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Introduction

● The goal of this seminar is to clarify a bit some of the concepts that are constantly referred to when speaking about LHC physics measurements.

Main contents

● Why do we have to use simulations in particle-physics experiments?

● The likelihood for measurements with binned data.

● How do we implement statistical uncertainties?

● Methods for statistical inference in LHC measurements.

● Review of some concepts: signal and control regions, the discovery significance.

● Application of all these concepts to one specific ATLAS analysis →  the measurement of the Higgs boson production cross-section in association

with top quarks (ttH) in multi-lepton final states using the ATLAS Run 2 dataset

● The frequentist approach will be assumed in most of the statements made during the talk.
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From 𝒑𝒑 collisions
to the public results
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Which is the goal of a particle-physics experiment?
● Among the sciences, particle physics has a very well established theoretical basis. 

Thanks to Quantum Field Theory, we can predict phenomena not only for the Standard 
Model (SM) but also for physics beyond that.

● This is a luxury that many other fields do not have e.g. climate science, social sciences, 
economics, etc, where the high complexity of the problems difficults predictive power.

● So which is the goal of a particle-physics experiment? In general, it is to make
statements about SM (or BSM) parameters 𝛼 given some data 𝑥.
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• We need  — unfortunately this very high-dimensional integral is intractable, cannot evaluate thisp(x ∣ ϕ)

detector interaction zD parton level zPobservables x

Fig. 1 Pictorial representation of a tt̄h event as produced by an event generator. The hard interaction (big
red blob) is followed by the decay of both top quarks and the Higgs boson (small red blobs). Additional
hard QCD radiation is produced (red) and a secondary interaction takes place (purple blob) before
the final-state partons hadronise (light green blobs) and hadrons decay (dark green blobs). Photon
radiation occurs at any stage (yellow).

on the understanding of LHC physics. The construction, maintenance, validation and extension of event
generators is therefore one of the principal tasks of particle-physics phenomenology today.

The inner working of event generators

Fig. 1 pictorially represents a hadron-collider event, where a tt̄h final state is produced and evolves by
including effects of QCD bremsstrahlung in the initial and final state, the underlying event, hadronisation
and, finally, the decays of unstable hadrons into stable ones. Event generators usually rely on the fac-
torisation of such events into different well-defined phases, corresponding to different kinematic regimes.
In the description of each of these phases different approximations are employed. In general the central
piece of the event simulation is provided by the hard process (the dark red blob in the figure), which
can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few ΛQCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
effective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly difficult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such effects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
parameters to be adjusted by using comparisons with data.
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Figure 2.9: Exemplary Feynman diagrams for the gluon–gluon fusion (top left), vector boson fusion
(top right), V H (bottom left), and t t̄ H (bottom right) processes

 [TeV] s
6 7 8 9 10 11 12 13 14 15

 H
+X

) [
pb

]  
  

→
(p

p 
σ

2−10

1−10

1

10

210 M(H)= 125 GeV

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
6

 H (N3LO QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→pp 
 ZH (NNLO QCD + NLO EW)

→pp 

 ttH (NLO QCD + NLO EW)

→pp 

 bbH (NNLO QCD in 5FS, NLO QCD in 4FS)

→pp 

 tH (NLO QCD, t-ch + s-ch)

→pp 

Figure 2.10: Dominant processes for Higgs boson production with associated cross-sections in proton–
proton collisions, shown as a function of COM energy. Bands indicate theoretical uncertainties in the
cross-section calculation [34].

Higgs boson production

There are four major Higgs boson production modes accessible in proton–proton collisions at the LHC

[34]. Figure 2.9 shows exemplary LO Feynman diagrams for these four modes, while the respective

cross-section as a function of the center-of-mass (COM) energy are presented in figure 2.10 for a Higgs

boson mass of 125 GeV.

The loop-induced gluon–gluon fusion is the dominant production mode. Due to its large Yukawa
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dzPdzD p (zD ∣ zS)p (zS ∣ zP) p (zP ∣ ϕ)p (x ∣ zD)= ∫ dzS

Phys. Lett. B 784 (2018) 173

p (x ∣ ϕ)

The dependence on 
parameters  is here.ϕ

148 D. Muñoz Pérez

dominant systematic uncertainties are the !ω± CR-dependency, the JER, and
the modelling uncertainties of the tt̄W and tt̄Z MC processes.

Table 8.3: The predicted and observed numbers of events in the SRs and CRs.
The predictions are shown after the fit to data. The indicated uncertainties
consider all experimental and theoretical systematic uncertainties. Background
categories with event yields that contribute less than 0.01 to a region are shown
as →.

mf

v
Hf̄f

Top Yukawa coupling

● The connection between 𝛼 and 𝑥 is the likelihood 𝐿! 𝛼 = 𝑝(𝑥|𝛼) → probability of data 𝑥 given specific values for the theory parameters 𝛼.

● Then, given the observed data 𝑥, we find the specific values of 𝛼 that maximize the likelihood → We need the functional form of the likelihood.
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The likelihood
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Fig. 1 Pictorial representation of a tt̄h event as produced by an event generator. The hard interaction (big
red blob) is followed by the decay of both top quarks and the Higgs boson (small red blobs). Additional
hard QCD radiation is produced (red) and a secondary interaction takes place (purple blob) before
the final-state partons hadronise (light green blobs) and hadrons decay (dark green blobs). Photon
radiation occurs at any stage (yellow).

on the understanding of LHC physics. The construction, maintenance, validation and extension of event
generators is therefore one of the principal tasks of particle-physics phenomenology today.

The inner working of event generators

Fig. 1 pictorially represents a hadron-collider event, where a tt̄h final state is produced and evolves by
including effects of QCD bremsstrahlung in the initial and final state, the underlying event, hadronisation
and, finally, the decays of unstable hadrons into stable ones. Event generators usually rely on the fac-
torisation of such events into different well-defined phases, corresponding to different kinematic regimes.
In the description of each of these phases different approximations are employed. In general the central
piece of the event simulation is provided by the hard process (the dark red blob in the figure), which
can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few ΛQCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
effective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly difficult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such effects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
parameters to be adjusted by using comparisons with data.

3

JHEP 0902 (2009) 007CERN-EX-1301009

An intractable likelihood function

8Alexander Held

parton shower zS

2. The Standard Model

g

g

H

q

q

q

H

q

q

q̄

W /Z

H

g

g

t̄

H

t

W /Z

Figure 2.9: Exemplary Feynman diagrams for the gluon–gluon fusion (top left), vector boson fusion
(top right), V H (bottom left), and t t̄ H (bottom right) processes
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Figure 2.10: Dominant processes for Higgs boson production with associated cross-sections in proton–
proton collisions, shown as a function of COM energy. Bands indicate theoretical uncertainties in the
cross-section calculation [34].

Higgs boson production
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radiation occurs at any stage (yellow).
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torisation of such events into different well-defined phases, corresponding to different kinematic regimes.
In the description of each of these phases different approximations are employed. In general the central
piece of the event simulation is provided by the hard process (the dark red blob in the figure), which
can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few ΛQCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
effective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly difficult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such effects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
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(top right), V H (bottom left), and t t̄ H (bottom right) processes
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can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few ΛQCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
effective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly difficult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such effects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
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dominant systematic uncertainties are the !ω± CR-dependency, the JER, and
the modelling uncertainties of the tt̄W and tt̄Z MC processes.

Table 8.3: The predicted and observed numbers of events in the SRs and CRs.
The predictions are shown after the fit to data. The indicated uncertainties
consider all experimental and theoretical systematic uncertainties. Background
categories with event yields that contribute less than 0.01 to a region are shown
as →.

p(x|ε) =
∫

dzd

∫
dzs

∫
dzp p(x|zd) p(zd|zs) p(zs|zp) p(zp|ε)

● We do know the functional form of the probability density functions 𝑝(𝑥|𝑧"), 𝑝(𝑧"|𝑧#), 𝑝(𝑧#|𝑧$) and 𝑝(𝑧$|𝛼).

● However, to get 𝑝(𝑥|𝛼), we need to integrate over the 𝑧",𝑧#,𝑧$ phase space compatible with the measurement 𝑥 → An integral over such an
enormous phase space cannot be computed in practice.

● We have an intractable likelihood i.e. we cannot make statistical inference with it → Solution: a simulation-based approach.

● For a 𝑝𝑝 collider such as the LHC, the functional form of the likelihood for one event looks like this:

data i.e. sensor read-outs,
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categories with event yields that contribute less than 0.01 to a region are shown
as →.
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148 D. Muñoz Pérez
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dominant systematic uncertainties are the !ω± CR-dependency, the JER, and
the modelling uncertainties of the tt̄W and tt̄Z MC processes.

Table 8.3: The predicted and observed numbers of events in the SRs and CRs.
The predictions are shown after the fit to data. The indicated uncertainties
consider all experimental and theoretical systematic uncertainties. Background
categories with event yields that contribute less than 0.01 to a region are shown
as →.

pfull(D|ε) = Pois(n|ϑL ϖ(ε))
∏
i

p(xi|ε)

Likelihood for 𝑛 observed events:



David Muñoz Pérez Student Seminar 11th April 2025 

Simulation-based approach

6
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dominant systematic uncertainties are the !ω± CR-dependency, the JER, and
the modelling uncertainties of the tt̄W and tt̄Z MC processes.

Table 8.3: The predicted and observed numbers of events in the SRs and CRs.
The predictions are shown after the fit to data. The indicated uncertainties
consider all experimental and theoretical systematic uncertainties. Background
categories with event yields that contribute less than 0.01 to a region are shown
as →.

p(x|ε) =
∫

dzd

∫
dzs

∫
dzp p(x|zd) p(zd|zs) p(zs|zp) p(zp|ε)

● We know 𝑝(𝑥|𝑧"), 𝑝(𝑧"|𝑧#), 𝑝(𝑧#|𝑧$) and 𝑝(𝑧$|𝛼). We just can’t compute the integral over the whole phase-space!

● Solution: we simulate points in the 𝑧",𝑧#,𝑧$ phase space i.e. we approximate 𝑝(𝑥|𝛼) by “sampling” the probability
density function 𝑝 𝑥 𝑧" 𝑝 𝑧" 𝑧# 𝑝 𝑧# 𝑧$ 𝑝(𝑧$|𝛼).

● The software that generates all the event samples is referred to as a Monte Carlo generator.

● By simulating many events, one can build histograms to estimate 𝑝 𝑥 𝛼 .

Event samplesAdditional problem:

● The data 𝑥 is not one variable, as shown in the illustration. It corresponds to millions of variables, 
corresponding to the millions of sensor read-outs installed in the detector.

● Histograms are hit by the curse of dimensionality → number of event samples needed scales exponentially
with the dimension of the observation.

● Solution: find one variable or a small set of variables (summary statistics) that condenses the relevant
information about the theory parameter to be measured e.g. if you want to measure the mass of the Z boson
in the 𝑍 → 𝜇𝜇 channel, use the invariant mass of two muons as observable.

● An efficient and precise particle reconstruction is vital for finding a good summary statistics.

● Also, machine learning allows to separate signal from backgrounds → Output score as summary statistics 𝑣.
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The binned likelihood
● Using histograms we can build the binned likelihood. But what is its exact functional form?

7
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dominant systematic uncertainties are the !ω± CR-dependency, the JER, and
the modelling uncertainties of the tt̄W and tt̄Z MC processes.

Table 8.3: The predicted and observed numbers of events in the SRs and CRs.
The predictions are shown after the fit to data. The indicated uncertainties
consider all experimental and theoretical systematic uncertainties. Background
categories with event yields that contribute less than 0.01 to a region are shown
as →.

p(ni|ε) =
N∏

i=1

Poisson (ni|ei(ε)) (8.7)

𝜇 = 1 → Signal is present, with the SM cross-section.

𝜇 = 0 → Signal is not present.

The Poisson distribution describes the probability of 
observing 𝑛% events in bin 𝑖 when expecting 𝑒%. 

● Notice the expected number of events in each bin, 𝑒%, is what we are simulating with Monte Carlo → 𝒆𝒊
depends on the theory parameters 𝜶.  

● When one is searching for a certain process, the parameter of interest 𝛼 is typically chosen to be the
so-called signal strength 𝜇, with 𝑒% parametrised as

How do we measure the physical parameter 𝝁?

● We simply find the value of 𝜇 that maximizes the binned likelihood 𝑝 𝑛% 𝜇 .

● Such value is called the maximum-likelihood estimator (MLE) of 𝜇 →  7𝜇

𝜇̂ ~ 1.0

𝜇̂ ~ 1.5
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dominant systematic uncertainties are the !ω± CR-dependency, the JER, and
the modelling uncertainties of the tt̄W and tt̄Z MC processes.

Table 8.3: The predicted and observed numbers of events in the SRs and CRs.
The predictions are shown after the fit to data. The indicated uncertainties
consider all experimental and theoretical systematic uncertainties. Background
categories with event yields that contribute less than 0.01 to a region are shown
as →.

ei(µ) = µ · si + bi (8.7)
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What about systematic uncertainties?

8

● Systematic uncertainties include

○ Theory uncertainties e.g. on the calculation of the theoretical cross-section of the
simulated process.

○ Experimental uncertainties e.g. uncertainties on the measured energy of the different
objects → These are obtained from dedicated auxiliary measurements.

● How are systematics uncertainties implemented into the binned likelihood? They are 
implemented as nuisance parameters 𝜃' (𝑗 = 1,… ,𝑀), representing the 𝑀 auxiliary
measurements that define the different systematic uncertainties 𝜃(𝜃( − ∆𝜃 𝜃( + ∆𝜃
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dominant systematic uncertainties are the !ω± CR-dependency, the JER, and
the modelling uncertainties of the tt̄W and tt̄Z MC processes.

Table 8.3: The predicted and observed numbers of events in the SRs and CRs.
The predictions are shown after the fit to data. The indicated uncertainties
consider all experimental and theoretical systematic uncertainties. Background
categories with event yields that contribute less than 0.01 to a region are shown
as →.

p(ni|µ, εϑ) =
N∏

i=1

Poisson
(
ni|ei(µ, εϑ)

) M∏

j=1

N (ϑ0, !ϑ|ϑj) (8.7)

ei(µ, εϑ) = µ · si(εϑ) + bi(εϑ) (8.8)

● Nuisance parameters 𝜃' are present in both the Poisson counting
term and in the Gaussian auxiliary measurement term → This may
generate a competition between both terms when maximizing the
likelihood

Poisson counting term
of the likelihood

Gaussian constrain term
of the likelihood
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Signal regions and control regions
● Signal region → Region of the phase space defined by certain selection cuts that try to maximize the S/ 𝐵 ratio e.g. if you are looking for the

Higgs boson in the 𝐻→𝛾𝛾 channel, one of the selection cuts for your SR will be to have 𝑚)) around the Higgs-boson mass peak.

9

● Even applying the most efficient selection cuts for your SR, in general you will still have
contributions from other processes that you are not targetting in your measurement
(backgrounds).

● Instead of assuming that the background behaves exactly as predicted by the SM, one can 
define a control region for such background.

● Control region → Region of the phase-space enriched with events of a certain background
process. It is used to fit such background process to data i.e. providing a more realistic
estimate of the number of background events.
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dominant systematic uncertainties are the !ω± CR-dependency, the JER, and
the modelling uncertainties of the tt̄W and tt̄Z MC processes.

Table 8.3: The predicted and observed numbers of events in the SRs and CRs.
The predictions are shown after the fit to data. The indicated uncertainties
consider all experimental and theoretical systematic uncertainties. Background
categories with event yields that contribute less than 0.01 to a region are shown
as →.

p(ni|µ, εϑ) =
N∏

i=1

Poisson
(
ni|ei(µ, εϑ)

) M∏

j=1

N (ϑ0, !ϑ|ϑj) (8.7)

ei(µ, εϑ) = µ · si(εϑ) + Nb · bi(εϑ) (8.8)

Signal
region

Control
region
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Hypothesis testing and the sigmas thing
● When targeting the discovery of a process, two different hypothesis are tested:

○ Null hypothesis 𝐻( → Corresponds to 𝜇 = 0 i.e. background-only hypothesis.

○ Alternative hypothesis 𝐻* → Corresponds to 𝜇 = 1 i.e. signal+background hypothesis.

10
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Figure 6.1: Example for the expected distribution of a test statistic t(x) = n
for the null hypothesis H0 (background-only) and the alternative hypothesis
H1 (signal + background). The ω and ε integrals defined by tthres are also
shown, together with the observed value of the test statistic tobs.

level of significance where an e!ect is said to qualify as a discovery is Z = 5,
i.e. a 5ϑ e!ect, corresponding to a p-value of 2.87 ·10→7. One’s actual degree of
belief that a new process is present, however, will depend in general on other
factors as well, such as the plausibility of the new signal hypothesis and the
degree to which it can describe the data, the confidence in the model that
led to the observed p-value, and possible corrections for multiple observations
out of which one focuses on the smallest p-value obtained (the “look-elsewhere
e!ect”).

The profile likelihood ratio

Suppose one wants to test hypothetical values of the parameter µ, but the
model also contains NPs ϖϱ. To find a p-value for µ one can construct a test
statistic tµ such that larger values constitute increasing incompatibility be-
tween the data and the hypothesis. Then, for an observed value of the statistic
tµ,obs, the p-value of µ is

pµ(ϖϱ) =

∫ ↑

tµ,obs

f(tµ|µ, ϖϱ)dtµ, (6.10)

which depends in general on the NPs ϖϱ. In the strict frequentist approach, µ
is rejected only if the p-value is less than ω for all possible values of the NPs.
This complicates hypothesis testing and decision making. Such di”culty is

● Test statistic t(𝑥) → Scalar function of the data 𝑥. A simple choice of t(𝑥) could be the total number of observed events t 𝑥 = 𝑛.  

Example (see figure)

● We expect ~9(15) events under the assumption of 𝐻((𝐻*).

● Before looking at data, we define the critical region 𝛼, which defines the region
for which we will reject the 𝐻( hypothesis → Normally 𝛼 is a very low number to 
be quite sure when rejecting 𝐻(.

● Then, we look at data → We observe 11 events i.e. 𝑡+,# = 11 → We cannot
reject the background-only hypothesis.

Observed discovery significance

● The 𝑡+,# value determines the significance
of the background-only hypothesis rejection.

● In our example, if we had observed 20 
events i.e. 𝑡+,# = 20, we would have
rejected 𝐻( with a good significance.
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The Standard-Model Higgs boson
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The SM Higgs boson
● After the discovery of the Higgs boson by ATLAS and CMS in 2012, the measurement of its properties has been a priority.

● The coupling between the Higgs boson and other particles is defined by the particle’s mass and type. Three types of couplings to massive particles:

12
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| Unveiling the Higgs sector with tau-leptons | Antonio J. Gómez Delegido

• After the discovery of the Higgs boson by ATLAS and CMS, the measurement of its properties has been a priority.

• Coupling between the Higgs boson and particles defined by the particle’s mass and type. Three types of couplings to 
massive particles:

Gauge couplings to vector bosons
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• Precision measurements of couplings are crucial: 

• Test of spontaneous symmetry-breaking mechanism (gauge couplings).

• Test for Standard Model predictions in the Higgs sector (Yukawa interacions and self-interaction). Page 5
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• Precision measurements of couplings are crucial: 

• Test of spontaneous symmetry-breaking mechanism (gauge couplings).

• Test for Standard Model predictions in the Higgs sector (Yukawa interacions and self-interaction). 

Gauge couplings to vector bosons Yukawa couplings to fermions e.g. 𝑯𝒕𝒕̅ coupling

Self-couplings of the Higgs field

● Precision measurements of couplings are crucial:

○ Test of spontaneous symmetry-breaking mechanism.

○ Test for Standard Model predictions in the Higgs sector (modified couplings, CPV, etc).
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The SM Higgs boson: production and decay at the LHC

13
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boson. However, the statistical uncertainties associated with these early 
measurements allowed considerable room for possible interpretations 
of the data in terms of new phenomena beyond the standard model and 
left many predictions of the standard model untested.

The characterization of the Higgs boson continued during the Run 2 
data-taking period between 2015 and 2018. About 9 million Higgs bos-
ons are predicted to have been produced in the ATLAS detector during 
this period, of which only about 0.3% are experimentally accessible. This 
is 30 times more events than at the time of its discovery, owing to the 
higher rate of collisions and the increase of the collision energy from 
8 teraelectronvolts (TeV) to 13 TeV, which raises the production rate. In 
this Article, the full Run 2 dataset, corresponding to an integrated lumi-
nosity of 139 inverse femtobarns (fb−1), is used for the measurements of 
Higgs boson production and decay rates, which are used to study the 
couplings between the Higgs boson and the particles involved. This 
improves on the previous measurements obtained with partial Run 2 
datasets21,22. The corresponding predictions depend on the value of 
the Higgs boson mass, which has now been measured by the ATLAS 
and CMS experiments23–25 with an uncertainty of approximately 0.1%. 
The predictions employed in this article use the combined central 
value of 125.09 GeV23.

The dominant production process at the LHC, which accounts for 
about 87% of Higgs boson production, is the heavy-quark loop-mediated 
gluon–gluon fusion process (ggF). The second most copious process 
is vector boson fusion (VBF), in which two weak bosons, either Z or W 
bosons, fuse to produce a Higgs boson (7%). Next in rate is production 
of a Higgs boson in association with a weak (V = W, Z) boson (4%). Pro-
duction of a Higgs boson in association with a pair of top quarks tt H( ) 
or bottom quarks bb H( ) each account for about 1% of the total rate. 
The contribution of other qqH processes is much smaller and experi-
mentally not accessible. Only about 0.05% of Higgs bosons are pro-
duced in association with a single top quark (tH). Representative 
Feynman diagrams of these processes are shown in Fig. 1a–e. After it 
is produced, the Higgs boson is predicted to decay almost instantly, 
with a lifetime of 1.6 × 10−22 seconds. More than 90% of these decays 
are via eight decay modes (Fig. 1f–i): decays into gauge boson pairs, 
that is, W bosons with a probability, or branching fraction, of 22%, Z 
bosons 3%, photons (γ) 0.2%, Z boson and photon 0.2%, as well as decays 
into fermion pairs, that is, b quarks 58%, c quarks 3%, τ leptons 6%, and 
muons (µ) 0.02%. There may also be decays of the Higgs boson into 
invisible particles, above the standard model prediction of 0.1%, which 
are also searched for. Such decays are possible in theories beyond the 
standard model, postulating, for example, the existence of dark matter 
particles that do not interact with the detector.

In this Article, the mutually exclusive measurements of Higgs boson 
production and decays probing all processes listed above are combined, 

taking into account the correlations among their uncertainties. In a 
single measurement, different couplings generally contribute in the 
production and decay. The combination of all measurements is there-
fore necessary to constrain these couplings individually. This enables 
key tests of the Higgs sector of the standard model to be performed, 
including the determination of the coupling strengths of the Higgs 
boson to various fundamental particles and a comprehensive study of 
the kinematic properties of Higgs boson production. The latter could 
reveal new phenomena beyond the standard model that are not observ-
able through measurements of the coupling strengths.

The ATLAS detector at the LHC
The ATLAS experiment12 at the LHC is a multipurpose particle detec-
tor with a forward–backward symmetric, cylindrical geometry and a 
near 4π coverage in solid angle. The detector records digitized signals 
produced by the products of LHC’s proton bunch collisions, hereafter 
termed collision ‘events’. It is designed to identify a wide variety of 
particles and measure their momenta and energies. These particles 
include electrons, muons, τ leptons and photons, as well as gluons 
and quarks, which produce collimated jets of particles in the detector.  
Because the jets from b quarks and c quarks contain hadrons with rela-
tively long lifetimes, they can be identified by observing a decay vertex, 
which typically occurs at a measurable distance from the collision 
point. The presence of particles that do not interact with the detector, 
such as neutrinos, can be inferred by summing the vector momenta of 
the visible particles in the plane transverse to the beam and imposing 
conservation of transverse momenta.

The detector components closest to the collision point measure 
charged-particle trajectories and momenta. This inner spectrometer is 
surrounded by calorimeters that are used in the identification of parti-
cles and in the measurement of their energies. The calorimeters are in 
turn surrounded by an outer spectrometer dedicated to measuring the 
trajectories and momenta of muons, the only charged particle to travel 
through the calorimeters. A two-level trigger system was optimized 
for Run 2 data-taking26 to select events of interest at a rate of about 
1 kHz from the proton bunch collisions occurring at a rate of 40 MHz. 
An extensive software suite27 is used in the simulation, reconstruction 
and analysis of real and simulated data, in detector operations, and in 
the trigger and data-acquisition systems of the experiment.

Input measurements and combination procedure
Physics analyses typically focus on particular production and decay pro-
cesses and measure the number of Higgs boson candidates observed 
after accounting for non-Higgs background processes. To determine 
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Fig. 1 | Examples of Feynman diagrams for Higgs boson production and 
decay. a–e, The Higgs boson is produced via gluon–gluon fusion (a), vector 
boson fusion (VBF; b) and associated production with vector bosons (c), top or 
b quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a 
pair of vector bosons (f), a pair of photons or a Z boson and a photon (g), a pair 

of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs boson 
interactions with gluons or photons are shown in blue, and processes involving 
couplings to W or Z bosons in green, to quarks in orange, and to leptons in red. 
Two different shades of green (orange) are used to separate the VBF and VH  
(tt H and tH) production processes.
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boson. However, the statistical uncertainties associated with these early 
measurements allowed considerable room for possible interpretations 
of the data in terms of new phenomena beyond the standard model and 
left many predictions of the standard model untested.

The characterization of the Higgs boson continued during the Run 2 
data-taking period between 2015 and 2018. About 9 million Higgs bos-
ons are predicted to have been produced in the ATLAS detector during 
this period, of which only about 0.3% are experimentally accessible. This 
is 30 times more events than at the time of its discovery, owing to the 
higher rate of collisions and the increase of the collision energy from 
8 teraelectronvolts (TeV) to 13 TeV, which raises the production rate. In 
this Article, the full Run 2 dataset, corresponding to an integrated lumi-
nosity of 139 inverse femtobarns (fb−1), is used for the measurements of 
Higgs boson production and decay rates, which are used to study the 
couplings between the Higgs boson and the particles involved. This 
improves on the previous measurements obtained with partial Run 2 
datasets21,22. The corresponding predictions depend on the value of 
the Higgs boson mass, which has now been measured by the ATLAS 
and CMS experiments23–25 with an uncertainty of approximately 0.1%. 
The predictions employed in this article use the combined central 
value of 125.09 GeV23.

The dominant production process at the LHC, which accounts for 
about 87% of Higgs boson production, is the heavy-quark loop-mediated 
gluon–gluon fusion process (ggF). The second most copious process 
is vector boson fusion (VBF), in which two weak bosons, either Z or W 
bosons, fuse to produce a Higgs boson (7%). Next in rate is production 
of a Higgs boson in association with a weak (V = W, Z) boson (4%). Pro-
duction of a Higgs boson in association with a pair of top quarks tt H( ) 
or bottom quarks bb H( ) each account for about 1% of the total rate. 
The contribution of other qqH processes is much smaller and experi-
mentally not accessible. Only about 0.05% of Higgs bosons are pro-
duced in association with a single top quark (tH). Representative 
Feynman diagrams of these processes are shown in Fig. 1a–e. After it 
is produced, the Higgs boson is predicted to decay almost instantly, 
with a lifetime of 1.6 × 10−22 seconds. More than 90% of these decays 
are via eight decay modes (Fig. 1f–i): decays into gauge boson pairs, 
that is, W bosons with a probability, or branching fraction, of 22%, Z 
bosons 3%, photons (γ) 0.2%, Z boson and photon 0.2%, as well as decays 
into fermion pairs, that is, b quarks 58%, c quarks 3%, τ leptons 6%, and 
muons (µ) 0.02%. There may also be decays of the Higgs boson into 
invisible particles, above the standard model prediction of 0.1%, which 
are also searched for. Such decays are possible in theories beyond the 
standard model, postulating, for example, the existence of dark matter 
particles that do not interact with the detector.

In this Article, the mutually exclusive measurements of Higgs boson 
production and decays probing all processes listed above are combined, 

taking into account the correlations among their uncertainties. In a 
single measurement, different couplings generally contribute in the 
production and decay. The combination of all measurements is there-
fore necessary to constrain these couplings individually. This enables 
key tests of the Higgs sector of the standard model to be performed, 
including the determination of the coupling strengths of the Higgs 
boson to various fundamental particles and a comprehensive study of 
the kinematic properties of Higgs boson production. The latter could 
reveal new phenomena beyond the standard model that are not observ-
able through measurements of the coupling strengths.

The ATLAS detector at the LHC
The ATLAS experiment12 at the LHC is a multipurpose particle detec-
tor with a forward–backward symmetric, cylindrical geometry and a 
near 4π coverage in solid angle. The detector records digitized signals 
produced by the products of LHC’s proton bunch collisions, hereafter 
termed collision ‘events’. It is designed to identify a wide variety of 
particles and measure their momenta and energies. These particles 
include electrons, muons, τ leptons and photons, as well as gluons 
and quarks, which produce collimated jets of particles in the detector.  
Because the jets from b quarks and c quarks contain hadrons with rela-
tively long lifetimes, they can be identified by observing a decay vertex, 
which typically occurs at a measurable distance from the collision 
point. The presence of particles that do not interact with the detector, 
such as neutrinos, can be inferred by summing the vector momenta of 
the visible particles in the plane transverse to the beam and imposing 
conservation of transverse momenta.

The detector components closest to the collision point measure 
charged-particle trajectories and momenta. This inner spectrometer is 
surrounded by calorimeters that are used in the identification of parti-
cles and in the measurement of their energies. The calorimeters are in 
turn surrounded by an outer spectrometer dedicated to measuring the 
trajectories and momenta of muons, the only charged particle to travel 
through the calorimeters. A two-level trigger system was optimized 
for Run 2 data-taking26 to select events of interest at a rate of about 
1 kHz from the proton bunch collisions occurring at a rate of 40 MHz. 
An extensive software suite27 is used in the simulation, reconstruction 
and analysis of real and simulated data, in detector operations, and in 
the trigger and data-acquisition systems of the experiment.

Input measurements and combination procedure
Physics analyses typically focus on particular production and decay pro-
cesses and measure the number of Higgs boson candidates observed 
after accounting for non-Higgs background processes. To determine 
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Fig. 1 | Examples of Feynman diagrams for Higgs boson production and 
decay. a–e, The Higgs boson is produced via gluon–gluon fusion (a), vector 
boson fusion (VBF; b) and associated production with vector bosons (c), top or 
b quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a 
pair of vector bosons (f), a pair of photons or a Z boson and a photon (g), a pair 

of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs boson 
interactions with gluons or photons are shown in blue, and processes involving 
couplings to W or Z bosons in green, to quarks in orange, and to leptons in red. 
Two different shades of green (orange) are used to separate the VBF and VH  
(tt H and tH) production processes.

87% 7% 4% 1% <1%

22%(𝑊𝑊), 3%(𝑍𝑍) 0.2%(𝛾𝛾), 0.2%(Z𝛾) 58%(𝒃𝒃), 3%(𝑐𝑐) 6%(𝜏𝜏), 0.02%(𝜇𝜇)

Main Higgs production and decay channels for 𝒑𝒑 collisions at 𝒔 = 𝟏𝟑 TeV (𝒎𝑯 = 𝟏𝟐𝟓 GeV)

𝑡 ̅𝑡𝐻 provides a window to the direct measurement of the top-Higgs coupling (gluon-gluon fusion provides larger
cross-section but the loop could include BSM particles and bias the coupling measurement)

● The SM Higgs couplings, the collided partices (𝑝𝑝 in the case of the LHC) and the collision energy determine the predicted Higgs production
and decay rates:
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𝒕𝒕̅𝑯 production in multi-lepton final states
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Why 𝒕𝒕̅𝑯? Which 𝒕𝒕̅𝑯?
● Direct measurement of the top-Higgs Yukawa coupling.

● Test of the electroweak symmetry breaking.

● Helps with sensitivity to Higgs self-coupling.

● Allows to measure the CP properties of the top-Higgs interaction → Potential source of CP violation contributing to the observed baryon asymmetry.

● 𝑡 ̅𝑡𝐻 production measurement is typically splitted in different analyses depending on the Higgs decay mode:

15
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Figure 5: Combined tt̄H production cross section, as well as cross sections measured in the individual analyses,
divided by the SM prediction. The �� and Z Z

⇤ ! 4` analyses use 13 TeV data corresponding to an integrated
luminosity of 79.8 fb�1, and the multilepton and bb̄ analyses use data corresponding to an integrated luminosity
of 36.1 fb�1. The black lines show the total uncertainties, and the bands indicate the statistical and systematic
uncertainties. The red vertical line indicates the SM cross-section prediction, and the grey band represents the
PDF+↵S uncertainties and the uncertainties due to missing higher-order corrections.

11

𝑡 ̅𝑡𝐻 observation (Phys. Lett. B 784 (2018) 173)

● 𝑡 ̅𝑡𝐻 cross-section measurements using the full Run 2 dataset (140 𝑓𝑏.* at 𝑠 = 13 TeV) have been provided in the 𝐻→𝑍𝑍∗→4ℓ (Eur. Phys. J. 
C 80 (2020) 957), 𝐻→𝛾𝛾 (JHEP 07 (2023) 088) and 𝐻→𝑏\𝑏 (arXiv:2407.10904) channels. Not yet in the 𝑯→multi-lepton (ML) channel !!

https://www.sciencedirect.com/science/article/pii/S0370269318305732?via%3Dihub
https://link.springer.com/article/10.1140/epjc/s10052-020-8227-9
https://link.springer.com/article/10.1007/JHEP07(2023)088
https://arxiv.org/abs/2407.10904
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𝒕𝒕̅𝑯 ML analysis
● The 𝑡 ̅𝑡𝐻 ML channel targets Higgs decays that yield multiple leptons in the final state i.e. 𝐻→𝑊𝑊, 𝐻→𝑍𝑍∗ (not to 

4ℓ ) and 𝐻→𝜏𝜏.

● Note: In ATLAS, we distinguish light leptons ℓ (𝑒,𝜇), which traverse the full detector and interact with it, from 𝜏
leptons, which do not reach the detector material since they decay next to the interaction point. Hadronically-
decaying 𝜏 leptons can be identified by looking at the resultant hadrons. However, leptonically-decaying 𝜏 leptons
cannot be identified since light leptons coming from 𝜏 cannot be distinguised from light leptons coming from the
hard-scattering.

● We define several analysis channels depending on the number of selected light leptons ℓ (𝑒,𝜇) and hadronically-
decaying 𝜏 leptons (𝜏01").

16

ATLAS DRAFT

4 Analysis Strategy769

The measurements are performed by analysing several final states that are categorised into a total of six770

channels by their number of hadronically decaying tau leptons, ghad (as defined in Section 3.2.7) and light771

leptons, ✓(= 4, `) (as defined in Table 5), after overlap removal, thus ensuring the orthogonality of the772

various channels. There are two zero-ghad channels: two-lepton same-sign 2✓SS + 0ghad and three-lepton,773

3✓ + 0ghad . There is one single-ghad channel: 2✓SS+1ghad. There are two two-ghad channels: 1✓+2ghad and774

2✓ + 2ghad. There is one channel with four leptons: 4✓. These are summarised in Figure 3.775
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Figure 3: CC̄� multilepton channels in terms of light lepton and and ghad multiplicities.

Machine learning classification-based algorithms are optimised for the extraction of the CC̄� signal and for776

some of the channel also to separat the C� process. These are described in detail in the following section.777

In the 0ghad channels the strategy builds upon the recent ttW measurement [44] to make use of the improved778

understanding of fakes and CC̄, modelling derived in that analysis. The template Fit model is used for the779

background estimation, as described in Section 6.2.1.780

For the ghad channels the strategy is similar to the 80 fb�1 ttHML analysis [38]. In the 2✓SS+1ghad channel781

an updated fake estimation is used, as described in Section 6.2.2.782

The Higgs CP properties will be measured using the same region definitions and background estimates,783

but with a fit parametrised to extract the CP parameters ^C0 and U. Some dependence on the Higgs CP is784

expected from the ?T(�) as shown in Figure 4. To most thoroughly probe the CP nature of the top-Higgs785

coupling, all relevant processes, such as tWH and tHq, are considered as signal in the CP interpretation786

analysis. Notably, tHq exhibits a significant increase in cross section compared to the nominal hypothesis787

of no CP violation, as shown in Figure 1(left). To leverage this enhancement, a dedicated tHq region is788

incorporated into the analysis. For this purpose, the MVAs described in subsequent Sections 5.1.2 and 5.2.2,789

are trained with tHq also treated as a signal process. In the interest of uniformity and to streamline the790

analysis procedure, these tHq regions are considered as part of the nominal analysis (namely the inclusive791
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 In this channel major backgrounds  
are ttW(+jets) and ttZ(+jets) 
 3L example:

34
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Event selection
● My work mainly covered the analysis of the most sensitive final state i.e. the 𝟑𝓵 + 𝟎𝝉𝒉𝒂𝒅 final state.
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Event selection in the 𝟑𝓵 + 𝟎𝝉𝒉𝒂𝒅 channel 

● Use machine learning to build discriminants that separate signal from main backgrounds

(summary statistics, remember that!?).

● A BDT is trained with 5 clases (signal and main backgrounds): 𝑡 ̅𝑡𝐻 𝑡 ̅𝑡𝑊, 𝑡 ̅𝑡𝑍, 𝑊𝑍 and 𝑡 ̅𝑡. 

This allows to define five BDT-output discriminants.
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 In this channel major backgrounds  
are ttW(+jets) and ttZ(+jets) 
 3L example:

34
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● 3 light leptons ℓ (𝑒,𝜇)

● 0 hadronic 𝜏 leptons

● At least two jets

● At least one b-jet

● |𝑚𝓵!𝓵" − 𝑚6| > 10 GeV
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Regions definition
● The five BDT-output discriminants are used to split the available phase space into several regions.

18

ATLAS DRAFT
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Figure 23: tt̄H response as a function of tt̄W and tt̄H scores (left), and tt̄Z And tt̄W scores (right).

other regions, Zn is maximized for the specific background over all other processes. The precise order984

of optimization or region definition is tt̄H, tH, tt̄W , tt̄Z , VV , and tt̄. Events assigned to a region are not985

considered in the optimization of subsequent regions.986

This approach enables the definition of regions that directly align with the outcomes of the training and has987

been favored over other methods that simply required each region to be populated with events having the988

highest score for a particular class. The former region optimization method demonstrated better sensitivity989

and has therefore been selected for the analysis in the 3` channel. The results of the optimization process990

yield the region definitions as shown in Table 14.991

Table 14: Definitions of the 3` MVA regions. The cuts shown in this table are applied in addition to the 3` MVA
preselection (cf. Table 7).

Regions Selections

tt̄H SR tt̄H > 0.2.

tH SR tH jb > 0.25, tt̄H < 0.2.

tt̄W CR tt̄W > 0.3, tt̄H < 0.2, tH jb < 0.25.

tt̄Z CR tt̄Z > 0.45, tt̄H < 0.2, tH jb < 0.25, tt̄W < 0.3.

VV CR VV > 0.65, tt̄H < 0.2, tH jb < 0.25, tt̄W < 0.3, tt̄Z < 0.45.

tt̄ Region tt̄ > 0.25, tt̄H < 0.2, tH jb < 0.25, tt̄W < 0.3, tt̄Z < 0.45, VV < 0.65.

Other Region tt̄ < 0.25, tt̄H < 0.2, tH jb < 0.25, tt̄W < 0.3, tt̄Z < 0.45, VV < 0.65.

These seven regions will be referred to as the 3` MVA regions from now on in order to di�erentiate them992

from the other regions that will also enter the 3` fit and are orthogonal to the 3` MVA preselection phase993

space. The event yields for the 3` MVA regions are shown in Table 15.994
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Example Feynman diagrams in the 3ℓ
channel for the signal (𝑡𝑡𝐻) and most-

relevant background (𝑡𝑡𝑊 and 𝑡𝑡𝑍) 
processes.

● The BDT does an amazing job separating signal from
background events → it allows to define a much more 
sensitive phase space to measure 𝑡 ̅𝑡𝐻 events: the 𝑡 ̅𝑡𝐻
signal region (SR).

● Apart from the six regions defined using the BDT output 
scores, we define additional control regions to constrain
the main backgrounds.

Table 3: Expected number of events in the 3` channel pre-selection and in the

signal region.

Pre-selection tt̄H SR

tt̄H 83 ± 9 56 ± 6

tt̄W 200 ± 23 59 ± 6

tt̄Z/� 179 ± 6 76 ± 3

WZ 119 ± 9 8.7 ± 1.0

WW/ZZ 30 ± 7 1.8 ± 0.6

Fake-lepton (int. �-conv.) 9 ± 5 2.4 ± 1.3

Fake-lepton (mat. �-conv.) 15 ± 4 2.4 ± 0.4

Fake-lepton (HF µ) 25 ± 7 4.4 ± 3.0

Fake-lepton (HF e) 30 ± 11 5.3 ± 1.9

tZ 32.9 ± 3.3 5.4 ± 0.6

WtZ 16 ± 8 3.8 ± 1.9

tt̄tt̄ 12 ± 5 5.0 ± 2.1

tt̄t 1.5 ± 0.5 0.66 ± 0.23

tt̄WW 10 ± 5 4.7 ± 2.3

V V V 3.9 ± 1.2 0.57 ± 0.19

V H 7.1 ± 2.3 2.1 ± 1.2

tHq 1.70 ± 0.27 0.40 ± 0.07

tWH 2.95 ± 0.32 1.50 ± 0.17

Total 780 ± 40 241 ± 13
S/

p
B 3.14 4.12

3

Expected number of events (SM)
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Input bins
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Figure 14: .

9

The HistFactory model
• HistFactory is a statistical model for binned template fits (CERN-OPEN-2012-016 ) 

‣ prescription for constructing probability density functions from small set of building blocks 

‣ covers a wide range of use cases (and can be extended if needed) 

‣ here: primary observables are , auxiliary observables are ⃗n ⃗a

17Alexander Held

p( ⃗n, ⃗a ∣ ⃗k, ⃗θ) = ∏
i

Pois(ni ∣ νi( ⃗k, ⃗θ)) ⋅ ∏
j

cj(aj ∣ θj)

prediction (summed 
over samples)observed data

auxiliary data, e.g. from 
calibration measurement product over all bins

unconstrained 
parameters, e.g. POI

constrained nuisance 
parameters

constraint term (e.g. 
Gaussian)

primary term auxiliary term

see also: 
CMS Combine 

arXiv:2404.06614
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Results
● We found that the observed (expected) significance for a 𝑡 ̅𝑡𝐻 excess in the 3ℓ + 0𝜏01" channel is 𝟐. 𝟗𝟒𝝈 (𝟑. 𝟎𝟕𝝈).
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SM (i𝝁 = 𝟏)
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Most relevant nuisance parameters
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Thanks for your attention :)
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Some useful references
● Simulation-based inference methods for particle physics → https://arxiv.org/abs/2010.06439

● Particle Data Group (PDG) review on Statistics → https://pdg.lbl.gov/2024/reviews/rpp2024-rev-statistics.pdf

● HistFactory: A tool for creating statistical models for use with RooFit and RooStats → https://cds.cern.ch/record/1456844
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