Chapter 2
Introduction to the Standard Model
and Beyond

The Qweak €xperiment is a precision test of the Standard Model. In this chapter we
give an introduction to the SM, concentrating particularly on electroweak theory.
Problems with the SM are reviewed, which leads naturally into a discussion on
possible BSM physics and their experimental searches.

2.1 The Standard Model

Based on the SU(3), x SU(2)1, x U(1)y gauge group, the SM successfully predicts
the behaviour of three out of the four observed forces. The only one not included
in this description is gravity. The strong interactions are a result of SU(3) colour
(hence ‘c’) symmetry, whereas the unified electromagnetic and weak interactions
are accounted for by the SU (2); x U(1)y factor. The subscript L refers to the fact
that the SU (2) part acts only on left-handed fermions, while the Y factor is the weak
hypercharge.

Interactions between the leptons and quarks which make up nuclear matter occur
via the exchange of vector bosons. In the case of QCD, massless gluons are respon-
sible for the strong force experienced by quarks, while the weak force is mediated
by the massive W* and Z° bosons. The photon completes the force-carrier sector
and mediates the familiar electromagnetic interactions.

Both leptons and quarks may be divided into three generations according to
their mass and electric charge (cf. Table2.1). Quarks, under the influence of the
strong force, combine to form mesons (quark-antiquark pairs) and baryons (three
quark systems). These hadrons in turn, form multiplets, whose structure is largely—
since SU (3) flavour is not exact—governed by the irreducible representations of
SU (3). The leptons on the other hand, experience only the weak and electromagnetic
interactions. Completing the particle content of the SM is the recently discovered
[1, 2] Higgs boson associated with the Higgs field, responsible for generating mass
in the SM.
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Table 2.1 Properties of the three generations of SM matter particles

Gen. Quark Charge Mass Lepton Charge Mass
(MeV) (MeV)
I u 2/3 1.8-3.0 e -1 0.511
d —1/3 45-53 Ve 0 <2 x107°
Il s -1/3 90-100 I -1 106
c 2/3 1.28 x 10° |, 0 <0.19
111 ! 2/3 1.73 x 10° |7 -1 1.78 x 103
b —1/3 4.18 x 10° | v, 0 <18.2

The data is taken from the Particle Data Group [3]

From these fundamental building blocks the rest of nuclear matter in the universe
is presently understood to be constructed.

2.2 Electroweak Theory

The theoretical footings for the unification of the SM electroweak theory were first
introduced by Glashow [4] in 1961. The massless vector bosons associated with
this SU(2) x U(1) gauge symmetry are W;L (where i = 1,2, 3) and B, whilst the
couplings are g and ¢’. These gauge bosons are included in the SM in the kinetic
terms of the Lagrangian,

Lo
L= = W, W — 2B B", @2.1)

where the field strength tensors are,

Wi, = 0,W), — 0, W) — gegWIWE, i, jk=1,2,3; (2.2)
By, = 9,B, — 0,B,,.

Under SU (2) ‘weak isospin’ the left-handed fermions transform as doublets. The
U (1) gauge group acts on both left- and right-handed components of the fermion
fields and is associated with a phase symmetry [5]. In order to generate the masses
of the physical particles, the SU(2) x U(1) symmetry is spontaneously broken
[6, 7] when minimising a potential,

Ao
V(@) =p¢"o+ S (0'0)7,
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involving a complex scalar doublet,

+
¢ = (ZZ;O) : (2.3)

This is known as the Higgs mechanism [8—11].

After spontaneous symmetry breaking, the U (1) group is the only remaining
unbroken symmetry. Additionally, the weak mediators end up acquiring mass leaving
the photon as the sole massless vector boson. Quantum electrodynamics (QED) is
based on this U(1)g group. Proof of the renormalisability of such spontaneously
broken gauge theories by t’Hooft and Veltman [12—14] in the early 1970s completed
the theoretical development of electroweak theory. Experimentally, however, there
still remained some puzzling issues.

Parity Violation in EW Theory

In 1956 Lee and Yang [15] put forward the idea of parity non-conservation in weak
interactions. An exceptionally radical thought at the time, this was soon verified
experimentally by Wu et al. [16] and confirmed by a group lead by Lederman [17].
Both of these experiments involved charged current reactions; however, Glashow’s
theory also predicted a small amount of parity violation through the neutral current
(NC) interaction term

g
Tt = 3 aqs o N t®) Zu(x). 24

where, B . '
Jex) = Zwi(xw“(g’v — g4y (x), (2.5)

and Z,,(x) is the Z 0_boson field. The fermion (anti-fermion) fields are given by v;
(Ei), and the vector and axial-vector couplings,

gt =1, —2g;sin’ Oy, (2.6)
gy=t,, 2.7)

where té 1 is the weak isospin of the fermion i and ¢; the charge.

After several conflicting experimental results [18—20], PV in neutral currents was
finally confirmed by Prescott et al. [21] in 1978 using electron—deuterium scatter-
ing and reaffirmed by a second experiment the following year [22]. The measured
asymmetries are shown in Fig.2.1. Together with the indirect [23-25] and direct
[26, 27] observations of the Z9-boson at CERN, these results firmly established the
SU (2) x U(1) theory as the principal description of the unified weak and electro-
magnetic interactions.

Since then the theory has proven to be extremely robust, successfully predicting the
values of physical observables to unprecedented levels of precision. Advancements
in technologies has meant that it is now possible to search for deviation between
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Fig. 2.1 Parity violation in e—d scattering as observed by Prescott et al. [21, 22]. On the left-hand
plot, the dashed line represents the same ‘Hybrid” model shown in the right-hand figure. Both
asymmetries (A) are normalised by the momentum transfer (Q2) and plotted against the fraction of
energy lost by the incoming electron (y)

experiments and theory at the parts per billion (ppb) level. In Sects. 3.1 and 3.2 we
will discuss these developments in more detail.

The Weak Mixing Angle

Mixing of the four vector fields, Wl‘; and B,,, gives,

1
Wit = % (W; - W,f) , (2.8)
_ 3
Z” o 92 +g/2 (gW“ g BM) ’
3
AN = = (g/Wll«+gBN)’

g+

where the Wlf and Z,, are the mediator fields of the weak interactions and A, is the
photon field of the electromagnetic force.

Alternatively, one can define the weak mixing angle (also referred to as the
Weinberg angle) in terms of the coupling constants,

/

g

/92_’_9/2’

. g
sinQy = cosfy = ———, 2.9)
/92 + g/2
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such that,
Z, = cos Oy W, — sinfy By, (2.10)
Ay

sin Oy W;’ + cos Oy B,,.

In order to verify experimentally, a renormalised definition of sin® @y is required.
At lowest order in perturbation theory,

M2
sinfy =1 - —%
z

@2.11)

and this expression was used extensively earlier on. However, it also induced mislead-
ing radiative corrections involving the top quark mass which meant that an alternative
definition was needed [28].

Today, the most commonly used definition of the weak mixing angle comes from
the modified minimal subtraction (MS) renormalisation scheme where,

sin® Ow (Wyis = €* (Wyis/9” (Wi (2.12)

with p representing the sliding energy scale. Theoretically motivated, this defini-
tion is, however, unphysical and requires global fits to data in order to obtain an
experimental value [5].

The running of sin® @y with respect to the energy, allows for straightforward
testing of the SM. By measuring the weak mixing angle at different energies, one
directly examines the accuracy of the SM’s predictions. In Fig. 2.2 we show a number
of past, present and future low-energy experiments, whose aim is to check the running
of sin? Oy .! (Note that in this case sin? @y is shown as a function of the momentum
transfer Q as opposed to p.)

2.3 Beyond the SM

Perhaps one of the most famous examples of agreement between the SM and exper-
iment is the anomalous magnetic moment of the electron where,

a.(Exp) = 11596521807.6 £2.7 x 10713,
a,(SM) = 11596521817.8 7.7 x 10713,

and the a,(SM) [35] is the theory prediction. We, however, are primarily interested
in those observables which relate to PV in the SM. In Table 2.2 we show the current

I'The final value for sin? Oy extracted from the NuTeV experiment [29] is the subject of consider-
able debate [30-33]. Despite being shown to lie significantly above the SM prediction in Fig.2.2,
additional corrections such as sea-quark effects result in agreement with theory [28].



10 2 Introduction to the Standard Model and Beyond

0.245 T T LR R T
v deep-inelastic
scattering
MOLLER E158
0.240 |- (JLab)\ 4
MESA (Mainz) 7% ;Qweak (JLab)
@ 1 EIC (statistical error only)
g
$ 0235+ APV (Cs) SoLID (JLab) -
=
]
0.230 |- 4
0.225 |- 4
L a3l MR | L s aanl A R AT
0.0001 0.01 1 100 10,000

Q (GeV)

Fig. 2.2 The running of sin” fy and the current experimental status [28]. Black data points rep-
resent published results, while the blue and red points are projections for future experiments. The
uncertainty on the theory prediction is of order the thickness of the curve, where at low energies
this corresponds to +7 x 1075 [3, 34]

Table2.2 Standard Model parity-violating parameters compared with their experimental values [3]

Observable Experimental value SM prediction
Ciy + Cia 0.1537 £ 0.0011 0.1530(1)
Ciu —Cia —-0.516+0.014 —0.5300(3)
Coy + Coy —0.21 £0.57 —0.0089

Cay — Caq —0.077 £ 0.044 —0.0627(5)
oy —0.0403 £ 0.0053 —0.0474(5)

v 1s the weak charge of the electron

state-of-the-art for a number of these measurements, where Cy; and Cy; are defined
in terms of the effective four-point interactions,

Lo =—=£ X [Cutnnedina + Cudnedn'Va].  @13)

GF
\/E i=u,d

1
with G r the Fermi coupling constant. At tree level,
Cii =2¢5dy, Cau=24%d", (2.14)

where g4 = —1/2and g, = —(1 — 4 sin? Ay ) /2. The quark couplings,
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1 4 1
u : 2 u
- ___ Ow , =,
v 2 3 St Ja 2
1 2 1
d s 2 d
gV—_§+§Sln 6W7 gA—_z’

are the same as those in Eq. (2.7).

In spite of the SM’s many achievements it is seen as incomplete. A number
of subatomic and astrophysical observables have lead to the notion that there is a
deeper, more fundamental theory, of which the SM is but a low-energy effective
theory. Neutrino masses, the rotational speed of galaxies, and the inexplicably low
mass of the Higgs boson are all problematic in the SM, and give strength to this
understanding. In the following section we expand on some of these difficulties.

Motivating New Physics

Although the list below is by no means complete, it contains many of the most
important motivating factors of searches for NP. For a more comprehensive set, see
for example, Refs. [5, 36, 37].

Gravity

Unlike the strong, weak and electromagnetic forces that can all be described at the
quantum level, gravity is currently only successfully realised classically. Attempts
to quantise general relativity run into the problem that the resulting theory is non-
renormalisable. Furthermore, while it may be possible to combine general relativity
to the SM by hand, gravity does not unify with the other three interactions at a
fundamental level. It is expected that a more complete theory would include the
correct quantum description of gravity as well as unifying it with the SM forces.

Hierarchy Problem

The mass-generating Higgs mechanism results in a neutral scalar boson of spin 0.
Experimental results from the LHC give the mass of the Higgs boson to be ~125 GeV
[1, 2]. Theoretically, however, such a light mass can only be obtained by an artificially
large amount of fine tuning.

We may write the Higgs mass as,

my; = my pare + O\, g%, K A?, (2.15)

where )\ is Higgs self-coupling and g and % are the couplings to the gauge bosons
and fermions. The bare Higgs mass receives corrections from higher order loop
diagrams some of which are shown in Fig.2.3. These diagrams are proportional to
A—the scale at which the ultraviolet divergences are cut off—and are quadratically
divergent. Should there be no physics between the electroweak scale (A ~ 103 GeV)
and the Planck scale (A ~ 10' GeV), the cancellation required to get a Higgs mass
of 125 GeV must occur to 30 decimal places [5]. Such fine tuning is seen as highly
unnatural and any BSM physics which might provide a solution to this problem is
considered to be worth examining.
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Fig. 2.3 Examples of one loop corrections to the physical Higgs mass

Neutrino Masses

At the time when the SM was originally formulated there was no empirical evidence
for massive neutrinos. They were therefore incorporated in the SM as massless parti-
cles. Since then however, experimental data [38—40] indicates that neutrinos oscillate,
i.e. they change flavour as they propagate. This means that in fact the neutrinos must
have some mass, albeit very small. Although masses for neutrinos may be incor-
porated into the SM by either adding extra right-handed states, or by the ‘seesaw
mechanism’ [41-43], there is still no experimental evidence to decide between the
two scenarios. Since these additions are not a part of the original SM, NP is still
needed to offer a more satisfactory solution.

Another question which the SM fails to answer is whether neutrinos are Dirac or
Majorana particles.

Gauge Coupling Unification

In the SM, the effective gauge couplings—corresponding to the strength of the
forces—may be written as functions of the energy scale. If the running of couplings
are plotted together as shown in Fig.2.4, it is clear that they do not meet at a single
point. The failure of the coupling constants to unify is seen as a drawback of the SM
and NP is required to obtain such unification.

Dark Matter

Gravitational lensing, star velocities in spiral galaxies and large-scale cosmological
structure all suggest that the universe contains additional non-nuclear matter. Invisible
electromagnetically, thus ‘dark’, it is thought to make up ~22 % of the total energy
content of the universe [5]. Although its presence is currently inferred only from
gravitational interactions, it is also possible that dark matter (DM) interacts weakly.

While there have been several SM based explanations for dark matter, such as
neutrinos, or ‘MACHOs’, (Massive Compact Halo Objects) most of these candidates
fail to explain the full range of current observations. In the case of neutrinos, their
masses are too light to give the correct relic density and their velocities too high to
allow for formation of the observed large scale structures. MACHOs on the other
hand, lack a credible mechanism for creating the amount of objects needed to account
for the masses of the galaxies.
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The failure of the SM to offer a suitable solution for DM, has left physicists little
option but to look outside the SM. A number of candidates e.g. axions, gravitinos,
even non-Newtonian gravity have all at various points been considered as possible
explanations. The leading candidate, however, remains weakly interacting massive
particles (WIMPs) and to be given serious attention most BSM theories require such
a particle.

Candidates for BSM Physics

Given the range of issues with the SM, it is perhaps not surprising that there is no
shortage of contenders for alternative physics models. Although there is yet to be
any experimental verification of any of these theories—either via direct or indirect
detection—there remains a large body of work devoted to studying their implications.
This next section looks at some of the more prominent BSM theories.

Supersymmetry

One of the best theoretically motivated extensions of the SM is supersymmetry
(SUSY). Originally introduced by Wess and Zumino [45], SUSY works by extending
the Poincaré algebra [46] to include spinor generators. This successfully negotiates
the Coleman-Mandula No-go theorem [47], which states that the most general sym-
metry group of the S-Matrix is the cross product of the spacetime transformations
and an internal symmetry (such as a gauge theory).
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The spinor generators Q,, act on fermions (bosons) transforming them to bosons
(fermions),

Qalf) = |b),
Qalb) = If).

This means that each particle acquires an additional superpartner—the fermions a
bosonic partner, and the bosons a fermionic partner. The Higgs sector is, moreover,
extended to two doublets.

One of the most attractive properties of SUSY is that it provides a natural DM
particle. WIMPs are considered prime candidates for dark matter because they are
both heavy enough (~10?~103 GeV [5]), to allow for the observed rotation speeds of
the stars and only weakly interacting, accounting for inability to detect it through the
electromagnetic spectrum. With the addition of so-called R-parity—necessary for
proton stability—the lightest supersymmetric particle (LSP) becomes stable making
it an ideal DM possibility.

SUSY theories may also help solve the hierarchy problem. The Higgs self-energy
loops containing additional supersymmetric particles cancel out those that appear
in the SM (cf. Fig.2.3), removing the need for artificial fine tuning. In combination
with grand unified theories, SUSY also allows for the unification of the coupling
constants. Another attractive quality of SUSY is that it opens up the possibility of a
quantum description of gravity.

Because SUSY provides solutions to many of the SM’s problems, it is one of
the most extensively studied BSM theories. Experimentally, there are a considerable
number of searches under way at the LHC. In detectors such as ATLAS and CMS,
the LSP may be inferred from missing energy signatures. Other astrophysical exper-
iments hope to see signs of SUSY particles indirectly by measuring self-annihilation
products such as gamma rays.

Extra Dimensions

The LHC currently looks for signs of extra spatial dimensions also. The simplest
extension to the standard four-dimensional spacetime involves a fifth, circular spatial
dimension [48, 49]. Given that this additional dimension has not yet been observed,
its radius should be small. This extra dimension then results in a tower of massive
states called a Kaluza-Klein tower. These momentum states may be searched for in
modern detectors.

Theoretical motivation for extra dimensions comes from both string theory and
the ability to incorporate gravity with the three other forces. As of today, there is yet
to be any experimental evidence for extra dimensions.

Technicolour

Finally, we mention technicolour. In these types of theories electroweak symmetry
is broken by an additional non-abelian gauge interaction removing the need for a
scalar (Higgs) field and the associated hierarchy problem. This is attractive since it
removes the fine tuning that might otherwise appear.
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Experimental Searches

The LHC is just one of a multitude of experiments currently under way, whose goal is
to discover new physics. These searches are often divided into three ‘frontiers’—the
Energy, Intensity, and Cosmic frontiers. Although they incorporate more than just
BSM experiments these divisions are still useful classification tools. In this section
we give a broad overview of these NP searches, for a more complete review see
Refs. [5, 28].

Energy Frontier

This category is dominated by the Large Hadron Collider. With four detectors
(ATLAS, CMS, ALICE and LHCb) and an anticipated final centre-of-mass energy
of 14 TeV, the LHC is the largest and most powerful particle accelerator yet created.
Its range of NP searches includes all those previously discussed i.e. supersymmetry
[50], extra dimensions [51] and technicolour [52], as well as others like microscopic
black holes [53]. Although they have yet to observe any of these phenomena, these
experiments have placed new constraints on the energy scales of BSM physics. With
the upgrade of the LHC almost complete, a new range of experiments will begin
which will continue to increase these limits. Other planned experiments at the energy
frontier include the International Linear Collider and the Future Circular Collider.

Unfortunately, the nature of the LHC experiments means that it would be difficult
to discover the precise properties of any NP observed. To do this requires experiments
at the intensity frontier.

Intensity Frontier

This technique provides an alternative approach to the ‘brute-force’ method discussed
above. In these types of experiments, beams of high intensity are focused on a target
resulting in measurements which are repeated many times over. By building up the
statistics and ensuring that the systematic errors are under control, these experiments
make precision measurements of SM observables with hope of detecting ‘smoking-
gun’ signals of new physics.

The previously mentioned Qyeax experiment [54], MOLLER [55] and the E08-
011 experiment [56], all fall under this category. Further examples include the pro-
posed 11 GeV PVDIS [57] experiment, the measurement of the proton radius [58]
and those involving the neutrino mixing parameters [59].

Another important field of research which falls within this grouping is the
Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix [60, 61]. One of the
main aims of flavour physics is to precisely determine the CKM matrix elements.
Experiments such as those at Belle [62], BaBar [63] and LHCb [64] all play signifi-
cant roles in this area.

Cosmic Frontier

In this category, observations are done on the cosmos. Optical, radio and even ‘neu-
trino’ telescopes such as ICECUBE are used to provide a better picture of the Uni-
verse. Techniques such as gravitational lensing have delivered key evidence [65] for
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dark matter and further observations may well answer remaining questions on the
nature of DM. Additionally, studies of cosmic rays [66, 67] provide windows into
particle collisions at energies many orders of magnitude greater than those currently
available at modern accelerators.
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