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Discoveries come at the
beginning & at the end

J. Incandela

Will there be a need to accumulate more
statistics after the first LHC physics program?

• new energy region

• large statistics



3

Already with less than 10 fb-1 Higgs will be found
and new discoveries are likely

By 2010-11 we may have a good picture of TeV-scale physics
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At that stage, what will be the research priority?

• Extend the energy? (VLHC: factor of 2?)

• Accumulate more statistics? (SLHC: factor of 10?)

• Improve detector performance? (b tagging efficiency,
lepton ID, jet energy resolution, missing ET)

• Precision studies at an e+e-? (ILC, CLIC)

A consolidation program of new
discoveries has always been necessary

Exploit full capability of the LHC

Some examples to illustrate what can be
learnt by increasing the luminosity
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ELECTROWEAK BREAKING

If the Higgs boson is discovered, not all
issues about EW breaking are resolved:

• More particles in the Higgs sector?

• Is the Higgs boson elementary or composite?

• What is the origin of the Yukawa structure?

Supersymmetry ⇒ Higgs elementary (same entity
as quarks & leptons)

Pseudo-Goldstone boson, warped extra dim, Little
Higgs  ⇒ composite scale between 1 and 10 TeV

The nature of the
Higgs boson
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General structure of a composite Higgs

Communicate via gauge (ga)
and (proto)-Yukawa (λi)

quarks, leptons
& gauge bosons

strong
sector

In the limit λI, ga =0, strong sector contains
Higgs as Goldstone bosons

Ex. H = SU(3)/SU(2)×U(1) or H = SO(5)/SO(4)

Higgs boson described by σ-model of strong EW
dynamics, distorted by gauge and Yukawa interactions
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SLHC Report 2002

• At the LHC many Higgs channels
still dominated by statistical errors

• At the SLHC measurements of v2/f2

can be brought to the level of 10%
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Genuine signal of Higgs compositeness at
high energies

In spite of light Higgs, longitudinal gauge-boson
scattering amplitude violate unitarity at high energies

h
WL

WL

WL

WLModified coupling

LHC with 200 fb-1 sensitive up to cHξ ≈0.3
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Higgs is viewed as pseudoGoldstone boson:
its properties are related to those of the exact

(eaten) Goldstones: O(4) symmetry

Can bbbb at high invariant mass be separated from background?
h → WW  → leptons is more promising

Sum rule (with cuts |Δη|<δ and s>M2):

Strong gauge-boson scattering
⇒ strong Higgs production

These studies are at the limit of LHC capability and
will benefit from upgrading in luminosity (more work is

needed to quantify this statement)
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New states at the compositeness scale or at an
intermediate scale (to soften Higgs UV sensitivity)

Ex.:  littlest Higgs model

• Discover new states (T, W’, Z’, …)

• Verify cancellation of quadratic divergences
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f  from heavy gauge-boson masses

mT from T pair-production

λT : we cannot measure TThh vertex
(only model-dependent tests possible)
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At the LHC most of the tests on LH
cancellations are limited by statistics

Cleanest signal from

In order to precisely extract λT from measured cross
section, we must control b-quark partonic density
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Measure T width?
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No clue about quark & lepton masses and mixing
(biggest embarrassment for theorists)

Explanation may lie at very high energies, but …

1) Yukawa couplings are given by the overlap of Higgs and
fermion wave functions along an extra dimension

Planck
brane

Higgs
brane

Light
quark

Heavy
quark

Top quark is viewed as a
composite particle

Distortion of Higgs
coupling to heavy quarks

Tests from Higgs top-
strahlung and FV decays
(t→ch or h→tc)
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2) Yukawa couplings are Higgs functions such that the
flavor hierarchy is explained by powers of H+H / M2

  

! 

y H
+
H( ) H" L"R             y = cn

H
+
H

M
2

# 

$ 
% 

& 

' 
( 

n

Distortion of Higgs coupling to light quarks
For light Higgs, BR(h →µµ) = 2.8 BR(h →µµ)SM = 7×10-4

h → bs is a big
experimental

challenge

h →Zγ:

3.5σ with 600 fb-1

11σ with 6000 fb-1

h →µµ: 5σ with 6000 fb-1 (light Higgs) and ghµµ better than 10%
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NEW PHYSICS

Supersymmetry is the best motivated new-physics theory
and a prototype to explore collider potential

1) Extend the mass
reach of new particles

Gluino and squarks
mass reach from
about 2.5 TeV to

about 3.0 TeV
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2) Determination of susy masses and parameters

Large statistics is needed to reconstruct masses from
kinematical edges of dilepton invariant mass distributions

Sensitive mostly to mass differences

Consider the decay chain

Consider two-body decay
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This technique doesn’t exploit the kinematic constraints on ET
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New techniques to derive all masses from kinematic distributions

Example:
W “transverse mass” from W→lν
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mW obtained from end-point of mT

The end-point of the “gluino stranverse mass” has a kink
structure when plotted as a function of the test LSP mass

The location of the kink corresponds to the physical mg and mχ 
ISR, finite resolution, background and finite width can smear end-points
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All these methods will benefit from higher statistics

Need to maintain adequate detector performance
to fully exploit higher luminosity

Precise determination of masses and couplings is essential

Untangle susy/non susy models

 Confirm supersymmetric relations

 Understand pattern of supersymmetry breaking

Have clues about flavor structure of susy masses

 Identify “unification” relations

 Determine the DM mass

 Reconstruct relic abundance
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Other studied “standard” new-physics scenarios :

• New gauge bosons

• Gravitons in extra dim

• Resonances in warped extra dim

• 4-quark effective interactions

SLHC Report, hep-ph/0204087
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NEW GAUGE BOSONS

Extends mass reach by about 1.2 TeV

Z’ mass reach: 5 TeV @ LHC (100 fb-1);
6 TeV @ SLHC (1000 fb-1)
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Determining Z’ couplings

With 100 fb-1 model discrimination up to 2.5 TeV

M. Dittmar et al., hep-ph/0307020
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Gravitons in extra dimensions

From distribution of rapidity
separation of two jets ⇒

information on gravitational
scattering

Gain of 30% at δ=2
15% at δ=4
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KK resonances decaying into two leptons

In RS models

10 fb-1

100 fb-1

1000 fb-1

From 100 fb-1 to 1000 fb-1, gain on
mass reach of 700 GeV (about 20%)
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Quark contact interactions

Deviations from SM di-jet
angular distribution

From 300 fb-1 to 3000 fb-1, gain of 50%
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Precision measurements in Higgs and top physics answers
fundamental questions:
• Structure of the Higgs sector (more doublets, singlets, …)
• Nature of the Higgs boson (fundamental or composite)
• Origin of fermion masses (i.e. Higgs couplings to matter)
To address these questions, we need to measure
• WW scattering at large invariant mass
• Double Higgs production
• Higgs couplings at the level of 10% or below
• Rare Higgs decays h→µµ, h→Zγ
• Flavor-violating processes for top (t→cγ, t→cZ, t→cg, t→
ch) and Higgs (h→tc, h→bs)

HIGGS PHYSICS

SUMMARY: Physics Opportunities at the SLHC
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NEW PHYSICS

Complete new-physics spectrum (heavy susy particles, KK
excitations, additional gauge bosons) by expanding mass
reach by more than 20%

Precise parameter determination

Improvement depends on specific final state

Requires adequate detector performance

May be crucial to disentangle different models and/or
identify DM

CONCLUSIONS: the SLHC offers a rich physics program
to exploit entirely the LHC facility; a program which may
become fully justified after the first explorations of the TeV
energy scale


