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Abstract. The physics reach of the Compact Muon Solenoid, under construction to study proton-proton
collisions at a centre-of-mass energy of 14 TeV, is presented at design luminosity of 1034cm−2s−1 and
beyond (1035cm−2s−1). The sensitivity for detection of the standard-model Higgs boson in the channels
qqH (W fusion), WH, and tH is discussed with the result that the Higgs boson is observable in multiple
decay modes over entire mass range, 0.1-1 TeV/c2. Higgs boson searches for decays involving taus in the
context of the Minimal Supersymmetric Standard Model result in a limit of about 0.6 TeV/c2 at tanβ=25.
Sparticle reconstruction for decays containing leptons and jets results in a squark/gluino mass reach in
the range 2.5-3 TeV/c2. Limits on Kaluza-Klein excitations of the graviton or a new heavy vector boson
are in the 5-6 TeV/c2 range. The scattering of vector bosons at high energy and discovery potential for
compositeness is described.

PACS. 1 1.30.Pb – 12.38.Qk; 12.60.Fr – 12.60.Fr – 12.60.Jv – 12.60.Rc – 14.60.Cd – 14.60.Ef – 14.60.Fg
– 14.65.Fy – 14.65.Ha – 14.80.Bn – 14.80.Cp – 14.80.Ly – 14.70.Fm – 14.70.Hp – 14.70.Pw

1 Introduction

The standard model (SM) of particle physics has been con-
structed brick-by-brick over the last few decades by incor-
porating all available experimental information into one
consistent, albeit incomplete, description of electroweak
and strong interactions. The major milestones include the
discoveries of charm, the third lepton family, and the third
quark family, the observation of neutral currents and the
W and Z bosons, determination of three light neutrinos
and many other detailed measurements from LEP, as well
as the experimental tests of quantum chromodynamics
(QCD) at high energy. There remains but one necessary
particle, the Higgs boson, to be discovered in order to com-
plete our understanding of nature at energy scales below
a few hundred GeV. It is implausible, however, to expect
today’s SM to work at energy scales all the way to the
Planck mass.

In the big picture (Fig. 1), LHC physics may be viewed
as the first look at the TeV/c2 mass scale to find a clue to
the solution to the hierarchy problem... what lies between
the electroweak scale and the Planck mass? In a somewhat
more limited view, the LHC will explore the mechanism
for electroweak symmetry breaking... How do the W and
Z0 interact at high energies? In a yet narrower view, but
important nevertheless, the LHC will serve to nail down
the elusive Higgs particle.

1.1 Rates

The Compact Muon Solenoid (CMS) detector [1], shown
in Figs. 2-3, is designed to explore the physics accessible
with the Large Hadron Collider (LHC) presently under
construction at CERN. The machine is designed to col-
lide protons at a centre-of-mass energy of 14 TeV and a
luminosity of 1034 cm−2s−1, referred to as “high” lumi-
nosity [2]. An upgrade to the LHC [3] could bring the
luminosity to 1035 cm−2s−1, referred to as “super-high”
luminosity. Operation of CMS at super-high luminosity
requires significant hardware upgrades [4].

At high luminosity the proton-proton collision rate is
about 800 MHz. The fundamental building blocks in the
search for new physics, the W and Z bosons, are produced
at a rate of about 1 kHz. The top quark, a major back-
ground to many of the processes presented in this paper,
is produced at a rate of 10 Hz. Jets with TeV/c trans-
verse momenta are copiously produced at a rate of about
1 Hz. Various TeV exotica, including the SM Higgs boson,
supersymmetric particles, and new vector bosons may be
expected at a rate of one every 15 minutes. The most
energetic parton collisions, the events that will be used
to justify the next accelerator, correspond to xF = 1/2
(parton energy divided by beam energy). The level-1 trig-
ger hardware has a maximum output of 100 KHz and the
high-level trigger a maximum output of 100 Hz [5]-[6].
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Fig. 1. The LHC raison d’être

Fig. 2. The Compact Muon Solenoid detector, longitudinal view

Fig. 3. The Compact Muon Solenoid detector, transverse view



J.W. Rohlf: Physics reach with CMS at high and super-high luminosities 223

Fig. 4. LHC rates

Fig. 5. Simulated and reconstructed CMS event, H → ZZ →
e+e−µ+µ−

1.2 Simulation and reconstruction

The calculation of the physics reach at the LHC has be-
come a cottage industry. True reach involves many sub-

tleties: trigger, detector resolution and efficiency, event
pileup, and the ubiquitous QCD backgrounds (which al-
ways seem to be underestimated!). For the processes dis-
cussed in this paper, event generation is performed with
PYTHIA, and reconstruction is done using a fast tracker
simulation which has been compared to a detailed sim-
ulation (Fig. 5). Where appropriate, event pile-up corre-
sponding to high or super-high luminosity has been in-
cluded.

2 Standard model Higgs boson

The Higgs sector in the context of the standard model and
beyond has been thoroughly evaluated theoretically [7].
The cross section for the SM Higgs boson, shown in Fig. 6
for next-to-leading order, is dominated by gluon fusion.
Figure 7 shows the branching ratios and total width vs.
Higgs boson mass. In the following sections, recent work
on the channels qqH (W fusion), t̄tH), and WH is ad-
dressed. These channels complement searches in the chan-
nels H → WW∗ and H → γγ and have competitive sensi-
tivities due to background rejection introduced by tagging
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Fig. 6. Standard model Higgs boson production cross sections at the LHC calculated in next to leading order QCD [8]
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Fig. 7. Left: Branching ratios for the SM Higgs boson. Right: Total decay width [8]

Fig. 8. Left: Diagram for Higgs boson production by vector-boson fusion. Right: Rapidity distribution of quark jets from the
vector-boson fusion process [9]. Forward calorimetry is important for tagging these jets
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the associated forward jets, top quarks or W bosons, re-
spectively.

2.1 WW fusion

An important channel for detection of a light Higgs boson
is the production by vector-boson fusion [9], as indicated
in Fig. 8, with both W bosons decaying leptonically. The
main background to this channel is t̄t production which
provides a copious source of events with two W bosons in
the final state. The presence of two forward jets (pT > 20
GeV/c) at large pseudorapidity (|η| > 4.3) in opposite
ends of the detector (mjj > 600 GeV/c2), provides a high-
efficiency event tag which reduces the top-quark back-
ground by an order of magnitude, thereby compensating
for the lower fusion cross section. Other key selection cuts
are an anti-b tag using charged particle impact parame-
ter [10], two isolated high-pT leptons (pT > 20 GeV/c)
with m�� < 60 GeV/c2 and ∆φ < 140◦, and a veto on
additional jets with pT > 20 GeV/c. At a Higgs boson
mass of 120 GeV/c2, the signal starts to emerge (220 sig-
nal events on top of a background of 680 events for an
integrated luminosity of 100 fb−1), while at higher mass
the signal becomes striking as shown in Fig. 9.

2.2 Radiation from top (t̄tH)

Another interesting production channel for the SM Higgs
boson is via radiation from a top quark (t̄tH) [11,12] as in-
dicated in Fig. 10. A Higgs boson decay into bb̄, together
with the top decays, t → �+νb and t̄ → qq̄b̄ (or conjugate
states), gives an event signature of four b-quark jets. The b
quarks have favourable transverse energy (ET) and rapid-
ity distributions for secondary vertex tagging (Fig. 10).
The b-tagging procedure is described in [10]. A lepton
tag from one of the W bosons from top decay, a two-jet
constraint to the W mass from the other top decay, plus
two top-mass constraints (qq̄b̄ and �+νb) give an an over-
all efficiency of 1.3%, while the main backgrounds from
tt̄bb̄ and tt̄Z are rejected by factors of 250 and 500, re-
spectively.. The resulting jet-jet (bb̄) mass distribution is
shown in Fig. 11 for a Higgs boson mass of 115 GeV/c2

and an integrated luminosity of 30 fb−1 [12]. This illus-
trates the figure of merit for hadronic calorimetry at the
LHC, namely, the jet-jet mass resolution which governs
the ability to do parton spectroscopy. The resulting mass
resolution is a rather subtle combination of detector en-
ergy resolution and segmentation as well as quantum fluc-
tuations of the parton fragmentation process. The jet-jet
mass resolution in the region of 100 GeV/c2 is about 12%.

2.3 WH production

Figure 12 shows the Feynman diagram for a Higgs boson
radiated from a W, with subsequent decay into bb̄, giving
an �±νbb̄ final state. The cross section for this process is
about 1.5 pb for a Higgs boson mass of 115 GeV/c2. There

Fig. 9. Reconstructed transverse mass from lepton-lepton-
missing ET for a 160 GeV/c2 Higgs boson produced by vector-
boson fusion and tt̄ background for an integrated luminosity
of 60 fb−1. The study was done with fast simulation

are enormous backgrounds, however, from tt̄ (570 pb), tb̄
(320 pb), Wjj (30 pb), and WZ (27 pb). The tagging of the
two b’s, as well as the charged lepton from the W decay, is
critically important for the extraction of the signal. Fig-
ure 12 shows the background-subtracted signal expected
for 300 fb−1 and a Higgs boson mass of 115 GeV/c2.

Although not expected to be an early discovery mode
for a light Higgs boson, the WH channel is independent of
the top quark and provides an interesting measurement of
the WWH coupling as indicated in Fig. 13. Measurement
of this coupling assumes that the branching ratio, H →
bb̄ is known.

2.4 Warhorses

The production of SM Higgs bosons by gluon fusion and
the decays to γγ or ZZ → �+�−�+�− or �+�−νν, and pro-
duction by W fusion with decay into W+W− → �+ν�−ν or
�±jj have served as benchmarks for the design of CMS [1].
These warhorses have been talked about extensively at
many conferences and there is nothing new to report; some
characteristic mass plots (Fig. 14) are included here for
reference.

2.5 Limits

Figure 15 shows the expected sensitivity in CMS for the
SM Higgs boson, expressed as the statistical significance
of the signal (σ) vs. Higgs boson mass for an integrated
luminosity of 100 fb−1. Above some threshold of many
standard deviations, the Higgs boson should be observ-
able and there is little difference at this stage between
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Fig. 10. Left: Representative diagrams for SM Higgs boson production via radiation from a top quark and decay into b quarks.
Right: Transverse energy and rapidity distributions of b quarks produced in the process tt̄H → W+bW−b̄bb̄ for a 115 GeV/c2

Higgs boson mass (upper) and a 175 GeV/c2 top-quark mass (lower) [12]
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Fig. 11. Reconstructed jet-jet mass for a 115 GeV/c2 SM Higgs boson produced in association with a top quark pair and
decaying into bb̄ for 30 fb −1 [12]. The study was done with fast simulation

predicting 10σ and 30σ signals! The main point is that
the channels presented in the previous section, qqH, WH,
and tt̄H provide important redundancy to the potential
discovery at low mass where the γγ mode presents a huge
experimental challenge. The hardest part will be to find
the first signal. When the mass is known and QCD back-
grounds are measured, it will be comparatively easy to
observe the Higgs boson in additional decay channels.

3 Minimal supersymmetric Standard Model
Higgs bosons

Supersymmetry would greatly enrich the Higgs-sector [7,
16], requiring the presence of at least two Higgs doublets,
in contrast to only one in the SM. After three degrees of
freedom are taken to give mass to the W and Z bosons,
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Fig. 12. Left: Higgs boson production via radiation from a W boson. Right: Reconstructed jet-jet mass for a 115 GeV/c2 Higgs
boson produced in association with a W and decaying into bb̄ for 300 fb−1 [13]. The study was done with fast simulation and
high-luminosity event pile-up
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Fig. 13. Predicted precision in measurement of the WWH coupling for Higgs bosons produced in association with W bosons
for 300 fb−1, assuming the branching ratio, H → bb̄ is known [13]
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Fig. 14. CMS SM Higgs boson warhorses (clockwise from upper left): H → γγ, H → ZZ → 4� (low mass), H → ZZ → 4� (high
mass), H → W+W− → �+ν�−ν̄, H → W+W− → �±νjj, H → ZZ → �+�−νν̄ [14,15]. The plots were made using fast simulation
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Fig. 15. Coverage in CMS for the SM Higgs boson expressed as the signal significance (σ) vs. mass for 100 fb−1. The SM Higgs
boson is expected to be observable in multiple decay modes over the entire mass range
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Fig. 16. The minimal supersymmetric extension of the stan-
dard model leads to a three-ring circus of Higgs bosons

five physical states remain: two scalars (h and H), one
pseudoscalar (A), and two charged Higgs (H+ and H−).

The lighter scalar h is predicted to have a mass below
130 GeV/c2 such that the limits on supersymmetry from
LEP are substantial [17]. Supersymmetry stays alive by
going to that corner of parameter space with maximal stop
mixing (Fig. 17) and large tanβ, the standard parameter
that specifies the ratio of vacuum expectation values of the
two Higgs boson doublets [7]. The relationship between
the masses (H, A, and H±) for tanβ=3 and tanβ=30 is
indicated in Fig. 17.

3.1 Decays into taus

The dominant mechanism for production of MSSM Higgs
bosons is radiation from b quarks. Figure 18 shows the
MSSM cross section and branching ratios for tanβ=30.
The coupling of H and A to tau leptons (and also to b
quarks) grows in proportion to tanβ. Thus, the large val-
ues of tanβ implied by LEP data make Higgs boson decays
into taus an important channel (Fig. 19) [19]. Leptonically
decaying tau pairs producing e+e− or µ+µ− suffer from a

huge Drell-Yan background, but signals are predicted to
be observable in the electron-muon, lepton-jet, and jet-jet
final states. The following three subsections correspond to
the production bb̄H as indicated in Fig. 19.

3.1.1 H → τ+τ− → eµ

For the electron-muon channel, events are selected with
an isolated electron and muon with pT > 20 GeV/c and
|η| < 2.5. The isolation cut requires no charged particle
track with pT > 2 GeV/c in an η-φ cone of ∆R < 0.3.
Impact parameter cuts [10] on the leptons help reduce the
main background arising from top and Z. A b-quark tag
with pT > 2 GeV/c reduces the background from W+W−.
The result is shown in Fig. 20 for a Higgs boson mass of
200 GeV/c2, with tanβ=20 and an integrated luminosity
of 30 fb−1

3.1.2 H → τ+τ− → l± + jet

For the lepton-jet decay, events are selected with an iso-
lated high-pT electron or muon, tau-jet selection (to re-
duce the background from b quarks), and a b-quark tag
(to reduce the background from W and Z bosons). The
result is shown in Fig. 20 for a Higgs boson mass of 300
GeV/c2, two different values of tanβ (15 and 40), and an
integrated luminosity of 30 fb−1.

3.1.3 H → τ+τ− → jet + jet

The background to the channel with two tau jets is dom-
inated by QCD processes which fake the tau jets. The
most effective cut is on the impact parameter of the two
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Fig. 17. Left: MSSM Higgs boson (h) mass vs. tanβ for minimum and maximum stop mixing. Right: Higgs boson (h, H, H±)
masses vs. mA for two different values of tanβ [18]
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Fig. 18. Top: MSSM Higgs boson cross section for tanβ=30 and maximal stop mixing. Bottom: MSSM Higgs boson branching
ratio [18]

tau jets. Other cuts include the jet-jet azimuthal angle
∆φjj < 178◦, b-quark tag with pT > 20 GeV/c and a veto
on additional jets. The background from events with real
taus from W, Z, and top is irreducible and amounts to
about 20% of the signal. The result is shown in Fig. 20
for a Higgs boson mass of 300 GeV/c2, tanβ=30 and an
integrated luminosity of 60 fb−1.

3.2 Decays into muons

Production of bb̄H and decay of the MSSM Higgs boson
into µ+µ− (Fig. 21) are observable, in spite of the tiny
0.1% branching ratio (Fig. 18), because of the distinc-
tive signature. The main background is from Drell-Yan.
The signal for decays of H and A into µ+µ− for mA=150
GeV/c2 and tanβ=30 together with the Drell-Yan and
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Fig. 19. Diagrams for MSSM Higgs boson production via ra-
diation from a b quark and subsequent decay into taus

top-quark backgrounds for an integrated luminosity of 20
fb−1 are given in [2].

3.3 Leptonic decays via neutralinos

An interesting MSSM Higgs boson signature arises from
the production of bb̄H and decay into two neutralinos
(χ0

2χ
0
2), if kinematically allowed, when the neutralinos

each decay via sleptons (��̃) as indicated in Fig. 22. The
signature is four isolated, charged leptons with missing
ET. The resulting four-lepton mass distribution, shown
for 100 fb−1 in Fig. 22, does not peak at the Higgs bo-
son mass due to the large amount of missing energy, but
there is essentially no background. The small amount of
predicted background arises from other SUSY processes.

3.4 Charged Higgs boson

A charged Higgs boson would be produced by radiation
from a b quark, thereby producing an associated t quark.
The CMS sensitivity to two decay modes, H− → t̄b (H+ →
tb̄) and H− → τ−ν̄ (H+ → τ+ν), has been examined.

3.4.1 Decay into tb̄

The H+ (H−) decay into tb̄ (t̄b) has a signature of three b-
quark jets. The main background is from t̄t+jet with two
real b jets and one mistagged jet. There is an additional
background from tt̄bb̄. The event selection requires a lep-
ton from the top decay with pT > 15 GeV/c, five jets with
pT > 20 GeV/c and |η| < 2.4, as well as the three b-quark
tags. A mass constraint is placed on the semileptonic top-
quark decay (Fig. 23). The invariant mass distribution for
a 300 GeV/c2 charged Higgs boson is shown in Fig. 23 for
an integrated luminosity of 30 fb−1. The background and
signal have a similar shape which renders signal extraction
difficult.

3.4.2 Decay into τν

Detection of the charged Higgs boson decay into τν is
more promising. The τ is required to have transverse en-
ergy greater than 100 GeV and have consistency between
the measured track and calorimeter energies (pc/E > 0.8).

In addition, the missing transverse energy is required to
be greater than 100 GeV, and there must be three jets
(from the top quark decay) with ET > 20 GeV. The mass
of two of these jets must match the W mass to within 15
GeV/c2 and the third jet must be tagged as a b quark.
The mass of all three jets must match the top mass to
within 20 GeV/c2. Finally, the azimuthal angle between
the tau and the missing transverse energy must be greater
than 60◦. The resulting invariant mass distribution for a
400 GeV/c2 charged Higgs boson and tanβ=40 is shown
in Fig. 24 for an integrated luminosity of 60 fb−1. Due to
the large missing energy, the events do not peak at the
Higgs boson mass; however, the background peaks near
the W mass, resulting in a clean signature.

3.5 Limits

Figure 25 shows the expected sensitivity in CMS for the
MSSM Higgs boson expressed as coverage in the mA,tanβ
plane. The limits correspond to 100 fb−1, except for the
tau limits involving jets which correspond to 30 fb−1. The
insensitivity to the region of high mass and low values of
tanβ is due to the small coupling of H and A to b quarks
and the small production cross sections.

4 Sparticle search

If supersymmetry exists, the spectrometry will be so rich
and complicated [26] that it may take decades to sort out.
In the minimal supergravity model (mSUGRA) the break-
ing of supersymmetry is mediated by gravity. Production
of SUSY particles is dominated by squarks and gluons
with picobarn cross sections at TeV/c2 masses (Fig. 4).
Events are distinguished from SM processes by the multi-
ple jets with large missing ET and large missing transverse
energy carried away by stable neutralinos. The presence
of one or more leptons further aids in the interpretation
of the events.

4.1 Squark and Gluino reconstruction

In mSUGRA models, the lightest supersymmetric particle
(LSP) is the lightest neutralino, χ1

0, which is stable. One
of the most powerful, early signatures of sparticles is from
the decay chain χ2

0 → �−�̃+ → �−χ1
0�+ as indicated in

Fig. 26. The dileption mass has a well-known kinematic
“edge” [27,28] as indicated in Fig. 26 for a χ2

0 mass of
140 GeV/c2. If the mass of the LSP is known (or the
ratio of the mass of χ2

0 to that of the χ1
0 is known), the

sparticle masses may be reconstructed [27]. Combining the
results of the edge fit with a tagged b-quark jet gives the
reconstructed b-squark mass (739±14 GeV/c2) shown for
an integrated luminosity of 500 fb−1. Further combination
of the reconstructed b squark with a second b-quark jet
gives the reconstructed gluino masses of 913±10 GeV/c2.
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Fig. 20. Left upper: Electron-muon mass distribution for decay of MSSM Higgs bosons (H and A) to τ+τ− with the taus
decaying into electron and muon channels together with expected backgrounds. The plot is for mA=200 GeV/c2, tanβ=20, and
30 fb−1 [20]. Right: Mass distribution for decay of H and A to τ+τ− with one tau decaying into a lepton and another into
hadrons. The plots are for mA=300 GeV/c2 and 30 fb−1 and a) tanβ=15, b) tanβ=40 [21]. Left lower: Di-jet mass distribution
for decay of H and A into τ+τ− with both taus decaying into hadrons together with backgrounds from QCD and processes
producing real taus. The plot is for mA=500 GeV/c2, tanβ=30 and 60 fb−1 [22]-[23]. The results were obtained using fast
simulation with full event simulation for the impact parameter tagging

Fig. 21. Diagrams for MSSM Higgs boson production via radiation from a b quark and subsequent decay into muons
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Fig. 23. Left: Diagrams for MSSM charged Higgs boson production with hadronic decay. Middle: Invariant mass of reconstructed
top quarks. Right: Invariant mass of reconstructed charged Higgs boson and SM background for 30 fb−1 [24]. The results were
obtained using fast simulation with full event simulation for the impact parameter tagging

Fig. 24. Left: Diagrams for MSSM charged Higgs boson production with leptonic decay in the tau channel. Right: Invariant
mass distribution of the tau jet plus missing ET together with SM backgrounds which are dominated by events with W bosons,
giving the low energy peak [25]. The results were obtained using fast simulation with full event simulation for the impact
parameter tagging

Fig. 25. Coverage for the MSSM Higgs boson in the mA,tanβ plane
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Fig. 27. Sparticle mass reach

4.2 Limits

Figure 27 summarizes the expected sparticle mass reach
expressed in the mSUGRA scalar-gaugino and gluino-
squark mass planes. The SUSY gaugino/scalar mass reach
is about 1.2 TeV/c2 for 100 fb−1, extending to about 1.4
TeV/c2 for 1000 fb−1. The gluino/squark reach is about
2.5 TeV/c2 for 100 fb−1, extending to about 3 TeV/c2 for
1000 fb−1.

5 Graviton

Superstring models of particle physics have dimensions
beyond the usual 3+1 space-time. There are several mod-
els with quite different phenomenologies that exploit the
geometry of space-time to solve the hierarchy problem.
In the Randall-Sundrum model [29], warped extra dimen-
sions lead to massive Kaluza-Klein graviton excitations
that are produced by quarks or gluons and decay into
pairs of jets, leptons or photons, producing a spectacular
experimental signature (Fig. 28).

Figure 29 shows the reconstructed e+e− and µ+µ−
mass distributions for a 3 TeV/c2 graviton resonance

Fig. 28. Kaluza-Klein graviton excitation

using full event simulation. The main SM background is
the production of dileptons via the Drell-Yan mechanism.
In this mass region there is almost no background and
event pile-up is not an issue.

Figure 30 shows the expected sensitivity in terms
of graviton coupling strength (vertical axis) vs. mass
(horizontal axis) for 100 fb−1. The interesting region is
bounded by consistency with Newton’s Law (|R5|< M5

2)
and ability of the model to solve the hierarchy problem
(Λd < 10 TeV) for which it was invented in the first place.
The theorists will no doubt invent more sophisticated ver-
sions that are harder to detect or rule out.
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Fig. 29. Left: Reconstructed e+e− mass for a 3 TeV/c2 resonance. Right: Reconstructed µ+µ− mass for a 3 TeV/c2 resonance.
This is a first, preliminary calculation using fast simulation [30]

Fig. 30. Limits on Kaluza-Klein graviton excitations in the Randall-Sundrum model for e+e− and µ+µ− channels [30]. The
region above the curves labeled Muons, and Electrons can be ruled out with an integrated luminosity of 100 fb−1. The curves
on the left show the 90% and 95% confidence levels for distinguishing spin 2 from spin 1

Fig. 31. Left: Feynman diagram for production of a new vector boson. Right: Number of Z’ events expected in the e+e− and
µ+µ− channels (combined) for an integrated luminosity of 1000 fb−1 [34]
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Fig. 32. Summary of CMS mass reach
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Fig. 33. Left: Diagram for longitudinal W/Z scattering. Right: Four-lepton mass (ZZ) due to possible resonance structure from
strongly interacting Z bosons for an integrated luminosity of 3000 fb−1 [34]. The calculation was made using COMPHEP with
CTEQ5L structure functions and implemented in PYTHIA for fast simulation

Fig. 34. Contact interaction caused by compositeness

6 New heavy vector boson

New gauge bosons, W′ and Z′, are allowed by superstring
theories. A new heavy vector boson is expected to be pro-
duced by the Drell-Yan mechanism (Fig. 31) so that decay
into e+e− or µ+µ− pairs provides a powerful experimental
signature. The rates depend on the coupling strength. The
current limit on a new W′ from the Tevatron is about 720
GeV/c2, assuming SM couplings [31]. Detection of new
gauge bosons decaying into two jets is more difficult ex-
perimentally, but the rates are much larger [5].
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The experimental signature of high-mass e+e− or
µ+µ− pairs is similar to that described in the previous
section for the Kaluza-Klein graviton excitation (Fig. 29).
The backgrounds are estimated to be very small (about
2% from non-resonant Drell-Yan and 1% from top). The
number of expected events for a Z′ with SM couplings
corresponding to an integrated luminosity of 1000 fb−1 is
indicated in Fig. 31. Ten events are expected at a mass of
about 6 TeV/c2. For 100 fb−1, ten events are expected at
a mass of about 5 TeV/c2.

7 Summary of mass reach

The CMS mass reach for SM Higgs boson, SUSY, gravi-
tons, and a new Z′ with SM couplings is shown in Fig. 32.
Complete coverage over the mass range (0.1-1 TeV/c2)
is predicted for the SM Higgs boson at design luminos-
ity. Mass reach for MSSM Higgs bosons and gauginos are
predicted to approach one TeV/c2 at design luminosity,
extending to somewhat beyond at at super-high luminos-
ity. The mass reach for graviton excitations and new gauge
bosons approaches 5 TeV/c2 at high luminosity, extending
to nearly 6 TeV/c2 at super-high luminosity. The figure
of merit for a luminosity upgrade would be to extend the
mass reach by approximately 20%.

8 Longitudinal vector-boson scattering

If there is no light Higgs boson to tame the behaviour
of the vector bosons at high energy, the unitary limit is
reached at about 1.7 TeV. The W and Z bosons become
strongly interacting and some new, unknown physics must
appear, possibly well-below the unitary limit. Such a sce-
nario has been previously encountered. The classical elec-
tron radius once imposed a formidable boundary at a dis-
tance scale of 3 fm, the “unitary” limit for the understand-
ing of classical electrodynamics. Nothing special happens
at the classical electron radius; indeed experiments have
been performed at distance scales 1000 times smaller. The
solution was the new physics discovered along the way, at
much larger distance scales: quantum mechanics.

Longitudinal vector-boson scattering can produce res-
onance structure which may be observed by measuring
pairs of W or Z bosons at high invariant mass [32]. Since
such a resonance is produced by W or Z fusion, tagging
of forward jets is an important part of the event signa-
ture (Fig. 8). Super-high luminosity is required to explore
strongly interacting W and Z bosons with the LHC. More
energy would be better [33]! Figure 33 shows one possible
(optimistic?) scenario for detectable ZZ resonance struc-
ture from strongly interacting Z bosons with 3000 fb−1.
The event signature is four isolated leptons with forward
and backward jets having energies greater than 400 GeV.
The main background is qq → ZZ which has a cross sec-
tion of about 9 fb for mZZ > 500GeV/c2.

9 Compositeness

Models of compositeness are very difficult to build because
any credible scenario has to account for the existing three

families and the resulting myriad of particles, without in-
troducing any extras.

If quarks and leptons are both composite and share
the same constituents, compositeness causes a contact in-
teraction as indicated in Fig. 34. This may be probed
by searching for a deviation from lepton pairs produced
by the Drell-Yan mechanism. An alternate technique, but
more difficult experimentally, is to measure the angular
distribution of jets. The latter method has the advantage
of being independent of any possible lepton structure.

The contact interaction modifies the Drell-Yan cross
section with the addition of a term proportional to s/αΛ2,
where s is the dilepton invariant mass, α is the electroweak
dimensionless coupling and Λ is the compositeness scale
parameter. Figure 35 shows the effect of compositeness
on the Drell-Yan cross section for various values of the
parameter Λ. The present limit of about Λ = 2 TeV will
be extended to about 30 TeV with 100 fb−1 and to 40 TeV
with 1000 fb−1.

Compositeness has a rich history in particle physics.
Rutherford discovered the nucleus using his famous 10
MeV alpha particles as probes [36]. Cockroft and Walton
used 100 MeV protons to break apart the nucleus [37]. Hof-
stadter used 550 MeV electrons to observe that the proton
had structure [38] which in turn lead to the deep inelastic
experiments led by Friedman, Kendall, and Taylor that
conclusively established the existence of quarks. These fa-
mous experiments spanned the 50 years that has been
often referred to as the golden years of particle physics.
The increase in energy that was needed to discover nu-
cleons and quarks was only a factor of 60 beyond that
needed to discover the nucleus! In the 1980s the UA1 and
UA2 experiments at the CERN SPS Collider significantly
extended this limit [39], LEP experiments added signifi-
cantly to these searches, and the Fermilab Tevatron has
pushed the limit up a bit further to about 400 GeV probe
energy [40]. By the time the LHC comes into operation,
50 years will have passed since the discovery of proton
structure and probes will be available with 104 times the
energy of that time. From an experimentalist’s point of
view, this is exciting!

10 Summary and outlook

The last invited talk I gave at Fermilab was twenty years
ago at the 12th International Conference on High-Energy
Accelerators, Aug. 11, 1983 [41]. This was a very exciting
time in particle physics. The SPS Collider had allowed
a huge step in centre-of-mass energy and the W and Z
had finally been observed [42]. The Nobel prize for Carlo
Rubbia and Simon Van der Meer was only a year away.

At the 1983 accelerator conference, Leon Leder-
man [43] quoted Tini Veltman from the 1982 SLAC Sum-
mer School:

The outstanding problems in today’s theory of particles
are such that none of the projections beyond the standard
model can be considered with any confidence. What we
need is experimental guidance: exposure to the no-man’s
land of lepton-lepton or quark-quark collisions up to the
mass range of 1 TeV and beyond.
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Fig. 35. Drell-Yan cross section vs. electron-positron mass [40]. The study was done with fast simulation

Fig. 36. Left: W mass fit to a statistical precision of 2% in 1983 with 42 events. Right: W spin determined to be J = 1 [41]

Table 1. Expected luminosity at the LHC. The integrals assume running at 100% efficiency such that the last column is
indicative of what might be expected per year

Instantaneous integral (1 month) integral (4 months)
low (initial) 2 × 1033 cm−2s−1 5 fb−1 20 fb−1

high (design) 1034 cm−2s−1 25 fb−1 100 fb−1

upgraded 1035 cm−2s−1 250 fb−1 1000 fb−1
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Fig. 37. Left: Jet event seen in the UA1 central tracking chamber. Right: Angular distribution of jets as living proof of
asymptotic freedom, showing the gluon has J = 1 and the strong force behaves as 1/r2 at short distances [41]

I thought it would be interesting to check with Tini to
see how he felt about the progress in theoretical particle
physics in the last twenty years. I got the following reply
from him [44]:

Well, you know as well as I do that essentially nothing
has changed. Supersymmetry and strings have not come
closer to reality. The Higgs is more elusive than ever. I
am happy to see that I saw that correctly in 1982.

We are, however, making progress [45]. In the two years
since Sardinia, we have come at least one year closer to the
realization of TeV physics! We seem to be now on track for
2007 to be a very exciting year in particle physics. When
I get invited back to Fermilab in 2023, I hope to be able
to report on some exciting new physics from CMS... that
was NOT anticipated at this conference!
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