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1 Introduction

The Standard Model (SM) of particle physics is an extremely successful theory providing
various predictions that have been thoroughly tested and approved by experiments. Despite
the brilliance of the Standard Model, it is still far from being a complete theory. There are
number of unsolved problems that this theory is unable to provide solutions for. In order
to discover physics beyond the Standard Model different new theories and extensions have
been proposed. Among them are the supersymmetric theories that are considered to be
an elegant solution to some of the current problems in particle physics. Supersymmetry is
a spacetime symmetry relating bosons and fermions to each other and easily remedies the
hierarchy problem. In my thesis I will mainly focus on the minimal phenomenologically viable
supersymmetric extension of the SM, called the Minimal Supersymmetric Standard Model
(MSSM). The conservation of baryon number (B) and lepton number (L) present in the
Standard Model is no longer guaranteed in supersymmetric models. For instance, the MSSM
Lagrangian can generally contain additional terms, both gauge-invariant and renormalizable,
that violate either B or L [2]. A new symmetry, called R-parity, can be imposed to forbid such
terms and this way make sure to stay close to current experimental picture. Nevertheless, the
presence of R-parity violating (Rp) couplings in the supersymmetric Lagrangians leads to new
types of interactions. Some of these interactions yield extra contributions to the well-known
SM processes, while others generate reactions that are forbidden in the Standard Model. In
contrast to the SM, where all the processes happen via the exchange of fundamental spin-1
gauge bosons, new fundamental scalar bosons can be additionally mediated between SM
fermions in the MSSM if R-parity is violated. Therefore, R-parity violation, if present at
all, leads to many interesting new phenomenological consequences. The non-observation of
certain interactions and measured experimental constraints on the observables set stringent
bounds on the Rp coupling constants. The main goal of my thesis is to recalculate some of
these bounds based on the updated experimental values for different observables provided
by the Particle Data Group.

One thing to note is that it is generally more convenient to use two-component Weyl
spinor notation for fermions when working in electroweak or in supersymmetric theories. As
some readers may not be familiar with it, I will briefly provide the basic formalism before
specifying the MSSM Lagrangian and calculating different matrix elements or observables.
Section 2 covers the essential notations, conventions and Feynman rules in two-component
language heavily based on Ref. [1]. In section 3, using the formalism of section 2, I shortly
present the interaction Lagrangian of the SM in two-component notation together with
the associated Feynman interaction vertices. Section 4 is dedicated to a brief overview of
supersymmetry and the MSSM based of Ref. [2]. In section 5 I discuss R-parity, its origin,

properties, violation and consequences based on Ref.s [3] and [2]. In the end of this section
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I specify the Rp trilinear interaction terms. In Section 6, I go through various low energy
processes to calculate Rp contributions coming from the above-mentioned trilinear terms
and, consequently, set bounds on the trilinear Rp coupling constants involved. Finally, in
the last section, I will summarize all the obtained single-coupling bounds in a table together

with previous bounds found in the literature.

2 Two-component spinors

One of the distinctive features of the Standard Model is the chiral nature of fermionic
interactions. The fundamental degrees of freedom for fermions are two-component Weyl-van
der Waerden spinors that transform under the irreducible representations of the Lorentz
group [1]. It can be shown that the Lie algebra for the Lorentz group splits into two

commuting su(2) subalgebras [5]:
so(1,3) = su(2) & su(2). (2.1)

Each irrep (short for irreducible representation) of su(2) is characterized by a number j
that is either integer or half-integer. This in turn means that we can specify the irreps of
the Lorentz group istelf by two such numbers, say j; and j,, generating infinite number of
irreducible representations denoted by (j1,j2) with dimension (2j; + 1)(2j2 + 1). The two
relevant irreps are (%,0) and (O, %), referred to as spin—% representations. The elements
living in the vector spaces on which these irreps act are known as Weyl spinors. The
(%, ()) & (0, %) spinors are called the left-handed and right-handed Weyl spinors, respectively,
and are usually denoted by v & 1 in the familiar four-component notation. One should
keep in mind that these irreps are indeed distinct, though related by Hermitian conjugation,
as the left- and right-handed Weyl spinors tranform differently under boosts and rotations
[5]. The chiral nature lies in the fact that the two kinds of Weyl spinors are also differently
charged under the Standard Model gauge group. The parity is thus violated by the SM
Lagrangian. In the four-component notation, the Dirac fermion, containing both left-and
righ-handed Weyl degrees of freedom, therefore has to carry left- or right-handed projection

operators:
1 1
PL = 5(]1—"}/5), PR = 5(]1+’}/5) (22)

all along. So, while the parity-conserving theories, such as QCD and QED, are well-suited to
the four-component Dirac spinor notation, the latter may become a bit clumsy in a theory
that violates parity. Moreover, the two-component notation has even more advantage in
supersymmetric models, since their building blocks are chiral and vector supermultiplets,

both of which contain a sole two-component Weyl fermion.
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2.1 Conventions, notations and two-component spinor identities

This subsection specifies the most essential conventions and notations. I will also present
some of the two-comonent spinor identities that are relevant for the later calculations. The
possible number of these identities is enormous, so the reader is encouraged to refer to section
2 of Ref. [1] and the references in it for more detailed discussion of the two-component spinor
notation. All conventions, notations and identities are taken from Ref. [1].

I will use the following metric tensor:
g = g" = diag(+1,—-1,-1,-1), (2.3)

where p, v =0, 1,2, 3 are spacetime vector indices.

A two-component (%, 0) spinor field is denoted by ?,. It is a two-component, complex,

anti-commuting field with o = 1,2. A two-component (O, %) spinor is denoted by ¢:; with

& = 1,2 as welll. It is important to distinguish between the undotted and dotted spinor

indices because they cannot be directly contracted to form Lorentz invariant quantities. As
1
29

That is, if 1, is a (%, O) fermion, then w:; transforms as a (0, %) fermion [1]:

mentioned above, the ( O) and (O, %) representations are related by hermitian conjugation.

Ul = (o) = @s, (2.4)

and conversely
(W) = ta. (2.5)

This implies that one can use left-handed spinor fields v, or right-handed fields zﬂ}; only to
1
2
chosen and I will also stick to this choice later on when defining the chiral supermultiplets of

describe all fermion degrees of freedom. By standard convention the ( O) Weyl spinors are
the MSSM. Note that it is helpful to regard 1, as a column vector, and ng as a row vector.
There are also spinors that have raised spinor indices and are denoted as 1® and 1.
One can picture ¥® as a row vector, and 1'® as a column vector when combining them to
form Lorentz tensors [1]:
Wi = () = (1), (2.6
The height of spinor indices matters. In order to raise or lower them one can introduce the
analogue of metric tensor for spinors, the two-index antisymmetric epsilon symbol defined
as [1]

612 = —621 = €91 = —€12 = 1, 611 = 622 = €11 = €290 = 0. (27)

Lspinor indices are conventionally denoted by the symbols from the beginning of the Greek alphabet.
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We can then formally define €%# = (¢*%)* and €ap = (€ap)” [1]. Viewing € as a 2 x 2 matrix

yields the following [1]:
wa = €a6¢5, wa = €a51/1'37 Wd = edﬁwf’ wl = Edﬁ'wTﬁ' (28>

In order to obtain Lorentz vectors hermitian sigma matrices O'Z 5 and 7 %? are introduced
as follows [1]:
ot = (]]-2><2; 5:) ) ot = (]]-2><2; _5:) ) (29)

1

where & = (o', 0%, 0®) represents the three-vector of Pauli matrices. Using space-time

metric tensor the covariant versions can be easily obtained [1]:
O'# = gw,O'V = (]12><2; —6"> s Eﬂ = gmﬁl’ = (]12><2 ) 6:) . (210)

When constructing Lorentz tensors lowered indices must only be contracted with raised
indices and vice versa. Following a convention, descending contracted undotted indices and

ascending contracted dotted indices,
@, and &% (2.11)

can be suppressed [1].

Until now I have been discussing anticommuting fermion quantum fields. In the later
sections commuting spinor wave functions will also appear, for example from the Feynman
rules. Consequently, some identities will generate a relative minus sign depending on the
type of spinors involved. Therefore, it is convenient to denote the generic spinor by z; [1],
where ¢ enumerates different spinors. The extra minus sign, when interchanging the order

of two anticommuting fermion fields, can be incorporated in a handy notation [1]:

+1, commuting spinors,
(-1 = (2.12)
—1, anticommuting spinors.

Using eq. (2.12) the following identities involving z; hold? [1]:

2129 = —(—1>A2221 y (213)
2l = —(—1)A24, (2.14)
otz = (=) e" 2 (2.15)

2The additional minus sign in equations (2.13) and (2.14) appears due to the antisymmetry of the e symbol.
Because of this, interchanging commuting spinors results in an overall minus sign, while interchanging

anticommuting spinors does not produce an extra minus sign.
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Often one needs to simplify or rearrange Two-component spinor products, for example
in the matrix element calculations. This can be achieved by the Fierz identities. Here I list

some of the relevant ones used later in the matrix element calculations [1]:

(210"20) (54T u20) = 2(ziz) (22) (2.16)
(216“22)(%5#24) = 2(212%)(2'422) , (2.17)
(z10"20) (230,20) = 2(2123)(2)2)) . (2.18)

A more comprehensive list of sigma matrix identities and their associated Fierz identities

are given in Appendix B of Ref. [1].

2.2 Correspondence to four-component spinor notation

Before discussing Feynman rules, let me briefly demonstrate the correspondence between the
two-component spinor notation and the more familiar four-component Dirac spinor notation.
Of course the two notations should be linked to each other and the results obtained from the
calculations should not depend on which notation one employs. The easiest way to make
the correspondence evident is to go to the Chiral representation in which y-matrices take

the following form? [1]:

0 o, 5.8 0 5B
n= of = iy 018243 = « =
7= (5/“'*5 0 > s VB =YY ( 0 5%) , 1 (0 5%) , (2.19)

where the 4 x 4 identity matrix is also displayed in terms of dotted and undotted Kronecker
symbols.
In a Chiral representation, a Dirac spinor is obtained by combining mass-degenerate left-

and right-handed two-component Weyl spinors, say . and 7%, of opposite U(1) charge into

U(r) = (Xa(x)> , (2.20)

n'(x)

while the Dirac conjugate field in the same representation is

a single four-component object [1]:

— 0 &%,
T(x) = Wi(x) ( h 06) = (@), xi(@)) (2.21)
Note that numerically the above matrix is equivalent to vy. From the group theoretical point

of view, the above expressions suggest that Dirac spinors transform under the (%, 0) & (0, %)

3In order to show the correspondence one must explicitly include spinor indices.
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representation of the Lorenrz group. Using eq. (2.19) the chiral projection operators in eq.
(2.2) can be expressed as [1]:

5.7 0 0 0
P, = Pr = . . 2.22
L < 0 O) 3 R <O 5aﬁ> ( )

Eq. (2.22) then allows us to introduce the familiar four-component left and right-handed
spinors, ¥ (x) and Ug(z), defined as:

Xo(T) 0
0 n'(x)
justifying their names as evident from eq. (2.23).
Using equations (2.19)-(2.23), one can now express frequently encountered Dirac spinor

bilinears in the two component notation. Some of them are listed below:

TP, =i U, Prl; = x! ], (2.24)
Uiy PV = x1o*y;, Uy PpWly = mio'n), (2.25)
Uiy Py = —x[a";, Uiy PRl = mio”n), (2.26)

with the spinor indices suppressed in accordance with eq. (2.11), and 4,7 run through the
flavour or gauge degrees of freedom. These equations can be viewed as a recipe for quickly

switching between the two- and four-component languages.

An in depth discussion of the correspondence between the two-component and four-component

spinor notations can be found in Appendix G of Ref. [1].

2.3 Feynman rules and calculations in two-component spinor notation

In this subsection I briefly provide the basic Feynman rules, conventions and recipes for

calculating matrix elements in two-component notation taken from Ref. [1].

External fermion and boson rules

Feynman rules for the two-component external state spinors (suppressing the momentum
and spin arguments) are the following [1]:

e For an initial state (incoming) left-handed (3,0) fermion: z

e For an initial state (incoming) right-handed (0, 1) fermion: '
e For a final state (outgoing) left-handed (1, 0) fermion: 27

e For a final state (outgoing) right-handed (0, 1) fermion: y
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T, and y, are commuting two-component spinor wave functions that satisfy the momentum-space
Dirac equations [1]:

(p-0)*as = my'® (P 0)upy™” =maq (2.27)
(- ) s = —mya . (- 7)ys = —ma'® (2.25)

The mnemonic diagram [1] in Fig. 1 below summarizes these rules.

L (%,0) fermion

92
xZ ZL’T

Initial State Final State

yt )
R (0,3) fermion

Figure 1: The external wave function spinors should be assigned as indicated here, for initial
state and final state left-handed (3,0) and right-handed (0, 1) fermions.

Note that the direction of the arrows on the external lines do not coincide with the flow
of charge or fermion number, but instead correspond to their spinor index structure, with
fields of undotted indices flowing into any vertex and fields of dotted indices flowing out of
any vertex. The two-component Feynman rules for external bosons do not differ from the

four-component counterparts. They are listed below for completeness’ sake [1]:

e For an initial state (incoming) or final state (outgoing) spin-0 boson : 1
e For an initial state (incoming) spin-1 boson of momentum p’ and helicity A : (P, N)
e For a final state (outgoing) spin-1 boson of momentum p and helicity A : et (P, \)*

The treatment of propagators in two-component notation can be found in Ref. [1].
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General structure and rules for Feynman diagrams

Here the basic recipe for matrix element calculations in two-component notation is presented.

For the external lines we have [1]:

o If one starts a fermion line at an = or y external state spinor, it should have a  (2.29)
raised undotted index. If one starts with an 2! or yT, it should have a lowered
dotted spinor index. If one ends with an x or y external state spinor, it will
have a lowered undotted index, while if one ends with an =’ or y' spinor, it

will have a raised dotted index.

The following determines whether the o or & version of the rule for arrow-preserving

fermion propagators and gauge vertices are employed [1]:

e For any scattering matrix amplitude, factors of ¢ and @ must alternate. If  (2.30)
one or more factors of o and/or @ are present, then x and y must be followed

[preceded] by a o [7], and 2! and y' must be followed [preceded] by a & [o].

e Arrow-preserving propagator lines must be traversed in a direction parallel (2.31)
[antiparallel] to the arrowed line segment for the @ [o] version of the propagator
rule.

Fermi-Dirac statistics yield the following rules [1]:

e Fach closed fermion loop gets a factor of —1. (2.32)

e A relative minus sign is imposed between terms contributing to a given (2.33)
amplitude whenever the ordering of external state spinors (written left-to-right

in a formula) differs by an odd permutation.

The only thing that remains is to establish conventions for labelling Feynman diagrams in
the two-component notation. Since Dirac fermions are made up of two distinct two-component
spinor fields, there is an option of labelling fermion lines in Feynman rules and diagrams by
particle names or by field names. In what follows, I will stick to conventions specified in
Ref. [1] and label fermion lines with two-component fields rather than particle names. The
exact labelling conventions for internal and external lines in Feynman diagrams and also in

Feynman rules can be found in section 5 of Ref. [1].



Bounds on Supersymmetric Operators from Experiments Archil Suladze

3 The Standard Model in two-component notation

We can now use conventions and notations of the previous section to specify the fermionic
part of the SM in two-component notation?. The fermionic content of the SM, listed in Table
1, is made up of three generations of quarks and leptons described by the two-component
fermion fields. In Table 1 Y is the weak hypercharge, while T3 is the third component of the
weak isospin. Together they yield the electric charge via the relation: @ =Y + T3 [1].

One can make connection to four-component Dirac notation using eq. (2.20). Associating

x <— f and n <— f, a generic four-component Dirac fermion field is built in the following

fp = (_f) . (3.1)
f

The left- and right-handed projections are then

f 0
forL = <0> : for = (?) : (3.2)

The QCD interaction Lagrangian of the quarks with gluons is the following [1]:

way [1]:

‘Cint = _gsquTmi E;L(Ta)anm' + gsquL@ Eu(Ta)mnqmi ) (33)

where ¢ is a (mass eigenstate) quark field, m and n are SU(3) color triplet indices, A% is
the gluon field and 7 are the color generators in the triplet representation of SU(3). The
corresponding Feynman rules are given in Fig. 2 [1].

The electroweak interaction Lagrangian is given by [1]:

J % (K ulatd; W, + (K d e u; W, + vie W, + et |

-5 @ - Qi+ 507 ) 2,

Cw

f=u,d,vt
—e > QI i - [T )AL, (3.4)
f=u,d}t
where sy = sinfy, ey = cosfy, and i,j are generation indices. K is the unitary

Cabibbo-Kobayashi-Maskawa (CKM) matrix. All the fermion fields above are the mass

eigenstate fields. Fig. 3 [1] summarizes the Feynman rules .

4More detailed description of the SM (gauge and Higgs bosons, Higgs mechanism, mass diagonalizations,

etc.) can be found in Appendix J of Ref. [1], Ref. [5] and the references in them.
5Usually four-component fermion fields are also denoted by f. For this reason I write the subscript “D”

(short for Dirac) to differentiate the four-component field from the two-component (%, O) field f, even though
it is fairly easy to differentiate between the two depending on the situation. One can also use capital letters

to denote four-component Dirac fields when making connection to the two-component notation.
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Two-component fields | SU(3)¢, SU(2),, U(l)y | T3 | Q=T3+Y
u; 1 2
Qi = (dz) (3,2,3) _z _:;
U (3,1,-2) 0 —2
d; (3,1,3) 0 3

p
Il
VR
S OX
N———
YammS
-
“l\:)
|
o=
N—
|
O N NI
|
_ O

Table 1: Fermions of the Standard Model with their SU(3)c x SU(2);, x U(1)y quantum
numbers. ¢ = 1,2, 3 is a generation index. The bars on the two-component antifermion fields

are part of their names, and do not denote some form of complex conjugation.

Figure 2: QCD Feynman vertex interaction rules involving the gluon and quark ¢ =
u,d,c,s,t,b. For each rule, a corresponding one with lowered spinor indices is obtained
by 536 — —0uB4-

4 Supersymmetry and the Minimal Supersymmetric
Standard Model

Supersymmetry (SUSY) is a spacetime symmetry that transforms a bosonic state into a

fermionic state, and vice versa. Its algebraic structure involves a spin—% anti-commuting

spinor generator () generating the transformations [2]
@ |Boson) = |Fermion) , @ |Fermion) = |Boson) . (4.1)

Spinors being generally complex objects, the hermitian conjugate of () is also a symmetry

generator. Together they satisfy the following (anti-)commutation relations [2]:

10



Bounds on Supersymmetric Operators from Experiments Archil Suladze

Figure 3: Feynman rules for the charged and neutral current interaction vertices. For the
W= bosons, the charge indicated is flowing into the vertex. @; denotes the electric charge
and T:{ = 1/2 for f = u,v, while T3f = —1/2 for f = d,¢. For each rule, a corresponding

one with lowered spinor indices is obtained by Ez‘ﬁ — =084 -

{Q, Q" = —20, P, (4.2)
{Q,Q}={Q",Q"} =0, (4.3)
(@, P"] = [Q", P*| =0, (4.4)

where P* is the generator of space-time translations and the spinor indices on generators

have been suppressed. The squared-mass operator P? also commutes with @ and Q' [2]:

Q. P = Q. P =0, (45)
[P?, P¥] =0, (4.6)

11
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The building blocks of the supersymmetric algebra are its irreducible representations
called supermultiplets in which the single-particle states reside. Because of the nature of
supersymmetry, each multipltet contains both fermionic and bosonic states, usually referred
as superpartners of each other. Additionally, fermion and boson degrees of freedom are
equal in any supermultiplet®. As a result of the equations (4.5) and (4.6) particles living in
the same supermultiplet must have equal eigenvalues of P2, that is equal masses. One can
also show that the generators @, QT commute with the generators of gauge transformations.
Consequently, particles in the same supermultiplet have the same quantum numbers [2].

The simplest possible supermultiplets are the so-called chiral and gauge supermultiplets.
A chiral supermultiplet consists of a single two-component Weyl fermion and 2 real scalars,
conveniently integrated into a complex scalar field. A gauge supermultiplet contains a
massless spin-1 gauge boson together with a massless spin-1/2 Weyl fermion. These massless
fermions are called gauginos that, similar to their bosonic partners, transform in the adjoint
representation of the gauge group, and thus have the same gauge transformation properties
for the left- and right-handed components [2]. The SM fermions live in chiral supermultiplets
in any supersymmetric extension of the Standard Model. Note that there are other types
of supermultiplets, but they can always be reduced to combinations of chiral and gauge
supermultiplets [2].

From this point I will focus on the the Minimal Sypersimmetric Standard Model (MSSM).
First the particle content of the MSSM should be specified. As the SM quarks and leptons
fit into chiral supermultiplets their partners are spin-0 bosons. These scalar bosons are
conventionally called sfermions. The symbols used for the SM fermions also denote sfermions,
but with a tilde (7) on top. Since the left- and right-handed parts of the SM fermions are
distinct two-component Weyl fermions, they live in separate supermultiplets, and thus have
their own complex scalar partners.

Higgs scalar boson also falls into a chiral supermultiplet. Actually, In comparison to
the SM, only one Higgs doublet is not enough in the MSSM. One needs two separate Higgs
chiral supermultiplets with weak hypercharges Y = 1/2 and Y = —1/2 [2]. As will become
evident from the MSSM superpotential later on, we need both to give masses to the SM
fermions. These S(U); doublet Higgs chiral supermultiplets are denoted by H, and Hy,
with hypercharges Y = 1/2 and Y = —1/2 respectively [2]. The fermionic partners of the
Higgs scalars are called higgsinos. Their respective S(U); doublet left-handed Weyl spinor
fields are denoted by f[u and f[d.

This is the chiral supermultiplet content of the MSSM. It is summarized in Table 2 [2].

6The proof can be found in Ref. [2].

12
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Supermultiplets | spin 0 fields | spin 1/2 fields | SU(3)¢, SU(2).,U(1)y
Qi (@ dp): (u d), (3,2, 5)
a; e ; (3,1, —3)
ai gf—zz‘ Ei (3, L, %>
Li 7 L) (v £ (1,2, —3)
z s ’; (1,1, 1)
H, (Hy HY) | (H H) (1,2, +3)
H, (H Hp) | (H) Hy) (1,2, —3)

Table 2: Chiral supermultiplets in the Minimal Supersymmetric Standard Model. The
spin-0 fields are complex scalars, and the spin-1/2 fields are left-handed two-component
Weyl fermions. i=1,2,3 is a generation index. The bars on the fields are part of their names

and do not denote any kind of conjugation.

The first column specifies the names of supermultiplets’, the second and third columns list
scalar and fermion fields respectively, and in the last column their transformation properties
under the SM gauge group are given. Table 2 follows a standard convention according to
which all chiral supermultiplets are defined in terms of left-handed Weyl spinors, so that the
conjugates of the right-handed quarks and leptons (and their superpartners as well) appear
in it [2].

The Standard Model gauge vector bosons reside in gauge supermultiplets together with
their superpartner gauginos. The particle content of the gauge supermultiplets is briefly
summarized in Table 3 [2]. Supersymmetric partners of gluons are called gluinos and are
denoted by g. The electroweak gauge bosons W=, W9 and B° are associated with Spin-1/2

superpartners Wi, WO and EO, called winos and bino. Note that after electroweak symmetry

"The symbols in the first column of Table 2 represent the whole supermultiplet. For example, L stands for
the SU(2) -doublet chiral supermultiplet containing 7, v (with Ts = 1/2), and £, £;, (with Ts = —1/2). In

comparison, € stands for SU(2)r-singlet chiral supermultiplet containing ¢}, £. Note that the same symbols
can denote SU(2)r-doublet fields. For instance, H,, apart from representing the whole up-type Higgs
supermultiplet, can also denote SU (2) -doublet scalar field (H,” H?), while L can stand for SU(2) -doublet
spinor filed (v £) just like in Table 1. Usually it is straightforward to discern what the symbol denotes from
the context. The same symbols can also designate superfields. It makes sense because they also contain as
components all of the bosonic and fermionic fields within the corresponding supermultiplets. Nevertheless,

I will always point out that we are dealing with the superfields when required.

13
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Names spin 1/2 fields | spin 1 fields | SU(3)¢, SU(2)., U(1)y
gluino, gluon g g (8,1, 0)
winos, W bosons Wt Wwo W Wo (1, 3,0)
bino, B boson BO BO (1,1, 0)

Table 3: Gauge supermultiplets in the Minimal Supersymmetric Standard Model.

breakmg, just as W° and B interaction eigenstates mix to give mass eigenstate v and Z°,
WO and B° will also mix giving the so-called photino 7 and zino 20,

To sum up, Tables 2 and 3 make up all of the particle content of the MSSM. Next we
have to specify the superpotential as it governs the supersymmetric interactions bewteen the
chiral superpartners.

The superpotential of the MSSM is [2]

Wussm = uy,QH, — dy,QHy — ey LHy + pH, Hyg, (4.7)

where Q, L, H,, Hy, €, T, d are chiral superfields corresponding to the chiral supermultiplets
given in Table 2 and all the gauge and family indices have been suppressed. A superfield is a
single object that contains as components all of the bosonic and fermionic fields within the
corresponding supermultiplet. The gauge quantum numbers and the mass dimension of a
chiral superfield are the same as that of its scalar component ®[2]. y,, y.., ¥4, 3 X 3 matrices
in the family space, are the dimensionless Yukawa coupling parameters.

Note that in the superpotential only terms holomorphic in the chiral superfields treated
as complex variables (no complex conjugates should appear) are admitted. This implies
that terms like H}H, can not be part of the superpotential [2]. This constraint also makes
it evident why one needs two Higgs supermultiplets to give masses to SM fermions. Since
the superpotential is holomorphic, only H, can give masses to the up-type quarks and only
H,; can generate down-type quark and charged lepton masses after electroweak symmetry
breaking. The different interactions and vertices produced by superpotential (4.7) and,
additionally, the treatment of the gauge interactions as well can be found in Ref. [2].

Tables 2 and 3 and superpotential (4.7) are the basic building blocks of the MSSM. They

contain the particle spectrum and all the possible supersymmetry conserving terms that are

8The detailed discussion of superspace, superfields and the treatment of supersymmetry in this formalism
can be found in section 4 of Ref. [2]
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compatible with gauge invariance and R-parity conservation in the MSSM. So new question

arises: what is R-parity, and why do we need it at all in the MSSM?

5 R-parity

The concept of R-parity is closely related to the conservation of baryon number B and lepton
number L. One of the problems that can arise with the introduction of sypersymmetry
concerns the definition of B and L [3] that are carried by Dirac fermions. These numbers
appear to be fermionic in nature, since they are carried only by fundamental fermions as far
as we are concerned. This can not be the case any more in any supersymmetric extension of
the SM, because the fundamental fermions of the SM live in chiral supermultiplets together
with their superpartners, spin-0 bosons, which in supersymmetry have the fundamental
status themselves. Since the superpartners must share the same quantum numbers, we then
have no other choice but to attribute baryon and lepton numbers to fundamental bosons as
well. In the MSSM these boson are squarks and sleptons. But now B and L do not have
to be necessarily conserved due to possibly new interactions of supersymmetric theories [3].
Indeed the new bosons, if allowed to be exchanged between ordinary SM particles conjointly
with the SM gauge bosons, would change the entire picture, allowing extra contributions to
the normal processes and generating unwanted interactions mediated by scalar bosons. In
contrast, SM interactions are due to the exchange of spin-1 gauge bosons. To remedy these
problems a continuous R-symmetry U(1)g acting on the susy generator was introduced [3].
It allows for an additive conserved quantum number, R, and different values of it are carried
by superpartners inside the multiplets of supersymmetry. R-parity is the discrete version (Z
subgroup) of U(1)g, is connected to B and L as will become evident below, and successfully
forbids the unwanted direct exchanges of squarks and sleptons between SM fermions when
one imposes its conservation.

R-symmetry is a global U (1) symmetry under which some supersymmetric Lagrangians
are invariant. The defining feature of a continuous R-symmetry is that the anti-commuting

coordinates  and ' are oppositely charged under it [2]:
0 — e, 67 — eept, (5.1)
where o parametrizes the U(1) transformation. Eq. (5.1)? leads to [2]:

Q — €Q, Qf — e (Q, (5.2)

9Explicit expressions of susy generators in terms of superspace coordinates can be found in section 4 of
Ref. [2].
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which in turn implies that susy generators do not commute with U(1)x generator R [2]:

(R, Q] = Q, [R.Q"=-Q". (5-3)

Consequently, R-symmetry distinguishes between bosons and fermions belonging to the same
supermultuplets as they always carry different values of R charges.

In a theory invariant under an R-symmetry a general transformation rule of any superfield
S(z, 0, 01) of charge R is given by [2]:

S(x, 0, 1) — ef2S(x, e7@0, '), (5.4)
In a component form we have [2]:
¢ — eiR¢O¢¢, w — ei(R¢—1)O¢w’ (55)

where ¢ and 1 are the scalar and fermion fields of some chiral supermultiplet and Ry is
a charge assigned to this chiral supermultiplet. The components of a related anti-chiral
supermultiplet carry the opposite charges. Gauge superfields being real are not charged

under U(1)g at all. For their components it follows in Wess-Zumino gauge that
A, — A, A= N, (5.6)

where A, and A are gauge boson and gaugino fields respectively [2].

We can define R-transformation to not act on ordinary particles meaning that they have
R = 0 [3]. Gauge bosons already satisfy this condition as evident in eq. (5.6). We can
extend this definition to chiral Higgs , quark and lepton superfields, so that Higgs scalars
and SM fermions all have R = 0. This way all ordinary particles get R = 0, while their
superpartners, namely gauginos, higgsinos and sfermions will have R = 41 (for example as
eq. (5.5) suggests ZL, gr have R = +1 , while ZR, gr have R = —1). These assignments
allow us to define R-parity as the parity of the additive quantum number R associated with
ULr [3]:

+1, for ordinary particles,
R, = (-1 = (5.7)
—1, for their superpartners.

Thus we end up with two separate sectors of R-even and R-odd particles, with R-even
(R, = +1) particles including SM fermions, gauge bosons and the Higgs bosons of H, and
Hgy, and R-odd (R, = —1) particles encompassing their superpartners. The definition (5.7)
corresponds to restricting the U(1)g symmetry to its Zy discrete subgroup by constraining

parameter « to integer multiples of .
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In order to connect R-parity to B and L we have to first discuss the so-called matter

parity. It is a multiplicatively conserved quantum number defined as [2]
Py = (—1)38+E (5.8)

which was initially used to constrain superpotential to be an even function of the quark
and lepton superfields, thus to be able to recover B and L conservation laws, and avoid
direct Yukawa exchanges of spin-0 bosons between ordinary SM fermions. Using the above
definition of Py, one can now connect R-parity to B and L by re-expressing it in the following

way [3]:

R, = (=1)*(=1)*"*", (5.9)

s being the spin of the particle. Note that (—1)?* coincides with (—1)33*L for all ordinary
particles, hence giving R, = +1 when multiplied. Because the spin of the superpartners
differ by 1/2, (—1)?* and therefore their R, charges are exactly opposite. This means that
definitions (5.9) and (5.7) are equivalent.

To see how R, conservation forbids possible additional unwanted interaction terms, let’s
first find out if there are such terms at all in the MSSM superpotential. Indeed, as it turns
out there are other terms both gauge-invariant and holomorphic in the chiral superfields,
but are not part of the MSSM because they violate either B or L [2]. These additional terms

are given below in two extra superpotentils [2]:

War—1 = 3AijeLiLje, + N LiQ;di + piLi Hy, (5.10)
Wap=1 = %)\;/jkﬂic_ljalm (5.11)

where i, 7,k = 1,2,3 are family indices . L; have L = +1, ¢ have L = —1, and L = 0 for
the other supermultiplets. @Q); carry B = +%, u; and d; are assigned B = —%, while for the
rest B = 0. It is trivial to check that the terms in equations (5.10) and (5.11) indeed violate
L and B respectively by 1 unit. Gauge indices have been suppressed, which means that one
has for example L;L; = ¢**L,;,L;z and € ﬂmaﬂ,akc, where «, f = 1,2 are SU(2),, indices
and a,b,c =1,2,3 are SU(3)¢ indices [3]. Because of the antisymmetry of € and €2¢, \;;x
are antisymmetric with respect to their first two indices, while )\;’jk is with respect to their
last two indices:
Nijks = —Ajik, ;/]k - ;,/kj (5.12)
A candidate term in the Lagrangian (or in the superpotential) is allowed only if the
product of R, (or Py) for the fields in it is +1 [2]. The reason for sticking to R, instead
of matter-parity is phenomenological, since all the SM particles and the Higgs bosons carry
R, = +1, while their superpartners, with none of them yet discovered, have R, = —1. With

the R, values already assigned it is easy to check that the terms in equations (5.10) and
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(5.11) are indeed forbidden if R, is exactly conserved. But if R-parity is violated, then the
MSSM is enhanced with War/p—1 superpotentials. They generate a variety of terms. I will
focus only on the trilinear, Yukawa-like interactions involving two fermions and one scalar
boson. There are also bilinear terms involving fermions coming from g terms in War_1,
scalar interactions both I, conserving and violating, as well as Rp soft termstC.

In order to obtain Yukawa interactions we have to look for the F-terms [2] in the R,
superpotentials. The following identity involving the anti-commuting coordinates will be

useful [2]:
1
(0€)(0x) = —5(00)(£)- (5.13)
Chiral superfields can be expanded in the following way [2]:

® = ¢(y) + V200(y) + 00F (y),

where ¢(y) is a scalar field, ¢ (y) is a fermion field, and F(y) is an auxiliary complex scalar
field. Let’s now look at, for example, the A terms in the Way—;. Chiral superfields involved
are SU(2)r, lepton doublets L; and SU(2), lepton singlets €;:

L; = <£Z>+\/§9 <2i>+98FLi, Ei:g§i+\/§eéi+98Fei7
L;Ljey is then:

Li
LiLz = [(Zy) +V20 (Z) +00FY, (2}’]) +V26 (ZJ> +00Fy,
Li i Lj J

One of the F-terms can be obtained by combining the first term in the first bracket, the

[’égk + V206, + 00F,,

(5.14)

second term in the second bracket, and the second term in the third bracket:

o8 (~) (9”) (07,) = 262 (~) ("”ﬂ') (05) + 22 (~) (”J) (07,)
lrs . 0¢; 5 5% ) 0¢; ) Cri 9 0¢; 1
- [5 (00,)(68,) — L1 (9yj)(ezk)]
Now we can use eq. (5.13) to get to the final form:

2 [ai (00,)(67,) — {1 (eyj)wzk)} = —(00)(£,T)7 + (00)(v,0) 1.

So taking the F-term will yield the following interaction terms: ﬁiﬁjzk and 7, Liyjzk. There

are also the same terms but with ¢ <+ j coming from the product of the second term in the

10All these interaction terms can be found in section 2 of [3].
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first bracket of eq. (5.14), the first term of the second bracket, and the second term of the
third bracket. Additionally more F-terms can be obtained by combining the second terms
in the first two brackets with the first term of the third bracket. The same steps can be done
for the ' and )\’ terms in the Rp
its complex conjugate. Altogether we get the following Rp trilinear Lagrangian interaction

superpotentials. For each Lagrangian term there is also

terms [1]:
1 - . - . -~
Lie = =35 N (Gawits + il + Tyl — Clivs = BTl — Davily) +he., (5.15)
£LQE = — ;jk <~>;€kyidj + ﬁ,d]c_lk —+ JLjEkVi — J*ngzuj — aLjC_lk‘gi - Z/Liujak) + h.c. 9 (516)
Loz = 5N W) + A0} + daldy] +he., (5.17)

with the Feynman vertex rules given in Fig.s 4, 5 and 6 [1].

These Lagrangians contain terms that yield extra contributions to the usual Standard
Model processes, as well as generate new ones that are forbidden in the SM. By computing
Rp contributions and using experimental values for different observables, indirect bounds on
trilinear A couplings can be placed. This is precisely the goal of the next section.

Before going to the next topic let’s briefly discuss the reason why we limit ourselves to
the discrete R-parity and discard the continuous U(1)g symmetry. Actually, U(1)g happens
to be a symmetry of all four necessary basic building blocks of the MSSM: the Lagrangian
density for the gauge superfields responsible for strong and electroweak interactions, the
gauge interactions of the quark and lepton superfields, the gauge interactions of the two chiral
doublet Higgs superfields H, and H, responsible for the electroweak symmetry breaking,
and the “super-Yukawa” interactions, coming from Wyssy, responsible for quark and lepton
masses [3]. So why do we abandon U(1)g in favour of R-parity? The reason is that an
unbroken U(1)g constrains gauginos to remain massless, even after spontaneous breaking of
supersymmetry. A Majorana gaugino mass term 1M A will always break the continuous
U(1)g symmetry and, consequently, it will be absent in the susy breaking Lagrangian of the
MSSM. Since we want supersymmetry to be necessarily broken only the discrete version of
U(1)g, namely R-parity, can be tolerated.
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¢

—iAijk

. Vi

—iAijk

Figure 4: Feynman rules for the Yukawa couplings of two-component fermions due to the
supersymmetric, R-parity-violating Yukawa Lagrangian L;;s. For each diagram, there is

another with all arrows reversed and Ajjx — Afy.

—i\,

ijk

PN,

ijk

i\

ijk

Figure 5: Feynman rules for the Yukawa couplings of two-component fermions for the
supersymmetric, R-parity-violating Yukawa Lagrangian L£;,3. For each diagram, there is

another with all arrows reversed and Aj;; — A%

. "
—U€pgr A

Figure 6: Feynman rules for the Yukawa couplings of two-component fermions due to the
supersymmetric, R-parity-violating Yukawa Lagrangian L7 . For each diagram, there is

" — )\//*

another with all arrows reversed and A, ke
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6 Single-Coupling Bounds on the Trilinear A Couplings

In this section I go through various low energy processes mainly in the charged current
(CC) and neutral current (NC) sectors and obtain bounds on the trilinear A couplings from
various observables. These bounds are single-coupling bounds derived under the so-called

single coupling dominance hypothesis, where a single Bp coupling dominates over all the

others, with typical orders of magnitude being A\, X, N < (1072 — 1071) x and

m
. . _ . 100GeV
involving a linear dependence on the exchanged sfermion masses [3].

To simplify notation, it is useful to define the following auxiliary parameters [4]:

MR u? , M2 Nl
nM@=CﬂjL%ﬂ nmazﬁﬂﬁ . (6.1)

2 2
g mz g my

Shifts in observables in the CC and NC sectors will be expressed in terms of these dimensionless

quantities.

6.1 Charged Current Universality In Lepton Sector

One of the distinctive properties of the standard electroweak theory is the universality of
lepton and quark couplings to W= bosons. The LLe and LQd operators lead to universality
violations. Consequently, stringent bounds on Rp couplings can be placed by precision

measurements of the CC universality. For example, the A\ couplings induce additional
contributions to the muon decay p~ — v,e 7., involving vertex (Rpl) and its counterpart

with all the arrow reversed as shown in Fig. 7(b).

V]

pza/,

p1; A2k v,
a R q P4

NN

CRre . .
* E—
12k p2

(b)

Figure 7: Contributions to the muon decay from (a) the Standard Model and (b) an Rp
operator. ¢ = t = (py — pyys)” in (2)/(b).

The effective tree-level Fermi coupling G will be modified by the Rp operator. In order
to get the Rp contributions let’s evaluate matrix elements at low energies for the above
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diagrams:

iMPr = {x? [—i)\12k 50ﬂ ysﬂ} <t—#> {xga [M,{% 5d5] 3713}
LR

i | Ar2k]?

T t—m2 )

Rk

{z1y3} {5339511}

t < m2 i|/\12k|2
~ - 2 {71y3} {x;ﬂ}

Cri

1) 1| A2k]? _
= —W{%U“d}{i’g%ys}
LR
|)‘12’f|2 wo.t T—= 6.2
W{%U 5174}{1'2%3/3}- (6.2)

LRk

—_— MRP:_

Using vertex rules @ and , I get the following low energy SM matrix element:

s o [ W9%ma | e | (19" i igo)
M _{xl{ V2 }x‘l}(t—M%){%B[ V2 ]yw}

2

—1ig _
Q(t_—]\ﬁv){xm“ﬂ}{xga”yg}

2 - 2
t< M ’Lg _
R M, {102} } {2l ys}

2
— MM = fw{xla“x}l}{x;ﬁ“%}. (6.3)
W

So we have!l:

/ 2
g _
MM = 7 {wiotzH{alorys}.
Mhe = Nl e
= _2m—3{$10 374}{%%93}-
\ LRk

Thus MTetal = MSM _ MBP 5o that Gp becomes:

Mg\ k| ¢° =
1+( gz ) | = am [ rial)] - (6.4)

Rk

Gr_ g el &
Vo BME T 8mZ T M3
Rk

This shift will affect other observables through Fermi coupling Gr.

Hyelative minus sign due to the ordering of the external fermions. It does not really matter which matrix

element gets a minus sign in front, only the relative sign matters.
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Bounds on the LLe couplings can be obtained by comparing the measured ratios of the
CC decay widths to their Standard Model expectations. One of these ratios is defined in the
following way [4]:

I(1 — o)

R, .
T T (e — evw)

(6.5)

The diagram and the matrix element calculation for 7 — prv are similar to the muon decay
counterparts after replacing p — 7, ¢ — pu, v, — v, Vl — VL and Mg — Ao3p. Since
I' o« |[M? we get: T'(7 — i) o (1 + 7935 (Cri))? & 1 + 2793, and similarly T'(4 — ev?) o
(14 712k(€rk))* = 1 + 2712. The expression for R, is then

R~ RSM 1+ 213 _ oar (14 2793) (1 — 2719) _ s (14 2ra31) (1 — 27195)
T 1+ 279 TH (14 27198) (1 — 2719) s 1 —d4riy,

~ RS [1 + 2795 (Pe) — 27108 (Tre) + 0(73)] , (6.6)

where in the last step I have neglected the ri,, < 1 terms in the denominator.

The measured branching ratios are [6]

ota FT —
Uye m L0 ot = (1739 20.04) x 1072,

The lifetimes of p and 7 are 7, ~ 2.197 x 107% and 7, & (290.3 £ 0.5) x 10~ respectively,
while m, ~ 105.6584 MeV and m, = 1776.86 4 0.12 MeV [6]. Using these numbers I get
that

R, = (131.4183 £ 0.3023) x 10". (6.7)

The SM expression for R,, including radiative corrections is [7]

s — 2 /) 3,

wit F(m2 /) o g% = 1.309 x 10°, (6.8)
where f(x) is the phase space factor
flx)=1-8r+8x" —2* —122*Inz, (6.9)
&%, is the W-boson propagator correction
Sy =1+ 2]\7% : (6.10)
and 55 is one-loop correction from photons
o =1+ O‘g:f) (% - 7r2) . (6.11)
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Using the results of eq.s (6.7) and (6.8) I get that

R,

T = 1.0040 £ 0.0023.
RS}

Plugging this number back in eq. (6.6) then yields the following single bounds:

-

Aosie| = 0.04 %+ 0.01 (< 0.05) [ ——tze 1o (2 6.12

p (<005) (oo ) 7 (20) (6.12)
-

A 0.01 [ —=e 2 6.13

[Azi| < (1OOGeV> d (6.13)

Eq. (6.6) excludes Ao at 1o level.
Another measure of the LLe operators comes from the following ratio [4]:

D(1 — ev.v;)

R, .
I'(r — po,vy)

(6.14)

R, is modified by Rp operators analogous to R.,, with the replacement of ry3, and rig; by

ri3k and 7oz, respectively, giving:

RT ~ REM [1 + 2T13k<ZRk) — 2r23k(ZRk) + O<T2)] . (615)
The measured branching ratios are [6]
Fe FH
= (1782 0.04)%, = = (17.30 £ 0.04)%,

where I is the total decay width of 7 lepton. Using these numbers I get that
R, =1.0247 4+ 0.0033. (6.16)

The SM expression for R, including radiative corrections is [7]

f(me/m3)
f(mZ,/m2)

where f(x) is already defined in eq. (6.9). Eq.s (6.16) and (6.17) then result in

RSM = = 1.028, (6.17)

R,
RoM = 0.9968 £ 0.0032.

Finally inserting the above number in eq. (6.15) yields the following 20 level bounds:

m~

| A2sk| < 0.06 (ﬁ) , 20 (6.18)
m-

|)\13k| < 0.03 (ﬁ) . 20 (619)
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6.2 Charged Current Universality in 7 and 7 Decays

One can also consider the 7 leptonic decays in Rp SUSY as they can be mediated by the
LQd operators at the tree level through vertex and the counterpart of vertex (Rp7

with all the arrows reversed as shown in Fig. 8.

Diagram 8 (a) yields the following tree level J&p matrix element at low energies:

iMFe = (o =iy 0,7] yas} (#) {vha [x30% ] o1}
d

Rk
7N

= m {z1ys} {yial}
~ _m— {1’193} {y2x4}
oo {91j oy Hal s} (6.20)

Using the vertex factors and @, I get the following SM matrix element at low energies:

g2Vud
SIER

MM = {10 yi =75} (6.21)

There is no relative minus sign between the diagrams, so we get a constructive contribution
from the If, operator:

2 1 (M2 X,
MTotal O(‘/;d (]\ZQ ) 1+ V W |>\1k‘
w g dek
Vud .92 1 ’ 7
=" 2 )1+ —9 (d ) .22
5 () [ it (622

The above result can be used to extract bounds on \|;, and \,,, by comparing the ratio
DN(r~ — e 7)
I'(m= = uv,)

eliminates the dependence on the pion decay coupling constant, f,. By using eq. (6.22), I

R

[4] to the experimental value. The advantage of the ratio is that it

get the following expression for R, (the calculation is similar to eq. (6.6)):

2
R, ~ R°M |1+ —
: [w

ud

(sl d) = s ) (6.23)
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ul (p27 82) l; (P4, 84)

d(p1,s1) (a) vl (ps, s3) d (p1, s1) (0) vl (ps, s3)
Figure 8: Pion leptonic decay in (a) an K, SUSY and (b) the Standard Model. ¢* =t =
(p1 — p3)? in (a), while ¢ = s = (p; + p2)* in (b).

The tree-level SM expression for R, is [8]

R ee = —— | - (6.24)
’ my miz —m

I

After plugging m. ~ 0.511 MeV, m, ~ 105.6584 MeV and m,+ ~ 139.5706 £ 0.0002 MeV
6] in eq. (6.24), I get that
ROM =1.284 x 107 (6.25)

T, tree

With the radiative corrections RS becomes [9]

T, tree

RM = RSM (1 +0R,) =1.236 x 107%, (6.26)

T, tree

with [9]
SR, = —0.0374 + 0.0001. (6.27)

The measured branching ratios are [6]

T — e, (T./T) = (1.230 4 0.004) x 107*,
T — U, (T,/T) = (99.98770 4 0.00004) x 1072,

where I is a total decay width of #%. Calculating R, using the above values, together with
eq. (6.26), yields the following value for the ratio:

R,
RSM

= 0.9951 £ 0.0032. (6.28)
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Finally, after inserting eq. (6.28) into eq. (6.23), I get the following single bounds:

+0.01 mg
M| = 0.04 0.06) (| —2— 1o (2 6.29
ol =001 000 (< 0.00) (). 7(0) (629
m~
| A1k < 0.02 (ﬁ) : 20 (excluded at 1o level) (6.30)

The 2-body decay 7~ — 7w~ v, shown in Fig. 9, can also be used as an additional test of

lepton universality.

Vr

Figure 9: Rp contribution to the tau decay.

Once again, comparing the ratio [3]

Lt~ -7 7,) 2
T = o v,) ~ RIM L+ —— (rhyy, — ) (6.31)

RTﬂ'
Vud

to the experimental result will yield bounds on the couplings A}, and Aj,.

The tree-level SM expression for the above ratio is [10]

3 ) 2\2

T, tree ~ Qmei (1 _ mi/m%)Z

m, = 1776.8640.12 MeV, 7, (lifetime) = (200.340.5)x 10155, 7.+ = (2.6033=0.0005)x 10~5s
and the branching ratio for 7 — 7, is (I';/T") = (10.82 £ 0.05)% [6]. After plugging these
numbers into eq. (6.32) I obtain that

R2M, o = 0.9756 x 10%. (6.33)
R2M, . is modified by the radiative corrections to [9J]
Rev= BSM (1451, (o771 7009 ) g (6.34)
! —0.013
with [9]
SR, — 00016 00009 (6.35)
—0.0014
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Experimental value of R, is
R.r = (9.711 4+ 0.052) x 10°,

so that I calculate the ratio to be

RTTI'
SM
RTﬂ'

= 0.9939 £+ 0.0054. (6.36)

Finally, after inserting the above result into eq. (6.31), I get the following single bounds:

+0.02 mg
-
Ny | < 0.04 (m) . 20 (excluded at 1o level) (6.38)

6.3 Charged Current Universality in the Quark Sector

In the quark sector the LQd operators lead to extra contributions to quark semileptonic
decays, as happens, for instance, in nuclear g decay. The form of these decays are indeed
similar to that of pion leptonic decay, diagrammatically shown in Fig. 8(a), with the incoming
up anti-quark external line reversed and the coupling set to A};,. The calculation of the l}?p
contribution is very similar to that of eq. (6.4). This implies that, at low energies, the

effective tree-level weak coupling now is:

g2

The CKM matrix elements Vg, are experimentally determined from the ratio of the

Q — qev, to p — v,ev, partial widths [4], which for Q = d and ¢ = u is

2 |Vu€lM + T’llk(de)|2
|Veal )

ex — ~ (640)
T+ e (O 2

The rates for s — uev, and b — uev, will also be modified by the LQd interactions [3].
One should keep in mind that these rates will still depend on 719, through the dependence

of Gr on the A9 couplings. Summing over all of the down-type quark generations yields:

3

1 - - -
D Vi leapt = AR [Wu%M + 7 (dre) P+ [V 4 {rli(dae) rion (dre) 2 P
P |1+ 7125 (Cre )|

VAN + [t () Y2

2
~ |VSM)2 [1 + —V%M Tk — 27"12k] + VP [1 + W(Tilkrizk)lm — 2719k
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2

FIVEE |14 e (aart) = 21
ub

=1—2ri(Cre) + 2V 11 (d )
SM | 1 7 / 7 1/2 SM | 1 7 / ] 1/2
2V (o) | 2V [P drrtandd |, (6.4)
where the unitarity of the C' KM matrix has been used in the last step.
The numerical value of the above quantity is [6]

3
> V2 eape = 0.9994 = 0.0005.

Also, at the lowest order in J&, corrections we can take [3] V5™ = V4P ~ 0.974 [6]. After
plugging these two numbers into eq. (6.41), I get the following single bounds:

+0.005 m;
|)\12k| =0.014 — 0.008 (< 0023) (ﬁ) lo (20), (642)
m~
[Nkl < 0.011 (ﬁ) 20 (it is excluded at 1o level). (6.43)

6.4 Semileptonic and Leptonic Decays of D Mesons

Since the experimental branching ratios for the three classes of semileptonic charmed meson
decays are available, I will now discuss the following three-body decay channels: Dt —
foiji, Dt — FO*ETV,-, DY — Fféjui, where ¢ = e, u. Apart from the normal Standard
Model diagrams, we get additional contributions to these decays due to the A, couplings
of the LQd Lagrangian. The tree-level Rp Feynman diagram of the Dt — FOKZFVZ- decay is
shown in Fig. 10 (a) [3].

Figure 10: (a) Rp and (b) SM contributions to the DT meson semileptonic decay.
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Using the vertex rules and the complex conjugate of the tree-level J2p matrix

element is then:

iMRE = L9 [N, 6.7 yss ) <#> {ola |~ix0%] =1}
drk

T T (o) {ael)
T~ J:;zkl {21y} {x2x4}

dRk

de

2 16) >\
2 Pl el s} (6.4

dRrk

The SM Feynman diagram involves the vertices @ and and yields the following tree-level
matrix element (with 1234 ordering) at low energies:

_‘/cs 2 —
MM~ 2M2g {xla“xg}{xlauyg}. (6.45)
W

Since there is a relative minus sign due to the ordering of the external fermions between the

V /
two diagrams, we get a constructive interference for the effective coupling: 2M92 [1 + ‘lf%]
The other decays are identical, so after defining [3] R(;l, Rpo = B(D — puv, K®)/B(D —

eve K™)) respectively, the Rp contributions car be rewritten as

Rp+ Ry Rpo Ves 4 7hor (d gk )|? 2 ~ ~
(RDf)SM - (R*DT;SM - (RDOD)SM = :Vcs _i_rz:EJRZ;:Q ~ 1+ A {T;%(de) —Tizk(de)}-
(6.46)
The measured branching ratios for the different decay channels are the following [6]
DT = Kety, (I';/T) = (8.73 £ 0.10) %,
DY 5 K uty, (T,/T) = (8.76 £ 0.19) %,
Dt — K (892)% ", (I;/T) = (5.40 £ 0.10) %,
Dt — K (892)%u* Yy (I';/T) = (5.27 £ 0.15) %,
D’ — K ey, (T;/T) = (3.542 + 0.035) %,
D’ — K uty, (I;/T) = (3.41 £0.04) %,

where T is the total decay width of D*(®) meson. By using the above numbers I calculate
that

Rp+ = 1.003 + 0.025, (6.47)
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R}, = 0.976 + 0.033, (6.48)
Rpo = 0.9627 + 0.0148. (6.49)

(Rg))SM = 1/1.03 accounts for the phase space suppression in the muon channel [3].
This would be the exact value of Rp+ and Rpo if one treats the involved mesons as point
particles [7]. Ref. [7] takes into account the form factors and calculates R¥M for all three
cases based on experimental date. For R%{r‘/[ and R%]y , the above value of 1/1.03 is a good
approximation, since it lies within the calculated range [7]. But for R%5" we have to include

form factors, since 1/1.03 is out of the calculated range [7]

+0.005

*SM1—1 o
[Ri;5M] " = 1.060 0007

(20) (6.50)

*

Using eq. (6.50) I get that the ratio of the experimental and theoretical values of R}, is

R*
D = 1.0346 + 0.0363. (6.51)
RS

[Ves| =~ 0.997 [6]. This value together with equations (6.46) - (6.51) then yield the

following single bounds:

Ny < 016 ( s _ 20
R 22k 100 GeV ’ (6.52)
m~ .
| Aokl < 0.08 ﬁ 20 (it is excluded at 1o level),
e
\
(1] < 015 (0.18) () 152
Rp+ 9 . 6.53
"\ il < 0020000 (8 102 .
/ mCTRk
’)\22k’ < 0.05 (()08) m lo (20),
Rpo m~ (6.54)
Mol < 0.09 (0.11) ( 1oo iy 1o (20).

Another useful process for testing the lepton universality is the two-body leptonic decay
of the strange D, meson: D; — £~7,. The Rp diagram is is shown in Fig. 11.

Additional single-coupling constant bounds can be obtained by defining Rp, (Tu) =
B(Ds — 1v,)/B(Ds — uv,) [3] as the ratio of 7 and u decay channels. Rp couplings

contribute to this ratio, giving (calculation is analogous to the R}, case):

Rp,(T1) | Ves + 75 (dre) |° 2 [, 5 ;T
a = — ~ 1+ —— qra.(d — 7o (d ) 6.55
R%JSW(TM) |VCS +Té?k(de)|2 |Vcs| { 32k( Rk) 22k< Rk:)} ( )
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Figure 11: Rp contributions to the D meson leptonic decay.

The measured branching ratios are the following [6]:

D, — Tv, (I';/T) = (5.48 £ 0.23) %,
Dy — v, (T;/T) = (5.50 £ 0.23) x 107>,

The SM expression of RM (Tp) is [11]

2 2 2\ 2
m, Mp —mZ2
R%]y(TM) N (m ) (MJQD —mQ) .
H Ds ©

Using numerical values of the masses involved in eq. (6.56) [6]

Mp: =1968.34 £ 0.07TMeV,  m, ~ 105.658 MeV,

and the above numbers for the branching ratios, I get that

RIM(Tu) ~9.73,  Rp,(tp) = 9.96 £ 0.59.

Finally plugging eq. (6.57) in eq. (6.55) gives me the following bounds:

-
| Ajoi| < 0.11(0.18) <A> 1o (20),

100 GeV

.
| Npoi| < 0.16 (0.21) (#) 1o (20).

100 GeV

6.5 Neutrino Interactions

(6.56)

m, ~ 1777 MeV,

(6.57)

(6.58)

(6.59)

In this section I discuss neutrino interactions with leptons and nucleons. I will focus on

muon neutrino - electron elastic scattering v,(7,)e” — v,(7,)e” and NC muon neutrino -

nucleon deep inelastic scatterings v, (7,)N(A) — v,(7,)X, where X represents any product

particle.
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At low energies the effective Lagrangian containing the relevant neutral current couplings

encoded in the parameters g% r and €7, p(q) for the charged leptons and the quarks, respectively,
is [3]:

Y A {Z gt (¢50) + g5t (707 ) + Y esla) (a'7a) + enla) (aa“a*)}.

l=e,u q=u,d

(6.60)
In the presence of the ]%p interactions the above-mentioned neutrino processes get additional
tree-level contributions, consequently modifying the effective NC couplings. Measuring them
can thus provide single coupling bounds on the involved R coulings.

First let’s discuss v,e” scatterlng The relevant R diagram, shown in Fig. 12 (b), is

obtained through vertex and its counterpart with all the arrows reversed.

Vy (pz, 82) m (]947 84)
vy (P2, 52) Vy (P4, 54)
N n
1
A2k SRR T2k
/P1 p3\A
€ (2917 81) (b) € (p3, 53)

Figure 12: v,e™ elastic scattering in (a) the SM and (b) an R, SUSY.

The above diagrams yield the following matrix elements:

‘ Froye 100
s —m2 ) {@s[iATe]ws}
LRE

iMPr = {1 [k ] 22} (

!Aukl

= 5 _ {7122} {333554}
ERk

s<<m |A12k|

{7129} {x3x4}

2.1 ) )\ 2
(217) Z’ 12k| {x%ﬁ“l’l}{ﬂﬁjﬁu@}- (6.61)

2m?2
LRk

. SM __ E _1 2 T _iglw E 1 t
= (G i) 4 (=] 1 (G ] )
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_ ilg*/eh) H [_1 N sgv} (25" 01} a5 )

ot — M2 |2 2
t<Mz |1 1 92 _ _
T —1 {5} [—5 + S%V] (M_gy> {ala"a, H{2lT 20} (6.62)

Now taking into account that there is a relative minus sign between the diagrams due to the

external fermion ordering, we get the destructive interference between the couplings:

1/ ¢ I LIAP 1 ( ¢ | R MZEN |2
‘(Mg)<§+%0+55?=-5 Mz )2 ) T\ e
Rk

2
LRk

1 (9_2) K_l + 3%4,) - 7’121:(ng)] = _% {1 - rlzk(ZRk)} K_% * S‘Z/V> N Tl%(ZRk)] '

2 \ M2, 2

1 1 ~ ~
= g;'~ (—5 + 3124/) — (—5 + S%V) 12k (Crr) — T12k(Cri)

:<_%+Sa>p_4mg@@]_n%@m»

v,e” scattering also receives Rp contribution at tree-level, this time through vertex .

The relevant Feynman diagram is shown in Fig. 13 (b) below.

VL (p2, 52) Vl (P, 54)

€' (ps, s3) e (p1, 51)

Figure 13: 7,e~ elastic scattering in (a) the SM and (b) an &, SUSY.

At low energies the matrix elements (the calculation is similar to the v,e™ case) are:
1 2 T—=p T— 6 63
5 Sy 110" Y3 H Y20 uya }- (6.63)
ke _ 1 |)\271|2 FH
MO = o = {yloys Hulz ) (6.64)
eLJ
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For the effective coupling it means:

1 2 1| Ag1)? 1 2 ~ 4G
—= (g—) S — —| 2;1| =—3 (g_) [5124/ + rzjl(ij)] = _TQF [{1 — T2k} Siy +7’2j1} .

— g% = sy [1 - T’12k(ZRk>} + 7211 (011) + 7o (Crs).

As for the neutrino-nucleon deep inelastic scattering, represented by v, (7,)d — v, (7,)d
processes at the quark level, the diagrams (and hence matrix elements) are obtained by
applying the following changes: e — d, Ao — Ay, ZRk — JRk and e — d, Agj1 — Ny,
ZLj — JLJ- in Fig.s 12 (b) and Fig. 13 (b), respectively. Thus we get similar expressions for
the NC couplings €/ (d) and er(d) but with appropriate factors and A couplings. Altogether

we have:
91 = (_% + 551 — 712k (Crie)] — T12k (Crn), (6.65)
g% = spy [1 - T12k<sz)i| + 7911 (1) + ra31 (013), (6.66)
x(d) = (=5 + 5581~ rlne)] = P (), (6.67)
er(d) = % [1 - mzk(ZRk)] + 7 (dry). (6.68)

In order to set bounds on the coupling constants involved notice that [6]

ve 1 rve ve
91° = §(gv + 9%), (6.69)
ve 1 rve rve
95 = §(gv — 9%, (6.70)
where
W = 29v9v, (6.71)
9% = 29'19%, (6.72)
and
g = Tf = 253,Qy, (6.73)
gh =1/ (6.74)

The experimental and SM values (including radiative corrections) for g and ¢%°¢ are [6]

gv¢ = —0.040 & 0.015, (gv¢)™M = —0.0398 + 0.0001, (6.75)
g% = —0.507 £ 0.014, (%)M = —0.5064. (6.76)
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Using eq.s (6.75) and (6.76) I find that

gy = —0.2735 + 0.0103, (gv)M = —0.2731, (6.77)
g% = 0.2335 4 0.0103, (%)M = 0.2333. (6.78)

The experimental and SM values (including radiative corrections) for € (d) and eg(d) are [6]

er(d) = —0.4554 + 0.0340, (ex(d))™M = —0.4288, (6.79)
er(d) = 0.0738 £ 0.0340, (er(d))®™ = 0.0777. (6.80)

Finally, the numbers in eq.s (6.77) - (6.80) give me the following single bounds:

Aiog| < 0.097 (0.136) (1073%) 10 (20) [¢%] (6.81)
Nag1| < 0.082 (0.115) (100 ge\/)’ 10 (20) [g%] (6.82)
o] < 0.093 (0.131) (1081&\/)’ 10 (20) [¢%] (6.83)
o] < 0.166 (0.236) (1002’;\/) . k110 (20) [g%] (6.84)
o] < 0.105 (0.248) (%) L 10(20) [en(d)] (6.85)
I\ | < 0.196 (0.245) (ﬁ) 10 (20) [er(d)] (6.86)
Niog| < 0.557 (0.768) (100%2\/), 10 (20) [er(d)] (6.87)
X1| < 0.138 (0.202) (mog;v)' 1o (20) [en(d)] (6.88)
+

6.6 Forward-backward asymmetry in e"e~ collisions

Another sensitive tests of the Standard model are the fermion pair production processes,
ete” — ff, where f = ¢, q. Mediated by photon or the Z boson in the SM, the asymmetric
angular distribution of the produced particles is observed due to weak interactions, since
the Z boson couplings differ for the left- and right-handed fermions. The forward-backward

asymmetry A? 5 in eTe™ collisions, defined in eq. (6.89) below, can provide a measure of the
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NC axial-vector couplings ¢/. 2

' do O do
dcost) — dcost
; F-B _/0 dcosf" " /1 dcost™°

PETF+B /1 do
_, dcosf

(6.89)

dcost

To see how Al is related to the axial vector couplings let’s consider the cross-section
o(ff) for the ete™ — ff process that can be generally written as: o(ff) = o(QED) +
o(int) + o(weak) [12] ; The middle term represents the interference between QED and the

weak interactions. At the lowest order (Born approximation) one gets [12]:

do(ff) _ ma? 2
= Ree(1 0)+ B 0 6.90
Teosd — 95 Hirs(1+cos°0) + Byseost], (6.90)
where 6 is the center-of-mass scattering angle and [12]
O-(ff) e e e
1= QED) ~ 205 g0x + [(97)° + (9)%)[(7)* + (gh)°1, (6.91)
Byy = —4g594x +8(g797) (9gh) x> (6.92)
: 4o
The By term causes F-B asymmetry as can be observed in eq. (6.90). 0(QED) = and
1
X = T2 0 cos0 (M;— S) [12] in equations (6.91) and (6.92). The imaginary part of

the propagator is small and thus is neglected. These results yield for ' and B the following:

1
do 1 1
F= dcosf = R -R -B 6.93
/0 050 008 11+ 385+ 585y (6.93)
O do 1 1
B = dcosd = R —R¢y — =Byy. 6.94
/_1d6089 cos s+ 3Br =581y (6.94)
F—-B 3B
= A{;B ~F1B " SR;;' At sufficiently low energies, that is when s < MZ, x is a
small number and, consequently, the x? terms can be neglected in Ry and Byy:
B —4g594x . ) .
PR AP s —Agaghx(1+ 20791 X) = —4ghghx + O, (6.95)
1 =209y x
3 e
= Ay =—Jga0hx (6.96)
At the Z peak [3]
3
0, e
A% = A A (6.97)

12Sometimes cf; is used instead of gf;.
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where

2 tree leve
A — M Al (6.98)
gv + g

The presence of the [k, interactions affects the forward-backward asymmetries A7, by

(Z
modifying axial coupling products through the t-channel diagrams with a sneutrino or squark
exchange as shown in Fig. 14.

In order to get the corrections to A°A/ let’s look directly at eq. (3) of Ref. [4] and take
f = p. The calculations for other fermions will be similar. The relevant part comes from

the third term of the above-mentioned equation [4]

el 45, ef Uj ef dy,
* /* 12’3
& b
)‘Uk )‘lljk ,1]k
Vil T =t

Figure 14: R, contributions to Aj.,

L[ Ayj0)? 1 [Agjf?
2 ,,,nﬁ;v [G'YMPLG] [/”L/YMPRM] 8 m; [6’}/ e — 67 ”}/56] [,u’yuu —+ ,U’YM’Y&U]
7 j
1 |>\1y2|

=5 mz (@ vse)(@yysi) + -

where in the last step only the product of the axial-vector parts is specified as it is exactly
the term that modifies Arg. The contribution to Arp in the SM at the tree-level is the
following:
1 ¢?
4 Mg, M2,

715t — fira)el 124 — il = — -2

4 M%/ [gilgfjx] (€7M75€) (ﬁ’m%u) + ..

Adding these two contributions yields the modification of the SM value of the product of

axial-vector couplings:

e e 1 M2 |)\1 '2|2 1 1 ~
(gAgfx)SM — (QAQQ)SM ) (g—ZV> mjg = 1 §r1j2(1/j)- (6.99)
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The Rp contributions to other fermion asymmetries are calculated a similar way. I list

the results of my calculations here:

1 1 ~

ACAC = = Srip(vy), gk = 121,131, (6.100)
1 1

ACAY = 1 Eﬁjk(ﬁj), 17k = 122,132,211, 231, (6.101)
1 1 ~

ACAT = 7 = Srel@), gk = 123,138,311,321, (6.102)

1 1 ~

ACAC — _Z _ §r/12k(de)’ (6103)
1 1 ~

ACAS = Z _ §Tllj2(uLj)7 (6104)
1 1 ~

ACAL — - 57/1]'3(””)' (6.105)

So for the Asymmetries at the Z peak eq. (6.97) yields the following expression:
AN ,
—EB _ _ |1 4,072, (6.106)
(App)SM

Experimental and SM values (including radiative corrections) for A%%, are [6]

A% =0.0145 + 0.0025, (A%)SM = 0.01619 4 0.00007, (6.107)
APl = 0.0169 4+ 0.0013, (A%)SM = 0.01619 4 0.00007, (6.108)
A%T = 0.0188 +0.0017, (A%7)SM = 0.01619 4 0.00007, (6.109)
A% = 0.0707 4 0.0035, (A%5)3M = 0.0736 + 0.0002, (6.110)
A% = 0.0976 4 0.0114, (A%5)3M = 0.1031 £ 0.0002, (6.111)
A% = 0.0996 + 0.0016, (A%2YSM = 0.1030 + 0.0002. (6.112)

After plugging eq.s (6.107) - (6.112) into eq. (6.106), I obtain the following single bounds:

[ Aiji| < 0.287(0.362) (m) ., ijk =121,131, 10 (20) [A}5] (6.113)

| Aijr| < 0.108(0.193) (10(;”5’ V) ijk =122,132,211,231, 10 (20) [AY%]  (6.114)

| Niji| < 0.125 100 Go V> ijk = 123,133, 311,321, 20 (1o excluded) [A%S] (6.115)
A 0.166 (0.207) ( — 1o (20) [A%S 6.116

[ Nio| < (0. )M’ o (20) [Apg] (6.116)
/ My, 0,s

IX5] < 0.288 (0.296) (m> 1o (20) [A%)] (6.117)

+0.022 (4+0.041) ( My, >

bV 0.102
Avjal = —0.028(—0.078) \100 GeV

10 (20) [A%’;} (6.118)
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6.7 Atomic parity violation

Electroweak theory violates parity as it treats left- and right-handed objects differently.
Precise measurements of parity violation in a number of different atoms provide important
tests of the SM at low energies. Additionally, comparing a measured value of atomic parity
violation (APV) with the corresponding theoretical value predicted by the SM can also
provide probes of physics beyond the SM, since APV can be sensitive to new physics with
parity violating interactions. The SM prediction requires, as input, the mass of the Z boson
and the electronic structure of the atom in question [13]. Even though My is measured
with a very high precision, the uncertainties in the atomic structure can still be significant.
Therefore atoms with accurately known structure, one of them being caesium, are used in
variety of precision experiments. The structure of caesium is well-known because it is an
alkali atom with a single valence electron outside of a tightly bound inner core [13]. APV
has been observed via the 65 — 7.5 transitions of '3:Cs [13].

Mediated by the Z-boson exchange between the atomic electrons and the nucleus in
the SM, APV transitions measure the parity-violating couplings in the electron-hadron

interactions that can be represented by the following four-fermion effective Lagrangian [3]:

£=TE S [C5 @) ersse) ) + O (@) e e) @] (6.119)

q=u,d

where the parity-violating C' couplings are defined at the tree level as [3]

e u 1 4 . 1 2
OSM(y) = 2g5g% = —= + =82, |, CSM(d) = 2g%¢% = = — =52,
2 3 2 3
e u 1 . 1
C3M () = 29705 = —5 + 25, C3M(d) = 20790 = 5 — 28y (6.120)

In the presence of the R, couplings A, (A1;1) additional parity-violating interactions
arise that modify C' coefficients through the s-channel (t-channel) exchange of dgy, (ur;)
between an electron and a w (d) quark in the atomic nucleus as shown in Fig. 15. The
simplest way to get the modified expressions for C'(q) and Cs(q) is to add the relevant terms
of the SM and Rp Lagrangians. For ¢ = u, the Rp four-fermion interactions come from the
first term of eq. (3) of Ref. [4] after replacing A — X, v, — uy and egr — dg:

)\, 2 - B )\/ 2 _ . _ _
et Ll Pl Pl = U ey el —
C’[Rk JRk
|/\,11k|2 Sl 77 evte)(u
= oo =@ o) @) — (@) @) + o), (6.121)
dRk

where in the last step only the g4gy terms are written out explicitly.
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Figure 15: Rp contributions to atomic parity violation.

Adding eq. (6.121) and eq. (6.119), while also keeping in mind that G is itself modified
by Aok, yields for C/o(u) the following expression:

_ ME, [N l?
Ciya(u) = 01/2( w)[1—riok(€rr)] — gz | lk’

SIS — O ()1~ @) — 7). (6122

One could also arrive to the above expression by directly calculating the matrix elements
of Fig 15. The first diagram of Fig. 15 modifies the g;g; coupling and, consequently, the
gagy coupling since gagy = (91 — gr)(9r + gr) = grgr + - - - . Let’s also include the relevant
SM Feynman diagram and label both of them:

U(p2> 82) u(p4, 84)
u(p2, 52) u(pa, 54) \132 p7
N
/ JRk %
ETD. R ok ATk
/24?1 pz\*
(p1>51) €(P3753)

6(171751) 6(]03753)

These diagrams at low energies yield the following matrix elements:

PVIRE: A
Mb = | lk’ {:Blﬂfz}{% 4}(2 =" ’211k| {21 U“xs}{@%%}
2 m?
dR; dRrk (6.123)
g
MM = = (5.9 S (w10 el 0,2l ).
w
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There is a relative minus sign between the two matrix elements due to the ordering of
1 ~
the external fermions so that g$g% = (g5g%)"M — §Tilk(de)' This, combined with the fact
that G is itself modified by the Ao, coupling, gives the same expression for Cyo(u).
The relevant l}’?p four-fermion interactions for the d quarks come from the third term of
eq. (3) of Ref. [4] after replacing A — N, vy — uy and eg — dg:

N l? _ N2 _ -
_—27;521 [ev* Pre] [d’YuPRd] = _—8771;31 [—(eyﬂ%e)(dy“d) + (ev*e) (d%%d) +---]. (6.124)
urLk Ur;

So the in the presence of R, interactions C;(d) and C5(d) read:
1 2

Ci(d) = (5 - 53%4/)[1 — riar(€re)] + 711 (Ury), (6.125)
Co(d) = (5~ 253 ) 1 — P (Ea)] — 7451 (7). (6.126)

Another way to impose bounds on the coupling constants involved is to use the weak
charge Qw, which plays the same role for the Z exchange as the electric charge does for the

Coulomb interaction. The weak charge is defined in terms of C' coefficients as [3]
Qw = —2[(A+ Z)C1(u) + (2A — Z2)C4(d)]. (6.127)

Here Z is the atomic number and A is the nucleon number. @y is determined by an electric
dipole transition amplitude Fpy = kQw between two atomic states with the same parity,
such as the 65 and 7S states in caesium with k being an atomic-structure factor [14]. One
could evaluate bounds on the couplings directly from the expressions for C /(u/d), but the
bounds obtained from the weak charge calculations are more stringent. The quantity of
interest here is actually the difference between the measured weak charge and the SM value,

SQw = Qw — QM [3]. Below I calculate §Qy for a stable isotope of caesium, 1??08:

Qu (Cs) = = 2[ (A + 2){C7M (u) — C7M (w)rion (Err) — el dre)}
+ (24 = Z){CPM(d) — CYM (d)rion(Err) + 0 (W)} ], (6.128)
H(Cs) = = 2[(A+ 2)7°C7M(u) + (2A — 2)°*CM(d)], (6.129)
—> Quw(Cs) = = 2[—(A + 2)*riyy(de) + (24 — Z)77 (1)
—{(A+2)7CH (u) + 2A + 2)CFY(d) hriow ()]
= 376 (drr) — 42277 (W) — Qi riow (B r)- (6.130)
Now I can finally set bounds on the coupling constants involved. The SM and measured

values are Q3 ('32Cs) = —73.23 4+ 0.01 and Qu ('2:Cs) = —72.82 + 0.42 respectively [15].
These numbers together with eq. (6.130) give me the following single bounds:

e
N | < 0.046 | —drE 2 6.131
il < 0016 (it ). o (6.131)
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mzg;, .
XLy | < 0.025 (m) , 20 (6.132)
o] < 0.104 (%) . 2% (6.133)

6.8 The anomalous magnetic moment of muon

The last low energy process that I discuss concerns the anomalous magnetic dipole moment
of muon. The g-factor of muon represents the relative strength of its intrinsic magnetic
dipole moment to the strength of the spin-orbit coupling and in Dirac theory g = 2 [5]. Any
difference from g = 2 is dubbed as particle having the anomalous magnetic dipole moment.

Corrections to the magnetic moment come from diagrams that modify the way photons

interact with spinors. A generic diagram is shown below [5]:

q1 QQ\*

where p* = ¢4 —q{'. Associated matrix element can be parametrized in an usual four-component

notation in the following way [5]:

ot = Ciale) R (L) T (D) e, @13
m? 2m m?
where F} and F; are independent form factors. The tree-level graph, for example, corresponds
to F; =1 and F5 = 0.

Form factor F} simply modifies coupling e of the interaction Auﬂv“@/z, giving it scale
dependence [5]. This means, that F} term is not relevant for anomalous magnetic moment
discussions. On the other hand, the second term in (6.134) has exactly the structure we are
looking for. Relativistically the value of ¢ = 2 comes from ¢ term of the Dirac equation
coupled to an external magnetic field. Without F, g = 2, so it follows that this form
factor modifies the magnetic moment at the scale p? by g — 2 + 2Fy(p?/m?) [5]. Since the
measurements are performed at non-relativistic energies, with a good approximation we have
that [5]

g =2+ 2F(0). (6.135)

In this way, the whole problem of finding radiative corrections to g reduces to calculating

F5(0), which in the literature is often denoted by a,.
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The loop correction to the magnetic moment of u arises if there is a chirality flip between

the external fermions as eq. (6.134) suggests. Indeed we have:
uctu = (up, +ug)o" (up +ugr) = (up +ur)o" (up + ug).

Let’s focus on the uyuy term (or it could be the Trug term) and rewrite it in terms of

projection operators:

ELO'“VUL = (PLU)O'NVPLU = EPRO"LWPLU.
Now we can move P through o o< [v*,~"]. Keeping in mind that {75, 7"} = 0 we get that

uPro"" Py, o UPR[v*y" — v"y"|Ppu = u[y* Py — v Poy*| Pru
— Ty — 44" PpPru = 0.

Thus only the mixed terms survive. This chirality transition is usually done by an insertion of
a fermion mass and, consequently, a magnetic moment is then proportional to the external
fermion mass [16]. Since in the SM there is no heavy fermion one does not expect an
anomalously large anomalous magnetic moment of u. Actually, the measured value of the
anomalous magnetic moment of muon is of order predicted in the SM, off from the theoretical
prediction by only a few sigma levels. Even though the existence of new physics contributing
to a, can not be definitely concluded, still one can search for possibilities of generating a,,
of order the electroweak scale [16]. Since the experimental value is of order the expected
theoretical prediction, the mass scale of new physics must be close to the electroweak scale.

One particular model in which this can be achieved was discussed by Kim et al., Ref.
[16]. They studied the anom. magn. moment of x in the so-called effective supersymmetric
theory (ESUSY [17]) . In the ESUSY, sparticle masses of the first two generations are of
order 20 TeV [17], so they decouple. This means that the ESUSY with R-parity conservation
cannot account for the possible extra contributions to a,, since R-parity conserving loops
involve 7, and ji that are too heavy in the ESUSY [17].

The situation is different for the third generation sparticles, which in the ESUSY can be
taken to be lighter than 1 TeV [17]. So, following Ref. [16], I will discuss the anomalous
magnetic moment of muon in the ESUSY with R-parity violation involving contributions
from the third generation sparticles only.

The required chirality transition can also take place on the internal fermion and sfermion
lines because of the possible mixing between the left and right sfermions. However, such
contributions can be neglected due to the chiral nature of the SM and the fact that neutrinos
are very light [16].

The R, contributions to a, from the A and X’ couplings are shown in Fig. 16 [16]. There

are two types of loops involved: one with two scalars and one fermion, and another with two
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fermions and one scalar. In what follows I calculate both of these loop types separately in the
four-component notation and obtain expressions for F»(0). The four-component version of
Lagrangians (5.15) and (5.16) can be found in section 2.1 of Ref. [3]. Neglecting generation

indices, fermionic part of the interactions are of the following form:

frft = (Prf)Prf = (Prf)'vPLf = fTPryoPrf = [ToPLPLf = fPLY,

while the h.c. interactions contain Pg instead of Py, in the last term as can be easily verified
by doing similar calculation. Therefore, in four-component notation matrix elements will
generally contain P;, and Pg.

First I calculate a loop with two scalars and one fermion. It is shown below with the
momenta assignments. A denotes a generic Yukawa coupling constant. From the momentum

conservation it follows that p = ¢qo — ¢;.

iME = 73] 7 Lk [z‘%(l—%)] {(p M)Qi }[z‘@se@kup”)]

—m?2 + ie

) {’“ R m * } {<qf (—qk}k—%ﬁ } {% (1 +%>} u())

ves 7 Bk (~Que V] /4) (2K + ) (1= 55) (h — K+ ) (14 95)
@2m)* [(p+ k)® — m2 +ie] [k2 — m2 +ie] [(qn — k)* — m# + ie|

u(q1)

My ]O d'k g (2K +p") {(dh — F) (1 +75) (1 +75) +myp (1 —75) (1 +V5)}u(q1)

J @2m)* [(p+ k) —m2 +ie] [k2 — m2 +ie] [(qn — k)* — m3 + ie]

:@/<d4k g QR+ p") {Uh — ) @+ 206) +mg AT}

2m)" [(p+ k) — m2 +i€] [k2 — m2 + ie] [(q1 — k)* — m3 + ie]
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Figure 16: Rp contributions to a, from the A and A couplings. In each diagram one of the

external muons is chirally flipped by m,, insertion.
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/ d'k (fr — K) (2K +p") (1 +75) ()
@2m)* [(p+ k)* — m2 + ie] [k2 — m2 +i€] [(q1 — k)* — m? + ie] ’

where g = (—Q.e |N\?| /4); To simplify the above expression let’s first complete the square in
the denominator by introducing the Feynman identity [5]

1
[Az 4+ By + Cz]*

1 —
ABC

1
2/ dedydzd(x+y+z—1) (6.136)
0

2

In our case let A=k?> —m? +ie, B= (p+k)° —m?+ie, C = (q. — k) —mj + ie.

The denominator:

Az + By +Cz= (K —m2+ie)z+ ((p+k)* —m? +ie) y + (@ — k)* —m7 +ie)
=k*r — m2x + p*y + k*y + 2pky — mPy + ¢tz + kP2 — 2q1kz — mfcz + i€
=k + 2k(yp — zq1) + yp® + 2qf — mi(x +y) — mjz +ie.

Complete the square: (k* + yp* — 2¢}')* = k* + 2k(yp — zq1) + (yp* — 2q4)>.

(yp" — 241')? =" + 2°q} = 2yzpqs = (1 — = — 2)yp? + (1 — 2 — y)2¢] — 2yzp
=yp? — axyp® — yzp’ + 24 — x2¢7 — Y24 — 2y2pq
= yp’ + 2q; — xyp® — yzp® — 2yzpq — (v2 4+ y2)q;
=yp” + 2q; — ayp” — yzp® — 2yzpq — 2(1 — 2)m;,

=yp” + z2q; — wyp® — 2(1 — 2)m?, — yzp* — 2yzpqr.
Considering only the last 2 terms:

—yzp” — 2yzpqr = — yz2(e — @)’ — 2yz(qe — @) = —y2(6 + @& — 2¢2q1)
— 2y2(er — 7)) = —yzmy — yzmy, + 2y2qq1 — 2y2Gq1 + 2yzms,
=0.
— (yp" — 2¢})? = yp® + 2} — ayp® — 2(1 — 2)m?.
From these results it follows that
Az + By + Cz = (k" + yp" — 2¢")* + 2yp* + 2(1 — z)mi — (1= 2)m? — zm} + ie
= (K" + yp" — 2q}')* — A + ie,

where A = —ayp? — 2(1 — 2)m2 + (1 — z)m3 + zm7 . So, if one shifts k* — k* — yp* + 24,

the denominator becomes | (k* — A 4+ ie).
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The numerator

Nt =u(qe) (1 — K) (2K + p*) (1 +75) u(qr).

One can use momentum space Dirac equations and the Gordon identity to simplify the above

expression:

u(qe) o = myu(g
ql“(Ql) = muu(ﬂh)

~—

s ou()(d + dula) = 2myu(g) v u(q) — iu(g)o™ poulq).

After shifting k# the first two brackets of N# become: 3

20 (K" —yp! + 2y ) = 2(k —yp + 24r) (K" — yp"" + 2q)) + 0" — (K — yp + 241) p*
= 2h k" — 2y ghp* + 2z gl — 2(KKF — y pR* + 2 gh k" — y Ep + v B0t — yz dhp”
+ 2k — yz P + 2 hd)) + " — K+ ypp* — hp”

= (222 BT+ (1 — 2y + (22 — 22%)qlidy — 2K + 29 K + (2y — V)P
+(y — 202 "P + (2y2 — 2)ph — 22 g 4 2yz qi'p

1 4
= (1= 2y +2yz = 2)p"h + 22(1 — 2)qi4h — 56" K7 + y(1 = 29)p"P + 2y2 1P

o

Neglecting k? term as it is not relevant for the anomalous magnetic moment calculation we
are left with (1 — 2y + 2yz — 2)ptd1 + 22(1 — 2)¢i'sh + y(1 — 2y)pHPY + 2yz ¢}'p. Simplifying
the factors using the fact that v +y + 2 = 1 gives

l—z—2y+2z=a+y—2y+2yz= (—7) + 2z,
y(1=2y) = y(z +y+2—2y) = yle—g)" +yz.

So one is left with the following expression: {2yz ptdr + 22(1 — 2)¢i'sh + yz p"p + 2yz ¢\'p}.

= Nt ={.}1+7)=2yzp'm,(1 —5)+22(1 — 2)¢i'm,(1 — )
+ (yzp"de — y2 'th + 292 @il — 2y2 ¢ ) (1 + 75)
=2yzp'm, (1 —75) + 22(x + y)g'mu(1 — v5) + yz p"m, (1 + 7s)
—yzp'myu(1—7s) + 2yz ¢imy(1 4+ 75) — 2yz ¢fmy(1 — 75)
=yzp'my (1 —75) + 2z2 ¢ymy (1 — v5) 4 2yz ¢my (1 — 75) + y2 pmy (1 + 75)

IBFor simplicity I will not carry around w spinors, but naturally the following expressions are implied to

be sandwiched between u(g2) and u(qy)

(2 —y) parts will drop after the integration since the integrand and A are both symmetric under z < .
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+ 2yz qimyu (1 + 75) — 2yz ¢ymyu(1 — 75)

=yzp'm,(2) + 2yz ¢i'm,(1 —vs5) + 2yz ¢{'m, (1 + 75)

=2yzmy,p" + 2y2myq; (2)

=2yzm,qy — 2yzmuqy + dyzm,ql

=2yzmuqy + 2yzm,qy.
Therefore N* = 2yzm,(¢5 + q¢}') = 2yzm, [2m,y* —ic"’p,|. The o"p, part of N* is
exactly what we are looking for. Thus, recalling that F; was defined as the coefficient of this

m
operator normalized by —, the contribution to F5(0) is
e

2m A2 ! T odk —2yrmyi
F(0) = —* - ( 20).¢ A |) / dxdydzé(a:+y+z—1)/ ) 72 _?JA +ui€)3
0

1 iy
= (—Q4|A?) 4m?, (— )/ drdydzd(x+y+2z—1)yzi {%—;A}
mi 1-=z

2 1 1_2
(Qs|/\|)8—7:§( )/0 dZT

Change of variables: z =1—2 = 2 =1-2 & dz = —dz. In terms of x F5(0) takes the

3

following form:

2 1 3 2
R0) = ~QP gl [ et (6.137)

with A =m22® + (m2 —m2)x +m3(1 — ).
Now that I have finally obtained eq. (6.137) let’s proceed to computing the second type
one-loop diagram (two fermions and one scalar). It is shown below with the similar momenta

assignments.
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iM“:u(q2)/ Lk {ig(l—%)} {( @+ f+ my) }[iQfev“]

(2m)? p+ k) — mj + ie

x {Jf;—%} {zg(w%)} {(Q1 —k)Qi—mgﬂe}“(‘h)

7’ A (=Qre D1 /4) (1= 35) (B+ i+ mp)y"(k + my) (1+75)
@2m)" [(p+ k)* — m3 +ie] [k2 —m3 +ie| [(q1 — k)* — m2 + ie]

Once again let’s introduce Feynman parameters:

1 JR—
ABC

1
[Az 4+ By + Cz]*’

1
2/ dedydzé(x+y+2z—1)
0

where A = k*—mi+ie, B = (p + k)Q—mfc—l—ie, C = (¢ — k)’—m2+ie. One recovers the same
A, B, C'as in the previous loop calculation if f — s or vice versa. Therefore, the computation
of the denominator is very similar, giving (k* — A + i€)? after shifting k* — k* — yp* + 2q/,

with A now defined as: |A = —zyp? — 2(1 — 2)m, 4+ (1 — z)m} + zm? |. The calculation of

the numerator is a bit different though (once again the expressions below are implied to be

sandwiched between the two external spinors).

The numerator:

Nt = (1 =7s) (K +p+mp)y"(k+my) (14 7s)
= (1= vs) (Kv"K + Py K 4 mpy™ e 4 mgkyt + mppy™ +miy") (1+ )
= ('K + 5" K) (L + )" + (mpy™ K + mgky™ + mppy™) (1= 75) (1 +75)
+miy* (1 + v5)?
=2 (B9 K+ 7"K) (1 475) +2m39" (1 +5) -

Shifting k* — k* — yp* + z¢}' and neglecting the v term as we only need o part of N*

gives:
Nt =2{(k —yp+ zd) V" (F —yp+ zth) + 7" (K —yp+ z)} (1 + 75)
=2{W‘}é P e — g BT+ P -y B+ 2 e
—yz i + 2 v + Mo —ypyp+ zm%} (14+5)
=2{(y* — V"D — yz V"D — y2 )y + 22 b + 2B ) (1 + )
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=2{(* = 9"t — (V* = "o — (V> — Y)l"shh + (¥* — W) b
— Yz 1"t + vz Y — vz gy b + yz Y + 2 i h
+ 2 foth — 2y} (1 +75)
=2{(* — V"o — (v’ —y +yz) "o + (2 —yz — v* + ) do"sh
+ 2z + 22 — 2+ Y  —y) b} (1 +7s)
=2{(* —y)mu"t — (V> —y +y2) 1"t + (2 —yz — v* +y) m '
+ (2yz + 22 =249 —y) "} (1 +95)

w(g2)V e (14 75) ulqr) = ulg2) g2,y (1 + 75) u(qn)

(42) 29" 42, (1 +5) u(qr) — ulg2) g2, 7" 7" (1 +75) ulqn)
(q2) 245 (14 75) u(qr) — ulqz) 7" (1 +5) ulqr)

(¢2) {245 (1 +75) — m " (1 +75)} ulq).

|
2

I
2

I
I
)

w(g) hy"sha (1 +75) ulqr) = u(ga) g, dh "y (1 +75) u(qn)
u(q2) 29" qo gy (1 + v5) ulqr) — ulqe) gy (1+ 75) u(qn)
= u(ga) 2m,gh (1 —75) u(qr) — u(az) 20° 41, 42,7 (1 + 75) w(@)
+ u(q2) Q1DCQ2/3’Y’B’YQ’Y“ (14 75) u(qr)
= u(q2) 2mugy (1 — 75) ulqr) — u(ge) 2(q1g2)7" (1 +75) u(qr)
+ u(qa) doth " (14 75) u(qn)
= u(q2) 2myugy (1 — 5) u(qr) — ul(gz) 2(q192)7" (1 + 75) ulqr)
+ulg2) mu29™ 1, (14 75) w(q) — ulge) mugu, " (1+7s) ul(q)
= u(gz) {2mugy (1 - %) - 2(q1qz)v“ (1+ %)
+2my gt (14 7s5) — (1-— 75)} u(q

u(ge) s (14 75) ulqr) =ulge) muy* (1= 75) u(q).-

u(ge) 1y (14 75) ulqr) = w(ga) mu iy (1 = v5) u(qr)
u(g2) 2my 9" qu, (1 = 5) ulqr) — u(qz) muy"s (1 — v5) u(qy)
= u(ga) {2my g (1 —5) —mpy" (1+75)} u(aqr).

Plugging the above results back in N* yields:
Nt =2{(y* —y)2m, a5 (1L + ) — (v° — y +yz) 2mu gy (1 = 75)
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— (VP —y+yz)2mud T+)+ Quz+2° —z2+y> —y) 2m, g (1 — )}
+ (7" terms) .

Some factors can be rewritten in the following way:
o 2P —242yz = 2(2—1)+2yz = —z(x+y)+2yz = —xz—yz+2yz = yz—xz = WO.
oy —y=yly—1)=—-ylo+z) =—ay—yz
= N'=2{(y" —y)2m, ¢} (275) — (y2)2my. g5 (1 — )

+ (v —y) 2mu @ (=275) — (y2)2m ¢ (1 +75) }
=8(y* — y)ym, p'vs + dyz my, p'ys — | dyzmy, (¢h +q) |

The last term is exactly what we need; It gives the o*” term after applying the Gordon

identity:

u(qz) {—4yzmy (5 + ai)} u(ar) = ulqe) {—8yzmiy" + 4yzmictp,} u(q).

p* terms in N* vanish due to the Ward identity. Finally the contribution to F'(0) is:

2m |A]2 ! I d dyzmyi
R0 =22 (-@uel )2 [Casdydsato vy vz - [ o AT

1 : —1
= (_Qf‘)\m 4mi/ drdydzé(x +y+ 2z —1)yzi |:327T2A:|

= o) o [a s [Ty

! 1—2)
= (=0 W)swz/ dZ(T

Change of variables: z=1—2 = z=1— 2 & dz = —dz. In terms of z F5(0) becomes:

S R
T / =T (6.138)
0

F2<0) = _Qf|>‘|2

where A = m2a® + (m} —m2 )z +m2(1 — x).
With the loop calculations performed and the results (6.137) and (6.138) obtained, I will
now calculate Rp contributions to a, from the diagrams in Fig. 16. Using these equations

and neglecting muon and lepton masses we get:

2 1 L2 B
A d
= ol 167 2/ xmﬁﬁ—i—(m? —m2)z +mZ (1—x)
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m2 1 33'2(1 _ 27) |)\ |2 m2
L / p _ A2 L 6.139
| A3k | 1672 J, xmgTu_x) 4812 mZ ' ( )
2
a(b) _ ‘ ,23|2_“ /1 T 3 — 2
0 = 16n? J, mia? + (mZ, —mi)e +m}, (1 - z)
m? ! x? —a? Ry |2 2
L / 4 _ s 6.140
‘ 23’ 167T2 0 X m%Raj 967T2 m~ ’ ( )

(© 2 M [ v

) — | Mas d

a, ‘ 332‘ 167?2/0 xmi:v?—l— (mZ_ —mi)x—l—m;(l —517)
gpPm

R~ — 6.141
4872 mZ ( )
2
CL()=| 32|2 /1 ) 3 — 2
# 1672 m2a? + (m2, —m?2)x +m2 (1 - )
| Nisa|* M,
—_— . 6.142
9672 m2 ( )
Altogether the A contributions to the muon anomalous magnetic moment a [16] is
2 2
A mllf A 2 2 ‘)\123‘ A 2 2 1
= il — — 2" |———1| |- 6.143
Uy = 96,2 (| 32ki nZ T mL + [Asiz| mL ( )

Similar calculations for the A contribution can also be performed. In particular, the

evaluation of aff) and aLh) is straightforward:

1 >t 22 — 23
) =3 A 23k|2 2 / dr —— 2 _ 2 2 (1 _
1672 J, mZr? + (mg —m2)r + me(l x)

~ 12 3k‘2_3 (6.144)
4872 m 2L7 '
2 2t 23 — 22
h—3(Z) N 2_”/ d
U (3) Az 1672 J, ’ m2a? + (m%L —m2)x +mj (1 —x)

Al i

'y (6.145)
4872 mz

Thus a,(f) and aLh) cancel each other. As for the two remaining diagrams, I will still neglect
my, but leave m,; untouched, since for j = 3 w is a top quark ¢ and its mass can be

comparable to the sparticle mass involved.

1 2 1 B g2
a/(f) =3(3 ) Pl 155 | de—— 2 2 2
3 1672 J,  m2a? + (ml;R —mg)r+m7 (1—x)

2
o 1 B g2
x )
23 162 m2 x+m2 —m2a
br uj Uj
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1 73— 2 1 3 — 2 ) 9 5

dz 5 = = dr————, where a =ms —m; and b=m; .

o (md —mi)x+mi 0 ar +b b J g
R

,  a(—a®+ 3ab+ 6b*) + 6b*(a + b) In ( b )

/1 dmxB —x° a+b
0 ar+b 6at
I b
b? b)1
I 6b%(a+ >n<a+b>
~ 6a a a? al
1
RN P B bla+9) n(a b)
~ 6a a 2 a a?
B ( m2 )
m2 m2 In ;“
| o e, e,
m AL m \ 1T mi (1=
L : %R \ : %R ’n WLZ;R
1| 6y 1 Yy ylny 1
=—— |1+ —<¢—= - ——[1+C
6a 1—y{ 2 1—-y (1-y)? 6a[ + Gl
where 6 . . |
Y yny
C = ——q-— — 6.146
m?2.
as defined in Ref. [16] and y = —*. Using the above result, it follows that
m2
br
| X3l m;
o) = - 96;2 — _“m2 (1+ Cyi(y)). (6.147)
br uj
@ _ 3 2 2 m’, /1(1 22— B
a? =3 ST x
W 3) PPN A6R? Jo T m2a? + (m2, —m2)x +m? (1)
J R
~ |)\/ ) |2_%L ! T 1'3 — .TQ
BLgr2 fo T em2 rdm2 v —m?2
Uj bR bR
1 3_ .2 13 .2
/dx 5 ’ 2:6 5 :/dxu,whereazmg —m?2 and m2 .
o T =y~ o "

b

ar—b 6at

13,2 —a(a® + 3ab— 60%) 4+ 6b*(—a +b) In (1 - E)
/ dx
0
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2

Mo (f) :
5~ as in the a;; * case the following
ms

br

By simplifying the above expression and defining y =

result is obtained:

1 {[‘3—1'2 1 3y 1 1 lny 1
d = |14+ =0z - n
/0 xam—b 3a{+1—y{2+1_y+(1_y)2ﬂ Ba[ "‘02(31)];

where [16]

3y 1 1 Iny
C = ——< = 6.148
) 1—y{2+1—y+(1—y)2}’ (6:148)
Finally ang) is
[Nysl*  my,
al®) = 24;2 — _“m2 (1+ Cy(y)). (6.149)
br u;

C(y) and Cy(y) are only relevant when j = 3. For the first two generations they can be
neglected as y < 1 in those cases. Combining (6.147) and (6.149) then yields the following

total contribution to a, coming from the A" couplings [16]:

2
XN My 1 A2 2y |1 3 2+y
= 1 — 1
U 327?2{771% —mf| 233 +1—yt 2+1_yt+(1_yt)2 o
R

m? 1
H /\/ 2 /\/ 2 ) 1
{mg_(| 213"+ [Agas )} (6.150)

+ 3272

R

Note that aﬁ’ is positive definite. The total contribution Aaf’” [16] in the ESUSY with R,
violation is then
Aafr = +a. (6.151)

The theoretical and experimental values of a, are [6]

as™ = (1165918.36 + 0.44) x 1077,

ac™ = (1165920.91 + 0.63) x 107,

Using the above numbers and setting, for simplicity, m> = m2 =mZ_ = m%R =m [16],

get the following lower bound on the couplings A\, \" at 1o (20) level:

IA| (or|X']) > 0.72 (0.54) x ( (6.152)

m
100 Ge\/) '
This means that we can neglect contributions coming from the X\ couplings since there are
unavoidable single bounds from other processes (see Ref. [16] or Ref. [3] and also the bounds
coming from R,, and D meson decays in previous sections). With all the masses set to m
a), then becomes [16]:

2

m
a, ~ 96#2“7%2 (2As21]% + 3| As22]® + [ As2s]® + [Asial* — [Aias) - (6.153)
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First of all we can neglect A3 contribution since there are stringent bounds on it from
the CC universality. Even if it were not the case, the Ajs3 contribution is negative, so no
stringent bound could be obtained from equation (6.153). The same applies to A3jo and Aggq
couplings since they are constrained by asymmetries in ete™ collisions [16]. The remaining
two couplings are the least constrained of all the coupling constants involved, especially the
coupling constant Az (see the bounds obtained in previous sections), which in the ESUSY
can satisfy eq. (6.152) due to the high mass of smuons. Following the Ref. [16], we can treat

this coupling as the dominant one. Aaf” then becomes:

100 GeV ) ?
Aak? ~ 3.48 x 107 (%) Aaas]?. (6.154)
m
From the above equation I get the following 1o level bound:
+0.12 m
A322| = 0.86 — . 1 6.155
[Aszz —0.14 (100 Ge\/) ’ (6.155)

So the A3qo coupling can in principle account for the extra contribution to the anomalous

magnetic dipole moment of muon.

7 Conclusion

To conclude I summarize my results in Table 4. In the second column of Table 4 various
observables are listed. Following the notation of Ref. [3], V4 stands for the C KM martix
unitarity, while observables R denote various ratios of branching fractions in the CC sector
(see section 6 for the exact definitions). App and Qw (CS) are used for forward-backward
asymmetry in ete~ collisions and atomic parity violation in C's atoms. Finally v,e and v,q
denote muon-neutrino - electron elastic scattering and muon-neutrino - nucleon deep inelastic
scattering respectively. The third column lists my bounds obtained in section 6, while the
last two columns contain previous bounds from Ref.s [3] (2004 review of R-parity violating
SUSY by Barbier et al.) and [7] (2009 paper by Y. Kao and T. Takeuchi, where some of the
bounds got updated). All of these bounds are 20 level bounds. A handy notation [3] like

0.02¢ g used in Table 4 represents in this case a concise version of a numerical relationship

msz
Aijre < 0.02 (m .

As can be observed in Table 4 the CC sector gives the most stringent bounds and has
experienced a steady improvement; almost all the bounds from the CC observables have
gradually improved throughout the last 20-30 years. In most cases I got stronger bounds by
at least about 20%. The bounds from other observables fluctuate, but most of them seem to
stay in roughly 25%-50% range. Hopefully with the reduction of experimental uncertainties,

these bounds will also become more stringent.
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Coupling Observable My 20 bounds Previous 2o Prev. 20
bounds [3] bounds [7]
Ve 0.02 Cpy, 0.05 (g, 0.03 (.
R,, 0.01 lpy 0.07 Ui 0.05 (g
Qw (C's) 0.10 gy, 0.11 (g, 0.08 £y
Aok e 0.14 (py. 0.14 gy,
Ve 0.13 (py 0.13 Cpy
o 0.25 (g, 0.13 (py,
Applk = 1,2,3] 0.36, 0.19, 0.13]7 0.37,0.25, 0.11]7
‘o R, 0.03 (py, 0.07 Cpy, 0.05 (s,
Applk = 1,2,3] 0.36, 0.19, 0.13]7 0.37, 0.25, 0.11]7
R, 0.06 ( gy, 0.07 Cpy. 0.05 (s,
Aok R., 0.05 £z 0.07 L 0.06 £z
vee, k=1 0.127;, 0.117;,
Via 0.01 dpy 0.02 dgy 0.03 dgy
N R, 0.02 gy 0.03 dgy 0.03 dgy
e Qw(Cs) 0.05 g 0.05 dg 0.04 dgy
Applk = 2,3 |[0.30,=0.10 T Ja, | [0.28, 0.18]a,
Rpo 0.11dpy, 0.27 dpi 0.2 dp
Rp+ 0.08 dry, 0.44 dpy, 0.2 dgi
N R, 0.11dpy, 0.23 dpy 0.2 dps
Apg 0.21 dpy, 0.21 dp
Applk = 2,3] | [030, =010 T80 95, | [0.28, 0.18),
R, 0.06 dpy, 0.06 dpy, 0.06 dpy,
Ny R,. 0.07 dpy, 0.08 dpy, 0.07 dpy,
Vg 0.25 dpi 0.15 dpy
Rpo 0.08 dpy, 0.21 dpy, 0.1dgs
N Rp+ 0.16 dp, 0.61 dps 0.4 dpy
22 R, 0.18 dgx 0.38 dgx 0.3 dgi
Rp,(Tp) 0.18 d g 0.65 d i 0.2 dps
Ny R.» 0.04 dpy 0.12 dpy 0.06 d gy
Ny Rp, (T1) 0.21 d gy 0.52 d i 0.3 dps
N Qw (Cs) 0.03 7y, 0.03 7y, 0.03 7y,
Nyiy Vuq 0.20dy, 0.18dy,

Table 4: My single-coupling bounds on various l}z{p trilinear couplings compared to previous
bounds of Ref.s [3] and [7].
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