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Introduction

Introduction

The main topic of this PhD thesis is to show the capability of the MEG II experiment

to perform the measurement of the Internal Pair Creation in the7Li(p; e+ e� )8Be nuclear

reaction. This reaction is of particular interest because a recent measurement of its

decay products performed at the Atomki laboratory in Hungary showed an unexpected

excess in their angular distribution. The signi�cance of the observed bump is� 7

standard deviations, and following measurements of the same reaction but with an

upgraded experimental apparatus showed analogous results. Moreover, a measurement

of the 3H(p; e+ e� )4He reaction showed another signi�cant excess at a di�erent angle.

Both these observations can be explained by the creation of a new physics boson with

a 17 MeV/ c2 mass called X(17). The MEG II experiment was designed to search for

Charged Lepton Flavor Violation in the � + ! e+ 
 decay, but its detectors are able to

measure the7Li(p; e+ e� )8Be reaction as well. The experiment is in fact equipped with

a photon detector and a magnetic spectrometer, and has access to a Cockcroft-Walton

accelerator for the photon detector calibrations. The accelerator can be used to generate

the necessary proton beam, and the magnetic spectrometer can be used to measure the

decay products of the reaction. An independent measurement with an experiment that

guarantees a better invariant mass resolution and a larger angular acceptance can con�rm

that the anomaly observed at Atomki is not an artifact of the detector geometry, but a

real anomaly not explained by any known nuclear physics e�ect.

My contribution is focused around the signal and background simulations of the X(17)

measurement at MEG II, the participation in the commissioning of the drift chamber

of the magnetic spectrometer and the participation in the preliminary data taking. The

target region used for the photon detector calibration is not compatible with the X(17)

measurement because its material increases the multiple scattering, spoiling the tracking

performance of the drift chamber. A redesign was then necessary, and I implemented the

signal and background models in the MEG II simulation to study the expected resolution
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Introduction

and e�ciency. This was done for di�erent con�gurations to �nd an optimal solution

for the new target region design. I also participated in the commissioning of the drift

chamber from 2018 to 2021, both during the data taking and the hardware operations

periods. Finally, I participated in the data taking with a preliminary setup for the X(17)

measurement, built and installed during 2021. This setup is not the optimal one, whose

construction is underway, but it was used to take some preliminary data used for some

test before the �nal measurement, which is foreseen in the �rst months of 2022.

In chapter 1 I will introduce the nuclear reaction investigated at Atomki. I will

give some information about the IPC models existing before the measurements and the

development that followed. After that I will show the results obtained at Atomki for

every measurement they performed, and �nally I will describe some of the interpretations

given by the scienti�c community to these results. In chapter 2 I will report on the X(17)

searches in di�erent channels, and introduce some of the experiments that are planning to

study the IPC in nuclear reactions in the near future. In chapter 3 I will focus on MEG II,

for which I will show some details of its experimental apparatus. In chapter 4 I will focus

on the MEG II drift chamber, describing its design, construction and commissioning. I

will also report the results obtained from the data collected in the 4 pre-engineering runs

of the last years. In chapter 5 I will show the simulations of the signal and background of

the X(17) measurement at MEG II and the optimization of the new target region design.

I will report the expected performance in terms of resolution and e�ciency. In chapter 6 I

will report the results of the studies on the signi�cance and data taking time needed for a

successful measurement. Finally, in chapter 7 I will describe the di�erent con�gurations

used in the data taking of 2021 with the preliminary setup. I will also show a �rst attempt

at the analysis of such data.
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Chapter 1. Anomaly in the Internal Pair Creation

Chapter 1

Anomaly in the Internal Pair Creation

In 2016 an experimental group working in the Atomki laboratory (Debrecen, Hungary)

observed an excess in the angular distribution of the Internal Pair Creation (IPC) in the

nuclear reaction7Li(p; e+ e� )8Be. The most fascinating interpretation of this observation

is based on the creation of a new physics boson mediator of a �fth fundamental force that

describes the interaction between dark matter and ordinary matter. This particle is now

called X(17) boson, because of its measured 17 MeV/c2 mass.

This anomaly puzzled the Atomki collaboration, that decided to deepen the knowledge

of this phenomenon with new experiments. They repeated the measurement with an

improved experimental apparatus in 2017, improved the analysis in 2018 and repeated the

experiment with 4He excited states in 2019. They always obtained results consistent with

the X(17) boson production hypothesis. This means that the X(17) search is a promising

path to follow to �nd new physics.

The possible implications of this anomaly captured the attention of the scienti�c

community. Several collaborations around the world plan to repeat this measurement or

search for this particle in other channels, and many theories are being investigated to

solve this puzzle. In this chapter I will introduce the �rst nuclear reaction investigated

at the Atomki laboratory and report the knowledge on the IPC theory at the time of

the anomaly observation. I will then summarize the experimental results obtained in the

past years, along with the many interpretations given to this interesting observation, both

in the nuclear and particle physics �elds. I will focus on the improvements in the IPC

model for 8Be, result of the studies triggered by the Atomki measurements, and on the

interpretation of the anomaly as the creation of a new physics light boson.

3



1.1. 7Li (p; 
 )8Be reaction

1.1 7Li (p; 
 )8Be reaction

The 7Li(p; 
 )8Be nuclear reaction is obtained from a proton beam impinging on a Li target,

that leads to the creation of8Be excited states through proton capture. Figure 1.1 shows

the cross section of this reaction as a function of the proton kinetic energy. Two resonances

emerge from this plot, one atEp = 0:441MeV and one atEp = 1:03 MeV. The 8Be states

populated in these resonances are called8Be* and 8Be*' respectively. Figure 1.2 shows

the energy levels of the8Be states. The energies of the two resonant states are 17.6 MeV

and 18.15 MeV for the lower and the higher energy resonance respectively. I will use

the notation used in [1] and refer to these states as Mostly IsoVector (MIV) and Mostly

IsoScalar (MIS) resonance.

Figure 1.1: 7Li (p; 
 )8Be cross section as a function of the proton energy in the lab frame. It is
calculated from a theoretical model published in [1].

Figure 1.2: Relevant 8Be states and energy levels. The two states inspected at Atomki are
8Be� at 18.15 MeV (MIS) and 8Be� ' at 17.64 MeV (MIV). Image from [2].
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Chapter 1. Anomaly in the Internal Pair Creation

The 7Li(p; 
 )8Be reaction can give as �nal product an electron-positron pair, that can

be created by the particle produced in the de-excitation of the8Be� . This particle is

usually a photon
 , that can convert into a pair inside the nuclear reaction: in this case we

talk about IPC, as explained in section 1.1.2. The anomalous excess observation that will

be described in section 1.2 can be a hint of the presence of another particle that decays

into the e+ e� pair in place of the photon: the X(17) boson. Figure 1.3 shows the possible

reaction in which the X(17) boson can be produced.

Figure 1.3: Schematisation of the X(17) boson production from the7Li (p; e+ e� )8Be nuclear
reaction.

1.1.1 Multipolarity of nuclear transitions

Nuclear transitions are characterized by energy emission, since in a nucleus the ground

state has lower energy with respect to the excited states. This energy variation between

di�erent states is compensated by the emission of photons. The transitions can be therefore

classi�ed by the multipolarity of the emitted radiation, i.e. by the order of the multipole

expansion of the electric and magnetic �eld [3]. Electric and magnetic multipole radiations

are indicated with EL and ML respectively, where L is the order of the multipole expansion

(e.g. a dipole has order L=1, which corresponds to2L = 2 poles, while a quadrupole has

order 2). Notice that there is no magnetic monopole, so M0 does not exist. In this text I

will refer to the transition in which an electric/magnetic multipole radiation is emitted as

"electric/magnetic transitions" or simply "EL/ML transitions".

Nuclear states are de�ned by their energy and spin-parityJ P . Here J is the total

angular momentum, that can be integer or half integer, andP is the parity, that can be

positive or negative. Electric and magnetic multipole radiations of the same order L carry

the same angular momentum L and have di�erent parity. Selection rules stem from the
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angular momentum conservation, de�ning the possible radiations that can be emitted in a

nuclear transitions:

ˆ in EL transitions the parity changes for odd L;

ˆ in ML transitions the parity changes for even L.

The 8Be� and 8Be� ' transitions to the ground state 8Be are both M1 transitions, since

the angular momentum transferred is 1 and the parity remains unchanged. Figure 1.4

shows the energy level and spin-parity of these states, together with the7Li+ p threshold

at 17.26 MeV. Other nuclear transitions in8Be can have any multipolarity, but E0 is an

exception. This kind of transitions are characterized from the absence of single photon

emission, which is forbidden because of quantum numbers: E0 transitions are0+ ! 0+

(no angular momentum is transferred), but the photon emission carries at least one unit

of angular momentum.

Figure 1.4: M1 transitions between MIS and MIV state of 8Be to the ground state. The red
line indicates the 7Li+ p threshold.

1.1.2 Internal Pair Creation

Electron-positron pairs can be produced in nuclear reactions from the internal conversion

of a photon coming from the transition of an excited nucleus to its ground state. This

phenomenon is called Internal Pair Creation (IPC). IPC is an alternative decay mode for

an excited nucleus, in contrast with the photon emission and the Internal Conversion (IC),
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Chapter 1. Anomaly in the Internal Pair Creation

which is the emission of an orbital electron of the atom. IPC is characterized by thee+ e�

opening angle distribution and the conversion coe�cient, i.e. the number of IPC events

per photon emitted in the nuclear reaction. Rose measured the Z dependence of the IPC

and IC coe�cient in 1949-51, and reported his results in [4] and [5]. He found out that

the IPC coe�cient increases with increasing photon energy and is almost independent of

Z , in contrast with the IC coe�cient, that decreases with increasing photon energy and

decreasingZ .

Figure 1.5 shows the Feynman diagrams for M1, E1 and E2 transitions in the
7Li(p; 
 )8Be reaction. The diagrams for IPC are obtained by attaching the lepton line to

the virtual photon line. This reaction is called proton capture, since the proton from the

beam is captured by the target nucleus and a heavier nucleus is created. In case of M1

transitions we talk about resonant proton capture, while for E1 and E2 we talk about

direct proton capture: they happen respectively in resonant8Be states and o� resonance.

In the resonant proton capture an excited state, e.g.8Be� or 8Be� ', is created before the

photon emission, as represented in �gure 1.5 with the symbol	 .

(a) (b)

Figure 1.5: Feynman diagrams of resonant M1 (a) and non-resonant E1, E2, M2 (b) proton
capture. For IPC diagrams the lepton line must be attached to the virtual photon line. Here
c; n; �;  are the �elds of 7Li, proton, 8Be Ground State (GS) and8Be 1+ excited states.
In this diagram I use the notation used in [1].

Early IPC model

Rose carried out a study of the IPC properties, which was published in 1949 [4]. He

considered atoms withZ < 40 and photon energies above 2.5 MeV, since in this region the

IPC is dominant with respect to the IC. His goal was to provide a method to determine

the multipolarity of a transition using IPC measurements. The focus of the study is on
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multipolarities, here indicated with l , greater than 0. He used the Born approximation, a

�rst order perturbation in scattering theory that consists in the use of the incident �eld

instead of the total �eld, and is valid at low Z and small scattered �eld. He obtained an

analytic expression of the distribution of the opening angle of the pair produced at �xed

electron and positron energies:


 l (�) = (2 �=� (l + 1))( p+ p� =q)
(q=k)2l � 1

(k2 � q2)2
(1.1)

� f (2l + 1)( W+ W� + 1 �
1
3

p+ p� cos �)

+ l[(q2=k2) � 2](W+ W� � 1 + p+ p� cos �)

+
1
3

(l � 1)p+ p� [(3=q2)(p� + p+ cos �)

� (p+ + p� cos �) � cos �] g for electric multipoles


 l (�) = (2 �=� )(p+ p� =q)
(q=k)2l+1

(k2 � q2)2
f 1 + W+ W� (1.2)

�
p+ p�

q2
(p� + p+ cos �)( p+ + p� cos �) g for magnetic multipoles

Here l is the multipolarity of the transition, p+ , p� , W+ and W� the positron and electron

momentum and energy,� is the pair separation angle andk is the photon energy in units

of me. He also calculated the positron energy distribution, by integrating equations 1.1

and 1.2 for electric and magnetic multipoles respectively:

� l (W+ ) = ( �=� (l + 1) k3)f (l=2)k2Jl+1 (1.3)

+ [2 lW+ W� � 1=4(7l + 1) k2]Jl

+ [ l(W 2
+ + W 2

� + 1) + 1 � W+ W� ]Jl � 1

� 1=4(l � 1)(W+ � W� )2Jl � 2g for electric multipoles

� l (W+ ) = �=�k 3f (1 + W+ W� )Jl (1.4)

� (k2=4)(Jl+1 � x1x2Jl � 1) for magnetic multipoles
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Chapter 1. Anomaly in the Internal Pair Creation

Here x1 = ( p+ � p� )2=k2, x2 = ( p+ + p� )2=k2, Jl =
Rx2

x1
x l (1 � x)� 2dx. The angular

distribution is peaked at small angles, and rapidly decreases at increasing� . The pair

formation coe�cient, which is the number of pairs per photon produced in the nuclear

transition, can be obtained by integrating 1.3 and 1.4 in dW+ for electric and magnetic

multipoles respectively.

Figure 1.6 shows the pair formation coe�cient as a function ofk for l = 1; :::; 5.

The sensitivity of pair formation coe�cient is crucial to distinguish between di�erent

multipolarities. The plots show that the separation is good for largek, but gets worse

when approaching lowk values.

(a) (b)

Figure 1.6: Total number of e+ e� pairs as a function of the photon energy for several electric
(a) and magnetic (b) multipoles. The order of the multipole is indicated beside the curves. Figures
from [4].

The error induced by the use of the Born approximation has been estimated by

comparing the results from Jäger and Hulme forZ = 84 [6]. For example fork = 6 the

pair formation coe�cient is 20% larger for l = 2 and 15% forl = 1, but since the region
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of interest is at smallerZ and largerk the prediction should be more accurate. Anyway,

the approximation is good only for integral quantities such as this coe�cient, since there

is the e�ect of the Coulomb �eld, that suppresses slow positrons and increases fast ones.

These e�ects cancel out only upon integration over the energy spectrum.

IPC model improvements

The Rose model is not su�cient to thoroughly explain the7Li(p; e+ e� )8Be reaction. There

are two non negligible e�ects that have not been addressed: the anisotropy in the photon

emission and the interference between the di�erent components of the transition. Such

interference can arise between M1 component, dominant in the resonance, and E1 com-

ponent, dominant o� resonance [7]. There can be also a contribution of higher order

transitions (E2, M2, etc.), but they are usually negligible.

Goldring improved Rose's study in 1953 by taking into account these e�ects [8]. He

calculated the probability of a pair being emitted per photon, which is, using the notation

by Rose:

Fl (� ; �; �; � )d
 + d
 � dW+ =
X

m

am f m
l (� ; �; �; � )d
 + d
 � dW+ (1.5)

wheream =
P

m0 � m0bjm 0;j 0m0� m , m0 are the eigenvalues ofJz, � m0 fractional population of

m0 initial substate, bjm 0;j 0m0� m relative strength of the transition and f m
l the probability

of the transition. In the isotropic casea0 = a� 1 = ::: = 1=(2l + 1) , henceFl (�) =
P

m am f m
l (� ; �; �; � ) = 1 =(8� 2)
 l (�) , where� , � , � are the spatial orientation angles and


 l (�) are the integrated correlations (equations 1.1 and 1.2). This result agrees with

Rose's calculations. Goldring provides a table with the asymptotic values of the integrals

over energy of the anisotropic terms,� l (�) 1 and � l (�) 1 , where:

� l (�) =
2�
�k 3

Z k� 1

1

p+ p�

(k2 � q2)2

� q
k

� 2l � 2
( ~p+ � ~p� )2dW+ (1.6)

� l (�) =
2�
�k 3

Z k� 1

1

p+ p�

k2 � q2

� q
k

� 2l � 2 1
2

k2dW+ (1.7)
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Chapter 1. Anomaly in the Internal Pair Creation

He also provides an expression for the M{l} and E{ l + 1} interference term:

f m
l;l +1 =

�k
32� 2

p+ p� f vm
l+1 (W� � W+ ) + ( ~p� � ~p+ ; ~am

l+1 E )g( ~p+ � ~p� ; ~am�
lM ) (1.8)

Notice that the integral of this quantity over � and � vanishes, meaning that the isotropic

case has no interference. Thus, the best way to minimize the e�ects of the anisotropy and

interference in a measurement is to place the pair detectors in the plane perpendicular to

the particle beam. The experiment at Atomki that observed the8Be anomaly made this

approximation, placing their detector perpendicular to the proton beam and neglecting

anisotropy and interference.

New studies showed how these e�ects are not completely negligible, and can contribute

to the observed peak. In fact, since the observation of the anomaly captured the interest of

many scientists, the old calculations by Rose and Goldring have been recently improved by

several nuclear physicists. The new models developed may partially explain the unexpected

experimental results, but they need experimental con�rmation. I will address this topic in

more detail later in section 1.3.1.

1.2 Experiments at Atomki

Many physicists tested the IPC theoretical predictions with experiments, and some of

them observed anomalies in the creation of 18.15 MeV MIS and 17.6 MeV MIV M1

transitions in 8Be [9� 14]. An experiment carried out in the Atomki laboratory in 2016

further investigated this phenomenon [15, 16], obtaining a quite signi�cative deviation

from the theory developed up to that moment. The separation angle of the pair produced

in the 7Li(p; e+ e� )8Be reaction showed in fact an enhancement around140� , in contrast

with the simulation showed in �gure 1.7. Such simulation is based on the Rose theory at

E 
 = 17 MeV, and does not account for anisotropy e�ect. Anyway, this e�ect is minimized

by the design of the experimental apparatus, as will be explained in section 1.2.1.

In the following years the same collaboration published several papers with improved

measurements and new results with a di�erent nuclear reaction [17� 19]. The anomaly

was there every time, and no nuclear physics model could explain its presence. This led

to fascinating particle physics beyond Standard Model (BSM) explanation, such as the

creation of a light boson that decays in the observede+ e� pair, which is now referred to

as X(17), because of its 17 MeV/c2 measured mass.
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1.2. Experiments at Atomki

Figure 1.7: Angular correlations of e+ e� pairs from IPC for di�erent multipolarities calculated
by the collaboration at Atomki in [15].

1.2.1 Experimental apparatus

In the �rst experiment [16] the 7Li(p; e+ e� )8Be reaction was obtained from a 1� A proton

beam impinging on 15� g/cm2 thick LiF 2 and 700� g/cm2 Li2O targets. The proton

beam energy was adjustable, so that it was possible to populate both the 18.15 MeV

and 17.6 MeV excited states. Such beam came from the 2MV Tandetron accelerator in

Debrecen. The detector was built using the information from Stiebing and co workers

in [20], who performed similar experiments with several target materials. The target was

placed on a 10� m thick Al strip foil, which is spanned between 3 mm thick perspex

rods. The rods were used to minimize the scattering and external pair creation in the

vicinity of the interaction point. The target was continuously monitored by measuring the

photon spectrum, and it had to be changed every few hours with a new one because of its

deterioration. Five plastic scintillators � E � E detector telescopes were used to detect

e� e+ pairs, and �ve multi-wire proportional counters (MWPC) were placed in front of the

scintillators to measure the position of the hits. The telescopes were placed in the plane

perpendicular to the beam to minimise the impact of anisotropy and interference e�ects.

The target was placed perpendicular to the beam and inserted in a 1 mm thick carbon

�ber vacuum chamber, around which the telescopes were placed. A HPGe detector was

used 25 cm from the target to detect the 17.6 MeV and 18.15 MeV
 -rays produced in the
7Li(p; 
 )8Be reaction. A more detailed description of the detectors can be found in [15].
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Chapter 1. Anomaly in the Internal Pair Creation

The collaboration repeated the experiment several time in the last years, with some

modi�cations to the experimental setup. The second measurement [17] used the same

setup except for a new more stable accelerator and for the hit position detector: �ve

double sided silicon strip detectors (DSSSD) composed of 3 mm thick strips replaced the

MWPC. Figure 1.8 shows a CAD drawing of the apparatus used in this measurement.

(a) (b)

Figure 1.8: (a) Layout of the experimental apparatus used in the second measurement at
Atomki. The 5 telescopes are placed perpendicular to the proton beam and at relative angles of
0� , 60� , 120� , 180� , 270� . Figure from [17].
(b) Picture of the experimental apparatus used in the third measurement at Atomki. The number
of telescopes is increased to 6, placed at relative angles of0� , 60� , 120� , 180� , 240� , 300� .

The third measurement with 8Be improved the results obtained previously [18]. This

was achieved by increasing the number of scintillators and DSSSD from 5 to 6, placed

perpendicularly to the beam direction at azimuthal angles of0� , 60� , 120� , 180� , 240� ,

300� . Figure 1.8 shows a picture of this version of the experimental apparatus. Moreover,

the collaboration used a new backing for the target: a 20� g/cm2 thick carbon foil replaced

the Al one, reducing the global thickness traversed by the protons that don't interact with

the target. These modi�cations resulted in a di�erent electron detection e�ciency as a

function of the separation angle.

The most recent measurement at the Atomki laboratory focused on the nuclear reaction
3H(p; 
 )4He to investigate the He excited states instead of the Be ones [19]. The target for

this measurement was a3H target absorbed in a 3 mg/cm2 thick Ti layer evaporated onto

a 0.4 mm thick Mo disk. The3H atoms density was2:66� 1020 atoms/cm2, and the disk

was cooled down using liquid N2. The apparatus fore+ e� pair detection was the same of

the previous measurement.
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1.2. Experiments at Atomki

1.2.2 First experiment

The �rst striking result on 8Be IPC angular correlation obtained at Atomki was published

in 2016 [16] by Krasznahorkay and coworkers. They studied the7Li(p; e+ e� )8Be reaction

at Ep = 0:441MeV and Ep = 1:03 MeV resonances to populate respectively the 17.6 MeV

MIV and 18.15 MeV MIS 1+ excited 8Be states. They measured the angular correlation of

the pairs originated in the decay of the two resonances and observed a deviation from the

simulations based on Rose's IPC model only in the 18.15 MeV resonance.

(a) (b)

Figure 1.9: (a) Measured angular correlation of the pairs created in 17.6 MeV1+ ! 0+ and
14.6 MeV 1+ ! 2+ transitions. These values are compared to a simulation that assumes M1 (full
line) and M1+E1 (dashed line) mixed transitions.
(b) Measured angular correlation of the pairs created in the 15-18 MeV region and 18 MeV
transition. These values are compared to a simulation that assumes M1+E1 mixed transitions.
The 16O curve was used for a sanity check and compared to a simulation that assumes E0
transitions. Figures from [16].

Figure 1.9 shows the results of the measurement for both resonances. These plots show

a slight deviation from the simulated M1 only curve in the case of 17.6 MeV transition

around � = 110 � , but without any evident structure. This deviation can be explained by

adding to the simulation a small amount of E1 transitions due to direct proton capture,

which is dominated by transitions of that multipolarity [7]. Being the 18.15 MeV resonance

larger than the 17.6 MeV one, the amount of E1 component expected is larger. In the
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Chapter 1. Anomaly in the Internal Pair Creation

simulations it was assumed to be 23% of the M1 component, but the data show a deviation

from such simulations. The �gure shows also a sanity check performed with the 6.05 MeV

E0 transition in 16O, which is due to the19F(p; � )16O reaction in the target contamination.

In this case the angular correlation is in good agreement with the simulations.

Figure 1.10 shows the results of the same measurement performed at di�erent proton

beam energies. It is clear that the deviation happens only at proton energies near the

resonance, and progressively disappear as this energy gets lower or higher. Notice that the

deviation is bigger atEp = 1:1 MeV because of the 70 keV proton energy loss in the target,

meaning that the reaction happens atEp = 1:03 MeV, i.e. the center of the resonance.

Figure 1.10: Measured angular correlation of the pairs created in the7Li (p; e+ e� )8Be reaction
at di�erent proton beam energies. The full curves represent the simulated IPC assuming
M1+23%E1 mixed transitions. Curves are multiplied by a scale factor for better visualization.
Figure from [16].

The peak measured atEp = 1:1 MeV has a signi�cance of 6.8 standard deviations.

This deviation from the theory may be explained with the creation and subsequent decay

of a light boson, called today X(17). Taking into account an IPC coe�cient of3:9 � 10� 3

the Branching Ratio (BR) and mass of such particle were calculated to be5:8 � 10� 6 and

16.70 MeV/c2 respectively. The collaboration calculated the signi�cance of this excess

with a � 2 analysis, that was extended to study the mass of the hypothetical boson. They
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1.2. Experiments at Atomki

simulated masses in the range15 MeV/ c2< mX <17.5 MeV/ c2, and the mass that better

�ts the experimental data was 16:70 � 0:35 MeV/ c2 with a � 2=dof = 1:07. The error

quoted is statistical, and the uncertainty on the positioning of the detector, which is

estimated to be�� = 6 � , gives and additional 0.5 MeV/c2 contribution. Figure 1.11 shows

the angular correlation for di�erent boson masses and the invariant mass distribution

assuming a 16.6 MeV/c2 boson mass. In both plots the data are in good agreement with

the simulations that includes the IPC and the X(17) decay pairs.

(a) (b)

Figure 1.11: (a) Experimental angular pair correlation at Ep = 1 :1 MeV with � 0:5 � y � 0:5
(closed circles) andjyj � 0:5 (open circles), wherey = ( E+ � E � )=(E+ + E � ) is the energy
asymmetry, expected to be around 0 at an opening angle of140� . The simulations includes IPC
and X(17) decay pairs for di�erent boson masses.
(b) Invariant mass distribution for 18.15 MeV transitions. The simulation includes IPC and X(17)
decay pairs assuming a 16.6 MeV/c2 boson mass. Figures from [16].

1.2.3 Latest results with 8Be

The collaboration reinvestigated the anomaly in the same nuclear reaction in 2017 [17].

They used a new and more stable accelerator, and replaced the MWPC with DSSSD

detectors. They used the HPGe photon detector to measure the photon spectrum at the

two inspected proton beam energies, 441 keV and 1.1 MeV, both reported in �gure 1.12.

The broad peaks around 15 MeV are due to the transition to the �rst2+ excited state.
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This transition is favored with respect to the one to the ground state whenEp = 1:1 MeV,

with a BR of � 70%. The situation is the opposite whenEp = 441 keV, where the BR of

the transition to the 2+ state is � 30%.

(a) (b)

Figure 1.12: Photon spectra measured atEp = 441 keV (a) and Ep = 1 :1 MeV (b). The peaks
arise from the reaction of the proton in the Al substrate, the wide resonances at 15.15/15.6 MeV
and the resonances at 17.6/18.15 MeV. The peaks due to �rst and second escape are also clearly
visible. Such phenomena reduces the energy of 511 and 1022 keV respectively. Figures from [17].

(a) (b)

Figure 1.13: Measured and simulated angular correlation of thee+ e� pairs at Ep = 441 keV
(a) and Ep = 1 :10 MeV (b). Figures from [17].
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The collaboration measured the pair angular correlation in the7Li(p; e+ e� )8Be reaction

at both Ep = 441 keV and Ep = 1:1 MeV proton energies, and reported the results in

�gure 1.13. In this case the deviation from the simulated IPC, mixture of M1 and a small

percentage of E1 transitions, is visible also in the MIV resonance, at a separation angle of

� 150� , in contrast with the previous observation. This may be due to the improvement

to the experimental apparatus. The peak is still visible in the MIS resonance.

The distribution of the angular correlation is well described by an exponentially falling

distribution, extrapolated from the IPC simulation and the signal simulation of a boson

decaying to e+ e� pairs. The �t of such distribution is performed using the following

probability density function (PDF):

PDF (e+ e� ) = Nbkg � PDF (IPC ) + Nsig � PDF (signal) (1.9)

whereNsig and Nbkg are the �tted number of background and signal events respectively.

The 2D signal PDF is a function of the pair opening angle and the boson mass. The mass

dependence is obtained from a linear interpolation of the pair opening angle distributions

simulated for discrete particle masses. The background PDF was determined experimentally

in the background region.

(a) (b)

Figure 1.14: (a) Fit of the pair correlation angle. The parameters to be tuned for the
optimization are m, Nsig , Nbkg.
(b) Likelihood �t to the mass of the hypothetical X(17) boson. Figures from [17].

Figure 1.14 shows the results of the �t, from which the mass of the hypothetical X(17)

boson is extrapolated. Such mass ismX = 17:0 � 0:2 MeV/ c2. The BR of the boson decay
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in the 17.6 MeV state for the best �t is calculated to be4:0 � 10� 6, in agreement with the

result obtained for the 18.15 MeV state, which is6:8 � 10� 6. These results are in good

agreement with the prediction made by Feng and coworkers in [21]. More details about

this topic in section 1.3.2.

Summary of 8Be experiments

In 2018 the experimentalists at Atomki repeated the measurement at 18.15 MeV once

more [18]. They improved the experimental apparatus by adding one more telescope and

changing the backing of the Li target, as previously explained in section 1.2.1. They also

developed a method to subtract the background from cosmic rays. They took background

data for two weeks before and after the experiment, and subtracted them from the actual

data. Moreover, they installed an active shield for cosmic rays suppression made by 12

pieces of1:0 � 4:5 � 100cm3 plastic scintillators placed above the spectrometer.

The experimental results were �t using the PDF in equation 1.9. They �tted also the

data from the previous experiment with the same method, and reported the result of the

two independent sets of measurement in table 1.1. Here the entry "previous results" refers

to the old dataset with the old � 2 analysis, "Exp1" refers to the same dataset but with

the new likelihood analysis and "Exp2" refers to the new dataset with the new analysis.

The best �t values for the particle mass in Exp1 and Exp2 are slightly di�erent: this could

be a result of the unstable beam position in Exp1.

Previous result [16] Exp1 [16] [18] Exp2 [18] Average
mX (MeV/ c2) 16.7(51) 16.86(6) 17.17(7) 17.01(16)
BR X � 106 5.8 6.8(10) 4.7(21) 6(1)
Signi�cance ( � ) 6.8 7.37 4.90

Table 1.1: Summary of the Atomki experiments results. Exp1 refers to the old data set with
the new �t. Data from [18]

Figure 1.15 shows the experimental results for both the old and the new dataset. The

data are in good agreement, meaning that the result is reproducible. This is a further

step in the direction of the existence of the hypothetical X(17) particle, which will be

corroborated by another striking result obtained in the same laboratory but with another

nuclear reaction, topic of section 1.2.4.
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Figure 1.15: Measured angular correlation for old (blue) and new (red) data for the 18.15 MeV
state transitions measured at Atomki. The black line represents the simulated background, and
the green line the signal+background. Figure from [18].

1.2.4 Search for X(17) with 4He

In 2019 the collaboration that observed the8Be anomaly conducted a search for the

creation and decay of the hypothetical X(17) boson in the 21.01 MeV0� ! 0+ transition

of 4He [19, 22]. The experimental apparatus did not change from the previous8Be

measurement except for the3H target. Also the cosmic rays background shielding and

subtraction was the same.

Figure 1.16: Normalized energy spectra of �rst (red) and second (blue)4He excited states. The
black line highlights the 20.49 MeV excitation energy reached with a proton energyEp = 900 keV.
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They used the3H(p; 
 )4He reaction atEp = 900 keV to populate the � = 0 :84 MeV

wide 0� second excited state of4He, at E = 21:01 MeV. Actually the proton energy was

below the threshold of the (p,n) reactionE th = 1:018MeV, thus the excitation energy was

E = 20:49 MeV, slightly below the center of the resonance. Moreover, the investigated

state overlaps with the �rst 4He excited stateJ P = 0+ at E = 20:21 MeV, that has a

width of � = 0 :50 MeV. This means that also this state was partially populated, but its

contribution gave a manageable background source to thee+ e� spectrum. Figure 1.16

shows the two normalized4He excited states energy spectra and the excitation energy

used in the experiment.

Figure 1.17 shows the results obtained from this measurement. Here the background

is considered as the sum of the IPC and the conversion of photons on the target backing

and experimental apparatus, the External Pair Creation (EPC). The IPC happens in

the expected0+ ! 0+ E0 transition from the excited state to the ground state, and has

been measured outside the signal region and extrapolated from a 4-th order exponential

polynomial �t.

(a) (b)

Figure 1.17: Angular correlation (a) and invariant mass distribution (b) of the e+ e� pairs
generated by the decay of the 20.49 MeV state of4He, produced in the3H(p; 
 )4He reaction at
Ep = 900 keV. The background is due to EPC (black histogram on the left plot) and IPC in E0
transition (magenta histogram). The measured background (black dots) is �tted by a 4-th order
exponential polynomial (blue full curve). Figures from [22].
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Also in this measurement there is an evident peak around� = 115 � , not included in the

IPC background simulations and measurements. Such peak is evident also in the invariant

mass distribution around 17 MeV/c2, with a signi�cance of 7.1� . The data have been

�tted with the same method as for the8Be �t. The mass of the particle calculated from the

invariant mass �t is mX = 17:00� 0:13 MeV/ c2, in agreement with previous results with
8Be and with the result of the �t of the angular correlation, mX = 16:84� 0:16 MeV/ c2.

The partial width of the X(17) decay is estimated to be� X = 3:9 � 10� 5 eV.

1.3 Theoretical interpretation of the Atomki result

At the time of the �rst experiment on 8Be at Atomki there was no nuclear physics

explanation for the observed excess. Since then many theoretical physicists around the

world tried to explain this phenomenon, both in the nuclear and particle physics �eld. On

one hand all the following Atomki measurements on8Be con�rmed the �rst observation,

and the peak observed in the4He measurement is in agreement with the hypothesis of the

production of an intermediate particle. On the other hand, though, the nuclear physics

model for the 8Be has been improved, and it seems that a small peak-like structure in

the angular correlation origins from higher order corrections to Rose's equation [1,23], in

combination with the non optimal angular acceptance of the Atomki detectors.

Even though the nuclear physics theory improved, it still does not fully explain the data

collected at Atomki. For this reason many new physics explanation have been proposed for

this observation, mostly in the particle physics �eld. Among the most promising theories

there is the hypothesis of the production of the X(17) boson mediator of a �fth fundamental

force, proposed by Feng and coworkers in [2,21,24]. The existence of a new light vector

boson is heavily challenged by numerous experimental constraints, summarized by Delle

Rose and coworkers in [25], and to date none of the proposed explanations have been

con�rmed. More measurements to explore other nuclear reactions and other excitation

energies are on the way to shed light on this mystery.

Table 1.2 reports a summary of the theories that will be presented in this section. I

divided the discussion into particle and nuclear physics models, starting from the latter.

The hypotheses are listed in order of plausibility given the Atomki observation.
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Model Process Result
Higher order nuclear physics

EFT [1] 7Li(p; e+ e� )8Be Signi�cance of the anomaly
reduced

NLO QED + 4� acceptance [23] 7Li(p; e+ e� )8Be Bump compatible
with the anomaly

Single process [26] 7Li(p; e+ e� )8Be Expected excess at angles
3H(p; e+ e� )4He compatible with the anomaly

Hard 

 process [27] 7Li(p; e+ e� )8Be In contrast with Atomki
observation. Can be tested
by a direct measurement
of the 

 �nal state

Particle physics BSM
New vector particle [21] 7Li(p; e+ e� )8Be Possible if gauge coupling

with fermions is g0 � 10� 3.
Complies with experimental
constraints, i.e. NA48/2 [28]
(protophobic hypothesis,
in contrast with [29])

3H(p; e+ e� )4He Consistent with decay width
measured at Atomki

11B(p; e+ e� )12C Can be tested with
a measurement of the width

New axial vector particle [30] 7Li(p; e+ e� )8Be Possible if gauge coupling
with fermions is g0 � 10� 4

3H(p; e+ e� )4He Almost consistent with decay
width measured at Atomki

11B(p; e+ e� )12C Can be tested with
a measurement of the width

New pseudoscalar particle [31] 7Li(p; e+ e� )8Be Possible if coupling with
leptons and Higgs are similar.
Can be tested with a
He! 

 measurement

3H(p; e+ e� )4He Inconsistent with decay width
measured at Atomki

New scalar particle 7Li(p; e+ e� )8Be Violates parity conservation

Table 1.2: Summary of the theoretical models presented in this chapter.
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1.3.1 Improvement of 8Be nuclear physics model

IPC cross section in 8Be from EFT

After the publication of the �rst Atomki measurement, Zhang and Miller published a study

in which they improve the 7Li(p; e+ e� )8Be reaction model [1]. They added the photon

emission anisotropy and the interference between di�erent multipole transitions terms to

the model used for the Atomki data. Moreover, they estimated the contribution of both

E1 and E2 multipolarity to the cross section of the reaction, which turns out to be� 50%

and � 1% respectively, in contrast with the 23% E1 contribution to the MIS transition

estimated in the Atomki paper.

The model developed by Zhang and Miller is inspired by the Halo E�ective Field

Theory (EFT) [32] and calibrated on photon production data from the 90s published

in [33�35] to predict the pair production cross section. Figure 1.18 shows the kinematics

for the photon and pair production. The relevant degrees of freedom are� for the photon

and � � , � and E+ for the e+ e� pair.

Figure 1.18: 7Li (p; e+ e� )8Be reaction kinematics. Figure from [1].

They obtained the following analytical expression for the photon production cross

section:

S = e2�� E �
d� 


d cos�
;

d� 


d cos�
=

M
4�

!
p

1
8

X

a;�;�

jM 
 j2 (1.10)

X

a;�;�

jM 
 j2 = T0 + T1P1(cos� ) + T2P2(cos� ) (1.11)

Here ! is the photon energy,M = M nM c=(M n + M c), M n and M c are the proton and Li

masses,kc = ZLi Zp� emM and � = kc=p, p and E are the proton energy and momentum.
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The indices are the particle spin projections (a for J = 3=2, � for J = 1=2) and � is the

photon polarization. Pn (cos� ) is the n-th Legendre polynomial andTn are the coe�cients

that are combinations of the di�erent multipolarities contributions (here M1, E1 and E2).

Their interference give rise to thecos� modulation.

Figure 1.19 shows the photon production di�erential cross section versus the proton

kinetic energy in the lab frameE lab. Equation 1.10 contains the model parameters, that

are �tted against the data from [33� 35]. The other plots in the �gure show also the

coe�cients a1 = T1=T0, a2 = T2=T0 and I(0� )/I(150 � ), that is the ratio between the cross

section calculated at� = 0 � and � = 150� . The �t of the model, both with and without

taking E2 transitions into consideration, agrees with the data except for thea2 coe�cient

at high energy. Improved measurements are necessary to re�ne the model and determine

a2 more precisely.

Figure 1.19: Photon production cross section and emission anisotropy vs proton kinetic energy
in the lab frame. The model parameters are �tted against the data (black circles). Figure from [1].
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