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1 Introduction

In order to be able to test the Standard Model and other theories of physics,
high precision experiments are needed. One of these experiments is ATLAS.
The ATLAS detector is designed for multi-purpose detection, consisting of six
different detecting subsystems. All these systems are located around one of the
LHC interaction points. This results in more than a billion particle interactions
within the ATLAS detector every second [1]. However, it can be hard to distin-
guish the different processes and to determine of which process the particles are
a result. However, the ATLAS detector is not the only detector located near the
ATLAS interaction point. FASER also detects particles produced at the LHC
interaction point, albeit 480 meters away. Also, it is located along the beam
collision axis, instead of around the interaction point, like the ATLAS detector.

In this research, the possibilities of finding sibling pairs of particles in both
the FASER and ATLAS detectors will be discussed. The question that I will
look into in this thesis is whether it is useful to link the FASER and ATLAS
detectors. If this is possible, this could significantly reduce the background on
the signal processes in FASER. As discussed, it can be hard to exactly determine
which process resulted in the particles that are found by the ATLAS detector.
However, if a similar event were to occur within the FASER detector as in the
ATLAS detector, the event in the FASER detector could be used as a trigger
for the ATLAS detector. This could significantly reduce the background of the
process.

Here the model that will be used for the creation of this particle pair will be
a dark matter benchmark model. This model is specifically chosen so that it is
possible to create a particle pair where either of the two particles decays within
the FASER and ATLAS detectors. In order to achieve this, the particles will
need to be light, to travel in the forwards direction; be long-lived, to travel all
the way to the FASER detector without decaying; and a pair has to be created.
For this model, both a scalar singlet and a vector boson singlet will be added
to the Standard Model.

In sections 2 and 3 the current Standard Model will be discussed, as well
as how to extend the Standard Model. Here, also the dark matter benchmark
model that is used in this thesis will be discussed. Section 4 contains relevant
information on the detectors which will be used. Especially the geometry of the
detectors will be of importance here. How the event simulations were performed
and the parameters that play a role here are discussed in section 5. From these
simulations the data sample was extracted for the data analysis to find particle
pairs in both detectors. The results of this data analysis of the simulated data
are shown in section 6 and discussed in section 7. Here the found results are
also scaled up to meet the predicted luminosity of LHC run 4, in order to make
realistic predictions.
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2 The Standard Model and extensions thereof

Currently, the best way of describing the elementary particles and their inter-
actions is through the Standard Model. These elementary particles make up all
the matter that we can see around us. These particles fall into two categories:
the quarks and the leptons. The quarks and the leptons come in what is called 3
generations. The first generation contains the lightest particles. These first gen-
eration particles make up the stable matter within the universe. Matter that is
made up of particles from higher generations will decay into lighter generations.
These elementary particles can in turn form mesons, made up of two quarks.
Mesons will play an important role in this thesis, mainly the B meson. Next to
this, the Standard Model is also able to describe electromagnetism, the strong
force and the weak force. These three forces are carried by so-called bosons.
The strong force is carried by the gluon, the weak force by the W and Z bosons,
while electromagnetism is carried by the photon.

Many aspects of the Standard Model have been well tested by experiments.
However, there are still shortcomings within the Standard Model. The Stan-
dard Model as we know it does not explain how gravity is mediated. Neither
can it explain the disproportion between matter and anti-matter. But the most
important shortcoming for this thesis is that the Standard Model is not able to
describe dark matter. Only about 5% of the content of the universe is made up
of matter which can be described through the Standard Model. Around 27% of
the universe is estimated to be made up of dark matter [2].

In order to determine how dark matter can be described as an extension of
the Standard Model, first, the Standard Model itself has to be described.

2.1 The Standard Model

For the description of the Standard Model, symmetries play a highly important
role. Particle interactions will remain invariant under symmetry transformations
under which they are charged. These symmetries can be described through the
use of groups. The Standard Model respects the local gauge symmetry group
SU(3)C × SU(2)L × U(1)Y . The SU(3)C group represents the strong inter-
actions, SU(2)L represents the weak interactions, and U(1)Y the hypercharge
interactions. This means that the Standard Model interactions will remain in-
variant under any of these transformations. Here, the role of these symmetries
is shown by discussing the description of electromagnetism by a Lagrangian. It
is important to understand the importance of the symmetries in order to discuss
possible extensions of the Standard Model.

Starting from the Dirac Lagrangian

L(x) = iψ̄(x)γµ∂µψ(x)−mψ̄(x)ψ(x), (1)

wherem is the mass of the fermion, γµ represents the gamma matrix and ψ̄ =
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ψ † γ0. When applying a local U(1) gauge transformation ψ(x) → eiα(x)ψ(x),
the kinetic term of this Lagrangian leads to

iψ̄(x)γµ∂µψ(x) → iψ̄(x)γµ∂µψ(x)− ψ̄(x)γµψ(x)∂µα(x). (2)

Here, the last term is generally not equal to 0, meaning that this is not
locally invariant. In order to fix the addition of this extra term, the covariant
derivative Dµ is introduced. The covariant derivative will transform such that

Dµψ(x) → D′
µψ

′(x) = eiα(x)Dµψ(x). (3)

This means that both Dµψ(x) and ψ(x) will transform similarly under local
gauge transformations. This can be assured by choosing a new vector field
Aµ(x)

Dµ ≡ ∂µ + igAµ(x) Aµ(x) → A′
µ(x) = Aµ(x)−

1

g
∂µα(x). (4)

Here g represents the gauge coupling, and the second transformation de-
scribes the electromagnetic gauge transformation.

So now the transformation of the covariant derivative can be shown as

D′
µψ

′(x) = (∂µ + ig(Aµ(x)−
1

g
∂µα(x)))e

iα(x)ψ(x)

= eiα(x)(∂µ + i∂µα(x) + igAµ(x)− i∂µα(x))ψ(x)

= eiα(x)Dµψ(x).

(5)

Thus, this means that the Dirac Lagrangian with the covariant derivative
Dµ is now invariant under the local U(1) gauge transformation. Now, a gauge-
invariant kinetic term still has to be added for the Aµ field. In order to achieve
this, the term − 1

4Fµν(x)F
µν(x) is added to the Lagrangian. In this term Fµν(x)

is the gauge-invariant field tensor, Fµν = ∂µAν − ∂νAµ.

Now, this locally invariant Lagrangian describes the electromagnetic inter-
actions between matter fermions as being mediated by the photon.

Lem = iψ̄(x)γµDµψ(x)−mψ̄(x)ψ(x)− 1

4
Fµν(x)F

µν(x) (6)

2.2 Electroweak symmetry breaking

The mass of the particles also has to be able to be described by the Standard
Model. However, simply adding mass terms of the form m2AµA

µ is not allowed.
This is due to the symmetries discussed above. A fermionic mass term would
not be gauge invariant under SU(2)L ×U(1)Y . These groups represent a chiral
gauge theory, where different chiral states transform differently. The mass term

5



mψ̄ψ = m(ψ̄RψL + ψ̄LψR would break this gauge invariance. In order to be
able to add mass terms to the Lagrangian, the mass terms have to be generated,
without changing the symmetries of the particles. This can be achieved through
spontaneous symmetry breaking. The ground state is not a singlet of the sym-
metry group, so choosing one of the ground states as the physical vacuum can
break the symmetry.

The most minimal way of achieving spontaneous symmetry breaking in the
Standard Model is by adding a complex scalar field ϕ to the Lagrangian. This
will be an SU(2)L doublet with weak isospin I = 1/2 and hypercharge Y = 1.
The most general form of the Lagrangian is

L = −1

4
FµνF

µν + (Dµϕ)
†(Dµϕ)− V (ϕ) where V (ϕ) = µ2ϕ†ϕ+ λ|ϕ4|. (7)

Here, µ2 < 0 and λ > 0. Through this choice of µ and λ, the potential does
not represent a parabola; rather, it acquires a ring of minima in the complex
plane, of which one is shown in figure 1.

Figure 1: This is the shape of the Higgs potential for V (ϕ) = µ2ϕ†ϕ + λ|ϕ4|,
with µ2 < 0 and λ > 0.

From figure 1 it can be seen that at ϕ = 0 the potential has a local maximum,
while there is a ring of minima located at v/

√
2. Since there is now this ring of

minima surrounding the local maximum at ϕ = 0, ϕ = 0 is no longer a suitable
ground state. Rather, one of the minima of the ring should be the ground state.
This ground state can be chosen such that ⟨ϕ⟩ = v/

√
2. In this ground state,

the Higgs doublet thus becomes

⟨ϕ⟩ = 1√
2

(
0
v

)
where v =

(
µ2

λ

) 1
2

. (8)
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Here, v represents the vacuum expectation value (vev) of the theory. Now,
we can re-parametrize ϕ and when switching to the unitary gauge, the Higgs
field becomes

ϕ(x) =
1√
2

(
0

v + h(x)

)
, (9)

where h(x) is the physical Higgs boson field. Now, for the covariant deriva-
tive acting on the field we find

Dµϕ =

(
∂µ +

i

2
(gσ⃗ · W⃗µ + g′Bµ)

)
1√
2

(
0

v + h

)
, (10)

where σ⃗ denotes the Pauli spin matrices, W⃗µ represents the components of
the Wµ field and Bµ also a new scalar field. Next to this it is also found that

−V (ϕ) = µ2h2 − λvh3 − λ

4
h4 +

1

4
λv4. (11)

Using this expression of the covariant derivative and the field on the La-
grangian from equation 7, the mass terms follow from the gauge-kinetic term
DµϕD

µϕ. For the Z and W bosons the masses that are found are

m2
W =

1

4
v2g2 m2

Z =
1

4
v2(g2 + g′2) = m2

W /cosθW m2
A = 0 v = 246GeV.

(12)

2.3 Standard Model extensions

Now it is possible to discuss extensions of the Standard Model. In order to make
extensions, it is important that the current structure of the Standard Model re-
mains untouched. Here, one-particle extensions of the Standard Model will be
discussed, since these extensions are what will be used later on in this thesis.

One way of extending the Standard Model is by introducing new particles
which do not interact through the forces which are described by the Standard
Model, thus these new particles will be uncharged under electromagnetism, the
strong force and the weak force. These kinds of extensions ensure that the
Standard Model remains untouched. Since these particles transform as singlets
under the SU(3)C ×SU(2)L×U(1)Y , these kinds of one particle extensions will
be called a ’singlet’. Three kinds of singlets can be added: a fermion, a gauge
boson or a scalar particle.

2.3.1 Fermion singlet

In order to add a fermion singlet particle to the Standard Model, an extra
Lagrangian term has to be added which describes the new interaction. Since

7



this new added neutrino N is invariant under all SU(3)C × SU(2)L × U(1)Y
transformations, it is called sterile. This Lagrangian term is described as

L = −YνL̄ϕ̃NR + h.c. (13)

Thus, through this portal, it is now possible for a right-handed neutrino to
couple to the Standard Model. Hence, why this portal is often called a ’neutrino
portal’.

2.3.2 Vector boson singlet

A new vector boson singlet can also be added to the Standard Model. The
field to which this new vector boson can couple is the hypercharge field Bµν .
It is only possible for the new vector boson to couple to this field, and not
to the gluons GA

µ or to the weak gauge bosons W i
µ. This is because the U(1)Y

symmetry is an abelian symmetry, while SU(2)L and SU(3)C are not. However,
if the symmetries are not abelian, the field strength tensor is not invariant
under the transformations. For the case where the symmetry is abelian, thus
the U(1)Y case, the field strength tensor Bµν will remain invariant under the
transformations. The added Lagrangian term can thus be described as

L = − ϵ

2cosθW
BµνX

µν . (14)

Here, Xµ is the new field belonging to the added vector boson singlet. This
mixing is called kinetic mixing, where the ϵ parameter dictates the amount of
mixing between the B and X fields. This is also the term similar to what I will
add for generating the dark photon interactions.

2.3.3 Scalar singlet

The last portal that will be discussed is the portal to add a scalar singlet particle
ϕD to the Standard Model. This coupling is only possible to the Higgs sector,
hence why this portal is called the ’Higgs portal’. It is allowed to add terms to
the Higgs sector, since the Higgs field combination ϕ†ϕ is gauge invariant. This
allows for the following Higgs potential

L = −µ2|ΦSM |2 − µ2
S |ΦD|2 − α|ΦSM |2|ΦD|2 − β|ΦSM |2ΦD. (15)

Here, α and β are new couplings, and the new mass term of the introduced
scalar singlet, which is parametrized by µ and µS . These new terms will even-
tually lead to scalar mixing between the Standard Model Higgs and the newly
introduced scalar singlet. Through this mixing, the new scalar singlet will pick
up all the couplings of the Standard Model Higgs boson, with an extra scaling
term. This Higgs portal will also be used in this thesis to introduce the new
dark scalar particle.
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So, now the importance of the symmetries within the Standard Model and
how these symmetries affect the possible one-particle extension of the Stan-
dard Model has been discussed. Now it is possible to describe the dark matter
benchmark model that will be used for this research.
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3 The dark photon model

In order to find particle pairs in both the ATLAS and FASER detectors, the
particle model first has to be discussed. This benchmark model of course has
to be suited for the problem at hand. As stated in the introduction, the model
needs to meet the following properties. First, the particles which are created
need to be light, in order for them to be able to travel in the far-forwards direc-
tion. Next to this, the particles also need to be long-lived. This is needed since
the FASER detector is located 480 meters away from the ATLAS interaction
point. Lastly, the creation of two particles is needed, since one needs to be able
to decay within the ATLAS detector, and one within the FASER detector.

The model that is able to fulfil these wishes includes adding a U(1)D sym-
metry to the Standard Model. This extension of the Standard Model results
in a new vector boson singlet [3]. In this thesis, this new vector boson will be
called the Dark Photon. In other literature, it can also be known as the Dark-Z
[3]. The new U(1)D fields can interact with the Standard Model through kinetic
mixing between the U(1)D and the U(1)Y fields of the Standard Model hyper-
charge gauge boson. The way that this mixing occurs is by adding new terms
to the Standard Model Lagrangian. A new kinetic term for the U(1)D boson,
and a mixing term are added. This added term can be found in Lagrangian 16
[3]. This Lagrangian with the added kinetic mixing term allows for the mixing
between the U(1)D and the U(1)Y fields.

L = −1

4
B̂µνB̂

µν − 1

4
ẐD,µνẐ

µν
D +

1

2

ϵ

cosθW
B̂µνẐ

µν
D (16)

Here, ZD represents the new dark photon field. The fields are hatted, de-
noting that the fields are interaction eigenstates. The last term represents the
kinetic mixing between the dark sector and the Standard Model. The ϵ is the
kinetic mixing parameter, which governs how strong the mixing is between the
dark sector and the Standard Model, where ϵ ∼ 10−17 − 10−2 [3]. The cosθW
term represents the Weinberg angle. The fields are written as

B̂µν = ∂µB̂ν − ∂νB̂µ ẐD,µν = ∂µẐD,ν − ∂νẐD,µ. (17)

First, the mixing term in the Lagrangian has to vanish, in order to get a
proper Lagrangian without the mixing term. This is done by applying a shift
on the B field [4]. The shift that is performed on the fields is to the first order
in ϵ. (

ZD

B

)
=

(
1 0
−ϵ

cosθW
1

)(
ẐD

B̂

)
(18)

Thus, the shifted fields can be expressed as
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ẐD = ZD

B̂ =
ϵ

cosθW
ZD +B.

(19)

As can be seen from these expressions of the shifted fields, the dark photon
field remains the same before and after the diagonalization, it does not pick up a
B field component. However, the B field does pick up a dark photon component,
which is proportional to ϵ.

Using these expressions for the fields on the Lagrangian from equation 16
will remove the mixing term from the Lagrangian. This is due to the B field
now also containing a dark photon component. The Lagrangian thus becomes

Lgauge = −1

4
ZD,µνZ

µν
D − 1

4
BµνB

µν . (20)

3.1 Mass mixing

From equation 19 it can thus be seen that the B field picks up a dark photon
component. When applying electroweak symmetry breaking, this extra compo-
nent will also have an effect on the Z boson and on the photon A.(

A
Z

)
=

(
cosθW sinθW
−sinθW cosθW

)(
B
W 3

)
(21)

This matrix shows the relation between the B field and the third component
of the W gauge field with respect to the photon and Z boson. When applying the
diagonalized B field from equation 19 on the electroweak symmetry breaking,
the new diagonalized fields become [4]

A = Â− ϵZD

Z = Ẑ + ϵtanθWZD

ZD = ẐD.

(22)

Where the hatted fields are the fields before the shift.

The mass term of the dark photons comes from additional terms added to
the Higgs potential, namely

L ⊃ (DµΦD)†(DµΦD), (23)

where the covariant derivative is Dµ = ∂µ − i
2gDZDµ and the field ΦD =

1√
2
(s+ w). Here s represents the dark scalar field before diagonalization of the

mass matrix, so not yet a mass eigenstate, and w is the vacuum expectation
value (vev) for the dark scalar. gD denotes the dark sector gauge coupling.
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Putting this into the kinetic part of the Lagrangian gives the following mass
term for the dark photon.

L ⊃ 1

8
g2DZDµZ

µ
Dw

2 (24)

Thus, the dark sector part leads to a mass term of the form 1
2m

2
ZD
ẐDµẐ

µ
D,

where mZD
= 1

2gDw. The Standard Model term from the Lagrangian leads to

the mass of the Z boson, again of the form 1
2m

2
ZẐµẐ

µ. However, since these
fields also need to be diagonalized following equation 21, the Z fields now also
have a ZD contribution. This means that there is now mixing in the mass terms,
and they are no longer diagonalized. The matrix that describes this mixing is
given by

M2 = m2
Z

(
1 −ϵtanθW

−ϵtanθW δ2 + ϵ2tan2θW

)
, (25)

where δ2 =
m2

ZD

m2
Z
, in the basis of (Z,ZD). Diagonalizing the matrix from

equation 25 and the fields will give the mass eigenstates of the fields.

After diagonalization, the new fields can be described as a mixing of the old
fields, namely (

Z̃

Z̃D

)
=

(
ẐcosθD + ẐDsinθD
−ẐsinθD + ẐDcosθD

)
. (26)

Here, the fields with a tilde indicate the fields after the diagonalization of
the mass matrix. From here on forward, the tildes will be omitted, and the
fields will always be the mass eigenstates. The mixing angle θd I found is given
by the following expression, also in accordance with [5].

tanθd =
−
(
1− δ2 − ϵ2tanθ2W

)
−
√

(1− δ2 − ϵ2tanθ2W )
2
+ 4ϵ2tanθ2W

2ϵtanθW
. (27)

The eigenvalues of the matrix lead to the new mass eigenstates, namely

m2
Z,ZD

=
1

2

(
1 + δ2 + ϵ2tan2θW ±

√(
1 + δ2 + ϵ2tan2θW

)2 − 4δ2
)
. (28)

Now, for δ << 1 and ϵ << 1 these masses of the fields after mixing result in
[5]

m̂2
ZD

≈ m2
ZD

(1− ϵ2tan2θW ) m̂2
Z ≈ m2

Z(1 + ϵ2tan2θW ). (29)

The value for δ << 1 can be assumed since the dark photon mass ( ∼ 0.35
GeV) will be much lower than the mass of the Z boson (91 GeV [6]).
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3.2 Dark scalar

Next to introducing the dark photon, another particle is added to our model.
This particle will ensure that two dark photons will be created, as needed for
the signature. The introduction of this new scalar, the dark scalar, leads to
additional terms in the Lagrangian [7]. The new Higgs sector Lagrangian thus
becomes

L = (DµΦSM )†(DµΦSM ) + (DµΦD)†(DµΦD) + V0. (30)

Where the first two terms represent the kinetic part of the Higgs sector, and
the V0 term denotes the now altered Higgs potential. The covariant derivative
of the Standard Model is given as Dµ = ∂µ − igIaWW a

µ + ig′ YW

2 Bµ, and the

derivative acting on the dark scalar fields is given as Dµ = ∂µ − i
2gDZDµ. In

this covariant derivative, the gD represents the dark sector gauge coupling. The
last term, the potential, contains the following terms

V0 = −µ2|ΦSM |2 − µ2
S |ΦD|2 − λ|ΦSM |4 − λD|ΦD|4 − β|ΦSM |2ΦD. (31)

In this potential, µ and λ are the parameters from the Standard Model
Higgs sector. The µS and λD denote the parameters belonging to the newly
introduced dark scalar particle. The β parameter governs the mixing between
the new dark scalar and the Standard Model Higgs. This is due to electroweak
symmetry breaking. The ΦSM field thus denotes the Standard Model Higgs
doublet, while the ΦD now denotes the new dark scalar singlet. These fields are
described as

ΦSM =
1√
2
(h+ v) ΦD =

1√
2
(s+ w), (32)

where v is the vacuum expectation value (vev) belonging to the Standard
Model Higgs, and w the vev of the dark scalar particle. The dark scalar field
ΦD has to produce a vev in order for the dark scalar to be able to interact with
the dark photon. Without the vev, no interactions would be possible. Due to
the β term, there is mixing between the Standard Model Higgs and the dark
scalar. When inserting the fields, the relevant part of the potential becomes

V0 ⊃ −µ2

2
h2 − 3

2
λh2v2 − β

2
√
2
h2w − 1

2
m2

ss
2 − β√

2
vhs. (33)

The first three terms contain only the Higgs, the fourth term describes the
mass of the dark scalar; m2

s = µ2
s + 3λDw

2. The last term contains a mixing
term between the two fields, thus the fields still have to be diagonalized, since
this term cannot be interpreted as a mass term. This part of the potential can
therefore be rewritten into a matrix notation. Where this matrix has to be
diagonalized, in order to find the proper mass eigenstates of the system. The
matrix is written in the basis of (h, s)
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M2 =

(
−2µ2 −

√
2βw βv

βv m2
s

)
. (34)

The Higgs-Dark scalar mixing angle θϕ that I found is thus the angle that
allows for the diagonalization of the matrix shown above.

tanθϕ =
m2

s − 2µ2 −
√
2βw ±∆m2

√
2βv

(35)

Here,
(
∆m2

)2
= (−2µ2 −

√
2βw +m2

s)
2 + 2β2v2 and λv2 = −µ2 − βw√

2
.

So in mass-eigenstates, this results in

h̃ = hcosθϕ + ssinθϕ

s̃ = −hsinθϕ + scosθϕ,
(36)

where the fields with a tilde are the mass eigenstates. The Standard Model
Higgs couplings need to remain the same, since they have been experimentally
tested. Due to this, the cosθϕ term needs to be close to 1, to ensure this. This
means that the mixing angle θϕ thus needs to be θϕ << 1. For this model, this
mixing angle is found to be θϕ ≤ 0.008. The derivation of this mixing angle
can be found in appendix A. Through this scalar mixing between the Standard
Model Higgs and the dark scalar, the dark scalar thus inherits all of the Higgs
couplings. However, it does inherit them with a factor sinθϕ. Because this sine
is thus very small, the inherited couplings will also be very small.

Thus, the dark scalar is now also able to couple to fermions through a Yukawa
interaction, just like the Standard Model Higgs does. These new mass eigen-
states result in Yukawa interactions of the form

L ⊃ − yf√
2
f̄LfRh+ h.c.⇒ −yf√

2

(
cosθϕf̄LfRh̃+ sinθϕf̄LfRs̃

)
+ h.c. (37)

From here on, all the fields will be mass eigenstates, unless told otherwise.
This new Yukawa interaction describes now not only the interactions of the
Standard Model Higgs h with fermions, but it also describes the interactions
between the dark scalar s and fermions. The first term describes the Standard
Model Higgs interactions, now with an extra cosθϕ term. The second term
describes the interaction between the dark scalar and fermions, with an sinθϕ
term. The ff̄ denotes the fermion anti-fermion pair.

3.3 Branching ratios

After discussing all the relevant parts of the Lagrangian, it is possible to discuss
the implications of these added Lagrangian terms. The new dark photon and
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dark scalar particle allow for new interactions. In the following section, the
decay branching ratios of the new particles will be discussed. Only the decay
channels which are not suppressed will be discussed. Hence why only three
processes are discussed here.

3.3.1 Decay of a dark scalar to a fermion pair

The fist decay of interest is the decay of a dark scalar going to a fermion anti-
fermion pair. The process is shown in the following Feynman diagram.

Figure 2: The Feynman diagram showing the decay of a dark scalar into a
fermion anti-fermion pair. The strength of the interaction is dependent on the
Yukawa coupling yf and the sine of the Higgs-dark scalar mixing angle.

From equation 37, the relevant term for interactions between the dark scalar
and Standard Model fermions can be found.

L ⊃ − yf√
2
sinθϕf̄fs (38)

The term scales with the Yukawa coupling yf and the Higgs-dark scalar
mixing angle, sinθϕ. The Yukawa coupling constant is dependent on the type of
fermion anti-fermion pair that is produced, since yf =

√
2
mf

v . The term sinθϕ is
the mixing angle between the Standard Model Higgs and the dark scalar mass
eigenstates, as can be seen from 36. Because this interaction term scales with
the sine of the mixing angle, it will be suppressed, since the Higgs-dark scalar
mixing angle is very small. This means that the sine will also be very small.

With the use of this Lagrangian term, I was able to calculate the squared
matrix element of the process of a dark photon decaying into a fermion anti-
fermion pair. Using the squared matrix element, I found the following decay
width, which is in accordance with [8].

Γ(s→ ff̄) =
1

16π
msy

2
fNcsin

2θϕ

(
1−

4m2
f

m2
s

) 3
2

(39)

Thus, the decay width scales with sin2θϕ. Here, ms denotes the dark scalar
mass. Nc represents the number of colours, being three for quarks, and one for
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leptons. As discussed above, the mixing angle of the Higgs-dark scalar will be
very small. Since the decay width scales with the squared sine of this mixing
angle, this decay width will be highly suppressed because of this.

3.3.2 Decay of a dark scalar to a dark photon pair

The next interaction is the decay of a dark scalar decaying into dark photon
pair. This process can be seen in the following Feynman diagram.

Figure 3: The Feynman diagram showing the decay of a dark scalar to two dark
photons. The strength of this coupling is dependent on gD, the gauge coupling
of the dark sector.

The Lagrangian containing the interaction between the dark scalar and the
dark photons is given by the gauge-kinetic term of the dark scalar, namely

L ⊃ (DµΦD)†(DµΦD). (40)

This is the same gauge-kinetic term as discussed in equation 23. After intro-
ducing the dark scalar fields to this equation, the gauge kinetic term becomes

L ⊃ 1

8
g2DZDµZ

µ
Ds

2 +
1

8
g2DZDµZ

µ
Dw

2 +
1

4
g2DZDµZ

µ
Dsw. (41)

In this expression, the fields are not jet the diagonalized fields. The first
term of this expression contains the interactions between two dark photons and
two dark scalars. The second term contains the mass term of the dark photons.
The third term contains the interaction between one dark scalar and two dark
photons. All the fields are the fields before diagonalization.

From the second term, the mass term, it follows that

mZD
=

1

2
gDw. (42)

Now, after rewriting the fields in terms of mass eigenstates using equations
26 and 36, the two interaction terms thus become

L ⊃ 1

8
g2DZ̃DµZ̃

µ
D s̃s̃cos

2θDcos
2θϕ +

1

4
g2DZ̃DµZ̃

µ
D s̃wcos

2θDcosθϕ. (43)
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Of these two terms, the second term describes a dark scalar decaying to two
fermions, while the first term describes the interaction between two dark scalars
and two dark photons. With the use of the found expression for the mass of the
dark photon, this can be rewritten to (with the tildes again omitted)

L ⊃ 1

2
mZD

gDZDµZ
µ
Ds. (44)

Here, all the terms with a squared cosine are omitted. This can be done
since both θD and θϕ are small, meaning that the squared cosine terms of these
angles will become close to unity.

Next, I calculated the decay width belonging to the decay of a dark scalar
to two dark photons. This decay width is given by

Γ(s→ ZDZD) =
1

32π
g2D

m2
ZD

ms

(
1−

4m2
ZD

m2
s

) 1
2
(
3 +

m4
s

4m4
ZD

− m2
s

m2
ZD

)
. (45)

Because both final state particles are ZD, there is also an extra symmetry
factor of 1

2 involved in calculating this decay width. The found decay width
agrees with [9].

Two of the above discussed decay widths contain interactions of a dark scalar
decaying to two other particles, namely the fermion anti-fermion pair, and two
dark photons. Now that the decay widths of these processes are known, they
can be compared. As stated above, the process where the dark scalar decays
into a fermion anti-fermion pair is highly suppressed by the squared sine of the
Higgs-dark scalar mixing angle. However, the process where the dark scalar
decays into two dark photons does not have this suppression, this process scales
with the gauge coupling of the dark sector, gD. Since this second process is not
suppressed, this will be the dominant decay mode of the dark scalar, as long as
gD is sizeable and ms >> 2mZD

. The branching ratio of dark scalars decaying
to dark photons can be determined using the following equation.

BR(s→ ZDZD) =
Γ(s→ ZDZD)

Γ(s→ ZDZD) + Γ(s→ ff̄)
(46)

Because the decay width of dark scalars going to a fermion anti-fermion pair
is thus negligible, the branching ratio will be close to 1. In the following, thus
during the simulations, the branching ratio of a dark scalar decaying to two
dark photons is assumed to be 1.

3.3.3 Decay of a dark photon to a fermion pair.

Now that the branching ratio of the dark scalars has been discussed, it is time
to describe the decay of the dark photons. The decay process of these particles

17



Figure 4: The Feynman diagram showing the decay of a dark photon into a
fermion anti-fermion pair. The left- and right-handed couplings denote the
strength of the interaction.

into two fermions can be seen in figure 4. This process is described by the
Lagrangian terms

L ⊃ gLZDµf̄Lγ
µfL + gRZDµf̄Rγ

µfR. (47)

These new Lagrangian terms are a result of the kinetic mixing and elec-
troweak symmetry breaking. Through this, the dark photon picks up the cou-
plings of the Z boson, leading to the terms that are shown. This is because
the B field picked up a dark photon component, as can be seen in equation
19. Because of this extra component, there will now also be Lagrangian terms
describing an interaction between fermions and a dark photon. But not only
the B field mixes, the mass eigenstates for the Z boson and the dark photon are
mixed, as follows from equation 26. Due to this mass mixing, also the terms of
the Z boson get an extra dark photon interaction with the fermions.

In the expression of the Lagrangian above, the diagonalized dark photon
fields are represented by ZD, and the fermion fields by fL and fR for left- and
right-handed fermions, respectively. The γµ is a gamma matrix. gL and gR are
the coupling strengths of the left- and right-handed fermions, respectively. The
derivation of these coupling constants can be found in Appendix B.

gL =
g

cw

[
−cosθdsw

YwL

2

ϵ

cw
− sinθd

(
c2wI3 − s2w

YwL

2

)]
≈ eQϵ (48)

gR =
g

cw

[
−cosθdsw

YwR

2

ϵ

cw
+ sinθds

2
w

YwR

2

]
≈ eQϵ (49)

Here, g is the SU(2) gauge coupling, cw and sw are respectively the cosine
and the sine of the Weinberg angle, θd the mixing angle between the dark pho-
ton and the Z boson. YwL

and YwR
the hypercharge of the fermion and I3 the

third component of the isospin. In the limit where the kinetic mixing parameter
ϵ≪ 1 and mZD

≪ mZ , the coupling constants can be approximated to the last
part of the equalities [10]. Here, e is the electric charge of the proton, Q the
charge of the particle and ϵ the kinetic mixing parameter.
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The decay width which I calculated belonging to the decay of a dark photon
to two fermions results in the following expression, it also agrees with [11] and
[5].

Γ(ZD → ff̄) =
Nc

24πmZD

(
1−

4m2
f

m2
ZD

) 1
2 [
m2

ZD
(g2L + g2R)−m2

f (g
2
L + g2R − 6gLgR)

]
≈ 1

12π
NCQ

2e2ϵ2mZD

(
1 +

2m2
f

m2
ZD

)(
1−

4m2
f

m2
ZD

) 1
2

(50)

Thus, the decay width of a dark photon decaying into a fermion anti-fermion
pair scales with ϵ2mZD

. The kinetic mixing parameter ϵ dictates how strong
the dark sector couples to the SM particles, and is experimentally bounded,
ϵ ∼ 10−17 − 10−2 as stated above. Due to the ϵ having such small possible
values, the coupling of the dark sector to SM will also be small. This means
that the lifetime of the dark photons will be long, since the lifetime is inversely
proportional to the decay width, and thus to ϵ2. Thus, through the choice of
kinetic mixing parameters ϵ, the lifetime of the dark photons can be set.

The dark photons can only decay into a fermion anti-fermion pair. For our
benchmark scenario of interest, the relevant branching ratios are that of a dark
photon decaying into electrons and into muons. The reason why these are the
only fermions of interest here is because of the choice of mass of the dark photon.
Since it is not possible for the mass of the fermion pair to exceed the mass of
the dark photon. The mass of the dark photon here is chosen in such a way that
the only resulting fermions are electrons and muons, so also no light mesons can
be formed.

Thus these branching ratios will be

BR(ZD → eē) =
Γ(ZD → eē)

Γ(ZD → eē) + Γ(ZD → µµ̄)

BR(ZD → µµ̄) =
Γ(ZD → µµ̄)

Γ(ZD → eē) + Γ(ZD → µµ̄)
.

(51)

3.4 Dark scalar production

The dark scalars can be produced in flavour-changing transitions such as b→ sϕ
[12]. Here, the process that is used to describe the production rate is B → Xsϕ.
Where, Xs represents any final state with a strange quark. The model that is
used to make predictions about the branching ratio of this process is the specta-
tor model [13]. The spectator model neglects the mass of the light quark inside
the meson, thus only looking at the decay of the bottom quark into the strange
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Figure 5: This figure shows the process through which the dark scalars are being
produced [9]

.

quark, which is the quark-level process that is needed for the creation of dark
scalar particles. However, since the mass of the other quark is neglected, and
due to non-perturbative QCD effects, the spectator model overestimates the de-
cay rates at low dark scalar mass. This is due to the neglect of the phase space
suppression by the Xs mass [12]. The spectator model gives the best results
when mϕ < mB −mK , thus only for dark scalars with a low mass. However,
above this mass, it still makes reasonable approximations.

Other models for determining the branching ratios are the Exclusive Model
[14] and the Rescaled Model [15]. The Exclusive Model sums the branching
ratios of the decays into specific meson final states. However, for low masses of
the dark scalar, the Exclusive Model shows a deficit. The Rescaled Model uses
a scaling factor on the branching ratios BRB→Kϕ + BRB→K∗ϕ. However, this
approach differs a lot from the other two models.

In this research, the spectator model is used to determine the branching ratio
of the dark scalar production. Here, the mass of our dark scalar is set far below
the difference between the B meson and K meson masses, thusmS << mB−mK .
The spectator model predicts the following decay width [13]

ΓB→Xsϕ = |gϕsb|2

(
m2

B −m2
ϕ

)
32πm3

B

. (52)

With mB and mϕ the masses of the B meson and the dark scalar, respec-
tively. The prefactor gϕsb is given by [13]

gϕsb =
sinθϕmb

v

3
√
2GFm

2
tV

∗
tsVtb

16π2
, (53)
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as a result of integrating out the W boson and top loop, as seen in figure 5.
Here, Vts and Vtb are the CKM matrix elements and GF the Fermi constant.
Thus, the decay width of the B decaying to a dark scalar scales with the squared
sine of the Higgs-dark scalar mixing angle. From this, the branching ratio can
be formulated

BR(B → Xsϕ) =
ΓB→Xsϕ

ΓB + ΓB→Xsϕ
. (54)

Where ΓB is the decay width of all the Standard Model decays of the B
meson.

The relevant aspects of the dark sector model have been discussed. Produc-
tion of the dark scalars from the B mesons has been described and the decay
width is described. Next, the dark scalar has been described. The dark scalar
will promptly decay into a dark photon pair, with a branching ratio of 1. Fi-
nally, the dark photons have been described. Due to their inverse relation to ϵ,
they are long-lived particles, with a small mass. They can decay into a fermion
anti-fermion pair, as described by the given branching ratios.

3.5 Full decay chain

Now that all the aspects of the dark sector model have been discussed, it is
possible to write down the full decay chain.

Figure 6: This Feynman diagram shows the full decay chain starting from a B
meson. The dark scalar is produced through a W top loop. The dark scalar
decays into a dark photon pair. The dark photons decay into either an electorn
or a muon pair.

• Dark scalar: the dark scalars are a decay product of the B meson. The
decay width of the process B → Xsϕ scales with a factor sine squared
of the Higgs-dark scalar mixing angle and will thus be quite small, θϕ ≤
0.008, see appendix A. The dark scalar itself is an addition to the Standard
Model that was added though a Higgs portal. The dark scalar mixes with
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the Standard Model Higgs, through which it inherits all of the Standard
Model Higgs couplings, all be it with a factor sinθϕ added. The dark
scalar also acquires a vev w. The decay of the dark scalar leads to the
production of two dark photons, with a branching ratio of 1.

• Dark photon: the dark photon is thus a result of the decay of a dark
scalar. The dark photon is also an extension of the Standard Model. It is
introduced through kinetic mixing with the hypercharge field, where the
mixing is determined by the kinetic mixing parameter ϵ. After a shift of
the fields and diagonalizing the appropriate terms, there is mixing found
between the dark photon and the Standard Model photon. Through this,
the dark photon can inherit the couplings. The dark photon can thus
decay into a fermion anti-fermion pair. However, because of the choice of
mass, the only possible fermions that it can decay into are electrons and
muons. The lifetime of the dark photon is inversely proportional to the
decay width, thus inversely proportional to ϵ2. Through this, the kinetic
mixing parameter determines the lifetime of the dark photons.

In the beginning of this chapter, the needs of the benchmark model were
discussed. As said, the particles which are going to travel to the FASER and
ATLAS detectors need to be light. The dark photon mass is already bounded
from above by the masses of the B and K mesons, mZD

< (mB −mK)/2. This
already sets the dark photon mass up to be light. Next, the lifetime of the dark
photons had to be long, since long-lived particles were needed to be able to reach
the FASER detector. As described above, the lifetime of the dark photons is
inversely proportional to the square of the kinetic mixing parameter ϵ. The
value of the kinetic mixing parameter is experimentally found to be lower than
10−2, already leading to long lifetimes of the dark photons. Selecting smaller
values for ϵ will make the lifetime of the dark photons longer. At last, two
particles needed to be created, which is also the case here, since the dark scalar
decays into two dark photons.
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4 Detectors

In order to facilitate the detection of particles that are the decay products of
the dark photons, here electrons and muons, the use of detectors is appropriate
essential. The two relevant detectors in this research are the ATLAS and the
FASER detectors. Both detectors are located at the LHC. The ATLAS detec-
tor is a large, multi-purpose detector, that is located as a barrel around the
point where the particle beams cross, the interaction point (IP). Consequently,
particles that travel in the transverse direction will be detected by the ATLAS
detector.
The FASER detector, in contrast to the ATLAS detector, is not a barrel detector
surrounding the interaction point. Rather, it is located 480 meters downstream
from the interaction point, along the beam collision axis. The primary objective
of the FASER detector is to detect particles, or decay products thereof, that
are boosted in the far-forward direction. In addition, these particles also need
to be long-lived, light and weakly interacting to be able to traverse the entire
distance of 480 meters without undergoing any interactions. It is only under
these conditions that it is possible to decay within the FASER detector.

4.1 ATLAS

The ATLAS detector is a large multi-purpose detector located at one of the
interaction points (IP) of the Large Hadron Collider (LHC). The operation of
the ATLAS detector started in 2009, with various upgrades during shutdown
periods [16].

• Run 1 2009-2013: Centre-of-mass energy of
√
s = 7 TeV, with an in-

tegrated luminosity of 5 fb−1. During this run, the centre-of-mass energy
was also increased to

√
s = 8 TeV, resulting in an integrated luminosity of

21 fb−1. All the mentioned integrated luminosities are for proton-proton
collisions.

• Run 2 2015-2018: The centre-of-mass energy during this run was achieved
to be

√
s = 13 TeV, leading to an integrated luminosity of 147 fb−1.

• Run 3 2022-2025: An integrated luminosity of 160 fb−1 has been achieved
per September 2024 for proton-proton collisions [17]. The centre-of-mass
energy that is achieved for this run is

√
s = 13.6 TeV.

• High Luminosity Large Hadron Collider (HL-LHC) 2029 and
later: The expected integrated luminosity of the HL-LHC is approxi-
mated to be 250 fb−1, per year of operation. The goal is to achieve 3000
fb−1 in around 12 years after the upgrade. The centre-of-mass energy that
is hoping to be achieved is 14 TeV. [18]

The ATLAS detector can be divided into various segments. For this re-
search, the most interesting part of the ATLAS detector is the segment that is
located right around the interaction point and has the biggest range of detecting
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particles which are more forward-going. Currently, the closest detector part to
the interaction point is the Inner Detector. However, this Inner Detector is only
sensitive to particles which have a pseudorapidity smaller than 2.5.

During the downtime of the LHC between run 3 and run 4 with the HL-
LHC, the ATLAS detector will also be upgraded. One of the upgraded parts is
this Inner Detector, which will be replaced by the Inner Tracker (ITk) [19]. The
ITk will consist of an inner pixel detector, as well as an outer barrel detector
and an outer end-cap. The ITk will increase the pseudorapidity coverage of the
detector, going to an accepted pseudorapidity of |η| < 4 [19], as opposed to the
|η| < 2.5 of the current Inner Detector. Hence why for this research the Inner
Tracker will be discussed.

Figure 7: This figure shows the schematics of the ITk. The part in red represents
the inner pixel detector, the light red part is the barrel part, the dark red section
represents the end-cap rings of the pixel detector. The blue part is the strip
detector, where the horizontal lines again represent the barrel part, and the
verticals the end-cap rings [19].

The Inner Tracker consists of an outer barrel, outer endcap and an inner
barrel and endcaps. The inner most detector part of the detector consists of
silicon pixels. The outer regions consist of silicon strips [19]. The detector is 1
meter high and 3 meters long, as can be seen from figure 7.

• Strip Detector: The strip detector consists of four barrel layers and six
endcap disks. These are shown in blue in figure 7. In light blue the barrel
layers are shown, in dark blue the endcap disks can be seen. The Strip
Detector covers a pseudorapidity range of |η| < 2.7.

• Pixel Detector: The pixel detector is also shown in figure 7, in red. The
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light red parts are the barrel layers, and the dark red part indicates the
endcap rings of the Pixel Detector. The Pixel Detector gives the Inner
Tracker a total pseudorapidity coverage of |η| < 4.

From figure 7 it can also be seen that the height of the detector is 1 meter,
and the maximum distance from the interaction point is 3 meters. Thus, the new
Inner Detector will be sensitive to a bigger range of pseudorapidity values of the
particles. This is very useful for this research. The bigger the pseudorapidity
range of the Inner Tracker is, the smaller the opening angle of the two dark
photons may be. Because the particles will be produced in the forward direction,
it will be hard to produce them with very large opening angles. Hence why a
bigger pseudorapidity range of the detector is of the highest importance.

4.2 FASER

Just like the ATLAS detector, the FASER detector [20] is suited to search for
particles that are created at the interaction point at the LHC. However, unlike
the ATLAS detector, the FASER detector is not located as a barrel around the
interaction point. Instead, it is located along the beam collision axis, 480 meters
downstream from the interaction point. The FASER detector searches for light,
weakly-interacting particles that are a result of the proton-proton collisions at
the interaction point. Some of these light and weakly-interacting particles are
long-lived particles, allowing them to easily traverse the 480 meters from the
interaction point to the FASER detector.

Thus, the FASER detector can be used to detect the decay products of these
long-lived, light, and weakly interacting particles. These particles are mainly
produced in the forwards direction, along the beam axis. Since the ATLAS
detector is located around the beam axis as a barrel, it cannot detect particles
that are boosted in the very forwards direction. As stated above when dis-
cussing the ATLAS detector, the inner detector only can detect particles with
a pseudorapidity of |η| < 2.5, and the future inner tracker is only sensitive to
|η| < 4 particles. This means that these particles that travel in the forward
direction, cannot be detected by the ATLAS detector.

However, the FASER detector is located specifically along the beam collision
axis, allowing for detection of the decay products of these particles. The FASER
detector has a decay volume of length L = 1.5 meter, and a radius of R = 10
cm. Due to the geometry of this decay volume and the location of FASER, only
particles with a pseudorapidity of η > 9.2 can decay inside this decay volume
[20]. Thus, only particles that are extremely boosted towards the beam collision
axis have a chance to decay in FASER.

The FASER detector consists of various parts, described from where the
particles first enter the detector:
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Figure 8: This figure shows a schematic representation of the FASER detector.
The particles coming from the interaction point enter the detector from the left.
The gray parts are the scintillators, the red parts the magnets, of which the first
one is the decay volume. The blue parts are the tracking station, and the last
part in purple represents the calorimeter [20].

• Two scintillators, which veto the charged particles that are coming through
the wall from the interaction point. In-between these two scintillators is
a lead plate, which prevents photons to enter the detector by converting
them to electromagnetic showers, which the scintillators will take care of.

• The decay volume of the detector. As stated above, the decay volume has
a length of L = 1.5 meter, and a radius R = 10 cm. Since the detector
is also located 480 downstream from the interaction point, this results in
a sensitivity to particles with a pseudorapidity of η > 9.2. The decay
volume consist of a 0.6 T dipole magnet. When the decay products are a
pair of charged particles, the magnet will separate the decay products, to
be able to detect both the decay products separately.

• After the decay volume, there are three tracking stations, separated by
two additional 0.6 T magnets. Just like the magnet of the decay volume,
these magnets also separate the decay products, to make clearer tracks of
both particles separately.

• The last part of the FASER detector is an electromagnetic calorimeter.
This measures the total electromagnetic energy of the electromechanically
charged decay product.

As stated above, the detector is located along the beam collision axis. How-
ever, in order for the detector to be placed along the axis, the beam already
needs to be curved away. Because of this, the FASER detector is built 480 me-
ters downstream from the interaction point. This also means that the particles
that want to reach FASER have to traverse 10 meters of concrete and 90 meters
of rock. However, since the FASER detector is located within a maintenance
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shaft of the LHC, there is only empty space 5 meters before the detector, as can
be seen in figure 9. Because of this, it is also possible for dark photons to decay
within this volume before the detector and still have their decay products be
detected within the FASER detector.

Figure 9: This figure schematically shows the location of the FASER detector
relative to the beam axis. The top part of the figure shows the interaction point
(IP) and the location of the detectors surrounding it along the beam axis. At
480 meters, the FASER detector is shown. On the lower left, a zoomed in view
on the interaction point is shown, together with detectors surrounding it. The
coloured lines show how different types of particles that are produced in the
far-forward direction traverse through this section, with the long-lived particle
(LLP) following the beam collision axis, without being absorbed. The bottom
right side of the figure is zoomed in on the FASER detector. Here, it can clearly
be seen that the FASER detector is located along the beam collision axis, which
is shown by the red dotted line.

So in total, particles need to have a pseudorapidity higher than 9.2 to be able
to decay within the FASER detector. The decay volume of the FASER detector
itself is 1.5 meters long, starting 480 meters from the ATLAS interaction point.
Due to the maintenance shaft where the FASER detector is located, it is also
possible to detect particles which decay 5 meters before the FASER detector,
thus 475 meters away from the interaction point.

So in order for a dark photon pair to be able to decay within both the
FASER and the ATLAS detector, the opening angle of the two particles needs
to be substantial. Since the maximum sensitivity of the Inner Tracker is |η| < 4,
while the FASER detector can only begin to detect particles with η > 9.2. Thus
there is a substantial pseudorapidity gap between the two detectors. If a dark
photon were to have a pseudorapidity that would lead it to travel to this gap,
neither detector is able to detect it.
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5 Event Simulations

5.1 PYTHIA

Now that the dark photon model and the detectors have been discussed, the
phenomenology of the newly added particles can be discussed. The primary ob-
jective is to determine whether it is possible to detect two dark photon siblings
in both the ATLAS and the FASER detectors, and to study the behaviour of
the dark photons. Simulations of collision events are a useful tool to see how
the dark photons might behave in collisions, and to determine where they could
end up. For this research, the generation of the collision events is performed by
the software tool PYTHIA [21]. PYTHIA is an event generator for collisions of
high-energetic particles, such as are happening in the LHC.

PYTHIA v8.3 [22] is a code library, used to generate events of collisions
between high-energetic particles, and is thus a so-called event generator. An
event is the result of a collision between two particles, or the decay of one.
Because the particles are highly energetic particles, and due to the statistical
nature of QFT, the number, and the properties, of outgoing particles vary per
event. A set of calculated probability distributions is used to determine the
predicted event rates. An event generator is thus described as:

’A numerical algorithm that can produce (or ”generate”) random
sequences of such simulated events, one after the other, is called
an ”event generator”. The simulations can be based on known or
hypothetical laws of nature. This allows for the exploration and
comparison of competing paradigms, and studies of the sensitivity
of proposed physical observables to the differences’ (Bierlich et al.,
2022, p. 8).

Thus, an event, especially for high-energetic collisions, is roughly a list con-
taining the sub-atomic particles which are produced, along with a measure of
the probability for that event to occur. In PYTHIA, this list also contains the
four-momenta, production point and other properties of each particle. This list
is what is called an ”event record” in PYTHIA. However, the results of an event
generator like PYTHIA are very dependent on the input parameters, up to an
order of O(100) [21]. A collection of parameter values is called a tune.

5.2 Input choices

As stated above, the input parameter choice is very important when making
simulations. The choices of input parameters are shown in table 1.

The mass of the dark photons is chosen to be mZD
= 0.35 GeV. Choosing

this value guarantees that the decay products of the dark photons can only be
electrons and muons [6]. Pions, the lightest mesons, are forbidden, due to their
larger masses. The dark scalar mass is set to be mϕ = 1 GeV. It of course
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Table 1: This table shows the values of the input parameters used in the simu-
lations.

Parameter choices
Dark photon mass mZD

0.35 GeV
Dark scalar mass mϕ 1 GeV

Kinetic mixing parameter ϵ 3 ∗ 10−7

Higgs-dark scalar mixing angle θϕ 0.008
dark sector gauge coupling gd 0.35

Centre of mass energy 14 TeV

has to be possible for one dark scalar to decay into two dark photons requiring
mϕ > 2mZD

. Also, the mass of the dark scalar is limited due to B meson decay
where it is created. The mass of the dark scalar cannot exceed mB −mK .

The kinetic mixing parameter ϵ is set to ϵ = 3 ∗ 10−7. This parameter is es-
pecially fine-tuned in these simulations, in order for the dark photons to be able
to reach FASER. The lifetime of the dark photon is inversely proportional to
mZD

ϵ2. Since mZD
is fixed, as stated above, the lifetime of the dark photon can

be changed by changing the value of ϵ, as can be seen from figure 10. Here, the
location of the dark photon decays can be seen along the beam collision axis for
different values of the kinetic mixing parameter. The blue value, ϵ = 10−6, leads
to the bulk of the dark photons decaying before the FASER detector. However,
when going one order of magnitude lower, nearly all dark photons overshoot the
FASER detector, as can be seen from the green line. When the kinetic mixing
parameter is set to ϵ = 3 ∗ 10−7, many dark photons will decay around the
FASER detector. Using this value, and the decay width obtained in equation
50, the lifetime of the dark photons can be obtained, namely τZD

= 4.422∗10−9

seconds, or 1325.792 mm/c as used by PYTHIA.

The Higgs-dark scalar mixing angle θϕ is constrained to be small, namely
θϕ ≤ 0.008 A. This mixing angle can also be found in the decay width of
Γ(s → ZDZD). Just like with θD, the cosine terms of this angle go to one,
because of the small value for θϕ. The other place where θϕ appears is in the
decay width of Γ(B → Xsϕ). Here, θϕ determines how big the branching ratios
BR(B0 → Xsϕ) and BR(B

± → Xsϕ) are. Thus, a small value for θϕ will only
limit the dark scalar production rate. Due to this, the term sin2(θϕ) in the
branching ratio for the production of dark scalars is set to 1, and later the event
rates are rescaled. This is to ensure that more dark scalars will be produced in
the simulations.

The dark sector gauge coupling gD only shows up in the expression of the
decay width Γ(s → ZDZD). The value of gD is chosen such that the coupling

αD = 0.01, since αD =
g2
D

4π . Through this parameter choice, the dark scalar
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Figure 10: This figure shows the decay distance along the z axis, the beam
collision axis, of dark photons with a pseudorapidity η > 9.2. The three different
lines indicate different values for the kinetic mixing parameter ϵ. The black
dashed line indicates the location of the FASER detector. 106 events were used
for this plot.

lifetime can be calculated to be 1.6 ∗ 10−10 mm/c. Thus, the dark scalar has
a prompt decay, since the lifetime is extremely small. As explained above, the
branching ratio of a dark scalar into fermions is highly suppressed. Thus, only
the process of a dark scalar to dark photon pair is taken into account in the
simulations.

The initial particles are both set to be protons, in order to properly simulate
LHC data. The centre of mass energy of the initial interaction is set to 14 TeV.
This value is chosen to be in accordance with the projected centre of mass en-
ergy of run 4 of the LHC, since the detector which is used for the simulations,
the Inner Tracker, is also in use starting from run 4.

Table 2: This table shows the parameters that follow from the input parameters
found in table 1 and the appropriate equations stated in chapter 3

Resulting values
dark scalar lifetime 1.6 ∗ 10−10 mm/c
dark photon lifetime 1325.79 mm/c
B0 → Xsϕ branching 5.683 ∗ 10−5

B± → Xsϕ branching 5.730 ∗ 10−5

ϕ→ ZDZD branching rescaled to 1
Dark photon branching electrons 0.51
Dark photon branching muons 0.49
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The lifetimes and branching ratios calculated from these chosen input pa-
rameters can be seen in table 2. Using these values, the simulations were made.
In order to simulate LHC collision events, the centre of mass energy is set to
be 14 TeV, and both incoming beams are protons. Also, hard b-bbar processes
are turned on via HardQCD:hardbbbar = on, to make sure more B mesons are
created, leading to more dark scalars. This setting is a tune, as mentioned
before. Regarding the dark photons, the flag isResonance = false also has
to be added, since it is a long-lived particle. This is to ensure the long-lived
behaviour of the dark photons. Next to this, the command rescaleBR = 1 has
to be used, to ensure the total branching ratios to be rescaled to 1. For the dark
scalar, the width of the Breit-Wigner distribution has to be added, which is the
decay width of the dark scalar going to dark photons.

The files used for the simulations, as well as the most important data
analysis methods can be found on git via: https://gitlab.science.ru.nl/

lbroekhoven/master-stage.

5.3 Lifetime efficiency

Processing the data that is generated in the steps described above is a very time
and GPU consuming process, due to the strong geometric constraints from both
detectors, and the randomness of the decay distance per event. The chances of
finding a dark photon which decays in the FASER detector are already quite
slim. This is because the particle itself needs to be extremely boosted in the far-
forwards direction, since the particle needs to have η > 9.2 in order to be able
to decay within FASER. This already leads to a big reduction in the amount
of usable data. Next to this, the decay volume of FASER is also quite small,
the decay volume is 1.5 meters, and the empty shaft before that is 5 meters
long. This means that the particles need to decay within 6.5 meters, in order to
be able to be detected. Due to these two factors, the amount of dark photons
found in the simulations which decay within FASER is very low.

The first way of improving the number of dark photons which end up in
FASER is by fine-tuning the kinetic mixing parameter ϵ. As explained above,
this parameter dictates how strong the dark sector mixes with the Standard
Model particles. Due to this, the lifetime of the dark photon is inversely pro-
portional to ϵ2. This can intuitively be seen: when the dark sector and the
Standard Model mix more easily, a higher ϵ, it is easier for the dark photon to
decay into Standard Model fermions, thus leading to a shorter lifetime of the
dark photon. Thus, by changing the value of ϵ, an optimal dark photon lifetime
can be obtained for the decay within the FASER detector. The optimal result
for this value of ϵ can be found in table 1.

Next to selecting an optimal value for ϵ, a pT-cut is made on the simulated
data. The aim of the pT-cut is to increase the number of dark photons with
a higher pseudorapidity. A pT-cut has no consequence to the sensitivity of
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the model, however, it can improve the amount of useful data. By setting an
upper bound for the pT of the dark photons, the particles with high pseudora-
pidity will still be simulated, however, there will be fewer particles with lower
pseudorapidity. Due to this, a higher portion of the particles generated in the
simulation will have a higher pseudorapidity. This will increase the chances of
finding dark photons that can decay within FASER in a fixed event sample.
This can also be seen in figure 11. The most optimal scenario would have been
to apply a pseudorapidity cut, however, this is not an option in PYTHIA.

Figure 11: This figure shows the dark photon pT spectrum for three different
pT-cuts. The blue region shows the pT of the dark photons without a pT-cut.
Here, there are a lot of dark photons with low pseudorapidity. The orange area
shows the dark photons with a 10 GeV pT-cut. Here, the peak around the lower
η values is no longer present, as it was for the dark photons without a pT-cut.
Lastly, the green area shows the dark photons with a 1 GeV maximum for the
pT. Here, there are even less dark photons with lower η values simulated. For
each of the shown cuts, 1000000 events were used.

After I tried to improve the number of dark photons found in FASER using
the methods described above, another approach was needed, since the efficiency
of the simulations was still unsatisfactory. This new approach will be called the
’probabilistic approach’. For this probabilistic approach, instead of analysing
the final output from PYTHIA, only the information about the particles’ energy
and pseudorapidity is used. In the previous two methods, PYTHIA decided
where the particles would decay, based on, among others, their lifetime and
energy. Through this method, information about the probability to decay within
FASER is lost, since the particle either does or does not end up in FASER. In
order to regain this information, only the energy of the particles and their
pseudorapidity will be extracted from PYTHIA. Using the pseudorapidity, it is
possible to determine whether or not a particle geometrically could decay within
FASER or ATLAS. Using the energy of the particle, the probability for decay
can be calculated using the following two equations.
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Figure 12: This figure shows a schematic overview of the the two described
methods for the simulations and data analysis. The left side of the figure shows
the first described method. On the right side, the probabilistic approach is
shown. The annotations in red show the downsides of a certain step. The anno-
tations in greed show positive properties of the methods. The orange annotation
indicates a neutral step.

Pdetector(p) = exp

(
−rmin

d(p)

)
− exp

(
−rmax

d(p)

)
where d =

pτ

m
(55)

Here, rmin represents the minimum radial distance and rmax the maximal
radial distance of the detector, p the momentum of the particle and τ the life-
time of the particle. The equation that I found here also coincided with [8]. For
FASER, rmin is set to 475 meter and rmax = 480 meter. For ATLAS, rmin and
rmax are dependent on the pseudorapidity of the dark photons, since the ATLAS
ITk is a cylinder and thus not spherically symmetric. For the distances of the
FASER detector, this is not a problem. Because the detector is only reachable
for particles with a pseudorapidity > 9.2, the particles will all travel straight
through the detector and we can neglect the η dependence of the decay volume.
The parameter p represents the momentum of the particle, τ the lifetime, and
m its mass.

Using both the information about the particles’ direction, or pseudorapidity,
and the probability of their decay, it is possible to determine the probability for
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the dark photons to end up in FASER and ATLAS. Using this information, it is
also possible to calculate the probability for one of the siblings to decay within
the ATLAS detector, and for the other sibling to decay within FASER. This
total probability can be obtained by multiplying both probabilities with each
other.

Pboth siblings in detectors = PATLAS(sibling 1) ∗ PFASER(sibling 2) (56)

Here, PATLAS and PFASER are the probabilities of the dark photon decaying
with FASER or ATLAS, as calculated by equation 55. Since the pseudorapidity
ranges for the detectors do not overlap, the probability for a particle to decay
in the other detector is always 0. Or, as described in the equation above, the
probability to find sibling 1 in FASER or sibling 2 in ATLAS is 0. Hence, why
these probabilities are omitted in the given equation above. Through this prob-
abilistic approach, it is possible to scale up the number of particles from the
PYTHIA simulations to LHC data. PYTHIA can also return the cross section σ
of processes. Using this information, the number of B mesons that are produced
in run 4 can be determined, using the integrated luminosity Lint of LHC run 4.
The number of dark scalars produced during this run can then be determined
via the branching ratio BR(B → Xsϕ). Now, a scaling factor can be determined
between the number of dark scalars found in the simulated data and LHC run 4.

NB = σB ∗ Lint Nϕ = NB ∗BR(B → Xsϕ)

This probabilistic approach is considerably more efficient than the method
discussed prior, even with the two discussed improvements, showing an improve-
ment of O(∞′∋). With the first method, a considerable amount of data was
disregarded, since only very few dark photons decayed exactly within FASER.
With the probabilistic approach, all of the simulated dark photon data with
proper pseudorapidity is used to determine the probabilities of these particles
to end up in FASER or ATLAS. Later, these probabilities will be scaled up to
LHC run 4 data.
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6 Results

6.1 Method 1

Using the input setting from section 5.2, simulations can be made. PYTHIA is
able to return a lot of information about the particles and the simulated events.
First, the results of the output from PYTHIA are discussed, thus what is in
section 5.3 called ’Method 1’.

(a) Complete data set (b) Only the bins with a number of ZD < 10 are shown.

Figure 13: This figure shows the relation between the distance at which the dark
photons decay in the direction along the beam axis, here called ’z distance’, and
the pseudorapidity η of the dark photons. The dashed orange line shows the
distance to the FASER detector. The green dashed line indicates the minimal
pseudorapidity needed for the particles to be able to decay within the FASER
detector, η > 9.2. The green region shows where the pseudorapidity is sufficient
in order for the particles to reach FASER. The simulations that were done for
the creation of these plots were made with ϵ = 3e-7, and 1000000 events were
generated for these figures.

In figure 13 the relation between the decay distance along the beam axis and
the pseudorapidity of dark photons can be seen. Here, the green area indicates
the region where the pseudorapidity is larger than 9.2, which is the minimum
that is needed to go in the direction of the FASER detector. Since the FASER
detector is only located on one side of the interaction points, only the top lobe
of the figure is eligible to end up in FASER. As can be seen in the plot, there
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are a few particles which can make it to this region. Thus, these particles go in
the direction of the FASER detector. However, the FASER detector does not
cover the whole of the green section. Since it is only located 475 meters away
from the interaction point. This is indicated by the orange line. Thus, only par-
ticles that decay on the orange line within the green sector decay within FASER.

Figure 14: These figures show the relation between the angle with respect to
the beam collision axis and the momentum of the particles. Both scales are
logarithmic. The plot on the left shows the distribution of the B mesons. The
plot in the middle shows the dark scalar distribution. Finally, the plot on the left
shows the distribution of the dark photon. In this plot, the green shaded area
represents where the angle of the particles is small enough in order to reach the
FASER detector; thus where the angle corresponds to a pseudorapidity bigger
than 9.2. For the creation of these plots, the information from 1000000 events
was used again.

Figure 14 shows all particles in the decay process to get to the dark pho-
tons. The B mesons are already dominantly produced in the forward direction,
as can be seen in the left-most plot. This sets up the decay products, here the
dark scalars, to also travel in the forward direction. The dark photons that are
a result of these forward-going dark scalars, will also dominantly travel in the
forward direction. This can be seen in the right-most plot. The green area of
the plot indicates where the dark scalars have a high enough pseudorapidity to
end up in FASER. Here, a couple of dark photons with high momentum can
be found that meet this criterion. However, the number of particles within this
region is quite small.
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(a) Complete figure showing the opening angle of all
the dark photon pairs. For this figure, 1000000 events
were generated.

(b) Only sibling pairs of which one of the dark photons
has η > 9.2 are shown. The green area again indicates
the opening angle for both detectors.

Figure 15: Here, the opening angle ∆θ of the dark photons is shown compared
to the total momentum of the pair. In light green the region where the dark
photon pair has a big enough opening angle to decay both in their respective
detector is shown. The figure of the left shows the opening angle of the complete
dataset which is a result of 1000000 events. On the right side, only the opening
angles of the sibling pairs which have one particle with pseudorapidity η > 9.2
are shown. Here the green region is again the region where the opening angle
is big enough for both particles to decay within their respective detectors.

Figure 15 shows the opening angle of the dark photon pairs, compared to
their total momenta of the pair. The green area shows the region where the
opening angle of the dark photon pair is big enough to allow for the dark pho-
tons to travel in the direction of their respective detectors. As can be seen here,
only the dark photon pairs with a quite low total momenta have an opening
angle which is sufficient for the possible detection of both particles. If the total
momentum is too high, both the particles will be forwards boosted, and thus
results in a small opening angle.

However, the right most plot of figure 15 shows only the sibling pairs with
a particle going in the FASER direction. Here, nearly all the dark photon pairs
have too small opening angles for both detectors. Note the difference in axis
sizes, the right plot only contains dark photon pairs with high total momenta.
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From these plots that were discussed, it can be seen that only very few parti-
cles are able to make it to the FASER detector and decay within this volume. In
figure 13 only the particles which are within the green area and located along the
orange line will decay within FASER. The chances of finding a sibling particle
which then ends up decaying inside the ATLAS detector are extremely slim. In
order to simulate enough data to be able to compare these results to ATLAS run
4, a lot of simulations have to be done. However, these are very time-consuming.
Hence why the probabilistic approach of calculating the probabilities is more
viable to finding sibling pairs that will decay within FASER and within ATLAS.

6.2 Probabilistic approach

Now the results from the probabilistic approach can be analysed. As discussed
above, it is very hard to get a sufficient number of data using the direct decay
output from PYTHIA. Instead of letting PYTHIA do the decay of the dark pho-
tons, only the energy of the dark photons and their pseudorapidity is extracted
from PYTHIA. From the pseudorapidity of the dark photons, it is possible to
determine whether or not the dark photons are travelling in the direction of
ATLAS or FASER. From the energy of the dark photon, together with the life-
time which is an input parameter, the probability of a dark photon decaying
within a certain volume can be obtained. The probabilities of the dark photons
decaying within the FASER and ATLAS detector can be found in figure 16.

From the figure showing the probability of a dark photon to decay within the
ATLAS detector, the energy scales on the horizontal axis should be noted. The
energy scale is very low. In order to find a higher chance of the dark photons to
decay within ATLAS, the energy of the dark photons should be very low. This
is due to the longer lifetimes of the dark photons, which are mainly probed for
reaching the FASER detector. Since the dark photons have these longer life-
times, they can easily overshoot the ATLAS detector. The dark photons with
low energies are the only dark photons which will not overshoot the ATLAS de-
tector, hence why only these particles have a higher probability to decay within
the ATLAS detector. The different coloured lines indicate different values of
the pseudorapidity of the dark photons. Dark photons with a pseudorapidity
of 0 would travel straight up through the detector, thus only traversing the
total height of the detector. However, particles with a higher pseudorapidity
will travel more diagonally through the detector, thus traversing more of the
detector. Because they travel through more of the detector, they also have a
higher chance of decaying within the detector, since they spend more time in
it. This effect is most noticeable for dark photons with low energies. Dark pho-
tons with a high energy will overshoot the ATLAS detector regardless of their
pseudorapidity.
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(a) The probability for a dark photon to decay
within the ATLAS detector depending on their
energy in GeV given in percentage. The colours
indicate different pseudorapidity values. Note
the small energy scale on the x-axis.

(b) The probability for a dark photon to decay
within the FASER detector depending on their
energy in GeV. The kinetic mixing parameter ϵ
is set to 3∗10−7. The y-axis is scaled to indicate
1%.

Figure 16: The figure on the left shows the probability of a dark photon to decay
within the ATLAS detector, depending on their energy and pseudorapidity.
Note the low energy scale on the horizontal axis. The different colours indicate
different values for the pseudorapidity. The values go up to 4, since the ATLAS
inner tracker is sensitive to particles with a pseudorapidity < 4. On the right
side the probability of a dark photon decaying within the FASER detector is
shown. The kinetic mixing parameter ϵ is set to 3 ∗ 10−7. Changing the value
of the kinetic mixing parameter would also change the location of the optimum.
All particles which are shown here have a pseudorapidity > 9.2, otherwise the
probability to decay within the FASER detector would be 0. The maximum of
the vertical axis is chosen such that the maximum value indicates 1 %. Both
figures were made with ϵ = 3e− 7.

On the right side of the figure the probabilities for the dark photons to decay
within the FASER detector are shown. Here, an optimum can be seen around an
energy of 150 GeV. Dark photons with a lower energy are more likely to decay
before reaching the FASER detector. In the same manner, dark photons with a
higher energy are more likely to overshoot the FASER detector. The reason for
the optimum around 150 GeV is due to the choice of kinetic mixing parameter,
since this parameter determines the lifetime of the dark photons. If the lifetime
of the dark photons were set to be lower, the dark photons would need more
energy to travel the same distance before decaying. However, if the lifetime
were longer, the dark photons would need less energy to travel the distance to
the FASER detector. From the figure it can also be seen that the maximum
probability for dark photons to decay within the FASER detector is 0.004.
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Figure 17: In this figure, each dot represents a dark photon sibling pair. Both
of the siblings have to proper pseudorapidity to go in the direction of their
respective detector, thus this figure shows all the dark photon pairs from the
simulated data that have to potential to decay within both of their detectors.
The colour of the dot indicates the combined probability of both dark photons
to decay within their detector. On the horizontal axis, the energy of the dark
photon sibling which goes in the direction of the ATLAS detector is given in
GeV. On the vertical axis, the energy of the FASER going sibling is shown. In
total, 130 million events were simulated for the creation of this figure.

Figure 17 shows the probability of dark photon sibling pairs decaying within
their respective detectors. In this figure, the energy dependency is shown, with
on the horizontal axis the energy of the sibling going to the ATLAS detector,
and on the vertical axis the energy of the dark photon sibling going towards the
FASER detector. Each dot thus indicates a pair where both dark photons are
going in the direction of their respective detectors. Here, it can be seen that, in
order for the particles to have a substantial chance to decay within the FASER
detector, the energy of the dark photon needs to be higher, i.e. higher than
about 40 GeV. This can be seen from the figure, since all the sibling pairs where
the FASER going dark photon has an energy lower than 40 GeV are shown to
be in the dark purple region, meaning that the probability is very low. The
energy where the probability to decay within the FASER detector is optimal is
around 150 GeV, as can be seen from the figure 16b, showing the probability for
the dark photons to decay within FASER. However, this optimum is dependent
on the choice of the kinetic mixing parameter ϵ. Since this parameter alters the
lifetime of the dark photons, it also influences where the dark photons will decay.
If the energy gets too high, the dark photons will overshoot the FASER detec-
tor, and when the energy is too low, they cannot reach the detector. However,
overshooting the FASER detector is less of a problem for the total probability of
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FASER-ATLAS siblings than undershooting the detector. When the particles
have an energy that is too high for the optimum, it is still possible to decay
within FASER, only less likely. While it is harder for the dark photons that un-
dershoot the detector to even reach it. This finding is also in accordance with [8].

However, the energies of the ATLAS going particles also play a role in the
total probability. In order for the dark photons to have a substantial chance to
decay within the ATLAS detector, the energy of the dark photon must not be
too high. In figure 17 this can be seen by following the horizontal axis. The dark
photons which have a small energy when they go to ATLAS are more lightly
coloured, compared to the dark photons which have a higher energy. The dark
photons cannot undershoot the ATLAS detector, it is however quite easy for a
dark photon to overshoot it. Hence why these small energies are needed. Thus,
the optimal case would be to find dark photon siblings where the FASER going
sibling has an energy around 150 GeV, and the ATLAS going sibling has a very
low energy.

Figure 18: This figure shows the probabilities for the dark photon pairs to decay
in both detectors. The figure is made purely of the geometry of the detectors,
no simulated data was used for this plot. On the axis, the energy of the dark
photons is shown which go to FASER and ATLAS respectively.

Figure 18 shows the same axes as figure 17. The difference between the two
figures is that figure 17 shows all the sibling pairs found in the simulations.
Figure 18 shows the probability density PFASER+ATLAS from equation 56 for all
possible combinations of dark photon energies. However, it is not based on any
simulated data, it is solely based on the geometry and the calculated probability
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of the dark photons to decay within the detectors.

Here the full energy dependence can indeed be seen, not just in the places
where particle pairs lie. The ATLAS going dark photon needs to have a low
as possible energy, while the FASER going dark photon has the maximal prob-
ability to decay within the detector around 150 GeV. Also, the dark photons
that undershoot FASER lead to very low combined probabilities, while the dark
photons that tends to overshoot it still have a higher probability to decay within
in. For dark photons that overshoot ATLAS, the probability drops rapidly.

Figure 19: This figure shows the probability of the dark photons to decay within
the ATLAS or FASER detector. Each dot again represents a dark photon pair.
The colour of the dot indicates the combined probability of the dark photon
pair to decay within both detector. The x-axis now shows the probability of
the ATLAS going dark photon to decay within the detector. On the y-axis
the probability of the sibling dark photon is shown to decay within the FASER
detector. Again, 130 million events were simulated for the creation of this figure.

Form figure 19 the probabilities are shown for both sibling particles to decay
within their respective detector. Note the difference in scale between the hori-
zontal and vertical axis. The horizontal axis, where the probability for ATLAS is
shown, shows the probability in steps of 0.1, leading all the way up to a probabil-
ity of more than 0.4 for the highest ATLAS probability. However, on the vertical
axis where the FASER probability is shown, the scale is considerably different.
Here, the steps between indicated points are 0.0005. Thus, the probability of a
particle to decay within the FASER detector is considerably smaller than the
probability of a particle decaying within the ATLAS detector. This means that
the probability for FASER is the limiting factor for the total simultaneous de-
cay probability. This can also be seen from this figure. All the particles which
lay in the lower part of the figure, along the horizontal axis, have an extremely
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low total probability. Even the particle pair where the ATLAS-going particle
has the highest decay probability has a very low total probability. However,
when looking at the particle pairs with higher decay probabilities within the
FASER detector, the total decay probability also becomes larger. Even though
the probability for a decay within the ATLAS detector gets smaller, the total
probability does increase compared to the probabilities of the pairs laying near
the horizontal axis.

6.3 Scaling to LHC run 4

The plots showing the total number of sibling pairs that are able to reach both
the FASER and the ATLAS detector are dependent on the amount of simulated
data that I acquired. Since for more data, more sibling pairs could be found
in both detectors. In order to make realistic predictions for the LHC based
on this, it is more useful to scale the data up to the number of dark photon
pairs which will be produced during run 4 of the LHC. This scaling was already
discussed in section 5.3. As stated here, the number of dark scalars which are
predicted to be found during run 4 can be calculated through knowing the cross
section of the process creating the B mesons, the predicted integrated lumi-
nosity for run 4, and the branching ratio of the B mesons decaying into dark
scalars. The cross section for the B meson production can be retrieved from
the PYTHIA simulations. Here it is important to look at the cross sections
without the pT-cuts implemented in the simulations. The found cross section
is σB = 3.83 ∗ 1011 fb. The integrated luminosity, which is predicted for run 4
of the LHC, is Lint = 3000 fb−1 [23]. This leads to finding 1 ∗ 1015 B mesons
during run 4. In order to find the number of dark scalars, and thus the number
of dark photon pairs which will be produced from these B mesons, it needs to
be multiplied by the branching ratio of the B mesons going to a dark scalar
and Kaon. From table 2, the branching ratios can be seen. The Higgs-dark
scalar mixing angle is given as θϕ = 0.008, leading to 61614352871 dark scalars
found in run 4, while in the simulations 102007812 dark scalars were produced.
This means that the ratio of dark scalars in run 4 compared to the number
of dark scalars found in the simulations is 604. The number of dark scalars
which are produced during run 4 can now be compared to the number of dark
scalars which are simulated by PYTHIA. From this, a scaling factor can be de-
termined. Now the data from PYTHIA can be scaled up to meet the run 4 data.

After scaling to run 4 data, the number of dark photon pairs predicted to
be in the direction of both detectors is 37925 for LHC run 4. However, the
probability of finding these dark photon pairs in both detectors does remain
very low. Also, this scaling is affected by statistical uncertainties, since there
are not a lot of dark photon pairs found that decay within both detectors.
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7 Discussion

From the results of Method 1, it can thus be seen that the number of dark
photons which are produced in the FASER detector is very small. Even when
the kinetic mixing parameter ϵ is specifically chosen so that the number of dark
photons is optimized for FASER, and the pT-cut is installed on the simulations,
the number of dark photons found in FASER remains very low. This can also
be seen when looking at both figure 14 and 15. From figure 15, it can be seen
that the total momentum should be lower than about 1 GeV in order to have
a sufficient opening angle. However, from figure 14, it is seen that the dark
photons with a high enough momentum make it to the FASER detector.

From the results of the probabilistic approach, it can be seen that it is not
impossible to find particle pairs where one goes to the ATLAS detector and
one goes to the FASER detector. However, the chances of detecting these pairs
are very slim, as can be seen from figure 17. Not a lot of dark photon pairs
making it to their detectors were found in the simulated data, and of the pairs
that do make it to both detectors, the probability of finding them is very low.
This low probability is mainly due to the geometry of the detectors, especially
the FASER detector. Since this detector is such a small detector, it needs both
a very high pseudorapidity to even make it to the detector, and it has a very
limited decay volume for the dark photons to decay into, especially when com-
paring this to the distance that the dark photons have to traverse to get there.
Due to this geometry, the maximum probability of finding a dark photon here
is thus only 0.004. On top of this small probability, also the probability of the
ATLAS detector will reduce the total probability. Since the dark photons are
probed for the decay within FASER, they will very likely overshoot the ATLAS
detector, leading to probabilities lower or around 0.1, as can be seen in figure 19.

The number of dark photon pairs which is found is also low, compared to
the total number of dark photons which were produced. Of all of the dark
photons which were produced in the simulations, only a fraction of 0.0001 dark
photons travel in the direction of the FASER detector. Thus the need for the
dark photons to travel in the direction of FASER already reduces the number
of dark photons which I am interested in by 0.01%. Next to this, of the dark
photons which do travel in the direction of FASER, only a fraction of 0.004 of
the dark photons has a sibling which is travelling in the direction of ATLAS.
Thus the chance of finding a sibling which is travelling to ATLAS if its sibling
does go to the FASER detector is 0.4%.

The scaling of the dark scalars to run 4 leads to finding 37925 dark photon
pairs, of which both dark photons travel in the direction of the respective de-
tectors. However, the scaling of the dark photons to run 4 data does depend
on the beginning sample size, thus on the number of dark photon pairs found
in the simulated data. A statistical uncertainty in predicted dark photon pairs
of 36% can be found when comparing how sections of the simulated dataset
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scale compared to the total simulated dataset. In order to find this difference,
the total dataset was divided into 5 equal sections, of which the difference with
respect to one fifth of the dataset was determined.
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8 Conclusion

In this thesis, the dark photon benchmark model has been discussed in detail.
The relevant parameters have been discussed, and with this choice of parame-
ters, simulations have been made. The data that was produced as a result of
these simulations has been analysed to find possible dark photon pairs which
both travel to the FASER and ATLAS detectors respectively. Also, the proba-
bility of having both these dark photons decay within their respective detectors
has been determined.

From the scaled LHC run 4 data it is thus predicted to find 37925 dark
photon pairs in both the FASER and the ATLAS detector. However, this is for
a specific set of parameters. Also, the probabilities of finding these dark photon
pairs in these detectors are extremely slim. For this choice of parameters, the
highest probability will be found for a dark photon pair where the ATLAS-going
dark photon has an energy < 10 GeV, and the FASER-going sibling has an en-
ergy of 150 GeV. In this case the probability of finding the dark photon pair
would be optimal. But even this optimal probability will be highly suppressed
by the probability of the dark photon decaying in FASER.

In summary, the necessity to find a dark photon in the direction of FASER
already reduces the possible number of dark photon pairs to 0.01%. Next to
this, the probability for the other dark photon to fly in the direction of the AT-
LAS detector on top of the FASER detector reduces this by 0.4%. Thus, only
through the geometry of the detectors, 5 orders of magnitude of the produced
dark photon pairs are lost.

Next, also the probability of finding both particles in the detector is very
slim. The FASER detector already suppresses it to 0.4 percent. On top of that,
the ATLAS detector will also suppress the total probability. Only for dark pho-
tons with an energy lower than about 10 GeV will the probability be higher
than 10%, depending on the pseudorapidity of the dark photon.

When scaling the number of dark photon pairs, of which both particles travel
to their respective detector, up to match run 4 data, 37925 dark photon pairs
are predicted. However, in a data sample of 130 million, this number does fluc-
tuate due to the size of the simulated data, up to 36%. Also, the probability of
both of the dark photons actually decaying within their respective detectors is
still very low.

Thus, is it useful to link the FASER and the ATLAS detector? It is not
impossible for a dark photon pair to decay both within the FASER and ATLAS
detectors respectively. However, the probability of it occurring during LHC run
4 is very slim.
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9 Outlook

In this thesis, the parameters which play a role in the model were specifically set.
However, a change in parameter choice could also lead to different behaviour of
the dark photons. It could be insightful to see how these different parameter
choices affect the model. Since this could affect the number of dark photon pairs
going in the detectors, and the probabilities of actually finding them.

Next, the probability of finding the pairs could be increased when looking
at the Kaon from B → Kϕ and one dark photon in FASER, instead of looking
at two dark photons. All kaons, with appropriate pseudorapidities, can decay
within the ATLAS detector. This would result in a much higher probability of
finding a particle pair, since ATLAS would no longer suppress it. However, dis-
tinguishing the signal Kaons might still be a problem, since Kaons are produced
in a lot of processes within ATLAS, leading to high backgrounds.

Lastly, there is also a FASER upgrade suggested. FASER-2 would have a
volume about 600 times greater than the volume of the current FASER detector
[24]. This could significantly improve the number of dark photon pairs which
travel to both detectors, since this would mean that the opening angle for both
detectors is smaller. The upgraded detector will not only have a bigger radius,
but also have a longer decay volume. Because of this, the probability for dark
photons to decay within FASER-2 and the reach in dark photon lifetime also
increases compared to the current FASER detector.
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Appendix

A Scalar mixing angle

In order to determine experimental bounds on the Standard Model Higgs-dark
scalar mixing angle, I performed the following calculations. The scalar mixing
angle can be constrained through the invisible decays of the Standard Model
Higgs boson. The relation between the invisible branching ratio and the mixing
angle can be found in [25] figure 2. This same figure is here shown as figure 20.

Figure 20: This figure shows the relation between the invisible branching ratio
BRinv of the Standard Model Higgs, and bounds on cuni, which is the cosine of
the mixing angle θϕ. The figure can be found in [25] figure 2.

In order to find the invisible branching ratio of the Standard Model Higgs
of this benchmark model, the following equation has been used

BR(h→ inv; θϕ) =
Γh→ZDZD

(1− Pdet)
2

cos2θϕΓSM + Γh→ZDZD
(1− Pdet)2

. (57)

Here, the decay width of the Standard Model Higgs going to a dark photon
pair is described as:

Γh→ZDZD
= sin2θ ∗ Γϕ→ZDZD

(mϕ → mh). (58)

This thus represents the decay width of the invisible Higgs decays of this
model provided that the dark photons are invisible to the ATLAS and CMS
detectors. In equation 57, Pdet refers to the probability of finding the decay
products of the dark photon in the detector. Thus, the 1 − Pdet refers to the
probability of not finding the particle in the detector. This term is squared,
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since the decay results in two dark photons. Pdet can be calculated using equa-
tion 55. Here, rmax is chosen to be 1 meter. This rough estimated of the outer
detector boundaries can be used due to the high momentum of the dark photons
[26]. They are very likely to overshoot the ATLAS detector. The parameter
rmax does not change a lot to this result, it will only result in a change of
decimals for the resulting bound on the scalar mixing angle. The same goes
for the shape of the detector. Here, the detector is assumed to be spherically
symmetric, which is of course not the real case.

Equation 57 will thus result in an expression for the invisible branching ratio
as a function of the mixing angle θϕ. In order to find the proper value of the
invisible branching ratio, this has to be compared to the following experimental
bound [25].

BRinv < 0.078

(
1−

(
θ

0.285

)2
)

(59)

After inserting BRinv from equation 57 into 59, the experimental bound on
θϕ can be determined. For this model, the invisible branching ratio that is found
is 0.079. This results in a Standard Model Higgs-dark scalar mixing angle θϕ ≤
0.008. As can be seen from equation 59, the results found are the upper value
for the mixing angle, since equation 59 is an inequality.
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B Dark photon couplings to fermions.

In this appendix, the coupling constants for the dark photon coupling to fermions
will be determined. Here, the conventions from Denner [27] will be used:

Dµ = ∂µ − igIawW
a
µ + ig′

Yw
2
Bµ. (60)

The Lagrangian can be written as

Lew =
∑
A

Q̄′
AL
iγµ

[
−igIawW a

µ + ig′
Yw
2
B̃µ

]
Q′

AL

+
∑(

ū′AR
iγµ

[
ig′
Yw
2
B̃µ

]
u′AR

+ d̄′AR

[
ig′
Yw
2
B̃µ

]
d′AR

)
.

(61)

Here, the tilde indicates that the fields are not yet mass eigenstates. The
neutral current is thus

NC = −
∑
q

ψ̄qγ
µ

[
−PLgI

3
wW

3
µ + PLg

′Yw
2
B̃µ + PRg

′Yw
2
B̃µ

]
ψq. (62)

Now with the use of equation 19 the B̃ can be rewritten in terms of ZD and
B, the fields after the shift, but before the diagonalization to mass eigenstates.

NC = −
∑
q

ψ̄qγ
µ

[
−PLgI

3
wW

3
µ + PLg

′Yw
2

(
ϵ

cw
ZDµ

+Bµ

)
+ PRg

′Yw
2

(
ϵ

cw
ZDµ

+Bµ

)]
ψq.

(63)
Now write the W 3

µ and Bµ as linear combinations using the following rela-
tions

W 3
µ = cwZµ − swAµ

Bµ = swZµ + cwAµ

. (64)

So the part containing the Z and ZD gives
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L = −
∑
q

ψ̄qγ
µ

[
−PLgcwI3Zµ + PLg

′YwL

2

ϵ

cw
ZDµ

+ PLg
′YwL

2
swZµ

+PRg
′YwR

2

ϵ

cw
ZDµ + PRg

′YwR

2
swZµ

]
ψq

= −
∑
q

ψ̄qγ
µZDµ

[
PLg

′YwL

2

ϵ

cw
+ PRg

′YwR

2

ϵ

cw

]
ψq

−
∑
q

ψ̄qγ
µZµ

[
−PLgcwI3 + PLg

′YwL

2
sw + PRg

′YwR

2
sw

]
ψq

= −
∑
q

ψ̄qγ
µZDµ

1

cw

[
PLgsw

YwL

2

ϵ

cw
+ PRgsw

YwR

2

ϵ

cw

]
ψq

−
∑
q

ψ̄qγ
µZµ

1

cw

[
−PLgc

2
wI3 + PLg

YwL

2
s2w + PRg

YwR

2
s2w

]
ψq

= −
∑
q

ψ̄qγ
µZDµ

g

cw

[
PLsw

YwL

2

ϵ

cw
+ PRsw

YwR

2

ϵ

cw

]
ψq

−
∑
q

ψ̄qγ
µZµ

g

cw

[
−PL

(
c2wI3 −

YwL

2
s2w

)
+ PR

YwR

2
s2w

]
ψq.

(65)

Now use equation 26 to rewrite to the mass eigenstates.

L = −
∑
q

g

cw
ψ̄qγ

µẐDµ
cosθd

[
PLsw

Yw
2

ϵ

cw
+ PRsw

YR
2

ϵ

cw

]
ψq

+
∑ g

cw
ψ̄γµẐDµ

sinθd

[
−PL

(
c2wI3 − s2w

Yw
2

)
+ PRs

2
w

Yw
2

]
ψq.

(66)

Thus the left- and right-handed coupling constants of the dark photons are

gL =
g

cw

[
−cosθdsw

YwL

2

ϵ

cw
− sinθd

(
c2wI3 − s2w

YwL

2

)]
(67)

gR =
g

cw

[
−cosθdsw

YwR

2

ϵ

cw
+ sinθds

2
w

YwR

2

]
. (68)

These also agree with [10].
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