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Abstract

The MUonE experiment aims to measure the leading hadronic contribution to the muon
anomaly aHLO� , due to vacuum polarization, with precision better than 1%. The pro-
posed method is innovative, based on the measurement of the hadronic contribution to
the running of the electromagnetic coupling �(t) in the space-like region of momentum
transfer. The relevant process is the elastic scattering of 160GeV muons off the atomic
electrons of a low-Z target. The M2 beamline at CERN provides the necessary intensity
to reach the statistical goal in few years of data taking. This thesis presents a study of
the performance of reconstruction and new developments. One of the main objectives has
been the optimization of the tracking algorithm to improve the reconstruction efficiency
and the angular resolution, which are the most important figures in the detector design.
With the optimal configuration, first results are presented from the 2023 Test Run data,
and final considerations are made on the future developments for the experiment.
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Introduction

MUonE is an experiment being prepared at the CERN M2 muon beam line. Its primary
goal is to measure the leading hadronic contribution to the muon anomalyaHLO

� , a crucial
component to understand the observed discrepancy between experimental measurements
and theoretical predictions of the muon's anomalous magnetic moment (g� 2

2 ). MUonE
aims to measureaHLO

� using an innovative approach [30]. The experiment will exploit
elastic collisions obtained by a high-intensity 160 GeV muon beam onto the atomic elec-
trons of a low-Z material target � + e� ! � + e� . By precisely measuring the di�erential
elastic cross section through angular distributions of the scattered particles from these
elastic collisions, the experiment will determine the running of the electromagnetic cou-
pling constant, � (t), which is then used to determine the leading hadronic contribution
to the muon anomaly.

The measurement will be performed using a modular detector composed of an array
of identical tracking stations each one mounting a thin target. The fundamental detec-
tor unit consists of two consecutive tracking stations, allowing the tracking of incoming
muons upstream of the interleaved target element and of the outgoing particles down-
stream of it. Each tracking station is equipped with 2S modules, developed by the CMS
collaboration for the planned upgrade of their outer tracker. These modules operate at
the LHC clock frequency of 40 MHz, providing hit position measurements with a spa-
tial resolution of 25� m. The M2 beam can deliver a muon intensity of up to 2� 108

muons per spill. Since the muons enter the detector with an unknown phase relative
to the clock cycle, signi�cant e�ort has been invested in optimizing the data acquisition
system and the reconstruction algorithms|work that is ongoing and requires further
re�nement. Additionally, the detector will be equipped with a magnetic spectrometer to
precisely measure the incoming muon momenta, as well as particle identi�cation (PID)
capabilities, provided by an electromagnetic calorimeter and a muon identi�er. The de-
tector layout has been optimized and tested in recent years through dedicated test beam
activities.

In this thesis, I present the work I have done to study the performance of the detector.
My main task has been to study and optimize the performance of the tracking algorithm
to improve tracking e�ciency and angular resolution, which are the most critical oper-
ational parameters of the detector. With the optimized con�guration, a �rst analysis of
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the 2023 test run data has ben carried out.
The thesis is organized into �ve chapters. Chapter 1 sets the context by provid-

ing the formalism, discussing the theoretical foundations, and outlining the current un-
derstanding of the discrepancy between theory and experimental measurements of the
muon's anomalous magnetic momentg� 2

2 . Chapter 2 describes the new experimental
method proposed by MUonE to measure the hadronic vacuum polarization and the de-
tector setup. This chapter includes a detailed discussion of the elastic scattering process
and the role of higher-order approximations in describing the collision process. Chap-
ter 3 presents the simulation and analysis framework, describing the main features and
evaluating the physics performance of the FairMUonE reconstruction. In particular,
reconstruction e�ciency and angular resolution has been quanti�ed varying di�erent re-
construction parameters, identifying the optimal reconstruction con�guration. Chapter
4 introduces the setup of the 2023 test run that has been carried out at the CERN SPS
North Area with the M2 muon beam. The main goals are presented, together with the
�rst results from data collected. Finally, Chapter 5 presents an initial physics analysis,
detailing the procedure along with the selection criteria applied to both MC and data
to obtain a clean sample of elastic events. The comparison between data and MC was
conducted using both an absolute normalization and a normalization to the number of
events in real data. Final considerations and outlooks are provided, with particular focus
on the next steps needed to enhance the MUonE experimental setup.
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Chapter 1

The anomalous magnetic moment of
the muon

1.1 Historical overview

In 1936 C. D. Anderson and S. Neddermeyer discovered a new particle as a constituent of
cosmic-ray showers through a cloud chamber measurement; those data were commented
by them in 1937 [1] as

the �rst experimental evidence for the existence of particles of both penetrat-
ing and non-penetrating character [...]. Moreover, the penetrating particles in
this range do not ionize perceptibly more than the non-penetrating ones, and
cannot therefore be assumed to be of protonic mass. [...] The non-penetrating
particles are readily interpreted as free positive and negative electrons. In-
terpretations of the penetrating ones encounter very great di�culties, but at
present appear to be limited to the following hypotheses: (a) that an electron
(+ or -) can possess some property other than its charge and mass which is
capable of accounting for the absence of numerous large radiative losses in
a heavy element; or (b) that there exist particles of unit charge, but with a
mass (which may not have a unique value) larger than that of a normal free
electron and much smaller than that of a proton

The existence of such a particle was con�rmed in 1937 by J.C. Street and E.C. Stevenson,
in particular they supported the idea that these were \particles of electronic charge, and
of mass intermediate between those of the proton and electron[...]" [2].
Because of its mass, many physicists at that time believed that this new entity could be
related to the one theoretically predicted by Yukawa in 1935: themesotron (shortened
asmeson), mediator of the strong nuclear force. But, in 1946, an important experiment
by M. Conversi, E. Pancini and O. Piccioni [3] showed that those new entities were
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not a�ected by the nuclear force, being unreactive in the nuclear sense, thus could not
correspond to the Yukawa's hypothesis. His predicted particle, nowadays known as�
meson, was �nally identi�ed in 1947 [4].

Nevertheless, it was found that in some cases an object that appeared to be a meson
would stop and then emit another particle of somewhat lower mass. Hence the origin
of cosmic ray muons became clear: the majority of� mesons, entering the atmosphere,
decays into muons which are able to reach the Earth's surface; with this discovery they
managed to di�erentiate the Yukawa particle from the earlier-discovered muon.
Nowadays, in the framework of the Standard Model, the muon is classi�ed as a lepton.
Those are particles of half-integer spin classi�ed in three generations:

Le =
�

� e

e�

�

L

L � =
�

� �

� �

�

L

L � =
�

� �

� �

�

L

(1.1)

together with their respective right-handed antiparticles.
The mass is the key parameter which di�erentiate those fermions. The electron can
be studied more precisely because of its stability, but nowadays also the muon can be
studied extremely well in experiments and it reveals to be a good leptonic candidate for
the discovery of physics beyond the Standard Model.

1.2 Magnetic moments

A particle of mass m with electric charge e orbiting in a magnetic �eld ~B carries a
magnetic dipole moment

~� L =
� e

2m

�
~L (1.2)

where ~L = m~r � ~v is the orbital angular momentum. This ~� L quanti�es the level of
torque ~� that a particle experiences when placed in an external~B �eld:

~� = ~� � ~B: (1.3)

After Stern-Gerlach experiment in 1922 [5], the concept of spinning particle was in-
troduced in 1925 by G.E. Uhlenbeck and S.A. Goudsmit [6] as an explanation of the
anomalous Zeeman e�ect, that was showing a level splitting of atomic spectra in the
presence of a magnetic �eld [7]. The spin is de�ned as a quantum angular momentum
~S = ~

2~� , thus an intrinsic magnetic moment can be de�ned as:

~� = gs

� e
2m

�
~S = gs

� B

~
~S (1.4)

where � B is the Bohr magneton andgs is the dimensionless gyromagnetic ratio. To
explain observations,gs needed to assume empirically the value of 2.
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In 1928, Dirac presented his famous theory of the electron [8], whose equation in an
external ~B �eld took the form

(i@� � eA� )
 �  = m : (1.5)

Together with the prediction of the existence of antiparticles, the theory also predicted,
unexpectedly, that the value ofgs needed to be equal to 2, consistently with the value
measured in earlier experiments. Acting on Eq. 1.5, the non-relativistic form resulted in
[9]: �

� 2im
@
@t

� ~r 2 � e~B � (~L � 2~S)
�

 = 0; (1.6)

where it is clearly shown that a unit of spin angular momentum interacts with a magnetic
�eld twice as much as a unit of orbital angular momentum.
Many years of measurements supported this theoretical prediction, even though with
large error bars. It took about 20 years of experimental e�ort to establish that the elec-
tron magnetic moment di�ers from 2 by about a tiny fraction. The advent of Quantum
Field Theory (QFT) made it clear that an anomalouscontribution to this quantity

ae =
ge � 2

2
(1.7)

was needed when describing the interaction of the electron with an external~B �eld. In
1947 J. Schwinger [10] stated that from a theoretical point of view \discrepancies can be
accounted for by a small additional electron spin magnetic moment", that arises from
the lowest-order radiative correction to the Dirac moment.

Figure 1.1: Lowest order
QED contribution to the
electron anomalous mag-
netic moment calculated
by Schwinger.

Due to quantum 
uctuations via virtual electron-photon interactions, the leading
order quantum correction (one-loop) for the anomalous magnetic moment (Eq.1.7) was
predicted to be

ae =
�
2�

� 0:00116 (1.8)

and the corresponding Feynman diagram is the one shown in Fig. 1.1.
In the same year, this deviation was experimentally con�rmed by P. Kusch and H. M.
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Foley [11], resulting to be:

gexp
e = 2 � (1:00119� 0:00005); (1.9)

in agreement with Schwinger's prediction. This con�rmation of the perturbative method
is one of the Quantum Electrodynamics (QED) triumphs.

1.3 Renormalization, running constants and QED

In QED calculations can be performed by a perturbation method, based on Feynman
diagrams, at subsequent orders of series expansion in powers of the coupling constant
� . In doing so, one of the main problems is the appearance of divergent quantities.
In�nities come from the integration over variables (as the momenta of virtual particles)
that are not directly measurable and can therefore reach extremely high or low values.
Thus, in evaluating the integral, it should be integrated only up to a cut-o�. If the
diagram contribution diverges sending the cuto�s to in�nity or to zero, one says that
the diagram has respectively an ultraviolet or an infrared divergence. The procedure
to actually renormalize a theory, trying to get rid of these in�nities, involves a set of
advanced mathematical techniques. The basic points are:

1. Regularization: The in�nities are removed with the introduction of a cuto� �,
representing the �nite domain of validity of that given theory. The integral is said
to have been `regularized';

2. Renormalization: Rede�ne a �nite number of parameters to absorb the in�nities.
In this process a mass scale� , called renormalization scale, is introduced.

Figure 1.2: Left: Representation of the vacuum polarization phenomenon causing charge
screening by virtual pairs. Right: Feynman diagram of the vacuum polarization e�ect.

The in�nities of the theory end up in the so-calledbare parameters. Let's consider an
electron. Due to quantum 
uctuations, spacetime is full of particle-antiparticle pairs
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(mainly e� � e+ ) coming from the vacuum polarization e�ect, represented in Fig. 1.2.
This cloud of particles shields the electron and its measured quantities (e.g. electric
charge, mass) will depend on the energy scale/distance of the process through which we
probe the particle. Bare parameters are the values in the absence of vacuum interactions,
while renormalized ones are the experimentally measured values, that depend on the
energy. The more the probing particle is able to get through the virtual cloud, the more
intense will be the electromagnetic interaction. Thus, the coupling constant� grows
with the momentum transfer q2. This phenomenon is a general feature of quantum �eld
theories known as running of the coupling constants. It can be described quantitatively
starting from the so-called� function that describes the variation of a renormalized
parameter as a function of the energy scale:

� (g) =
�

dg
dln�

�
QED
���! � (e) =

e3

12� 2
; (1.10)

whereg in this case is the renormalized charge and� the energy scale. In terms of the
coupling constant, Eq.1.10 becomes:

�
d�

dln� 2

�
=

� 2

3�
: (1.11)

To get how the coupling � runs with energy, the integration is done considering an
arbitrary scale q0:

Z � (q2 )

� (q2
0 )

1
� 2

d� =
Z q2

q2
0

1
3�

dln� 2

� (q2) =
� (q0)

1 � � (q0 )
3� ln

�
q2

q2
0

� :
(1.12)

The closer one gets (increasing the energy scaleq is equivalent to probing a smaller
distance scale), the greater the observed e�ect of the virtual processes is, which modi�es
the electric charge.
Therefore, the running of the electromagnetic coupling goes like:

� (q2) =
�

1 � � � (q2)
(1.13)

where� = � (q = 0) is the �ne structure constant and

� � = � � lep(q2) + � � top(q2) + � � had(q2) (1.14)

, meaning that the vacuum polarization loops in Fig. 1.2-right may be composed by
leptons but also quarks. Vacuum polarization enters at the two loop level (fourth order
in the electric charge) and it is the only source of di�erence between the g-factors of the
electron and muon, because of their di�erent mass.
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1.4 Muon g � 2 in the Standard Model

The muon anomalya� receives contribution from QED, electroweak and strong interac-
tions:

a� = aQED
� + aEW

� + ahad
� ; (1.15)

the representative Feynman diagrams are shown in Fig. 1.3.

Figure 1.3: Representative diagrams contributing toa� . From left to right: leading order
QED (Schwinger term), lowest-order electroweak, lowest-order hadronic contribution.

The QED and electroweak contributions can be calculated with extreme precision
by perturbative calculation, and the QED gives the largest contribution to the anomaly.
The hadronic one, instead, cannot be obtained through perturbation theory, and its
calculation must rely on data-driven method (based on experimental data) or Lattice
QCD (LQCD). It is really demanding to measure this contribution and it presents the
biggest uncertainty. The muon anomaly provides a particularly sensitive probe for new
physics, more than the electron as the sensitivity goes withm2

l (m2
� =m2

e � 43000).
The current Standard Model prediction for the muon anomaly, as reported in the White
Paper (WP) by the Muon g � 2 Theory Initiative in 2020 [12] is:

aSM
� = 116591810(43)� 10� 11: (1.16)

The Theory Initiative is planning to write an updated estimate, given some new results
on the measurement needed for the data-driven method and the new LQCD results,
before the release of the Fermilabg � 2 experiment's �nal measurement result, expected
in 2025.

1.4.1 QED contribution

The QED contribution can be divided in three main contributions:

aQED
� = A1 + A2(m� =me) + A2(m� =m� ) + A3(m� =me; m� =m� ) (1.17)

taking into account the masses of the three leptons that give contribution in the internal
loops. Each coe�cient A j can be expanded in perturbation theory as a series in�=� :

A j =
NX

i = j

A (2i )
j

� �
�

� i
: (1.18)
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Given the smallness of the QED coupling constant, it allows to calculate eachA j by
using perturbation theory for QED. The A1 term is universal for all leptons and its
lowest order contribution represents the one loop calculation given in 1947 by Schwinger
and shown in Fig. 1.1.
Summing the terms in the perturbative QED expansion up to �fth order in� and using
the measurement of� from Cs atoms oscillations [13], the value of muon'saQED

� reported
in [12] is:

aQED
� = 11658471:8931(104)� 10� 10: (1.19)

1.4.2 Electroweek contribution

Electroweak interaction e�ects are mediated by the exchange of heavy weak gauge bosons
W � and Z or the Higgs, as represented in Fig. 1.4.

Figure 1.4: The leading electroweak contributions toa� .

The EW contributions are strongly suppressed with respect to the pure QED ones,
due to the heavy boson masses, as (m� =mW )2. Two loop contribution is not negligible
and also includes non-perturbative hadronic corrections, which appear from diagrams
including light quark loops.
The resulting value of the electroweak contributionaEW

� reported in [12] is:

aEW
� = 153:6(1:0) � 10� 11: (1.20)

1.4.3 Hadronic contribution

Figure 1.5: The
leading hadronic
contribution to a� .

The hadronic contribution is the one with the larger uncertainty in the estimate
of aSM

� . This is mainly due to the fact that its evaluation cannot be done through
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perturbative methods. Given the non-perturbative nature of QCD at low energy, di�erent
methods need to be used. At the moment, the two competitive approaches are:

1. Data-driven based on dispersion relations together with the optical theorem. This
makes use of the measured hadron production cross section frome+ e� annihilation;

2. Lattice QCD consisting in a non-perturbative approach to compute hadronic
observables of QCD theory of quarks and gluons from �rst principles.

The leading hadronic contribution comes from vacuum polarization (VP) diagrams as in
Fig. 1.5, where a hadronic blob is inserted in the internal photon line. This diagram is
also responsible for the biggest uncertainty, related to the LO termaHLO

� . It is the most
sizable hadronic e�ect and cause the biggest source of uncertainty, in particular the LO
term aHLO

� . The higher order termaHNLO
� is suppressed by a power of� with respect to

the LO term and its error does not play a critical role.
The second class of relevant hadronic terms is the so-called light-by-light (LbL), whose
diagram is obtained by a four-point function as in Fig. 1.6) This is a more involved
and problematic calculation. It obtains a similar contribution to the muon anomaly as

Figure 1.6: Diagram of the
hadronic light-by-light interaction
process.

the NLO vacuum polarization term, however the LbL contribution has a sizable larger
uncertainty, which is about half the uncertainty of the leading VP term.

Data-driven method: dispersive approach with time-like e+ e� process Dis-
persion relations, together with the optical theorem and experimental data of the cross
section ofe+ e� annihilation into hadrons, have been the traditional method to evaluate
aHLO

� .
Because of the analiticity of the vacuum polarization function, the following dispersion
relation holds:

� had

 (q2)

q2
=

Z 1

0

ds
s

1
�

Im� had

 (s)

1
q2 � s

; (1.21)

representing the hadronic VP contribution.
Optical theorem enables to relate the imaginary part of the vacuum polarization

amplitude to the total cross section of the time-like processe+ e� ! had (Fig. 1.7):

Im� had

 (s) =

s
4��

� 0
had(e+ e� ! had) =

�
3

Rhad(s); (1.22)
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Figure 1.7: Illustrative representation of the
optical theorem.

where the R-ratio

Rhad(s) =
� 0

had

4�� 2=(3s)
(1.23)

relies on the cross section measured. The dispersion relation in Eq.1.21 needs the bare
cross section fore+ e� annihilation, that is di�erent from the measured one� had. There-
fore, the bare parameter can be renormalized as a function of the measurable one such
that:

� 0
had = � had

� 2

� (s)2
: (1.24)

Given that, the resulting R-ratio is:

Rhad(s) =
� had

4�� (s)2=(3s)
: (1.25)

Exploiting the dispersion relation in Eq.1.21, the lowest order hadronic contribution to
the anomaly can be computed through:

aHLO
� =

�
�

Z 1

0

ds
s

1
�

Im� had(s)K (s); (1.26)

whereK (s) is the kernel function de�ned as:

K (s) =
Z 1

0
dx

x2(1 � x)
x2 + (1 � x)s=m2

�
: (1.27)

The integral can be divided in two contributions: one for the low-energy region, below a
certain Ecut value, and the other for the high energy tail:

aHLO
� =

� �m �

3�

� 2
 Z E 2

cut

0
ds

Rdata
had (s)K̂ (s)

s2
+

Z 1

E 2
cut

ds
RpQCD

had (s)K̂ (s)
s2

!

: (1.28)

The latter can be evaluated with perturbative QCD and gives negligible contribution to
the �nal uncertainty. K̂ (s) is the rescaled kernel function:

K̂ (s) =
3s
m2

�
K (s): (1.29)
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Figure 1.8: Experimental data (in blue) ofR(s). The green curve represents a naive
quark-parton model prediction, while the red one follows the 3-loop pQCD calculation
[14].

Figure 1.9: a) Principle of the radiative return; b) Direct scan mode [16].

Because of the 1=s2 term in Eq.1.28, the low energy region gives the major contribution
to the integral. In Fig. 1.8 the R(s) behavior as a function of

p
s shows the large


uctuations present at low energies, given by resonances production. Therefore this
constitutes the main di�culty of the method. In that plots, the dominant low energy part
is given by the channele+ e� ! � + � � , forming the � resonance around (� 0:77 GeV).
This represent the 73% of the HVP contribution toa� and the 70% on the squared
uncertainty. Increasing the energy, more channels open up.
There are two main methods for the cross section measurement:

1. Direct scan mode (Fig. 1.9.b): the beam energy is adjusted to provide measure-
ments at di�erent center-of-mass (CM) energies, doing a scan at discrete energy
points to cover the full accessible range. The high energy resolution of these ma-
chines allows precision studies especially for narrow peak resonances (! � ). BESIII
and KEDR are doing scans from 2 GeV to 5 GeV and VEP-2000 is doing scan below
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2 GeV. There CMD-3 and SND detectors are installed at the interaction region of
the target [15];

2. Radiative return method (Fig. 1.9.a): the collider is operating at �xed CM
energy. Here the high statistics allow for an e�ective scan over di�erent masses of
the hadronic system through the emission of initial state photons, whose spectrum
can be calculated and, in some cases, measured directly. This emission reduces the
invariant mass froms to s0 = s(1 � k) wherek is the energy fraction carried by the
photon. Therefore,� had(s0) can be measured at all

p
s0, lower than the �xed

p
s.

This allows to cover a wide range of
p

s0 values providing a continuous cross section
measurement. This method is particularly interesting for meson machines like�
and B- factories with high luminosities. Important results have been achieved by
KLOE (at the DA � NE collider in Frascati) and BaBar (at the PEPII collider at
SLAC) by measuring the� + � � cross section which is the dominating channel for
� had.

It is important to remark that there are some discrepancies between results from di�erent
experiments and this strongly a�ects the precision of the combined cross sections used
for the evaluation of the dispersion integrals. The most precise measurement of the
� + � � cross sections for BABAR [18], KLOE [17] and, recently, CMD-3 [19] experiments
do not agree within the given uncertainties, as shown in Fig. 1.10. The yellow band
corresponds to the average of all experiments before CMD-3 (the most recent one), where
the gray band includes additional uncertainties taking into account the KLOE-BABAR
inconsistency.

Figure 1.10: The� + � � contribution to the
a� for the low-energy range ( 0:6 <

p
s <

0:88 GeV) from di�erent experiments [19].

The discrepancy between BABAR and KLOE was deeply discussed in the Muon g-2
Theory Initiative [12]. However, no understanding of the di�erence could be achieved
and consequently no solution to the problem emerged yet. The recommended estimate
given in [12] was:

aHLO
� = (693:1 � 4:0) � 10� 10; (1.30)
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where the �nal error is evaluated taking into account the tension between di�erent ex-
perimental results (excluding the recent CMD-3 result, which was not yet available). In
addition to the LO results, also the higher-order vacuum polarization contributions have
been evaluated, as not negligible. The �nal VP term estimates in [12] resulted in:

aHV P
� = aHLO

� + aHNLO
� + aHNNLO

� =

=[(693:1 � 4:) � (9:83� 0:07) + (1:24� 0:01)] � 10� 10 =

=(684:5 � 4:0) � 10� 10:

(1.31)

It's important to remark once again that the WP [12] was published in 2020, while the
new important CMD-3 result in [19] was achieved in 2023. Thus, a new evaluation for
the theoretical estimate ofaHV P

� needs to be done taking into account this new result.
In addition, further studies on the old evaluations based on KLOE and BABAR data
have to be kept on in order to understand the reason of this discrepancy. Some hypothe-
ses have been made in [23], where this tension has been reviewed. It seems that these
di�erences may be related to the treatment of radiative corrections and in particular the
strong reliance of certain experiments on the results of Monte Carlo generators.

Summing up all the SM contributions, the �nal theoretical value reported in [12] is:

a� = 116591890(43)� 10� 11: (1.32)

Lattice QCD approach In 2021, the �rst competitive result from LQCD was pub-
lished by the BMW collaboration [20]. Before that, the only estimate that allowed a
reasonable comparison with the experimental measurement, that had a precision at the
level of ppm, was coming from the data-driven dispersive method discussed above.
LQCD evaluations ofaHV P

� are based on the computation of the electromagnetic current-
current correlator

C�� (t) = < J � (c)J� (0) > (1.33)

where
J� (x) =

2
3

(�u
 � u)(x) �
1
3

( �d
 � d)(x) �
1
3

(�s
 � s)(x) + ::: (1.34)

The vacuum polarization tensor is de�ned as Eq.1.33's Fourier transformed:

� �� (Q) =
Z

dx4eiQ �xC�� (x): (1.35)

Traditionally the leading hadronic contribution to the muon anomalous magnetic mo-
ment is expressed as:

aHLO
� =

� �
�

� 2
Z 1

0
dQ2f (Q2)�̂( Q2) (1.36)
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where �̂( Q2) = 4 � 2[�( Q2) � �(0)] and f (Q2) is a known function [12].
Lattice calculations are performed by replacing integrals over the full phase space with
sums over �nite lattice volumes. Extrapolation to continuum, namely to lattice spacing
a ! 0, and to in�nite volumes are therefore required to obtain the desired quantities.
Reducing the uncertainty in the calculation to below half a percent is a major challenge.
In particular, a number of contributions to this uncertainty must be controlled. They
are: (a) statistical uncertainties; (b) those associated with the �nite spatial size L and
time T of the lattice; (c) with the extrapolation to the continuum limit; (d) with �xing
the �ve parameters of four-
avour QCD; (e) with QED and strong-isospin breaking cor-
rections.
In order to better compare results from di�erent LQCD calculations and improve the
accuracy of the HVP term by substituting the dispersive results, based on R-ratio mea-
surements, by lattice inputs in a time-region where the lattice data turn out to be more
precise, the integral in Eq.1.36 can be divided into three parts [21]:

aHLO
� = aSD

� + aW
� + aLD

� : (1.37)

These three terms corresponds respectively to short-distance (corresponding to short
Euclidean time), intermediate and long-distance window. LQCD has the best precision
in the intermediate window, while the R-ratio data are more precise in the short- and
long-distance windows [21]. Comparison between the two methods can be done more
stringerly in the intermediate window. This corresponds to distance 0:4 � 1:0 fm in the
time-like approach.
From 2021, di�erent LQCD collaborations con�rmed the result presented by the BMW

Figure 1.11: Comparison
of the LO contribution to
the muon anomaly from
vacuum polarization in the
intermediate-distance re-
gion (0:4 � 1:0 fm) In the
data-driven case, results are
taken from [23] that uses the
measurements of the two-
pion spectrum obtained in
individual electron-positron
annihilation experiments.
The LQCD results come
from di�erent collaborations,
\this work" refers to the new
BMW result in [22].
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collaboration, which has recently updated its value with a new more precise estimate
[22]:

aHLO
� = 11659201:9(3:8) � 10� 10: (1.38)

In Fig. 1.11 a comparison of results for the full intermediate window contribution
from di�erent lattice determinations and data-driven results is shown. While the LQCD
estimates seem to perfectly agree within each other, those results display signi�cant
tensions with the data-driven result. The disagreement between the two methods is
enhanced in the low energy range. In [24] the hypothesis that the tensions can be ex-
plained by modifying the R-ratio in di�erent intervals of centre-of-mass energy is tested.
Their study also suggests that the measurement by KLOE experiment is impacted by the
higher-order radiative e�ects, at a level larger than the systematic uncertainty assigned
to this e�ect[23]. But the situation is not clear yet, further studies need to be done.

1.5 Experimental measurement of g-2

Di�erent experiments in the last sixty years have been devoted to in the measure-
ment of a� : from CERN g-2 experiment (1958-1962) reaching a 0:4% precision [25],
to Brookhaven's E821 experiment (1990-2004) achieving 0:5 ppm [26], until the g-2 ex-
periment at Fermilab that in August 2023 released the new result from Run-2 and Run-3
data, allowing to reach a precision of 0:20 ppm, combined with Run-1 data [27].

The new world average after this measurement is

aexp
� = 11659205:9(2:2) � 10� 10 ! 0:19 ppm: (1.39)

Figure 1.12: Left: picture of storage ring of the g-2 experiment at Fermilab. Right:
working principle of polarized muons running inside the storage ring.
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The working principle of these g-2 experiments is based on the measurement of the
magnetic anomaly of muons in a magnetic storage ring, with a uniform vertical magnetic
�eld ~B and weakly focusing electric �eld ~E (Fig. 1.12). The observable is the muon's
anomalous precession frequency~! a = ~! s � ~! c, where

~! s = g
e~B

2m�
+ (1 � 
 )

e~B

m �

; ~! c =
e~B


m �
(1.40)

represents respectively the muon spin precession, given by the interaction between the
muon intrinsic magnetic moment and the magnetic �eld, and the cyclotron frequency. If
g� 6= 2, then ~! s 6= ~! c. Thus ~! a 6= 0 and it can be expressed for relativistic muons as:

~! a = a�
e

m�

~B +
e

m�

" �
a� �

1

 2 � 1

� ~� � ~E
c

+ a�

�




 + 1

�
(~� � ~B)~�

#

: (1.41)

Choosing the momentum to be 3:094 GeV=c, the so-calledmagic momentum, the Eq.1.41
takes the form:

~! a = a�
e
m

~B; (1.42)

while the third term is negligible because~B is perpendicular to the muon's orbit. There-
fore, a� can be determined by a precise measurement of~! a and ~B. The aim of the g-2
experiment at Fermilab is to reach 0:14 ppm precision with the full dataset, aiming to
another factor 2 improvement in statistical precision with respect to the last result.
An alternative and innovative approach with respect to all previous experiments has
been proposed at J-PARC in Japan. The muon g-2/EDM experiment aims at reaching a
precision comparable to the Fermilab experiment with completely di�erent systematics.
It will feature an ultra-cold muon beam, with a factor of 10 lower momentum, injected
into a compact storage ring, 20 times smaller in diameter and with a highly uniform
magnetic �eld with respect to the previous g-2 experiment [28].
It is important to perform an experiment with di�erent systematic e�ects with respect
to all previous ones, as this will enable an independent con�rmation of the actual exper-
imental measurementaexp

� .

1.6 Theory VS Experiment

In previous sections, the general landscape on muon anomaly has been described both on
the theoretical and experimental side. The current theory estimates of the muon anomaly
are reported in Eq.1.32, Eq.1.38, respectively from the Theory Initiative and the BMW
collaboration based on the Lattice QCD. The current best experimental measurement is
given by 1.39 from the last Fermilab g-2 result. Fig. 1.13 shows a comparison of all the
di�erent estimates of a� with the methods discussed. The discrepancy between theory
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Figure 1.13: Comparison of SM predictions of thea� with its measured value [22]. The
panel above the dashed line shows a comparison of the world-average measurement (green
band), with the SM prediction obtained in [22] - including the new BMW result- (red
band). The panel below the line shows the predictions fora� obtained in the data-
driven approach using the most precise measurements of the two-pion spectrum ine+ e�

annihilation. These correspond to BaBar, KLOE and CMD-3. The blue band shows the
muon g-2 Theory Initiative combination of the data-driven results [12], obtained prior
to the publication of the CMD-3.

and experiment � a� = ath
� � aexp

� varies depending on the method used for the theoretical
calculation:

ˆ � a� = 5:2� between the 2020 Theory Initiative result (mainly based on dispersive
method) and the current experimental average;

ˆ � a� = 0:9� between the new BMW result from LQCD and the current experimen-
tal average;

ˆ � a� = 4:0� between the new BMW result from LQCD and the 2020 Theory
Initiative result.

It is clear that the landscape is puzzling. There are important discrepancies within the
dispersive method and the old Theory Initiative estimate seems not to agree with the
LQCD results. Moreover, the latter seems to reduce the di�erence with the experimental
value, bringing it to below 1 � .
The situation is intriguing. A new independent and alternative data-driven method for

21



the evaluation of the theoretical value ofa� may be essential to shade some light on this
topic. In this respect the MUonE experiment is presented.
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Chapter 2

The MUonE experiment

It has been shown that the largest contribution to the theoretical uncertainty ofa� comes
from the hadronic vacuum polarization term at LOaHLO

� . The di�erent approaches used
until now to calculate this contribution are not enough to draw a solid conclusions on the
existing discrepancy between the theoretical evaluations and the experimental measure-
ment. The MUonE collaboration is proposing an alternative method to shade some light
on this intriguing puzzle [29, 30, 31, 32]. The innovative proposal consists in evaluating
the hadronic vacuum polarization term through an high precision measurement of the
e�ective electromagnetic coupling� QED , in the space-like region of momenta where the
vacuum polarization contribution is a smooth function.

2.1 Hadronic contribution: space-like approach

In the time-like approach,aHLO
� can be written as Eq.1.26, where Im�had is proportional

to � had(e+ e� ). By some mathematical manipulations [29, 33], the time-like equation can
be transformed in a space-like integral:

aHLO
� =

�
�

Z 1

0
dx(x � 1) �� had[t(x)]; (2.1)

where
�� had[t] = � had(t) � � had(0) ; t(x) =

x2m2
�

1 � x
< 0; (2.2)

t(x) is the space-like four-momentum transfer.
It is possible to express the shift of the coupling constant �� (q2) in Eq.1.13 such that:

� � (q2) = � Re(��( q2)) = � Re(�� lep(q2)) � Re(�� had(q2)) : (2.3)

In the space-like region of momenta,q2 < 0, resulting in having Im(��( q2)) = 0. There-
fore:

�� had(q2) = Re( �� had(q2)) = � � � had(q2) (2.4)
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and Eq.2.1 becomes [33]:

aHLO
� =

�
�

Z 1

0
dx(1 � x)� � had[t(x)]; (2.5)

where (1� x) is the LO kernel. This allows to calculate the leading hadronic contribution
to the muon anomaly through a direct measurement of �� had(t). The hadronic shift
cannot be calculated in perturbation theory as it involves QCD contributions at low
energy scales. However, at LO its expression can be can be determined starting from the
e�ective coupling

� (t) =
�

1 � � � (t)
=

�
1 � � � lep(t) � � � had(t)

(2.6)

giving as a result
� � had(t) = 1 � � � lep(t) �

�
� (t)

(2.7)

The leptonic contribution can be calculated in perturbation theory, thus it is possible to
subtract it in order to get the hadronic one. This is not true anymore at higher order
calculations, resulting in a more complex expression which needs the implementation of
Monte Carlo simulations.

Figure 2.1: Leptonic and hadronic contribution to the running of� QED on the left as a
function of x and the integrand (1� x)� � had[t(x)] as a function ofx and t on the right
[30].

The change from annihilation (s-channel) to scattering (t-channel) process simpli�es
the evaluation of the anomaly [30]. While the time-like integration of Eq.1.28 is a�ected
by 
uctuations of Rdata

had (s), the hadronic contribution to the e�ective coupling is a smooth
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function of the variablex, free of any resonance poles as shown in the left plot of Fig.(2.1),
and this simpli�es the evaluation of the integral. The range of the integration variablex
from 0 to 1 corresponds to momentum transfert going respectively from 0 to�1 . The
integrand in Eq.2.5 is shown as a function of the variablex in the right plot of Fig. 2.1.
It peaks at xpeak � 0:914, corresponding to a momentum transfertpeak � � 0:108 GeV2,
where � � had(tpeak) � 7:86� 10� 4. An important advantage of the MUonE (space-like)
approach is that all the experimental input necessary to estimate the muon anomaly
can be obtained by a single scattering experiment. Thus, the space-like approach is not
a�ected by the systematic uncertainties due to handling data from di�erent experiments,
which is one of the main limitation of the time-like approach.
This new method, involving the dispersive integral in the space-like region, is at the base
of the MUonE project and is described in the next section.

2.2 Experimental proposal

The MUonE experiment proposal aims to achieve a very precise and independent mea-
surement ofaHLO

� through a novel approach based on the evaluation of the dispersive
integral in the space-like region of momenta, Eq.2.5 [29, 30]. This can be obtained from
the direct measurement of the running QED coupling in the space-like region, from the
shape of the di�erential cross section for the�e elastic scattering cross section, with a
unprecedented precision. Until now very few such measurements have been made, the
most precise one was obtained by the OPAL experiment [34], from small-angle Bhabha
scattering at LEP, which reached the �rst direct evidence for the hadronic contribution.
But there there would be some intrinsic limitations related choosing the Bhabha process
for the application of the proposed method, as the mixing ofs and t channels which com-
plicates the extraction of � � had(t) from data, limiting the accuracy on aHLO

� . MUonE
proposes to exploit thet -channel� � e elastic scattering cross section at low energy, over-
coming some di�culties concerning Bhabha scattering physics. For this measurement,
the 160 GeV M2 muon beam at CERN North Area will be used. The reasons why it is
an extremely appealing proposal are listed in the following points [30]:

1. Di�erently from Bhabha scattering, it is a pure t-channel process, where the de-
pendence ont of the di�erential cross section is proportional toj� (t)=� j2:

d�
dt

=
d� 0

dt

�
�
�
�
� (t)

�

�
�
�
�

2

; (2.8)

enabling an easier extraction of the running� (t);

2. The highly energetic muons from CERN M2 beam allow to access the region of the
peak of the integrand function (Eq.2.5) shown in Fig.(2.1);
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Figure 2.2: Correlation plot of the scattering angles of muons and electrons from elastic
scattering events given a 150GeV muon beam.

3. The boosted kinematics of the collision guarantees the containment of all the events
in a single homogeneous detector, as the angular de
ection stays within a 50 mrad
cone;

4. The kinematics of the elastic scattering is well known and determined by angular
observables. This permits to identify the signal region through the correlation of
muon and electron scattering angles, shown in Fig.(2.2). It is evident from that
picture that for � e < 5 mrad there is an ambiguity region where� e � � � and which
needs to be treated carefully in order to have the right�=e identi�cation.

Figure 2.3: Schematic view of the MUonE apparatus.

The proposed experimental apparatus [31] to measure the elastic scattering process con-
sists of a sequence of 40 identical tracking stations, followed by an electromagnetic
calorimeter and a muon �lter, as drawn in Fig. 2.3. Each station is composed by
one target of low-Z material (beryllium or graphite) and six modules with silicon strip
sensors, for a total level arm of� 1 m and transverse dimensions of� 10� 10 cm2. The
main role of the ECAL and muon �lter is particle identi�cation. The �rst may also help
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in rejecting background events, while the second can control the contamination of pions
in the M2 muon beam at CERN. Beam muons are almost una�ected by the upstream
detector material, except for a small energy loss, so every station behaves as an indepen-
dent detector. The events occurring at a given station have the incoming muon direction
measured by the preceding station. The average beam intensity for energies at 160 GeV
is of � 1 � 2 � 107 muons=s. Assuming 3 years of data taking and a running time of
� t0 � 4 � 107 s=year, the integrated luminosity is of� 1:5 � 107 nb� 1. This permits the
collection of the statistics required to achieve the aimed accuracy for MUonE.

2.2.1 Precision requested for the measurement

In order to have this new space-like determination ofaHLO
� competitive with the present

time-like and LQCD approaches, the challenge of the experiment is to achieve a statistical
and systematic uncertainty in the measurement of the�e di�erential cross section at the
level of 10ppm. A competitive determination requires a precision of the order of 10� 2

in measuring the hadronic running, which has an e�ect at the 10� 3 level. This, in turn,
translates to a precision of 10� 5 in the shape of the di�erential cross section.
The aimed accuracy requires an excellent control of many e�ects:

1. on the theoretical side, the e�ect of radiative corrections to the�e cross section,
which requires NLO and NNLO calculations. In order to extract with high precision
� � had(t), a Monte Carlo code accurate to the NNLO level must be available;

2. on the experimental side, there are several aspects which need to be taken into
account:

(a) detector resolution which is a fundamental parameter for elastic selection,
but also for signal/background discrimination. The main background is pair-
production on nuclei going into electron and positron pairs� + N ! � + e+ + e� ;

(b) the control of multiple Coulomb scattering e�ects which break the muon-
electron angular correlation of Fig(2.2) and their planarity;

(c) uniformity of sensors e�ciency;

(d) tracker alignment and the knowledge of the longitudinal distances of the track-
ing stations;

(e) the knowledge of the mean energy of the beam, which a�ects the elastic an-
gular correlation curve.

All these aspects will be discussed in the following sections of this chapter.
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2.3 � � e scattering theory

Elastic � � e scattering process in Fig.(2.4) is represented by

� � (p1)e� (p2) ! � � (p3)e� (p4) (2.9)

where p1; p2 and p3; p4 are the 4-momenta respectively of the initial and �nal state
particles. In a �xed target experiment, the electron is initially at rest, thus in the

Figure 2.4: Feynman dia-
gram for � � e elastic scatter-
ing process.

laboratory system (LAB) Mandelstam variabless and t are de�ned as

s = ( p1 + p2)2 = ( p3 + p4)2 = m2
� + m2

e + 2meE � ;

t = ( p2 � p4)2 = ( p1 � p3)3 = 2m2
e � 2meEe;

s + t + u = 2m2
� + 2m2

e:

(2.10)

For any given value of the incoming muon momentum, there exists a maximum four-
momentum transferq2

max = � tmin :

tmin = �
� (s; m2

� ; m2
e)

s
(2.11)

where� (a; b; c) is the K•allen function de�ned as

� (a; b; c) = a2 + b2 + c2 � 2ab� 2ac� 2bc: (2.12)

Given the M2 CERN muon beam, at a reference valueE � = 150GeV it is found

tmin = � (380MeV)2: (2.13)

The parameters for the Lorentz transformation between LAB and center-of-mass (CM)
frame are


 =
E � + mep

s
;

� =
p�

E � + me
;

(2.14)
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The CM energy corresponding to the muon beam energy is
p

s � 0:405541GeV and the
Lorentz 
 factor 
 � 370.
The elasticity condition which relates the scattering angles� e and � � in the LAB frame
results to be

� � (� e) = arcsin

(

sin� e

s
E 2

e(� e) � m2
e

[E � + me � Ee(� e)]2 � m2
�

)

; (2.15)

whereEe(� e) is the �nal energy of the electron, given the reconstructed� e

Ee(� e) = me
1 + � 2 cos2 � e

1 � � 2 cos2 � e
; cos� e =

1
�

r
Ee � me

Ee + me
: (2.16)

The elasticity curve in Fig.(2.2) is Eq.2.15 in the� e � � � plane and it is the fundamental
constraint for MUonE to allow the discrimination of elastic scattering events from back-
ground processes.
Given that the incident muon has higher mass than the struck electron, the elastic scat-
tering kinematics gives a maximum scattering angle for the muon:

sin� max
� =

m�

me
! � max

� = 4:8 mrad; (2.17)

while the recoiling electron can be emitted at larger angles according to its energy, i.e.
0 � � e �� 32 mrad for electron energiesE 0

e > 1 GeV. Therefore, when both scattering
angles are lower than� 5 mrad there is an ambiguity between muon and electron which
must be resolved with�=e discrimination.

2.3.1 Elastic di�erential cross section

The LO QED prediction for the elastic di�erential cross section is:

d� 0

dt
=

4�� 2

t2� (s; m2
� ; m2

e)

�
(s � m2

� � m2
e)2 + st +

t2

2

�
(2.18)

where� is the �ne-structure constant and � (a; b; c) is de�ned in Eq.2.12.
This expression is valid both for positive and negative muons. But the LO level

is not enough for the aimed 10 ppm precision, NLO and NNLO corrections need to be
considered. The needed theoretical calculation has to include higher orders:

� (� + + e� ! � + + e� ) ' LO(QED ) + LO(EW )+

+ NLO (QED ) + NLO (HAD ) + NLO (EW )+

+ NNLO (QED ) + NNLO (HAD ) + NNLO (EW )

(2.19)
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Figure 2.5: LO contributions from QED, HVP and the Z-boson exchange [35].

At LO in QED there is just the single diagram with a t-channel photon exchange
as shown in Fig. 2.5(a) and it refers to the Born cross section in Eq.2.18. Electroweak
contributions due to the exchange of Z boson (Fig. 2.5(b)) are strongly suppressed be-
cause of the large massM z, however the
 � Z interference can not be neglected, as their
suppression is of the order of 10� 5.
Higher order calculations are available in the form of MC codes for numerical integra-
tions or fully exclusive event generators [35]. In this thesis work the MESMER Monte
Carlo generator [36, 37, 38] has been used.
The full NLO QED and one-loop EW corrections have been computed exactly and im-
plemented in the fully exclusive MC generator MESMER [36].

NLO(HAD) is the term given by the hadronic vacuum polarization insertion in the

Figure 2.6: The relative importance of the
HVP term at NLO in � � e scattering as a
function of � e [35].

photon propagator that we intend to extract. The impact of the hadronic contribution
at NLO is shown in Fig. 2.6 as a function of� e. The plotted NLO K factor is de�ned as
[35]

K NLO
h =

d� NLO

d� e
=

d� 0

d� e
: (2.20)
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It can be observed that the hadronic contribution is larger at small� e, whereas for
� e > 20 mrad it is strongly suppressed.
The NLO cross section can be written as the sum of the 2! 2 process, including LO
and one-loop virtual corrections, and the 2! 3 real photon emission:

d� NLO = d � �e ! �e + d � �e ! �e
 : (2.21)

The dependence of the observable signal for the hadronic running of� from NLO radia-
tive corrections has been studied in [36] by considering the following ratios:

Ri =
d� i (� � had(t) 6= 0)
d� i (� � had(t) = 0)

; with i = LO ; NLO: (2.22)

They represents the ratio of a given cross section including the contribution of �� had(t) to
the running of � and the same cross section with the contribution switched o�. Therefore
they display the sensitivity of a given observable (e.g. scattering angles) to the signal of
interest.

Figure 2.7: RatiosRi are shown for the process� + e ! � + e (top) and � � e ! � � e
(bottom) as a function of the electron (left) and muon (right) scattering angle [35].

Fig. 2.7 shows the ratio as a function of the observables� � ; � e at the LO and NLO.
Focusing onRi (� e), the elastic signal at low� e, visible in the blue peak, is washed out
by photon radiation e�ects at NLO, visible in the almost 
at red line of crosses. In
the study it has been highlighted that the sensitivity to the hadronic correction can be
recovered by the application of an elastic selection (e.g. requiring the planarity between
scattered leptons: acoplanarity cutj� � (� e � � � )j < 3:5 mrad), as shown from the 2D
plot in Fig. 2.8. This selection removes radiative events. The improvement is clear from
the blue points which mostly overlap the elastic curve both in Fig. 2.7 and 2.8. This
is particularly important for the electron, which is more a�ected by photon radiation,
while the distribution as a function of the muon angle is robust against those e�ects, as
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Figure 2.8: The correlation
between the electron and
muon scattering angle. The
curve in blue represents the
LO elastic curve and the dots
are the NLO events, given
two di�erent selection crite-
ria: setup 1 � e < 100 mrad
and Ee > 0:2 GeV (red);
setup 3 the same as setup 1
with the addition of acopla-
narity cut (blue). [36].

less a�ected by real photon emission.
The NNLO QED contributions have been evaluated and implemented in the MC gener-
ator MESMER [36, 37] and in the MC integrator McMULE [39]. The complete set of
leptonic corrections to� � e scattering consists of three parts, with contributions from
virtual and real leptonic corrections:

d� NNLO = d � virt + d � 
 + d � real : (2.23)

They include:

ˆ d� virt virtual two-loop contribution, both factorisable and non-factorisable;

ˆ d� 
 interplay between real photon radiation and leptonic loop insertion;

ˆ d� real tree-level amplitudes for the processes� � e� ! � � e� l+ l � , with l = e; � .
This process may contribute to the background in case two �nal-state tracks are
lost and the event is reconstructed as a two-track event.

As it was happening at NLO, the corrections to d�= d� e from NNLO QED can be miti-
gated by the introduction of an elastic selection including cuts on the acoplanarity and
the distance of the two-track event from the elastic curve, as can be seen in Fig. 2.9.
The process shown there is production of pairs from scattering on atomic electrons.
At the NNLO level, the hadronic contribution exhibits a complex evaluation, due to the

presence of non factorizable hadronic loops. This latter contribution is of the order of
10� 4 � 10� 5 playing thus an important role in the MUonE data analysis. It was computed
in [41, 42].

The main source of background is identi�ed in the direct production of electron-
positron pairs in the �eld of target nuclei. This may mimic an elastic process if one
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Figure 2.9: A series of cuts is applied, including cuts on the particle angles, the acopla-
narity and the distance of the two-track event from the elastic curve [37].

of the outgoing leptons are emitted outside the detector acceptance. The contribution
of this background is estimated to be of the order of 10� 4. A MC generator has been
developed for the MUonE collaboration [40] and the double di�erential cross section of
the process is shown inf Fig. 2.10.

2.4 Extraction of � � had(t)

The experimental work
ow is articulated in precise steps:

1. commissioning of the detector in order to have good quality data (stable and reliable
readout, good e�ciencies of detection and reconstruction, good calibrations etc.);

2. a selection of signal events which helps in the rejection of background ones, sup-
pression of radiative events and reduction of some detector e�ects;
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Figure 2.10: Double di�erential
cross sectiond� 2=d� ed� � for the
lepton pair production in muon-
nucleus scattering for two-tracks
events. The elasticity curve is de-
noted by a black solid line, while
the black dashed lines delimit the
area where the events satisfy the
elasticity [40].

3. precise measurement of the scattering angles of the outgoing muons and electrons
(� e; � � ) to determine the shape of the double-di�erential cross section for elastic
scattering;

4. extraction of � � had(t) from a template �t to the shape of the di�erential cross
section;

5. evaluation of the hadronic vacuum polarization contributionaHLO
� through the

master integral in Eq.2.5.

The suppression of physical and beam backgrounds is needed for determining the shape
of the di�erential cross section, de�ned by the counting ratioR(� i ):

R(� i ) =
d� data (� � had(t) 6= 0) =d� i

d� MC (� � had(t) = 0) =d� i
=

dNdata (� � had(t) 6= 0) =d� i

dNMC (� � had(t) = 0) =d� i
: (2.24)

In Eq.2.24, the observables� i are the scattering angles of the outgoing muon and
electron (i = e; � ) from the elastic scattering process,d� data (� � had(t) 6= 0) =d� i and
dNdata (� � had(t) 6= 0) =d� i are respectively the di�erential cross section and the observed
event yield of the elastic scattering, whiled� MC (� � had(t) = 0) =d� i anddNMC (� � had(t) =
0)=d� i are the corresponding MC predictions obtained with �� (t) = � � lep(t) where the
hadronic running � � had(t) is switched o�.

The hadronic contribution to the running � � had(t) will be extracted by a template �t
to the ratio R(� i ) in Eq.2.24 [31]. The used parametrization has two parameters, inspired
by the one-loop QED calculation for the vacuum polarization induced by a lepton pair
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in the space-like region:
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This method consists in generating a grid of points (k; M ) in the parameters space

Figure 2.11: Central value ofRhad(� � ). The error bars correspond to the expected
statistical uncertainties for the nominal MUonE luminosity of 1:5� 104pb� 1. The curves
represent the representative MC templates [51].

covering a region of� 5� around the expected values, where� is the expected uncertainty.
For each pair of values, a template forRhad is obtained with the Monte Carlo generator
(Fig. 2.11), which then is compared with data (pseudodata in MC) calculating:

� 2(K; M ) =
X

i

Rdata
i � Rtempl

i (K; M )
� data

i
(2.26)

whereK = k
M , and the minimum � 2 is found by parabolic interpolation across the grid

points. The �t can be done on the distribution of the muon or the electron scattering
angle, as shown in Fig. 2.12, as well as on their two-dimensional distribution, which
gives the most accurate result.
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Figure 2.12: Example pseudodata showing the ratioRhad as function of electron (left)
and muon (right) angular distributions. Entries correspond to the expected events for
the nominal MUonE integrated luminosity. The template �t is superimposed [51].

2.5 Experimental apparatus

Muons from the M2 beam line impinge on the atomic electrons of beryllium or graphite
targets. The apparatus is divided in:

1. tracking system;

2. electromagnetic calorimeter;

3. muon �lter.

2.5.1 Tracking system

Several requirements are needed to perform the tracking:

1. maximize the coverage of the region of interest of the process having a uniform
response from the detector;

2. minimize the multiple Coulomb scattering (MS) in order to reduce the smearing
of particle tracks;

3. maximize data collection;

4. a good angular resolution.

36



Figure 2.13: An overview of one station, composed by one target and six tracking mod-
ules. This is repeated 40 times in the �nal apparatus.

The basic unit of the tracking system is the single station, sketched in Fig. 2.13. Each
station behaves as an independent detector, composed by one low-Z target and six sil-
icon strip modules, named after their measurement coordinate: two X, two Y and two
stereo modules (U and V), which are rotated of� = 45 � around Z axis. The stereo
modules are meant in order to remove ambiguities during pattern recognition for tracks
formation. The segmentation of the entire system has been thought in order to maximize
the collection of data minimizing the e�ect of MS, as the total thickness of the target
(� 60 cm) is divided into 40 thin slabs each� 1:5 cm thick. In that way, the same muon
beam can interact di�erent times in di�erent stations, increasing the collection of data.
The tracking modules have been chosen to be the so-called 2S modules, foreseen for
the upgrade of the CMS outer tracker for the high luminosity phase of LHC [43]. Each
module is composed of two single-sided silicon micro-strip sensors with a thickness of
320� m each, for an overall area of 10� 10 cm2.

This large area allows to completely contain the relevant angular acceptance, up to
a scattering angle of� 30 mrad, which, given the 160 GeV beam energy, corresponds
to energyEe > 1 GeV for the outgoing electron. Each sensor has a total of 1016 strips
with 90 � m pitch, which are read out by eight CMS Binary Chips (CBC). The two
strip sensors are separated by a 1:8 mm gap and have parallel strips reading the same
coordinate. Hits from the two sensors are correlated by the CBC, forming the so-called
stub, or track element. The chip provides a binary measurement, presence or absence
of a hit. The data from the CBC are aggregated by a concentrator chip (CIC), which
transmits the digital data to the lp-GBT [44]. While stereo modules are orthogonal to
the Z-axis (beam direction), the X and Y ones are tilted of about 233 mrad (� 15) deg.

This setting has been optimized after a detailed simulation study [45]. The single
hit resolution of the modules is expected to change from about 90� m=

p
12 ' 26� m

(corresponding to the strip pitch) to about 10� m. The improvement is mainly due
to charge sharing between adjacent strips. Tilt increases the fraction of tracks which
produce signals in two adjacent strip from a few percent to 40� 50%, depending on the
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setting of the signal threshold. Tracks with a signal in two strips are measured with
an improved spatial resolution, however it comes at the cost of a potential reduction in
e�ciency. This is due to the lowering of the energy deposition per strip, relative to the
total, resulting a less favorable signal to noise ratio. Therefore this aspect requires a
careful scrutiny.
An important parameter is the detector angular resolution, which is related to the single

Figure 2.14: Distribution of the two measured scattering angles for events simulated
with di�erent angular resolution: (top-left) ideal angular resolution (only MS e�ect);
(top-right) angular resolution of 20� rad; (bottom-left) angular resolution of 60� rad;
(bottom-right) angular resolution of 100� rad. In blue the points with correct � � e
identi�cation, in green the wrong identi�cation [31].

hit resolution of the tracking planes. An angular resolution of 20� rad corresponds to a
spatial resolution of 20� m, which can be achieved with state-of-the-art silicon detectors.
The angular resolution has an impact on the capability to identify the outgoing muon
and electron tracks. There exists an ambiguity region where the two leptons may be
misidenti�ed and its extension is determined by the angular resolution. Fig. 2.14 shows
the distribution of the two scattering angles� lef t and � right , de�ned with respect to
an arbitrary axis without any identi�cation, for di�erent values of the intrinsic angular
resolution. It can be noticed that the higher is the resolution, the wider will be the
ambiguity region where� � � � e. This also highlights the fact that the tracking system
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itself is not enough for a good particle identi�cation (PID), for this aim the presence of
an electromagnetic calorimeter (ECAL) and a muon detector could be of fundamental
importance.

Stub �nding logic The �rst step of the `stub �nding logic' is aimed at determining
hits in both sensors separately. A hit corresponds to a cluster, namely a group of adjacent
�red strips. The maximum size of the cluster can be set and for MUonE it is set to four.
The CBC compares clusters found in the two matched sensors comprising the 2S module,
respectively the seed and the correlation cluster, in a given window of acceptance, to �nd
a correlation. The center of this window corresponds to the expected matched position
of the seed cluster in the correlation layer. This value can be adjusted by setting a
con�gurable o�set within maximum � 3 strips, to correct for geometrical e�ects. In
addition, the width of the correlation window can be con�gured up to� 7 strips around
the center. The logic is represented in Fig. 2.15.

Figure 2.15: Sketch of stub formation logic,
given the seed and correlation layers. The
correlation window with its width and center
is also shown.

Stub information combines the cluster position in the seed sensor, namely the stub
address, and the lateral di�erence in strip units between the seed and correlation cluster.
This latter quantity is called bend. It is de�ned as

bend= xcorrelation � (xseed + of fset ) (2.27)

where o�set represents the one used for the center of the correlation window. In the
original application for the CMS upgraded tracker the 2S module is designed to trigger
on high transverse momentum tracks. Stub position is then calculated as:

xstub = xseed +
bend

2
: (2.28)

The bend is used to estimate their de
ection in the strong CMS magnetic �eld [43].
There, it is used for triggering purposes.
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