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Nobody ever figures out what life is all about, and it doesn’t matter. Explore the

world. Nearly everything is really interesting if you go into it deeply enough.

Richard P. Feynman
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Resumo

Ap6s uma rapida revisdo do Modelo Padrao da Fisica de Particulas, nés defini-
mos o momento de dipolo magnético andmalo do mtion em termos dos fatores de
forma. Desse modo, utilizando teoria de perturbagao, calculamos a contribuigao
a 1-loop da eletrodinamica quantica e da teoria eletrofraca. Citamos os valores
encontrados na literatura para ordens superiores e com isso temos entdo a pre-
visdo tedrica do Modelo Padrdo para o momento de dipolo magnético andémalo
do muon.

Discutimos a fisica por trds dos tltimos experimentos dedicados a medir o
momento magnético anomalo do mton, e vemos que o resultado obtido difere do
teérico por 4.20, o que pode indicar a presenca de nova fisica.

Como apenas a adi¢do de novos bésons ou novos férmions sozinhos nao é
capaz de explicar tal discrepancia, olhamos para a possibilidade de ao adicion-
armos novos bésons, juntamente com novos férmions, obtermos contribui¢ées
que possam explicar a discrepancia entre teoria e experimento. Em especifico
olhamos para o modelo 3-3-1 com um lepton pesado e carregado e concluimos
que a contribui¢do da nova fisica s6 pode vir através do setor escalar visto que
a adicdo dos novos bésons e férmions com tais interacdes trariam contribuicoes
ainda menores que as do Modelo Padrao para o momento de dipolo magnético do
muon.

Finalmente, consideramos interagdes gerais para particulas escalares neutras e
carregadas e concluimos que, em principio, elas podem contribuir para o momento

magnético andmalo do muon.

Palavras Chaves: Momento de dipolo magnético do muon; Teoria eletrofraca;

Invariancia de gauge; Modelo 3-3-1;

Areas do conhecimento: Fisica de Particulas.
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Abstract

After a quick review of the Standard Model of Particle Physics, we define the
anomalous magnetic dipole moment of the muon in terms of the form factors.
In this way, using perturbation theory, we calculate the 1-loop contribution from
quantum electrodynamics and also from electroweak theory. We quote the values
found in the literature for higher orders and with that, we have the theoretical
prediction of the Standard Model for the anomalous magnetic dipole moment of
the muon.

We discussed the physics behind the last experiments dedicated to measuring
the anomalous magnetic moment of the muon and see that the result obtained
differs from the theoretical one by 4.2¢, which may indicate the presence of new
physics.

Since the addition of new bosons or new fermions alone is not able to explain
such a discrepancy, we look at the possibility that by adding new bosons, together
with new fermions, we can obtain contributions that can explain the discrepancy
between theory and experiment. Specifically, we look at the 3-3-1 model with a
heavy charged lepton and conclude that the contribution of the new physics can
only come through the scalar sector since the addition of new bosons and fermions
with such interactions would bring even smaller contributions than those of the
Standard Model to the magnetic dipole moment of the muon.

Finally, we consider general interactions for neutral and charged scalar particles
and conclude that, in principle, they can contribute to the muon anomalous

magnetic moment.

Keywords: Magnetic dipole moment of the muon; Electroweak theory; Gauge

invariance; 3-3-1 model;

Areas of knowledge: Particle Physics.
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Chapter 1

Introduction

We start with a review of the Standard Model (SM) of particle physics, mainly
focusing on the electroweak part. We explain each sector separately and also
comment on some problems that the model presents. One of them is the anomalous
magnetic dipole moment of the muon, and that is what we discuss in this thesis.

The magnetic dipole moment of a particle is characterized by a parameter g, the
gyromagnetic factor, which tells how strong is the coupling between the particle’s
spin and an external magnetic field. This can be described by the following

Hamiltonian:

- e =

H=-ji-B, ji=g-—5. (1.1)

From the Dirac equation, one can show that g=2. It turns out that g is quite
close but not equal to two. It happens because we have to add quantum corrections
that slightly change that value. For that matter, we write ¢ = 2(1 + a), where a is
called the anomalous magnetic moment and is the part we want to calculate. In
terms of the form factors, we find: F,(0) = a.

The first correction was calculated in 1948 by Julian Schwinger. We reproduced
the calculation and also found the famous «/27t. After that, we calculate the

contributions coming from the electroweak sector and found that:

Gpm? 5 1 2
EWq_ L ormt o 4o L2
a," [1-loop] ~ 822 X [3 + 3 (1 4 sin 6W> } , (1.2)

which is in agreement with the value found in the literature.
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The anomalous magnetic dipole moment of the muon was measured with
great precision. We discussed how the experiment works and the physics behind
it. The theoretical and experimental values are:

a;M = 0.00116591810(43),

ay, " = 0.00116592061(41), (1.3)
Aay, = 0.00000000251(59).

This means that they differ by 4.2¢, which strongly suggests the presence of
new physics.

Next, we consider one of the simplest extensions of the Standard Model, the
3-3-1 model with a heavy charged lepton. We do not explore the whole model. We
only look at the gauge boson sector contribution instead. In the best-case scenario,
we find that:

Gpm? M\ 2 My 2

331 F w

a 1-loop| ~¥ ——— x 10 | (—| — , 1.4
# [ Pl 8+/272 [(MU) (MZ/) ] (1.4)

where the number 10 comes from the order of magnitude of the integral in the
Feynman parameters, and U and Z’ are the heavy doubly charged gauge boson
and the heavy neutral gauge boson, respectively, that the theory predicts. With the
masses of U and Z’ at the TeV scale, those contributions are too small to account
for the discrepancy, which means that the contributions must come from the scalar
sector.

Finally, we considered general interactions for the scalar sector and found that
models with those characteristics have the potential to explain the theoretical-
experimental discrepancy. In particular, we show that there are sets of parameters,
related to the new physics, that can make the theoretical values compatible with
the observed ones.



Chapter 2

The Standard Model of Particle Physics

There are 4 known fundamental forces in the universe, the strong force which
binds protons and neutrons inside the nucleus, the weak force that is responsible
for radioactive decay, the electromagnetic force which is present in most phe-
nomena in our everyday life, and the gravitational force which may be the most
familiar but in some sense the least known.

The Standard Model of Particle Physics describes the first three, and it is based
on the symmetry group:

Gsy = SU(3)c ® SU(2)L @ U(1)y, (2.1)

where SU(3)c describes the strong sector and is an exact symmetry of nature,
while SU(2)p ® U(1)y describes the electroweak sector, a unified description
of electromagnetism and weak interaction but is a broken symmetry at current
energies. This idea of a broken symmetry is used in subsection 2.1.3 and it is a
fundamental piece of the theory since it makes it possible to generate mass for the

particles. In this master thesis, we will mainly focus on the electroweak sector of
the Standard Model.

2.1 Standard Model Lagrangian

The most general Lagrangian we can write that is Lorentz invariant, renormal-
izable, and gauge invariant under Ggy, is:

Lsy = LMatter + LScalar + EGauge + EYukawa/ (2.2)

and we will be explaining each sector separately.
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2.1.1 Matter Sector

From low-energy experiments, we have gathered a vast amount of information
about flavor-changing processes. After a detailed analysis of B decay, such as
B~ — e + Ve + vy, it became clear that only the left-handed fermion chiralities
participate in those transitions [1]. One important consequence of this is reflected

in the masses of the matter fields. A fermionic mass term is of the form:

myp = m(P PR + PripL), (2.3)

and from those experiments, we can see that the SM should treat the left and right
components of the matter fields differently somehow. This implies that a term of
the form @1/] is forbidden, i.e., all fermions in the SM should be massless. We will

see in the following subsections how to handle this problem.

Quantum Numbers:

The assignment of quantum numbers to the various components of the matter
fields follows the Gell-Mann-Nishijima formula:
Y

Q=L+ 5 (2.4)

where Q is the electric charge, I is the weak isospin, I3 is the third component of
weak isospin, and Y is the weak hypercharge.

Leptons | I I |Y|Q Quarks | 1 I3 Y Q
Ve 1/211/2 |-1] 0 ur, 1/2(1/2 | 1/3 | 2/3
er, 1/21-1/2|-1|-1 dar 1/2-1/2|1/3 | -1/3
er 0 0 |-2]-1 UR 0 0 |4/3|2/3
dr 0 0 |-2/3|-1/3
Table 2.1: Leptonic quantum num- Table 2.2: Quarkyonic quantum num-
bers bers

Building the Lagrangian:

Taking all this into consideration, we write the left-handed fermions as doublets
and the right-handed ones as singlets of SU(2)r, and, since we observe three
families, we will have three copies of the particles in Table 2.1 and three copies of
particles in Table 2.2. This means that we can build the leptonic Lagrangian from
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the following objects:

Ve v v
( ) , ( H ) , < ’ ) ,€R, HR, TR, (2.5)
e Jr \F /L \ T /L

and we can build the quarkyonic Lagrangian from the following objects:

(u) /<C> /(t> s UR, dR/ CR/SR, tR/ bR/ (26)
d L s ) b L

where we are considering the matter Lagrangian as a sum of the leptonic and

quarkyonic Lagrangian:
L Matter = »CLeptons + »CQuarks- (2.7)

From this, we can already see that there is no right-handed neutrino in the SM,
consequently, they will remain massless.
The matter Lagrangian is given by:

L Matter = Z wLi’Y”DﬁlPL+ Z ERZ")’VD;IEIPR/ (2.8)
dotltlll)éets siniglllets

where 1 (Pr) represents a fermionic doublet (singlet) and Dﬁ’R are covariant
derivatives that are shown explicitly below. Note that in principle we could have
written a more general Lagrangian considering non-diagonal terms (for leptons
and quarks separately), however, we can do a rotation in flavor space to make
them diagonal without loss of generality.

— i’ 9., -
Livatter = Y, Priv"(0uloxo + %YLBy]lzxzﬂL gU'Wy)lPL
doa%%ets
i M ig/ R
+ ), riv (ay+7Y Bu)¥r,

call
singlets

(2.9)

where 0; are the Pauli matrices, ¢ and ¢’ are the coupling constants of SU(2); and
U(1)y, respectively, and the possible values of Y* and YR can be seen in Table 2.1
and Table 2.2.

As we will see in the subsection 2.1.3, we can express Wy and By as linear
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combinations of the physical fields Wyi, Z, and Ay, so here, we will simply quote
the results of writing the matter Lagrangian (2.9) in terms of these new fields:

- . 0 +
»CMatter - Z l/Jil’)/yaﬂl/Ji + E§\421tter + ‘Cg\/Ia)tter’ (2'10)
felr;%lns
with
o)  _ - e - j '
L atter = i;a” eQih; v i Ay — m’#ﬁ” 8V = &avs)¥iZy,  (211)
fermions
and
M2, G _ B ~
Lo = —\| 725 Y By (1= s)eW; +89 (1 —s)vely,  (212)
\/E all families
where 51(\(/)121” . is the neutral Lagrangian, i.e., contains the neutral bosons, and
55;1)”” is the charged Lagrangian, i.e., contains the charged bosons, and we

have identified e = gsin(6y) as the electric charge. §; represents a fermion, g, =
It —2Q; sin?(0y) and g', = I} can be computed from Table 2.1 andZTable 2.2, where
Q; = £1 depending on the sign of the electric charge. Gr = g M‘éj

constant, that we can identify by comparison with low energy phenomenology.

is the Fermi

Note also that Q; = 0 for the neutrinos, so they do not couple with the photon.

2.1.2 Gauge Sector

As we have seen, we can not add a mass term for the matter fields. What about
bosons? Consider a SU(N) symmetry group, a bosonic mass term is of the form:

2
%AVAV, (2.13)
where A;ﬂ transforms as follows:
/ 1
Al — Al = Al — gaya” — fobegb AC, (2.14)

where ¢ is the coupling constant, a“ are the gauge transformation parameters, f

the structure constantand a = 1,2, ..., N2 — 1. This implies that the mass term in
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(2.13) is not gauge invariant, so they are also forbidden, hence, the bosons should
also be massless. Note that even if we had considered an abelian group, the mass
term (2.13) would still violates gauge invariance.

This means that the gauge Lagrangian will only include the kinetic terms of
the gauge bosons. In total it contains twelve bosons, one for each generator of
the Standard Model group. From SU(3)¢ we have eight bosons Gila=1,.., 8),
they are the gluons, from SU(2), and U(1)y we have three bosons Wy (a = 1,2,3)
and one By, boson respectively, that combines to form the photon, the W5, and Z,,
bosons.

The gauge Lagrangian is:

Lcauge = —lG” G — EW” WY — 1B B* (2.15)
4 4 471
where the field strength tensors are given by

Gl = 9,G} — 9,Gy, + gsf*°G"G",
Wi, = 3, Wi — 9, Wy} + ge™ WIW¢, (2.16)
B]/“/ - a]/[By - a]/BH,

with g being the coupling constant and f** the structure constant, both from
SU(3)c. The €™ is the Levi-Civita totally antisymmetric symbol and also the
structure constant of SU(2);.

As we will see in the next subsection, we can express Wy, and By, as linear
combinations of the physical fields Wyi, Zy, and Ay. Here, we simply quote the
results of writing the gauge Lagrangian (2.15) in terms of these new fields:

1 Lo+ v _ 1 1 3) (4)
*CGauge = _ZG;VGWV_EW;WW ]W_ZAPWAMV_ZZVVZFU—i_ﬁGauge—i_ﬁGauge’ (2.17)
where
LO) oo = —ie(Wo, WHHAY — WEWTHAY — W W AM)

(2.18)
—iecot(By) (W, WHZ! — WL W HZY — W, W, ZM),
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and
o e (WHW HWH WY — WHWHH W W)
Gauge — 25in2(9w) |12 v U v
—(WIWTHA,AY — W AP, AY) (2.19)
—e® cot? (Bw) (W, WHZ, 2V — W, ZFW, 2")
—é? cot(GW)(ZWJW’”AyZV - W;[A”WU’ZV — W;[Z"WV’AV),
with
Wy, = 0, W, — 9, Wy,
A‘uy — aVAy - ayAH, (2.20)
Zﬂy - ayZy - avzy.
Note that [,g a) uge and [,(G4a) uge CONtains all cubic and quartic bosonic electroweak

interaction terms, respectively.

2.1.3 Scalar Sector

From the previous subsections, we saw that all particles in the standard model
should be massless. That is, of course, not what we observe in nature, and to fix
it we will use the Higgs mechanism, i.e., we will add a new doublet of SU(2)
and use the spontaneous symmetry breaking (SSB) of the vacuum to give mass to
almost all particles in the SM.

This new doublet will follow the Gell-Man-Nishijima formula (2.4):

Components | I I |Y|Q
ot 1/211/2 1|1
@° 1/2[-1/2 (1|0

Table 2.3: Higgs-doublet quantum numbers

From Table 2.3, the new doublet is

P = (i’; > ) (2.21)

and the most general scalar Lagrangian, renormalizable, that we can write is:

ﬁSCtZl{ZT - HDMCDHZ - V(CI)+CI)), (2.22)
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with the covariant derivative given by:
ig’ g, =
D,® = <ay112x2 n %YLBIJIZ,Q + Ega- Wy) @, (2.23)
where YL =1, according to Table 2.3, and
V(') = 42 (0TD) + A (dTD)?, (2.24)

where 2 and A are arbitrary constants. Note that A > 0, for the stability of the
potential, i.e., that it is bounded from below.
If 4> > 0, the minimum of the potential is at the origin, however, if 4> < 0 the

vacuum has a non-trivial minimum that we can parametrize as:

(D)y = 1 ( 0 ), with v = —V—z. (2.25)
v A

where v is the vacuum expectation value (VeV). If that is the case, we have to do a
shift in the Higgs-doublet so that we can expand the fields around this minimum.
This means that the vacuum does not respect the original symmetry, in other

words, we say that the vacuum spontaneously breaks the symmetry:
SUB)ceSUR2)L®U(1)y e SUB)c @ U(1)Em- (2.26)

Now, we parameterize the Higgs-doublet in terms of x; and H :

N iv- X 0 _1 (it
q’_eXp{ 20 }<(U+H)/ﬁ>_ﬁ<v+H—iwo>’ 227

+_ 1
V2
boson. Note that (w*,w~,w°) are the Goldstone bosons.

where 0; are the Pauli matrices, w (x1 Fixz), wo = 7%, and H is the Higgs

The idea behind this is that we can now perform a SU(2) gauge transforma-
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tion with the function a; = x;/v (2.14) and the fields will transform as follow:

Wﬁ — W’f,
Yo u (2.28)
YR — Yr,
/ ic-x 1 0
P — D =exp(— o =— .

As we can see, in this gauge, the Higgs-doublet assumes a simple form that is
easy to work with. This is the unitary gauge.
We can now drop the prime and look at the scalar Lagrangian (2.22) in the

unitary gauge, i.e., with the parameterization (2.28):

1 2 A
Lsaatar = 5(3uH) (@ H) — (0 + H)’ = T(0 + H)*
, 2 12 4 (2.29)
+E Wy W 0+ H)2 4 2 (gW5 — g'B,)* (0 + H)?,
with Wyi = \/LE(W]} F iWﬁ). Since we started with symmetry eigenvectors, we
have to rotate them to find the mass eigenvectors, in doing so, we find:
Zy = cos(fw)W,, — sin(fw) By, - W3 = + cos(Bw) Zy + sin(6w) Ay 230
Ay = sin(@W)W;’ +cos(Bw)By By = —sin(Bw)Z;, + cos(Ow) Ay,
with cos(fy) = 2g+ — and sin(fy) = \/g‘ng,z. Using (2.30) and the minimum
condition (2.25) into (2.29) we obtain:
1 2 12 5 A
Lseatar = E[(aﬂH) (ayH) + MyH ] — AvH” — ZH
2
+gzwy— WH (02 + 20H + H?) (2.31)
T S ZM(0? + 20H + H?),
8 cos2(By) "

where My = /—2u2 > 0 is the Higgs mass, My« = & is the W* boson mass,
— 89
and My = 3 cos(@)

From this, we can already see that My > M+ and that the photon does not

is the Z boson mass.

couple with the Higgs boson and remains massless. We can also see cubic and
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quartic interactions between the vector bosons and the Higgs boson.

2.1.4 Yukawa Sector

For this part, let’s write the Lagrangian as:

L
ﬁY”kﬂWﬂ - £§/u)kawa + ngglzawa’ (2'32)
where £§,I;)k wa TEPresents the piece that comes from leptons, and Eg%l wa TEPTESENtS

the piece that comes from quarks.

Leptonic part of the Yukawa sector:

Since we add a new doublet (2.21) of SU(2); in the theory, we find that we
could also add a new term to the Lagrangian:

— G(P, PYr + PP L), (2.33)

where ¢ represents a leptonic doublet, ipr represents a leptonic singlet and G is

some arbitrary constant. This term is of course gauge invariant under SU(2); ®
U(l)y:

/ - X -YL
o — v =exp{ (50 Lo (70 b,

R
PR — PR = exp{(i%“)}EDR, (2.34)

<oxp{ (55 Lo (F5 ) Lo (235
= ¢L¢¢R/

because (— YL +Y® + YR) = (+1+1-2) =0.

The most general Yukawa Lagrangian we can write for the leptons considering
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three families is:

3
[’%t)kawa = Z _Gif(wiLq)ij) +h.c

i=1
Mee Mey Mer er (2.36)
= —(eL, M TL) Mye Myy Myt HR (1+ ;) + h.c,
Mre Mgy Mg R

Gij s
where mij = 7%0, with i,j = 1,2,3 corresponds to electron (e), muon (y), and
tau (1), respectively. We can now rotate the symmetry eigenstates into the mass

eigenstates using a bi-unitary transformation [2]:

meei(Pe 0 0 e/R i
ch = (@LELT)| 0 om0 Hp | (=) +he, (237)
0 0 mee?r T

where the prime represents the rotated fields. Absorbing the phases into the right
component fields

/ 12 /
Yir — i, = Yir

. (2.38)
Pip — Pip = iyl

we find:

£

Yukawa

H
= (mee"e" +m, " y" +m7't") (1 + ?). (2.39)

We can see that all the charged leptons interact with the Higgs and that all
became massive.

The symmetry eigenstates can now be written in terms of the mass eigenstates:

L. — Ve o Ve
e — - " 1 7
e/, wy1e”p + apppy + w37y
v v
L]’l = V = 17 ]/l " 1 7 (240)
moJ; ap1€'p + &y + w37y

VT VT
LT — - 1 " " ’
T/ x31€" + a3z + a33T)

where oj with i,j = (1,2,3) are the coefficients of one of the matrices used in

(2.37) to do the transformation. We have a similar relation for the right-handed
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components, but with different coefficients.
Finally, we can explore the symmetry in the kinetic terms (2.8) to do a rotation,
so that all the mixing terms in (2.40) go to the neutrinos, and, since they are

massless, we can simply redefine the combination as the actual neutrino.

~ ! ~ / ~ !/ "
" N11Ve + K12V ‘a3 \ [ Ve
Le = 7 = " 7
€r e L
~ / + ~ ! + ~ !/ "
" A1V, 02 % X3V, . 1%
L, :< B =( "), @41)
nuL M L
~ / ~ ! ~ !/ "
% 31V + A32Vy, + w33V, B Ve
LT = " = " ’
T T I

where &;; with i, j = (1,2,3) are the coefficients of the matrix that does the opposite
rotation to (2.40), so a;; = oc]’fi. This implies that we could have started with a
diagonal Yukawa Lagrangian for leptons (2.36) and also that both the neutral
current in (2.11) and the charged current in (2.12) remain diagonal.

Quarkyonic part of the Yukawa sector:

If we follow the same procedure as in the leptonic case, we would end up with
only half of the quarks being massive, the ones that are on the down component
of the doublet. It turns out that we can use a special property of the SU(2) group
to give mass to the remaining quarks, the ones that are on the top of the doublets.

So far we have been working with fields in the fundamental representation,
but we know that, for the SU(2) group, the fundamental representation is equal to
the anti-fundamental representation, so we will use this property to write another

gauge invariant term:

— Gy, dpl, (2.42)
with .
D =i d* = < (:P(p) ) , (2.43)

where G is some arbitrary constant, {; represents a quark doublet and 1,01(2”) repre-
sents ug, cg or tg. From this, we can see that ® have hypercharge Y® = —1and it
transforms as a SU(2); doublet. Note that we could not do this with the leptonic
part because there are no right-handed neutrinos.



Chapter 2. The Standard Model of Particle Physics 14

Thus, the Lagrangian is:

3
— d —_—~— ~
L2 e =~ Y Gy @l + G Byl +hc. (2.44)

=1

The only difference with the leptonic part is that instead of one rotation, we

have to do two rotations. Following the same procedure we find:

Q@

Yukawa

_ (muﬂ”u” + mCE”c” + mﬁ”t”

B ~ o (2.45)
+ mdd//d// + mS§//S// + mbb//bll)(l + ;)

Finally, we can write the symmetry eigenstates in terms of the mass eigenstates
as in (2.40), and substitute them into the neutral current (2.11), and the charged
current (2.12). We find that the neutral current remains diagonal but the charged
one mixes flavors. This mixing of quark flavor is the content of the famous CKM

matrix [3].

2.2 Standard Model Problems

Although successful, there are several problems that the SM does not explain,
so we know that it can’t be the answer to a final theory of fundamental interactions.

Here we simply quote some of them, as well as some attempts to solve them.

e Dark Matter: From cosmological observations, about 27% of the energy in the
present universe comes from dark matter, i.e., a different form of matter that only
interacts weakly, and with gravity. In this sense, the SM only explains about 5% of
the energy in the universe, and on top of that, it does not supply any fundamental
particle that is a good candidate for dark matter. There are several candidates
for dark matter such as WIMPs (Weakly Interacting Massive Particles) [4], QCD
axions [5], and many others [6].

e Dark Energy: The remaining 68% of the energy in the universe comes from
dark energy, a constant energy density that makes the universe expand. Attempts
to explain dark energy in terms of vacuum energy of the SM lead to a mismatch of

120 orders of magnitude [7].
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e Matter-antimatter asymmetry: The universe is predominantly made out of
matter. In 1967 Andrei Sakharov proposed [8] a set of three necessary conditions
that a model must satisfy in order to produce matter and antimatter at different
rates: violation of baryon number; violation of C, and CP symmetry; and interac-
tions out of thermal equilibrium. It turns out that the SM is in agreement with this
condition, but not with a sufficient amount [9]. Beyond SM models such as Grand
Unification Theories (GUTs) [10], and theories with supersymmetry (SUSY) can

accommodate these conditions with a sufficient amount.

e Neutrino Mass: As we saw, the SM neutrinos are massless, however, neu-
trino oscillations have been measured with great precision [11], which implies that
the neutrinos must have mass. We could, in principle, just add a right-handed
neutrino, and proceed in the same way as we did for the other fermions, nonethe-
less, this would cause theoretical, and experimental problems such as the great
difference in the order of magnitude of the masses produced by the same mecha-
nism, and the fact that right-handed neutrinos have not yet been observed.

e Anomalous magnetic moment of the muon: There is no experimental result
that contradicts the SM at the 50 level, widely considered to be the threshold of
a discovery in particle physics, however, in 2021 the Fermilab Muon g-2 experi-
ment [12] give a standard deviation ¢ of 4.2, which can be seen as evidence of new
physics. In the following sections, we will see how to define and calculate (at a
one-loop level) the anomalous magnetic moment of the muon, as well as how the

experiment is made.



Chapter 3

Magnetic Dipole Moment

3.1 Quantum Mechanics

Classically we can treat an electron as a charged sphere and with that, we find
that the expected magnetic dipole moment is equal to g=1 [13]. The proper way to
describe an electron is through quantum mechanics, i.e., the Dirac equation:

(id —m)¥ =0, (3.1)

where m is the fermion mass and Y is a Dirac spinor.

In the presence of an electromagnetic field, the Dirac equation (3.1) becomes:
(iD—m)¥ = (id —eAd —m)¥ =0, (3.2)

where D, = d,, +ieA is the covariant derivative, and A, is the 4-vector potential.
Multiplying both sides of (3.2) by (id — eA + m), we find:

—eA+m)(id —ed —m)¥
(i0y —eAy)(idy —eAy)y'y" mz)‘I’

(i
(
(it

= 31{ i0, — eAy) A) ", (3.3)
31[(18 “eAy), (i3 — eAy)] [1, 7] —m2> ¥,
Using the Clifford algebra:
{2 =211, (3.4)
we find that
(D3 + SFud™ +m?) ¥ =0
fl + 5 ;“/0— + m — Y, (3.5)

16
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where c# = 7[v#,7"] and F,;, = 9, A, — 9, A, is the electromagnetic field strength
tensor.

In the Weyl representation, we find

e (B+iE)-7
—F,, ot = —e Lo , 3.6
27 ( (B—iE)-FT) G0

and with § = % we can see, after going to momentum space, that the predicted
magnetic dipole moment is actually g = 2.

Another common way to show that the Dirac equation (3.1) predicts g = 2 is
to take the non-relativistic limit of it and identify the magnetic moment interaction
term. One can accomplish such a task in an elegant way through the so-called
Foldy-Wouthuysen (F-W) transformation [14]. This is also a formal way to derive
the Pauli-Schrodinger equation, as well as to find other correction terms such
as the relativistic correction, the spin-orbit coupling, and the Darwin term. In
summary, the F-W transformation provides a systematic way to collect all terms

up to the desired order of expansion.

3.2 Quantum Corrections

We want to use quantum field theory to calculate quantum corrections to
the magnetic dipole moment. For a parity invariant theory, such as quantum
electrodynamics (QED), at all orders in perturbation theory we have [15]:

where F;(g%) with i = 1,2 are the form factors, and ¢ = p’ — p is the transfer
momentum. The form factors F; are actually a function of 4% and also of all the
parameters of the theory, but for simplicity, we will only write F;(g?).

To extract the magnetic dipole moment of (3.7), we will first take the non-
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relativistic limit of the scattering amplitude:

2m

i, = (ia) B+ B (G2 |upa. 69

Working in the Weyl representation:

_ _ptm _ o ptm o (x)\ 1= X
) = a0 = 2(E +m) <x>_\/ﬁ(él+ﬁgx>' 2

where 1(0) is the solution to the Dirac equation (3.1) in the rest frame, and x is a

U
QU

=Sl
S

Weyl spinor.
The first term of (3.8), considering A;l(x) = (0, A%(x))=(0,—A"), gives:

= = 1’ - =
1_ p-o X/ 1_M X
_ i 2 i 2
u(p’)’yZ”(P) ~m ;7”?1?7 / ,),O,yz ﬁfﬂ&
1+ 2m X 1+ 2m X
o (i PO\ i, PO
~Xmx { (1 o ) o <1 2 ) (310)

m
PO (14 B0
-l-(l—i— 2m>0(1+ m)}x

rt {(p/+p)i _ ieijkqjak}x

where we have used oo/ = 6/ + iellko*.
For the second term in (3.8), collecting only linear terms in ¢/, we have:

v , 1-69
RPN (o Y N ] % om ) X
u<p>(2m)u<p><g ; ) o 4)(§1+%§X)
z]k —»'(—7»,
_X 2 + m m
Pt (1 B
+<1+2m>a(1 m>}?€

~ o/t {_ieijkqjo.k}x

Combining (3.10) and (3.11) into (3.8), and only looking at terms linear in qi
(the term proportional to (p’ + p)! is related to non-relativistic kinetic energy [16]),
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Figure 3.1: Diagram of the photon contribution at a one-loop level. All fermionic
lines correspond to the muon and all momenta are indicated in the figure.

we find:

LMWAﬂczm—zm){—zgﬂo)+Ex0ﬂ(5%>¢§.§}, (3.12)

where we have used B! =ie'/*g/ Ak and (SF) = x'* <%> X- We also considered g2 =0

for the form factors, i.e., the static limit, because the actual magnetic moment is
measured at non-relativistic energies (|7| < m).

We can interpret the last result (3.12) in the context of non-relativistic quantum
mechanics as the first Born approximation to the scattering of an electron from a
potential well. The amplitude is given by the Fourier transform of the potential
with respect to the transfer momentum [17], and the potential is simply that of a

magnetic moment interaction,

Vig) = (i) Bla) = g (5,..) () B, (313)

where the coefficient g is called the Landé g-factor. Thus, we find:
g =2[F(0)+ R(0)], (3.14)

and since F;(0) = 1 to all orders in perturbation theory, due to charge renormal-

ization [15], all quantum corrections must come from F,(0):

F(0) = 82

S =4, (3.15)

where g is known as the anomalous magnetic moment.
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3.2.1 QED Contribution

The first correction comes from quantum electrodynamics (QED). Using the
Feynman rules [18], and working in the Feynman-'t Hooft gauge (¢ = 1), the

diagram of Figure 3.1 reads:

d*k / . i(p —F+m '
=] o) [ | e

iM":
[t ][] e

4
= (cie)(=ie?) [ 3saly)

V(P = K+m)yt(p — K +m)va
(k2 +ie][(p — k)? — m? + ie][(p’ — k)? — m? + ie]

(3.16)

u(p).

We can use the Feynman parametrization:

1 (m—1)16(x1+---+x,—1)
= dxp---dx , 3.17
/0 ! T AL+ xn AL 3.17)

to write the denominator as:

[(p' = k)> —m* +ie]” x+y+z—1)
k2 +ie][(p — k)2 — m? + ie] / dxdydz” , (3.18)

where D is:

D = z[k* 4 i€e] + x[(p — k)* — m® + ie] + y[(p’ — k)* — m? + i€]
=K (x+y+z)—2x(k-p) —2y(k-p') + (x +y +z)ie (3.19)
= (k—xp—yp")* = (xp+yp')* +ie,

and we use p?> = p’> = m?. Note that because of the Dirac delta in (3.18), we will
freely use the relation x 4 y + z = 1 throughout the manipulations.
We can now do a shift in the variable of integration ! = k — xp — yp’, and use

momentum conservation to write:

D =I?+xyg® — (1 —z)*m® +ie

(3.20)
=12 A+ie

with A = —xyg® + (1 — z)?m?.
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Doing the shift in the numerator, we find:

NF = 9% [p" — K+ m]y*[p — K +m]7,
=Y [=1 —xp+ A =y)p' +my'[=1 + (1= x)p —yp' +m]ya
= Y IV e — Y I = x)p —yp' + m]ya (3.21)
— Y [xp+ A —y)p' +mly* I va
+y [mxp+ A =y)p' +my (1= x)p —yp' +m]ye.

We can use the following identities:

/ i
(2m)4D3 7 (3:22)
a4 a4 Ly '
/(2n)4ﬁz/(2n)4 D3’

to safely ignore all odd terms in I (since the denominator is an even function).

The numerator becomes:

NF = —xp+ (1 =y)p' +mly"[(1 —x)p —yp' + m]va

(3.23)
=2mz(1 —z)(p' + p)' +2m(2 —z)(x —y)(p' — p)"",

where we have used (3.1), (3.4), and have also ignored all the terms that are
proportional to ¥, since they will only contribute to F;(4?), to obtain a simplified
expression. We can also see that the last term in the numerator is not symmetrical
under the exchange x <+ y, but the rest of the integrand and the integral measure
are, this means that the last term when integrated, yields zero.

Using the Gordon identity:

a(p)(p' + p)lu(p) = a(p’) 2my" —ic™q,]u(p), (3.24)

and ignoring the part proportional to ¥, we can write the numerator as:

o
NF = —4m?2(1 — 2) (mzm‘“) , (3.25)

and using the following integral:

a1 iy 1 1
/ 2r)* (2 —A)"  (4n)2 (n—1)(n—2)A"2 (3.26)
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with n = 3, we finally obtain:

=

iM = (—ie)(—ie?) / dxdydz2d(x +y+z—1)

«f %%(—mﬂz(l ~2) (2 Yty

—

1 Z L (3.27)
= (—ie) / dz/ y(8m?)(ie®) <m>
iohq,
z(l—z)( 5 )u(p).
Comparing (3.27) with (3.7), we find that:
1 1-z (1 _ z)m2

B(g?) = & / d / d & , 3.28
A =2 Yo yramnye O

thus, at g> = 0:

1— z
/ dz/ (3.29)

= — ~0.0011614,
271

where « = ¢€2/47 is the fine-structure constant. This calculation was first done,

although not in this way, by Julian Schwinger in 1948 [19].

3.2.2 Electroweak Contribution

Similar to (3.7), we can write that matrix element for a theory that is not

invariant under parity at all orders in perturbation theory as [20]:

Mt = (ie)a(p) R + R (Gl ) - B)e
(3.30)
+ Fa(g®) (v'q2 —2mq") 7°| u(p),

where F3(g?) and Fy(g?) are also form factors that, when evaluated at 4> = 0, give
the electric dipole moment and the anapole moment, respectively.
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(a) (b)

Figure 3.2: Diagrams of the Z-boson contribution at a one-loop level. Since we are
in the Feynman-'t Hooft gauge (§ = 1), we have to consider the corresponding
Goldstone-boson diagram as well. All fermionic lines correspond to the muon and
all momenta are indicated in the figure.

Z-boson Contribution:

From Figure 3.2, the diagram (a) reads:

, d* _, . (—iey’ — 1y
My = [ ey s (120508} +9%) | e

i —ktm) ] iy — k-t m)
: [(P’ — k)2 —m?+ ie} (=ier™) {(p S ie}
—z(si_rfg‘ev)v) ([t —2cos(20w)] +77)u(p) (331)

—ie? 4
= (%) 2 si(n(293v)]2 / (;n§4ﬂ(r’/)7a([1 —2cos(20w)] + 1)

(/=) (p— ko) ya((1=2c0s(20n) %)
= M2 [(p—k2—m2ie][(p'—k)2—m-+ie] “P

Using (3.17), we can write the denominator as:

D = z[k* — M2 +ie] + x[(p — k)* — m* +ie] +y[(p' — k)* — m® + ie]
=124 xyg® — (1 — 2)°m? — zM?2 + ie (3.32)
=12 - A+ie

withl =k —xp —yp’,and A = —xyg® + (1 — z)?*m? + zM2.
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Now, for the numerator, with V =1 — 2 cos (20yy) = 3 — 4 cos?(f ), we have:

NE =9V +°)(p = k+m)y"(p — K +m)ya(V+7°)
= V2 (p — k+m)y (p — K+ m)7a (3.33)
+ 94 (p' — Kk —m)y(p — K —m)ya,

where we have ignored the terms proportional to ° since they will not contribute
to F,. Using (3.4) and (3.1) we can write the numerator as:

N¥ =2m[V?2(1 —z) —z(3+2)](p' + p)*

Fam[V2(2—2) — 2+ 2)](x— ) (' — p)" 434

Again, we can see that the last term yields zero when integrated, and using the
Gordon identity (3.24), the numerator becomes:

Nt = —4m?[V?z(1 — z) — z(3 4 2)] (%) : (3.35)

With this, we have:

; LN - Gpszz 1
ZM?z.a) = (—ie) a(p’) Wﬂzz /o dxdydz é(x +y+z—1)

3.36
[V?2(1-2) —2(83+2)] (io™g u(p) -
—xyg?+ (1 —z)2m% +zM2 \ 2m P
where we have used (3.26) to do the | integration.
For the diagram (b) of Figure 3.2, we have:
iM! —/ﬂg(/) PSR- I
o) = | ot P\ TEM, T ) e = M2 1 e
i(p)—k+m) 1, . [ i(p—K+m)
8 [(p’—k)z—mz—i—ie (=ier”) (p — k)2 —m? +ie
Y NN,
x ( gls vl ) u(p) (3.37)

L (=20)Gpm? [ d%
= (~ie) 2 [ o)

V(' = k+m)rt(p — k+m)°
M iell(p— 07—+ ie[(p 07— el

where g is the coupling constant for the SU(2); group and I3 = 1/2 is the third
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component of weak isospin.
The denominator is the same as in (3.32), so we will only look at the numerator:
Nt = (p" — K +m)y"(p — K +m)y°
— — kMK (3.38)
= —m(1=2)*(p + p)! +m(1—z)(x = y)(p' — p)¥,
where we have used (3.1) and (3.4) to simplify. With the Gordon identity (3.24),

we write the numerator as:

N = (2n2)(1 — 2)? (ﬂ) , (3.39)

2m

and using (3.26) to do the [ integration we arrived at:

Gpszz
8\/§7T2

-2 (15 )(1 —z)2 g, (3.40)
—xyq +(1—z)2m2+zM§ ( 2m )u(p).

iM~ ) = (—ie) a(p’)

(2. / dxdydzé(x +y+2z—1)

Combining (3.36) with (3.40) and comparing to (3.30), we find that:
Grm?M?
2 F
B, =552
7)) — _o(m _ 2 (3.41)
V2z(1—2z)—z(3+z)—2 (M%) (1—2)
—xyq? + (1 —z)?m? + zM2

/ dxdydz 6(x +y+z—1)

X

so the Z-boson contribution at a one-loop level is given by:

Grm? (1 sz(l—z)2_z(3—|—z)(1—z)_2 (m_§> (1_2)3
[F(0)]; = —=— [ dz AL
z mnz/o 2+ (1-2) () .

Gem? |1 5 m? m? m
~ 8\/F§712 { (3—4cos®(Oy))? ———l—(? <M2)+O (M_%log(M_z>)}’

which agrees with Jackiw and Weinberg [21].

=S
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(a) (b)

Figure 3.3: Diagrams of the W-boson contribution at a one-loop level. Since we are
in the Feynman-'t Hooft gauge (¢ = 1), we have to consider the corresponding
Goldstone-boson diagrams as well.

W-boson Contribution:

Using Feynman rules, the diagram (a) from Figure 3.3 reads:

. d*k —i . —iHay
iMl ) = / (Zﬂ)4u(zﬂ) K%) v (]1—75)} [(p,_k)sz%ﬁie
x (ie) [ (p+p/ 200"+ (k+p'=2p) " (k+p—2p) |
[t [ (o o
- (o) () [ ek sat) @+ Pomkna- )

("M (p+p =26+ (k+-p' —2p) -+ (k+p—2p")*]
[ +iell(p — k)% — M3, + el [(p/ — k)% — M, +ie]

u(p),

and with (3.17), the denominator can be written as:

D = z[k* +ie] + x[(p — k)? — M3, + ie] +y[(p’ — k)* — M3, + ie]
=12+ xyq® — (1 —z) (M2 — zm?) + ie (3.44)
= 1> — A +ie,

where | =k — xp —yp/, and A = —xyq* + (1 — z) (M3, — zm?).
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As for the numerator, we have:

Nt = (1+9°) yokya (1—9°)
x 1" (p+p' = 2k)F +M (k+p' —2p)" +5" (k+p—2p')"] (3.45)
=2[Y kva(p+p =2 + (K +p' —2p)kv" + 9 KK+ p —2p)],

where we have ignored terms proportional to 7> and y#7°, since they will not
contribute to F,(g?).
Now, using (3.1), (3.4), and a fair amount of algebra, the numerator becomes:

Nt =2m(1—2z)(3—-2z)(p' + p)' +2m(2z - 1)(x —y)(p' — p)*, (3.46)

that with (3.24), and again ignoring the part proportional to *, reads:

NF = —4m?(1 — 2)(3 — 2z) (i‘j;q") . (3.47)

Using (3.26) to do the | integration, we find:
Gpm?

. 1z (s — ! F
iMig,) = (—ie) i(p") N

. (3.48)
2M3,(1 —z)(3 —2z) ichq,
8 {—xyq2 -lI—N(l—z)(MIz,\,—zmz)} < 2m ) u(p)-

1
/ dxdydz é(x +y +z—1)
0

For the diagram (b) of Figure 3.3 we have:

iMis ) = / %ﬁ(?’/) K%) Mﬂw(ﬂ - 75)} [(p’ Y. i M2, 1 i€

. —117p
—jeMwnht
X( e W;7 ) [(p_k)Z_M%V‘i_ZG

<o [(Z2) a7 ue 3.49)

~ (—ie) (—;82> / (;;’;411(;0')

m(1 = )y (1= 1)
W iell(p— k7 — M+ iel[(p 2 — M, + il
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and for the diagram (c) of Figure 3.3:

iMis :/ (;:;4”_‘(’7 ) Kzf ) i 75)] [(P'—k)j?&%ﬁie

—ieMwntt i
><< teMwry >[(P—k)2_M12/v+i€

* {kzif ie] Kz_\l/%) A?W(“f)} u(p) (3.50)

- (-i0) () [ okaty)

" m(+ )y KA+ )
k2 +ie][(p — k)2 — M3, +i€][(p' — k)? — M3, + i€]

u(p).

Adding up the last two equations and ignoring terms that do not contribute to
F(g?), we find:

) ) —ig? d*k ,
(Mg + M) = (—ie) ( ;g )/(271) i)
2m(yH K+ Koy¥)
[k2+ze][(p k)2— M2, +ie][(p' —k)2— M3, +ie]

(3.51)

u(p)-
The denominator is the same as (3.44), and the numerator, using (3.4), is:

N! = dmk* = 4m(l + px + yp')*

, . (3.52)
=2m(1—z)(p’ +p)" +2m(x —y)(p' — p)".
Again, with (3.24), the numerator becomes:
W 4201 _ ic*’qy
N 4m=(1 — z) < ) (3.53)
and after using (3.26) to do the [ integration, we have:
Gpm?
(AP BN (o) 7 F

i (/\/1(3_b) + M(3.6)> = (—ie) a(p’) i / dxdydz d(x +y +z—1)

(3.54)

2M3,(1 — 2) ich'q,
% {—xyq2+(1v—vz)(M%v—zm2)} ( 2m )u(p).
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For the diagram (d) of Figure 3.3:

w50~ o [ () =) [r=v o

M
x [(—ie) (p+ p — 2K)"] [(p_k)z_iM%v e
[ () o]

{i®m ko
= (=ie) (szgv) / it P

y 21— ) K(p+p' —2k)"
(k2 +ie][(p — k)2 — M3, + ie][(p’ — k)? — M3, + ie]

u(p),

the denominator is also the same as (3.44) and the numerator is:

NF =21 9°)k(p+p' —2k)"

(3.56)
=2mz(1—z)(p" + p)* +2mz(x —y)(p' — p").

Using (3.24) and ignoring the terms proportional to #, the numerator becomes:

o
N# = —4m?2(1 — z) (lazmqv) , (3.57)

and after the / integration, we find:

Gpm?
A Al SN =] F
1/\/1(3 0 = = (—ie) d(p’) 5V

(3.58)
—2m?z(1 — z) io"qy
* {—xyq2+(1—z)(M%v—zm2)} ( 2m )u(p).

Combining (3.48), (3.54) and (3.58), and comparing to (3.30), we find that:

/ dxdydzdé(x +y+z—1)

Grm
[Pz(qz)]w _ 8\;§7T2/ dxdydz 6(x +y +z — 1)

y {4M%v(2_z)(1—z)—2m z(l_z)}, (3.59)
_xqu—l—(l—z)(M%v_Zmz)
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Figure 3.4: Diagram of the Higgs-boson contribution at a one-loop level. All
momenta are indicated in the figure.

so the W-boson contribution, at a one-loop level, is given by:

Gom? 1 4(2—z)(1—z)—2($—§v) 2(1—2)
[F2(0)]yy = W/O dz ; —
—F (M_%v> (3.60)
2 2
~ Gpm” )10 +0O m—2 .
8\/57'[2 3 MW
Higgs-boson Contribution:
Using the Feynman rules, the diagram from Figure 3.4 reads:
. d*k g m i i(p'—K+m)
o oo (.8 /4
ZM(4) - / (27.[)4”(77 ) ( 12 Mw) kZ—M%i—He {(p’—k)z—szrie}
. i(p—K+m) }( .gm)
—jeyH e
< (mien) | ] (i ) uir) .

[ igPm? d*c .,
= (—ie) <4M2 )/(Zn)4”(’”)

y (K —2m)y"(k —2m) u(p)
(k2 — M3, +ie][(p—k)> —m>+ie][(p' —k)>—m>+ie] "

where we have used (3.1). The denominator is the same as (3.32), after substituting

My for My, and the numerator is:

NF = (K —2m)* (K — 2m)
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where we have ignored all terms proportional to 9#, and used the (3.1), and (3.4)
to simplify. With the Gordon identity (3.24), the numerator becomes (also ignoring
terms proportional to y*):

N* = 2m2(1+z)(1 — 2) (%) , (3.63)

and after the / integration, we arrived at:

<
=4
I
—~
J
2
N—
il

(p’) Gpm / dxdydz 6(x +y+z—1)
2m? (1 +2z)(1—-2) <uﬂ“’qv>
8 { —xyq? + (1 — z)?m? + zM3, 2m u(p),

which means that the Higgs-boson contribution, at a one-loop level, is:

(3.64)

[F2(0)] =

Gem? 1 2<M2> (1+2)(1—2)?
sﬁnz/o dz 24 (1—2)2 (ﬂ—;) (3.65)

Grm m? m? < m )
o~ @ +0O lo
W{ ( ) (M *\My
Combining (3.42), (3.60), and (3.65), we obtain the electroweak contribution at
a one-loop level:

W[1-loop] = [E:(0)]; + [F2(0)]yy + [F2(0)]y = [E2(0)] ey
NGF—mz §—1—1(3—4c052(9 N2+ 0 " +0 m_Z
~ 8272 |3 3 W M2 M,

+0 (A"};Z 1og(A’/I”Z)> +0O (Mj log (A?H» +0 <A’Z—;) }

~ 194.8 x 10711,

For completeness, we simply quote below the results for QED, electroweak
and hadronic contribution at higher order calculations [22].
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The QED contribution has been computed through 5-loops [23]:

a2 = 05 (%) +0765857420(13) (%) + 24.05050985(23) (%)’

a4 a\® (3.67)
+130.8782(60) (;) +751.0(9) (E)
= 116584718.93(0.10) x 1071,

where the uncertainty in the second and third loops comes from the uncertainty in
the muon and tau masses, and the uncertainty in the fourth and fifth loops comes
from numerical integration. The 6-loop leading terms are negligible, O(10~12).
The value a =1 = 137.035999046(27) [24] was used.

The electroweak 2-loop calculation gives a relatively large value [25]:
a," [2-loop] = —41.2(1.0) x 107", (3.68)

where the uncertainty comes from the hadronic part that enters the 2-loop calcula-
tion. The 3-loop leading terms are negligible, O(10~12) [26].

Hence, after adding up (3.66) with (3.68), we obtain the electroweak contribu-
tion of the SM:

a," =153.6(1.0) x 10", (3.69)

The hadronic contribution gives [23]:

afl*! = 6937(40)(18) x 107, (3.70)

whose errors are due to the lowest-order hadronic, and higher-order hadronic
contributions, respectively.
Finally, after adding up all contributions, we find the SM prediction:

a;M = 116591810(43) x 10~ (3.71)
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Physical Principles Behind Experiments

In 1956, Lee and Yang [27] questioned whether parity was conserved in weak
transitions. This idea came as a possible explanation for the famous 7 — 6 puz-
zle [28]. They also proposed several experiments on beta decay and meson decay
which could provide evidence for parity conservation or non-conservation.

The parity conservation had already been confirmed for electromagnetic pro-
cess and strong interactions, so it was a surprise for the physics community when,
in 1957, Madame Whu, in collaboration with the Low Temperature Group of the
US National Bureau of Standards, published their results [29], showing the non-
conservation of parity in weak decays.

The experiment basically consists of analyzing the electron (e™) distribution
in the ggCo — ggNi + e~ + 7, + 27 beta decay. The cobalt-60 (°*Co) atoms were
aligned by a uniform magnetic field and cooled to near absolute zero. The photons
came from an electromagnetic process, i.e., from the nickel-60 (60Ni), that was
initially in an excited state, and therefore their distribution could be used as a
control for the distribution of the emitted electrons (e™) since we know that for
this process parity is conserved (they are emitted roughly equally in all direction).
The decay also conserves angular momentum, and since Jc, = 5 and Jy; = 4, we
have that J,- = J,, = 1/2. With the concentration of electrons (¢™) in the oppo-
site direction of the applied magnetic field, it became clear that only left-handed
electrons were emitted, implying that only right (left) handed antineutrinos (neu-
trinos) participate in those transitions. This experiment became known as the Wu
Experiment.

The theoretical physicists Tsung-Dao Lee and Chen-Ning Yang were honored
with the 1957 Nobel Prize in Physics, and Chien-Shiung Wu was awarded the
first Wolf Prize in 1978. The question of whether Wu should have received a
participation in the 1957 Nobel Prize is investigated in [30].

As also pointed out by Lee and Yang, the parity violation provides a way,
through the m — u — e decay chain, to experimentally measure the magnetic
dipole moment of the muon.

33
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Figure 4.1: Pion decay, 7% — p* + v, (,), in the pion rest frame. The long arrow
represents the momentum of the particle and the short one, which is above the
long arrow, represents the spin of the particle.

The pion is a pseudoscalar particle, i.e., it does not have spin, so if we consider
the pion decay +t — yi + vy (17#), in the pion rest frame, and that all neutrinos
(antineutrinos) are left (right) handed, we can use the angular momentum con-
servation to see that all muons are born 100% polarized (Figure 4.1). Moreover,
the parity violation in the muon decay, u* — e* + 7, (vy) + ve(7), gives a strong
correlation between the muon spin direction and the direction of emission of
positrons (or electrons).

In the muon rest frame the differential decay rate for the muon is (Appendix B):

dr® = N(x,) (1+ A(x,) cos8) dx, dQ, (4.1)

where N(x.) is a normalization factor, 6 is the angle between the muon spin
direction and the electron momentum in the muon rest frame, and x, = E./W,
is the reduced energy. E, is the e* energy and W, = (m%l +m?2)/2my, ~ m,/2,
i.e., the maximum value for the e* energy. A(x,) = (2x, — 1)/(3 — 2x,), is the
asymmetry factor and is the reason the spectrum has a strong peak for small 6.

The principles of the Fermilab E989 experiment [12] are the same as the
Brookhaven E821 one [31], and of the last European Organization for Nuclear
Research (CERN) muon g—2 experiment [32], where the method was first applied.
It works as illustrated in Figure 4.2. Protons from a booster hit a target and pro-
duce pions. The electric positive (negative) pions are unstable and decay into
muons plus neutrinos (antineutrinos), as described above. The polarized muons
are then injected into a storage ring. Inside the storage ring, a uniform magnetic
field is applied, as well as an electric quadrupole field, to provide vertical focusing
(this kind of arrangement is known as a Penning Trap). Thereafter, the muons
circulate hundreds of times before decaying (4 — e* + 7, (vy,) + ve(7.)). The
positrons are emitted along the muon spin direction and detected by twenty-four
lead-scintillating fiber calorimeters that are distributed uniformly on the inside of
the storage ring (Figure 4.3).
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(a) Emitted positron detected by the calorimeter. The blue dashed line is the muon
trajectory, p is the momentum, and s is the spin. The red dashed line is the positron
trajectory.
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(b) Emitted electron detected by the calorimeter. The red lines represent the electron
trajectory.

Figure 4.3: Muon decay, y* — e* + 7,(v,) + ve(7%), and the detection of the
corresponded emitted particle (e*).
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The dynamics work as follows: In the presence of both electric (E ) and magnetic
(B) fields, the charged particle will feel a force:

- dp  d(my?) - L
= -_— pr— 4.2
F i 1 e<E+v><B), (4.2)
where 'y_l = (- vz) is the Lorentz factor, and e, m, and ¥ are the electric

charge, mass, and velocity of the particle, respectively. Now, using the vector

identity:
(Ex %) x ¥ = (¢-E)7 — v°E, (4.3)

and considering that the electric field E is perpendicular to the velocity 7, we can
substitute (4.3) into (4.2), to find:

d7 . 2
@ x7, @C:—i(m i Exz‘:’), (4.4)
dt ym

where ¢, is the cyclotron frequency.
The spin will precess with a rotation frequency that is given by [33]:

dp . 5
E:(USXP, (45)
with (Appendix C)
@y = ¢ (14 va,)B+a u(z‘z’-ﬁ)ﬁ-i- a +L Ex7d (4.6)
T ym T o2 AN rv+1 T

where 4, is the anomalous magnetic dipole moment of the muon, defined in
(3.15), and P is the particle polarization vector. This formula was first derived by
L. H. Thomas in 1927 [34]. Thus, the spin difference frequency is:

—

Wy = Ws — W

P N LN (4.7)
:—a{ﬂyB—ﬂy(m)(vB)U‘i‘(al,{_ryz_l)Exv}

To minimize the effects of the transverse electric quadrupole field (E ), muons

with a special velocity are used, so that the coefficient of the last term in (4.7) is
approximately zero. This cancellation occurs when ;;, = 29.3, where the m stands

for "magic".
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Figure 4.4: The number of high-energy positrons vs time after injection. The red
line is a fit and the black points are data. This image was taken from Fermilab
Muon g—2 Collaboration [35].

The second term in (4.7), that appears to be zero because of the transverse
condition, (7-B), it is not. This happens because the electric field induces a
vertical pitching motion. To account for that, some corrections are needed, i.e., the
Vertical Pitch Correction [36].

Another small but important correction, that also arises from the electric field,
is that not all muons are at the central radius, and for that reason not at the magic
momentum. This is the Radial Electric Field Correction [37].

Now, with the above considerations, one may write:

Wy =~ —%ayg, (4.8)
and with two measures, w, and B, determine a,,.

The magnetic field B is measured by nuclear magnetic resonance [38], and
the angular frequency w, is determined from the time distribution of the decay
positrons that are observed in the electromagnetic calorimeters (Figure 4.4). These
detectors measured both the energy and the time of arrival of the particles. The
time distribution gives the number of decay positrons with energies greater than

E emitted at time t after the muons are injected into the storage ring [39]:
N(t) ~ Ny o=t/ 7T [1+ Acos (wat + )], (4.9)

where Nj is a normalization factor, 7, is the muon lifetime in the muon rest frame,

A is the asymmetry factor, and ¢ is the phase angle at injection.
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Figure 4.5: From top to bottom: experimental values of 4, from BNL E821, FNAL
E989, and the combined average. The inner tick marks indicate the statistical
contribution to the total uncertainties. The SM prediction is also shown. This
image was taken from Fermilab Muon g—2 Collaboration [35].

The predicted theoretical value and the experimental average between Fermi-
lab (E989) and Brookhaven (E821) value of the anomalous magnetic moment of
the muon are [35]:

asM = 0.00116591810(43),
' (4.10)
ay, " = 0.00116592061(41).

The combined results from Fermilab and Brookhaven show a difference with
theory at a significance of 4.2¢ (Figure 4.5). This means that the chance that the
results are a statistical fluctuation is about 1 in 40,000. It is, however, slightly under
the 50, that scientists require to claim a discovery but still strongly suggest the

presence of new physics.
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Hints of New Physics Contributions

The discrepancy between theory and experiment indicates the possibility of
new physics. It is possible to see, through the expressions calculated previously,
that only the addition of new gauge bosons would not be able to explain such
discrepancy since heavier bosons would bring smaller contributions than those of
the SM to the anomalous magnetic moment of the muon.

Taking this into account, we investigated the possibility of adding new bosons
together with new fermions. Below we will try to implement this strategy by
considering an extension of the standard model as an example. We're going to
work with the 3-3-1 model with a heavy charged lepton [40].

The first difference is that we now arrange the particles in the fundamental
representation of the SU(3); group instead of the SU(2); group, so we need to
work with a left triplet and not a doublet anymore. In addition, there are some
variations of the 3-3-1 model, with different phenomenology. The 3-3-1 model
with a heavy charged lepton means that we will add a new heavy charged lepton
in the third component of the left triplet:

Ve
(’f) e | . (5.1)
€ L E+

We will mainly focus on the gauge sector and therefore we are not going to look
at the scalar part of the theory. For a SU(N) group we have N2 — 1 generators, so
for SU(3), ® U(1)y we have 3> — 1 + 1 = 9 generators, which are identified as 9
gauge bosons. In particular, the 3-3-1 model with a heavy charged lepton, has 3
neutral bosons (7, Z, Z'), 4 charged (W*, V*), and 2 doubly charged (U*) [41].

We must then calculate the contribution of these new bosons, since the others
are exactly those of the SM and, therefore, have already been calculated, but as
we will see below, only two of them can contribute to the anomalous magnetic

moment of the muon.

39
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Figure 5.1: Z’ diagram at a one-loop level. All fermionic lines correspond to the
muon and all momenta are indicated in the figure.

We will not perform the complete calculation at 1-loop nor prove the gauge
invariance as we did for the SM. We will work in the Feynman-'t Hooft gauge
(¢ = 1) but we will not add all the contributions, in specific we will not calculate
the contributions coming from the Goldstone bosons. We justify this by arguing
that those diagrams are, at best, of the same order as the ones we computed. We
will first look at the neutral contribution and then look at the charged one.

The neutral Lagrangian is [40]:

Lac = _ﬁ Y P (8 = 8uvs)Zu+ (il = Favs)Zilgi (52

where 1; is any lepton, and the first term is simply the Z-boson of the SM (2.11).
The constants fi, and f/, for neutrinos (v), light fermions (e), and heavy fermions
(E) are:

1

with x = sin® Oyy.
This means that we have a similar contribution to the anomalous magnetic

dipole moment of the muon coming from this new heavy neutral boson Z’.
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From Figure 5.1, the diagram reads:

_i7’]1/1x
k?— M2, +ie
i(p) — K+ m) _ i(p—K+m)
[(p’ —k)z—m2+ie} (=ier”) [(p—k)z —m2+ie]

X s(i;(l%w))(v’vLA"f;)u(p) (5.4)

—ie? 4

— (i e Dy [ SV A
(p'—k+m)y"(p—K+m)7a (V' + A'y°)

(k2 — M7, +iel[(p—k)2—m?>+ie][(p' —k)* —m>+ie]

: d*k (—iey")
[/ / / 1.5
iMizy = / 2 P e VAT

u(p),

where V' = f{, and A’ = f4. Note that we recover the same expression as (3.31) if
weset 2V/' =V =1-2cos (20y), 2A’=A=1, and of course, Mz = M. Proceeding
in the same way as before, we find:

_ Gpm? 4V"?z(1 —z)? —4A?z(3+ z)(1 — z)
PO =5 <MZ’) / " z+(1-2z)? (m_2> (5.5)
M, .

Grm? (MZ)Z 4. b _p m? m? < m )
~ —(V'*—=5A O @ log| —— .
svar \My) 13! O ) O\, 8\,

Using sin?(0y) = 0.223 [22], we can write:

2 2
B =~ w10 (372) 56)

Considering M, = 4 Tev [42], we can see that Z'-boson contribution is about
0.5% of the Z-boson contribution,

[F2(0)], ~ O(10711), (5.7)

which is negligible. Note that this contribution corresponds to the addition of
only one new gauge boson, which we commented earlier would not produce a
significant contribution.



Chapter 5. Hints of New Physics Contributions 42

(a) (b)

Figure 5.2: Diagrams of the U-boson contribution at a one-loop level.

The charged current interactions are [40]:

Loc = =3 Yoy (1 — v2)aW; 4+ Tar*(1 — ¥°) Dy BV
cc Zﬁ;[ﬂ( Y )WaW,, + V(1 = 7’ ) DBV, 68
+ e (1 — 7°) K EpU, "] + hec,,

where K;; and D,;, are the matrices elements that rotated the symmetry eigenstates
into the mass eigenstates, and a = 1,2, 3 is a sum over the 3 families. Note that the
first term is the W-boson of the SM and that the vector boson V does not couple

with the light fermions, so the only contribution that we need to calculate is the
one coming from U~ .

The diagram (a) of Figure 5.2 reads:

: _ d*k _ _igKa « _iﬁav

ZMZ:) - /(27_[)411(;9) K Zﬁb)')’ (1_75)} [(p’—k)z—M%[-Fie
x (2ie) [ (p+p'—2K) "+ (k-+p' = 2p)" + (k+p—2p')*

(k+Me) | [[—igK,

k;(_;@i)le K zf@b)vﬁ(ﬂ—f’)}u(m (5.9)
2 4

= (i) (55 ) K8 [ () A+ %) k(=)

[ (prtp'—2K) et p'—2p) oy et p=2)]
k2 = M2+ iell(p — K2 — M3, + e[ (' — k72 — M3y +ie] “ P

y —17])\g
(p—k)2—M3,+ie




Chapter 5. Hints of New Physics Contributions 43

The numerator is the same as (3.47), so we find:

Gpm

8v/272
< 4(1-2)(3-22) (W%) u(p)
—xyq? + M2 (1 — z) + M2z + m?z(z — 1) 2m P
For the diagram (b) of Figure 5.2 we have:
Z'./\/ly :/ d4k L_l(p/) {(_igKab) ,)/zx(ﬂ_,)/S)] i(pl_k"i_ME)
0~ ) @n) 212 (7 k2~ M+ic

iM! = (—ie) a(p) TE MK /dxdydzé(x-i—y—I—z—l)

(5.10)

(ie")

(p—k)2—M2+ie| |k*— M?+ ie

= (-io) () ) [ osat)

L+ )y (p' — K+ M)y (p — K+ M)y (1 — )
(k2 — M%I +iel[(p — k)? — M,ZE +iel[(p — k)% — M% + i€

=

u(p),

which can be simplified to

L Gpm? 1
z/\/l?) = (—ie) a(p) ﬁM%\,Kgb/o dxdydz 6(x +y+z—1)
' (5.12)
X 42(z+1) (wqu) u(p)
—xyP + Miz+ ME(1—z) +m2z(z—1) [ \2m )P
Combining (5.10) and (5.12), we find:
Grm? MW> / { 4(1 - z)*(3 — 2z2)
F(0)],, = d
[ 2( )]u 8\/§7T2 (Mu z (1—Z)—|—KZZ—|—€22(Z—1) (5.13)

4z(1+2z)(1 —z) }
z+x%2(1—z)+€2z(z—1) )’

where k = (Mg/My) and € = (m/My). After expanding around € = 0, we find
that the maximum value for the integral is of order 10 and since Ky is, at best, of
order 1, we have that:

2 2
[F2(0)]y =~ 8(\;;;2 <10 (ﬁ—g) . (5.14)

Considering My; = 1.5 TeV [42], we can see that the U-boson contribution is



Chapter 5. Hints of New Physics Contributions 44

Figure 5.3: Diagram of a neutral scalar particle (S) contribution at a one-loop level.

about 1% of the W-boson contribution,
[F2(0)]; ~ 1071, (5.15)

which is also negligible.

Therefore, the bosonic part does not contribute significantly to explain such a
discrepancy between experiment and theory, and consequently, this discrepancy
must be explained either by contributions coming only from the scalar sector of
the theory, which is somewhat surprising when we compare it with the SM where
the scalar sector contribution is of a lower order, or it does not, and we must, for
that reason, consider other types of interaction.

A neutral scalar (S) contribution would only contribute with one diagram, the

one on Figure 5.3:

. d* T i i(p'— K+Mp)
ZM?S)Z/(271)4”(’”)[1((:54“(:”5)} K—M2+ie (p’—k)z—M%iLie
. i(p—k—i-Mp) . B 5

orod%
= (~ie) [ P

i(Cs + Cpy°) (p — K+ Mp)y*(p — K+ Mp)(Co — Cp2°)
[k2— Mg +ie][(p—k)?— Mg +ie][(p'— k)2 — M +ie]

u(p),

where Mg is the mass of the neutral scalar particle, Mr is the mass of a heavy

fermion and we have considered the general interaction:

Ly = fi(Cs + Cpy°)F-S, (5.17)
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with Cg and Cp being model dependent.

Proceeding as usual we find:

2

[F(0)]s = (é%) [ e {(cg—cg)(1_z)2<%> +(c§+c§)z(1_z)z}

(5.18)
X [M%z + M2(1 —z) + m?z(z — 1)} ,

which can be rewritten in terms of the ratios of the masses € = (m/Ms) and
K = (Mp/ Ms):

C2—C2lex+ (C24+C3) ez
B(0))s = gp [ 21 - 2)? {< Z+”(>1_Z)(,<(2_ezz’;> } (519

Since we know that € is small, one can Taylor expand the integrand to find:

C2—C2) ex+ (C24C2) €2z
[F2(0)]s = 81? /Oldz(l —z)? {< pz>+ Kz(l(— 7 p> + (’)(63)} , (5.20)

that after the last integral in the Feynman parameters yields:

[F(0)]s = 1617T2 (- ex[(x — 1)((1’(‘22 __f))3+ Hog(®)] | o(e2).  (521)

One can now expand around k¥ = 0, k = 1 and x = oo to find, respectively:

( m Mp MS
(375) (i) [1ron() =3 om0 <
CSZ o C% 2 (m
[F2(0)]s = % 3 (E) Jm< Mg~ Ms (5.22)
m
\ (ﬁ[) ,m <K Mg < Mg.

Note that, if one wishes to recover the Higgs contribution of the SM, one also
has to consider terms proportional €2. That happens because in the SM, My = m
and Ms = Mp, which implies that € = k. As one can see, from (5.21), we kept
only linear terms in €.

Let’s consider now a singly charged scalar contribution. The corresponding
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Figure 5.4: Diagram of a charged scalar particle (5™) contribution at a one-loop
level.

diagram is given in Figure 5.4, and also using (5.17), it reads:

iM?S,) = /(zd—:;ﬂ(P/) [i (CS—FCP'YS)} [(P/ — k)2 Z_ M% +ie

X [(—ie)(p + P’ _ Zk)V} [(P k)2 i M% + ie

: {%} i(Ce=Cp7)] up) (5.23)

i(Cs+Cpy°) (K+Mp) (p+p' —2k)F (Cs—Cp)
[k2—M2+ie][(p—k)2— M2 +ie][(p' — k)% — M3 +ie]

u(p),

which gives:

2

F(0)]s- = (8’”?) /0le {(cg—cg)z(z—l) (%) —(c§+c§)z(1_z)z}

(5.24)
X [M%z + M3(1—z) + m?z(z — 1)}

Rewriting in terms of € = (m/Ms) and x = (Mp/Ms), we find:

B0)]s = —s /01 dz(z — 1)z { (C-G)ex+ (C2+C)e1-2) } . (5.25)

- 8m? zk? + (1 —2z)(1 — €?z)
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Once more, we can expand around € = 0:

B0 # /Oldz(z—l)z {(cﬁcg)ex+(c§+c§)ez(1z)+o(€3)}’ 526

14 z(x2—1)

and perform the last integral in the Feynman parameters to find:

€K ©2) (1 — x2)+4x> K
[FZ(O)]s=161n2 (c-) [+ )((12_ 1);4 gl L o(e2).  (5.27)

Finally, one can expand around k¥ = 0, x = 1 and k = oo to find, respectively:

( m MF
) (2R Mp < M
(Ms) (Ms) s M Ms
B(0)]. = ——— (CZ—CZ> Lim m< Mp~Ms  (5.28)
2\H1s- 162 \s P 3 \Mr ’ - '
n m < Mg < M
\ MF s S F-

In general, Cs and C, depend on the masses in the following way:

m MF
C2-C) = —dp 7L, 5.29
where p is a constant that comes from the strength of the interaction and the
rotation of the symmetry eigenstates into the mass eigenstates. Substituting (5.29)

into (5.27), we find:

M
o), = £, MM Mt VIS (E)] g
2WsT T g2 MpyMs (M2 — M2)3 ’

which gives a positive contribution to the anomalous magnetic moment of the
muon. Note that, since (5.29) implies that the singly scalar charged particle gives a
positive contribution (5.30), it also implies that the neutral scalar particle gives a
negative contribution (5.21).

As an illustration, we have only considered the contribution of a singly charged
scalar particle, thus we only have to account for the S~ contribution given in (5.30).
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If that is the case, then we should expect:

__ 8Xp SM __ —11
[F2(0)]5- = a;” — aM = (251 £59) x 10711, (5.31)
'1.|:|_ e ——_— T ] T
! 14}
[
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(a) Contour plot for M = 1TeV. (b) Contour plot for p = 1.

Figure 5.5: The blue region corresponds to values up to 1¢ and the orange one
corresponds to values up to 2¢.

In Figure 5.5, we have used (5.30) together with (5.31) to find possible values
for the masses Mg and M, and the constant p.

As a final remark, we emphasize that the formulas found in this chapter are
in agreement with the work of Leveille [43] and Moore [44]. This ensures that
the assumption made earlier about the order of magnitude of diagrams involving
gauge bosons and the corresponding Goldstone bosons, which were not computed,
was correct. The fact that the gauge bosons did not give a significant contribution
comes from the fact that for the 3-3-1 model with a heavy lepton, the neutral gauge
boson Z' interaction is diagonal and that the doubly charged one U™~ has, as one
can see from (5.8), C2 = C% =1



Chapter 6

Conclusion

In this work, we discuss the possibility of solving the problem of the anoma-
lous magnetic dipole moment of the muon with the addition of new particles.
The simple addition of new bosons is not able to solve the problem since these
additional contributions are even smaller than those found in the SM. Due to this
fact, we propose that the addition of new heavy bosons must be accompanied by
the addition of new heavy fermions.

To be able to perform this calculation, we choose one possible extension of the
SM, the 3-3-1 model with a heavy lepton. This model has 5 new types of gauge
bosons in addition to the SM ones, one neutral Z', two singly charged V*, and
two that are doubly charged U**. The V-boson does not couple with the SM
charged leptons (electron, muon, and tau), so it can not contribute. The 7' -boson is
diagonal, which ultimately falls back to our original assumption, i.e., that this kind
of contribution gives the same result as if we had only added one new heavy boson
and nothing else. For the U-boson we find a possible contribution but due to its
interactions, those contributions only appear in the second order term of a Taylor
series expansion in €. With the masses of those bosons at the TeV scale [42], we
conclude that, for this specific model, the gauge sector does not yield a significant
contribution.

Since the gauge sector did not yield a significant contribution, we rely on the
scalar sector to find such contributions. We consider general interactions for the
scalar sector and calculate possible contributions coming from a new heavy neutral
scalar particle S and a new heavy singly charged scalar particle S™. Finally, we
analyze the S~ contribution, which can be found in a different model, such as the
3-3-1 model with a heavy neutral lepton.

Our results show the viability of the strategy proposed in this work, which was
implemented through the extra degrees of freedom of the 3-3-1 models. Ultimately,
we find possible values for the masses of the scalar S~ and the neutral fermion F
that can explain the discrepancy between theory and experiment, they are shown

in Figure 5.5.
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Appendix A

Gauge Invariance Proof of Each Boson
Contribution at 1-Loop Level

To prove the gauge invariance of each contribution, we will work in the
Rz gauge and show that the final result does not depend on the gauge parameter ¢.

Photon Contribution:

The photon contribution corresponds to the diagram of the Figure 3.1. In the
Rg gauge, the photon propagator reads [18]:
Ayp(k,C) = 5—— —(1-¢)5——|. Al
wp (k) k2 +ie {U“ﬁ ( C)kz-i—ie} A1)
Using the above propagator, we can see that the term proportional to 77,4 gives
the exact same result as (3.16), but now we have another term that needs to be

evaluated. This term is proportional to k4kg and gives:

4 (ot
iMiy) ~ /%a(p/)(_ier)ﬂ) [(p’ (—p)k)2 ﬁj;ﬂlie} (—ieq")

i(p — Kk +m) i(1— &)kakg .
: {(P —k)? —m? + ie] [(k2 +ie) (k2 + ie)} (—ierP)u(p)

\ (A2)
~ (i) (=ie?) [ sty
—(A =8k — k+m)y"(p — K+m)k
(k2 + ie][k% + i€e][(p — k)2 — m? + i€|[(p’ — k)2 — m? + i€]

u(p).

Using the Feynman parametrization (3.17), we can write the denominator of
(A.2) as:

k> +ie] H(p' —k)> —m?+ie] 1 /1d4x3! S(w+x+y+z—1)
- 0

(k2 +ie][(p — k)2 — m? + ie] DA , (A3)
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where d*x = dwdxdydz, and D is:
D=1>—A+ie, (A.4)

with | =k —xp —yp’,and A = —xyg® + (x + y)?m?
The numerator of (A.2) is:

K(p' = k+m)y"(p — K+ m)k
= |- Pk]v”[kz 2(p-k)]
{2 =20 [xp+ (y = Dp] +m2(x +y)(x+y —2) o
><{12—21~[(x—1)p+yp']+m2(x—|—y)(x—|—y—2)},

(A.5)

where we have used (3.4), and ¢> = 0, to simplify. From (A.5), one can see that
there are only terms proportional to 7#, and since those terms do not contribute to
the form factor F,(0), we conclude that the photon contribution is gauge invariant,

i.e., it does not depend on the parameter ¢.

Z-boson Contribution:

The Z-boson contribution corresponds to the diagrams (a) and (b) of the
Figure 3.2. In the Ry gauge, the Z-boson propagator reads [18]:

Baplh,®) = ———— | — (1= 2) kg
V0] = T e | T K2— M2 + e "
—if]ap ikuk g/ M2 ikakg/ M2 '

—MLtie K2—ME+tie K2—(EM2+ie

For the diagram (a) we can see that the first term of (A.6) gives the same
contribution as (3.31). The contribution of the second and third terms are:

. . —ie? d*c

Mz~ 0 e | Gy Y+
(P = E+m)9 (p— E+ m)k(V +99)
[(p =02 —m? + icl[(p — k)2 = +ie

(- { 1 - 1 “(o)
ML) - MZtie KR—gMZtie] P

where V =1 — 2 cos 20y.

(A.7)
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Using the Feynman parametrization (3.17), we can write the last expression as:

(—ie?)

1
] K ~ (—ip) —~ 7 47 / ' B
Z‘/\/1(2.51) ( 16) [2 sin(ZGW)]Zu(p ) /0 dXdde 2! 5(x +y+z ])
4 (A.8)
1 d=! 1 1
“\ Mz / N 3 (12 5 ) ulp),
M3 ) ) (2m) (=A% (2—Ay)
where the shiftis | = k — xp — yp’, and A; withi = 1,2 are:
A = —xyg® + (1 — z)°m?* + zM3,
1= —xyg"+(1-2) A9

Ny = —xyq* + (1 — z)*m? + zEM%,
and N* is the numerator:
NF =KV +9°)(p' — k+m)y (p — k+m)k(V +7°)
= V(P — K+ mr (p— K+ m)k
+K(p — Kk —m)y(p — Kk —m)k (A.10)
=K(p' — Kk —m)y"(p — Kk —m)k

= (—2m?)[(1 — 32)I* + 2m*(1 — z)°] (iag;q”> ,

where we have ignored all terms proportional to 4#9°, and 7>, and also used
(3.1), (3.4), and (3.24), to simplify (the term proportional to V2 is the same one that
appears in (A.5)).

Now, using (3.26) to do the [ integration, we find:

Gpm?
. u ~ (i ! F
ZM(Z.a) (—ie) i(p") 5V

X E(l y— 32))1og<ij) +m?(1—z)° <Ai2 — Ail)} (A.11)
< (700 u(p).

For the diagram (b), the propagator of the correspondent Goldstone-boson in

1
/ dxdydzd(x +y+z—1)
0

the R; gauge is:

i

Ak, - 7
(k&) k2 — M2 +ie

(A.12)
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so the contribution is the same as (3.40), after substituting A; by Aj:

Gpm

572 2/ dxdydz é(x +y+2z—1)
27t

[P (0

Adding up (A.11) and (A.13), with (3.36), and comparing with (3.30), we find
that the Z-boson contribution to the form factor F,(0) in the Rz gauge is:

iMi‘zlb) ~ (—ie) a(p')
(A.13)

BO), = 22
y {M%(sz(l —2)—z(3+2)) —m*(1—2z)3
Aq

/ dxdydzd(x +y+z—1)

(A.14)

m?(x 2(x+y—
( +y)A(2 Y 2)+[3(x+y)—2]log(i—j)}.

Taking the derivative of the last expression with respect to the gauge parame-

ter ¢, we find:

d B Gpm2 1 1—x
& [F2(0)], = WM%/O dx/o dy (1—x—y)

A.15
><{3(x+y)—2_’_1712(x+y)2(2—x—y)} ( )
Ay [A;]? '
Performing the following change of variables:
t=(x+ x=1t1+s)/2
(x+y) - (1+s) (A16)

we arrive at:

; Gt (1—t)
g 2O = 7 [ {““2 ) 1 o

2(#2 — 2t

1

Gpmz

8\/§7TZ

7

(1-1)
———M? [(tB —12). ot (12 t)CM%] 0
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where we have used the product rule in the last step. The above result shows that

the Z-boson contribution is indeed gauge invariant.

W-Boson Contribution:

The W-boson contribution corresponds to the diagrams of the Figure 3.3. In
the Rz gauge, the W-boson propagator is the same as (A.6), after we substitute Mz
by My, so the diagram (a) reads:

. dk [/ —ig\ . /
iMisa) = / (zn)ﬂ_‘(’?) K%) 7 (11—75)] A (p' =k, )
x (ie) [ (p+p' —2k) 4™ (k+p' =2p) +5" (k+p—2p')* | (A18)

<aaglr=k0) || [ (%) A=) ur)

Using the Feynman parametrization (3.17), we rewrite the last expression as:

iM?s.a) = (—ie) (_ég ) / dxdydz 2! 6(x+y+z—1)

d4
X/W 1 (p+p —2K) M ke p = 2p) 4 (ke p—2p)

NavT]A
x2(]1+75)7“k75{ﬁ

av 1 1
- ;\74%\/07 - k))\(p - k)ﬁ ((lz — A1)3 - (lz — A2)3) (A-19)

where the shiftis | =k — xp — yp’, and A; withi =1,2,3,4 are:

Ay = —xyq’ + Mz (x +y) —m?(x +y)( )
Ay = —xyq® + M7 (Gx +y) —m*(x +y) (1 —x —y),
N3 = —xyq” + MZ(x + &y) — m*(x + y)( )
Ny = —xyq” + M7 (x +y) — m*(x +y)( )

(A.20)
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The term proportional to 74754 is the same as (3.48). The term proportional to
1oy combined with the term proportional to i A after the | integration, gives:

i/\/lé‘a) ~ (—ie) a(p’) 8C\;;§m7r2/ dxdydzé(x +y+2z—1) {2[4(x+y)
(x+y)+2+6y]log<A2)+2m (x+y—1) (A.21)
<y oy =D+ (55 ) | () o)

and the last term of (A.19) yields zero after the [ integration.
Now, for the diagram (b), we have:

i = | o | () =) [ o

' (A.22)
o)t 5[] [(25) ]

and for the diagram (c):

My, = / (;1:; i(p') Kz—\z/g_) (11—’75)1 Mp(p' =k, Q) (Mw’?’m> )

i
(p— k)2 — M3, +ie

(8 w0

Combining both diagrams, using (3.17), and doing the / integration, we obtain:

x (—ie) [

i(./\/lé.b)—l—/\/léc)) (—ie) a(p’) / dxdydz §(x +y+z—1)

8\/_712

4M?, A
X { szy +2[3(x +y) — 2] log(A—j> (A.24)

2 (ry=1700) (5o 5 } (5 )utr

For the diagram (d) we have the same contribution as (3.58), after we substitute




Appendix A. Gauge Invariance Proof of Each Boson Contribution at 1-Loop Level ~ 56

the denominator by Ay:

iIME -~ (—ie) i ’)GF—mz/ldxd dzb(x+y+z—1)
(3.4) P svane Jo Y Y

y {_szZil —z)} (iazﬂ;qv> “().

Combining (3.48), (A.21), (A.24), and (A.25), and comparing with (3.30), we
find that the W-boson contribution to the form factor F,(0) in the Ry gauge is:

(A.25)

[F>(0)] —GF—mz/ldxd dz6(x+y+z—1)

X {ZM%V(x +y)2(x+y) +1] (A%)
AS|

+2[4(x +y)*> —9(x +y) +2+6y] log(A—z)

L g (a20)

+2m*(x+y— 1Ry + (x+y -1 (x +y)] (A_l_A_z)

AMZyy  2mPz(1 —z) Ay
+ A, A +2[3(x+y) — 2] log(A—z)

+2m?(x +y —1)%(x +y) (A%; - Aiz) } :

Taking the derivative of the last expression with respect to the gauge parame-
ter ¢, we find:

d o Gpmz 1 1-x
32 (ROl amy) [dx [ dy

822
3(x+y)—2  m(x+y)>*(1—-x—y)
X {(x+y) { A, + AL } (A.27)
L Ja -6 MRy by 1%y 4 (4 y)?
A [A2)? '

that with the change of variables (A.16), becomes:

d _ Gpm? 1 1 t (—m
dg B0 = SjinzM%V/o dt/—1 as {(3t2 _2t)A_4 HE-1) [A4]? A28
2 42 —3t(1+s) | 2MjH(1 ) —m2<t—1)2[t2+t(1—s)1” (429

_E(l—i—s) A, TWE
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The integral that involves A4 can be done in the same way as (A.17), so we are
only left with:

d _ Gpm [4t2 — 3t(1 +5)]
@r[( w= 8\/F§7-(2/ /ds( ) (1+s){ A,

A.29
+M§Vt(1 —5) —m?(t — 1)?[t> + t(1 —5)] (4.29)
[Ar]? '
Integrating in the s variable first, we find:
d B Gpm2 1 t 4 5 9
d_g [FZ(O)]W - 8\/§7T2 /O dt 2(5_ 1)3M%v {MWfl + MWm f2
+1 (A.30)
+ [M%/\/f3 + M%szle + m4f5} log(f6) + jr:z ;2 } _1;
where f; withi =1, ...,8 are:
fi=5(E—1)(3¢(s +2)t —3(s +6)t — 8(F —1)t> +4),
fo=4s(—1)(1—t)(4t 1),
f5=8Q2(E -1 +3t—(5+1)),
_ _ _ 2 _
fa=4(t -1 -+ (E+15)t—2(¢ +3)), (A31)

fs =8(t —1)%(5t — 2),

fo=(E+1) + (& —1)s +2(m/Mw)*(t = 1),

fr = 8(M3, +m?(t — 1)),

fs = —2EMipy+M2m? (t—1) ((E—1) 2+ (E+1)t—2(E+1)) +2m*(t—1)3.

After substituting the limits of integration and performing the integral in the

t variable, we obtain:

d . Gpm

2(t — 1)t
az POl = 57—

( )3M4

_ 2
+f11 108( ((t 11))1%\];% ) }]

{M?/vf 9+ Mijym?® fig
. (A.32)

7

0
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where foy, f10, and fq; are:

fo=(E=1)((E -1t +2),
flo=2(1-¢)(t-1), (A.33)
fir = (Mjy +m?(t = 1)) (Mp (& + (§ = Dt +1) +2m*(t — 1))

Finally, after substituting the limits of integration, we see that (A.32) yields

zero, confirming that the W-boson contribution is gauge invariant.
This appendix was inspired by the great work of Fujikawa, Lee, and Sanda [45].



Appendix B

Muon Decay

Figure B.1: Tree level diagram of the muon decay. All momenta are indicated in
the figure.

The muon decay is characterized by the diagram of Figure B.1. The amplitude

for this process can be read from (2.12):
M =i(p2) (%gv” (11— 75)> u(p1) (pz - f\jf%v +i€) (Wv - p&—g)
i(ps) ( 8 (1- 75)) v(ps)
= ( I M2, ) { w 5)] (p1)a(ps) [v" (11—75)}0(;94) (B.1)
<$m> (1=%) u(pra(ps) (1-1°) v(m)}
- (8]\/12 ) [7}4 ( )} )it(ps) [7” (11 - WSH 0(pa),

where m is the muon mass, and m, is the electron mass.
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We also have considered p? = (p1—p2)* ~ O(m?) < M3, and ignored the
second term because (mem/Mz3;) ~ 1075
Now, with those considerations, the square amplitude becomes:

2
M2 ’:< g > Tr {o(p)o(pa) v (1-2°) u(pa)ir(ps)y (1-°) }

8M2, (B.2)
X Tr {u(p2)i(p2)7" (1= 2°) u(pra(p)y’ (1-1°) }
Using the following spinor identity [46]:
5
u(kyak) = (k+m) 2 ¥ (B.3)

2

for the muon, where s* is the spin direction, we find, after summing over the final

spin states, that the square amplitude is:

4
M2 =2 (5] (1 = ) po) - ), (B4

where the index y refers to the muon, i.e., it is not a Lorentz index.
For an n-particle decay A — a; + ... 4 a;, the differential decay rate is given
by:

||M||21‘[ 32E 454( m), (B.5)

where E and P are the mother particle energy and 4-momentum, respectively, and
S is the symmetry factor. Specializing for our case, we have:

_ Ly S d A

(27)32E, (271)32E; (271)°2E, @) i (pr=p2=ps=ps), (B

and since the neutrino v, and anti-neutrino 7, momenta are not measured, we

integrate over py and pa:

_ d&ps g\
= e Brs <Mw> (pr = msu)a(pa)g

d*p> dpy
SE. 2, O (m—paps—pRiRS.

(B.7)
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Using the following integral in phase space:

dpdy,,

o =T 51202 2 2y [12a (12 2 2
2p0 200 KTP=)Palp = 54557 (2, 1%, 4%) { A, P, ) 1ap

20kt + K2 (P + 4) = 2(p — %) kaks |

(B.8)

where A(x,y,z) = x* + y? + 2% — 2xy — 2xz — 2yz, we find that:

2g*d’ps >
T— _ s -
(192E1M§v(2n)4g3 {(pr=p2P(p1 = msy) - ps (B.9)

+2(p1 — pa)- (pr = ms,)(p1 — pa) -3 } -

Choosing a coordinate system in the rest frame of the muon, where the angle

between the muon spin and the electron momentum is 6, we arrive at:

B ( 2¢*E3dE3dQ)

2 J—
192mM§V(27T)4> {(m 2mEs)(mEs + mEz cos 6)

+2(m? — mE3 — mEz cos §) (mEg)} (B.10)

28*E3dE3dQ) 3 2r2 .3 22
= 3m°Ez—4m-E5+m°E 0—4m°E 05,
(192mM{4,\,(27'()4 { 3 3+m L3 cos 3 cos }
where we have ignored the electron mass (1, << m).
Finally,

’r  Gim®
dx,dcos® 19273

x2[(3 — 2x,) — (2x, — 1) cos 0], (B.11)

where x, = E3/W, is the reduced energy, W, ~ m /2 is the maximum value for
the electron energy in the muon rest frame, and the coefficient in front is the total
decay rate.

A more general calculation, where one also considers the mass and spin direc-
tion of the electron, can be found in [47].



Appendix C

Spin Dynamics

The relation between the rate of change of some vector quantity in an inertial
frame and a rotating (non-inertial) frame is:

ds ds L =
R
where the subscript R refers to a rotating frame, i.e., the muon frame, S is the

muon spin, and t is the time as measured by the inertial frame, i.e., the laboratory
frame. The vector &t is known as the Thomas precession frequency [34]:

,)/2
D = X7 C2
“r <7+1) €2

where 7 is the Lorentz factor, 7 is the muon velocity, and 7 is the muon acceleration,
as observed in the laboratory frame.

From the Minkowski force:

H
ddir — %quv, (C.3)
we find that:
dd e

a:azly—m<E+va—(v-E)v>, (C4)

where U# is the 4-velocity, F*¥ is the electromagnetic tensor, and e and m are the
particle’s charge and mass, respectively.

Now, in the muon rest frame, we have:

dS) _1(dS) 1 eq p o
dt R_'y dt R_'yg2m R

where By is the magnetic field, as perceived by the muon. In the laboratory, we

ji X By, (C.5)
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have a magnetic field B and an electric field E. These quantities are related by a
Lorentz transformation:
2

- = = _ ’)/ - NN
Br =v(B+E x7) — U-B)7. C.6
k=1 )~ (@B 6

Combining everything into (C.1), we arrived at:

ds 1 e~ = = Y\,
(a)—;g%SXBR+SX<’Y+1)UXﬂ

— o P ey lBLExi— T (5.B)% (C.7)
gzme{B-l—Exv ’Y—i—l(v B)v}
,)/ — e = — _’\_—»_'—»
+S><{ +1v><m(E+v><B (0 E)U)}

Finally, using a = § — 1, we find:

(8)- (e Do) o) o) o

which is the frequency used in (4.6).



Bibliography

[1] A. Pich. The standard model of electroweak interactions. arXiv preprint
arXiv:1201.0537, 2012.

[2] T. P. Cheng and L. F. Li. Gauge theory of elementary particle physics. Oxford

university press, 1994.

[3] M. Kobayashi and T. Maskawa. Cp-violation in the renormalizable theory of
weak interaction. Progress of theoretical physics, 49(2):652-657, 1973.

[4] L. Roszkowski, E. M. Sessolo, and S. Trojanowski. Wimp dark matter candi-
dates and searchescurrent status and future prospects. Reports on Progress in
Physics, 81(6):066201, 2018.

[5] D.]J. E. M. Marsh. Axions and alps: a very short introduction, 2017.

[6] J. L. Feng. Dark matter candidates from particle physics and methods of
detection. Annual Review of Astronomy and Astrophysics, 48:495-545, 2010.

[7] S. M. Carroll. The cosmological constant. Living reviews in relativity, 4(1):1-56,
2001.

[8] A.D. Sakharov. Violation of CP Invariance, C asymmetry, and baryon asym-
metry of the universe. Pisma Zh. Eksp. Teor. Fiz., 5:32-35, 1967.

[9] A.Riotto and M. Trodden. Recent progress in baryogenesis. Annual Review of
Nuclear and Particle Science, page 3575, Dec 1999.

[10] E. W. Kolb and M. S Turner. Grand unified theories and the origin of the
baryon asymmetry. Annual Review of Nuclear and Particle Science, 33(1):645-696,
1983.

[11] A. Bellerive, J. R. Klein, A. B. McDonald, A. J. Noble, A. W. P. Poon, SNO
Collaboration, et al. The sudbury neutrino observatory. Nuclear Physics B,
908:30-51, 2016.

[12] T. Albahri, A. Anastasi, et al. Measurement of the anomalous precession
frequency of the muon in the fermilab muon g- 2 experiment. Physical Review
D, 103(7):072002, 2021.

64



BIBLIOGRAPHY 65

[13] D.]J. Griffiths. Introduction to quantum mechanics. Pearson International Edition
(Pearson Prentice Hall, Upper Saddle River, 2005), 1962.

[14] C.Itzykson and ]J. B. Zuber. Quantum field theory. Courier Corporation, 2012.

[15] M. D. Schwartz. Quantum field theory and the standard model. Cambridge
University Press, 2014.

[16] M. E. Peskin. An introduction to quantum field theory. CRC press, 2018.

[17] J.]. Sakurai and J. Napolitano. Modern Quantum mechanics, 2nd edition. Cam-
bridge University Press, 2011.

[18] J. C. Romdo and J. P. Silva. A resource for signs and feynman diagrams of
the standard model. International Journal of Modern Physics A, 27(26):1230025,
2012.

[19] J. Schwinger. On quantum-electrodynamics and the magnetic moment of the
electron. Physical Review, 73(4):416, 1948.

[20] M. Nowakowski, E.A. Paschos, and ].M. Rodriguez. All electromagnetic form
factors. European journal of physics, 26(4):545, 2005.

[21] R.Jackiw and S. Weinberg. Weak-interaction corrections to the muon mag-
netic moment and to muonic-atom energy levels. Physical Review D, 5(9):2396,
1972.

[22] Particle Data Group, R. L. Workman, et al. Review of particle physics. Progress
of Theoretical and Experimental Physics, 2022(8):083C01, 2022.

[23] T. Aoyama et al. The anomalous magnetic moment of the muon in the
standard model. Physics reports, 887:1-166, 2020.

[24] R. H. Parker, C. Yu, W. Zhong, B. Estey, and H. Miiller. Measurement
of the fine-structure constant as a test of the standard model. Science,
360(6385):191-195, 2018.

[25] C. Gnendiger, D. Stockinger, and H. Stockinger-Kim. The electroweak contri-
butions to (g- 2) u after the higgs-boson mass measurement. Physical Review
D, 88(5):053005, 2013.



BIBLIOGRAPHY 66

[26] G. Degrassi and G. F. Giudice. Qed logarithms in the electroweak corrections
to the muon anomalous magnetic moment. Physical Review D, 58(5):053007,
1998.

[27] T.D. Lee and C. N. Yang. Question of parity conservation in weak interactions.
Physical Review, 104:254, 1956.

[28] A. K. Wréblewski. The downfall of parity—the revolution that happened fifty
years ago. Acta Physica Polonica B, 39(2), 2008.

[29] C.S. Wu, E. Ambler, R. W. Hayward, D. D. Hoppes, and R. P. Hudson. Exper-
imental test of parity conservation in beta decay. Physical Review, 105(4):1413,
1957.

[30] M. Hargittai. Credit where credit’s due? Physics World, 25(09):38, 2012.

[31] G. W. Bennett, B. Bousquet, et al. Final report of the 821 muon anomalous

magnetic moment measurement at bnl. Physical Review D, 73(7):072003, 2006.

[32] E Combley, E. J. M. Farley, and E. Picasso. The cern muon (g-2) experiments.
Physics Reports, 68(2):93-119, 1981.

[33] E. Jegerlehner. The anomalous magnetic moment of the muon. Springer, 2008.

[34] L. H. Thomas. I. the kinematics of an electron with an axis. The London,
Edinburgh, and Dublin Philosophical Magazine and Journal of Science, 3(13):1-22,
1927.

[35] B. Abi et al. Measurement of the positive muon anomalous magnetic moment
to 0.46 ppm. Physical Review Letters, 126(14):141801, 2021.

[36] F. J. N. Farley. Pitch correction in (g-2) experiments. Physics Letters B,
42(1):66-68, 1972.

[37] J. Bailey et al. Final report on the cern muon storage ring including the
anomalous magnetic moment and the electric dipole moment of the muon,
and a direct test of relativistic time dilation. Nuclear Physics B, 150:1-75, 1979.

[38] X.Fei, V. W. Hughes, and R. Prigl. Precision measurement of the magnetic
field in terms of the free-proton nmr frequency. Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment, 394(3):349-356, 1997.



BIBLIOGRAPHY 67

[39] V. W. Hughes and E. P. Sichtermann. The anomalous magnetic moment of
the muon. International Journal of Modern Physics A, 18(supp01):215-272, 2003.

[40] V. Pleitez and M.D. Tonasse. Heavy charged leptons in an su (3) 1u (1) n
model. Physical Review D, 48(5):2353, 1993.

[41] E Pisano and V. Pleitez. Su (3) u (1) model for electroweak interactions.
Physical Review D, 46(1):410, 1992.

[42] A. A. Nepomuceno and B. Meirose. Limits on 331 vector bosons from lhc
proton collision data. Physical Review D, 101(3):035017, 2020.

[43] J. P. Leveille. The second-order weak correction to (g-2) of the muon in
arbitrary gauge models. Nuclear Physics B, 137(1-2):63-76, 1978.

[44] S. R. Moore, K. Whisnant, and Bing-Lin Y. Second-order corrections to
the muon anomalous magnetic moment in alternative electroweak models.
Physical Review D, 31(1):105, 1985.

[45] K. Fujikawa, B. W. Lee, and A. I. Sanda. Generalized renormalizable gauge
formulation of spontaneously broken gauge theories. Physical Review D,
6(10):2923, 1972.

[46] W. Greiner et al. Relativistic quantum mechanics, volume 2. Springer, 2000.

[47] W. Greiner, B. Miiller, et al. Gauge theory of weak interactions, volume 5.
Springer, 1996.



