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OUTLINE
➤ Lecture I 

➤ Collider overview 

➤ Cross-sections in principle and in practice 

➤ QCD, W/Z, and precision electroweak physics 

➤ Lecture II 

➤ Top and Flavour Physics 

➤ The Higgs Boson 

➤ Searches for new physics



WHY COLLIDERS

the New Yorker



Energy Frontier: explore the TeV energy scale and beyond 
to answer still open Big Questions and Explore the Unknown

WHY COLLIDERS: EXPLORING THE TEV SCALE TO ANSWER OPEN QUESTIONS

from L. Reina

https://indico.fnal.gov/event/54432/contributions/244432/attachments/156512/204313/EF-Meeting-June24-Overview-EW-BSM.pdf


Energy Frontier: explore the TeV energy scale and beyond 
Using Standard Model and Beyond Standard Model probes 
WHY COLLIDERS: USING SM PROBES AND SEARCHING FOR BSM

from L. Reina

https://indico.fnal.gov/event/54432/contributions/244432/attachments/156512/204313/EF-Meeting-June24-Overview-EW-BSM.pdf


Energy Frontier: explore the TeV energy scale and beyond 
Through the breadth and multitude of collider physics signaturesWHY COLLIDERS: BREADTH AND MULTITUDE OF SIGNATURES

from L. Reina

https://indico.fnal.gov/event/54432/contributions/244432/attachments/156512/204313/EF-Meeting-June24-Overview-EW-BSM.pdf


WHY COLLIDERS
➤ Probe structure of matter and fundamental constituents 

➤ Special resolution limited by wavelength of probe 

➤  

➤ Search for new particles and interactions 

➤ Indirect measurements can point to new physics 

➤  

➤ Need high energy to observe new physics

λ = h/p

E = mc2

Rutherford experiment 
 

Discovery of quarks 
 

LHC 
 

p ∼ 10 keV, λ ∼ 10−10 m

p ∼ 10 GeV, λ ∼ 10−16 m

p ∼ 10 TeV, λ ∼ 10−19 m



LEPTON AND HADRON COLLIDERS
➤ Lepton colliders 

➤ electron — positron (so far) 

➤ All beam energy used to make new particles 

➤ Can tune center-of-mass energy 

➤ Energy limited by synchrotron radiation  

➤ Precision measurements

Synchrotron Radiation 
Energy loss per turn 

 

for ring of radius R and 
energy E 

−ΔE ≈
4π2

3R2 ( E
mc2 )

4
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Lepton vs Hadron Colliders
• Disadvantages of hadrons:

• Hadrons are complex objects
• High multiplicity of other stuff
• Energy and type of colliding parton

(quark, gluon) unknown
• Kinematics of events not fully 

constrained

Hadron collider
(collision of ~50 point-like particles)

[Karl Jakobs]

Lepton Collider
(collision of two point-like particles)

• Advantage of hadrons:
• Can access higher energies



LEPTON AND HADRON COLLIDERS
➤ Lepton colliders 

➤ electron — positron (so far) 

➤ All beam energy used to make new particles 

➤ Can tune center-of-mass energy 

➤ Energy limited by synchrotron radiation  

➤ Precision measurements 

➤ Hadron colliders 

➤ Hard collision uses only a fraction of beam energy 

➤ Can probe high energy, less radiation when accelerated 

➤ Probe a range of energies at once 

➤ Discovery machines
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A BRIEF HISTORY OF COLLIDERS

➤ Energy, luminosity, and particle 
species are the main parameters 
of interest  

➤ So far, exponential growth of 
center-of-mass energy with time 

➤ Roughly factor of 4 every 10 
years

F. Zimmermann Nuclear Inst. and Methods in Physics Research, A 909 (2018) 33–37

Fig. 1. Centre-of-mass energy of particle colliders versus year [4,5].

radius ⇢:

Ec.m. ◊ ⇢B. (1)

Therefore, an increase in the size of the collider compared with the LHC
by a factor of about 4 and an approximate doubling of the magnetic field
yields almost an order of magnitude increase in energy.

Such approach was first suggested in the year 2010 during the High-
Energy LHC (HE-LHC) workshop [7]. Now it is the focus of the Future
Circular Collider (FCC) study [8], which was launched in response to
the 2013 Update of the European Strategy for Particle Physics: 16 T
magnets in a 100 km ring will result in a centre-of-mass energy of 100
TeV. This goal defines the overall infrastructure requirements for the
FCC accelerator complex. The FCC study scope also includes the design
of a high-luminosity e+e* collider (FCC-ee), as a possible first step
(with a remarkably rich physics programme [9]), as well as a proton–
electron collision option (FCC-he) at one interaction point, where a 60
GeV electron beam from an energy recovery linac is collided with one
of the two 50 TeV proton beams circulating in the FCC-hh. The design
of a higher-energy hadron collider in the LHC tunnel based on FCC-hh
magnet technology – the so-called High-Energy LHC (HE-LHC) – is yet
another part of the FCC study.

As of June 2017, 111 institutes and 25 companies from 30 countries
are participating in the FCC study effort. The near-term goal is to
deliver a conceptual design report of all FCC collider options, including
technologies, detector design, and physics goals, before the end of 2018,

as input to the next European Strategy Update process expected for
2019/20.

Fig. 2 compares the time lines of various past and present circular
colliders at CERN with a projected time line for the FCC, indicating a
need for fast progress.

CEPC and SppC are two colliders similar to FCC-ee/FCC-hh, which
are being studied by another international collaboration, centred at
IHEP Beijing [10]. These two machines have a similar circumference of
about 100 km. Several possible locations in China are under study. The
e+e* collider CEPC is designed with a maximum centre-of-mass energy
of 240 GeV, and a 3 or 200 times lower luminosity than FCC-ee, at the
Higgs production peak and on the Z resonance, respectively. The SppC
hadron collider relies on 12 T (later 24 T) iron-based high-temperature
superconducting magnets, which could be installed in the same tunnel
as the CEPC.

Table 1 shows key parameters of FCC-hh, SppC, and HE-LHC,
together with the design values of the present LHC and its luminosity
upgrade (HL-LHC). Table 2 compares parameters for FCC-ee and CEPC
at different operating energies with those of LEP-2 and SuperKEKB.

Construction cost of future projects can, and should, be minimized
by [11,12]: (1) reducing the cost of the components, e.g., superconduc-
tor and high-field magnet for the hadron colliders; (2) building on a site
with an existing infrastructure and injector complex, e.g., on the CERN
site; and (3) staging, e.g., FCC-ee followed by FCC-hh, and possibly by
a muon collider FCC-�� (see below).

3. Mitigating synchrotron radiation

Synchrotron radiation (SR) is an obstacle on the path to higher
energy, as the resulting energy loss per turn increases with the fourth
power of a charged particle’s energy. For FCC-ee, synchrotron radiation
limits the maximum attainable c.m. energy to about 400 GeV since at
higher energy the required rf voltage could no longer be provided by
conventional rf technology. Also, by design, the FCC-ee beams emit a
total of 100 MW SR power at all energies.

However, synchrotron radiation does not only afflict the electron
and positron machines. The synchrotron radiation of the FCC-hh hadron
collider amounts to about 5 MW, emitted inside the cryogenic arcs.
The power consumption of the FCC-hh hadron collider is likely to be
dominated by the effects of this synchrotron radiation. Namely, the heat
extraction from the beam screen inside the cold magnets and from the
cold bore itself requires well above 100 MW of electric power for the
cryogenics plants. In addition, of order 10 MW electric power is required
for the rf system to maintain the energy of the stored beams.

Several possible approaches exist for eliminating, avoiding, or at
least reducing the synchrotron radiation:

÷ suppression of synchrotron radiation for circular e+e* and
hadron colliders by (1) shaping the beam: classically a time-
invariant beam – like a constant-current loop – does not radiate,

Fig. 2. Time lines of several past, present and future circular colliders at CERN, distinguishing periods of design, prototyping, construction, and physics exploitation.

34

https://doi.org/10.1016/j.nima.2018.01.034



LUMINOSITY
➤ Drives sensitivity for 

measurements and searches 

➤ Toward larger lumi 

➤ For a given beam stored energy, 
possible by increasing brilliance 
of the beams, , or by 
crossing beams at small angle 
and reducing beta function 

➤ Otherwise increase bunch 
number and bunch population

Nb/ϵn
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LUMINOSITY
➤ Drives sensitivity for 

measurements and searches 

➤ Toward larger lumi 

➤ For a given beam stored energy, 
possible by increasing brilliance 
of the beams, , or by 
crossing beams at small angle 
and reducing beta function 

➤ Otherwise increase bunch 
number and bunch population

Nb/ϵn

Ebeam = m0c
2�Nbnb
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CURRENT COLLIDERS: SUPER KEKB
➤ SuperKEKB 

➤ Electron-positron collider at KEK in Tsukuba, Japan 
with 3 km circumference 

➤ Target luminosity of 6.5x1035 cm-2 s-1, first collisions 
in 2016, record luminosity of 2.4x1034 cm-2 s-1 in 2020  

➤ Operates close to Y(4S) resonance, 10.6 GeV 

➤ Electrons at 7 GeV and positrons at 4 GeV 

➤ Asymmetry provides a boost to B mesons in the 
direction of the forward detector 

➤ Belle II experiment 

➤ Precision measurements of CP-violation in heavy 
quarks and rare decays 

➤ Targeting 50 ab-1 in next five years
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CURRENT COLLIDERS: LARGE HADRON COLLIDER THE LHC 
27 km circumference 
Bending magnets; 1232 superconducting 
dipole magnets, each 15 m, B = 8.33 T 

40 MHz beam-crossings 

Center-of-mass collisions from 7 TeV 
(2011) to 13.6 TeV (two days ago!!!) 
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CURRENT COLLIDERS: LARGE HADRON COLLIDER



CURRENT COLLIDERS: LARGE HADRON COLLIDER Nominal lumi = 1034 cm-2s-1 



LHC EXPERIMENTS



Energy Frontier: explore the TeV energy scale and beyond 
Through the breadth and multitude of collider physics signaturesLHC DETECTORS: DESIGNED TO DETECT THESE SIGNATURES

from L. Reina

https://indico.fnal.gov/event/54432/contributions/244432/attachments/156512/204313/EF-Meeting-June24-Overview-EW-BSM.pdf


LHC DETECTORS: ATLAS
8 coil toroid muon spectrometer 

hadronic calorimeter 

inner detector 
(tracker) 

electromagnetic calorimeter 

solenoid 



WHAT HAPPENS WHEN YOU COLLIDE PROTONS?



WHAT HAPPENS WHEN YOU COLLIDE PROTONS?
➤ Probability of interaction with given properties determined by cross-section



CALCULATING A CROSS-SECTION
➤ Factorization theorem allows separation of cross section into two energy 

scales 

➤ parton-parton cross-section, , at short-distances 

➤ parton density functions (PDFs) for long-range, non-perturbative 
description of proton structure 

➤  PDF for parton a in proton A 

➤  is relative momentum of parton in direction of proton’s p 

➤  = energy scale of scattering process  if producing 
particle X 

➤ Scale separating short (cross-section) and long distance (PDF) physics is 
called factorization scale,  

➤ often set  = Q

̂σab→n

fa/A(x, Q2)

x =
pa

pA

Q2 ≈ M2
X + p2

T

μF

μF

4

can be connected to the lower energies scales via parton
showering models is discussed in Section 2.3. Finally, the
second part of the cross-section calculation, the parton dis-
tribution functions, is briefly reviewed in Section 2.4. In ad-
dition, we discuss some critical inputs which are needed to
perform these calculations. This includes the available mod-
els for hadronisation of final state particles (section 2.5) and
the description of multiple particle interactions (section 2.6).
A discussion of the available computing codes, which are
used to compare the latest LHC measurements with the pre-
dictions of the Standard Model, can be found in Section 2.7.
Our discussion ends with an overview of the definition and
interpretation of some observables which are important for
understanding QCD dynamics (section 2.8).

Several introductory articles on the production of vec-
tor bosons in hadron collisions are available. We summarise
here the essential aspects along the lines of [37], [38]. Re-
lated overview articles on parton density functions at next-
to-leading order at hadron colliders and subsequently jet physics
in electron-proton can be found in [39] and [40], respec-
tively.

2.1 Cross-section calculations

The calculation of production cross-sections in proton-proton
collisions at the LHC is, in general, a combination of two en-
ergy regimes: the short-distance or high-energy regime and
the long-distance or low-energy regime. By the factorisation
theorem, the production cross-section can therefore be ex-
pressed as a product of two terms: one describing the parton-
parton cross-section, ŝqq̄!n at short-distances and another
describing the complicated internal structure of protons at
long distances. For large momentum transfers of the inter-
acting partons in the short-distance term, the parton-parton
interaction can be evaluated using perturbative QCD calcu-
lations. However, in the long-distance term, where pertur-
bative calculations are no longer applicable, parton density
functions (PDFs) are used to describe the proton structure
in a phenomenological way. These functions are written as
fa/A(x,Q2) for the parton a in the proton A where x = pa

pA
is

the relative momentum of the parton in direction of the pro-
ton’s momentum and Q2 is this energy scale of the scattering
process. The scale at which the long-distance physics of the
PDF description and the short-distance physics of parton-
parton interaction separate is called the factorisation scale
and is defined as µF = Q. For the production of a vector
boson via quark-fusion, the energy scale is set to the mass
of the vector boson, which in turn can be expressed by the
invariant mass of final state fermions f , i.e. Q2 = m2

V = m f f̄ .
The proton-proton cross-section is thereby expressed as

spA pB!n = Â
q

Z
dxadxb fa/A(xa,Q2) fb/B(xb,Q2)ŝab!n (4)

pA

pB

p

p

xapA

xbpB

�⇤/Z

f

f̄

fb/B(xb, Q2)

fa/A(xa, Q2)

Fig. 4 Illustration of cross-section calculation in a proton-proton col-
lision at the LHC.

and shown graphically for Z production in Figure 4. The
functions fa/A and fb/B denote the PDFs for the partons a
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second part of the cross-section calculation, the parton dis-
tribution functions, is briefly reviewed in Section 2.4. In ad-
dition, we discuss some critical inputs which are needed to
perform these calculations. This includes the available mod-
els for hadronisation of final state particles (section 2.5) and
the description of multiple particle interactions (section 2.6).
A discussion of the available computing codes, which are
used to compare the latest LHC measurements with the pre-
dictions of the Standard Model, can be found in Section 2.7.
Our discussion ends with an overview of the definition and
interpretation of some observables which are important for
understanding QCD dynamics (section 2.8).
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long distances. For large momentum transfers of the inter-
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interaction can be evaluated using perturbative QCD calcu-
lations. However, in the long-distance term, where pertur-
bative calculations are no longer applicable, parton density
functions (PDFs) are used to describe the proton structure
in a phenomenological way. These functions are written as
fa/A(x,Q2) for the parton a in the proton A where x = pa
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process. The scale at which the long-distance physics of the
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of the vector boson, which in turn can be expressed by the
invariant mass of final state fermions f , i.e. Q2 = m2

V = m f f̄ .
The proton-proton cross-section is thereby expressed as

spA pB!n = Â
q

Z
dxadxb fa/A(xa,Q2) fb/B(xb,Q2)ŝab!n (4)
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2ŝ

|mqq̄!n|2(fn), (6)

4

can be connected to the lower energies scales via parton
showering models is discussed in Section 2.3. Finally, the
second part of the cross-section calculation, the parton dis-
tribution functions, is briefly reviewed in Section 2.4. In ad-
dition, we discuss some critical inputs which are needed to
perform these calculations. This includes the available mod-
els for hadronisation of final state particles (section 2.5) and
the description of multiple particle interactions (section 2.6).
A discussion of the available computing codes, which are
used to compare the latest LHC measurements with the pre-
dictions of the Standard Model, can be found in Section 2.7.
Our discussion ends with an overview of the definition and
interpretation of some observables which are important for
understanding QCD dynamics (section 2.8).

Several introductory articles on the production of vec-
tor bosons in hadron collisions are available. We summarise
here the essential aspects along the lines of [37], [38]. Re-
lated overview articles on parton density functions at next-
to-leading order at hadron colliders and subsequently jet physics
in electron-proton can be found in [39] and [40], respec-
tively.

2.1 Cross-section calculations

The calculation of production cross-sections in proton-proton
collisions at the LHC is, in general, a combination of two en-
ergy regimes: the short-distance or high-energy regime and
the long-distance or low-energy regime. By the factorisation
theorem, the production cross-section can therefore be ex-
pressed as a product of two terms: one describing the parton-
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and shown graphically for Z production in Figure 4. The
functions fa/A and fb/B denote the PDFs for the partons a
and b in protons A and B. All quark flavours are accounted
for in the sum and the integration is performed over xa and
xb, describing the respective momentum fractions of the in-
teracting partons. The subset of perturbative corrections from
real and virtual gluon emissions, which are emitted collinearly
to the incoming partons, lead to large logarithms that can be
absorbed in the PDFs.

Inclusive hard-scattering processes can be described us-
ing the factorisation theorem [41], [42]. This approach is
also applicable when including the higher order perturbative
QCD corrections, which are discussed in more detail in Sec-
tion 2.2.2. When expanding the parton-parton cross-section
in terms of as, the formula for the cross-section becomes:

spA pB!n = Â
q

Z
dxadxb

Z
fa/A(xa,Q2) fb/B(xb,Q2)⇥

⇥[ŝ0 +as(µ2
R)ŝ1 + ....]ab!n, (5)

where s0 is the tree-level parton-parton cross-section and s1
is the first order QCD correction to the parton-parton cross-
section, etc. The renormalisation scale, µR is the reference
scale for the running of as(µ2

R), caused by ultraviolet diver-
gences in finite-order calculations.

Writing this equation in terms of the matrix elements
yields

spA pB!n = Â
q

Z
dxadxb

Z
dfn ⇥

⇥ fa/A(xa,Q2) fb/B(xb,Q2)
1
2ŝ

|mqq̄!n|2(fn), (6)
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➤ Parton collision energy for hadron energy  

➤  

➤  

➤ Proton composition is complicated 

➤ mixture of valence quarks, gluons, sea quarks 

➤ exact mixture depends on  and 
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PARTON DISTRIBUTION FUNCTIONS
➤ Parton collision energy for hadron energy  

➤  
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➤ Proton composition is complicated 

➤ mixture of valence quarks, gluons, sea quarks 

➤ exact mixture depends on  and 
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PARTON DISTRIBUTION FUNCTIONS
➤ Examples from LHC 

➤ 125 GeV Higgs: 

➤  

➤ 2 TeV Gluino, pair-produced 

➤  

➤ For SM and all but heaviest BSM, LHC is a 
gluon collider 

➤ Steep rise of partons at low  —> production 
rates strongly decrease with 

< xp > ≈ 125/13000 ≈ 0.01

< xp > ≈ 4000/13000 ≈ 0.3

x
Mx



MEASURING PDFS
➤ Lepton-hadron colliders 

➤ HERA, electron-proton collider at DESY 
(1992-2007) 

➤ Measured full  range, at  or less 

➤ Use DGLAP evolution equations to 
extrapolate to higher energy scales

x Q2 ≈ 20



MEASURING PDFS
➤ Lepton-hadron colliders 

➤ Constraints from LHC, Tevatron, 
fixed target experiments 

➤ W, Z and  precision measurements 
at 7, 8 TeV constrain PDFs 

➤ for example, significant increase in 
strange quark contribution at 

 from ATLAS W 
measurements

tt̄

x ≈ 0.01

Figure 27: s + s̄ PDFs, for MSHT20 and MMHT14 at NNLO and Q2 = 104 GeV2. (Left) ratio to
MMHT14. (Right) percentage uncertainties.

1. In Fig. 25 (right) it is clear that the fit naturally chooses the ratio to tend to 1, to rather

high precision, at low x, an interesting e↵ect of the data, and theoretically consistent with our

expectations. Moreover, the e↵ect of the MMHT14 parameterisation was not only to ensure

the di↵erence tended to 0 at very low x, but also as a consequence to suppress the uncertainties

in this region, resulting in the very small error band, clearest in Fig. 25 (left) at very low x.

This was not a reflection of the uncertainty in the data in this region but instead a feature of

the input parameterisation used. By using the ratio without a low x power we prevent this

suppression of the uncertainties in this region and allow the substantially increased error bands

present in MSHT20, which much more accurately mirror the lack of data constraints at low x.

The ratio of the d̄/ū in MSHT20 relative to MMHT14 and the percentage uncertainties on d̄/ū

in both MSHT20 and MMHT14 (in the latter this ratio is not parameterised but can still be

plotted of course) are given in Fig. 26. The large increase in the error bands at very low x is

clear. In addition, the reduction in the uncertainty bands in the data region at intermediate to

high x, resulting from the larger collection of data sets used in MSHT20, is obvious.

6.5 s+ s̄ and s� s̄ distributions

The total strangeness and strangeness asymmetry are shown in Figs. 27 and 28. There is a

definite increase in s + s̄ below x ⇠ 0.1, driven by ATLAS W , Z data (both 7 and 8 TeV)

mainly. This is the so-called “strangeness unsuppression” reported in [20], which is often shown

in terms of the variable Rs:

Rs =
s+ s̄

ū+ d̄
. (32)

As a result of the precise ATLAS Drell-Yan data here there is also a consequent large reduc-

tion in the uncertainties in this region. The other main data sets which constrain the total

strangeness are the CMS W + c cross section at 7 TeV and the dimuon cross sections. The

latter prefers a rather lower Rs value and the former a more intermediate value. As a result

58
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WHAT HAPPENS WHEN YOU COLLIDE PROTONS
➤ Steep rise of partons at low  —> production 

rates strongly decrease with 
x
Mx
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Process Rate at 2 x 1034 cm-2s-1 [Hz]
any interaction 109

bottom production 107

jets pT > 100 GeV 5 x 104

W bosons 5 x 103

top quarks 10
Higgs 1

Higgs —> 0.002γγ

Roughly at 13 TeV

Events Event Rate [Hz]
Beam crossings 4 x 107

Trigger at Level 1 105

Recorded to Disk 103

Event Rates at ATLAS



WHAT HAPPENS WHEN YOU COLLIDE PROTONS? (MORE CONCRETELY)



FROM PHYSICS TO RAW DATA



FROM RAW DATA TO PHYSICS



SCATTERING KINEMATICS
➤ Detector coordinates: x, y, z or  

➤ Polar angle  

➤ Not Lorentz invariant 

➤ Rapidity 

➤  

➤ where =  along the beam line (z) 

➤  invariant to boosts along beam line 

➤ Pseudo-rapidity 

➤ For massless particles,  

➤

θ, ϕ, R

θ

y =
1
2

ln [ E + pL

E − pL ]
pL p

Δy

y = η

η = − ln[tan(θ/2)]
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SCATTERING KINEMATICS
➤ For production of particle X with mass  

➤   

➤
      and       

➤ Large M 

➤ both  have to be large and not too dissimilar 

➤  , ie, , centrally produced 

➤ Small M 

➤ differing , large boost —> large  

➤ Transverse momentum  

➤ Particles that escape detection have ,   

➤
Visible transverse momentum conserved 

MX

̂s = M2
x

ey =
xa

xb
xa,b =

M

s
e±y

x

ey → 1 y → 0

x η

pT

pT ≈ 0 θ < 2∘

∑
i

pi
T ≈ 0

4

can be connected to the lower energies scales via parton
showering models is discussed in Section 2.3. Finally, the
second part of the cross-section calculation, the parton dis-
tribution functions, is briefly reviewed in Section 2.4. In ad-
dition, we discuss some critical inputs which are needed to
perform these calculations. This includes the available mod-
els for hadronisation of final state particles (section 2.5) and
the description of multiple particle interactions (section 2.6).
A discussion of the available computing codes, which are
used to compare the latest LHC measurements with the pre-
dictions of the Standard Model, can be found in Section 2.7.
Our discussion ends with an overview of the definition and
interpretation of some observables which are important for
understanding QCD dynamics (section 2.8).

Several introductory articles on the production of vec-
tor bosons in hadron collisions are available. We summarise
here the essential aspects along the lines of [37], [38]. Re-
lated overview articles on parton density functions at next-
to-leading order at hadron colliders and subsequently jet physics
in electron-proton can be found in [39] and [40], respec-
tively.

2.1 Cross-section calculations

The calculation of production cross-sections in proton-proton
collisions at the LHC is, in general, a combination of two en-
ergy regimes: the short-distance or high-energy regime and
the long-distance or low-energy regime. By the factorisation
theorem, the production cross-section can therefore be ex-
pressed as a product of two terms: one describing the parton-
parton cross-section, ŝqq̄!n at short-distances and another
describing the complicated internal structure of protons at
long distances. For large momentum transfers of the inter-
acting partons in the short-distance term, the parton-parton
interaction can be evaluated using perturbative QCD calcu-
lations. However, in the long-distance term, where pertur-
bative calculations are no longer applicable, parton density
functions (PDFs) are used to describe the proton structure
in a phenomenological way. These functions are written as
fa/A(x,Q2) for the parton a in the proton A where x = pa

pA
is

the relative momentum of the parton in direction of the pro-
ton’s momentum and Q2 is this energy scale of the scattering
process. The scale at which the long-distance physics of the
PDF description and the short-distance physics of parton-
parton interaction separate is called the factorisation scale
and is defined as µF = Q. For the production of a vector
boson via quark-fusion, the energy scale is set to the mass
of the vector boson, which in turn can be expressed by the
invariant mass of final state fermions f , i.e. Q2 = m2

V = m f f̄ .
The proton-proton cross-section is thereby expressed as

spA pB!n = Â
q

Z
dxadxb fa/A(xa,Q2) fb/B(xb,Q2)ŝab!n (4)

pA

pB

p

p

xapA

xbpB

�⇤/Z

f

f̄

fb/B(xb, Q2)

fa/A(xa, Q2)

Fig. 4 Illustration of cross-section calculation in a proton-proton col-
lision at the LHC.

and shown graphically for Z production in Figure 4. The
functions fa/A and fb/B denote the PDFs for the partons a
and b in protons A and B. All quark flavours are accounted
for in the sum and the integration is performed over xa and
xb, describing the respective momentum fractions of the in-
teracting partons. The subset of perturbative corrections from
real and virtual gluon emissions, which are emitted collinearly
to the incoming partons, lead to large logarithms that can be
absorbed in the PDFs.

Inclusive hard-scattering processes can be described us-
ing the factorisation theorem [41], [42]. This approach is
also applicable when including the higher order perturbative
QCD corrections, which are discussed in more detail in Sec-
tion 2.2.2. When expanding the parton-parton cross-section
in terms of as, the formula for the cross-section becomes:

spA pB!n = Â
q

Z
dxadxb

Z
fa/A(xa,Q2) fb/B(xb,Q2)⇥

⇥[ŝ0 +as(µ2
R)ŝ1 + ....]ab!n, (5)

where s0 is the tree-level parton-parton cross-section and s1
is the first order QCD correction to the parton-parton cross-
section, etc. The renormalisation scale, µR is the reference
scale for the running of as(µ2

R), caused by ultraviolet diver-
gences in finite-order calculations.

Writing this equation in terms of the matrix elements
yields

spA pB!n = Â
q

Z
dxadxb

Z
dfn ⇥

⇥ fa/A(xa,Q2) fb/B(xb,Q2)
1
2ŝ

|mqq̄!n|2(fn), (6)

X̂s

̂s = xaxbs
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second part of the cross-section calculation, the parton dis-
tribution functions, is briefly reviewed in Section 2.4. In ad-
dition, we discuss some critical inputs which are needed to
perform these calculations. This includes the available mod-
els for hadronisation of final state particles (section 2.5) and
the description of multiple particle interactions (section 2.6).
A discussion of the available computing codes, which are
used to compare the latest LHC measurements with the pre-
dictions of the Standard Model, can be found in Section 2.7.
Our discussion ends with an overview of the definition and
interpretation of some observables which are important for
understanding QCD dynamics (section 2.8).

Several introductory articles on the production of vec-
tor bosons in hadron collisions are available. We summarise
here the essential aspects along the lines of [37], [38]. Re-
lated overview articles on parton density functions at next-
to-leading order at hadron colliders and subsequently jet physics
in electron-proton can be found in [39] and [40], respec-
tively.

2.1 Cross-section calculations

The calculation of production cross-sections in proton-proton
collisions at the LHC is, in general, a combination of two en-
ergy regimes: the short-distance or high-energy regime and
the long-distance or low-energy regime. By the factorisation
theorem, the production cross-section can therefore be ex-
pressed as a product of two terms: one describing the parton-
parton cross-section, ŝqq̄!n at short-distances and another
describing the complicated internal structure of protons at
long distances. For large momentum transfers of the inter-
acting partons in the short-distance term, the parton-parton
interaction can be evaluated using perturbative QCD calcu-
lations. However, in the long-distance term, where pertur-
bative calculations are no longer applicable, parton density
functions (PDFs) are used to describe the proton structure
in a phenomenological way. These functions are written as
fa/A(x,Q2) for the parton a in the proton A where x = pa

pA
is

the relative momentum of the parton in direction of the pro-
ton’s momentum and Q2 is this energy scale of the scattering
process. The scale at which the long-distance physics of the
PDF description and the short-distance physics of parton-
parton interaction separate is called the factorisation scale
and is defined as µF = Q. For the production of a vector
boson via quark-fusion, the energy scale is set to the mass
of the vector boson, which in turn can be expressed by the
invariant mass of final state fermions f , i.e. Q2 = m2

V = m f f̄ .
The proton-proton cross-section is thereby expressed as
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and shown graphically for Z production in Figure 4. The
functions fa/A and fb/B denote the PDFs for the partons a
and b in protons A and B. All quark flavours are accounted
for in the sum and the integration is performed over xa and
xb, describing the respective momentum fractions of the in-
teracting partons. The subset of perturbative corrections from
real and virtual gluon emissions, which are emitted collinearly
to the incoming partons, lead to large logarithms that can be
absorbed in the PDFs.

Inclusive hard-scattering processes can be described us-
ing the factorisation theorem [41], [42]. This approach is
also applicable when including the higher order perturbative
QCD corrections, which are discussed in more detail in Sec-
tion 2.2.2. When expanding the parton-parton cross-section
in terms of as, the formula for the cross-section becomes:

spA pB!n = Â
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Z
dxadxb

Z
fa/A(xa,Q2) fb/B(xb,Q2)⇥

⇥[ŝ0 +as(µ2
R)ŝ1 + ....]ab!n, (5)

where s0 is the tree-level parton-parton cross-section and s1
is the first order QCD correction to the parton-parton cross-
section, etc. The renormalisation scale, µR is the reference
scale for the running of as(µ2

R), caused by ultraviolet diver-
gences in finite-order calculations.

Writing this equation in terms of the matrix elements
yields

spA pB!n = Â
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Z
dxadxb

Z
dfn ⇥

⇥ fa/A(xa,Q2) fb/B(xb,Q2)
1
2ŝ
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INELASTIC PROTON-PROTON CROSS SECTION AT LHC
➤ Inelastic proton-proton collisions 

➤ pp —> X 

➤ non-perturbative; can not be calculated 
to high precision theoretically 

➤ In every LHC event there are 10-70 such 
interactions (pile-up)• Inelastic interactions: pp-> X

• Cannot be determined theoretically with good precision
• Not calculable using perturbation theory

• In every LHC event there are ~35 such event on average (pile-up)
29

LHC: Inelastic pp Cross Section



INELASTIC PROTON-PROTON EVENTS
➤ What do the bulk of events look like? 

➤ Minimum-bias events, selected / defined 
with “minimum-bas trigger” 

➤ Study charged particle properties 

➤ Look inclusively at tracks 

➤ Select only “primary” particles 

➤ Those produced in hard-scatter or from 
prompt decay of hard-scatter product 

➤ Select against “secondaries” from decays-
in-flight, hadronic interactions, photon 
conversions, etc.



INELASTIC PROTON-PROTON EVENTS
➤ What do the bulk of events look like? 

➤ Study charged particle properties 

➤ Relatively flat distribution of charged 
particles in rapidity up to kinematic 
boundary of , and then sharp drop 

➤ Roughly 6 charged particles and 2-3 neutrals 
per unit rapidity per min bias collision 

➤ —> Order 80-100 particles per collision

y ≈ 5

non-diffractive (ND), single-diffractive dissociation 
(SD) and double-diffractive dissociation (DD)
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INELASTIC PROTON-PROTON EVENTS
➤ What do the bulk of events look like? 

➤ Study charged particle properties 

➤ Steeply falling distribution in  above threshold 
of  

➤ Bending radius determined by: 

➤  

➤ For tracking detectors of  m and  
T, particles with p < 0.6 (1.2) GeV will curl/
loop inside tracker 

➤ Detector design choice on  to determine 
occupancy of tracker versus calorimeters

pT
pT > 100 MeV

p[GeV] = 0.3R[m]B[T]

≈ 1 B ≈ 2 − 4

B, R



INELASTIC PROTON-PROTON EVENTS
➤ What do the bulk of events look like? 

➤ Study charged particle properties 

➤ Steeply falling distribution in  above threshold of 
 

➤ Average  of charged particles  GeV 

➤ —> Order (100 x 0.5 =) 50 GeV  per minimum bias 
event 

➤ Important to measure these properties and tune MC 

➤ soft QCD, not possible to calculate precisely 

➤ Necessary to get right for modeling 99.99xx% of 
collisions 

➤ Pile-up!

pT
pT > 100 MeV

pT ≈ 0.5

pT



PILE-UP AT LHC
➤ Challenge for detector performance and object reconstruction 

➤ In-time pileup (same bunch crossing) 

➤ Out-of time pileup (different bunch crossing than collision of interest) 

➤ some detectors have readout window larger than one bunch-crossing 

➤ can interfere with energy / hit collection even if not

pT > 500 MeV, < μ > ≈ 10
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JET PRODUCTION AT LHC
➤ Hard scattering processes dominated by 

QCD processes, originating from qq, qg, 
and gg scattering 

➤ Cross-sections can be calculated in QCD 
using perturbation theory 

➤ Measuring cross-sections and comparing to 
predictions an important test of QCD 

➤ Deviations could be a sign of quark 
substructure, etc…

Jet Cross Sections

27

Jet Cross Sections
• Inclusive jets: processes qq, qg, gg

§ Highest ET probes shortest distances

§ Tevatron: rq<10-18 m

§ LHC: rq<10-19 m (?)

§ Could e.g. reveal substructure of quarks

§ Tests perturbative QCD at highest energies
31
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§ LHC: rq<10-19 m (?)

§ Could e.g. reveal substructure of quarks

§ Tests perturbative QCD at highest energies
31



JET RECONSTRUCTION AT LHC
➤ A jet is not a uniquely or well-defined object 

➤ Fragmentation, gluon radiation, detector response 
all folded-in 

➤ Detector response different for electrons/photons, 
hadrons —> correct calorimeter energy response 
to “particle level” 

➤ Many jet algorithms exist, desired features include 

➤ Collinear safe: jet definition independent of 
presence of partons radiated collinear to quark 

➤ Infrared safe: jet defintion independent of soft 
radiation 

➤ kT family of algorithms satisfies these criteria, 
commonly used

Jet reconstruction and energy measurement

• A jet is NOT a well defined object
(fragmentation, gluon radiation, detector response)

• The detector response is different for particles
interacting electromagnetically (e,) and for
hadrons
→ for comparisons with theory, one needs to
correct back the calorimeter energies to the 
„particle level“ (particle jet) 
Common ground between theory and experiment 

• One needs an algorithm to define a jet and to 
measure its energy
conflicting requirements between experiment and
theory (exp. simple, e.g. cone algorithm, vs. 
theoretically sound (no infrared divergencies))

• Energy corrections for losses of fragmentation products
outside jet definition and underlying event or pileup
energy inside 



JET CALIBRATION AT LHC
5 Jet energy scale calibration

Figure 1 presents an overview of the 2015 ATLAS calibration scheme for EM-scale calorimeter jets. This
calibration restores the jet energy scale to that of truth jets reconstructed at the particle-level energy scale.
Each stage of the calibration corrects the full four-momentum unless otherwise stated, scaling the jet pT,
energy, and mass.

EM-scale jets Origin correction
Jet area-based pile-

up correction
Residual pile-up 

correction

Absolute MC-based 
calibration

Global sequential 
calibration

Residual in situ 
calibration

Jet finding applied to 
topological clusters at 

the EM scale.

Changes the jet direction 
to point to the hard-scatter 
vertex. Does not affect E.

Applied as a function of 
event pile-up pT density 

and jet area.

Removes residual pile-up 
dependence, as a 

function of � and NPV.

Corrects jet 4-momentum 
to the particle-level energy 
scale. Both the energy and 

direction are calibrated.

Reduces flavor dependence 
and energy leakage effects 
using calorimeter, track, and 

muon-segment variables.

A residual calibration 
is derived using in situ 
measurements and is 
applied only to data.

Figure 1: Calibration stages for EM-scale jets. Other than the origin correction, each stage of the calibration is
applied to the four-momentum of the jet.

First, the origin correction recalculates the four-momentum of jets to point to the hard-scatter primary
vertex rather than the center of the detector, while keeping the jet energy constant. This correction im-
proves the ⌘ resolution of jets, as measured from the di↵erence between reconstructed jets and truth jets
in MC simulation. The ⌘ resolution improves from roughly 0.06 to 0.045 at a jet pT of 20 GeV and from
0.03 to below 0.006 above 200 GeV. The origin correction procedure in 2015 is identical to that used in
the 2011 calibration [3].

Next, the pile-up correction removes the excess energy due to in-time and out-of-time pile-up. It consists
of two components; an area-based pT density subtraction [15], applied at the per-event level, and a resid-
ual correction derived from the MC simulation, both detailed in Section 5.1. The absolute JES calibration
corrects the jet four-momentum to the particle-level energy scale, as derived using truth jets in dijet MC
events, and is discussed in Section 5.2. Further improvements to the reconstructed energy and related
uncertainties are achieved through the use of calorimeter, MS, and track-based variables in the global se-
quential calibration, as discussed in Section 5.3. Finally, a residual in situ calibration is applied to correct
jets in data using well-measured reference objects, including photons, Z bosons, and calibrated jets, as
discussed in Section 5.4. The full treatment and reduction of the systematic uncertainties is discussed in
Section 6.

5.1 Pile-up corrections

The pile-up contribution to the JES in the 2015 data-taking environment di↵ers in several ways from
Run 1. The larger center-of-mass energy a↵ects the jet pT dependence on pile-up-sensitive variables,
while the switch from 50 to 25 ns bunch spacing increases the amount of out-of-time pile-up. In addition,
the higher topo-clustering noise thresholds alter the impact of pile-up on the JES. The pile-up correction is

7

➤ Calibrate jet energy scale, resolution, and uncertainties 

➤ Use a combination of simulation, test-beam results, and in-situ measurements 

➤ Rely on transverse energy balance between jet and other object: Z boson, photon, or other jet



JET CROSS-SECTIONS AT LHC
Jet Cross Sections: LHC
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Jet Cross Sections: LHC
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W AND Z PHYSICS
➤ Essential in many tests of SM and new physics 

➤ Understanding electroweak symmetry breaking key goal 
of LHC 

➤ Diboson scattering important test of SM (and Higgs) 

➤ Many new physics decays to vector bosons 

➤ Important background to most searches for new particles 

➤ Excellent experimental handle 

➤ Use W’s and Z’s to calibrate: 

➤ Electron energy scale 

➤ Track momentum scale 

➤ Lepton ID and trigger efficiencies 

➤ Missing ET resolution 

➤ Luminosity, …

…



MEASURING A CROSS SECTION, IN PRINCIPLE
➤ Event rates determined by 

➤ where 

➤ Total efficiency  can be factored intoϵ

Z
Ldt = Integrated Luminosity
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A = (Fiducial) Acceptance
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✏ = E�ciency
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Nsignal =

Z
Ldt ⇥ � ⇥BR⇥ ✏
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Nsignal = Number of observed signal events = Ndata �Nbackground
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Table 5 Reconstruction performance of electrons, muons and particle jets of the ATLAS and CMS experiment. The reconstruction efficiency and
momentum/energy resolutions are shown for the kinematic ranges defined. Further details can be found in the references given.

ATLAS
Object definition and algorithm kinematic range reconstruction efficiency pT-resolution Reference
Electron medium quality definition |h |< 2.4 94%�98% ⇡ 2% [119]

20 GeV < ET < 40 GeV
Muon combined tracking+muon |h |< 2.5 ⇡ 95% ⇡ 2% [122]

20 GeV < pT < 40 GeV
Jet anti-kT (DR = 0.4) |h |< 0.8, ET = 100 GeV 100% ⇡ 10 [124]

CMS
Object definition and algorithm kinematic range reconstruction efficiency pT-resolution Reference
Electron medium , multivariate |h |< 1.479 75�85% ⇡ 3�4% [128]

20 GeV < ET < 40 GeV
Muon combined tracking+muon |h |< 1.2 ⇡ 95% ⇡ 2% [121]

20 GeV < pT < 40 GeV
Jet anti-kT (DR = 0.5) |h |< 0.5, ET = 100 GeV 100% ⇡ 10 [125]

4 Production Cross Section Measurements at the LHC

For experimental measurements, the production cross-section
is calculated via the following equation

s incl
V =

Nsignal

e ·BR ·
R

L dt
. (39)

The number of signal events is determined as Nsignal =Ndata�
Nbkg, where Ndata is the number selected events in data and
Nbkg is the number of background events surviving the signal
selection. The factor e is the efficiency of the signal events
passing the signal selection criteria. To correct the cross-
section for the choice of a specific decay channel, a branch-
ing ratio factor, BR is applied. These ratios are known to a
high accuracy for the gauge bosons from LEP experiments
[35]. Finally,

R
L dt is the integrated luminosity, which is a

measure of the size of the data sample used.
The efficiency correction factor e is usually estimated

with simulations of the signal process. These simulations
include both a detailed description of the object reconstruc-
tion in the detector, called the reconstruction level, and the
final-state particle information of the generator calculations,
called the generator level. The same signal selection cuts as
applied to the data can be applied to the simulated events at
reconstruction level. However, the simulation do not model
the data perfectly and these differences are corrected in the
estimation of e , following the methods described in Section
3.6. In addition, basic signal selection cuts, such as mini-
mal pT cut, can also be applied to the final-state particles at
the generator level. The object value for the final-state par-
ticles though differs from the reconstructed quantity. Fol-
lowing these definitions, e can be defined as the ratio of
all events which pass the signal selection on reconstruction
level Nselected

reco. over the number of all generated events Nall
gen..

The efficiency correction e can further be decomposed
as the product of a fiducial acceptance, A, and a detector

induced- correction factor, C, i.e. e = A ·C. The fiducial ac-
ceptance is the ratio of the number of events that pass the
geometrical and kinematic cuts in the analysis on generator
level (Nselected

gen. ) over the total number of generated events in
a simulated sample of signal process (Nall

gen.). These selec-
tion cuts on generator level usually require geometrical and
kinematic constraints close to the cuts applied on the recon-
structed objects, e.g. leptons in the final state should fulfil
pT > 20 GeV and |h |< 2.5. The dominant uncertainties on
the fiducial acceptance are the scale and PDF uncertainties.

The detector correction factor C is defined as the number
of selected events in simulated sample (Nselected

reco. ), which now
includes a detailed simulation of the detector response, over
the number of events in the fiducial phase space at generator
level (Nselected

gen. ). Hence the product of A ·C can be written as

e =C ·A =
Nselected

reco.
Nselected

gen.
·

Nselected
gen.

Nall
gen.

=
Nselected

reco.
Nall

gen.
. (40)

The uncertainties associated with the detector correction
factor are dominated by experimental sources, such as lim-
ited knowledge of reconstruction or cut efficiencies and the
accuracy of the energy/momentum measurements. This fac-
tor can be larger than unity due to migration effects from
outside the fiducial region into the reconstructed sample.
However, in practice this is rarely the case, as detector inef-
ficiencies and the selection criteria on reconstructed objects
reduce the number of events.

Defining e as A ·C is convenient because if the definition
of the fiducial volume used for Nselected

gen. is close to the cuts
applied to the data, this factorisation allows for a separation
of theoretical and experimental uncertainties. The fiducial
acceptance, A, is completely independent of the detector re-
sponse whereas the detector correction factor, C, is largely
independent of theoretical modelling uncertainties.

C = Detector Correction Factor
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Measure 

➤ Ndata 

➤ C 

➤  

➤ Nbackground (if data-driven) 

Calculate (from MC) 

➤ A 

➤ BR 

➤ Nbackground (if using MC)

∫ L dt

� =
NsignalR

Ldt ⇥BR⇥ ✏
<latexit sha1_base64="Ul+S1/qb8wnJ+YWSRoAG9jZDuEg="></latexit>
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W and Z Bosons
• Focus on leptonic decays:

• Hadronic decays ~impossible due to enormous 
QCD dijet background

• Selection:
• Z:

• Two leptons pT>20 GeV 
• W:

• One lepton pT>20 GeV
• Large imbalance in transverse momentum

• Missing ET>20 GeV
• Signature of undetected particle (neutrino)

• Excellent calibration signal for many purposes:
• Electron energy scale
• Track momentum scale
• Lepton ID and trigger efficiencies
• Missing ET resolution
• Luminosity …

MEASURING A CROSS SECTION, IN PRACTICE
➤ Signature 

➤ Focus on leptonic (muon, electron) decays due to large background from QCD diet 
background 

➤ 1 lepton, pT > 20 GeV 

➤ large imbalance in transverse momentum  

➤ Signature of neutrino (or other undetected particle) 

➤ Missing ET > 25 GeV 

➤ Transverse mass  GeVmT > 40

EXAMPLE: W CROSS-SECTION

…

10 The ATLAS Collaboration
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Fig. 2: Distributions of the missing transverse energy, Emiss
T , of electron (a) and muon (b) candidates for data and

Monte-Carlo simulation, broken down into the signal and various background components.

– An electron with ET > 20 GeV or a combined muon with pT > 20 GeV;
For the W ! en analysis, events containing an additional “medium” electron are vetoed. If more
than one combined muon candidate is reconstructed, the one with the highest pT is chosen.

– Isolation for the muon channel: Â pID
T /pT < 0.2;

For the electron channel, no isolation criterion is used.

– For the W analysis only:

– Missing transverse energy Emiss
T > 25 GeV;

– Transverse mass of the lepton-Emiss
T system, mT > 40 GeV;

The transverse mass is defined as mT =
q

2 p`T Emiss
T (1� cosDf), where Df is the azimuthal

separation between the directions of the lepton and the missing transverse energy.

– For the Z analysis only:

– A pair of oppositely-charged leptons (each lepton with pT > 20 GeV) of the same flavour;

– Invariant mass window of lepton pair: 66 < m`` < 116 GeV;

– Veto on events with three or more “medium” electrons (for the Z ! ee analysis).

Figure 2 shows the Emiss
T distributions of electron and muon candidates passing the requirements de-

scribed above, except the Emiss
T and mT criteria. Both distributions indicate that applying a minimum

requirement on Emiss
T greatly enhances the W signal over the expected background. True W ! `n events

in the Monte Carlo are predominantly at high Emiss
T due to the escaping neutrino in the event. Although

some of the QCD background events may also have neutrinos in their final state, they mostly populate
the regions of small Emiss

T . Figures 3 and 4 show the mT distributions without and with the requirement
of Emiss

T > 25 GeV.

⃗ET
miss

= − ∑
i

⃗p T(i)



MEASURING A CROSS SECTION, IN PRACTICE
➤ Generate Monte Carlo, both 

signal and background 
processes 

➤ Used to define analysis 
selections 

➤ Estimate background 

➤ Extrapolate phase space 
(calculate A) 

➤ Measure correction factors 
(C and others) 

➤ Used in estimating many 
uncertainties

EXAMPLE: W CROSS-SECTION

4 The ATLAS Collaboration

Physics process Generator s · BR [nb]
W ! `n (`= e,µ) PYTHIA [25] 10.46±0.52 NNLO [5, 8]

W+ ! `+n 6.16±0.31 NNLO [5, 8]
W� ! `�n 4.30±0.21 NNLO [5, 8]

Z/g⇤ ! `` (m`` > 60 GeV) PYTHIA 0.99±0.05 NNLO [5, 8]
W ! tn PYTHIA 10.46±0.52 NNLO [5, 8]
W ! tn ! `nnn PYTHIA 3.68±0.18 NNLO [5, 8]
Z/g⇤ ! tt (m`` > 60 GeV) PYTHIA 0.99±0.05 NNLO [5, 8]
tt̄ MC@NLO [26, 27], 0.16±0.01 NLO+NNLL [28–30]

POWHEG [31]
Dijet (e channel, p̂T > 15 GeV) PYTHIA 1.2⇥106 LO [25]
Dijet (µ channel, p̂T > 8 GeV) PYTHIA 10.6⇥106 LO [25]
bb (µ channel, p̂T > 18 GeV, pT(µ)> 15 GeV) PYTHIA 73.9 LO [25]
cc (µ channel, p̂T > 18 GeV, pT(µ)> 15 GeV) PYTHIA 28.4 LO [25]

Table 1: Signal and background Monte-Carlo samples as well as the generators used in the simulation. For each
sample the production cross section, multiplied by the relevant branching ratios (BR), to which the samples were
normalised is given. For the electroweak (W and Z boson production) and for the tt̄ production, contributions from
higher order QCD corrections are included. The inclusive QCD jet and heavy quark cross sections are given at
leading order (LO). These samples were generated with requirements on the transverse momentum of the partons
involved in the hard-scattering process, p̂T. All Monte-Carlo samples result in negligible statistical uncertainties,
unless otherwise stated.

background is normalised to data. However, for the final cross-section measurement, except for the
Z ! µµ analysis, data-driven methods are used to determine the residual contributions of the QCD
background to the final W and Z samples, as discussed in Section 6.

During the period these data were recorded, the average pile-up varied from zero to about two extra
interactions per event, with most of the data being recorded with roughly one extra interaction per event.
To account for this, the W ! `n , Z ! ``, and QCD-dijet Monte-Carlo samples were generated with on
average two extra primary interactions and then weighted to the primary vertex multiplicity distribution
observed in the data.

All data distributions in this paper are shown with statistical uncertainties only, based on Poisson statis-
tics [24], unless otherwise stated.

4 Reconstruction of electrons, muons and missing transverse energy

4.1 Track reconstruction in the inner detector

The reconstruction of both electrons and muons uses reconstructed charged tracks in the inner detector.
A detailed description of the track reconstruction has already been presented in Ref. [32]. The inner
tracking system measures charged particle tracks at all f over the pseudorapidity region |h |< 2.5 using
the pixel, SCT and TRT detectors. Tracks are reconstructed using a pattern recognition algorithm that
starts with the silicon information and adds hits in the TRT. This “inside-out” tracking procedure selects
track candidates with transverse momenta above 100 MeV [33]. One further pattern recognition step is
then run, which only looks at hits not previously used. It starts from the TRT and works inwards adding
silicon hits as it progresses. In this second step, tracks from secondary interactions, such as photon
conversions and long-lived hadron decays, with transverse momenta above 300 MeV are recovered.

4.2 Electrons

The ATLAS standard electron reconstruction and identification algorithm [34] is designed to provide
various levels of background rejection for high identification efficiencies for calorimeter transverse en-



MEASURING A CROSS SECTION, IN PRACTICE
➤ Generate Monte Carlo, both signal and background processes 

➤ Select (design) trigger 

➤ Lowest threshold (  or ) possible to fit within 
allocated event rate, ie, electron  GeV 

➤ Measure efficiency in data, parameterized as needed 

➤ For leptons, can use “tag and probe” method

pT ET
ET > 20

EXAMPLE: W CROSS-SECTION

19

Tag & Probe:             the method

● Select Z events 

● Tag: high P
t
 and isolated 

muon

● Probe: high P
t
 ID track, 

calorimeter energy loss 
compatible with a muon 
(Calomuon)

if Mif M
tag+probetag+probe

  ∼∼ M M
ZZ

  it's a Z → it's a Z → μμμμ event  event 

The probe has to be reconstructed as muonThe probe has to be reconstructed as muon



MEASURING A CROSS SECTION, IN PRACTICE EXAMPLE: W CROSS-SECTION

36

Lepton Identification
• Electrons: 

• compact electromagnetic cluster in calorimeter
• Matched to track

• Muons:
• Track in the muon chambers
• Matched to track

• Taus:
• Narrow jet 
• Matched to one or three tracks

• Neutrinos:
• Imbalance in transverse momentum
• Inferred from total transverse energy measured 

in detector
• More on this in Lecture 4

➤ Generate Monte Carlo, both signal and 
background processes 

➤ Select (design) trigger 

➤ Object definition and performance 

➤ Reconstruction: baseline output of 
reconstruct algorithms

Electrons: 
Compact EM cluster in calo 
Matched to Track 

Muons: 
Track in muon chamber 
Matched to Track 

Taus: 
Narrow jet 
Matched to 1 or 3 tracks 

Neutrinos: 
Missing transverse momentum 
Calculated from total  measured pT

Lepton Reconstruction

⃗ET
miss

= − ∑
i

⃗p T(i)



MEASURING A CROSS SECTION, IN PRACTICE
➤ Generate Monte Carlo, both signal and background 

processes 

➤ Select (design) trigger 

➤ Object definition and performance 

➤ Reconstruction: baseline output of reconstruct 
algorithms 

➤ Identification: additional selections to tag signal 
objects 

➤ Often includes cuts on impact parameters, 
number of hits, etc to select primary versus 
secondaries and reject combinatoric background 

➤ Can include additional selections like isolation 
to distinguish leptons from boson decay versus 
leptons from hadron decay inside jets

EXAMPLE: W CROSS-SECTION

Measurement of the W ! `n and Z/g⇤ ! `` production cross sections in proton- . . . 5

ergy ET > 20 GeV, over the full acceptance of the inner-detector system. Electron reconstruction be-
gins with a seed cluster of ET > 2.5 GeV in the second layer of the electromagnetic calorimeter. A
matching track, extrapolated to the second EM calorimeter layer, is searched for in a broad window of
Dh ⇥Df = 0.05⇥ 0.1 amongst all reconstructed tracks with pT > 0.5 GeV. The closest-matched track
to the cluster barycentre is kept as that belonging to the electron candidate. The final electron candidates
have cluster sizes of Dh ⇥Df = 0.075⇥ 0.175 in the barrel calorimeter and 0.125⇥ 0.125 in the end-
cap. The transverse energy of these electron candidates is obtained from the corresponding calorimeter
clusters.

The electron identification selections are based on criteria using calorimeter and tracker information and
have been optimised in 10 bins in h and 11 bins in ET. Three reference sets of requirements (“loose”,
”medium”, and “tight”) have been chosen, providing progressively stronger jet rejection at the expense
of some identification efficiency loss. Each set adds additional constraints to the previous requirements:

– “Loose”: this basic selection uses EM shower shape information from the second layer of the EM
calorimeter (lateral shower containment and shower width) and energy leakage into the hadronic
calorimeters as discriminant variables. This set of requirements provides high and uniform identi-
fication efficiency but a low background rejection.

– “Medium”: this selection provides additional rejection against hadrons by evaluating the energy
deposit patterns in the first layer of the EM calorimeter (the shower width and the ratio of the
energy difference associated with the largest and second largest energy deposit over the sum of
these energies), track quality variables (number of hits in the pixel and silicon trackers, transverse
distance of closest approach to the primary vertex (transverse impact parameter)) and a cluster-
track matching variable (Dh between the cluster and the track extrapolated to the first layer of the
EM calorimeter).

– “Tight”: this selection further rejects charged hadrons and secondary electrons from conversions
by fully exploiting the electron identification potential of the ATLAS detector. It makes require-
ments on the ratio of cluster energy to track momentum, on the number of hits in the TRT, and on
the ratio of high-threshold hits2 to the total number of hits in the TRT. Electrons from conversions
are rejected by requiring at least one hit in the first layer of the pixel detector. A conversion-
flagging algorithm is also used to further reduce this contribution. The impact-parameter require-
ment applied in the medium selection is further tightened at this level.

Z ! ee and W ! en signal Monte-Carlo samples were used to estimate the medium and tight elec-
tron identification efficiencies within the relevant kinematic and geometrical acceptance (ET > 20 GeV
within the range |h |< 2.47 and excluding the transition region between the barrel and end-cap calorime-
ters, 1.37 < |h | < 1.52). The efficiencies are estimated to be 94.3% and 74.9% respectively, relative to
the basic reconstruction efficiency of 97% which requires a very loose matching between the candidate
electron track and the electromagnetic cluster. Using QCD dijet background Monte-Carlo samples, the
corresponding rejections against background from hadrons or conversion electrons in generated jets with
ET > 20 GeV within the relevant kinematic and geometrical acceptance are found to be 5700 and 77000,
respectively.

Given the limited available statistics of Z ! ee decays, the electron performance cannot yet be evalu-
ated in detail with collision data. The overall uncertainty on the electron energy scale is estimated to
be ±3%, based on extrapolations from test-beam measurements. The uncertainty on the electron energy
resolution is also based on extrapolations from test-beam measurements and has a negligible impact on
the measurements reported here.

2The TRT readout discriminates at two thresholds. The lower one is set to register minimum-ionizing particles and the
higher one is intended for the detection of transition radiation.

Example Lepton ID requirements



MEASURING A CROSS SECTION, IN PRACTICE
➤ Generate Monte Carlo, both signal and background processes 

➤ Select (design) trigger 

➤ Object definition and performance 

➤ Reconstruction: baseline output of reconstruct algorithms 

➤ Identification: additional selections to tag signal objects 

➤ Measure efficiency, scale, and resolution of objects in data 
and MC 

➤ Parameterize as needed ( ) 

➤ Often done using tag and probe from “standard 
candle” such as  or object  balance in jet 
events 

➤ Calibrate object performance 

➤ Calculate scale factors for data/MC performance  

➤ Calculate uncertainties 

pT, ϕ, η, < μ > , . . .

Z → ll ET

EXAMPLE: W CROSS-SECTION



MEASURING A CROSS SECTION, IN PRACTICE
➤ Generate Monte Carlo, both signal and background processes 

➤ Select (design) trigger 

➤ Object definition and performance 

➤ Design event selection 

➤ Optimize signal significance 

➤ Gaussian approximation for significance: 

➤ where n = number of signal 

➤ b = number of background 

➤ σ = uncertainty on b 

➤ Include large uncertainties if possible  

➤ Many dimensional phase-space and limited knowledge 
of background —> as much an art as science

EXAMPLE: W CROSS-SECTIONMeasurement of the W ! `n and Z/g⇤ ! `` production cross sections in proton- . . . 9
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Fig. 1: Calorimeter cluster ET of “tight” electron candidates (a) and combined pT of muon candidates (b) for
data and Monte-Carlo simulation, broken down into the signal and various background components. The vertical
line in (b) indicates the analysis cut. The transverse momentum region between 15 and 20 GeV of the muon sample
is used in the estimation of the QCD background (see Section 6.2).

case, this normalisation factor is obtained from a non-isolated muon data sample and is then applied to
the isolated muon sample used in this analysis.

Unless otherwise stated, all Monte-Carlo distributions shown in this paper have been normalised to the
integrated luminosity of the data as described in Section 3, using the cross sections as given in Table 1
and taking into account these scale factors for the QCD background. At this stage of the selection, the
event samples are dominated by QCD background. These distributions show agreement in shape between
data and Monte-Carlo simulation.

5.3 Lepton isolation

The use of an isolation parameter to enhance the signal-to-background ratio was investigated. Separate
isolation requirements must be considered for the electron and muon channels, since the electron can
undergo bremsstrahlung, while a muon is primarily defined by its track.

A calorimeter-based isolation parameter defined as the total calorimeter transverse energy in a cone of
DR < 0.3 surrounding the candidate electron cluster, divided by the cluster ET, is considered for the
electron channel. This variable is exploited for background estimations in this channel, but is not used in
the event selection.

In the muon analysis, a track-based isolation defined as the sum of the transverse momenta of tracks with
pT > 1 GeV in the inner detector within a cone of DR < 0.4 around the muon track, divided by the pT of
the muon, is considered. An isolation requirement of Â pID

T /pT < 0.2 is imposed in the muon selection
given that, after all other selections are made to identify W candidates, this requirement rejects over 84%
of the expected QCD background while keeping (98.4±1.0)% of the signal events.

5.4 Kinematic selection

Additional requirements beyond those in Sections 5.2 and 5.3 are imposed to better discriminate W ! `n
and Z ! `` events from background events. A summary of all requirements is as follows:
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4 Comparison of di�erent formulae

Where necessary, figures in this section will use Prescription 3 for the definition of significance Z in terms
of Zd and Ze.

4.1 Gaussian approximation without uncertainty

Equation 12 comes from using the Gaussian approximation for the Poisson distribution of n events given a
background rate of b. Under this approximation, the significance is simply given as:

Z =
n � bp

b

. (12)

This formula cannot account for uncertainty of the background rate b. The behaviour of this formula as a
function of b for four di�erent choices of n is shown in orange in Figs. 2 and 3, and onwards.

4.2 Gaussian approximation with uncertainty

A simplistic way to introduce uncertainty into this approximation is to assume that the background
distribution is approximated by the combination of a Gaussian with mean b and variance b, and another
Gaussian with mean 0 and variance �2. Conceptually, you might say that the background event count
would be a random variable that is the sum of two random variables drawn from these Gaussians. This new
variable will be Gaussian distributed with mean b and variance of b + �2, leading to the following formula
for the significance:

Z =
n � bp
b + �2

. (13)

This formula is shown in yellow in Figs. 2 and 3, and onwards.

4.3 Poisson model without uncertainty

Consider the observation of n events given a prediction of exactly b = hni events, with the probability of
observing n events given by the Poisson distribution

P(n|b) =
b
n

n!
e
�b . (14)

p-values suitable for excess or deficit are respectively given by

pe (n|b) =
1X

j=n

P( j |b) = F�2 (2b, 2n) , (15)

pd (n|b) =
nX

j=0
P( j |b) = 1 �

1X

j=n+1
P( j |b) = 1 � F�2 (2b, 2(n + 1)) , (16)

6



MEASURING A CROSS SECTION, IN PRACTICE
➤ Generate Monte Carlo, both signal and background processes 

➤ Select (design) trigger 

➤ Object definition and performance 

➤ Design event selection 

➤ Estimate background 

➤ Backgrounds well modeled by MC can be directly taken from MC 
and normalized by  

➤ Partially data-driven: invert some signal region selections to 
maximize background in nearby kinematics, normalize MC in this 
“control region” and extrapolate normalization to signal region 

➤ Fully data-driven 

➤ Many techniques for estimating background from data for 
backgrounds not well modeled by MC or limited by MC stats 

➤ Ie, “fake factor” method for estimating non-prompt lepton 

sources: 

σ

NSR tight =
Ntight

Nloose
⋅ NSR loose

EXAMPLE: W CROSS-SECTION
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Fig. 3: Distributions of the transverse mass, mT, of the electron-Emiss
T system (a) and muon-Emiss

T system (b) without
an Emiss

T requirement. The data are compared to Monte-Carlo simulation, broken down into the signal and various
background components.
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Fig. 4: Distributions of the transverse mass, mT, of the electron-Emiss
T system (a) and muon-Emiss

T system (b) with
a requirement of Emiss

T > 25 GeV. The data are compared to Monte-Carlo simulation, broken down into the signal
and various background components.

5.5 W and Z candidates after final selection

Table 2 summarises the number of W ! `n candidates remaining after each major requirement in the
respective analyses. A total of 1069 candidates (637 e+ and 432 e�) pass all requirements in the electron
channel and 1181 candidates (710 µ+ and 471 µ�) in the muon channel. Figure 5 shows the electron
cluster ET and muon combined pT of the lepton candidates, while Fig. 6 shows the pT spectrum of the
W ! `n candidates. Both channels demonstrate a clear W signal over an almost negligible background.



MEASURING A CROSS SECTION, IN PRACTICE
➤ Generate Monte Carlo, both signal and background 

processes 

➤ Select (design) trigger 

➤ Object definition and performance 

➤ Design event selection 

➤ Calculate A, measure C, and uncertainties 

➤ Calculate A from MC (phase space extrapolation) 

➤ Measure C from MC and data 

➤ Spend most of time on calculating uncertainties

EXAMPLE: W CROSS-SECTION

Chapter 10: Measurement of the WZ Cross Section

The fiducial e�ciency is the product of the trigger e�ciency, the e�ciency of

event level selections like identifying a primary vertex and reconstructing the E
miss
T

and the individual e�ciencies of all three charged leptons to pass the lepton selection

requirements.

We calculate CWZ by finding the ratio of the number of events which pass the

reconstruction level selections to the number of events which are inside the fiducial

volume at the generator level. Corrections are applied to the signal simulation to

reproduce the resolutions measured in the data, including smearing and scaling of the

lepton momentum and pileup reweighting (see Section 7.2). The fiducial e�ciency is

defined as:

CWZ!l⌫l0l0 =
N

MC Pass All Cuts

Reconstructed WZ!l⌫l0l0 ⇥ SF

NMC Fiducial Volume

Generated WZ!l⌫l0l0
(10.6)

where the Scale Factor (SF) is an event level correction to account for the di↵erences

in reconstruction and trigger e�ciencies between simulation and data. Specifically,

the scale factor is calculated as:

SF =
✏
data
trig

✏MC
trig

·
✏
data
lep reco

✏MC
lep reco

·
✏
data
event reco

✏MC
event reco

(10.7)

where ✏trig is the event level trigger e�ciency, ✏lep reco is the e�ciency of reconstruct-

ing all three leptons, and ✏event reco is the e�ciency of the event passing event level

selections including the primary vertex identification and missing transverse energy

reconstruction.

10.3.3 Total Acceptance

The acceptance correction AWZ extrapolates from the truth level fiducial volume

to the full phase space in which WZ events are produced. The acceptance correction

234

CW = ϵW
event ⋅ ϵW

lep ⋅ ϵW
trig ⋅ SF

22 The ATLAS Collaboration

Parameter dCW/CW (%) dCZ/CZ(%)
Trigger efficiency <0.2 <0.2
Material effects, reconstruction and identification 5.6 8.8
Energy scale and resolution 3.3 1.9
Emiss

T scale and resolution 2.0 -
Problematic regions in the calorimeter 1.4 2.7
Pile-up 0.5 0.2
Charge misidentification 0.5 0.5
FSR modelling 0.3 0.3
Theoretical uncertainty (PDFs) 0.3 0.3
Total uncertainty 7.0 9.4

Table 7: Summary of the different terms contributing to the uncertainty on CW and CZ for electron final states.
The decomposition has been made such that correlations between the various contributions are negligible.

Parameter dCW/CW (%) dCZ/CZ(%)
Trigger efficiency 1.9 0.7
Reconstruction efficiency 2.5 5.0
Momentum scale 1.2 0.5
Momentum resolution 0.2 0.5
Emiss

T scale and resolution 2.0 -
Isolation efficiency 1.0 2.0
Theoretical uncertainty (PDFs) 0.3 0.3
Total uncertainty 4.0 5.5

Table 8: Summary of the different terms contributing to the uncertainty on CW and CZ for muon final states. The
decomposition has been made such that correlations between the various contributions are negligible.

level of ±1%, resulting in a total uncertainty of ± 2% on CW .

In addition uncertainties arising from QED final-state radiation and theoretical uncertainties, resulting
predominantly from structure function parametrisations, have been considered. The purely theoretical
uncertainty on the QED final-state radiation emission is very small, typically smaller than 0.2% [42,43].
It can be neglected compared to the other uncertainties discussed in Section 7.4. In the case of electrons
and collinear emission of QED photons, however, there is an experimental uncertainty arising from the
transport of low-energy photons through the detector material and the response of the electromagnetic
calorimeter which was estimated to be < 0.3% on CW and CZ . Finally, using the prescription described
in Section 7.4, the relative uncertainties on CW and CZ resulting from structure function parametrisations
were estimated to be small, at the level of ±0.3%.

As can be seen from the numbers given in Tables 7 and 8, the total uncertainties on CW and CZ are
larger for electrons than for muons. This is mainly due to the higher sensitivity of electrons to material
effects in the inner detector and the current knowledge of the electron energy scale compared to the muon
momentum scale.

7.3 Measured fiducial cross sections

According to Eq.(5), the correction factors CW and CZ , the number of observed events, and the integrated
luminosity are the elements for the extraction of the fiducial cross sections. All relevant numbers are
summarised, separated for W+, W�, W and Z production and decay in the electron and muon channels
in Tables 9 and 10, respectively. Using these numbers, the fiducial cross sections reported in Table 11
are obtained.

Even with the rather low integrated luminosity of about 320 nb�1, these W cross-section measurements



MEASURING A CROSS SECTION, IN PRACTICE
➤ Generate Monte Carlo, both signal and background processes 

➤ Select (design) trigger 

➤ Object definition and performance 

➤ Design event selection 

➤ Calculate A, measure C, and uncertainties 

➤ Statistical analysis 

➤ Combine electron and muon channel 

➤ Decide how to treat leptonic decays of tau 

➤ Usually performed with a likelihood fit 

➤ Include uncertainties with nuisance parameters 

➤ Measure separately 

➤ fiducial cross-section (no A) 

➤ total cross-section (extrapolate to full phase space)

EXAMPLE: W CROSS-SECTION

Chapter 10: Measurement of the WZ Cross Section

10.5 Cross Section Calculation

We calculate the WZ cross section by building a likelihood function based on

the number of expected and observed events, and finding the cross section which

minimizes the negative log-likelihood of the likelihood function. The cross section is

measured in each of the four channels. To combine channels, a total likelihood is built

from the product of each the individual channel probabilities; one advantage of the

likelihood method is that it ensures that the calculated cross section is the best value

that is consistent across all channels. Another advantage is that the WZ ! ⌧ + X

contribution can be easily included.

The number of expected events can be expressed as the sum of expected signal

events in channel i after all full selection, N i
s, and the number of predicted background

events, N i
b :

N
i
exp = N

i
s +N

i
b (10.10)

Using the observed number of events, N i
obs, we construct a likelihood L based on

the Poisson probability that the expected number of signal and background events

produces the observed number in channel i:

L(N i
obs;N

i
s +N

i
b) =

e
�(N i

s+N i
b) ⇥ (N i

s +N
i
b)

N i
obs

(N i
obs)!

(10.11)

The introduction of systematic uncertainties on the acceptance and e�ciency of

the signal and background selections results in a change in the number of expected

events. Rather than using the uncertainties on AWZ and CWZ directly, we introduce

nuisance parameters that modify the number of expected events. Each systematic

uncertainty in channel i, is assumed to follow a normal distribution with mean zero
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Fig. 11: The measured values of sW ·BR (W ! `n) for W+, W� and for their sum and of sZ/g⇤ ·BR (Z/g⇤ ! ``)

compared to the theoretical predictions based on NNLO QCD calculations (see text). Results are shown for the
electron and muon final states as well as for their combination. The error bars represent successively the statistical,
the statistical plus systematic and the total uncertainties (statistical, systematic and luminosity). All uncertainties
are added in quadrature.

In addition, it is sensitive to new physics processes which change the W or Z production rates or the
W ! `n branching ratio.

Based on the theoretical cross-section calculations presented in Section 7.6 the ratios of the W+,W�,W
to the Z/g⇤ cross sections are predicted to be:

RNNLO
W+/Z = 6.387+0.077

�0.057, RNNLO
W�/Z = 4.445+0.036

�0.054, and RNNLO
W/Z = 10.840 ± 0.054.

In terms of the experimental quantities defined in the previous sections, the ratio R can be written as

R =
Nsig

W

Nsig
Z

· AZ

AW
· CZ

CW
. (8)

In particular, the integrated luminosity and the related uncertainty cancel. The uncertainties on the ratio
of the acceptance factors have already been discussed in Section 7.4. The uncertainty on the ratio of
the correction factors CZ/CW was evaluated separately for the electron and the muon channels. For both
electrons and muons, the correlation between the uncertainties on aW

reco and aZ
reco was taken to be one

for the contribution of the lepton energy scale and resolution and zero for the uncertainties resulting
from the Emiss

T scale (hadronic recoil), which affects only aW
reco. In addition, in the case of electrons, a

correlation between the “tight” (applied in the W analysis) and “medium” (applied in the Z analysis)
electron identification criteria is relevant and was taken into account. The total uncertainty on CW/CZ
was estimated to be ±6.0% for the electron channel and ±3.8% for the muon channel.







MEASURING CROSS-SECTIONS, NEXT STEPS
➤ Measure differential quantities 

➤ Search for new physics 

➤ Constrain PDFs 

➤ Tune MC 

➤ Measure other properties 

➤ Mass, spin, lifetime, etc.. 

➤ Compare to predictions 

➤ Combination of theory + other 
measurements 

Chapter 11: Anomalous Triple Gauge Couplings

WZ system, and the Z boson transverse momentum distribution. The dependence of

these distributions, as well as the dependence of the inclusive W
±
Z cross section, on

the values of aTGC parameters are shown in Figure 11.1 at truth level in simulation.

(a) Anomalous cross section (b) Anomalous leading lepton pT

(c) Anomalous mWZ (d) Anomalous pZT

Figure 11.1: The e↵ect of aTGCs on WZ production in simulation, at the truth level.
A form factor with ⇤ = 2 TeV is used in these distributions. The cross section (upper
left) is shown as a function of each anomalous coupling, while the other couplings are
set to zero. The di↵erential distributions are shown for two specific values of each
anomalous parameter; the values of the aTGCs correspond to the limits found in
the previous analysis. The kinematic distributions have been normalized to the same
area; only shape comparisons are shown here.

As can be seen in Figure 11.1(a), the W
±
Z cross section is a quadratic func-

tion of the anomalous TGCs. For most values of anomalous couplings, the cross
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 in WZ events could be modified at 
high  by anomalous gauge couplings
ZpT

pT



W MASS MEASUREMENT
➤ Motivation 

➤ Top, W, and Higgs Boson masses all connected 
via radiative corrections 

➤ Absolute value of masses is not a prediction 
of the SM but their relationship is 

➤ New particles or interactions might change 
the relation 

➤ Measurement 

➤ Extremely precise measurement needed to test 
predictions and probe for new physics 

➤ Requires dedicated and precise calibration of  
object efficiencies, resolutions, scale, 
uncertainties… very difficult measurement

Electroweak Precision Measurements

• Top quark is the heaviest known fundamental particle
• Today: mtop=172.47+- 0.46 GeV  
• Is this large mass telling us something about 

electroweak symmetry breaking?
• Top yukawa coupling: 
• <H>/(√2 mtop) = 1.0086+-0.0027

• Theory uncertainty: ~0.5 GeV
• Masses related through radiative corrections:

• mW~Mtop
2

• mW~ln(mH)
• If there are new particles the relation might change:

• Precision measurement of top quark, W and Z 
boson masses can reveal new physics

46

W boson mass
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CDF W MASS MEASUREMENT
➤ Precision to 9 MeV! 

➤ Uncertainty from PDFs alone 
dropped from 10 to 3.9 MeV due to 
constraints from LHC measurements 

➤ 7-sigma tension with SM fit!



CDF W MASS MEASUREMENT
➤ Pointing to new physics? 

➤ Or experimental or theoretical 
issue? 

➤ Another motivation for direct 
searches for new physics 

➤ Emphasizes the importance of 
precision measurements 

➤ More on these tomorrow!


