
Chapter 3

Physics Studies with Muons

3.1 Benchmark Channel: H → ZZ(∗) → 4 muons

The H → ZZ(∗) → 4µ process is one of the cleanest channels for discovering the Standard
Model Higgs boson at LHC. This section presents the CMS potential for discovering the
Higgs boson in this decay mode and measuring its mass, width, and production cross sec-
tion, in the range of Higgs boson masses from 115 GeV/c2 to 600 GeV/c2. Both signal and
background event samples are generated at the Leading Order (LO) approximation, and
Next to Leading Order (NLO) production cross sections, computed using different meth-
ods, are used for their normalisation. To simulate the detector response and reconstruct
physics objects, the full CMS detector simulation and reconstruction software was used. A
full treatment of the most important theoretical and instrumental systematic uncertainties
are presented, together with their effect on the evaluation of the significance of the Higgs
boson observation and on the measurement of its parameters. To minimise systematic un-
certainties, new methods of reconstructing the most important corrections directly from data
were developed.

3.1.1 Physics processes and their simulation

The Higgs boson event samples for 18 Higgs boson mass points and the three main back-
ground processes, tt, (Z(∗)/γ∗)bb̄ and (Z(∗)/γ∗)(Z(∗)/γ∗) were simulated using the CMS sim-
ulation [8] and reconstruction [10] software. These three backgrounds will be hereafter re-
ferred to as tt, Zbb̄ and ZZ, respectively. Details on the generator-level simulation conditions,
cross sections and K-factors can be found in [51]. Many other plausible background candi-
dates, bb̄bb̄, bb̄cc̄, cc̄cc̄, single-top, Zcc̄, Wbb̄, Wcc̄, fake and π/K decay muons in QCD, were
considered and found to be negligible.

Only events with at least 2µ+ and 2µ− in pseudorapidity range |η| < 2.4 and with pT >
3 GeV/c were retained for further analysis. Muons outside these kinematic limits could not
be reconstructed in the CMS detector. Additional cuts were applied on dimuon invariant
masses for the Higgs boson samples (mZ > 5 GeV/c2) and for ZZ and Zbb̄ samples (mµ+µ− >

5 GeV/c2). The first µ+µ− pair in the ZZ and Zbb̄ samples was defined as the one with its
invariant mass closest tomZ, while the second µ+µ− pair was made out of the two remaining
highest pT muons of opposite charge. These cuts do not bias the Monte Carlo samples since
all the analysis cuts, described below, are tighter.

The Higgs boson samples were generated with PYTHIA 6.225 [24] (LO gluon and weak bo-
son fusion, gg → H and qq̄ → qq̄H) interfaced via CMKIN [52]. Events were re-weighted to
correspond to the total NLO cross section σ(pp → H) ·BR(H → ZZ) ·BR(Z → 2`)2 (Fig. 3.1).
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Figure 3.1: Standard Model NLO cross
section for the process H → ZZ(∗) → 4µ
vs. Higgs boson mass.
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Figure 3.2: Distributions of m4µ after pre-
selection cuts for tt, Zbb̄, ZZ and a Higgs
boson signal of mH = 140 GeV/c2.

The cross section σ(pp → H) and the branching ratio BR(H → ZZ) were taken from [53];
BR(Z → 2`) = 0.101 [54]. Interference of permutations of identical leptons originating from
different Z bosons results in an enhancement to the cross section for H → ZZ(∗) → 4`
processes with identical leptons [51], which is about 15% for mH = 115 GeV/c2 and steadily
goes to zero for mH = 180 GeV/c2. This correction was calculated with COMPHEP.

The tt sample was generated with PYTHIA 6.225 (LO gg → tt and qq̄ → tt). Events were re-
weighted to correspond to the total NLO cross section σ(pp → tt) ·BR(W → `ν)2. The NLO
cross section σ(pp → tt) = 840 pb was taken from [55] and the branching ratioBR(W → `ν) =
0.320 from [54].

The Zbb̄ → µ+µ−bb̄ sample was generated with the COMPHEP 4.2p1 [43] matrix element
generator, interfaced to PYTHIA 6.225 for showering and hadronisation. Included sub-processes
were qq̄/gg → (Z/γ∗)bb̄ → µ+µ−bb̄. The corresponding COMPHEP LO cross section was
found to be 116 pb. To obtain the NLO cross section a NLO K-factor KNLO = 2.4 ± 0.3,
computed with MCFM [56], was used.

The qq̄ → ZZ → 4µ and qq̄ → ZZ → 2µ2τ event samples were generated with COMPHEP,
including both the t- and s-channel diagrams [57]. The COMPHEP events were further inter-
faced to PYTHIA 6.225 for showering and hadronisation. The COMPHEP LO cross sections
for the two sub-processes were 113 fb and 157 fb. To account for contributions due to all the
NLO diagrams and due to the NNLO gluon fusion (gg → ZZ, known to contribute ∼ 20%
with respect to the LO [42] cross section), events are reweighted with the m4µ-dependent K-
factorK(m4µ) = KNLO(m4µ)+0.2. The NLO K-factorKNLO(m4µ) was obtained with MCFM.
The details on the dynamic differences between NLO and LO are summarised elsewhere [58].

The m4µ distributions for a Higgs boson signal of mH = 140 GeV/c2 and the main back-
grounds are shown in Fig. 3.2 after the pre-selection cuts described above.
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3.1.2 Event selection

3.1.2.1 Trigger and offline muon selection

CMS has been designed and optimised to detect and reconstruct muons. These particles
provide a very clean signature and thus a very high trigger efficiency, with an average of
98% for the Level-1 Global Muon Trigger [7]. The inclusive muon triggers based on the
selection of a single muon with pT > 19 GeV/c or dimuons with pT > 7 GeV/c assures an
efficiency of practically 100% for collecting events with four high-pT muons.

In order to minimise muon reconstruction systematic uncertainties, we select only those re-
constructed muons that have transverse momentum pT > 7 GeV/c, if they are in the central
pseudo-rapidity region (|η| < 1.1), or with momentum p > 13 GeV/c, if they are in the end-
caps (|η| > 1.1) [59]. These cuts do not affect the number of accepted signal events signifi-
cantly.

Also, we require that all four possible combinations of the reconstructed dimuon masses be
above 12 GeV/c2, mµ+µ− > 12 GeV/c2. As in the previous case, this cut has a very little effect
on the Higgs boson events and is primarily intended to suppress poorly simulated hadron
background contributions originating from charmonium and bottomium dimuon decays.

3.1.2.2 Discriminating variables

The H → ZZ(∗) → 4µ signal presents a characteristic topology, which consists of two opposite
charge muon-pairs in the final state. All four muons are isolated, have a high transverse
momentum and point to the same Z-boson mass, depending on the restrictions in the phase
space introduced by the Higgs boson mass itself. The four-muon invariant mass peaks at the
Higgs boson mass, within the detector resolution. The width of the resonant peak accounts
for the natural Higgs boson width and the detector resolution.

In Zbb̄ and tt background events, two of the muons come from b-quark decays and are
usually found within a jet (i.e., non-isolated), have lower transverse momenta and often
exhibit detectable displaced vertices. The isolation is defined as the amount of transverse
energy in the calorimeter (calorimeter isolation), or the sum of the transverse momentum of
the tracks reconstructed in the tracker (tracker isolation), inside a cone in η-φ space with a
radius R ≡

√
(∆η)2 + (∆φ)2 around each muon. Figure 3.3 (left) shows the distribution of

the calorimeter isolation variable for the least isolated muon, for two potential Higgs boson
signals, 150 GeV/c2 and 300 GeV/c2, and for the background. Requiring a maximum isolation
in all four muons drastically suppresses tt and Zbb̄ contamination.

Further restrictions on the pT spectrum of the 2 lowest pT muons in the event (see Figure 3.3
(right), for the 2nd lowest pT muon) reduces even more the tt and Zbb̄ contamination. In
this way, the ZZ background, which presents a topology very similar to that of the signal,
becomes the dominant and irreducible background. Only the four-muon mass distribution,
the main discriminant, allows the resonant Higgs signal to be identified over the continuum
ZZ production.

Distinction on the basis of dimuon invariant mass or displaced vertices does not increase
the Higgs boson signal over the ZZ background. However, they may play an important
role in eliminating other possible unaccounted for backgrounds, arising from the primary
interactions, accelerator beam halo, detector mis-performance, etc.

Additional variables that may help discriminating H from the dominant ZZ background
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Figure 3.3: Examples of discriminating variables: (left) muon calorimeter-based isolation∑
ET for the least isolated muon and (right) transverse momentum of the 2nd lowest pT

muon. The hatched histograms represent the Higgs boson signals of masses 150 GeV/c2 and
300 GeV/c2, while the solid, dashed and dash-dotted lines indicate the contribution from the
tt, ZZ and Zbb̄ backgrounds, respectively. The arrows indicate the positions of the cuts.

have been studied: pT (4µ), number of jets and their ET , etc. However, these variables are
driven by the NLO production processes, while our samples were generated at the Lead-
ing Order by PYTHIA and COMPHEP. Therefore, any conclusions that we might derive from
these samples would not be reliable. Some muon angular distributions also have some dif-
ferences originating from the underlying spin structures, but they are not sufficiently dis-
criminating to be used and may be strongly affected by the NLO diagrams.

3.1.3 Higgs boson search analysis

3.1.3.1 Search using m4µ-independent cuts

Given the clear signature of the Higgs boson events, the signal extraction has been performed
with a unique set of cuts, independent the Higgs boson mass, the details can be found in [51].
A Higgs mass-independent analysis is expected to minimise the dependence on the simu-
lation of the discriminating variables in the Monte Carlo and the sensitivity to systematic
errors. It is also readily applicable to real data and robust under variations of the detector
conditions (calibrations, resolutions, efficiencies). Moreover, in our case, a mass-dependent
selection does not significantly increase the significance of observing a signal.

A unique set of selection cuts has been designed to make the analysis robust when applied
to real data. As explained below, some of the cuts (dimuon invariant mass, pT cuts on the
two hardest muons and isolation cuts on the two most isolated muons) slightly decrease
the signal significance but make the selection more robust under imperfect conditions in the
detector.

A loose requirement on the invariant mass of the pair of unlike-sign muons in the event
which is closer to the nominal Z-boson mass, namely, 70 GeV/c2 < mµ+µ− < 100 GeV/c2,
leaves more than 90% of the signal, while eliminating around 50% of the tt contamination.
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The loss in the signal is due to the internal bremsstrahlung and Z → 2τ → 2µ4ν decays.

Cuts of 12 GeV/c and 8 GeV/c are set on the pT of the two lowest-pT muons. The pT of the
two highest-pT muons must be larger than 15 GeV/c. The latter cut affects neither the signal
nor the background, but is considered useful for eliminating unexpected background in real
data. The efficiency of the pT cuts in the signal is close to 90% while it suppresses around
50% of the remaining Zbb̄ events, 40% of the tt events and about 20% of the ZZ background.

For the purposes of the isolation cut optimisation, different cone radii and several energy
and transverse momentum thresholds have been studied. Those yielding the maximum sig-
nal significance are, for calorimeter isolation, a cone radius of 0.24 and energy thresholds
of 5 GeV and 9 GeV, while for tracker isolation a cone radius of 0.20 and pT thresholds of
2.5 GeV/c and 4 GeV/c. The numbers are given for the two least isolated muons. Although
a requirement on the isolation of the two most isolated muons does not increase the signal
significance, following the same argument as in the case of the pT cuts, a cut of 3.5 GeV/c and
5 GeV/c for the calorimeter isolation and 2 GeV/c and 2.5 GeV/c for the tracker isolation is set
for the two most isolated muons.

After these cuts, Zbb̄ and tt events are suppressed to a negligible level in comparison to the
remaining ZZ background. The efficiencies of each selection cut over the signal, for the 18
Higgs mass points studied, are shown in Figure 3.4 (left). The four-muon mass distributions
for signal and background events that survive the selection cuts are displayed in Figure 3.4
(right).
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Figure 3.4: (Left) H → ZZ(∗) → 4µ efficiency vs. mH after different cuts are applied.
(Right) Reconstructed four-muon invariant mass distribution, for an integrated luminosity
of 30 fb−1, for background (shaded histograms) and several Higgs signals (hatched), after
the selection criteria are applied.

In order to estimate the statistical significance of the signal, the log-likelihood ratio (LLR) sta-
tistical method [60, 61] is used. The distribution to discriminate signal and background is the
four-muon invariant mass (Fig. 3.4 (right)). This distribution, for each Higgs boson mass hy-
pothesis and for the background, is used to calculate the log likelihood ratio, −2 ln Q, which
is then used to evaluate the compatibility of the data with either the signal plus background or
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the background-only hypothesis [51]. The −2 ln Q estimator is sensitive both to the normal-
isation and the shape of the discriminant. Each event in the sum has a weight ln (1 + s/b)
which depends on the signal-to-background ratio, s/b, in the bin where it is found, which
in turn depends on the mH hypothesis. The whole spectrum of the discriminant variable
enters the LLR calculation. This avoids any ambiguity in the definition of a signal region for
determining the signal significance, present in counting methods.

Figure 3.5 (left) shows the statistical significance, SL ≡
√
< 2 ln Q >, for an integrated lumi-

nosity 30 fb−1 at different m4µ invariant masses, should the Higgs boson exist at one of these
masses. Based on this distribution, the plot on the right depicts the integrated luminosity
required to reach a statistical significance of the signal of 3σ and 5σ, as function of mH. The
expected integrated luminosity required to exclude the signal at the 95% confidence level in
a background-only experiment is also shown as function of mH. The effect of including sys-
tematic uncertainties (subsection 3.1.3.3) in the calculation of SL is at the level of 15%-20%
of the statistical accuracy of the expected significance, supporting that this analysis is not
dominated by systematic uncertainties.
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Figure 3.5: (Left) Statistical significance of the signal, SL, as function of the Higgs boson
mass for an integrated luminosity of 30 fb−1, for mass-independent cuts (filled circles) and
mass-dependent cuts (empty circles). The shaded band represents the statistical uncertainty
on SL. (Right) Integrated luminosity, for mass-independent (lines with filled squares, circles,
and triangles) and mass-dependent cuts (lines with empty pointers), required to achieve a
statistical significance of three (middle pair of curves) and five (upper pair of curves) stan-
dard deviations, as a function of the Higgs mass. The integrated luminosity required for
excluding a Higgs boson signal at the 95% C.L. in a background-only experiment is also
displayed (lower pair of curves).

In order to more accurately quantify the degree of compatibility of the observed data with
any of the two hypotheses, the confidence levels CLb and CLs are defined using the −2 ln Q
probability density functions, pdf, for both the background-only and the signal-plus-back-
ground hypotheses (details can be found in Refs. [51, 60]).

The presence of a signal can be inferred from the behaviour of 1 − CLb for the background-
only hypothesis, which is the probability of observing in a sample of simulated background-
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only experiments a more signal-like value of−2 ln Q. The observation of the value 1−CLb =
2.85 × 10−7 indicates a 5σ excess in the data with respect to the background expectation.
While CLb quantifies the lack of compatibility of an excess of observed events with the
background-only hypothesis, CLs gives information about how compatible it is with an ac-
tual signal (Fig. 3.6).
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Figure 3.6: Mean values for 1 − CLb (left) and 1 − CLs (right) as a function of the Higgs
boson mass hypothesis, assuming existence of Higgs boson at 250 GeV/c2 mass and for an
integrated luminosity of 10 fb−1. The observation of the Higgs is just a little be shy of the 5σ
discovery (left). The mass points for which the curve 1 − CLs is above 0.95 are excluded at
95% CL (right). The 1σ and 2σ bands on 1 − CLb and 1 − CLs, originating from the Poisson
statistical fluctuations of the number of background events in each bin of the discriminant
distribution, are also shown.

3.1.3.2 Search using m4µ-dependent cuts

One can take advantage of the fact that the Higgs boson resonance H → ZZ(∗) → 4µ is rela-
tively narrow and use m4µ-dependent cuts for its search. All details of such search strategy
can be found in [51]. The analysis steps in this case would be as follows:

• First, events with 4 muons (2µ+2µ−) satisfying pT , p, and mµ+µ− quality cuts as
described in section 3.1.2.1 are selected. This ensures that muons are reliably re-
constructed and removes a “contamination” originating from heavy quarkonia
decays.

• Second, after reconstructing a four-muon invariant mass, the m4µ-dependent cuts
are applied. The cuts, being smooth functions of m4µ, are optimised in such a way
that they maximise the significance of the Higgs signal excess at all Higgs boson
mass points.

• And finally, the resulting m4µ distribution is analysed for the presence of a Higgs
boson resonance. The search can be done using either the LLR significance SL
estimator built for the whole spectrum or the LLR ScL estimator built for a single-
bin, or signal window (counting experiment). The direct comparison of the results
can be found in [51].
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To perform the desired m4µ-dependent cut optimisation, we used a recently developed pro-
gram GARCON [62]. The counting experiment significance estimator ScL is the natural tool
for such optimisation. The first half of the available Monte Carlo statistics was used for the
cut optimisation. The results for the 18 Higgs mass points were then fit to obtain smooth m4µ-
dependent cuts. It was found that, given the level of the expected dominant backgrounds
(tt, Zbb̄, ZZ), there are only three critical discriminating cuts (details are given in Ref. [51]):

• The muon isolation cut, both tracker- and calorimeter-based, on the worst iso-
lated muon, or equivalently one common cut on all four muons. This cut strongly
suppresses tt and Zbb̄ backgrounds. The cuts gets tighter and tighter as m4µ gets
smaller since Zbb̄ and tt increase (Fig. 3.2).

• The pT on the second lowest pT muon, or equivalently one common cut on the
three highest pT muons. This cut helps to further suppress Zbb̄ background to the
level well below ZZ and reduces the ZZ background at high four-muon invariant
masses. This cut becomes more stringent with increasing m4µ.

• The m4µ window being used for scanning over the background. It roughly cor-
responds to the ±2σ width, where σ is the Higgs boson peak width that includes
the detector resolution and the Standard Model Higgs boson width.

The final results are obtained by applying these cuts to the second half of the available Monte
Carlo statistics. The observed stability of the results ensures that the cut optimisation did not
pick peculiar phase space corners corresponding to statistical flukes. After applying the cuts,
the tt and Zbb̄ backgrounds are now suppressed well below the irreducible ZZ background.

Figure 3.5 shows, for different Higgs boson masses, the expected significance SL at L =
30 fb−1 (left) and the average integrated luminosities at which a “5σ-discovery”, “3σ-evidence”,
and exclusion at 95%CL are expected (right). The gain in significance with respect to the
flat, m4µ-independent, cuts can be easily translated into probabilistic terms. For example,
the Higgs boson with mH = 130 GeV/c2 is right at the “5σ-discovery” threshold for an in-
tegrated luminosity L = 30 fb−1. The difference in the average expected significance, 5.1
and 6.0, means in this case that the chances of observing significance in excess of 5 for
mH = 130 GeV/c2 at L = 30 fb−1 are 55% for the flat cuts and 80% for the m4µ-dependent
cuts.

3.1.3.3 Systematic errors

The analysis of the systematic errors can be sub-divided into two distinct stages. First, one
needs to understand the level of uncertainties in predicting the level of background in the
vicinity of a particular m4µ point being investigated for a possible event excess. Second, these
uncertainties in the background need to be included in the evaluation of the significance of
an excess of events, should it be observed.

Uncertainties in the signal are not very important for establishing an excess of events over
the background. It is the uncertainties in the background that are of main concern. After
applying the analysis cuts as described earlier, the ZZ production is the dominant irreducible
background with all other processes giving much smaller contributions. This reduces the
analysis of systematic errors to those of the ZZ → 4µ process.

One can try to evaluate the theoretical and detector performance related uncertainties start-
ing from the first principles. However, especially during the earlier stages of the detector
operation when the changes in the system are frequent and hard to monitor and timely
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incorporate into the detector Monte Carlo simulation, these estimations have limited pre-
dictability. Therefore, we developed methods evaluating various corrections, such as muon
reconstruction efficiency, muon isolation cut efficiency, directly from data in order to min-
imise reliance on the Monte Carlo simulation, and, thus, significantly reducing the associ-
ated systematic errors. Also, throughout this analysis, we estimate the background around
a particular m4µ with reference to a measured control sample. Note that this completely elim-
inates uncertainties associated with measuring the luminosity and reduces the sensitivity to
PDF and QCD-scales. For the control sample, we use either the inclusive Z → 2µ process or
sidebands of the m4µ spectrum itself.

The main uncertainties can be grouped as follows:

1. Uncertainties associated with the background production rates, i.e. not directly related
to CMS Detector performance itself:

• ZZ: PDF and QCD scale uncertainties described in details in Ref. [47].
• ZZ: NLO and NNLO contributions vs LO described in details in Ref. [58]

plus some related issues are discussed in Ref. [42]. These possible uncer-
tainties are not taken into account in the results shown below, for details see
Ref. [51].

• LHC luminosity: when we estimate the ZZ background events in the sig-
nal region via the measured number of events in the control samples, the
luminosity uncertainties largely cancel out.

2. Uncertainties associated with the CMS detector performance (hardware/software) and
our analysis-specific cuts:

• ZZ: Trigger efficiency, being very close to 100% due to presence of four
muons, does not have substantial systematic errors.

• ZZ: The muon reconstruction efficiency is determined directly from data
[59]. The associated systematic error is less than 1% per muon. Using nor-
malisation to the measured Z → 2µ process, this leaves us with 2% uncer-
tainty per event for the ZZ → 4µ background production.

• ZZ: The muon isolation cut efficiency is also determined directly from data
[63] with about 2% uncertainty per event.

• Higgs: m4µ resolution is affected by muon pT resolution. This almost does
not affect the background distribution. In [51], we show that even making
a mistake in the m4µ distribution width by as much as 25% has only a tiny
effect on evaluating a significance of an excess of events. The muon pT res-
olution is fairly easy to measure from data using the measured J/ψ and Z
peak widths with the precision much better than needed.

• ZZ: m4µ scale. The effect of these uncertainties on the number of back-
ground events in a signal window appears only on steep slopes of the m4µ

distribution. For the steepest part of the m4µ distribution in the 180 GeV/c2-
200 GeV/c2 range, we obtain δb/b ∼ 0.1 δm4µ, where m4µ is in GeV/c2 and b
is the number of background events. This implies that to be able to neglect
this effect, one needs to know the momentum scale with precision of 0.1 GeV
at pT ∼ 50 GeV/c. This can be easily achieved with just a few hundreds of
Z → 2µ events.
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Fig. 3.7 summaries all systematic errors on the expected number of events in the Z → 4µ
background for the two methods: via referencing to the total measured Z → 2µ cross section
and via referencing to the event count in the sidebands of the m4µ spectrum itself.

Significance with the background uncertainties included:

For the Gaussian-like signal over relatively flat background, the SL and ScL estimators are
strongly correlated, with the typical difference of 5%-10% [51]. This stems from the fact that
the signal peak is very localised and the background is relatively flat. This allows us to study
the effect of systematic errors on the evaluation of significance at the time of measurements
using the counting experiment approach, for which everything can be done analytically. All
details on the method we use can be found in Ref. [51]. The method allows to account for the
theoretical and instrumental systematic errors as well as for statistical errors when a control
sample with a limited event count is used.

The final result of these studies is presented in Figure 3.8. Starting from an integrated lu-
minosity at which the statistical significance of a Higgs boson observation would be equal
to 5 (if the level of background without any errors was known), the figure shows how this
significance must be de-rated due to the systematic errors at the time of the measurements as
described in the previous sub-section. The effect of systematic errors at low or high luminosi-
ties is not as important: at lower luminosity the significance is not sufficient to make serious
claims, anyway; while after surpassing the significance of 5, the existence of the Higgs boson
can be considered established and the focus must be switched to measuring its parameters.

The two curves with full and open circles show the difference of the two methods for evalu-
ating the background in the signal region: via normalisation to the measured Z → 2µ cross
section, and via normalisation to the event count in sidebands (100 GeV/c2 to 700 GeV/c2,
excluding the signal region). The effect of systematic errors at lower luminosities becomes
smaller for the former method and quickly diverges for the latter. As the luminosity in-
creases, the trends obviously reverse. Around the threshold of S = 5, the difference between
the two methods is not very dramatic; the true benefit of using two approaches to estimating
background from data is in their complementarity.

Local significance and overall statistical fluctuation probability:

In a search for a relatively narrow 4µ invariant mass peak over a broad background spec-
trum, one must take into account that the probability of observing a background fluctuation
giving an excess of events consistent with a Higgs hypothesis of some particular mass might
be considerably higher that the local significance calculated for a given mass might imply.
This over-estimation of significance strongly depends on how the analysis is set and what
constraints/priors on the “phase space” of parameters are used. E.g., in a search specifically
tailored for the Standard Model Higgs, the only free parameter is the Higgs boson mass; its
width, production cross section, and decay branching ratios are dependent on the mass. To
make the search even more constrained, one can use a prior on the Higgs mass as it comes
out from the precision electroweak measurements. A specific case study showing the po-
tential scope of the effect, which may be comparable or even larger than the effect of the
systematic errors discussed above, is given in Appendix A.

3.1.4 Measurement of the Higgs boson properties at L = 30 fb−1

The capabilities of the CMS detector to measure the mass, cross section and width of the
Higgs boson are determined for an integrated luminosity of 30 fb−1 [64]. These parameters
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Figure 3.7: Uncertainties in the count of the ZZ → 4µ background events in the signal region
window at different m4µ. The window size is ±2σ of the expected experimental Higgs reso-
nance width. (Left) The background event count in the signal region is derived from the mea-
sured number of Z → 2µ events. (Right) The background event count in the signal region,
b, is calculated from the number of ZZ → 4µ events B in the range 100 GeV/c2-700 GeV/c2

(excluding the signal region window), i.e. b = ρ ·B.

are measured using a binned maximum likelihood fit to the reconstructed four-muon invari-
ant mass, which includes the signal and background contributions after all the selection cuts
have been applied (Figure 3.4 (right)). The ‘observed’ distribution, fsb, is expressed in terms
of the signal, ps, and background, pb, probability density functions (pdf) as:

fsb(m4µ;mfit,Γ, Ns, Nb) = Ns · ps(m4µ;mfit,Γ) +Nb · pb(m4µ)

Ns is the number of signal events, Nb the number of background events, mfit the position of
the mass peak and Γ the intrinsic width of the Higgs boson. The signal pdf is the sum of two
contributions: a convolution of a Breit-Wigner signal shape with a Gaussian distribution that
accounts for detector resolution, pcore, and a function that reproduces the radiative tail due
to internal bremsstrahlung, ptail:

ps = β · pcore(m4µ;mfit,Γ, σ) + (1− β) · ptail(m4µ;mfit, τ)

where 1−β is the fraction of signal events in the radiative tail. The tail shape is parameterised
ad hoc as

ptail =
(m4µ −mfit)2

2τ3
exp

(
m4µ −mfit

τ

)
if m4µ < mfit and is zero otherwise [65]. Figure 3.9 (left) illustrates the different contributions
to fsb. The ps function is fitted to the signal-only distributions to obtain the parameters of the
radiative tail, which remain fixed in the fit to the signal plus background spectra.

For Higgs boson masses below 190 GeV/c2, the intrinsic width is negligibly small compared
to the mass spread introduced by the experimental resolution and the signal is thus approx-
imated by a Gaussian shape. For masses above 400 GeV/c2, the natural width of the Higgs
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Figure 3.8: Effect of including systematic errors into evaluation of significance at the time of
measurements. The reference luminosities, dependent on the Higgs boson mass, are chosen
to correspond to an observation of significance S = 5 without systematic errors. Solid circles
show degrading of significance for the case of systematic errors when the background is
evaluated from the measured Z → 2µ cross section. Open circles show the effect for the case
when the background in signal region is normalised to the sidebands.

is much larger than the experimental resolution, hence the description using a pure Breit-
Wigner function yields similar parameters as those obtained from the convolution.

The detector resolution is extracted from the m4µ distribution of ZZ events with a four-muon
mass above 2mZ, for which the kinematics is similar to that of the signal. For masses below
2mZ, the intrinsic Higgs boson width is negligible, therefore the resolution is measured di-
rectly from the width of the m4µ distribution. This width has been found to be consistent
with the extrapolation of the resolution determined using ZZ events.

The background pdf, pb, is approximated by either a polynomial or an exponential function,
depending on the mass region under study. The parameters are determined performing
a binned maximum likelihood fit to the background sample. The parameters defining the
shape of the background are fixed in the global fit to signal plus background, but not its
normalisation.

The values of the parameters, together with their errors, are obtained directly from the fit.
The result of the fit to the signal plus background distribution is shown in Figure 3.9 (right)
for a Higgs boson signal ofmH = 250 GeV/c2. Figure 3.10 (left) depicts the relative shift of the
fitted Higgs boson mass with respect to the true mass, together with its statistical error. These
values are compatible with zero in the full range of masses, which means that the true mass
is accurately recovered after applying the fitting method to the reconstructed sample. The
evolution of the relative error as a function of the true mass is displayed in Figure 3.10 (right),
showing that the mass can be measured with precisions from 0.1% to 5.4%. The increase in
this error around 170 GeV/c2 is due to the smaller signal statistics caused by the suppression
of the H → ZZ(∗) decay at this mass. The increasing uncertainty at higher masses is due to
the smaller production cross sections, the larger intrinsic width of the Higgs boson and, to a
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Figure 3.9: (Left) Example of the shapes of the different contributions to fsb. (Right) Data-like
distribution expected for a Higgs boson signals of mH = 250 GeV/c2, for an integrated lumi-
nosity of 30 fb−1, together with the result of the fit (solid line) and the expected background
(shaded area). This pseudo-experiment is selected randomly.

lesser extent, the worse resolution for high pT muons.

The number of signal and background events is obtained from the fit. The relative error
in the cross-section measurement is determined from the number of signal events (Ns) and
its statistical uncertainty (∆Ns) as ∆Ns/Ns, shown in Figure 3.11 (left) as function of the
Higgs boson mass. The contribution of the background is properly taken into account, as
its normalisation is a free parameter in the fit. The cross section can be determined with a
precision between 20% and 45%, except for masses below 130 GeV/c2, where the statistics is
low.

The measured width, together with its statistical error, is presented in Figure 3.11 (right) as
function of the true mass. The width can be determined with an error between 35% and
45% above 190 GeV/c2. Below this mass there is no sensitivity to the Higgs boson width and
upper limits at 95% confidence level (C.L.) are set. For the sake of comparison, the width
obtained by fitting only a Gaussian for masses below 200 GeV/c2 and only a Breit-Wigner for
masses above 200 GeV/c2 is also shown, together with the statistical uncertainty. The Breit-
Wigner-only fits do not take into account the detector resolution, and therefore the intrinsic
theoretical values are not recovered.

The measurement of the parameters is affected by systematic uncertainties in the muon mo-
mentum resolution (determined from data), in the muon reconstruction efficiency (around
2%) and those associated to the selection cuts (close to 1%) [51]. These systematic uncer-
tainties are mostly uncorrelated. The impact in the measured mass and width is small. The
cross-section measurement is also affected by the uncertainty in the luminosity determina-
tion, which is around 3% (Figure 3.11 (left)).

The results obtained for Higgs boson masses around 170 GeV/c2 and above 500 GeV/c2, for
which the expected number of events is somewhat low for L = 30 fb−1, have to be taken as
representative results for the typical expected distributions. The higher errors of the para-
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Figure 3.10: (Left) Relative shift of the fitted value of the Higgs boson mass with respect to
the input mH value, as function of mH. The shaded area is the error in the determination of
the peak value from the fit, also shown as function of the Higgs boson mass (Right). The dots
correspond to the result of the convolution and the triangles to the Gaussian approximation.

meters for those mH values are consistent with statistics. For extending the measurement of
the Higgs boson parameters to smaller masses or to lower luminosities, it should be more
appropriate to extract the parameters from a large set of randomly chosen four-muon mass
distributions with the correct statistics.

3.1.5 Conclusions

Discovery of the Standard Model Higgs boson and measurement of its mass, production
cross section and width in the “golden” decay mode H → ZZ(∗) → 4µ were analysed with
the CMS Detector. The explored range of Higgs boson masses was 115 GeV/c2–600 GeV/c2.
The Monte Carlo samples were normalised to represent the NLO cross sections, including
m4µ-dependent K-factors. To simulate the detector response and reconstruct physics objects,
the full CMS Detector simulation and reconstruction software was used. The Higgs boson
discovery potential was explored for different analysis variations, including the use of m4µ-
dependent and flat cuts, log-likelihood ratio based on the full m4µ spectrum and a straight-
forward counting experiment approach. A full treatment of the most important theoretical
and instrumental systematic errors and their effect on evaluation of significance of the Higgs
boson observation as well as measuring its parameters were presented. To minimise system-
atic errors, a number of methods of reconstructing the necessary corrections directly from
data were developed.

It was shown that at ∼ 2 fb−1 of integrated luminosity, CMS would be able to start excluding
the Standard Model Higgs boson at 95% CL for mH in vicinity of 200 GeV/c2. By the time
CMS reaches ∼ 30 fb−1, it would exclude the Standard Model Higgs boson in its four-muon
decay mode in the mass range mH = 120 GeV/c2-600 GeV/c2, if indeed it does not exist.

The discoveries at the level of “5σ” local significance could be already possible at ∼ 10 fb−1

for mH in the range 140 GeV/c2-150 GeV/c2 and 190 GeV/c2-400 GeV/c2. By the time ∼ 30 fb−1
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Figure 3.11: (Left) Relative error in the cross-section measurement, ∆Ns/Ns, as a function of
the mH. ∆Ns is the statistical error of Ns obtained from the fit. The dots correspond to the
result of the convolution and the triangles to the Gaussian approximation. The dashed line
indicates the impact of the systematic uncertainties. (Right) Measured Higgs boson width
(squares), its statistical error (green band) and the theoretical calculation of ΓH (dashed line).
Upper limits to the width at 95% C. L. are shown (red line) for mH < 190 GeV/c2. The result
of Gaussian (triangles) and Breit-Wigner (dots) fits are also shown for comparison.

are collected, the discovery range would open up to 130 GeV/c2-160 GeV/c2 and 180 GeV/c2-
500 GeV/c2. An observation of the Higgs boson with the mass mH ∼ 170 GeV/c2 or ∼
600 GeV/c2 in the H → ZZ(∗) → 4µ decay channel would require an integrated luminosity of
the order of 100 fb−1.

At the integrated luminosity of ∼ 30 fb−1, the Higgs boson mass could be measured with
a precision between 0.1 % and 5.4 %, depending on its mass. The intrinsic width could be
measured only for the Higgs boson heavier than 190 GeV/c2, with a precision ∼ 35%. For
lower masses, the Higgs boson width becomes much smaller than the detector resolution
and only upper limits of the order of a few GeV could be set. The production cross section
would be determined with a precision ∼ 30%.

3.2 Benchmark Channel: H → WW (∗) → 2 muons

3.2.1 Introduction

Previous studies [66, 67] demonstrated the relevance of the H → WW (∗) → 2l2ν channel
for the Higgs discovery with an integrated luminosity of less than 5 fb−1. The physics study
was performed on the data produced at the end of the full simulation, trigger and off-line
detector reconstruction chain, including realistic assumptions for the sub-detectors misalign-
ments. The goal of this study is to provide the discovery potential as a function of the Higgs
mass using detailed simulation reconstruction code, considering all the relevant background
contributions and providing an as much as possible complete estimation of the systematic
errors. The muon reconstruction has an average efficiency in the detector geometrical ac-
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ceptance (η < 2.4) of 95 − 99% for the transverse momentum ranging from 5 GeV/c up to
PT = 1 TeV/c, as extensively discussed in [7], while the fraction of mis-assigned charge for
muons with PT = 100 GeV/c is less than 0.1%.

3.2.2 Physics processes

3.2.2.1 Signal processes

The signal was studied in the range between 130 to 180 GeV using 7 samples of datasets
(Tab. 3.1). The generation was done using the PYTHIA program [68], considering the most
relevant signal sources:

g g → H →WW (∗) → 2µ2ν (3.1)

q q̄ → V V q′ q̄′ → Hq′ q̄′ ; H →WW (∗) → 2µ2ν (3.2)

In the simulation, digitisation and reconstruction the effect of the event pile up expected at
the machine luminosity 2× 1033cm-2sec-1 was included.

3.2.2.2 Background processes

The dominant background giving the largest contribution at the end of the complete selection
chain, is the irreducible one from the continuum production of W pairs decaying into muons
and neutrinos. Other significant or critical sources of backgrounds are the production of
top quarks and the Drell-Yan muon pairs. The most important backgrounds are thus the
processes:

q q̄ →W+W− → 2µ2ν (3.3)

g g → t t̄→ 2µ2ν (3.4)

q q̄ → γ∗, Z → 2µ (3.5)

Further contributions from bb̄, ggWW , WZ, ZZ, and Wt production processes were also
considered. A part from Wt and gg → WW , all the processes have been generated with
PYTHIA. For the former process, the TOPREX Monte Carlo [44] has been used which cor-
rectly takes into account the top mass and the spin correlations throughout the decay chain.
The latter dataset has been simulated starting from a Monte Carlo sample produced by
N. Kauer et al. [69]. The full list of dataset samples used for the background study is given
in Tab. 3.2

3.2.2.3 Cross sections at NLO

All the processes considered in this study have been simulated with LO accuracy. In order
to approximate the NLO predictions for the signal and the W-pair background, phase space
depended reweighting K-factors has been applied [70]. These factors have been obtained
by matching respectively the pT distribution of the Higgs and of the W+W− system pro-
vided by PYTHIA to the one predicted by MC@NLO [71]1. The K(pT) factors used for each
pT intervals are given in Appendix of [72]. The absolute cross sections for Higgs production
through gluon-gluon fusion and vector boson fusion have been calculated [20] and are listed
in Tab. 3.1.

1For the signal, only the Higgs production through the gluon-gluon mechanism has been reweighted with
K(pT) factors accordingly to NLO description
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Table 3.1: The cross section at the next-to-leading order for Higgs production through gluon
fusion and vector boson fusion (VFB) processes and the number of generated events are
reported.

Higgs mass σNLO ×BR(2l) σNLO ×BR(2l) σNLO ×BR(2l)
( GeV/c2) Gluon Fusion (pb) VBF (pb) num. of events

130 0.94 0.12 20000
140 1.39 0.19 20000
150 1.73 0.25 17000
160 2.03 0.31 44000
165 2.04 0.32 49000
170 1.95 0.31 40000
180 1.71 0.28 20000

No reweighting has been applied to the other processes, whose total cross sections have been
simply rescaled accordingly the NLO calculation performed sing the MCFM Monte Carlo
program [55, 73, 74]. These cross sections are reported in Tab. 3.2.

Table 3.2: The cross section at the next-to-leading order for the background processes. The
gg → WW process is generated using a matrix element program linked to PYTHIA for the
showering [69]. This process is only known at LO. (*) For bb̄ → 2µ the pre-selection pT >
20, 10 GeV/c was applied.

Channel σNLO ×BR(pb) num. of ev.
qq →WW → 2l 11.7 164000
tt̄ 840 548000
gg →WW → 2l 0.54 (LO) 50000
γ∗, Z 145000 2700000
bb̄→ 2µ 710 (LO)(*) 640000
ZW → 3l 1.63 72000
tWb→ 2l (TOPREX) 3.4 191000
ZZ → 2l 1.52 99000

3.2.3 Event selection

The signal selection requires the identification of two high pT isolated muons. The back-
ground reduction is obtained applying suitable kinematic cuts to the reconstructed muons,
a veto on the presence of central jets and a high missing ET (MET) in the event. As dis-
cussed in the following sections, separate optimisations were performed independently on
the muon isolation variables, jet and missing energy thresholds and on the muons kinemati-
cal variables.

3.2.4 The trigger selection

Events passing the global Level-1 trigger must be reduced with a more restricted trigger
requirement to limit the recorded event rate. Two trigger streams were considered in this
analysis:

1. the HLT double muon stream;
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2. the OR of the HLT single muon and double muon stream.

Before any selection the single or double muon HLT trigger efficiency is 92 %, while the dou-
ble muon HLT trigger efficiency is 80 % [75]. After the off-line cuts for the Higgs selection,
which will be described in detail in the following section, the overall efficiency of the first
stream relative to the second one is found to be (97 ± 1)%, for mH = 165 GeV/c2. In the
following, the trigger selection used was the HLT double muon stream, for which the trigger
rate is predicted to be a factor ∼7 smaller than the single muon one [75].

3.2.4.1 The muon identification and isolation

A first event selection based on the identification of two prompt muons required :

• Level-1 and HLT dimuon trigger bits found;

• two oppositely charged muons reconstructed by the Global Muon reconstructor
algorithm developed in ORCA, as described in [7].

The first requirement assures the events to be found in the CMS dimuon data stream, which
currently foresees a symmetric threshold of 7 GeV/c on the pT of both muons as recon-
structed by the High Level Trigger algorithm, for operations at a machine luminosity of
2× 1033cm−2s−1; in addition, at least one of the muons must fulfill the HLT isolation criteria
[75]. As discussed in ref.[75], the trigger rate for this datastream is predicted to be about 4
Hz.

At the off-line reconstruction and selection stage, two cones were considered for the isola-
tion around each reconstructed muon tracks. The

∑
PT summed over all the charged track

candidates found in the Tracker detector was accounted inside the first cone. The
∑
Et over

the energy deposits in the ECAL and HCAL towers was accounted in the second cone. The
size of a cone around a muon track is defined as ∆R =

√
∆η2 + ∆φ2. A muon is considered

to be isolated if the
∑
Pt (

∑
Et) inside the considered cones of size ∆RTracker (∆RCalo) is

below the threshold PT (max) (ET (max)). An optimisation study was performed to find the
four parameters:

(1) ∆RTracker (2) PT (max) (3) ∆RCalo (4) ET (max)

searching for the highest signal over background ratio. The optimisation was performed
using the signal dataset with mH = 165 GeV/c2 and the bb̄ background dataset, which is
the most sensitive to the isolation cut. At this first stage of the selection, the background
reduction was not requested to be very large, thus keeping the signal reduction relatively
small; for each combination of the cones:

∆RTracker = 0.25, 0.3, 0.35, 0.4 ∆RCalo = 0.25, 0.3, 0.35, 0.4 (3.6)

the cut efficiency of 85% for the signal was requested. With two free parameters, ET (max)
and PT (max), several solutions are possible. A reasonable choice is to give the same weight
to the Tracker and Calorimeter isolation cuts. The mean and the r.m.s. values of the pT and
energy deposition for the signal dataset within different cones are reported in [76]. For each
set of isolation cones (∆RTracker,∆RCalo ) the ET and PT thresholds were chosen as follows:

EthreshT =< ET > +x · σ(ET ) (3.7)
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P threshT =< PT > +x · σ(PT ) (3.8)

where the parameter x was set to the value giving the required 85% efficiency for the signal.
Fig. 3.12 shows the resulting background selection efficiency.
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Figure 3.12: bb̄ background efficiencies for the 16 combinations of cones considered for the
muon isolation selection cut.

The best selection is obtained with:

∆RTracker = 0.25 PT < 2.0 GeV/c ∆RCalo = 0.3 ET < 4.7 GeV (3.9)

corresponding to x = 1.8 for the energy deposition and PT cut. The isolation cuts used in the
analysis were:

∆RTracker = 0.25 PT < 2.0 GeV/c ∆RCalo = 0.3 ET < 5.0 GeV (3.10)

3.2.5 Jet reconstruction and the jet veto

The reconstruction of jets is needed to obtain a strong tt̄ background reduction by applying
a jet veto. The jet reconstruction algorithms can use the raw energy sum of the ECAL and
HCAL towers, either with a fixed energy threshold or with η-dependent thresholds. The
η-dependent threshold does not improve the tt background rejection with respect to a fixed
combined ET and E thresholds [72]. The jets reconstructed from raw energies with fixed
ET and E thresholds were finally chosen to be used for the JET veto. A strong ET cut helps
in the background reduction. However, below ET = 25 GeV the fraction of jets matching
with a generated jet starts to decrease, because of ghost jet candidates mainly due to pileup
events. The matching was defined within a cone around the reconstructed jet candidate
∆Rrec−gen jet < 0.3. In order to reduce the number of fake jets, a quality parameter was
introduced:

α =
∑

selected tracks

PT /ET (jet) (3.11)

where the selected tracks are those inside the jet (∆Rtrk−jet < 0.5) with more than 5 asso-
ciated hits, pointing to the primary interaction vertex (|ztrk − zvtx| < 0.4 cm). The mean
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value of α is 0.66 (two third of the jet energy on average is due to charged particles). A re-
constructed jet candidate with ET in the low energy region (< 20 GeV) was considered only
if α > 0.2. It has been shown [72] that this selection significantly reduces the number of
fake jets ( the fraction of matched jets being greater than 90% for ET > 15 GeV ) with neg-
ligible loss of reconstruction efficiency for true jets. Different jet reconstruction algorithms
were tested. The best signal (mH = 165 GeV/c2) / background (tt̄) ratio was obtained using
an iterative cone algorithm [77] with a cone size R= 0.5 and calorimeter towers having raw
energies EtowerT > 0.5 GeV and Etower > 0.8. To summarise, the jet veto is applied if:

ET > 15 GeV |ηjet| < 2.5 (3.12)

and the α cut is required in the jet energy range 15 GeV < ET < 20 GeV.

3.2.6 Missing energy reconstruction and the MET cut

The transverse missing energy is reconstructed with the sum of the ECAL and HCAL tower
raw energies, corrected for the muons energy contribution. The most sensitive background to
the MET cut is the dimuon production from Drell-Yan (DY) process. The right plot in Fig. 3.13
shows the MET distributions for DY events having a reconstructed dimuon invariant mass
inside the Z mass region (shown by the black area in the left plot), and for signal events with
mH = 165 GeV/c2. The signal and background distribution were normalised to an integrated
luminosity L = 10 fb−1.
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Figure 3.13: Reconstructed dimuon invariant mass for Drell-Yan events selected inside the
Z mass region(left, black area); MET distributions for the selected Drell-Yan events and for
signal events scaled at the integrated luminosity L = 10 fb−1 (right).

A MET threshold of 47 GeV is 4σ over the mean value for the background and 1.5σ under
the mean value for the signal. Drell-Yan events are thus strongly suppressed by applying a
MET threshold. The cut used in this analysis was MET > 50 GeV.

3.2.6.1 The kinematic cuts

The kinematic of the two muons is different for signal and background:

• signal events from gluon-gluon scattering are more central than the W+W− back-
ground from qq̄ scattering, thus resulting in a slightly more central rapidity distri-
bution for the decay muons;



3.2. Benchmark Channel: H →WW (∗) → 2 muons 69

• due to the scalar nature of the Higgs boson and of the V-A structure of the weak
interaction, for Higgs masses close to 2 ·MW , the W+W− spin correlation plays in
favour of small opening angles between the two muons;

• signal events have a lepton PT spectra peak close to MW /2;

• DY background has a two muons invariant mass peak at MZ .

In addition , the muons from b quarks (as in the case of the bb background and eventually
from tt ) have large impact parameters. The following cuts were applied before the optimi-
sation of the kinematical cuts:

1. |η(µ1))| , |η(µ2)| < 2.0 (pseudorapidity of the two muons);

2. IP (µ1) , IP (µ2) < 3σ (impact parameter of the two muons);

3. PT (µmax) < 55 GeV/c (transverse momentum of the two muons);

4. mµ1µ2 > 12 GeV/c2 (invariant mass of the two muons);

5. ∆φµ1µ2 < 0.8 (opening angle between the two muons).

Cut 1 is useful for the WW background reduction, as well as cuts 3 and 5. Cut 2 reduces the
bb̄ events, while cut 4 rejects potential background from b-resonances. After the requirement
of the muon isolation described before, the overall signal efficiency for cuts 1 to 4 is about
90%. The distribution of the variable ∆φµ1µ2 will be used to search for the Higgs signal.

The optimisation study was performed by varying the following cuts:

PT (µmax) > 25, 30, 35, 40 GeV/c PT (µmin) > 15, 20, 25, 30 GeV/c2 (3.13)

mµ1µ2 < 35, 40, 45, 50, 55, 60 GeV/c2 (3.14)

to find the set of cuts giving the best significance. The estimator ScP was used, which gives
the significance using the Poisson distribution [78]. The input of the estimator are the num-
ber of signal and background events, the statistical uncertainties and the theoretical system-
atics in the background. The optimisation was performed using as before the signal dataset
with MH = 165 GeV/c2, and using all the background contributions, properly normalised
considering their production cross sections.

The optimisation result could depend on the statistics of the event data samples and on the
estimated systematic errors. We searched for the maximum significance in four different
conditions:

L = 1 fb−1 L = 2 fb−1 syst. err. = 10% syst. err. = 15% (3.15)

Fig. 3.14 shows, as an example, the significance expected as a function of pT (µmax) and
pT (µmin) cuts for two different values of the dimuon invariant mass cut, for the case of an
integrated luminosity L = 1 fb−1 and an overall 10% systematic error.

The following cuts:

PT (µmax) > 35 GeV/c PT (µmin) > 25 GeV/c mµ1µ2 < 50 GeV/c2 (3.16)

give the maximum significance (about 3.0 for L = 1 fb−1 and an assumed syst. err. = 10%)
in all the four conditions.
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Figure 3.14: Significance as a function of PT cuts formµ1µ2 < 40 GeV/c2 (left) and formµ1µ2 <

50 GeV/c2 (right) with L = 1 fb−1 and syst. err. = 10%

3.2.7 The selection results

The optimised selection cuts discussed above were applied to the background and signal
samples. The list of cuts is described in Tab. 3.3. The expected number of events for a lumi-
nosity of 1 fb−1 are given in Tab. 3.4 for the signals and the backgrounds.

Table 3.3: The list of cuts applied to the signal and background samples

1 L1+HLT dimuon 6 MET> 50 GeV
2 2 µ opposite charge 7 35 GeV/c < PT (µmax) < 55 GeV/c
3 Isolation 8 25 GeV/c < PT (µmin)
4 η < 2.0 IP < 3σ 9 mµ1µ2 < 50 GeV/c2

5 Jet Veto 10 ∆φµ1µ2 < 0.8

Figure 3.15 shows the distributions of the MET, PT (µmax), PT (µmin) and mµ1µ2 variables for
the signal and the three most important backgrounds after the jet-veto and the following
selection cuts applied in the order reported in the Tab. 3.3.

Figure 3.16 shows the final distribution obtained for the azimuth angle difference between
the muons, expected for an integrated luminosity L = 10 fb−1 and for the Higgs signal of
mass mH = 165 GeV/c2.

As stated above, all the numbers at the various selection steps refer to the analysis applied
to the HLT dimuon stream. For comparison the event numbers after all the selection cuts
were also studied for the case in which the analysis were performed on the data including
the single muon trigger data stream. The inclusion of this datastream, which is foreseen to
have a rate about 7 times larger than the dimuon stream [75], would result in a (3 ± 1)%
increase of the overall signal selection efficiency. The Higgs search with mass appreciably
different than 165 GeV/c2 can take advantage from a dedicated cut optimisation, such as the
one reported in [76].
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Table 3.4: The expected number of events for a luminosity of 1 fb−1 for the signal with Higgs
masses between 130 and 180 GeV/c2 and for the backgrounds.

L1+HLT dimuon All cuts εtot
mH = 130 GeV/c2 112 0.68± 0.19 (0.07± 0.02)%
mH = 140 GeV/c2 162 1.7± 0.4 (0.12± 0.03)%
mH = 150 GeV/c2 228 5.3± 0.8 (0.26± 0.04)%
mH = 160 GeV/c2 256 12.6± 0.7 (0.58± 0.04)%
mH = 165 GeV/c2 264 14.3± 0.8 (0.64± 0.04)%
mH = 170 GeV/c2 259 11.0± 0.7 (0.53± 0.03)%
mH = 180 GeV/c2 233 5.9± 0.8 (0.30± 0.04)%
qq →WW 1040 4.1± 0.5 (0.036± 0.005)%
tt̄→ 2µ2ν 17007 2.6± 0.3 (0.012± 0.001)%
gg →WW 58 1.0± 0.1 (0.18± 0.02)%
γ∗, Z → 2µ 720653 0.3± 0.3 (4± 4)10−5%
bb̄→ 2µ2ν 69374 0 0%
Wt 615 0.57± 0.10 (0.017± 0.003)%
ZZ 218 0.18± 0.05 (0.012± 0.003)%
ZW 384 0.13± 0.05 (0.008± 0.003)%

3.2.8 Background estimation and systematics

The precise understanding of the backgrounds is the most critical issue concerning this
Higgs discovery channel. The direct use of the Monte Carlo predictions, i.e. Nbkg,MC =
σbkg,MC ·εff , leads to high systematic uncertainties due either to theoretical calculation and to
experimental systematics. The most reliable approach to address this problem is to measure
the different sources of background directly from the data. The commonly used method to
extrapolate the background contribution directly from the data consists of selecting a signal-
free phase space region (control region) where a given background process is enhanced. The
normalisation from data for the two most relevant background, i.e. tt̄ and WW has been
addressed. For both backgrounds, a dedicated control region was defined. The number of
background events in the signal region can then be estimated through:

Nsignal reg =
NMonteCarlo
signal reg

NMonteCarlo
control reg

Ncontrol reg (3.17)

where NMonteCarlo
signal reg and NMonteCarlo

control reg are the numbers of events predicted by the Monte Carlo
simulation in the signal and control region. The error on the ratio NMonteCarlo

signal reg /NMonteCarlo
control reg

accounts for a theoretical contribution (scale variation, PDF uncertainty) and detector sys-
tematics effects. The precision with which the number ofNsignal reg can be predicted depends
also on the statistical error on Ncontrol reg.

3.2.9 tt̄ background normalisation

Since the presence of two b-tagged jets is a striking evidence for tt events, the most natural
control region for this process is then defined by applying the same selection cuts as for the
signal region but the jet veto, with the additional request of two b-tagged jets in the detector
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Figure 3.15: Distributions of the missing energy, transverse momentum and invariant mass
for a luminosity of 10 fb−1 following the cut list order.

acceptance2. The tt evaluation from the data for the H → WW (∗) channel has been studied
in Ref. [79] to which we refer for further details. In this study a jet is tagged as a b-jet
if its measured ET is greater then 20 GeV and if there are at least two tracks belonging to
the jet (i.e. within a cone of 0.5 around the jet axis) whose σIP is higher than 2. With such
settings the double b-tagging efficiency for tt events is O(30%). The mis-tagging rate has
been calculated from the ratio between the number of b-tagged jets and the total number of
jet with ET > 20 GeV in the fully simulated DY sample and it resulted to be O(3%).
In the following we consider the background processes in the tt control region. For 1 fb−1

the number of tt events in the control region just defined is foreseen to be 17, whereas the
contribution from the signal and Wt is completely negligible (in both cases smaller than 0.1
events).

Not all the processes with 2µ + 2b + Emisst as final state have been fully simulated for this
analysis, nevertheless general considerations and fast Monte Carlo generator level cross

2 in Ref. [79] an additional control region for tt events defined by requiring two high ET jets instead of two
b-tagged jets has been proposed. However, it has been shown there that due to the high contamination from
Drell-Yan events, this control region is less indicate for same flavour lepton final states
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Figure 3.16: Distribution of the angle between the two muons for a luminosity of 10 fb−1 at
the end of the selection.

checks lead to exclude other sources of backgrounds, as briefly outlined in the following.
The more natural concurrent process is the non-resonant W+W− → 2µ + bb̄ which is sup-
pressed with respect to tt. Its cross section is indeed expected to be smaller than 0.3 pb.
Assuming the same efficiency for the kinematic selections as for the W+W− → 2µ (∼ 0.07%)
and including the double-b tagging efficiency, less than 0.1 events are expected for 1 fb−1 in
the control region.
In the fully simulated Drell-Yan sample used in this analysis, the eventual additional bb pair
comes only from a gluon splitting; the main mechanism of γ∗/Z∗ + 2b is not included. For
an estimation of the contamination of the tt control region due to this process we thus used
a parton level sample generated with a matrix element Monte Carlo (MADGRAPH [80]). Ap-
plying the signal kinematic selections, but the ET cut on the latter sample, ∼ 10 events are
expected for 1 fb−1. The rejection due to ET cut has been calculated from the fully simulated
sample where actually two b-quarks were present in the final state and it turned to be smaller
than 1%. Considering also the efficiency for the double b-tagging, we can safely exclude this
as a dangerous background.

In the following the various contribution of uncertainty in the tt normalization procedure
are listed and described. The results are summarised in Table 3.5 for 1, 5 and 10 fb−1.

• Theoretical uncertainty.
The theoretical uncertainty of the tt cross section ratio σsignal reg/σcontrol reg has
been studied in [81] at parton level with LO precision by varying the reorganisa-
tion and factorisation scale. The error has been estimated to range between 3% to
10% mostly due to the choice of PDF. Some studies were done also at NLO: ET
spectra and multiplicity of jets are not affected by higher order contributions but
the estimate of the theoretical error at NLO is not available. In the following we
will assume the theoretical uncertainty on the tt normalisation procedure to be
10%.



74 Chapter 3. Physics Studies with Muons

• Jet Energy Scale (JES) uncertainty.
In the background normalisation procedures we proposed, the JES uncertainty
is particularly important since it affects in an opposite sense the signal region,
defined by vetoing the jets, and the control region where the presence of two
jets is required. To take into account this sort of anti-correlation of εsignal reg and
εcontrol reg, we estimate the effect of the JES uncertainty directly on their ratio
by rescaling the measured jet four momentum by a fractional uncertainty (i.e.

Pµjet = (1 + λ)Pµjet). The relative variation of
NMonteCarlo

signal reg

NMonteCarlo
control reg

for various values of λ

is reported in [76]. The JES uncertainty foreseen at CMS is O(5%) for 1 fb−1 and it
is expected to decrease down to ∼ 3% for 5 fb−1 (thanks to the calibration on the
W mass) [7]. The effect of the JES uncertainty is 10% for 1 fb−1 and 6% for 5 fb−1.

• α criterion uncertainty.
To estimate the systematic uncertainty due to α criterion, the value of the cut has
been varied from 0.15 to 0.25. Moreover different values of the minimum pT for a
track to be included in the sum have been tried, from 2 to 3 GeV/c. The consequent
variation of the jet veto efficiency (affecting only NMonteCarlo

signal reg ) is relatively small,
i.e. of the order of 4%.

• b-Tagging uncertainty.
The uncertainty on the b-tagging efficiency will be estimated exploiting tt events
as calibration samples. The precision with which the b-tagging efficiency will be
known is expected to be ± 11% for 1 fb−1 integrated luminosity and it is foreseen
to improve to ± 7% with 10 fb−1 [82].

• Uncertainties on the composition of the control region.
As it has been shown in the previous section, tt is the dominant process in the
chosen control region, other processes contributing less than 1%. It is then safe to
simply neglect this source of systematic error.

• Statistical uncertainty on Ncontrol reg

Assuming a Poissonian behaviour, the statistical uncertainty scales with the in-
tegrated luminosity as the square root of the number of tt events in the control
region.

Table 3.5: Sources of uncertainty for the tt background normalisation procedure. Results are
shown for 1, 5 and 10 fb−1.

Luminosity Theoretical error Detector systematics Statistical error Total error
( fb−1) JES α criterion b-tagging

1 10% 10% 4% 11% 24% 30%
5 10% 6% 4% 9% 11% 19%
10 10% 6% 4% 7% 8% 16%

3.2.10 WW background normalisation

In contrast to the tt̄ background normalisation, which can be performed using an almost
completely pure tt control sample, it is impossible to isolate the WW background in a clean
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way, which means that contributions of other processes have to be subtracted and their sys-
tematic uncertainties have to be taken into account during the normalisation procedure of
the WW background, including gg → W+W− events. In Fig. 3.17 the overall background
normalisation strategy is illustrated. There are four phase space regions involved in the WW
background normalisation. Each region is defined with a certain set of cuts:

• signal region: the selection of events in the signal region as described above.

• WW region: same as in the signal region, but ∆φµ1µ2 > 0.8 and 50 GeV/c2 <

mµ1µ2 < 80 GeV/c2.

• DY (WW) region: same as in the WW region, but 80 GeV/c2 < mµ1µ2 < 100 GeV/c2.

• tt (WW) region: same as in the WW region, but the jet veto is replaced with the
requirement of two b-tagged jets (Et > 20 GeV and two tracks with σIP >2).

In all cases, the selection is independent of the Higgs mass hypothesis. The total number of
events in each region is given in Tab. 3.6, and the contributions of individual processes are
represented in form of pie charts in Fig. 3.17. The main contamination of the WW region
is due to Drell-Yan, tt and the Higgs signal. The number of Drell-Yan and tt is determined
by extrapolating the corresponding numbers from relatively clean control regions and are
subtracted from the WW region. Additional small contributions from other backgrounds
in the WW region are determined from Monte Carlos and then subtracted. So far, no con-
crete method has been established to subtract Higgs events from the WW control region.
Therefore, we choose the conservative approach to treat these Higgs events as an additional
background in the WW region.

• Theoretical uncertainties
The theoretical uncertainties of W pair production with subsequent decay to lep-
tons have been studied in detail in Ref. [83], and the main sources of potential un-
certainties of the shapes of kinematic variables turn out to be spin correlations, un-
derlying event, and scale dependence. The effect of spin correlations can be taken
into account properly with the correct choice of an event generator, and the un-
derlying event is expected to be measured from the data with sufficient precision.
The shape dependence on the choice of the reorganisation and factorisation scales
is sizable in case of the contribution from the gg → W+W− subprocess, because
the higher order corrections are unknown in this case. For the cuts, described
below, this uncertainty is about 9% and is taken into account in the following.

• Statistical error and uncertainties on the composition of the control region.
All background normalisation uncertainties are calculated in the following way:

δextrapolation =
∑
i

√
ntotal + (ni × δi)2 × εcontrol→target (3.18)

where ntotal
3 is the total number of events in the corresponding control region,

ni × δi is the product of the number of events and the systematic uncertainty of
an individual process in the control region, and εcontrol→target is the extrapolation
efficiency from the control region to the target region, e.g. the signal region.

The WW background normalisation requires three extrapolations from control regions to
target regions:

3This term takes into account the statistical fluctuations of the control sample.
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• DY (WW) region ⇒ WW region: with an extrapolation uncertainty of 5% [84]
the extrapolated number of events and the uncertainty from Eq. 3.18 is 15.86 ±
1.23 events (79.29 ± 4.49 events) for 1 fb−1 (5 fb−1) of integrated luminosity.

• tt (WW) region ⇒ WW region: with an extrapolation uncertainty of 20% (15%)
[79] the extrapolated number of events and the uncertainty from Eq. 3.18 is 6.19 ±
1.75 events (30.93 ± 5.41 events) for 1 fb−1 (5 fb−1) of integrated luminosity.

• WW region ⇒ signal region: as illustrated in Fig. 3.17, the first two items are
inputs to this extrapolation, which means that the obtained numbers of Drell-Yan
and tt events are subtracted in the WW region and the corresponding uncer-
tainties are propagated. The extrapolation uncertainty of WW events, which is
mainly due to the unknown higher order correction of the gg → W+W− contri-
bution [83], amounts to 9% for the cuts used in this analysis. In addition, the
remaining backgrounds a re estimated and subtracted with the following uncer-
tainties: δWt = 40%, δZW = 20% and δZZ = 20%. According to Eq. 3.18 we obtain
7.35± 3.04 events (36.77± 7.85 events) for 1 fb−1 (5 fb−1) of integrated luminosity.

The results of the last item are used for the calculation of the Higgs discovery potential with
mh = 165 GeV/c2, and an integrated luminosity of either 1 fb−1 or 5 fb−1.

Furthermore, it should be pointed out that the entire background normalisation procedure is
performed using only the dimuon data set and therefore no additional data sets are needed.
In this way, potential uncertainties due to different trigger efficiencies and different inte-
grated luminosities of other data sets do not play a role.

Table 3.6: Number of expected events in all the regions with an integrated luminosity of
1 fb−1. The signal region numbers are referred to mH=165 GeV/c2.

Channel Signal region tt region WW region tt (WW) region DY (WW) region
Signal 14.3 0.0 6.0 0.0 0.1
tt 2.6 17.0 6.2 24.7 3.2

WW 5.1 0.0 11.5 0.0 4.4
DY 0.3 0.0 15.0 0.0 267

Wt,ZZ,WZ 0.8 0.1 1.9 0.1 7.3
all 23.1 17.1 40.6 24.8 282

3.2.11 Other backgrounds normalisation

The Drell-Yan background has been normalised to estimate the contamination in the WW
region. The same results can be achieved in the signal region. Fig. 3.15 demonstrates that the
invariant mass cut 80 GeV/c2 to 100 GeV/c2 defines a clean control region. ZW background
can be normalised by requiring one additional lepton in the final state and removing the ∆φ
and the invariant mass cuts. ZZ background can be normalised by requiring two additional
leptons in the final state and removing the ∆φ and the invariant mass cuts. They are expected
to contribute to the total background by only 3% (DY), 1% (ZW) and 1% (ZZ). For the Wt
background it is not easy to define a normalisation region. As this process is expected not to
represent a sizable fraction of the total background (∼ 6%), the Monte Carlo prediction will
be then directly used, the cross section theoretical uncertainty is estimated to be about 30%
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Figure 3.17: Scheme for background normalisation from the data in different phase space
regions: the signal region, the tt region, the WW region, the DY (WW) region, and
the tt (WW) region. The arrows indicate the extrapolation of the number of events deter-
mined in the corresponding “control region” into the corresponding “target region”. Each
region is represented by a pie chart that shows the fractions of certain types of events: h165
is the Higgs signal with mh = 165 GeV/c2, WW is the sum of WW backgrounds, tt is the tt
background, DY is the Drell-Yan background, and other is the sum of the Wt, ZW and ZZ
backgrounds. The number of expected events in each region is reported in Tab. 3.6.

at LO and 10% at NLO [74].

3.2.12 Detector misalignment systematics

A study for the misalignment impact on the track reconstruction has been done [85]. In the
fist data scenario (100 pb−1 - 1 fb−1) the muon chamber position uncertainty is expected to
be 1 mm and the orientation uncertainty about 0.2 mrad. The tracker position uncertainty
is expected to be about 5 µm for TPE, 10 µm for TPB, 50 µm for TEC and TOB, 100 µm
for TIB and 400 µm for TID. The results from simulation show the muon reconstruction
efficiency will be unaffected, while the momentum resolution (for 100 GeV/c tracks) will be
reduced from 1-2 % to 4-5%. Under these circumstances, the systematic contribution to the
signal and background selection is expected to be negligible with respect to the background
normalisation systematics.

3.2.13 Signal significance

The signal significance can be obtained using counting or Likelihood methods. Here the
counting ScP method (See appendix 1) was used. ScP is the probability, converted in equiv-
alent number of sigmas, to observe at least Ns + Nb events from Poisson distribution with
mean Nb. The presence of systematic errors influences the significance calculations. The hy-
pothesis is to find the same number of signal and background events predicted by the Monte
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Carlo. The systematic errors due to the tt and WW background normalisation methods was
included. Two options was considered:

1. the signal contamination in the WW control region can be subtracted;

2. the signal contamination in the WW control region must be considered as additional
background.

The option 1 was considered to have a comparison with the H →WW → 2l2ν analysis [72].
Table 3.7 summaries the total backgrounds and errors for different integrated luminosities.
The systematics and statistical errors due to the limited Monte Carlo statistics are included.

Table 3.7: Total background and error for integrated luminosity of 1 and 5 fb−1. The two
options for the signal contamination in the WW control region were considered.

Option Luminosity Total background Total error
1. 1 fb−1 8.8 3.2 (36%)

5 fb−1 44.0 8.3 (19%)
2. 1 fb−1 11.0 3.2 (29%)

5 fb−1 55.3 8.3 (15%)

The signal to background ratio as a function of different Higgs masses and the signal signif-
icance are shown in Fig. 3.18.
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Figure 3.18: Signal to background ratio for the option 1. as a function of different Higgs
masses. Error bars are the statistical contribution due to the limited Monte Carlo statistics
(left). Significance as a function of different Higgs masses with a luminosity of 1 and 5 fb−1,
solid line for the option 1., dashed line for the option 2 (right).

3.2.14 Conclusions

The possibility to discover the Higgs boson particle through its decay channel intoWW (∗) →
2µ2ν was studied in detail. Particular attention was given to the event selection optimisation,
in the determination of the number of background events from the data and the evaluation
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of the experimental and theoretical systematical uncertainties. Taking all these effects into
account, it was shown that in the Higgs mass range 155-175 GeV/c2 a signal significance
bigger than 3 standard deviations can be achieved with 5 fb−1 integrated luminosity. On the
other hand, with 1 fb−1 luminosity only a 2 sigma significance can be achieved even in the
most favourable case mH ∼ 2mW , when this final state topology alone is used for the Higgs
search.

3.3 Benchmark Channel: Z ′ → µµ

3.3.1 Introduction

Additional heavy neutral gauge bosons (Z′) are predicted in many superstring-inspired [86,
87] and grand unified theories (GUTs) [88], as well as in dynamical symmetry breaking [89]
and “little Higgs” [90] models. There are no reliable theoretical predictions, however, of the
Z′ mass scale. Current lower limits on the Z′ mass are (depending on the model) of the order
of 600–900 GeV/c2 [54]. The mass region up to about 1 TeV/c2 is expected to be explored at
Run II at the Tevatron [91, 92]. The LHC offers the opportunity to search for Z′ bosons in a
mass range significantly larger than 1 TeV/c2.

Observability of the Z′ → µ+µ− channel in CMS is discussed in Sections 3.3.2–3.3.4. Since
narrow graviton resonances such as those in Randall-Sundrum models [93] can also decay
to lepton pairs (Section 14.3.1), much of the discussion in these sections is also applicable
to them. If a new resonance is discovered, the characterisation of its spin and couplings
will proceed via the traditional methods of measuring production and decay probabilities
and distributions. For example, the two-photon decay should be observable for a gravi-
ton and not for a Z′, as discussed in Section 14.6. The measurement of forward-backward
asymmetries of leptonic decay products, both at the resonance peak and off the peak, yields
information on parity-violating couplings and hence can help distinguish among different Z′

models (Section 3.3.5). Angular distributions of the decay products can also be used for spin
discrimination (Section 3.3.6).

3.3.2 Signal and background processes

3.3.2.1 Signal Z′ → µ+µ−

Signal and background samples were generated with PYTHIA [68] version 6.227 (with photon
emission off incoming or outgoing quarks and leptons switched on) and the CTEQ6L set of
parton distribution functions [12] from LHAPDF [94] version 4.1.1.

From a large variety of Z′ bosons described in the literature, we consider six which are fre-
quently discussed, and whose properties are representative of a broad class of extra gauge
bosons:

• ZSSM within the Sequential Standard Model (SSM), which has the same couplings
as the Standard Model Z0; it is available in PYTHIA [24].

• Zψ, Zη and Zχ, arising in E6 and SO(10) GUT groups. Couplings to quarks and
leptons were obtained from Refs. [95, 96].

• ZLRM and ZALRM, arising in the framework of the so-called “left-right” [97] and
“alternative left-right” [91, 92] models. Their couplings were obtained from Ref. [91,
92], with the choice of gR = gL.
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The generation of signal events with PYTHIA includes the full γ∗/Z0/Z′ interference structure.
We assume that Z′ bosons decay only to three ordinary families of quarks and leptons and
that no exotic decay channels are open. Properties for these models are in Table 3.8. The
cross sections are shown at leading order (LO), as predicted by PYTHIA. We scale them by
a constant K factor of 1.35, see Appendix C, in order to take into account the next-to-next-
to-leading order (NNLO) QCD corrections. Electroweak higher-order corrections are not yet
accounted for (see discussion in Section 3.3.4.4.1).

Table 3.8: Summary of expected properties of Z′ bosons for six studied models. For each
model, the first column shows the ratio of the total Z′ decay width Γ to its mass M , the
second column shows the dimuon branching ratio Br. The three middle columns, labelled
σLO · Br, give the product of the pure-Z′ leading-order production cross section and the
branching ratio for three studied Z′ masses; the last three columns give σLO · Br obtained
when the full γ∗/Z0/Z′ interference structure is included. The numbers quoted are for the
mass intervals above 400 GeV/c2 for M = 1 TeV/c2, above 1.5 TeV/c2 for M = 3 TeV/c2, and
above 3 TeV/c2 forM = 5 TeV/c2. The values of σ ·Br in the three middle columns correspond
to Z′-only samples not used in our study; the values in the last three columns refer to the full-
interference samples that we did use.

Model Γ/M Z′→µ+µ− σLO · Br, fb σLO · Br, full interference, fb
% BR in % (PYTHIA) (PYTHIA)

1 TeV/c2 3 TeV/c2 5 TeV/c2 1 TeV/c2 3 TeV/c2 5 TeV/c2

ZSSM 3.1 3.0 480 1.9 0.034 610 2.8 0.050
Zψ 0.6 4.0 130 0.5 0.009 340 1.7 0.032
Zη 0.7 3.4 150 0.6 0.011 370 1.8 0.035
Zχ 1.3 5.7 280 1.0 0.014 500 2.2 0.038

ZLRM 2.2 2.3 310 1.2 0.020 500 2.3 0.040
ZALRM 1.6 8.6 580 2.6 0.051 740 3.7 0.077

3.3.2.2 Background from Drell-Yan production and other processes

The dominant (and irreducible) background to pp → Z′ → µ+µ− is the Drell-Yan production
of muon pairs, pp → γ/Z0 → µ+µ−. The Drell-Yan cross section in PYTHIA was scaled
by the same K factor of 1.35, see Appendix C, to get an agreement with the NNLO QCD
calculations.

The overall contribution from ZZ, ZW, WW, and tt was found to be at the level of only a
few percent of the Drell-Yan background and can be further suppressed by signal-selection
criteria with almost no reduction in signal efficiency; we neglect this contribution. A few
other potential background sources (like cosmics, jet-jet, W-jet, bb, hadron punchthroughs,
and poorly measured Z0 → µ+µ− events) have not been studied yet, but their contribution
is expected to be small.

3.3.2.3 Simulation and reconstruction

The detector response was simulated with the detailed CMS detector simulation and recon-
struction software, including pile-up events. Misalignments of the tracker and of the muon
system expected at the initial and at the well-advanced stages of the data taking have been
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taken into account by using two misalignment scenarios developed in the framework of the
CMS reconstruction, referred to as the “first data” and the “long term” scenarios [85]:

• The “first data” scenario gives an estimate of the alignment achieved with an in-
tegrated luminosity of about 0.1 fb−1 and corresponds to the situation when the
pixel detector is aligned with tracks and the first information from the Laser Align-
ment System (LAS) is available for the muon detectors.

• The “long term” scenario describes the expected residual alignment uncertainties
once the performance of the LAS reaches its design level and the alignment with
tracks is done in all tracking detectors. The current estimate is that this can be
achieved with an integrated luminosity of about 1 fb−1.

As a result, for each of the Z′ models above, several sets of simulated samples correspond-
ing to different possible combinations of luminosities and misalignment scenarios were pro-
duced at each of three mass values of 1, 3, and 5 TeV/c2. Since the Drell-Yan cross section
falls rapidly with the mass of the muon pair, Drell-Yan background was generated in six
mass intervals (with lower mass bounds of 0.2, 0.4, 1, 1.5, 2, and 3 TeV/c2), again for different
combinations of luminosities and misalignment scenarios.

3.3.3 Event selection

For µ+µ− invariant mass between 1 TeV/c2 and 5 TeV/c2, the fraction of Drell-Yan events with
both muons within the full geometrical acceptance of the muon system (|η| < 2.4) increases
from about 80% at 1 TeV/c2 to almost 95% at very high masses. The acceptance of Z′ → µ+µ−

events is very similar.

We require that the event pass the logical OR of single-muon and dimuon triggers, both
Level-1 and HLT. We use the default ORCA implementations of low-luminosity and high-
luminosity muon trigger algorithms described in Refs. [7, 75], with the exception of the HLT
calorimeter isolation criterion requiring that the weighted sum of energy deposits in ECAL
and HCAL in a cone around the muon direction be below a pre-defined threshold. Its cur-
rent implementation leads to significant efficiency losses for isolated high-pT muons (since
they are often accompanied by electromagnetic showers); we do not apply HLT calorimeter
isolation in this study (tracker isolation is applied). An increase in the trigger rate in the ab-
sence of calorimeter isolation should be mitigated by higher pT thresholds; we have checked
that raising the pT thresholds of the single-muon HLT by 10–20 GeV with respect to their
nominal values changes trigger efficiency for our signals by a negligible amount. For the Z′

models that we study (as well as for the Drell-Yan background), the combined Level-1/HLT
trigger efficiency is about 98% at 1 TeV/c2 and decreases with the Z′ mass down to about 95%
at 5 TeV/c2. At high luminosity, the trigger efficiency is 95% at 1 TeV/c2 and 93% at 5 TeV/c2.
These efficiencies are relative to having at least one muon inside the geometrical acceptance
of the muon trigger (|η| < 2.1) and both muons from the Z′ decay inside the full acceptance
of the muon system. No dependence of trigger efficiency on tracker and muon misalignment
has been observed, in agreement with the results reported in Ref. [98].

We require that at least two muons of opposite sign charge be reconstructed offline. Detailed
description of offline muon reconstruction can be found in Ref. [7]. For each muon candidate,
we examine the results of fits to two subsets of hits associated to this candidate: 1) excluding
all muon hits except for those in the innermost muon station, and 2) excluding hits in muon
chambers appearing to contain electromagnetic showers. Optimal performance for high-pT
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muons is achieved by choosing the best fit on a track-by-track basis using goodness-of-fit
variables. The fraction of Z′ events with an opposite-sign dimuon reconstructed offline is
about 97% at 1 TeV/c2 for both the “first data” and the “long term” misalignment scenarios,
and decreases slightly with the Z′ mass, to about 95% at 5 TeV/c2 for the “long term” mis-
alignment scenario. The efficiencies quoted are calculated relative to the number of events
accepted by the trigger and with both muons from the Z′ decay within the full geometrical
acceptance of the muon system.

The overall efficiency – including acceptance, trigger and offline reconstruction – for Z′ →
µ+µ− events with a mass between 1 and 5 TeV/c2 lies in the range of 77–85% at low luminos-
ity, and of 75–83% at high luminosity.

3.3.4 Signal observability

The search for a new resonance is performed with an unbinned maximum likelihood fit to
the µ+µ− invariant mass spectrum over a range which includes Drell-Yan continuum as well
as a possible peak. The fit takes as input the presumed signal and background shapes, and
determines the best-fit background normalisation. More details are in Refs. [99, 100].

3.3.4.1 Mass spectra and fitting procedure

Prior to the calculation of the invariant mass of an opposite-sign muon pair,
√
s, a search

for photon candidates in a cone with a radius of ∆R =
√

(∆φ)2 + (∆η)2 < 0.1 around the
trajectory of each muon is performed, and the 4-momentum of the photon candidate with the
smallest ∆R in the cone is added to the 4-momentum of the muon. This procedure recovers
some of the energy lost by the muon via final state radiation and radiative processes in the
detector, thus improving the invariant mass resolution.

The resolution for
√
s depends strongly on the misalignment scenario, and weakly on the

amount of pile-up. If the “long term” misalignment scenario for the tracker and the muon
chambers is considered, the sigma of the Gaussian fit to the mass resolution curves varies
from 4.2% at 1 TeV/c2 to 9.0% at 5 TeV/c2; the RMS truncated at ±30% is ∼ 6% at 1 TeV/c2 and
∼ 10% at 5 TeV/c2. The corresponding numbers for the “first data” misalignment scenario
at 1 TeV/c2 are σ = 12.5% and RMS ∼ 12%. The bias in the mass resolution does not exceed
1% for the “long term” scenario at all masses considered and for the “first data” scenario at
1 TeV/c2.

An example of the
√
s spectra showing 1 TeV/c2 Zη signal and Drell-Yan background is in Fig-

ure 3.19. The left-hand plot shows generated mass spectra (100% efficiency with no detector-
and reconstruction-related effects); it can be compared to the right-hand plot for fully-recon-
structed events using the “first data” misalignment scenario. Signal peak is clearly visible in
spite of the poor mass resolution.

The mass spectra in Figure 3.19 are obtained by re-scaling the simulated spectra with large
statistics down to a modest number of events characteristic for the regime close to the discov-
ery limit; the statistical fluctuations are thus not to scale. In what follows, we use ensembles
of Monte Carlo pseudo-experiments selected from available large-statistics samples. The
number of events in each experiment, Nevt, fluctuates according to a Poisson distribution
with a mean of σ ·Br·

∫
Ldt·ε, where

∫
Ldt is the integrated luminosity and ε is the combined

trigger and reconstruction efficiency.

In order to test for the existence of a resonance and to measure its parameters if it is found
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Figure 3.19: Histograms of the µ+µ− invariant mass for 1 TeV/c2 Zη plus background (open
histogram) and for background only (shaded histogram), at the event-generator level (left)
and for events selected by the Level-1/HLT triggers and reconstructed assuming the “first
data” misalignment scenario (right). The number of events per bin is normalised to an inte-
grated luminosity of 0.1 fb−1.

to exist, an unbinned maximum likelihood fit of the
√
s values in each MC experiment is

appropriate. One can imagine that, in the initial data analysis, one is confident about the
background shape but not the absolute normalisation. In this case, data can be fit with a
sum of signal and background shapes, presumed known, with the signal fraction as a free
parameter. In the presence of a signal, one can fix or let vary the mass and the width as well.
Thus, as a model of the probability density function (pdf), p, of the parent population of the
observed mass spectra, we use

p (
√
s; fs,m0,Γ) = fs · ps (

√
s;m0,Γ) + (1− fs) · pb (

√
s). (3.19)

Here

• ps, the pdf of the signal, is a convolution of a Breit-Wigner signal shape with a
Gaussian accounting for mass resolution smearing. The convolution includes the
dependence of the mass resolution on

√
s, but the radiative tail of the signal is not

yet accounted for.

• pb, the pdf of the background, is modelled as an exponential, exp(−k·
√
s
0.3), with

the parameter k determined from fits to Drell-Yan events. This pdf, with the value
of k of 2.0, gives a good description of the background shape in the whole mass
region between 400 and 5000 GeV/c2.

There are three free parameters in the fit: the signal fraction fs = Ns/(Ns +Nb), the position
of the mass peak m0, and the full width at half maximum (FWHM), Γ, of the signal. The
shape of the background distribution is fixed, while its level is determined by the fit: fs is
a free parameter. Therefore, the fit explores the difference in shape between the signal and
the background, and is not sensitive to uncertainties in the expected signal and background
levels.



84 Chapter 3. Physics Studies with Muons

Table 3.9: Average values of the likelihood-ratio significance estimator SL for six different
Z′ models, at three signal mass points and for a few representative values of an integrated
luminosity. The uncertainties shown are statistical only.

Mass 1 TeV/c2 3 TeV/c2 5 TeV/c2∫
Ldt 0.1 fb−1 10 fb−1 300 fb−1

ZSSM 12.4 ± 0.2 10.1 ± 0.2 5.8 ± 0.1
Zψ 5.1 ± 0.2 4.4 ± 0.1 2.4 ± 0.2
Zη 5.5 ± 0.2 5.1 ± 0.1 2.9 ± 0.1
Zχ 9.1 ± 0.2 6.7 ± 0.2 3.2 ± 0.1

ZLRM 9.0 ± 0.2 7.4 ± 0.2 4.1 ± 0.1
ZALRM 13.3 ± 0.3 11.8 ± 0.2 7.7 ± 0.2

The background shape is currently determined from fits to large-statistics background-only
simulated distributions in the full mass region of interest, including the region under the
signal peak. In the real experiment, the shape will likely have to be extracted from the data
in signal-free regions. The accuracy of predicting the background shape is an important
contribution to the systematic uncertainty of the analysis and is discussed in Section 3.3.4.4.3.

Ref. [99] contains examples of results of fits to Monte Carlo small-event samples. With even
the small number of events needed to give evidence of a resonance, the mass is determined
fairly well, with a precision of 4–8% depending on the resonance mass and alignment uncer-
tainties. However, for the narrow resonances under study, typically little information can be
obtained about the width.

3.3.4.2 Significance estimator

We follow closely the approach of Ref. [101], which is based on the theorem of S.S. Wilks
[102]. The test statistic is the likelihood-ratio estimator SL:

SL =
√

2 ln (Ls+b/Lb) , (3.20)

where Ls+b is the maximum likelihood value obtained in the full signal-plus-background
fit, and Lb is the maximum likelihood from the background-only fit. Studies show [99]
that in the small-statistics low-background regime characteristic of a Z′ search, the asymp-
totic conditions of Wilks’s theorem [102] are satisfied well enough and SL is the number of
Gaussian-equivalent standard deviations a measurement lies from the value predicted by a
background-only (null) hypothesis. This requires fixing both m0 and Γ in the fits using the
pdf of Eq. (3.19).

We follow a common convention in using the (arbitrary, but useful for comparison) specifica-
tion that S > 5 is necessary to establish a discovery. This S refers to the local excess without
accounting for the degree of freedom due to the unknown mass; how one might de-rate S in
a time-dependent way in this context as data comes in will be the subject of a future study.

3.3.4.3 Discovery potential in Z′ → µ+µ− channel

Table 3.9 gives a summary of the signal significance expected for different Z′ models, masses
and integrated luminosities. The numbers shown are for the “first data” misalignment sce-
nario and low luminosity parameters for

∫
Ldt = 0.1 fb−1, the “long term” misalignment
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Figure 3.20: Integrated luminosity needed to reach 5σ significance (SL = 5) as a function
of Z′ mass for (top to bottom) Zψ, Zη, Zχ, ZLRM, ZSSM and ZALRM. Symbols indicate fully-
simulated mass-luminosity points, lines are the results of interpolations between the points.

scenario and low luminosity parameters for 10 fb−1, and the “long term” misalignment sce-
nario and high luminosity parameters for 300 fb−1. SL scales as expected with the square
root of

∫
Ldt.

We use the same combinations of luminosities and misalignment scenarios to calculate the
integrated luminosity needed to reach 5σ significance. The results for various Z′ models are
shown in Figure 3.20 as a function of Z′ mass. One can see that

• A very low integrated luminosity, less than 0.1 fb−1, and non-optimal alignment
of the tracker and the muon detectors should be sufficient to discover Z′ bosons at
1 TeV/c2, a mass value which will likely be above the Tevatron reach. One would
need about 50% less data to reach the same signal significance if the optimal align-
ment is achieved.

• An integrated luminosity of 10 fb−1 is sufficient to reach 5σ significance at 3 TeV/c2

for most (but not all) of the Z′ models considered if the optimal alignment is avail-
able: depending on the model, the mass reach is in the range between 2.9 and
3.8 TeV/c2.
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• An integrated luminosity of 100 fb−1 does not allow one to obtain 5σ significance
at 5 TeV/c2 with only the Z′ → µ+µ− channel for any of the models considered:
the corresponding mass reach lies in the region between 3.9 and 4.9 TeV/c2.

These estimates of signal significance do not incorporate systematic uncertainties, which we
discuss in the next section.

3.3.4.4 Systematic uncertainties

The main sources of systematic uncertainties are expected to be a) theoretical uncertainties
(parton distributions, higher-order corrections, etc.), b) uncertainties arising from an imper-
fect knowledge of the detector (alignment, calibration, magnetic field), and c) uncertainties
in the fitting procedure (background shape, functional forms of pdf’s, mass resolution, etc.).

3.3.4.4.1 Theoretical uncertainties Our current estimates of the Z′ mass reach depend
on the accuracy of the modelling of the Standard Model processes and of the Z′ boson pro-
duction. The following sources of theoretical uncertainties have been studied:

• Higher-order QCD corrections. We use a constant KNNLO
QCD factor of 1.35 to rescale

PYTHIA cross sections for Drell-Yan and Z′ bosons to NNLO QCD predictions.
This is an approximation, since such a reweight does not take into account varia-
tions of the ratio of NNLO and LO cross sections with the invariant mass and other
observables, such as rapidity and pT. It is shown in Appendix C that the variations
of the KNNLO

QCD factor with the mass in the mass interval between 500 GeV/c2 and
5 TeV/c2 is in the range of ∆KQCD = ±0.05; the dependence on other observables
and the ensuing impact on acceptance, efficiency, etc. remains to be studied. Since
K is expected to be nearly identical for the signal and dominant background, the
effect of changes in K from the nominal value K0 = 1.35 is to scale the expected
significance by

√
K/K0.

• Higher-order electroweak corrections. Only preliminary estimates of electroweak
next-to-leading order corrections exist for the LHC and

√
s > 1 TeV/c2 [103, 104].

Currently, we use KEW = 1 for the central values of signal and background cross-
sections, and assign an uncertainty of ∆KEW = ±0.10 based on discussions in
Refs. [103, 104].

• Parton distribution functions (PDFs). We use the CTEQ6.1M eigenvector PDF
sets [12] and the “master” equations in Ref. [105] to evaluate the uncertainties
characterising current knowledge of the parton distributions. The effect on the
total cross section σ was found to be similar for the Drell-Yan background and for
the studied Z′ models at any given mass, with uncertainties lying in the range of
∆σ
σ =−7%

+4% at
√
s = 1 TeV/c2, rising to −10%

+12% at
√
s = 3 TeV/c2, and reaching as much

as −20%
+30% at

√
s = 5 TeV/c2. The effect on other observables and on the acceptance

has not been studied yet, but is expected to be small.

• Hard process scale. The dependence of the observables on the choice for renor-
malisation and factorisation Q2 scales, µR and µF , is unphysical and is commonly
taken as a rough estimate of the uncertainty due to unaccounted higher orders in
QCD calculations. The study of the sensitivity of the Drell-Yan cross section to
the choice for the QCD scale is described in Appendix C. Both µF and µR were
varied in the range of

√
s/2 < µ < 2

√
s around the default choice of µ =

√
s, and
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Figure 3.21: Integrated luminosity needed to reach 5σ significance (SL = 5) as a function of
Z′ mass for Zψ and ZALRM models. Solid lines show the best estimates, dashed lines indicate
boundaries of the band corresponding to the predictions with ±1σ theoretical uncertainty.

the mass-dependent variations of the cross section obtained. At NNLO, they are
smaller than ±1% at 1 TeV/c2, but as large as −25% (for µ = 2

√
s) and +5% (for

µ =
√
s/2) at 5 TeV/c2. We use the NNLO estimates given in Appendix C for both

the Drell-Yan and the Z′ bosons.

Since our analysis relies only on the background shape and not on any assumptions about
background normalisation, the uncertainties in signal and background cross sections de-
scribed in this section will not have any direct impact on the calculation of significance once
a data set is in hand. They do effect, however, estimates of the Z′ mass reach based on Monte
Carlo predictions for the signal and the background. We combine them in quadrature, and
use the obtained mass-dependent band as 1σ uncertainty in the expected number of signal
and background events. This band is then translated into 1σ uncertainty in the prediction of
the mean integrated luminosity needed to reach 5σ significance for any given Z′ model. This
uncertainty, and the best estimates of the luminosity, is shown in Figure 3.21 for the models
with the smallest and the largest values of σ · Br among the models studied, Zψ and ZALRM.

3.3.4.4.2 Uncertainties in the detector performance The key element in the perfor-
mance of high-pT muon reconstruction and, therefore, for the Z′ mass reach is the alignment
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of the tracker and the muon system. Unlike the muons in the region of low and moderate pT

values, where the influence of the tracker alignment is predominant, both the tracker align-
ment and the muon system alignment play an important role for the muons at TeV scale.
We take them into account by using the two realistic misalignment scenarios developed in
the CMS reconstruction, the “first data” and the “long term”. These scenarios, however, are
only based on the current best estimates (and sometimes guesses) of expected alignment un-
certainties and will be refined as better estimates from alignment studies become available.
Therefore, they have intrinsic uncertainties, which at the moment cannot be evaluated. As
discussed above and in Ref. [98], neither the trigger efficiency nor the offline reconstruction
efficiency for high-pT muons is affected by the misalignment even in the worst-case scenario
once the alignment position uncertainties are used in reconstruction algorithms [85]. So un-
certainties in alignment translate mainly into uncertainties in the invariant mass resolution.
We show below that even sizable variations in the width of the mass resolution have only a
small impact on the Z′ mass reach.

Another potentially important source of systematic uncertainties is the uncertainty in the cal-
ibration precision of the muon chambers. The impact of uncertainties in the calibration of the
Drift Tube chambers on the Z′ mass reach has been studied by 1) changing the t0 offsets for all
chambers by ±2 ns, and 2) scaling drift velocity (changing time-to-distance relationship) by
±3%. These variations represent conservative upper bounds on corresponding effects [106].
The effect of changing t0 offset was found to be negligible for Z′ samples at all studied mass
values and for both misalignment scenarios considered. The scaling of drift velocity has a
negligible impact for the “first data” misalignment scenario with its rather poor mass reso-
lution, but results in an increase of 5–10% in the width of the mass resolution for the “long
term” scenario (no change in trigger and dimuon reconstruction efficiencies). This translates
into a negligible effect in the Z′ mass reach. Uncertainties in the calibration of the Cathode
Strip Chambers are less critical and hence are expected to have a negligible impact on the Z′

detection as well.

The effect of uncertainties in the knowledge of the magnetic field remains to be studied.

3.3.4.4.3 Uncertainties in background shape and mass resolution Many experi-
mental uncertainties have a negligible or small impact on the results of our studies because
the proposed analysis method is not sensitive to uncertainties in the predicted levels of sig-
nal and background processes. For example, only the mass dependence of the uncertainty
in the muon reconstruction efficiency needs to be taken into account, not the absolute un-
certainty. The same is true for the trigger efficiency and for the uncertainty in the

√
s scale.

Among those uncertainties that do not cancel out, two seem to be particularly important: the
uncertainty in the background shape, and the uncertainty in the mass resolution.

As described above, the background shape is currently determined from fits to background
distributions predicted by the Monte Carlo simulation. In the analysis of real data, this MC-
based shape will be compared with (and perhaps tuned to) the background shape in the
region of low masses where one has high statistics of background events. The issue is then
the reliability of the extrapolation from the steeply falling spectrum into the candidate signal
region. This will have to be studied in detail once the real data starts to be available. What
is interesting to explore at this stage of analysis is how rapidly the significance deteriorates
as the ratio of background events in the high-statistics normalisation region to background
events in the candidate signal region is wrongly predicted by the MC-motivated background
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shape. To study this, we multiply our background pdf (pb in Eq. (3.19)) by a function which
is unity in the high-statistics background-only region and smoothly transitions to a tunable
value, f , under the candidate mass peak. Values of integrated luminosity were chosen to
correspond to 5σ significance for each model at f = 1. For f = 2 (assuming twice as much
background in the signal region as there really is), 5σ becomes 4.2σ for ZALRM and is about
3.7σ for Zψ. For f around 1.1 or 1.2, the change in S is of the order of a few per cent.

Sensitivity of the Z′ mass reach to uncertainties in the invariant mass resolution has been
studied by applying extra Gaussian smearing to the reconstructed values of

√
s of both the

signal and background events and comparing the signal significance obtained with modified√
s values to that calculated with the nominal

√
s values. We found that an increase of 10% in

the mass resolution width, σM , reduces the signal significance by less than 2% at the values
of SL close to 5; 20% worse resolution gives 5% or less smaller SL. The effect is not very
big, indicating that an approximate knowledge of σM should suffice. (This exercise does not
check, however, the effect of extreme tails of the mass resolution being bigger than expected,
which could lead to a background shape (and amount) different from that obtained from the
simulation.) The knowledge of σM as a function of

√
s is also used in the pdf of the signal in

Eq. (3.19), where it defines the width of a Gaussian accounting for resolution smearing of the
signal shape. This does not need to be very precise either: assuming resolution 20% better
that it really is reduces SL by less than 1%.

3.3.5 Distinguishing among Z′ models

The forward-backward asymmetry, AFB, of the leptonic decay products provides informa-
tion on parity-violating couplings, on and off resonance, as discussed for example in Refs. [95,
107].

The forward-backward asymmetry for qq̄ → µ+µ− interactions is defined as (e.g., Refs. [108,
109])

AFB =
σF − σB
σF + σB

, (3.21)

where

σF ≡
∫ 1

0

dσ(qq̄ → µ+µ−)
d cos θ∗

d cos θ∗, σB ≡
∫ 0

−1

dσ(qq̄ → µ+µ−)
d cos θ∗

d cos θ∗, (3.22)

and where θ∗ is the angle in the dimuon centre-of-mass (CM) reference frame between the
negative muon and the incident quark. For spin-1 γ∗/Z0/Z′ propagators, the probability
density function P (cos θ∗) is most generally of the form

P (cos θ∗;AFB, b) =
3

2(3 + b)
(1 + b cos2 θ∗) +AFB cos θ∗. (3.23)

Although b = 1 from general considerations, in the fits described here b is typically left as
a free parameter. In Ref. [96], Rosner expresses AFB for ff → γ∗/Z0/Z′ → µ+µ− events in
terms of the left- and right-handed couplings of the photon, Z0, and Z′ to u quarks, d quarks,
and charged leptons. More details, including the couplings for the models studied, are given
in Ref. [110].

For CM energies well above the Z0 peak, the Drell-Yan background has a characteristic AFB

of about 0.6 [108], and provides a useful starting point.
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3.3.5.1 Uncertainty in the sign of cos θ∗ in pp collisions

In proton-proton interactions, the quark direction is ambiguous experimentally since a quark
can originate with equal probability from either proton, and the sign of cos θ∗ is not directly
measurable. We follow Ref. [111] and infer the sign of cos θ∗ by assuming that the longitu-
dinal motion of the dimuon system is in the direction of the proton contributing the annihi-
lating quark, since a quark in a proton typically carries a larger momentum fraction x than
does an anti-quark. We refer to the inference of the wrong sign of cos θ∗ as “mistagging” the
sign. If not accounted for, the mistagged events, particularly at low y, reduce (“dilute”) the
apparent value of AFB. Some authors deal with this problem by removing events below a
chosen y threshold [111], or by examining AFB in bins of y [112]; in Ref. [110], an approached
is described which assigns the probability of a mistag on an event-by-event basis, thus us-
ing all events in a given sample. As knowledge of the mistagging probability depends on
the Parton Distribution Functions, the effect of uncertainties in PDFs must be evaluated, and
will be the subject of future work.

3.3.5.2 Other uncertainties

The transverse momentum pT of the annihilating quark and/or anti-quark provides another
source of uncertainty in the measurement of cos θ∗, since the observable quantity is the vector
sum of these transverse momenta. We use the Collins-Soper reference frame [113], in which
angles are measured with respect to the axis that bisects the target and beam axes in the
dimuon CM frame, to minimise the effect of pT on the measurement of cos θ∗, and let θ∗CS

denote the polar angle of the µ− in this frame.

As described in Ref. [110], the effect of detector acceptance, combined with high mistag prob-
ability for events near y = 0, means that events lying near the edges of acceptance carry the
largest information for the AFB measurement. Hence, in addition to trying to obtain maxi-
mum acceptance, it is particularly important to understand the effect of any asymmetries in
the acceptance which may arise as a result of the real detector efficiencies not being perfectly
symmetric or of the beam crossing not being perfectly centred.

3.3.5.3 Likelihood function and fitting procedure

Since a Z′ can be discovered with a small number of events (Section 3.3.4), and since the
search for anomalous AFB in the highest mass continuum Drell-Yan events at any given lu-
minosity will use a restricted sample of events, we consider an unbinned likelihood fit. The
procedure and results with statistical errors only are described in Ref. [110]. The results of
numerous fits can be summarised simply with a nominal statistical uncertainty in AFB of
0.09 in a fit with 400 events for 1 TeV/c2 Z′ samples, and of 0.08 with 400 events for 3 TeV/c2

samples. Ref. [110] also reviews an appropriate hypothesis-testing methodology for distin-
guishing between Z′ models.

3.3.6 Discriminating between different spin hypotheses

In order to distinguish the spins of a spin-1 Z′ bosons and a spin-2 gravitons in a dilepton
decay mode, Ref. [114] considers an unbinned likelihood ratio statistic incorporating the
angles of the decay products. The statistical interpretation of this statistic is discussed in
detail in Ref. [115], also considering the possibility of spin 0.

To leading order, the sub-diagram for Z′ formation is quark-anti-quark (qq̄) annihilation,
while for a graviton there exist both qq̄ annihilation and gluon-gluon (gg) fusion. One defines
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θ∗ as the angle in the dilepton centre-of-mass reference frame between the negative lepton
`− and the incident quark or gluon. In this section we consider only the parity-conserving
terms; inference from these terms can be combined with that of the parity-violating terms
giving rise to AFB.

For light lepton decay products, the angular probability density functions in the absence of
interference are in Table 3.10. These are determined from angular momentum considerations
and do not depend on the couplings. For the spin-2 graviton, only the relative fractions of qq̄
annihilation, gluon fusion, and background (predominantly from the Drell-Yan continuum)
events are needed to arrive at a parameter-free form for the expected distribution. (For spin
1, the resonance and the Drell-Yan background have the same form.)

Table 3.10: Angular distributions for the decay products of spin-1 and spin-2 resonances,
considering only even terms in cos θ∗.

Channel d-functions Normalised density for cos θ∗

qq̄ → G∗ → ff̄
∣∣d2

1,1

∣∣2 +
∣∣d2

1,−1

∣∣2 Pq = 5
8

(
1− 3 cos2 θ∗ + 4 cos4 θ∗

)
gg → G∗ → ff̄

∣∣d2
2,1

∣∣2 +
∣∣d2

2,−1

∣∣2 Pg = 5
8

(
1− cos4 θ∗

)
qq̄ → γ∗/Z0/Z′ → ff̄

∣∣d1
1,1

∣∣2 +
∣∣d1

1,−1

∣∣2 P1 = 3
8

(
1 + cos2 θ∗

)
The fractions of generated events arising from these processes are denoted by εq, εg, and ε1,
respectively, with εq + εg + ε1 = 1. Then the form of the probability density P (cos θ∗) is

P (cos θ∗) = εqPq + εgPg + ε1P1. (3.24)

As in the AFB measurements, we let θ∗CS denote the polar angle of the `− in the Collins-Soper
frame. Experimentally one will obtain a set of events with θ∗CS measured along with other
quantities such as dilepton transverse momentum pdil

T and rapidity ydil. From these, one can
construct the probability density Pacc(cos θ∗CS) for events accepted (observed) in an experi-
ment for each hypothesis Hi, where i labels the model such as Z′ or G∗. In this study, we
consider only the angular information and integrate over pdil

T , ydil, and any other relevant
quantities; if one has confidence that these quantities are well described by the event gener-
ators, more variables can be added to Pacc. Since we do not add this information, Pacc for
accepted events approximately factorises:

Pacc(cos θ∗CS|Hi) = P (cos θ∗CS|Hi) Ω(cos θ∗CS), (3.25)

where P (cos θ∗CS|Hi) is from Eq. (3.24) with the εj set appropriately for the model considered
(e.g. for the spin-1 hypothesis, we set ε1 = 1 and εq = εg = 0), and Ω is the acceptance
averaged over pT, y, etc.

Eq. (3.25) has no free parameters if the fractions εq, εg, and ε1 are considered to be fixed.
For each observed event, one evaluates Pacc(cos θ∗CS|Hi) at the observed cos θ∗CS to obtain
the likelihood L(Hi) of that event under the given hypothesis. The combined likelihood of
the data set under a hypothesis is then the product of the events’ likelihoods; henceforth
in this paper, L(Hi) refers to this product unless otherwise stated. As Ref. [115] discusses,
the absence of free parameters means that the Neyman-Pearson hypothesis testing for simple
hypothesis testing is applicable.
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For testing a simple null hypothesis HA of one spin against another simple alternative spin
hypothesis HB , we use the likelihood ratio λ = L(HA)/L(HB), with critical region again
chosen such that α = β. For investigating and summarising which values of λcut correspond
to which values of α and β, the quantity −2 lnλ = 2 lnL(HB) − 2 lnL(HA) is particularly
useful. For simple hypotheses HA and HB , the central limit theorem implies that −2 lnλ
tends to a Gaussian.

3.3.6.1 Testing spin 1 versus spin 2

A detailed discussion of the intermediate steps in applying the above method for discrimi-
nating spin 1 from spin 2 is in Ref. [115], using large samples of Z′ and G∗ events (from the
Randall-Sundrum (RS) model [93]) generated with HERWIG. (Generator-level results using
PYTHIA are completely compatible.) The ratio λ of the likelihoods of the hypotheses is calcu-
lated for each event, assigning spin 1 as the null hypothesis HA and spin 2 as the alternative
hypothesis HB . In taking the ratio, the average acceptance cancels to good approximation
and one essentially recovers the ratios of the angular forms. Histograms of −2 lnλ for these
events are highly asymmetric and strongly peaked at one side [115]. In view of the asymme-
tries in the underlying event histograms, the convergence of the sums of −2 lnλ values for
N selected events toward Gaussians is quite striking. The means and rms deviations of the
sums are in excellent agreement with the means and rms deviations of the respective event
histograms scaled by N and

√
N , respectively, as expected from the central limit theorem.

The statistical technique of Ref. [115] has been applied to fully-reconstructed Z′ and G∗

events [116]. Details of simulation, trigger and reconstruction are described in Sections 3.3.2,
3.3.3 and 14.3.1. From ensembles of pseudo-experiments, we determine the number N of
events per experiment corresponding to various values of α = β, expressed in equivalent
number of Gaussian standard deviations “σ” for one-tailed tests, e.g., for α = 0.159 we re-
port α = 1σ, and so on. The values of α so obtained scale as expected as

√
N .

Table 3.11 contains, for different studied masses and values of the Randall-Sundrum ratio
c = k/M̄Pl, the integrated luminosity needed for a 2σ significance, and the corresponding
numbers of signal and background events. All numbers are for the “long term” misalign-
ment scenario; the cross section for Z′ production is assumed to be equal to that of G∗ with
the given c value. Of course, because the production cross section falls rather steeply with
mass, the integrated luminosity needed for spin discrimination increases with mass. For RS
gravitons, the production cross section scales as c2; therefore, the integrated luminosity re-
quired for spin discrimination quickly increases as c gets smaller, and so does the number
of signal events, because of a larger background contamination. The region in the plane of
MG∗–c in which Randall-Sundrum G∗ can be distinguished from Z′ with 2σ significance if
one treats two spin hypotheses symmetrically is shown in Figure 3.22 for a few representa-
tive values of the integrated luminosity.

Alternatives to the α = β criterion, in particular tests in which α is minimised for one hy-
pothesis at the cost of increase in β, are discussed in Ref. [115].

3.3.6.2 Discrimination from spin 0

While the motivation of discriminating Z′ from G∗ has focused studies on discriminating
spin 1 from spin 2, another possibility to be considered is spin 0 resonance (which is uniform
in cos θ∗). For accepted spin-0 events, the probability density for cos θ∗CS is somewhat in
between the mostly concave-upward function for spin 1 and the predominantly concave-
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Table 3.11: Integrated luminosity and numbers of signal and background events Ns and Nb

required to discriminate spin-1 and spin-2 hypotheses with α = β corresponding to 2σ (one-
tailed). The first column indicates the mass of the resonance; the second column shows the
values of the RS ratio c = k/M̄Pl; the third column specifies the integrated luminosity needed
for 2σ discrimination; the last two columns show the corresponding numbers of signal and
background events.

√
s, TeV c

∫
Ldt, fb−1 Ns Nb

1.0 0.01 50 200 87
1.0 0.02 10 146 16
1.5 0.02 90 174 41
3.0 0.05 1200 154 22
3.0 0.10 290 148 6

Graviton Mass (GeV)
1000 1500 2000 2500 3000 3500 4000
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Figure 3.22: Region in the plane of MG∗–c in which Randall-Sundrum G∗ can be distin-
guished from Z′ having an equal cross section with 2σ significance if one treats two spin
hypotheses symmetrically, for a few representative values of the integrated luminosity. The
region which can be probed lies to the left of the lines.

downward function for spin 2.

As discussed in Ref. [115], discriminating either spin 1 or spin 2 from spin 0 requires signifi-
cantly more events than discriminating spin 2 from spin 1.
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