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Abstract

This paper considers how the SND neutrino detector at the Large Hadron
Collider, CERN, may probe light dark matter. To this end, the leptophobic
portal is considered (mostly with a dark matter mass of 20 MeV). After a
review of the sensitivity of the current SND configurations, two
alternative configurations are considered: one in the same pseudorapidity
range as the current experiment, the other further off-axis. While the
former will have a higher sensitivity than the current experiment, for the
latter this depends on the mediator mass. For a mediator mass of 7 GeV,
the sensitivity of the off-axis configuration is higher than the sensitivity of
the current experiment and the other alternative configuration.






Contents

1 Introduction

2 Beyond the Standard Model: Dark Matter

21
2.2
2.3
24
2.5

Standard Model

Beyond the Standard Model
Dark Matter

Lee-Weinberg bound

Light Dark Matter

3 SND@LHC

3.1

3.2

4.1
4.2

Detector

3.1.1 Veto plane

3.1.2 Target region

3.1.3 Muon system

3.1.4 Event reconstruction
Dark Matter detection

3.2.1 Elastic signature
3.22 NC/CCratio

Leptophobic Dark Matter

Leptophobic portal
Production channels

421 Interaction radius

4.2.2 Proton content

423 Proton bremsstrahlung
424 Drell-Yan process

425 Meson decay

42.6 Total production

Version of July 13, 2022— Created July 13, 2022 - 16:12

=

NN Ul = W W

10
11
11
12
12
14

17
17
18
19
19
19
20
20
21



vi CONTENTS
4.3 Constraints 22
4.3.1 Direct detection: CRESST-III 23

4.3.2 MiniBooNE 23

433 CDF 23

4.4 Reach of SND 23

5 Advanced Configurations of SND 27
5.1 Events 27
5.2 Advanced configurations 28
521 AdvSNDg,, 28

522 Cross section 29

523 Geometric Acceptance 31

524 Average cross section 32

525 AdvSNDryear 32

52.6 Sensitivity 33

5.3 Discussion 34

6 Conclusion 37
A Pseudorapidity 41
B my limit CRESST-III 43

vi

Version of July 13, 2022— Created July 13, 2022 - 16:12



Chapter

Introduction

During the twentieth century, the standard model of elementary particle
physics (Standard Model, SM) has been developed. At its core, it is a math-
ematical framework to explain observations/experiments. With the dis-
covery of the Higgs boson in 2012, all predictions based on the standard
model had been measured/confirmed. Although experiments at particle
colliders can be explained by the standard model, there remain questions.
There are phenomena that cannot be explained by the standard model.
Therefore, the standard model is incomplete. This research focuses on
dark matter, the term for one of the phenomena not explained by the stan-
dard model. In 1932 already, Oort concluded that there must be mass in
galaxies that we cannot see: it does not emit light. Light, photons, be-
ing the result (mediator) of the electromagnetic force, this ‘"dark matter’
does not directly interact electromagnetically.” Therefore, for decades al-
ready, the question is what constitutes this dark matter and how we can
measure/detect it. Despite many searches, these questions have not been
answered yet. Some look for particles with very high mass; so high that
we cannot see them yet because our current particle accelerators do not
provide enough center-of-mass energy. Recent theories, however, propose
to look for lighter particles, instead, relying on them interacting so feebly
(even weaker than typical weak force interactions) with standard model
particles that we have not seen them yet. Therefore, the particles predicted
by these theories are referred to as feebly interacting particles, FIPs [2].

Another problem of the Standard Model is that it predicts neutrinos to
be massless. Contrary to this prediction, experiments have shown that in
reality, neutrinos do have a (very tiny) mass. At CERN, Geneva, a new de-

*Although an observed 3.5 keV line has been suggested to originate from dark matter

[1].
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2 Introduction

tector, the Scattering and Neutrino Detector at the Large Hadron Collider
(SND, SND@LHC) is used to investigate neutrino scatterings during Run
3 of the LHC. However, it may also be used to probe dark matter candi-
dates.

In this paper, following [3], I will detail how the SND detector may probe
leptophobic light dark matter. To this end, the workings of the detector
will be explained first. Then the leptophobic portal is considered, to see
how much of the parameter space SND covers. Lastly, I will discuss two
alternative configurations of the detector, AdvSN Dy and AdvSND,0qr
that have been proposed for Run 4 of the LHC. Before all else, I will first
provide the reader with some background information on the standard
model and dark matter.
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Chapter 2

Beyond the Standard Model: Dark
Matter

2.1 Standard Model

Atits core, the Standard Model of Particle Physics is a mathematical frame-
work to explain observations/experiments in particle physics. Mathemat-
ically, it is a local symmetry group describing the electromagnetic and
weak nuclear forces (together the electroweak force) as well as the strong
nuclear force. This gauge group is the direct product U(1)xSU(2)xSU(3)
of the circle group U(1) and the special unitary groups SU(2) and SU(3).
SU(3) is the symmetry group associated with the strong force (described
by quantum chromodynamics). It has dimensionality 8, which corresponds
to there being 8 independent colour states for gluons, the force carries of
the strong force. Those interact with the 6 quarks of the model as seen in
Fig. 2.1 and their antiparticles.

The U(1) and SU(2) groups are connected to the electromagnetic and weak
nuclear forces, but not as straightforwardly. The U(1) group is connected
to one boson, B. The SU(2) group has dimensionality 3 and gives rise to
the three bosons Wi 5 3. However, we know that the mediator of the elec-
tromagnetic interaction is the photon 7 and the mediators of the weak
interaction are the Z°, W= bosons. These emerge because of spontaneous
symmetry breaking from U(1)xSU(2). The B and W3 bosons mix to pro-
duce v and ZY, both having no electric charge. Mixing of the W , bosons
yields the electrically charged W= bosons. This symmetry breaking is the-
oretically associated with the Higgs mechanism, which gives mass to the
79, W# particles. It requires an additional quantum field to be introduced

3
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4 Beyond the Standard Model: Dark Matter

into the theory and an additional boson: the Higgs boson. In 2012, a parti-
cle that is believed to be the Higgs boson was discovered at CERN, at the
time the last particle of the Standard Model to be discovered.

The photon interacts with quarks (which have not only colour charge but
also electric charge) as well as the charged leptons: the electron, muon
and tauon and their antiparticles. The other leptons, the neutrinos, are
electrically neutral and only interact with the W and Z bosons. All other
fermions (so quarks and leptons) interact with the weak interaction too.
The elementary particles of the Standard Model are depicted in Fig. 2.1.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| Il 11l
mass = =2.2 MeV/c2 =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c2
@ | @ | @ . @ |- H
up charm top gluon higgs
————
=4.7 MeV/c2 =96 MeV/c? =4.18 GeV/c? 0
‘@ I'® IF® | @
down strange bottom photon
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c2 =91.19 GeV/c?
@ IO '@ || @
electron muon tau Z boson
<1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c?
. Ve . Vu SVt . w
heutrino | | neutrino | | neutrino | | W boson

Figure 2.1: Standard Model of particle physics. The figure shows the particles
as well as which fermions interact with which mediators. Figure taken from
Wikipedia.

2.2 Beyond the Standard Model

The Standard Model is very successful in the sense that it agrees with the
outcome of collider experiments so far. However, certain phenomena are

4
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2.3 Dark Matter 5

observed that cannot be explained by the (current) Standard Model. Such
phenomena are called Beyond the Standard Model (BSM) problems, as
they require a modification/addition to the current model: the Standard
Model is not complete. These phenomena include the baryon asymme-
try in the Universe, neutrino oscillations and dark matter (as discussed in
[4]).

The baryon asymmetry problem comes down to there being more bary-
onic matter than antimatter in the Universe. However, one intuitively as-
sumes that the Big Bang should have produced just as much matter as
antimatter. Either this was not so, or asymmetry has occurred later in the
Universe’s evolution. In any case, it cannot be explained by the Standard
Model.

The Standard Model predicts neutrinos to be massless particles that have
a certain lepton flavor (electron, muon, tau). The detection of neutrinos
must be through weak force interactions as the neutrinos only interact
with the Z and W bosons, such that what is detected is actually the lepton
flavour. However, experiments have shown that in reality, neutrinos are
not massless and they can transition between lepton flavours. The latter
phenomenon is known as neutrino oscillations. The idea is that the lepton
flavour states are linear combinations of the mass states. This cannot be
explained by the Standard Model.

2.3 Dark Matter

The BSM problem that will be relevant for the rest of this paper is the dark
matter problem. In 1932 Oort looked at stellar motion in the Milkyway.
Equating the gravitational force and the centripetal force, one can predict
the velocity of stars moving around the galactic centre as a function of
the the mass in the galaxy and the distance from the centre. Oort’s obser-
vations, however, showed that the velocity of the stars was higher than
could be expected from the visible matter in the galaxy. Therefore, he con-
cluded there must also be matter that we cannot see: dark matter. Zwicky
came to the same conclusion on the scale of a galaxy cluster in 1933. Since
then, evidence has been piling up that there must be invisible mass. In the
Standard Model, only neutrinos are electrically neutral matter particles.
However, their mass is not high enough to account for the total amount of
invisible matter. Therefore, the Standard Model cannot explain the dark
matter existence.
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6 Beyond the Standard Model: Dark Matter

24 Lee-Weinberg bound

Many proposed solutions to explain the dark matter problem involve weakly
interacting massive particles (WIMPs): as they are massive, they may ac-
count for the invisible mass in galaxies, but because they do not interact
via the electromagnetic force, they are dark matter (DM) particles and be-
cause they do not interact via the strong force they are called weakly in-
teracting. Such particles were first proposed by Lee and Weinberg [5].

In their paper, they derive a lower bound for the mass of such particles,
therefore called the Lee-Weinberg bound. The idea is that the DM particles
were in thermal equilibrium through the annihilation x + x <+ SM + SM
in the early Universe. This process has an interaction rate I';;;. As the
Universe expanded, the density of DM particles decreased, such that I';;;
decreased. At some point, the annihilation rate was lower than the rate

of expansion of the Universe H = %, I';;; < H such that the annihilation
did not take place (as much as before) anymore. Therefore, the amount of
WIMPs in the present is determined by the density of the Universe when
I'i,y = H. This leads to the equation [4]

Qxhz < ov>=3-10"cm>/sec (2.1)

where the interesting term is the thermal average of the cross section times
the relative velocity < v > as it scales as < 0v >~ G%mi SO

Qy ~ Gp2m,? (2.2)

The Fermi constant Gr scales with the mass of the W boson as Gg ~ Mv_vz-
Therefore, eq. 2.1 links the number density of dark matter particles (€))
to the mass of the DM particle (m,) and the mass of the W boson, which is
known.

As the number density of DM particles cannot exceed the total number
density of the Universe, determining the latter constraints the mass of the
DM particle. The Lee-Weinberg bound is m, > 5 GeV [4]. So by this
reasoning, there can be no WIMP particle with a mass lower than about 5
GeV.

2.5 Light Dark Matter

Nevertheless, there is a way around this constraint, as it only applies to
particles weakly interacting with SM particles. The idea is that there may

6
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2.5 Light Dark Matter 7

be a currently unknown mediator between the DM particles and SM par-
ticles. If this is the case, the scaling with the mass of the W boson in the
Fermi constant is to be replaced by the mass of this new mediator, so [4]

4
) ~ Tnsditor (2.3)
X
Of course the upper boundary on (), still holds, but if m,,,4i010r < My,
then m, is not as constrained anymore. Such a model therefore allows for
DM particles with a mass below the Lee-Weinberg bound of 5 GeV. DM

particles with m, <5 GeV are called Light Dark Matter (LDM).
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Chapter 3

SND@LHC

During Run 3 of the Large Hadron Collider (LHC) at CERN, a new detec-
tor is used: the Scattering and Neutrino Detector (SND, SND@LHC). The
detector is positioned in the TI18 tunnel, 480 m from the ATLAS interac-
tion point. Because the detector is positioned just slightly off-axis, with
pseudorapidity range 7.2 < n < 8.6, it will study the scattering of neutri-
nos with high energy [3].*

However, the detector may also be able to detect particles scattering simi-
larly to neutrinos; light dark matter particles interacting with SM particles
for instance.

3.1 Detector

Although the details are beyond the scope of this paper, a brief explanation
of the detector is now included. This part of the paper is based on the
information of the SND collaboration provided in their letter of intent [6]
and technical proposal [7]. Fig. 3.1 shows the layout of the detector. From
upstream to downstream, it consists of the veto plane, target region and
muon system. Its total length is 2.6 m, the area of the target region 39 x 39

Cl’l’l2 .

3.1.1 Veto plane

As the goal of the experiment is to detect/measure neutrinos, and neu-
trinos are electrically neutral, the first part of the SND detector is a veto

“Please see Appendix A for an explanation of the pseudorapidity #.
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10 SND@LHC

5x Upstream
5x SciFi planes Muon planes 3x Downstream
Muon planes

5x Emulsion/W

TARGET REGION

Figure 3.1: Layout of the SND detector. The detector consists of the veto plane,
the target region (consisting of 5 emulsion cloud chambers and scintillating fibre
plates) and the muon system (consisting of 8 iron blocks and scintillator planes).
Figure taken from [7].

system. The veto system consists of two planes of scintillator bars and
silicon photomultipliers, tagging charged particles reaching the detector
(especially muons).

3.1.2 Target region

Following the veto system is the target region. It consists of five bricks of
emulsion cloud chambers(ECC) followed by scintillating fibre plates. The
emulsion bricks consist of 60 emulsion films interleaved with 59 tungsten
plates. The actual target, tungsten, is a very dense material and the total
target mass is about 800 kg. The emulsion films are vertex detectors with
micrometric resolution and together show the tracks of charged particles.
As the measurements on these bricks have to be performed by studying
them with an optical microscope, they are planned to be replaced every
six months. Tau leptons will be identified by studying the vertices in the
emulsion.

The scintillating fibre plates (SciFi) record time and position stamps for
charged particles that pass. They provide missing information about the
electromagnetic and hadronic showers that are visible in the ECC: their

10
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3.1 Detector 11

energy. The measurements of the SciFi plates can be used to disentangle
all the tracks/events recorded by the emulsion films and link events from
successive bricks. Together, the emulsion bricks and the SciFi plates form
an electromagnetic calorimeter. An electron produced by neutrino scat-
tering creates an electromagnetic shower which is detected by the electro-
magnetic calorimeter.

3.1.3 Muon system

The most downstream component of the SND detector is the muon sys-
tem. It consists of 8 iron blocks and scintillator planes. The iron slows the
particles down. Additionally, iron can be magnetised, such that charged
particles will be deflected. By measuring the deflection with the scintil-
lator planes, their energy can be determined. This part of the detector is
called the muon system because especially muons will be able to reach
it: because they are so massive and interact way less with other particles
than for instance an electron, most of the muons created in the target sec-
tion will penetrate the muon system.

Because of all the iron (8 blocks each 20 cm thick), the muons will be
slowed down and their tracks measured by the plates. Because almost
all other particles will be stopped by the iron, if a particle reaches the last
three scintillating planes it can be selected as a muon. Together with the
scintillating fibre plates in the target region, the muon system scintillator
planes form a hadronic calorimeter.

3.1.4 Event reconstruction

As the electronic detectors (veto plane, SciFi plates in target region and
scintillator planes in muon system) transmit their signals continuously
during the run of the experiment, this data may be analysed during the
run of the experiment. Using these measurements, one can already re-
construct electromagnetic showers, identify muon candidates and get an
estimate of the neutrino energies. Analysis of the emulsion target provides
crucial information for identifying tau lepton events. The tracks also pro-
vide additional information on the energies of the incoming particles (the
higher the energy, the narrower a shower). Furthermore, one can distin-
guish electromagnetic showers by photons from those by electrons, as the
emulsion films show a displaced vertex for the photon conversion process
due to their micrometric accuracy.

11
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12 SND@LHC

3.2 Dark Matter detection

Although the SND detector primarily aims to detect neutrinos, it may
probe dark matter particles as well. In this paragraph, two signatures for
dark matter particles scattering off protons in the target are discussed.

3.2.1 Elastic signature

Neutrinos scattering off of particles in the target material can happen ei-
ther elastically (the final state of the nucleon does not change) or inelasti-
cally (the nucleon breaks up, creating a hadronic shower). Which of the
two is dominant depends on the mediator mass. Elastic scattering is sub-
dominant for mediator masses 1,,,,4iat0r =, 1GeV. Because neutrino scatter-
ing is determined by the weak force, this is the case for neutrino scattering,
as the mass of the Z boson is about 91 GeV and the mass of the W boson
is about 80 GeV. Therefore, very few elastic neutrino scattering events are
expected at SND@LHC. In fact, only 1.7 events are expected during the
whole run of SND@LHC [3].

Elastic vs inelastic cross sections

The reason is that the elastic differential cross section has an additional
term as compared to the inelastic differential cross section (discussion based
on [3]). Because for elastic interactions the proton is considered as a whole
particle, the proton form factor D, shows up in the vertex, thus entering
the cross section squared. In terms of the momentum transfer Q and me-
diator mass (my in the equation);

d(Tel 1

i~ @ @)
A 1 (3.1)
sz (Q2 + m%, )2
The proton form factor scales as
Dy(Q) ~ —— 62)

Q 2
(1+ O.71GeV2)

From egs. 3.1 and 3.2 it can be seen that the elastic cross section goes to
zero for momentum transfers higher than 0.843 GeV. The reason is that

12
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3.2 Dark Matter detection 13

this is the momentum transfer associated with an interaction radius the
size of the proton. For higher momentum transfer, the interaction radius
is smaller than the radius of the proton, such that the interaction takes
place on a smaller scale than the proton as a whole. This means that in-
stead of elastic scattering, inelastic scattering is being considered.
Therefore, the integration interval to compute the total cross section is ef-
fectively limited to 0.843 GeV in the elastic case. In both the elastic and
inelastic cases, the interval is limited by the mediator mass. Combining
these two statements, the integration interval for (deep) inelastic scatter-
ing extends to the mediator mass, while the integration interval for elas-
tic scattering extends to min[mediator mass, 0.843 GeV]. Therefore, elas-
tic scattering is suppressed for mediator masses higher than about 1 GeV,
while lighter mediator masses lift this suppression. Fig. 3.2 shows a plot
that gives a good idea of the ratio between the elastic and inelastic scatter-
ing cross sections for different mediator masses.

my= 10 MeV, E,= 1 TeV, Eq,= 110 MeV

0.500F

- 0.100}
5 0.050}
-]

0.010¢
0.005F

0.01 0.10 1 10 100
my, [GeV]

Figure 3.2: Ratio between cross sections of elastic and inelastic scattering
0.1/ oinel for a model with mediator mass my. The plot is based on a DM mass
m, = 10 MeV and energy E, = 1 TeV. Additionally, the proton is assumed to
have the minimal kinetic energy of 110 MeV, such that it could be detected. Fig-
ure taken from [3].

Now suppose that the mediator mass of the leptophobic dark matter
model that is considered in this paper is below the GeV level. Dark matter
particles scattering off protons would then be an explanation for detecting
elastic scattering events. As such, an excess of elastic scattering events
(seen as hadronic showers) would be a hint for the existence of light dark
matter particles.

13
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14 SND@LHC

Experimental problems

As elastic scattering of neutrinos/dark matter off of protons leaves the
protons intact, identifying these events could happen by detecting the
scattered protons. However, the scattered protons will have energies be-
low the 1 GeV limit. Because they have such low energies, they are ab-
sorbed in the target region before reaching the SciFi detectors. Therefore,
the elastic signature will only be visible in the emulsion films (which re-
quire the protons to have kinetic energies above 110 MeV) [3]. Unfortu-
nately, the background may pose a problem. Other cascades may mimic
proton tracks. Because it is unknown how many tracks from other parti-
cles may mimic the desired proton tracks, it is unclear whether the elastic
signature would yield accurate results.

3.2.2 NC/CC ratio

Fortunately, elastic scattering is not the only possible signature of dark
matter. Apart from the elastic/inelastic distinction, one can also distin-
guish between neutral-current (NC) and charged-current (CC) interactions.
Charged-current interactions are characterised by an exchange of a W=
between the neutrino and the nucleon, while neutral-current events in-
volve the exchange of a Z boson. For the following discussion, a mediator
mass (for the coupling between DM and SM particles) higher than 1 GeV
is assumed, such that (deep) inelastic scattering (DIS) is dominant for DM
scattering as well.

A DM particle scattering of a proton in the target mimics NC neutrino
events. Therefore, one would like to know how many of those events take
place in the detector. However, the amount of neutrino events in the de-
tector is quite uncertain, such that just looking at the amount of detected
NC events and seeing if this is higher than the expected amount of NC
neutrino events is not very useful.

Although the amount of NC neutrino events during the run of SND@LHC
is quite uncertain, the ratio between NC and CC neutrino events is deter-
mined by the standard model. One of the goals of SND is to measure this
ratio, as a consistency check for the standard model. However, if there
are enough DM scattering events, there will be relatively more NC events
registered (as DIS DM events mimic NC neutrino-nucleon interactions).
Therefore, an NC/CC ratio that is higher than predicted by the SM may
indicate DM particles.

14
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3.2 Dark Matter detection 15

Assuming as many neutrinos as anti-neutrinos reach the detector, the
NC/CC ratio is given by [8]

P = (TKIC + UK]C (3 3)
v v :
Tcc T 0¢cc

This can be shown to be [9] (for a derivation, see [10]):

P= %{1 — 2sin*Oy + 29—Osin49w — A(1 = 2sin®Byy)sin®Opw (3.4)

where 0y is the Weinberg angle (also called the weak-mixing angle as
it describes the mixing between the electromagnetic and weak interaction
in the standard model) and A is a measure to correct the equation for an
unequal amount of protons and neutrons in the target. For tungsten, A ~
0.040, so (using Oy ~ 28°) P ~ 0.33 [3].

There are a few errors on this P. First of all, there is the statistical er-

ror (determined by the amount of neutrino interactions), which will be
less than 5 %. A systematic error, up to 10%, is caused by CC events be-
ing recognised as NC events because the resulting lepton is not identified
as such. Lastly, there is an error of less than 5% due to the asymmetry
between neutrino and anti-neutrino spectra. The total (experimental) un-
certainty in P is about 10 % [7].
If we assume the 450 NC neutrino events that has been simulated for
SND in [7], the amount of LDM inelastic scattering events needed for
the desired 20 confidence level can be computed. Because the amount
of NC events is Poisson distributed, one also has to consider a contribu-
tion opyisson = V/450. The experimental uncertainties amount to an error
Texperimental = 0.1 - 450 = 45.0. Adding the uncertainties quadratically, the
total is given by:

2 _ 2 2
Tiotal = TPoisson + Uexperimentul

Ototal — V 450 + 4502

Therefore, a 20 confidence level that the ratio measurements indicate a
deviation from the theoretical NC/CC ratio (thus hinting at the existence
of DM") requires ~ 100 LDM inelastic scattering events [3].

(3.5)

* A deviation of this ratio in itself is not evidence of dark matter, it could also be that the
SM needs adjusting on another level. However, evidence for DM may be further found
by studying the kinematics and topology of the final state hadrons, which are different
for neutrino events and DM events.

15
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Chapter I

Leptophobic Dark Matter

4.1 Leptophobic portal

The dark matter particle considered in this paper is a scalar particle, yx,
that couples to SM particles via a leptophobic portal. A leptophobic portal
means that the DM particle has an interaction with a vector mediator, V,
that does not interact with leptons (directly), but it does interact with the
baryon current | 5 = %ﬁqu. In other words, the interactions is with quarks

(pairs, 7u, dd, etc.). The reason why a leptophobic portal is considered is
that other experiments are more efficient at probing the parameter space
if the DM particle couples to leptons. For a leptophobic portal, however,
SND@LHC may probe an unexplored part of the parameter space. The
Lagrangian is given by :

Eleptophobic = —&B Vy]ﬁ + gXVV (aHX+X + X+ayX) (4-1)
The relevant parameters in this model are:
¢ my the mass of the mediator
* m, the mass of the DM particle

2
* ap = %ﬁ the coupling of the mediator to the baryon current

2
* ny = f—j; the coupling of the mediator to the DM particles

When performing calculations or plotting figures, it is common to fix
ay and m,, keeping ap and my as parameters. Often, a, = ap or ay = 0.5
is taken. For m,, my = my /3 is regularly used. In this paper, as we are

17
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18 Leptophobic Dark Matter

interested in LDM particularly, m, = 20 MeV is considered unless stated
otherwise.

4.2 Production channels

The DM particles may be produced by pair production from the media-
tor: V. — xXx. Therefore, we have to consider how the mediator can be
produced. Because the LHC is used as a proton accelerator, production
channels from protons will be considered. The three channels considered
are (as described in [11]):

* Proton bremsstrahlung: p+p — V + X
* Drell-Yan process: g+ 4§ — V + X

e Decay of light, unflavoured mesons: 7%, 7 — V + v

Their diagrams are given in Fig. 4.1.

p 7 g
(a) (b) (c)

Figure 4.1: The diagrams of the three channels considered for producing the me-
diator of the leptophobic portal. (a) proton-proton bremsstrahlung, (b) °, 7 de-
cay, (c) Drell-Yan process. Figure taken from [3].

The first two (a and c in Fig. 4.1) are direct production channels: the
mediator is produced by two interacting protons or quarks from protons.
The difference is that bremsstrahlung is an elastic interaction, while the
Drell-Yan process is inelastic. Which of the two takes place (dominantly)
is determined by the mediator mass my. The third is an indirect channel,
which requires the production of the mesons first.

In order to understand the two direct production channels, some re-
marks have to be made on the interaction radius and proton content.

18
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4.2 Production channels 19

4.2.1 Interaction radius

First of all, the scale at which the interaction takes place, called the in-
teraction radius 7;,; here, is determined by the momentum transfer of the
interaction. The interaction radius scales with the momentum transfer as
Tint ~ é To produce the mediator, a momentum transfer of the mediator
mass is minimally required. Thus, the momentum transfer Q needed to
produce the mediator is Q = my. Therefore, a larger my means a smaller
rint- Expressed in energy scales, the proton radius is 7psoton ~ 1GeV L. If
Tint < Tproton, the interaction takes place on a smaller scale than the proton

as a whole: one is actually considering an inelastic process.

4.2.2 Proton content

Although for the standard model a proton is considered to consist of 3
quarks (2 up, 1 down), it is actually a collection of many particles: there is
a sea of quarks and gluons, together called partons. The three quarks that
we describe the proton with are just the valence quarks that describe the
(flavour) symmetry properties that are considered in the standard model.
The quarks are bound together by the strong force.

For low momentum, the strong coupling constant is high, such that the
quarks are strongly bound and the resulting particle can/must be treated
as a hadron. This is known as confinement. However, the strong coupling
constant decreases for higher momentum. This is known as asymptotic
freedom: for very high momentum, the quarks are not bound as strongly,
which allows for them to be treated separately by perturbation theory. The
boundary where perturbation theory breaks down (i.e. the strong cou-
pling is strong enough to consider the proton as a whole) is around a mo-
mentum (of the proton) of 1 GeV.

4.2.3 Proton bremsstrahlung

Let us now consider proton-proton bremsstrahlung. The question imme-
diately rises how this process can even create the mediator V, as the La-
grangian eq. 4.1 includes quarks, while we are treating the proton as a
whole here. The solution is to introduce an effective interaction, such that
the vertex can be considered as:

< p(®)|gy"qlp(K) > Vu = 5v"p - Fppv ((k—K)?)V,, 4.2)

where the from factor F,,y is introduced. Because k¥ = K+ k}(/ we have
Q%= (k— k/)2 = k%, = m},. In this notation we can say [3]:
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20 Leptophobic Dark Matter

FPPV(QZ — 0) = gppv

4.
Eypr(Q% >> rlz) 0 (4.3)

p

where g,y is just some constant.
From this expression, it is once again clear that the bremsstrahlung chan-
nel only contributes significantly if the mediator mass is smaller than the
inverse of the proton radius, so my < 1GeV. If it is bigger, the momen-
tum transfer required to produce the mediator forces us to consider the
inelastic process instead.

4.2.4 Drell-Yan process

The dominant deep-inelastic production process is the Drell-Yan process.
This process could create the mediator if its mass is higher than 1 GeV.
However, we must take into account that although the typical energies
of the protons produced at the LHC, we are now considering interactions
with partons (quarks) instead of the proton as a whole: the energy of the
interacting quarks has to be high enough to produce the mediator. This
means that the parton distribution function (PDF, f(x, Q)) must be consid-
ered: the probability to find a parton with a certain fraction of the protons
energy (x) for a certain scale of the process Q, the invariant mass of the
process. Generally, the PDF takes the following form: it starts relatively
high at low x, but quickly decreases at some point. Therefore, although at
LHC, the proton energy is about E, = 6.5 TeV, there will be few quarks
with such high energies. As a result, the amount of produced mediators
by the Drell-Yan process will decrease for increasing mediator mass 1.

4.2.5 Meson decay

Because V couples to the baryon current (zy"u + dytd (+..)) by definition
(see eq. 4.1), it couples (directly) to flavourless mesons. The two most
important mesons to be considered are the electrically uncharged pion and
the (regular) eta meson, as both are flavourless

o uti—dd  uu+dd—2s3
V6

and relatively light
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4.2 Production channels 21

m o =~ 135 MeV, my ~ 548 MeV

One may wonder why other flavourless mesons such as

r Uil +dd + ss

e = CC, 1, = bb
\/5 Ui Mo

are not so important. The reason is their masses

", ~ 958MeV,my ~ 2.98 GeV,my, ~ 9.39 GeV

As was said before, the meson decay channel is indirect as the mesons
have to be produced from protons first. This explains why only the lighter
mesons are relevant. The mass of the ;' particle already approaches 1 GeV
and we have previously seen that for such energies, we have to consider
quarks instead of the proton as a whole. The heavier mesons, therefore,
are produced via an analogue of the Drell-Yan process. This means that
(because of the parton distribution function) the heavier the meson, the
less will be produced and only the production of the lighter mesons is sig-
nificant. Apart from this, the production process for the heavier mesons
is sub-dominant to the Drell-Yan process, such that for higher mediator
masses, Drell-Yan would be more relevant anyway.

In the meson decay 7,7 — V + v, only mediators with my < m
can be produced (a higher mass would violate conservation laws).

10, My

4.2.6 Total production

Considering the production channels above, one can determine how many
DM particles will be produced at the LHC in the direction of the SND
detector. This has been done by [3]. Their results are given in Fig. 4.2.
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22 Leptophobic Dark Matter

m, = my/3. Solid: ay = ag. Dashed: a, = 0.5

1019_ i
10T |
%1015_ \ _
2210”—3 |
10 Sy -
0005010 050 1 s

my [GeV]

Figure 4.2: The total amount of produced x particles in the direction of the SND
detector by the considered production channels, plotted against the mediator
mass my for an integrated luminosity £ = 150fb~!, assuming m, = my /3. Up
to my = my ~ 135 MeV, my decay is the dominant production mechanism.
Although production from 1 decay may happen up to my = m, ~ 548 MeV,
proton bremsstrahlung is dominant from about my =~ 0.3 GeV. Drell-Yan pro-
duction takes over around my ~ 2 GeV. The dashed line represents a, = 0.5, the
solid line «,, = «p. The three wiggles around my ~ 782 MeV,1020 MeV,1.7 GeV
originate from mixing of the mediator with mesons w and ¢. This has not been
discussed in this paper, but for more information see [3]. Figure taken from [3].

4.3 Constraints

SND@LHC is not the first experiment to probe the leptophobic portal.
Some constraints from previous experiments are worth discussing, based
on [3]. After this short summary, Fig. 4.3 shows the constraints for 2 pa-
rameter choices.
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4.4 Reach of SND 23

4.3.1 Direct detection: CRESST-III

The CRESST-III experiment is currently the most sensitive direct detec-
tion experiment (for DM mass up to 1.8 GeV) that looks for scattering of
DM particles off nuclei. It is very sensitive because the energy thresh-
old for the recoil energy is only 30.1 eV. This is important, as the energy
threshold determines the lowest possible DM mass m, for which events
would be registered. The DM particles that could be measured origi-
nate from the DM halo of the Milkyway, which has an escape velocity

of vé\félkyway ~ 544 km/s. Together with the energy threshold of 30.1 eV
this leads to the constraints from the results of CREST-III being valid for
my 2, 160 MeV [12]. For a detailed derivation (and discussion) of this 160
MeV limit, please see Appendix B.

4.3.2 MiniBooNE

Quite similar to the SND@LHC experiment, MiniBooNE is supposed to
detect scatterings of DM particles off nucleons [13]. However, at MiniBoo,
a proton beam collides with a fixed target, with COM energy (~ 4 GeV)
way lower than at LHC (~ 13 TeV). Therefore, MiniBooNE is efficient only
for studying light mediators (my ~ 1 GeV). As a result, the constraints
from MiniBooNE instantly drop around 1.5 GeV. On the other hand, there
are way more protons at MiniBooNE, such that it probes low mass media-
tors more efficiently than SND. The constraints that the MiniBooNE results
impose on the parameter space are reflected in Figure 4.3.

4.3.3 CDF

The Collider Detector at the Fermilab (CDF) has probed the monojet sig-
nature of DM particles (pp — jet + xx) [14]. The DM particles would
be indicated by missing transverse momentum pr. Unfortunately, a large
missing transverse momentum (pr ~ 100 Gev) is required for this type
of experiment. Since we are considering light mediators (O(1 GeV)), the
monojet signature does not add much to the other constraints. Neverthe-
less, as can be seen in Fig. 4.3, it is taken into account.

4.4 Reach of SND

One can now consider the reach of the SND experiment to see whether
it adds to the currently known constraints (and thus is an interesting ex-
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24 Leptophobic Dark Matter

periment from a DM point of view). To do so, one has to consider how
the amount of DM particles produced in the direction of the detector (see
Fig. 4.2) translates to the amount of events to can be detected and so the
sensitivity of the experiment. In order to have maximum impact (small-
est excluded domain), one would like to consider a high a,. Following
literature, &y = 0.5 is considered.

Number of events

The total number of events taking place in the detector can be calculated
as NEZ)ET’ltS - Nprod : egeom . PSC(lt Wlth

® N4 the total amount of x particles produced at LHC, ~ ap

* €geom the geometrical acceptance of the target (SND), which is a func-
tion of kinematics and the specific production channel that is consid-
ered, ~ f(my, my)

® Ps4t is the probability the DM particle scatters off a proton, ~ apa, f (11, my)

The last scaling with apay is because Ps.yp ~ 0 ~ |[M|* ~ (g,88)* ~

_ Shy
OCBOCX as “B,)( = -

The requirement that determines the sensitivity of SND for inelastic

scattering is the NeLvle),fAts'i”el ~ 100 that was calculated in 3.2.2. For elastic

scattering (for which 1.7 elastic neutrino scattering events were expected,
3.2.1), the plot is made for N-PMel — 10,

events
In their paper, Boyarsky et al. plot the constraints and sensitivity of
SND@LHC in 4 figures. They choose a, = ap (for which Neyents ~ a%) and
oy = 0.5 (for which Nevents ~ a%), as well as my = my /3 and m, = 20 MeV
as fixed parameters for these plots [3]. The two plots for a, = 0.5 are
shown in Fig. 4.3.
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my =my/3, ay=0.5
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Figure 4.3: Current constraints on DM particles and the sensitivity of several
experiments plotted in two graphs with different m,.. The upper graph has m, =
my /3. Therefore, from my = 480 MeV on, the constraints from CRESST-III are
valid (see Appendix B). For m, = 20 MeV < 160 MeV, which is shown in the
lower graph, there is no constraint from CREST-III. Instead, formy 2 1.5 GeV, the
only constraint comes from CDF. The constraints seen in the lower (and partially
the upper) graph for my up to 1.5 GeV come from MiniBooNE, indicated by the
black line. The blue and light green lines show the sensitivity of SND@LHC for
the inelastic (requiring 2 100 events) and elastic signature (plotted for 10 events)
respectively. Plots taken from [3], with the addition of the black line from [13].
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Chapter 5

Advanced Configurations of SND

5.1 Events

In some more detail, the expected number of events during a run of the
SND is given by

Nevents = Nﬁfgﬁ,ced,ﬂ ’ eggg n-l- /U(Ex)fyi(EX)dEX (5‘1)
where

e N ;ﬂga ced T is the total number of produced yx, x particles at LHC in

any direction during the whole run,

egg\ég is the geometric acceptance of the detector (i.e. the percentage

of x, X particles that reach the detector),

n is the number density of the target,

[ is the length of the detector and

J o (Ex) fy(Ey)dEy is the average cross section.

Regarding the average cross section, one could approximate [ o(Ey)fy(Ex)dEy =

< o > = 0(< Ey >). Of course the most accurate is to obtain an average
cross section by weighing the cross section for a certain DM energy with
the relative amount of particles with such an energy arriving at the detec-
tor (| o(Ey)fy(Ex)dEy). However, the approximation may be used if the
cross section does not differ too much for the relevant energy range, such
that the average cross section will simply be the cross section associated
with the average energy of DM particles arriving at the detector.
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28 Advanced Configurations of SND

5.2 Advanced configurations

As has been stated in the introduction, two advanced set ups for the SND
detector have been suggested. To examine how many events are to be ex-
pected for these configurations, the ratios of the components of eq. 5.1
with respect to the current (baseline, bl, SND@LHC) configuration is ex-
amined. The target remains composed of the same material, such that the
number density and the mass density do not change. The advanced con-
figurations are proposed for Run 4 of the LHC (which will then be the
High Luminosity LHC) and will have instant luminosity 20 times as high
as the current SND@LHC experiment. Other properties that influence the
expected number of events are listed in Table 5.1.* One of the configura-
tions, called AduSNDy,, is in (roughly) the same pseudorapidity range as
the baseline configuration SND@LHC, which makes it very easy to ob-
tain a good estimate for the amount of events. The other configuration,
AdvSNDeqr, has a different pseudorapidity range, such that more elabo-
rate calculations have to be performed."

Table 5.1: Properties of SND configurations

Configuration || target cross section | distance L, | 1 | target mass
SND@LHC 39 x 39 cm? 480 m [7.2, 8.6] 800 kg
AdvSNDy,, 100 x 55 cm? 630 m ~ [7.2,84] | 5000 kg
AdvSNDyear 120 x 120 cm? 55 m ~ [4,5] 5000 kg

5.2.1 AdvSNDxg,

Because AdvSNDy,, is proposed to be in (roughly) the same pseudorapid-
ity range as SND@LHC, the ratio between their geometric acceptances can
be accurately approximated by the ratio between their solid angles. Be-
cause both configurations are in the far-forward regime, this ratio is (using
the values from Table 5.1):

ar

Cheom QST SIT @M, 5500 cm? 480 m

_ 2 _
el Qb Sbl dfar) 1521 cm2<630 m)

geom

2~21 (5.2

*Values from [15].
* remind the reader that Appendix A contains a discussion of the pseudorapidity.
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5.2 Advanced configurations 29

Because the mass density of the target does not change, the lengths
ratio may be obtained from equating the mass density of the baseline and
Advy,, configurations:

far mfor A 5000 kg 1521 cm?

BT~ bl Afer — 800 kg 5500 cm? 7 ©:3)

As AdvSNDy,, has 20 times higher luminosity then SND@LHC,

AdUSNDfM

— SND@LHC
produced, xx ~— 20-N (5'4)

produced,xx

Because both AdvSNDy,, and SND@LHC are in the same pseudora-
pidity range, a justifiable assumption is that the average cross section is
equal. Putting this all together, one obtains:

AdoSNDyar _ o sfar d" m/ " AY - enpaLHC
events - Sbl N jfar/ bl A far”events
_ 0. M( d"! )2NSND@LHC
bl df‘l” events (55)
_ p. D000 kg (480 112 NSND@LHC
800 kg “630 m’ ~ cvents
NAdUSNDfar ~ 73 . NSND@LHC

events events

So, 73 times as many events are expected at AdvSNDy,, compared to
SND@LHC, regardless of the mediator mass.

5.2.2 Cross section

For the AdvSNDpear configuration, because the pseudorapidity range de-
viates significantly from the baseline configuration, the cross section has
to be considered as well. To do so, a data set containing cross sections
for dark matter particles with energy between 0 and 8 TeV has been anal-
ysed.t The cross section depends not only on the DM energy, but also the
mediator mass. For the purpose of this research, the data for 2 GeV and
7 GeV has been used. Given the data, a fit of type c = a+ b - (Epym)© has
been made with scipy.optimize.curve_fit(). Figures 5.1 and 5.2 show the
data and the fit for mediator masses my of 2 and 7 GeV respectively.

¥Data comes from [3].
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Figure 5.1: Cross section as a function of the energy of a dark matter particle
arriving at the detector, for a mediator mass of 2 GeV. Curve_fit gives (rounded
offfa = —0.34+£0.07, b = 0.28 £ 0.05, c = 0.26 £ 0.02 as best fit forc = a+b -

(Epm)°©.
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Figure 5.2: Cross section as a function of the energy of a dark matter particle
arriving at the detector, for a mediator mass of 7 GeV. Curve_fit gives (rounded
off) a = —0.007 £ 0.002, b = 0.0036 £ 0.0006, c = 0.44 £ 0.02 as best fit for 0 =
a+b- (E D M)C.
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5.2.3 Geometric Acceptance

Let us now turn to the geometric acceptances of the three configurations.
Based on computations considered in [3], the percentage of particles arriv-
ing at the detector has been modelled. For completeness, the AdvSND,,
detector has also been included in the following considerations.

The data sets include 300,000 "particles” with their x,y and z momenta.
The mass of the DM particles is assumed to be m, = 20 MeV for both
data sets, such that the energy of each particle can also be computed (and
is included in the data set). The pseudorapidity of the particles (see eq.
A.1) is determined. Those particles with pseudorapidity within the range
of the detector (and positive p,) are selected. Additionally, the total area
corresponding to the pseudorapidity range of the relevant detector is cal-
culated. The ratio between the area of the detector and the total area of the
pseudorapidity range is calculated, using the values from Table 5.1. The
percentage of particles arriving at the detector is now computed by multi-
plying the amount of particles in the pseudorapidity range with the area
ratio and dividing by the total of 300,000 particles. In formula form, this
looks like:

Nin 1] range Adetector
= -100% 5.6
rd@teCtOr 300/ 000 AT/ range ( )

The geometric acceptances for the three SND configurations are given
in Table 5.2 for mediator masses my of 2 and 7 GeV. It is interesting to note
that for the AdvSND),.;» configuration, the geometric acceptance is higher
for a higher mediator mass, while for the SND@LHC and AdvSNDy,, con-
figurations, it is (way) lower. The reason is that we consider DM produc-
tion by V. — xX. During the pair production, the mass of the mediator
is converted to transverse momentum of the DM particles. Therefore, a
higher my means a higher pr. As a result, there will be relatively more
particles arriving at a lower pseudorapidity. As the total energy of the me-
diator must be very high in order to reach high pseudorapidity values, the
geometric acceptance in the far forward regime decreases drastically.
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Table 5.2: Geometric acceptance (percentage of produced DM particles arriving
at the detector) and average energy of the arriving particles at the detector for the
current configuration SND@LHC and the proposed configurations AdvSNDy,,
and AdvSND,,.,,. The values are shown for mediator masses my =2 & 7 GeV.

Configuration | || Geometric acceptance || Average energy
my — 2GeV | 7GeV 2 GeV 7 GeV
SND@LHC 1.72 % | 0.08 % 1195.8 GeV | 2319.9 GeV
AdvSNDy,, 3.44 % | 0.16 % 1119.7 GeV | 2313.9 GeV
AdvSNDye4r 0.41 % | 0.95 % 43.9 GeV | 146.5 GeV

5.2.4 Average cross section

For the selected particles (arriving in the pseudorapidity range of the de-
tector), the average energy is calculated and reported in Table 5.2. With the
average energy of the particles arriving at the detector, a rough estimate
of the cross section can be made by stating;:

/a(EX)f;(EX)dEX — <o>~o(<Ey>) (5.7)

as discussed earlier. By using the average energies from Table 5.3 and
the fit parameters from Figures 5.1 & 5.2, (< E, >) can be computed.
The results are shown in Tab. 5.3.

Table 5.3: Average energy of the arriving particles at the detector as well as the
average cross section for the current configuration SND@LHC and the proposed
configurations AdVSNDfM and AdvSND,,.,;;. The values are shown for mediator
masses my =2 & 7 GeV.

Configuration | || Average energy (GeV) || Average o (GeV~2/apay)

my — 2GeV | 7GeV 2GeV | 7GeV
SND@LHC 1195.8 | 2319.9 1.40 0.10
AdvSNDy¢,, 1119.7 | 2313.9 1.37 0.10
AdvSND,,c,r 439 146.5 0.41 0.03

5.2.5 AdvSND,e.r

Now that all components of eq. 5.1 have been considered, the following
conclusion can be drawn:
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NAdUSNDneurproduced,XX e?e%z’fND”mr ZAdUSNDnear <0 >AdUSNDnear

ND@LHC |SND@LH ND@LH
SNDGLHC [SNDGLHC < g »SNDGLAC

gle%g;fNDnem 1 Ad0SNDyer ASND@LHC - v <, AdoSNDyear

NAdeNDnW _

events NSND@LHC

produced XX €

=20-

egeom
0415000 kg 1521 cm? 0.41NSND@LHC
1.72 800 kg 14400 cm?21.40° v
7Gev 0955000 kg 1521 cm? 0.03 | syparc
0.08 800 kg 14400 cm?20.10" 7"

25eV 9

(5.8)
So, for a mediator mass my = 2 GeV, Ne‘?,fgtSSND”e“’ ~ 0.9- NESUIX,BS@LHC,
while for a mediator mass my =7 GeV, NEA;J‘:ZtSSN Duear o 47 . NESUZXYES@LHC.

5.2.6 Sensitivity

If we recall

Ttotal = \/Ul%oisson + aezxperimentul - \/NNC + (e NNC)Z (5.9)

we can estimate the sensitivity of the advanced configurations to probe
the NC/CC signature. Because the error ¢ scales with Ny, the sensitivity
remains unchanged if € remains unchanged. However, the components of
the advanced configurations will have improved, such that the sensitivity
is actually higher for the advanced configurations. Assuming € = 1 %
instead of 10 % and using the value from eq. 5.5 and N%. = 450, we
obtain:

advSND ¢,y
Trotal

s0 204995NDfar — 750 = 75 . 2¢SND@LHC yyhile there are about 73 times
as many events. Therefore, the sensitivity of AdvSNDy,, is better.

= /73 Nllc + (0.01- 73 - NII)2 ~ 375

At AdvSND,;4r, 1685 neutrino DIS events are expected. Because we
know the NC/CC ratio to be 0.33 (see 3.2.2), we know that 25 % of the
neutrino events will be NC events. Therefore, a 20 confidence level would
require:

2 AdOSNDyear _ 2\/1685 -0.25 + (0.01- 1685 - 0.25)2 ~ 42 (5.10)
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This is less than the 100 events required for SND@LHC and way less
than the 750 events required for AdvSNDy,,. For a mediator mass of 7
GeV, 47 times as many DM DIS events are expected at AdvSND,, as com-
pared to SND@LHC, so for such a mediator mass, AdvSND,;,,» would be
the most efficient.

5.3 Discussion

Firstly, the results for the average cross section in Table 5.3 show that the
assumptions made in 5.2.1 were indeed justified.

With regards to the calculated values for the AdvSND,,,r configura-
tion, it must be noted that those are the most uncertain, because its pseu-
dorapidity range is the least accurate (= [4,5]). To illustrate this, the calcu-
lations have also been performed for pseudorapidity ranges [3.6, 4.6] and
[4.4, 5.4]. The results are given in Table 5.4.

Table 5.4: Geometric acceptance (percentage of produced DM particles arriving
at the detector) and average energy of the arriving particles at the detector for

three eta ranges of AAvSND,.,;,. The values are shown for mediator masses my =
2& 7 GeV.

1 range | H Geometric acceptance H Average energy
my — 2GeV | 7GeV 2 GeV 7 GeV
4,5) 0.41 % | 0.95 % 439 GeV | 146.5 GeV
(3.6,4.6) 0.15% | 0.42 % 29.5 GeV | 98.1 GeV
(4.4,5.4) 1.14 % | 2.14 % 64.9 GeV | 218.6 GeV

Although the cross section does not change that much for these alterna-
tive average energies, Table 5.4 shows that the geometric acceptances are
influenced quite strongly by differing the pseudorapidity range. There-
fore, the calculated values for AdvSND,,.,; must be treated with caution.

Both the method for obtaining the geometric acceptance and the method
for obtaining the cross section can be improved. Currently, the geometric
acceptance is determined by considering the whole pseudorapidity range
as 1 bin and multiplying the amount of particles that end up in this bin
by the ratio between the area of the detector and the area covered by the
pseudorapidity range. However, it would be more accurate to divide the
pseudorapidity range into more bins (or even obtain a probability density
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function with respect to 77) and consider what portion of the detector’s area
lies in this pseudorapidity range. This would matter because the amount
of particles depends on 7, as is illustrated for the 2 GeV case in Fig. 5.3.

030 1 1 PDF
EMD, SNDfar
SMDnear

025 1
020 -
015 -
010 ~
005 ~

Probability density

000 f T T T T r
0 2 4 B i 10

Pseudorapidity

Figure 5.3: Probability density function (histogram) for particles to have a certain
pseudorapidity. This plot is based on the 2 GeV data set. One can see that for
the pseudorapidity ranges of interest for the three considered configurations, the
probability to find a particles depends on 1. (Please note that the shape is quite
different for a mediator mass of 7 GeV.)

The same reasoning applies to the cross section being based on the av-
erage energy. It would be more accurate to obtain a probability density
function for a particle within the pseudorapidity range of the detector
to have a certain energy, and integrate the function with the cross sec-
tion function (based on the fitting procedure above). Especially for the
AdvSND;,.sr configuration, this could make a difference, as it can be seen
in Fig. 5.1 that the cross section changes rapidly with the DM energy for
low DM energies (as is the case for the AAvSND,;.,;; configuration).

Nevertheless, it can be concluded that AdvSNDy,, will have a higher
sensitivity than SND@LHC in any case and AdvSND,,.;; may have even
higher sensitivity, depending on the mediator mass.
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Chapter 6

Conclusion

SND@LHC is a neutrino detector at the Large Hadron Collider that may
also probe dark matter candidates. A leptophobic portal has been con-
sidered. The SND experiment covers parts of the parameter space that
have not yet been excluded by previous experiments. For the two ad-
vanced configurations considered in this research, AdvSNDyg,, will have

a better sensitivity to probe DM in the NC/CC signature than SND@LHC
for any mediator mass, as the amount of DM DIS events increases more
than the required amount of events to reach the 20 confidence level. For
AdvSND,;.,, this depends on the mediator mass. For the mediator masses
considered in this research, AAdvSND),.,, has a better sensitivity than SND@LHC
forboth my =2 and 7 GeV. However, for 2 GeV the sensitivity of AdvSNDy,,
is better, while for 7 GeV, the sensitivity of AdvSND,,.,; is better. This be-
ing said, the absolute sensitivity remains uncertain, because the amount
of neutrino events is uncertain.
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Appendix A

Pseudorapidity

Pseudorapidity, 7, is used in particle physics to describe the angle of a
particle trajectory with respect to some axis (the pre-collision beam). It is
defined as

N = —ln(tan(g))
= arctanh(p—f)
7]

where pr is the momentum component along the beam axis. As can

be seen from these formulae and in Fig. A.1, an angle of 0 degrees corre-

sponds to infinite pseudorapidity, an angle of 90 degrees corresponds to

zero pseudorapidity. High pseudorapidity range corresponds to the far-

forward regime, particles with most of their momentum in the forward
direction (along the beam axis).

(A.1)
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42 Pseudorapidity
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Figure A.1: Pseudorapidity as a function of the angle of a particle trajectory with
respect to the beam axis. On the left, the x-scale is plotted linearly, showing that
the pseudorapidity drastically increases for angles smaller than about 1°. On the
right, the x-axis is plotted logarithmically.
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Appendix B

my limit CRESST-III

Besides a plot indicatingThis appendix provides a complete derivation for
a DM particle x scattering elastically with a particle . g will be the nucleus
of an atom in the target material used at the CRESST-III experiment.

X+B—=x +6

I assume all speeds are non-relativistic and the p particle is at rest before
the interaction. As will be seen in eq. B.13 the speed of the DM particles is
less then 1000 km /s, so this assumption can indeed be made.

Let us introduce (in the lab frame, where Eg = mg since I assume it
stationary):

Etransfer = Elg’ - E,B = Eﬁ’ — Mg

Momentum conservation dictates:

(Px—py)* = (py — pp)° (B.1)

Since quantities p, p! are Lorentz invariant, we can choose to evaluate
one side of the equation in the center-of-momentum frame, while eval-
uating the other side in the laboratory frame, where f is at rest, using
pg’ = (mpg,0,0,0)

(Pg = Pp)* = Py + Pp — 2Py pp = My + Mg — 2pypp
lab

= 2111%3 — 2Eg§bmﬁ = 2mg(mg — E;”/b) = —2mgErans fer

(B.2)
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44 m, limit CRESST-IIT

Let us now turn to the COM(cm) frame, where we know that |p}| =
Pl and | p;/| = | p_l;/| such that the total momentum before and after the

collision is zero. As aresult, [p /| = |px| and E;’(r,” =EJ" = \/|px "2+ m3.

2 2 2
(Px = py)™ = my+my = 2pxp s
2 — —
= 2m) — 2EXEX/ +2py - Py
= 2111)2C —2E,E / + 2|py| \p"/ |cos(0)
= 2m? — ZE)C(mEC +2[px ™ 1Py |eos(6)

) (B.3)
= 2m% — 2ES"ES" 4+ 2| pi |2 cos(G)
= 2m% — 2(| Cm|2 +m%) + 2|p ™| Pcos (6)
205 2(1 — cos(6))
6
=M 2, (Y N\2
4l Psin(?)
Equating B.3 and B.2 yields
0.2
_zmﬁEtransfer = 4‘p)( | Sln(i)
72 e, (B.4)
Etmnsfer =2 mpg Sln(i)
What is left, is to figure out |py“"|
iy
myvy" = mﬁv;’” — v%’” = m—ﬁv;’" (B.5)

We make a transformation between the lab frame, where vrl,fb = 0 and
the COM frame, where 03" = m;‘ %" As this velocity is non-relativistic,
we can say Utrans = Z_ngcm such that

cm __ .lab __dab My cm
Uy =Uy — Utrans = Uy — m_/;vx (B.6)
SO
v = v?b (B.7)
A '
mg
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SO
Xvégb
- CMm| __ cm A A
B
Therefore,
Etmnsfer . z‘ﬁXcmlz -2 m?z((végb)z = Zmﬁm%(vé?b)z (B.9)
sin(3)?  mp mp(L4 R (mptmy)? |

We see that the energy transfer’s maximum is at sin () = 1 so we may

2
say:
mﬁmi(végb)z
(mp +my)?

E; = Etmnsfer,max = (B.lO)

Let us now rewrite this to obtain an equation for m, in terms of E;:

myEr + 2mympEs + mzEy — 2mymg(0)")? = 0 (B.11)

So, using the abc-formula:

—2mgE; + \/4m§Et2 — 4(E; — 2mp(0lat)2)m3Ey
2(E; — 2mpg(vleb)?)
_ i+ P o B2
~ 2mg(vlab)2 — E,
mﬁ,Et + 2Etm3/zvéfb

B
2mﬁ(végb)2 — Et

TI’lX:

The target at CRESST-III is CaW Oy [12](Oxygen has the lightest mass,
Tungsten the heaviest), so to obtain the maximum momentum transfer,
take the Oxygen nucleus. végb is given by the escape velocity of the dark
matter particles, the velocity of the Sun around the Milkyway and the ve-
locity of the Earth around the Sun. The nuclear recoil threshold in CRESST-
II is 30.1 eV. Therefore, let us now plug in the following values (also used

by the CRESTT colaboration [16]):

0l = o Y 06w F Vkarth—sun = 544 +231+30km /s = 0.002685¢

(B.13)
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46 m, limit CRESST-III

Mg = Moxygen = 1.4903 - 10'0 eV / 2 (B.14)

However, plugging in these values yields (for Eyz,srer ~ 30 eV): my ~
180 MeV /c?, which is quite different from the 160 MeV presented in [12].

The explanation for this discrepancy is the Ej g5 e, that is used. In re-
ality, the detector is not ideal and does not have perfect energy resolution.
30.1 eV is only the mean value of the Gaussian distribution describing the
energy threshold. It has o = 4.6 eV [17]. Therefore, the 30.1 eV is not
necessarily the lowest recoil energy that can be detected. In the thesis of P.
Bauer [16], it is stated that the energy threshold (30.0 eV) has a systematic
error of -6.5. Using 23.5 eV yields m, ~ 160 MeV.

Constraints posed by CRESST-III

Figure B.1 shows the results of the CRESST-III experiment from [12]. The
plot clearly shows that the experiment has probed DM particles down to
my, ~ 160 MeV. For the m, = my /3 choice considered in Fig. 4.3, this
corresponds to my ~ 480 MeV'.
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Figure B.1: Plot from [12] indicating the DM-nucleon cross section vs the DM
particle mass. The red line shows that for DM particle mass below 1 GeV CRESST-
III has increased the constraints on DM models.
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