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Dark Energy
70%

Dark Matter
25%

Baryonic Matter
5%

How can we solve 
the mystery of dark energy? 

How did the universe 
come to be? 

Do all forces 
become one?

Why are there so many 
kinds of  particles?

What are neutrinos
telling us?

What happend 
to the antimatter? What is dark matter?

Are there extra
dimensions of space?

Are there undiscovered
principles of nature?

Can we make dark
matter in the laboratory?

The Big Questions



  What do we know ...
Introductory Remarks

... what do we not know
              ... and what to expect

ATLAS
Mini Black Hole Event



The Standard Model
A Particle Physicist’s view of the world
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Consequences of a Light Higgs
Is new physics just around the corner?

Triviality and the Higgs mass lower bound

K. Hollanda∗

aDept. of Physics, University of California San Diego, 9500 Gilman Drive, La Jolla CA 92093-0319, USA

In the minimal Standard Model, it is commonly believed that the Higgs mass cannot be too small, otherwise

Top quark dynamics makes the Higgs potential unstable. Although this Higgs mass lower bound is relevant for
current phenomenology, we show that the Higgs vacuum instability in fact does not exist and only appears when
treating incorrectly the cut-off in the renormalization of a trivial theory. We also demonstrate how to calculate
correctly the regulator-dependent Higgs mass lower bound.

1. VACUUM INSTABILITY

In this talk I report on some recent work which
was done in collaboration with Julius Kuti [1].
The as-yet unobserved Higgs boson plays a cru-
cial role in determining the threshold of new
physics beyond the Standard Model (SM). Preci-
sion Electroweak measurements indicate that, if
the SM is correct, the Higgs is light with a mass
mHiggs = 114+69

−45 GeV [2]. Even if one excludes
these experimental constraints, it is widely be-
lieved on theoretical grounds that the Higgs mass
must lie within a certain range for the SM to be
an acceptable field theory. Fig. 1 shows the cur-
rent phenomenological upper and lower mHiggs

bounds as a function of Λ, the energy scale at
which physics beyond the SM must set in [3]. Up-
per and lower bounds are very important for two
reasons. Firstly, they tell us where we should
look for the Higgs. For example, according to
Fig. 1, the SM cannot sustain a Higgs as heavy
as 1 TeV. Secondly and more importantly, if the
Higgs is observed, knowing its mass would tell
us the maximum energy scale up to which the
SM can be valid. According to this plot, the
lower bound is the relevant one for current phe-
nomenology. For example, taking the preferred
value mHiggs = 114 GeV, the SM is at most valid
up to around 100 − 1000 TeV. The phenomeno-
logical lower bound is based on the instability of
the Higgs potential if mHiggs is too small. We will
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Figure 1. Upper and lower SM mHiggs bounds [3].

show that this vacuum instability, like the Lan-
dau pole, is fake. Remarkably, just like the upper
bound, a new regulator-dependent lower bound
emerges from the triviality of the theory. An ear-
lier version of this work was presented in [4].

The apparent vacuum instability can be seen in
a Higgs-Yukawa model of a single real scalar field
(Higgs) coupled to NF degenerate fermions (Top
quarks). The 1-loop Higgs effective potential Ueff

is calculated by summing an infinite series of di-
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Upper Bound: Triviality
Lower Bound: Vacuum stability

EW Fits

LEP Limit

Scale Λ:
energy scale at which 
physics beyond the 
SM sets in



Triviality and Vaccum Instability
Where the Higgs bounds come from

with MH ∝ λ(ν2)⋅ν2 

λ(q)

q∞

 q0

MH
q

Upper bound: q∞ < Λ

Lower bound: q0  < Λ
[Triviality, Landau Pole]

[Vacuum Instability]

Must be larger than 
scale Λ at which SM breaks down}

From RGE
and MH ∝ λ(ν2)

Higgs 
self coupling

depends on MH

scale[ν: vacuum expectation value]

[Running self coupling]
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Consequences of a Light Higgs
Is new physics just around the corner?

Constraints 
even harder when 
considering fine-tuning

New physics at
a few TeV?

Excluded to 
avoid fine-tuning



There exists a large number of models which predict 
new physics at the TeV scale accesible at the LHC:

• Grand Unified Theories (SU(5), O(10), E6, …)
embed SM gauge group in larger symmetry

• Supersymmetry (SUSY - around since a long time)
• Extended Higgs sector

e.g. in SUSY models
• Leptoquarks
• New heavy gauge bosons
• Technicolour
• Compositeness
• Extra dimensions

What Theorists Think About

Any of this is what
the LHC hopes to find ...

... appart from the Higgs



LHC Experiments
The Experimental Challenge of the



The Large 
Hadron Collider 

...  and its two
   multi-purpose experiments



2835 x 2835 proton bunches
 distance: 7.5 m [25 ns] 

1011 protons/bunch
 bunch crossing rate: 40 MHz 

109 pp-collisions/sec
 [i.e.: 23 pp-interactions/bunch crossing.] 

Dominant Interactions:
 gluon-gluon, quark-quark and

 quark-gluon scattering 

Some Numbers
The LHC:

relevant for ATLAS and CMS



Proton-Proton Scattering @ LHC

• Hard interaction: qq, gg, qg fusion



Proton-Proton Scattering @ LHC

• Hard interaction: qq, gg, qg fusion
• Initial State Radiation (ISR)



Proton-Proton Scattering @ LHC

• Hard interaction: qq, gg, qg fusion
• Initial State Radiation (ISR)
• Secondary Interaction

[“underlying event”]



Generic Detector Design
[Example: ATLAS Exp.]



Two Basic Architectures

µ
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µ
µ

ATLAS: A Toroidal LHC ApparatuS CMS: Compact Muon Solenoid

Hight: 25 m
Length: 40 m
Weight: 7000 t

Hight: 15 m
Length: 22 m
Weight: 12500 t



The ATLAS Detector
EM Calorimeters: σ/E ≈ 10%/√E ⊕ 0.7%

excellent e/γ identification
good energy resolution (e.g. for H → γγ)

Prescision Muon Spectrometer:  σ/pt ≈ 10% @ 1 TeV ⊕

fast trigger response
good momentum resolution
(e.g. A/Z’ → µµ, H → 4µ)

Hadron Calorimeter:  
σ/E ≈ 50%/√E ⊕ 3%
good jet resolution
good missing ET resolution
(e.g. H → ττ)

Inner Detector:
Si Pixel & strips; TRT
σ/pt ≈ 5 ⋅ 10-4 pt ⊕ 0.001

good impact parameter res., i.e.
σ(d0) ≈ 15 µm @ 20 GeV
(e.g. H → bb)Magnets: 

Solenoid (inner detector): 2 T
Toroid (muon spectrometer): 0.5 T



ATLAS October 2005

View into
ATLAS Detector



ATLAS July 2006

Insertion of
Tile Calorimeter



ATLAS August 2006

Insertion of
Inner Detector



The CMS Detector

EM Calorimeters: 
σ/E ≈ 3%/√E ⊕ 0.5%
[vergl. ATLAS: σ/E ≈ 10%/√E ⊕ 0.7%]

Hadron Calorimeter:  
σ/E ≈ 100%/√E ⊕ 5%
[vergl. ATLAS: σ/E ≈ 50%/√E ⊕ 3%]

Inner Detector:
σ/pt ≈ 5 ⋅ 10-4 pt ⊕ 0.001
[vergl. ATLAS σ/pt ≈ 5 ⋅ 10-4 pt ⊕ 0.001]

Muon Spectormeter
σ/pt ≈ 10% @ 1 TeV 
[vergl. ATLAS: σ/pt ≈ 10% @ 1 TeV] 

Magnet: 
Solenoid: 4 T



CMS June 2002

Insertion of 
vacuum tank 3



CMS September 2005

Insertion of the CMS 
coil into the barrel yoke 



CMS February 2007

Central Section
arrives underground



ATLAS vs. CMS

Silicon pixels; Silicon strips;
Transition Radiation Tracker;
2 T magnetic field

Silicon pixels, Silicon strips,
4 T magnetic field

Lead plates as absorbers;
active medium: liquid argon;
outside solenoid

Central region: Iron absorber 
with plastic scintillating tiles;
Endcaps: copper and tungsten 
absorber with liquid argon

Large air-core toroid magnet;
muon chambers: drift tubes
and resistive plate chambers;
0.5 T magnetic field

Lead tungsten (PbWO4) crystals;
both absorber and scintillator;
inside solenoid

Stainless steel and copper 
with plastic scintillating tiles

Magnetic field from return 
yoke (solenoid field: 4 T); 
muon chambers: drift tubes 
and resistive plate chambers
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A Needle 
in a Haystack

109 Events/sec
[1 Mbyte/Event]

1010

10 Events/min
[mH ≈ 100 GeV]

Trigger !

with  0.2%  H → γγ
       1.5%  H → ZZ

Efficient
rate reduction needed

[Storage rate: 100 Hz]



Challenge 1: Fast Trigger System

Fast selection of interesting Events
Number of necessary decisions: 40 million/sec

Function T(…) is highly complex
Detector data not directly available Stepwise decision

→ Trigger Levels
➥



LEVEL-1 TRIGGER
  Hardware-Trigger [FPGAs & ASICs]
  Information from Calorimeter &

 muon system; low granularity
  2 µs latency [2.5 µs piplines]

LEVEL-2 TRIGGER
 Regions-of-Interest
 In principle full information of all 

subdetectors; high granularity
 O(10 ms) decision time

EVENT FILTER 
 Complete detector information
 Full event reconstruktion
 O(1 s) decision time

40 MHz

~75 kHz

~2 kHz

100 Hz

Front-end
Buffer

Read-out
Buffer

Full Event
Buffer

L1

L2

Farm

Event builder

Calo Muon Tracks

Storage

Challenge 1: Fast Trigger System

Example: The ATLAS
L1 Trigger/DAQ system



LHC pp-Interaction Rate

Luminosity:

L  = 1034 cm-2s-1

 = 107 Hz/mb

Cross section:

σ ≈ 100 mb

N = Lσ ≈ 1 GHz➥

However:
Bunch crossing rate: 40 MHz
∴ Interactions/crossing ~ 25 

100 mb

This is a 
real challenge !



Challenge 2: Pile-up Events

38. Herbstschule f. Hochenergiephysik, Maria Laach, 12.-15. September 2006 Stefan Tapprogge, Mainz page 29

!tot(14 TeV)!100 mb
!inel(14 TeV)! 80 mb
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Example: Z → µµee
[Golden Higgs Decay]

 

Low lumi
[First year]

High lumi
[Later ...]

Needs a good 
understanding
of the detector



Challenge 2: Pile-up Events
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Challenge 3: Radiation Environment

8. RADIATION ENVIRONMENT

123

8.8 MAPS OF NEUTRON FLUX AND DOSE RATE IN THE EXPERIMENTAL AREA

In order to decide where electronic devices should be placed, the dose rate and neutron flux in the
experimental hall, during machine operation, need to be known. Since the main concern is material damage,
especially to silicon, neutron fluxes are only relevant at energies above 100 keV.

Maps of doses and neutron fluxes for the entire hall are shown in Figs. 8.11 and 8.12. It is evident that
the best shielded positions are in the shadow of the iron yoke, i.e. in the centre of the cavity. In this region
annual neutron fluences are below 1010 cm–2, and dose rates do not exceed 1 Gy year–1. In the most exposed hall
location, that is close to the thin shielding between the VF and the collimator, dose rates are of order 100 Gy
year–1 and annual neutron fluences can reach 1012 cm–2.

These values are approximations obtained in a cylindrically symmetric hall. The geometry of the
experimental hall and the detector position can increase or decrease these values locally.
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Fig. 8.11: Radiation doses in Gy year–1 during machine operation at design luminosity.

0

200

400

600

800

1000

0 500 1000 1500 2000

7.20E+09 1.00E+05 1.00E+04 1.00E+03 1.00E+02 1.00E+01 1.00E+00 8.81E-03

Fig. 8.12: E > 100 keV neutron fluxes in cm–2s–1 during machine operation at design luminosity.
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Innter Detector
First Layer

Electromagnetic
Calorimeter

3.65 m

3.40 m

3.07 m

2.95m

~ 1.2 m

Tracker

ECal

HCal

Muon Chambers

CMS
Schematic View

z [cm]

Dose [Gy/10 years]

~.15 Gy/h
Note:

Lethal Dose: < 10 Gy



CSS00

C MS
Radiation Levels in Inner Tracking

Radiation Levels in CMS Inner Tracker  
 (integrated over 10 years of operation i.e. 5.105 pb-1)
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pixels ("104 µm2)
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Si µ-strip det.
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! 4.105 h±/cm2/s
Gas detectors.
 ("1 cm2)
occupancy " 1%

Challenge 3: Radiation Environment
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Lethal Dose: < 10 Gy



Light Yield CMS ECAL Crystals

C MS

CSS99

Radiation Tolerance of PbWO
4
 Crystals
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 Michael Moll - CERN - 10. April 2000
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Silicon Tracker Depletion Voltage

Silicon 
Strip Tracker:
 ~ 1.5x1014 neutr./cm2

 ~ 60 kGy 

[in 10 years]
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Example 2



Searching the Higgs
The Missing Piece



L = −
1

4
FµνFµν

+ iψ̄γµ∂µψ + eψ̄γµAµψ

eAµ =
gs

2
λνGν

µ +
g

2
"τ "Wµ +

g′

2
Y Bµ

FµνF
µν

= GµνG
µν

+ WµνW
µν

+ BµνB
µν

mψ̄ψ

m
2
AµA

µ

The Standard Model Lagrangian

kinetic & self-coupling 
of gauge bosons

kinetic energy 
of fermions

interaction between
fermions & fields

and elementary particle masses

SM Lagrangian without Higgs
where:

But: SU(2)L x U(1)Y symmetry 
forbids „ad hoc“ introduction 
of extra masses terms:

Fermions:

Bosons:

destroy gauge
invariance !



L = −
1

4
FµνFµν

+ iψ̄γµ∂µψ + eψ̄γµAµψ

eAµ =
gs

2
λνGν

µ +
g

2
"τ "Wµ +

g′

2
Y Bµ

FµνF
µν

= GµνG
µν

+ WµνW
µν

+ BµνB
µν

mψ̄ψ

m
2
AµA

µ

The Standard Model Lagrangian

kinetic & self-coupling 
of gauge bosons

kinetic energy 
of fermions

interaction between
fermions & fields

and elementary particle masses

SM Lagrangian without Higgs
where:

But: SU(2)L x U(1)Y symmetry 
forbids „ad hoc“ introduction 
of extra masses terms:

Fermions:

Bosons:
But: particles do 

have mass

destroy gauge
invariance !



∴

}

The Standard Model Lagrangian
WW scattering and unitarity violation

FμνFμν-term contains
self couplings between
gauge bosons.

WLWL scattering probability becomes larger than unity for Ecm > 1.2 TeV ... 
Violation of unitarity if force remains weak at this scale ...

σWW ~ Ecm

WW → WW possible; 
cross section: massive gauge bosons:  2 transverse d.o.f. + 1 longitudinal d.o.f.

massless  gauge bosons:  2 transverse d.o.f.

L L

To restore unitary it needs 
some scalar boson “H” with

gHWW  ~ MW

gHff  ~ Mf

MH   < 1 TeV
σ → const

for large energies

2



φ1

φ2

V(φ)

v/
√

2

V (φ) = −µ2|φ†φ| + λ|φ†φ|2

Lφ = (∂µφ†)(∂µφ) − V (φ)

Lφ = (Dµφ†)(Dµφ) − V (φ) with Dµ = ∂µ + ieAµ

LYuk = cf (ψ̄LψRφ + ψ̄RψLφ)

The Higgs-Kibble Mechanism
The “standard” solution

Introduce new doublet of complex
scalar fields (4 degrees of freedom)
with ‘mexican hat’ potential:

with µ, λ > 0

Lagrangian of scalar field:

Coupling to bosons via transistion to covariant derivative.
Coupling to fermions via “ad-hoc” introduction of “Yukawa” coupling.

Introduction into SM Lagrangian maintains
invariance under SU(2)L x U(1)Y  gauge transformation



φ1

φ2

v/
√

2

V(φ)

V (φ) = −µ2|φ†φ| + λ|φ†φ|2

The Higgs-Kibble Mechanism
The “standard” solution

Introduce new doublet of complex
scalar fields (4 degrees of freedom)
with ‘mexican hat’ potential:

with µ, λ > 0

Spontanous symmetry breaking:
 System falls in to minimum of V at φ ≠ 0. 

 This results in:
  • Three massless excitations along valley  → 3 longitudinal d.o.f for W± and Z
 • One  massive  exciation out of valley  →  1 d.o.f for „physical“ Higgs boson

Higgs field has two components: ϕ = v + H.

 1.  omnipresent, constant background condensate v = 247 GeV (from GF)
 2.  Higgs boson H with unknown mass MH = μ•√2 = (λv)½•√2



1

q2
− M2

where M2
= g2

v2

2

Mass generation
and the couplings to the higgs boson

v =247 GeV
x

Fermion

x x

W/Z boson

MV  ~ gv       (gauge coupling)
mf   ~ gfv       (Yukawa coupling)

 Interaction with „ether“ v=247 GeV:

x

Higgs

v =247 GeV

Fermion

v =247 GeV
Higgs

W/Z boson

 Interaction with Higgs boson H:

Fermions:        gf ~ mf/v
W/Z bosons:   gV   ~ MV/v = g2v2

gf

gf

g2

g2

(

gv
√

2

)2 (

1

q2

) (

gv
√

2

)4 (

1

q2

)

(

1

q2

)

⊕ ⊕ ⊕ ...

... =



A Simple Picture
Generation of particle masses

The omnipresent
Higgs field ...



Interaction with Higgsfield 
leads to inertia, i.e. mass ...

A Simple Picture
Generation of particle masses

The omnipresent
Higgs field ...



A Simple Picutre
Generation of the Higgs mass

Excitation of
the Higgs field ...



... results in
  massive Higgs boson.

A Simple Picutre
Generation of the Higgs mass

Excitation of
the Higgs field ...



Higgs Production Mechanisms 

1. Gluon fusion

4. Associated 
    production

2. Vector 
    boson fusion

3. tt-fusion-



Higgs Production Cross Sections



Higgs Boson Decays

For M < 135 GeV:  H  →  bb, ττ dominant
For M > 135 GeV:  H  →  WW, ZZ dominant 

ZZ
WW

ττ

bb

Tiny but also
important: H  →   γγ

γγ

bb



Higgs Searches @ LHC: Examples
Two high-energy
photons

4 muons
[Mμμ = MZ]

2 eletrons
2 jets
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How to Make a Discovery
Signal significance 

New resonance
e.g. H → γγ

signal 
region

signal; width due to
detector resolution

Signal 
significance:

NS: # signal events
NB: # background events

... in peak regionS > 5:
Signal NS = Ntot -NB is 5 times larger
than uncertainty √NB on background;
Gaussian probability that background 
fluctuates upward by more than 5σ:

P5σ = 10-7.

Discovery!



1. Choose channels with low SM background
 not possible:  H → bb    ... without associated production ...
 not possible: H → γγ    ... despite of small branching ratio ...
     H → ZZ   ... with at least one Z decaying leptonically ...
          tt H → bb    ... via additional top selection ...

2. Optimize detector resolution
 Example: mass resolution σm increases by a factor of 2;
    thus: peak region has to be increased by a factor 2 and
    number NB of background events increases by factor of 2

    S = NS/√NB decreases by √2 

3. Maximize luminosity L
 Signal:  NS  ~ L
 Background: NB  ~ L }

➙

➙ S ∼

√

L

Maximizing the Significance S

S ∼
1

√
σm



The Golden Channel: H → 4ℓ

Simulated
H → μμ Event



The Golden Channel: H → 4ℓ
Signal:  σ • BR = 5.7 fb [mH = 100 GeV]

Selection cuts:
   isolated leptons within |η| < 2.5,
   PT(1,2) > 20  GeV and PT (3,4) >  7  GeV
   one lepton pair around Z mass

Main backgrounds:
Top production:
 

    tt → Wb Wb → ℓν cℓν ℓν cℓν
Associated Z-production: 
    Z bb → ℓℓ cℓν cℓν

Background rejection:
Leptons: non-isolated (inside jet)
              not from primary vertex
Very clean; remaining: ZZ continuum

Discovery 
potential:

130 – 600 GeV

[σ • BR = 1300 fb]



The hard one: H → γγ

Simulated
ATLAS Event



Signal:  σ • BR ≈ 50 fb [mH = 100 GeV]

very demanding channel due to huge 
irreducible background ...

very harsh requirements on 
calorimeter performance (acceptance, 
E and θ resolution, separation of γ from jets and π0)

Two main
backgrounds:

2γ-production: irreducible background
 σγγ ~ 2 pb/GeV and ΓH ~ MeV
 implies σ(mγγ)/mγγ ~ 1%

γj and jj production: reducible background 
 σγj+jj  ~ 106 σγγ; jet rejection of > 103 needed

The hard one: H → γγ

  Discovery 
potential:
< 150 GeV

q

q

γ

γ
q

g

γ

γ

π0

qq  → γγ

qg  → jγ



The hard one: H → γγ

CMS full simulation
[Lumi: 1fb-1]



The Vector Boson Fusion Channel

Motivation:  Improve low mass discovery potential
  Improve measurement of Higgs boson paramters

Distinctive signature:
• two forward jets (tagging jets)

• little (jet) activity in 
  central region (central jet veto)

Tagging jets
Higgs decay

products

φ

η

[Coupling to bosons, fermions]

WW/ZZ-fusion



Higgs: Background Systematics



LHC: Higgs Discovery Potential
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LHC: Higgs Discovery Potential
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Full mass range can already 
be covered after a few years 
at low luminosity 

Several channels available 
over a large range of masses 

Low mass discovery requires 
combination of three of the 
most demanding channels

Comparable situation for the 
CMS experiment



Tevatron: Higgs Discovery Potential

1 Introduction

The Standard Model of fundamental interactions has had at its origins a mechanism for
generating mass in elementary particles[1]. Direct and indirect searches conducted over
the last 30 years provide compelling evidence for a low mass Higgs boson. The search
for this particle and any other manifestation of new physics at the electroweak scale is the
principal driving force behind the experimental high energy physics program. The possibility
of contributing to this physics at the Tevatron collider warrants careful review.

In 1998 physicists from the CDF and DØ collaborations and the Fermilab Theoretical
Physics Department organized a workshop to study the potential for discovering the Higgs
boson in Run II of the Fermilab Tevatron. The results of this workshop are documented
in a paper entitled Report of the Higgs Working Group of the Tevatron Run 2 SUSY-Higgs
Workshop [2]. Their findings are summarized in Figure 1.

Figure 1: This figure summarizes the findings of the SUSY-Higgs Working Group study. The
vertical axis is the required integrated luminosity per experiment for three different levels of
Higgs search sensitivity, 95% CL exclusion, 3σ evidence and 5σ discovery.

Several event topologies were examined for sensitivity to a standard model Higgs boson
signal. The most promising modes were associated production of a Higgs boson and an
intermediate vector boson: (1) pp̄ → WH, followed by W → "ν, where " = e or µ and
H → bb̄, and (2) pp̄ → ZH, with Z → νν̄, and H → bb̄. The studies were based on a
parameterized simulation known as the “SHW simulation,” which was used to estimate the
response of a generic Tevatron detector. Comparisons of the SHW simulation and Run I data
were used to validate this approach, and efficiencies measured in data, such as the efficiency
for tagging b-flavored jets based on the presence of a displaced secondary vertex, were used
to make the estimates of signal acceptance and background rates as realistic as possible.

It is now four years after the completion of the SUSY-Higgs Working Group (SHWG)
study. Run II of the Fermilab Tevatron is under way, and both experiments have accumulated

1

Tevatron:
Max. expectation



Tevatorn: Recent Results
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Supersymmetry
New Physics Scenarios



∆EC =
1

4πε0

e2

re

(mec
2)observed = (mec

2)bare + ∆EC

(mec
2)bare = (mec

2)observed − ∆EC

= 0.511 MeV − 10000 MeV

= −9999.489 MeV

Motivation
Electrons in classical Electrodynamics

Electromagnetic
self-energy:

Self-energy must be part of 
electron mass:

Experiment:   re < 10-17 cm → ∆EC > 10 GeV
    me = 511 keV = 0.511 MeV

Classical Electrodynamic not valid vor ∆EC > mec2, i.e. for d < 2.8 ⋅ 10-13.
[from d < e2/4πε0 mec2]

e !−

QED: Photon exchange ⇔ Coulomb law

“fine-tuning
 problem”



∆E = ∆EC + ∆EPair =
3α

4π
mec

2 log
h̄

mecre

me log
re

➥

Motivation

Introduction of positron ...
cure of “fine-tuning problem”
via vacuum fluctuations.

Electrons in Quantum Electrodynamics

Description of self-energy in
Quantum Electrodynamics via 
photon exchange.

! !
e
+e
−

e−

e−
+ee−

!
!

e !−

QED: Photon exchange ⇔ Coulomb law

∆EPair = −

1

4πε0

e2

re

+ . . .
Vacuum fluctuations: e+e–-pair production

∴ Modify physics at

d ~ c∆t ~ 200 · 10-13 cm
  with ∆t ~ h/∆E ~ h/2mec2– –

smaller
self-energy !



(mec
2)observed = (mec

2)bare

[

1 +
3α

4π
log

h̄

mecre

]

Motivation
Electrons in Quantum Electrodynamics

Description of self-energy in
Quantum Electrodynamics via 
photon exchange.

! !
e
+e
−

e−

e−
+ee−

!
!

e !−

QED: Photon exchange ⇔ Coulomb law

∴ Modify physics at

d ~ c∆t ~ 200 · 10-13 cm
  with ∆t ~ h/∆E ~ h/2mec2– –

max. 9%
even @ re = 1/MP

 Doubling d.o.f. & symmetry
 result in divergence cancellation.
“Naturally” small mass correction.

Introduction of positron ...
cure of “fine-tuning problem”
via vacuum fluctuations.

➥
Vacuum fluctuations: e+e–-pair production



V = −µ2|H|2 + λ|H|4

t
H Ht− ∆µ2

top = −6
h2

t

4π2r2
H

+ . . .

MH =
√

2µ

➥

∆µ2
stop = +6

h2
t

4π2r2
H

+ . . .

Motivation
Supersymmetry and the Higgs self-energy

Higgs
self-energy:

Self-energy correction through top-loops:

Standard Model not applicable for d < 10-17 cm;
i.e. above a scale Λ > 2 TeV ...

Higgs-Top
coupling

“Higgs radius”

Solution: double d.o.f. introducing 
boson partners for each fermion; 
results in loop corrections with opposite sign.

Remaining correction:

“Naturalness” argument: mt not much larger than mt, i.e. mt in TeV range.~ ~➥

∆µ2
top + ∆µ2

stop = −6
h2

t

4π2r2
H

(m2
t̃
− m2

t ) log
1

r2
H

m2
t̃

(m2

t̃
− m

2

t
)



Supersymmetric Particle Spectrum

u c t γ

d s b g

νe νµ ντ Z

e µ τ W

H
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u c t γ
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νe νµ ντ Z
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SM Particles SUSY Partners
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Neutralino
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GravitinoGraviton
Leptons

Quarks sQuarks
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Spin ½
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Fermions

Bosons

Spin ½

Spin 1

Photino
Gluino
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Photon
Gluon
Z-Boson
W-Boson

[Particles] [sParticles]



Minimal Supersymmetric Models
 Extension of the Standard Model

Supersymmetric partner for each SM particle
2 Higgs doublets

Minimal structure to guarantee cancellations of anomalies
Two Higgs field needed to give masses to ‘up’ and ‘down’ type quarks 
in a consistent way

 New quantum number: R-parity Rp
Particles     : Rp = +1 

S-Particles : Rp = -1
Rp-conservation circumvents proton decay; 
conservation of B-L

 Motivation of SUSY
Avoid divergent quantum corrections to Higgs mass
Allows for unification of gauge couplings
Existence of lightest supersymmetric particle (LSP);
candidate for dark matter 

Rp  = (-1)B+L+2S



Broken Supersymmetry

 Supersymmetry is not an exact symmetry 
... as SUSY particles are not observed at low masses

 Needs model(s) for (soft) symmetry breaking
Most models assume “hidden” sector ...
Hidden sector: particles neutral to SM gauge group

Visible sector: MSSM particle spectrum

SUSY breaking occurs in the hidden sector
Transmitted to MSSM by specific mechanism:

Gravity Mediated Supersymmetry Breaking (mSUGRA, cMSSM)
Gauge Mediated Supersymmetry Breaking (GMSB)
Anomaly Mediated Supersymmetry Breaking (AMSB)

 SUSY breaking leads to extra parameters
Unconstrained models: 105 parameters (Masses, couplings, phases)

Constrained models: 4 or 5 parameters, assuming SUSY breaking scheme
Examples: mSugra, cMSSM ...

“visible”
sector

“hidden”
sector

Messengers

completely neutral 
with respect to SM 
gauge group 

LSP: Neutralino
LSP: Gravitiono



 Unification assumption
Assume universal masses for all bosons and fermions at the
GUT (Grand Unification Theory) scale

 Symmetry breaking assumption
Model where breaking is 
mediated by gravity

 5 remaining parameters
m0: universal boson (scalar) mass

m½:     universal gaugino mass

A0:  universal trilinear coupling

tanβ:   ratio of the two Higgs VEVs (vacuum expectation values)

sgn(μ):  sign of the higgsino mass parameter

Results in

mSUGRA – A Constrained Model



mSUGRA Mass Spectrum

Running masses:
Universal Masses at GUT
scale lead to Sparticle
masses at EW scale 
via RGE evolution



SUSY Production and Decay
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Pairwise production
Clear Signature

•  missing energy
•  events with many leptons 

and jets.

Example: 
Gluino production

- 3 isolated leptons
- 6 jets
- 2 b-quark jets
- Et,miss

But: Long decay chains
- dominant background: SUSY itself
- cannot discuss sParticles in isolation
- use consistent model for simulation



Peaking Meff distribution 
correlates well with MSUSY

mSUGRA: Discovery Potential
• Select: ≥ 4 jets, ET,miss

• Reconstruct effective mass

Meff =

4∑

i=1

|PT,i| + |ET,miss|

Inclusive signature for
squarks and gluinos up to 2.5 TeV
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mSUGRA reach in ET
miss+ jets final state

1 month, low lumi (1 fb !1)

1 year, low lumi (10 fb !1)

1 year, high lumi (100 fb !1)
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Chargino Searches at LEP
No symmetry breaking

mSUGRA reach in ET,miss + jets final state

mSUGRA: Discovery Potential
• Select: > 4 jets, ET,miss

• Reconstruct effective mass

Meff =

4∑

i=1

|PT,i| + |ET,miss|

Inclusive signature for
squarks and gluinos
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Most important SUSY signature: ET,miss

Requires precise control of instrumental effects ...

Partial List:

machine background
beam-gas events

hot cells
regions with poor 
jet response

displaced vertices

and many more … 

Experimental Challenge: ET,miss



Experimental Challenge: ET,miss

Simulated jet event [ET>500 GeV)]
with ΔET

miss > 250 GeV 
(compared to true ET

miss)

[jet leakage, jet punch-through, fake muons via cracks, …]



Determining sParticle Properties

Reconstruction of decay chains
Need to take unobserved LSPs into account
Need to identify specific decay chain 
[SUSY is background to SUSY]

Ev
en

ts

ℓ+ℓ– invariant mass

Z peak

Example for approach
Consider decay χ2 → χ1 ℓ

+ℓ–

But: contribution χ2 → χ1 Z

Endpoint in ℓ+ℓ– invariant mass 
determines mass difference χ2 - χ1

0 0

± ±

0 0
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Determine SUSY masses from
 endpoints of Mℓℓ, Mℓq and Mℓqq ...



Further SUSY Models

 R-parity violation 
Introduces couplings between lepton and quarks (“Leptoquarks”)

Leads to lepton number violation

 Gauge mediated symmetry breaking (GSMB)
Phenomenology
Gravitino is the lightest supersymmetric particle (LSP); m < 1 keV
Possible existence of long lived NLSP (stau, slepton)

Important signature: χ1 → γG 
 NMSSM (next to minimal ...)

Non-universal mass, i.e. more paramters ...

 Split SUSY
Heavy scalars, light higgs, higgsinos and gauginos;
signature: long lived gluinos (➥ displaced vertex, stopped gluinos)

0

...



Extra Dimensions
New Physics Scenarios



Extra Dimensions – A Simple Picture

Our world:
! 3 space-dimensions 
   1 time-dimension



Extra Dimensions – A Simple Picture

Our world:
! 3 space-dimensions 
   1 time-dimension



Extra Dimensions – A Simple Picture

Our world:
! 3 space-dimensions 
   1 time-dimension

Extra dimensions:
[if they exist]

! obviously “invisible” (hidden)
   i.e.! must have final size
!     !must be of small extension



Motivation
The Hierarchy Problem

Electroweak scale:  102 GeV
Scale of the higgs field, which gives mass
to the heavy gauge bosons W and Z

GUT scale:  1016 GeV
Unification scale where strong, weak and, 
electromagnetic forces are of equal strength
[Extrapolation: Supersymmetry]

Planck scale:  1019 GeV
Scale at which quantum fluctuations 
destroy space time structure.

The Standard Model of elementry particles
does not explain the hierarchy problem

Co
up

lin
g 

st
re

ng
th



Extra Space-Dimensions
and the law of gravity

Gauß’ Law:
∮

!FGd!S ∼ M

⇒ FG · S ∼ M

FG ∼ M

S

FG ∼ M/S

1

∮
!FGd!S ∼ M

⇒ FG · S ∼ M

FG ∼ M

S

FG ∼ M/S

1

∮
!FGd!S ∼ M

⇒ FG · S ∼ M

FG ∼ M

S

FG ∼ M/S

1

S: n-dim. Surface
[2-dim.: S=4πr2]

∮
!FGd!S ∼ M

⇒ FG · S ∼ M

FG ∼ M

S

FG ∼ M/S

F (r) = G(3)
mM

r2
∝ 1

r2

F (r) = G(3+n)
mM

r2+n
∝ 1

r2+n

1

∮
!FGd!S ∼ M

⇒ FG · S ∼ M

FG ∼ M

S

FG ∼ M/S

F (r) = G(3)
mM

r2
∝ 1

r2

F (r) = G(3+n)
mM

r2+n
∝ 1

r2+n

1

3-dim.

(n+3)-dim.

Conflict with every day life?

Law of Gravity:



Compactified Dimensions
Extra dimensions with final size

r » R:

r « R:

∮
!FGd!S ∼ M

⇒ FG · S ∼ M

FG ∼ M

S

FG ∼ M/S

F (r) = G(3)
mM

r2
∝ 1

r2

F (r) = G(3+n)
mM

r2+n
∝ 1

r2+n

∮
!FGd!S =

∫ R

0

∮
!FGd!τdL ∼ mM ⇒ FG ∼ mM

r2R

F (r) =
G(3+n)

Rn

mM

r2
∝ 1

r2

1

∮
!FGd!S ∼ M

⇒ FG · S ∼ M

FG ∼ M

S

FG ∼ M/S

F (r) = G(3)
mM

r2
∝ 1

r2

F (r) = G(3+n)
mM

r2+n
∝ 1

r2+n

∮
!FGd!S =

∫ R

0

∮
!FGd!τdL ∼ mM ⇒ FG ∼ mM

r2R

F (r) =
G(3+n)

Rn

mM

r2
∝ 1

r2

1

∮
!FGd!S ∼ M

⇒ FG · S ∼ M

FG ∼ M

S

FG ∼ M/S

F (r) = G(3)
mM

r2
∝ 1

r2

F (r) = G(3+n)
mM

r2+n
∝ 1

r2+n

∮
!FGd!S =

∫ R

0

∮
!FGd!τdL ∼ mM ⇒ FG ∼ mM

r2R

F (r) =
G(3+n)

Rn

mM

r2
∝ 1

r2

1

∮
!FGd!S ∼ M

⇒ FG · S ∼ M

FG ∼ M

S

FG ∼ M/S

F (r) = G(3)
mM

r2
∝ 1

r2

F (r) = G(3+n)
mM

r2+n
∝ 1

r2+n

∮
!FGd!S =

∫ R

0

∮
!FGd!τdL ∼ mM ⇒ FG ∼ mM

r2R

F (r) =
G(3+n)

Rn

mM

r2
∝ 1

r2

F (r) = G(3+n)
mM

r2+n
∝ 1

r2+n

1

4-dim.

3+n-dim.

3+n-dim.

G(3)
SM interactions tested up to r ~ 10-18 m

But gravity ... 
only tested down to about 0.1 mm 

No conflict ...
if only gravity ‘lives’ in extra dimensions



Hierarchy Problem
An explanation through extra dimensions

The real Planck Scale:

Planck Mass

i.e. energy scale at which gravity gets ‘strong’

MPl =

√
!c

G(3)
∼ 1019GeV ⇔ G(3) =

!c

M2
Pl

G(3+n) =
(!c)n+1

c2nMn+2
S

M2
Pl ∼ G−1

(3) ∼ G−1
(3+n)R

n ∼ M2+n
S Rn

1

Gravitational constant

MPl =

√
!c

G(3)
∼ 1019GeV ⇔ G(3) =

!c

M2
Pl

MS = n+2

√
(!c)n+1

c2nG(3+n)
⇔ G(3+n) =

(!c)n+1

c2nMn+2
S

M2
Pl ∼ G−1

(3) ∼ G−1
(3+n)R

n ∼ M2+n
S Rn

1

“True”

MPl =

√
!c

G(3)
∼ 1019GeV ⇔ G(3) =

!c

M2
Pl

MS = n+2

√
(!c)n+1

c2nG(3+n)
⇔ G(3+n) =

(!c)n+1

c2nMn+2
S

M2
Pl ∼ G−1

(3) ∼ G−1
(3+n)R

n ∼ M2+n
S Rn

1

R,n large ➙ MS small

Planck Scale: MS



Possible Size and Number
of extra space dimensions

n

1 70 AU

2 1.0 mm

3 1.0 nm

4 10 pm

7 3.7 fm

MPl ~ 1016 TeV 
Choose MS ~ 1 TeV 

MPl =

√
!c

G(3)
∼ 1019GeV ⇔ G(3) =

!c

M2
Pl

MS = n+2

√
(!c)n+1

c2nG(3+n)
⇔ G(3+n) =

(!c)n+1

c2nMn+2
S

M2
Pl ∼ G−1

(3) ∼ G−1
(3+n)R

n ∼ M2+n
S Rn

M2
Pl ≈ M2+n

S Rn

R ≈ 1
MS

(
MPl

MS

) 2
n

1

MPl =

√
!c

G(3)
∼ 1019GeV ⇔ G(3) =

!c

M2
Pl

MS = n+2

√
(!c)n+1

c2nG(3+n)
⇔ G(3+n) =

(!c)n+1

c2nMn+2
S

M2
Pl ∼ G−1

(3) ∼ G−1
(3+n)R

n ∼ M2+n
S Rn

M2
Pl ≈ M2+n

S Rn

R ≈ 1
MS

(
MPl

MS

) 2
n

1

Planck Mass

Size

To solve the
hierarchy problem

R ≈ 10
30

n
−18

cm ×

(

1TeV

MEW

)1+ 2

n

...



Large Extra Dimensions

• n compactified extra space 
dimensions with size R

• gravity in all n+3 space 
dimensions

• SM interactions and all matter 
particles are confined to our 
3-dimensional world.

D3-brane

Graviton

“bulk”

[Arkani-Hamed, Dvali, Dimopoulos]



Extra Dimensions
Consequences for particle physics

Change of cross sections
[Exchange of virtual gravitons]

Missing energy in particle reactions
[Graviton emission into hidden space dimensions]

New Particles
[Kaluza-Klein excitations]

Production of Mini Black Holes
[End of short distance physics]



Signatures for Extra Dimensions

In particle reactions produced 
gravitons leave our 3D-world   
(3D-brane) and are thus not 
detected.

e+e–-signature (e.g. ILC):
! • single photon
! • missing energy  

qq-signature (e.g. LHC):
! • high-energy Monojet
! • missing energy  

Missing Energy in Particle Reactions



Signatures for Extra Dimensions

1
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10 2

10 3

10 4

10 5

10 6

0 250 500 750 1000 1250 1500 1750 2000

jW(eν), jW(µν)

jW(τν)

jZ(νν)

total background

signal δ=2  MD = 4 TeV
signal δ=2  MD = 8 TeV
signal δ=3  MD = 5 TeV
signal δ=4  MD = 5 TeV

√s = 14 TeV

ETmiss (GeV)

Ev
en

ts
 / 2

0 G
eV

Jet

ETmiss

Increased
Monojet rate
at large ET,miss

Clear
Signature:

Monojets + ET,miss



Kaluza-Klein Modes

MPl =

√
!c

G(3)
∼ 1019GeV ⇔ G(3) =

!c

M2
Pl

MS = n+2

√
(!c)n+1

c2nG(3+n)
⇔ G(3+n) =

(!c)n+1

c2nMn+2
S

M2
Pl ∼ G−1

(3) ∼ G−1
(3+n)R

n ∼ M2+n
S Rn

M2
Pl ≈ M2+n

S Rn

R ≈ 1
MS

(
MPl

MS

) 2
n

p5 =
n

R

E2 = p2 + p2
5 + m2

= p2 +
n2

R2
+ m2

1

MPl =

√
!c

G(3)
∼ 1019GeV ⇔ G(3) =

!c

M2
Pl

MS = n+2

√
(!c)n+1

c2nG(3+n)
⇔ G(3+n) =

(!c)n+1

c2nMn+2
S

M2
Pl ∼ G−1

(3) ∼ G−1
(3+n)R

n ∼ M2+n
S Rn

M2
Pl ≈ M2+n

S Rn

R ≈ 1
MS

(
MPl
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) 2
n

p5 =
n

R

E2 = p2 + p2
5 + m2

= p2 +
n2

R2
+ m2

1

MPl =

√
!c

G(3)
∼ 1019GeV ⇔ G(3) =

!c

M2
Pl

MS = n+2

√
(!c)n+1

c2nG(3+n)
⇔ G(3+n) =

(!c)n+1

c2nMn+2
S

M2
Pl ∼ G−1

(3) ∼ G−1
(3+n)R

n ∼ M2+n
S Rn

M2
Pl ≈ M2+n

S Rn

R ≈ 1
MS

(
MPl

MS

) 2
n

p5 =
n

R

E2 = p2 + p2
5 + m2

= p2 +
n2

R2
+ m2

1

⎧ ⎨ ⎩Mass states
in 3D-world

•
λx/2 λy/2

nx · λx

2
= L

ny · λy

2
= L

nx, ny ∈ N

λ = λx cos α und λ = λy sinα

d.h.
nx

L
=

2 cos α

λ
und

ny

L
=

2 sin α

λ

1-Dim. Box
R small: 

large distance
between niveaus

R large: 
small distance

between niveaus

Extra dimension final size → quantized energies



Kaluza-Klein Modes
Experimental Consequences I

Mγγ [GeV] Mll [GeV]

pp ➙ γγ + X pp ➙ ll + X

SM-Teilchen
Co

un
ts

Co
un

ts

KK-Mode

SM particle

SM particle

G GKK



Kaluza-Klein Modes
Experimental Consequences II
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Mini Black Holes
Production and Decay

MPl =

√
!c

G(3)
∼ 1019GeV ⇔ G(3) =

!c

M2
Pl

MS = n+2

√
(!c)n+1

c2nG(3+n)
⇔ G(3+n) =

(!c)n+1

c2nMn+2
S

M2
Pl ∼ G−1

(3) ∼ G−1
(3+n)R

n ∼ M2+n
S Rn

M2
Pl ≈ M2+n

S Rn

R ≈ 1
MS

(
MPl

MS

) 2
n

p5 =
n

R

E2 = p2 + p2
5 + m2

= p2 +
n2

R2
+ m2

rBH ≈ 1
MS

(
MBH

MS

) 1
n+1

1

particle collision ED become 
relevant

birth of a
mini black hole

evaporation
via Hawking Rad.

MS small ➙ rBH large
Ecms > MS, b < rBH ➙ black hole



Mini Black Holes
Experimental Signature

Democratic
 decay into SM particles

•  High multiplicity
 [e.g. MBH = 10 TeV: 50 part. with E ~ 200 GeV]

•  Spheric Events
 [production at high x without Boost]

•  Electrons and muons
 with high energy

[Emparan et al., hep-th/0003118]

q/g : l : W/Z : ν/g : H : γ
72% : 11% : 8% : 6% : 2% : 1%



Mini Black Holes
Cross Section

RS

parton

parton

M2 = ŝ

σ ~ πRS
2 ~ 1 TeV −2 ~ 10−38 m2 ~ 100 pb

Simulated BH spectrum at LHC for 100 fb-1, where the BH 
was selected by an elektron or Photon in the final state.

L = 100 fb-1



Prerequisites
Parton Densities and the LHC



Hadron-Hadron Interactions
Basic kinematic variables

x1p x2p
√ŝ

Schematic
proton-proton scattering

η=1 (~40°)

η=0 (=90°)

η=2 (~15°)

η=3 (~6°)

η=-1

θ

Pseudorapidity

Relevant kinematic variables:

• Transverse momentum: pT

• Rapidity: y = ½ln (E-pz)/(E+pz)
• Pseudorapidity: η = -ln tan ½θ
• Azimuthal angle: φ

Proton

Proton



σ =
∑
a,b

∫
dxadxbfa(xa, Q2)fb(xb, Q

2)σ̂ab(xa, xb)

Hadron-Hadron Interactions
How to caculate cross sections

Hard Process: ab → cd
can be calculated ...

but: 
a,b partons inside A,B
c,d fragment into ...

Needs:
parton densities
fragmentation functions

ATLAS CMS: 
protons

Caclulable

To be measured

...



Proton Structure in one Slide

p

p

x1,2 :  fractional momentum 
  of parton involve in 
  hard process
Q2 :  scale; spacial resolution

F2 ~ ∑eq q(x)

F2

Q2

Q2

x1

x2

Parton content: 
f(x,Q2) = q(x,Q2) or g(x,Q2)

HERA
and fixed target
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fixed
targetHERA

x1,2 = (M/14 TeV) exp( ± y)

Q = M

LHC parton kinematics

M = 10 GeV

M = 100 GeV

M = 1 TeV

M = 10 TeV

66y = 40 224

Q
2
  
 (

G
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x

LHC

 

LHC needs:

 

• knowledge on 
parton densities

• extrapolation over
orders of magnitude

M2 = x1x2 s
i.e. to produce a particle with mass  M    
 at LHC energies (√s = 14 TeV)
 

 <x> = √x1x2 = M/√s
 [x1 = x2: mid-rapidity]

p

p

x1

x2 M2

x

DGLAP

100 GeV Higgs



Gluonen



Challenges of LHC to QCD and vice versa. PDF from HERA to LHC

Data on Structure func-
tions measured at HERA.

x

0

0.2

0.4

0.6

0.8

1

1.2

x
 f
(x

,Q
)

10-4 10-3 10-2 10-1 .2 .3 .4 .5 .6 .7

Q = 5 GeV

.8

using the improved evolution code.

set (thin solid lines) with those of a refit, 

Compare parton distributions of the original CTEQ5M 

dvl
uvl
glu / 15
ubr
dbr
str
chm
CTEQ5M

Global fit using other
data from Tevatron, fixed
target expts. gives PDFs.

Predictions (eg.) of
Higgs cross-section have a
spread of about 10 − 15%
depending on which fit
MRST, CTEQ, Alekhin. is
used.

R.M. Godbole, Beijing, July 6-10, 2004. page 14

Simple spread of existing PDFs
gives a 5-10% uncertainty on
the Higgs cross section.

Gluon

Gluon

Higgs

top
top

top
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At the Tevatron, the CDF collaboration chose to study the ratio of cross-sections where the lead-
ing jet is required to be central and the second jet is restricted to four slices in pseudo-rapidity
[15-96] based on an integrated luminosity of less than 10 pb-1. A cross-section based on the full
statistics from Run I is to be published soon. Leaving the leading jet pseudorapidity fixed, the
D0 collaboration studied the signed pseudorapidity distribution of the second jet [15-97]. Ulti-
mately it should be possible to derive from the triple differential cross-section both the strong
coupling constant and parton distribution functions. A summary of the recent measurements
by the CDF and D0 collaborations of the triple differential cross-section can be found in [15-98].

15.5.4.2 Di-jet invariant mass and angular distribution

As in the case of the inclusive jet cross-section, the di-jet invariant mass and angular distribu-
tions are used to search for new physics. The expected sensitivity to new physics is discussed in
Chapter 21. The invariant mass of the di-jet system is calculated from the two leading jets found
using a cone algorithm with a radius of 0.8, treating the jets as massless objects.

Figure 15-26 shows the cross-section for di-jet production (restricted to jet pseudorapidities of
|!| < 1) as a function of the invariant mass of the di-jet system, as obtained from the PYTHIA
calculation (using the CTEQ2L pdf), including the simulation of detector effects. As discussed
before, the cross-section obtained after the detector simulation (using ATLFAST) has been cor-
rected to the hadron level. The error bars indicate (for large masses) the achievable statistical ac-
curacy for 300 fb-1. Also shown for comparison is the result of a NLO calculation based on
JETRAD [15-84], using the CTEQ4M parton distribution. The partonic cross-section has been
corrected for hadronisation effects. In Figure 15-27 the ratio of the di-jet invariant mass cross-
section from PYTHIA (corrected with a pseudo K-factor) to the one from this NLO calculation
(including a hadronisation correction) is shown, together with the ratio of NLO calculations us-
ing different parton distribution functions and different values of the strong coupling constant

Figure 15-24 Di-jet cross-section (at hadron level with

a leading jet |!1| < 1) for different ranges of the pseud-

orapidity of the second leading jet obtained from a

PYTHIA calculation (points) and from a NLO Monte

Carlo calculation (solid line).

Figure 15-25 Range in 1/x and Q2 for the di-jet differ-

ential cross-section measurement. Only those bins

are shown which contain more than 100 events for an

integrated luminosity of 300 fb-1.
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First plot 
to be made at LHC

ATLAS TDR: Inclusive Jet ET

Sensitive to:
 • Parton distribution functions
 • Detector performance
 
 • New Physics

[Energy scale and resolution]

Jet Spectrum @ LHC



pT

dσ/dpT

pT

pT

Relative Uncertainty [compared to CTEQ 6.1M] 

Inclusive Jet
Cross Section @ LHC
[D.Stump et al., JHEP 10 (2003) 046]

Mid-rapidity:
  100 % uncertainty 
  @ ET ~ 5 TeV

Forw. jets:
  100 % uncertainty 
  @ ET ~ 2 TeV
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of order 10-19m. No evidence of quark substructure was found. Previous studies of the di-jet in-
variant mass spectrum reported by UA1 [21-34], UA2 [21-35] and by CDF [21-36] have also
shown that data that were consistent with QCD predictions.

The effect of quark compositeness at the LHC is investigated in this section. To simulate a sce-
nario with quark substructure the event generator PYTHIA-5.7 [21-11] has been used. More de-
tails can be found in [21-37]. A simple phenomenological approach is used. This adds contact
interactions between quark constituents with a compositeness scale ! [21-38], where the sign of
the effective Lagrangian for a flavour diagonal definite chirality current is positive (destructive
interference) or negative (constructive interference). The data simulated in the framework of the
Standard Model (SM) are compared with those obtained assuming quark compositeness. The
simulated event sample included the following hard-scattering final states: qq, qg, gg, g", q", and
"". The "*/Z, W, and tt production subprocesses were also enabled. A cut on the transverse mo-
mentum of the hard scattering subprocess was set to 600 GeV. Under these conditions, the con-
tributions from the qq, qg and gg processes represent 97% of the cross-section. For the Q2 scale in
the hard scattering 2#2 process, was used. Jets were reconstructed using
ATLFAST with a cone size . All calorimeter cells with ET>1.5 GeV are taken as possible
initiators of clusters. The total ET summed over all cells in a cone $R should be larger than
15 GeV. Jets were reconstructed down to |%|=5.0.

21.5.2 Transverse energy distributions of jets.

Figure 21-16 and Figure 21-17 show the effect of compositeness on the inclusive jet energy spec-
trum. The case of constructive interference is shown; the destructive case is similar. Only events
with two jets of ET> 400 GeV are included. Figure 21-17 shows the deviation from the Standard

Figure 21-16 ET distribution for two leading jets

showing the Standard model prediction (open circles)

and the effect of quark compositeness to the scales

indicated. 30 fb-1 of integrated luminosity assumed.

Figure 21-17 Difference of the standard model pre-

diction and the effect of compositeness on the jet ET
distribution, normalised to the Standard Model rate.

The errors correspond to 30 fb-1
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ATLAS TDR: Inclusive Jets

Expectation: Enhancement of σjet at high ET

Quark Substructure [Compositeness]



x = 0.005

Considered
as luminosity monitor

pp → W + X 
pp → Z + X 

Q2 for W/Z production
@ LHC energies

Extra
pol

ati
on

W and Z Production @ LHC



Parton Densities
Determination @ LHC
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Direct γ-production: Singel W/Z production:
q

q’ q

q

W±

Z
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• At LHC energies these processes 
  take place at low values of Bjorken-x

• Only sea quarks and gluons are involved

• At EW scales sea is driven by the gluon,
   i.e. x-sections dominated by gluon uncertainty

➥ Constraints on sea and gluon distributions

Vector Boson Production
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8938:

Direct γ Production
Sensitive to PDF differences

CTEQ - MRST: ± 16 -18 % disagreement
Needs good understanding of detector

γ + jet event

ATLAS
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Extra input from 
LHC measurements

Single W and Z Production
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35% error reduction

Effect on PDFs of LHC W data



Concluding Remarks

LHC Challenges
High Rates: triggering, pile-up, radiation ...

LHC Prerequisites
Understanding of detector performance,  

SM backgrounds, parton densities ...

LHC Hopes
Higgs, SUSY, Extra Dimensions...

 There are exciting times ahead ...
... starting 2008 !!



End of Lecture
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