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ABSTRACT

THE ATOMKI ANOMALY IN THE FRAMEWORK OF EXTENDED
TWO-HIGGS-DOUBLET MODELS

Sar1, Zozan

M.S., Department of Physics

Supervisor: Prof. Dr. Ismail Turan

September 2024, 55| pages

In 2016, the ATOMKI collaboration observed an anomaly in the decay of the excited
beryllium atoms. This anomaly indicates the possible existence of a 17 MeV parti-
cle. Even though there has been no independent verification of the results yet, it is
still worthwhile to discuss possible scenarios explaining the Atomki anomaly, which
might put further constraints on the so-called hidden/dark sector physics. In this the-
sis, an extended two-Higgs-doublet model will be examined, incorporating existing

constraints from various other experiments to address this anomaly.

Keywords: 2HDM, ATOMKI, Beryllium Anomaly, X17, BSM
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GENISLETILMIS iKi HIGGS DUBLET MODELLERI CERCEVESINDE
ATOMKI ANOMALISI

Sar1, Zozan
Yiiksek Lisans, Fizik Bolimi

Tez Yoneticisi: Prof. Dr. Ismail Turan

Eyliil 2024 ,[55|sayfa

2016 yilinda ATOMKI igbirligi uyarilmig berilyum atomlarinin bozunumunda bir
anomali gozlemledi. Bu anomali olas1 bir 17 MeV Kkiitleli parcacigin varliina isaret
ediyor. Her ne kadar sonuglar heniiz bagimsiz olarak dogrulanmamais olsa da gizli/ka-
ranlik sektor fizigine getirecegi ilave sinirlar sebebiyle ATOMKI anomalisini tartis-
mak faydali olacaktir. Bu tezde, bu anomali genisletilmis iki Higgs dublet modeliyle,
diger cesitli deneylerden elde edilen mevcut kisitlamalar da dikkate alinarak incele-

necektir.

Anahtar Kelimeler: 2HDM, ATOMKI, Berilyum Anomalisi, X17, SMO
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CHAPTER 1

INTRODUCTION

The Standard Model (SM) is a highly successful theory that accurately explains the
fundamental building blocks of our universe. Nevertheless, it remains incomplete in
addressing many fundamental questions. For instance, there are too many free pa-
rameters in SM that are determined solely through experiments. SM cannot answer
why there is a predominance of matter over antimatter, the nature of dark energy
and the composition of dark matter. Also, gravity is not included in the SM. It also
fails to explain the strong CP problem and neutrino oscillations, and it cannot ac-
count for observed anomalies such as the muon anomalous magnetic moment. Such
unresolved questions motivate physicists to explore the physics beyond the Standard

Model (BSM).

In the quest to discover what is beyond SM, there are essentially three approaches: in-
vestigating heavy BSM particles at high energies using accelerators, known as energy
frontier research; searching for lighter particles in low-energy, high-intensity experi-
mental setups, referred to as intensity frontier research; and studying natural cosmic
sources to uncover new, unknown particles, known as cosmic frontier research. An
unidentified particle was detected in 2016 through intensity frontier research at a Hun-

garian accelerator facility.

In 2016, the ATOMKI collaboration reported an anomaly[6] now referred as the
ATOMKI anomaly, Beryllium anomaly, or X17 anomaly. This anomaly was observed
in the decay of the excited Beryllium atoms. They created excited beryllium atoms
through the proton capture process; later, this excited state decays into its ground state
by emitting an electron-positron pair. Their observation revealed a bump in the open-

ing angle and the invariant mass of e*e” pair, showing a 6.8¢ deviation in the angular



correlation. It was concluded that this anomaly is highly unlikely to be explained by
the current understanding of nuclear physics. However, it could potentially be ex-
plained by introducing a new boson with a mass around 17 MeV. Later they improved
their set-up and repeated their measurements using “*He [9]] [10] and '>C [11] nuclei.
Despite the improvements and use of different nuclei, the anomalous bump was still
observed. To explain this anomaly, many theories have been proposed since it was

observed.

In this thesis, this anomaly will be investigated and an explanation for it will be
sought. A new abelian U(1) symmetry will be introduced to the SM symmetry group,
and the scalar part of the SM will be extended by an additional Higgs doublet and a
singlet. Right-handed neutrinos will also be introduced in the model to ensure it is
anomaly-free. There are a number of two-Higgs-Doublet Models (2HDM) [[12]]. The

specifics of our model will be provided.

The discovery of the Higgs boson was a significant success for the SM. However, the
SM Higgs is a minimal theory and can be extended in various ways. 2HDMs offer
a rich environment for the vacuum structure, providing many motivations to study
2HDMs. The most recognized motivation is supersymmetry [13]], which incorporates
two Higgs doublets in the Minimal Supersymmetric Standard Model. Other motiva-

tion arise from axion models [[14][15] and baryogenesis[16].

In the Chapter 2] a summary of the SM is provided. The essential theoretical back-
ground needed to construct the model is presented in that chapter. In Chapter 3| the
model is constructed, and the necessary parameters are calculated. In Chapter {4 the
ATOMKI experiment is explained in detail, constraints from other experiments are

listed, and a final analysis is conducted.



CHAPTER 2

THE STANDARD MODEL

The Standard Model (SM) is currently our most successful theory explaining the
building blocks of matter and the forces of the universe. In this theory, the fundamen-
tal particles are classified into two categories: Spin half fermions, which constitute
matter, and spin integer bosons, which mediate the forces. Fermions are also divided
into two groups: quarks and leptons. There are six quarks and six leptons divided into
three generations. Each generation differs only by their masses. Bosons are the par-
ticles exchanged between particles with non-zero quantum numbers, resulting in the
forces we observe. Photons are exchanged in electromagnetic interactions between
particles with electric charge; gluons are exchanged between coloured charges, which
is the charge of the strong force; W+ and Z bosons are involved in weak interactions;
and finally, Higgs boson is what gives the mass of the particles. Table[2.T|summarizes

these classifications.

In SM, interactions between quarks and leptons carried by bosons are described by

the gauge group: SU(3)c x SU(2)r x U(1)y. The strong interactions are described

Table 2.1: The Standard Model particle content.

BOSONS
FERMIONS Vector | Scalar
u|c |t vy H
Quarks
d| s | Db g
e | p| 7| Wt
Leptons
Ve | Vy | Vs Z




by SU(3)¢ group, and the electroweak interactions as a unified theory described by
SU(2)r, x U(1)y group.

The model considered in this thesis is an extension to SU(2); x U(1)y and does
not affect the strong interactions. Therefore, before introducing the framework of our
model, the electroweak theory with spontaneous symmetry breaking will be elabo-

rated in this chapter.

2.1 Quantum Electrodynamics

Quantum Electrodynamics (QED) is the quantum field theory of electromagnetic in-
teractions, and electromagnetism is the easiest and the most familiar interaction of
the SM. Therefore, it is a good starting point. This interaction arises from the abelian

local U(1) gauge invariance. The invariance of the Lagrangian of a free Dirac particle

Lpirac = 7/)(@'7“6;1 - m)q/) (2.1)
transforming under local U (1) symmetry,
Y= = ey (2.2)
requires the introduction of the covariant derivative,
D, =0, +iqA,(z). (2.3)

A, = (V(z), A(z)) is the electromagnetic vector potential where E = —VV — g,A

m

and B = V x A, q is the electric charge. Finally, transforming the vector potential,
A, — A:L =A, — 0.,a(x) (2.4)

ensures the gauge invariance of Lp;.... After the introduction of the gauge field,
which is the vector potential for the electromagnetic interaction, the Lagrangian be-
come gauge invariant, but an extra term arises. It turns out this excess term defines the

electromagnetic interactions between charged particles mediated by the gauge field.

Thus, an invariant Lagrangian for QED can be written in the following form,

£QED :‘CDiTac + £Ma:rwell + ‘Cinteraction

B . 7 2.5)
Z%ZJ(W“(% - m)¢ - ZFMVF,uV - Q@Z}’YM@ZJAM

4



where [’ = 0, A, — 0, A, is the field strength tensor. The equations of motion for

the vector field A, will now give us the inhomogeneous Maxwell equations.
" =qJ;, (2.6)

JV = 1)y¥1) is the electromagnetic current density. The equation of motion of the

Dirac field v gives the Dirac equation.

(17" Dy —m)y =0 (2.7)

2.2 The Electroweak Theory

Electromagnetic and weak forces are combined by S. L. Glashow [17], and the Higgs
mechanism [18] is incorporated into the theory by Weinberg[l19] and Salam [20] to

generate the masses of the fermions and the gauge bosons.

The electroweak theory is a chiral theory, meaning that the theory distinguishes the
left- and right-handed particles. Left-handed particles form SU(2) doublets, but right-
handed particles do not carry a weak charge; thus, they are SU (2) singlets.

Left-handed doublets:

. U c t . Ve Vy Uy
Q" = ; ; ; L= : ; (2.8)
d S b e 1 T
L L L L L L

Right-handed singlets:
€ = ep, ir, Tr; U’ = ug,crtr; d' = dg,sg,br (2.9)
For simplicity, the subscript 7 is removed for the rest of the thesis.

Any Dirac field can be written as a combination of left- and right-handed states,

v=vi+vn= (5D 0+ (H2D )0, (2.10)

Fields transform under SU(2) gauge group with isospin operator t,

77Z)L N Q/J/L _ 6—it~a(w),¢L _ 6_%U.a(x)77b[/,

e @.11)
br — g = e Y =y



where o is the pauli matrices and t is O for singlets and o /2 for doublets. The gauge
field of the SU(2) group is W (z) = (W,(x), Wi(x), W?(x)) and the covariant
derivative is

D, =8, —igt.-W,, (2.12)

where ¢ is the coupling constant, the gauge field transformed accordingly,

1
t-W, =t - W,+—-0-(0,a) —t-(aax W,). (2.13)
9

The problem here is that all three of the SU(2), gauge bosons only interact with left-
handed fermions. However, it is experimentally established that the neutral current
interacts with both left- and right-handed particles. The problem is solved by mixing
this interaction with another symmetry that couples to both chiral fermions. The ¢ is

the coupling constant of B, field.

D,=0,—igYB,, (2.14)
Y — Y@y (2.15)

1
B, — B, + 7 5. (2.16)

The charge of B, field is called the weak hypercharge, denoted with Y, and it is

determined by Nishijima-Gell-Mann’s law:
Q=I+Y. (2.17)

Q is the electric charge and I3 is the third component of the isospin. Fermion quantum

numbers are listed in Table 2.2

Table 2.2: The quantum number assignments of the fermions in the SM.

By Q Py Q

ur | 5 5 3 Juer | 0§ 3

1 1 1 1 1

de | =3 5 —5|9» [0 —3 —3

e |—3 —3 —1l]ler| 0 -1 -1
vy, % —% 0




B,, field interacts with all fermions but W, field only interacts with left handed

fermions. Interaction terms in the Lagrangian are in the below form,

iy Duptpr, = iy (0, — igt. W, — ig'Y B, )iy,
_ ;

= i (9 — 5

YriIV*Dyrtor = Yriv" (0, — ig'Y B,)Yr.

Wt + 02 Wi +03Wi) —ig'Y B, (2.18)

Looking closer at the above equations, one will notice that ij’ and B, fields act on
the same fermions. Since neutrinos have no electric charge, they do not interact with
the photon field A,,, a known fact from QED. Therefore, if we look at electron and

neutrino interactions with gauge fields
17 _ . ~
3 VeV ver(gW) — g'By) — exven(gW) + ¢'B.) — 2¢py"erg'Bu| . (2.19)

it can be seen that 1V mix with B, field and become the neutral weak boson Z,, o
(9W; — ¢'B,) and the photon A,, oc (¢W} 4 ¢’ B,). This mixing can be expressed as

a rotation.

Z, _ [ cos Oy — sinfOy Wg’ (2.20)
A, sinfy,  cos by B,

where 6y, is the Weinberg angle or weak mixing angle. This angle is defined as a

relation between the coupling constants,

/

g 9

cosby = ————, sinfy = ——— (2.21)
92 + 9’2 /g2 + g 2
and the other two components of W, mix to give
+ 1 1 7172
Wo=—W FiW,). (2.22)

YoV2

However, there is a problem. Introducing a mass term to the gauge bosons will break
the gauge invariance of the Lagrangian, but it is known experimentally that let and
Z,, bosons are massive. Therefore, there must be another mechanism that gives mass

to the weak gauge bosons.



2.3 Spontaneous Symmetry Breaking

An illustrative example of getting familiar with SSB is considering a real scalar field

with the Lagrangian below:
1
L =5(0:0) =V(9). (2.23)
This is a familiar ¢* theory where the potential is
Lo, Ay
V() = +5m°¢" + ;¢ (2.24)

and the ground state is located at ¢y = 0 if m? is positive. An interesting case arises
when m? — —p?.

1 A
V(g) = _§u2¢2 + Iaﬁ‘* (2.25)

Now, the solution has two minima at

o =Fv = iu\/g (2.26)

In the beginning, the Lagrangian with potential has the discrete symmetry
¢ — —¢. Now, when the potential is in the form [2.25] the system will choose one of

the minima. A small perturbation from that minima

o(z) =v+£&(x) (2.27)

will result in the below Lagrangian

1 1 A A
L= 508" = 5(2u)¢ - \@ué - af (2.28)

and it is apparent that the symmetry of the ground state ¢y — —¢g is broken. From

that Lagrangian, we can read the field ¢ has mass v/2/t.

2.3.1 The Higgs Mechanism

Higgs field is introduced as a SU(2);. doublet with 4 real components

N :
b= ¢ _ 1 ¢3 + iy (2.29)

@) V2 \ ¢y +ig



where
2

§6= (070 + ()P = SR+ E+ AR =T 0

Unlike in Section[2.3]here, there are infinitely many different ways to choose the field
values, resulting in an infinitely degenerate vacuum. A configuration that works best
can be freely chosen. Hence, three of the fields in their vacuum configurations can be
set to zero (¢2)o = (¢3)0 = (¢4)o = 0 and (¢1)o = v can be chosen. This selection

of the vacuum also ensures the conservation of charge.

Any excitation around the vacuum can now be written as

1 (&2 +161)/2
= — 2.31
’ V2 \v+h—ig)2 (3D

when v > |h|, |€| the equation can rewritten as
o2 . (2.32)

Now, it can be realized that the above equation defines a gauge transformation, and

the three fields & have disappeared if the following transformation is applied

£,
v

¢ ¢ =e 5o (2.33)
and the gauge field W , also transform as
, 1
W, t=W,— g—vays - t. (2.34)

The field £ reappears in the gauge field as a longitudinal component. These three
fields are known as Goldstone bosons. They are generated by the Higgs doublet, but

they are absorbed into the longitudinal components of three massive gauge bosons.

The Higgs field contribution to the SM Lagrangian is written as follows:
L =[Dyugl* + 166 — Ao')" (2.35)

If the steps outlined in Section[2.3]are followed for the Higgs doublet, the mass of the
Higgs field can be calculated as mj;, = 1v/2 = vv/2\.

9



2.3.2 The Gauge Boson Masses

The mass of the gauge bosons comes from the covariant derivative that acts on the
Higgs field, i.e., the kinetic term for the Higgs field. The Higgs field has isospin
1/2 and hypercharge 1/2. The covariant derivative acts on the Higgs field, as shown

below:
Du¢ = (8u —igt. W, — ig/YBu)ng

1 [0, —igWE—i4B,  —ig(W}—iW?) 0

V2 it (W iw?) 9, +itW? —i2B, ) \v+h(z)] (236)

1 — AW+ ()

V2 \oh+i(v+h)(EWE - 2B,)

Mass terms arise from products such as W ~. These terms can be seen in the

Lagrangian given in equation [2.35]

1

(Du9)'(D"¢) > ngW“_WJ(v+h)2+%8"h8Mh+ :

(v+h)*(gW)—g' B,)? (2.37)

Therefore, the Lagrangian consisting of the mass terms of the gauge bosons will be

written as
1 1 2 —aq W3
Loss = 7 (g0 W Wi+ co? (e pe) [ 7 Pl @38)
-99" g B,

It is seen that the mass of the charged bosons is my+ = % gv. However, the second
term contains off-diagonal elements. To obtain the physical bosons, the mass matrix
must be diagonalized. The 2 x 2 matrix has eigenvalues A\; = 0 and A\, = (g2 + ¢'*),

which yields the following mass matrix for the neutral bosons:

0 A,

(2.39)
%(92 + 9/2) Zy

1 0
‘Cneutral bosons — 5 (AN Z’u> 0

This transformation is the transformation carried out in Section[2.2]to obtain the phys-
ical bosons, where a rotation involving the Weinberg angle was applied. After this
transformation, the mass matrix will take a diagonal form and the mass of the photon

and the Z boson can be determined as m4 = 0 and my = %v Vg2 + g%

10



2.3.3 Fermion masses

Every fermion can be written in left- and right-handed components as in equation
[2.10] Given the Dirac Lagrangian, the fields are projected into left- and right-handed

components

L ZQZLZ'V#a,qu + &RiV!Laﬂd}R + @Liryuapwpb + QZRZ"Y“a/ﬂDL
— prmap, — Ypmr — Yrmpr — Prmiy.

(2.40)

By applying (1 —~°)(1+~°) = 0 and {7°,v*} = 0 to the Lagrangian, several terms

will be canceled.

L =iy 0,01 + ivry 0, 0r — m(VLYr + Yribr) (2.41)

Now it is clear that to obtain the mass, terms of the form 1;1» and 1zt should
be sought. These terms arise from the interactions of fermions with the Higgs field,
known as the Yukawa terms. In the most general form these interactions are in the

form below:

*Cyukawa = _Y(@EquwR + 'QERQ;QXJL) (242)

For further details of this sector as well as the other sectors covered in this chapter,

the following sources may be consulted: [21] [22] [23] .
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CHAPTER 3

THE THEORETICAL FRAMEWORK

Discovery of the Higgs particle is one of the greatest successes of the SM. Having
one Higgs doublet is a minimal theory, but theoretically, there are no upper bounds
in the number of doublets we can add to the theory. Introducing new doublets can

explain some of the enigmatic phenomena in the SM.

In this thesis, we expand the scalar and the gauge sectors of the SM by adding an extra
Higgs doublet and an abelian U(1)p group, respectively. Furthermore, to ensure the
theory is anomaly-free, the introduction of right-handed neutrinos is necessary. The

Lagrangian of the model is

L= 'Cfermion + 'Cscalar + 'Cgauge + 'Cyukawa - ‘/;calar (31)

and each term will be explained further. The construction of the theory begins with
the inclusion of the scalar doublet in Section followed by the introduction of the
new boson in Section [3.2] Subsequently, in Section [3.2.3] we perform calculations
to determine the couplings of the new boson to SM fermions, which are going to be

essential for our further analysis of the ATOMKI anomaly.

From this chapter on, the fermion fields are denoted by capital letters: () and L for
quark and lepton doublets, and U, D, E, and N for right-handed up, down, electron,
and neutrino singlets, respectively. The lowercase letters denote their dark charges

under the gauge group U(1)p.

3.1 The Two Higgs Doublet Model

The first constraint to the model comes from the p parameter [[1] [12].

13



SoL(L A+ 1) = Y,
p=" (3.2)
2}/;2121‘
=1

7

1;, Y; and v; are weak isospin, weak hypercharge and vev of the neutral components
2

of n scalar multiples, respectively. Experimentally the parameter p = mZCO—;gGW is

observed to be close to unity [24], imposing a crucial constraint on the models con-

struction.

The specific model under consideration is type-I 2HDM, where fermions only couple
to one of the Higgs doublet (¢,). Both doublet have hypercharge Y = 1/2 and their

U(1)p charges are h; and hs respectively. The CP-conserving neutral doublets are:

1 0 1 0
— = 3.3
<¢1> \/i " ) <¢2> \/5 Uy ( )

where v? = v} + v3 = (246 GeV)?. Following the SSB, three of the fields are
absorbed by the W* and Z° bosons. The remaining five of the eight fields become
physical Higgs fields, consisting of a charged Higgs pair, two neutral scalars, and one

pseudoscalar.

The general form of the potential in the 2HDM models, being gauge invariant and

renormalizable can be written as below [[1]]:

A
V(61 62) = mt10101 +maelhdn — (miydlos + hc) + T(6]61)”

A
+ 5 (0162)" + A3(6161) (8hn) + Ma(0]02) (6Ln) (3.4)
A
+ | (6162)" + Xa(0161)61 02 + Ar(hen) (9] 2) + huc.

2HDMs, in general, suffer from flavour-changing neutral currents (FCNC)[23] at
three level. To overcome this problem, one can introduce a Z, discrete symmetry,
known as the natural flavour conservation (NFC) criterion, as suggested by Glashow
and Weinberg [26]. This symmetry ensures each fermion field interacts with only one

Higgs doublet, thereby eliminating the FCNCs.
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Table 3.1: Z, Parities of particles in each 2HDM type [1].

Model ¢ ¢ U D E QL
Type 1 -+ o+ 4+ o+ o+
Type II -+ o+ - - %
Lepton-specific | - + + + - +
Flipped -+ o+ -+ o+

Different 2HDMs can be defined by Z5 charges, as shown in Table All possible
Z5 charge assignments that eliminate FCNCs are listed here. In each model, fermions
couple to the Higgs field with the same Z; charge. In type I model, SM fermions

couple exclusively to ¢ only.

The Type-I model is realized through the following symmetry,

O1— =1, G2 — g, (3.5)

which requires mio = A\g = Ay = 0. If my5 # 0 then Z,-symmetry is softly broken.

Thus, the potential is now in the form below:

A
V(61,62) = m10101 +madhén — miy (6102 + 04o1) + 5 (6]61)°
A
+ 5 (0500)" + A (6] 0n) (Bhen) + a(] ) (0n) (3.6)
A
+ 22 [(6162) + (9hon)?]
However, this symmetry can be replaced by introducing a new U (1) symmetry [27].
U(1)p symmetry forbids the terms gzﬂ@ or square of this term if h; # hs. Thus
m2, = 0 and \5; = 0. If a singlet scalar ¢, is introduced, and as will be shown in
Section [3.2.1} the dark charge of the singlet is h; = h; — ho. In this case, the term
qbi P20, 1s gauge invariant, leading to additional terms in the potential:
2\ otg 4 S (4t )2 f
V(¢s7 Cbla ¢2) =My + ¢s¢s + 7(¢5¢s) + (ﬂ¢1¢2¢3 + hC)

+ 1Pl 18l b + 11205 a0l b

(3.7)

Upon a closer inspection, the u term resembles the m?, term when the singlet devel-

ops a vev. Thus, the origin of the Z, symmetry has been identified. Additionally,

15



when there is an exact Z, symmetry and A5 = 0 in usual 2HDMs an additional
Peccei-Quinn symmetry emerges [28]. The spontaneous breaking of the U(1)p sym-
metry by the singlet scalar does not result in massless axions, which are associated

with Peccei-Quinn symmetry [29].

Now, the scalar part of the Lagrangian can be written with two doublets and a singlet

as shown below:
»Cscalar = <D1L¢1)T(Du¢1) + (Du¢2)T(Du¢2) + <D1L¢S)T(DM¢S) (38)
where the covariant derivative is,

D, = 0, — igt' W —ig'Y B, —ignqp X, (3.9)

t* = %a“, o 1s the Pauli matrices, hypercharges are given in Table and the dark

charges will be calculated in Subsection[3.2.1]

Du<¢z’> =
D, — %Wj —19'Y;B,, —igpapi X, _TZQ(W;} — W) 0
_TZQ(W;} +iW?) I+ %WE —i9'Y;B, — igpqpiX,, i
(3.10)

where ¢« = 1, 2. If the Higgs singlet only couples to right-handed neutrinos with vev

v, the covariant derivative will transform as follows:

D, (¢s) = (0 — igphs X,)vs. (3.11)

As discussed in Section[2.3.3] writing a mass term requires both left- and right-handed
projections of a particle. Since there are no right-handed neutrinos in the SM, a
mass term for neutrinos cannot be formulated. The addition of right-handed neutrinos
enables the formulation of a Dirac mass term for neutrinos. Thereby, a new term is
added to the Yukawa Lagrangian. The singlet scalar also contributes to explaining
neutrino masses and introduces an additional term to the Yukawa Lagrangian. The

effect of these additional terms on our model is discussed in Section

Apart from explaining the origin of the Z, symmetry, this singlet can also provide an

explanation for the smallness of neutrino masses via the seesaw mechanism [30],[31],
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[32]]. Neutrino masses in the type-I 2HDM model are discussed in this article [1]].
There may be different explanations for neutrino masses, but only the vev of the
singlet is relevant to our work. Consequently, further discussion of neutrino masses

is irrelevant to our study and will not be addressed.

3.2 Extending the 2HDM with U(1), symmetry

The new field X, corresponding to U(1)p symmetry is allowed to mix with SM B,
field. U(1)y and U(1)p symmetries can form a renormalizable kinetic mixing term
between them. When the mixing parameter is taken as sin ¢, and it is small, the related
part of the Lagrangian is given below.

1 1 1
Lomge = =7 BB — X, X" — 2 sin eX,, B" (3.12)

Here B, = 0,8, — 0,8, and X,, = 0,X, — 0,X,, are the field-strength tensors.
Before proceeding further, it is essential to determine the potential new dark charges
of the particles. These new fields must satisfy the anomaly-free conditions, imposing
constraints on possible charge assignments. These constraints will be calculated in the
following Section [3.2.1] then the gauge mixing situation will be addressed in Section
and the mass of Z and A’ bosons will be calculated. In Section couplings

of the bosons to the SM fermions will be calculated.

3.2.1 U(1)p charge assignment of 2HDM fields

The SM is an anomaly-free theory. Consequently, when extending our model, it is
important to ensure that the new extension is also anomaly-free. The anomaly occurs
when the currents of the SM are not conserved, which is also referred to as current
non-conservation. The conservation of currents implies that (9,.J#) = 0 for any
SM forces. However, this conservation equation may not hold in general for triangle

diagrams. Specifically, the couplings described below lead to anomalies:
1. U(1) x U(1) x U(1)

2. SU(3) x SU(3) x U(1)

17



3. SU(2) x SU(2) x U(1)

4. U(1) — gravity?

Although the equations do not initially vanish, they will be shown to disappear when
the SM charges are assigned to them, thus confirming that the SM is anomaly-free.
Upon closer examination, it will be noted that each of these couplings involves at
least one U(1) field. Therefore, when an additional U(1) field is introduced into the
SM, conditions must be imposed to ensure that the new model remains anomaly-free.
To understand this better, the process by which anomalies are cancelled in the SM
will first be examined, focusing on the first generation of fermions for simplicity.

14
b
v,b

‘.a

ua 1
—
k

Figure 3.1: A generic triangle diagram. Three legs are representing any SM gauge

fields.

For a non-Abelian theory the current can be written as follows:

o =

5
27 T, (3.13)

Here T”s are the group generators.y” term leads to the relation,

2
(p, v, bk, A, €|9,5"|0) = %ea”“pakﬁ - Tr[T*{T", T} (3.14)

Therefore, unless the trace in the equation vanishes, the current is not conserved. Left-
handed doublets L and () are assigned hypercharges of —1/2 and 1/6 respectively,
and right-handed singlets £, U, D are given hypercharges of —1,2/3 and, —1/3 re-

spectively. The calculations for each of these cases for the SM are detailed below.

1. U1)3:
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The non-abelian scenario can be generalized here where the group generator is

the hypercharge Tr[1*| = Tr[Y]| =Y.

(Oug") o TrY?®] =Y (VP = Yi) (3.15)
f

Left and right-handed particles contribute with an opposite sign. The summa-

tion now becomes;

2(—-1)*+2x 3 (%)3 - ((—2)3 +3 (%)3 +3 (—§>3> (3.16)

which equals zero. Taking into account that two particles are in doublets, and
each quark has three colour states and inserting the weak hypercharge values
of each of these fields (listed in Table [2.2)) results in a vanishing combina-
tion. Summing over all these states yields the coefficients that appear before

the parentheses.

2. SU3)2 x U(1)y:
(0ug") o< Tr[Y {r", 7}] (3.17)

=> (Y, = Yp)Tr[{7*,7}] (3.18)
!

Here, the equation can vanish if either the first or the second term is zero. Con-

sider the first term and remember this interaction only affects quarks.Thus,

2x3(%)—(3x§+3x(—%)):0 (3.19)

3. SU(2)% x U(L)y:

Calculations are similar here;
1
(0,5") o< Tr[Y{tb,t°}] = §T7~[Y]5”C (3.20)

This time, only left-handed particles contribute to this interaction
1 1
ZYL:2><(—§>+2><3<6):0 (3.21)

4. U(1)y x gravity?:
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Lastly, this anomaly has to be cancelled. It appears to have a similar structure to
the previous couplings. Since gravity couples to all fermions, one final equation

1s obtained,

D (Yi—Yr) =2x(—1)+2x3 (%) — (—2 +3 (g) +3 (—g)) (3.22)

f

and it is also seen that this last equation equals zero.

In case of U(1)p extension, the following anomaly equations will be obtained:

1. SU(3) x SU(3) x U(1)p
2. SU(2) x SU(2) x U(1)p
3. U(1) x U(1) x U(1)p

4. U(1) x U(L)p x U(1)p
5. U(1)p x U(1)p x U(1)p

6. U(1)p-gravity?

Where doublets I and () have the new dark charges [ and ¢ respectively and sin-
glets £, N, U, D have dark charges e, v, u and d respectively, similar calculations are

carried to get the below equations:

2¢q—u—d=20
[+3¢g=0
3l+q—6e—8u—2d=0
(3.23)
F-PH+e—20+d*=0
20 +6¢> —e® —1v* — 3¢ —3d° =0

204+6g—e—v—3u—3d=0

However, those are not the only constraints. The extended Lagrangian should be
gauge invariant under U(1)p symmetry. Other constraints are coming from this in-

variance. If the fields are transformed as follows,
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L — L' = explila(z)] L,
Q — Q' = expliqa(r)]Q,
E — E' = expliea(z)]E,
U — U = expliua(z)]U,

D — D' = explida(x)|D,

¢1 — ¢ = explihya ()],
¢o — ¢y = explihaa()] s,

bs — ¢ = explihsa(z)]Ps.

The SM Yukawa Lagrangian,

L =y QholU + y5 QD + ys Lo E + h.c.
along with the newly added right-handed neutrino component,
£§ukawa = yil_/qj;2N + y;’NQSSN

will be gauge invariant if the following conditions are satisfied:

V_l_¢2:07

2v + ¢y = 0.

One last condition comes from the scalar potential,

(3.24)

(3.25)

(3.26)

(3.27)

As
Ve = mils+ 53 (010:)° + 1l 101s + na0hdadlon + (ndléads + hoc) (328)

The invariance of this part yields:

_¢1+¢2+¢s:0

(3.29)

By solving the anomaly equations, the U(1)p charges of particles are determined in
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Table 3.2: Possible U(1)p charge assignments of fields [2]].

U D Q L E N ¢ o
1 1 11 1 1
11 1 1 11
Model B -5 3 0 0 5 -5 —3 3
1 1 13 3 3 9
Model C i 5 —§3 i 0 3 3 -2
1 1 3 11 5
1 1 3 1 17
Model E 0 3 T -3 -5 -1 =3 1
2 1 1 3 5 4 1 17
Model F 3 03 3 T2 T3 T3 5 6
ModelG |- 3 & -0 - 3
1 1 1 1 1 1
Model B-L 5 & i —3 —3 —3 0 1
MinimalB-L | ¢+ & 1 -1 -1 1 ¢ .
terms of the charges of the right-handed up and down quarks:
U = U, d=d,
1
1
v=—(u+2d), ¢2 = 5(u—d),
3
l:—§(u—|—d), ¢s = 2(u + 2d),
1
q = 5('& + )

There are two free parameters; thus, various different scenarios can be found. Some

of representative charge assignments are given in Table [3.2]

3.2.2 Diagonalization of Mass Squared Matrix of the Gauge Bosons

To remove the mixing between B, & X, from eqn we apply the following trans-

formation
B,
W,
X

m

After this transformation, the Lagrangian in eqn will be free of mixing terms,

10
01

sin €

0 O cose

22

BH
Ws,
X

m

=W

B
Ws,
X

I

m




1. -0 1. o
Lonsge = 7 BB — 1 X X1 (3.32)

gauge 4

Next, we rotate the W, and B fields by Weinberg angle 6y,. While this angle di-
agonalizes the mass matrix in the SM case, the transformation does not result in a

diagonal mass matrix due to the modifications made to the SM.

A, cosfy sinfy 0 Bu B,
Wy, | = | —sinfy cosfy 0 Wi, | =Va | Wa, (3.33)
X, 0 0 1/ \ X, X,

Therefore, we apply one last transformation to obtain the diagonal mass matrix:

Z,| =10 cost sint | |Ws, | =V | Wy, |- (3.34)
AL 0 —sinT cosT qu Xu

Considering an abelian vector boson, there is another mechanism, the Stueckelberg
mechanism, that can give mass to them without spoiling the gauge invariance and
renormalizability [33]. In this mechanism, the abelian vector boson is coupled to
an axionic scalar field. The neutral electroweak gauge bosons can gain mass via
both the axionic field and the Higgs field in a scenario where the SM is extended
by Stueckelberg mechanism[34]][35]. There is also a study where a Stueckelberg
extension of the 2HDM is discussed [36]. In this thesis, the mass of the U(1)p boson
will be acquired via both Higgs and Stueckelberg mechanisms. The first term of
equation [3.35| corresponds to Stueckelberg mass m g, which will contribute to overall

A’ and Z boson masses.

2

1

§m§XHXM + (DMQbS)T(D#qu) + Z(DM¢Z)T(Du¢I> — Emass + - (335)
i=1

Recalling equations [3.10] and [3.T1] the above part of the Lagrangian will lead to the

mass matrix after transforming the initial fields to the physical ones by reversing the

transformations given in equations [3.31] [3.33] and [3.34]
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B, Ay
-1
Wi, | = (VBWLaW) ™ | Z, (3.36)

/

X, A,
cosBy —cosTsinfy —sinTtane sinfy sinT — cosTtane A,
= | sinOw cos Oy cos T —cos By sinT Z,
0 secesinT COS T sec € AL

(3.37)

Here, a new variable is defined tan 5 = vy/v;. When the last transformation satisfies

the below relation

tan 27 =
a—2mzspvgpb
Mm%y (0 — 1) + sec? e [m% + ghv?(cos? B hi + sin® B h3) + ghv2h2] — absine

a = 2mysyvgp(cos® Bhy +sin? Bhy), b= tanesin by,

(3.38)

the Lagrangian corresponding to the boson masses will be in the given diagonal form,

0 0 o) (4,
(4, 2. ) o mz o ||z (3.39)
0 0 M3) \4,

/Cmass =

DN —

Therefore, square of the Z and A’ masses are found as shown below respectively:

Mz =m?%sin® 7 sec” € + g% sin? 7 sec? e(v*(cos® Bh3 + sin’® Bh3) + v2h?)
— 2mzsavgp sin T sec e(cos? Bhy + sin? Bhy)(cos T + sin Oy sin 7 tan ¢)

+ m%gy,(cos T + sin Oy sin 7 tan €)?

(3.40)
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M3, =m?% cos® Tsec® € + g%, cos® T sec? e(v?(cos® Bh3 + sin® Bh3) + v2h?)
+ 2mzspvgp cos T sec €(cos® Bhy + sin? Bhy)(sin 7 — sin Oy cos T tan €)

+m%qy,(sin T — sin Oy cos 7 tan €)?

(3.41)
3.2.3 Calculation of the Relevant Coupling Constants
When the covariant derivative [3.9]acts on the fermionic fields,
ﬁfermion = Z &zzmwz (342)

we obtain the interaction terms between fermions and bosons. Those interactions

between SM fermions with Z and A’ bosons have vector and axial parts in general.

‘Cinteraction = Z QZZP}/M(CZV + CZAP)/S>¢zZM + '&f)ﬂu(gz/ + 5;475)7#214:1 (343)

if we define a new variable here which is related to the third component of the isospin,
Ais 1 for u, v and -1 for d, e. The covariant derivative will act on the fermionic fields.
But it will act differently to the left- and right-handed fermions. But for each fermion
we can write v = 1, + g where 1, = % and Y = # Finally, changing the

interaction basis to the physical one by applying equation (3.37| will give the result.
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Dy’ D

{( _24)\9 sin Oy — —;g (Y} + Y}) cos Oy

\ : ' ‘
+ (% sin Oy + g (Y} — Y}) cos HW) 75] A"+

—IA
{( 1 gcosHWCOST—i— g (

Y} + Y})(cos 7 sin Oy + sin 7 tan e)

P
_ %(QL + ¢%) sec e sin T>+(% cos Oy cos T+
i—g/(Yi—Yi)(COSTSmG +sinTt WD (i g i | Z,a+
5 (Ve =Y, w +sinTtane) + 5 (g7, — q)secesinT |y’ | Z,

Ag g’
{(ZT cos By sin T — %(YL + Y})(sin Oy sin 7 — cos 7 tan €)—

—i\g

QD(

5 cos By sin 7+

g+ q%) COSTseC€>+<
- !

%(YLZ — Y})(sin Oy sin T — cos T tan €) + ZgTD(qi — k) cos T sec e) 75] Ay’

(3.44)

Here Y., Yr and q;, qr are the hyper-charges and dark charges of the given left-
and right-handed fields respectively. The axial part of A, in the covariant derivative
vanishes, and the vector part gives the SM electromagnetic current. Using this co-
variant derivative in equation applying the relation gsinf = ¢’ cosf = e and
comparing the terms with equation [3.43|will give the coupling strengths. One by one,
the coupling of each fermion to Z and A’ bosons are calculated and given in Table
[3.3] and Table [3.4] respectively. Superscripts V' denotes vector, and A denotes axial

coupling.
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Table 3.3: Vector and axial couplings of fermions to Z boson. Here u and d are the

free dark charges of the right-handed v and d quark fields.

CV _ e(3cosT—8sin? Oy cos T—5sin Oy sin T tan €) 4+ gp(3utd)secesinT
4

U 12 sin Oy cos Oy

CA __ e(cosT+sinfy sinTtane)  gp(d—u)secesinT
u o 4 sin Oy cos Oy 4

oV — _ e(3 cos T—4 sin? Oy cos T—sin Oy sin T tan €) 4+ gp (u+3d) secesint
d — 12 sin Oy cos Oy 4

CA _ e(cosT+sin T tane) + gp(d—u)secesinT
d T 4sinOy cos Oy 4

CV __e(cosT—4sin? Oy cosT—sinfy sinTtane)  gp(Tu+5d)secesinT
e 4 sin Oy cos Oy 4

CA __ e(cos T+sin Oy sin T tan €) 4+ gp(d—u)secesinT
4 sin Oy cos Oy 4

oV — e(cos T+sinfyy sinTtane)  gp(5u+tT7d)secesinT

v 4 sin Oy cos Oy 4
CA __ e(cosT+sinfy sinTtane)  gp(d—u)secesinT
v 4 sin Oy cos Oy 4

27



Table 3.4: Vector and axial couplings of fermions to A’ boson. Here u and d are the

free dark charges of the right-handed v and d quark fields.

€V ___e(3sinT-8 sin? Oy sin 745 sin Oy cos T tan €) + gp (3u+d) cos T sece
u 12 sin Oy cos Oy 4
A _ e(sinT—sinfyy cos T tane) gp (u—d) cos Tsece

e, = - +
U 4 sin Oy cos Oy 4

€V _ e(3sinT—45sin? Oy sin 7+sin Oy cos T tan €) + gp (u+3d) cos T sece
d — 12 sin Oy cos Oy 4

8A ____e(sinT—sinfyy cosTtane)  gp(u—d)cosTsece
d — 4 sin Oy cos Oy 4

Vo e(sinT—4sin® fyy sin 7+3sin Gy cosTtane)  gp(Tu+5d) cos T sec e
e 4 sin Oy cos Oy 4

€A ___ e(sinT—sinfyycosTtane)  gp(u—d)cosTsece
e 4 sin Oy cos Oy 4

8V ____e(sinT—sinfyy cosTtane)  gp(5u+tT7d)cosTsece
v 4 sin Oy cos Oy 4

€A __ e(sinT—sin Oy cos T tane) + gp(u—d) cosTsece
v 4 sin Oy cos Oy 4
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CHAPTER 4

THE ATOMKI EXPERIMENT AND OTHER CONSTRAINTS

Searching for heavier particles around 9 MeV was the idea of Boer and van Dantzig
[37], [38]]. They began their investigation using an eTe~ spectrometer at the Uni-
versity of Frankfurt and conducted a series of experiments till the spectrometer was
shutdown [39]], [40]. After the shutdown, it was relocated to the ATOMKI acceler-
ator facilities in Debrecen, Hungary [4]. The ATOMKI collaboration subsequently
upgraded the spectrometer, enhancing its sensitivity, and have since conducted exper-
iments involving ®Be [6][41], “He [9] [10] and '>C [11]] nuclei. In the experiment,
a target nucleus is excited by using the proton capture process. The excited nucleus
then decays into a lower energy state by releasing an electron-positron pair. This
process is called internal pair creation or conversion (IPC). The spectrometer used in
the 2016 experiment can be seen in Figure and the process is pictured in Figure
In 2016, decay of excited ®Be was observed, and the collaboration announced
that they found a notable bump in the distribution of the opening angles and invari-
ant masses of e™e™ pairs [6], illustrated in Figure They reported a deviation of

6.80. Despite subsequent improvements to the experiment, the anomaly persisted,

consistently showing deviations exceeding 6¢.

;Eé% X @@/0

ATOMKI PAIR
SPECTROMET

Li

Figure 4.1: Simple illustration of the ATOMKI experiment [3]].
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Figure 4.2: The ATOMKI spectrometer used in 2016 measurement [4]].

Since 2016, there has been no independent verification of the observed anomaly, rais-
ing concerns about its reliability. Although this anomaly was only observed in the
Hungarian experiment, there are compelling reasons to believe it may be an authentic
effect [4]:

e Observed standard deviation is always greater than 60.

e The set-up was improved from five arms to six. Nevertheless, the anomaly was

observed anyway.

e They have used different position-sensitive detectors, but the anomaly didn’t

disappear.

e The anomaly was also observed with different proton beam energies as seen in
Figure 4.3

e The bumps show up at different angles with 8Be and “He. Nevertheless, it is

consistent with the theoretical expectation of 17 MeV particles. See Figure 4.4
e No anomaly was observed with calibration atoms.
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Figure 4.3: Bumps in the angular correlation of e*e” pairs at different proton energies.

This figure is taken from [S], which is adapted from [6].

e No anomaly was observed in events when the momentum of e*e™ pairs is not

symmetric.

Thus, the chances of the anomaly being just a systematic error are not high.

In the ATOMKI experiment, angular correlations of electron-positron pairs from the
decay of beryllium atoms with excitation energies 17.6 MeV (isovector transition)
and 18.15 MeV (isoscalar transition) are observed (J™ = 17 — 0*). The unexpected

bump was observed in the 18.15 MeV resonance.

Best fit to X particle mass is 17.01(16) MeV and the branching ratios compared to
the y-decay is [42]]

Br(®Be” — X + ®Be)
Br(®Be” — ~ ®Be)

x Br(X — ete”) =6(1) x 107°. (4.1)

If the X boson couples to the current J, = g,py"p + €,ny*n, where g, = 2¢,, + €4
and ¢,, = ¢, + 2¢,4, with the NA48 data (equation [4.4) the ratio between the neutron
and proton is found,

—0.09 < ¢,/e, <0.11 4.2)
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when m y is taken 17 MeV. This condition indicates the photophobic nature of the X
boson. Even though the axial vector scenario is also considered a possible solution
to the problem, there are significant uncertainties in the nuclear matrix elements that

make it challenging to calculate the desired couplings.

The X boson decays to electron-positron pairs before it leaves the detectors; there-

fore, it gives a lower bound to electron coupling,

€Y > 1.3 x 107°y/Br(X — ete) (4.3)

Although the X boson can decay to v and 7~y assuming no other invisible decay
channels, the decay to photons is negligible, and to neutrinos are assumed to be highly

suppressed. Therefore, the branching ratio Br(X — e*e™) is assumed to be unity.

This unknown X particle can be a vector, an axial vector or a pseudoscalar mediator.
But it cannot be a scalar particle. In the scalar case, the initial state is parity-even
8Be*—®Be + X : 1T — 070", but considering the angular momentum conservation
final state turns out to be parity-odd. Due to parity conservation, the scalar case is

excluded. The pseudoscalar scenario is excluded by experiments [43]].

Currently, the anomaly has only been observed at the ATOMKI facilities, making
independent confirmation of the X17 boson E] crucial. At a 2023 workshop [4], new
experiments aimed at observing X17 particles were discussed. These efforts seek first
to replicate and then to enhance the ATOMKI experiment. The MEGII collaboration
claims they can improve the geometric acceptance and the invariant mass resolution.
Another experiment, under construction at the Czech Technical University in Prague,
involves a spectrometric system based on a time projection chamber. Additionally,
the n_TOF facility at CERN proposes to investigate the X17 boson through a neutron-
induced reaction. Lastly, the INFN Legnaro National Laboratories have proposed a
cost-effective design to repeat the Hungarian experiment, expecting to detect electron-
positron pairs with kinetic energies reaching up to 20 MeV and an angular resolution

of under one degree.

L A X boson with 17 MeV mass is sometimes called X 17.
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Figure 4.4: Contours are obtained by the relation 67" ~ 2 arcsin(mx /(my+—my))

where N* — N X [7]. Retrieved from [8].

4.1 Constraints from Other Experiments

To make a comprehensive analysis of the X17 particle, the constraints from other

experiments need to be considered. Constraints listed below are taken from [44] and

131

e The most confining constraint to quark couplings comes from neutral pion de-
cay. The NA48/2 [45]] experiment observes the rare pion decay, 7° — vX. For

the following decay X — e™e™ this experiment gives the strongest bound [3]:

1.2 x 1073

< . 4.4
&l = V/Br(X — ete) 49

’2€u + Ed‘ =

e NAG64 [46] the beam dump experiment has established a lower bound on the

electron coupling constant:

(eV)2 4 (4)2 > 3.6 x 107° x \/Br(X — ete). 4.5)

e
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e The upper bound to electron coupling comes from the KLOE experiment [47]:

(V)2 + (e4)2 < 6.1 x 1074 /\/Br(X — ete). (4.6)

e

If the electron coupling is lower, the X particle will escape the detector before
decaying to an electron-positron pair [48]. However, a study [49] suggests that
the nonexistence of electromagnetic signals from the decay of an X particle

near the surface of a supernova progenitor star imposes stringent limits on the

electron coupling constant. This leads to |e.| < 1072/,/Br(X — ete™) [8]

implying another potential region for electron coupling constant.

e Moller scattering puts a boundary on the product of the vector and axial part of
the electron. Measurements from SLAC E158 [S0] give the following bounds
[S51]:

el xed| S107% (4.7)

e TEXONO [52]] constraints the electron and neutrino couplings in the following

\]eVel | <7x107°  for ele) >0
4.8)
\]eVel | <3 %107, for ele) <O.

First line for constructive interference and second line for destructive interfer-

way [3]:

ence scenario.

e Atomic parity violation observed in }3Cs [33] atoms with SM prediction [54]

[S3]] gives a constraint in the following form:

188 211
AN =gV 1 V1 <1.8x107'2, 4.
e| 3998u+399€d 8 x 10 (4.9)

~Y

|e

4.2 Numerical Analysis

In this section, the constraints will be checked to determine if the unknown X particle

can be the A’ boson that was introduced in Chapter 3]

The first constraint on the unknown X particle is that it has a mass of around 17 MeV.

Therefore, any model proposed to explain the anomaly must first satisfy this mass
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requirement. A Stueckelberg mass was introduced in our model to provide additional
flexibility within the theory. If desired, it can be simply set to zero, and the value of
gp will be solely determined by v and the dark charge assignment. It was observed
that the graphs are insensitive to the values of tan S and sin e. The behaviour of the
graphs remains unchanged regardless of these values. Additionally, it can be observed

that the largest possible gp value is achieved when v takes the smallest value.

Ultimately, we have demonstrated that we can achieve the desired mass value with
various combinations of charge assignments, v, and gp values. In Figure 4.5 graphs
of vs vs gp are plotted. The effects of different model charges and the singlet vev can

be inferred from the graphs.

1073 —— ———— 1073 —— ] ————
E Model C vs (TeV) 3 F Model F vs (TeV)
tonp=53me = 020 - tonp =52 1107 = |

= 03 = 03
[ -1 | [ -1
10—4_ -5 o 104 . 5
Q Q
o o
10_5_ = 10~ -
-6 L L L m L L L1 -6 I T T—) L L
1075 101 102 107g 101 102
m, (MeV) ms (MeV)

1073 —— —— 1073 —— T
E Model G vs (TeV) 5 E Model B-L, vs (Tev)
P 2k I (o v g

= 03 - 03
L -1 r -1
104 - -
. ]
8 ]
1075E - 4
-6 L ol L L -6 L ool L TR R R

10 10 10! 102 10 10 10! 102

ms (MeV) ms (MeV)

Figure 4.5: The dark photon mass in the Stueckelberg mass and the dark coupling
parameter gp plane for various models and singlet vev choices. In each curve, the

dark photon mass m 4 = 17 MeV is demanded.

After it is determined that the desired mass value can be achieved for the A’ parti-
cle, other constraints on the couplings must be checked. For this purpose, constraints

from Section are plotted in the following graphs. The part of the A’-fermion-
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fermion couplings proportional to gp, as shown in Table [3.4] is observed to be the
dominant part of the equation. Consequently, the graphs are found to be scale invari-
ant for almost all cases considered. In the following logarithmic plots (both axes are
logarithmic), any gp value in the power of ten will just repeat the same pattern. For
this reason, the dark charge axes are multiplied by ¢gp, introducing redefined free dark
charges, u = u gp and d=d gp-. Clearly, this redefinition can be made because gp
and dark charges always appear together in the same terms in equation and due
to scale invariance, one variable is reduced in the plots. Additionally, no significant
dependence on tan (3 is observed. Values of tan § = 2, 10, & 50 are checked, and
each result in the exact same graph in the chosen values of the other parameters. This

can be seen in Figure 4.7] and Figure 4.§]

Looking at the graphs from Figure to Figure 4.14] it is observed that the allowed
mass region is larger for small v, values. Apart from the mass region, v; does not have
a significant effect on other constraints. The atomic parity conservation constraints
cover a larger area for smaller sine values. For values of sine bigger than 1073,
the region disappears from the graphs. The sin e value also appears to determine
the placement of the neutron-proton coupling ratio region. However, even though
overlapping areas can be observed in other regions, this neutron-proton ratio does
not coincide with the electron coupling region in any scenario studied. The atomic
parity constraint is also very restrictive, and it coincides with other regions only in

very small areas.

Searching through the parameter space and finding an overlapping area for all the
regions may be possible, but chances appear to be remote based on the analysis con-

ducted.
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Figure 4.6: The allowed regions by various data in the plane of the redefined dark
charges u = ugp and d= dgp for the dark photon A’. The region interior to the red,
blue and brown lines represents the allowed parameter spaces for the mass, product
of vector and axial couplings of the electron, and the proton couplings, respectively.
The green-shaded region, outlined at its boundaries, defines the allowed region for
electron coupling. The purple region outlined only at its outer boundary, along with
the blue region with no outlines, represent the allowed region for electron and neutrino
couplings in the constructive and destructive interference scenarios, respectively. The
grey dashed area indicates the region where the atomic parity constraint is satisfied.
Finally, the orange area corresponds to the ratio of proton to neutron couplings. The
various fat dots on the graph correspond to the model points listed in Table [3.2] the
charges multiplied by gp value which are chosen 1076 and 10~ for the black and blue
dots, respectively. In this graph, vev of the singlet is set to zero, the mixing parameter

is sine = 1074, and the ratio between vevs of the Higgs doublets is tan 3 = 2.
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Figure 4.7: The allowed regions by various data in the plane of the redefined dark
charges © = ugp and d = dgp for the dark photon A’. The region interior to the red,
blue and brown lines represents the allowed parameter spaces for the mass, product
of vector and axial couplings of the electron, and the proton couplings, respectively.
The green-shaded region, outlined at its boundaries, defines the allowed region for
electron coupling. The purple region outlined only at its outer boundary, along with
the blue region with no outlines, represent the allowed region for electron and neutrino
couplings in the constructive and destructive interference scenarios, respectively. The
grey dashed area indicates the region where the atomic parity constraint is satisfied.
Finally, the orange area corresponds to the ratio of proton to neutron couplings. The
various fat dots on the graph correspond to the model points listed in Table [3.2] the
charges multiplied by ¢gp value which are chosen 1075 and 10~ for the black and
blue dots, respectively. In this graph, vev of the singlet is set to 1 TeV, the mixing
parameter is sin e = 1074, and the ratio between vevs of the Higgs doublets is tan 3 =
2.
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Figure 4.8: The allowed regions by various data in the plane of the redefined dark
charges @ = ugp and d = dgp, for the dark photon A’. The region interior to the red,
blue and brown lines represents the allowed parameter spaces for the mass, product
of vector and axial couplings of the electron, and the proton couplings, respectively.
The green-shaded region, outlined at its boundaries, defines the allowed region for
electron coupling. The purple region outlined only at its outer boundary, along with
the blue region with no outlines, represent the allowed region for electron and neutrino
couplings in the constructive and destructive interference scenarios, respectively. The
grey dashed area indicates the region where the atomic parity constraint is satisfied.
Finally, the orange area corresponds to the ratio of proton to neutron couplings. The
various fat dots on the graph correspond to the model points listed in Table [3.2] the
charges multiplied by ¢gp value which are chosen 1075 and 10~ for the black and
blue dots, respectively. In this graph, vev of the singlet is set to 1 TeV, the mixing
parameter is sin e = 1074, and the ratio between vevs of the Higgs doublets is tan 3 =

10.
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Figure 4.9: The allowed regions by various data in the plane of the redefined dark
charges u = ugp and d= dgp for the dark photon A’. The region interior to the red,
blue and brown lines represents the allowed parameter spaces for the mass, product
of vector and axial couplings of the electron, and the proton couplings, respectively.
The green-shaded region, outlined at its boundaries, defines the allowed region for
electron coupling. The purple region outlined only at its outer boundary, along with
the blue region with no outlines, represent the allowed region for electron and neutrino
couplings in the constructive and destructive interference scenarios, respectively. The
grey dashed area indicates the region where the atomic parity constraint is satisfied.
Finally, the orange area corresponds to the ratio of proton to neutron couplings. The
various fat dots on the graph correspond to the model points listed in Table [3.2] the
charges multiplied by gp value which are chosen 1076 and 10~ for the black and blue
dots, respectively. In this graph, vev of the singlet is set to zero, the mixing parameter

is sine = 1075, and the ratio between vevs of the Higgs doublets is tan 3 = 2.
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Figure 4.10: The allowed regions by various data in the plane of the redefined dark
charges @ = ugp and d = dgp, for the dark photon A’. The region interior to the red,
blue and brown lines represents the allowed parameter spaces for the mass, product
of vector and axial couplings of the electron, and the proton couplings, respectively.
The green-shaded region, outlined at its boundaries, defines the allowed region for
electron coupling. The purple region outlined only at its outer boundary, along with
the blue region with no outlines, represent the allowed region for electron and neutrino
couplings in the constructive and destructive interference scenarios, respectively. The
grey dashed area indicates the region where the atomic parity constraint is satisfied.
Finally, the orange area corresponds to the ratio of proton to neutron couplings. The
various fat dots on the graph correspond to the model points listed in Table [3.2] the
charges multiplied by gp value which are chosen 10~% and 10~ for the black and
blue dots, respectively. In this graph, vev of the singlet is set to 1 TeV, the mixing
parameter is sin e = 107", and the ratio between vevs of the Higgs doublets is tan 3 =
2.
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Figure 4.11: The allowed regions by various data in the plane of the redefined dark
charges u = ugp and d= dgp for the dark photon A’. The region interior to the red,
blue and brown lines represents the allowed parameter spaces for the mass, product
of vector and axial couplings of the electron, and the proton couplings, respectively.
The green-shaded region, outlined at its boundaries, defines the allowed region for
electron coupling. The purple region outlined only at its outer boundary, along with
the blue region with no outlines, represent the allowed region for electron and neutrino
couplings in the constructive and destructive interference scenarios, respectively. The
grey dashed area indicates the region where the atomic parity constraint is satisfied.
Finally, the orange area corresponds to the ratio of proton to neutron couplings. The
various fat dots on the graph correspond to the model points listed in Table [3.2] the
charges multiplied by gp value which are chosen 1076 and 10~ for the black and blue
dots, respectively. In this graph, vev of the singlet is set to zero, the mixing parameter

is sin e = 107, and the ratio between vevs of the Higgs doublets is tan 3 = 2.
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Figure 4.12: The allowed regions by various data in the plane of the redefined dark
charges @ = ugp and d = dgp, for the dark photon A’. The region interior to the red,
blue and brown lines represents the allowed parameter spaces for the mass, product
of vector and axial couplings of the electron, and the proton couplings, respectively.
The green-shaded region, outlined at its boundaries, defines the allowed region for
electron coupling. The purple region outlined only at its outer boundary, along with
the blue region with no outlines, represent the allowed region for electron and neutrino
couplings in the constructive and destructive interference scenarios, respectively. The
grey dashed area indicates the region where the atomic parity constraint is satisfied.
Finally, the orange area corresponds to the ratio of proton to neutron couplings. The
various fat dots on the graph correspond to the model points listed in Table [3.2] the
charges multiplied by gp value which are chosen 10~% and 10~ for the black and
blue dots, respectively. In this graph, vev of the singlet is set to 1 TeV, the mixing
parameter is sin e = 107%, and the ratio between vevs of the Higgs doublets is tan 3 =

2.
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Figure 4.13: The allowed regions by various data in the plane of the redefined dark
charges @ = ugp and d = dgp for the dark photon A’. The region interior to the
red and brown lines represents the allowed parameter spaces for the mass and the
proton couplings, respectively. The green-shaded region, outlined at its boundaries,
defines the allowed region for electron coupling. The dashed lavender-shaded region
represents the allowed product of vector and axial couplings of the electron. The
purple region outlined only at its outer boundary, along with the blue region with
no outlines, represent the allowed region for electron and neutrino couplings in the
constructive and destructive interference scenarios, respectively. The grey dashed
area indicates the region where the atomic parity constraint is satisfied. Finally, the
orange area corresponds to the ratio of proton to neutron couplings. The various
fat dots on the graph correspond to the model points listed in Table [3.2] the charges
multiplied by ¢gp value which are chosen 1076 and 10~ for the black and blue dots,
respectively. In this graph, vev of the singlet is set to zero, the mixing parameter is

sin e = 1073, and the ratio between vevs of the Higgs doublets is tan § = 2.
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Figure 4.14: The allowed regions by various data in the plane of the redefined dark
charges @ = ugp and d = dgp for the dark photon A’. The region interior to the
red and brown lines represents the allowed parameter spaces for the mass and the
proton couplings, respectively. The green-shaded region, outlined at its boundaries,
defines the allowed region for electron coupling. The dashed lavender-shaded region
represents the allowed product of vector and axial couplings of the electron. The
purple region outlined only at its outer boundary, along with the blue region with
no outlines, represent the allowed region for electron and neutrino couplings in the
constructive and destructive interference scenarios, respectively. The grey dashed
area indicates the region where the atomic parity constraint is satisfied. Finally, the
orange area corresponds to the ratio of proton to neutron couplings. The various
fat dots on the graph correspond to the model points listed in Table [3.2] the charges
multiplied by ¢gp value which are chosen 1075 and 10~ for the black and blue dots,
respectively. In this graph, vev of the singlet is set to 1 TeV, the mixing parameter is

sin e = 1073, and the ratio between vevs of the Higgs doublets is tan 3 = 2.
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CHAPTER 5

CONCLUSIONS

In 2016, the ATOMKI collaboration observed an anomaly with a high significance.
Since then, their set-up has been improved, and the experiment has been repeated,
with the anomaly continuing to be observed. The anomaly suggests the possible exis-
tence of a 17 MeV boson. Although independent verification of the anomaly has not
yet been achieved, there are reasons to believe that what has been observed is a gen-
uine effect. Various attempts to replicate the experiment are ongoing; if confirmed,

this observation would be a big step forward for BSM physics.

In this thesis, an extended 2HDM model is scrutinised. The observed X17 particle is
explained through the introduction of a new Abelian gauge symmetry, with a second
Higgs doublet and a new singlet implemented into the SM. The model also includes
a Stueckelberg mass term to provide additional freedom in the model. The exper-
imental data is very constraining, resulting in the exclusion of a large area for the
coupling constants. However, the allowed region has been significantly widened by
the introduction of the Stueckelberg term. Nevertheless, no overlapping area for all
the constraints was observed. The tension is not high and is primarily between the

electron coupling and the ratio of proton-neutron couplings.

Comparing the theory with the experiments, some challenges are encountered. First,
the nuclear matrix element for the axial vector case has large uncertainties. To en-
able more sensitive analyses, further study of the axial nuclear matrix element is
required. Second, throughout the analyses, the X boson was assumed to decay only
to electron-proton pairs. Therefore, to improve the sensitivity of the analysis, other

decay channels should be considered.
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In this thesis, only the beryllium case is studied, but the ATOMKI collaboration ob-
served the anomaly in both the helium and carbon decays. These cases can be ex-

plored in further research.
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