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28 beyond the standard model
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Figure 10: Feynman diagrams for H±± contributions to (a) Bhabha scattering, (b) lepton-flavour-
violating decays �−i → �−j �

+
k �

−
l and (c) �−i → �−j γ, (d) muonium-anti-muonion conversion,

and (e) muon g − 2. Diagrams taken from [53].



























4.1 coordinate system and common kinematic variables 41
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Figure 15: Track parameters used in ATLAS. [82]

4.1.2 Momentum measurement

The path of a charged particle moving in a magnetic field is described by a helix, i.e. the path
is bent by a magnetic field. The radius of curvature R of the track depends on the momentum
of the particle and the strength of the magnetic field. The motion of a charged particle in a
uniform field B can be determined by the Lorentz force, and one can obtain the transverse
momentum pT = qBR where q is the charge of the particle [83]. The particle’s transverse
momentum can be measured from the sagitta of the track, defined after a bit of algebra as

s ≈ 0.3BL2

8pT
(28)

where L is the length of the track measured on the transverse plane and defined by the outer
radius of the tracking system. As Eq. 28 shows, particles with higher pT have smaller sagitta
and therefore straighter tracks. The relative momentum resolution can be determined by

pT =
0.3L2B

8s
⇒ δpT

pT
=

δs
s

=
8

0.3
1

L2B
pTδs (29)

which tells that the measurement uncertainty can be minimized by maximizing L (large lever
arm, large tracking systems) and having strong magnetic fields. It can be noted that the
inverse of transverse momentum 1/pT, not pT, can be measured with Gaussian uncertainties.

Track curvature in a magnetic field can be measured using a minimum three measurements.
For large number of equally spaced detectors with the same position accuracy σ in a uniform
magnetic field of strength B, the expression for momentum resolution can be generalized
according to [84]

δpt

pt
=

ptσ

0.3BL2

√
(AN) (30)

where

AN =
720N3

(N − 1)(N + 1)(N + 2)(N + 3)
(31)

in the units of GeV, tesla and meter, and pT is the component of the momentum perpen-
dicular to the magnetic field. Eqs. 29-30 illustrate that the momentum resolution degrades
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106 transition radiation tracker
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Figure 49: Example of position resolutions obtained from pp data in 2018 (a) as a function of detector
layer with increasing z, shown for wheels filled with xenon in endcap A, (b) barrel layer,
shown for straws filled with xenon in outer layer of the barrel. In addition, (c) number of
hits shown for straws filled with xenon in outer layer of the barrel is shown. Selected tracks
have pT > 1 GeV and |d0| < 20 mm.
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138 search for doubly charged higgs bosons with 36 .1 fb−1
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Figure 57: Distributions for signal region optimization, shown in the region with exactly three leptons
and one same-charge pair before any optimization. The ∆R distribution for the (a) elec-
tron, (b) electron–muon, and (c) muon channels. The ∑ pT distribution for (d) electron, (e)
electron–muon, and (f) muon channels, respectively.
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144 search for doubly charged higgs bosons with 36 .1 fb−1
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Figure 62: Muon fake factors as a function of the muon pT: (a) the nominal value (black points) with
each systematic variation separately, and (b) the total uncertainty of the muon fake factor
measurement.

flavours are merged together in order to increase statistics. Each background is normalized
separately for different flavour combinations and lepton multiplicities. Representative invari-
ant mass distributions after the fit are shown in Figure 63. All distributions show a good
agreement between MC predictions and observed data.

The two-lepton and three-lepton validation regions, defined in Table 9, are used to validate
the data-driven fakes, electron charge misidentification probability, and diboson modelling
estimation in regions that are as similar to the signal regions as possible with a minimal
signal event contamination. Signal and validation regions are orthogonal, which is ensured by
requiring the invariant mass of the same-charge lepton pair m(�±�±) to be less than 200 GeV
in the validation regions.

In Figures 64 and 65, validation regions sensitive to different background sources are pre-
sented: same-charge two-lepton validation regions (SCVR) validate the charge misidentifica-
tion estimate and fake-background predictions, and three-lepton and four-lepton validation
regions (3LVR and 4LVR) are designed to test the diboson modelling. Good background mod-
elling is observed in all these regions.

8.5 systematic uncertainties

Several sources of both experimental and theoretical systematic uncertainties affecting the
background and signal predictions are taken into account in the analysis. They are summa-
rized in Table 12. All considered sources of systematic uncertainties affect the total event yield,
and all except the uncertainties on the luminosity and cross section also affect the shape of
the distributions used in the fit.

8.5.1 Experimental systematic uncertainties

The experimental uncertainty on the electron charge misidentification probability arises from
the statistical uncertainty on the Z/γ∗ → ee sample in the selected kinematic region, and is
between 10% and 20% depending on the electron pT and η. The systematic effects have been
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