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ABSTRACT

STUDY OF MUONIC TRIDENT PRODUCTION WITH THE SND@QLHC
EXPERIMENT

Durhan, Onur
Ph.D., Department of Physics
Supervisor: Prof. Dr. Ali Murat Giiler

September 2026, 105 pages

The SND@LHC experiment is designed to study neutrinos produced in proton-proton
collisions at the LHC, covering an energy range of a few hundred GeV to several
TeV. It probes an unexplored pseudo-rapidity range of 7.2 < n < 8.4. The compact
detector is located 480 meters downstream from the ATLAS interaction point in the
TI18 tunnel. It consists of a veto system, a tungsten target interleaved with layers of
nuclear emulsion, scintillating fiber (SciFi) trackers, and a muon detection system. In
this study, a measurement of the cross-section for muonic trident production in muon—
nucleus interactions in the rock upstream of the detector, using the SciFi tracker, is
presented. The average cross-section of muonic trident production per rock atom is
measured to be

o = 179.0 4 3.7 (stat) 372 (sys) nb/atom.

Keywords: Muon, Pair Production, Trident, Muonic Trident, SND@LHC
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SND@LHC DENEYINDE MUON TRIDENT URETIMI ARASTIRMASI

Durhan, Onur
Doktora, Fizik Boliimii

Tez Yoneticisi: Prof. Dr. Ali Murat Giiler

Eylil 2026 , 105 sayfa

SND@LHC deneyi, LHC deki proton-proton ¢arpismalarinda iiretilen, yiiz GeV mer-
tebesinden birka¢ TeV mertebesine uzanan enerji aralifindaki notrinolar tespit etmek
amaciyla tasarlanmigtir. Deney, 7.2 < 7 < 8.4 aralifindaki, daha once arastirllmamais
psodorapidite bolgesini kapsamaktadir. Kompakt dedektor, ATLAS etkilesim nok-
tasindan 480 metre ilerisinde, T118 tiinelinde konumlandirilmistir. Dedektor; veto
sistemi, niikleer emiilsiyon ile ardisik olarak yerlestirilmis tungsten hedeften, SciFi
dedektoriinden ve miion sisteminden olugsmaktadir.Bu calismada, dedektoriin yukari-
sindaki kaya icerisinde miion—cekirdek etkilesimleri sonucunda iiretilen miionik tri-
dentlerin tesir kesitinin SciFi dedektorii kullanilarak 6l¢iimii sunulmaktadir. Atom

basina ortalama miion trident {iretimi tesir kesiti
o =179.0 & 3.7 (ist) 372 (sis) nb/atom

olarak Olctilmiistiir.

Anahtar Kelimeler: Miion, Cift Uretimi, SND@LHC, Trident, Miion Trident
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CHAPTER 1

INTRODUCTION

In this thesis, the study of muonic trident production in the SND@LHC experi-
ment [7] is presented. The direct production of muon pairs by muons in the vicin-
ity of a heavy nucleus is an interesting phenomenon because it plays an important
role in testing Quantum Electrodynamics (QED) at short distances. This process may
also serve as a specific background for new physics searches at the Large Hadron
Collider (LHC) and the Future Circular Collider (FCC). Although the cross sec-
tion for this process is significantly smaller than those of ionization, bremsstrahlung,
electron-positron pair production, and inelastic muon—nucleus interactions, it be-

comes a prominent process for high-energy, intense muon beams.

In the past, several experiments have reported the observation of muonic trident pro-
duction in muon-nucleus interactions. The first observation was made in the cosmic-
ray muon experiment [12] in 1967. Although it provides experimental verification
of the process, the data were not sufficiently accurate to obtain the cross section of
muonic trident production. The production rate of muonic tridents was measured
at the Brookhaven National Laboratory Alternating Gradient Synchrotron (AGS) in
1971. A 10.5-GeV muon beam designed by the Columbia and Harvard groups [3]

was directed at a lead target to search for direct production of muon pairs.

pr+ Pb— u= + P+ (1.1)

In the experiment, the corrected number of observed muonic trident events was 75
+ 10.5, resulting in an effective cross section of 51 4+ 7 nb per nucleus. It was
also shown that muons obey Fermi-Dirac statistics. The first direct and unambiguous

observation of muon tridents with cosmic rays was achieved only in 2005 with the



liquid-argon calorimeter BARS at IHEP Protvino, which recorded seven fully con-
tained trident events from the horizontal cosmic-ray muon flux, with a mean parent-
muon energy of roughly 270 GeV. In 2006, CosmoALEPH observed muonic trident
events from cosmic-ray muons [5]. The observed production rate of muonic tridents
inside the ALEPH detector (2 events) agrees well with the expectation, both in event
numbers and in the energies of secondary particles, as predicted by the cross-section

parameterization in [2].

Muonic trident production has been observed with limited statistics in the past, but
it has not yet been measured at the LHC. Thanks to the sufficient distance between
IP1 and the detector location, SND@LHC can clearly resolve the individual muon
tracks generated by the trident process occurring in the upstream rock or concrete.
Therefore, measuring muonic trident production at SND@LHC provides a valuable
independent benchmark for comparison with previous experimental measurements
and Monte Carlo (MC) models describing this rare process. This thesis is organised
as follows: Chapter 2 introduces the Standard Model of particle physics, gives the
theoretical background for trident production, and provides the current experimental
status. Chapter 3 introduces the SND@LHC experiment; the detector and its envi-
ronment, together with the data acquisition and software framework, are introduced.
Chapter 4 describes the production of muonic trident interactions and the propagation
of events through the detector simulation. Chapter 5 explains the details of the data

analysis, and finally Chapter 6 presents the concluding remarks.



CHAPTER 2

THEORETICAL BACKGROUND

This chapter provides the theoretical background of muonic trident production with an
introduction to the Standard Model of particle physics, and proceeds with a discussion

of the experimental record in the literature.

2.1 The Standard Model

The Standard Model (SM) of particle physics provides the established description of
the elementary particles and their interactions: it is a renormalisable quantum field
theory based on the gauge group SU(3)c x SU(2)r, x U(1)y, describing the strong,
weak, and electromagnetic interactions of the known elementary particles. The matter
content is organised into three generations of quarks and leptons, chiral fermions
whose interactions are dictated by their transformation properties under the gauge
group. The gauge sector comprises the gluons of Quantum Chromodynamics (QCD),
the electroweak bosons W* and Z, and the photon, while the scalar sector, through
spontaneous breaking of the electroweak symmetry via the Higgs mechanism [13,
14], generates the masses of the weak gauge bosons and, through Yukawa couplings,

those of the fermions. The elementary particles of the SM are summarised in Table 2.1

2.1.1 The Electroweak Sector and the Higgs Mechanism

The electroweak sector unifies the weak and electromagnetic interactions in the gauge

group SU(2), xU(1)y [15, 16, 17]. Left-handed fermions transform as weak-isospin
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Particle  Spin Colour @ [e] Mass (tree level) Mass (measured)

Gauge bosons

W 1 1 +1 Llgv 80.3692(133) GeV

Z0 1 1 0 V@*+g?v 91.1880(20) GeV

v 1 1 0 0 <107 8eV

Gi...0s 1 8 0 0 olal

Scalar boson

h 0 1 0 V2\v 125.20(11) GeV

Leptons

e 1 1 —1  yv/V2 0.510998 950 00(15) MeV
. 1 ~1  y,v/V2 105.658 375 5(23) MeV

T : 1 —1 yv/V2 1776.93(9) MeV

Ve, Uy, Vr % 1 0 0 < 0.8eV

Quarks

u 3 3 +2 yuv/V2 2.16 +0.07 MeV

c . 3 +2 yev/V2 1.2730(46) GeV

t : 3 +2 y/V2 172.56(31) GeV*?

d 1 3 1 yav/V2 4.70 £ 0.07MeV

s . 3 1 yu/V2 93.5(8) MeV

b l 3 1 yo/V2 4.183(7) GeV

Table 2.1: Particle content of the Standard Model. Color denotes the SU(3)¢ repre-
sentation, () the electric charge in units of e. Tree-level masses are expressed through
the Higgs vacuum expectation value v = (v/2 Gp)~'/? ~ 246 GeV, the gauge cou-
plings g, ¢, the Higgs self-coupling A and the Yukawa couplings y;. Quark masses
for u, d, s are MS values at 1= 2GeV; m. and m, are MS masses at their own scale;
m, is the direct-measurement average. The neutrino entry is the effective -decay
mass limit; oscillation data fix only the mass-squared splittings. Measured values re-

trieved from Particle Data Group [1]

[al Theoretical value. A mass of order MeV may not be precluded. ™ Based on published top mass

measurements using data from Tevatron Run-I and Run-IT and LHC at /s =7 TeV.



doublets and right-handed fermions as singlets, so that the charged-current interaction
mediated by the W= acts on left-handed states only, in accordance with the observed
maximal parity violation of the weak interaction. The electroweak Lagrangian com-
prises the gauge, fermion, scalar, and Yukawa sectors,

1

Lew = —7

a apv 1 v 1z
Wi, W= 2B B4 iy Dy b(D6)! (D 6) =V (6)+ Lyuanar
P
(2.1)
where W, (a = 1,2,3) and B, are the field strengths of SU(2)r, and U(1)y, the
sum runs over the chiral fermion multiplets, and the covariant derivative acting on a

field of weak isospin 7 and hypercharge Y reads
- rayya s oY
D, =0, —igT*W, —ngBw (2.2)

with g and ¢’ the respective gauge couplings. Gauge invariance forbids explicit mass
terms for both the gauge bosons and the chiral fermions; masses arise instead from

the scalar sector. The complex scalar SU(2), doublet ¢, subject to the potential

V(g) = =2 dlo+ A (0l9)*, 12 A>0, 2.3)

acquires a vacuum expectation value v = \/u?/\ & 246 GeV, spontaneously break-

ing the electroweak symmetry,
SU(Q)L X U(l)y — U(l)em. (24)

The neutral gauge fields mix through the weak mixing angle fy into the mass eigen-

states

w| _ [ cos Ow  sin Oy B, | tan Oy — g_’, 25)
Z, —sinfy  cos By wp g

yielding the massive weak bosons, My, = gv/2 and My = My, / cos By, and the
exactly massless photon of the U(1)en, which couples to the electric charge () =
T3+ Y /2 with strength e = g sin Oy = ¢’ cos Oy The fermion masses arise from the
Yukawa couplings of Lyyiawa to the same doublet and are therefore free parameters of
the theory: the muon, the charged lepton of the second generation, is some 207 times
heavier than the electron, a hierarchy that remains unexplained within the SM and
that, as will become apparent, governs both the rate and the kinematics of the process

studied in this thesis. The discovery of the Higgs boson at the LHC in 2012 [18, 19]

completed the experimental confirmation of this picture.
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2.1.2 The Strong Sector

The strong interaction is described by quantum chromodynamics, the unbroken SU(3)¢
gauge theory of color-charged quarks and self-interacting gluons, whose running cou-
pling leads to asymptotic freedom at short distances [20, 21] and to confinement and
hence the observed hadron spectrum at long distances. QCD enters the present work
only indirectly: through the structure of the nuclei that serve as the target of the elec-
tromagnetic process under study, encoded in the nuclear form factors of Section 2.3,
and through the photonuclear interactions of muons that constitute a background to

it.

Although it has been remarkably successful through the history and confirmed most
recently by the discovery of the Higgs boson at the LHC [18, 19], the SM still remains
with questions such as the neutrino masses, the nature of dark matter (DM), and the
baryon asymmetry observed across the universe. These shortcomings motivate both
direct searches for new physics beyond the Standard Model (BSM) and precision
measurements of SM processes. The latter serves simultaneously as validation of the

theoretical framework and as indirect probes of physics beyond the SM.

2.2 Quantum Electrodynamics

Below the electroweak scale, the unbroken U(1).,, subgroup generates the quantum
electrodynamics (QED), the quantum field theory of the electromagnetic interaction
between charged fermions and the photon. The Lagrangian for a lepton field 1) of

mass m and charge e is given by

Laep =¥ (i" Dy — m) 1 — ;lFWFW, D, = 0, + ieA,, (2.6)
where A, is the photon field and F,,, = J,A, — 0,4, is the field-strength tensor.
QED is the most rigorously tested sector of the SM. Its perturbative expansion in the
fine-structure constant & &~ 1/137 yields predictions, such as the anomalous mag-
netic moment of the electron, verified to better than one part in 10° [22]. This pre-
cision makes higher-order QED processes a sensitive laboratory both for validating

perturbative techniques in the presence of strong external fields and for constraining
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contributions beyond the SM.

2.3  Muon Pair Production: The Trident Process

Among higher-order QED processes, lepton pair production in the Coulomb field of
a nucleus is a special phenomenon. When a high-energy muon traverses matter, it can
exchange a virtual photon with a nucleus /N of charge Z, producing a muon pair in

the final state,

N =t ptuT N 2.7)

p* N

(b) g Timelike

(@) g Timelike Pa p* Timelike
p* Timelike

. . (d) g Timelike
(c) q Timelike P p* Timelike

p* Timelike N

Figure 2.1: Leading-order Feynman diagrams for muonic trident production (a,b)
radiative topology; (c,d) Bethe-Heitler topology. p* is the four-momentum of the
virtual muon; ¢ is the four-momentum of the virtual photon and ¢y is the nuclear

recoil four-momentum.

The process is known as muon trident production, so named for its characteristic
three-prong final-state topology. The cross-section for electromagnetic trident pro-
duction was first calculated by Racah [23] in the framework of the Bethe—Heitler
formalism, and later revisited with modern techniques [2]. Being of order o, the pro-
cess is strongly suppressed relative to the leading energy-loss mechanisms of muons

in matter (ionization, bremsstrahlung, and e*e™ pair production), and its coherent
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component scales approximately as Z2, favoring dense, high-Z targets for its obser-

vation.

Since the muonic trident production is purely electromagnetic process within the SM,
it provides a clean, calculable benchmark: a measurement of its cross-section tests
fixed-order QED predictions in the coherent nuclear field at momentum transfers and

energies not accessed by previous dedicated experiments.

2.4 Muon Tridents at the LHC: The SND@LHC Opportunity

The LHC produces, as a by-product of pp collisions, an intense and highly energetic
flux of muons in the forward direction. At the location of the SND@LHC detector,
muons with energies from tens of GeV up to the TeV scale arrive after traversing
approximately one hundred meters of rock and accelerator infrastructure [7]. Each
such muon may undergo trident production either in the rock upstream of the detector
or in the dense tungsten target of the detector itself, yielding a distinctive signature of

three quasi-collinear muon tracks.

This configuration offers a unique setting for a trident measurement: the muon flux is
both intense and spans an energy range beyond that of historical muon-beam experi-
ments, and the high-granularity SciFi tracker enables the resolution of closely spaced
parallel tracks. The measurement of the muon trident cross-section presented in this
thesis therefore constitutes both a novel test of QED in the multi-hundred-GeV regime
and a validation of the detector’s multi-track reconstruction capabilities, with impli-
cations for background estimates in neutrino and feebly-interacting-particle searches

at the facility.

2.4.1 Early Calculations

The first theoretical treatments of lepton pair production by fast charged particles
date to the 1930s, shortly after the discovery of the positron, when the process served
as a testing ground for the Dirac theory: Landau and Lifshitz obtained the leading

logarithmic behavior of the cross-section [24], Bhabha treated the process via the



equivalent-photon method [25], and Racah derived the full Born-approximation total
cross-section for pair creation in the field of a bare, point-like nucleus, including all
terms up to the third power of the energy logarithm [23]. Wheeler and Lamb subse-
quently evaluated the influence of the atomic electrons, which screen the nuclear field
at low momentum transfer and contribute an incoherent production channel scaling
linearly with Z [26]. These calculations, however, concerned ee™ pair production;
their application to the muonic final state is not a matter of simple mass substitution,
because the momentum transfer characteristic of x* .~ production is of the order of

the muon mass, probing the nucleus at scales where its finite size cannot be neglected.

2.4.2 Muon Tridents: Complete-Screening Results and Their Limitations

Dedicated calculations of muon-pair production by muons began in the late 1960s,
motivated by the availability of accelerator muon beams and of large cosmic-ray de-
tectors in which bundles of parallel muons had been observed underground. Build-
ing on Kelner’s treatment of e*e™ production by muons—nucleus collisions [27], the
Moscow groups (Kelner, Kotov, and Logunov, and Bugaev, Kotov, and Rosental’ aka
KKL/BKR) obtained the first analytic cross-section for the muonic trident by merely
replacing the electron mass with the muon mass, under the assumptions of a point-
like nucleus and complete screening, and neglecting the small interference between
direct and exchange diagrams [28, 29]. In this limit the differential cross-section is
proportional to Z(Z + 1) a*r§ (me/m,,)? In(183 Z~'/*m,, /m.), where the combina-
tion Z(Z + 1) accounts for the coherent nuclear(Z?) and incoherent atomic-electron
(Z) contributions, and the factor (m./m,,)? expresses the suppression of the muonic
final state relative to the electronic final state. KKL further estimated that the ra-
tio of muon-pair to electron-pair yields from the underground cosmic-ray muon flux
is of order 1/30 once the steeply falling muon spectrum is folded in, since the two

cross-sections become comparable at large fractional energy transfer.

Analytic convenience came at a price. The mass substitution silently carried over
two assumptions that are valid for ete™ pairs but fail for muon pairs: the complete-
screening limit, which for the muonic final state is approached only at energies far

beyond those of practical interest, and the treatment of the nucleus as a point-like
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Coulomb center, unreasonable at the momentum transfers of order m,, that dominate
muon-pair production. As a result the BKR/KKL formula overestimates the cross-
section, in some kinematic regions by up to an order of magnitude [4]. Neverthe-
less, the formula was widely used and shaped the interpretation of several cosmic-ray
measurements, including the excess of muon pairs reported by MACRO collabora-

tion [30].

A muon pair may also be produced sequentially, through the emission of a real
bremsstrahlung photon which subsequently converts to ™~ in the field of another
nucleus. This two-step channel requires two separate interactions with a photo-
conversion step suppressed by (m./m,,)? relative to eTe™ conversion; in a genuine
trident search based on a single interaction vertex it constitutes a background rather
than a signal and therefore it has been studied in this thesis and presented in Chapter 4.

Quantitative estimates are shown to be small compared with direct production.

2.4.3 The KKP Parameterisation

The modern reference calculation is that of Kelner, Kokoulin, and Petrukhin (KKP) [2],
who computed the cross-section for process 2.7 numerically from the exact matrix el-
ement, including the nuclear and atomic elastic form factors, and condensed the result
into an analytic parameterization suitable for transport codes. Their analysis begins
by exhibiting why the earlier complete-screening treatments fail. On an unscreened

point Coulomb center the total cross-section grows with the cube of the energy loga-

rithm,
28 2F
O = 5o (Zar,)? In® (li 7) : (2.8)
whereas in the full-screening limit the growth saturates to a squared logarithm,
2 2K
Oy~ 28 (Zar,)* In? (m’ —) , W =183 7" 3 1 (2.9)
9 L m

where 7, 1s the classical muon radius, m and ;. denote the electron and muon masses,
and k, k' are constants undetermined at logarithmic accuracy. Screening becomes
operative only for £ > 183 Z~ /3,2 /m ~ 4 Z~'/3 TeV, and the two regimes be-
come comparable only at E ~ 10! GeV; at the TeV-scale energies relevant both to

underground muon bundles and to the LHC muon flux, imposing complete screen-
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ing therefore inflates the cross-section substantially. KKP further emphasize that for
pair production by a charged particle the leading-logarithm approximation itself is
unreliable. Evaluating the numerical coefficients of the exact Coulomb-center result
obtained from Racah’s formula [23] with the muon mass substituted for the pair mass
gives

o= (Zar,)? (0.3301 15 — 2.098 {3 + 0.8669 o + 13.160), (2.10)

where [y = In(2F/p). in which the sub-leading term is large and of opposite sign.
Retaining only the [} term overestimates the cross-section by a factor of about three
at £ = 100 GeV. The second failure is kinematic in origin. The characteristic mo-
mentum transfer to the nucleus is of order the muon mass, comparable to the inverse
nuclear radius, so the nucleus cannot be treated as point-like. Numerically, the nu-
clear elastic form factor alone reduces the cross section by roughly a factor of two
at £ = 100 GeV, while the atomic form factor matters only above ~ 10* GeV; the
two effects, and the failure of the complete-screening formula, are summarized in

Figures 2.4a and 2.4b.

The KKP double-differential cross-section is written in terms of the fractional energy
transfer v = (E, + E_)/F and the pair asymmetry p = (E, — E_)/(E, + E_),
where E is the incident-muon energy and £, = %Ev(l + p) are the energies of the
produced pair:

d*o 2

1—w
= — R In X .
vy 3 (Zar,) ” (v,p) In X (2.11)

valid in the kinematic region

21

<yp<1l—= .
=0 vE

2
i 2.12
E E’ (2.12)

‘P‘ SpmaxE 1 -

The function ® carries the QED dynamics of the pair,

O(0,p) = (24 7)1+ 8) + €+ )] (14 ) =132 4 501 - 247

+ [(1+p%) (1+38) —%(1+2ﬁ)(1—p2)} In(1+¢), (2.13)
with
B v2(1 —p2) B 02
5_m, ﬁ_m. (2.14)

All of the target-structure physics, nuclear size and atomic screening resides in the
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argument of the logarithm, X = 1+ U(E, v, p) — U(E, v, pmax), built from

0.65 A2 BZ13 i/m
2v/e?BZ7 31+ &) (1+Y)’
mEv(1 — p?)

where B = 183 and A is the atomic weight. The total cross section as a function

U(E,v, p) = Y =12/u/E, (2.15)

1+

of incident energy, for different thresholds on the total final-state energy, is shown

in Figure 2.2.  The construction is transparent in its limits. When the denomina-

(\/l_\ 1035 T T lllllll T T lllllll T T lllllll T T lllll—
‘51 c _Ethr:p- 7
N C —EthrzlGeV

= [ —En=20Gev .
|_u£ 10 — B =5GeV E
w C ]
b - -

10

T lllllll
11 lllllll

11 lllllll
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10 10° 10* 10°
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10t—

Figure 2.2: Total cross section for muon-pair production by a muon in standard rock
(Z = 11, A = 22), in units of (Zar,)?, for different thresholds. The threshold

dependence weakens with increasing incident energy [2].

tor of Equation 2.15 is dominated by its second term (low energies, no screening),
U reduces to a form describing pair production on a finite nucleus, with the factor
0.65 A~9%27 encoding the nuclear radius; when the denominator tends to unity (full
screening), X — 0.65 BZ~'/3A~927),/m reproduces the complete-screening loga-
rithm. The subtraction of U(F, v, pumax) guarantees that the cross-section vanishes
on the kinematic boundary p = =pna.y, as it must; this property is qualitatively
violated by the complete-screening formula, which correspondingly overpopulates

highly asymmetric pairs as shown in Figure 2.3. Comparison with the exact numer-
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Figure 2.3: Differential cross-section as a function of the pair asymmetry p at fixed
v =0.1,0.5and 0.9, for 1 TeV muons in standard rock: KKP parameterisation (solid)
versus the complete-screening formula (dashed). The latter diverges toward |p| — 1
instead of vanishing on the kinematic boundary p = 4 pyax, Overpopulating highly

asymmetric pairs [2].
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ical integration shows that Equation 2.11 is accurate to better than 10% differentially
for £/ > 10 GeV and final-state energies above 1 GeV, with the total cross-section

reproduced to 2 to 3% for E > 30 GeV [2].

Three further corrections are quantified in the reference [2] and are small in the kine-
matic regime of this thesis. The interference between direct and exchange diagrams,
required by the two identical muons in the final state, reduces the total cross section
by about 5% at £ = 10 GeV but by less than 1% above 100 GeV. Pair production on
atomic electrons, with threshold £, = p(4p + 3m)/m =~ 88 GeV, can be absorbed
by replacing Z? — Z(Z + ¢) with ¢ ~ 0.1 at 10 TeV, a percent-level correction
for rock, in contrast to the crude Z(Z + 1) prescription of the complete-screening
formula. Finally, nuclear excitation can be estimated by substituting 0.65 A=%27 —

0.65 A=%27(1 — 1/Z) in Equation 2.15, a percent-level effect above 1 TeV.

Of direct experimental relevance to a tracking measurement, KKP also derived the
transverse-momentum distributions of the final-state muons. The mean transverse
momentum of each pair muon is (p, ) ~ 1.5y and that of the scattered parent muon
(p1) ~ 1.0 u, nearly independent of the parent energy and of the target nucleus from
helium to lead. The typical opening angle of a trident thus scales as 0 ~ i/ Epair, Of
order a milliradian for the LHC forward muon flux. For a signal produced throughout
an extended rock column, the track separation at the detector is set by this opening
angle multiplied by the distance from the production vertex, augmented by multiple
Coulomb scattering: KKP estimate the crossover between the two regimes at a tra-
versed depth of z* ~ 5 x 10® g/cm?, corresponding to roughly 20 m of rock, beyond
which multiple scattering dominates the spatial divergence [2]. Tridents produced
within the last few tens of meters of the SND@LHC muon corridor therefore arrive
with separations from millimeters to centimetres which is comparable to the accep-
tance of the detector while more distant vertices yield gradually wider topologies
dominated by multiple scattering. This vertex-distance dependence of the acceptance

is a central ingredient of the signal simulation described in Chapter 5.

It is this cross section that underlies the process G4MuonToMuonPairProduction,
implemented in GEANT4 as an extension of the standard muon pair-production ma-

chinery [10] and employed for the signal simulation in this thesis. At an incident
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energy of 100 TeV the muonic trident rate is approximately five orders of magni-
tude below that of e*e™ pair production by the same muon, while the mean energy
transferred to the pair is far larger, reflecting the harder spectrum imposed by the

muon-mass threshold [10].

For the measurement of this thesis the relevance of the KKP framework is important,
because its benchmark material standard rock (Z = 11, A = 22) is an excellent proxy
for the molasse rock traversed by the LHC muon flux upstream of the SND@LHC
detector, so that the published standard-rock results of the reference [2] apply to the
signal medium essentially without modification. The screening scale for rock evalu-
ates to 183 Z~'/312 /m ~ 1.8 TeV, at the upper edge of the muon-energy range: over
most of the flux the process is effectively unscreened, and the dominant deviation
from the historical formulas is the nuclear form factor, which suppresses the cross
section by roughly a factor of two at £ = 100 GeV as shown in Figure 2.4a. Numer-
ical integration of Equations 2.11 and 2.15 for standard rock, at a 1 GeV threshold
on each final-state muon, gives o/(Zar,)? = 14.9, 72.6, and 198 at £ = 0.1, 1, and
10 TeV, respectively, with the complete-screening formula exceeding these values by
factors of 6.3, 4.1, and 3.2, reproducing the published curves in the reference [2] and
quantifying how severely the pre-KKP cross sections would bias a rate prediction

with the SND@LHC detector.

2.4.4 Experimental Status

The experimental record of the measurements with the muonic tridents is remark-
ably sparse. The first attempt to detect direct production of muonic tridents was in
1968 by Morris and Stenerson [12], using the University of Utah cosmic-ray detec-
tor: an array of cylindrical spark counters and large-area water Cherenkov counters
equipped with an automated, digitized data-handling system. In 837 hours of expo-
sure between March and August 1966, scanning 2.06 x 10° recorded muon trajec-
tories, they identified 33 three-track events attributed to muon-pair production in the
iron of the apparatus, with an estimated background of at most three events. The im-
plied cross section, of order 2 ub per nucleon in iron, however, exceeded the QED

expectation by several orders of magnitude [4]. The accepted diagnosis is that the
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Figure 2.4: Comparison of the KKP muon-trident cross section with the complete-

screening (BKR) approximation [2].

16



sample was dominated by spurious tracks from electromagnetic showers accompany-
ing the muon, whose rate was underestimated by neglecting correlations between the
responses of different coordinate planes [4] — the misidentification mode that has
governed the difficulty of trident searches ever since. The cross section was first mea-
sured at Brookhaven National Laboratory Alternating Gradient Synchrotron (AGS)
in 1971 by Russell et al. [3]. A 10.5-GeV muon beam was designed by the Columbia
and Harvard groups, impinging on a lead target. After background subtraction and
systematic corrections, they observed 75 + 10.5 events, with a resulting cross section
of 51 £ 7 nb per lead nucleus, albeit in a restricted region covering roughly 13% of
the total cross section. Beyond the cross-section itself, the measurement of Russell et
al. carried a deeper significance: it was the first quantitative study of any process with
two identical muons in the final state. In the trident reaction u*N — p*Nptp~, two
of the three final-state muons carry the same charge and are indistinguishable, so the
amplitude must be anti-symmetric under their exchange: to each of the four direct dia-
grams corresponds an exchange diagram with the two identical muons interchanged,
and the cross-section acquires an interference term whose sign and magnitude are
fixed by the statistics obeyed by the muon. For fermions the interference is destruc-
tive precisely where the two identical muons occupy adjacent cells of phase space,
similar energies and directions, i.e. small invariant mass of the like-sign pair, a direct

manifestation of the Pauli exclusion principle at the level of a scattering cross section.

The question was not pedagogic at the time. Proposals that the muon might obey
anomalous statistics had been advanced as possible explanations of the muon—electron
mass difference, and while the spin-statistics theorem excludes Bose statistics for a
spin-1/2 particle, no direct experimental test existed. The event selection of Russell et
al., which required high energies for all three final-state muons, preferentially pop-
ulated exactly the small invariant-mass region where the exchange effect is largest:
the predicted yield dropped from 120.9 £ 2.6 events without exchange to 88.9 £ 2.6
events with fermionic exchange, to be compared with the 75.24-10.5 events observed.
Parameterizing the interference strength by «, with @ = 1 for Fermi statistics and
a = 0 for no interference, a maximum-likelihood fit to the total yield and the like-
sign invariant-mass distribution gave o = 1.15 &£ 0.25, constituting the first direct

verification of the exclusion principle for muons [3]. The invariant mass distribution
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of like charges of the state muons observed in the data and predicted from with and

without interference terms is presented in Figure 2.5. The first direct and unambigu-
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Figure 2.5: Invariant mass distribution of two-like charge [3].

ous observation of muon tridents with cosmic rays was achieved only in 2005 with
the Big Liquid Argon Spectrometer (BARS) at IHEP Protvino [4]. Originally built
for the tagged-neutrino facility, BARS is a finely segmented liquid-argon calorime-
ter, 18 m long and about 3 m in diameter, containing 154 t of liquid argon in its
sensitive volume. Between December 1996 and June 1998, over 5480 hours of live
time, 1.914 million muons from the nearly horizontal cosmic-ray flux (zenith angles
75°-90°, mean energy about 70 GeV) were recorded traversing at least 1900 g/cm? of
the detector. The trident search exploited the longitudinal ionization profile along
each reconstructed track: a genuine event exhibits single-muon ionization before
the interaction vertex and a threefold level after it. The vertex was required to lie
within a bounded sensitive volume such that every final-state muon traverses at least
900 g/cm? (= 40 radiation lengths), imposing an effective threshold of 1.5 GeV per
muon. A computer-aided profile selection with a background-rejection factor of about
400 reduced the sample to 4816 candidates, dominated by ordinary electromagnetic

cascades and nuclear showers; independent visual inspection by three scanners con-
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verged on the same 22 events containing three genetically related muon tracks. Of
these, seven fully contained events with the vertex inside the fiducial volume consti-
tute the signal sample; twelve further narrow muon groups, consistent with trident
production in the material surrounding the detector, were excluded from the quan-
titative analysis because their production vertex and hence the target material and
selection efficiency could not be established. A display of a candidate event observed

in the BARS detector in one of the projections is presented in Figure 2.6 [4]. Be-
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Figure 2.6: Muonic trident production induced by a cosmic-ray muon in the BARS

volume [4].

cause of the steep threshold rise of the cross-section, the muons responsible for the
observed pairs had a mean energy of roughly 270 GeV, well above the 70 GeV mean
of the flux. The expected yields were 8.9 events from the KKP cross-section against
48 from the complete-screening (BKR) formula, with estimated backgrounds of 0.3
events from muon pairs produced by real photons in electromagnetic cascades and an
upper limit of 0.94 events (90% C.L.) from hadronic-shower imitations. The seven
observed events thus agreed with the KKP prediction while decisively excluding the

complete-screening expectation [4].

A complementary observation and the only trident measurement to date performed
with a magnetic spectrometer on atmospheric muons was reported by the CosmoALEPH
collaboration [5]. During a beam-off period in April 1999, the ALEPH detector at
LEP, situated under an overburden of 320 m water equivalent (imposing a surface
muon cutoff near 75 GeV), was operated as a cosmic-ray muon spectrometer, with
the time projection chamber providing momentum measurement in the 1.5 T field
at 160 pm spatial resolution and the calorimeters and muon chambers providing the
trigger and particle identification. Of approximately 10° recorded muon events, close
to 5000 contained more than one muon; after rejecting atmospheric muon bundles

accounting for parallel tracks from decays kilometers above the detector and electro-
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magnetic secondaries, and with the photo-nuclear imitation — two opposite-charge
pions decaying to muons — shown to be negligible (~ 10~7 per three-prong inelastic
event), two trident candidates survived. In the first, with an incident energy of about
57 GeV and the vertex in the hadronic calorimeter, all three final-state muon energies
(45.8+4.4,10.240.33, and 1.26 £ 0.02 GeV) lie close to the peaks of the simulated
distributions; in the second, track overlap left only the softest secondary (13+1 GeV)
cleanly reconstructed. A dedicated MC, propagating every recorded muon from the
surface through overburden and detector and generating tridents along the path, pre-
dicted 2.6 expected in-detector events from the KKP cross section, consistent with
the two candidates observed, while the complete-screening estimate of KKL/BKR —
at least five times larger — was strongly disproved. Notably, a comparable number of
tridents was expected from production in the overburden, but these could not be iden-
tified as their soft secondary is swept away by the 1.5 T magnetic field, destroying
the three collinear track pattern before it reaches to the tracker. A trident candidate

reconstructed with the ALEPH detector is presented in Figure 2.7

yx!u;l?_uo%:;‘k.u:‘:_ . . A

Figure 2.7: A trident candidate reconstructed with ALEPH detector [5].
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The measurement presented in this thesis should be viewed against this backdrop:
the muonic trident cross-section has been tested directly by only a handful of events
worldwide, at energies well below those of the LHC muon flux in the past. The
intense, TeV-scale muon beam traversing the rock upstream of SND@LHC therefore
offers a qualitatively new regime, and through the enormous mass of the rock column,
event statistics are unattainable in an instrumented target in which to confirm the KKP

cross-section with data.
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CHAPTER 3

THE SND@LHC EXPERIMENT

3.1 The Physics Perspectives of SND@LHC

The SND@LHC experiment is designed to detect and measure neutrinos of all three
flavours produced in pp collisions at the ATLAS interaction point (IP1), reaching the
highest energies ever achieved for laboratory-produced neutrinos. The detector is lo-
cated in the T118 tunnel, a decommissioned LEP-era injection tunnel situated 480 m
downstream of IP1, and is positioned slightly off the beam-collision axis. It covers the
previously unexplored pseudorapidity range 7.2 < 1 < 8.4, where electron neutri-
nos and anti-electron neutrinos predominantly originate from the decays of charmed
hadrons [7]. This gives SND@LHC unique access to forward-charm production in a
kinematic region inaccessible to other LHC experiments. The experiment has been

operating successfully since the start of LHC Run 3.

The detector can distinguish neutral-current (NC) and charged-current (CC) inter-
actions of neutrinos, enabling measurements of the NC/CC ratio. The sub-micron
spatial resolution of the detector is also suitable for direct dark-matter searches via

scattering off atomic electrons.

The SND@LHC experiment has already met several of these objectives. Using the
dataset collected in 2022, the collaboration reported the direct observation of muon
neutrinos produced at the LHC. Eight candidate events were identified over an ex-
pected background of 0.076, corresponding to a statistical significance of 7o [31].
Together with the concurrent observation by the FASER experiment [32], this result

opened a new era in neutrino physics.

23



The muon flux entering the detector acceptance, which constitutes the dominant back-
ground to neutrino searches, was measured and found to be in agreement with sim-
ulation [33]. More recently, the collaboration reported the observation of neutrino
interactions without a muon in the final state [34], extending the physics reach be-

yond the muon-neutrino charged-current channel.

In addition to neutrino interactions, the high-intensity muon flux traversing the de-
tector provides an opportunity to study other non-neutrino, muon-induced processes.
In particular, events with three final-state muons, consistent with the muonic-trident

topology, have been observed in SND@LHC.

3.2 Experimental Apparatus

The SND@LHC detector [35] is a compact, stand-alone hybrid system. It combines
a high-resolution emulsion target with electronic detectors. The detector is shielded
by approximately 100 m of rock and concrete, which also serve as an effective target
for muon interactions. SND@LHC is designed to efficiently veto incoming charged
particles from IP1, precisely reconstruct interactions of all three neutrino flavours,
and accurately measure energy deposits using its calorimetry and muon identification

systems. The location of the detector within the CERN site is shown in Figure 3.1.

3.2.1 Detector Environment

The SND@LHC detector fits the space available in the TI18 tunnel to cover the de-
sired 7.2 < n < 8.4 pseudorapidity range. A schematic representation of the top and

side views of the detector residing in the tunnel is shown in Figure 3.2.

It is worth emphasizing that the tunnel floor is inclined, as shown in the side view
in Figure 3.2, with the floor sloping downward along the length of the apparatus.
As can be seen from the top view, the nominal collision axis with respect to IP1,
emerging from the floor, is very close to the tunnel wall. The location of the detector
is intentionally chosen so that it is ideal to explore the off-axis region, as explained

in Section 3.1. The size of the detector is optimally designed so that energy mea-
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Figure 3.1: Location of the SND@LHC detector in the TI18 tunnel, relative to the
ATLAS cavern at LHC interaction point 1 (IP1). Map extracted from the CERN GIS
Portal [6].

surement and muon identification are viable. With the limited space available in the
tunnel, the requirement on the minimum size of the detector goes up against the az-
imuthal angular acceptance, which governs the overall neutrino flux and therefore the
total number of observed interactions. The trade-off between the position and size
of the detector is balanced against these competing requirements. The geometrical
constraints also require the detector to be confined to the first quadrant only about the
collision axis, as shown in Figure 3.2. The outcome is a 2.6 m long compact detector
with a target region about 80 cm long. The transverse size downstream of about 80
(H) x 60 (V) cm? is chosen due to the constraint from the tunnel side wall. In order
to match the acceptance with the calorimeter for the vertices identified in the target
volume, the transverse size of the target region is scaled down. Tungsten is used as
the passive material to maximize the number of neutrino interactions. The schematic

representation of the detector as it was installed in 2022 is provided in Figure 3.3.
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Figure 3.2: The schematic representation of the detector inside the tunnel [7]
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Figure 3.3: SND@LHC detector layout

3.2.2 Veto

Incoming charged particles, primarily muons, first encounter Veto planes which are
made of two horizontal planes and one vertical plane of eight stacked scintillating
bars, with the vertical plane added in 2024 [36] to improve efficiency and timing pre-
cision. Each veto plane consists of seven scintillator bars with dimensions of 42 x
6 x 1 cm?, each of which is equipped with 16 silicon Hamamatsu S14160-6050HS
SiPMs. SiPMs on both sides are placed on the same PCB and read out by TOFPET2
ASICs. Each SiPM is placed on a PCB common to each side of a detector plane. The
bars are also wrapped in aluminum foils for opacity and to prevent them from receiv-
ing light from adjacent bars. The foil causes small inefficiencies in the border region
between bars. Therefore, successive planes are vertically shifted 1 cm with respect to
each other to secure full coverage of the active region. The inefficiency of the veto
system is measured to be of the order of 10712 [37]. The schematic representation of

a veto plane is provided in Figure 3.4.
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Figure 3.4: A schematic representation of a Veto plane

3.2.3 Target and Vertex Detector

The vertex detector consists of five Emulsion Cloud Chamber (ECC) walls. Each wall

is an ensemble of 2 x 2 ECC bricks and covers a total area of 390 x390 mm?.

An ECC brick is a sequence of 60 emulsion films with a transverse size of 192x192
mm? and 1 mm-thick tungsten plates. The total thickness of a brick is ~ 78 mm and
has a total weight of 41.5 kg corresponding to ~ 17.X,. The resulting weight of the
full target with five walls installed is ~ 830 kg. The layout of the emulsion target is
illustrated in Figure 3.5

The ECC technique provides sub-micrometric spatial and milliradian angular resolu-
tions [7] and therefore enables the detection of 7 leptons [38] and charmed hadrons [39],
as well as the reconstruction of electromagnetic showers. It is also suitable for the de-
tection of FIPs through the direct observation of their scattering off atomic electrons

or nucleons in the target.
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Figure 3.5: The layout of the emulsion target

3.2.3.1 Target Tracker and Electromagnetic Calorimeter

The scintillating fibre (SciFi) tracker technology has been employed for the recon-
struction of electromagnetic-shower energy and passing-muon tracks, and it plays
a central role in providing the timestamp for vertices reconstructed in the emulsion

detector.

The SciFi subsystem contains five stations in total, with each station placed after a
target wall. Each SciFi station consists of two 40 x 40 cm? planes, alternating x
and y views. Each view comprises six densely packed, staggered layers of 250 pm-
diameter, polystyrene-based scintillating fibres read out by SiPM arrays. A SiPM
array used in a SciFi module, together with the target region equipped with five SciFi

stations and ECC walls, is presented in Figure 3.6.

The single-particle spatial resolution in one view is of order ~ 150 pm, and the time
resolution for a particle crossing both the z and y views of one plane is about 250 ps,
enabling the reconstruction of multiple passing-muon tracks. However, the absence
of a stereo view and single-sided readout prevents 3D reconstruction. Multiple-track

events are reconstructed in the horizontal and vertical views only.
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Figure 3.6: The SciFi detector and target region of SND@LHC. (a) Configuration

of the SiPM arrays reading out the scintillating fibre planes. (b) Schematic view of

the hybrid target region, showing the SciFi planes interleaved with the tungsten target

walls.
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3.2.4 Muon System and Hadronic Calorimeter

The muon system and hadronic calorimeter are positioned downstream of the tar-
get region. The hadronic calorimeter and muon system are composed of two sub-
detectors: the upstream (US), which includes the first five stations, and the down-
stream (DS) section, comprising the last three stations. Each US station consists
of 10 stacked horizontal scintillator bars measuring 82.5 x 6 x 1 cm?, similar to
the veto detector. This configuration provides a coarse view along the y-axis. Each
DS station consists of two orthogonal layers of thin scintillator bars—each bar is
(82.5 £ 0.1) cm long—arranged in alternating = and y orientations. This geometry
achieves sub-centimeter spatial resolution in each view, while the time resolution of
each bar is approximately 120 ps. The eight DS scintillator planes are interleaved
with 20 cm-thick iron absorbers. A schematic representation of the muon-system

planes is provided in Figure 3.7.

top side ; top side

|
front

\ | fron — =

t [

Figure 3.7: Schematic representation of the US (left) and DS (right) planes.

The performance of the US detector is studied via an efficiency analysis and a char-
acterization of the large-SiPM signal using the energy deposit of passing particles
measured by QDC (charge-to-digital converter) counts. Single passing-muon events
are used to evaluate the efficiency of the US bars. Tracks reconstructed within the DS
system using a Kalman filter-based tracking algorithm [33] are extrapolated onto a
test plane in the US system. If a hit is present in the bar corresponding to the test lo-
cation, it is counted as an efficient response. Although the SiPM-channel efficiencies
were found to be non-uniform, the bar-wise efficiency of the US planes is estimated
to be 100%. The channel-wise and bar-wise efficiencies of an example US plane are

presented in Figure 3.8 and Figure 3.9, respectively. For the signal characteri-
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Figure 3.9: Bar-wise efficiencies of a US plane
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zation, all the individual large SiPM channels of the US detectors were investigated
for their QDC response against efficient passing muon events. The QDC distributions
of individual large SiPM channels are modeled with a function f, namely Langau,
which is defined as a Landau function convoluted with a Gaussian as introduced in

Equation 3.1.

1 400 . (x _ $,)2 ,
flxyp,0p,06) = m / L(z";p,0p) exp — o, dz’. (3.1
G J—0 G

where y, 01, and o are the MPV (most probable value), Landau width, and Gaussian
width parameters, respectively. A sample QDC distribution, together with the MPV
values from different DAQ runs from the 2022 data-taking campaign, is presented in
Figures 3.10 and 3.11. The fit parameters and thresholds have been shown to be stable

across different runs.
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Figure 3.10: QDC distributions (black) of the large SiPMs of an example US bar,
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overlaid with Langau fits (red). The blue lines mark the threshold values.

Leveraging the efficiency examination, verification of the stability of the thresholds

and MPV parameters served as a gauge of data validity.

Together with the SciFi tracker, the muon system, and the upstream hadronic calorime-
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Figure 3.11: MPV as a function of run number for an example US bar

ter, the US section forms a coarse sampling calorimeter totaling about 9.5 \;;;. This
configuration provides hadronic-jet energy measurements with a resolution of ~ 15%,
as demonstrated with a dedicated pion test-beam campaign conducted in 2023 [40].
The fine granularity of the DS layers enables clear identification of muon tracks as

they exit the detector. Figure 3.12 shows the energy resolution of the calorimeter.

3.2.5 Data Acquisition and Event Recording

The SND@LHC detector employs a triggerless data acquisition (DAQ) system for
the readout of its active sub-detectors, including the scintillator bars used for the veto

and muon detectors and the scintillating fibres used in the SciFi trackers.

The signals produced by the scintillators in both systems are read out by silicon
photomultipliers (SiPMs) and digitised by the front-end electronics. The active sub-
detectors comprise 16 planes with a total of 16,924 readout channels, as summarised
in Table 3.1. Unlike a conventional triggered readout, all hits recorded by each board

are transmitted to the DAQ server and stored. Signals passing preset thresholds are
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Table 3.1: Number of readout channels in the active sub-detectors of SND@LHC.

Subsystem Planes Channels per plane Channels total
Veto 2 112 224
SciFi 5 3072 15360
Upstream muon 5 160 800
Downstream muon 3 180 540
Total 16 16924
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digitized by the front-end electronics and time-clustered into events. A real-time soft-
ware noise filter is then applied, yielding negligible detector dead time and almost no
loss of signal efficiency. Events satisfying specific topological requirements—such
as hits in multiple detector planes—are recorded to disk. Without a beam, the noise
filter suppresses the event rate by five orders of magnitude, reducing it to roughly 4

Hz.

3.2.5.1 LHC Timing and Synchronisation

The timing of the SND@LHC DAQ system is synchronised with the LHC bunch-
crossing clock. Protons in the LHC are accelerated in discrete bunches, which circu-
late in two counter-rotating beams. The bunches are arranged in trains and cross each
other at the interaction points, where proton-proton collisions can occur. The LHC
bunch crossing frequency is approximately 40.08 MHz, corresponding to a nominal
bunch spacing of 25 ns. The LHC revolution frequency is approximately 11.245 kHz,

corresponding to an orbit period of about 89 us.

A common timing reference is required to synchronize the readout of the different de-
tector components and to associate recorded hits with the corresponding LHC bunch
crossings. The bunch-crossing clock and orbit signals are provided by the Beam Syn-
chronous Timing (BST) system and distributed to the detector through the Timing,
Trigger and Control (TTC) system. In addition to the clock and orbit information, the
timing system provides information about the LHC beam conditions. The common
clock allows all DAQ boards to operate synchronously and provides the time refer-
ence used for the time-stamping of the recorded hits. An example bunch train and
SND@LHC event timestamps modulo one LHC orbit showing the synchronization

with IP1 collisions is shown in Figure 3.13.

3.2.5.2 DAQ Architecture and Electronics

The DAQ architecture consists of front-end (FE) boards, DAQ boards, a timing dis-
tribution system, and a DAQ server. A schematic overview of the readout chain is

shown in Figure 3.14.
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Figure 3.13: Distribution of the event timestamps modulo one LHC orbit, showing
the synchronisation of the recorded events with the LHC bunch structure of the two

beams. Adapted from [8]
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Figure 3.14: Schematic representation of the SND@LHC data acquisition system,
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showing the readout chain from the SiPMs and front-end electronics to the DAQ

server and subsequent offline data storage and reconstruction. Adapted from [7]
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The FE boards are directly connected to the SiPM readout channels. They digitize
the signals and provide the corresponding hit information, including the deposited
signal amplitude and timestamp. The FE boards are based on the TOFPET2 ASIC,
which provides 64 readout channels per ASIC. Each FE board contains two TOF-
PET2 ASICs, providing 128 readout channels per board. The threshold and timing
configuration can be adjusted on a channel-by-channel basis, and noisy channels can

be disabled when necessary.

The digitized data from the FE boards are collected by DAQ boards. Each DAQ
board can accommodate up to four FE boards and is responsible for collecting and
transmitting the recorded hit information to the DAQ server. The DAQ boards are
synchronized to the LHC clock through the TTC system, ensuring a common timing
reference across the detector. In total, the SND@LHC detector employs 36 DAQ

boards and 143 FE boards for the readout of its active detector channels.

The DAQ server receives the hit data from all DAQ boards and performs event build-
ing by grouping hits according to their timestamps. The resulting events are stored as
ROQT files and subsequently transferred to EOS for offline reconstruction and analy-
sis. A limited amount of online processing, including clustering and preliminary track
reconstruction, is also performed for data-quality monitoring. The raw hit informa-
tion is retained to allow the full event information to be reprocessed during offline

analysis.

3.2.6 SND@LHC Software Framework: SNDSW

SNDSW [41] is the dedicated software framework to provide environment for the
simulation, event reconstruction and data analysis studies for physics searches based
on FairRoot [42] and is a stack of typical tools popular among the experimental high
energy physics community i.e. ROOT [43]—a data analysis framework, GEANT4 [44]-
a toolkit of the simulation of passage of particles through matter; and event generators
such as PYTHIAG6 [45], PYTHIAS [46] for the background studies and GENIE [47]
for the neutrino signal studies. The framework offers a maintainable environment that
facilitates the efficient development and study of physics analyses. Hence, the muonic

trident study is carried out within the SND@LHC software framework (SNDSW).
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3.3 Detector Upgrade: SND@HL-LHC

Following the successful data-taking campaigns during the LHC Run 3 period and the
observation of neutrinos produced at the LHC with different flavours, the SND@LHC
Collaboration plans to continue operations in the Run 4 period. To adapt to the high-
luminosity phase of the LHC, detector upgrades have been proposed, featuring a new
detector: SND@HL-LHC (Scattering and Neutrino Detector at the High-Luminosity
LHC) [48]. The vertex detector, based on silicon strips recycled from decommis-
sioned CMS Tracker modules, will replace the emulsion detector. The hadronic
calorimeter will also incorporate CMS Tracker modules. To fully exploit the de-
tector’s resolution, magnetizing the iron in the hadronic calorimeter is proposed,
enabling precise measurements of the charge and momentum of muons and, thus,
neutrino—antineutrino classification. Improving the detector time resolution is also
considered. The proposed upgrade of SND@LHC for the HL-LHC era was reviewed
by the LHC Experiments Committee (LHCC) and approved by the CERN Research
Board in June 2025. The layout of the upgraded detector is presented in Figure 3.15.
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Figure 3.15: Layout of the SND@HL-LHC detector

To study the detector response, two test-beam campaigns were conducted in 2026 [9],
with beams of muons, electrons, and pions impinging on a replica of the target layers.
These measurements used a prototype detector with a 20-station silicon-strip tracker
covering one quarter of the proposed transverse active area. The response of the pro-
totype detector was validated by measuring an average time resolution of 52 ps for the
SiPM time response and by observing stable signal responses with the muon beam,
as shown in Figure 3.16.  The upgraded detector also offers a unique opportunity

to study muonic tridents within the tungsten target, as it features a momentum spec-
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Figure 3.16: ADC counts collected in simulation and data. A reconstructed muon

track is also shown with the event display(right). [9]

trometer and 3D reconstruction of multiple tracks. Leveraging the knowledge and
experience gained with the SND@LHC studies, SND @HL-LHC may enable refine-

ments to the muonic-trident measurements presented in this thesis.
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CHAPTER 4

MC SIMULATIONS

The theoretical description of muonic trident production, p* + X — p* + X +
ut + pu~, was developed in Chapter 2: the reference cross section is that of the
KKP parameterization [2], which incorporates the nuclear and atomic form factors ne-
glected by the historical complete-screening formulas and has been validated against
the exact numerical Born-level integrations as well as against the BARS and Cos-
moALEPH measurements (see Section 2.4.4). The leading-order Feynman diagrams
of the process, comprising the radiative and Bethe—Heitler topologies together with
the exchange diagrams required by the two identical final-state muons, are shown in

Figure 2.1.

Direct muon-pair production by muons is available in the GEANT4 toolkit as the pro-
cess G4AMuonToMuonPairProduction, with the differential cross-section im-
plemented in G4MuonToMuonPairProductionModel [44]. The model ex-
tends the long-established machinery for e™e¢™ pair production by muons, sampling
the fractional energy transfer v and the pair asymmetry p from the KKP double-
differential cross-section of Eqs. (2.11)—(2.15); the parameterization reproduces the
exact differential cross-section to better than 10% for muon energies above 10 GeV,
and the total cross-section to 2-3% above 30 GeV [27, 44]. The simulation uses the
FTFP_BERT_HP_EMZ physics list, which combines the Fritiof string model (FTFP)
at high energies with the Bertini cascade (BERT) at low energies for hadronic inter-
actions, high-precision neutron transport below 20 MeV (HP), and the most accurate
set of standard electromagnetic models (EMZ, i.e. G4EmStandardPhysics_opt
ion4); since muon-pair production is not enabled by default in any electromagnetic

constructor, the processes pt — pptp=, v — ptp~ and ete” — ptpu~ are switched
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on explicitly in g4dconfig.in.

Muon pairs may additionally arise in the simulation through a sequential chain e.g.
bremsstrahlung by the incident muon followed by the conversion of the emitted pho-
ton into a x4+ p~ pair. This channel is not part of G4MuonToMuonPairProducti
on; it emerges from the combination of the independent bremsstrahlung and photon-
conversion processes and is treated in this analysis as a background, referred to as the

“pseudo-trident” topology in Section 2.4.4.

The first step of the MC simulation involves simulating primary pp inelastic collisions
using DPMJET [49]. Next, the propagation of collision debris from the LHC towards
the SND@LHC detector is modeled using the LHC FLUKA framework [50]. For
2022 and 2023 cases, the particle transport is halted at a virtual scoring plane mea-
suring 1.8 x 1.8 m?, located in the rock approximately 60 meters upstream of the
SND@LHC detector. The FLUKA model provides the 4-momentum and a statistical
weight associated with each muon surviving to the scoring plane. In order to extend
the rock volume in the default GEANT4 model, the scoring plane was translated ap-
proximately 20 m further upstream by back-extrapolating muons and compensating

the average energy loss of 0.48 GeV /m inside the rock.

For an efficient production, a pre-selection was made on the muons to be propagated
to the next step of the MC by requiring that the muon would have at least one SciFi
detector point at the first station as well as requiring the muon to fall within the same
31 x 31 cm? fiducial area that was also used in the muon flux measurement. With

this selection, only 0.48 % of the initial sample is retained.

The subsequent propagation of muons from the scoring plane to the detector is sim-
ulated using a GEANT4 framework [51] that has been specifically developed for
SND@LHC and its surrounding environment. Cross sections of the processes muT
oMuonPairProd, GammaToMuPair, and G4AnnihiToMuPair are artificially
boosted by a factor of 100, and each input muon was cycled 400 times, corresponding
to 0.1 fb~! integrated luminosity. The total weight of muonic trident events occurring

at z < 280 cm (i.e. inside the upstream rock) is found to be approximately 192.
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4.1 Backgrounds

Any process yielding a three-track final state emerging from the same upstream ori-
gin can mimic the trident signature. Within the electromagnetic sector, two sequen-
tial channels are present and included in the simulation production chain alongside
the signal. In the first, a bremsstrahlung photon emitted by the incident muon (G4M
uBremsstrahlung) converts to a muon pair in the field of a nucleus (G4Gamm
aConversionToMuons); together with the surviving parent muon, this two-step
chain produces the same three-muon final state as the genuine trident. In the sec-
ond, a positron originating from an electromagnetic cascade initiated by the parent
muon annihilates with an atomic electron into a muon pair (G4AnnihiToMuPai
r); here the final state contains only the two annihilation muons alongside the parent.
Both channels differ from the signal in their vertex structure. The genuine trident is a
single-vertex process, whereas the background chains involve two or more interaction
points and secondaries, with kinematic consequences such as softer pair energies and
wider opening angles ultimately suppressing their contribution to the selected sam-
ple. Muon pair production of non-electromagnetic origin, particularly from the decay
of hadrons produced following photonuclear interactions of the parent muon, is not
included in the simulated background model. This channel was assessed qualitatively

and excluded from further consideration as a negligible background source.

4.1.1 Pair Production of Muons via Gamma Conversion

The primary background to the genuine muonic trident arises from muon bremsstrahlung

followed by photon conversion to a muon pair,
pf+N—=p*+N+y, y+N =N +ptu, (4.1)

a two-step chain producing the same three-muon final state as the direct process,
historically termed the pseudotrident in the measurement of Russell et al., where it
was indistinguishable from the signal and could only be subtracted by calculation [3].
In the rock medium the two vertices are in general spatially separated, the photon

propagating a conversion length between emission and pair production.
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The rate of this chain is governed by two strong suppressions. The bremsstrahlung
photon spectrum falls approximately as 1/E, [1], so the emitted photons are pre-
dominantly soft, while conversion to a muon pair opens only above the threshold
E, > 2m,(14+m,/My) ~ 2m, ~ 211 MeV and its cross section rises over
several orders of magnitude in photon energy before saturating at the asymptotic
value 0o, o< Z?ar?, suppressed by (m./m,)* =~ 2.3 x 107° relative to e*e~ con-
version [52]. The interplay of the falling photon spectrum and the threshold-rising
conversion cross-section concentrates the converting photons at energies not far above
2m,,, as shown in Figure 4.1: the resulting muon pairs are soft, and their opening an-
gles, of order m,, divided by muon energies that are now small are large compared to

those of genuine tridents.

Although the production rate of this chain over the full rock column is sizeable,
amounting to roughly 30% of the direct-trident rate before any selection, its con-
tribution to the selected sample is small precisely because of these kinematics: the
soft, wide-angle pairs rarely reach the detector as reconstructable three-track events.
The acceptance for conversion pairs is an order of magnitude below that of the sig-
nal, and the surviving contribution at the fiducial stage amounts to about 3% of the
selected sample. The event kinematics underlying this suppression are examined in

the following subsection.
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Figure 4.1: Left: simulated energy spectrum of bremsstrahlung photons with a 1/E.,
radiated-spectrum shape. Right: cross-section for v — p*p~ conversion as a func-

tion of the photon energy [10].
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4.1.2 Pair Production of Muons via Positron Annihilation
The annihilation of a positron with an electron into a muon pair,
ete” — utu, 4.2)

is a pure QED process at lowest order. In the limit m,. — 0 its total cross section

reads [53]
2 2 2 4m?2
o(s) = 2T <1+ﬂ) T 4.3)

35 5 S
In the present analysis this is relevant because energetic positrons are produced along
the muon track, through electromagnetic cascades, and their annihilation on the elec-
tron of the target atom, for which s = 2m.(E+m.) ~ 2m.F and allowed only above
the threshold,

2m?

By = —* —m, ~43.7 GeV, 4.4)

e

yields a p* p~ pair while the parent muon survives. The final state, u=N — p=N ptp~,
is therefore identical to the trident signal, and the process is included in the simulation

chain as a background. With § = Ey,/E = 4m?, /s Equation 4.3 takes the form [52]

2

a(E):%f(l—i—g) 1—¢ T“:m%’ 4.5)
which is the expression implemented in GEANT4 under the process G4AnnihiT
oMuPair [10]. The cross section rises steeply above threshold to about 1 ub and
then decreases as 1/F. Its energy dependence in this region has been verified at the
1% level by the CMD-2 experiment at /s = 0.37-0.52 GeV [11], corresponding to
E = 134-265 GeV in the electron rest frame as shown in Figure 4.2.  Although the
cross section is of the order of a ub just above E}y,, the contribution of this process
is small for two reasons. First, positrons are only produced through the conversion
of bremsstrahlung photons and through direct pair production, whose energy-transfer
spectra fall steeply, so that only a small fraction of the secondary positrons lies above
43.7 GeV; knock-on electrons do not contribute at all. Second, the positron loses its
energy radiatively over a radiation length of X, ~ 27 cm in rock, while the mean free
path for annihilation at 0 ~ 1 ub is of order 10 km, so that the probability of annihilat-
ing before falling below threshold is only n.X, [ o(E)dE/E ~ 10~° per positron.

The kinematics of the surviving events is nevertheless signal-like: both muons are
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Figure 4.2: Cross section for e"e™ — pp~ as a function of the positron energy
for an electron at rest, Equation 4.5 with the threshold E,, ~ 43.7 GeV. The points

are the Born cross sections measured by CMD-2 [11], expressed in the electron rest

frame through F = s/2m..
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emitted forward with roughly half of the positron energy each, and the parent muon

continues, so the process is retained in the simulation rather than neglected.

4.1.3 Photonuclear Interactions

A muon traversing matter can interact inelastically with a nucleus through the ex-
change of a virtual photon,

EN — X, (4.6)

where X denotes the hadronic final state. The cross section is usually written as the
product of the equivalent photon flux of the muon and the real-photon cross section
(o0yn =~ 100 ub), extended to virtual photons with the Borog and Petrukhin parametri-
sation [54]. In terms of the average energy loss, by, it corresponds to an interval
between 0.4 x 1076 cm? g~ - 0.4 x 107% cm? g~ in standard rock for the range of en-
ergy from 30 GeV to 1 TeV [55], comparable to bremsstrahlung and pair production,
with an energy-transfer spectrum falling roughly as 1/v, v = E,/E,,. Interactions
transferring more than a few percent of the muon energy therefore occur at a rate of

order 107° per centimetre of rock, two orders of magnitude above the trident rate.

The signal topology arises when two muons step out of the hadronic product in addi-
tion to the surviving parent muon. When the simultaneous in-flight decays of charged
pions and kaons in the shower contain three muons in the detector acceptance, the re-
constructed event could resemble the trident. However, reconstruction of these events
will be strongly suppressed due to two reasons. First: vast majority of pions and
kaons in rock interact long before they decay. The ratio of the nuclear interaction
length to the decay length being Ay /ver ~ 0.007/E[GeV] for pions, and at least
more than one of such decays are needed to be in the same shower. Second: the event
selection favors the reconstruction of collinear tracks. Muons from pion, kaon or
charm decays have energies of a few GeV and transverse momenta of a few hundred
MeV with respect to the shower axis, whereas the muons of a trident are collimated to
within milliradians of the primary. A decay muon produced tens of meters upstream
of the detector either ranges out, at an energy loss of about 0.5 GeV per meter of
rock, or arrives at a large angle and displacement from the primary track and fails

the event selection requirements. Combined with the interaction rate above, expected
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yield becomes negligible compared to genuine tridents and therefore excluded from

the analysis.

Overall, the contribution of possible background sources is expected to be 2.5 % of

all three-track event yield.

4.1.4 MC Kinematics

Kinematics of events generated with FLUKA spectrum has been studied for both
genuine tridents and gamma-conversion productions. The kinematics of the two pro-
ductions differs significantly, and this difference drives their relative acceptance. For
direct trident production, the KKP cross-section favors symmetric energy sharing
within the pair. The distribution in the asymmetry parameter p peaks at p = 0 and
vanishes on the kinematic boundary |p| = pmax While the transverse momenta of the
final-state muons are of order the muon mass ({(p, ) ~ 1.5 11). Both pair muons there-
fore emerge with comparable energies of order vE /2 and opening angles of order
w/E., at the milliradian scale. As a consequence the trident arrives at the detector as

three energetic, quasi-parallel tracks.

The gamma-conversion production inverts this picture. The bremsstrahlung photon
spectrum falls approximately as 1/, so photon conversion to a muon pair, with its
threshold at £/, = 2, is dominated by photons not far above threshold; the resulting
pairs are soft, and their opening angles are correspondingly large. In the MC simula-
tion this is directly visible: gamma-conversion pairs populate the low-energy, wide-
angle region as shown in Fig. 4.3, whereas direct tridents peaked at small opening an-
gles and high track energies. The consequence is the order-of-magnitude acceptance
difference: 23.6% of direct tridents fall within the detector acceptance against 2.6%
of conversion pairs, so that the sequential channel, already suppressed at production,

is further reduced to the few-percent level of the selected sample by kinematics alone.

In addition to GEANT4, event generation has also been performed with a recently
released version of MESMER [56], which implements muonic trident production in

muon—nucleus scattering. The resulting event kinematics, however, exhibits asym-
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Figure 4.3: Comparison of the kinematic distributions of direct muonic-trident and

photon conversion events.

metric pair topologies that have not been understood yet. The findings have been

reported to the developers, and a detailed comparison of the two generators is pre-

sented in Appendix C. Since the pair kinematics effects the analysis directly through

the selection efficiency, and hence the measured rates, MESMER is not adopted in

this measurement.
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CHAPTER 5

DATA ANALYSIS

5.1 Analysis

Data collected during the 2022 and 2023 campaigns from proton—proton (pp) colli-
sions at a center-of-mass energy of 13.6 TeV have been analyzed. A subset of data
corresponding to 34.39 fb~! of the total of 68.6 fb~! integrated luminosity recorded
during the period has been included in the analysis. In this data set, 2534 events with
three passing muons were found, meeting the requirements explained in the follow-

ing.

The possibility that such multi-track events originate from pile-up of independent pp
collisions is considered first. In order to estimate the expected contribution from pile-
up, a typical LHC filling scheme is examined, for which the probability of multiple
relevant interactions occurring within the same bunch crossing is estimated. The
example considered here corresponds to fill 9568 [57] with N, = 2198 bunches per

beam.

The LHC revolution frequency is
fLHC = 11.245 kHZ, (51)
giving a bunch-crossing frequency of

fex = Ny fuuc = 2198 x 11.245 kHz ~ 24.72 MHz. (5.2)

For the fill duration of 7" = 46 000 s, the rate of single-track events, Rginglc, 1S Ob-

tained from the muon flux measurement, and the double-track rate is measured using
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a similar procedure described in Section 5.1.3.
Ringle = 58857, Raouple = 0.04 571 (5.3)

The corresponding mean numbers of single- and double-track events per bunch cross-

ing are therefore

Rsin e — R ouble _
= 0 938 % 1070,y = — L 162 x 1070 (54)

IBx BX
Treating the occurrence of these events as a Poisson process, the probability of ob-
serving k independent single-track events in the same bunch crossing is

k
_mm M1

Py R

(5.5)
For two single-track events occurring in the same bunch crossing, the expected num-

ber over the duration of the fill is

2
Ny = Py foxT = e*ﬂl% FoxT =~ 3.22 x 102, (5.6)

For three single-track events, the corresponding expectation is

3
Ny = Py foxT = e*M% FoxT =~ 2.6 x 1072, (5.7)

The contribution from a combination of one double-track event and one single-track

event can similarly be estimated as
Prp=(1—e™)(1—e2), (5.8)

giving

Noii = Poyi foxT ~ 4.4 x 1072 (5.9)

The estimated pile-up contribution is negligible compared with the size of the se-
lected sample, so the multi-muon events can be attributed to genuine physical pro-
cesses rather than accidental coincidences. The analysis therefore focuses on the
event topology and kinematic properties characteristic of these processes, in particu-

lar muonic trident production.
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The experimental signature of muonic trident production inside the upstream rock
consists of three quasi-collinear tracks corresponding to the outgoing muons, recon-
structed in the SciFi tracker of SND@LHC. The analysis therefore selects events
with three reconstructed, quasi-collinear muon tracks. Every selection criterion is
defined identically for data and for the MC simulation, the latter produced with the
scoring plane at = = 400 m, and every threshold is derived from the data or from
the MC rather than chosen by hand, with the single exception stated explicitly in

Section 5.1.3.1. The cross section per rock atom is extracted as

N3, — Nigg
— - b N, =&, ALy, 5.10
eN,ntl ’ peoe ' -10)
with
®, =2.06 x 10* cm™? (fb~") 7!, A =31 x 31 cm®. (5.11)

Here N3, is the number of selected three-muon events and NV, the expected number
of pseudo-trident events from the two QED channels simulated alongside the signal,
v — pTp~ and ete” — ptp~. The muon flux per unit integrated luminosity @,
is taken from the SND @LHC muon flux measurement [33], and A is the same 31 x
31 cm? window that is used for the fiducial cut, so that flux normalization and event

selection refer to the same area. The remaining symbols are defined in Section 5.1.8.

5.1.1 Data Sample

Two periods are used: late 2022 (runs 5000-5171) and June—July 2023 (runs 6223—
6667). Within these periods, all runs with a recorded integrated luminosity above

0.1 fb~! are included. The resulting sample, summarized in Table 5.1, comprises 69

runs and 34.39 tb~! [58].

Table 5.1: Data sample used in the analysis.

Runs Ly [fb71]

2022 32 14.89
2023 37 19.50
Total 69 34.39
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5.1.2 Multiple-Track Search

For the reconstruction of three-muon events, a dedicated multiple track-finding algo-
rithm (multiple-track search, MTS) has been used, implemented within the SND@LHC
software framework. This method is designed to identify and reconstruct multiple,
closely spaced muon trajectories, ensuring high reconstruction efficiency and reliable
separation of the three-muon topology characteristic of muonic trident events with
the SciFi detector. Due to the absence of a stereo view in the detector, tracks are
reconstructed separately in the xz and yz projections, and tracks in one projection
cannot be associated with those in the other projection. In each plane, clusters closer
than 2 mm to each other are merged, and the merged cluster is placed at their mean
position. Only events in which every plane is hit and each plane contains between
two and eight clusters are considered. Doublets are then formed from merged clus-
ters in consecutive planes of the same view if their transverse distance is smaller than
8 mm, and chained over the five planes, allowing at most one inefficient plane; this
enforces a straightness across the planes. A 2D line fit is performed per projection for
each track candidate. In the clone removal step, candidates that share more than one
cluster are compared: the more complete candidate, i.e. the one with more planes,
is retained, and among equally complete candidates the one with the smaller fit y2.
Events with exactly three tracks in both views (3 x 3) are passed on to the selection.
The schematic representation of a three-muon event reconstructed with the MTS al-

gorithm is presented in Figure 5.1.

5.1.3 Event Selection

The event selection with the SciFi detector consists of two phases. The coarse pre-
selection requires a time difference of at least 100 SND@LHC clock cycles (cc) to
the preceding event. Furthermore, in each event, hits outside the —0.5 to +2.0 cc
time window are discarded and not used in the reconstruction. An example hit time
distribution is shown in Figure 5.2. In the second phase, the MTS algorithm is run
over the pre-selected sample, and events with three resolved quasi-collinear tracks in

both views are selected.
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Figure 5.1: Schematic of a three-muon event crossing stations S1-S5. The top track
has two clusters merged at S3 (separation < 2 mm), the middle track has a single
cluster in every station, and the bottom track is missing a hit at S4. The dashed grey

line shows a clone track; the orange marker illustrates the doublet criterion |Ax| <
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Figure 5.2: An example SciFi hit time distribution in units of ns.
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The full selection chain is summarized in Figure 5.3. After the MTS stage, four

criteria are applied in sequence:

1. Quality: the largest absolute residual of each track must lie below the 98%
quantile of the corresponding sample (2.10 mm in data, 1.16 mm in MC);
tracks that share a cluster with another track must satisfy |residual| < 1 mm

(Section 5.1.3.1).

2. Crossing tracks: no pair of tracks in the same view may cross inside the de-
tector. A crossing is identified when the order of the two tracks flips between
the first and the last common station while both separations there are more than
3 mm apart. Pairs that come closer than 3 mm at one end are therefore not

vetoed.

3. Fiducial: the station-1 points of all three tracks must lie inside the window
x € [—42,—11] em, y € [18,49] cm, which is the window of the muon flux

measurement.

4. Collinearity: the largest pairwise angle between the three tracks must satisfy

Abhax < 60 mrad.

{ Coarse pre-selection: At to previous event > 100 cc, out-of-time hits removed
¥
{ Multiple-track search (MTS): exactly 3 tracks in both views (3 x 3)

¥
Quality: max |residual| below the 98% quantile of each sample (data 2.10 mm, MC

1.16 mm); tracks sharing a cluster < 1 mm

¥
Crossing tracks: no pair of tracks may cross inside the detector (unless < 3 mm apart) }

¥
{ Fiducial: all three station-1 points inside the flux window x € [—42, —11], y € [18,49] cm

¥
Collinearity: largest pairwise angle Afmax < 60 mrad

Figure 5.3: The selection chain. The shaded criteria are derived from the data and the

MC themselves rather than chosen by hand.

The number of events surviving each stage is given in Table 5.2 for the data and for
the signal MC. The data 3 x 3 sample still contains showers and merged or duplicate

tracks, which the quality cut removes. This explains the lower stage efficiency of
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the quality cut in data (46%) than in the signal MC (85%). After the quality cut
the stage efficiencies of data and MC are similar, except for the fiducial cut, whose
acceptance depends on the spatial distribution of the incoming muons. The pseudo-
trident channels (v — pp and eTe™ — up) make up 2.5% of the selected MC events.

An example of a selected event is shown in Figure 5.4.

Table 5.2: Cut flow for the data and the signal MC (11 — ppt ™). The MC yields are

weighted and normalized to 0.1 fb~!.

Data (34.39 fb~1)  MC (per 0.1 fb™1)

Stage events stage eff. weighted stage eff.
3 x 3 tracks 11469 - 14.05 -
Quality 5319 46% 11.91 85%
Crossing tracks 5243 99% 11.81 99%
Fiducial 2547 49% 7.50 63%
Collinearity 2534 99.5% 749  99.98%

5.1.3.1 Quality Cut

The quality of each reconstructed track is assessed by the largest absolute residual of
its points with respect to the fitted line. The residual distributions of data and MC
are shown in Figure 5.5. The data resolution is worse than that of the simulation:
for clean data events without shared clusters, the median of the largest residual is
0.28 mm, against 0.18 mm for the MC signal. Since the efficiency ¢ is taken from
the MC, a common threshold would remove a larger fraction of genuine tracks in
data than in the MC and bias the result. The threshold is therefore calibrated on each
sample separately so that it removes the same fraction of the tracks it is calibrated
on: it is set at the 98% quantile of the largest residual of tracks sharing no cluster, in
events that pass the crossing-track and fiducial cuts. This gives 2.10 mm for data and

1.16 mm for MC.
Tracks that share a cluster with another track need a tighter criterion, and are required
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Figure 5.4: Event display of a selected muonic-trident candidate produced in the rock

upstream of the SND@LHC detector

to satisfy |residual| < 1 mm. This value is the one threshold of the selection that
is chosen rather than derived: the shared tracks sit at 4.6-6.9 mm in both samples,
so no quantile-matched version of the rule exists, and any such version is equivalent
to removing the rule. Removing the rule entirely moves o by +3.5%. The rule re-
moves 3.4% of otherwise-selected data events against 0.15% of the MC, and event
displays of the removed data events show combinatorial ghosts, i.e. tracks built from

the clusters of the other two muons.

The residuals per plane are shown in Figure 5.6. The data distributions are 15-25%
wider than the MC in every plane. The end stations are wider than the central ones,
since there the line is extrapolated; the MC is sharper because the simulated clusters

sit at their ideal positions.

The origin of the data residual tail has been investigated further, as shown in Fig-
ure 5.7. Sharing no cluster does not imply that a track point is unmerged: a noise
cluster merged into a track point within the merging distance dg,, leaves the track
unshared. When the same tracks are split according to whether they contain such a

merged point, merging increases the tail by a factor of 1.47 in data and by a factor of
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Figure 5.5: Largest absolute track residual in data and MC. The thresholds are the

98% quantiles of tracks sharing no cluster: 2.10 mm in data and 1.16 mm in MC.
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Figure 5.6: Track residuals per SciFi plane for data and MC.
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0.96 in the MC. However, even unmerged data tracks have 2.5 times the MC tail, and
the tail is flat in the separation of the closest track pair, so neither noise merging nor
track—track merging is its origin. Deriving the threshold from unmerged tracks only

(1.86 mm in data and 1.18 mm in MC) changes the selected event yield by —2.2%.
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Figure 5.7: Largest track residual for tracks with and without a merged cluster, in data

and MC.

5.1.4 Data—MC Comparison

The characteristic signature of trident events in the SND@LHC detector consists of
two closely spaced, nearly parallel tracks accompanied by a third, more spatially sep-
arated track, as illustrated in Figure 5.4. In the following, the selected data events are
compared with the MC tridents and, where relevant, with a sample of three uncorre-
lated muons. The latter is built by overlaying single muons taken from different data
events, and represents a bundle of muons without a common vertex. In all compar-
1isons of MC versus Data, the simulation is normalized to the number of selected data
events. A single scale factor is applied to the sum of signal and pseudo-trident back-
ground, which keeps their relative fractions as predicted. The uniform-random and
uncorrelated-muon templates, which have no absolute normalization of their own, are

scaled to the same number of events.

Track separations. The signature can be verified by examining the distances be-

tween the 2D-fitted tracks. The minimum distance among the three tracks (d,,;,) has
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a different distribution in different ranges of the maximum distance (d.,). Both
quantities are measured at the first SciFi station, as illustrated in Figure 5.8. The dis-
tributions of d,;, in slices of d,., are shown in Figures 5.9 and 5.10, comparing data
with the MC together with a toy model of three points drawn uniformly within the
same fiducial window. The data follow the MC tridents, not the random triplets, in

every slice, with Kolmogorov—Smirnov probabilities of 0.6—-1.0.
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Figure 5.8: Illustration of the d,,.x and d,,;, parameters.

Pairwise angles. The angles between the three track pairs are shown in Figure 5.11.
They are broader in data than in the MC, with a median of 3.8 mrad against 2.6—
2.7 mrad (mean 6.7 against 4.4 mrad).

Collinearity. The largest pairwise angle A#,,.x, on which the collinearity cut acts,
is shown in Figure 5.12. The data are broader than the MC tridents (median 6.8
against 4.6 mrad). Three uncorrelated data muons, however, are broader still by a
large margin: the data lie next to the MC tridents rather than next to the bundle hy-
pothesis. A template fit of the data with the trident and uncorrelated-muon shapes
did not give a satisfactory description, as the signal shape in data is broader than
in the MC; the uncorrelated contribution is therefore bounded without templates in

Section 5.1.7.1.
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Figure 5.9: d,,;, distributions in d,,,, slices at SciFi station 1 in the xz view, for data

(black points), MC tridents, and three uniformly random points in the fiducial window

(blue).
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Figure 5.11: Pairwise angles between the three selected tracks in data and MC.
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Figure 5.12: Largest pairwise angle Af,,, for data, MC tridents, and three uncorre-

lated data muons (dashed).

63



Track slopes. The track slopes are shown in Figure 5.13. In the yz view data and
MC agree (mean 1.8 against 1.4 mrad), whereas in the xz view the data are shifted
by about 3 mrad (mean 2.9 against —0.3 mrad). The same offset is seen for single
muons and therefore points either to the beam direction or to the global alignment of

the detector rather than to the trident selection.
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Figure 5.13: Track slopes in the xz and yz views for data and MC.

Position at station 1. The positions at which the three tracks enter the SciFi, inside
the 31 x 31 cm? window used by both the fiducial cut and the flux normalization, are
shown in Figure 5.14. The data follow the MC tridents across the window, while three

uncorrelated muons would be distributed uniformly, as the dashed histogram shows.

5.1.5 Upstream Rock Boundary

The cross section extraction for the data was performed over the upstream rock vol-
ume. In the simulation cycle, however, incoming single muons are halted at a scoring
plane at a distance of 420 m from IP1. In fact, muons travel through the machine

elements in the accelerator infrastructure and the underground rock, where they can
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Figure 5.14: Track positions at SciFi station 1 for data, MC tridents, and uncorrelated

muons (dashed).

potentially interact with any material along the path. Therefore, it is essential to ex-
amine the passage of incoming muons from IP1 to the detector to assess the physical
depth of the rock and the column density along the muon corridor. To accomplish
this, a ray-trace survey e.g. each parent muon is traced backward against the up-
stream tunnel envelope is carried out using the FLUKA simulation, the CERN GIS
portal, and the MAD-X model [59] of the accelerator lattice. The outcome of the
ray-trace with the default simulation setup (e.g. scoring plane at 420 m) is immediate
and is shown in Table 5.3. Using the simulated incoming muons that have at least
one hit in the first SciFi station (thus accounting for the flux value incorporated in
the cross section normalization), each material in the simulation model is weighted
by the length traversed by the muon, and an average energy loss of 0.48 GeV/m is

assumed.

As far as the boundary between the upstream rock and the LHC tunnel envelope is
concerned, for each muon, the trajectory is compared with the surveyed LHC machine
geometry. The perpendicular offset of the muon trajectory from the MAD-X beam
axis is defined as d(s), where s denotes the distance from IP1. The muon is considered

to be inside the LHC tunnel as long as |d(s)| < i, where 7y, = 2.2 £ 0.2 m is
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Table 5.3: Material composition and average material budget along the muon trajec-

tory from the interaction point to the SND@LHC detector.

Material Fraction (L)
Rock (molasse) 90.3 % 67.1 m
Concrete 6.7 % 5.0m
Air 2.9 % 2.2m
(X) 17254 g/cm?
(Leqg) 71.9m
(dE) 34.5 GeV

the half-width of the tunnel obtained from the GIS geometry. The quantity Sy.y 18
then defined as the position at which the muon trajectory leaves the tunnel envelope
for the last time and enters the continuous rock region. This position is taken as the
starting point of the physical target for the corresponding muon. Since the tunnel wall
is a tilted surface with respect to the muon trajectory, the intersection point depends
on the individual muon trajectory. Consequently, Sy, 1S a per-muon quantity and
the boundary between the tunnel and the physical target is described by a distribution
rather than by a single plane. The median value of s is found to be 398 m from IP1,
as shown in Table 5.4. A visual representation of a median-representative, detector-
pointing muon traced against the surveyed machine geometry, and a sketch of the
corridor of all detector-pointing muons, are also presented in Figures 5.15 and 5.16,

respectively.

5.1.6 Detection Efficiency

The detection efficiency is one of the key parameters for the extraction of the cross
section inside the rock. It is obtained from the signal MC as the product of the effi-

ciency of the coarse pre-selection and that of the offline selection,

€ = Egkim X Eoffiine = 0.2366 x 0.1645 = 0.0389. (5.12)
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Table 5.4: Rock boundary position Sy, for r,, = 2.2 m and its dependence on the

assumed tunnel half-width.

Quantity Value

Mean 396.7 m
5% 1/50% /95 % 368.5/398.0/411.5m

Rock begins ~ 11.8 m upstream of the MC face

Ttun Median Sy
2.0m 392.0m
2.2m 398.0 m
2.4 m 404.5 m
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Figure 5.15: Top and side view of a median-representative muon traversing through

the accelerator and the LHC
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Figure 5.16: Sketch of the corridor of muons pointing towards the SND@LHC de-

tector

The rock face implemented in the GEANT4 model starts at 400 m from IP1, while the
real rock boundary around the LHC tunnel envelope was found between ~370 and
410 m, as presented in the previous subsection. In order to estimate the efficiency
over the rock region and the systematic uncertainty associated with the tunnel half-
width, the efficiency is evaluated as a function of the depth d = —z of the vertex in
the rock, shown in Figure 5.17. Shallow vertices produce tracks too close together to
be resolved, while deep vertices produce tracks that spread beyond the acceptance, so
the efficiency peaks at an intermediate depth. In order to assign efficiencies at depths
beyond the implemented rock volume, the distribution is modeled with a Gumbel
function [60] describing the peak, plus an exponential describing the long tail at large

depth,

e(d)=A exp[— (u + e‘“)} + Be YA, u = d- dO, (5.13)

S

where d is given in meters. The fit gives a peak position dy = 14.0 = 2.2 m and a
width s = 11.8 + 3.0 m, with x?/ndf = 9.8/15. Averaged over the flux and over the
depth, the efficiency is ¢ = 0.039 4 0.002, consistent with the value obtained from

the selection chain. The same fit is used to evaluate the systematic uncertainty from
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the position of the rock face (Section 5.1.9).
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Figure 5.17: Fraction of generated tridents passing the full selection as a function of

the vertex depth in the rock, with the fit of Equation 5.13.

5.1.7 Background

Two classes of background are considered. The first consists of the pseudo-trident
processes v — putp~ and ete” — pp~, in which a muon pair is produced by
a secondary photon or positron rather than directly by the incoming muon. These
channels are part of the simulation, pass the same selection as the signal, and make
up 2.5% of the selected MC events. Scaled to the luminosity of the data, they give
Npkg = 67 events, which are subtracted in Equation 5.10. The contribution of three-

muon pile-up from independent pp collisions was shown above to be negligible.
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5.1.7.1 Contamination Bound

The second class consists of events with three muons that do not originate from a
single trident vertex and are not included in the MC. Since the template fit of Sec-
tion 5.1.4 does not describe the data, this contribution is bounded from one sample
and one variable, without a fit. Let a denote the fraction of selected events with
dmax > D at station 1. If a fraction f of the data consists of uncorrelated muons,

described by the mixed-event sample, and the rest of signal,

Adata = f Amixed + (1 - f) CLsignal - f S (data ) (514)

(mixed

where the bound follows from aggna > 0, 1.€. every data event above D is counted as
uncorrelated. The fractions as a function of D are shown in Figure 5.18. The value
D = 20 cm is the largest value that keeps at least 30% of the mixed-event sample
above D in both views; since anyixeq decreases monotonically with D, this choice is
unique and does not involve the signal MC. The bound is f < 0.123 in the yz view
and f < 0.125 in the xz view, i.e. at most 318 of the 2534 selected events. The cross
section would therefore be lower by at most 13.0%, which is assigned as a one-sided

systematic uncertainty.
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Figure 5.18: Fraction of selected events above d,,,,x = D at station 1 for data, MC
tridents and uncorrelated (mixed) muons, and the resulting bound on the contamina-

tion.
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5.1.8 Estimation of the Cross-Section for Muonic Trident Production

In this work, the total muonic trident production cross section per rock atom is mea-
sured. For a given model, the average cross section folded with the energy spectrum

is defined as .
[z o(E)o(E)dE

<U> = EmmE )
S O(E)dE

(5.15)

where ¢(F) is the energy spectrum of the initial muons and o(FE) the total cross
section at fixed energy. Evaluating Equation 5.15 with the GEANT4 model over the
muon spectrum employed in the production yields (o) = 294 nb/atom for the molasse
rock target. The quantity measured with Equation 5.10, however, is averaged along
the muon path through the rock, over which the muons lose energy; the corresponding

GEANT4 expectation is 241 nb/atom.

In Equation 5.10, N3, = 2534 is the number of selected events, Ny, = 67 the
pseudo-trident background, ¢ = 0.0389 the detection efficiency, and N, = 6.81 x 10®
the number of incoming muons in the fiducial window for L;,, = 34.39 fb~!. The
number density of target atoms is taken from the rock model implementation, n =
PN/ A = 6.47 x 10* atoms/cm?® with p = 2.40 g/cm?® and Ao = 22.33 g/mol,
and the path length is £ = 80.4 m, corresponding to a column density of 19 294 g/cm?.
The event yield corrected for background and efficiency is Neorr = (N3, — Noke) /€ =

63 406, and the resulting cross section is
o = 179.0 & 3.7 (stat) 7372 (sys) nb/atom, (5.16)

where the systematic uncertainties are discussed in Section 5.1.9. The measured value
is about 26% below the path-averaged GEANT4 expectation, data/MC ~ 0.74. Fig-
ure 5.19 shows the measured cross section together with the GEANT4 cross section
as a function of the muon energy at the rock face, its spectrum-averaged and path-

averaged values, and the incoming-muon spectrum.

As a consistency check, the stability of the extracted cross section is studied on a
run-by-run basis across the different data acquisition (DAQ) periods, as summarized
in Table 5.5 and Figure 5.20. The per-run statistical uncertainty is computed from the
expected number of events, i.e. the pooled event rate multiplied by the exposure of

the run, rather than from the observed count, which would bias the weighted average
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Figure 5.19: Measured cross section (black point), together with the GEANT4 cross
section as a function of the muon energy at the rock face (red curve), its spectrum-
averaged value (grey dashed line), the path-averaged expectation (blue dashed line),
and the FLUKA muon spectrum (grey histogram, right axis). The horizontal bar of
the measured point spans the central 90% of the muon energies; the vertical bar is the

total uncertainty.
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towards low values. The runs are mutually consistent, with x?/ndf = 58.1/68 (p =
0.80). The two years also agree: 181.3+5.6 nb/atom in 2022 and 177.244.8 nb/atom

in 2023 (statistical uncertainties only).
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Figure 5.20: Cross section per DAQ run. Error bars represent statistical uncertainties

only; the horizontal line shows the pooled result.

5.1.9 Systematic Uncertainties

The systematic uncertainties on the measured cross section arise from the inputs to

Equation 5.10 and from the event selection. They are summarized in Table 5.6.

Muon flux. The normalization of the measurement relies on the number of incom-
ing muons, taken from the SND@LHC muon flux analysis [33]. The 6% relative
uncertainty quoted on the flux measurement is adopted and propagated directly to the
cross section; the analysis already considers the uncertainty on the integrated lumi-
nosity of the 2022 dataset, determined by the ATLAS Collaboration with a precision
of 2.2% [61], and therefore no separate luminosity contribution is assigned. A sec-
ond normalization effect concerned with the initial muon flux is the position of the
scoring plane used in the MC production. The backward extrapolation of the initial
muons from the FLUKA simulation already accounts for the energy loss in the rock

through ionization and bremsstrahlung, and the vast majority of the muons originate
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Run N3, L N, o dc Run N3, L N, o do
[fb=1] [105] [nb] [nb] [fb=1] [10°] [nb] [nb]

5000 47 0.60 119 191 28 6259 40 055 109 177 29
5003 41 059 11.7 169 28 6264 48 0.82 162 141 24
5005 21 028 55 182 40 6268 45 0.63 125 173 27
5013 12 023 4.6 125 45 6273 43  0.64 127 163 27
5024 32 039 7.7 200 34 6279 23 032 63 174 38
5036 12 0.3 26 225 59 6286 39 077 152 122 24
5044 12 012 24 245 62 6290 51 0.61 12.1 204 27
5054 17 020 4.0 207 48 6292 32 056 11.1 138 29
5056 50 0.73 145 166 25 6295 44 053 105 202 29
5059 46 059 11.7 190 28 6296 38 0.65 129 141 27
5084 36 057 113 153 28 6305 31 043 85 175 33
5086 43 052 103 201 30 6549 10 0.16 32 151 54
5094 58 0.67 133 211 26 6552 16 0.17 34 230 52
5097 27 041 81 159 33 6562 38 055 109 168 29
5099 54 0.65 129 202 27 6568 57 0.72 143 193 25
5100 43 0.65 129 160 27 6574 58 0.68 13.5 208 26
5109 60 0.64 127 229 27 6577 62 0.77 152 196 24
5115 25 029 57 210 40 6590 58 0.85 16.8 165 23
5120 60 0.62 123 237 27 6593 58 0.80 158 176 24
5122 20 024 48 203 44 6596 62 077 152 196 24
5125 49  0.69 137 172 26 6598 24 034 6.7 171 37
5128 17 021 42 197 47 6605 40 056 11.1 173 29
5130 25 037 73 164 35 6610 32 038 7.5 205 35
5132 55 076 15.0 176 25 6622 59 058 11.5 249 28
5133 27 041 8.1 159 33 6627 10 0.13 2.6 187 59
5136 10 0.12 24 203 62 6636 9 015 3.0 145 55
5144 15 020 40 182 48 6640 69 099 19.6 169 22
5152 31 059 11.7 126 28 6657 15 0.18 3.6 203 50
5154 51 076 150 163 25 6663 57 0.74 14.6 187 25
5157 49 070 139 170 26 6667 64 0.80 158 195 24
5159 34 048 95 172 31

5171 32 048 95 161 31

6223 14 024 48 141 44

6226 26 042 83 150 33

6233 12 024 48 120 44

6237 30 042 83 173 33

6246 30 048 95 151 31

6250 19 0.19 3.8 245 49

6252 60 0.68 135 215 26

Table 5.5: Per-run summary: number of selected events N3, recorded integrated
luminosity, number of incoming muons in the fiducial window, and the extracted cross
section with its statistical uncertainty. The systematic uncertainty (+15.4%/—21.0%)
is fully correlated between runs. In total V3, = 2534 events were selected in Liy =

34.39 fb~!; the runs are mutually consistent with x?/ndf = 58.1/68 (p = 0.80).
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far upstream of the injection plane. Indeed, 91.3% of the single muons come from
meson decays, while the remaining part emerges from prompt production, and only
0.94% of the flux originates downstream of the rock face implemented in the GEANT4
model; therefore, its effect is not included in the uncertainty budget. The distribution
of the z coordinate of the muon production origin, shown alongside a sketch of the

LHC tunnel, is presented in Figure 5.21.
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Figure 5.21: Distribution of the 2z coordinate of the single-muon production origin,
shown together with a sketch of the LHC tunnel between IP1 and the SND@LHC
detector. Only 0.94% of the flux originates downstream of the rock face implemented

in the GEANT4 model.

Muon energy spectrum. The SND@LHC detector does not comprise a momen-
tum spectrometer. It is therefore blind to the energies of the passing muons, and the

measurement relies on the spectrum delivered by FLUKA, whereas the cross section
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has a strong energy dependence. To account for the uncertainty on the initial-muon
energy, the true MC cross sections obtained with 10 GeV shifts of the nominal

spectrum are compared, and a 3.6% relative uncertainty is assigned.

Rock composition and density. The composition of the molasse rock is treated as
a source of uncertainty. Since the elemental fractions of the rock upstream of the
detector are not directly measured, the sensitivity of the result to the implemented
rock model is assessed by replacing the SND@LHC rock model with the standard
rock definition commonly used in underground physics (7 = 11, A = 22, p =
2.65 g/cm?®) [62]. The resulting shift of 12% in the predicted yield is taken as the
associated systematic uncertainty. The number density n entering Equation 5.10 is

attached to the same model choice and its variation is included in this estimate.

Rock boundary. Alongside the material composition of the rock target, its geom-
etry is also considered. The position of the rock face was obtained in Section 5.1.5,
with a median of 398 m for the nominal tunnel half-width r;,, = 2.2 m. When the
half-width is varied by +0.2 m, the median moves to 392.0 and 404.5 m. The effi-
ciency integral is re-evaluated for the shifted boundaries using the fit of Equation 5.13,
and the resulting relative change of 2.3% is assigned as the corresponding systematic

uncertainty.

Event selection. Three sources are evaluated for the selection and combined in
quadrature into 4.9%. The cluster-merging distance of the MTS, dg,, = 2 mm, is
varied to 1.5 and 2.5 mm with the full selection rerun on data and MC, giving 172.5
and 175.8 nb/atom, 1.e. 3.6%. The residual working point is varied between the 97%
and 99% quantiles, giving 181.5 and 176.9 nb/atom, i.e. 1.4%. Finally, the shared-
track rule is scaled by the data/MC resolution ratio instead of being kept at a flat
I mm, which changes the result by 3.0%.

Multiple pair production. The MC selection works efficiently on one trident ver-
tex per event, while one incoming muon can produce more than one pair in the rock

with the artificial boost used in the simulation. In the full, unfiltered GEANT4 MC
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truth, the fraction of selected events that come from such multiple pair production is
0.2896/8.0045 = 3.6%, which is assigned as an uncertainty on the MC normaliza-

tion.

Collinearity cut. The collinearity threshold is varied from 60 mrad to 50 and 80 mrad,
giving 177.1 and 179.9 nb/atom. The largest change, 1.1%, is assigned as a systematic

uncertainty.

Crossing tracks. The crossing-track veto does not act on pairs crossing near the
first or the last station, where the separation is below 3 mm. This happens in 18 of
the 2534 data events (0.71%) and at a similar rate in the MC tridents (0.57%), with
the same separations and crossing positions, as a genuine trident pair can converge.
Vetoing every crossing gives 178.3 nb/atom, and the difference of 0.4% is assigned

as a systematic uncertainty.

Contamination. The bound on three-muon events that do not originate from a sin-
gle trident vertex, derived in Section 5.1.7.1, is included as a one-sided downward

uncertainty of 13.0%.

Residual-cut scheme. The quality cut uses sample-specific thresholds matched in
efficiency (Section 5.1.3.1). An alternative scheme would apply one common thresh-
old to both samples. With the MC smeared to the data resolution and the shared-track
rule removed, matched quantiles give 178.5 nb/atom and one common 2.10 mm cut
gives 167.9 nb/atom. Since it is a choice of scheme rather than a fluctuation, the

difference of 5.9% is included as a one-sided downward uncertainty.
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Source Relative [%] Absolute [nb/atom]

Rock composition and density 12.0 21.5
Muon flux normalization 6.0 10.7
Event selection 4.9 8.8

AGap 3.6

shared-tracks 3.0

residual cut 1.4
Muon energy spectrum 3.6 6.4
Multiple pair production (MC normalization) 3.6 6.4
Rock boundary (ry, = 2.2 + 0.2 m) 2.3 4.1
Collinearity cut (50-80 mrad) 1.1 2.0
Crossing tracks 0.4 0.7
Contamination (one-sided) —13.0 —23.2
Residual-cut scheme (one-sided) —-5.9 —10.6
Total systematic +15.4/ —21.0 +27.5/ — 37.5
Statistical 2.0 3.7

Table 5.6: Breakdown of the uncertainties on the muon trident cross section o =
179.0 nb/atom, obtained from N3, = 2534 events. Systematic sources are added in

quadrature; the two one-sided sources enter only the downward total.
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CHAPTER 6

CONCLUSION

In this thesis, the muonic trident process =N — p* Nyt~ has been observed and
its cross section measured with the SND@LHC experiment, using the intense flux
of high-energy muons produced at the LHC and the rock upstream of the detector as
a massive passive target. The process is a rare, purely electromagnetic reaction of
order o*, suppressed by (m./m,)? relative to eTe™ pair production. It probes QED
in a regime where the nuclear form factor cannot be neglected, and it has been tested

directly by relatively few events in the past.

Initial theoretical frameworks, treating the nucleus as point-like and assuming com-
plete screening at high energies, overestimated the cross section, as demonstrated
by several cosmic-ray experiments. These discrepancies motivated new approaches,
such as the KKP model, which incorporates finite nuclear-size effects into the cross-
section parametrization. The experimental history of muonic tridents, traced in Chap-
ter 2 and summarized in Table 6.1, also shows that the track record is exceptionally
sparse and includes a limited number of observed events associated with the process.
The measurement presented in this thesis removes that limit: the high-granularity
SciFi tracker of SND@LHC preserves the collinear three-track signature of tridents

produced in the upstream rock.

The simulation strategy, built mainly on top of the GEANT4 implementation of the
KKP model (G4MuonToMuonPairProduction), also includes the pseudo-trident
backgrounds v — p*p~ and ete” — ptu~. Leveraging the muon flux and the
number of observed events, the data analysis converts the simulation chain into a
measurement. On top of a coarse pre-selection, a dedicated multiple-track search has

been run over the data collected during the late 2022 and June—July 2023 periods,
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69 runs corresponding to an integrated luminosity of 34.39 fb~!, reconstructing three
quasi-collinear tracks in the SciFi tracker. Every selection criterion is applied iden-
tically to data and simulation and, with a single stated exception, derived from the
samples themselves rather than chosen by hand. For the normalization, the selection
efficiency is modeled as a function of the interaction depth from the signal simula-
tion, and a dedicated survey is carried out to determine the rock extent at the LHC
site. From 2534 selected events, with an efficiency- and background-corrected yield

of 63 406 interactions, the cross section per rock atom is extracted as
o = 179.0 4 3.7 (stat) 7372 (sys) nb/atom,

and is compared to the path-averaged GEANT4 (KKP) prediction of 241 nb/atom.
This constitutes the first measurement of the muonic trident cross section at TeV-
scale energies, providing a test of QED pair production in the coherent nuclear field
in a previously unexplored energy regime, with an event sample exceeding the com-
bined statistics of all previous trident measurements by more than an order of magni-
tude. Beyond the measurement itself, the demonstrated reconstruction of multi-muon

events establishes a calibration benchmark for the experiment’s neutrino and BSM

programme.
Experiment Year Beam / Source Target Nops Result
Morris—Stenerson 1968 cosmic f Fe 33 large uncertainties
Russell et al. 1971 u, 10 GeV Pb 75 0oef = 51 nb/atom?
BARS 2005 cosmic [ liquid Ar 7 consistent with KKP
CosmoALEPH 2006 cosmic {1 rock + Fe 2 within KKP prediction
This work (SND@LHC) 2022-2023 LHC y Rock 2467 179.0727-3 nb/atom’

Table 6.1: Experimental history of muonic trident measurements, together with the
result of this work (background subtracted). ® The measurement also established that
the two identical muons in the final state obey Fermi—Dirac statistics. ° Statistical
and systematic uncertainties added in quadrature; the path-averaged GEANT4 (KKP)

prediction is 241 nb/atom.

Three-muon events were selected in 34.39 fb~! of SND@LHC data from 2022 and

2023. The measurement is limited by the systematic uncertainties, dominated by the
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rock composition (12%) and by the one-sided bound on the contamination from multi-
muon events that do not originate from a single trident vertex (—13.0%). The statisti-
cal uncertainty, 2.0%, is already small compared to all leading systematic sources.
The pseudo-trident background is small (2.5% of the selected simulated events),
three-muon pile-up from independent pp collisions is negligible, and the contribu-
tion from uncorrelated multi-muon events is bounded from the data alone to at most
13.0%. The result is stable across the data set: the 69 runs are mutually consistent

(x?/ndf = 58/68), and the two years agree within their statistical uncertainties.

The distributions of the selected events follow those of the simulated tridents in track
separation and in position at the first SciFi station, and they are clearly distinct from
both uniformly random triplets and three uncorrelated muons. The angular distribu-
tions, however, are broader in data than in the simulation: the median pairwise angle is
3.8 mrad in data against 2.6-2.7 mrad in the simulation, and the tracks show a global
offset of about 3 mrad in the xz slope that is also present for single muons. The track
residuals in data are 15-25% wider than in the simulation, which is why the quality
cut is calibrated separately on each sample. The energy dependence of the process is
not accessible, since the detector has no momentum measurement and the result is av-
eraged over the FLUKA muon spectrum. The spectrum-averaged GEANT4 cross sec-
tion at the rock face is 294 nb/atom, while the path-averaged value that corresponds
to the measured quantity is 241 nb/atom, as the muons lose energy along their path
through the rock. In the end, the measured cross section, 179 nb/atom, is about 26%

below the path-averaged GEANT4 expectation of 241 nb/atom, i.e. data/MC =~ 0.74.

Extensions of this study are envisaged for the future. With high-resolution trackers
and a spectrometer proposed for the Run 4 period, a study with a tungsten target,
with contained vertices, will become increasingly feasible with improved statistics
and enhanced coherence in a high-Z nucleus. A momentum measurement would
give access to the energy dependence of the cross section, and a well-known target
would remove the dominant uncertainty of the present measurement, the composition

of the rock.
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APPENDICES

A Physical Constants

The physical constants used throughout this thesis are listed below.

Table A.1: Physical constants

Constant Value

Avogadro constant, N4 6.02214129(27) x 10% mol ™!
Reduced Planck constant, /i 6.58211928(15) x 10722 MeV s
Conversion factor, Ac 1.973269718(44) x 1075 eV cm
Speed of light in vacuum, ¢ 2.99792458 x 10® ms~!
Bohr magneton, /i 5.7883818066(38) x 107> MeV Gt ~ 0.296 MeV ~*
Fine-structure constant, o 137.035999074(44)
Fermi constant, G 1.1663787(6) x 107> GeV 2
Electron mass, m, 0.510998928(11) MeV
Muon mass, m,, 105.6583715(35) MeV

Tau mass, m. 1776.82(16) MeV
Proton mass, m,, 938.272046(21) MeV
Neutron mass, m,, 939.565379(21) MeV
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B GEANT4 configuration

The GEANT4 settings used for the simulation are as follows.

Listing 6.1: g4Config.C

// Configuration macro for GEANT4 VirtualMC

void Config()

TG4RunConfiguration runConfiguration
= new TG4RunConfiguration ("geomRoot", "FTFPBERTHPEMZ",
"stepLimiter+specialCuts+specialControls");
/// Create the G4 VMC
TGeant4 geant4 = new TGeant4d ("TGeantd",
"The Geant4 Monte Carlo", runConfiguration);
/// create the Specific stack
ShipStack stack = new ShipStack (1000);
stack StoreSecondaries (KTRUE) ;
stack SetMinPoints(0);
geant4 SetStack(stack);
/// Customise Geant4 setting
/// (verbose level, global range cut, ..)
TString configm(gSystem Getenv ("VMCWORKDIR")) ;

TString configml = configm + "/gconfig/gd4config.in";

cout " I g4Config() using gd4conf macro: "
configml endl;
geant4 ProcessGeantMacro (configml.Data());
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Listing 6.2: gdconfig.in

Geant4 configuration macro
/mcVerbose/all 0
/mcTracking/loopVerbose 0
/mcPhysics/g4NeutronHPVerbose 0
/mcPhysics/g4HadronicProcessStoreVerbose 0

switch on other sources of di muon
/physicslists/em/PositronToMuons true
/physicslists/em/GammaToMuons true
/physicslists/em/MuonToMuons true
/process/em/verbose 0
/process/eLoss/verbose 0
/process/had/verbose 0
/process/verbose 0

Enable local magnetic fields

/mcDet /setIsLocalMagField true
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C Event Generation with MESMER

As an independent cross-check of the GEANT4 trident generator, the process is ad-
ditionally simulated with MESMER [63], a fully differential MC generator built on
the complete tree-level QED matrix element. The two descriptions differ in kind:
GEANT4 samples the semi-analytical KKP parameterisation, differential only in the
energy-sharing variables, whereas MESMER evaluates the exact amplitude over the
exact phase space, with no approximation on the angular variables. The comparison
therefore probes both the overall normalisation and those kinematic features that a pa-
rameterization in energy variables cannot, by construction, reproduce. In MESMER,
the muon pair production process with the nucleus is implemented under the approxi-
mation that the nuclear recoil is neglected, corresponding to the infinite nuclear mass
limit. In this approach, energy conservation is strictly enforced, while exact conserva-
tion of the three-momentum is relaxed due to the neglected recoil of the nucleus. The
nuclear charge distribution is modeled using electromagnetic form factors available
in [64], which provide a realistic description of the finite nuclear size and structure.
The matrix elements were calculated independently using FORM [65] and Package-
X [66], without neglecting any particle masses. The finite size of the nucleus is taken
into account by multiplying the matrix element by a form factor F'(¢), where ¢ is the
three-momentum transferred to the nucleus. The form factor is related to the nuclear
charge density distribution p(r) via the Fourier transformation
0 .
F(q) = % /0 drr?p(r) qu(—fr) : (C.1)

where the charge distribution is normalized to the total nuclear charge,

47r/ drr?p(r) = Ze, (C.2)
0

such that F' = 1 for a point-like nucleus. The functional form of F'(¢) depends on the
parametrization chosen for p(r), which is modeled using several commonly adopted
parameterizations. The one-parameter Fermi model (1pF) describes the charge den-

sity as
- P
1+exp (TT_C)

where pj is a normalization constant, z ~ (.52 fm is the surface thickness, and c is the

p(r) , (C.3)

half-density radius, which can be evaluated from the experimental value of the root-
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mean-square charge radius. The modified harmonic oscillator model (MHO) takes

2 2
p(r) = p (1 + w%) exp (—%) , (C4)

where p; is a normalization constant, while @ and w are input parameters extracted

the form

from experimental data. Finally, the Fourier—Bessel expansion (FB) is given by

. k
Zakjo(%> r<R
p(r) = 4 k=1

0 r>R,

(C.5)

where jo(z) = sin(z)/x is the zeroth-order spherical Bessel function, R is an input
parameter, and a, are the expansion coefficients, normalized so that

n (_1 k+1
Dy =Ze (C.6)

k=1

In its default version, the MESMER code supports only two nuclear targets, beryllium
and carbon, corresponding to the materials proposed for the MUonE [67] experiment.
For the present work, the code has been extended to handle composite targets, as re-
quired to describe trident production in the molasse rock upstream of the detector.
The GEANT4 rock composition model comprises 33 elements; however, the ten lead-
ing elements listed in Table C.1 already account for 99.77% of the mixture by mass.
The extension therefore retains only these ten constituents, while the remaining 23

trace elements are neglected.

Within the 1pF model, the only input parameter required for each element is the half-
density radius c of the nuclear charge distribution, which is parameterized using the
approximation [68]

c~1.23AY3 —0.60 fm, (C.7)

where A is the mass number, while the surface thickness is fixed to zg ~ 0.523 fm.
The normalization of the charge distribution involves the trilogarithm Lig(—ec/ ZO),
which is precomputed for each element with the Python mpmath library [69] and
hard-coded in the extension. The parameters used in MESMER simulation is pre-

sented in Table C.2

In order to compare the output of the two event generators, a 100 GeV muon beam is

simulated in MESMER, and an additional simulation is run using GEANT4 by shoot-
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7/  Element f

8 O 0.5438
14 Si 0.1454
20 Ca 0.1343

6 C 0.0936
13 Al 0.0360
26 Fe 0.0195
19 K 0.0123
12 Mg 0.0074
11 Na 0.00325
22 Ti 0.00208

Sum 0.9977

Table C.1: The ten leading elements of the SND @ LHC rock composition model, with

mass fractions f; together they account for 99.77% of the mixture by mass.

ing muons of the same energy onto the rock target with the particle-gun option. To
obtain the cross sections produced by MESMER, the simulation is run on each tar-
get element listed in Table C.1 with full angular acceptance, except for a 0.05 mrad
cut on the minimum scattering angle, together with a cut on the maximum momen-
tum transfer to the nucleus, |¢?| < 0.6 GeV?. Although both generators produce a
coherent pattern growing with Z2, the MESMER cross sections are observed to be
systematically ~1.7 times larger than GEANT4’s across each element in the list of

target materials, as shown in Table C.3.

To measure the detector response to production with MESMER, the simulation is re-
peated with additional angular-acceptance cuts on the outgoing muons to enhance
the computational efficiency. A 32 mrad cut on the maximum scattering angle and
a 100 mrad cut on the maximum outgoing-lepton angle are additionally considered.
Vertices with positions sampled from the pre-generated GEANT4 production are then
propagated through the detector simulation. To emulate the rock composition, each

vertex is weighted by the relative contribution of the target material to the overall
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Z Element  MCID A, [u]l  c[fm] Lig(—e)

4 Be 1000040090 9.012182 2.0671 —16.7836

C 1000060120  12.011  1.9669 —15.0501

8 O 1000080160  15.9993 2.4994  —26.0142

11 Na 1000110230 22990 2.8980 —37.4032
12 Mg 1000120240  24.306  2.9479  —39.0490
13 Al 1000130270  26.982  3.0900 —44.0110
14 Si 1000140280  28.086  3.1350 —45.6727
19 K 1000190390  39.098  3.5712 —64.1689
20 Ca 1000200400 40.0784 3.6065 —65.8678
22 Ti 1000220480  47.867  3.8701  —79.5469
26 Fe 1000260560  55.845  4.1206  —94.2544
82 Pb 1000822080  207.2  6.6431 —361.6648

Table C.2: Nuclear parameters hard-coded in the MESMER extension for each sup-
ported target element: the PDG Monte Carlo identifier of the reference isotope, the
atomic mass A, used to compute the nuclear mass (M = A, x 0.9315 GeV/c?), the
half-density radius c of the 1pF charge distribution, and the precomputed trilogarithm

Lig (— ec/%0 ) entering its normalization.
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Nucleus Z GEANT4 [nb] MESMER [nb] Ratio

C 6 41.010 70.08 £3.91 1.71
O 8 69.957 117.61 £6.85 1.68
Na 11 125.429 21258 £12.77  1.69
Mg 12 148.046 251.56 £15.17 1.70
Al 13 171.075 29048 £17.71  1.70
Si 14 197.222 335.16 £20.51 1.70
K 19 345.619 o87.29 £37.15 1.70
Ca 20 381.519 648.11 £41.10 1.70
Ti 22 449.314 761.10 £49.22  1.69
Fe 26 612.851 1034.10 £ 68.08 1.69

Table C.3: Total cross-sections for uN — uNp*p~ at an incident muon en-
ergy of 100 GeV for the ten leading elements of the rock composition, from
G4MuonToMuonPairProduction and from the extended MESMER. The last

column gives the MESMER-to-GEANT4 ratio.
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mixture and transported using the Ntuple option. The kinematic comparison is shown
in Figures C.1-C.4. It is worth noting that the GEANT4 kinematics were extracted at
the first SciFi true measurement point for the scattered muon and therefore include
transport effects such as multiple scattering. The energy spectra of the final-state
muons and the pair invariant mass display similar features in a coarse sense, as shown

in Figure C.1.
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Figure C.1: Final-state muon energies and pair invariant mass for uN — pNu* ™ at
100 GeV: G4MuonToMuonPairProduction (Energy of scattered muon is taken

from the first SciFi point.) compared with MESMER.

The pair energy asymmetry, as presented in Figure C.2, however, reveals the struc-
tural limitation of the parameterized approach: the KKP cross section is an even
function of the asymmetry parameter p, so the GEANT4 p* and ;= spectra are sta-
tistically identical by construction, whereas MESMER exhibits a charge-dependent
asymmetry between the pair energies, with the sense of the asymmetry following the
charge of the incident muon. This is genuine physics of the full amplitude. The in-

terference between the radiative and Bethe—Heitler diagram topologies is odd under
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charge conjugation of the projectile [56], an effect absent from the KKP description,
which includes neither the interference terms nor any angular information beyond the

energy-sharing variables.
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Figure C.2: Pair energy asymmetry. The GEANT4 (KKP) distribution is even by
construction; MESMER exhibits a charge-dependent asymmetry originating from the
charge-odd interference between the radiative and Bethe—Heitler topologies of the

full tree-level amplitude.

The angular observables show the largest discrepancies between the two models. The
pair opening angle and the individual daughter angles, as shown in Figure C.3, are sig-
nificantly different between the two samples, as is the scattering angle of the primary
muon shown in Figure C.4. The differences in the latter must be interpreted bearing
in mind that the GEANT4 scattered muon is exposed to transport effects, while the
MESMER distribution is the genuine QED prediction, of order m,/E,, at these ener-
gies. For the former, the GEANT4 model samples the polar angles from approximate

distributions rather than from the differential cross section.

The dependence of the predicted yield on the event generator was assessed by com-
paring selection efficiencies. The GEANT4 sample yields an overall efficiency of
14.1%, while the MESMER sample yields 8.4%, as shown in Figure C.5. This differ-

ence changes the efficiency itself and thus represents a choice of model rather than a
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Figure C.4: Scattering angle of the primary muon. In the GEANT4 sample the primary

muon carries deflection effects due to multiple scattering during transport; MESMER

provides the exact tree-level prediction.
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statistical fluctuation.
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Figure C.5: The detection efficiencies of the GEANT4 and MESMER samples as func-
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tions of production depth and pair opening angle.

The conclusion drawn for the analysis is that the kinematic observables described by
the two calculations, on which the event selection principally relies, show a significant
difference even at relatively low energies compared to the TeV-scale spectrum, where

the MESMER code exhibits computational issues, supporting the use of the GEANT4

generator for the signal simulation.
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D Investigations on the Lead Target

As another complementary check for the analysis, the production with the lead nu-
cleus is studied. The reported effective cross section in [3] corresponds to a total of
392 nb/nucleus after the efficiency correction is applied. The reported efficiency due
to the 1.5 GeV energy cut over all three outgoing muons was 16% while the accep-
tance efficiency is about 80 % in the reference work. In order to verify the impact
of the energy cut, MC simulations with both GEANT4 and MESMER have been run
with a beam of 10 GeV muons impinging on the lead nucleus. In the GEANT4 setup,
a 10 x 10 x 10 cm? target volume was created with the SND@LHC environment and
a 10 GeV particle gun was used. For practical reasons, the momentum of outgoing
muons were recorded by a model of a small Muon Filter plane. The layout of the

test setup is shown in Figure D.1 It has been observed that 40% of produced trident

Figure D.1: The test setup for the tridents on the lead target

events passes the 1.5 GeV cut applied on the outgoing momenta of three final state
muons with this configuration. The MESMER simulation, on the other hand, has

been run with the following data cards:

mode weighted
nev 200000
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nwarmup 2000
seed 42

Omu 1

Ebeam 10.0
bspr 0.0
nphot 1021
FEemin 0.1
thmumin 0.05
Nz 82

NFFE 1

NQcut 0.774
store yes no
storemode 0
path pb_10gev_26-02-23_164743/out

run

In the MESMER production, the fraction of the events with individual final state
energies > 1.5 GeV for all three muons is observed to be 21%. Apart from the effi-
ciency, a significant difference between event kinematics has been observed between
two simulations. The distribution of final state energies and angle between produced

pair is shown in Figure D.2.
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Figure D.2: Kinematics of muonic tridents on the lead target with GEANT4 (solid
lines) and MESMER (dashed lines). Left plot shows the distribution of outgoing

muon energies. The right plot shows the opening angle between produced pair.
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