0412166



Higgs naturalness or lack of fine tuning:

• There must be heavy particles that give 
additional contributions to the Higgs mass

• Symmetry reason for a cancelation of loop 
contributions arising from different states

• To minimize fine tuning cancelation of top 
loops at the lowest scale, followed by 
cancelation of gauge boson loops 
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W̃ , Z̃
h hh h

t̃

SUSY
boson-fermion

W ′, Z ′

h hh h

t′

Little Higgs
approximate global

shift symmetry

Standard
Model

Cancelations of loops



Massless scalar field no potential for 
the angle       ,
symmetry:

ϕ(x)

ϕ(x) → ϕ(x) + α

Light, but not very 
interesting scalar field:

couplings to fermions and
gauge bosons are forbidden

by the shift symmetry



Broken symmetry

Better, but not 
good enough!

V (ϕ) = ε
(
a2 ϕ2 + a4 ϕ4 + . . .

)
All terms are proportional to ε

Higgs boson requires a2 ! Λ2 and a4 ≈ 1



Collective symmetry breaking
Arrange two different sources of symmetry breaking

Two fields
no potential



Collective symmetry breaking

Massless field at the bottom of each potential well



Collective symmetry breaking

a2 = 0 and a4 != 0

V



Collective symmetry breaking



Models
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Challenges

Telling apart little Higgs from other scenarios  

Showing little Higgs cancelation works

Past and ongoing work

Implications of precision electroweak data

Detailed collider phenomenology

Underlying theory for little Higgs



Back to the LHC:
little Higgs predictions

1. Higgs boson or Higgs bosons

2. New, heavy quarks 

3. Z’ and W’ gauge bosons 

4. Heavy scalars 
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Figure 3: The LHC discovery reach: the number of events fulfilling the selection cuts for
a luminosity of 100 fb−1, for the different Z ′ models and in the SM case.

“on-peak events” are counted if the dilepton mass is found in the interval 1.45 TeV
≤ M!! ≤ 1.55 TeV. The “interference region” is defined accordingly and satisfy 1 TeV
≤ M!! ≤ 1.45 TeV.

Finally, the rapidity distribution is analysed. Figure 5a shows the normalized distri-
butions for a Z ′ with a mass of 1.5 TeV produced from uū, dd̄ and sea-antisea quark
annihilation. Especially the Z ′ rapidity distribution from uū annihilation appears to be
significantly different from the other two distributions. Figure 5b shows the expected ra-
pidity distribution for the Z ′

η model. A particular Z ′ rapidity distribution is fitted using
a linear combination of the three pure quark-antiquark rapidity distributions shown in
Fig. 5b. The fit output gives the uū, dd̄ and sea quarks fraction in the sample. This will
thus reveal how the Z ′ couples to different quark flavours in a particular model.

In order to demonstrate the analysis power of this method, we also show the rapidity
distribution in the case of the Z ′

ψ boson, which has equal couplings to up-type and down-
type quarks. As can be qualitatively expected from the distributions shown in Fig. 5a,
the used fitting procedure provides very accurate results for the known generated fraction
Ruū of uū/all, while some correlations between dd̄ and the sea-antisea Z ′ production,
which limits the accuracy of the measurement for the dd̄ fractions. For example, for the
Z ′

η model, the generated event fractions from uū, dd̄ and sea-antisea quarks are 0.71,
0.26 and 0.03 respectively. The corresponding numbers from the fit and 100 fb−1 are
0.71±0.07, 0.29±0.08 and 0.01±0.02.

Table 2 shows the value of the cross section times the total decay width, the forward-
backward charge asymmetry for the on-peak and interference regions as defined above,
and the ratio of Z ′ events produced from uū annihilation as obtained from the fit to the
Z ′ rapidity distribution.
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LHC discovery reach for W’ and Z’

ATLAS technical proposal Dittmar, Nicollerat, Djouadi, ph/0307020

W’ Z’



Conclusions

• The outcome of the LHC experiments will  
certainly not be boring (no-lose)

• A light Higgs boson is preferred by the 
data, however other options are still viable

• Higgs boson is likely to be accompanied by 
several other particles that will be within 
the reach of the LHC



Conclusions

• Little Higgs: a new weakly coupled solution 
to the Higgs naturalness problem

• Minimal model with a natural Higgs must 
involve a partner for the top quark and 
partners for the W and Z bosons

• There are several classes of candidate 
theories describing the TeV-scale physics, 
but we may be up for a surprise



the end 


