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Abstract

A brief overview of experimental collider physics for theoretical physics students, illustrated
with recent results from the DØ and CDF experiments at the Tevatron.
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1 Introduction and Acknowledgements

Because these lectures are meant to be educational rather than cutting edge, I have gone into
more detail than usual. Such details are usually only available in doctoral dissertations. In
particular I have relied on the DØ Dissertations of Levan Babukhadia [21], Robert Snihur [14],
Juan Estrada [18] and Florencia Canelli [19].
An earlier version of these notes, for hadron colliders only, was given at TASI04.

2 The characters in the story

These lectures describe physics done at lepton and hadron colliders, which have had several
historical phases.

3 The Technical details

3.1 Luminosity

Luminosity measures the flux of particles capable of creating a reaction of interest. The number
Nobserved of events observed in an experiment is

Nobserved =
[
σprocess × εdetection ×

∫
Ldt

]
+ Nbackground (1)

where the observable σprocess is the cross section for the process and should not depend on the
experimental details, εdetection is the probability that a signal event will be observed in a given
detector,

∫ Ldt is the Integrated Luminosity and Nbackground are events from other processes
that got counted incorrectly.
At colliders, the luminosity depends on both the beam intensities and the beam densities.
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L = f
NpNp

4πσxσy
(2)

where f is the frequency with which beam bunches cross (1.7 MHz at the Tevatron), Np is
the number of protons/bunch, Np is the number of anti-protons/bunch and σx and σy are the
gaussian sizes of the beam. See http://www-bd.fnal.gov/notifyservlet/www for the real-time
numbers for the Tevatron. Typical beam sizes at hadron colliders are 20-100 μms and typical
instantaneous luminosities are 5 × 1031cm−2 sec−1. For integrated luminosities, we normally
use inverse pico-barns (1 pico-barn−1 = 1036cm−2) as a unit. During a typical running week,
which has around 200,000 seconds of beam in it, 7-10 pb−1 of luminosity will be delivered to
each of the Fermilab experiments. This means that if a particle has a production cross section
of 100 fb, one a week will be produced (but probably not detected) at the Tevatron.

3.2 Overview of Collider detectors

Particle detectors at colliders have evolved to be pretty similar - the technologies used in each
component differ but they all have the same basic layout. Starting at the interaction point,
there is

• a tracking volume with almost no material and a high magnetic field. This is used
to measure the trajectory of charged particles with high precision. It normally has an
inner, high resolution section built of silicon to detect the decays of short lived particles
and an outer tracker made of less expensive materials and optimized for momentum
measurement.

• a ’calorimeter’ made of very heavy material which absorbs and detects almost all strongly
and electromagnetically interacting particles. It is normally divided in to a high Z
electromagnetic part and a cheaper outside hadronic part.

• a muon detection system, which measures the momentum of any muons which make it
through the calorimeter.

These different pieces are illustrated in the picture of the DØ detector (Figure 1). More detail
on these components is given below.

4 Example 0 - Z-pole at LEP

One of the major accomplishments of the LEP e−e+ collider at CERN was the precision
measurement of the parameters of the Z0 boson. The mass, width and production cross
section were determined with extreme precision. In addition, decay rates to different final
states and parity violating asymmetries were also measured very accurately. These results
were so precise that they constrained the top mass in the Standard Model before the top mass
was accurately measured. In addition, the width measurement provided a strong limit on the
number of active neutrino species (2.97±0.03 last time I checked). The Z0 mass determination
is an order of magnitude better than any other mass determination for a heavy particle and
provides a very precise calibration for hadron colliders.
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Figure 2: One quadrant of the DØ calorimeter illustrating the segmentation in pseudorapidity.
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4.1 What we expect to see

Z0’s are produced at LEP through the process e−e+ → Z0 → ff where f are the fundamental
fermions. For charged fermion final states there is interference with e−e+ → γ∗ → ff . The
total width of the Z0 is

Γtot = Γee + Γμμ + Γττ +
∑

i=1,Nν

Γνν + 3(Γuu + Γdd + Γss + Γcc + Γbb) + anything else (3)

The sum is over the number of neutrino species which couple to the Z0, the various Γ’s
depend on the couplings to the Z0 and the factor of 3 for quarks is for the 3 color species.
QCD corrections add factors of order αs to the quark modes due to final stage gluon radiation.
Γtot can be measured from the width of the Z0 production rate:
The rate for fermion pair production near the Z pole is given by the LEP EWWG [?] as follows.

”
2s

π

1
N f

c

dσew

d cos θ
(e−e+ → ff) =

∣∣∣α(mZ)Qf
∣∣∣2 (1 + cos2 θ)︸ ︷︷ ︸
γ

−8 Re
{
α∗(mZ)Qfχ(s)

[
Ge

V Gf
V (1 + cos2 θ) + 2Ge

AGf
A cos θ

]}
︸ ︷︷ ︸

γ − Z0 interference

+16 |χ(s)|2
[
(|Ge

V |2 + |Ge
A|2)(|Gf

V |2 + |Gf
A|2)(1 + cos2 θ)

+8 Re {Ge
V Ge

A
∗} Re

{
Gf

V Gf
A

∗}
cos θ

]
︸ ︷︷ ︸

Z0

(4)

χ(s) =
GFm2

Z

8π
√

2
s

s − m2
Z + i s ΓZ/mZ

. (5)

Here α(mZ) is the electromagnetic coupling constant at the scale of the Z0 mass, GF is the
Fermi constant, Qf is the charge of the final state fermion, and the colour factor N f

c is one for
leptons (f=e,μ, τ) and three for quarks (f=u, d, s, c, b). The effective vector and axial vector
couplings of fermions to the Z0 are denoted by Gf

V and Gf
A. χ(s) is the propagator term

characterized by a Breit-Wigner denominator with an s-dependent width. ”
Figure 5 shows the measured variation of the cross section for e−e+ → qq with center of mass
energy at LEP. The data were taken at energies selected to both optimize the mass and width
measurements and provide the maximum number of Z decays possible in a given running time.
The measured width Γtot is consistent with the known quark and lepton species, with Nν = 3
and no other particles with masses less than mZ which couple to the Z0.

4.2 The Measurement

To do this measurement you need to determine the cross section at various energies.
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Figure 3: Diagrams for e−e+ → ff through γ or Z0. a) shows the s-channel scattering which can
have any fermionic final state which couples to the Z or γ. b) shows the t-channel process which
only involves the e−e+ final state.
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Figure 5: The cross section for hadron production near the Z pole from LEP. The points represent
data from the four experiments - with error bars multiplied by a factor of 10, the solid line is a fit
to the observed line shape while the dashed line is a fit to the observed data after correction for
initial state radiation.
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The cross section σ for a given process is given by

∫
Ldt × σ = Nproduced =

1
ε
(Ndetected − Nbackground) (6)

where
∫ Ldt is the integrated luminosity, a measure of the integrated flux of potentially inter-

acting particles, σ is the cross section, Nproduced is the number of particles produced, which
can’t be observed. Ndetected are the number of events seen, Nbackground are the number of events
seen which were actually not signal and ε is the efficiency or the probability that a produced
event will be detected.
The experimental observables are Ebeam,

∫ Ldt and Ndetected. Nbackground and ε can be esti-
mated from the data or by simulation and with those in hand, one can measure σ.
At LEP, backgrounds are small but efficiencies are not 100%. The efficiency for detecting
e−e+ → Z/γ∗ → ff was determined for quarks, muons, taus, and electrons using precision
simulations which had been tuned to the observed data. The dominant part of the efficiency
was the ’acceptance’, which describes the angular coverage of the detector. Detectors can-
not cover all of 4π solid angle so the data are limited to some smaller angular region and
theory/simulation are used to extrapolate to 4π. In addition, other forms of inefficiency can
occur - some decay modes may be more difficult to reconstruct than others and some parts of
the detector may not be working well. These effects are estimated by studying distributions
such as the number of hits on tracks and the angular distribution in azimuth. Backgrounds
were very low but were also estimated by simulation. The numbers of detected Z0 candidate
events were of order 1-4 million depending on the process. So Nobserved could be determined
pretty easily by counting events with e−e+ → ff .

4.3 Luminosity

The Luminosity is an estimate of the fluxes of e−e+ which could potentially cause an interac-
tion. In principle this could be calculated from beam spot sizes and currents using equation
1, but in practice these are not measured well enough.
Instead, small angle electron scattering, where the t channel process dominates and hence is
dominated by photon exchange, is used as a reference process.
The rate for observing such scattering in a small solid angle ΔΩ is

∫
Ldt

dσ(ee)
dΩ

ΔΩ = ε(N ee
detected − N ee

background) (7)

dσ
dΩ(ee) is estimated from QED, ΔΩ and ε are very carefully estimated by accurate measurement
(ΔΩ) and simulation (ε) and Ldt can be thus be determined and used in extracting σ(e−e+ →
ff). The OPAL collaboration was able to determine this luminosity to 0.03% experimentally
with a 0.06% error due to the theoretical cross section for e−e+ → e−e+ [8].
Figure 7 shows an engineering drawing of the OPAL luminosity monitor, which wraps around
the beam and is made of tungsten plates interleaved with silicon wafers with energy and
position readout.
Figure 8
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Figure 7: The OPAL luminosity monitor detector.

4.4 Beam Energy

The beam energy at LEP was known, in the end, to a couple of MeV or one part in 20,000[5].
This is not true at most accelerators and is due to a special feature of the LEP machine, the
beams become transversely polarized over time and those spins precess. The polarization can
be measured by Compton scattering a laser beam from the electron and positron beams. The
precession frequency is closely related to the beam energy via the relation

Eb =
νsmec

2

(g − 2)/2
(8)

where Eb is the beam energy and νs is the number of precessions per revolution in the machine.
At the Z peak, νs was around 103.5. The precession frequency was measured by applying a
known RF signal to the beam and sweeping through nearby frequencies, when the correct
frequency was reached, the beams would become depolarized.
This establishes the average beam energy around the ring at the time the frequency scan was
done. To establish the beam energy at the interaction regions (IP’s) at all times, corrections
need to be made for:

• Location around the ring, since synchrotron radiation results in 125 GeV energy loss/turn
which is restored by RF cavities at fixed locations, see Figure 9. You can also see these
shifts in Figure 6 where certain experiments have different energies than others.

• Temperature, which causes expansion of components. It is kept constant to 0.1 o C.

• Stray currents caused by the TVG trains which cause a 1A current in the LEP ring. See
Figure 10

• Tidal stretching of the earth, which changes the effective radius of the machine

12
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Figure 9: The LEP ring layout. Power is added to the beams in the RF cavities but 125 MeV is
lost to synchrotron radiation every turn. Since the RF cavities are not evenly spaced, the beam
energy at different Interaction Points (IP’s) will differ by up to 40 MeV.

These corrections are described in detail in reference [5].

4.5 Other corrections

Event counting, energy calibration and luminosity measurements get us to the data points
shown in Figure ??. Additional corrections are made for initial and final state QED radiation
and a combined fit, including the correlations between observables is done. The results of that
fit are the dashed curve in Figure ??. This fit to the data from all 4 experiments yields a Z0

mass of 91.1874 ± 0.0021 MeV, ΓZ = 2.4952 ± 0.0023 GeV and Nν = 2.9841 ± 0.0083. with no
room for other particles which couple to the Z.
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Proton Anti-Proton

Figure 11: What is really going on in a hadron collider, partons collide and a mess of target remnants
and scattered particles ensues. In this event a u from the proton and u from the anti-proton have
produced a final state with many particles, mainly concentrated in two jets.

5 Hadron Collider physics Basics

As theorists, you think of processes as one or two incoming fundamental particles interacting
to form an interesting final state. In e−e+ physics this is a good approximation, but in hadron
colliders it is an approximation and it turns out, a bad one. Most of my examples will be
from proton anti-proton collisions at the Tevatron (since that’s what I know) but I will include
comments on the LHC which will collide protons with protons.
The problem is that your fundamental incoming partons, quarks and gluons, are delivered
in protons and antiprotons. The hard collision of interest only occurs when partons with
the right quantum numbers happen to have the right center of mass energy to make the
desired final state. Most of the time, the hard collision involves partons with the wrong
quantum numbers or the wrong energy and all you get, from your point of view, is junk.
The longitudinal momentum distribution of the desired partons in the proton is described
by Parton Distribution Functions or PDF’s, which can be determined from other processes.
But these are probabilities, not certainties. As a result, in a given proton-antiproton reaction
you do not know the longitudinal momentum of the initial state although you can predict
the distribution of such momenta for an ensemble of events. Figure 12 shows typical parton
distribution functions for important partons such as u quarks and gluons.
The total cross section for a parton of type 1 and a parton of type 2 to scatter is the integral
over the probability of finding those partons in the proton to begin (the PDF) with times the

16



hard scattering matrix element. In the following, the hatted quantities refer to the hard parton
scatter while the unhatted quantities are for the proton/ antiproton system.
Since we don’t know the longitudinal momentum for the initial state, we should use cylindrical
coordinates. Unless the protons are polarized, the cross section should be symmetric in azimuth
so the relevant variables are p‖ and p⊥. The parton distributions can be written as

fi(x; μ) (9)

where i is the parton flavor, x = pparton/pproton is the fraction of the proton momentum carried
by the parton and μ is an appropriate hard scattering scale for the interaction. In the absence
of strong interactions between the quarks in the proton, the PDF’s would be just a function
of x but interactions introduce a log μ dependence.

σ(p + p → X) =
∫

σ̂(1 + 2 → X; μ)f1(x1; μ)f2(x2; μ)dx1dx2 (10)

σ̂ is the quark scattering cross section, it depends on the scale μ but (in principle) the observable
cross section σ does not. In practice, one guesses that μ is the hard scattering momentum
scale Q, which is often assumed to be the mass (*c) of the final state object or the transverse
momentum of the final state particles. For a detailed discussion you might wish to look at the
CTEQ Handbook of Perturbative QCD [11] or other QCD texts.
The parton center of mass energy is:

ŝ = x1x2s = x1x2(2Pbeam)2 (11)

and the momentum of the parton center of mass is:

pz(cm) = (x1 − x2)Pbeam (12)
p⊥(cm) � 0 (13)

Figure 13 shows the first order hard scattering diagrams for proton anti-proton scattering.
Figure 14 shows the typical x and Q ranges for different experiments.
Figure 12 shows typical parton distribution functions at collider energies. If you look at the
parton probabilities in Figure 12, you note that gluons are the most probable partons, except
at the highest momentum fractions, and in fact, the cross section at very low p⊥ is dominated
by gluon-gluon and quark-gluon scattering via the t channel.

5.1 The final state

Quarks and gluons do not appear as particles in the final state, instead they fragment into
’jets’ of reasonably long-lived hadronic particles such as π+, π−, π0, K+, K−, KL, KS , η, η′,
p, n etc. The π0, η decay quickly into photons. This jet of particles generally follows the path
of the original quark or gluon but there are important problems in making that identification.
These include:

• The final state particles are color neutral, while the quarks and gluons are not. This
means that there is a color connection between the final state partons (and the remnants
of the proton and anti-proton in most cases).
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Figure 12: The parton distribution functions (times x) for u quarks (up), d quarks (down),
Gluons (gluon) and u anti-quarks (upbar) at a typical collider momentum transfer of Q =
100GeV/c. This was generated with the online pdf plotter from the Durham database
http://durpdg.dur.ac.uk/HEPDATA/PDF.
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Figure 13: First order diagrams for proton-anti-proton scattering. If one assumes that time runs
bottom to top (the theorist’s convention), the first column indicate exchange in the t channel, the
second s channel exchange, the third the u channel and the 4th is a special QCD diagram.
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• Higher order diagrams cause jet splitting. Some models of jet production take only the
leading order hard diagram and then do fragmentation of those jets using parton shower
models while others attempt to include higher order hard scattering diagrams and then
fragment them. The degree to which fragmentation is handled in the original matrix
element or in the fragmentation model is a rapidly evolving art form.

• Algorithms for finding the jets vary - generally fast algorithms such as cones are hard to
map onto theoretical observables while algorithms which are theoretically robust, such
as the kperp algorithm, are time consuming and prone to experimental biases. For a nice
recent review see reference [16].

• The final state particles deposit energy in the detector in different ways - finding and
summing the energy can be quite difficult.

Figure 15 shows the production of a jet when a quark is knocked out of a proton (by a neutrino).
In step a), the quark is knocked out but remains connected to the proton by its color charge.
At some point the energy in the color field becomes so high that it is energetically favorable
to produce a quark anti-quark pair b) which can neutralize some of the color field. In c) the
color neutral objects have ’hadronized’ to form real observable particles, in this case a neutron
and two kaons.

5.2 Kinematics

You may, personally, be interested in Higgsino production but the total proton anti-proton
scattering cross section is dominated by t channel exchange of a gluon. Because the back-
grounds are dominated by t channel processes, which have factors of 1/t ∝ sin−2 θ

2 in the
matrix element it was realized early on that the polar angle θ was a lousy variable for describ-
ing what one actually sees in most produced events, even though most interesting interactions
involve s channel quark anti-quark annihilation.
Instead of the polar angle, the rapidity, y, is used.

y ≡ 1
2

(
E+p‖
E−p‖

)
(14)

E = 1
2ey

√
m2 + p2

⊥ (15)

The big deal about rapidity is that:

• Differences in rapidity Δy are Lorentz invariant for boosts along the z (or rapidity) axis.
You can verify this for yourself. Because of this, Lorentz Invariant Phase Space can be
written as

d3p

2E
= dφdydp2

⊥ = 2πdydp2
⊥ (16)

• and if you go to a frame where the rapidity of a final state object is 0, it has a polar
angle of π

2 and small variations in y are

δy ≈ δθ + O(δθ)3 (17)
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equivalent to small variations in the polar angle θ.
This means that one can define ’jet’s of hadrons in y−φ space and achieve results similar
to those one would get at 90o in θ − φ space.

The rapidity of a particle of mass M has kinematic limits set by the total energy available for
that particle.

Emax ≥ 1
2eymaxM (18)

ymax = log
√

s
M (19)

For example, at the Tevatron, Z0 bosons will have rapidities of less than 3, while top quarks
will be less than 2.3.
The actual rapidity distributions are determined by the product of parton distributions, which
determines the longitudinal momentum distributions of interactions, but empirically, the ra-
pidity distribution for soft processes is closely approximated by a constant distribution per
unit rapidity within the kinematics limits.
For massless particles (which are a good approximation for the decay products of almost
anything in a collider) , the rapidity y reduces to the pseudo-rapidity:

η = − log(tan
θ

2
) (20)

Figure 1 shows a side view of the DØ detector at Fermilab. Figure 2 shows a quadrant of
the calorimeter and illustrates the segmentation in pseudo-rapidity. Collider detectors are
designed so that each detector element covers the same area in η − φ space. For example, at
DØ the detector elements are 0.1 × 0.1 in size.
The utility of plotting things in η − φ − pperp space is illustrated when one looks at real
data. Figure 17 shows a normal space view of the objects detected in a very high energy
parton scatter. The initial state partons carried more than half of the proton’s momentum
and scattered at around 90 degrees. Figure 18 shows a lego plot in η − φ − p⊥ coordinates of
the energy flow in the final state. Figure 16 illustrates the different coordinate systems and
their relationship.

6 Example 1: Jet production

Our first example will be the simple partonic scattering illustrated in Figure 13, where two
initial state partons scatter into two or more final state partons. These results have been
published in references [17], [22]. Levan Babukhadia’s thesis [21] contains a full description of
the methods used. The observed final state will consist of 2 or more jets. Because the major
diagrams have matrix elements that go like 1/t or 1/s which act like 1/p2

⊥ and the parton
distributions approximately go as 1/x(1 − x)n, the jet spectrum falls off very rapidly with
transverse momentum.
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Figure 17: A very high energy event in the DØ detector. The boxes represent calorimeter towers,
with blue boxes having higher energy than green ones, the purple line are charged tracks, the brown
cylinders are momentum vectors for the jets. The momentum vector scale is set very low, the two
largest jets extend far outside the picture.
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6.0.1 Hadron Energy Calibration

Nature does not provide very many jet calibration lines. For example, the W and Z bosons
decay to jets most of the time but the dijet cross section shows no appreciable enhancement
around the mass peaks both due to poor resolution and a factor of ( α

αs
)2 in electroweak cross

sections relative to the QCD cross section. In future, when statistics are higher, the hadronic
decays of W ’s in top decays should become a promising calibration point with much less
background.
Jet scales are found either by a combination of Monte Carlo simulation and test beam mea-
surements for individual particles or by in situ measurement of transverse momentum balance
between photons and jets from the QCD/QED process qG → qγ. After enormous effort, errors
of the order of 3% on the energy scale can be achieved. [20] is a 94 page article describing the
procedure used by D0. 3% sounds good until you remember that the jet spectrum is falling
very quickly as a function of the jet transverse momentum. This 3% error on the x (trans-
verse momentum) axis quickly becomes a 30-50% error on the y (cross section) axis when the
spectrum is falling fastest.

6.1 Result

Figures 19 and 20 summarizes the results from a measurement done at DØ in the late 90’s.
It is described in great detail in Levan Babukhadia’s thesis [21]. The D0 result and a similar
measurement from CDF have been published [17, 22]. Figure 19 shows the p⊥ spectrum of
jets for several rapidity bins. Figure 20 the p⊥ spectrum normalized to different theoretical
predictions. The main source of variation in theoretical predictions is the input parton density
functions, in particular, the gluon content at high x which is not well constrained by other
experiments. The uncertainty on the measurement is completely dominated by the jet energy
scale. What the plot does not show is that error is very highly correlated from point to point.
One can note that the MRST↑g PDF set does match the data more closely and a full statistical
analysis indicates that the better match is in fact significant. This has been interpreted as
the presence of a larger gluon distribution at high x than had previously been believed. In
particular, it indicates that a large fraction of the momentum of the proton can end up in a
single gluon.

7 Simulations and neutrinos

Now that we’ve seen the QCD cross sections, we might want to look at how the others compare.
Figure 21 shows the event rates for various processes in hadron-hadron collisions.
All other processes have much lower rates than the QCD rates discussed above and have to
contend with huge backgrounds from simple QCD scatters in which the final state particles
mimic something more interesting. For example, a W boson can decay to an electron and a
neutrino, each with an energy of around 40 GeV in the W center of mass frame. This leads
to electrons and neutrinos with transverse momenta in the range 0-40 GeV, depending on the
decay angle relative to the beam axis. The total cross section for this process at the Tevatron is
around 2.6 nb once you take into account the branching fraction to electrons. The QCD cross
section for producing 2 partons with transverse momenta of 25-40 GeV or above is roughly
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Figure 19: The transverse momentum spectrum for jets produced at center of mass energy 1800
GeV in the D0 detector.

2-10 μbarn or roughly a factor of a thousand higher. If your detector has a 0.1% chance of
calling a QCD jet an electron, and messing up its transverse energy, you may be looking at
a background as large as your signal. We have better ways of detecting W which will be
described later, but one has to be very careful in detector design to measure rare processes in
the presence of such large backgrounds.

7.1 QCD Backgrounds to rarer processes

There are several ways in which a normal quark can fragment in a way which looks like an
electron, muon or neutrino in a detector.

• Jet fluctuations - a jet of cm energy E > 40 resulting from a quark or gluon will have an
average number Nchg � 7.7 log10(E/10 GeV) + 1.3[27] charged particles, mainly charged
pions, and around Nneu � Nchg/2 neutral pions in it. The neutral pions decay to two
photons and hence look electromagnetic. Statistical fluctuations 1 can lead to Nchg being
much smaller than the average, or the relative neutral and pion ratios changing radically
in a small fraction of events. A small fraction of jets can either be intrinsically highly
electromagnetic and electron like or have a single very energetic charged pion and little
else.

• Decay in flight - pions and kaons in the jet can decay in flight, mainly to muons.

• Dalitz decays and Photon interactions in the detector. A π0 can decay to two photons
and one can interact in the detector to form an electron-positron pair.

1Which are not Poisson in N due to charge and flavor correlations, but even broader.
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Figure 20: Comparison of DØ jet data at 1800 GeV from the previous figure with two theoretical
models, (•) compares the data to the MRST↑g PDF’s while (◦) compares to the more standard
MRST set. The yellow bands indicate the systematic errors, which are completely dominated by
the energy scale error.
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Figure 21: Rates for various processes at Hadron colliders from reference [ ]. The dashed vertical
line shows the LHC energy. Note the curve labeled Ejet

T > 0.25 TeV.
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• Charm and B decay - a small fraction of jets contain a b or c quark which carries most of
the jet energy, the heavy quark can decay semileptonically, producing a muon or electron
which carries a large fraction of the jet energy.

• Charge exchange reactions. A charged pion can turn into a neutral pion through a quasi-
elastic charge exchange interaction in the calorimeter. This will look identical to an
electron, with a charged particle pointing at an electromagnetic shower.

None of these are common - but when one has QCD rates that are thousands of times higher
than the signal you are interested in, they become important.

7.2 Discussion of simulations

One way of studying and understanding the backgrounds is to simulate your process, the likely
QCD backgrounds and the detector. I’m not going to talk about detector simulations and will
concentrate on the methods used as inputs to the detector.
These simulations take the process you are interested in and produce real particles. These
simulations differ in two ways from an analytical calculation of a cross section.
First, if you are going to do a detector simulation later on, your physics generator needs to
generate real events with real 4-vectors, not just amplitudes or rates. And you get much faster
convergence if all events have positive weights and preferably the same weight. Just generating
events flat in phase space and then using your analytical calculation to assign a weight to each
event is not going to work very well.
Second, nobody knows how to do a perturbative QCD calculation that produces real particles
like pions - it would have to be very high order and still could not handle the non-perturbative
hadronization phase.
Instead we rely on very useful codes such as PYTHIA [26] and HERWIG [28] which use parton
showering or string models to convert partons into particles. These programs manage to sim-
ulate many of the interference effects you expect when you have colored particles radiating by
using concepts such as angular ordering. Over the past 20 years, the parameters of the models
have been tuned to match data from e−e+, lepton-hadron and hadron-hadron scattering.

8 Neutrino detection at colliders

So far we’ve discussed the detection of electrons, photons and jets. Most interesting high p⊥
processes at colliders involve neutrinos or other non-interacting particles (such has hypothetical
Lightest Supersymmetric Particle or LSSP). But even high energy neutrinos have a probability
of only 10−10 of interacting in the typical hadron collider detector. While they cannot be
detected, some of their parameters can be estimated by calculating the missing p⊥ in the
event.
As noted earlier, we do not know the longitudinal momentum of the scattering quarks but we
do have a pretty good idea what their transverse momenta are, close to zero. In principle,

if you can measure the transverse momentum of every scattered particle
→
p⊥

(i)
, the transverse

momentum of any non-interacting particle will be:
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→
p/⊥ = −

∑
i

→
p⊥

(i)
(21)

The magnitude of this variable is very frequently, and incorrectly, referred to as the missing
Transverse Energy, E/⊥ or MET. Which is reasonable in the case of a neutrino but just plain
wrong in the case of a 70 GeV LSSP or two neutrinos.
The missing transverse momentum estimate only works if the p⊥ and direction of all scattered
particles except the missing particle are detected. This requires a ’Hermetic’ detector which
covers almost all of 4π solid angle with active components. Such coverage is very difficult
and expensive to achieve. Detectors such as DØ and CDF have active calorimetry down to
angles of order 3o from the beam axis or rapidities out to ±4 and are able to achieve p/⊥
resolutions of order 5 GeV/c. However there is a potential for very large fluctuations in the
missing momentum, for example if a jet fluctuates to be very electromagnetic in a calorimeter
which responds differently to hadrons and electrons, exactly the kind of events which fake real
electrons.
For events with one missing neutrino from a semi-leptonic decay, such as W boson production,
the neutrino reconstruction is almost unambiguous. This is illustrated in Figure 22. However,
di-boson production, leptonic top decays and almost any supersymmetric signal have multiple
neutral particles in the final state and the missing momentum method can only yield the sum
of the missing particles transverse momenta.

9 Example 2: The top quark at the Tevatron

9.1 Standard Model top production

Pairs of top quarks are produced either by quark-antiquark annihilation or gluon-gluon fusion.
At the Tevatron, the cross section for this process is believed to be around 7 pb[31]. Single
top can also be produced by electroweak diagrams with the exchange of a W but this process
has not yet been observed.
As of last year, the DØ and CDF collaborations had recorded an integrated luminosity of over
400 pb−1 each in run 1 and 2 combined. This means that the number of top-antitop pairs
produced per experiment is:

Ntt =
∫

Ldtσtt = 7pb ∗ 400pb−1 = 2800 (22)

However, at the same time, the total QCD cross section for inelastic scatters is 60 mb.

Ninel =
∫

Ldtσinel = 60mb ∗ 400pb−1 = 2.4 × 1013 (23)

So only one in 1010 interactions is a top event.
If there are not additional quark species and the CKM matrix is unitary, top is believed to
decay .997 of the time to b + W with the W then decaying to e, μ, τ + ν or to u, c + d, s, b.
Figure 23 illustrates this process. Both kinds of W decay mode are problematic. In the case
of leptonic decays, the neutrino leaves the detector without being detected while the hadronic
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Figure 22: Illustration of W production and decay. The first 3 frames show the longitudinal view.
The initial state consists of two quarks with different momenta, so the hard scatter is moving relative
to the lab frame. The W is produced with a small recoil and then decays to a neutrino and an
electron. The inset frame shows the view along the beam axis. The neutrino’s →

p/⊥ balances the
transverse momenta of the recoil and the electron, but there is no information about the longitudinal
component of the neutrino momentum.
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Figure 23: top anti-top production followed by the decays t → bW+, t → bW− with one W
decaying leptonically and the other hadronically.

modes look just like the 1010 QCD background events. Figure 24 shows the different W+W−

decay signatures predicted for Standard Model top decays.

9.2 Backgrounds

Typical energies for the leptons and jets produced in top decay are mt
3 or 40-100 GeV and

the total energy flowing transverse to the beam direction can be expected to be greater than
200 GeV. The major backgrounds to top production depend on the final state. For the all
hadronic final state, the background is QCD going to 6 jets. For the semi-leptonic final
states, the QCD/EW process W+jets mimics a top event, or one of the jets from a true QCD
event can mimic an lepton and hence a W . The decays with two leptons have much lower
backgrounds but are very rare and harder to reconstruct because they have two neutrinos in
the final state. For now I am going to concentrate on the semi-leptonic decays which have the
signature t → b + �ν and t → b + q1q2 (and vice versa). The experimental signature is 4 jets,
two of which contain bs while the other two should reconstruct to close to the W mass. The
other W decays to a lepton � and missing transverse energy from the neutrino.
One of the major technologies that has made top detection much easier is tagging of b-jets.
QCD backgrounds mainly consist of jets initiated by light quarks while top events should have
2 jets containing b quarks. Multi-layer silicon vertex detector with resolutions in the 10-20
μm range allow measurement of the decay length of long lived particles in jets, the presence
of a long lived particle is a very strong signature for a b jet and hence a top quark. Figure 25
shows the region within 5 mm of a likely top interaction from CDF which shows two b tags.
Figure 26 shows the transverse (xy) decay length distance L2 for a set of events from the CDF
experiment which have passed all other top cuts. All of the backgrounds have lower L2 values
than expected for top events.
So we have several experimental handles, the large transverse energy, the presence of a high
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Figure 25: A top -antitop candidate from CDF viewed along the beam axis. Two separated vertices
are found which indicate the presence of b-jets from top decay.

p⊥ lepton, missing transverse momentum from the neutrino and the b-jets. A combination of
all of these can now get a very clean top signal.
Figure 27 shows the number of jets found in CDF events with an identified leptonic W decay
from and at least one tagged b jet. For total jet numbers of 3 and 4, the top signal becomes
significant.
The CDF collaboration have recently submitted their new measurement of the top cross section
in the dilepton channel at 1960 GeV to PRL [32]. It is

σtt = 7.0 ± 2.4(stat.) ± 1.6(syst.) ± 0.4(lum.) (24)

9.3 Top mass

The top mass is one of the most important parameters in the Standard model, because the
top quark is heavy enough to have a significant influence on electroweak observables through
virtual diagrams. These virtual diagrams lead to correlations between the masses of the W and
t and the mass of the Higgs particle. New measurements of the top quark mass from D0’s first
run were recently published in Nature[34] and CDF have reported but not published results
from their most recent running. The interesting part is that improved analysis techniques,
better background rejection and calibration improvements have moved the central value to
from 174 to 178 ± 4.5 GeV[33]. The effect of this changes is illustrated in Figure 28. The
solid green line shows the combined W and top mass measurements from the Tevatron after
addition of the more precise DØ measurement. The dashed line shows the previous values.
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jets. A transverse energy cut of 200 GeV has been applied.
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Figure 28: LEPEWWG [24] plot of measurements of electroweak parameters vs. the masses of
the top quark and W boson. The yellow bands represent different Standard Model Higgs masses.
The solid green line shows the combined W and top mass measurements from the TeVatron after
addition of the more precise DØ measurement. The dashed line shows the previous value.
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GeV/c2

Figure 29 shows the effect of the change in the central value for the top mass on estimates of
the Higgs mass.

9.4 Extraction of the top mass

.
The top mass can be measured with surprising precision - mainly because it is so high compared
to the QCD scale of 1 GeV that strong interaction effects do not dominate, as they do in the
determination of the other quark masses.
The basic method goes as follows. We have a top event with one semi-leptonic and 1 hadronic
decay.
We know 5 momenta (those of the lepton, 2 jets from W decay and 2 jets from b-decay) and the
transverse portion of the neutrino momentum. We also assume that the lepton and neutrino
are massless and can estimate the ’masses’ of the jets. We can now start applying constraints.
First, the non-b jets come from a W and should have the appropriate mass.
Second, the lepton and neutrino should also reconstruct to the W mass. Here X‖ is the
unknown longitudinal component of the neutrino momentum.
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Figure 30: Negative Log Likelihood of the event kinematics for a single event with a very high
likelihood of being a top.

Eν =
√

p2
⊥ν + X2

‖ (25)

m2
W = (E� + Eν)2 − (

→
p⊥lepton +

→
p/⊥ ν)

2 − (p‖� + X‖)2 (26)

This is a quadratic equation with two solutions for the neutrino momentum, and hence the W
momentum.
We can then impose the remaining constraint, that the masses of the two tops must be equal
and extract a top mass.
If detectors were perfect, that would be it but generally, top events have only 1 or zero tagged b
jets and the charge of the b jet is not known so it cannot be automatically associated with the
W+ or W−. In general 12-14 combinations of objects must be considered and their consistency
with the top anti-top hypothesis evaluated. In addition, b decays are weak decays and very
likely to include neutrinos, which makes the energy determination for b jets different than that
for ordinary jets.
Unfortunately, there are also a lot of background events out there as well which cannot be
arbitrarily thrown out of the event sample.
The DØ collaboration very recently published[34] a determination of the top mass using likeli-
hood methods. These methods have an advantage over the techniques used in previous analyses
as configurations and events with smaller errors are given greater weight. The data sample
used is from the previous run, where vertex tagging was not available to clean up the data
sample or indicate which jets contained b quarks. Each combination of particles in each event
had its log likelihood of being top or background calculated by comparison to a theoretical
model as a function of the top mass. Figure 30 shows this distribution for a single event with
a high likelihood for being top. This plot is the sum over all of the combinations. is almost
certainly background.
Figure 32 shows the log likelihood distribution for the ensemble of 71 events and the variation of
likelihood as a function of the assumed mass near the peak. The optimal value after correction
is mt = 180.1 ± 5.3 GeV/c2. This value is expected to improve greatly once the run II data
are well understood as both DØ and CDF have larger statistics and much better b tagging.
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Figure 31: Negative Log Likelihood of the event kinematics for a single event with a very small
likelihood of being a top.

Figure 32: Left: Combined log likelihood function for the 71 events in the sample. Right: the
relative likelihoods for the various top masses considered.

The dominant error remains the hadronic energy scale, which should also improve with better
top signals as the W bosons in hadronic top decays are indeed the pure calibration line for
hadronic energy scales we’ve needed for a decade.
.

10 Example 3: looking for the Higgs at Hadron col-
liders - or where is it anyways?

10.1 Standard Model Higgs production and decay

The Higgs is an excellent example of the difference between production and detection of rare
signals. Because the Higgs couples to mass, Standard Model Higgs production generally in-
volves t, W, Z either through loops or direct production. At the Tevatron, low mass Higgs
bosons are produced via GG → top loop → H(Figure 33) and associated production (Figure
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Figure 34: Associated Higgs production.

34 in which a quark and anti-quark produce a W ∗ which decays to WH. Figure 35 illustrates
the relative production rates for these processes [36, 35] at the Tevatron.
The Higgs also likes to decay into the highest mass particles possible. Figure 36 shows the
decay modes for low mass Higgs, below WW threshold, the Higgs has to decay to bb quarks.
So for a Higgs just above the current limit of 114 GeV set by LEP, one would expect a
Standard Model cross section for the process qq → H → bb of 1 picobarn. During its best
week in 2004, the Tevatron recorded over 20 inverse picobarns of data - or enough to produce
20 115 GeV Higgs going into bb. Even if the Higgs mass were 200 GeV, the cross section for
GG → toploop → H → WW is still over 0.1 picobarn so one would expect to see 2 or 3 in a
good week. So why haven’t you heard of the discovery or a new limit?
The reason is backgrounds, both due to particle misidentification and real physics processes
which have the same final state. In this case, it’s likely that real physics is the problem. The
total cross section for producing b or b quarks at the Tevatron was recently measured by the
CDF collaboration [39] in the central (rapidity < 1) region. it is around 25 micro barns, or
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Figure 37: Diagram of the CDF trigger - three levels reduce the data rate from a potential 2.5 MHz
to 100 Hz.

around 1/3,000 of the total proton anti-proton cross section. The cross section for producing
bb is 1/2 that, but both CDF and DØ use twice the rapidity range for Higgs analysis as they
did for this measurement, so the two factors cancel. This means, at typical luminosities, that
300-500 bb pairs are being produced per second, or 10,000,000 times the rate of H → bb Most
such b pairs are highly correlated and have a low invariant mass, but even 1 in a million is
enough to swamp the Higgs signal.

10.2 Triggers and Detection

There are also instrumental problems in detecting the bb channel. Over 1 million proton-anti-
proton interactions occur per second at the Tevatron, but only around 100 can be recorded
due to limits on CPU and bandwidth. (Even so the Tevatron fills tapes faster than Fox News
does). The rest of the events are eliminated by a multi-level trigger, which tries to distinguish
interesting physics (in this case 2 b quarks) from backgrounds (light quark QCD).
CDF has a B physics trigger which relies on detection of the B decay length in the silicon
tracker. The DØ B triggers rely more on the detection of muons in semi-leptonic B decay.
Figure 37 illustrates the flow of data in the CDF trigger[40]. The Level 1 trigger makes a
decision about the usefulness of an event (high energy, has a muon) in 5.5 microseconds.
That crude decision takes the raw rate of around 1.5 Million events/second down to around
25,000/second 2. A Level 2 trigger, which does fast tracking in the silicon detector and detects

2The 45 kHz is a peak number.
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Figure 38: CDF data on the decay Z → bb. The main drawing shows the background subtracted
signal and the inset shows the raw data before background subtraction. The points are the data
and the histogram is an estimate of the background shape from simulation.

the separated vertex, reduces the data by a further factor of 100 to around 300/second which
are then reduced to 100/second by running a full reconstruction program in Level 3. At each
stage, real b’s are lost and fake ones can slip through. One can estimate the probability of a
simple bb event with a large invariant mass surviving by considering the process qq → Z → bb
which has a cross section of around 15 nanobarns, about half way between the raw bb cross
section and the Higgs.
Figure 38 shows a previous analysis of Z → bb from the CDF experiment [39]. This was done
with an earlier, less powerful, version of the new trigger and vertex detectors. The Z0 is the
slight enhancement above background on the falling edge of the background. The signal was
91 ± 30 ± 19 events over a background of 250 observed in 110 inverse picobarns of data. This
implies that the cross section for observing Z → bb was around 1 picobarn, where the cross
section for producing Z → bb is around 1.5 nanobarns. CDF were only able to detect and
identify 1/1,500 of the events with very large backgrounds. One should contrast this with
the process Z → ee which has 1/5 the production cross section. 3,000 events with less than
1% background were observed in a data sample of similar size. For Z → ee the detection
probability is of order 10% after triggering and holes in the detector are taken into account.
Since those data were taken, CDF has added the separated vertex trigger, which should raise
the Z → bb signal substantially. But even with a good trigger, they won’t see the 1 Higgs/week
from GG → bb the Standard Model suggests in our detectors.
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This analysis has been updated with more statistics from Run II and was presented at Moriond
QCD this year. Figure Figure 39 shows the new result. The size of the data sample is a factor
of 3 larger than in the earlier measurement but in order to increase the signal even further,
the efficiency has been increased at the expense of greater backgrounds.

10.3 The solution

There is a solution, look for rarer final states such as Wbb from associated production which
have much lower backgrounds and higher trigger efficiencies. In particular, the presence of the
W eliminates the need to trigger on a b quark. Figure 40 shows the data and background/signal
sources for Wbb production at the DØ detector which was recently submitted to PRL [42].
The dominant backgrounds are real W+ continuum bb and top production. The limit set on
Higgs production is around 10 times the expected Standard Model cross section. The Tevatron
Higgs Sensitivity study [35] done in 2003, indicated that integrated luminosities of 5,000-10,000
inverse picobarns will be necessary to see a Standard Model Higgs at the Tevatron.
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11 Conclusions

I’ve discussed how particle detectors work at hadron colliders and the signatures for old and new
physics. I’ve emphasized the problems in extracting rare signals from a very large background.
I’ll end with some advice for the aspiring theorist who wishes to have his/her ideas tested in
the next 20 years.

• Rate alone cannot guarantee that a process you predict will be detectable.

• The key is special signatures - final state electrons, muons, taus, heavy quarks, which are
harder for QCD processes to mimic.

• To find truly rare processes, you probably need to use multiple special signatures.

• Get experimentalists interested in your physics - so they don’t throw it out at Level 1 in
their trigger.
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