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Abstract

This thesis presents the search for the rare decays of the Z and Higgs bosons to a photon and
a charmonium state J/ or  (2S), which subsequently decays to a pair of muons. The channel
under study is a probe of the Higgs coupling to the charm quark, thanks to a predicted direct
decay process going through a charm quark loop, and it is characterized by a low amount of
standard model backgrounds. The similar Z decay is included in the study as the sensitivity
needed for an observation is expected to be reached first, offering a benchmark for the validation
of the theoretical prediction of the branching fractions. New and unexpected physics might enter
in the loop processes and affect the observed decay rates, making the study of rare Higgs boson
decays to a meson and a photon a particularly promising ground for anomaly searches.

The dataset for the study corresponds to an integrated luminosity of 123 fb−1 of proton-proton
collisions at a center-of-mass energy

√
s = 13 TeV collected during 2016-2018 with the CMS

detector at the LHC. No evidence for branching fractions of these rare decay channels larger
than predicted in the standard model is observed. Upper limits at 95% confidence level are
set: (H → J/ 
) < 2.6 × 10−4, (H →  (2S)
 ) < 9.9 × 10−4, (Z → J/ 
) < 0.6 × 10−6,
and (Z →  (2S)
 ) < 1.3 × 10−6. The ratio of the Higgs boson coupling modifiers �c/�
 is
constrained to be in the interval (−157, +199) at 95% confidence level. Assuming �
 = 1, this
interval becomes (−166, +208).
The analysis is statistically limited and it would profit from higher trigger efficiencies. This

limitation is more generally affecting the class of Higgs boson decays to a meson and a photon
and to a pair of mesons, particularly when the mesons involved are the � and the �. This thesis
presents a novel data taking and real-time analysis approach for the CMS Phase-2 upgrade at High-
Luminosity LHC that allow to perform the analysis using the Level-1 trigger (L1T) reconstruction
and to bypass the event rejection imposed by the L1T selection. The system implementing this
idea, known as Level-1 trigger Data Scouting (L1DS), will collect and perform an online analysis
at the full event collision rate on the reconstructed Phase-2 L1T objects, which will have efficiency
and resolution often comparable to the offline one. The L1DS system will enable the search for
signatures that feature a too-large irreducible background and therefore currently rejected by
the tight requirement on the L1T output rate budget, and signatures for which the background
rejection requires algorithms that do not fit within L1T latency and hardware resource constraints.
Additionally, it will provide vast amount of data for fast detector diagnostic. A demonstrator of the
L1DS system, assembled and commissioned in 2023, is presented. Its architecture and results after
its successful deployment in production starting from 2024 are also discussed. The demonstrator
will allow the test of different approaches to acquire and process online data from the L1T system,
thus shaping the development of the Phase-2 L1DS on real collision data. Projections of the L1DS
performance on the rare Higgs boson decays to a meson and a photon or to a pair of mesons are
carried out on simulated data. The results highlight how the scouting approach is suitable for the
search of these elusive decays, which might open the path to new measurements of light quark
flavor couplings.
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Introduction

The discovery of the Higgs boson in 2012 by the CMS and ATLAS experiments marked a significant
milestone in understanding the Standard Model (SM) of particle physics. This breakthrough has
led to a new phase of research focused on measuring the Higgs boson interactions with other SM
particles. While couplings to gauge bosons and third-generation fermions have been observed
and align with SM predictions, the couplings to first and second-generation fermions remain
experimentally not established. Further data, particularly from the current LHC Run-3 and the
upcoming High-Luminosity LHC (HL-LHC), are crucial for refining these measurements and
potentially uncovering new physics.
A promising avenue of research involves studying the rare decays of the Higgs boson, which

could reveal new physics through loop processes and anomalous couplings. Decays to a charmed
meson such as the  (nS) and a photon could probe the Yukawa coupling with the charm quark,
with an expected branching fraction of the order of 10−6. With a similar rate, decays to a �meson
and a photon constitute a handle to probe the Yukawa coupling with the strange quark, while
decays to a � meson and a photon are sensitive to the coupling to the first-generation up and
down quarks, with a branching fraction of the order of 10−5. The same type of decay involving the
Υ meson, with a lower branching fraction of the order of 10−9, is also of interest, as it provides an
additional probe to Beyond the SM (BSM) physics. Unexpected physics might enter in the more
complex class of decays of the Higgs boson to a pair of mesons, such as H → 2�, 2�, �J/ , 2J/ , 2Υ.
Notably, decays to pairs of � and �mesons, as well as �J/ , have never been studied before. Their
branching fractions are predicted to be in the range 10−8 − 10−10. The predictions carry large
theoretical uncertainties, providing a further challenging and promising ground for searching for
possible anomalies.
Higgs boson decays involving �, �,  (nS) and Υ mesons are extremely interesting from the

experimental point of view as they produce a potentially clean final state after the subsequent
meson decay to pair of charged tracks, namely � → ��, � → KK and  (nS), Υ → ��. They are
also challenging to study as their detection requires sophisticated trigger algorithms to efficiently
filter SM backgrounds. The implementation of these algorithms must fit within the available
trigger rate budget and computational resources. For the case of a hardware-based trigger, the
limitation stems from the limited available logic resources and the hard limit on the latency, and
the available detector information to reconstruct the physics objects might only include a subset
of the entire detector. For example, the L1 trigger (L1T) of the current CMS experiment cannot
use the particle tracks from its tracker system. Therefore, identifying meson decays to a pair of
tracks as � → �� and � → KK is not possible without dramatic signal efficiency loss.
For the HL-LHC, the CMS experiment is undergoing a significant detector upgrade in order

to cope with the new extreme luminosity and pileup conditions. The upgraded detector, known
as CMS Phase-2, will feature a new L1T system, which will have access to an unprecedented
level of information. Advanced reconstruction algorithms will be deployed directly on the L1T
Field Programmable Gate Array (FPGA) based processors, approaching the offline reconstruction

1



Introduction

resolution. New trigger strategies can be designed thanks to the availability at L1T of charged
particle tracks and high-granularity calorimeter primitives. The searches for rare decays of the
Higgs boson to a meson and a photon, in particular of H → �
, �
 , will greatly benefit from this
new system. The L1T reconstruction of the meson decay needs to select the best pair of tracks
among all the combinations arising from over a hundred tracks per collision event at HL-LHC.
Thus, the hardware resources needed for the implementation of meson identification are not
negligible, and loss in trigger efficiency due to tighter selections could be avoided by moving the
analysis before the L1T decision, where collision data is unfiltered yet.
The Level-1 trigger Data Scouting (L1DS) project is a novel data acquisition and processing

system, aimed at collecting and storing the trigger objects reconstructed by the L1T processors at
the full LHC collision rate. The scouting approach enables the search for rare Higgs boson decay
signatures without the limitations imposed by the standard trigger approach, while profiting
of the quasi-offline resolution of the trigger objects. In general, a wider physics program can
be probed in the L1DS system, complementing the standard program with data selected by the
trigger system. Signatures as W → Ds
 , �
 , 3�, Heavy Stable Charged Particles (HSCP) spanning
multiple collision events, dilepton and dijet resonances at low invariant mass can be expected
to be accessible to the L1DS. In this thesis, the development and results of a L1DS demonstrator,
successfully commissioned during 2024, are presented. The current system description is com-
pleted by projections on Higgs boson rare decays to a meson and a photon and to a pair of mesons
using the Phase-2 L1DS, which relies on the CMS Phase-2 detector and L1T, highlighting the
promising capabilities of the L1DS system in this type of searches. The thesis also presents the
analysis of the Higgs and Z decays to a J/ or  (2S) meson and a photon using the LHC Run-2
dataset, collected from the standard trigger chain. The conducted search has not shown significant
discrepancies with the SM prediction and has set constraints on the branching fraction of the
processes studied and on the Yukawa coupling to the charm quark. The results highlight the fact
that current searches are statistically limited, indicating that the L1DS approach may be valuable
to push limits even closer to the SM predictions.

The thesis is structured as follows. Chapter 1 introduces the theoretical framework of the SM,
used as reference for the following physics studies of this work. Particular focus is devoted to the
phenomenology of the Higgs boson, presenting its properties, main production modes and decay
channels. The physics of rare decays to a meson and a photon and to a pair of mesons is introduced.
Chapter 2 describes the experiments under consideration. A brief introduction about the LHC
accelerator and technical information relevant for this work is given. The CMS experiment subde-
tectors and event reconstruction techniques are described to help better understand the physics
objects used in the analysis of the Run-2 data. Chapter 3 presents the analysis of H,Z →  (nS)

decays, with in-depth description of the analysis strategy, event selection, modelling, treatment
of systematic uncertainties and branching fraction constraint results. Chapter 4 highlights the
challenges behind Higgs rare decay searches and how the L1DS approach could address their
statistically limited nature. The performance of the CMS L1T is described for both its Run-3
version and the one foreseen for CMS Phase-2. Chapter 5 describes the L1DS demonstrator for
Run-3, the technical choices behind its commissioning and a set of related results and applications.
Chapter 6 completes this work with an estimate on the projected reach for rare Higgs boson decay
searches using solely the L1 trigger information, in view of their possible deployment in the final
L1DS system for HL-LHC.
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1
Higgs boson physics and rare decays

The discovery of the Higgs boson in 2012 [2–4], achieved by the CMS and ATLAS experiments,
stands as a significantmilestone in the understanding of the electroweak sector within the Standard
Model (SM) of elementary particles. This achievement was followed by a series of studies aimed at
determining its properties, such as mass, decay width and spin. The measurement of its couplings
to other SM particles has shown a remarkable agreement with respect to the SM prediction,
leading to the measurement of couplings to gauge bosons and third generation fermions. Since
the start of LHC Run-2, the CMS and ATLAS experiments have started to approach the sensitivity
needed to study the couplings to the second generation of fermions. The first evidence of the
coupling to muons has been obtained by the CMS experiment [5]. The focus is now directed
towards the measurement of the couplings to the second generation charm and strange quarks.
Any discrepancy between the observed results and the theoretical expectation could indicate new
physics interactions or undiscovered particles. These hypothetical entities may potentially exert
their influence through quantum loop processes, thereby impacting the branching fractions of rare
decay events involving first and second-generation fermions. Consequently, the study of Higgs
boson rare decays serves as a critical avenue for probing physics beyond the SM (BSM) and it
represents a pivotal goal for the current and future physics programs at LHC and next-generation
colliders [6].

This chapter is organized into three main sections. The first presents a brief introduction of the
SM theory, its particle content and the fundamental interactions. The second section familiarizes
the reader with the Higgs boson phenomenology, summarizing key results on the cross section of
the main production modes and the branching fractions of the most common decay modes. The
third section focuses on the rare decay modes relevant to this work, specifically those involving
light or heavy mesons plus a photon and and meson pairs, with a primary focus on charm and
strange quark flavors.

1.1 The standard model of particle physics

The SM is the theory describing the electroweak and strong forces in the universe and classifying
all known elementary particles [7–10]. It is formulated as a quantum field theory and its particle
constituents are summarized in Fig. 1.1. The matter states are described as spin-1/2 fermions and
the mediators of their interactions are represented as spin-1 vector bosons. The electromagnetic
force is mediated by the massless photon (
 ), the weak force by the massive Z andW± bosons, with

3



Chapter 1. Higgs boson physics and rare decays

masses around 91.2 GeV and 80.4 GeV respectively2, the strong nuclear force by eight different
color states of the massless gluon (g). In addition, the Higgs boson, which is a scalar with spin 0,
interacts with both the fermions and bosons. The gravitational force, whose mediator is postulated
to be the graviton, is not included in the SM. However, gravity is weak at subatomic scale with
respect to the other forces and it can be safely neglected in this framework.
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Figure 1.1 ∙ Summary of the standard model of particle physics, with all the known elementary particles.
Mass, spin, charge are reported for each particle in the relative box. Adapted from Ref. [11].

1.1.1 Fermions of the standard model and bound states

Matter states are grouped into three generations of fermions and two classes of particles: leptons
(�) and quarks (q).

Leptons The three generations of leptons have each a charge of -1 and include the electron
(e), the muon (�) and the tau (�) leptons, together with their antiparticles with opposite charge.
Their masses are me = 0.511 MeV, m� = 105.7 MeV, m� = 1.777 GeV. Every lepton flavor has a
corresponding neutrino (�e , ��, ��), which is electromagnetically neutral and interacts with other
particles only through the weak force. The mass of each neutrino is upper bounded at 120 eV.

Quarks Each generation of quarks is represented by a doublet of particles with charges of +2/3
and −1/3, respectively. The first generation consists of the up (u) and down (d) quarks, which
are the constituents of the atomic nuclei and have masses of 2.3MeV and 4.8MeV, respectively.
The second generation includes the charm (c) and strange (s) quarks, with masses of 1.27 GeV
and 95 MeV, respectively. The bottom (b) and top (t) quarks form the third and most massive
generation. The bottom quark has a mass of around 4.65 GeV, while the top is the heaviest particle
in the SM with its mass of 172.52 GeV [12].

2For the mass values, natural units with c = 1 are assumed.
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1.1. The standard model of particle physics

Bound quark states Quarks are observed in bound states called hadrons, which can be either
triplets (barions) or doublets (mesons) of quarks. The top quark is an exception due to its short
lifetime, which prevents the formation of bound states. Among the various hadrons, few heavy
and light mesons are specifically mentioned or considered in this work, with their properties
summarized in Ref. [13]. The �0 meson is a quantum mixture of uū and dd̄ states, with a mass of
around 770MeV. The �meson, with a mass of 1.019 GeV, originates from a bound state of strange
quark pairs. The J/ is a bound state of a pair of charm quarks with mass 3.097 GeV, while the
 (2S) is its first excited state, with a mass of 3.686GeV. These two mesons are collectively referred
to as  (nS). The Υ(nS) mesons, where n = 1, 2, 3, are three bound states of a pair of bottom
quarks, with masses of 9.460 GeV, 10.023 GeV and 10.355 GeV, respectively. In this work, the
Υ(nS) and  (nS) mesons are considered as heavy states, while the � and � mesons are considered
as light ones.

1.1.2 Theory symmetry group and quantum numbers

The SM theory can be described by a Lagrangian that is symmetric under transformations of the
gauge group [7]:

SM = SU(3)C ⊗ SU(2)L ⊗ U(1)Y . (1.1)

In Eq. 1.1, SU(3)C represents the color symmetry group underlying theQuantum Chromodynamics
(QCD) theory, which describes the strong interactions and is assumed to be an exact symmetry [7].
The SU(2)L ⊗ U(1)Y group corresponds to the symmetry group of the electroweak theory, which
describes the interaction between matter fields through the exchange of massless vector bosons.
However, this symmetry is spontaneously broken into:

SSBSM = SU(3)C ⊗ U(1)em , (1.2)

where U(1)em is the symmetry group associated with the electromagnetic charge conservation.
Through the process of Spontaneous Symmetry Breaking (SSB) process, it is possible to explain
why gluons and photons remain massless after SSB, while the other gauge bosons and the Higgs
boson acquire mass [10, 14].
The quantum numbers of the SM matter fields under the SM symmetry group are listed in

Table 1.1. Due to the chiral structure of the weak interaction, the SM matter fields have both left
and right-handed components, which are assigned to different representations of the symmetry
group [7]. Neutrinos are the only exception to this scheme, as they are observed only in their
left-handed component or in their right-handed one for their antiparticles.

1.1.3 Standard model Lagrangian

The SM theory is constructed by specifying the particle content of the theory, its gauge group
 and the possibility of spontaneous symmetry breaking of  into a smaller group. Combining
these elements introduced in the previous subsections, it is possible to present the mathematical
form of the SM Lagrangian [15] in a short-handed form, highlighting the different sectors based
on the type of interaction:

SM = g.b.
kin + f

kin + h
kin + h

pot + Y . (1.3)
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Chapter 1. Higgs boson physics and rare decays

Generation 1st 2nd 3rd U(1)em SU(3)C SU(2)L U(1)Y

Leptons (
�e
e )L (

��
� )L (

��
� )L

0 −1/2 2 1−1
eR �R �R −1 −1 1 1

Quarks (
u
d)L (

c
s)L (

t
b)L

+2/3 +1/6 2 3−1/3
uR cR tR +2/3 +2/3 1 1
dR sR bR −1/3 −1/3 1 3

Table 1.1 ∙ The quantum numbers of SM fermions under the SM = SU(3)C ⊗ SU(2)L ⊗ U(1)Y symmetry
group, for the left and right-handed components. The right-handed chirality is omitted for neutrinos, given
that they are observed only in their left-handed component, or right-handed one for their antiparticles.

Gauge bosons kinetic term g.b.
kin contains all the kinetic terms for the gauge bosons, including

the non-Abelian interactions between gauge bosons:

g.b.
kin = −

1
4
F��F�� , (1.4)

where F�� is the field strength tensor of the gauge boson field.

Fermions kinetic term f
kin contains the fermion kinetic terms as well as the interactions

between gauge bosons and fermions. It is expressed as:

f
kin = i 
 �D� + h.c.3 , (1.5)

where  represents the matter fields and  their adjoint, while D� = )� − iqA� denotes their
covariant derivative.

Higgs boson kinetic term h
kin is the kinetic term for the Higgs field, which gives masses to

the gauge bosons Z and W through the SSB mechanism, once a vacuum state ⟨'⟩ of the Higgs
potential is chosen. This term includes the interaction between the Higgs field and the gauge
bosons and it is expressed as:

h
kin = (D�')†(D�') , (1.6)

where ' represents the Higgs field. Specifically, the ' field is a complex SU(2)L doublet with a
charged and a neutral component:

' = (
'+

'0)
=

1√
2 (

'1 + i'2
'3 + i'4)

, (1.7)

where {'i}i=1,…,4 are real scalar fields used to rewrite the complex components '+ and '0.

3The term “h.c.” in the Lagrangian indicates the hermitian conjugate of the preceding terms.
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1.2. Phenomenology of the Higgs boson

Higgs boson potential h
pot represents the Higgs potential, which gives mass to the Higgs

field by self-interaction:
h
pot = −V ('†')

= −�2'†' + �|||'
†'|||

2
.

(1.8)

The Higgs potential V , with the choice of �2 > 0 and � > 0, has an arbitrary non-trivial minimum,
whose selection determines the SSB mechanism, as explained in Section 1.1.2.

Yukawa sector Y represents the Yukawa sector, which is of central importance to this work
as it describes the interaction between fermions and the Higgs field, thereby generating all the
fermion masses. In a compact form, it is expressed as:

Y =  y' + h.c. , (1.9)

where the y terms are the Yukawa couplings between the Higgs boson and the matter fields,
and they are proportional to the fermion masses. Consequently, the scattering amplitude of a
decay process like H → f f̄ , namely the decay of a Higgs boson to a pair of fermions, will be
proportional to the fermion mass mf at the Leading-Order (LO), and the cross section will be
proportional to m2

f .

1.2 Phenomenology of the Higgs boson

Given its central role in this work, this section describes the physics of the Higgs boson at the
Large Hadron Collider (LHC), focusing on its core properties. A brief introduction on the LHC
accelerator complex can be found in Section 2.1. From a phenomenological perspective, the Higgs
boson can be produced in experiments through various processes. Their production cross section
depends on the experimental conditions, namely the type of colliding particles and the collision
energy in the center-of-mass, denoted as

√
s. The SM predicted values for the production cross

section allow for the calculation of the expected rate of produced bosons based on the amount of
data acquired. This calculation is essential for every analysis targeting a specific Higgs boson
decay channel, as it yields the expected amount of signal events for statistical treatment.

1.2.1 Higgs boson production at the LHC

Each production mode is characterized by a distinct final state topology, which requires a tailored
search strategy. Under the conditions of LHC Run-2 with

√
s = 13 TeV, the different modes

are listed below in descending order of production cross section for a Higgs boson mass mH =
125.00 GeV [16]:

• gluon-gluon fusion (ggF): this is the dominant production mode at the LHC. The Higgs
boson is produced from the interaction of two gluons through a quark loop, primarily
involving top or bottom quarks. The Feynman diagram is shown in Fig. 1.2a and the cross
section is:

�(ggF;
√
s = 13 TeV) = 48.58+4.6%−6.7% (th.) ± 3.9% (PDF ⊕ �s) pb , (1.10)

7



Chapter 1. Higgs boson physics and rare decays

where the uncertainties are due to theoretical calculations, Parton Distribution Functions
(PDF) and the �s measurement. This value is calculated at N3LO QCD.

• Vector Boson Fusion (VBF): in this mode, the Higgs boson is produced from the interaction
of two vector bosons emitted by the initial state partons. The Feynman diagram is shown
in Fig. 1.2b and the production cross section at NNLO QCD is:

�(VBF;
√
s = 13 TeV) = 3.782+0.43%−0.33% (scale) ± 2.1% (PDF ⊕ �s) pb . (1.11)

The final state is characterized by a pair of forward and angularly separated jets from the
hadronization of the two additional partons. The dijet system will also have a high invariant
mass, allowing for more efficient discrimination from the multijet background.

• Higgs-strahlung (VH): in this process, the Higgs boson is produced in association with a
Z (ZH) or W (WH) vector boson, as shown in the Feynman diagram in Fig. 1.2c. The cross
section predictions for these modes at NNLO QCD are:

�(WH;
√
s = 13 TeV) = 1.373+0.5%−0.7% (scale) ± 1.9% (PDF ⊕ �s) pb , (1.12)

�(ZH;
√
s = 13 TeV) = 0.8837+3.8%−3.1% (scale) ± 1.6% (PDF + �s) pb . (1.13)

The additional vector bosons are useful for triggering this process, particularly targeting
their subsequent leptonic decay.

• Associated production with a pair of top or bottom quarks (ttH, bbH): in this process,
similar to VBF production, the Higgs boson is created from the interaction of an initial state
top or bottom quark-antiquark pair, as shown in Fig. 1.2d. The ttH and bbH production
modes have a similar cross section values:

�(ttH;
√
s = 13 TeV) = 0.5071+5.8%−9.2% (scale) ± 3.6% (PDF ⊕ �s) pb , (1.14)

�(bbH;
√
s = 13 TeV) = 0.4880+20.2%−23.9% (scale ⊕ PDF ⊕ �s) pb . (1.15)

with Eq. 1.14 computed at NLO QCD+EW and Eq. 1.15 at NNLO QCD. The final state
includes at least two jets from the hadronization of bottom quarks, which are useful for
tagging this particular production mode.

The cross sections of the production modes for different the center-of-mass energy
√
s and

assuming a different Higgs boson mass are shown in Fig. 1.3.

1.2.2 Higgs boson decay channels and main properties measurement

The study and observation of the decay widths and branching fractions of the various Higgs
boson decay modes are crucial for the understanding of its properties. The most frequent modes
are presented in Table 1.2, along with the associated sources of systematic uncertainty [13].

The Higgs boson primarily decays into a pair of bottom quarks and ofW bosons, with branching
fractions of approximately 58.2% and 21.5%, respectively. However, even though some decay
channels might have smaller branching fractions, their topologies may be particularly clean from
SM backgrounds, making them more suitable for the experimental observation. A clear example
is the decays H → ZZ∗ → 4�, known as the “golden channel”, and H → 

 . These decays are
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Figure 1.2 ∙ Feynman diagrams of the main production modes of the Higgs boson at the LHC: gluon-gluon
Fusion (1.2a), Vector Boson Fusion (1.2b), Higgs-strahlung (1.2c) and ttH/bbH associated productions (1.2d).
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Decay channel  Relative uncertainty

H → bb̄ 5.82 × 10−1 +1.2%
−1.3%

H → WW 2.14 × 10−1 ±1.5%
H → gg 8.19 × 10−2 ±5.1%
H → �� 6.27 × 10−2 ±1.6%
H → cc̄ 2.89 × 10−2 +5.5%

−2.0%
H → ZZ∗ 2.62 × 10−2 ±1.5%
H → 

 2.27 × 10−3 ±2.1%
H → Z
 1.53 × 10−3 ±5.8%
H → �� 2.18 × 10−4 ±1.7%

Table 1.2 ∙ Main decay modes of the Higgs boson with branching fraction and relative uncertainty [13].
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Chapter 1. Higgs boson physics and rare decays

among the most interesting processes for studying the main properties of the Higgs boson. All
their final state particles can be precisely measured and mH can be reconstructed with excellent
resolution, usually in the order of 1-2%. In particular, the Higgs boson mass has been measured
with the highest accuracy by the CMS Collaboration using the H → ZZ∗ → 4� decay channel and
combining the results from LHC Run-1 and Run-2 [17], yielding:

mH = 125.08 ± 0.10 (stat.) ± 0.07 (syst.) GeV . (1.16)

The Higgs boson mass peak and the combined result are shown in Fig. 1.4. Using the same
decay channel, the CMS and ATLAS Collaborations have indirectly measured the total decay
width of the Higgs boson at a 95% Confidence Level (CL) from the ratio of on-shell to off-shell
production [17, 18]. The CMS result reports:

ΓH = 2.9+2.3−1.7 MeV , (1.17)

with an upper limit of 7.9MeV.
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Figure 1.4 ∙ Observed data and the expected pre-fit distributions of the four-lepton invariant mass in the
inclusive final state (left) and a summary of the observed H boson mass measurements using the four-lepton
final state (right). Taken from Ref. [17].

1.2.3 Couplings to gauge bosons and fermions

The Higgs boson couplings to other known particles are reflected in the rates of Higgs boson
production and its branching fractions into the various final states. Given a certain production
(pp → H) and decay (H → f f ) mode, the starting point for studying these couplings is to compute
the expected number of Higgs bosons produced and decaying through this particular channel [19]:

Nev(pp → H → f f ) ≈ �(pp → H) ⋅ (H → f f ) = �i ⋅ f ≈
�iΓf
Γtot

, (1.18)

where Γf and Γtot are the partial and total decay widths, respectively. The first approximation is
possible due to the small decay width of the Higgs boson, which allows the production and decay
mechanisms to be factorized. It is a common practice to simplify the notation by introducing
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1.2. Phenomenology of the Higgs boson

signal strength modifiers to parametrize any potential discrepancies from the SM prediction:

�fi =
�if

(�if )SM
. (1.19)

The effects of production and decay can be disentangled in Eq. 1.19 using the �-framework
notation [16, 20], where a coupling modifier � is introduced as:

�2 =

⎧⎪⎪⎪
⎨⎪⎪⎪⎩

�i
�SM
i

for a Higgs boson production,

Γi
ΓSMi

for a Higgs boson decay.
(1.20)

The CMS and ATLAS Collaborations have measured the couplings to the SM gauge bosons
and third-generation fermions with excellent precision [21, 22]. As summarized in Fig. 1.5, a
remarkable agreement with the SM expectation has been observed.
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Figure 1.5 ∙ Higgs boson coupling strength modifiers and their uncertainties as measured by CMS (left)
and ATLAS (right) Collaborations [21, 22]. Loop-induced processes are assumed to have the SM structure.

One of the goals of the current physics program at the LHC is to measure the couplings to the
second generation of fermions. While experiments are starting to approach the measurement of
��, the couplings to the second generation of quarks, �c and �s , remain unobserved and require
more data for their measurement. A constraint at 95% CL of 1.1 < |�c | < 5.5 has been set on the
coupling modifier for the charm quark by searching for direct H → cc̄ decays [23, 24]. For the �s ,
a constraint of |�s | < 1700 has been set by investigating the associated Higgs production mode
with a W boson [25]. In the same search, constraints on the couplings to the first-generation
quarks were set at |�u| < 16000 and |�d | < 17000.
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1.3 Rare Higgs boson decays

The Higgs boson decay modes that have already been observed cover more than 90% of its total
width. However, there are still rare and and yet unobserved decay channels where new and
unexpected physics might manifest itself through processes containing loops of SM particles.
Studying these rare decays at hadron colliders is experimentally challenging, since it requires
a large amount of data and advanced discrimination techniques to identify a potential signal
amidst backgrounds arising from QCD processes. Among the possible channels, this work
focuses on the decays to a heavy or light meson and a photon or to a pair of mesons, specifically
H → �
, �
 ,  (nS)
 , Υ(nS)
 and H → 2�, 2�, �J/ , 2J/ , Υ(nS)Υ(mS).

1.3.1 Rare decays to a meson and a photon

The SM predicts Higgs boson decays to a meson and a photon via direct and indirect diagrams [26].
In the direct case, the decay occurs through a loop of quarks of the same meson flavor. In the
indirect case, the decay proceeds through a 

 ∗ state, where the 
 ∗ converts into a quark-antiquark
pair, producing the target meson. Among the possible H → Q
 channels, Q can be a heavy
meson like the  (nS) or the Υ(nS), or a light meson as the � or �. The Feynman diagrams for
both the direct and indirect processes for each channel are shown in Fig. 1.6. For the experimental
search, the subsequent decays  (nS), Υ(nS) → ��, � → ��, � → KK are considered. Thus, the
decay branching fraction must be multiplied by a factor corresponding to the Q → f f branching
fraction, as listed in Table 1.3.

Process obs

� → �� ∼ 100%
� → KK (4.89 ± 0.05) × 10−1
J/ → �� (5.961 ± 0.033) × 10−2
 (2S) → �� (8.0 ± 0.6) × 10−3
Υ(1S) → �� (2.48 ± 0.05) × 10−2
Υ(2S) → �� (1.93 ± 0.17) × 10−2
Υ(3S) → �� (2.18 ± 0.21) × 10−2

Table 1.3 ∙ Branching ratios of the � → ��, � → KK and J/ , (2S), Υ(nS) → �� decays [13].
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Figure 1.6 ∙ Leading-Order Feynman diagrams for Higgs rare decays to Q
 , where Q = �, �,  (nS), Υ(nS).
The direct process is shown in 1.6a and the indirect processes are shown in 1.6b, 1.6c and 1.6d. For the
experimental search, the subsequent decays � → ��, � → KK and  (nS), Υ(nS) → �� are considered.
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1.3. Rare Higgs boson decays

The calculation of the branching fraction for these decay processes relies on the approximation:

(H → Q
)
(H → 

)

≈
Γ(H → Q
)
Γ(H → 

)

, (1.21)

decoupling the calculation from the measurement of the Higgs total decay width. For the calcula-
tion of Γ(H → Q
), a QCD factorization approach is used. For the cases Q =  (nS), Υ(nS), the
decay width of these processes can be expressed as the sum of the decay amplitudes for the direct
dir and indirectind contributions:

Γ(H → Q
) = |dir +ind|2 , (1.22)

where dir and ind are numerically computed using a combination of Non-Relativistic QCD
(NRQCD) and Long-Distance Matrix Elements (LDME) approaches [6, 26–29]. The calculation for
H → �
, �
 is done using a combination of Soft-Collinear EffectiveTheory (SCET) and Light-Cone
Distribution Amplitude (LCDA) frameworks [6, 30], approximating:

Γ(H → Q
) =
�f 2Q
8mH(

|||F
Q
1
|||
2
+ |||F

Q
2
|||
2

) , (1.23)

where � is the fine structure constant, fQ is a decay constant that provides information on the
QCD interaction between the valence quark and antiquark of the involved meson, and FQi are
form factors describing the internal structure of the light meson. The numerical values of the
branching fractions for the different decay processes, as well as the best upper limits at 95% CL
set to date, are listed in Table 1.4.

Process pred Upper limit (95% CL)

H → �
 1.68+0.08−0.08 × 10−5 3.74 × 10−4 [31]
H → �
 2.31+0.11−0.11 × 10−6 2.97 × 10−4 [31]
H → J/ 
 3.01+0.15−0.15 × 10−6 2.0 × 10−4 [32]
H →  (2S)
 1.03+0.06−0.06 × 10−6 9.9 × 10−4 [1]
H → Υ(1S)
 5.22+2.02−1.70 × 10−9 2.5 × 10−4 [32]
H → Υ(2S)
 1.42+0.72−0.57 × 10−9 4.4 × 10−4 [32]
H → Υ(3S)
 9.1+4.8−3.8 × 10−9 3.0 × 10−4 [32]

Table 1.4 ∙ Predicted branching fractions for Higgs boson rare decays to a heavy or light meson and a
photon, along with the corresponding upper limit at 95% CL.

1.3.2 Rare decays to a pair of mesons

Rare Higgs boson decays to a pair of mesons can occur through a direct and an indirect processes,
similar to decays to a meson and a photon, as shown in the diagrams in Fig. 1.7. The available
theoretical predictions are dominated by large uncertainties [33–37] and the experimental analysis
is more challenging due to the more varied and complex final states.
In the case of a decay to a pair of heavy mesons like  (nS) and Υ(nS), the selected final state

contains four leptons, particularly four muons (4�) or two muons and two electrons (2�2e). If
the decay involves light mesons (�, �), the final state consists solely of charged hadrons (�±,
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Figure 1.7 ∙ Leading-Order Feynman diagrams for Higgs rare decays to a pair of mesons. An example of
direct process is shown in 1.7a, while a mixed direct and indirect process is shown in 1.7b. Examples of
indirect processes are shown in 1.7c and 1.7d.

K±), and the best meson candidates must be identified among all the track combinations. The
current trigger technology is not able to select these events. As a matter of fact, no results or
theoretical predictions are currently available for the H → 2�, 2� decays. Only a branching
fraction prediction is available for the mixed decay H → �J/ , for which a potential analysis
strategy could target a 2K2� final state. A list of channels with available upper limit results and
predicted branching fractions is provided in Table 1.5.

Process pred Upper limit (95% CL)

H → �J/ 1.0 × 10−9 —
H → 2J/ 1.5 × 10−10 3.8 × 10−4 [38]
H → J/  (2S) (5) × 10−11 2.1 × 10−3 [38]
H → 2 (2S) (5.1 ± 2.0) × 10−11 3.0 × 10−3 [38]
H → J/ Υ(1S) 1.6 × 10−11 —
H → 2Υ(1S) 2.3 × 10−9 1.7 × 10−3 [38]
H → 2Υ(2S) (1.0 ± 0.2) × 10−10 —
H → 2Υ(3S) (5.7 ± 1.2) × 10−11 —
H → Υ(mS)Υ(nS) — 3.5 × 10−4 [38]

Table 1.5 ∙ Predicted branching fractions for Higgs boson rare decays to a pair of mesons, along with best
upper limit at 95% CL for every process. Only the processes where an upper limit result or a branching
fraction prediction is available are listed.

The incentive to study these rare decays lies in the possibility of BSM physics phenomena
affecting very rare partial decay widths. In particular, the channels involving � and  (nS)mesons
are sensitive to the Yukawa couplings to charm and strange quarks, which have not yet been
measured and may therefore exhibit anomalies relative to the SM expectation. Although the
branching fractions of these channels are currently beyond experimental sensitivity, unexpected
physics could enhance the production rate of these processes, potentially providing hints of
extensions to the SM.
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2
The Compact Muon Solenoid experiment at

the LHC

Probing rare decays of the Higgs boson is an extremely complex challenge that requires a large
amount of high-energy collision events. This demand is met by the Large Hadron Collider (LHC)
accelerator, which produces hadron collisions at unprecedented energies and luminosity. Four
main experiments are housed along the LHC ring, where beams of proton or heavy ion bunches
collide. Among them, the CMS experiment has proven particularly successful in this task, leading
to precision SM measurements and, together with the ATLAS experiment, the Higgs boson
discovery [2–4].

After a general introduction to the LHC in Section 2.1, this chapter focuses on the CMS detector,
given its central role in the accomplishment of this work, and on the techniques to reconstruct
higher-level physics objects from the low-level raw data produced by its components. The design
of the detector has been improved since the start of collider operations in 2008, evolving from the
legacy “Phase-0” version used during LHC Run-1 (2011–2012) to its upgraded “Phase-1” design
during Run-2 (2015–2018) and Run-3 (2022–2026). Its final design, known as CMS “Phase-2”, will
begin operations for the High-Luminosity LHC (HL-LHC) campaign starting in 2030.

2.1 The Large Hadron Collider at CERN

The LHC at the European Organization for Nuclear Research (CERN) is the largest accelerator
built to date. It is designed to produce proton-proton and heavy-ion collisions at unprecedented
center-of-mass energies, with a maximum value of

√
s = 14 TeV, and high collision rates [39].

The average instantaneous luminosity for Run-3 is around 2 × 1034 cm2s−1, and it is expected to
reach a maximum of 7.5 × 1034 cm2s−1 for the upcoming HL-LHC campaign [40]. The accelerator
complex was built with the goal of deepening the understanding of the SM through the discovery
of the Higgs boson and precision measurements, as well as pushing the boundaries of physics
beyond the SM.
The LHC consists of a two-ring superconducting proton-proton collider housed in a 27 km

tunnel, already constructed for the older Large Electron-Positron (LEP) collider. The two high-
energy counter-rotating proton beams travel close to the speed of light c. This relativistic regime
is progressively reached with the help of other CERN facilities, following the chain LINAC4(160
MeV)→ PSB(2 GeV)→ PS(26 GeV)→ SPS(450 GeV) prior to injection into the LHC. Thousands
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Chapter 2. The Compact Muon Solenoid experiment at the LHC

of superconducting magnets are used to steer and focus the beams around the accelerator. Dipole
magnets bend the beams, while quadrupole magnets act as magnetic lenses to focus them. Before
reaching the collision points, where the main experiments are located, the beams are further
squeezed to increase the probability of producing collision events of interest. A schematic overview
of the accelerator complex, the beam path, and the main experiments along the ring is shown in
Fig. 2.1, with technical details available in Refs. [39, 40].

Figure 2.1 ∙ Schematic view of CERN facilities. The LHC is the last ring (dark blue line) in a complex chain
of particle accelerators, alongside smaller experiments designed for specific physics purposes. Taken from
Ref. [41].

2.1.1 LHC filling scheme

The two circulating beams in the LHC consist of bunches, each containing approximately 1011

protons under nominal conditions, with a transverse distribution that follows a two-dimensional
gaussian profile. The bunches are injected into the accelerator with a temporal spacing of 25 ns,
completing one revolution around the LHC tunnel in 89.1 �s. This revolution is referred to as an
LHC orbit, which can contain up to 3564 bunches. The bunch crossing (BX) frequency between
the two beams is fBX = 40 MHz. However, the bunch structure of the beam is not continuous and
a maximum of around 2400 bunches is filled during nominal operations of Run-3. The bunches are
consecutively organized into “trains”, separated by gaps, though some may be placed individually
between two trains as “isolated bunches”. The final few hundred bunches in the orbit are part of
the “orbit gap”, where no collisions are expected. The gap is used for synchronization, calibration
data acquisition, and to reset the front-end electronics of the experiment where the bunches
collide. A schematic representation of the structures in a typical LHC filling scheme is shown in
Fig. 2.2.
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2.1. The Large Hadron Collider at CERN
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Figure 2.2 ∙ Overview of LHC filling scheme structure, showing trains of bunches, isolated bunches, gaps
between consecutive trains, and the orbit gap at the end of the orbit.

2.1.2 Instantaneous and integrated luminosity

For any given physics process, the event rate is proportional to both the production cross section of
the process and the luminosity of the machine. Generally, the production cross section for events
of interest varies depending on the center-of-mass energy. The luminosity of the machine depends
solely on the beam parameters and its instantaneous value for a gaussian beam distribution can
be expressed as:

inst =
N 2
bnbfrev
r
4��n�∗

⋅ F , (2.1)

whereNb is the number of protons per bunch, nb is the number of colliding bunches per beam, frev
is the orbit revolution frequency (11.2 kHz), 
r is the relativistic Lorentz factor and �n represents
the normalized emittance. �∗ is the beta function at the interaction point, namely the distance
from the interaction point to the point where the beam width is twice as wide as at the interaction
point, and a typical value during normal operations is 0.30 cm. F is the geometric luminosity
reduction factor due to the crossing angle at the interaction point.
The instantaneous luminosity is measured by the experiments along the LHC ring using

detectors positioned at small angles relative to the interaction points. It is not constant during
a data taking run as both beam intensity and emittance degrade over time of operation. The
total amount of data delivered to an experiment is measured by integrating the instantaneous
luminosity during a data taking run:

int = ∫
tend

tstart
inst(t)dt . (2.2)

The CMS experiment recorded an integrated luminosity of approximately 138 fb−1 during Run-2,
and by 2024, combining data from Run-2 and Run-3, the total has surpassed 300 fb−1, as shown in
Fig. 2.3.

Based on the average instantaneous luminosity recorded by the CMS experiment and the Higgs
boson production cross section reported in Section 1.2.1, the LHC has produced approximately
1 Higgs boson per second during LHC Run-2. Under Run-3 conditions, this estimate is slightly
higher and equal to around 1.2 bosons per second. With the HL-LHC upgrade, this rate will
increase to around three Higgs bosons per second, assuming an average instantaneous luminosity
of 5.0 × 1034 cm2s−1 and the inclusive Higgs production cross section at

√
s = 14 TeV [16]. The

total number of rare Higgs boson decays H → Q
 during Run-2, along with the projected estimate
for the Run-3 using 300 fb−1 of integrated luminosity, and for one year of HL-LHC operations,
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Figure 2.3 ∙ Cumulative measured luminosity by the CMS experiment during LHC Run-2 and Run-3. The
plot is taken from the public results of the CMS Luminosity Physics Object Group [42], where similar plots
are available for each year of data-taking.

corresponding to an acquired amount of 400 fb−1, are presented in Table 2.1. These estimates
illustrate the LHC role as “Higgs factory”, enabling searches of the rare Higgs decays under study
in this work, which would not be possible to explore in other machines such as electron-positron
colliders [6].

Process Approximate number of expected events
Run-2 (138 fb−1) Run-3 (∼ 300 fb−1) HL-LHC (1y, ∼ 400 fb−1)

H → �
 1.3 × 102 3.0 × 102 4.2 × 102
H → �
 1.8 × 101 4.1 × 101 5.8 × 101
H → J/ 
 2.3 × 101 5.4 × 101 7.5 × 101
H →  (2S)
 7.9 1.8 × 101 2.6 × 101
H → Υ(1S)
 4.0 × 10−2 9.3 × 10−2 1.3 × 10−1
H → Υ(2S)
 1.1 × 10−2 2.5 × 10−2 3.6 × 10−2
H → Υ(3S)
 7.0 × 10−2 1.6 × 10−1 2.3 × 10−1

Table 2.1 ∙ Approximate number of expected H → Q
 events during LHC Run-2, Run-3 and one year of
HL-LHC. The estimates do not include detector geometric acceptance factors.

2.1.3 Pileup collisions

While beam squeezing near the collision point increases the likelihood of interactions, it also
introduces a significant experimental challenge: an additional number of proton-proton collisions
per bunch crossing, known as pileup (PU). When two proton bunches collide, multiple collisions
overlap in the detector, surrounding the primary collision of interest. This overlap complicates
the reconstruction of the hard scattering vertex and degrades the overall performance of physics
object reconstruction. As a result, pileup subtraction algorithms are applied to mitigate these
effects, when necessary.
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2.2. The Compact Muon Solenoid experiment

In 2018, the CMS experiment recorded an average pileup of ⟨�⟩ = 32. An average of ⟨�⟩ = 57
was observed in 2024. During the operation of HL-LHC, an average peak pileup of ⟨�⟩ = 200 is
expected. The pileup distribution for different years of data acquisition is shown in Fig. 2.4.
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Figure 2.4 ∙ Pileup distribution observed by the CMS experiment across different years of data taking.
Taken from Ref. [42].

2.2 The Compact Muon Solenoid experiment

The CMS experiment is a general-purpose detector built around a huge solenoid magnet, shaped
like the form of a cylindrical coil of superconducting cable that generates a 3.8 Tesla field in the
inner region of the solenoid. The field is confined by a steel “yoke” that forms the bulk of the
detector, which weighs about 14000 tons and was built in 15 sections reassembled on-site. The
detector gets its name from its compact dimensions (15 meters high and 21 meters long), from its
design specifically made to detect muons with high accuracy and efficiency, and from its powerful
solenoid magnet.
The detector is shaped like a cylindrical onion, with several concentric layers of components,

as seen in Fig. 2.5 from a 3D view and in Fig. 2.6 from an octant of its transverse section. These
components are designed to record a collision event by determining the properties of the particles
produced in that particular collision. This task is done by:

• Bending the trajectory of charged particles as they move outwards from the collision
point through the solenoidal magnet. This bending is required to identify the charge and
measure the momentum of a particle. Positively and negatively charged particles curve in
opposite directions in the same magnetic field, and high momentum particles have a larger
bending radius compared to low-momentum ones.

• Identifying tracks, which correspond to the trajectories of charged particles. Precise
tracking is essential for good reconstruction accuracy and resolution. This task is performed
by the silicon pixel detector, silicon strip tracker, and muon detectors.
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Figure 2.5 ∙ 3D model of the CMS detector with the 2017 geometry in SketchUp, a 3D modelling program.
Taken from Ref. [43].
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Figure 2.6 ∙ Slice of the CMS detector showing sample particles it can detect. Taken from Ref. [44].
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• Measuring the energy of product particles, which is done by two types of calorimeter
detectors. The inner one is the Electromagnetic Calorimeter (ECAL), which measures the
energy of electrons and photons by stopping them completely. Hadrons and jets, which are
showers of particles resulting from parton hadronization, pass through the ECAL and are
stopped in the Hadron Calorimeter (HCAL), which surrounds the ECAL.

• Detecting muons, which penetrate both calorimeters without being stopped. Their mo-
mentum can be measured inside the superconducting coil by the tracking devices, if the
muon is not displaced from the interaction point, and outside of it by the muon chambers.

By combining the information from all these components, the detector can measure and identify
the energy and momentum of most particles produced in the collisions, except for neutrinos,
which are detected indirectly by measuring the missing energy in the transverse plane (MET).
The following discussion describes the main detector components and their reconstruction per-
formance.

2.2.1 Silicon tracker

The CMS Silicon Tracker allows to track the paths of particles emerging from a collision with
extreme accuracy and in three-dimensions. This reconstruction poses a complex challenge, as the
number of particles passing through the detector near the interaction point is huge. In addition
to this reconstruction task, the detector must meet strict technical specifications to withstand the
harsh radiation over long acquisition times.

The Silicon Tracker is composed of different substructures, namely a pixel detector and a silicon
microstrip detector. Since the pixel detector was upgraded between the 2016 and 2017 campaigns,
it is necessary to distinguish the descriptions of the pixel detector between the two versions.
The first pixel detector version, used for 2016 data acquisition, measured charged particles

within the pseudorapidity range |�| < 2.5. It consisted of 1440 silicon pixel modules, arranged in 3
barrel layers at radii of 44, 73, and 102 mm, and two endcap disks on each end at distances of 345
and 465 mm from the interaction point. The strips are arranged in four inner barrel layers (TIB),
two inner disks (TID), six concentric outer barrel layers (TOB), and two endcaps of nine layers
(TEC), which close off the tracker. The upgraded tracker, used for 2017 and 2018 data acquisition,
measures charged particles within the pseudorapidity range |�| < 3.0 and is shown in Fig. 2.7. In
this case, the new pixel detector consists of 1856 silicon pixel modules, arranged in four barrel
layers at radii of 29, 68, 109, and 160 mm, and three disks on each end at distances of 291, 396,
and 516 mm from the center of the detector [45].

2.2.2 Hadron and electromagnetic calorimeters

The Electromagnetic Calorimeter (ECAL) detects photons and electrons and measures their
energies with high accuracy. These particles are particularly interesting when they are very
energetic because they could indicate the presence of a Higgs boson or other interesting SM
particles in a collision event.
The ECAL is divided into two regions: the barrel (EB), providing coverage in the region

|�| < 1.479 and shown in Fig. 2.8a, and the endcaps (EE), covering the region 1.479 < |�| < 3.000
and shown in Fig. 2.8b. About 61200 2 × 2 × 23 cm3 lead tungstate (PbWO4) crystals cover the
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Figure 2.7 ∙ 3D model of the CMS silicon tracker detector (2.7a), taken from [43], and general layout (2.7b),
taken from [46]. In particular, in 2.7a the silicon pixel detector with the geometry of Phase-1 is visualized.

barrel region, while 14648 3 × 3 × 22 cm3 crystals of the same material are placed in the endcaps.
Visible light is produced when a photon or electron traverses these dense components. The light
is then collected and converted into an electric signal through an avalanche photo-diode. The
signal is finally converted into a measure of energy through a calibration procedure.

The Hadronic Calorimeter (HCAL) is responsible for measuring the energy of hadrons and it is
shown in Fig. 2.8c. This component is important since it provides an indirect measurement of the
presence of non-interacting neutral particles, such as neutrinos, and can provide information on
the production of new particles that decay into products that may not leave traces in the detector.
The HCAL must contain all particles produced by the collisions to detect those invisible particles,
so it must be “hermetic”. When a particle is observed in a direction of the detector but is not
balanced by any other particle, resulting in an imbalance of transverse momentum and energy, it
can be deduced that invisible particles have been produced in the collision.
The HCAL detector is composed of five distinct components: the barrel (HB), covering the

region |�| < 1.3, two endcaps (HE), covering 1.3 < |�| < 3.0, the outer barrel (HO), complementing
the HB detector in the pseudorapidity region |�| < 1.4, and the Hadron Forward calorimeter (HF),
completing the pseudorapidity coverage in 3.0 < |�| < 5.0. To prevent familiar particles from
escaping undetected, the HCAL is composed of staggered layers alternating between “absorber”
and fluorescent “scintillator” materials. This configuration forms the basis of a sampling calori-
meter. When a hadron passes through the active material, it produces a rapid light pulse, which
is collected by an optical fiber and sent to a photodetector, where its electronic signal is then
amplified. The total amount of light generated by the passage of a particle can be converted into
a measure of energy through a specific calibration.

2.2.3 Muon system

Muons can penetrate several meters of iron without interacting, and they are not stopped by any
of the CMS calorimeters. The muons are measured in the pseudorapidity range |�| < 2.4 using
detection planes that employ different technologies: drift tubes, cathode strip chambers, resistive
plate chambers and, starting from Run-3, gas electron multipliers. These components are placed
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(a) Electomagnetic Calorimeter Barrel (b) Electomagnetic Calorimeter Endcap (c) Hadronic Calorimeter

Figure 2.8 ∙ 3D models of the CMS calorimeters, taken from [43]. In particular, in 2.8a and 2.8b the ECAL
barrel and endcap are shown, respectively, while the HCAL is shown in 2.8c.

externally to the other detectors of CMS since muons are the only particles likely to produce a
signal in this part of the structure. This specialized system for muon detection is displayed in
Fig. 2.9, with a quarter of its transverse section along the beam direction shown in Fig. 2.9b.

(a) CMS muon system 3D view
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Figure 2.9 ∙ In 2.9a, a 3D view of the CMS muon system, taken from [43]. In 2.9b, a quadrant of the section
of the CMS detector along the beam direction, showing the configuration of DTs (orange), CSCs (green)
and RPCs (blue) in the detector design.

The Drift Tubes (DTs) system measures muon positions in the barrel region of the detector.
Each cell is 4.2 cm wide, filled with a mixture of Argon and CO2, and contains a stretched wire.
When a muon or any charged particle passes through the gas volume, it creates electron-ion
pairs from the gas atoms. The electrons (ions) follow the electric field, ending up at the positively
(negatively) charged wire. By knowing the drift time inside the gas, two-dimensional spatial
information is obtained and combined with signals from other tubes. For this reason, the DTs are
grouped in 2 × 2.5 m2 chambers, each consisting of 12 aluminum layers arranged in three groups
of four, with each containing up to 60 cells. The middle group measures the coordinate along the
direction parallel to the beam, and the two outer groups measure the perpendicular coordinates.
Cathode Strip Chambers (CSC) are arrays of positively charged anode wires crossed with

negatively charged copper cathode strips within a gas volume. This component is used in the
endcap disks where the magnetic field is uneven and particle rates are high. When a muon hits the
chamber, it ionizes the gas, creating an electron avalanche towards the anode wire. The positively
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charged ions, in turn, migrate perpendicularly, providing two-dimensional spatial information.
Each CSC module contains six layers, enabling accurate identification of muons and matching
their tracks to those in the tracker.

Resistive Plate Chambers (RPC) consist of two parallel plates, a positively charged anode and a
negatively charged cathode, made of a very high-resistivity plastic material and separated by a
gas volume. When a muon passes through the chamber, it ionizes the gas, creating an electron
avalanche. The electron signal is collected by external metallic strips after a small but precise
time delay. The pattern of hit strips provides a quick measure of the muon momentum, which is
then used by the trigger system to make immediate decisions about whether the event is worth
keeping.

Since the start of Run-3, the muon system has been upgraded with the addition of Gas Electron
Multiplier (GEM) detectors in the pseudorapidity region 1.6 < |�| < 2.2 [47]. The GEMs are
trapezoidal-shaped chambers filled with a gaseous mixture of Argon and CO2, segmented into
eight � sections with 384 readout strips, each with an angular width of 230 �rad, radially placed
with a 463 �rad pitch. A total of 72 GEM chambers are placed in each endcap, improving the
spatial and timing resolution of muon detection.

2.2.4 Trigger and Data acquisition systems

Given the average number of additional collisions per bunch crossing, the average event size is
approximately 1 MB for LHC Run-2 and 2 MB for Run-3. When LHC is operating at its peak, the
event rate can approach 30 MHz, resulting in a raw data rate of (10) TB/s. It is not feasible
to store all these event records under these conditions with the current storage and detector
technology. Given a raw data bandwidth limit of (2) GB/s, an event rate reduction factor of
(105) has to be applied. This task is accomplished by CMS through a two-level trigger system,
selecting only the most interesting events for further analysis

Level-1 Trigger The first level (L1T) consists of Field Programmable Gate Array (FPGA) based
processors and uses information from the calorimeters and muon detectors to select events at a
rate of around (100) kHz within a fixed latency of about 4 �s [48–50]. The limited rate budget
is driven by the sub-detectors readout, which cannot operate at a higher rate. The L1 trigger
is further divided into three major subsystems: the muon trigger, the calorimeter trigger and
the global trigger. These systems and their performance for CMS Phase-1 and Phase-2 will be
described more in depth in Chapter 4.

High-Level Trigger The second level, known as the High-Level Trigger (HLT), consists of a
farm of processors running a version of the full event reconstruction software optimized for fast
processing, and it reduces the event rate to around 1 kHz before data storage [48–51]. Specifically,
the rate reduction begins with an acceptance signal from the L1 trigger. Then, the raw data from
the detectors are transferred to an event builder system. The reconstructed event is transferred
to a filter stage where the HLT algorithms are applied. The output is divided into several online
streams depending on the trigger algorithm and they are sent to the storage system.
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2.3 Event reconstruction with the CMS detector

The raw data saved on permanent storage undergoes a step of particle identification, handled by
the Particle Flow (PF) event reconstruction algorithm [52–54], which correlates the information
from all the subdetectors. The reconstruction workflow starts with the unpacking and decoding
of low-level detector data, such as the calorimetric towers and hits in the silicon and muon
detectors. Pattern recognition, track finding and track fitting algorithms are used to obtain higher-
level objects for physics analysis, whose reconstruction is described more in detail in the next
subsections. An example of a particle identification task performed by Particle Flow is shown in
Fig. 2.10.

Calo jet 
pT = 59 GeV 

Calo jet 
pT = 46 GeV 

PF jet 
pT = 81 GeV 

PF jet 
pT = 69 GeV 

Ref jet 
pT = 85 GeV 

Ref jet 
pT = 72 GeV 

Figure 2.10 ∙ Examples of Particle Flow algorithm application, taken from Ref. [52]. A jet reconstruction
in a simulated “dijet” event is shown, with the particles clustered in the two PF jets displayed with thicker
lines, while ECAL and HCAL deposits are in orange and purple, respectively.

2.3.1 Tracks and vertices

Charged particle tracks are reconstructed using a Combinatorial Track Finder (CTF) based on a
Kalman Filter (KF) method [55, 56], applied in three stages:

• Seed generation with a few hits compatible with a charged-particle trajectory.

• The initial estimate of the trajectory parameters is propagated layer by layer through the
detector, looking for compatible hits, using the KF technique.

• Final fitting to determine the track parameters and removal of incompatible hits collected
during the pattern recognition step.

The reconstructed tracks are clustered into sets likely originating from the same interaction points
to identify primary (PV) and secondary vertices (SV). The constituents of each cluster are then
refitted again to improve the resolution on the vertex position. The resulting vertices are ranked
based on the quadratic sum of the transverse momenta of the daughter tracks, with the primary
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vertex identified as the one with the highest score for the quadratic sum. The challenge of this
approach is the increasing number of candidate vertices with increasing pileup, which degrades
the vertex resolution.
With the pixel detector up to 2016, for non-isolated particles with 1 < pT < 10 GeV and

|�| < 1.4, the track resolutions were typically 1.5% in pT and 25–90 (45–150) �m in the transverse
(longitudinal) impact parameter [57]. With the new pixel detector from 2016, for non-isolated
particles of 1 < pT < 10 GeV and |�| < 3.0, the track resolutions are typically 1.5% in pT and 20–75
�m in the transverse impact parameter [58].

2.3.2 Muons

The CMS detector is designed to achieve excellent muon reconstruction performance. The
employed algorithm distinguishes between independent reconstruction in the silicon tracker,
where the PF approach is used to produce “tracker tracks”, and in the muon chambers, where an
independent approach produces “standalone tracks”. The two types of tracks are then combined
to obtain three different categories of reconstructed muons:

• Standalone muons, built using muon segments obtained only from hits in the muon
system.

• Tracker muons, which are tracks with pT > 0.5 GeV extrapolated from the tracker to the
muon system and matched with at least one muon segment from a standalone muon.

• Global muons, built from a standalone track matched to a tracker track, extrapolated to
a common surface, and refitted with the hits from the matching tracker and standalone
tracks.

The efficiency to reconstruct and identify muons is greater than 96%. Matching muons to tracks
measured in the silicon tracker results in a relative transverse momentum resolution of 1% in the
barrel and 3% in the endcaps for muons with pT up to 100 GeV. The pT resolution in the barrel is
better than 7% for muons with pT up to 1 TeV [59].

2.3.3 Electrons, photons, jets and taus

Electrons and photons These two types of particle deposit almost all of their energy in the
ECAL, unlike hadrons, which are expected to deposit most of their energy in the HCAL. Unlike
electrons, photons do not leave a track in the tracker system since they are neutral. Both manifest
as showers of multiple electrons and photons rather than as single particles, as they interact with
the material in front of the ECAL during propagation. Thus, electrons radiate bremsstrahlung
photons, and photons convert into electron-positron pairs, producing energy clusters that are
broader in ' and narrower in �.
The electrons and photon reconstruction algorithm begins with the clustering of crystals

where energy significantly higher than the electronic noise was deposited. A seed cluster is then
identified as the one containing the most energy deposited in a specific region. A group of clusters
around the seed is combined into a supercluster to include products of photon conversions and
electron bremmstrahlung. Electrons are expected to have a compatible tracker track, so trajectory
seeds in the pixel detector, compatible with the supercluster position and an electron trajectory,
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are used to seed a Gaussian Sum Filter (GSF) tracking algorithm [60]. All tracks reconstructed in
the event compatible with an electron hypothesis are added as seeds of the GSF tracking. Next,
the ECAL clusters, superclusters, GSF seed tracks, including those likely to come from photon
conversions and their associated clusters, are given to the PF reconstruction. This algorithm
returns blocks of particles and identifies a candidate as an electron if it satisfies a set of loose
selection requirements with an associated GSF track, or as a photon if there is no associated GSF
track. To differentiate the e/
 from hadrons, tighter selections are applied to determine if they
are accepted as electrons or isolated photons.

Thanks to this combined approach, the energy measurement of electrons and photons achieves
remarkable resolution. For electrons from Z → ee decays with pT ≈ 45 GeV it ranges between 1.6
and 5%, generally better in the barrel region than in the endcaps [61, 62]. An energy resolution
of about 1% is achieved for unconverted or late-converting photons in the barrel region and in
the tens of GeV energy range. The remaining barrel photons are reconstructed with a resolution
of about 1.3% up to |�| = 1, changing to about 2.5% at |�| = 1.4. In the endcaps, the resolution is
estimated to be about 2.5% for unconverted or late-converting photons and between 3% and 4%
for the other photons [63].

Jets For each event, hadronic jets are clustered from reconstructed charged hadrons using
the infrared and collinear safe anti-kT algorithm [64, 65] with a cluster parameter of R = 0.4.
Jet momentum is determined as the vector sum of all particle momenta in the jet and is found
from simulation to be, on average, within 5% to 10% of the true momentum over the entire
pT spectrum and detector acceptance. The additional proton-proton collisions from pileup can
contribute extra tracks and calorimetric energy depositions to the jet momentum. To mitigate
this effect, charged particles identified as originating from pileup vertices are discarded, and an
offset correction is applied to account for remaining contributions. Jet energy corrections are
derived from simulations to bring the measured response of jets in line on average with that of
“particle-level” jets4. In situ measurements of the momentum balance in dijet, 
 + jet, Z + jet,
and multijet events are used to account for any residual differences in the jet energy scale (JES)
between data and simulation [66].
The jet energy resolution (JER) typically amounts to 15–20% at 30 GeV, 10% at 100 GeV, and

5% at 1 TeV [66]. Additional selection criteria are applied to each jet to remove those potentially
dominated by anomalous contributions from various subdetector components or reconstruction
failures.

Hadronic taus Hadronically decaying � particles, referred to as �h, are reconstructed from
jets using the “hadrons-plus-strips” algorithm [67]. This algorithm combines 1 or 3 tracks with
matching energy deposits in the calorimeters, covering the main � fully leptonic and hadronic
decay modes. To distinguish genuine �h decays from jets originating from the hadronization of
quarks or gluons, as well as from electrons or muons, the DeepTau algorithm is used [68]. Its
misidentification rate depends on the pT and quark flavor of the jet. In simulated events from W

4By “particle-level” definition it is implied a collection of stable particles from full matrix element plus parton
shower generators, without any simulation of the interaction of these particles with the detector components or any
additional proton-proton interactions.
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boson production in association with jets, the misidentification rate is estimated to be 0.43% for a
genuine �h identification efficiency of 70%. The misidentification rate for electrons (muons) is
2.60% (0.03%) for a genuine �h identification efficiency of 80% (>99%).

28



3
Search for rare Z and Higgs boson decays to a

charmed meson and a photon

This chapter describes the search for decays of the Higgs and Z bosons to a J/ or  (2S) meson
(collectively referred to as  (nS)) and a photon, one of the rare H → Q
 decays introduced
in Section 1.3.1. The significance of this channel lies in its potential to probe the coupling of
the Higgs boson to the charm quark, as the direct decay is expected to occur through a charm
quark loop. The channel provides a better signal-to-background ratio than the Higgs boson
decay to a pair of c quarks hadronizing into jets [23, 24], thanks to the very low SM backgrounds
and the excellent muon momentum and photon energy resolution of the CMS detector. It is
also very rare, thus requiring a large amount of data. The yet outstanding observation of the
Z →  (nS)
 process, which is predicted to occur at a rate (Z → J/ 
) = 8.96+1.51−1.38 × 10−8

and (Z →  (2S)
 ) = 4.83+1.02−0.91 × 10−8 [27], would represent an intermediate goal that can be
achieved with a reasonable amount of data, due to the Z production cross section being 103 times
higher than that of the Higgs boson. This observation would provide a crucial benchmark for the
theoretical prediction framework, so this additional channel is included in the search.

The search for the decays Z →  (nS)
 and H →  (nS)
 was previously performed by both the
ATLAS and CMS Collaborations using data collected in 2016 [69,70] and the ATLAS Collaboration
recently updated its search using the complete Run-2 dataset [32]. The present search is performed
with data from proton-proton collisions at a center-of-mass energy of 13 TeV, corresponding to
an integrated luminosity of 123 fb−1, collected by the CMS detector during the LHC Run-2. Since
more collision events and more efficient trigger algorithms are required to achieve the sensitivity
needed for a potential observation, the aim of this work is to set an upper limit on the cross
section of these processes. The experimental observation of these rare decays of the Z and Higgs
bosons might become a reality with the Run-3 and HL-LHC campaigns, supported by the possible
implementation of dedicated trigger algorithms or the application of an innovative system for the
real-time analysis of all collision events, as described in the next chapters.

3.1 Analysis strategy and datasets

The analysis targets the subset of Z,H →  (nS)
 decays where the meson subsequently decays
to a pair of muons, resulting in a final state of ��
 . Thus, the expected signal is characterized
by two narrow resonances visible in the m�� and m��
 invariant mass spectra. The former will
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peak around the  (nS) meson mass, the latter around the decaying H or Z boson mass. These
resonances can be fully reconstructed thanks to the the excellent resolution of the CMS detector
in measuring photon energy and muon momentum, as highlighted in Section 2.3.

The two narrow signal peaks are expected to appear over different SM background contributions:

• A QCD continuum background, where the photon is emitted from charged quarks, and
the muons either come from heavy flavor semileptonic decays or from punch-through or
decays in flight of charged hadrons. This background does not exhibit a peak in either m��
or in m��
 invariant mass spectra.

• A QCD continuum background where a real  (nS) meson decay is present, exhibiting the
corresponding peak in m��, and a photon comes from the initial or final state.

• Electroweak backgrounds that produce a pair of muons and a photon, consisting of Z and H
bosons that decay through quark loops without the intermediate resonant cc̄ state, referred
to as “Dalitz decays”, and Z decays to a pair of muons with a Final State Radiation (FSR)
photon. These backgrounds resonate in m��
 but not in m��.

• A non-resonant electroweak background where the Z boson decays to a pair of muons and
the photon is emitted as Initial State Radiation (ISR).

While the third and fourth contributions can be modeled using Monte Carlo samples as for the
signals, a sufficiently large and reliable sample is not available for the first two QCD backgrounds,
making it necessary to estimate them using a data-driven approach. Additionally, cascade decays
 (2S) → J/ + X → �� + X, although they provide a non-negligible number of events compared
to the direct decays  (2S) → ��, are not considered in this work. As a matter of fact, the
momentum carried away by the additional particles (X) causes a shift towards smallerm��
 values,
not contributing to the peak of the expected signal. Moreover, the additional X hadron would
reduce the selection efficiency as it would reduce the isolation of the muon pair from hadronic
activity, which is a key signal-versus-background discriminating factor in the search.

3.1.1 Datasets for the search

The sample analyzed has been collected by the CMS experiment with a “single muon plus photon”
(�+
 ) trigger algorithm that selects events with at least one muon with pT > 17GeV and a photon
with pT > 30 GeV. This trigger was not active at the beginning of 2017, resulting in the loss of 14
fb−1 of data, leading to a total integrated luminosity for this analysis of 123 fb−1. As a cross check,
an alternative dataset is considered for the search requiring the presence of two muons with an
invariant mass value in the region of the J/ or  (2S) and a combined pT > 25 GeV.

3.1.2 Simulated signal and background samples

The Z/H →  (nS)
 signal Monte Carlo (MC) simulated events are produced at LO accuracy in
QCD with the MadGraph5_amc@nlo v2.6.5 matrix element generator [71], directly including
the spin correlations [72] using a model based on Refs. [27,30] instead of reweighting the simulated
event as in previous analyses [32, 69, 70]. Whereas the Z →  (nS)
 production is simulated
through quark-antiquark annihilation (qq̄ → Z), the simulation of the H boson is performed
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separately for each production mode, namely through gluon-gluon fusion (ggF), vector-boson
fusion (VBF), vector boson associated production (WH and ZH), and bottom and top quark
associated productions (bbH and ttH). For each boson and production mode, two different samples
are generated, imposing the Z or H boson to decay to J/ 
 or  (2S)
 , where  (nS) is forced to
decay to a pair of muons. The SM electroweak backgrounds are generated at NLO in QCD using
the same matrix element generator.
The Z boson cross section is normalized to the NNLO, and the Higgs boson cross section is

calculated at N3LO [16] with fewz v3.1 [73]. The branching fractions used for the signals are
those listed in Tables. 1.3-1.4. For the SM electroweak backgrounds, the generator branching
fractions (H → ��
) = 3.92 × 10−5 and (Z → ��
) = 1.32 × 10−5 are used as reference [71].
In all simulated samples, parton showering and hadronization processes are simulated by

interfacing the event generators with pythia 8.230 with the CP5 tune [74]. The NNPDF3.1
NNLO [75, 76] PDFs are used to model the momentum distribution of the partons inside the
colliding protons. Pileup interactions are included, with a distribution that is chosen to match
that observed in the data. The response of the CMS detector to the generated particles is modeled
using the Geant4 toolkit [77].
Simulated events are reconstructed with the same algorithms as those used for data. To

correctly handle the normalization for the processes modeled from MC samples, an event weight
is introduced to account for the simulated process production rate and the needed corrections
due to imperfect modeling relative to the observed data. Denoting wi as the weight for the ith

event in the samples, its mathematical expression is:

wi =

⎧⎪⎪⎪
⎨⎪⎪⎪⎩

1 if event ∈ observed data

"lumi ⋅
�prodint

Nev
⋅ "corr if event ∈ Monte Carlo

, (3.1)

where:

• �prodint is the product of the production cross section of the heavy boson, the branching
fraction of the decay under study and the integrated luminosity of the analysis sample.
Hence, it is equal to the expected number of events for the simulated process over the
period considered, typically a year of data taking.

• "corr is a correction factor accounting for the imperfect modeling in the simulation of the
pileup distribution, objects identification and reconstruction, and trigger efficiency. The
factors composing this term are discussed in Section 3.5.

3.2 Physics objects and event preselection

The physics objects used for the analysis are introduced along with the definition of the relevant
features. The chosen working points and their implicit selections are also defined, serving as
basic preselection criteria that the observed and simulated events must meet to be considered for
further selection.
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3.2.1 Primary vertex

Due to the additional interactions per bunch crossing, several primary vertices are reconstructed
in an event. The candidate PV for the events is chosen as the one with the highest sum of the
p2T of the associated clustered particles, identified leptons, and missing transverse momentum.
Additionally, it must have:

• At least one associated track.

• A number of degrees of freedom ndof > 4, where ndof is the sum of the track weights [78,79].

• A distance from the center of the nominal interaction point along the beam pipe |zvtx| <
24 cm.

• A distance in the transverse plane from the center of the nominal interaction point along
the beam pipe d0 < 2 cm.

If the PV does not satisfy these criteria, the event is rejected.

3.2.2 Trigger selection

The High-Level Trigger algorithm selected for the analysis is a single muon plus photon trigger
(� + 
 ), requiring one muon and one photon with transverse momentum p�T > 17 GeV and
p
T > 30 GeV respectively. As alternative, a dimuon (��) trigger requiring a J/ or  (2S)
charmonium candidate with transverse momentum p��T > 25 GeV has also been considered,
providing a useful cross-check for the Z decay search. This alternate trigger yields a performance
on the final upper limit results that is slightly worse with respect to the main � + 
 trigger.
The efficiency of the � + 
 trigger is computed for both data and simulation using a topology

with two different flavor leptons (e�) that are prompt and isolated from hadronic activity, in
addition to a photon. The processes that mostly contribute are tt̄ + 
 and Z + 
 , with the electron
and muon originating from the leptonic W decays in the former and from Z → ��e� + X decays
in the latter. The dataset chosen for this measurement must be orthogonal to the sample used for
the analysis to avoid the introduction of any bias in the efficiency calculation. Thus, it is selected
from single electron triggers and filtered using the following criteria:

• The events satisfy a single, isolated electron trigger.

• At least one electron passes a medium cut identification criteria (ID) with pT > 28 GeV.

• The probe muon is required to satisfy a medium ID and to be isolated from hadronic activity,
as described in Section 3.2.3.

• The probe photon is required to pass the multivariate ID at 80% efficiency working point,
introduced in Section 3.2.5, and must be more energetic than the electron to avoid a possible
bias in the trigger efficiency.

• The electron, the muon and the photon must be angularly separated with ΔR > 0.5.
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Thedenominator of the efficiency consists of all events passing the above selections. The numerator
definition is the same, with the addition of passing the � + 
 trigger considered for the analysis.
The efficiencies are evaluated as a function of the pT and � of both the muon and photon. The
correction factors deriving from differences in the computed trigger efficiency between data and
simulation are presented in Section 3.5.2.

3.2.3 Muon identification and isolation

Events are required to have at least two muons. The leading and subleading muons must satisfy
p�1T > 18 GeV and p�2T > 5 GeV, respectively. Their four-momenta are calibrated by applying the
Rochester corrections [80], which account for residual differences between data and simulation in
the muon momentum scale and resolution.
During the CMS event reconstruction, identification criteria are applied to muons, and only

those that meet a predefined reconstruction quality criteria are retained. A complete list and
definition of the IDs can be found in [52, 59]. For this analysis, an event must have a pair of
opposite-sign “medium prompt ID” muons. The identification criterion requires each muon to
satisfy the following conditions:

• The muon is identified as a PF muon.

• It is either a global or a tracker muon, whose definitions are explained in Section 2.3.2.

• The fraction of valid tracker hits is greater than 80%.

• If the muon is reconstructed as a tracker muon, its segment compatibility must exceed 0.451.
For a global muon, the segment compatibility must exceed 0.303, and additional criteria
apply: the global fit must have � 2/ndof < 3, the position match between the tracker and
standalone muons must have � 2 < 12, and the maximum � 2 from a kink-finding algorithm
must be below 20.

• It satisfies additional cuts on the longitudinal and transverse impact parameters of dz <
100 �m and dxy < 20 �m.

A requirement on the isolation of muons is set to reject muons from semileptonic decays of
hadrons within jets or any jet that punches through the calorimeters, mimicking a muon signature.
The relative isolation variable of a muon is determined by the PF algorithm by constructing a cone
of size ΔR around the muon direction [52]. The isolation variable is computed by summing the
transverse energy (as measured in the calorimeters) and the transverse momentum (as measured
in the silicon tracker) of all objects within this cone, excluding other muons, and then dividing
by the transverse momentum of the muon. In addition to this calculation, a correction of the
energy deposit of neutral particles (hadrons and photons) from pileup vertices is applied. The
final formula is:

PFRelIso(�) ≡ � =
1
p�T (

∑
i
pℎ

±,i
T + max

[
0,∑

i
pℎ

0,i
T +∑

i
p
 ,iT − Δ� ∑

i,pileup
pℎ

±,i
T ])

, (3.2)

with:
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• ∑i p
ℎ±,i
T the scalar pT sum of charged hadrons ℎ± originating from the primary event vertex

within a cone of size ΔR around the muon.

• ∑i p
ℎ0,i
T the scalar pT sum of neutral hadrons ℎ0 within the same cone.

• ∑p
T the scalar pT sum of the photons inside the cone.

• Δ�∑i,pileup p
ℎ±,i
T the pileup correction, where Δ� = 1

2 , approximately representing the ratio
of neutral particle to charged hadron production in inelastic proton-proton collisions, as
estimated from simulation.

For this work, a cone of size ΔR = 0.4 is used. Since the signal events are expected to have a low
m�� invariant mass and high p�T, it is common for the isolation cone of the second muon to overlap
with that of the first muon. In this case, the contribution of the nearby muon is not accounted for,
as the isolation algorithm does not take into account other PF candidates classified as muons. The
working point chosen for this analysis is a tight isolation requirement, corresponding to an upper
threshold of 0.15 on the relative isolation variable in order to consider the muon as isolated.

3.2.4  (nS) candidate reconstruction

An event may have more than one possible pair of muons, for example in the case of VH Higgs
boson production and subsequent leptonic decay of the Z or W boson. The three criteria tested
to reconstruct the  (nS) candidate select the opposite-sign pair of muons that either has the
highest transverse momentum (pT), the smallest invariant mass (minv), or the closest angular
separation (ΔR). These association criteria are tested on different signal samples with varying
lepton populations and compositions. Table 3.1 shows the fraction of events where the correct
pair of muons is selected, using the generator-level information as the ground truth.

H production ggF ZH WH

pT 0.975 0.903 0.871
minv 0.971 0.945 0.938
ΔR 0.976 0.946 0.939

Table 3.1 ∙ Fraction of events with the correct selection of the muons used to reconstruct the J/ candidate
under each association criterion, depending on the signal production mode.

The difference among the criteria are particularly important when other prompt muons are
present, which often have a larger momentum than those emerging from the  (nS) decay. For
instance, in WH events the ΔR criterion selects the correct muon pair in 94% of the events,
compared to 87% for the less effective pT criterion. The selection scheme with the highest
efficiency and greatest robustness against the presence of other muons in the event is the ΔR
criterion, which has been adopted throughout the analysis.

3.2.5 Photon identification

The most energetic photon in an event must satisfy p
T > 32 GeV and not fall in the ECAL
transition region of 1.479 < |�
 | < 1.653. It must be reconstructed with sufficiently high quality
and resolution. This condition is enforced through a Multivariate Classifier (MVA) identification
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criterion with an 80% working point, meaning a photon selection efficiency of 80% is chosen [61].
The MVA includes isolation variables that account for the hadronic activity in a cone around
the photon. The MVA classifier employs a Boosted Decision Tree (BDT) implemented in the
TMVA framework [81], providing an excellent separation between signal (prompt photons) and
background from misidentified jets. More details on its implementation and training are provided
in [61]. Additionally, the reconstructed photon must pass a “Pixel Seed Veto” (PSV) to improve
rejection of non-genuine photons from a conversion vertex. This veto ensures cleaner events for
the final selection by checking for the absence of a matching track in the pixel detector, indicating
no associated electron track [61].

3.2.6 Jets

As described in Section 2.3, the jets are clustered using the FastJet package with the anti-kT
clustering algorithm and a clustering parameter R = 0.4, whose products are called AK4 jets.
Contributions from pileup are mitigated with the Charged Hadron Subtraction (CHS) algorithm
[82]. In this analysis, AK4 jets are considered if their pT is larger than 30 GeV, they lie within the
tracker acceptance (|�| < 2.4), pass a tight jet ID [83], and are at least ΔR > 0.4 away from other
isolated photons and muons.

VBF jets To enhance the identification of the Higgs VBF production mode, AK4 jets in the
forward region of the detector and with pT > 50 GeV are also considered in addition to the
aforementioned central jets. These jets should not geometrically overlap with the muons or the
photons used in the reconstruction of the H or Z candidate. If an event has at least a pair of these
jets with invariant mass mjj greater than 350 GeV, it is tagged as a candidate VBF event.

b-tagged jets The algorithm used to tag jets from b-quarks throughout this analysis is the
DeepCSV algorithm [84, 85], an extension of the Combined Secondary Vertex (CSV) algorithm
[86] that utilizes the tracks and secondary vertices associated with the jets as inputs to a neural
network (NN). The NN classifies jets assigning a probability for the jet to belong to one of the
following categories: exactly one b hadron, two or more b hadrons, exactly one c hadron with no
b hadrons, two or more c hadrons with no b hadrons, or none of the aforementioned categories.
Three working points are defined for b-tagging based on the level of mis-tagging [87]. The

medium working point has been selected for this analysis, as it provides a balance between
b-tagging efficiency (around 70% for genuine b-jets) and low mis-tagging of light jets (around
1%) [88].

3.2.7 Preselection summary

The preselection efficiencies on observed and simulated datasets are reported in Table 3.2. The
distributions of a few key variables after preselection are shown in Fig. 3.1.
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Figure 3.1 ∙ Distributions m��
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�1
T , p
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T , p



T and �1 after preselection. For signal and background

simulations, the distributions of p�1T , p
�2
T , p



T and �1 are normalized to match the number of observed

events for comparison.
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Sample Before preselection After preselection Efficiency (%)

Data 3.84 × 108 7.84 × 103 2.0 × 10−3
Z → J/ 
 44.0 5.09 12
H → J/ 
 1.36 2.37 × 10−1 17
Z →  (2S)
 2.04 3.78 × 10−1 17
H →  (2S)
 6.28 × 10−2 1.06 × 10−2 17
Z → ��
 1.30 × 104 5.10 × 102 3.9
H → ��
 2.67 × 102 6.25 2.3

Table 3.2 ∙ Number of observed and simulated events before and after the application of the preselection.

3.3 Event selection

This section introduces the event selection criteria for the analysis, based on the analysis objects
defined in the previous section. The selection criteria are organized into two levels, each with a
specific purpose and granularity: the “Signal Region” (SR) selections, which include the preselec-
tion and additional criteria based on higher-level features, as well as event categorization; the
“Control Region” (CR) selections, a special set of filters defined for the Z → ��
 background
control. The defined levels and criteria for categorization are described below.

3.3.1 Signal region selections

The second set of selection criteria is defined on top of the preselection and adds higher-level
variables to maximize the signal-to-background ratio. Events are divided into two signal regions
based on the value of m��: events with 3.0 < m�� < 3.2 GeV are considered to be J/ candidates
and belong to the a signal region called SR1; events with 3.60 < m�� < 3.75 GeV are assumed
to originate from a  (2S) state and belong to a separate signal region SR2. The invariant mass
distribution of the final state particles m��
 for the two SRs is shown in Fig. 3.2. Depending on
the signal process, the defined categories are slotted into subcategories to exploit their physical
features and maximize the sensitivity, as presented in this section.
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Figure 3.2 ∙ Distribution of m��
 after the application of the SR1 (left) and SR2 (right) criteria.
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3.3.2 Angular variables based categorization

Three main angular variables, illustrated in Fig. 3.3, characterize the topology of the process
under study: the cosine of the angle between the momentum directions of the  (nS) meson and
of the beam in the rest frame of the Higgs or Z boson (cos �∗); the cosine of the angle between
the momentum directions of the positively charged muon and the  (nS) in the rest frame of the
 (nS) (cos �1); the angle between the decay plane of the two muons and the plane of the  (nS)
and the photon ('1). Their distributions for the observed data and simulated samples after the
preselection are shown in Fig. 3.4.




 (nS)

�+

�−

z

'1
�1

�∗

z
 plane

�+�− plane

(Z,H)

Figure 3.3 ∙ Topology of Z,H →  (nS)
 → ��
 decay, with the main angular variables �∗, �1, '1
highlighted.

The distributions of cos �∗ and cos �1 are particularly important as they depend on the po-
larization of both the candidate heavy boson and the candidate  (nS) meson. The absence of
polarization is indicated by a flat distribution, while transverse or longitudinal polarization is
evident from a convex or concave distribution, respectively. Mathematically, denoting f (cos �) as
the distribution under study, its analytic expression is:

f (cos �) =

⎧⎪⎪⎪⎪⎪⎪
⎨⎪⎪⎪⎪⎪⎪⎩

1
2

No polarization

3
4 (

1 + cos2 �) Transverse polarization

3
2 (

1 − cos2 �) Longitudinal polarization

. (3.3)

The joint information of the cos �∗, cos �1 and '1 variables can be used to implement an angular
discriminator between signal and backgrounds, which can be exploited for event categorization.
This strategy is also physically motivated since these variables are not correlated with the invariant
mass distributionsm�� andm��
 , as shown in Fig. 3.4d. After preselection, the angular distributions
for the observed and simulated data are modeled using polynomial functions fs and fb for the
signal and background, respectively. Then, an angular Likelihood Discriminator (LD) variable is
constructed as a likelihood ratio between the signal and the backgrounds:

{
Ls = fs(cos �∗) ⋅ fs(cos �1) ⋅ fs('1)
Lb = fb(cos �∗) ⋅ fb(cos �1) ⋅ fb('1)

⇒ L =
Ls

Ls + Lb
. (3.4)
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Figure 3.4 ∙ Distributions of the angular variables cos �∗, cos �1, '1 after preselection. Their correlation
with m��
 , m�� is shown in 3.4d. Note that the angular distributions are sculpted at their edges by the
thresholds in pT on the muons and the photon.

A variable is defined for each decaying boson, discriminating the corresponding signal from the
main QCD background. The distributions of these variables after the preselection are shown in
Fig. 3.5. From the distributions, it is evident that the LD variable, owing to the intrinsic spin
correlations of the particles considered, provides a significant signal-background separation for
the Z searches. Thus, the variable LDbkg vs Z sig is used in the Z → J/ 
 signal search to define
two independent categories: a High Purity (Z-HP) category, for events that have an LD score
greater than 0.5, belonging to the signal-enriched part of the discriminator distribution; a Low
Purity (Z-LP) category, for the events with an LD score lower than 0.5. The limited amount of
data samples available in the Z →  (2S)
 search after the SR2 selection prevents the application
of this discriminator to its respective signal region.

39



Chapter 3. Search for rare Z and Higgs boson decays to a charmed meson and a photon

0.0 0.2 0.4 0.6 0.8 1.0
Z vs bkg. Likelihood Discriminator

0

250

500

750

1000

1250

1500

1750

Ev
en

ts
 / 

0.
04

123 fb 1 (13 TeV)

CMSPreliminary
Preselection ( +  trg)

Low
Purity
(Z-LP)

High
Purity
(Z-HP)

Z
H
Z J/
Z (2S)
H J/
H (2S)
Data

(a) LDbkg vs Z sig distribution

0.0 0.2 0.4 0.6 0.8 1.0
H vs bkg. Likelihood Discriminator

0

1000

2000

3000

4000

5000

Ev
en

ts
 / 

0.
04

123 fb 1 (13 TeV)

CMSPreliminary
Preselection ( +  trg)

Z
H
Z J/
Z (2S)
H J/
H (2S)
Data

(b) LDbkg vs H sig distribution

Figure 3.5 ∙ Distributions after preselection of LDbkg vs Z sig (3.5a) and LDbkg vs H sig (3.5b) variables.

3.3.3 Higgs production mode categorization

In the case of a Higgs signal, for which the LD variable does not present a significant signal-
background discrimination power, the sensitivity can be improved by further categorizing events
based the characteristics of the different Higgs boson productionmodes, introduced in Section 1.2.1.
A VBF category contains events with at least a pair of VBF jets with mjj > 350 GeV, as described
in Section 3.2.6. A Heavy-Flavor (HF) category accepts events with at least one b-tag jet, targeting
Higgs boson production in association with bottom and top quarks. Events that do not fall into
the previous categories constitute the inclusive category (ggF), which mainly targets gluon-gluon
fusion production. This category is further divided in high (ggF-HP) and low purity (ggF-LP)
depending on the value of the angular variable |cos �∗|: high purity for |cos �∗| > 0.5 and low
purity for |cos �∗| < 0.5.
A category targeting the WH and ZH Higgs boson production with additional leptons was

explored. However, too few events would fall into into this category to allow reliable background
estimation, so it was merged into the inclusive category. The same categorization based on the
production mode is not applicable to the Z boson decay search, as it is predominantly produced
through qq̄ annihilation. Moreover, the limited amount of events passing SR2 selections for the
H →  (2S)
 process, does not allow to apply the same event categorization, as it would result in
categories with too few events for the background estimation fit.

3.3.4 Control region for Z → ��
 background modeling

With the SR selections, most of the Monte Carlo events for Z,H → ��
 are discarded by the m��
window cut, leading to a loss of precision in the modeling of the m��
 distribution. Since the
resonant background is expected to peak at the same mass values of the Higgs and Z bosons, it is
essential to control its normalization with sufficient precision. Therefore, a control region (CR)
is defined as the set of events that do not belong to either of the two signal regions but satisfy
2 < m�� < 8 GeV. A plot for the m��
 invariant mass spectrum obtained with the CR selections is
shown in Fig. 3.6. It can be observed that, after these selections, the dataset presents a resonance
peaked at the Z boson mass, due to the Z FSR background.
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Figure 3.6 ∙ Distribution of m��
 after the application of the CR selections, where the resonance peaked at
the Z boson mass value is due to the Z FSR background.

3.3.5 Event categorization summary

The event selection and categorization introduced in the previous subsections are summarized in
Table 3.3. The number of events falling in each category is shown in Fig. 3.7.

SR1 SR2 CR
Z-HP Z-LP ggF-HP ggF-LP VBF HF

p�1,2T > 18 GeV (leading �1), > 5 GeV (subleading �2)
p
T > 32 GeV
|��1,2 | < 2.4
|�
 | < 2.5, excluding ECAL transition region (1.479 < |�
 | < 1.653)

[2.0, 3.0],
m�� (GeV) [3.0, 3.2] [3.6, 3.75] [3.2, 3.6],

[3.75, 8.0]

cos �∗ — — > 0.5 < 0.5 — — — —
LD > 0.5 < 0.5 — — — — — —
b-jets — — 0 0 0 ≥ 1 — —
VBF candidates — — 0 0 ≥ 1 0 — —(mjj > 350 GeV)

Table 3.3 ∙ Summary of the selections of the seven signal regions and the control region.
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Figure 3.7 ∙ Summary of categorization and amount of observed events per category, highlighted for each
search considered in this work.

3.4 Event modeling

This section describes the modeling of the signal and background components, as introduced in
Section 3.1. The RooFit framework [89] is employed to perform unbinned Maximum Likelihood
(ML) fits. In the minimizer algorithm, every data point is considered with a weight factor, as
described in Eq. 3.1.

3.4.1 Signal and resonant background modeling

The signal and resonant background contributions are estimated from the Monte Carlo samples
after applying the corresponding SR and CR selections, respectively. This operation is accom-
plished by fitting a parametric function to the m��
 distribution. A Double-Sided Crystal Ball
(DSCB) function [90] is chosen, with an additional Gaussian added to improve the fit. The func-
tional form of the DSCB is characterized by a Gaussian core (2 parameters) and two exponential
tails (4 parameters), and it reads:

DSCB(x|�, �, �1, �2, n1, n2) =

⎧⎪⎪⎪⎪⎪⎪
⎨⎪⎪⎪⎪⎪⎪⎩

A1 ⋅ (B1 −
x − �
� )

−n1 x − �
�

≤ −�1

exp[−
(x − �)2

2�2 ] −�1 <
x − �
�

< �2

A2 ⋅ (B2 +
x − �
� )

−n2 x − �
�

≥ −�2

, (3.5)

with:
Ai = (

ni
|�i|)

ni
⋅ exp [−

�2i
2 ]

Bi =
ni
|�i|

− |�i|
, i = 1, 2 . (3.6)

42



3.4. Event modeling

The results of the fit for the signal samples filteredwith the SR selections are shown in Figs. 3.8a-3.8b
for two categories, provided as examples. The results of the fit for the resonant background samples,
using the CR selections, are shown in Figs. 3.8c-3.8d.
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Figure 3.8 ∙ Examples of results of signal and resonant background MC samples m��
 distribution fit.
The model employed is the DSCB, defined in Eq. 3.5, plus an additional Gaussian, while the datasets are
obtained using the corresponding SR selections for 3.8a-3.8b, and the CR selections for 3.8c-3.8d.
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3.4.2 QCD background modeling

The main continuous background from QCD processes is modeled directly from the data5 in the
absence of a reliable MC sample simulating this contribution. The upper limits obtained from the
statistical analysis will be highly dependent on the background model employed. For this reason,
multiple choices of function families are considered in the statistical analysis and, for each family,
models with different number of parameters are included. The aim of this strategy is not only to
find the best-fitting model, but also to minimize potential biases introduced by the choice of the
function in the analysis. The functional forms considered in this work are listed below, omitting
the normalization parameter:

• Power-law functions f (n)power, with a number of shape parameters n ranging from 1 to 4.
The parameterization of the power-law is designed to minimize the correlations between
the parameters:

f (1)power(x) = x
−a1 , (3.7)

f (2)power(x) = x
−a1 ⋅ (1 − x)−a2 , (3.8)

f (3)power(x) = x
−a1−a3 log x ⋅ (1 − x)−a2 , (3.9)

f (4)power(x) = x
−a1−a3 log x−a4 log2 x ⋅ (1 − x)−a2 . (3.10)

The x variable represents the quantity m��
/
√
s.

• Exponential functions f (n)exp, with a number of shape parameters n ranging from 1 to 4:

f (1)exp(x) = exp [b1x] , (3.11)

f (2)exp(x) = exp [b1xb2] , (3.12)

f (3)exp(x) = exp [b1xb2 + b3(1 − x)] , (3.13)

f (4)exp(x) = exp [b1xb2 + b3(1 − x)b4] . (3.14)

The x variable has the same definition as for the power-law functions.

• Bernstein polynomials f (n)bern, with a number of shape parameters n ranging from 3 to 5.
Their general form is expressed as a linear combination:

f (n)bern =
n
∑
i=0
diBi,n(x) , (3.15)

where the set
{
Bi,n(x)

}
is the n+1 Bernstein basis polynomials of degree n, whose elements

are computed as:

Bi,n(x) = (
n
i)

⋅ x i (1 − x)n−i . (3.16)

5Before the unblinding of the analysis, the data inside the invariant mass windows centered on mZ,H, namely
[86, 96] GeV and [120, 130] GeV, have not been considered in ML fit.
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The choice of the optimal number of shape parameters for each functional family is resolved
by applying an F -test. Given two models with p(1) and p(2) shape parameters, where p(2) > p(1),
this test answers the question of whether the model (2) does not provide a significantly better fit
to the data than model (1), which is the null hypothesis. Given a binned dataset with a number of
bins nbins, the F -test statistics is computed as:

F = (
RSS(1)−RSS(2)
p(2)−p(1) )

(
RSS(2)

nbins−p(2))
, (3.17)

where RSS(i) is the Residual Sum of Squares of the model (i). The null hypothesis is rejected if the
F statistics calculated from the data is lower than a critical value � = 0.05 of the F -distribution
with (p(2) −p(1), nbins −p(2)) degrees of freedom, thus the model (2) provides a significantly better
description of the data. In the case considered here, the test is applied iteratively to each pair of
models with p(1) and p(2) = p(1) + 1 shape parameters. The F -test optimal results for each family
of functions and for all the categories are reported in Table 3.4.

Function SR1 SR2 CR
Z-HP Z-LP ggF-HP ggF-LP VBF HF

Power-law 3 3 3 4 2 2 2 3
Exponential 2 4 2 2 2 2 2 3
Bernstein 5 2 5 5 4 4 4 4

Table 3.4 ∙ Optimal number of parameters from F -test for all families of functions used for the QCD
background modeling.

ThePDF obtained from the fit and normalized to the number of observed events is summed to the
fitted resonant background contributions, with their normalization fixed to the SM expectation in
the case of the SRs. For the CR, only the normalization of H → ��
 is fixed to the SM expectation,
while the Z → ��
 normalization is left floating and obtained from the fit, as the resonance is
observable from the data. The resulting model represents the entire background contribution,
shown in Figs. 3.9-3.10 for all the SR categories and in Fig. 3.11 for the CR selections.
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Figure 3.9 ∙ The upper panels show the background-only fit using the power-law, exponential, and
Bernstein polynomial functions with the optimal number of parameters determined with the F -test, and
ranked according to the fit � 2. The resonant background contributions are added with the normalization
fixed to the SM expectation. The vertical error bars on the data points show the statistical uncertainty. The
bottom panels show the pulls for the fit result for the model with lowest � 2. Upper left: H → J/ 
 ggF-HP
category. Upper right: H → J/ 
 ggF-LP category. Lower left: H → J/ 
 VBF category. Lower right:
H → J/ 
 HF category.
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Figure 3.10 ∙ The upper panels show the background-only fit using the power-law, exponential, and
Bernstein polynomial functions with the optimal number of parameters determined with the F -test, and
ranked according to the fit � 2. The resonant background contributions are added with the normalization
fixed to the SM expectation. The vertical error bars on the data points show the statistical uncertainty.
The bottom panels show the pulls for the fit result for the model with lowest � 2. Upper left: Z → J/ 

Z-HP category. Upper right: Z → J/ 
 Z-LP category. Lower left: H →  (2S)
 category. Lower right:
Z →  (2S)
 category.
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Figure 3.11 ∙The upper panel shows the results of the main background fit in the CR, using the power-law,
exponential, and Bernstein polynomial functions with the optimal number of parameters determined with
the F -test, and ranked according to the fit � 2. The vertical error bars on the data points show the statistical
uncertainty. The bottom panel shows the pulls for the fit result for the model with lowest � 2.

48



3.5. Systematic uncertainties and corrections

3.5 Systematic uncertainties and corrections

Systematic uncertainties may affect the results and are due to incomplete knowledge of:

• The true model of the invariant mass distribution m��
 for the QCD multijet background.

• The detector simulation.

• The theoretical prediction of the signal production mechanism.

For the first point, Section 3.5.1 introduces the “discrete profiling” method to take into account the
uncertainty in the QCD background model choice. The systematic uncertainties of the last two
points are evaluated by varying contributing sources within their corresponding uncertainties
and propagating every uncertainty to the signal yield or shape using the signal MC sample.
In particular, as described in Section 3.1.2 and in Eq. 3.1, the simulated event weights require
correction factors, known as Scale Factors (SF), to account for the imperfect modeling of the
simulation with respect to the observed data. The next subsections describe these corrections,
which are in general selected according to the standard Run-2 recommendations provided by the
involved Physics Object Groups (POG).

3.5.1 QCD background model discrete uncertainty

The true model of the QCD background is not known and it constitutes one of the main sources of
systematic uncertainty. In fact, the choice of the function used to model the QCD background can
lead to non-negligible variations in the upper limit results. To address this source of uncertainty in
a simple and elegant way, the “discrete profiling” (or “common envelope”) method is chosen [91].
This method was designed as a way to estimate the systematic uncertainty associated with

choosing a particular analytic function to fit the background m

 distribution for the H → 


analysis [92]. A set of candidate function families is considered, including the ones introduced in
Section 3.4.2 (exponentials, power-laws and Bernstein polynomials). These functions are fitted
to the m��
 distribution in the mass range defined by the event selections. For each family of
functions, an F -test is performed to determine proper number of parameters to be used in the fit,
while requiring an acceptable goodness of fit to the data.

When fitting these functions to the background m��
 distribution, the value of twice the
negative logarithm of the likelihood (2NLL) is minimized. A penalty term is added to 2NLL to
account for the number of floating parameters in each candidate function. When measuring a
given parameter of interest, the discrete profiling method determines the envelope of the lowest
values of 2NLL profiled as a function of that parameter. In this way, the choice of the background
function is treated as a discrete nuisance parameter in the fit, accounting for the uncertainty
associated with the arbitrary choice of function. The method is already implemented in the CMS
statistical analysis tool, Combine [93].
A signal injection test is performed to assess the robustness of this method. After defining

a signal strength modifier �true = �/�SM for the signal to inject, a signal plus background toy
is generated, using for the background component generation a function selected among the
possible families after the F -test. The generated toy dataset is then fitted using the discrete profile
method, with the signal normalization free to float in the fit. The result of the fit is the measured
signal strength �fit, which should ideally correspond to the injected fraction �true. The uncertainty
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�fit of the measured signal strength modifier is determined as well to compute a pull value, defined
as:

pull =
�fit − �true

�fit
. (3.18)

The procedure is repeated 100 times and applied for each possible combination of signal process
under study and function family used for the generation of the background component of the toy
dataset. The procedure is further repeated for multiple �true points.
A conservative criterion for determining whether the fit is unbiased is that the distribution

of the pull values from all the toys, for a given combination of signal process, generator family
and �true point, follows a Gaussian distribution with an absolute mean value less than a generic
threshold of 0.20 and variance around 1. This criterion ensures that any possible bias in the
fitted signal strength is at least 20% smaller than its statistical uncertainty and can therefore be
considered as acceptable [94]. The results of this test are presented in Fig. 3.12 and do not show
in general any significant bias introduced in the analysis.
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Figure 3.12 ∙ Bias studies with discrete profiling method: pulls distribution depending on toy and on
signal injected. The orange line is the Gaussian mean of the pulls distribution for a certain signal fraction
injected, while the red lines are the ±1� bands.

3.5.2 Uncertainties affecting the predicted signal yields

Luminosity The uncertainty on the integrated luminosity is the recommended value of 1.2%
in 2016 [95], 2.3% in 2017 [96], and 2.5% in 2018 [97], when considering the uncertainties as
correlated across years. Accounting for the relative contribution of the different years, the total
uncertainty for the full Run-2 is 1.6%, which is propagated to the normalization of the signal and
H → ��
 background.
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3.5. Systematic uncertainties and corrections

High-Level-Trigger The SFs accounting for differences in the � + 
 trigger efficiency between
simulation and data are computed as the ratio of efficiencies for data and simulation, following
the methodology described in Section 3.2.2 for the efficiency calculation. The SFs as a function
of the pT and � of the muon and photon are shown in Fig. 3.13. Since no dependence on � is
observed, the SFs are derived as a function of pT. The SFs and the corresponding uncertainties,
integrated over the pT and � phase space considered in the analysis, are summarized in Table 3.5.
The uncertainties on the signal and H,Z → ��
 background yields are estimated by varying

the trigger efficiency SFs by ±1� of their uncertainties. The largest variation in the yields is
reported as the systematic uncertainty.

Year Scale Factor

2016 0.982 ± 0.059
2017 0.919 ± 0.061
2018 0.972 ± 0.045

Run-2 0.978 ± 0.035

Table 3.5 ∙ Scale factors for the � + 
 trigger, separately by year and integrated over the full Run-2. The
uncertainty is statistical only.

Identification and Isolation of muons The SF deriving from the application of the muon
identification and isolation criteria are provided by the Muon POG and are derived using a tag-
and-probe approach on Z → �� events [98]. The uncertainties on the signal and H,Z → ��

background yields are derived by running the analysis and varying the muon identification and
isolation SFs by ±1� of their uncertainties. The maximum variation in the yields is quoted as the
systematic uncertainty.

Identification of photons The SF values for the photon identification with a MVA technique
and for the Pixel Seed Veto are provided by the e/
 POG [99]. As for the muon identification
and isolation, the uncertainties on the yields are derived by running the analysis and varying the
photon MVA identification SFs by ±1� of their uncertainty. The maximum variation in the yields
is quoted as the systematics.

Pileup reweighting TheMonte Carlo samples include the simulation of additional interactions
per bunch crossing for a more realistic comparison. However, there are differences between
simulated and observed pileup that must be accounted for in the analysis. In the observed data,
the pileup can be estimated based on the luminosity and proton-proton inelastic cross section.
Since the instantaneous luminosity may vary during data taking, the pileup distribution in the
simulation needs to be aligned with the data. This alignment is achieved through a set of SFs
correcting the simulated event weight and included in Eq. 3.1.

The SF values and their uncertainties are derived from histograms of the pileup distributions for
data and simulation [100], taking into account a proton-proton inelastic cross section of 69.2 mb
with an uncertainty of 4.6%. The cross-section is varied by ±4.6%, and the analysis is then run with
the varied weights. The maximum difference in the yields of signal and background simulations
compared to the nominal yield is quoted as the systematic uncertainty.
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Figure 3.13 ∙ Efficiency of the � + 
 trigger as a function of pT and � of the photon and muon legs.
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3.5.3 Uncertainties affecting the shape of the signal model

Choice of the signal model Given that the choice of the function used to fit the signal is
arbitrary, a systematic uncertainty is introduced to account for potential biases related to this
choice. The uncertainty is estimated by fitting the signal with an alternative function, such as
a “Voigtian” PDF, and comparing the difference in the fitted signal strength with respect to the
case of a DSCB plus a Gaussian. This uncertainty is generally small, typically below 1%. For this
reason, a flat 1% uncertainty is considered in the main fit in Section 3.6.

Muonmomentum scale and resolution TheRochester corrections, mentioned in Section 3.2.3,
come with their own set of uncertainties, which arise from the limited amount of available data
samples. These uncertainties are applied to the analysis and yield a very small difference in
the resolution of the reconstructed H or Z peak. Other effects, such as thresholds effects, are
negligible. The impact of these uncertainties on the signal model shape is reported in Table 3.6.

Photon energy scale and resolution The photon uncertainties mainly influence the shape
of the m��
 distribution and affect the mean and width of the signal model. The source of
uncertainties are:

• Photon energy scale and resolution: corrections are applied to the photon energy scale
and to the energy resolution in simulation. The uncertainties related to these corrections
are computed using signal events. The magnitude of the resulting uncertainty is below 1%.

• Non-linearity of the photon energy scale: any remaining differences in the linearity
of the photon energy scale between data and simulation are covered by this uncertainty,
which is estimated using Lorentz-boosted events. An uncertainty of 0.1% on the photon
energy scale is assigned in this analysis. The procedure for estimating this uncertainty is
detailed in [101].

• Non-uniformity of light collection: within a given ECAL crystal, there is an uncertainty
associated with the modeling of the light collection as a function of the emission depth.
This uncertainty is estimated by comparing simulation with the longitudinal shower profile
estimates, and the procedure is detailed in [101].

• Modeling of material in front of the ECAL: the behavior of electromagnetic showers
is affected by the amount of material present in front of the ECAL. This behavior may
not be well modeled in simulation, and thus special samples with variations in amount of
upstream material are used to compute the impact on the photon energy scale. For most
central photons, the magnitude of this uncertainty ranges from 0.02-0.05%, increasing to
approximately 0.24% for photons in the endcap [63].

The impact of these uncertainties on the signal model shape is reported in Table 3.6.

Jet energy scale and resolution The JES and JER corrections are measured using the pT
balance of jets with Z bosons and photons in Z → ee, ��, and 
 + jets events, as well as the
pT balance between jets in dijet and multijet events [83]. At the momentum scale of the Higgs
boson, like in the case of this analysis, the uncertainty in the jet energy scale amounts to a few
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Source Mean Sigma

Muon corrections ±0.05% ±0.8%
Photon energy scale ±0.04% ±3.4%
Photon energy resolution — ±1.8%

Table 3.6 ∙ Impact of the shape uncertainties on the signal mean and width.

percent and depends on pT and �. The impact of jet energy scale uncertainties on event yields is
evaluated by varying the jet energy corrections within their uncertainties and propagating the
effect to the variable on which the final cut is applied. The uncertainties among different years
are conservatively considered as correlated.
Only the VBF category is significantly affected by jet reconstruction and measurement, as

it is the only one requiring more than one jet that could fall in the forward region outside the
tracker geometrical acceptance. The event yield variations due to the JES and JER systematic
uncertainties amount to 2.9% and 1.0%, respectively.

The heavy flavor category also requires one jet, but no requirement on the pT is applied besides
the basic pT > 30 GeV threshold, making the effect of jet energy scale and resolution negligible.
Other categories do not include selections on jets at all, and thus they are independent on JES
and JER uncertainties.

Heavy flavor tagging Uncertainties in the jet b-tagging arise from differences in efficiency
between data and MC, which are measured centrally by the b-tagging and vertexing POG [86].
These uncertainties include the statistical component of the estimate of the fraction of heavy and
light flavor jets in both data and simulation.

Events are reweighted using the official SFs for Run-2 [87]. The systematic uncertainty on the
b-tagging efficiency is derived from the uncertainty in the SF measurement. These uncertainties
are evaluated simultaneously for all years.
Only the HF category is affected by the b-tagging efficiency uncertainty, resulting in a ±5.4%

variation in the normalization of the Higgs boson signal. The variations in other categories are
negligible because they do not make explicit selections based on b-tagging, and the fraction of
signal events containing genuine b quarks (ttH, bbH) is very small compared to the inclusive
cross section.

Trigger prefire An additional uncertainty is introduced to account for a gradual shift in the
timing of the inputs of the ECAL L1 trigger in the region at |�| > 2.0, which caused a specific
trigger inefficiency during 2016 and 2017 data taking. This inefficiency can affect photons and, to
a greater extent, jets.
Adopting a conservative approach, the variation resulting from the application of the prefire

weights is taken as the full uncertainty. The resulting uncertainty is largest for the categories
targeting VBF production, with a maximum impact on the yield of 2.7% and 0.6% for the H and Z
searches, respectively.
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Source Type Backgrounds Signals
QCD Z → ��
 Z →  (nS)
 H →  (nS)


Integrated luminosity norm. — — 1.6% 1.6%
Fact. and renorm. scales norm. — — 3.5% 5.6%
PDF norm. — — 1.7% 3.2%
Pileup modeling norm. — — 0.9% 0.8%
Trigger efficiency norm. — — 3.5% 3.5%
Trigger timing shift norm. — — 0.6% 2.7%
Muon identification/isolation norm. — — 2.0% 1.4%
Photon identification norm. — — 1.5% 1.5%
Electron veto norm. — — 1.0% 1.0%
Jet energy scale (VBF category) norm. — — — 2.9%
Jet energy resolution (VBF category) norm. — — — 1.0%
Jet b tagging (HF category) norm. — — — 5.4%
QCD background model shape discrete — — —
Resonant bkg. model norm. — 1% — —
Signal model norm. — — 1% 1%
Size of MC samples m��
 mean — 0.06% 0.06% 0.06%
Size of MC samples m��
 width — 0.1% 0.1% 0.1%
� calibration m��
 mean — 0.05% 0.05% 0.05%
� calibration m��
 width — 0.8% 0.8% 0.8%

 energy m��
 mean — 0.04% 0.04% 0.04%

 energy m��
 width — 3.4% 3.4% 3.4%

 resolution m��
 width — 1.8% 1.8% 1.8%

Table 3.7 ∙ Sources and types of systematic uncertainties. Normalization (norm.) uncertainties yield a
variation in the number of events equal to the reported value. Other uncertainties also vary the shape of
the mean and the width of the resonant background and signal m��
 distribution by the indicated amount.
Uncertainties in the same line are treated as correlated.

3.5.4 Summary

A summary of the systematic uncertainties is provided in Table 3.7. The theoretical prediction
and trigger efficiency uncertainties present the most significant impact on the signal yield. The
former may be reduced through refined calculations of the branching fraction predictions for
the signal processes under study and from more precise H production cross section predictions.
The estimation of the latter is limited by the low amount of events available for its computation,
as discussed in Section 3.5.2. The shape systematic uncertainties contribute less to the overall
uncertainty, and their impact on the final result is considerably lower compared to other sources
and to the discrete systematic uncertainty originating from the QCD background model choice.

3.6 Results

As no significant excess is observed with respect to the SM expectation, exclusion limits are set
by performing a background-only fit and a combined signal-plus-background fit to the m��
 mass
distributions, independently for the Z and Higgs boson signals, and the J/ and  (2S) hypotheses.
The Higgs and Z boson signals are fitted separately to the H and Z SRs, respectively. Each fit
also includes the CR, which constrains the normalization of the Z boson Dalitz backgrounds. In
contrast, the H boson Dalitz backgrounds are fixed to the SM background expectation, as the
number of selected events is not sufficient to constrain this process.
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In the fit, based on a profile likelihood, the parameters and the normalization of the background
in each category are left free to float, while for the H → ��
 background the normalization is
fixed to the MC expectation and for the Z → ��
 the normalization is constrained by the CR. The
systematic uncertainties in the signals are treated as nuisance parameters, with gaussian con-
straints for the muon and photon energy scale and resolution, and log-normal constraints for the
normalization uncertainties. These uncertainties are profiled in the statistical interpretation [102].

3.6.1 Upper limits at 95% CL on branching fraction

Upper limits at 95% CL are set using the CLs criterion [103, 104] in the asymptotic approximation
[105], and cross-checked with those obtained using the generation of pseudo-data [102]. The
limits derived with the two methods are found to be in agreement within 5%.

The results are shown in Fig. 3.14 and summarized in Table 3.14, where the branching fraction
and signal strength values for each channel are reported. The upper limits on the branching
fractions are compared to the previous results from the CMS and ATLAS Collaborations [70, 106]
in Table 3.9. No statistically significant excess is observed. A deficit in the data consistent with a
downward fluctuation with a significance of 2.2 standard deviations is seen in the Z →  (2S)

search channel.

Process �obs(�exp) � ×obs(� ×exp) (pb) obs(exp)

Z → J/ 
 7.2 (8.6+4.1−2.7) 3.8 (4.4+1.9−1.3) × 10−2 0.6 (0.7+0.3−0.2) × 10−6

Z →  (2S)
 29 (68+36−22) 8 (19+8−6) × 10−2 1.3 (3.1+1.4−0.9) × 10−6

H → J/ 
 88 (62+30−19) 1.4 (1.0+0.5−0.3) × 10−2 2.6 (1.8+0.9−0.6) × 10−4

H →  (2S)
 970 (781+417−259) 5.5 (4.4+2.3−1.5) × 10−2 9.9 (8.0+4.2−2.6) × 10−4

Table 3.8 ∙ Observed (expected) upper limits at 95% CL on the normalized values with respect to the
SM expectation, denoted as the signal strength parameter �, the product of the cross section � and the
branching fraction  of the (H,Z) →  (nS)
 decays, and the branching fraction assuming a SM Z and H
boson cross section.

Process This work (123 fb−1) CMS (36 fb−1) [70] ATLAS (139 fb−1) [106]
obs(exp) obs(exp) obs(exp)

Z → J/ 
 0.6 (0.7+0.3−0.2) × 10−6 1.5 (1.7+0.7−0.5) × 10−6 1.2 (0.7+0.3−0.2) × 10−6

Z →  (2S)
 1.3 (3.1+1.4−0.9) × 10−6 — 2.4 (3.0+1.3−0.8) × 10−6

H → J/ 
 2.6 (1.8+0.9−0.6) × 10−4 7.6 (5.2+2.4−1.6) × 10−4 2.0 (1.8+0.8−0.5) × 10−4

H →  (2S)
 9.9 (8.0+4.2−2.6) × 10−4 — 10.5 (8.1+3.6−2.3) × 10−4

Table 3.9 ∙ Comparison of observed (expected) upper limits at 95% CL on the normalized values with
respect to the SM with the previous ones by CMS and ATLAS Collaborations [70, 106].

The upper limits on the H → J/ 
 signal strength are interpreted within the �-framework [107]
to constrain the charm quark Yukawa coupling. The ratios of the signal strengths for theH → J/ 

and H → 

 decays and their SM expectations are approximated as the ratio of their respective
partial decay widths, normalized to their SM expectations ΓSM. Writing the partial H → J/ 

decay width in terms of both direct and indirect amplitudes dir and ind from the diagrams
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Figure 3.14 ∙ Observed and expected (with ±1, ±2 standard deviation bands) exclusion limits on the
branching fraction of the (H,Z) →  (nS)
 decays.

reported in Fig. 1.6, the ratio �c/�
 between the coupling modifiers for the charm quark Yukawa
coupling and the effective coupling of the Higgs boson to photons can be written as:

�(H → J/ 
)
�(H → 

)

≈
Γ(H → J/ 
)/ΓSM(H → J/ 
)
Γ(H → 

)/ΓSM(H → 

)

=

=
|ind�
 +dir�c|2

�2

⋅

1
ΓSM(H → J/ 
)

=
|ind +dir�c/�
 |2

ΓSM(H → J/ 
)
.

(3.19)

In this interpretation, the signal strength for H → 

 comes from Ref. [108], while the values for
the direct and indirect amplitudes for H → J/ 
 are extracted from Ref. [29]. This interpretation
follows the methodology used by the ATLAS Collaboration [106], which is based on Refs. [29,109].
The observed constraint on the �c/�
 ratio at 95% CL corresponds to the interval (−157, +199),
while the expected interval from pseudo-experiments is (−121, +161), with the likelihood scan
over �c/�
 shown in Fig. 3.15a.
An alternative interpretation is considered. Under the pure SM assumption, �
 is equal to 1,

and consequently �(H → 

) = 1. Thus, the equation Eq. 3.19 simplifies to:

�(H → J/ 
) ≈
|ind +dir�c|2

ΓSM(H → J/ 
)
. (3.20)

In this interpretation, the constraint is applied to �c directly. The observed and expected intervals
at 95% CL are (−166, +208) and (−128, +169), respectively. The likelihood scan over the �c is
shown in Fig. 3.15b.

3.6.2 Measurement of the Z decay to ��


A dedicated discussion has to be reserved for the control region. Here, it is possible to perform
a direct fit to the resonant Z → ��
 background, excluding other regions and signals. The CR
selected events allow to perform a SM measurement by verifying if the number of events from
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Figure 3.15 ∙ Likelihood scan over �c/�
 (3.15a) and over �c with �
 = 1 (3.15b) with expected and
observed constraints on the respective parameter of interest at 95% CL. The bump structure at the center of
the scan performed on the observed dataset is due to fluctuations in the data within the m��
 signal region.
The scan over pseudo-datasets is not centered at 0 due to the contribution of the indirect amplitude to the
process.

the Z → ��
 resonance is consistent with the SM expectation. The same background modeling
approach used in the main searches is applied also here. The uncertainties are the same as those
described in Section 3.5. The ratio between the modeled and expected number of events is:

�Z→��
 =
�
�SM

= 1.18 ± 0.12 . (3.21)

The measured cross section of the Z → ��
 background is statistically compatible with the SM
expectation.

3.6.3 Summary and outlook of the analysis

With respect to the previous CMS search [70], the sensitivity of this analysis shows an improve-
ment that surpasses the expectations from a simple increase in the integrated luminosity. This
enhancement is due to a more sophisticated event selection, including the use of angular variables
in the decays, the categorization of the Higgs boson depending on the production mode, and the
adoption of a more advanced statistical treatment, represented by the discrete profiling method
described in Section 3.5.1. When compared with the 2016 CMS search updated with the larger
data set used in this work, this analysis achieves an improvement by a factor of 2 in the expected
limit in the case of the H → J/ 
 decay, and of 30% in the case of the Z → J/ 
 decay.
The same method used to compute upper limits is applied to project upper limits under the

hypothesis of combining the Run-2 and Run-3 available datasets, totaling approximately 123+300
fb−1 by the end of Run-3 campaign. The same signal and background models are used for this
purpose, with normalization adjusted to match the yield from the total integrated luminosity. In
these projections, the H and Z production cross sections are fixed to their predicted values for√
s = 13 TeV for Run-2, and

√
s = 13.6 TeV for Run-3. Systematic uncertainties are conservat-
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ively left unchanged with respect to the Run-2 analysis. The observed data are replaced with
a pseudo-experiment generated from the total background model, with event counts reflecting
the considered integrated luminosity and maintaining the same event selection. Under these
assumptions, the expected upper limits at 95% CL on the branching fractions for the processes
under study are shown in Table 3.10.

Process Analysis results (123 fb−1) Analysis projection (123+300 fb−1)
�exp exp �exp exp

Z → J/ 
 8.6+4.1−2.7 0.7+0.3−0.2 × 10−6 4.5+2.1−1.3 0.4+0.2−0.1 × 10−6
Z →  (2S)
 68+36−22 3.1+1.4−0.9 × 10−6 34+17−11 1.6+0.7−0.5 × 10−6
H → J/ 
 62+30−19 1.8+0.9−0.6 × 10−4 30+14−9 0.9+0.4−0.3 × 10−4
H →  (2S)
 781+417−259 8.0+4.2−2.6 × 10−4 356+173−111 3.6+1.7−1.1 × 10−4

Table 3.10 ∙ Comparison between observed (expected) upper limits at 95% CL on the signal strength � and
the branching fraction of the (H,Z) →  (nS)
 decays from this work using 123 fb−1 of collision data, and
their expected projection using a pseudo-dataset, mimicking the Run-2 and Run-3 datasets combination
and corresponding to approximately 123+300 fb−1 of integrated luminosity.

The same methods as in Eqs. 3.19-3.20 are used for the interpretation of the upper limit
projections to set constraints on �c/�
 and �c. The expected constraint at 95% CL on �c/�

from the H → J/ 
 projected upper limit is found to be the interval (−79, +120), as shown in the
likelihood scan in Fig. 3.16a. Under the �
 = 1 hypothesis, the projected constraint on �c is set to
the interval (−84, +125), as shown in the likelihood scan in Fig. 3.16b. Both cases are compared
with the scans for the expected constraints using the Run-2 dataset.
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Figure 3.16 ∙ Projection to 123+300 fb−1 of collision data of likelihood scan over �c/�
 (3.16a) and over �c
with �
 = 1 (3.16b) with expected constraints on the respective parameter of interest at 95% CL. The scans
of the projection study are compared to the scans for the expected constraints of this work, obtained using
the Run-2 dataset and shown in Fig. 3.15.

The projection study highlights how the upper limit results are expected to improve proportion-
ally to the square root of the integrated luminosity. It is important to note that the same systematic
uncertainties discussed in Section 3.5 have been used and a more sophisticated treatment may
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improve the results. Additionally, improvements in the signal efficiency are anticipated due to
a refined event selection tailored to the features available in the Run-3 dataset. Therefore, a
future iteration of this analysis is expected to yield better results than this projection, potentially
approaching the sensitivity needed to observe the Z → J/ 
 .

60



4
Enhancing the CMS physics reach with

Real-Time analysis at the Level-1 trigger

Searching for rare Higgs boson decays is a challenging and often statistically limited task, partic-
ularly when the final state involves products from meson decays. Triggering on these specific
signatures is complex, because the final state might resemble a common pp collision. While a
dedicated trigger can be easier to implement for the case of H → J/ 
 , thanks to the presence of
muons in the final state, more complex strategies are needed for decays like H → �
 , where the
absence of muons makes triggering more difficult. The subsequent decay of a meson to a pair of
charged hadrons produces a two-track plus photon final state to select within a high number of
tracks in the event. Moreover, setting a higher trigger threshold on the photon transverse energy
to reduce the trigger rate might result in a significant loss of signal efficiency. For searches where
the number of expected signal events is relatively low and thus statistically limited, maintaining
the signal efficiency as high as possible results in a significant improvement in the analysis
sensitivity and contributes to a potential observation of the rare decay under study.

A more complex challenge arises when trigger handles like a photon are absent in the signature
of interest. An example is a final state composed only of generic charged tracks, such as kaons
or pions. In this context, the SM predicts rare Higgs decays to a pair of mesons, which the
CMS experiment has already explored for J/ or Υ pairs [38]. No public results exist to date for
decays to a pair of � or � mesons, due to the difficulty of developing an efficient trigger for these
signatures, or to �J/ [6], where in principle a trigger strategy could exploit the decay J/ → ��.

With the CMS Phase-2 upgrade for HL-LHC, tracker tracks and PF candidates will be available
at the Level-1 trigger, opening new possibilities for these searches and improving the sensitivity
to the Higgs decays treated in this work. Triggering on these signatures within the latency and
hardware resource constraints presents another challenge, as a higher average pileup of 200 will
increase the amount of collision products to analyze. Thus, keeping a high signal efficiency while
controlling the trigger algorithm rates is a challenging task.

This chapter builds on the analysis described in the previous, generalizing it to a wider physics
landscape and introducing the novel paradigm of “Data Scouting” at the first level of the CMS
trigger chain to extend the current physics boundaries. Given the central role in this work of the
CMS L1T, a detailed description of the system will be presented with an overview of the current
Phase-1 L1T in Section 4.2 and a summary of the capabilities of its future Phase-2 upgraded
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version in Section 4.3. The Level-1 trigger Data Scouting (L1DS), enabling real-time analysis
using the subset of information available at L1, will be introduced in Section 4.4 to mitigate the
limitations discussed above.

4.1 Present, future and limitations of the Level-1 trigger system

The current CMS Phase-1 L1T trigger is designed to select interesting events among all the
collisions and reduce the event rate from the 40 MHz bunch crossing frequency to around 100
kHz. The event reconstruction at L1 is performed using a subset of the detector information,
producing coarse resolution physics objects, which are the input to a set of algorithms that
determine whether the event will undergo finer reconstruction at the next trigger level (HLT).
The trigger selection, starting with the decision at L1, inherently introduces a bias in the

collected dataset. As the Run-2 data taking campaign has excluded a big portion of the phase-
space for traditional BSM models, from the start of Run-3 the CMS experiment has extended the
physics program to more exotic signatures, such as displaced particles originating from the decay
of Long-Lived Particles (LLP). In particular, new triggers have been implemented to extend the
sensitivity to signatures with displaced muon and jets [110, 111], enhancing the sensitivity on
scenarios like Dark Matter (DM) decays. These signatures are summarized in Fig. 4.1.

charged
neutral

BSM
lepton
quark jet
photon
anything

displaced
lepton

displaced
dileptonHSCP

disappearing
track

displaced
dijet

displaced
vertex

displaced
conversion

displaced
photon

Figure 4.1 ∙ Illustration of common BSM signatures in exotic physics searches: Heavy Stable Charged
Particles (HSCP), disappearing tracks, displaced dijet or dilepton, displaced vertex, displaced photon
conversion, displaced photon radiation or lepton. Charged (neutral) particles are portrayed with solid
(dashed) lines. BSM particle content is shown in red, leptons in green, quark jets with blue cones, photons
in yellow curly lines, everything else in purple.

For the HL-LHC upgrade, the CMS Phase-2 L1T is designed to maintain or improve the
acceptance for all physics objects under the HL-LHC pileup conditions, and can profit from
an increase in the maximum output rate from 100 to 750 kHz, thanks to the upgrade of the readout
systems of the CMS subdetectors. A larger amount of information will be accessible by the L1
reconstruction algorithms, including higher granularity primitives and tracker tracks, thereby
enhancing the physics capabilities of the trigger system and advancing towards the ambitious
goal of performing a real-time analysis of the collision data.
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4.1. Present, future and limitations of the Level-1 trigger system

Despite the significant extensions in the CMS physics program with the new Run-3 L1T
algorithms and the further enhancements expected with the Phase-2 L1T upgrade, CMS may not
be able to fully cover the entire phase-space of physics processes. Once an event is discarded
at L1, it is lost forever and cannot be analyzed further. The same consideration applies for the
selection at HLT, where the discarded events are not available for offline reconstruction and
analysis. Several approaches have been developed at HLT to mitigate or solve this limitation, as
schematized in Fig. 4.2:

• Data Parking: storing a large amount of raw detector data collected by algorithms with low
trigger thresholds to be processed later when sufficient computational power is available to
handle such data. This approach takes advantage of the large storage throughput available
at the DAQ, allowing the collection of data even though the offline reconstruction cannot
keep up with the rate. The offline reconstruction applied to this raw data is the same applied
to the standard triggered data, thus the event content is the same.

• Data Scouting: moving the physics analysis at the trigger level, by relaxing the HLT
selection and running the HLT online reconstruction on more events. This approach
brings significant advantage whenever the information and the resolution of the objects
reconstructed at HLT is sufficient. No offline reconstruction is applied and only a tiny event
record, compared to the full detector information, is stored for further analysis.

The Data Scouting approach was first introduced at the HLT level since the start of Run-1 and
further developed during Run-2 and Run-3. HLT scouting has notably extended exclusion limits
and constraints on dijet and dilepton searches [112], and led to the observation of SM physics
processes not visible with the standard triggered data [113].
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Figure 4.2 ∙ A schematic view of the typical Run-2 data flow during 2018 showing the data acquisition
strategy with scouting and parking data streams, along with the standard data stream. A value of instant-
aneous luminosity of 1.2 × 1034 cm−2s−1 over a typical 2018 fill, corresponding to an average pileup of 38, is
considered. Taken from [112].

The scouting approach has been introduced and commissioned at L1 from the end of Run-2
and during Run-3, as described in Chapter 5. The Run-3 demonstrator of the L1DS collects
the muon and calorimetric objects reconstructed by the Phase-1 Global Muon and Calorimeter

63



Chapter 4. Enhancing the CMS physics reach with Real-Time analysis at the Level-1 trigger

Trigger subsystems [114], respectively, and it is sketched in Fig. 4.3. The L1DS system will be
fully integrated into the CMS Phase-2 L1T project [115], and it will collect and perform an online
analysis at the full event collision rate on the reconstructed Phase-2 L1T objects, which will have
efficiency and resolution often comparable to the offline one. The system will enrich the standard
physics program as presented in the Phase-2 L1T technical design report. Additionally, it can
explore statistically limited signatures to increase their selection efficiency, as for instance the
Higgs exclusive rare decays involving light and heavy mesons presented in this work. A feasibility
study performed using Phase-2 L1T objects from the simulation of these decays will be presented
in Chapter 6.
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Figure 4.3 ∙ A schematic view of the Level-1 trigger Data Scouting flow inside the CMS data acquisition
and L1 trigger chains.

4.2 Performance of the CMS Phase-1 Level-1 trigger

The Phase-1 L1T is designed to cope with the LHC Run-2 and Run-3 luminosity and pileup
conditions, replacing the legacy system used during Run-1 [50]. The system is engineered to
produce an accept decision within approximately 4 �s and to reduce the event accept rate to
approximately 100 kHz. As it is the first stage in the data acquisition chain, the L1T implementation
is designed to be flexible, scalable, and tunable to the varying LHC running conditions and
continuously evolving physics program.

The L1T processors are FPGA boards in a Micro Telecommunications Computing Architecture
(�TCA) form factor. These processors receive inputs known as trigger primitives (TPs), produced
in situ by the front end electronics of the detector. In the Phase-1 CMS detector, only a subset
of the detector information generates TPs, specifically from the muon and calorimetric systems.
Thus, the L1 event reconstruction is fast and coarse, producing limited resolution objects for
the purpose of selecting interesting collisions. During the reconstruction, the input TPs are
processed by dedicated trigger algorithms, which reconstruct higher-level objects to provide L1
candidate muons, jets, e/
 , �h and energy sums. These L1 objects are then input into the global
trigger system, where several hundred selection algorithms are applied to target generic physics
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signatures, producing a set of output bits. The final logic “OR” of these bits constitutes the output
of the �GT system and provides the event accept signal for the subsequent full acquisition of
the detector data, which is then fed to the HLT for further filtering prior to storage. The trigger
chain, encompassing all local, regional and global systems, is schematized in Fig. 4.4. The main
subsystems are described in the following subsections.

Figure 4.4 ∙ Diagram of the CMS Phase-1 Level-1 trigger system. The muon trigger subsystem reconstructs
L1 muon candidates from the TPs provided by the CSC, RPC and DT detectors. The energy deposits in the
ECAL and HCAL are combined in the calorimeter trigger subsystem to reconstruct L1 jets, e/
 , �h and
energy sums. The muon and calorimeter trigger output candidates are then combined in the global trigger,
where the event accept or reject decision is made.

4.2.1 Calorimeter Trigger

The Calorimeter Trigger (CT) employs a Time-Multiplexed Trigger (TMT) architecture [116, 117],
schematized in Fig. 4.5. In this design, a single processing board receives data from the entire
calorimeter, taking more time to fully process the event and improving the overall reconstruc-
tion performance under high pileup conditions. Consecutive events are distributed to different
processing boards, such that the latency constraints can be achieved.

The CT architecture consists of two layers. The Layer-1 receives data on 18 Calorimeter Trigger
Processor (CTP7) boards, consisting of TPs from the calorimeters with a size of �×' ≈ 0.087×0.087.
Each CTP7 covers a sector of Δ' = 20° and produces a trigger primitive known as Trigger
Tower (TT), which encodes the sum of ECAL and HCAL energy deposits. The output of Layer-1
for the entire calorimeter region and for a single event is sent to the second layer, where the
reconstruction algorithms are applied. The Layer-2 consists of 9 MP7 processing FPGA boards
plus a spare redundant one. The output of the reconstruction consists of up to 12 jets, 12 e/
 ,
12 �h and global quantities such as total and missing transverse energy sums. A demultiplexing
stage runs on a single MP7 board before sending the reconstructed objects to the Global Trigger.
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Figure 4.5 ∙ Scheme of the time-multiplexed architecture of the CMS Phase-1 calorimeter trigger [48]. The
18 CTP7 cards of Layer-1 collect the information of the calorimeters. Their output is sent to 10 MP7 cards
of the Layer-2, which reconstructs L1 jets, e/
 , �h and energy sums. These objects are then sent to the
�GT after a demultiplexing stage running on a single MP7 card.

L1 jets, e/
 and �h reconstruction L1 jets are reconstructed using a clustering technique
within a 9 × 9 window (AK4) around jet seeds, which are TTs with the highest local energy
deposits [48]. Pileup contributions were corrected up to 2023 using the “chunky doughnut”
algorithm, which estimates the pileup from a roughly toroidal region around the jet candidate.
From 2024, it was replaced by the “phi-ring” subtraction, which uses a ring of TTs at the same
� coordinate for improved pileup mitigation. The pileup-subtracted L1 jet candidates are then
calibrated based on their energy and �, with the best 12 candidates being forwarded to the
�GT. Moreover, new algorithms introduced in Run-3 allow for the identification of delayed and
displaced jets, enhancing searches for long-lived particles (LLPs) [111]. The performance and
efficiency of the L1 reconstruction during 2022 is shown in Fig. 4.6a [118].

Photons and electrons are reconstructed as e/
 objects, as they are indistinguishable at this stage
in the Phase-1 L1T. The reconstruction begins with identifying seeds from TTs with significant
local energy deposits. A dynamic clustering technique is then applied, which includes neighboring
towers satisfying an energy threshold energy, forming the e/
 object. A shape veto is incorporated
to discriminate against jets, exploiting the narrower profile of electromagnetic showers compared
to the broader shapes associated with QCD background events. To mitigate pileup effects, an
isolation criterion is applied based on the energy deposits in the ECAL and HCAL within a
specified region. This criterion leverages the lower hadronic activity typically surrounding e/

candidates. The performance of the e/
 reconstruction and identification algorithm observed in
early Run-3 data is summarized in Fig. 4.6b.
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Figure 4.6 ∙ Trigger efficiencies for different thresholds used at L1 for reconstruction of L1 jets (4.6a), e/

(4.6b) and �h (4.6c), taken from Refs. [111,119,120]. Emiss

T reconstruction efficiency for typical L1 thresholds
as a function of offline Emiss

T after excluding the contribution of muons (4.6d), taken from Ref. [118].

The L1T algorithm for hadronically decaying � leptons (�h) is designed to select �h decays,
which typically involve one, two, or three charged or neutral pions [48, 119]. Due to the magnetic
field of the CMS detector, these pions may spread across different TTs, requiring a dynamic
clustering technique adapted from the e/
 trigger to accurately capture the energy deposits. The
raw energy of the �h candidate is then calibrated based on factors like the raw energy and �
of the candidate. An isolation algorithm is applied to reject background contributions, taking
advantage of the fact that �h decays tend to create more localized energy deposits compared to
QCD jets, which have higher surrounding activity. The reconstruction performance and trigger
efficiencies for usual L1 thresholds, measured with tag-and-probe techniques on Z → ���h, is
shown in Fig. 4.6c.

L1 energy sums reconstruction After the reconstruction of the L1 jets, e/
 and �h candidates,
their information is combined to calculate energy sums of interest. Two energy sum types have
particular physics relevance: the missing transverse energy (Emiss

T , MET) and the total transverse
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energy sum (HT, HT) of the L1 jets. The MET is determined by calculating the magnitude of the
vector sum of ET across all the TTs and can provide crucial information on invisible particles
as neutrinos. A pileup subtraction and calibration algorithm is also applied, with corrections
evaluated on an event-by-event basis by analyzing the activity in the central region of the
calorimeter barrel. The efficiency of the reconstruction of these energy sums during Run-3 is
shown in Fig. 4.6d.

4.2.2 Global Muon Trigger

ThePhase-1 Global Muon Trigger (�GMT) enhances the Run-1 version, where themuon candidates
were reconstructed independently for the DTs, RPCs and CSCs. The upgraded system applies
a reconstruction on the combined information of the muon detectors in the Barrel Muon Track
Finder (BMTF), Endcap Muon Track Finder (EMTF), and Overlap Muon Track Finder (OMTF)
subsystems. Each of these regional subsystems can produce up to 36 regional muon candidates,
which are then sent to �GMT processor, composed of a single MP7 board. The �GMT sorts these
candidates, ranking them by pT and quality, removes duplicates, and forwards the top eight
highest-ranked muons to the Global Trigger.
The �GMT also applies extrapolation of the muon ' and � coordinates back to the collision

point, as they are initially reconstructed at the second muon station. The extrapolation parameters
are stored in Look-Up-Tables (LUTs) on the FPGA processors and are derived from MC simulation
as a function of pT, ', � and charge of the muon candidate. The muon parameters extrapolated at
the nominal center of the detector are then added to the muon data sent to the �GT inputs to
improve the algorithms that rely on the momentum at vertex of the muons. The reconstruction in
the three regions is summarized and the reconstruction performance is presented.

BMTF reconstruction The reconstruction in the muon barrel covers the pseudorapidity region
|�| < 0.83 and utilizes a combination of spatial information from the DTs and timing information
from the RPCs. The hits in these detectors are processed by the TwinMux into higher-level objects
known as super-primitives, referred as “BMTF stubs” in this work. The TwinMux sends these
super-primitives to 12 MP7 processors of the BMTF. The ith BMTF processor receives stubs from
its corresponding wedge and the two adjacent wedges, allowing each processor to perform an
independent reconstruction.
During Run-2, the tracking of muon candidates from the muon stubs was performed using a

track extrapolation method that moved from the inner to the outer muon stations [121]. This
method was replaced at the start of Run-3 with a Kalman Filter (KF) method, initially developed
for the CMS Phase-2 L1T upgrade [122]. The KF works as a mean squared error minimizer,
mathematically resembling a � 2 fit [55]. Tracks are initiated with a stub from the outermost
available station and then propagated inward, with adjustments made at each station step to
account for the detector geometry and the magnetic field. Two separate transverse momentum
measurements are ultimately stored: one without a collision point constraint (puncT ) and the other
one with the constraint (pT).

The implementation of the KF in the BMTF has significantly improved the trigger performance
compared to the legacy BMTF algorithm. In particular, for muons displaced by more than 50 cm
from the CMS center, the efficiency is enhanced by a factor of four [122, 123]. The efficiency
observed in early data from Run-3 is shown in Fig. 4.7a.
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OMTF reconstruction The OMTF operates in the overlap region (0.83 < |�| < 1.24), where it
combines data from the DTs, RPCs, and CSCs to reconstruct muon tracks. The OMTF is divided
into 6 sectors in ' on both the positive and negative side of �, each managed by a Modular Track
Finder (MTF7) processor. The reconstruction algorithm is based on pattern recognition, using a
set of predefined patterns loaded onto the MTF7 boards, and functions similarly to a naive Bayes
classifier [124]. Muon tracks are seeded by reference hits in the inner layers of the detector. The
algorithm then matches these seeds with hits in other layers using the predefined patterns, which
encode expected track propagation and hit distributions. When multiple matches are found, a
statistical estimator helps resolve ambiguities, ensuring that the best candidate is selected. The
efficiency of the OMTF reconstruction observed in early data from Run-3 is shown in Fig. 4.7a.

EMTF reconstruction The EMTF covers the endcap region (1.24 < |�| < 2.4) using data from
the CSCs, RPCs, and GEM detectors, the latter introduced in Run-3. Similar to the OMTF, the EMTF
divides the region into 6 sectors per endcap, each managed by an MTF7 board. The reconstruction
algorithm relies on pattern recognition to match hits across stations, particularly focusing on
stations 1 and 2 where the magnetic field is stronger, allowing for more precise pT assignment.
A BDT regression model [125] manages the cases where low pT muons experience multiple
scattering and energy loss, and high pT muons initiate electromagnetic showers. In Run-3, the
EMTF introduced a neural network, implemented directly in the FPGA logic, to improve pT and
transverse impact parameter estimation for displaced muon tracks. Additionally, a new hadronic
shower flag has been added to identify LLPs that might produce showers in the endcap muon
systems [114]. The EMTF reconstruction efficiency observed during the early phase of Run-3 is
shown in Fig. 4.7c.
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Figure 4.7 ∙ CMS Phase-1 L1 muon reconstruction efficiencies [126], separately for BMTF (4.7a), OMTF
(4.7b) and EMTF (4.7c). The data used for the study is from the start of Run-3 and only highest quality
muons are considered.

4.2.3 Global Trigger

The �GT combines the highest ranked 8 muons from the �GMT, 12 jets, 12 e/
 , 12 �h and global
quantities such as energy sums from the CT, and makes a trigger decision based on a set of
algorithms distributed across six independent MP7 boards. The decisions are OR’ed across the
boards to form the final L1 accept signal that is sent to all detector front-ends. The acceptance
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rate of the L1 algorithms can be controlled through prescaling, which involves accepting only one
out of every N events, where N is the prescale factor. The decision bits for the accepted event are
forwarded to the HLT.
The trigger menu contains between 400 and 500 seeds, with inclusive single, double, triple

objects triggers or prescaled triggers with lower thresholds for calibration or trigger efficiency
measurements. Additionally, the trigger menu includes dedicated triggers designed to target
specific physics signatures, such as: triggers computing two-body invariant masses, b-jet tagging
triggers requiring a muon in close proximity to a jet [127], displaced muon triggers using the new
unconstrained pT reconstruction, and anomaly detection algorithms [128–131].

4.3 The CMS Phase-2 Level-1 trigger upgrade

The CMS Phase-2 L1T, schematized in Fig. 4.8, is designed to maintain or enhance the CMS
acceptance for all physics objects under the HL-LHC pileup conditions of up to 200 simultaneous
collisions per bunch crossing. These improvements profit from an increase in the maximum
output rate from 100 to 750 kHz [115], thanks to the upgrade of the readout systems of the CMS
subdetectors. The Global Calorimeter Trigger (GCT) and Global Muon Trigger (GMT) subsystems
will use higher granularity TPs to produce standalone candidates. Particle tracks will be provided
at 40 MHz from the tracker back-end to the GMT, to correlate them with muon TPs, and a
novel Global Track Trigger (GTT), to perform vertex fitting. The Correlator Trigger (CT) will
combine the information from the upstream subsystems and the particle tracks by applying a
PF reconstruction directly in hardware. The Global Trigger system (GT) will make a selection
decision within a total latency window of around 12 �s, determining which collision events will
be read out for further reconstruction. This decision is based on a set of trigger paths that involve
cut-based selections or neural network inference on the reconstructed objects from the upstream
subsystems.
The upgraded trigger utilizes modern FPGA-based processors to implement sophisticated

algorithms targeting specific final states. The processing boards use the Advanced Telecommu-
nications Computing Architecture (ATCA) standard for the electronics, while the CMS Standard
Protocol (CSP) has been adopted for the serial optical link at approximately 25 Gb/s [115]. Re-
search and development efforts are ongoing to further refine the architecture outlined in the
technical design report, as well as the algorithms to deploy for L1 object reconstruction. The next
subsections describe the state-of-the-art algorithms, available physics objects, and reconstruction
performance evaluated on simulated events under the HL-LHC conditions with the CMS Phase-2
detector.

4.3.1 Calorimeter Trigger

The Phase-2 Calorimeter Trigger receives the TPs from the Barrel Calorimeter (BC), the Hadron
Forward (HF) and High-Granularity Calorimeter (HGCAL) [115, 132]. The BC forwards the
information from ECAL crystals to the Barrel Calorimeter Trigger (BCT), which clusters energy
deposits in the calorimeter and merges the crystal TPs into TTs. The Global Calorimeter Trigger
(GCT) receives this processed information, creates e/
 , jets, hadronically decaying �h, and energy
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Figure 4.8 ∙ Architecture of the CMS Phase-2 L1 trigger [115]. The various levels of processing are
indicated on the right: Trigger Primitives (TP), local and global trigger reconstruction, Particle Flow trigger
reconstruction (PF), and global decision (GT).

sum trigger objects, and sends them to the CT for input into the PF algorithm and to the GT.
More details on the reconstruction algorithms and performance of the standalone GCT objects
are reported in Ref. [115].

4.3.2 Muon Trigger

The Phase-2 Global Muon Trigger receives the TPs from the upgraded DTs, RPCs, CSC and GEMs.
As in the Phase-1 trigger, these detectors cover different regions in pseudorapidity, with the same
three track finders (barrel, overlap, endcap). The algorithms employed for the three muon track
finders will be based on those used during Run-3. The BMTF will use the KF version developed
for the Phase-2 trigger FPGA processors and profiting of higher resolution muon stubs as input.
The OMTF will improve the baseline naive Bayes classifier used during Run-2 and Run-3. The
Phase-2 algorithm for EMTF (EMTF++) will enhance the pattern recognition and neural network
pT assignment thanks to the addition of hits from the new improved RPCs (iRPCs) and GEMs
detectors.
The muon track finders generate standalone candidates, which are collected by the GMT.

The GMT receives tracker tracks from the GTT to perform muon track-tracker track matching.
This algorithm significantly improves the pT resolution of the muon candidates, reducing the
mismeasurement of standalone low pT muons as high pT ones. Both the standalone and tracker
muons are sent to the CT and to the GT. A more detailed description of the GMT reconstruction
and the performance of the standalone objects is available in Ref. [115].

4.3.3 Track Trigger

The identification of charged particle trajectories at the LHC bunch crossing rate of 40 MHz is
made possible thanks to the design of the Phase-2 Outer Tracker (OT) [133]. The “pT modules”
within the OT perform hit correlations between pairs of closely-spaced silicon sensors to form
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stubs and estimate their pT. The OT stubs with a minimal pT of around 2 GeV are sent to the
backend L1 track finding system, where track reconstruction is performed through a Kalman
filter approach. Thanks to the applied minimal pT threshold, the number of stubs to process is
significantly reduced and the track reconstruction can be performed at 40 MHz. The resulting
tracks are forwarded to the GTT for primary vertex reconstruction and for the identification of
tracker-only jets and energy sums.
Since the pixel detector information is not available at the L1 stage, it is not possible to fully

identify every interaction within an event, as would be done during the offline reconstruction. The
primary objective at this stage is to identify the hard scatter primary vertex and its associated tracks
or PF candidates. The proposed algorithm for this purpose is the histogram-based “FastHisto” [134].
The input tracks for FastHisto are filtered to remove fake tracks and select prompt tracks. These
filtered tracks are sorted based on their position along the z axis and weighted by their pT. This
process is equivalent to generating a histogram, with the primary vertex determined by the
pT-weighted average of the z position of a bin window of configurable size that has the highest
scalar sum of pT. With the vertex position determined, tracks can be assigned to the vertex based
on their z0 position. Fig. 4.9 shows an example of FastHisto application with tt̄ simulated event
with 200 pileup interactions.

This step is crucial for downstream systems to associate reconstructed objects with the highest
energy interaction in a bunch crossing, thereby reducing hadronic pileup contributions. Moreover,
it reduces the amount of objects to process, allowing for the application of more sophisticated
algorithms.
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Figure 4.9 ∙ Example application of FastHisto algorithm on tt̄ simulated events at 14 TeV and 200 pileup
[115]. The plot shows a pT-weighted histogram of the track positions along the z axis. The gray area
represents the scalar sum of the track pT within each bin, while the colored markers indicate the position
of each track, including those from pileup, fake tracks and tracks associated with the primary vertex.

4.3.4 Correlator Trigger and Particle Flow

The trigger objects previously introduced are transmitted to the CT, where their information is
combined. A first layer in the CT (CL1) takes as inputs standalone muons from the GMT, L1 tracks
from the GTT, 3D clusters from HGCAL, barrel ECAL clusters and HCAL TTs from the GCT. The
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CL1 then performs the PF reconstruction, producing candidate muons, electrons, photons, neutral
hadrons and charged hadrons. The reconstruction is regionalized in � and � to enable parallel
processing across multiple regions and thus meet the trigger latency requirements [135, 136].
The CL1 PF algorithm is illustrated in the sketch in Fig. 4.10 and involves a series of steps for
reconstructing the aforementioned higher-level physics objects.

Calorimeter objects that are outside the tracker acceptance are promoted to neutral hadrons
or photons based on their energy deposition pattern. As described in Section 4.3.2, standalone
muons are processed first and matched to tracker tracks using ΔR and pT criteria. Once matched,
these muon tracks are excluded from further processing. The remaining tracks are matched to
the reconstructed objects from the GCT separately for the barrel and endcap regions. The barrel
region, which has finer granularity in the collection of electromagnetic energy deposits, undergoes
three reconstruction steps. First, electron and photon candidates are created by matching tracker
tracks to electromagnetic clusters. In the second step, the remaining electromagnetic clusters
are associated with the nearest hadronic cluster. Finally, in the third step, hadronic clusters are
linked to tracks to identify charged and neutral hadrons. In the endcap, the HGCAL 3D clusters
are separated in pileup, pions, e/
 objects by means of 2 BDTs.

Pileup subtraction is handled by the Pileup per Particle Identification (PUPPI) algorithm, which
uses the reconstructed PV from the GTT to match the previously reconstructed objects to the
candidate hard scatter vertex. Objects with charged tracks not associated with the PV are removed,
while neutral candidates are either removed or assigned a lowerweight depending on their distance
along z from the PV. The performance of the PUPPI algorithm is closely tied to the PV assignment
quality.

The output of the first CT layer consists of PUPPI candidates. These physics objects are a factor
of 10 less than the PF ones. Thus, the PUPPI candidates can be sent to the second layer (CL2),
where a global event reconstruction is carried out using identification and isolation algorithms
running in parallel.

Multiple jet reconstruction algorithms have been considered for implementation in firmware.
These include a pure calorimeter-based algorithm, utilizing the information from the barrel ECAL
and HCAL, HGCAL, and the forward HF system, similar to the current Phase-1 jet clustering.
Another approach is based on clustering tracks using a lightweight clustering algorithm, which
produces tracker-only jets. Finally, jet clustering can be performed using PF objects as input,
as demonstrated using an implementation on a small platform. The Seeded Cone algorithm
[137] has been recently proposed for the CL2; this algorithm clusters PUPPI candidates and
has performance similar to the AK4 offline jet reconstruction [64]. The performance of the
aforementioned algorithms are shown and compared in Fig. 4.11a, where the PF version shows
superior trigger efficiency compared to the calorimeter-only and tracker-based methods.

The missing transverse energy sum Emiss
T is computed across all PUPPI candidates, enhancing

the identification of neutrinos and the study of invisible decays. The hadronic transverse energy
HT is calculated from the reconstructed jets. In this case as well, the PUPPI algorithm outperforms
those based purely on tracks or calorimeter data, as shown in Fig. 4.11b.

Hadronically decaying �h leptons can be reconstructed using a variety of algorithms to max-
imize the use of the detector systems and ensure robustness. The options explored include
calorimeter-only inputs or tracks matched to e/
 clusters, and using PUPPI candidate inputs.
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Figure 4.10 ∙ Overview of the PF+PUPPI algorithm, taken from Ref. [115]. The time ordering of the
operations is indicated roughly by motion from left to right and the solid black boxes indicate the grouping
of the algorithm across different boards (CL1, CL2 and GTT). Each shaded box, regionizer, linker, and
clustering denote firmware blocks needed for the algorithm. The top green box labeled “PF” indicates
Particle Flow. CL2 is the algorithmic layer and constitutes a broad class of algorithms that can be run in
parallel on separate boards. While PUPPI particle inputs are considered the default for CL2, there is also
the possibility of using PF candidate inputs, as indicated by the green dashed line.

Several implementations of the �h reconstruction based on PUPPI candidates have been examined,
including a neural network-based approach. A summary of the performance of these algorithms
is shown in Fig. 4.11c.

4.3.5 Global Trigger

The Phase-2 GT will process a significant amount of information from the subsystems described
earlier. The increase in number of object collections and variety is expected to result in an exten-
ded trigger menu of around 1000 algorithms, evaluated conventionally without time-multiplexing
architecture and distributed across multiple GT boards [138].These algorithms will involve con-
ditions based on single or multiple objects, as well as topological correlations between objects,
such as calculating the invariant mass of any pair of objects from the same collection, their trans-
verse mass, or the transverse momentum of a hypothetical parent particle by reconstructing the
kinematic of the process. Additionally, ML-based algorithms as NNs and BDT will be integrated
on hardware to enhance the ability to discriminate particular signal topologies, for instance
separating VBF H → bb̄ from the LHC multijet background. The new trigger architecture and
hardware will also support the deployment of algorithms capable of analyzing data from a window
of up to ±3 BXs, enabling the study of inter-BX object correlations to trigger more efficiently on
HSCP and LLP exotic topologies.
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Figure 4.11 ∙ Summary of CMS Phase-2 L1T efficiencies for jets (4.11a), hadronic transverse energy sum
(4.11b) and �h (4.11c), compared for different algorithms [115].

The results from these algorithms will be sent to the Phase-2 Timing and Control Distribution
System (TCDS-2). As with the Phase-1 system, the GT will allow dynamic configuration of
prescale factors for specific algorithms, enabling only 1 in N trigger accept signals to be sent
to the TCDS. It will also allow the application of a bunch mask to restrict the operation of the
algorithms to a subset of bunch crossings and monitor the algorithm accept rate, both before and
after accounting for dead time.

4.4 Phase-2 Level-1 trigger Data Scouting system

The output primitives of the CMS Phase-2 L1T will be collected at the full 40 MHz LHC bunch
crossing rate by the L1DS system [115, 139–141]. The L1DS approach will enable the search for
signatures that feature a too-large irreducible background and therefore currently rejected by
the tight requirement on the L1T output rate budget, and signatures for which the background
rejection requires algorithms that do not fit within L1T latency and hardware resource constraints.
The system takes full advantage of the upgraded L1T, which produces objects with resolution
often comparable to the current offline reconstruction. Additionally, the L1DS will provide a vast
amount of data for monitoring purposes, such as detector diagnostic with real-time heatmaps
of regional TPs, offering instantaneous indications of transient detector issues. The scouting
approach will also benefit per-bunch luminosity measurements, simplifying the comparison with
other experiments.

4.4.1 Baseline system and physics potential

The L1DS system represents a second, parallel readout chain processing the L1 intermediate data
streams at the full LHC bunch crossing rate of 40 MHz. Trigger data will be extracted directly from
the L1 processors using spare outputs from the boards, utilizing the same high-speed serial optical
links used for the L1 interconnects and the same communication protocol. No handshake with the
L1 control system is required, but the scouting system will receive Run Control commands and
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will be fully integrated in the operational sequences of the experiment. If one or more downstream
components cannot handle the input throughput, data will simply be lost. No attempt to modulate
the input traffic, which would result in throttling the L1T, is made.
The planned architecture for the L1DS system is designed to be scalable and it is shown in

Fig. 4.12. In a first baseline stage of the system (Stage-1), the decision outputs of the GT are
captured by the scouting Decision System (sDS), and the output physics objects from the four
global subsystems are captured by the scouting Global System (sGS). The Stage-1 architecture has
relatively modest throughput requirements, providing essential trigger diagnostic capabilities for
the GT and enabling new physics analyses. This architecture can later be extended including a
scouting Local System (sLS) to capture local muon and regional barrel calorimeter trigger objects
and the endcap calorimeter primitives. Additionally, a scouting Track System (sTS) would capture
the output from the L1 track finder. The sLS and sTS would form a second stage (Stage-2) of the
scouting system, which would have higher I/O and processing demands.
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Figure 4.12 ∙ Architecture of the CMS Phase-2 Level-1 trigger Data Scouting system [115, 139], with the
Stage-1 scouting Decision System (sDS) and scouting Global System (sGS). A subsequent Stage-2 would
include a scouting Local System (sLS) and Track System (sTS).

Examples of physics processes that could potentially benefit from a scouting-based analysis
using the L1DS include:

• Soft dilepton resonances (ee, ��, ��), such as in DM models with a dark photon decaying
to muon pairs [142], where removing pT thresholds of the trigger selection could enhance
the physics sensitivity at low invariant mass mass.

• Dijet resonance searches at low invariant mass, as this region of the phase-space is
inaccessible to standard L1 because of higher jet ET thresholds required to control the accept
rate [112].

• Multiple soft jet final states, for example originating from hidden sectors with compressed
mass spectra [143].
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• Soft unclustered energy patterns (SUEP), with high multiplicity unclustered hadronic
final states [144].

• Exclusive rare Higgs decay channels, such as H → �
, �
 , J/ 
 and H → 2�, 2�, �J/ .
In the absence of tracks at the trigger level, the first class of these decays has been selected
up to now using single isolated photon triggers. Due to the threshold on the photon energy,
the trigger selection is highly inefficient for the signal, making these searches statistically
limited. For the second class of decays, the L1 selection requires the reconstruction of two
mesons, and the algorithm implementation in hardware might result in high FPGA logic
resources utilization. Both classes of decays are extensively studied in this work in Chapter
6.

• SM hadronic decays of the W, such as the fully hadronic channel W → 3� and radiative
decays W → Ds
 , �
 , for which the same argument made in the previous point motivates
the scouting approach.

• B hadron physics involving � particles, such as Bs → �� with � → 3� +X [145], where
high efficiency � selection at low pT is necessary, and can be achieved with the Stage-2
system using the L1 tracker tracks.

• Flavor anomalies, such as the � → 3� [146], where the acceptance of low pT muons is
key to improve the sensitivity.

• Heavy Stable Charged Particles (HSCP), leaving a signature across multiple consecutive
bunch crossings.

4.4.2 System architecture and requirements

The L1DS baseline architecture is illustrated in Fig. 4.13. The L1 objects will be collected via optical
links from the data sources presented in the previous subsections and operating at around 25 Gb/s.
The DAQ-8006 board, designed for the CMS Phase-2 central DAQ readout [147], has been selected
to receive these L1 links. The DAQ-800 can accept up to 48 L1 input links via FireFly optical
receivers [148] for a total input bandwidth of 1.2 Tbps. The nominal maximum theoretical output
bandwidth is 1 Tbps via ten 100 Gb Ethernet (GbE) links using on-board Quad Small Form-factor
Pluggables (QSFPs). To maintain a steady output data rate of 800 Gb/s, a moderate data reduction
will be required. The data pre-processing logic will be implemented on the two Xilinx Ultrascale+
VU35P FPGAs mounted on the board and chosen for their built-in High-Bandwidth Memory
(HBM). Each FPGA device contains 8 GB of HBM partitioned over two stacks, each divided into
eight blocks. Each block contains two slots with 256-bit alignment, managed by the same memory
controller. The HBM provides sufficient data buffering between the LHC-synchronous back-end
and the commercial-off-the-shelf (COTS) switched network.
The L1DS will utilize a custom firmware implementation of the TCP/IP protocol [149, 150]

on the DAQ-800 board FPGAs to output the pre-processed and zero-suppressed L1 objects. The
choice of a reliable standard protocol enables a direct connection to the COTS network, which
will convey data to commercial servers optimized for I/O, the Ingestion Units (IU). These will

6The “800” in DAQ-800 refers to the maximal average bandwidth of 800 Gb/s to the event builder network when
used for the central DAQ [147].
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Figure 4.13 ∙ Baseline architecture of the CMS Phase-2 Level-1 trigger Data Scouting system. Data from
the trigger links will be collected and concentrated using the DAQ-800 data acquisition boards. The
pre-processed L1 data from the DAQ-800 outputs are buffered and formatted in a set of Ingestion Units
(IUs), connected with all the other nodes via High-Performance Computing (HPC) switched network. A
set of Processing Units (PUs) performs event building and processing, running online analysis of a set of
generic or exclusive signatures of interest. The output datasets are sent to permanent storage from a set of
Storage Units (SUs).
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serve as temporary data buffers and will format the data for ingestion into the event building
in the Processing Units (PU). Each PU will run multiple analysis processes in parallel, focusing
on tasks such as re-calibration, classification and combination of items. The use of columnar
data formats and GPU or FPGA accelerators can dramatically speed-up this kind of operations,
reducing the CPU workload.

The processed data from the PU analysis processes will then be aggregated prior to storage in
cluster of Storage Units (SUs). The baseline system is expected to store data at a rate of up to 5
GB/s, which corresponds to 10% of the estimated central DAQ bandwidth.
Standard distributions of quantities from object combinations can be produced efficiently

online, in a manner similar to the current Data Quality Monitoring (DQM) of the experiment,
and predefined analyses can run in real-time, storing the full content of selected BXs, possibly
with adjacent BXs included to study the correlations across consecutive collision events. Any
remaining bandwidth may be filled by permanently storing a prescaled fraction of complete orbits,
providing an unbiased dataset to develop new analysis techniques.
A demonstrator of a simplified version of this architecture has been developed during LHC

Run-3. This demonstrator has been connected to a subset of the CMS Phase-1 L1T processors,
making possible the evaluation of the demonstrator performance on real collision data. The Run-3
system, which is described in detail in the following chapter, provides the first demonstration of
its applications for potential physics analyses using data from the L1T.
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5
The Level-1 trigger Data Scouting

demonstrator

To test and validate the concept of the L1DS, a demonstrator was assembled to capture intermediate
objects reconstructed by the CMS Level-1 trigger during LHC Run-3, with the goal of collecting real
collision data. The Run-3 L1DS demonstrator collects muon and calorimetric trigger objects, which
constitute the inputs to the global trigger decision algorithms, along with the muon barrel super-
primitives introduced in Section 4.2.2, which are the inputs to the KBMTF algorithm. Although
this information represents only a small fraction of the detector data for each collision event, it is
potentially sufficient to carry out analyses that are otherwise inaccessible using data collected by
the standard trigger chain or HLT Data Scouting. The data collected by the demonstrator after its
commissioning in 2024 is being actively studied for specific physics measurements.

After a brief introductory Section 5.1, this chapter provides a detailed description of the firmware
and software components for trigger data readout and pre-processing, outlined in Section 5.2.
Section 5.3 describes the software for real-time data processing, designed to enable online analyses
in the L1DS system and produce datasets for further offline analysis. Section 5.4 presents the
studies done for the validation of the demonstrator, with a focus on SM candles, such as Z → ��.
Section 5.5 discusses potential applications of machine learning techniques in the L1DS system
to enhance the performance of the trigger objects data analysis. Section 5.6 summarizes the
future prospects of the Run-3 demonstrator system and its potential application for physics
measurements.

5.1 Demonstrator overview

The architecture of the demonstrator is illustrated in Fig. 5.1. The system receives copies of the
following trigger objects via spare 10 Gb/s optical output links from the L1 trigger processors:

• Up to 8 muon candidates from the �GMT MP7 processor, sent via 4 links.

• Up to 12 jet, 12 e/
 , 12 �h candidates and energy sums from the calorimeter DeMux board,
sent via 7 links.
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• A subset of the input super-primitives sent by the TwinMux to the 12 BMTF processors.
Each BMTF board selects the best muon stubs in the central sector it covers. These stubs
are ranked by highest quality and lowest bending, then duplicated and sent to the scouting
system via 24 links, 2 from each BMTF processor.

• The final decision bits returned by the algorithms running on the �GT. Each �GT processor
sends 3 links to the scouting system, totaling 18 links.

A total of 43 input links provides an input throughput of approximately 430 Gb/s to concentrate
and pre-process. While additional trigger processors can be connected to the scouting system,
the selected sources represent a balance between physics potential, data storage optimization and
availability of links and resources to feed them to the scouting system.
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Figure 5.1 ∙ Schematics of the architecture of the L1DS Run-3 demonstrator [114]. It captures the trigger
objects from the Global Muon Trigger (�GMT) and the Calorimeter Trigger (DeMux), the Global Trigger
(�GT) decision output and the input muon stubs to the Barrel Muon Track Finder (BMTF). After basic
zero-suppression, the received data is propagated via Ethernet to compute nodes (DSBUs and DSPUs) for
data buffering and online processing, and subsequently sent to long-term storage.

The readout of the trigger links is performed with a pair of commercial FPGA boards, consisting
of two Xilinx VCU128 development kits. The connection is unidirectional, with no back-pressure
to the trigger, making it impossible by design for the scouting system to interfere with the
standard trigger operation. The scouting boards concentrate the trigger links and apply basic pre-
processing on the trigger data, such as zero-suppression. Room for more sophisticated algorithms
besides data reformatting and reduction is available in the FPGA logic. Recalibration and track
finding algorithms using an ML-based implementation, explored during the development of the
demonstrator, are discussed in Section 5.5.
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The pre-processed data is buffered in the integrated HBM of the FPGA before being sent to
a set of computing nodes in the surface data center via 100 GbE optical links. The first stage of
computing nodes comprises the Data Scouting Buffer Units (DSBU), where a data acquisition
software receives the ethernet streams sent by the boards and formats the received raw data
in fragments of events. These fragments are aggregated in a second block of the demonstrator
responsible for the online processing. The Data Scouting Processing Units (DSPU) run event-
based processing and online selection under the CMS software framework (CMSSW). Several
data streams are produced in this step and stored in a Lustre filesystem by a set of Storage Units
(SUs). The data is finally sent to the Tier-0 permanent storage of the CMS experiment. Here it is
repacked in an Analysis Object Data (AOD) format suitable to be distributed through the CMS
Data Aggregation System (CMS-DAS) and made available to users for analysis.
The stored L1 muon and calorimetric objects are reconstructed with the methods described

in Section 4.2.1 and Section 4.2.2 and can be used for physics studies after recalibration. On
the other hand, the BMTF stubs are lower-level objects that require the application of pattern
recognition and track fitting techniques before being usable for analysis purposes. A custom
reconstruction without latency and logic resource constraints can be implemented to improve the
pT and transverse impact parameter resolution.
Scouting the �GT decision bits is redundant, as most of the �GT algorithms can be emulated

using the collected muon and calorimetric objects. Therefore, this scouting source is not enabled
for continuous operation in the production system for storage optimization reasons. However,
since the decision bits can be useful for trigger diagnostics under special running conditions, the
data acquisition from this source can be temporarily enabled when necessary.

5.2 Readout of the trigger links

This section provides an in-depth description of the first block of the scouting demonstrator,
which captures and concentrates the data from the trigger sources at the LHC bunch crossing
rate of 40 MHz. The hardware to receive the trigger links, the implemented firmware running
on it and the control and data acquisition software are introduced. The main task of this block
is to aggregate and align data from the L1 trigger links and organize it in event fragments. The
components in this block are orchestrated by the scouting Function Manager (FM), part of the
CMS Run Control. The production system can be configured, started or stopped together with
the rest of CMS. Issues in these operations can be automatically handled with dedicated recovery
procedures.

5.2.1 Input data and formats

�GMT muons The muon objects provide the pT, assuming a primary vertex constraint in the
muon track fitting and without this constraint (puncT ), the charge sign assignment and its validity,
the �st2 and 'st2 coordinates measured at the second muon station, and the coordinates �ext and
'ext extrapolated at the collision vertex. In addition, the index of the TF originating the candidate
and a truncated version of the impact parameter, assigned by the subsystem from which the muon
comes from, are included. A quality code encodes the information of the stations used in the
reconstruction. The complete format, with variables, scales and definitions, is summarized in
Table 5.1.
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Parameter Bits Range Step Notes

pT 9 0…256 GeV 0.5 GeV pT assignment with vertex constraint
puncT 8 0…256 GeV 1.0 GeV pT assignment without vertex constraint
'st2 10 0…2� rad ∼0.011 rad ' at second muon station
�st2 1+8 -2.45…2.45 0.010875 Pseudorapidity at the second muon station
'ext 10 0…2� rad ∼0.011 rad ' extrapolated at the vertex
�ext 1+8 -2.45…2.45 0.010875 Pseudorapidity extrapolated at the vertex
Quality 4 0…15 Muon quality code
Charge sign 1 sign Charge of the muon (0: �+; 1: �−)
Charge valid 1 bool Validity of charge assignment
Index 7 0…107 Track finder index

idx ∈ [36, 70]: barrel
idx ∈ [17, 35] ∪ [71, 89]: overlap
idx ∈ [0, 16] ∪ [90, 107]: endcap

HS trigger 1 bool Hadronic Shower trigger
dxy 2 0…3 Impact parameter

Table 5.1 ∙ Features, scales and definitions of the �GMT muon primitives transmitted from �GMT to the
scouting system.

Calorimeter jets, e/
, �h The calorimeter objects contain basic kinematic features, such as ET,
�, '. For the e/
 and �h an isolation variable indicates if the reconstructed object is isolated from
other hadronic activity and pileup. The jets have an additional bit encoding the displacement
information, as described in Section 4.2.1. The features, scales and definitions of these objects are
summarized in Table 5.2.

Calorimeter energy sums The energy sums are provided in the transverse plane, with only
their ET and ' values. The most important sums collected by the demonstrator are the total
transverse energy collected by the calorimeter (ET), the total ET in the ECAL (EemT ), the total
transverse energy from jets (HT), the missing transverse energy (Emiss

T ), and the missing transverse
energy calculated only from jets (Hmiss

T ). Another important available quantity is the number of
firing trigger towers (nTT), which is a measure of the amount of pileup. The features, scales and
definitions of the energy sums are summarized in Table 5.3

BMTF input stubs Themuon barrel super-primitives are provided with their station and wheel,
while the sector number is implicit in the BMTF board from which the object is sent. The stub
position is given in local ' and � coordinates relative to the sector and wheel. In particular, the
� coordinate is encoded as a 7-bit pattern showing which of 7 areas in the chamber along the �
direction has at least 3 SL hits, as illustrated in the example sketch in Fig. 5.2. An � quality pattern
is also available in the stub format, with the ith bit set to “1” in case of 4 SL hits.
The relative bending of the stub is a measure of the transverse momentum of the candidate

muon track. A hardware quality code is encoded in a 3-bit feature, where “1112” is unused, “0002”,
“0012”, “0102” indicate an uncorrelated DT measurement, namely uncorrelated tracks between
inner and outer SL, and “0112”, “1002”, “1012” and “1102” indicate a correlated DT measurement.
The features, scales and definitions of the stubs are summarized in Table 5.4.

84



5.2. Readout of the trigger links

Object Parameter Bits Range Step Notes

Jet

ET 11 0…1024 GeV 0.5 GeV
� 7+1 -5…5 0.0435
' 8 0…2� rad 0.0435 rad
Displacement 1 Delayed jet flag

e/


ET 9 0…256 GeV 0.5 GeV
� 7+1 -5…5 0.0435
' 8 0…2� rad 0.0435 rad
Isolation 2 0…3 “012” or “112” for isolated e/


Tau

ET 9 0…256 GeV 0.5 GeV
� 7+1 -5…5 0.0435
' 8 0…2� rad 0.0435 rad
Isolation 2 0…3 “012” or “112” for isolated �h

Table 5.2 ∙ Features, scales and definitions of the calorimeter objects transmitted from the DeMux board
to the scouting system.

Object Parameter Bits Range Step Notes

ET ET 12 0…2048 GeV 0.5 GeV Total ET
EemT 12 0…2048 GeV 0.5 GeV Total ET in ECAL

HT ET 12 0…2048 GeV 0.5 GeV Total hadronic ET
Tower count 13 0…8191 Sum of firing trigger towers

ETmiss
ET 12 0…2048 GeV 0.5 GeV Total missing ET
' 8 0…2� rad ' direction of missing ET

HTmiss
ET 12 0…2048 GeV 0.5 GeV Total hadronic missing ET
' 8 0…2� rad ' direction of hadronic missing ET

Table 5.3 ∙ Scale and definitions of the calorimeter global sums transmitted from the DeMux board to the
scouting system. Only a selected subset of all the sums is reported.
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Figure 5.2 ∙ Pattern matching scheme in �. Each � chamber is segmented in 7 areas. The information
coming from the TwinMux is delivered as a 14-bit pattern, containing one hit-bit and one quality-bit for
each of the seven adjacent chamber areas. A muon must leave a trace in at least 3 out of the 4 planes of the
� SL, for a hit-bit to be set to “1”. Image adapted from Ref. [122].
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Parameter Bits Range Notes

Valid 1 flag Keep or Zero Suppress stub
' 12 -2048…2047 Relative position of a segment inside a sector
'b 10 -512…511 Bending angle of stub
Quality 3 0…7 Encodes the number of SLs used
� hits 7 pattern Each bit corresponds to one chamber area

0: no hit (less then 3 SLs hit)
1: hit (3 or more SLs hit)

� quality 7 pattern Each bit corresponds to one chamber area
0: 3 SLs hit
0: 4 SLs hit

Station 2 0…3 Station of stub
Wheel 3 -2…2 Wheel of stub

Table 5.4 ∙ Scale and definitions of the super primitive parameters transmitted from BMTF to the scouting
system.

5.2.2 Trigger data pre-processing on FPGA

The trigger readout and pre-processing are handled by FPGA devices on commercial boards. The
AMD Xilinx VCU128 development kit [151], equipped with a Virtex Ultrascale+ VU37P FPGA,
was chosen for its similarity to one of the two units of the DAQ-800 board and it offers a realistic
test of the Phase-2 design, albeit with reduced input bandwidth.
The board is equipped with 4 QSFP transceivers on its Printed Circuit Board (PCB), with 6

additional slots available through a HT-Global mezzanine card [152], shown in Fig. 5.3a along
with the VCU128 board. A QSFP slot can be used to receive up to 4 trigger links at either 10
(Run-3) or 25 (Phase-2) Gb/s, or for a single 100 GbE output. The FPGA chip has also 8 GB of
integrated HBM, providing large buffers before the output stage.

The VCU128 boards are housed in a PCIe crate from One Stop Systems [153], shown in Fig. 5.3b.
The PCIe bus of the crate is connected to a Dell R320 server, used to monitor and configure the
boards. The output QSFPs of the VCU128 boards in the experiment service cavern are connected
to the surface over 200 meters of single mode optical fibers. The other end of the link is connected
to a network switch, which connects all the compute nodes of the demonstrator on the surface.
The firmware for the VCU128 boards has been designed to be modular and flexible to allow

receiving different and multiple trigger data sources on a single board. The design is divided into
3 main blocks:

• An input block receiving the trigger links and scalable to up to 40 input links per board.

• A processing pipeline specific for each scouting source, in charge of aligning the input
streams, applying basic pre-processing such as data formatting and reduction or machine
learning algorithms.

• An output stage buffering the concentrated data into the HBM, before sending it via TCP/IP
over 100 GbE links using dedicated IP cores developed in the CMS DAQ group [149, 150].

The details of each step are described in the following paragraphs.
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(a) VCU128 readout board and mezzanine (b) PCIe crate hosting the VCU128 boards

Figure 5.3 ∙AMDXilinx VCU128 development kit used for the L1 trigger processors readout and HT-Global
mezzanine (5.3a); PCIe crate housing the VCU128 boards in the service cavern of the experiment (5.3b).

Input stage The Phase-1 L1 trigger processors send data to the scouting system via 10 Gb/s
links. The protocol works with 32-bit words at 250 MHz word frequency, with additional control
bits carrying the information about special words. The BX data is a fixed record of 6 × 32-bit
consecutive data words per input link. To match the protocol frequency, 10 MHz of “filler” words
are added and they are signaled by the control bits.
Data words are replaced by special “comma” words in a gap of few BXs near the end of the

orbit, needed for the alignment of the links and to signal the start and end of a packet. Two
special words are added before the start of the gap: the link identification (LID) and the Circular
Redundancy Check (CRC). The former identifies the provenance of the trigger link, the latter is
compared with a CRC recomputed on the received data to check the integrity of the packet. In
case a mismatch is found, the packet is flagged and a mismatch counter is updated. The orbit
header at the start of each packet carries the information of the number of the next LHC orbit.

The input stage of the scouting firmware is illustrated in Fig. 5.4. It extracts the data and special
words from the received packets and format the data stream to simplify the subsequent steps.
Each input stream operates on its own clock, so they need to be synchronized to a common clock
before moving on to the next stages. This is done by writing each stream into an intermediate
buffer (FIFO), which is then read for all streams using the common 250 MHz clock at which the
HBM is programmed to operate. The synchronized streams are then sent to the next processing
stage for aggregation and further pre-processing.

Processing stage The design of the processing pipeline is illustrated in Fig. 5.5. The first step
in the chain is the alignment of the HBM clock-synchronized streams to the same collision event.
This alignment is based on the fixed size of the BX record. Each data stream is written into
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Figure 5.4 ∙ Schematics of scouting firmware design for input stage. The received trigger links are decoded
and synchronized to the common HBM clock.

a separate FIFO buffer. A Finite State Machine (FSM) controls the reading from these buffers,
ensuring that at least a full BX record is available in each before reading, and assigns the BX
number.
After alignment, the output streams are merged into groups, each corresponding to a TCP/IP

stream in the output logic. The data groups are then processed by a zero-suppression module that
works differently depending on the type of trigger object:

• For L1 muons, it checks that at least one of the 8 possible candidates has pT greater than
zero, indicating the presence of at least one muon in the BX.

• For jets, e/
 , and �h objects the same approach is applied, checking if any of the 12 possible
objects has ET greater than zero.

• Calorimeter sums are global quantities, so their record is kept only if there is at least one
jet or e/
 in the same BX record.

• For BMTF stubs, the record of a group is kept only if there is at least one valid stub, based
on the valid bit field in their data words, as described in Table 5.4.

• For the �GT decision bits, the data reduction algorithm works differently. It uses a bitwise
OR operation across the 512-bit fields from the six �GT boards. The result determines
whether the BX record is kept. A configurable 512-bit field can be loaded via PCIe at
runtime to mask algorithms that are not of interest.

The grouped streams are then padded to accommodate the 256-bit alignment of the HBM buffers.
A trailer with a 3564-bit field along 16 × 256-bit frames is prepared to encode information about
the BXs that were suppressed by the data reduction algorithm, allowing the data acquisition
software to efficiently unpack the events and their BX numbers.
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The final stage of the processing pipeline is designed to run algorithms on the trigger objects.
Examples include neural network inference for L1 muon recalibration [154] and BMTF stub
tracking, which will be discussed in Section 5.5. Deploying these applications directly on the
FPGA is possible using the hls4ml package [155,156], which translates higher-level neural network
models into HLS code that can be converted to hardware description language using the Vivado
suite [155, 156]. After applying the algorithm, the group record is converted to a compact format
to reduce the number of needed 256-bit frames, optimizing therefore the output throughput.
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Figure 5.5 ∙ Schematics of firmware design for FPGA processing pipeline. The collision record fragments
across the trigger data streams are aligned, aggregated into groups and zero-suppressed to reduce the final
output throughput.

Output stage The final stage is illustrated in Fig. 5.6a. The aggregated and pre-processed trigger
data is organized into “scouting blocks”, with a header and trailer encapsulating a programmable
number of orbits. The header contains information about the block size for efficient unpacking in
the DAQ software, along with other useful metrics.
Before writing the scouting data blocks to the HBM, a 256-bit frame is reserved for the block

header. After the payload and trailer have been written, the necessary counters to place in the
header are finalized, and the HBM control logic places the frame in the reserved space. The orbits
within the payload are treated as fragments of the block and are further encapsulated with a
fragment header and the orbit trailer generated in the previous processing stage.

Each group stream has its own logic for preparing scouting blocks. The logic for each instance
is connected to the HBM controller, which monitors the occupancy of the corresponding HBM
buffer. If the occupancy in a HBM slot crosses a threshold of about 95%, equal to around 240 MB,
a back-pressure signal is sent to the group stream pipeline, causing orbits to be dropped until the
HBM buffer occupancy falls below approximately 80%. The information about the dropped orbits
is recorded by creating an empty fragment with just a flagged header. The number of dropped
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orbits is saved in a register that can be accessed via PCIe. This approach ensures efficient and
reliable event aggregation in the online processing step, described in Section 5.3.2, where all the
sources will unpack the same number of orbits.
At the other end of the HBM buffers, a FSM controls reading from the buffer and manages

the TCP/IP logic. Multiple TCP/IP streams are multiplexed into a single 100 GbE core, which
transmits the packets to a configurable destination. When an Ethernet packet is correctly received
by the DAQ software, described in Section 5.2.4, an acknowledgement is sent to the 100 GbE core
and the corresponding HBM buffer pointers are updated. If the acknowledgment is not received
within a timeout window, the packet is retransmitted.
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Figure 5.6 ∙ Schematics of FPGA firmware design for scouting block packets preparation, back-pressure
handling and 100 GbE output via TCP/IP (5.6a). Format of the scouting blocks sent via TCP/IP to the
scouting DAQ software (5.6b).

Firmware and resource usage The amount of allocated input/output resources, HBM blocks
and DAQ units is designed to be configurable, such that these numbers can be easily tuned for the
readout of specific trigger sources. Two main firmware design combinations have been developed
for the 2024 L1DS demonstrator.
The first design, illustrated in Fig. 5.7a, processes 4 input links from �GMT and 24 links from

BMTF, concentrating them into two separate processing pipelines. The �GMT pipeline writes all
muons that pass the zero-suppression filter to a single HBM buffer, resulting in a single TCP/IP
stream sent via a DAQ unit. The BMTF pipeline aggregates the input data into 12 streams, each
corresponding to a BMTF wedge. These aggregated streams are written to 12 HBM buffers, which
then become 12 TCP/IP streams on the read side of the HBM. The streams are multiplexed into 2
DAQ units, with 6 streams per core.

The second design, shown in Fig. 5.7b, processes 7 links from the calorimeter DeMux board and
18 links from the �GT. The calorimeter scouting pipeline aggregates the input data based on the
type of object, writing jets, e/
 , �h, and energy sums to four different HBM buffers. The resulting
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5.2. Readout of the trigger links

four TCP/IP streams are then multiplexed into a single DAQ unit, producing the highest output
throughput among all the designs. Due to the high data reduction factor in the �GT pipeline, only
a single HBM buffer and DAQ unit are required.
The resource usage of these two main designs is reported in Table 5.5, with the floorplans on

the VU37P chip shown in Figs. 5.7d-5.7d. Overall, resource usage is below 30%, with no significant
congestion of logic resources. Both designs achieve timing closure without requiring aggressive
optimization of the logic resource routing. Since neural network inference or reconstruction
algorithm modules are not included in the baseline, the usage of Digital Signal Processors (DSPs)
is negligible. Given that the DAQ-800 board for the Phase-2 L1DS readout is equipped with VU35P
FPGA devices, the resource usage numbers are projected to the available resources of the VU35P.
Although this chip has fewer resources compared to the VU37P, the resource usage is generally
low enough to allow the allocation of more HBM buffers, TCP/IP stream logic, and DAQ units.

VU37P VU35P extrapolation
Design Resource Available Utilization % Available %

LUT 1303680 227126 17.4 871680 26.1
�GMT FF 2607360 408834 15.7 1743360 23.5

+ BRAM 4032 1168 29.0 2688 43.5
BMTF URAM 960 52 5.4 640 8.1

DSP 9024 6 0.07 5952 0.1

LUT 1303680 151516 11.6 871680 17.4
�GT FF 2607360 286248 11.0 1743360 16.4
+ BRAM 4032 713 17.7 2688 26.5

DeMux URAM 960 20 2.1 640 3.1
DSP 9024 4 0.04 5952 0.07

Table 5.5 ∙ Target firmware resource utilization for a VU37P FPGA and extrapolation to a VU35P chip.

5.2.3 Scouting boards control and monitoring

The scouting boards must be configured prior to start of the data acquisition, and their health
and functionality must be continuously monitored to ensure the correct operation of the trigger
readout and to detect any potential issues. This process involves accessing internal registers of
the logic design, such as reading metrics or writing to registers to control specific functions. The
read/write operations are managed using a DMA core in the firmware, interfaced via PCIe with
the Dell R320 control server.
Configuring the scouting FPGA boards, particularly the 100 GbE cores and the TCP/IP logic,

requires a complex series of register accesses, which are handled through higher-level sequences
known as “actions”. The Scouting Configuration Endpoint (SCONE) was implemented to manage
these operations through a user-friendly interface. The scouting FM in the CMS Run Control
system interacts with this interface to set the boards in the correct state during transitions in the
global run status.

The SCONE software architecture is shown in Fig. 5.8. The interface is implemented as a REST
API, using the Flask framework. Its primary function is to handle board control and monitoring
through web requests. When a web request is made by the scouting FM, it is queued for execution
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Figure 5.7 ∙ Main firmware designs for �GMT muons and BMTF input stubs scouting (5.7a) and for
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“�GMT+BMTF” (5.7c) and “DeMux+�GT” (5.7d) designs.
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on the targeted board. The list of available boards, actions, readable and writable registers,
and firmware parameters are stored in JSON files, loaded onto the control server during FPGA
firmware deployment. At startup, SCONE loads a module that implements the requested actions
as a series of read/write operations. The results of these actions, along with the status of the
board after execution, are placed in a response queue and returned to the scouting FM. If needed,
recovery actions can be triggered to restore the system to a functional state.
There are four main actions available for board control by the scouting FM in the production

system:

• RESET: it resets all the main modules of the boards, including the input decoder logic, the
scouting processing pipelines, the HBM controller, and the output logic.

• CONFIGURE: it resets all counters in the firmware, disables the injection of trigger data into
the scouting processing pipeline, configures the TCP/IP parameters and the destination of
the output streams, and establishes the communication between the 100 GbE cores and the
destination DSBU.

• START: it opens the connection with the DSBU and enables the injection of data into the
scouting processing pipelines.

• STOP: it masks the processing pipelines, flushes any remaining data in the HBM, and closes
the connection.
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Figure 5.8 ∙ Scouting Configuration Endpoint (SCONE) software for control and monitoring of scouting
FPGA boards. The web application is based on the Flask framework. The monitoring part is based on
Prometheus, which scrapes a set of exposed registers of the boards and provides the retrieved data to a
Grafana dashboard.

Monitoring requests for specific board metrics are handled separately: a Prometheus server,
part of the Level-1 trigger system, periodically sends monitoring requests to a client process
within SCONE. This client retrieves relevant metrics, exposes them to Prometheus, and sends
them to the server, which tracks the current status of the system. These metrics are displayed
on a Grafana dashboard, as shown in Fig. 5.9, providing a user-friendly view of the health of the
system for easier debugging.
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Figure 5.9 ∙Grafanamonitoring dashboard for Run-3 Level-1 trigger Data Scouting demonstrator, reporting
the current status of the L1DS readout block.

5.2.4 Data acquisition software

The output TCP/IP streams from the scouting boards are sent to the surface network switch, which
redirects them to the DSBUs. These are Dell R7515 servers with an AMD EPYC 7502P 32-Core
CPU, optimized for data buffering using large RAM disks. A scouting data acquisition software
(SCDAQ) runs on the DSBUs to receive and further process the data streams. The software is built
using Intel Threading Building Blocks (TBB) and follows a “pipeline” design pattern. An overview
of the software is shown in Fig. 5.10.
SCDAQ creates a pipelines for every stream it receives on a single DSBU. These pipelines

consist of sequential data filters. The first, “input” filter waits for the connection to be established
with the board, which is managed by the scouting control application SCONE. At the start of data
taking, the data is read from the TCP/IP streams, and the first expected frame is the header of the
first scouting block, as shown in Fig. 5.6b. A 256-bit read is performed to decode the packet size
from the received header frame, followed by a second read of size indicated, to receive the block
payload and trailer. The input throughput of SCDAQ during normal LHC operations is shown in
Fig. 5.11a, with the highest one observed from the streams containing the calorimeter objects.

The received packets are enqueued in memory slices and passed to a processor filter. The latter
decodes the fragments in the blocks to unpack the raw data. For each fragment, the first step is to
retrieve the orbit number from the orbit header and the information of the BX records that were
retained from the orbit trailer. Each BX record is written to a memory slice in a compact format,
with header words encoding the information of the orbit and BX number, along with the number
of objects in the record. Only valid objects in the BX data are kept, optimizing the memory usage
for storing the output slices.
The output slice is closed after it reaches a configurable number of orbits, which are then

queued for writing to a file by the third, “output” filter. In the 2024 system, a number of 212 orbits
per output file was chosen, to create reasonably small data fragments for aggregation in the next
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Figure 5.10 ∙ Scouting data acquisition software (SCDAQ), based on Intel-TBB. The architecture exploits a
set of pipeline pattern instances, each of them with an input receiver, stream processor and output raw
data producer.

100 200 300 400 500 600 700
LumiSection (~23.3 s)

0

500

1000

1500

2000

2500

3000

SC
D

AQ
 in

pu
t t

hr
ou

gh
pu

t (
M

B/
s)

Level-1 trigger Data Scouting (13.6 TeV)

CMSWork in progress
Run 386319, Fill 10144 (2352b)

DSBU #1: muon stream
DSBU #2: jet stream
DSBU #2: e/  stream
DSBU #2: energy sums stream
DSBU #2: h stream
DSBU #3: BMTF stub stream

(a) SCDAQ input throughput

100 200 300 400 500 600 700
LumiSection (~23.3 s)

0

500

1000

1500

2000

SC
D

AQ
 o

ut
pu

t t
hr

ou
gh

pu
t (

M
B/

s)

Level-1 trigger Data Scouting (13.6 TeV)

CMSWork in progress
Run 386319, Fill 10144 (2352b)

DSBU #1: muon stream
DSBU #2: jet stream
DSBU #2: e/  stream
DSBU #2: energy sums stream
DSBU #2: h stream
DSBU #3: BMTF stub stream

(b) SCDAQ output throughput
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LHC operations, with a fill containing 2352 colliding bunches at CMS.
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step of online processing. These fragments are written to the RAM disk on the DSBU where the
SCDAQ instance is running. The output throughput of SCDAQ during normal LHC operations is
shown in Fig. 5.11b, with the highest one observed from the streams containing the calorimeter
objects.
The total number of events and the size of the output files are updated with each received

orbit. When the output module receives the last orbit in a section of luminosity (LumiSection,
LS), which contains 218 orbits, the counters integrated over the LS are written to an “End-of-LS”
(EoLS) metadata file. This metadata is needed by the online processing infrastructure to know
how many orbits are available from a data source. Similar counters are integrated over the entire
data taking run and written to an “End-of-Run” (EoR) metadata file to ensure the correct closure
of the data-taking operations after the run ends. Only the first and primary pipeline writes these
metadata.

5.3 Online processing at the LHC orbit rate

The second block of the scouting demonstrator receives the data fragments produced by the first
block and performs event aggregation and online analysis. The software components of this block
are integrated into the CMS offline software framework (CMSSW) and are described below. Also
in this case the infrastructure is orchestrated by the scouting FM, which configures the processing
nodes on the surface and triggers the release of the allocated resources when the data taking ends.

5.3.1 Event definition and Orbit Collection data format

A single BX record collected by the L1DS demonstrator during Run-3 has a size on the order of
(1) kB, which is approximately 103 times smaller than the average event size collected by the
central DAQ. Defining the event as the BX record would result in suboptimal readout at 40 MHz,
inefficient event storage, and more challenging processing for exploring correlations between
consecutive BXs. To address these issues, a different event definition was chosen for L1 scouting:
the event corresponds to the full set of BXs in an LHC orbit. By defining an event as an LHC
orbit, rather than a single collision event, the processing is performed at a stable LHC orbit rate
of 11.2 kHz.
To efficiently store the collected trigger objects under this event definition, a dedicated data

structure, known as the scouting “Orbit Collection”, was developed. This structure stores the
trigger objects in an orbit in a time-ordered flat vector, where the elements are dedicated data
structures containing the trigger object features. The mapping of these objects to their respective
BX record is encoded in an additional index vector belonging to the orbit collection. The ith

and (i + 1)th elements of this vector contain the information about the start and end positions,
respectively, of the ith BX record in the data vector.

A schematic view of the orbit collection and of its working principles is shown in Fig. 5.12. To
simplify the extraction of BX records from an event, “getter” methods are available in the orbit
collection class. These methods allow for the retrieval of a specific BX record or a single object
instance at a given position.
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Figure 5.12 ∙ Schematic view of Scouting Orbit Collection data format used to store the L1 trigger primitives
read out by the L1DS. In particular, the collections for muons and jets are shown.

5.3.2 Event aggregation and processing

The event aggregation and processing flow is summarized in Fig. 5.13. This step is executed on the
DSPU nodes, which are Dell R6525 machines with two AMD EPYC 7763 64-Core CPUs, optimized
for intensive processing workloads.

A file broker software, used also in the central DAQ for the HLT, moves data fragments with
the same event range from the RAM disk of the DSBU units to the DSPU nodes. This approach
allows the workload for different event ranges to be distributed across multiple DSPUs, ensuring
optimal parallelization of event processing. The output of this step is a chunk of data with aligned
information from all sources in the same event.

Inside a DSPU, the event fragments are injected into CMSSW in dedicated raw data buffers.
Raw data unpackers extract the trigger objects from all the event fragments for each event. The
objects belonging to the same event are then aligned into the orbit collections.

The output of the unpacker modules is handed over to a set of analyzer modules, which perform
the online analysis of the collected data. These analyzers loop through the possible BXs in an
orbit, searching for specific signatures of interest for physics analyses. The output is a list of BX
numbers that meet the required selections, which is then added to the event content. A filter
module then loops through the event content, keeping only the BXs that were selected by at least
an analyzer module.

The data chunks aggregated on the DSPUs are transferred back to a second RAM disk on the
DSBU designated as the primary unit. The chunks are then merged by a merger process into units
of LSs. The data is temporarily sent to a Lustre filesystem in a “streamer” format and then copied
to the Tier-0 storage for repacking into an AOD format. From there, the data is distributed to
the CMS data aggregation system, where it can be accessed by users. These steps are illustrated
in Fig. 5.14, where it can be seen that multiple dataset streams can be produced by the online
processing infrastructure, serving different purposes.
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Figure 5.13 ∙ Schematic of event aggregation and processing on the DSPU, after collecting fragments from
the RAM disk of the DSBUs.
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Figure 5.14 ∙ Overview of the merging on the primary DSBU of the data chunks produced by the DSPU.
Two main streams are produced, namely the scouting ZeroBias and Selection streams, and sent to a Lustre
filesystem. The streams are then copied to the Tier-0 storage, where they are repacked and distributed to
the data aggregation system of CMS.
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Two main CMSSW output data streams have been designed for the Run-3 demonstrator,
producing two different output datasets for physics analysis and monitoring purposes. The first,
known as “scouting ZeroBias” stream, is an unbiased dataset containing all the L1 event content
sent by the scouting boards7. The average ZeroBias event size from all the orbit collections, after
repacking, is shown in Table 5.6 for an LHC fill with about 2400 colliding bunches.

Given an average event compressed size of (100) kB, the average raw ZeroBias data rate after
repacking would be (2) GB/s. Since the allocated storage for the Run-3 demonstrator for 2024
and 2025 operations is 3 PB of disk and 3 PB of tape storage, the limit of (200) MB/s for the
repacking output bandwidth has been imposed, necessitating data reduction for the dataset. This
reduction for the ZeroBias dataset is accomplished by applying an event prescale factor N , which
was kept around (20) during 2024 operation. Thus, the dataset is not biased by any selections
and can be used to study additional selector modules to add in the online analysis step, as well as
for L1 diagnostic purposes.

Object Uncompressed size (kB/ev) Compressed size (kB/ev) Objects per event

Muon 37 4.3 474
Jet 99 15 5265
e/
 222 33 13000
�h 414 59 24965
ET sums 226 30 2519
BMTF stubs 22 1.6 223

Total 1020 142

Table 5.6 ∙ Size of objects per event from scouting ZeroBias stream after data repacking and average
number of objects per event.

The second dataset, known as the scouting “Selection” stream, is produced by the online analysis
step. This dataset is intended for potential physics analyses and contains selected event records
based on the signatures identified by the selector modules, which will be discussed in Section 5.3.3.
The data reduction needed to meet the bandwidth constraints is achieved by discarding event
content that does not meet the selector requirements and slimming the dataset by removing
event collections with less potential for physics analysis. In particular, the L1 �h collections are
discarded due to their lower purity compared to other physics objects, achieving a 50% throughput
reduction.

5.3.3 Scouting selector modules

The selector modules developed for the 2024 operations focus on L1 muon and jet objects, which
have higher physics potential given the Run-3 L1 trigger reconstruction. Each selector module
searches for specific signatures based on single or multiple object conditions or correlations
between different object types. Parameters are provided to configure thresholds in pT and � of
trigger objects and their multiplicity in a BX. This flexible implementation allows the module to be

7A ZeroBias dataset is also available from the standard CMS triggered data. It is acquired through the use of
random triggers and a BX mask that considers only the BXs where a collision is expected. The prescale factor for this
dataset ranges from 104 to 106, depending on the running conditions.
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reused with different conditions to produce various selections. The selector modules developed for
the 2024 data-taking and their working points are described in this subsection, with the selection
rate and throughput shown in Fig. 5.15.
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Figure 5.15 ∙ Rate (5.15a) and throughput (5.15b) from selector modules deployed for L1DS demonstrator
2024 data taking: single muon in BMTF, dimuon with muons of quality at least 8, dijet with leading and
subleading jets of ET ≥ 30 GeV, high-multiplicity jet with at least four jets of ET ≥ 20 GeV, muon inside jet
cone of R = 0.4 and ET ≥ 30 GeV.

Jet selector This module requires the presence of at least a configurable number of jets in a BX,
meeting a specific ET threshold and � range requirement. Two selection instances are defined
from the same module:

• A “dijet” selection, requiring at least two jets with energy and pseudorapidity requirements.
The chosen working point for 2024 is ET ≥ 30 GeV for both the jets and no � requirement.

• A “high-multiplicity” jet selection, requiring an arbitrary number of jets meeting ET and
� requirements. The chosen working point for 2024 is 4 jets with ET ≥ 20 GeV and no �
requirement.

Muon selectors The muon selectors are implemented similarly to the jet selectors. The two
selection classes deployed using the muon selector are:

• A “single muon” selection, which requires at least a muon with a certain hardware quality
within a pseudorapidity range encoded in the track finder index quantity, and meeting a pT
threshold. For 2024, the single muon selection covers only the barrel region and is inclusive
in pT and muon quality.

• A “double muon” selection, where the chosen working point is inclusive in � and pT,
requiring both muons to have a quality equal or greater than 8.
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Muon-tagged jet selector The final implemented selector correlates information from the
jet and muon collections in the same bunch crossing to identify potential jets originating from
b quarks. The module looks for a muon overlapping with a jet using a ΔR criterion with a
configurable threshold. In this selection, the ΔR criterion is applied only to jets meeting ET and �
requirement and to muons with sufficiently high quality, pT and �. The chosen working point
for 2024 requires at least one muon overlapping a jet within ΔR < 0.4 and the jet must have
ET ≥ 30 GeV. A simple event display of a selected BX from this module is shown in Fig. 5.16.

Figure 5.16 ∙ Transverse r −' (left) and longitudinal r − z (right) views of a collision event with L1 objects
and collected by the Run-3 L1DS. The event contains eight jets (yellow), several e/
 (magenta), a muon
within a jet cone (red curve), with its trajectory extrapolated at the vertex, and MET (red arrow). �h objects
are omitted in the display.

5.4 Demonstrator validation from collected data

The demonstrator has been validated using data collected during 2024 from both the ZeroBias
and Selection streams. The following checks are described in more detail below:

• Occupancy plots for every bunch crossing in the orbit and object multiplicity per bunch
crossing.

• Distributions of kinematic features, such as pT and ET, which are useful for the evaluation
of the trigger performance for different regional subsystems, and the effects of calibration
procedures for triggering purposes.

• The emulation of trigger reconstruction algorithms on lower-level objects, such as the
application of the KBMTF algorithm on the collected scouting stubs.

Further validation, and an assessment of the trigger performance, is provided by reconstructing
known SM candles. In particular, low dimuon resonances such as J/ → �� and Z decays to a
pair of leptons can be investigated, and they constitute useful benchmarks for a potential analysis
targeting a new measurement.
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Chapter 5. The Level-1 trigger Data Scouting demonstrator

5.4.1 Bunch crossing occupancies and object multiplicities

The L1 trigger object rate for each BX number in the LHC orbit is expected to reflect the LHC
filling scheme, with peaks in the colliding bunches and depleted regions where no collisions are
expected. For the �GMT muons, the occupancy is stacked for the three regional subsystems in
Fig. 5.17a, highlighting that most of the L1 muon rate comes from the EMTF subsystem. Activation
effects from this region can be observed before the start and after the end of a bunch train, as
shown in a zoomed-in view of the occupancy plot in Fig. 5.17b. In general, regions where no
colliding bunches are expected are dominated by cosmic background, particularly visible in the
BMTF contribution. A gap at the end of the orbit is visible, where multiple BXs are masked by the
L1 trigger protocols, as described in Section 5.2.2. Focusing on the BMTF region, the occupancy
of the BMTF stubs for different quality codes is reported in a restricted region in Fig. 5.17c, where
higher-quality stubs are more likely to originate from real muons rather than background.
The L1 jets occupancy for the same BX region is reported in Fig. 5.17d as an example of

calorimetric objects. The same distribution for e/
 and �h objects is omitted, as a similar pattern
can be observed. The contributions in the HB, HE, and HF regions are highlighted separately. In
this case, the rate is also dominated by the endcap regions, with visible drops and spikes at the
end and start of a train, respectively. This feature is explained by the pedestal subtraction method
used in the lower-level TPs, which removes out-of-time contributions from the BXs readout
window [157]. Due to the lower contribution of out-of-time pileup from previous (subsequent)
BXs at the start (end) of a train, a positive (negative) bias is introduced in the signal amplitude,
producing this effect.
The multiplicity of objects per BX can also be used to evaluate the average size of an event,

as reported in Table. 5.6. The multiplicities for L1 muons, jets, e/
 , �h, and BMTF stubs per BX
for colliding bunches are shown in Fig. 5.18. The observed averages may vary between different
data-taking runs due to changing LHC and pileup conditions.
For muons, an average of 1 colliding BX out of approximately 10 contains at least one muon,

consistent with the muon rate observed in the BX occupancy plots. The maximum multiplicity
for stub objects in a BX is 96, as up to 8 stubs per wedge are sent to the L1DS demonstrator by
the BMTF processors. The observed average for colliding BXs is around 0.1 in the run considered
in this section, reflecting the small collection size in the stored data.

For calorimeter objects, the average multiplicity is significantly higher, explaining their larger
collection sizes in the stored data. For jets, an average of approximately 2.2 objects per BX is
observed, while about 5.4 e/
 objects are observed on average per colliding BX. For �h, there is a
saturation towards the maximum number of 12 objects sent by the DeMux board, with nearly
every collision event presenting a saturated number of �h objects. The multiplicity of sums is
not reported as it is directly related to the presence of at least one jet or e/
 in the bunch, and
therefore, sums are non-trivial in almost every colliding BX.

5.4.2 Energy and momentum distributions

The distribution of the L1 muon transverse momentum, shown in Fig. 5.19a, highlights the
contributions from the three regional subsystems, with OMTF providing only a coarser pT
assignment. A peak at 255.5 GeV is visible, used in the trigger as an overflow bin for pT.
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Figure 5.17 ∙ L1 muons occupancy per bunch crossing in LHC orbit, over the full BX range (5.17a) and
zoomed in the BX range of (1000, 1600) (5.17b). The contribution from BMTF, EMTF and OMTF are stacked.
BMTF stubs occupancy in the BX range of (1000, 1600), stacked by quality code (5.17c). L1 jets occupancy
in the BX range of (1000, 1600), stacked by regional subsystem (5.17d).
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Figure 5.18 ∙ L1 object multiplicities per BX, including only colliding bunches, for L1 muons (5.18a), jets
(5.18b), e/
 (5.18c), �h (5.18d) and BMTF stubs (5.18e). The average number of objects is reported in the
legend. Saturation at the maximum number of 12 �h objects is observed.
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Fig. 5.19 displays the ET distributions of the e/
 and �h calorimeter objects, as well as the
energy sums, where several distinct structures can be identified. For e/
 , a step at 128 GeV is
observed, corresponding to the release of trigger selections during the reconstruction of the
objects [48]. At the upper end of all the ET distributions, a saturation bin collects all objects in
which saturated towers were present in the cluster used for reconstruction. This saturation bin is
also present in the energy sums ET distribution, where the energy sum is set to the maximum
value if at least one saturated tower is found in the BX. This behavior is driven by the inability
to reliably calculate the total energy and energy balance in the collision event when saturation
occurs.
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Figure 5.19 ∙ pT distribution of L1 muons, stacked for the three regional subsystems (5.19a). ET distribution
of L1 e/
 (5.19b) and �h (5.19c), stacked by barrel and endcap subsystems. ET distribution of all the energy
sums acquired by the L1DS (5.19d).

A dedicated discussion is reserved for the sum of TTs, which, as highlighted in Section 5.2.1
serves as a measure of pileup. The distribution of this quantity in each bunch crossing is shown in
Fig. 5.20 for the BX range [1220, 1360]. For comparison, the pileup profile for each BX as reported
by the CMS Online Monitoring System (OMS) is superimposed. The distribution of firing TTs
shows a trend comparable to the pileup profile, with the exception of the spikes and drops at the
start and end of each train, respectively, as described in Section 5.4.1.
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Figure 5.20 ∙ Number of TTs distribution versus BX in the BX range [1220, 1360]. The pileup information
for every BX taken from the CMS OMS is superimposed for comparison, as the number of TTs is a measure
of the pileup information.

For the L1 jets, a depleted region around 40-50 GeV and localized jet-enriched regions between
100 and 400 GeV in the ET spectrum are present due to the effects of L1 calibrations, as shown
in Fig. 5.21 for dijet events in the barrel. In general, these features are well modeled in the
trigger simulation with MC samples. A good agreement between data and simulation is observed
across the ET spectrum, particularly at higher energies. The ratio between data and simulation
normalization in the regions of the localized bumps and the saturation bin is acceptable. Reliable
modeling of the L1 trigger simulation is crucial for any physics search to understand the back-
ground contributions from QCD processes and pileup, especially for signatures involving jets.
These signatures are among the most promising for exploration with the L1DS demonstrator, as
discussed in Section 5.6.

5.4.3 BMTF stubs and KBMTF emulation

Unlike the muon and calorimetric objects, the parameters of the BMTF stubs do not have a
straightforward conversion from hardware to physical units. To investigate the spatial distribution
of stubs within the detector, the stub acquisition rate in sectors, wheels, and stations is analyzed.
Fig. 5.22 displays these rates as two-dimensional histograms. Fig. 5.22a shows the stub acquisition
rate as a function of wheel and sector, with wheels ±1 exhibiting the highest super-primitives
acquisition rate. Fig. 5.22b focuses on the acquisition rate segmented by muon station and wheel.
The innermost stations of the outer wheels (station 1, wheels ±2) are excluded from the BMTF
inputs and directed solely to the OMTF system. Consequently, the outer wheels do not contribute
the highest rate of stubs to the BMTF. The acquisition rates decrease for the outermost stations,
which are farther from the interaction point.

The ability to collect lower-level primitives offers an opportunity for custom reconstruction
of L1 object candidates without the constraints of latency and resources. It also provides a way
to emulate trigger reconstruction offline into higher-level objects, bypassing any discretization
that would be applied during the online trigger reconstruction. The BMTF input stubs collected
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Figure 5.21 ∙ Distribution of transverse energy ET for jets collected by the L1DS demonstrator using
the Selection stream [158]. Only the bunch crossing records with at least two jets with ET ≥ 30 GeV
and |�| < 1.2 (barrel) for both the jets are stored for the purpose. The data are compared to QCD Monte
Carlo samples generated for different hard-scattering pT. Calibration artifacts are visible as bumps in
the spectrum between 100 and 400 GeV. The bottom ratio panel shows the ratio between the data and
simulation.

by the L1DS demonstrator serve as an example. While the first possibility will be explored in
Section 5.5.2, the results from running the L1 trigger software emulator on these super-primitives
are summarized here.

The KBMTF algorithm for muon reconstruction in the barrel region is typically executed on
FPGA in the BMTF trigger processors. A software version of this algorithm, which emulates its
hardware counterpart, is available within CMSSW, allowing access to its full resolution. While
some quantities are truncated or approximated in the hardware version before being sent to the
�GMT due to bandwidth constraints, the software emulator avoids these limitations, permitting a
more detailed analysis.

A study was conducted using the stubs collected by the L1DS during 2024, injecting them into
the software emulator of the KBMTF to assess whether it is possible to recover the same muon
candidate as the one sent to the �GMT and collected by the L1DS. This comparative study serves
as a final verification and proof of principle that it is possible to run software emulators on the
collected data from the demonstrator with acceptable agreement. The methodology for matching
BMTF muon candidates with �GMT muons is based on their angular distance ΔR, with matching
considered successful if ΔR < 0.1. The pT, puncT , 'st2, �st2 and quality code from the matched
pairs are compared, and discrepancies are evaluated as shown in Fig. 5.23a. Some mismatches are
observed, particularly in �st2, which can be explained by the fact that the scouting system does not
capture the full set of stubs and due to differences in internal data formats used in the emulation.
For further investigation, the distribution of Δ�st2 −Δ'st2 between BMTF and software emulation
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Figure 5.22 ∙ 2D sector-wheel and station-wheel occupancies for BMTF stubs, collected with the Run-3
L1DS demonstrator during 2024.

is shown in Fig. 5.23b and the pT distributions are compared in Fig. 5.23c, demonstrating that
even in the case of mismatch, the differences are small and often shifted by just a single hardware
quantity step.
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Figure 5.23 ∙Mismatches between matched BMTF and software emulation from collected muon barrel
stubs (5.23a). Distributions of Δ�st2 − Δ'st2 (5.23b) and pT (5.23c) between BMTF and KBMTF emulation.

5.4.4 Low dimuon invariant mass resonances

SM resonances at lowm�� invariant mass include the decay of the J/ meson into a pair of muons.
Observing this resonance allows for the evaluation the L1 trigger performance and resolution
in the reconstruction of muons in the low momentum regime, which can be valuable for new
physics searches, particularly in Dark Matter models.

To enhance sensitivity to J/ → �� decays, a set of event selection criteria is applied, starting
from approximately 1.2 fb−1 of integrated luminosity collected during 2024 with the “double
muon” selection stream, described in Section 5.3.3. Events with at least two muons are considered,
and the muon pairs are filtered with the following requirements:

• The transverse momentum of the muons greater than 8 GeV.
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• A muon hardware quality code of at least 12.

• Hardware transverse impact parameter equal to 0.

• A dimuon candidate constructed as the pair of muons with the smallest angular distance
ΔR, ensuring ΔR > 0.05 to remove possible muon duplicates.

• A candidate dimuon transverse momentum greater than 16 GeV, driven by the generator-
level cut p��T > 8 GeV in the MC sample of J/ → �� used for comparison with the
data.

The resulting invariant mass m�� is shown in Fig. 5.24 for both Opposite Sign (OS) and Same Sign
(SS) pairs. The comparison with the J/ → �� simulation at L1 trigger level for OS pairs shows
an acceptable agreement, given the L1 trigger resolution and the fact that no SFs are applied to
correct the simulated event weights.
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Figure 5.24 ∙ m�� invariant mass distribution for dimuon final state, for opposite sign (OS, blue) and
same sign (SS, orange) pairs. The opposite sign distribution is compared to simulated J/ → �� events
normalized to the SM expectation (gray) and their subtraction is shown (red).

5.4.5 Z decay to a pair of leptons

As with the low dilepton resonances, searching for higher mass resonances in dilepton final states
serves as a useful benchmark for the performance of the L1 trigger. Specifically, analyzing decays
of the Z boson into a pair of muons or electrons can be used as a reference to compute calibrations
for jets, such as in DY plus jets events where a jet recoils against the dilepton candidate.
A comparison with the simulation of these processes, focusing solely on L1 information, was

performed using early data collected during 2024, corresponding to approximately 110 pb−1 of
integrated luminosity. Drell-Yan (DY) to a lepton pair plus jets simulated samples were employed
as the SM reference, with a production cross section �(Z → ��) = 6244.8 pb for the phase space
region where m�� > 50 GeV [159].

For the �� final state, the event selection applies the following criteria to L1 muons to enhance
the signal-to-background ratio:
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• The muons are required to be from the muon barrel, so their track finder index must be in
the range [36, 71], or equivalently, their pseudorapidity must be |�| < 0.83.

• The momentum of the muons must be greater than 8 GeV.

• The hardware transverse impact parameter must be equal to 0.

The result of the selection for OS pairs is shown in Fig. 5.25a. For the ee final state, the event
selection criteria for e/
 objects are as follows:

• The e/
 pair must be detected in the ECAL barrel, meaning they must be within the
pseudorapidity range |�| < 1.44.

• An energy threshold of ET ≥ 20 GeV is imposed on the e/
 objects of the pair.

• Each e/
 has to be isolated from hadronic activity, so the hardware isolation code must be
either 1 or 3.

The observed invariant distribution me/
e/
 is shown in Fig. 5.25b.
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Figure 5.25 ∙ Distribution of the invariant mass (black) from opposite sign pairs of �GMT muons recon-
structed by the BMTF (5.25a) and of pair of e/
 reconstructed by the CT (5.25b), collected by the L1DS
demonstrator during 2024. Both the distributions are modelled using a resonant function as the DSCB
summed to a polynomial function to model mismatched dilepton events and background contributions (or-
ange), with the resonant component summed to a polynomial for mismatched modelling plotted separately
(red).

In both studies, a fit is performed on the observed data using a DSCB resonant component for
the signal, summed with a polynomial function to model mismatched events, and a power-law
function for the background. The DSCB shape parameters, apart from width and mean, and the
shape of the polynomial are derived from simulated events and fixed in the fit to the data.

110



5.5. Machine learning inference applications for L1DS

Discrepancies in the resonance position between data and simulation are expected due to
calibration artifacts in the L1 collections. The shift in the resonance mean is modeled through an
additional parameterΔ� added to themean of the DSCB in the fit. The discrepancy in normalization
is attributed to the absence of SFs correcting the simulated event weight, such as corrections for
trigger efficiency differences between data and simulation. These discrepancies are particularly
pronounced in the muon final state, where the pT has been corrected by a factor of 1.16, reflecting
the fact that, on average, the pT of L1 muons is about 20% higher to enhance trigger efficiency. A
better agreement is found for the e/
 final state, where no ET corrections have been applied, and
the MC yield is closer to that observed in the data.

5.5 Machine learning inference applications for L1DS

The L1DS system also serves as a testbed for applying machine learning techniques to the
acquired L1 trigger objects. These applications could be implemented directly on the FPGA
readout board of the L1DS, enabling real-time inference and enhancing the physics capabilities
of the system. This can be achieved by translating higher-level neural networks and boosted
decision trees into hardware description language to integrate into an FPGA design, using tools
such as hls4ml [155, 156] and conifer [160]. This section explores the use of neural networks
for the recalibration of L1 muons, for fake/real L1 muon pair classification, and for BMTF stubs
tracking.

5.5.1 L1 muons recalibration

L1 trigger objects are calibrated to achieve a certain efficiency at a momentum threshold, which
makes them unsuitable for direct physics analysis. To address this, neural networks have been
developed and trained to recalibrate the parameters of these objects, with the goal of deploying
them on the scouting FPGA boards or using them in the offline analysis. This subsection focuses
on the recalibration of L1 muons and improving the extrapolation to the collision vertex performed
by the �GMT.

The chosen network architecture consists of a “feed-forward” model with three hidden layers,
each containing 32 neurons. L2 regularization [161] and Batch Normalization [162] layers are
included to enhance performance. The model takes as input the pT, �st2, �st2, charge, and hardware
quality of the muons and returns a set of correction terms ΔpT, Δ�, Δ' to be applied to the
kinematic features for recalibration and extrapolation. The logarithmic hyperbolic cosine loss
function has been identified as yielding the best performance.
The neural network is trained on offline collision data collected during the 2022 data-taking

period using random colliding BX triggers, ensuring that the data used for the application is
unbiased by any trigger selection. �GMT muons are matched to offline reconstructed muon
tracks, whose kinematic parameters are used as targets for the network. The matching between
offline reconstructed and L1 muons requires their angular distance at the second muon station to
be ΔR < 0.1. Since the offline reconstructed muons are provided at the vertex, their tracks are
propagated to the second muon station using a track propagator.
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Chapter 5. The Level-1 trigger Data Scouting demonstrator

The correction terms predicted by the network on a test dataset, not used for training, are
applied to the corresponding L1 muons, and the corrected kinematic quantities are compared
to the matched offline candidates, as shown in Fig. 5.26. The difference between L1 and offline
quantities is superimposed for comparison.

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
pT(reco, pred)/preco

T

0.0

0.5

1.0

1.5

2.0

2.5

3.0

D
en

si
ty

 (a
.u

.)

(13.6 TeV)

CMS
Work in progress

Recalibration NN
L1
Quantized NN

(a) ΔpT(NN|L1, reco)/precoT

-0.4 -0.2 0.0 0.2 0.4
(reco, pred)

0

2

4

6

8

10

12

14

D
en

si
ty

 (a
.u

.)

(13.6 TeV)

CMS
Work in progress

Recalibration NN
L1 extrapolation
L1
Quantized NN

(b) Δ�(NN|L1, reco)

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
(reco, pred) (rad)

0

1

2

3

4

5

6

7

D
en

si
ty

 (a
.u

.) 
/ 0

.0
2 

ra
d

(13.6 TeV)

CMS
Work in progress

Recalibration NN
L1 extrapolation
L1
Quantized NN

(c) Δ'(NN|L1, reco)

Figure 5.26 ∙Deep-learning based L1muon recalibration results, comparing L1 quantities and NN-corrected
quantities with the offline reconstruction. The comparison in pT over the pT of the offline muon (5.26a), in
�ext (5.26b) and 'ext (5.26c) are shown. The comparison for the quantized NN using hls4ml is also included.

The resolution peak shows how the recalibration is correcting the central value of the pT
distribution to its nominal value from offline data. Moreover, the NN is correctly learning the
propagation at the nominal collision vertex with performance superior to that of the extrapolation
done in the �GMT, introduced in Section 4.2.2.
The network parameters are then discretized to a fixed-point format for translation into HLS

code for deployment on FPGA. The optimal fixed-point precision is chosen to balance the amount
of resources required for hardware implementation and the degradation in resolution compared
to the results with floating-point weights: 8 bits are reserved for the integer part, and 16 bits
for the fractional one. The results from the quantized network compared to the matched offline
quantities are also shown in Fig. 5.26.
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The NN converted to HLS code has been synthesized to evaluate the approximate amount
of logic resources required for implementation on hardware. The results, shown in Table 5.7,
are acceptable for an implementation reaching timing closure with the VU37P FPGA device,
whose available logic resources are listed in Table. 5.5. To reduce the usage of DSP components,
a single DSP is reused for multiple operations, at the expense of increased inference latency,
which amounts to 23 clock cycles at a frequency of 250 MHz. Quantization Aware Training
techniques [163, 164] are expected to further reduce the required logic resources with negligible
loss in the resolution of the recalibration peaks.

Resource Utilization Available %

LUT 40871 1303680 3.1
FF 16549 2607360 0.6
BRAM 0 4032 0
URAM 0 960 0
DSP 226 9024 2.5

Table 5.7 ∙ Resource usage of deep-learning based L1 muon recalibration application on VU37P FPGA
device.

5.5.2 Deep-learning based barrel muon track reconstruction

Muon stub primitives from the barrel muon system undergo pattern recognition and track fitting
in the BMTF trigger processors. The track fitting step, using a Kalman filter, is implemented under
strict latency and resource constraints. However, within the scouting system, these constraints
are lifted, allowing for a custom reconstruction to be performed on the collected muon stubs. To
explore potential improvements over the current reconstruction, a deep-learning based approach
has been investigated for the track fitting step [165], building upon the existing pattern recognition
done in the BMTF algorithms.
The neural network is trained on offline collision data collected during the 2023 data-taking

period using random colliding BX triggers. The dataset is complemented by offline collision data
collected with muon plus photon triggers to populate the high pT muon region and ensure uniform
network performance across a broader pT spectrum. The training dataset is prepared by collecting
offline muon tracks and propagating them to the second muon station. These propagated tracks
are then matched to the tracks produced by the KBMTF algorithm from the muon barrel stubs,
following the matching methodology described in Section 5.5.1. From the matched KBMTF tracks,
the stubs contributing to the muon candidate are extracted. The network aims to predict the
offline muon tracks pT, �, ' at the nominal collision vertex in a regression task, while the charge
of the muon candidate is determined by the sign of the predicted pT. The network can accept up
to four stubs, with padding applied when only two or three stubs are associated with the KBMTF
track.
The network architecture balances performance and compatibility with hls4ml supported

features for potential hardware deployment. It is a “feed-forward” model with three hidden
layers, each containing 32 neurons, and uses L2 regularization [161] with � = 10−3. Exponential
Linear Units (ELU) [166] are chosen for activation functions, and the Mean Absolute Error
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Chapter 5. The Level-1 trigger Data Scouting demonstrator

(MAE) loss function yields the best performance. Other regularization techniques, such as Batch
Normalization [162] and Dropout [167], were tested but showed inferior performance, so they
were not pursued further.

The regression performance is evaluated by examining the resolution of each feature, calcu-
lated as the difference between the predicted or L1 quantity and the offline reconstructed value.
For transverse momentum, the difference is normalized by the offline reconstructed muon pT.
Performance is assessed using a test dataset distinct from the training and validation sets. The
charge assignment accuracy of the neural network is comparable to that of the KBMTF, with
approximately 97.9% accuracy relative to the offline charge assignment. The resolution of each
feature is shown in Fig. 5.27.

The network parameters are discretized into a fixed-point format with 8 bits for the integer part
and 16 bits for the fractional part. The optimal fixed-point precision is selected to balance resource
usage for hardware implementation and the resolution degradation compared to floating-point
weights. The results from the quantized network are also included in the comparison.
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Figure 5.27 ∙ Resolution relative to the offline reconstruction of pT (5.27a and 5.27b), � (5.27c), and '
(5.27d), of the neural network prediction (blue) and the KBMTF assignment (orange) and its recalibrated
peak (gray), where the recalibration is performed by dividing the KBMTF assigned pT by 1.2. The results
from the quantized network, with an 8-bit integer part and 16-bit fractional part, are also shown (red).
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5.6. Run-3 demonstrator summary and perspectives

TheNN converted toHLS code through hls4ml has been synthesized to evaluate the approximate
amount of logic resources required for hardware implementation. The results, shown in Table 5.8,
are acceptable for an implementation reaching the timing closure with the VU37P FPGA device.
To minimize the use of DSP components, a single DSP is reused for 16 different multiplicative
operations, which increases inference latency to 68 clock cycles at a frequency of 250 MHz.

Resource Utilization Available %

LUT 137383 1303680 10.5
FF 74144 2607360 2.8
BRAM 48 4032 1.2
URAM 0 960 0
DSP 271 9024 3.0

Table 5.8 ∙ Resource usage of deep-learning based barrel muon stubs fit application on VU37P FPGA
device.

Theperformance of this approach generally exceeds that of the standard KBMTF currently in use
by the trigger system. This result highlights the feasibility of applyingmachine learning techniques
within the L1DS system, either on the FPGA readout boards in real-time or offline on the collected
stubs. Moreover, it demonstrates the potential for improving the physics performance of trigger
objects by applying custom reconstruction on lower-level primitives without the constraints of
latency and resource limitations. The model described could be extended to predict the transverse
momentum without vertex constraint, utilizing simulations of exotic LLP particles decaying to
displaced muons, thereby enhancing the L1DS sensitivity to topologies where the current L1
trigger reconstruction and selection are less effective.

5.6 Run-3 demonstrator summary and perspectives

The successful commissioning of the L1DS Run-3 demonstrator marks significant progress towards
the development of the Phase-2 system. The characterization and physics studies presented in this
chapter have demonstrated that the L1DS is not only a valuable tool for system benchmarking
but also holds potential for monitoring purposes and conducting physics searches that are not
feasible with standard triggered data or the HLT scouting dataset. Thus, the L1DS experience
during Run-3 has the potential to extend beyond its initial demonstration purposes and be used
to produce a physics measurement.

Dijet searches, which have been a focus of both the CMS and ATLAS experiments, as well
as previous generations of colliders [168], have provided thus far only weak constraints on the
coupling of hypothetical exotic bosons with masses ranging from 100 to 300 GeV that decay into
a pair of hadrons. The summary of the most recent searches performed by the CMS experiment is
illustrated in Fig. 5.28, where the low mass region is primarily explored through HLT scouting
analyses.
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Chapter 5. The Level-1 trigger Data Scouting demonstrator

Simulations have shown that at lower energy regimes, L1 jets reconstructed by the CMS Phase-1
trigger achieve a resolution comparable to that of PF jets and jets with PUPPI pileup subtraction.
This comparison is illustrated in Fig. 5.29 for a simulation of leptophobic Z′ (with mZ′ = 200 GeV)
decaying to quarks [169]. The L1DS approach could significantly enhance signal efficiency, with
the only ET threshold being the implicit one from the L1 reconstruction.
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Figure 5.28 ∙ Limits on the universal coupling g ′q between a leptophobic Z′ boson and quarks [169] from
various CMS dijet analyses, taken from Ref. [170]. The expected limits are shown in dashed lines, and the
corresponding observed limits are shown in solid lines. The hashed areas indicate the excluded regions
based on the observed limits. The gray dashed lines represent the g ′q values at fixed ratios ΓZ′/MZ′ .
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Figure 5.29 ∙ Simulation of leptophobic Z′ boson decay to a pair of jets [169], with mZ′ = 200 GeV and an
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This measurement poses at the same time considerable challenges that will require extensive
investigation. Robust background modeling techniques are essential, especially given that trigger
objects might not be immediately calibrated for physics analysis, as evidenced by the structures
visible in Fig. 5.21. If a reliable simulation to model QCD background processes is not feasible
computation-wise, a data-driven approach must be implemented. An example of this, as used in
Ref. [171], leverages the |Δ�| of the dijet system, which is expected to be centered around zero
for the signal, in contrast to QCD background processes. The L1DS collected data must also deal
with an unprecedented amount of events, presenting a significant computational challenge to
address in future work.

117





6
Study of rare Higgs boson decays with
Phase-2 Level-1 trigger Data Scouting

Searching for Higgs boson rare exclusive decays, with branching fractions ranging from 10−5

to 10−10, offers a probe to the couplings to first and second generation quarks, as illustrated in
Chapter 1. Their study requires high signal selection efficiency, which begins with a high trigger
efficiency. As introduced in Chapter 4, triggering on these processes might not be trivial, in
particular for final states with hadronic tracks coming from meson decays. When possible to
implement, a trigger algorithm that targets one of these specific decays might require a too large
amount of logic resources to fit in the trigger menu. The possibility of performing data analysis
on all the events, bypassing the L1T accept decision, might overcome these problems and enhance
the sensitivity of the search. This approach, known as Level-1 trigger Data Scouting, has been
commissioned in the CMS Run-3 L1 trigger with successful results, as described in Chapter 5.
Thus, the application in the upgraded Phase-2 L1 trigger might open the possibility to probe
physics scenario not accessible before. The CMS upgrade for HL-LHC offers a promising ground
for the data scouting approach, given a L1 trigger reconstruction resolution often comparable to
the one of the offline reconstruction [115]. This chapter explores the possibility of searching for
the rare Higgs decays at the center of this work, using only the information of the Phase-2 L1
trigger reconstruction. The analysis feasibility is evaluated in the optics of deployment inside the
Phase-2 L1DS online processing system.

6.1 Study premises and conditions

The projections reported in this chapter are derived using the CMS Phase-2 detector and L1 trigger
simulation. The H → QQ and H → Q
 signal samples are generated at LO using pythia for the
inclusive H boson production and decay to a pair of mesons or to a meson and a photon. Themeson
subsequently decays to a pair of charged pions for Q = �, to a pair of charged kaons for Q = �,
or to a pair of muons for Q = J/ . For every signal sample, around 25k events are generated at a
center-of-mass energy of 14 TeV, with the additional simulation of 200 pileup interactions for a
more realistic projection. The expected reducible background yields are estimated from minimum
bias collisions simulation at a pileup of 200.
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The analysis results are derived for a total integrated luminosity of int = 400 fb−1, correspond-
ing to one year of data taking at the highest luminosity of 7.5 × 1034 cm−2s−1. For the reducible
background sample, a rate of collision fminbias = 31.5 MHz is considered, corresponding to a
maximum number of colliding bunches of 2808 [115]. The integration time is 5.33 × 106 s, corres-
ponding to roughly tDAQ = 62 days of data taking. Thus, the number of estimated background
events per year is computed as:

nbkg = �bkg ⋅ fminbias ⋅ tDAQ , (6.1)

where �bkg is the selection efficiency on the background sample. Conversely, the expected amount
of signal events is estimated as:

nsig(H → Q
) = int ⋅ �H ⋅ (H → Q
) ⋅ (Q → p1p2) ⋅ �sig
nsig(H → Q1Q2) = int ⋅ �H ⋅ (H → Q1Q2) ⋅ (Q1 → p1p2) ⋅ (Q2 → p3p4) ⋅ �sig

, (6.2)

where �H = 62.5 pb is the inclusive Higgs production cross section at
√
s = 14 TeV [16], (Q →

pp) is the branching fraction for the meson decay to the final state particle pairs, presented in
Table. 1.3, and �sig the signal selection efficiency.

The L1 objects considered for the analysis are the PUPPI candidates, tracker tracks, and stan-
dalone e/
 from CL1. Their multiplicities in minimum bias simulated events for different pT
thresholds are shown in Fig. 6.1.

The PUPPI candidates have a 3-vector with pT, � and ', with additional information specifying
the particle type (charged hadron, neutral hadron, photon, electron, muon) and their charge.
Charged particles also contain the track dz and dxy information, while neutral particles have the
output weight from the PUPPI algorithm. The average multiplicity of PUPPI particles in simulated
minimum bias events at pileup of 200 is about 31, and increases to about 50 for inclusive tt̄ events.

The L1 track candidates come with the same kinematic quantities as for the PUPPI candidates,
but they do not provide a discrimination between the different types of particles. Their use is
explored as a possible improvement for the meson decay reconstruction, where performance
degradation might come from pileup subtraction performed assuming a misassigned primary
vertex. The track multiplicity increases with respect to the PUPPI candidates, reaching an average
of 156 for simulated minimum bias events at pileup of 200, and over 200 for inclusive tt̄ events.

The L1 muons for this study are selected among the PUPPI candidates or identified from the set
of tracker tracks in the reconstruction. Future improvements of this work will extract them from
dedicated collections, storing all the tracker muons, which have reduced multiplicity per BX.
The L1 photons are available in dedicated collections, produced in the Layer-1 step of the

Correlator Trigger. They are provided with their kinematic features and with additional quantities
as reconstruction quality and isolation with respect to hadronic activity. Their multiplicity
saturates at the maximum of 12 objects almost in every minimum bias simulated event, as shown
in Fig. 6.1c.
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Figure 6.1 ∙Multiplicity of L1 PUPPI (6.1a), tracker track (6.1b) and photons (6.1c) for different pT thresholds
in minimum bias simulated events.

6.2 Generator level study

A generator-level study is performed first to assess the fraction of events within the L1 scouting
acceptance for standard selection criteria on the different objects. Generated photons are required
to be within |�| < 2.5 and to have pT > 10 GeV. Charged particle candidates from the meson
decays with pT > 2 GeV are accepted up to |�| < 2.4. The acceptance for H → Q
 (H → QQ)
decays is around 74% (73%) for Q = �, dropping down to around 72% (70%) for Q = �. For the
H → J/ 
 (H → �J/ ) decay it amounts to 68% (67%). The acceptance is calculated considering
the LO production of a Higgs boson. Slightly higher numbers could be expected when including
higher order production processes.

To perform the matching between the generator level photon from the Higgs boson decay and
the L1 photons, the pair with lowest angular distance is selected and the matching is considered
successful if ΔR < 0.1. For the charged particles coming from the meson decay, the matching
is done between the generator level mesons and the reconstructed candidate mesons from L1
PUPPI charged hadrons or track pairs. All the possible combinations of L1 charged particle
pairs are created after preselecting the set of particles with a pT threshold of 5 GeV, reducing the
computational complexity of the matching procedure without significantly affecting the signal
efficiency. The pair combinations are further filtered by selecting the pairs with an invariant
mass value compatible with the candidate meson mass, namely m�� ∈ [0.4, 1.3] GeV for Q = �,
mKK ∈ [0.95, 1.25] GeV for Q = � and m�� ∈ [2.5, 3.5] GeV for Q = J/ .

The matched L1 photon and charged particle pair are further filtered on the basis of the hadronic
activity inside a cone R = 0.25. A variable quantifying the isolation from hadronic activity is built
and it reads:

Iso(obj) = ∑
i | 0.05<ΔR(obj,i)<0.25

piT ⋅
1
pobjT

, (6.3)

where the particles within ΔR < 0.05 are excluded from the computation to remove possible
spurious neutral particles very close to the considered candidate around which the isolation is
built. A photon or a meson candidate is considered isolated if the isolation variable in Eq. 6.3 is
lower than a threshold of 0.25. The matching efficiencies for H → Q
 and H → QQ are shown in
Fig. 6.2 for both the cases of meson candidates reconstructed using L1 PUPPI or tracker tracks.
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Figure 6.2 ∙ Cut-flow of generator level matching for H → Q
 (top row) and H → QQ (bottom row)
decays, where Q = �, �, J/ . The results are reported for both L1 PUPPI (left column) and tracker track
(right column) candidates used for the meson reconstruction.
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6.2. Generator level study

Further analysis is needed to assess the impact of photon and meson candidate reconstruction
on the H resonance peak resolution. The difference of the candidate Higgs boson invariant
mass peak, reconstructed with the L1 information, and the corresponding generator-level mass,
considered as reference, is shown in Fig. 6.3a. The differences between the pT of the L1 photon or
L1 reconstructed meson and the generator-level pT are shown in Figs. 6.3b-6.3c.
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Figure 6.3 ∙ Comparison between L1 reconstruction and generator level quantities for H candidate
invariant mass (6.3a), for pQT (6.3b) and for p
T (6.3c). The meson reconstruction is performed with L1 PUPPI
candidates.

The results show how the H resolution is driven by the L1 photon rather than the meson
reconstruction, thus showing where there is room for improvement with a custom reconstruction
in the L1DS, starting from the subdetectors TPs and profiting from relaxed constraints on latency
and logic resources with respect to the L1T processors. This observation is confirmed by the Higgs
boson mass resolution for the H → 2� channel, considered as example, where the absence of the
photon and the excellent resolution in the reconstruction of the � meson produce a narrower
invariant mass peak with respect to the case H → �
 . In general, a resolution around the 1%
level is observed for the H → QQ decay channels and it degrades to around 2% for the H → Q
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channels, with the resolution quantified using:

R =
�gaus
�gaus

. (6.4)

In Eq. 6.4, �gaus and �gaus are the standard deviation and mean, respectively, of the gaussian core
of the resonance peak.

6.3 L1 scouting analysis

The event reconstruction with the L1 objects introduced above is performed without the latency
and computational resources constraints that need to be taken into account in a trigger algorithm.
The study is done in view of deployment inside the online event processing in the Phase-2 L1DS
system. A selected set of event records can be saved for offline analysis, where more complex
selections and analysis techniques can be applied to further enhance the signal-to-background
ratio while keeping a high signal efficiency.

6.3.1 Event selections

The event reconstruction is applied to the signal and background samples in a first preselection
filtering step, which keeps enough events to perform the event modelling in Section 6.3.2:

• The L1 PUPPI and tracker track candidates are filtered by keeping only the objects with
pT > 5 GeV, reducing the object multiplicity in each event without significant signal
efficiency loss.

• For the H → Q
 decay, the photon objects are preselected by requiring a threshold pT >
10 GeV.

• The meson candidates are reconstructed by building all the pair combinations from the
filtered L1 PUPPI and tracker track collections.

• Only the pairs with opposite sign components, pT > 10 GeV and invariant mass compatible
with the meson mass are kept. For the mass requirement, the same mass ranges employed
for the generator level study are used.

• For the H → Q
 search, the best meson candidate is selected as the pair with closest
components in angular distance ΔR among the set of filtered pairs. For the H → QQ search,
the same criterion is applied to identify the first meson Q1 = �, �, �, while the second
meson Q2 = �, �, J/ is chosen as the second closest pair in ΔR.

• The H candidate is reconstructed from the highest pT photon plus meson candidate system
for H → Q
 searches, and from the two mesons system for H → QQ searches, and its
invariant mass is restricted in the 100-150 GeV range.

The signal and background efficiencies after event preselection are reported in Table 6.1. Notably,
the background fraction is reduced of a factor 104 when using L1 PUPPI candidates and 103 when
using tracker tracks. At this step, a significantly higher signal efficiency is observed while using
tracker tracks.
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6.3. L1 scouting analysis

Process Efficiency (L1 PUPPI) Efficiency (L1 tracks)
Signal Background Signal Background

H → �
 4.3 × 10−1 3.9 × 10−3 5.1 × 10−1 7.7 × 10−3

H → �
 5.1 × 10−1 2.7 × 10−3 6.1 × 10−1 5.3 × 10−3

H → J/ 
 4.0 × 10−1 5.9 × 10−4 5.9 × 10−1 3.5 × 10−3

H → 2� 3.3 × 10−1 2.2 × 10−3 4.6 × 10−1 7.0 × 10−3

H → 2� 4.4 × 10−1 1.0 × 10−3 5.7 × 10−1 3.3 × 10−3

H → �J/ 3.2 × 10−1 2.9 × 10−4 5.2 × 10−1 3.4 × 10−3

Table 6.1 ∙ Signal and background preselection efficiency for H → Q
 and H → QQ searches, where
Q = � → ��, � → KK, J/ → ��, using L1 PUPPI and tracker tracks.

The pT distribution of the final state candidate kaon and muon tracks, of the photon and of the
reconstructed meson after the preselection are shown in Fig. 6.4 for the channel H → Q
 , as their
shape is similar for the case of H → QQ. It is possible to observe how the signal-to-background
ratio of the distributions with area normalized to the unit is larger in the high-pT region, in
particular around a value of 35-40 GeV for the photon and candidate meson pT. A lower pT
threshold of 10-15 GeV is observed for the candidate kaons with respect to pions and muons, for
which the signal enriched region starts around 20 GeV. This difference is due to the intrinsic
kinematic characteristics of the decay: the K mass is close to half the mass of the � meson.
Conversely, products of the � and J/ mesons have mass significantly lower than half of mQ .

The results of the meson reconstruction applied in the preselection are shown in Fig. 6.5, where
the invariant mass of the best pair of OS candidates is shown for the cases � → ��, � → KK
and J/ → ��, taken from the H → Q
 searches. The distributions highlight the resolution of
the resonance peak and they compare how this feature has high discrimination power between
signal and background. The resolution of the candidate � meson is significantly higher (≈ 1 − 2%)
than the one for the J/ (≈ 3%) and the � (≈ 12%), for which the natural width of around 145
MeV is dominant. Thus, a better signal-to-background efficiency ratio is expected for the searches
involving � reconstruction, translating in better constraints on the upper limit results.

Finer selection criteria are implemented or optimized to define a set of signal region selections
for the sensitivity study. The definition is done on the basis of the distribution of the variables
with high discrimination power, as discussed above. In particular, the pT of the selected candidate
mesons and photon are requested to be higher than 30 GeV. Additionally, a significant optimization
of the signal-to-background ratio comes from the isolation variable for both the candidate meson
and the photon. Their distributions after the preselection are shown in Fig. 6.6 for the channel
H → �
 , where it is possible to observe a large fraction of signal events where the meson and the
photon are isolated from hadronic activity.
Given the statistically limited population of the background sample, the application of both

meson and photon candidate isolation selections might result in all the events of the sample
being filtered out. When present, this limitation is solved by applying only the first isolation
requirement and estimating the final efficiency after the second isolation selection as:

�bkg =
n(Q),(
 )
ntot

=
n(Q),��(
 ) ⋅ n��(Q),(
 )

n
��(Q),��(
 )

⋅
1
ntot

, (6.5)
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Figure 6.4 ∙ pT distributions of candidate kaons (6.4a), muons (6.4b), � meson (6.4c) and photon (6.4d).
The distributions are shown for both signal and background samples for H → Q
 channel selections and
normalized to the unit for comparison. The results are shown for the cases of L1 PUPPI and tracker tracks
used for the reconstruction.
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Figure 6.5 ∙ Distribution of candidate � (6.5a), � (6.5b) and J/ (6.5c) invariant mass, for both signal and
background samples in the H → Q
 channel. The distributions are normalized to the unit for comparison.
The reconstruction has been performed using both L1 PUPPI and tracker track candidates.

where the (Q) and (
 ) represents the application of the Q and 
 isolation requirements, re-
spectively, and�

�(Q) and��(
 ) their negation [172]. The same technique is applied in the case of
H → QQ decays, where in this case (
 ) is replaced by the isolation of the second reconstruc-
ted meson candidate. Eq. 6.5 conservatively assumes that the relative efficiency of the second
isolation requirement is equal to the first one. Thus, the absolute background efficiency after
the application of the first isolation selection is reweighted with this criterion, estimating the
final background efficiency of the signal region selections in a more robust and reliable way. The
selection efficiencies at each selection step and their final value for the H → Q
 and H → QQ
analyses are shown in Tables. 6.2-6.3.

Further selection criteria keeping a high signal efficiency could be applied to enhance the
sensitivity. However, the reference background sample is not sufficiently populated to allow
further optimization. This limitation affects in particular the H → QQ channel where the two mQ
window cuts filter out almost the whole dataset. Thus, this study can be dramatically improved
with a larger background simulated sample.
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Efficiencies (L1 PUPPI) Efficiencies (L1 tracks)
Channel Selection Signal Background Signal Background

H → �


ptracksT > 10 8.8 × 10−1 1.0 × 10−1 7.5 × 10−1 1.3 × 10−1

p
T > 30 7.2 × 10−1 3.4 × 10−3 6.2 × 10−1 2.7 × 10−3

OS tracks 4.3 × 10−1 1.5 × 10−3 5.6 × 10−1 2.1 × 10−3

m� window 3.3 × 10−1 8.3 × 10−4 4.1 × 10−1 1.0 × 10−3

p�T > 30 GeV 3.1 × 10−1 6.5 × 10−4 3.9 × 10−1 7.9 × 10−4

mH range 2.5 × 10−1 6.0 × 10−5 2.9 × 10−1 7.6 × 10−5

Iso(�) 2.4 × 10−1 1.4 × 10−5 2.8 × 10−1 2.4 × 10−5

Iso(
 ) 2.3 × 10−1 5.7 × 10−6 2.8 × 10−1 8.8 × 10−6

H → �


ptracksT > 10 GeV 8.9 × 10−1 1.0 × 10−1 8.4 × 10−1 1.3 × 10−1

p
T > 30 GeV 7.2 × 10−1 3.4 × 10−3 6.9 × 10−1 2.7 × 10−3

OS tracks 5.4 × 10−1 1.5 × 10−3 6.6 × 10−1 2.1 × 10−3

m� window 4.6 × 10−1 3.9 × 10−4 5.6 × 10−1 5.9 × 10−4

p�T > 30 GeV 4.4 × 10−1 2.5 × 10−4 5.4 × 10−1 3.7 × 10−4

mH range 3.9 × 10−1 2.4 × 10−5 4.6 × 10−1 3.9 × 10−5

Iso(�) 3.7 × 10−1 9.3 × 10−6 4.5 × 10−1 7.2 × 10−6

Iso(
 ) 3.7 × 10−1 3.6 × 10−6 4.4 × 10−1 3.1 × 10−6

H → J/ 


ptracksT > 10 GeV 8.9 × 10−1 1.0 × 10−1 7.7 × 10−1 1.3 × 10−1

p
T > 30 GeV 7.2 × 10−1 3.4 × 10−3 6.3 × 10−1 2.7 × 10−3

OS tracks 4.1 × 10−1 1.5 × 10−3 5.7 × 10−1 2.1 × 10−3

mJ/ window 2.6 × 10−1 6.1 × 10−5 3.9 × 10−1 9.3 × 10−5

pJ/ T > 30 GeV 2.5 × 10−1 4.8 × 10−5 3.8 × 10−1 7.3 × 10−5

mH range 2.4 × 10−1 4.1 × 10−6 3.6 × 10−1 5.7 × 10−6

Iso(J/ ) 2.2 × 10−1 3.1 × 10−6 3.5 × 10−1 < 10−7

Iso(
 ) 2.2 × 10−1 1.6 × 10−6 3.4 × 10−1 < 10−7

Table 6.2 ∙ Signal and background selection efficiencies for H → Q
 channel, where Q = � → ��, � →
KK, J/ → ��, using L1 PUPPI and tracker tracks. The listed selections are sequential, from top to bottom.
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6.3. L1 scouting analysis

Efficiencies (L1 PUPPI) Efficiencies (L1 tracks)
Channel Selection Signal Background Signal Background

H → 2�

ptracksT > 10 GeV 5.7 × 10−1 1.7 × 10−2 5.4 × 10−1 1.4 × 10−2

OS tracks 5.2 × 10−1 8.9 × 10−3 5.4 × 10−1 1.3 × 10−2

Q1,2 mass 4.6 × 10−1 4.8 × 10−3 5.0 × 10−1 5.9 × 10−3

pQ1,2
T > 30 GeV 4.5 × 10−1 3.0 × 10−3 4.8 × 10−1 3.4 × 10−3

mH range 1.5 × 10−1 8.0 × 10−5 2.0 × 10−1 1.2 × 10−4

Iso(Q1) 1.6 × 10−1 5.8 × 10−5 2.1 × 10−1 1.1 × 10−4

Iso(Q2) 1.4 × 10−1 1.8 × 10−5 1.9 × 10−1 3.4 × 10−5

H → 2�

ptracksT > 10 GeV 6.9 × 10−1 1.7 × 10−2 6.9 × 10−1 1.4 × 10−2

OS tracks 6.6 × 10−1 8.9 × 10−3 6.9 × 10−1 1.3 × 10−2

Q1,2 mass 6.4 × 10−1 3.5 × 10−3 6.8 × 10−1 4.3 × 10−3

pQ1,2
T > 30 GeV 6.2 × 10−1 1.9 × 10−3 6.6 × 10−1 2.3 × 10−3

mH range 3.5 × 10−1 3.9 × 10−5 4.4 × 10−1 5.9 × 10−5

Iso(Q1) 3.5 × 10−1 2.3 × 10−5 4.4 × 10−1 4.2 × 10−5

Iso(Q2) 3.3 × 10−1 7.2 × 10−6 4.2 × 10−1 1.1 × 10−5

H → �J/ 

ptracksT > 10 GeV 5.8 × 10−1 1.7 × 10−2 6.1 × 10−1 1.4 × 10−2

OS tracks 5.5 × 10−1 8.9 × 10−3 6.1 × 10−1 1.3 × 10−2

Q1 mass 4.5 × 10−1 3.5 × 10−3 5.4 × 10−1 4.3 × 10−3

Q2 mass 2.2 × 10−1 9.5 × 10−5 3.7 × 10−1 2.1 × 10−4

pQ1
T > 30 GeV 2.1 × 10−1 7.4 × 10−5 3.5 × 10−1 1.4 × 10−4

pQ2
T > 30 GeV 2.1 × 10−1 5.8 × 10−5 3.4 × 10−1 1.1 × 10−4

mH range 2.0 × 10−1 5.2 × 10−6 3.2 × 10−1 1.4 × 10−5

Iso(Q1) 1.9 × 10−1 9.3 × 10−6 3.2 × 10−1 1.8 × 10−5

Iso(Q2) 1.8 × 10−1 5.2 × 10−7 3.1 × 10−1 2.6 × 10−6

Table 6.3 ∙ Signal and background selection efficiencies for H → QQ channel, where Q = � → ��, � →
KK, J/ → ��, using L1 PUPPI and tracker tracks. The listed selections are sequential, from top to bottom.
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Figure 6.6 ∙ Relative isolation distribution of the reconstructed � (6.6a) and of the highest energy L1
photon (6.6b) in H → �
 search. The distributions are normalized to the unit for comparison. The meson
reconstruction and isolation calculation for both the meson and photon candidates have been performed
using both L1 PUPPI and tracker track candidates.

6.3.2 Signal and background modelling

The signal contribution is modeled using the resonant DSCB function, presented in Eq. 3.5. The
shape of the distribution is obtained from the fit in the range 100 < mH < 150 GeV on the signal
dataset after the preselection. The signal model normalization is fixed to the final signal efficiency
value.

The background contribution is modeled from the minimum bias simulated sample after the
preselection, allowing for a significant reduction of statistical fluctuations. A too small amount
of events would be available after the signal region selections to allow any reliable modelling
of the final state particles invariant mass distribution. This approach conservatively assumes
that the signal region selections do not sculpt the mH distribution in the considered range and
that the shape is left unchanged. The chosen functional form of the background distribution is
a 2-parameter power-law, as in Eq. 3.8. The power-law function is fitted to the mH distribution
in the considered range and normalized to the expected number of background events after the
signal selections from Eq. 6.1. The results of the modelling are shown in Fig. 6.7 just for the case
of L1 PUPPI candidates used for the meson reconstruction.

6.3.3 Projected constraints on branching fraction

Expected limits on (H → Q
) and (H → QQ) are calculated with the same assumptions
as those described in Section 6.1. The limits are extracted with Combine using the signal and
background modelling previously described and using the asymptotic approximation in the CLs
method [93]. The expected results are shown in Table 6.4. The upper limits are around 1 order of
magnitude less stringent than the ones obtained during Run-2 for the H → Q
 searches, with
better results obtained in general from using L1 tracker tracks for the meson reconstruction.
For the case of H → QQ searches, no public results are available to date. It should be noted
that these are the results from an analysis done uniquely at L1DS level and with a statistically
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(b) H → 2�: mQQ modelling

Figure 6.7 ∙Modelling of m�
 (6.7a) and m�� (6.7b) invariant mass distributions after preselection, with
background (blue) and signal (red) contributions. The distributions are normalized to the unit and the
meson candidate has been reconstructed using L1 PUPPI candidates.

limited background simulated sample, which does not allow for the application of tighter selection
criteria, affecting in particular the H → QQ searches. The analysis relies on out-of-the-box
L1 objects reconstruction performance without further processing or optimization. Moreover,
additional handles, such as MVA discriminators, could be used online or offline to further reduce
the background contributions and improve the expected limits.

Upper limits on  at 95% CL
Process L1 PUPPI L1 tracker tracks Public results

H → �
 1.2 × 10−3 7.5 × 10−4 3.74 × 10−4 [31]
H → �
 1.3 × 10−3 9.8 × 10−4 2.97 × 10−4 [31]
H → J/ 
 6.0 × 10−3 4.5 × 10−3 2.0 × 10−4 [32]

H → 2� 9.1 × 10−3 9.8 × 10−3 —
H → 2� 5.1 × 10−3 6.3 × 10−3 —
H → �J/ 1.9 × 10−2 2.7 × 10−2 —

Table 6.4 ∙ Upper limit projections on branching fraction for H → Q
 and H → QQ searches, where
Q = � → ��, � → KK, J/ → ��, using L1 PUPPI and tracker tracks. The integrated luminosity of
int = 400 fb−1, corresponding to one year of data taking at the highest luminosity of 7.5 × 1034 cm−2s−1, is
considered for the sensitivity study.
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6.4 Online processing timing benchmark

The analyses described in the previous discussion have been optimized for deployment in the
online processing system described in Section 5.3 and adapted for the Phase-2 version of the
scouting system. After unpacking the needed L1 objects from raw data fragments created by a
demonstrator of the Phase-2 L1 trigger readout, the data is given in input to a set of analyzer
modules, each implementing an analysis with the same selections described in Section 6.3.1.
The raw data given in input to the online processing infrastructure mimics minimum bias

collisions for a realistic benchmark of the time needed to unpack the data, perform the analyses,
and save the needed information to retrieve the best triplet Q
 or quadruplet QQ and the data
from the BXs satisfying the analyses selections. The time needed for each step and analysis is
reported in Fig. 6.8 for a single-threaded execution on an AMD EPYC 9654 96-Core CPU.
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Figure 6.8 ∙ Timing benchmark per BX of rare Higgs boson decay analyses in Phase-2 L1DS online
processing infrastructure, estimated on minimum bias collisions for a single threaded execution on an
AMD EPYC 9654 96-Core CPU.

Given an estimate of approximately (1) �s to perform the discussed analyses for a single BX,
around (30) parallel processes could sustain the online processing in realistic HL-LHC collisions.
This requirement is well within the specifics of the Phase-2 online processing system, motivated
also by a large margin of optimization of the online processing. For instance, the computation of
the photon isolation and the reconstruction of a specific set of meson candidates can be performed
once, before executing the analyses workflow.
Overall, the timing benchmark demonstrates the feasibility of the Phase-2 L1DS approach,

moving closer to the ambitious goal of real-time processing of all collision events. Rare Higgs
boson decay analyses can be added to the list of searches that can be performed with the standard
L1 trigger menu to extend the physics coverage of the CMS experiment. The similar decays
W,Z → Q
 , which are further limited by the L1 threshold on the photon ET, and W,Z → QQ [6]
could be searched with a similar analysis strategy as the one presented in this study. The range
of analyses is expected to grow, further enriching the Phase-2 L1DS scouting program and
demonstrating the full potential of this approach.
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Following the discovery of the Higgs boson by CMS and ATLAS experiments, a series of precision
measurements have enhanced our understanding of its properties, particularly its couplings to
gauge bosons and third-generation fermions. With the conclusion of LHC Run-2 and the ongoing
Run-3 campaign, the focus has shifted towards measuring the couplings to lighter fermions, such
as the charm and the strange quarks. Investigating these couplings through rare Higgs boson
decays to a meson and a photon, or to a pair of mesons, offers a promising probe due to reduced
SM backgrounds, especially compared to the direct searches for more frequent H → qq̄ processes.
The SM predicts a branching fraction in the range of 10−5 to 10−10 for decays H → Q
 or

H → QQ, where Q represents mesons like the �, �,  (nS) or Υ(nS). Thus, searching for these rare
processes requires large amounts of data and dedicated trigger strategies, which are particularly
challenging to define in cases where mesons decay into pairs of charged hadrons. This thesis
presents the search for rare Higgs boson decays to a  (nS)meson and a photon, which probes the
coupling to the charm quark. The search is facilitated by the subsequent decay of the  (nS) to a
pair of muons, making it easier to trigger with respect to the cases involving the � and � mesons.
Additionally, the similar Z boson decays have been explored, as they provide a benchmark for
validating theoretical predictions and are likely to be observed first due to a larger expected cross
section. The dataset used, comprising 123 fb−1 of proton proton collision data at

√
s = 13 TeV,

was collected by the CMS experiment during Run-2 using single muon plus photon triggers.
No significant excess over the SM expectation was observed in this search and upper limits

on the branching fractions of these processes have been set. The previous results from CMS
Collaboration have been significantly improved, thanks to a new event selection strategy that
categorizes the data based on Higgs boson production modes and decay angular variables, coupled
with a more advanced statistical treatment. The limits have been interpreted into constraints
on ratio of the coupling modifiers �c/�
 , set to the interval (−157, +199) at 95% CL. The dataset
collected during Run-3 by CMS experiment is expected to further tighten these constraints, as
demonstrated by the analysis projection with approximately 300 fb−1 of additional proton-proton
collision data at 13.6 TeV, expected to be delivered at the end of the campaign.
This analysis, along with other constraints set by the CMS and ATLAS Collaborations, under-

scores that the current searches for Z,H → Q
 are statistically limited. Similar limitations apply
to decays to a pair of mesons, such as Z,H → 2�, 2�, �J/ , 2J/ , 2Υ, where the first three decays
have never been studied before. Implementing efficient selection algorithms at the first level
of the CMS trigger chain is essential for improving, and in some cases enabling, the sensitivity
to these processes. Identifying mesons from their hadronic decays and setting a low enough
energy threshold for the photon are challenging tasks in L1 trigger. The CMS Phase-2 upgrade for
HL-LHC will be essential for advancing the study of these rare decays, introducing the processing
of tracks from the tracking system by the L1T system. However, the hardware resources required
for implementing meson identification are not negligible. To avoid a loss of signal events due to
the trigger selection, the analysis could be performed on all collisions events using solely the L1T
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reconstructed objects. For decays where no muons or photons are available to trigger on, such as
H → 2�, 2�, this approach may be the only viable solution, enabled by the upgraded L1T objects
resolution often comparable to the offline reconstruction level.
In this context, this thesis introduces a novel data taking approach at the first level of the

CMS trigger chain, known as Level-1 trigger Data Scouting. The Run-3 demonstrator collects
the physics objects reconstructed by the current L1T of Run-3 at the LHC bunch crossing rate,
performs real-time analysis on the collected data, and stores a compact event record for subsequent
offline analysis. The collected data include high-level objects such as L1 muons and jets, as
well as lower-level primitives like the muon segments used in the muon barrel reconstruction
algorithm. The commissioning of the L1DS demonstrator system, along with the rationale behind
its implementation, have been discussed in detail. The design of the two main components of
the L1DS demonstrator has been elaborated upon: an L1T processors readout and concentrator
component, based on hardware devices like FPGAs, and an online processing infrastructure,
which is software-based and performs the event aggregation and online analysis.

The data collected by the demonstrator during 2024 were validated by searching for well-known
SM processes, such as J/ → �� and Z → ��, ee. Machine learning applications, including a
custom reconstruction of barrel muons from the low-level segments without latency and resource
constraints, were developed targeting a direct deployment on the scouting readout boards or their
use in offline analyses. This effort aimed to enhance the physics reach of the demonstrator and
show the potential of the L1DS system as testing ground for ML-based techniques to deploy in
the L1T chain. Ultimately, the system has progressed beyond its original demonstration purpose,
aiming to perform physics measurements otherwise unattainable with data from the trigger chain
or from data scouting at the HLT level. Specifically, dijet searches in the low invariant mass range
between 100 and 400 GeV could significantly benefit from the L1DS approach and are currently
being explored.

A final projection study was conducted in this thesis to assess the feasibility and sensitivity of
the analysis of rare Higgs boson decays to mesons with the Phase-2 L1DS system. Simulations of
the CMS Phase-2 detector and L1T were used to study how signals and reducible backgrounds
would behave when the events are selected only using the L1T data, under the energy and pileup
conditions foreseen for HL-LHC. The L1T objects that will be available in the baseline L1DS
system were used for the study. The analyses were repeated including L1 tracker tracks, targeting
a potential deployment in an extension of the L1DS baseline system. Thanks to dedicated readout
boards with state-of-the-art FPGA devices, it would be possible to aggregate a larger amount of
information reconstructed by the L1T and apply more sophisticated processing directly on FPGA,
reducing the workload of the subsequent online processing step. The timing benchmarks of the
analysis projections demonstrate that real-time analysis in the baseline Phase-2 L1DS system
is technically feasible, leaving a large margin for additional exclusive analyses. Although the
sensitivity study was limited by the reduced population of the background simulation dataset, it
highlights that the analysis feasibility is well within the reach of the L1DS system and represents
a synergistic complement to the CMS physics program with standard triggered data.
This thesis, along with three intense years of effort behind it, culminates here, demonstrating

the effectiveness of this novel data scouting approach and providing a new tool for searching
extremely elusive signatures, otherwise unreachable with the standard trigger selection of the
CMS experiment.
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