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Abstract

The Standard Model Effective Field Theory (SMEFT) provides a powerful and sys-
tematic framework for studying physics beyond the Standard Model by incorporating
higher-dimensional operators that respect symmetries. Within SMEFT, the flavor struc-
ture of these operators plays a crucial role in understanding fundamental aspects such
as fermion masses, mixing, and possible new sources of flavor violation.

In this thesis, we analyze how the imposition of specific flavor symmetries, namely
U(3)® and U(2)° flavor symmetries, constrain the SMEFT operators number and affect
the flavor dynamics of the theory. The U(3)> symmetry, which corresponds to treating
the three generations of fermions as indistinguishable at leading order, serves as a useful
baseline for minimal flavor violation. On the other hand, the U(2)® distinguishes the
third generation from the first two, providing a framework that is well-motivated by the
hierarchical structure observed in fermion masses and mixing. The breaking patterns of
these symmetries provide a rationale for the classification of new physics contributions
to flavor observables.

A crucial aspect of our analysis involves renormalization group evolution , which
governs the scale dependence of the SMEFT operators. The implementation of flavor
symmetries in the SMEFT typically implies a truncation of the operator series in powers
of the symmetry-breaking parameters. Therefore, to determine the RG evolution of the
Wilson coefficients, it is necessary to derive RGEs that are truncated consistently at the
chosen order in the symmetry-breaking insertions. To facilitate this, we introduce the
"RunSMEFT" code.

The phenomenological implications of these flavor symmetries are then examined in
a few experimental scenarios, with a particular focus on top physics. The top quark
sector serves as a crucial testing ground for new physics effects.



11 modello efficace della teoria di campo del Modello Standard (SMEFT) fornisce un
quadro potente e sistematico per studiare la fisica oltre il Modello Standard, incorporando
operatori di dimensione superiore che rispettano le simmetrie. All’interno dello SMEFT,
la struttura di sapore di questi operatori gioca un ruolo cruciale nella comprensione di
aspetti fondamentali come le masse dei fermioni, la mescolanza e le possibili nuove fonti
di violazione di sapore.

In questa tesi, analizziamo come l'imposizione di specifiche simmetrie di sapore, in
particolare le simmetrie U(3)° e U(2)®, vincoli il numero di operatori dello SMEFT e
influenzi la dinamica di sapore della teoria. La simmetria U(3)°, che corrisponde a
trattare le tre generazioni di fermioni come indistinguibili al primo ordine, serve da
riferimento utile per la violazione minima di sapore. D’altra parte, la simmetria U(2)3
distingue la terza generazione dalle prime due, fornendo un quadro ben motivato dalla
struttura gerarchica osservata nelle masse e nella mescolanza dei fermioni. I pattern di
rottura di queste simmetrie offrono una base per la classificazione dei contributi della
nuova fisica agli osservabili di sapore.

Un aspetto cruciale della nostra analisi riguarda 1’evoluzione del gruppo di rinor-
malizzazione (RG), che governa la dipendenza in scala degli operatori dello SMEFT.
L’implementazione delle simmetrie di sapore nello SMEFT implica tipicamente un tron-
camento della serie di operatori in potenze dei parametri di rottura della simmetria. Per-
tanto, per determinare 1’evoluzione RG dei coefficienti di Wilson, ¢ necessario derivare
equazioni di evoluzione del gruppo di rinormalizzazione (RGE) troncate in modo coerente
all’ordine scelto nelle inserzioni di rottura di simmetria. Per facilitare questo processo,
introduciamo il codice "RunSMEFT".

Le implicazioni fenomenologiche di queste simmetrie di sapore vengono quindi esam-
inate in alcuni scenari sperimentali, con un’attenzione particolare alla fisica del top. Il
settore del quark top rappresenta infatti un banco di prova cruciale per gli effetti della
nuova fisica.
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Chapter 1

Introduction

Since its conception in the early 70s, the Standard Model (SM) has been regarded as the
low-energy limit of an extended theory that includes more degrees of freedom, around or
above the electroweak scale, addressing some of its open issues. After years of running
the Large Hardon Collider (LHC), we can state that there is a mass gap between the SM
spectrum and these hypothetical new particles. How large this mass gap is, is probably
the most interesting open question nowadays in high-energy physics.

The observation of a mass gap above the SM spectrum, and the need to describe
it in possible general terms of physics beyond the SM, has motivated the systematic
study under the Standard Model Effective Field Theory (SMEFT) [1-9]. Its formulation
employs the degrees of freedom and gauge symmetries of the SM and it is structured
as an infinite series of operators sorted by canonical dimension. At observables level, it
reproduces a series expansion in (E/A), E being the energy exchanged in a process and
A the mass or the cut-off scale that characterizes the Beyond Standard Model (BSM)
dynamics.

With the situation of mass gap, SMEFT analysis had become standard across differ-
ent sectors of high-pT phenomenology, including top quark [10-19], electroweak vector
bosons [18-27], Higgs [18-20,28-31] and jets [32-35], aiming at finding small deviation
from the SM predictions.

The largest obstacle to such an analysis is the proliferation in the number of inde-
pendent operators in the SMEFT. For instance, there are 2499 independent baryon and
lepton number-conserving SMEFT operators that arise at the leading order (dimension
6) [6]. If the field content had only one single generation instead of three, this number
would have been 76.

In this thesis, we will address the flavor structures of the baryon and lepton num-
ber conserving dimension-6 operators in the SMEFT. In the case of an anarchic flavor
structure, where all real and imaginary coefficients are of order one, constraints from
charged lepton flavor violation, neutral meson oscillations, and electric dipole moments
push the new physics (NP) scale to many orders of magnitude above the TeV range. As



a result, only a small subset of operators influencing these rare transitions would have
any significant impact on phenomenology, making it unlikely that new effects could be
observed in high-pT collider experiments.

Postulating a flavor symmetry and its breaking terms can help in reducing and order-
ing via an appropriate power counting such large number of independent operators. Also,
it allows us to lower the overall cut-off scale of the EFT, ameliorating the fine-tuning
problem of the Higgs mass.

The price to pay for this series of advantages is the choice of flavor symmetry. Im-
posing a flavor symmetry and its breaking pattern (via a set of spurions) means making
a hypothesis about the UV physics. A flavor spurion can be viewed as a non-dynamical
,spurious, field that transforms under a nontrivial representation of the flavor group and
whose background value breaks the flavor symmetry. In this thesis we will focus on two
main cases, the U(3)® and U(2)° flavor symmetries.

The U(3)° flavor symmetry is the maximal symmetry allowed by the SM gauge group,
while U(2)? is a subgroup from U(3)® that distinguishes the third generation from the
first two generations. U(3)® allows us to implement the minimal flavor violation (MFV)
hypothesis [36,37], which is the most restrictive consistent hypothesis we can utilize in
the SMEFT to suppress non-standard contributions to flavor-violating observables [37].
U(2)° is an excellent approximate symmetry of the SM [38-40], that allows us to have a
much richer structure as far as third-generation dynamics is concerned.

In SMEFT, Renormalization Group Equations (RGEs) describe how the Wilson co-
efficients of higher-dimensional operators evolve with energy. From refs. [4-6] all the
SMEFT RGEs were calculated. The RGEs are available and automated already, but
only in the version with generic flavor indices [9,41,42]. In this thesis, we will present
a truncation technique, to truncate the RGEs up to a specific order to remain consis-
tent with the flavor symmetries. To do so we introduce the "RunSMEFT" code!, that
introduces a function that truncates and finds all the contributions to a specific order.

The remainder of this thesis is structured as follows:

« Chapter 2 provides an overview of Standard Model Theory (SM), outlining the
theoretical framework and stating some of its struggles.

 Chapter 3 introduces Effective Field Theory (EFT), explaining its motivation, key
concepts and technical tools.

o Chapter 4 presents the Standard Model Effective Field Theory (SMEFT), ex-
plaining how to remove redundancies in order to have a minimal non-redundant
dimension-6 operator basis (Warsaw Basis), detailing the anomalous dimension
matrices in SMEFT.

!The code is available on https://github.com/Mhmdkassir/RunSMEFT



https://github.com/Mhmdkassir/RunSMEFT

o Chapter 5 is one of the core chapters in this thesis, where we implement flavor
in Warsaw Basis structures, finding 2499 independent baryon and lepton number-
conserving SMEFT operators.

Then, we analyse how U(3)® and U(2)° flavor symmetries act on SMEFT, providing
a reduction of the large number of dimension six operators involving fermion fields.

Moreover, we establish a correspondence between Wilson coefficients in U(3)?,
considering only the third-generation Yukawa couplings, and those in U(2)® without
the need for spurions.

o Chapter 6 is the second core chapter, that provides a general discussion of SMEFT
RGEs, and the truncation techniques for both flavor symmetries up to a specific
order.

Then we introduce "Run SMEFT" code, that will calculate the truncated SMEFT
RGEs in both flavor symmetries, and we showed someof the obtained results.

 Chapter 7 focuses on phenomenological analysis for U(2) breaking. And shows that
the assumption of an approximate flavor symmetry helps lowering the bounds on
the new physics scale.

Additional useful material is provided in the Appendices: List of contributions from
Higgs self-coupling, Yukawa coupling and gauge couplings to the RGEs are respectively
in app.A, app.B and app.C.



Chapter 2
Standard Model Theory

The Standard Model of particle physics is a quantum field theory that describes the
fundamental particles and their interactions. It successfully unifies the electromagnetic,
weak, and strong forces under a single framework [43-45].

The SM is based on a local symmetry:

Genr = SU3)e x SU(2) x U(1)y, (2.1)

where each term represents the symmetry associated with the strong and electroweak
forces.

2.1 Gauge Symmetries and Fields

e SU(3)¢: Quantum Chromodynamics:

The SU(3)c group describes the strong interaction between quarks mediated by
gluons. The quarks transform into triplets under SU(3)c. The gauge field is
denoted by G;‘, i is the spacetime index (©=0,1,2,3) and a is the color index
(a=1,...,8). The field strength tensor for the SU(3) is defined as:

G;‘V = QMG;‘ — 0,,Gﬁ — gngBCGfo (2.2)

fABC

where g3 is the strong coupling constant and is the structure constant of

SU(3).

o SU(2), x U(1)y: Electroweak Theory

The SU(2) x U(1)y group defines the electroweak interaction. The gauge fields
are W/ (for SU(2).) and B, (for U(1)y).

The field strength tensors are respectively :

W,{V =0,W! — aVW,f — ggeUKWl;] wk (2.3)

6



B,, = d,B, — 0,B, (2.4)

where gy is the coupling constant for SU(2), and €//¥ are the structural constant of

SU(2). There are no non-linear terms in (2.4) because U(1)y is an Abelian group.

SU(2),, indices are usually denoted as {i,j,k} and {I,J,K} in the fundamental and
adjoint representations respectiviely. The SU(3)¢ indices in the adjoint represen-
tation are instead denoted as {A,B,C}, each runs from {1... 8}.

2.2 Fermion Fields in SM

« Quarks are fundamental particles that carry a color charge under SU(3)¢ and enter
the weak interaction under SU(2), and U(1)y.

qr, UR, dR (25)

» Leptons do not carry color charge, they enter the weak interaction under SU(2),
and U(1)y
€L7 €Rr (26)

There is no evidence that an independent vy field exists.

Each of the five previously mentioned fermions can be described by the following
representations, each consisting of three generations:

QL<372)+1/67 uR(371>+2/37 dR<371>—1/37 EL(172)—1/27 €R<171)71 (27>

In the weak basis, we have u; = {ug, cg,tr},d; = {dg, sg,br}, and

d’ dr,
ur, cr, iy, F
=g ©=\g) B={y] sy | =Vexm | L |, (2.8)
L L L b/ b
L L

where Vo is the quark mixing matrix. We will discuss it later.

In the Leptonic sector, we have e; = {eg, ur, Tr}, and

/
v 4 v Vel Vel

er, nr 7L /
vir Vrr

where Uppsng is the neutrino mixing matrix.



2.3 Scalar Field

The Standard Model contains one fundamental scalar field, the Higgs Field. This field
is responsible for the electroweak symmetry breaking:

SUB3)e x SU2), x ULy — SUB3)e x U(1) g (2.10)

The Higgs mechanism provides a way to generate masses for W and Z bosons and massless
photon (7). The Higgs field is introduced as a scalar doublet:

H(1,2) 412 (2.11)

2.4 The Standard Model Lagrangian
The full Lagrangian of the Standard Model is [46]:
‘CSM = ‘CKinetic + ‘CHiggs + ['w + ‘CYukawa- (212)

Lauge contains the kinetic terms for gauge fields, Luiges gives the scalar potential, Ly
gives fermion mass terms,and Lyyrawa describes the Yukawa interactions.
I will use the same notation of [4-6].

2.4.1 £Kinetic
The Kinetic part is given by:

1. 1. . 1 . - —
‘CKinetic = - ZGZ GA;W - ZW[M WI;U/ - ZBM Bul/ + ZqLIpQL + ZURIDUR + ZdeDdR

+ il D0y, + ieglPer + (D'H)Y (D, H)
(2.13)

The covariant derivative is
Dy = 0y +igsGyT* +igaWitr + igiy: B, (2.14)

where T4 = A\ /2 are the SU(3). generators, with normalization Tr(TAT?) = 2648 the
Gell-Mann Matrices taken to be



M=[10 0], N=[i 0 0], N=[0 -1 0],
00 0 0 0 0 0 0
00 1 00 —i 000
XM=(0o0 0], N=100 0], N=100 1],
1 00 0 0 010
00 0 L (100
AMN=100 —i, M=—([01 0]. (2.15)
0 i 0 V3l 0 -2

t! = 71/2 are the SU(2)[, generators, and the Pauli matrices, taken to be

o <(1) (1)) | L <S —()z) | 3 ((1) _01> _ (2.16)

and y; are the U(1)y charges.

Forinstance H has hypercharge yy=1/2, it is SU(3)¢ singlet and a SU(2), doublet
so that D acting on H is given by the matrix equation D,H = (J, + iggtIWJ +ig1B,/2)

Licinetic 1s flavor-universal and it conserves CP.

2.4.2 Ly
The scalar part is defined by:

Ly=—p*HH - NHH)?=-V(H) (2.17)

p? < 0 is the mass term, it indicates spontaneous symmetry breaking (SSB) creating a
Mexican hat. A > 0 is the self-interaction coupling, it is needed in order to bound the
potential from below, and have a stable system. This part is also CP conserving.

V(H) is the Higgs potential which was postulated in 1964 by a group of physicists
independently developing the idea of the spontaneous symmetry breaking, one of them
is Peter Higgs [47-49].

Later Sheldon Glashow, Abdus Salam, and Steven Weinberg in 70s used the Higgs
potential to break the symmetry and give the masses to W and 7 while keeping the
photon massless.

Without loss of generality, we can write 2.17:

2\ 2
Ly = =) (HTH _ ;) (2.18)

9
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v by

The scalar field H acquires a VEV, [(H)| = 5. There is an arbitrary choice of the
direction of |(H)|. Having the real direction of the down component

(H) = (U/Oﬂ> (2.19)

The residual symmetry after spontaneous symmetry breaking U(1)gp has a generator
that is associated to the electric charge that annihilates the vacuum. It is 754Y. The
unbroken subgroup is identified with U(1)gys, and then its generator Q, is identified as

Q=T3+Y (2.20)

Ty is the third generator of the SU(2), group (the weak isospin), Y is the hypercharge
of the field.

According to the non-Abelian spontaneous symmetry breaking and after introducing
the Goldstone bosons and one physical degree of freedom, Higgs field can be written as

the following:

H() = eapl (o) — 165)) - ( fh@) (221)

The exponential represents the broken generators and their associated Goldstone bosons
0,(x). h(z)is the physical scalar field that remains after symmetry breaking. The local
SU(2), x U(1)y symmetry of the Lagrangian allows one to rotate away the explicit
dependence on the three 6,(z). In this gauge, Higgs field has only one degree of freedom:

H(z) = \}5 (U +Oh<x)> (2.22)

Higgs boson mass can be obtained by substituting 2.22 in 2.18, and is given by

m; = 2\v* (2.23)

Experiment gives [50]
my = 125.35 + 0.15GeV. (2.24)

Via G measurement in the muon decay

v~ 246GeV (2.25)
Defining an angle 0y, via
/
tan Oy, = g (2.26)
g



Defining the following four boson gauge states [51]

1
W;t = E(Wl FiWs),, Zg = cos Oy W3, —sin by B, Ag = sin Oy W, + cos 0w B,
(2.27)

W’s are charged under electromagnetism, while AY, and Z) are neutral [52].
Having (D, H)"(D*H) in the following form

_1 (0 v) (92W3u+913u g2(W1 —iWZ)u> <Q2W§+913“ g (W1 —’iWQ“)> <0)
8

G(Wh +iWa),, —gaWs, + 1B, ) \go(Wy +iWa)# —g. W4 + g1 B* | \w
and substituting the four gauge boson states, the vector boson becomes: *)
igww*“wu— + ;(gg + g 2" 7, (2.29)
It is easy to see that this a mass terms with
iy = P = R+ @0 =0 (2.30)

Then the gauge boson associated with the unbroken U(1)gnm symmetry, the photon A,
remains massless.
From this vector boson, some relations can be defined:

2 2
My 95

2 T 2, 2
my g3+ g1

(2.31)

This relation is testable. The masses can be derived from the measured spectrum, and
the other side from interaction rates. Using eq.2.26, relation 2.31 can be expressed in
terms of Oy, [53]:

miy
— =1 2.32
P m2, cos? Oy (232)

This is a consequence of the way the symmetry is spontaneously broken through the
Higgs mechanism with a single SU(2) doublet. And it is true only at tree level.
Experimentally [54,55],

my = 80.377 £0.012GeV, myz = 91.1876 4+ 0.0021GeV (2.33)
2.4.3 Ly
e In the SM there is no Dirac mass terms. For a generic Dirac form:
Emass,Dirac = _m@\I] = _m(\IIiL\IIR + ‘IliR\IJL> (234>

The left-handed and right-handed fermions belong to different representations.
Then the term VU, Wg is not gauge invariant. No direct coupling with mass term
without the violation of gauge invariance.

11



e In SM there are no Majorana mas terms. For a generic Majorana form:
1 —
»Cmass,Majorana = _§m\I/C\I] + h.c (235)

where U¢ = C'F " is the charge-conjugation of W.

The condition for Majorana mass term to exist is that the fermion must be neutral
under U(1)y so that W° has the same quantum numbers of W. However, that is
not right since all the fermions have Y # 0.

Thus,
Ly =0 (2.36)
The Yukawa part is given by:
Lyana = —Yybdp, HYq, — Yotg, Hiiq, — Yiele, HY0, + h.c (2.37)

with p,r are the flavor indices. where H is defined by H; = €;, H** where the SU(2);
invariant tensor €;; is defined by €12 = 1 and €;, = —ex;, J, k = {1, 2}.
After symmetry breaking,

v v
Lyukawa = \/— prddeL \/EY;;;URPUL,. - EY;;QGLT + h.c (238)

It seems as a mass term, but first some redundancy must be removed to get to the mass
basis. Doing that diagonalizing Yukawas is needed.

Defining My, = Y5 Mg = Y1 and My, = 5Y,, the mass matrices. Doing

field redeﬁmtlon by performlng unitary transformation:

er, = Uerp,€Lys  €R, = Uer,,€R,,
ur, = Uur,, UL, Ur, = Uur,,UR,, (2.39)
de — Udedew, dRp — UdRpwde-

The mass matrices are diagonalized by:
M, =Ul, M,Uyg, My = U}, MyUar, M, = U, M.U.g. (2.40)

The flavour indices are suppressed here. Equations 2.40 are diagonal matrices containing
the mass of the up-type, down-type quarks, and lepton, respectively.

Going back to the Kinetic terms it should be modified by these basis change. The
Gauge boson interactions do not mix families in the flavour basis, and its Lagrangian is

12



_ AB,+ WS W ’
s p|. 6 on T 2y V2K v
LAavor-basis = (u dL) lza T Yu ( %WH_ ﬂBM - Q;W;f)] (dL)
2 g (id— oL
v (i + oy B) v+ 0l (30— 03 B) o

— = A" My 4w My + ]

V2
where p and r are the flavor indices. After field redefinition, there will be a part in the
following form,

(&

W (U] ) ), + W, g (U], U (2.42)

If U, = Uyy, then the following transitions are forbidden:

o« K — mdecay (s — u) [56].

e B-meson decay (b — u or b — ¢) [57].

This contradicts experimental evidence of flavor-changing weak decays.
Then U, # Uyr. Therefore, all the interesting mixing effects are given by a single
matrix,
‘/11 ‘/12 ‘/13 Vud Vus Vub
Vornr = UlpUar = | Vor Vas Vag | = Ve Ves Vi (2.43)
Var Vaa Vi Via Vis Vi

known as Cabbibo-Kobayashi-Maskawa (CKM) matrix [58,59]. Vg matrix is a unitary
matrix with 9 independent parameters. Unitarity reduces the paramters from 18 to 9,
leaving 3 angles and 6 phases. However, Yukawa interactions break the U(3)3 symmetry,
preserving a residual global U(1)® symmetry that acts independently on each quark
flavor. Only one combination leaves physics invariant (it is the global phase, which is
related to the conservation of baryon number). Thus, 5 of the phases can be eliminated
leaving 1 phase, as a physical parameter. So, we remain with 3 angles and one phase.

Then the remaning are 3 angles, 6,5, 023, and 613 correspond to rotations in the i-j
flavor planes, and the phase 4, corresponds to the CP-violation.

The most general Vo can be written as

1 0 0 cosfis 0 sinfze® cosbyy sinfs 0
0 cosfy; sinfes | x 0 1 0 X | —sinfs cosbis 0
0 —sinfys cosfos —sinf3e® 0 cosfis 0 0 1
C12C13 S12€13 size”
= | —S12€23 — 012323513*'3i(S C12C23 — 812523513€i5 523C13
512523 — C120235136i5 —C12523 — <‘5120235136i(S C23C13
(2.44)

13



where ¢;; = cos6;; and s;; = sin6;;. This has become the standard parametrization.
Experimentally [60],

01 = 13.02°4£0.05", 6y3 = 2.41°40.03°, 613 = 0.20°£0.01", g = 66 £3° (2.45)

Since the Standard model does not allow for bare mass terms for fermions, their
masses can only arise from the Yukawa. After the SSB, the leptonic masses are,

YU ypv Yr:v
Me = , My ==, m;= 2.46
v " V2 (2:40)
the up-type quark masses are,
yuv ycv ytv
My = —=, M= , My = —= 2.47
the down-type quark masses are,
Yal Ysv YpV
m — 7, mS et s m = —_— 248
d \/§ \/5 b \/§ ( )
While all the neutrinos remain massless:
my, =my, =m, =0 (2.49)
Their masslessness is related to an accidental symmetry in the Standard Model.
Experimentally [61],
me = 0.510998946(3)MeV, m, = 105.6583745(24)MeV,
m, = 1776.86 + 0.12MeV
(2.50)

m, = 2.2708 m, =1.27+0.03GeV, m; = 173.2 £ 0.09GeV
mg = 4705 MeV, mg=961T{MeV, my = 4.187003GeV

where u-,d- and s-quark masses are given at scale u = 2GeV, c- and b-quark masses are
the running masses in the M S scheme, and t-quark mass derived from direct measure-
ments.

Standard Model particles can be summed up by the following tables:

2.5 Standard Model Equations of Motion

It is important to focus on the SM equations (EOM) of motion since it will play a useful
role in the choice of basis in the SMEFT later.

o EOM for the Higgs field:
D?*Hy, — MN*Hy, 4+ 2\(H H)Hy, + @Y, uejp + dYaqe + €Yol = 0 (2.51)
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Particle | Spin | Color | Q | Mass [v]
W= 1 (1) | +1 z
21 () |0 [
AY 1 (1) 0 0
g 1 ®) |0 0
h 0 (1) 0 V2A

Table 2.1: Bosonic particles

Particle | Spin | Color | Q | Mass [v]
€, [, T % (1) -1 yej‘{

Ve, Vy, Vr z (1) 0 0
u,c,t % (3) —l—% y’\‘/%t
d,s,b : 3) | -5 %

Table 2.2: Fermionic particles

e EOM for the fermionic fields:

iDq; = YJuH, + Y]dH;, ilpd = Yaq;H, ilpu = Y,qH

: 2.52
il = YleH;, ilDe =Y 0;HY. (2:52)
o EOM for the gauge fields:
[Da7 Gaﬂ]A - g3j§7 [Da7 Waﬁ] - g?jé) DaBozﬂ - gljﬂ) (253)
(D, F,p] is the covariant derivative in the adjoint representation.
And the gauge current are defined as:

: — 1 <= ) 1_ 1- 1 . <
2 % mew +gHEDgH,  j = 5ar'ysq + Glr'sl + SH' D BH,
Ji= 2 YTy

Y'=u,d,Q
(2.54)
With

HY'D sH = il (DyH)—i(DyHY' H,  H'WDLH = iH't!(DyH)—i( Do H)' 7' H (2.55)

7 are the Pauli matrices.
These equations of motion are not the final result which can be modified through
corrections from the higher-order effective Lagrangian parts.
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2.6 SM struggles

One of the greatest achievements of the Standard Model is being a renormalizable theory
with dimension d < 4 for all operators. It unifies electromagnetism and weak interac-
tions under the name of electroweak (EW) and incorporates Quantum Chromodynamics
(QCD) for the description of strong interactions.

Beyond Standard Model Theories (BSM) emerged because SM lacks the description of
some aspects of nature. For instance, SM does not describe gravity. As Quantum Gravity
(QG) is non-renormalizable, when treating General Relativity as a quantum field theory,
it diverges at high energies requiring an infinite number of counterterms, each having
new parameters [62]. Moreover, SM describes only a little portion of the universe because
recent, discoveries have found that the universe is full of Dark matter and Dark energy
that make ~ 95% of the universe, while ordinary matter ~ 5% [63-65]. Furthermore, SM
treats neutrino as being massless, due to accidental symmetries, but recent experiments
have found that there are neutrino oscillations [66-70], which indicates that they have
masses. One way of describing neutrino mass is by going to the operator d = 5 with
Majorana mass terms, described by the See-Saw mechanism [71-74]. SM holds CP
violation in the weak force, but it is not enough to explain matter-antimatter asymmetry
[75,76]. Why is the universe matter dominant? How did the universe reach an out-of-
equilibrium state?

Additionally, the Higgs sector of the SM is full of problems:

« Hierarchy problem [77]:

In the presence of heavy BSM physics coupling to the Higgs, the Higgs boson
receives large quantum corrections from loop diagrams, and without fine-tuning
these corrections can drive the mass of the Higgs boson to be in the ultraviolet
scale (UV). Supersymmetry (SUSY) [78] can be a possible solution, also Composite
Higgs Models [79] can be a solution.

« Stability problem [80]:

Assuming that there is only SM (no BSM), the Higgs quartic coupling runs to
negative values at high energies, because of the running induced by the top loop.
This means that at very high energies the EW vacuum could be metastable or not
be a minimum at all.

o Triviality [81]:

Using renormalization group equations (RGE) the running of A can be calculated.
Triviality implies that A\ at some energy scale can approach zero making the theory
non-interacting or trivial.

Flavor Puzzle is also a problem in the SM. It refers to the unexplained existence of
three generations of quarks and leptons, as well as the pattern of their masses and mixing
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angles. SM describes the interactions of these particles successfully. However, it does
not provide an explanation why there are exactly three generations or even why there
is a several-orders-of-magnitude difference between their masses. Also, the CKM matrix
appears to be arbitrary, it requires experimental input rather than emerging from the
theory. The Yukawa couplings in SM that describe the masses and mixing are just free
parameters. Various theories tried to explain these patterns, such as Froggatt-Nielsen
mechanism [82], Grand unified theories (GUTs) [83], Pati-Salam model [84], Partial
Compositeness [85,86], Modular Flavor Symmetries [87] developed recently.

While the Standard Model has successfully described known particle interactions,
several questions are still open. A powerful approach to explore such new physics while
achieving the consistency with known experimental data is the framework of Effective
Field Theories (EFTS). The next chapter will focus on the EFTs and their technicalities.
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Chapter 3

Effective Field Theory

3.1 Why EFT’s?

Effective Field Theory (EFT) is a very useful way to do calculations in multi-scale
problems [88,89]. Cases with separated scales are often in nature. We consider a system
with two well-separated mass scales: a heavy sector with mass M and a light sector
describing the observed degrees of freedom. Our focus is on describing physics at energies
E < M, where the heavy states cannot be directly produced but induce low-energy
effects via an effective field theory (EFT).!.

In quantum field theory (QFT), only the degrees of freedom (DoF) relevant to the
energy scale of interest are needed for calculations. Heavy particles with masses far
above this scale do not disappear but instead influence low-energy physics indirectly
through virtual effects. These particles momentarily "pop in and out" in quantum loops,
modifying interaction strengths and other parameters. As a result, the operators de-
scribing physical observables involve only light degrees of freedom, while the effects of
heavy particles are encoded in corrections to coupling constants and higher-dimensional
operators. This leads to a scale-dependent description where interactions evolve with
energy, a concept formalized by the renormalization group.

In the case of the hydrogen atom, you would only need to consider the electron and
proton as dynamical degrees of freedom, since the top quark is decoupled at this scale.
Only light interactions (such as electromagnetic interactions) matter for calculating the
energy levels. In contrast, when measuring the muon g-2, the top quark’s indirect effects
(via loop corrections) must be included, but it doesn’t change the fact that the muon is
the primary dynamical degree of freedom in the system.

Moreover, as we will see later, it is sufficient to improve the accuracy of our prediction
by introducing more operators in the theory that are allowed by the symmetries in

1For great review of EFT’s see Refs. [90-96] . The original works that laid the groundwork for the
modern EFT’s include [97-103]
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the theory. Symmetries are the guide of building new operators. The structure and
coefficients in front of these operators, when fit to experimental data, might be able to
tell something related to the integrated heavy particles.

As a result, EFT’s are a very good tool to study new particles or new physics.

3.2 A theorem of Weinberg

Theorem 3.2.1 For any given order in perturbation theory and for a given set of asymp-
totic states, the most general possible Lagrangian containing all terms allowed by the
assumed symmetries will yield the most general S-matrix elements consistent with ana-
lyticity, perturbative unitarity, cluster decomposition, and assumed symmetry principles.

Initially, this theorem was written in the domain of pion physics. But nothing in
this theorem says that it is only applicable to this domain, and it is expected that this
theorem should work in any EFT.

According to Weinberg, to construct the most general S-matrix consistent with sym-
metries, we must write the most general Lagrangian that includes all possible operators
allowed by the symmetries, regardless of their dimension. However, this leads to an infi-
nite number of interaction terms, making the theory non-renormalizable, meaning that
an infinite number of counterterms would be required to absorb loop divergences. Renor-
malizable theories (with operators of dimension d<4) are predictive because they allow
us to relate a finite number of Lagrangian parameters to physical observables. However,
they do not inherently tell us where they break down—e.g., QED is renormalizable, but
its behavior at ultra-high energies remains unknown without a collider of unimaginable
scale. The key to handling non-renormalizable interactions is Effective Field Theory
(EFT): the infinite set of higher-dimensional operators can be systematically organized
into a series by their increasing canonical dimension. Since higher-dimensional operators
are suppressed by powers of some large energy scale A, we can truncate the series at a
given order, making the theory predictive order by order in an expansion in 1/A. This
scale A represents the limit of validity of the EFT and signals the presence of new physics
beyond it. Thus, while renormalizable theories are simpler, EFT provides a controlled
way to include non-renormalizable effects while retaining predictivity.

Nonrenormalizable theories are more predictive theories. For example, Fermi theory
for weak interaction [104] is a non-renormalizable theory that tells you that at 300 GeV it
will loose unitarity and then break, then there is a UV-completion. For more discussion
see Refs [105,106] In addition, non-renormalizable theory are still renormalized.

3.3 Dimensional Analysis

In field theory of d dimensions, the action (S) can be expressed as:
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S = /ddx L(z) (3.1)

In natural units (h = ¢ = 1) , the action is dimensionless. Coordinates have the
dimension [Length]=1/[Energy|, therefore for d spacetime dimensions, the lagrangian
density has mass dimension d,

L] =d (3.2)

Lagrangian density has the following structure,
L(z) = ¢04(x) (3.3)

O, are Lorentz invariant operators with coefficients ¢;. Then the sum if there dimen-
sions is equal to d. Supposing, operator has the dimension of (, then its coefficient has
dimension d — (.

Doing this analysis for other lagrangian parts, we will find the following,

Wl=g@d-1)  [H]=3d~2)
(D] =1 [9A] =1 (3.4)
Ad=3@-2)  []=_(-d)
In d=4 spacetime dimensions,
[H} =1, WJ] = 3/2’ [AM] =1, [Du] =1, [g] =0 (35)

In d = 4 — 2¢ dimension [107], [g] = €.?

Renormalizable interactions have coefficients with mass dimension>0. Any operator
with dimension greater than 4 will be non-renormalizable and irrelevant. Operators with
dimension less than 4 are super-renormalizable and relevant. Marginal operators have
dimension equal to 4.

3.4 EFT Expansion

Following weinberg theorem in section (3.2), constructing the most general effective
lagrangian is constructed from the allowed operators, respecting the symmetries and

2In dimensional regularization, using M S subtraction scheme, by introducing n power of j(4=%/2 =

(r/eY /47r(4_d)/2 for each power of the coupling present defining the amplitude [8], so that the renor-
malized coupling remains dimensionless. v & 0.5772 is the Euler-Mascheroni constant. This constant
will always cancel in observable quantities [108]. This argument are formulated for a one loop example
but they generalize to higher loop orders directly.
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yielding the most general S-matrix elements, and has an expansion in powers of the

operator dimension

90 L

Lerr = Y ZAC_Zd = ZAC—d (3.6)

(20, ¢20

The main difference here that one does not stop at ( = d, but include operators with
arbitrary high dimension. A is a short-distance scale at which new physics occur it is

introduced such that the coefficients cgo are dimensionless.
In d=4,
Ls L

Lgpr is an expansion in power of 1/A.

3.5 Power Counting and Renormalizability

By dimensional analysis, the dimension of a scattering amplitude for a single insertion
of an operator of dimension ¢ with some typical momentum p,

M~ (i)c_d (3.8)

The insertion of a set of higher dimension operators in a tree graph leads to an
amplitude

p n
where

n=>(G—d (3.10)
(2
summing over the inserted operators. This is known as the EFT power counting formula.
This formula holds for any graph, not just for tree graphs.

Looking back at 3.7, the first term is a renormalizable Lagrangian, and the the extra
terms violate the condition of reneormalizability. However, its amplitude is 3.9. Thus,
even though we require an infinite number of counterterms to get a finite results, we
need only a finite subset of operators to get an answer accurate to a given order in an
energy-momentum expansion. The higher terms are suppressed then we can truncate
the series at a specific accuracy level. For most physical problems, only a finite number
of terms are necessary, even if the theory requires an infinite set of operators.
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3.6 Renormalization Group Equations

Renormalization Group is a great idea that shaped much our understanding of todays
quantum field theory.
There are two versions of the renormalization group [109]3,

o The Wilsonian renormalization group:

In a finite theory with a UV cutoff A, the physics at energies E< A is independent
of the precise value of A. Changing A changes the couplings in the theory so that
observables remain the same.

e The continuum renormalization group:

Observables are independent of the renormalization conditions, in particular, of the
scales py at which we choose to define our renormalized quantities. This invariance
holds after the theory is renormalized and the cutoff is removed (A = oco,d = 4).
In dimensional regularization with MS, the scales py are replaced by u, and the
continuum renormalization group comes from p independence

The two versions are closely related by technically different.

We will focus on the Continuum one, since for later SMEFT is designed for practical
applications to low-energy processes where the scale dependence of operators coefficients
matters. Also, it can be natural implemented using the M .S scheme as we said.

Without going deep in calculations since it is not the point here.

o For a Wilsonian picture, the RGE will forces

d
Aan = Gu[(Cn), A (3.11)

where (3, are the beta function, and C,, are the Wilson coefficients of the operators.

e For continuum picture,
d
o v (3.12)

where 7,,,, is called the anomalous dimension. It is an important quantity that tell
us about the deviation from the classical scaling behavior.

Any operator with dimension greater than 4 will be non-renormalizable and irrelevant.
Operators with dimension less than 4 are super-renormalizable and relevant. Marginal
operators have dimension equal to 4. However,if the If a marginal operator acquires an

3For further information about RG see Refs [110-116]
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anomalous dimension, it can shift slightly to marginally relevant or marginally irrelevant.
If it becomes marginally relevant, it behaves like a relevant operator. For marginally
irrelevant, it behaves like an irrelevant operator. From the Wilsonian point of view,
marginally relevant operators are the same as irrelevant ones — one cannot keep their
couplings fixed at low energy and remove the cutoff.

3.7 Integrating out a Field

“Integrating out a field" as nomenclature follows from the path integral approach to
defining an effective action as developed by Wilson [117,118]. Consider a physical system
with lagrangian Ly (L, H), L for light field and H for heavy one.

The full dynamics is inside Lyy. For low energy scales < the mass of the heavy, the
external states are the light ones and the heavy could only be virtual.

Considering the following generating function,

Zo [T, Ju] = / [DL[DH]exp [z / d*2( Loy (L, H) + Jo L+ Jy H) (3.13)

All n-point correlation functions L’s and H’s can be obtained by differentiating Zyv
with respect to the current J:

1 o Z[J]
O 01870 07w

= (0[T{¢1¢2 . .. #n}(0) (3.14)

J=0

In EFT we only need the correlators of L’s.
By eliminating H, meaning that Jy = 0, we formally performed the integral:

¢f trterr = [Dpet] ttov (3.15)

Then we get the following:

ZoprlJ] = ZovlJe, Jul|, = / [DL)eap [2 / d'z(Lgpr(L) + JoL) (3.16)

Lerr here is a complicated object, it has local terms which can appear from the
expansion in local operators. Also, it could have local terms that emerge after integrating
out degrees of freedom.

In an EFT, the interactions must be local, meaning that the Lagrangian is written
as a sum of local operators involving fields and their derivatives at the same spacetime
point. This follows from the fact that integrating out heavy fields with mass M (where
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M>>p, with p being the relevant momentum scale) leads to a local expansion in powers
of p/M.

Non-local interactions, characterized by terms with derivatives in the denominator
(e.g., 1/0 or 1/(p?> — M?)), arise only when integrating out light or on-shell particles,
which is inconsistent with the EFT approach. In EFT, we take the opposite limit: p—0,
not M—0. This ensures that the non-local propagator structure collapses into a local
power series.

Let’s continue, the point is to find Lgpr. The saddle-point approximation is useful
here. The equation of motion of H in the presence of Jy and L at tree level is

05
£ =0 = H=HalL Ju) (3.17)

Since H is heavy, thus having a large mass M, this can be solved perturbatively in
power of 1/M:
Hy = fIL]+ O(1/M) (3.18)

Then equation 3.17 becomes

05

H:HCZ(L)

Then we get the following result:
Zoy[J1,0] = / [DL]expli / d*2(Lov (L, Ha(L)) + JoL)] (3.20)

Then at tree level,

Lerr(L) = Lyv (L, Hy(L)) (3.21)

H is no more an independent degree of freedom. The saddle point approximation
and the calculation done above are only valid on tree level. But integrating out with
functional methods could be done at any loop order.

3.8 Matching

An EFT describes particle inetactions without the need of all the details in the UV
completion. Since they both behave differently at high energies and they are treated
separately each with its own renormalization and counterterms.

As we have seen in section 3.7, we did approximations. Sometimes, EFT can accu-
rately reproduce the low-energy behavior of the UV theory, but to ensure the match,
their parameters need to match. This process called matching, determining the Wilson
coefficients that appears in the EFT as a function of the parameters in the UV model.
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If the UV theory is weakly coupled, matching can be done perturbatively. That will
include computing scattering amplitudes in both, then equating them in the low energy
limit. This determines the EFT parameters in terms of the UV parameters.

Matching is typically done at tree level but it can be done at higher orders in per-
turbation theory. While both the UV and IR divergences appear in calculations, they
cancel out when matching is done [106].

Matching is usually done at the energy cale of the heavy particles that were removed
in the EFT. While this isn’t required, but it makes the calculations more stable when
combined with the RGE since it helps reducing the large logarithmic corrections, which
track how parameters change with energy. Techniques like dimensional regularization
and minimal subrtraction (MS) simplify these calculations. For excellent examples about
matching see the Ref [119-128]

Defining the Effective Field Theory (EFT) framework, which allows us to describe
physics beyond the Standard Model in a model-independent way, we now focus on a
specific and well-motivated application: the Standard Model Effective Field Theory
(SMEFT). In EFT, new physics effects are encoded in higher-dimensional operators built
from SM fields, but without assuming a particular UV completion. SMEFT provides a
systematic approach to extend the Standard Model (SM) while preserving its gauge sym-
metries, allowing us to parametrize potential deviations from the SM predictions. In the
next chapter, we explore the construction of SMEFT, the classification of operators, and
the implications of redundancies and symmetries in this effective description.
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Chapter 4

The Standard Model Effective Field
Theory (SMEFT)

4.1 Operator bases in SMEFT

The standard model theory has been striking successful in its experimental predictions.
These experiments were successful and surprising as well. There were events that are
difficult to understand within the context of standard model. Numerous suggestions have
been made to understand the origin of such events, but we do not have enough evidence
proving that any of these models are realized in nature.

Due to lack of evidences, it would be useful to have a model independent parametriza-
tion of the new physics. This can be done from the effective operator point of view, in the
same spirit as the classification of baryon and lepton number violating processes [129,130].

If we assume that the standard model indeed describes physics well in the range up
to the electroweak mass, but above, take it to be an effective low energy theory in which
heavy particles are integrated out, then it is compelling to describe physics up to energies
of order of A by an effective Lagrangian, that consist of higher (>4) dimensional effective
operators which are scaled by appropriate inverse power of A. As we have said before
these terms must respect the symmetries in the theory. Involving the scalar, fermions
and gauge bosons of the standard model. The effective lagrangian is as follow:

nd x(d);

Lovprr = Lsy + LD+ L9+ L0+ O =}%" Ad—4
i=1

QY (4.1)

There are no dimension five operators consistent with the three requirements.

For dimension six operator, the first work or expansion of operator was in 1986 by
Leung, Love and Rao [131]. They were able to find 120 operator, but it was full of redun-
dances. Then in the same year Buchmuller and Wyler [1]were able using the equations
of motion and Fierz identities to reduce the number of operators to 80. Furthermore,
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in 2010, a group of people in University of Warsaw were able to reduce the number
more, until 59 independent operator that respect all the three requirements. These non-
redundant operators and this work was named as Warsaw basis. We will not go for other
operators, since our work will focus on operators of dimension 6 !. The Warsaw basis
is widely used, but it is not the only possible option. Depending on the analysis done,
other bases could be suitable. A commonly adopted subset of dimension-6 operators in
phenomenological analysis is the so-called strongly interacting light Higgs (SILH) ba-
sis [2] is sometimes referred to as an operator basis in some literature,as is the HISZ
subset of operators [148].

4.2 Removing Redundancies

As it was mentioned the previous section, there was many redundancies. Operators are
redundant if they yield to the same contribution to all physical observables. To reduce
the redundant operators we will need some techniques, we will proceed in them. But
this discussion is not meant as a complete description for reducing a given operator set
to a basis, but instead it only highlights the most common mehtods used [149].

4.2.1 Integration by part

In quantum field theory, total derivative terms in the Lagrangian give no physical effects,
as long as the field configurations go to zero fast enough at infinity. Keeping the action
S unchanged under the integration by parts (IBP). Such property allows us to relate
different operators by rewriting them using the IBP. For example in the SM, the Higgs
kinetic term can be expressed in two equivalent forms:

(D, H)"(D"H) and — H'D*H (4.2)

Similarly, for SMEFT, IBP can be used in order to help simplifying the operator basis
and eliminate redundancies. For example:

(@ D" Q)W (4.3)
After doing integration by parts, we will have
/d%(@y“D”q)qu = —/d%@y“q(D”ij) (4.4)
Now, using equation of motion for the gauge field:

D*Wo = gsiy (4.5)

For more details about higher dimensional operators see Ref [132-147]
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where j, is the gauge current, after substituting

/ d*'z (@ Dyq)Wy = —g / d*xqy"qj, (4.6)

This means that operator in 4.3 is redundant and can be eliminated.

4.2.2 Field redefinitions

One of the most significant forms of equivalence among different effective operators arises
from field redefinitions. According to Lehmann-Symanzik-Zimmermann (LSZ) reduction
formula [150], we are free to choose any form for the interpolating quantum fields in our
theory, provided that the fields we use, can generate all the relevant states from the vac-
uum, without impacting physical observables. Such flexibility enables us to perform field
redefinitions in our effective lagrangian, which can modify the operators while keeping
the physical observables unchanged [151-153]. The important field redefinitions that are
useful for the SMEFT are perturbative transformations of the type

¢ = 6(¢) = ¢+ aG(¢) (4.7)

where the new field is given by the original field ¢ plus a small (o <1) perturbation
G(¢) that can depend on the field ¢ itself and also on all the SM fields, and their
analytical derivatives. For the SMEFT the expansion parameter « is usually related to
a power n of the EFT expansion parameter (p/A)", where p is the energy scale for the
process of interest.

Next we give a concrete example of how field redefinition that preserves the local
symmetries can eliminate the redundancy. According to [8], for the Bosonic field, we
have the following set of O(1/A?) field redefinitions that preserve Gsy,

D*H; . el;Y, . dg;Yy , (weq)*Yy . HHH;
Hj = Hj+ =%+ ho—g= 4+ hs— 5= 4 ham— 55— + hs—5—, (4.8)
oy HYD,H DB HIHB

B), = B, + b A‘; + by AQ“ + b3 A;““ + b 3 (4.9)

vy Golyg ol HIDL,H DY W) HUHW!
WM — W# +wy A2 Wa A2 + w3 A2 + Wy Az + ws Az (410)

/ 7T *v.q dT4~,d alT4y,u D®, Gyt HTHG4
Gy = G+ AQ“ + g2 AQ" + g3 A2“ +g4[ N i + 85 L(4.11)
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Field redefinitions of the right-handed fermion fields are

_ _ <
GIDHY] filDHYj+ HTH6+ D?%e

e —e+e 12 €213 €313 €1 53 (4.12)
GiPHY] @EHY; HiHd D2d

d —d+d; 12 +d, 1z + ds iz +dy 12 (4.13)

. + _ 5 t t 2
u — d+dy quDA];[Y“ +uy L mAIjY“ + ug HAIZJU + Uy liQu (4.14)

Field redefinitions of the left-handed fermion fields are

PHY! *iEFI-YT dilpH,;Y] dz'EH-YT Hf D2Q.
Q;_>Qj+Q1UZ Azj u+€l2q AQJ = +qs AQJ Ltaq AQJ L tgs 6 AZJ
(4.15)

' t Dy t 2
i £+zlezwjgjye +12“¢1ng6 +z3H£Lj +14DAfj (4.16)

1 _ =
Ly =—B,,B" — g0 By + (D"H)(D,H) + Cp(H' D" H)(D"B,,)

4

Here {hy,bq, Wa, €q, U, da, @a, Lo} are free variables. Performing field redefinitions with
only a single O(1/A?) term on the right hand side of each equation one can choose to
cancel an operator out of a full set of operators. For example, the B* dependent, flavor
symmetric terms in an overcomplete Lgp ppr are

+ CBH(DNH)T<DVH)B;,U/ + CI(‘Ill)ttQ%;tt + CHettQHett _'_ ngttQ(}}Z]tt _'_ CHun QHutt

= —
+ CrayQudy + CrpQup + or(H D"H)(H D" H)

Performing the small field redefinition

HY'D H

BL—>BM+b2 A2

yields the result Lz — g1boAB where

AB = leg?tt + yeQHett + qug?],gt + yuQHutt + deHdtt
1 =
+yu(Quo +4Qup) + g—B‘“’@H(HTz D, H).
1
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Choosing by to cancel one of the Lp operators introduces a shift in the Wilson
coefficients of the remaining operators. Whne the full set of such field redefinitions has
been performed, this corresponds to choosing a non-redundant basis.

These way of field redefinition is equivalent to using equation of motions in section
2.5. But if we work at the subleading power, like including the dimension-8 operators
in the field redefinition. It is immediately clear that in this case the use of equations
of motion is no longer equivalent to applying field redefinitions, as the former do not
capture the subleading shift of the field . Then, when we have an effective lagrangian
with different powers we must not use the equations of motion to remove redundancies,
but it is more correct to apply field redefinitions to get correct results.

4.2.3 Fierz Identities

Fierz identities are fundamental relations among fermionic bilinears that arise from the
algebra of gamma matrices in four-dimensional spacetime [156]. They allow for the re-
ordering of spinor contractions in four-fermion interactions but do not account for the
gauge structure of the Standard Model fermions, which carry additional SU(N) indices.
The completeness relations of SU(N) generators, on the other hand, describe how gauge
indices contract and must be treated separately from the Fierz transformation. While
Fierz identities reorganize the spinor structure of interactions, SU(N) completeness re-
lations ensure the proper handling of color and weak isospin indices. In effective field
theories, such as SMEFT, both must be considered when reducing operators to a min-
imal basis, ensuring consistency between Lorentz and gauge symmetries. Next we will
do the derivation following [157].

Without loss of generality, for any fundamental representation of SU(N) algebra {7}
satisfying Tr[T,Ty|=Cdup, we have the completeness relation

1 1
a(Ta)ij(Ta>kl + N(Sij(skl = 010 (4.20)

For example for SU(2),, this allows us to rewrite the Higgs operators as
(H'r"H)(H'T'H) = (H'H)? (4.21)

For the O(N) groups there is no simple relation like 4.20 since the algebra is formed
by N x N antisymmetric matrices.

Before starting the derivation, defining the following notation due to Takahashi [158],
where it replaces the matrices by parentheses () and brackets [|. For example for equation

4.20 it reads
1 1

o)D) + 0l = (D (4.22)

=

2For more details about this topic see Ref [154,155]
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where the blank entry means the identity matrix.

Since electroweak is chiral, we need to derive the chiral Fierz identities.Defining Pg/r,
the chirality projector operators as Pr/r = (1/2)(1 £ 5) and treating chirally projected
combinations such as

(PrY*) [ Pry,] (4.23)
It is more useful to derive the fierz identities in the chiral basis {I'}

{Fn} = {PR> PLa PR7M7 PL/y“a OJW} (:u’ V= 07 17 27 3) (424)
its respective dual basis
~ 1
{Fn} = {PR> PL7 PL7u7 PR7M7 iauu} (4.25)

where p < v. o™ = (i/2)[v*,~"].
Due to the dual basis, the orthogonality condition
Tr[I"T,,) = 267 (4.26)
is satisfied.

that implies the completeness relation
1

00 = 5
1 1 1 (4.27)
= SA(PRI[P) + (BIPL) + (P )[Pu) + (50" (50,00}
That relation will directly leads to the chiral Fierz identities
1
(THE] = ZTr[rf‘rcrf-”‘rD](rD][FC ) (4.28)
Applying this on 4.23
1
(Pay")[Pryu) = JTr[Pan"Te Py Do) (D) [0€) 429)

= (TP PuPuuPi)(Pl[Pr) = 2(Pa][P2)

where we used 7y, = 4 x 1,v"0%F~, = 0 and the cyclic of the trace were all used.

When applying the identities to four-fermion operators we also anticommute two
spinors, thus acquiring an additional minus sign with respect to the equations. For
example, they will allow us to rewrite operator as

(69" q:) (dyue) = —2(Le)(dg) (4.30)

which has the quark and leptons in separate currents.

4.3 The Warsaw basis
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1:x3 2: HS 3: HD? 5:92H3 + h.c.

Qc | fFABCGAGBrGSr Qy | (HTH)*  Quo (HTH)O(HTH) Qe | (H'H)(lper H)
Qz | FABCGAGBGEn Qup | (HID.H) (H'DH)Quy | (H'H)(Gu,H)
Quw | KWW oW R Qar | (H'H)(gyd, H)

p. GIJKWJVWI;]pW;(u

4:X2H? 6:9°XH +h.c. 7:9?H?D

Quc | H'HGL,GY  Qew | (lo"e,)T'HW], Q') (HY'D , H) (1)
Que | HHGAGY™ Q| (io"e)HB,, Q| (DL y,)
Quw | HHHWLW™  Qua | (qo™ T4u,)H G, Qe (D W H)(eter)
Qui | HHHWLW  Quw | (Gpo"u, )T HW], Q%) (HYi D H) (@)
Qus HH B, B" Qun ((jpo“”ur)ﬁ B Qgé (HT@D JH) (@ Tykg,)
Q,5 | H'HBLB"  Quc | (Go"T4d,)H G, QHu (H''D , H) (a7t u,)
Quwp | H'T'H WJVB‘“’ Qaw | (gpotd.)T'H Wlfy QHd (HTZD H)( )
Quivp | HT'HWLB"™  Qup | (30""dy)H By, Qrua + hec. | i(HID,H) (@, d,)

8: (LL)(LL) 8: (RR)(RR) 8:(LL)(RR)

Qu (Lpyule) (Ls7"1y) Qee (epyuer)(€syer) Qe pVulr) (EsyMer)

QW | (@) @7 ) Qu (tpypur) (s us) Qi Youlr ) (Gsy*uy)

ng) (qp’yuTIqr)( Y ) Quag (7p’Y dy ) (dsyidy) Qua Zqulr)(J37“dt)

) | Gl @ a)  Qu | Eue)@rtw) Qe | (@an)Ete)

QY | L") @ ' a) Qea | (Epyuer)(diydy) W | @rnae) (s uy)

QW | @) (dyd) QR | (@ T ) (@  TAuy)
QS | () Ay TA) QY | (@uar)(dsydy)
Q4 | (@ T4q:) (dy TAdy)

8: (LR)(RL) + h.c.

8: (LR)(LR) + h.c.

Qledq

(lzer) (qutj)

Qquqd
Qe
Queg | (er
Qg’gu (l Tuver
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Table 4.1: List of all baryon- and leptonic- number- conserving SMEFT operator at
dimension 6 in the Warsaw basis [3]. The division into classes 1-8 is taken from [6].

Warsaw basis represented in table 4.1 is the mostly used basis. It is a completely
reduced basis without any redundant operator. The way used to remove redundancies
and constructing the the Warsaw basis can be summarized as follow:

1. Use the IBP and equation of motion to remove operators with more derivatives.

2. Use Fierz identities .

The operators are divided into classes according to their field content and chirality
in the manner taken by [3] and [6].

The purely bosonic operators are built out of combinations of the field-strength ten-
sors X, € {Gu, Wy, B,,}, the Higgs doublet H, and the covariant derivatives D,,.
After removing the redundant operators, we are left with the following 4 classes:

+ Four pure gauge operators containing three field-strength tensors (class 1:X3).
« One pure scalar operator with six Higgs doublets (class 2: HY).
« Two operators with four Higgs fields and two covariant derivatives (Class 3: H*D?).

 FEight mixed operators with two Higgs fields and two field-strength tensors (Class
4:X2H?).

Operators with two fermion fields. After removing the redundant operators, the remained
operators are classified as:

e Three non-Hermitian Yukawa-like operators with a scalar fermion current and three
Higgs fields (class 5:2H3).

o Eight non-hermitian dipole operators with a tensor current, one Higgs field, and
one field-strength tensor (class 6:92X H).

« Eight operators (all Hermitian except for @Qg,q) with a vector current, two Higgs
fields, and a covariant derivative (class 7:¢p* H2D).

Last, we have 25 four-fermion operators in class 8 subdivided according to their chiral

structure (LL)(LL), (RR)(RR), (LL)(RR), (LR)(LR) and (LR)(RL).
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4.4 The Anomalous Dimension Matrix

The complete list of dimension-six operators is given in table 4.1. The operators are
divided into eight classes by field content and number of covariant derivatives. The
dimension-six Lagrangian is

L£LO=3"CQ; (4.31)

where (); are the operators in table 4.1 and C; are the Wilson coefficients that have
the dimension of 1/A%.

The SM at energies above the electroweak is a weakly coupled gauge theory, and SM
gauge boson interaction are proportional to the gauge boson coupling g. For this reason,
it is useful to use rescaled operators Q; with coefficients C;. One can trivially convert
between the two conventions. If QZ = n;Q;, then the rescaled coefficients and anomalous
dimensions are R

Ci=n'Ci, iy =17 iy (4.32)

Where the anomalous dimension in the rescale basis has the form shown in table 4.2,
where there are the explicit operator rescaling.

The dimension-six lagrangian can be formed by the terms of the rescaled operators
and their corresponding coefficients,

LO=3"0CQi=>" CiQ; (4.33)
The RG equations for the rescaled operator cofficients are given by

The one-loop anomalous dimension matrix «;; is defined by the RG equation of the
operator coefficients

. dC;

7i; represent the 8x8 block form of the anomalous dimension matrix wherei,j=1,... 8.
For example, 7,5 is the 4 x 3 anomalous dimension submatrix which mixes the 3 indepen-
dent class 5 operators coefficients into the 4 independent class 1 operators coefficients.

The difficulty of dealing with a large number of operators leads to searching of sim-
plifying the calculation, or to look for a hidden structure in the anomalous dimension
matrix to more easily understand the physics of the one-loop RGE flow. It was shown
in [4] that the structure of the anomalous dimension matrix can be understood using
Naive Dimensional Analysis (NDA) [159].

Recognizing Table 4.2, it was calculated in ref. [4] that the anomalous dimension
matrix 4 for the rescaled operators has entries proportional to

R )\ UON yg Ny g2 ng
() (1) (so) s vomemen s
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BX3P HS HAD? @X2H? y?H® gqy?XH ?H?D  o*
12 3 4 5 6 7 8
#X 1 0 0 0 1 0 0 0 0
HS 20 X 0 g2\ N2 Ag* A\y? 0 g2, \y? 0
H4D2 3 g6 0 92 g4 0 g2y2 92 0
PX2H? 4| ¢4 0 0 0 0 0 0 0
yH® 50 ¢° 0 ¢ Nyt gt ¥ NGy Ny Ay
gyV?’XH 6| ¢ 0 0 0 0 g%, 9> 1 1
77Z}2}¥21) 7 g6 0 92 g4 0 g2y2 gQ7 y2 927 y2
w4 8 96 0 O O 0 g2y2 g2’ ,y2 g27 y2
#X3  HE H'D?  @2X2H? y*H®  gyXH J*H?D o
) 3 4 5 6 7 8
#BX3 1] ¢ 0 0 1 0 0 0 0
HG 2 O )\’92 94,92)\7 )\2 96’g4>\ y4 0 y4 O
H*D? 3| 0 0 g%\ gt y? 0 y? 0
¢*X*H? 4 4 0 1 g%\ 0 y? 1 0
y¢2H3 5 O 0 92’ y2 g4 92’ )\7 y2 92)\’ 94’ 92y2 927 )\7 yQ yQ
gy*XH 6| ¢g* 0 0 9 1 72,1 1 1
wQHQD 7 O 0 y2 g4 y2 92y2 g27 )\’ y2 yQ
¢4 8 0 0 0 0 0 g2y2 y2 gZ7 y2

Table 4.2: presents the structure of the one-loop anomalous dimension matrix for the
Wilson coefficients of dimension-six operators in the rescaled basis. The table is divided
into two sections, with rows and columns corresponding to the eight operator classes.
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where N, the perturbative order of the anomalous dimension, is defined by the sum
of the number of factors n, of the Higgs self-coupling A, the number of factors n, of y?,
and the number of factors n, of g>. For the rescaled dimension-six operators, N ranges
from 0 to 4.

It was derived in ref. [7] a general formula for the perturbation order N of the anoma-
lous dimension matrix 4;;,

where w; is the NDA weight of the operators Ql in the 7" class [160]. The class 2 operator
Qp has NDA weight wy = 2 the operator in classes {3,5,7,8} have NDA weight 1; the
operators in class {4,6} have NDA weight 0; and the class 1 operators have NDA weight
wy; = —1. Using eq. 4.37, the possible coupling constant dependences of v;; are obtained.

As we have seen the anomalous dimension matrix is proportional to the Higgs self-
coupling, Yukawa and Gauge coupling. The explicit RG equations are given in Appendix
A, B and C as differential equations, rather as elements of the matrix ~.

Having established the SMEFT framework, including the structure of higher-dimensional
operators, redundancies, the Warsaw basis, and the anomalous dimension matrix, we
now turn our attention to one of its most crucial applications: flavor physics. In the
Standard Model, flavor is encoded in the Yukawa couplings, but SMEFT allows us to
systematically explore new sources of flavor violation beyond the SM. The renormaliza-
tion group evolution (RGE) of SMEFT operators can generate additional flavor effects
at low scales, making it essential to understand how SMEFT interacts with the flavor
sector. In the next chapter, we will examine how flavor symmetries can be incorporated
into SMEF T, their role in addressing the SM flavor puzzle, and the constraints imposed
by experimental data.
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Chapter 5
Adding Flavor to SMEFT

5.1 Flavor Assumptions

Standard Model is a great theory for understanding particle physics. It is a quantum
field theory with Poincare spacetime symmetry and SU(3). x SU(2), x U(1)y gauge in-
variance. The field content includes five different gauge representations of Weyl fermions
each with three flavors and a single scalar field that condensates at the electroweak scale,
breaking the gauge symmetry down to SU(3). x U(1)gy. Its lagrangian is a local one
consistence with the gauge symmetries up to mass dimension 4, know as a renormaliz-
able operators. Thus SM is a renormalizable theory. A better way to deal with some
struggles in SM, is to take it as a low energy property of an effective field theory.

The SM effective field theory is a framework that became so popular in recent years.
SMEFT is an extension of the SM, using the same field content to construct terms that
are also consistence with the gauge symmetry but with a mass dimension higher than 4.
It was understood that the next higher order is 5 with only one operator that violates
leptonic number, but it can give mass for neutrino. Then, the next higher order that
we are focusing on is dimension 6. Having the Warsaw basis in table 4.1, the number of
operators is 59 after removing all the redundancies.

One of the largest obstacles for doing analysis in SMEFT is after adding flavor.
For instance, as will seen later, there are 2499 independent baryon and lepton number-
conserving SMEFT operators that arise at leading order without having any flavor sym-
metries.

Postulating a flavor symmetry and its breaking pattern will help in decreasing the
number of independent operators and can be useful to make hypotheses about the UV
physics. In other words, we imagine that a UV theory will leave imprints on the flavor
structure in the low-energy effective theory.

In nature, we do not observe an exact symmetry pattern, particularly in the case
of flavor symmetries. The observed fermion masses and mixing angles in the Standard
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Model exhibit hierarchical structures and deviations that indicate symmetry breaking
effects. Consequently, a flavor symmetry serves as a guiding principle to approximate
the underlying flavor structure of the SM, but it cannot be exact. Instead, it must be
broken—either explicitly or spontaneously—to be consistent with experimental obser-
vations. This breaking accounts for the observed mass hierarchies and mixing patterns
among quarks and leptons.

The minimal flavor violation [37], which is a flavor structure based on U(3)° Fla-
vor symmetry broken by the SM Yukawa couplings Y, Y; and Y, promoted to spurions.
While U(3)° flavor symmetry is the maximal flavor symmetry allowed by the SM gauge
symmetry and field content. A flavor spurion can be viewed as a non-dynamical (spuri-
ous) field that transforms under a nontrivial representation of the flavor group and whose
background value breaks the flavor symmetry.

Spurions act as "'markers" of symmetry breaking in the sense that the symmetry is
broken if and only if a spurion is inserted. If the symmetry is a good approximation,
then the breaking effects-quantified by the spurions-must be small Y< 1. Given this, we
can assign numerical values to the Yukawa matrices from the measurements of fermion
masses and mixings (ignoring the neutrino ones). An important consequence of this
approach is that the flavor structure of the SMEFT can be systematically organized as a
series expansion in powers of the spurions. The leading order is the exact U(3)® , while
the largest deviations corresonds to a single insertion of spurions. Higher-order terms
involve multiple insertions, leading to progressively smaller corrections.

A great competitor to MFV is the U(2) [39] flavor structures. U(2) is the corre-
sponding subgroup of U(3) obtained by turning on one Yukawa coupling, typically the
top quark Yukawa y;, which is the largest in the SM with y; ~ 1. This approach is
motivated by the strong hierarchy in fermion masses, where the third generation are sig-
nificantly heavier than the first two generations. It was pointed in [161-163], the U(2)°
provides a very efficient EFT description of the recent flavor anomalies, which cannot be
accommodated within a MFV framework.

It should be clear that the U(3)® and U(2)® symmetries are not the only options to
efficiently suppress flavor-violating observables in the SMEFT !. In this chapter, we will
start by adding flavor, then entering the flavor symmetries and doing the counting. We
will follow [6,165-167] for the counting.

5.2 Why 24997

Flavors can be incorporated in SMEFT operators in table 4.1 and can be counted using
refs. [6,167] up to n generations.
Starting with each class of the 8 classes:

1For a detailed discussion see ref. [164]
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1. Bosonic Operators:

These classes are bosonic operators with no fermions in there structure, they will
not get affected, then they will remain 15 operator.

o Class 1:
Four structure, 4 real Wilson coefficients, there are 2 CP-even and 2 CP-odd.

e Class 2:
One CP-even coefficient.

e Class 3:
Two CP-even coefficients.

o Class 4:
Eight structures, 4 CP-even and 4 CP-odd.

2. Fermion Bilinear Operators:

e Class 5 & 6:

These two classes are non-Hermitian structures containing two fermions. The
coefficients are n x n complex matrix in the flavor space with n? complex
entries, then for each n? CP-even coefficients and n? CP-odd. For class 5, 3n?
CP-even and 3n? CP-odd. For class 6, 872 CP-even and 8n? CP-odd.

e Class 7:

It consists of of 7 Hermitian structures and () g,q non-Hermitian. Q) g,q is the
same as class 5 and 6, having n? complex entries.

We need to understand some properties of Hermitian matrix.

H is a 3 x 3 Hermitian matrix defined as,

Real Complex  Complex
H = | Conjugate Real Complex (5.1)
Comjugate Conjugate Real

As we can see not all the entries are independent. The real entries are the
upper triangle with diagonal being the hypotenuse. As we can see it starts by
one entry at column 1 then 2 at second as so on. Then if we are dealing with
n X n matrix it the real entries will 14+2+3+...4n, which is the summation
of arithmetic series, the value will be ”("TH) CP-even. For CP-odd, the same
but without the diagonal then we need to subtract n from the CP-even value,

giving @

The total CP-even for class 7 is nz—l—w:%n@n + 7), the total CP-odd is
n(9n —17).
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3. Four Fermions Operators:

We will not go in the known order as in table 4.1, but rather we will start with the
simplest.

o Class 8(LR)(LR) & (LR)(RL):
The structures in that subclasses are all non-Hermitian, but instead of matrix
it is now tensor. For a rank-4 n-dimension non hermitian tensor, we have n*

complex entries, n* CP-even and n* CP-even. For (LR)(LR) we have 4n!
CP-even and 4n* CP-odd. And n* CP-even, n* CP-odd for (LR)(RL).
o Class 8(LL)(RR):

The structures in these subclass are Hermitian, but also here now we are
dealing with tensors rather than matrix. We need to calculate the number
of entries in the upper triangle in tensor, which is the sum of the following
arithmetic series 1 + 2+ - - - +n?, that gives us i) CP-even, to calculate
the CP-odd it is the same as the CP-even minus n?, that gives @ CP-
odd. The total for the whole subclass is 4n%(n? 4+ 1) CP-even and 4n*(n* — 1)
CP-odd.

o Class 8(LL)(LL):

The structures in this subclass are Hermitian divided into two categories,
different and identical current.

The count of the different current is the same as the Hermitian one above,
having n*(n? + 1) CP-even and n*(n* — 1) CP-odd.

The identical currents are more interesting, since all four flavor indices trans-
form under the same SU(n) flavor group. The structures transform as the
1+1+adj+adj+aa+ss where adj is the adjoint representation, @a is the rep-
resentation T[%) antisymmetric in the upper and lower indices, and Ss is the

representation T((,i{)) symmetric in the upper and lower indices. These transfor-
mation can be understood from the Young tableaux point of view for 2-body
operators.

The singlet has one CP-even parameter, the adjoint has (n-1)(n+2)/2 CP-even
and n(n-1)/2 CP-odd parameters, @a has n(n-3)(n*+n+2)/8 CP-even and n(n-
3)(n-1)(n+2)/8 CP-odd parameters, and s has n(n-1)(n+1)(n+2)/8 CP-even
and n(n-1)(n®+3n-2)/8 CP-odd parameters. After substituting these values
in the transformation we will have for the 3 operators of identical currents

3 4 3 2 3 4_ .2
W CP-even parameters and %.

Adding the values of the different currents and the identical currents, the
2(,2
total CP-even for the whole subclass is 721322 and the CP-odd is W

4
parameters.
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Class Nop CP-even CP-odd
n 1 3 n 1 3
1 4 2 2 2 2 2 2
2 1 1 1 1 0 0 0
3 2 2 2 2 0 0 0
4 8 4 4 4 4 4 4
5 3 3n? 3 27 3n? 3 27
6 8 8n? 8 72 8n? 8 72
7 8 in(9n+7) 8 51 in(9n—17) 130
8 : (LL)(LL) 5 In?(7n? + 13) 5 171 In?(n—1)(n+1) 0 126
8 :(RR)RR) 7 in(21n® + 2n% + 31n + 2) 7 255 in(2ln+2)(n - 1)(n+1) 0 195
8 :(LL)(RR) 8 4n?(n?+1) 8 360 4n?(n—1)(n+1) 0 288
8 :(LR)RL) 1 nt 1 81 n? 1 81
8 : (LR)(LR) 4 4nt 4 324 4nt 4 324
8 Al 25 | £n(107n% 4 2n? + 89n + 2) 25 1191 | $ngy(107n% +2n* — 67n — 2) 5 1014
Total 59 [ §(107n® 4+ 2n® +213n7 +-30n 4+ 72) 53 1350 | §(107n? 4 2n® + 57n? —30n +48) 23 1149

Table 5.1: Number of CP-even and CP-odd coefficients in £® for n flavors. The total
number of coefficients is i(107n4 + 2n? 4+ 135n% 4 60), which is 76 for n = 1 and 2499 for
n = 3.

« Class 8(RR)(RR):
Here we have 8 structures, 4 different currents, 2 identical current and one
special which is the )., that transforms as 14adj+3s.

After doing the whole calculation and adding the them all, the total CP-
n(21n3+2n24-31n+2)
8

even parameters for the whole subclass is
n(21n+2)(n—1)(n+1)
8

parameters and

parameters.

The total CP-even and CP-odd coefficients for the whole basis is the sum of all the
values for every single class.

107n%4+2n34+213n2+30n+72
8

o Total CP-even coeflicients:
For n=1 — 53 coeflicient.
For n=3 — 1350 coefficient.

o Total CP-odd coefficients: 107”4”"3*27”2’30"*48
For n=1— 23 coefficient.
For n=3 — 1149 Coefficient.

The total number of coefficients is 76 for n=1 and 2499 for n=3, as table 5.1.
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5.3 U(3)° Symmetry and Minimal Flavor Violation

The largest group of flavor-symmetry transformation compatible with the kinetic terms
of the SM lagrangian is [36]:

Gllavr = UB)Y =U(3),@U(3),0U(3).®U(3), @U(3)y = SUB)>@U(1)° (5.2)

Each field is assigned to a 3 representation of the associated group: denoting a generic
U(3), transformation by €, the transformation rules are [6]

qg—Qq, u—Qu, d—Qud, = Ql, e— Qe (5.3)

Vector currents %ﬂ“@br are trivially made invariant by imposing d,, contraction, that
corresponds to the singlet composition of 3 and 3 representations. This is immediate to
see applying the field transformation and using Qd,QL) =1= QLQ¢:

Pyh — YA = Py, ¥ = {q,u,d, L e}, (5.4)

5.3.1 Exact U(3)° symmetry

Adopting the Warsaw basis in table 4.1, with the classification of classes as in [4], we
start the counting.

1. Bosonic Operators:
The structures of classes 1-4 do not contain fermions, then the counting is trivial:
9 independent CP-even coefficients and 6 CP-odd coefficients.

2. Fermion Bilinear Operators:

e Class 5 & 6:

The structure of these classes are forbidden in the exact U(3)° limit, since
they contain a fermionic current of type LR.

e Class T:

In this class, there are 4 hermitian (LL) fermionic current, 3 hermitian (RR)
fermionic current, that are allowed done as eq. 5.4 with each having CP-even
coefficient, and () g4 non-hermitian and not allowed.

3. Four Fermion Operators:

o Class 8(LL)(LL):
In this subclass, there are 2 hermitian structures with different fermion cur-
rents, each has 2 CP-even coefficient. Also, there are 3 hermitian structures
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with identical currents, each having 2 independent operators, since we can
contract the flavor indices in two different ways. For example, for Q((I}I) we

have

(@7p) @ 00r)  and (G700 ) (@ Vup), (5.5)
where r and p denote the flavor indices. Each identical current has 2 CP-even
coefficients.

o« Class 8(RR)(RR):
In this subclass, there are 4 hermitian structures with different fermion cur-
rents, and 3 identical currents, but Q.. is special, since it corresponds to a
single independent structure due to fierz identity

(@pyuer)(@syuer) = (Esyuer) (@pyuet)- (5.6)

o Class 8(LL)(RR):
The structures here are divided in a quite different way as: Leptonic-Leptonic

current, Quark-Quark current, Leptonic-Quark current. They are all her-

mitian structures that are invariant under the exact U(3)°. Each having 1

CP-even.

o Class 8(LR)(RL)+h.c & 8(LR)(LR) +h.c:
The strucutre of these subclasses are not allowed.

5.3.2 Minimal Flavor Violation

The minimal flavor violation (MFV) is the assumption that the SM Yukawa couplings
are the only source of U(3)° breaking [37]. The exact U(3)° limit analyzed before is
equivalent to employing the MFV hypothesis and working to the zeroth order in the
symmetry breaking terms. To go beyond the leading order we promote the SM Yukawa
to U(3)® spurion fields with the following transformation properties [166]:

Yo — QY0 Y, = QY0 V.- QY.0 (5.7)
In this way the (LR) structure
dYyq, uY.q, €Y., (5.8)
are formally invariant. For two insertions of Yukawa

Y,V = QY000 Vil =, v,y ol
YoY] = QuYaQiQ,Y] Q) = QaYaY [ (5.9)
YY) = Qy.olovial = oy yviol
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In this way the (RR) structure

dy,Yld, uY,Yiu, eY.Y]e. (5.10)

are invariant. We could also have different arrangement

vy, — Qlyi0.0.v.0f = o vv.of
Y]Yy = QY008 = QY] v,0! (5.11)
Yy, = QY00 v.0 = Qv v.Qf

Then (LL) structure

YiVg, @V{Yag, YIYL (5.12)

are invariant. In principle, the spurions can appear with arbitrary powers both in
the dimension-6 effective operators. For example four insertions of Yukawa coupling will
transforms as

YY)yl - Qy.0l0vialo,y.oloviol =,y Yol (5.13)

The same could happen for any combination of the Yukawa, they will remain trans-
forming well. So, that is a series expansion in powers of spurions (if Y<1 ,then § > Y2 >
Y*...). However this series is finite, since there exist only a finite number of independent
covariants that can be constructed out of the Yukawa spurions due to Cayley-Hamilton
identity?

1 1
X3 = (TrX)X? + 5(TrX2 —~Tr*X)X + 6(2TrX3 —3TrX*TrX +Tr*X)I3  (5.14)

with I3 the 3 x 3 identity matrix. This identity leads to many redundancy relations
among polynomials of 3 x 3 matrices.

Typically people choose to truncate the series at a specific order, for us we will
truncate at O(Y?). Let’s start with the counting of single and double insertions of
spurions.

1. Fermion Bilinear Operators:

e Class 5 & 6:

The structure is non-hermitian transforms the same as eqs.5.8 for one inser-
tion, each having one complex parameter, then 1 CP-even and 1 CP-odd.

For two insertions they are not invariant.

2A useful reference for finding the required decomposition from a Hilbert series perspective is [168],
though some further refinement is still needed.
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e Class T:
For one insertion, the structures are not invariant.

For two insertions, all the strucures are invariant even the @) g,.q. We obtain
a U(3)% singlet contracting Y an YT to form an octet of SU(3), and then
contracting this octet with the flavor indices

quqT(YJ/dYu/d)pm EPFUT(YuYJ)pr» dprdr(YdeT>pN ﬂprdr(YquT)pr‘
(5.15)
where I' denote a generic combination of Dirac matrices, color and SU(2)
generators, which play no role as far as the flavor structure is concerned.
These are the same of what happen in eqs. 5.10 and 5.12, this could be
generalized for the leptonic sector.

Then 6 CP-even for (LL) parameters, 3 CP-even for (RR) parameters, and 1
complex for Q ruq.

2. Four Fermion Operators:

o Class 8(LL)(LL):
As we have seen in section 5.3.1, the structures are divided into two main
categories: Identical- and different-currents.
For one insertion, all the structures are not invariant.

For two insertions, using eq.5.5 and 5.12 we will have 10 hermitian structures
with 10 CP-even for the identical-currents. The different-currents will have 6
structures with 6 CP-even.

In total we will have 16 CP-even parameter.
« Class 8(RR)(RR):
Here also the structures are divided into the same categories: different- and
identical-currents with a special operator Q.. due to eq.5.6.
For one insertion, all the structures are not invariant.

For two insertions, using eq.5.5 and 5.10 we will have 5 hermitian structures
with 5 CP-even for all the identical-currents including Q... The different-
currents are 8 hermitian structures with 8 CP-even.

In total we have 13 CP-even.
o Class 8(LL)(RR):
For one insertion of Yukawa, the strucutres are not invariant.

For two insertions, the leptonic-Leptonic-current can be contracted by three
contractions

(ZP’YM&") (es7es) (YeTYe)pTa (ZS'YMKS) (&"er) (Yeyewpra (Zzﬁwgr) (es"'er) ((Yj)pg(ye)sr
5.16
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they are all hermitian, each has 1 CP-even.

The leptonic-Quark-currents are the same as the different-currents in the pre-
vious subclasses, they are 7 hermitian structures each with 1 CP-even.

The Quark-Quark-currents they can be contracted almost the same as the
Leptonic-leptonic-currents but with a small different that the (gg) can be
contracted by two combinations, the (YY,) and (Y]Y;). However, we will
have 16 hermitian structure each with 1 CP-even.

The total is 26 CP-even parameters.
o Class 8(LR)(RL)+h.c:

For single insertion, the structure is not invariant.

For two insertions, the structure here can be contracted as
(ZioeT)(asqlfj)(Yj%r(n)st (5.17)

This is not hermitian with 1 complex parameter.
o Class 8(LR)(LR)+h.c:

For single insertion, the structures are not invariant.

For two insertions,Ql(el(’;) structures can be contracted as eq.5.17, have each 1
complex parameter.

Then we have Q;fqd that can be contracted intwo different ways

(q%ur)ejk(qlzdt)(Yj)pr<YdT)sta (qz,ur)ij(qut)(YJ)ST(YdT)pt. (5.18)

Then we will have 4 non-hermitian strucutres, each with 1 complex parameter.
In total we have 6 CP-even and 6 CP-odd.

The results thus obtained are reported in Table 5.2, the left (right) value in each
entry indicates the number of CP-even (CP-odd) coefficients. Number of operators is up
to O(Y?) (summing O(Y?)+O(YH+0O(Y?).)

However, we have done a power counting for insertions of the Yukawa couplings
up to O(Y?) for which it totally agrees with ref. [165]. Instead, sometimes it can be
chose to have the minimal insertions needed as done in ref. [166] to retain the leading
invariant structure for each operator, corresponding to no Yukawa insertions in classes
7, 8(LL)(LL), 8(RR)(RR), and 8(LL)(RR). One insertion in classes 5 & 6 and two
insertions in Qg and classes 8(LR)(RL), 8(LR)(LR). Their corresponding counting is
in Table 5.3.
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No symmetry U(3)°

Class Operators 3 Gen. 1 Gen. || Exact | O(Y!) | O(Y?)
14 X3 HS H'D? X?H?| 9 6 9 69 6|9 6 6
5  YH? 27 27 |3 3 |- —|3 3 3
6 Y?XH 7 72 |8 8 |- |8 8 8
7 Y*H?D 50 30 |8 1 |7 |7 -~ |16 1
(LL)(LL) 171 126 |5 — |8 |8 — |24 -~
(RR)(RR) 255 195 |7 9 |9 - |22 -

8  (LL)(RR) 360 288 |8 — |8 |8 — |34 -~
(LR)(RL) 81 8 |1 1 |- |- — |1 1
(LR)(LR) 324 324 |4 4 |- —-|- - 1]6 6
total: 1350 1149 | 53 23 || 41 6 |52 17 | 123 25

Table 5.2: Number of independent operators in U(3)°, MFV and without symmetry. In
each column the left (right) number corresponds to the number of CP-even (CP-odd)
coefficients. For the U(3)°, they are summing from left to right.

No symmetry Minimal Needed
Class Operators 3 Gen. 1 Gen. || OY?) | O(YY) | O(Y?)
14 X3 HS H'D? X?H?| 9 6 9 6 |9 619 6|9 6
5  ?H? 27 27 (3 3 |- -~ |3 3 |3 3
6 *XH 72 72 (8 8 |- |8 8 |8 8
7 ?H?D 50 30 (8 1 |7 — |7 - |8 1
(LL)(LL) 171 126 |5 - (8 -~ |8 — |8 -
(RR)(RR) 255 195 |7 9 — |19 — |9
8  (LL)(RR) 360 288 |8 — |8 — |8 - |8 -
(LR)(RL) 81 81 |1 1 |- — |- — |1 1
(LR)(LR) 324 324 |4 4 |- - |- - |6 6
total: 1350 1149 |53 23|41 6 |52 17|60 25

Table 5.3: Number of independent operators in the leading invariant structures. In
each column the left (right) number corresponds to the number of CP-even (CP-odd)
coefficients. For the minimal needed, they are summing from left to right.
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5.4 U(2)° Symmetry

The U(2)° symmetry is a subgroup of U(3)®, specifically designed to differentiate the
first two generations of fermions from the third one [38-40]. The U(2)® symmetry refers
to five copies of the unitary group U(2), acting on the first two generations of fermions.
This means treating the first and second generations as a doublet under these symme-
tries while the third generation is treated separately. This symmetry helps explain the
smallness of first- and second-generation masses and why the third generation dominates
flavor-changing processes. The five independent flavor doublets are denoted q,/,e,u,d in
addition to five independent singlets denoted by ¢s, us, ds, e, £3 and the flavor symmetry
is decomposed as

U2P°=U2),2U2),2U(2).2U(2),2U(2)4 (5.19)
under which only the doublets transforms:

q— qua U — guu7 d— gdda 0 — 5467 e — 5667

5.20
g3 — q3, Uz —us, dz—ds, l3—1L3, e3—es. ( )

Furthermore in analogy with the MFV case, we assume that this U(2)® is broken by
spurions transforming as [39]

Ay = EAEL Ay AL A — 60 LD (5.21)

In fact, if these bi-doublets were the only breaking terms, the third generation, made of
singlets under U(2)°, would not be able to communicate with the first two generations
at all. For this to happen, one needs two doublets. Inserting these two is a minimal
choice that allows to reinstate the mixing between the light and heavy generations, and
they transform as

Vo= &V, Ve &Ve (5.22)
In terms of these spurions, we can express the Yukawa matrices as
A, x,.V A, xV, Ay 1V,
T e Ve t_ u tVq T d bVq
}/6 =Yr ( 0 1 > ) Yu =U < 0 1 ) ) Yd =W ( 0 1 ) . (523>

where y,,, and 2, ; are free complex parameters expected to be of order O(1)3.
Using the residual U(2)° invariance, we can transform the spurions to the following
explicit form

= 0 B0 B0 B 0

Voo = €% A, =07 ["e A, =U["u Ay =Ul ("
0= e <eq<@>’ e(o @)’ “<0 ﬁu>’ TR0 B
(5.24)

3 According to [39], due to the holomorphicity of the Superpotential, in supersymmetric framework
we are not able to add term on the lower-left sector of the Yukawa matrices.
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Here O and U represent 2 x 2 orthogonal and complex unitary matrices, respectively

Oe:<ce 56), Uq:< = 5C ) (5.25)
—S¢ Ce —sq4e7 "% Cq

with s; = sin6; and ¢; = cos6;. The ¢ and 62-(/) are small position real parameters
controlling the overall size of the spurions. From the observed hierarchies of the Yukawa
couplings, we deduce

I>e>0>0>0 (5.26)

or, more precisely,
=010, B=0(10"2), Bi=0(107%). (5.27)

As in MFV, spurions can appear with arbitrary powers in the lagrangian but still
transforms in a proper way. Due to eq.5.27, we can have a series expansion in power of
spurions. However this series is finite, since there exist only a finite number of indepen-
dent covariants that can be constructed out of the U(2) spurions due to Cayley-Hamilton
identity

X2 =Tr(X)X — det(X)I, (5.28)
with I the 2 x 2 identity matrix.

We will choose to truncate at O(V3 AV). We will use alphabetic letters for real
coefficients and Greek letters for complex coefficients. Let’s start the counting.

1. Fermion Bilinears :

We will start the analysis from the operators of classes 5, 6 and 7, which contains
a fermion bilinear. We will terminate the expansion up to O(AV), we will divide
the analysis to 4 different categories, and we will discuss in detail the leptonic case
(the translation to the quark case being trivial).

o (LL) structure :
The terms generated up to O(AV) are

VO : [alzﬁ + agggg],
Ve [k 0Vils 4 h.c],
V2 b0V, V),

AL AW —

(5.29)

The results can be summarized as follows in terms of the flavor tensor Ay r:

aq 0 0
ZPFAIZ/TL&«, ALL == 0 ay + b16% Ki€e | + 0(562) (530)
0 K€ as

49



Arp, in the absence of any flavor symmetry is parametrized by 6 real and 3
imaginary coefficients has only 4 real (a2, b, Rery) and 1 imaginary (I'mk,)
coefficients.

(RR) Structure:
The terms generated up to O(AV) are

Vo [alée + CL2€7363],
VEVEA - (5.31)
AW [oyesViAe + hd.

The results can be summarized as follows in terms of the flavor tensor Agg:

ay 0 ol€rSe 3
e,LAre., Agpr= 0 a oreBe |+ O(B2). (5.32)
o168 3, T1€03e as

Agpr contains 3 real and 1 imaginary.

Q Hud:
The terms generated up to O(AV) are
VO : [alﬂgdg + h.C},
VEVE AL~ (5.33)
Alvl . [UlﬂAL‘/ng + Ogﬂg%TAdd + hC]

In this case one finds 3 real 3 imaginary coefficients.

(LR) strucutre:
The terms generated up to O(AV') are

VO . [&1?363 -+ h.C},
V1 [kilVies + h.cl,
VE— (5.34)
Al : [pilAce + h.d,
AW [0105V] Ace + h.d].

The results can be summarized as follows in terms of the flavor tensor Ay g

-~ plﬁé _plseﬁe 0
C,UAY per, Apr=| p18ef. p1Be ki€ | + O(Becd). (5.35)
016686@2 o160 g

A r contains 4 real and 4 imaginary coefficients.
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N. indep. U(2)® breaking terms
Class structures Vo Vi V2 Al A1
5 & 6: (ER) 11 11 11|11 11 |- —[11 11|11 11
7: LL) 4 8 — |4 4 |4 |- - |- -
7. (RR) 3 6 - |- - |- -|- - 13 3
7 QHud 1 1 1 |- — |- = — 12 2
total: 19 26 1215 154 —|11 11|16 16

Table 5.4: Number of independent operators with fermion bilinears in U(2)°. Notation
as in Table 5.2; however, here each column denotes the operators with a precise power
of spurions, as indicated in the first row.

The total number of CP-even and CP-odd coefficients for all the operators with
fermion bilinears constructed with spurions up to O(A'V!) are reported in Ta-
ble 5.4.

2. Four Fermion Operators

o (LL)(LL) structures:
For the identical currents:
The terms generated up to O(V?) are

VO [ar ()Y + ay(E07) (0 0P + as(06)(Lsls) 4 as(0ls)(Csl)
+ a5(03l3) (0303)],

VY [k (CVPL) T 07 4 ko (EVils) (Tsls) + ks (EVPLT) (T l3) + h.d),

V2 b VIV 00) + by (P VPV 7Y (Usls) + bs (VP L) (Cs V07
+ (V) VIE) + (i (V) (V] s) + o)),

V3 [ (CVPVIT ) @VELS) + had.

(5.36)

For the different currents:
The terms generated up to O(V?) are

VO [an(£0)(qq) + a2(0)(G3qs) + as(lsls)(qq) + aa(lsls)(3)qs),
V' (k1 (OVils) (@q) + K2 (EVils) (5q3) + k3 (C0) (@Vyqs) + ka(l3ls)(qV,qs) + h.d,
V2 I (PVIVI ) ) + VIV ) @) + b0 @ VIV

+ ca(Cl) (@VIVITG) + (i (€Vels) (@Vaas) + m2(EVels) (GsV,) q) + hec)).
(5.37)
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For the (LL)(LL) structure we find the following number of real and imaginary
coefficients at a given order in the spurion expansion

VO‘vl‘vQ‘Al‘Alvl‘vS
Identical [Qe, QY] : 5 — |3 3|5 1 1

q
Dif ferent [QZ),QE?]: 4 — |4 4

(RR)(RR) structure:

For the identical currents:

The terms generated up to O(V?) are
VO [ay(@Pul) (@ u") + ag(@Pu”) (@ uP) + as(uu)(Tsus)
+ a4(ﬂu3)(ﬂ3u) + as (E3U3)(ﬂ3'd3)],
AV oy (UquTSAZ”uT)(Hpup) + O'Q(ﬂg‘/qTAuU)(ﬂz;Ug)
+ Ug(ﬂp‘/;SAZTUT>(U3up> + h.c].

(5.38)

For the Q.. structure:

VO : [a1 (épep) (érer) + Q9 (Ee) (5363) + as (5363)(5363)],

5.39
AV [o1(eP) (V) Ale®) + 0a(Eses) (€5V, AP e?) + hoc]. >:39)

For the different currents:

VO a1 (ee)(Tu) + az(€€)(Tsus) + az(Eses) (Wu) + aq(€zes)(Wsus)),
AW oy (83V) Ace) (Tu) + 04(€3V,] Ace) (Tzus) + og(ée)(ﬂgvjAuu) (5.40)
+ 0'4(6363)(@3‘/JAUU) + ]’LC]

For the (RR)(RR) structure, we find the following number of real and imag-
inary coefficients at a given order in the spurion expansion

VO ‘ Vl ‘ V2 ‘ Al ‘ Alvl ‘ V3
Identical [Quu(da)] : 5 _ |- — |- — = —13 3 | = =
Identical [Qee) : 3 — |- — |- |- —|2 92 |- —
Dif ferent [Qeu, Qea, Q(UZ’B)] 4 - = — = —|= =4 4 |- =

(LL)(RR) structure:
Leptonic-Leptonic and Quark-Quark operators:
The terms generated up to O(V?) are
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: lay (00)(Be) + ax(00)(Bse3) + as(l3l3)(ee) + as(l3ls)(eze3)],
. [Iil (ngg)(ée) + Kg(zwgg)(ég)eg) + h. C],

V2 b (VP (@e) + by (PVEV]T ) (eses)],

AV [pr(003) Ac(Ese) + h.cl, (5.41)
AW [0y (P T’"ef)Apt(ege )+ 0o (F 0P V" A (g€t

+ o3(lsl 3) A.(ese) + h.cl.

For the Leptonic-Quark structure:
The terms generated up to O(V?3) are

aq (fg) (U’LL) + ao (Zﬁ) (HgUg) + as (?3&:,)(@’&) + Cl4(?3€3)(ﬂgl£3)],
k1 (OViels) () + ko (CVils) (Tsus) + h.cl,
by (CVEVI ) () + by (CPVEVI ) (Tgus)],

3
{ (5.42)
A V1 o1 (CO VAL (Tsu) + 02(C3ls) VA, (Tsu) + h.c].

For the (LL)(RR) strucutre, we find the following number of real and imagi-
nary coefficients at a given order in the spurion expansion

L/Q— L/Q[Qze,Q%S,Q ]: 4 —12 212 —|1 113 3 |- —
L— Q[Qlu»@lda@qe]- 4 —

(LR)(RL)+h.c strucutre:
The single operator Qjeqq, for which the spurion decomposition up to O(V3, A'V1):

ALYO | (5.43)

AV

>
Q
L
EZ\
<
\—/\_/+
_|_
Q
o
N
w
S
>
Q
SE/
0y
w
=)
Nl
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[
)

terms summed up to different orders]

Operators | Exact | O(V1) (V2) | OV AN | OV AY | OWVEAWVYH | O3 AV
Class 1-4 6 6 6 9 6 9 6 9 6
Y2H? 3 6 6 9 9 12 12 12 12
VX H 8§ 8 |16 16|16 16|24 24 |24 24 |32 32 32 32
Y2H?D 5 1 (19 5 [23 5 |19 5 23 5 28 10 28 10
(LL)(LL) |[23 — |40 17|67 24|40 17 |67 24 |67 24 74 31
(RR)(RR) | 29 20 — |29 - |29 29  — 53 24 53 24
(LL)Y(RR) |32 — |48 16|64 16|53 21 |69 21 |90 42 90 42
(LR)(RL) |1 1 |3 3 |4 4|5 5 6 6 10 10 10 10
(LR)(LR) ||4 4 |12 12|16 16|24 24 |28 28 |48 48 48 48
total 124 23| 182 81 |234 93212 111 |264 123 | 349 208 356 215

Table 5.5: Number of independent operators in the SMEFT assuming a minimally broken
U(2)® symmetry, including breaking terms up to O(V?, A'V!). Notations as in Table 5.2.

e (LR)(LR) structures:

Qlelqi have the same decomposition as for (eq,, While Qquqd decomposed as
follow

Vo
vt
AlvO .

[11(qAu)
+ 13(qs

(a1 (T5u3)(q5ds) + h.c],
(51 (qVqus) (Gads) + Ka(Gaus)(qVed) + h.c],
(

G3d3) + 12(q3u3)(7A4d)
(

Ayu)(qds) + ta(qus)(G3Aad) + h.c],

[01(@5V) Auu)(@sds) + o2(@ AL W)@V, ds) + 03(T5us) (G5V, Aad)
+U4( @FVEPuz) (@AY d) + os5(@VIu")AY (G ds) + o6(qPus) A (G°V, d") + h.c]
(5.44)

For the (LR)(RL) and (LR)(LR) strucutre, we find the following number of

real and imaginary coefficients at a given order in the spurion expansion

[ — q [Qledqa Ql(elt;?/,)] :

q—qlQ

(1,8)
qugd

]:

VU‘vl‘vQ‘Al‘Alvl‘ V3

11
11

o4

2 2
2 2

11
11

2 2
4 4

4 4
6 6




The total number of counting is summarized in Table 5.5. Using the same notation
of Table 5.2. The counting is done up to O(V3, A'V!) which is in total agreement
with [165].

5.5 Matching with Other Countings

Ref. [166] considers flavor symmetry scenarios based on U(3) and U(2) but with some
differences in the spurion power counting compared to what we have done in the thesis:
in particular it keeps the minimum spurion insertion required for each operator, and for
U(2) it neglects fermionic mixing, ie V, =V, = 0 and Vg = 1. Also, for the leptons it
doesn’t use U(2) but either U(3) or U(1)3.

Let’s try to do the explicity check for the verion with U(2)? for quarks and U(3)? for
leptons :

1. Fermionic Bilinear Operators:

o Class 5:
For Q).g, is a non-hermitian operator with 1 complex parameter.

For QQ,ng and Quy taking the remaining in eq.5.34, that are 4: 2 real and 2
complex parameters.

For the whole classs we have 5 real and 5 imaginary coefficients.

o (Class 6:
Same for class 5, that leads to total of 14 real and 14 imaginary coefficients.

o Class 7:
The operators that are (LL) will have 2 real coefficients each coming from
eq.5.29.
The operators that are (RR) will have 2 real coefficients each coming from
eq.n.31.

For Qg will has 1 real and 1 imaginary coefficients coming from eq.5.33.
Then, in total for class 7 we will have 12 real and 1 imaginary.

2. Four Fermion Operators:

o 8(LL)(LL) structures:
For the identical currents, we will have 5 real coefficient each, coming from
eq.5.36. And for the different currents we will have 4 real coefficeints each
coming from eq.5.37.

For the leptonic structure )y, we will have 2 real coefficients coming from the
cross as in eq.n.5.

The total number for the whole subclass 8(LL)(LL) is 16 real coefficients.
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« 8(RR)(RR) structure:

For the identical currents , we will have 5 real coefficients each from eq.5.38.
And for the different currents we will have two subsets and referring to eq.5.40,
one with lepton-quark having 2 real coefficients each and the quark-quark
having 4 CP-even from O(V?) and then we have interaction contracted in
the following form (@Pus)APPAL (dsd®) which has a complex parameter, we
have this contraction in Q%’B). For Q.. due to eq.5.6, there is only one real
coefficient.

The total number for the whole subclass 8( RR)(RR) is 25 real and 2 imaginary
coefficients.

o 8(LL)(RR) structure:
For the Leptonic-Leptonic each has one real coefficient. For the Quark-Quark,

we have 5 real and 1 imaginary for each from eq.5.41. For the Leptonic-Quark
we have 2 real coefficient.
The total number for the whole subclass 8(LL)(RR) is 27 real and 4 imaginary
coefficients.

« 8(LR)(RL) structure:
From eq.5.43 we have 2 real and 2 imaginary coefficients.

 8(LR)(LR) structure:
Qz(elf}i) are the same as the ()jc4q, then each has 2 real and 2 imaginary coeffi-
cients.

For the Qgtj; we have 5 real and 5 imaginary coefficient for each from eq.5.44.
But we have also contraction in the following form (gA,u)(qgA4d) should be
counted also. Such structure has 1 complex coefficient. The total number for
the subclass 8(LR)(LR) is 18 real and 18 imaginary coefficients.

The operators that we have counted here can be written explicitly in table 5.7 done
in ref. [166], using her own notations, we will not go through it and we will not use it,
but just a general overview.

We can have a different assumption in the leptonic sector, one can be to consider a
Ul)},=U(Q1). xU(1), x U(1), symmetry under which the fields transform as

by — €iae€1, ly — em“ﬁg, 3 — eiang. (545)

e — e'%eq, ey — e'Yey, e3 — Yes, (5.46)

Here we can do also the counting, based on the previous counting but in addition to
the leptonic sector.

1. Fermionic Bilinear Operators:
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U(3)° up to U(3)° U(2)° U(2)3 U(2)3 x
O(Y?) needed without V Ui,
all  CP |all CP all  CP |all CP | all CFP
M 4 2 4 2 4 2 4 2 4 2
£ 3 - 3 - 3 - 3 - 3
£ 8 4 8 4 8 4 4 8 4
) 6 3 6 3 24 12 |14 7 N
o 16 8 |16 8 64 32 |36 18 |28 14
£ 17 1 9 1 33 10 | 21 2 15 2
LOEDED oy g - 105 31 |31 - |16 -
LYRRER) | 99 | g : T 24 | 40 27
LAED@ER) | gy | g - 132 42 | 54 31
LIEREL) | o 1|1 1 20 10 | 64 32 |40 20
LIERER | 9 6 12 6 96 48 |64 32 |40 20
tot 148 25 |8 25 |571 215 |275 71 | 182 53

Table 5.6: Number of independent real parameters in each class of dimension 6 operators,

for the 5 flavor structures done.

o Class 5:
Q.y now has 3 real and 3 imaginary coefficients. Other remains as counted

before.

The total become 7 real and 7 imaginary coefficients.

e (Class 6:
Q.w and Q.p each has 3 real and 3 imaginary coefficients. While all the

others remain the same.

The total become 18 real and 18 imaginary coefficients.

o Class T:
Qne and ng) are hermitian having 3 real coefficients each.

The total become 19 real and 2 imaginary coefficients.

2. Four Fermion Operators:

o 8(LL)(LL) structure:
Qe has 9 real coefficients.
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Qé}]’g) cach has 6 real coefficient.

The total become 31 real coefficient.
« 8(RR)(RR):

Qe has 6 real coefficients.

Qew and Q.4 each has 6 coefficients.

The total become 38 real and 2 imaginary coefficients.
 8(LL)(RR) strucutres:

Qe has 12 real coefficients.

Qeu, Qea and Qe each has 6 real coefficients.

The total become 50 real and 4 imaginary coefficients.
« 8(LR)(RL) strucutre:

Qieqa has now 6 real and 6 imaginary coefficients.
 8(LR)(LR) strucutre:

Ql(;’;i) each has 6 real and 6 imaginary coeflicients.

The total become 26 real and 26 imaginary coefficients.

The final counting of all the flavor assumptions done so far is summarized in table
5.6.

5.6 Mapping between U(3)° and U(2)°

From a symmetry point of view, the insertion of 3rd generation Yukawas breaks the
U(3)° symmetry leaving a residual U(2)°. The conditions will be to turn off all the
Yukawas U(3)° but keeping the third generation on (y;,y, and y,). And for U(2)° we
will not have any spurion. So the two conditions should be the same, and therefore
the number of independent SMEFT parameters should be the same. We will need to
show this explicitly. To do this, we need to define the Wilson coefficient in each flavor
symmetric limit.

In the case of U(3)® up to O(Y?), the coefficients can be written as follow

Operators starts with O(Y?):

3 3,0 3,1 3,2
O;i;,pr = O}{q )51?7‘ + C§{q )<YJYU)p7” + Clgiq )(YdTYd)pr (5-47)

O g = CBO§, 5+ CBYV6,00, + COD(YVIY) bt + CED (YY) i

qq,prst —

(5.48)
+ COY VIV 6t + CED (YY) i

To break U(3)® explicitly we need to make sure to include all the independent spurion
insertions. An insertion is independent if it breaks U(3) in a way that was not already
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—¢2H3

Qur | (HYH)(q Y] u) Qun | (H'H)(7Y, dH) Qen | (HH)(lpe, H)
Qun | (HYH)(QHt) Qor | (HTH)(QHb)
£ —y2xH
Qew (i ohve )JiHW/i Quw | (Y] a‘“’u)aif[Wil, Qus | (@Y, U‘“’u)HBW Qua (qYTU’“’T“ )HG“V
Qe | (Go*er) H By Quv | (Qot)o HW, Qs | (Qo™t)HB,, Qe | (QomTot)HCE,
Qaw | @Y] o d)o' HW, Qis | (Y] o™ d)HB,, Qic | (@] o™ T d)HGE,
Quw | (Qotb)d'HW}, Qs | (Qo*b)HB,, Qe | (Qo"™Tb)HGS,
£l — 2H?D
O (1D L H) (0, @ | (= DL H) (oiy0,) Que | (H'i'D  H)(Eer)
QW) | (H'D 1) (@vq) QW | (DL H) (go' ) Quu | (D, H)(@y0) Qua | (H'D ,H)(dyd)
Qi | @iB,m@Qvq) | QW | DL Qo' Q) Qe | (H'D  H) (1) Qo | (H'D ,H)(Byb)
Quua | iHIDH) (@YY v"d) | Quu | i(HTD,H)(#y"b)
£$ _(LL)(LL)
QW | Uyl (@) QY | (Lol (@) Qu | (pyule)(Tv1)
QY | ) (@1Q) QY | o'yl Qo' Q) Qo | (@1.Q)(@Q) Qo | (QT*,.Q)(QT*+"Q)
| (@) @ra) W | (@0 @reta) S| (@0t y.a) (@0 rq) @2 | (@0 T ,u9) (G0 T )
Qo | (Q1.Q)(@v a) Q0 | (QT,.Q)(aT"q) QS | (Qo'7,Q) (G0 q) QS | (Qo'T™,Q)(@0" T ™)
£ _ (RR)(RR)
Qeu | (@yper) @y u) Qea | (Epyuer)(dyd) Qe | (Epuer)(Erer)
Qet | (Epyuer)(ty™t) Qes | (Epyuer)(by"b) Qu | (tyut)(tv"t) Qu | (b7u0)(by")
W | (@) (@) S| @) @y ) |yt (@) W | ATty (T )
G | (dyud)(dytd) G | (dT%yd)(dTyd) | (byub)(dytd) s | (BT%,b) (dT )
QW | (u)(dya) QY | (@T ) (AT d) QW | Gty (@) Ei? (FT%,t)(dT"d)
QW | (@) (by) QY | (@) (5T) | () By S| (Tt (BT )
Qhina | YD @p1ut) (0rdy) | Qs | (YY) (@pTot) (BT71d)
£8) _ (LL)(RR)
Qu | Lyyuly) (i) Qu | (pvuly)(dy*d) Qee | (@nua)(epyter) Qe | (yulr)(@sv™er)
Qi | Upyule) (tyt) Q| (Lyyuls)(b7"0) Qqe (Q Q)(ep'er)
W | (@) @ytu) Q) | (QuQ) () QY | (@)@ QY | (@7Q) ()
& | @) (@) QS& (QT*,Q) (T u) QY | (@Tyuq) (i) Q5 | (QT™.Q)(IT*)
QYW | (@) (dyd) Q%) | (@@ (dyd) QY | (@) (0y) Q5 | (@1.Q)(brb)
QY | (@r*yuq)(dTeyd) Q%) | (QT*,Q)(dT*yd) QY| (@ryuq) (BT D) cz<8> (QT,Q) (bT"y#b)
Q(Qm (V) pr (@7 Q) (07 ur) Q<Qm (VD) pr (@ T 7, Q) (T uy) Q(de (V) pr (@7 Q) (brd,) Q(de (V) (GT7,Q) (BT *d.)
£$” — (LR)(RL), (LR)(LR)
Qredg | (Ber)(dYaqy) Qg | (Ber)(0Q)) Qi | Her)en(@F ) QL | Bouwer)en(@ o)
QL. | Gen)ein(@ Yiu) QY. | Bower)ein(@ Y o) QQZQ,, (@ )ejr(Q* b) Qo | (@1 T*1)e (@4 T)
Qo | @ Yiweun@vid) | Qo | @ YT wepn@ v Td) | QUry | VD) (VD(@ ur)ejn(@ dr) | Qg | (VD)ar(V])pe (@ Tur)eju (a5 Td1)
Qb | (@7 )egn(d Y] d) Qb | (Q7 T 0)esn (g Y] Td) QgiﬁQb (@ Y wejn(@QFb) QWoy | (@ Y Tu)e;(QF T70)
Qo | (YDor (@ u)ejn(@h ) | Qs | (ViD)pr (@1 Tun)ejn(@T) | QUby | (VDor (@) D) (QF dy) QSba | (7)o (@ T0)ejr(Q" T7d,)

Table 5.7: Basis of fermionic operators

generations and their 2 x 2 Yukawa matrices.

for U(2)? flavor assumptions without V and
U(2)* x U(1)},, flavor assumptions. Here (¢, u,d), Y,, Yy denote quarks of the first 2

Quark fields of the 3rd generation are

(@, t,b). Flavor indices p,r, s,t run over {1,2} for light quarks and {1, 2,3} for leptons.
Whenever flavor indices are not specified, they are implicitly contracted within each

current.

general overview in this flavor symmetry limit.

This table was done by ref. [166] notations and we will not use it, it just a




presented. So for the four fermion operators we will need to go up O(Y,}) for Quark-
Quark currents, in order to have all the breakings. For the two fermions structures,
O(Y,}) is not independent from the O(Y;!) and O(Y;?) insertions.

Then eq.5.47 can be modifed as follow:

3 3,0 3,1
Cé’;»}”" = 1('—Iq )6177" + C;—Iq )[(YJYU>1W + (YdTYd)pr] (549)
So eq.5.48 we will need to include the remaining

Cq(g?prst = 05270)5;)7'6% + Oég’l)éptésr + 052,2) (YJYu)pr(gst + 0(5273) (YJYu)ptésr

(3.4) (v T (3.5) (v T (3,6) (v T i (5.50)
+Cyy (Y3 Ya)pros: + Cod (Y3 Ya)pilsr + Cot (YY) pr (YY) st
Operators starts with O(Y'!):
Cuapr = Cua(V)pr (5.51)
Operators starts with O(Y?):
Crruapr = Citaa( VY] e (5.52)

These are some general examples of how the coefficients look like in U(3)°.

For U(2)°, this case has a different way of representation for the coefficients. We will
need to name the alphabetic letters and the complex letters used in section 5.4.

We will use our own notations depending on the inner fermionic structure, if we have
two ¢’s then the coefficient will be with 2 q’s, and in the case of 4 ¢’s, it will has 4 q’s
and so on. p,r,s & t runs over 1 and 2 here, for 1 it is the light and 2 is the heavy.They
will be denoted as in eq.5.20. ANd the higher upper indices the first will be from the
operator and the second is the number of contracting if there are more than one. For
example, Cég’l) this is the first contraction of the light-light currents of C%.

For the case of (LL), from eq.5.29 the coefficients of C’S; will be:

a) = Cég’l), a9 = 0(3) K1 = 0(3)

3,2
93937 q93° by = Céq ) (5'53)
The coefficients denoted with Greek letters are complex and also have the h.c terms
will the alphabetic letters are real.
as we can see that a; and b; will contribute to the same block coefficient. They both
contribute to the light-light curents.

For the C’ég’?prst, from eq.5.36 we will have the following

o =CGY g, =082 g =CBY as = CGY

9999’ 999> 949493937 9934939’

_ (3 _ (3,1 (3 _ (32

as = Cést)zsqsqy k1= Cq(qqq)s’ k2 = Cq(q:zqsqs’ ks = Cq(qqq)s’ (5.54)
_ (33 _ (33 _ (33 :

by = Ctgqqq)7 by = Crgqqs)qs’ b3 = Cq(qsq)w’
(36 (3,1 _ (34

by = Ctgqqq)7 = Céq:sq)q:s’ th= Céqqq):s'
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Also we have the complex conjugate of each of the complex numbers.
For the case of (LR), from eq.5.34, the coefficients of C\,¢ will be

ap = Cq3u3a R1 = Cqu3, P1 = Cqu, o1 = Cq3u. (555)
For the case of QQg.q, form eq.5.33, we will have
Q= Cugd37 01 = Cudga 01 = Cugd- (556>

We can do the same procedure for all the operators, and we have done that in our
program that will be linked later in the next chapter.

Now we have defined the Wilson coefficients in the symmetric SMEFT, we want to
do a mapping between the U(3)° with only the third generation Yukawas and U(2)°
without spurions.

After imposing the conditions, let’s see the mapping.

Starting with Q g We will have:

. gqo (5.57)
CQSQs Ch C ?Jt + CHq Yi-
But as we have said, the y? is redundant, then we can have the following:
0(3,1 CH3q0)7
(3) 3,0) (3 Dy 2 2 (5'58>
Cosas = CH + Chry (Wi + 43)-
Then we have the same number of parameters, and it is solvable.
Now for Q). we will have:
3,1) 3,0
Céqqq - Ctgq )7
3,2) 3,1
Céqqq o C«gq )7
3,1) 3,0 32)(,2 | 2
Céqqsqs - Céq ) + Ctgq )(yt + yb)’ (5'59>
3,1) 3,1 33)(,2 | 2
Céqsqsq - Otgq )+ Céq )(yt +Up),
e = O3+ CI7 + CHPGE +48) + O3 +40) + O3
Here also number of parameters are the same, and it is solvable.
Now for Q. we will have the following
OII3U3 = UuG¥t (560)
For Q) g.q we have
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And of course both are solvable.

We have done all the mapping for all the different structures in our program. Each in-
dependent Wilson coefficient in the SMEFT Lagrangian under U(3)® finds a well-defined
counterpart in the U(2)® framework, with clear relationships dictated by the Yukawa
structure. This means that any constraints or correlations found in a U(3)%-based
SMEFT analysis can be consistently translated into the U(2)® language. In practical
applications, this is particularly relevant when analyzing collider data or indirect preci-
sion measurements, as it enables a meaningful comparison between different symmetry
assumptions.

The U(3)® flavor symmetry is the maximal flavor symmetry allowed by the fermionic
field content of the Standard Model, while U(2)5 is the corresponding subgroup acting
only on the first two generations. The U(3)% symmetry allows us to implement the
Minimal Flavor Violation hypothesis, which is the most restrictive consistent hypothesis
we can utilize in the SMEFT to suppress non-standard contributions to flavor-violating
observables. The U(2)° symmetry with minimal breaking is quite interesting since it
retains most of the MFV virtues, but it allows us to have a much richer structure as
far as third-generation dynamics is concerned. We have seen in this chapter different
counting of these flavor symmetries. And we have done the mapping between the U(3)°
with only the Yukawa of the third generation (y;, v, and y,) and U(2)° without any
spurions. In the next chapter we will take about the RGE’s of the Wilson coefficients in
these symmetries and introduce our code.
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Chapter 6

1-Loop RGE in Flavor-Symmetric
SMEFT

6.1 Introduction

In the Standard Model Effective Field Theory (SMEFT), Renormalization Group Equa-
tions (RGEs) describe how the Wilson coefficients of higher-dimensional operators evolve
with energy. As in section 4.4, these equations take the form

: dc;

where v;; is the anomalous dimension matrix that governs how different operators mix
under renormalization. At dimension-6, one-loop RGEs have been extensively studied,
revealing significant contributions from gauge couplings, Yukawa interactions (especially
the top quark), and operator mixing effects. This mixing means that even if certain
operators are absent at a high scale, they can be induced at lower scales through running.
From refs. [4-6] we had all the RGE’s calculated in the appendices A,B and C. We
will not work with all the the terms in these appendices, but we will focus on terms
with Yukawas. The RGEs are available and automated already, but only in the version
with generic flavor indices [9,41,42]. So, we want here to calculate the RGEs for the
symmetric SMEFT that were derived before. We will apply a truncation technique
to the RGEs to ensure a consistent treatment of the flavor symmetry. This technique
systematically removes terms beyond a specific order in the RGEs. In our case, we
will truncate the U(3)> RGEs up to O(Y?), retaining only terms up to second order in
the Yukawa couplings. After truncation, we will analyze the contributions from other
operators to determine their significance in the evolution of the Wilson coefficients.
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6.2 RunSMEFT

In this section, we will introduce the Mathematica code. We will talk about its usage
and its results.

RunSMEFT €) is the code done by me to find the RGEs in the U(3)® and in U(2)°.

We started the code with the U(2)® symmetry, we defined the Yukawas as in eq.5.23,
but we assumed no mixing in the leptonic sector, the V, = 0 and also inside the A,
we don’t have the mixing between the first two generations. However, we defined the
coefficients structures as in sections 5.4 and 5.6, for the Bosonic structures the coefficients
are simply a numerical values. In the Fermion Bilinear structure, splitting the light and
the heavy indices, the coefficients are presented as 2 x 2 matrices since the indices (p,r)
run over 1 and 2 . Moreover, the four Fermion structure are defined as 2 x 2 x 2 x 2
tensor, and (p,r,s,t) indices runs over 1 and 2. We picked up all the terms the depend
explicitly on Yukawa couplings form the appendices A,B,C, and added them together to
have the most general Yukawa dependent RGEs. We defined a function that truncate
the series on a specific order since we are only looking up to O(V3, A'V!) and calculated
the running of the coefficients with blocks.

For U(3)°, we defined the coefficients as in sections 5.3 and 5.6. Also, we had the
same general Yukawa RGEs. We did truncation up to O(Y?) to this RGEs.

At the end, in the same code we did the correspondence between U(3)° with only
the third generation Yukawa (y:, yp and y,) and U(2)® without any spurions, in the same
way done in section 5.6.

By implementing these calculations, we derived a systematic framework for comput-
ing RGEs in different symmetry scenarios, facilitating a deeper understanding of their
behavior.

6.3 Truncated RGEs

The truncation of the RGEs is necessary to treat consistently the flavor symmetry.
Given that SMEFT operates as an effective field theory, higher-order terms in spurion
or Yukawa expansions often contribute subleading corrections, which may be negligible
within the precision of our analysis. In the U(2)® framework, we truncate at O(V3, A1V1)
since higher-order terms involve additional suppressions from small mixing parameters
and masses, making them less significant. Similarly, in the U(3)° case, truncation at
O(Y?) ensures that we capture the dominant Yukawa-dependent contributions while
avoiding excessive computational complexity. This approach balances accuracy and fea-
sibility, ensuring that our results remain analytically tractable and numerically efficient
while preserving the key physical insights of the SMEFT RGE evolution.
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https://github.com/Mhmdkassir/RunSMEFT.git

6.3.1 U(3)° truncated RGEs

Having in mind the following key points, Class 7 except Qpgua, S(LL)(LL), 8(RR)(RR)
and 8(LL)(RR) starts contracting with no Yukawa insertion, Class 5 & 6 with one
insertion, Q ., 8(LR)(RL) and 8(LR)(LR) with two insertions. We will list some of
the truncated RGEs in the U(3)® assumption up to O(Y?).

) 1
O e = = (VIYy 4+ VY0, Cro + 2T [NY,Y, + NYJYa + YIYCS)

2 q,pr

— @NCD o+ 2NCE 4 O+ Oy = CD = CD Y Ya + YY)

qq,prst q,stpr qq,ptsr q,sTpt — “~qq,ptsr qq,srpt

3 3 1 3 1
= 200 (YYo)es + S (VY = YY) Cltg i+ 5 Chgp (Y Ya = Y] Yo)

1
S OYa + YY) uCllge + Cligu(YiYa + YY) + (VIY, + YY) Cliy

q,tr
(6.2)
*(3,0 3,0 3,0
CY = 2Tr[NY] Y, + NYJYa+ YIVIORY — 2020 Tr(VHY,) + 2(C0D 63)
— CBY 4+ 2N, CENTr(Y]Y, + Y]Yy)
: 1
Cliy) = =5 Cmo + 2Tr[NY Y, + NY{Ya + YIYCy,) o
1,0 3,0 3,1 (3,2) 3 (1,0) | O ~(3.0) .
+2(Ch" = O + 2NCY) = 20V Tr (YY) = S Cy” + 5 Chig
. 1
Cliy) = —5Cmo + 2T [NY Y, + NY{Ya + YIYC .
1,0 3,0 3,1 (3,3) 3 (1,0) | O ~(3.0) .
+2(Ch" = O + 2NCY) = 2C 7 Tr (YY) = SCy” + 5 Chig
Now for C,g structure:
Cucpr = TrINYIY, + NY Y, + VIV ]Cui r — 4V prgs(Crig + iCya) 66)
= 3g3¢a3(Y,)p(Co +iCq) '
Cid = Tr[NY[Y, + NoY[Ya + VIYICW = 95(Cric +iChg) (67)

—3g5¢,3(Cq +iCy)
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Now for C’ég’) structure:

1 3 1
qu prst — 5 (YJYU + Y;lJ[}/;i)pTC}{; st 2 (YJYU + YdT}/;l)StCHq pr
1 8
- g((YT) U( U)Wtoqu srow (YT) ( u) C(u)ptvw>
1 8
= 5 OD Do + V)oY r o) (6.8)
1 3 1
+ i(YTYu + YTYd)va(q)vrst + 3 2 (YTY + YTYd)SWC(gq)pmt
3
+ C(q)pvst(YTY + YTYd)W - Qqu pmv(YJYu + YdTYd)vt
(3,0) __
CiF0 =0 (6.9)
(3,2) _
C@» =0 (6.10)
(3,2) _ 3,0 (30
C32 = 2060 + oF (6.11)
(3,3) __ 3,0 (30
C33) = 2060 + oF (6.12)
- 5) 1 1
CBH = ZoBb _ Z0B0 _ ~cB0 (6.13)
2 4 4
1 1
GG = ng D= 100 = 105" (6.14)
For OHud,pT

CHUd»PT - (Y YdT)PT(2CHD - CHD) + 2TT[NcYuYJ + Nc}/dTYd + Y;T}/;]OHud,pr

1) (8) T T T (6'15)
+ 4(Oud ,ptsr + Cr, 30 dptsr)(Yqu )tS - 2(Yqu )PtCHd»tr + QCHUaPt(YuY:i)
5(0) _ f t t (0)
Cioa = 2Chan — Cgp + 2Tr[N.Y,Y, + N.Y, Y, + YIY.|Cy. (6.16)
+4(CL0 4 ¢, 5By 20l 420 '
where ¢, 3 = (]\g\[_ U and ¢ 13 = N, are SU(3) quadratic Casimirs in adjoint and

fundamental representation, respectively, and N, is the number of colors.

The equations above only include contributions to the RGE that contain Yukawa
couplings. To obtain the complete expressions one would need to add all the terms that
are independent of the Yukawas, that are reported in the Appendices.
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6.3.2 U(2)° truncated RGEs

We will list also the truncated RGEs in U(2)®. They will be in blocks, then we will give
an example of a block that was divided. Using our notations, we will have the following:
Starting with C}j’; structures:

. 3
C) = =2(Clny = Clai) o + 2NCG ) Wi + 47) + 5 CaVaVi (xoyy — wy?)

qq 993939 443939 999393 9 a3
3 T 2 2 1,1 1,2 3,2 3,2
+ Céqquvq (xbyb + xtyt) - 2(Cr§qqq)3 + Orgqqq)a - Ctgqqq)s + 2Ncccgqqq)3
+ Ol (=1 + 2NV Vi (s + 20y}) + 3CH IV Vil (ahys — fyr)

1
+ 20 VoVl (wiys + aityd) — 5 Cro VoV (w3y; + 27yy)
+2CBVNV VI (s + afyp) — 2(ClL) + CL2) — 082 1 232

94999 9999 9999 qqq9q = '€

+ OO (—14+ 2N,V (a393 + 2797) — 20k + 205 (N9 +7) +72)

9999 3€3qq

3
+ 5 VoV (i, — 2yf) O — 2V, Vil (g + 2y (CRSEY + (=1 + 2N,) O

qq3 99993 99993

+ CrLD 03D 4 9N, CxBDY LV Vi (a2 + 2,y2)CED — 2082 2V, Vi

99993 99993 99993 qq3 3l3qqYr
+ 2032 (Ne(yp + u7) + U2)VaVi + (v +y7) (2052, + 2052

993939 93439
— 402 Nch‘VqT)

999343

(6.17)

. 1
C® = —(3CW(yz — v) +2C2 (5 + y7) — 4(CY s + CB) (=1 4+ 2N)) (yp + 47)

qq3 2 q93 4939343 449349343
+ 3CE (wyyd — myd) + 3CL) (2oyi — mey?) + 2030 (2 + 21y7)
+ 2050, (o + 2e) — Cuo oy + 20)) — AClgag, — Chans + 2050 Ne) (o, + 24377)
+3C) VoVl (whys — xiy?) + 20V Vi (ahys + afy?) + ACE) NV Vi (wis + a7y

+4(CEY 1+ OS2 (1 4 2N )WV (a2 + a2y?) — 40D y2 + 40D (N (g2 + y2) + 2)

q49q9q3 q49q9q3
- 4<C(§fgqq3 + Ctgggq%(_l + 2NC))Vqu(xby§ + xtytz) + 30;611’2)(%% - xtyf)‘/;]‘/j
+ CBD (g} + 2y} )V Vi — dayp + 2y?) (CL2D, — CE2 42082 NV, V)
(6.18)
~(3 Y% (3
C = Y (6.19)
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C9), =300, (s — ) + 208

q393 q393 q343

3
(=14 2N) (v +32) + 5c*<1>v;1v;(xbyb62 — z?) + CP)

1
(Wi + 1) = 5Cno(; +u7) = 2AC{hga + O

93939393 4349349343

VqVqT(beyz? + 207 )

qq3 q43

—2(CQ) oy + O (1 2NNV VI @y + f) + 2C8) NV VI (xpys + 27y7)
= 2Ol — Clothg + 205 NVl (s62y; + 277) — 20430, 00,7

208, (N +37) +92) + VoV (a — e O + ViV (o + ) O
+ Vo Vi (mys + 2y ) (=208 0 — 2(—=1 + 2N,)C38)

(6.20)

Now for the C’ég’) structure: Also here there are blocks,

. 1
Cltha = SVal-208A VilataR — 205, Viataf + 8(CG + ORIV af + )

qqqq — 8 qqu3uz " q q4994q3 q4994g3
= SCUDV; (ahuf + aty?) + 16(CL5) + Vi ekt + o)
+ 8V (@ + 2y?) (CLBY 1 Cx22))

(6.21)

. 1
Clonas = 7520 o, Voo, — 20030, Ver + 8(Clat, + C Vil +97)

99993 q qqu3us 99993 9494993

— 8CEVV, (zoyy + mey}) + 8CSY) Vilwpyy + xyp) + 8CEY (wyp + 2ey?)

9493439 994343

+8(CEY 1 OBV (2 + wy?) — SCOVAVI (a2y? + a2y?)

9999 9999 q43

+ 24(0(3,2) + B )VqQVJ(a:gylf + x?ytz) + QVZIQVJHbetybth’*(U

49993 49993 q3u3qds

+2V2V gy Oy oy + VAV iy C8) an — VAV, O

qusqsds q3u3qds qu3qsds
1

Ne
s Vi VEosuye + 2050 i VIEVEziye — Clo s VI V220,

T “Yqusqds u3qds quzqds

I s
N ﬁCCéUququTVqQ(xb + ) yple + 86’522(1% V;;f‘/;f(xbyg + fEtth)

= 8CWAVEIV (@ = byp + iy} + 8C i, ViV (xoys + w157)

+8(CEY 4 CBMYWLIV (a2 + y?) + 2VEVHCE) oy + CED )

4999 9999 qq3dsds qqu3aus

+2V2VIHCE)  me + CE2 )+ 8082 VRV (myp + 2y

qq3u3us qqu3us 9493439

+8CE8) (yp + Yy} V2V

949993

8 8 1
V2V 2w (Coom gy + Coansds) + 2C raas Vi VETsysye

(6.22)
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c® =) (6.23)

949939 99993

(20 Vo Vizyyy — o

qu3qsds

VoVizyyye + 205 vt ViV ey

q3u3qds qu3qsds

- 7V VT<Cq3u3qd3xb + O u3q3d3yby ) - 80(371) (yg + yt) + 160(3 " (yl? + y?)

N, 999393
+ Squsqsqsv VT(xbyf + 2yl + S(Oqgqu + C’nglqs)\/ VT(xbyb + zy?)
+ 160q2q13q3V VT(xgyg + 2yl — 8033331/ VT(xbyb + 2y?)
+ 8%‘4}(1’1,?/1,62 + l’tyg)(c;ggé + C;ngi)) 2V, VT$by2(Ol§Q3dsd3 + C 3d5d5)
+ 2‘/;1%;%%2(05(;31;3113 + C;qauaw) + 2V, VTxbybthqa(Uiqu + 2V fotybytc quaqsds
B V:IVqTxtybth 3uzqds Vquxtybth uzqads ﬁqujybyt(xbc sugqds T 2:C U3Q3d3)
+ 8V, Vil (woys + wey?) + 8VoV, (o + mf ) O o — 8CED (yp + 57 ) VoV
+16C32 (ys + u)VyVi)
(6.24)
c® =B (6.25)
44399 99993 .

_ 2 3,1) 3,2) 2 2
993993 8( Qqusdsdaxbyb - Qqususuaxtyt + 4(C(§qqu Clgqqq3)(xbyb + xtyt)

Squs (xbyb + xtyf) + Squsngg (:Ubylg + xfyt) + 4(0 5.2 + o) )(xbyg + $tyt2)

QQQQ5 949993

1 8
+ Qxbxtybytc 3U3Q3d3 xbxtybth 3u3q3d3 o ﬁxbxtybyto%(ug%d?, + 20qu3qd3ybyt

1
8 8
- ;ulquybyt - ﬁc q(ulqd:syt + 80{523(1613 (yb + U ))

(6.26)

69



(3 B
Céqg%q 16( 20 qd3d3 b + 20{1U3q3d3

VVizyysye — CF)

q3u3qds

VV$WWt

+ 20 3u3qd3v ‘/qTxtybyt C(U3Q3d3V V LYoyt — ﬁv VT(OQU3Q3d3xb
+ O(guqug'rt)ybyt - 20 Sulg,)u;;yt + 16Oq23113q(yb + yt) + 8(O(§qqq)3
0‘52‘12‘13)‘/ VT (xbyb + xtyt) N 8qu3V VT (Ibyb + xttyt) + 80;23,(13(13‘/ VT (%yl?
+ 2y + 16Cq232)3qv VT(%% + 2462y;) + 8Vl (xbyb + Tl )(C;ggqi
+ C;qg’q?) 8V, VT(a:byb + xtyf)quS + 8V, VT(xbyb + 2.y; )C’;g’g?)qg
+ 2V, VTxtybth%(qus + 2V VTC U3Q3d3 -V VTxbybthIIs(uwds V. VTxbybthqi(szds
o ﬁCV‘IVTybyt (IL‘tC 3u3qd3 + 2C, u3q3d3) + 160;23?1):),q(yb + Y )‘/;1‘/:;
- 2y2(CQ3Q3d3d3v VT b T C qudsv VT) 2yt (CéEQSUS%v VT t T CC]?IUQS)UBV VT>)
(6.27)
. 1
3) _ 3 (3,1 2
C‘gq3q3q3 - 16N, ( Céquc + 24qu3q3q3 Cyb - 20 qq3dsds cyb + Squgq)gchxbyb
+ 80‘12413613]\[ xbyb 8043Q3chbyb - 80(13(13613613 chbyb - 20 3Q3d3d3N Ibyl?
8
+ SCQQ3Q3Q3N Vi VT'rbyb Cé3i3qd3ybyt - Ctgu):%%dsyby + 20 q3u3qds Cybyt
8 8
+ 2C qu3zqsds Cybyt C¢§37)A3qd3 Ncybyt - Céul%ds Ncybyt + Squ3 Cyt
+ 240{523(13(13 Cyt + 2qu3’M3U3 Cyt + SCqSSZSqNC‘Ttyt SOqg)q{o,qu xtth
8Cq3q3N xtyt + 80q3q3q3q3 chtyt 2CQ§2IBU3U3N xtyt + 80{523%(13]\[ V. UTQZ?y?
+ 2N, (.flfb + xt)ybythg(ulqug - (1 + NC)(xb + xt)ybyths(ulqu?)
+ 80qq3qq3N V. VTxbyb + 8Ct§g)3qq3N V. VTxtyt + SngsisqN V. VTa;byg
+8C32) NV Viayys +8C52 NV, Vizy; + 8052 NV Vixwy?)
(6.28)
*(3
CQS(Jqq qugqt)]?) (629)
(3)
Ol]sqqtm - CQQ3Q3Q (6'30)
s *(3
C‘ld‘l‘ldq C‘]éd;q (631)
Cégqngs - qu3q3q3 (6.32)
~(3 _ (3
Cfgaf)laqq - Ctgqt)13q3 (6'33)
~(3 _ A3
Cq(3<)13QQ3 o Ctgqf),qsqs (6'34>
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c® =) (6.35)

9393939 494934343

C’(gg()]‘g,q?,qg - ( 8Cy 3q3yb + 16Cq3q3q3q3yb - 20 3q3d3d3yb + 8qu3q3qsv V(;'xbyg
+ 200 e — C s Ul — ]iCégiwg,dgyby —8CY i
F16CH) 2 —20®) 24 80®  VViag? + 2yyCr?, o (6:30)
+ AV VI (@} + 2y L) o — wh ooy — ]\1,cybyt0 susgads
+ AV VI zyyp Co8) AV VI O3B Y

Now for C, structure:

) 1 . .
Couc = —Cgiqugsyb + ﬁc(gfthdgg?)yb — 93(4CH¢ + 4iCha + 3Co3(Co + iCa)g3) vt

+ Couc(Ne(yi +47) + v2)
(6.37)

C'(q’u,gGv (20 3u3qd3g3yb + N ( 20(3u3qd3g3yb 3Cq3u3GxByg - SCHGQSxtyt

2N
— 8iCyag3tys — 6¢a3Cag52:yr — 6ica2Cagsiys — 2Ca,0YbYs
— 2C4a,6 VgV muxeyste + 5Cuscte¥ + Cousa (—3VeViapys + 4y} + OV Viaiy?

F2NL(yE + ViVl ady? + g2 + VaVilady?) + 202)) + 2g3(C%) gy — O NO Vi 2 V)
(6.38)

Copuc = (2C% uq3d393$byb + No(—2C) uq3d3939€byb 3Cquatoyy — 2C gt Yoye

2N
+ 4C s ey? + 5Cucy}) + 20 e 1, 939b — 2C e 493N
+ Cf]suGNc((_g + 2Nc>y§ (5 + 2Nc)yt + 2y72-))

(6.39)

93V VTﬂibyb

: _ A L ® (1) L @
Cq3“3G - _CQ3U3Q3dsg3yb + ECq3u3q3d3 - CQUSQ3d3g3v VT‘xbyb + ﬁCqUSQ3d3

3 3
- §Cq3u3G?/g + quaGNcyg - §CqU3GV;1Vq xbyb + Cogusa NV — VTfEbyb
— 4CHcgsy — 4iChagsyr — 3¢a3Cay3yr — 3icasCagate — CoudscYole
9 5
- CQSd3G‘/qVqTbetybyt + §CQ3U3Gyt2 + C2]3“3‘]\]03/1‘/2 + §CQUSGVQ‘/:1Txtyt2
+ QCQ3U3G‘/¢J‘/;1T$§?J1€2 + Cq3U3GNchVqTI§yt2 + Cq3U3Gy72-
(6.40)
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Now for Cp,q strucutre:

Cua =0 (6.41)
Cudy = yt(4c1glu)d3d3xbyb — 2Caa,TpYp + 4C£8u)d3dgcf,3xbyb + 2CHoxpyy — CupToyy
+ 2Cu s + 3Cusas i) + Cuay (3 + 2Ny +2(2C0) 0 +208) | ey (6:42)

Cu3d = yb(30u3d3xbyb -+ (401(1;)11,3dd — 2044 + 4C£§LdeCf,3 +2CHo — Cyp + 20u3u3)xtyt)

+ 2Cu5aNey? + 3Cugay? + 2CusaNoy? + 2Cu,ay? + 4ysy Ot o + e syt C) o

- 2ybyt0c*ld3
(6.43)
Ou3d3 = (4015];;?113d3d3 - 20d3d3 + 401&2?ngd3d36f73 + QOHD - CHD + 20“3“3)(1 + ‘/(]‘/ZZT.Tbxt)ybyt
+ Cuga (3 4+ 2N (L + VoV )ayp + (3 +2No) (1 + Vo Viaf)y? + 247)
(6.44)

All these calculations were done with blocks. However, for example eq.6.17, is the
running of two coefficients. In the code we did an example, and it was on this exact
block in order to separate them, and we were able to find the following results

CD = —2((CLED, — O, + 2058, N — COUNY( +92) + (Cli

993939 493439 9949393
= Chanar®¥s + 2C a0, Newwtty + Cigia v — Claua vy + 2Cig0) Newiyi
— Cég’l)chgyg + C’éé&%xtyf + Cq(gi)?)xtyf + ZCég&Z)Schtyf + C’é;ﬁl)xfyf (6.45)
- Cég;fq)zfyf + 26’,52;11[1)]\/0:6?3/3 — C’(gg’l)]\/cxfytz + 2N, (17 + xtyf)C;éZ’;]?
+ @ Coptad + %0; Cptarrd = %6y Coaare) = w1 Coaai WV Vo)

. 1
3,2 _ 3,2) /. 2 2 1,2 3,2 3,2 2 2
qu - 5(406561 )(yb + yt) - 4(Cq(rq3q)3q o Ctgq:sq):sq + 2chqqzs)anC)(yb + yt)
+ 30wy — 2yd) + 205 (wyyp + wyf) — A(CG) — CEL)

+ 20532 Ny + zeyi) + 6C5 D (23ys — 27y7) — Cro(aiys + 27y;)

+4CE (wpyp + 2y}) — UClgad — Cliud + 2000 No) (i, + ai})

— 4(zpyp + xtyf)(C'*(M) — o3 2NCC*(3’2)) + 3(zpyp — xty?)q;é;) + 2(mpyi + Ty

99993 99943 99993

(6.46)
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These are just some examples of our work, we have done the calculation of all the
Wilson coefficients of all classes truncated to a some orders.

The analysis of the U(3)° and U(2)° symmetry and symmetry-breaking in the flavor
sector are quite clear. However, it is worth to stress that the flavor symmetry is useful to
simplify and organise analysis of hightpT observables at the LHC. In the next chapter,
we will discuss some phenomenological application of what we have already did so far.
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Chapter 7

Phenomenology in the domain of
Flavor symmetric SMEFT

7.1 Introduction

The flavor symmetries and the spurion series expansion give a rationale for phenomenol-
ogy because they tell us which effects are expected to be larger compared to others,
based on the known fermion masses and mixings. Concretely, the yukawa of the top is
the largest spurion y; ~ 1, and it breaks U(3) to U(2), which is the main motivation to
use U(2) instead of U(3).

U(2) is currently used in state-of-the-art LHC searches for SMEFT signals, especially
in top quark processes, but also in global fits. Many of the Monte Carlo codes that
allow to simulate SMEFT signals at LHC implement a U(2) symmetry (e.g. SMEFTsim
[166], SMEFT@NLO [169]). It’s also used in global analyses, by the ATLAS/CMS
experiments [170] and by theorists [171]. These tools implement an exact U(2) symmetry
in the quark sector, simplifying the treatment of flavor (or quark type) interactions.
However, this simplification can overlook important flavor-dependent effects that arise
during the Renormalization Group Equation (RGE) evolution of the theory and could
become relevant, for instance, in the context of a combined analysis of high-pT data and
low-energy flavor observables.

To enhance the accuracy of these simulations, it is crucial to account for the flavor
structure of the RG equations, ensuring that flavor-changing interactions are appropri-
ately accounted for [9,41]. By doing so, one can capture the complete set of flavor effects,
leading to more precise predictions for LHC observables.

U(2) is used in all the examples above as an exact symmetry, ie. typically neglect-
ing all spurions. So, by asking what is the largest flavor effect neglected, we expect
the next breaking in the flavor symmetry hierarchy typically to come from from the
insertion of the Vq spurion, whose size is mainly determined by the Cabibbo-Kobayashi-
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Maskawa (Vogar) matrix element Vi, which is associated with the second-generation
quarks (specifically the b- and c-quark). The magnitude of V,; is approximately O(1072),
much smaller than y,. This hierarchy in the magnitudes of the flavor parameters is im-
portant because it sets the scale for which effects are expected to be subleading in new
physics models.

At this stage, we can identify operators that involve only one instance of the spurion
Vy, and no other spurions. These operators can be constructed by contracting flavor
indices in a way that ensures they are invariant under the U(2) symmetry and that
no additional spurions contribute. For example, one such operator would be the cur-
rent (¢qV,qs), where the quark fields q and g3 belong to the first and third generations,
respectively.

7.2 Operators of Interest

Using what we did in section 5.4, and having the notations used in section 5.6. These
are the list of contractions with single V:

e (Class 5:
Cousti Vo, Cadsri V- (7.1)

¢ (Class 6:
CouscVas  CouswVes  CausBVyy,  CaascVey  Coasw Ve Cuas Vs (7.2)

e Class T:
oo, ooy, 3

o Class 8(LL)(LL):

Clad Vo, CUm Vo, Ol wasVar  Coad Vo, CE2AV,, OV,

QQQQ3 qqq(B 4434343 4494943 4494943 4434343 (7 4)
cp v, ¢ v, ¢ v, c® v, '
Llqqs ¥ 9> l3lsqqs ¥ O Llqqs ¥ O £303qqs3

Class 8(LL)(RR):

CQQ36€V;17 qugegegv C V C V , C(g) V , C(S) ‘/q’

qq3uu qq3uzu3 qq3uu qq3u3u3g
(7.5)

(®)
C 3dd‘/q’ qugdgdgv C 3ddV C 3d3d3v
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o Class 8(LR)(RL):

CfsesdsqVqT (76)
o Class 8(LR)(LR):

(8)
CqustIsds V C q3u3qds ‘/; ) Cqu3CI3d3 VZI’ Cf]susqu Vq ’ Césesqus Vq ) C’[363 qus V((J )
7.7

These operators could induce many interactions that are flavor changing interactions,
AF = 1. Since q and ¢3 are doublets, and some operators have Pauli matrices inside,
then we could have tcX, tsX, bsX and beX where X are outgoing particles.

We will focus on interactions with top quark. Using ref. [172] we can know the
induced interactions.

Using unitary gauge, and up to 4-point interactions we have the follow:

teg, tey, teZ, tch, tegh, teyh, tcZh, tchh, tcWITWT, tegg, tc,
tsWt, tsWth, tsyy
(7.8)

were 1) is a generic fermion-antifermion pair of any flavor, while ¢’ is a flavor-
conserving fermion pair with positive electric charge (eg ud, e*v,).

Identifying the list of leading breakings of U(2) that can be relevant for LHC processes
(especially involving the top quark) and also provided the RGEs, we can produce Such
effects via running. For instance, from eq.6.18 we have the truncated RGEs for the C'3)

993
up to O(V3). To do thing more consistent here, we will need to do a truncation by hand

up to O(V?):

Cl = (3qu3( yi) +2C8

q43 943

e + 7)) = 4(CQ) pgs T O (=14 2N)) (w5 + 7)

949349343

+ 30(1 Wawyy — zey?) + 3C0 (@oys — z4y7) + 2030 (wwys + x0y?)

QBQS

+ 2Cq§’()13(xby§ + 2?) — Cpo(pyp + 1y2) — 4(0 — 3D 4 o0l No) (oyp + 21y?)

QQQ3‘13 qq(BQd QQ3QJQ
(3,1)
B 4C€3€3qq3yT + 40;23),( (yb + yt) + yz>
(7.9)

The operators found in eq.7.9 generate C’égg via the running at high energy scales.
There are exact symmetry terms showing in the running, then even if we sart from flavor-
preseving operators (Cq; D and C(g()]g) they generate flavor-violating operators. Flavor-
violating operators produces interaction as tcZ, tcZh, tsW and tsW*h. The running of
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these operators at higher scales modifies the strength of the interaction, which is essential
for understanding the behavior of the system at these energy levels. This running effect
allows for the operators to influence low-energy observables, linking high-energy physics
with phenomena observable at lower scales.

7.3 Possible phenomenological consequences of U(2)
breaking

Top quark decay refers to the process by which a top quark, the heaviest known funda-
mental particle, decays into other particles. The top quark is unstable and decays almost
immediately after it is produced. Its dominant decay mode is through the weak interac-
tion, where it decays into a W boson and a bottom quark (b quark), typically represented
ast — W 4+ b. The W boson itself quickly decays into various lighter particles, such
as a quark-antiquark pair or a lepton and neutrino. The relatively short lifetime of the
top quark means that it does not hadronize like lighter quarks, and its decay products
provide valuable insight into the fundamental forces and particle interactions.

In section 7.2, we have listed some of the interactions of O(V'!) which is the next
highest breaking in size. And we have the following 2-body decays that can be induced:

t—cZ, t—ch,

(7.10)
t—cg, t—cy.

In eq. 7.10, we have the most important flavor changing-neutral current (FCNC)
processes. If U(2)is broken hierarchically, it can lead to controlled flavor mixing while
still preserving the smallness of FCNCs. Then eq.7.10 can be observed when U(2) is
softly broken.

Based on refs. [173-177], we can have the following branching ratio:

BR(t = ch) <3.7x107* BR(t = cZ) <13 x107*,

7.11
BR(t — cg) <3.7x107% BR(t — cy) <4.2x107°. (7.11)

These bounds on the branching ratio, can impose bound on the Wilson coefficients.
We will Follow ref. [178] for such derivation®.
The tree-level prediction for the leading decay mode t — bW *:

3 2
T(t — W) = —— |th12"nzv2v [1 - 3% + ol (7.12)
t

- 2 6
1652, my

=)}
_

w

The partial widths for FCNC decays are given by

1Reference [178] uses different notations in the lagrangian that need to be careful while dealing with
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272 2
« 3 2 mt my my
It —cZ), = T2 |ququ7A2| o2 [1 -3 ] [1 + 2] (7.13)

Zﬁvcimt 9 m2Z 2 mQZ
I'(t—cZ), = T6s 2 2 |Re(Cpusw ) Vg——— g\ |“my |1 — P 2+ o (7.14)
208y,
D(t — ) = |Re( A *f:;mtﬁmt (7.15)
2
Lt — cg) = (Cquga)‘/q\/_vgntﬁmt (7.16)
g3/
3v?s? m21?
I'(t — ch Re(Cipuyrr)V, Zmy |1 — =2 7.17
(= ch) = ey IRe(Cr) Vi P L= 7 (7.17)

We will consider one SMEFT operator at a time. Assuming that each of them
introduces only one exotic decay channel, we can calculate the corresponding branching
ratio as:

I'x
Tx +L(t — bW)

With Vi,=1,m;, = 125.35Gev, m; = 173.2GeV , my = 91.1876GeV, my = 90.377GeV,

= 10.2229, ¢, = /1 —0.2229, v = 246.22GeV, V,=0.04182, e = 0.302, g = 0.652,
as(mz) = 0.118, a = 1/137, g3(myz) = 1.22 and 1GeV = 1073TeV

Having an upper bounds on the branching ratio from eq.7.11, and having the theo-
retical eq.7.18, an upper bound on the Wilson coefficients in the above decay width can
be found.

From eq.7.13, we can find a bound on qud

BR(t — cX) = (7.18)

2

Ciar < 662477~ (7.19)
From eq.7.14, we can have a bound on Re(Cyy,w) as
2
Re(Clpuyw) < 3.0999 (7.20)

TeV?
From eq.7.15, we can have a more restricitve upper bound than eq.7.20 on Re(Cyuaw ),
2

Re(Cougy) < 248031

(7.21)
From eq.7.17, we can have an upper bound for Re(Cyy,m) as
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2

A

From eq.7.16, e can have an upper bound for Re(Cyy,c) as

2

A

In conclusion, the bounds on the Wilson coefficients are not particularly stringent.
The constraints are significantly milder—roughly by a factor of V, ~0.04 compared to a
scenario where no flavor symmetry is assumed.

This leaves room for some flavor-violating contributions being detected by future ex-
periments. Detecting FCNC decays of the top quark would provide compelling evidence
for physics beyond the Standard Model. Such observations could shed light on the un-
derlying mechanisms of flavor symmetry breaking and offer insights into the structure of
the fundamental interactions. Therefore, continued searches and precise measurements
at the LHC are crucial for exploring these potential signals of new physics.

b t

u d

Figure 7.1: U(2) preserving diagram, representing C’éggg contribution to the single top
production. The box is the SMEFT vertix while the other is the SM vertix.

u d

Figure 7.2: U(2) breaking diagram, representing C’égg contribution to the single top
production. The box is the SMEFT vertix while the other is the SM vertix.

Another example process where U(2) breaking operators could potentially be relevant
is single top production at the LHC. Diagram 7.1, represent a U(2) preserving (usual)
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diagram with the relevant operator entering can be 0}5’; , while diagram 7.2 represent a
U(2) breaking diagram which is suppressed by V. But diagram 7.2 has a strange quark
in the initial state instead of bottom, which have larger proton pdfs. It would take a
dedicated study to quantify the impact of the U(2)-breaking operator or determine the
sensitivity of single-top measurements to it, but for sure they will benefit from some
enhancement, that could potentially make them non-negligible.

In conclusion, the phenomenological analysis conducted in this chapter has provided
valuable insights into the constraints on new physics within the SMEFT framework.
While the bounds on the Wilson coefficients are milder than initially expected, they still
contribute to narrowing down the parameter space and enhancing our understanding of
possible deviations from the Standard Model. These more moderate constraints [179],
though not yet restrictive enough to rule out certain new physics scenarios, offer guidance
for future experiments and theoretical developments. Further refinements in both ex-
perimental measurements and theoretical calculations could potentially lead to stronger
constraints or even uncover new signals of beyond-the-Standard-Model physics. As such,
while the findings may not immediately imply dramatic new discoveries, they represent
an important step toward a more comprehensive understanding of the fundamental in-
teractions in the universe.
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Conclusion

In this thesis, we have systematically explored the Standard Model Effective Field Theory
(SMEFT) within the context of flavor symmetries, particularly focusing on the U(3)® and
U(2)? groups. By implementing flavor structures in the Warsaw Basis, we identified 2,499
independent baryon and lepton number-conserving SMEFT operators. Our analysis of
the action of U(3)% and U(2)° flavor symmetries on these operators facilitated a reduction
in their number, enhancing the theoretical framework’s predictive power. Furthermore,
we established a correspondence between Wilson coefficients in U(3), considering only
the third-generation Yukawa couplings, and those in U(2)°, eliminating the need for
spurions.

In our examination of SMEFT Renormalization Group Equations (RGEs) and the
truncation technique within both flavor symmetries, we introduced the "RunSMEFT"
code. This computational tool calculates truncated SMEFT RGEs,enabling a consistent
treatment of RG equations for the SMEFT lagrangians implementing approximate flavor
symmetries. The truncated RGEs could be interfaced for instance with existing Monte
Carlo tools for SMEFT simulations at the LHC, which typically assume a U(3)° or U(2)?
symmetric flavor structure.

The phenomenological analysis of U(2) breaking presented in Chapter 7 offers an
understanding of flavor dynamics and their implications for top-quark observables. We
identified flavor-changing top decays and single-top productions as observables which
could be sensitive to U(2)-breaking phenomena. For the former processes, we have also
shown that the assumption of an approximate flavor symmetry helps lowering the bounds
on the new physics scale.

Collectively, the methodologies and findings discussed in this thesis contribute to
refining the SMEFT as a tool for probing new physics. The comprehensive operator
list, insights into flavor symmetries, and the development of computational tools like
"RunSMEFT" enhance our capability to analyze and predict phenomena that may reveal
the presence of new physics beyond the Standard Model.
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Appendix A

The Higgs self-coupling
contributions to the one loop RGE

We list here the full one-loop contributions to the SM RGE from £ [4]. These terms
are in addition to the usual SM anomalous dimensions.

d m2 10 , 3, 9 o
+ 2 + 202 + 12¢5¢p2Chw + 12675 Crp + 69192ynCrws + 3920H1
4 2
BNLCY, (A1)
3 tt
d 2 _ my
d mH * 1 (1)
p——[Yulrs = 3CuH CrolYulrs + 5Crp[Yulrs — [Yulre CHq - 3CHq + CHU[ ults
d,LL ].6 2 ts
— CunglYalis =2 (C) + ersCe ) [Yalip = Chal¥ e+ Nl
psrt psrt ptsr srpt
5 (Cl+ eraCll) 1 (A3)
prst prst
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d m?2 1
Yalrs = —= [30&1 CrnlYalrs + §CHD [Yalrs + [Yalrt (C%}; + 30};;) — Cl;f;i[yd]ts

gt = 1672
- [Yu]tsC;Iud — 2 (C(;c)l + CF,3C(§()1 ) [Yd]tp + Cl@d‘][ ]tP + N, Cquqd[ ]
tr psrt psrt ptrs ptsr
2 (O(B;Zi + F3Oquqd> [ T]tpl (A4)
sptr sptr
oy = 30 — O+ ~Cap[Yile + V] (c“) +30<3>) — O]Vl
“d,u elrs 1672 eH HO|Le|rs 9 HDl|Le|rs elrt ]t{sl It;{ql IZte elts
~2C . ]y + N.ChagVile ~ VOVl (A.5)
psrt srpt srpt
dgs _ M, o dgo _ M o dgv _ M o
H dn 16%293 HG, M di 16#292 HW, M dn 167r291 HB
d Am? d 4Am? d Am?
—O3 = —C, ~ —fy = O~ — 0 =—2C, =, (A6
Hd,ug gg HG Mdﬂz 'ud,ul g% HB ( )
where
1 1 1
m = <2NchH[Yd]sr + 7NCCUH[YU]ST + CEH[Y;]ST) + h.c.,
e = —2N.C5 V1V, ]o — 2N, C,%[YT Yilor + NeCrrualYaY, e + NV ChrualVa Vil
- QCSZ) [YeTYe]sr )
(A.7)
and N, = 3 is the number of colors, cpg =4/3, and cq0 = 2.
Class H:
d 8\ 8\
108\ Cy — 160 \* Cyo + 48\ Cyp| + ———5m + ——m (A.8)
167 167

1
#@CH_ 1672 {

Class X2H? :
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d 12X d 12X

M@CHG = 1672 OHG7 M@CHG = 1672 C]{é?
d 12X\ d 12
MdTLCHW = 1672 Cuaw , NdTLCHVT/ = @ CHﬁ/,
d 12X d 12X\
M@CHB 1672 M@CHE T 1672 OHE’
d 4\ d 4\
MdTLCHWB = @ Caws, MCTMCH;X/B = @ CHIX/B, (A-9)
Class H*D? :
d 24\ d 12X
M@CHD = To.2 Cho, ,UIMCHD = 6.2 Cup, (A.10)
Class 1?2 H*:
d A v N
'ud/LCrs 167 P 24 CuH - 4CHq { ]ts + 12CHq [ ]ts + 4[ u]rt CHu - 4[Yd]rt CHud
- 4[ u]rsCHD + 2[ u]rsCHD - 80(;% [YJ] 8CFBC qu [YT]pt - 4Cl€qu[ ]
rpts rpts ptrs
+ 4N C quqd [Yd]tp + 20 quqd [Yd]tp + 2CF 3Cquqd[Y;i]tp] )
rspt psrt psrt
d A i i
Mdfuccgg 167 P 24 CdH + 4CHq [Yd]ts + 120Hq [Yd] 4[Yd]m§ CHd — 4[Yu]rt OHud

— 4[Y,]1,6Cro + 2[Y{1rsCrp — 8C L) [VilTp — 8ersC) [V 1t + ACH a0 [V, e

TPtS rpts ptsr

+ 4N.C uqd[ ultp + 20(112;(1[ wltp + 2¢p3C uqd[ ]tp} ;

ptrs rtps rtps

d A
Mﬁcig 167 162 [24 CeH + 4CHZ [YT]ts + 120}% D/eT] - 4[}/eT]7’t Ofti;e

—4 [YeT]rsCHD + 2[ ]TSCHD —8C e [ ]pt + 4N, Cledq[Yd] — 4N, Clequ[ ]tp )

Tpts rspt rspt

(A.11)

There are no other one-loop A\, A2 and \y? terms.
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Appendix B

The Yukawa contributions to the
one loop RGE

The invariants cp3 = (N2 — 1)/(2N,) and ¢4 3 = N, are the SU(3) quadratic Casimirs
in the fundamental and adjoint representation, respectively; N. = 3 is the number of
colors, and y, 4.4 denotes the U(1) hypercharges of the fermions. We use the notation

. d
= 167°p— B.1
C =167 ,udMC' (B.1)

in the renormalization group equations given below. The wavefunction renormalization
contributions proportional to Yukawa couplings are written in terms of

1
A = S, P = e o) = T [NV b NY Y+ Y],
1
1) = Y VY 0 = Yl 9 = DY (8.2

which are 1672 times the field anomalous dimensions. The gauge contributions to wave-
function renormalization will be included with the gauge terms for the anomalous di-
mension matrix, since only the total combination is gauge invariant.

To simplify later expressions, it is useful to define the constants 7;_5 and & 4. 712
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1 1 1 1
m §N CdH[Yd]sr + 2N CdH[ ]rs + N CUH[ u]sr + N C;H[ ]rs + CeH[Yve]sr

+ ; n Y,
== 2NCi VYo + Yl + NeCraaalYaY [Jor + NeCiualVu¥lor = 205 V]V o
=N OIS~ YV + 3N, CinlVdYa+ Y]] + NCulVY [l
=~ NeCpalVaY ] - Nco%d[ydmsr ~ NeCipualYYflr + (801 + Clgh) VY
= Cre[YeY ] S
s =4N, o [Yj Yy — Y1V, ]s + 4N, LY, Yo —4N.Cpa YoVl + 2NeCiua Y,V

+ QNCOHud[YquT]sr + 40}-]11 [}/;T)/;]sr - 40He[}/;}/;T]sr

1 1 1 1
s = — §Z.NcOdHD/d]sr + ilNcO;H[YdT]rs + §ZNCC’LLH[YU]ST‘ - §ZNCC’Z;H[YJ]TS

1. I .

~ i Cenlelor + 5iCe Yy,
(B.3)

€6 =2C e [Y]rs = NeClea[Vlrs + CiegNelYlrs

prst ptsr ptsr

(1 1 8 .
§d - 2(Cv(qd + CF, 30 )[ ] (N Cquq 2Oqu21d + §CF3Céu2]d)[ ] - Oledq D/eT]ST
prst 7‘St srpt prst prst srip
ol 1. o®

S5 = 2+ eraCR N = (N gt 5yt eraCg) D+ Clg

(B.4)

The Yukawa contributions to the one-loop renormalization group equations of the
59 dimension-six operator coefficients are listed by operator class in the following eight
subsections [5].

Class X3 :

Ce =0, Cz =0, Cw =0, C~=0. (B.5)

Class HS :
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Cr = —ANCun V.YV, ] — ANCiip[VIV.Y] ] — ANCan [YaY Vil

— ANCin[YJYiY[]rs — 4Cen VY[V — ACI[YIVY s + 695 'Cr - (B.6)

rSs

Class H*D? :

: _ (Y) : _ (Y)

Cho = —2n3 + 47y 'Cro Cup = —2n4+4vy 'Cup (B.7)
Class X2H?:

CHG = _293(0113'[}/11]87" + [YJ]T‘SC’Z:G> - 293(067{?[5/61]57’ + [YdT]TsC;ikG) + 2’72/)CHG (Bg)
Cha= 293(@'0%; [Yolor — @'[Yj]mc;;g;) 4 293(2'0%;[%]5,, — i[yj]mc%) +294C, 5 (B.9)

C.’HW = _QQ(CGK[n]sr + [Yj]rs :W) - 92N0<OUTVSV[Yu]ST + [YJ]TS ':W)

s

— g N(Caw [Yalsr + [V 1msCiw) + 298 Crrr (B.10)

Cpiy = 92(iCew [Yelor = iV ]rsCiw) + 2Ne(iCu [Valor — il¥[]rsCir)

rs

+ G2 N(iCaw [Yalor — i 1rsCiiw) + 21 ' Cyi (B.11)

C.’HB = 2q1(y; + y@)(CC;E[YE]sr + [YeT]rsC:B) - 291NC(Yq + yuxciff[YU]sr + [Yj]rs WB)

rs

- 291NC(Yq + yd)(CdB[Yd]sr + [dersct)ikB) + QVS/)CHB (B-12)

Cg = 2010y +¥e) (iCen[Yelor = i[V]1sClp) + 201Nelyq + ) (iCun [Vl sy — iYV,{]1sClip)

+ 291NC(YQ +ya)(iCan[Yalsr — Z'[YdT]TsO;B) + 27}}/)01{5 (B.13)
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Cinwp = =92(CenYelor + [Y11sCip) + 02N CunVilsr + [V1rsCip) = 92 Ne(Ca Vel
+ [YJ]TSCCZ?) = 201(y1 +ye) (Cew [Yelsr + [}/;T]TSC%I/S[/) +201Ne(yg + ¥u) (Cuw [Yi]sr
+ [YJ]T’SC;TI;V) — 291 N.(yq + yd)(CdK [Yalsr + [W]TSC%/) + 29 CHws  (B.14)
Crivp = 9CeBYc]sr = ilV]]1sCip) = N(iCup[Yo]or
— ilY1:sCip) + o NeliCaplYalsr — ilY{1rsCiip) + 201(y1 + ye) (iCory [Velor
- i[}/;T]TSC:W> — 21 Ne(yq + yu)(lCuW[ Yulsr — Z[YJ]TSC%/) + 291 Ne(yq + Ya)

(Zqu}/;/[Yd] [}/;l]rstW) + QV(Y)C HWB (B15)

Class Y2 H? :

Cunt = 2(m +m2 — iUB)[YJ]TS + [YJYUYJ]TS(CHD —6Cpho) — 2CEQ[YJYuYJ]ts
rs rt

+ 60 Y IVY i, + 2y Y,y ]thft{u = 20V YY1 Cipya + 8(Cli + crsC'al )
rt s st

rpts rpts

[YJYUY ] t 2(2N C quqd + O quqd + CF, 30 uqd) [Yd}/;lT}/;l]pt + 4C’l(elq)u D/-@YGTYVE]PI‘*

rstp tsrp tsrp tprs
+ 4CuH[Y Y*]ts + 5[Y* Y, ]TtCuH - 2[ DriCin¥ s = CanYa¥flis = 2V Yol uCun
ut r s

Canr = 2(m +n2 + i7]5)[Y Irs [YTYd ]rs(CHD —6Cyn) + 20(1) [YdTYdeT]ts

rt

+6C YV T — 2] YaY, ]MCHd —2IYIY, Y] ]MCHud + 8(0 1 epsCl) )
rt

rpts rpts
% 1
[}/;lT}/;leT]pt - 4C§§dq [ij’e}/@ ] (2N Céu)q Cqugd +¢r 3Cqu(gd> [YUYJYU]W
sT prs rpts rpts
+4Cay AZIES:) 4 Yol Cart — 2[Yj]mczzg Vi ]us — Cun VoY) — 2[YJYu]rth£
+ 340 >CdH + yq OdH + CarryV” (B.17)
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Cott = 20 + 12 + 06) [V Ty + VYY) Cp = 6C0) + 203 VY e
—2[VY, Y]] rCrre +8C ie YIY.Y ] — 4C1eaq N[V VY]]
rpts rspt

c;;qu VLYY, + 4Cen V.Y, + 5Y] Y]rtCeH + 378 >06H +~+YConr

rstp TV

rv US

Class ¥?XH :

Coar = ~202NeCii, [Vl + Cow VoY Tles + 73 Caw +94Cow + Cawn” - (B19)

TS rspt s rv rv  USs

Cep = 491 Ne(u +¥9) Clegu[Yultp + Cenl¥oYlus + 20TV ]nCop + 7y Ce 447 Ce

rspt rs rv
+ Copy” (B.20)
: 1
Cuc = —gs (Céiéd “ N, d> [Yalep + 20 Yo = Y ¥ilueCug — CaclYa {lu
s psrt psrt
+ CugVaY s + o >CUG +4Y )CuG + Cucy) (B.21)

) 1
CuW - _2920lequ[ ] 492 (O(uqd +cr Céu?]d) [Yd]tp + 2[}/d Yd]TtOuW OdW [YdYT]

rs ptrs psrt psrt

+ CuW[Y V) s + ’YH )C + ’Y )CuW + CuW’Vu Y) (B.22)

% vs

1
Cus = 493 . + WO Yoy — 01 (0 + ) (cgizd+c czqd) Vil + 21Y1Y,

ptrs 2 psrt psrt
- }/d Y;l]ﬁ %B - Cd? [YdYJ]ts + Culg [YUYJ]tS + ’V}(L}/)CuB + ’Y(qY)CuB + CuB’Yu
(B.23)

uqd quqd
rtps 2NC rtps

) 1
Cic = —0s (Cé” - W ) Yy = 20Y]Ys = Y{YiliCug — CuglVaY Jlis

+Cd(t}[Yd ]ts+”YH CG+’Yq CdG—ierG’Yd (B.24)

T ps
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4 q
rtps rtps
+ ”YH CdW + Tq )de + CdW’Yd Y) (B.25)

T  ws

. 1
CdW = Q[YJYu]rtOdW + —3g2 (C(zlLZId + CF,SC(I([iLd> [Yu]tp - thV [YquT]ts + Cdl/;/ [YdeT]ts

. 1
OdB = _591 (yu + Yq) (ngi)qd + CFr 3Oquqd> [ ] - 2[YJYU - YdTYd]"’tOCiB - Ou? [Yu}/dT]ts

rtps rtps

+ CdB[Yde]ts +y CdB + ’Yq CdB + Cap) (B.26)

T ws

Class ¥?H?D

. 1
Chry = 5VYu =YYl (Crio + Crip) = Y1 CrtalYlir — Ve Crral Vil
br S s
3 ), 30
+2C e VY [],:204, i Ve el + 5 ¥Ya+ Yqjyu]ptc%; + icg,t; Y)Yy + Y Y]
stpr T p
9 9
+ SV Ya = VIV + SO Y] Ya = ViV, — (2N.CY) +2N.CY) +Cl)
2 trq 2 ptq prst stpr ptsr

+C4 +3C% +30G ) [YalYa - YJYu]ts — 2N.CG [YaYullus + 2N.C%) [YaYa'lss

srpt ptsr srpt prst prst
+ 27 CHq + ’Vq CHq + CHq q (B.27)
pt tr pt tr

. 1 3 3
P — —5 Y.+ YY) Crro + i[yjyd - Yqu]ptcﬁ}; + 50}}; YV, = ViV
pr tr pt

1
+5 + YV, + Yy, ]ptCHq + QCHq[i/ij + YV,

tr

— (2N.CG +2N.CG +CY) + Clay — CG = C ) YalYa + VY

prst stpr ptsr srpt ptsr srpt
Y
=205 [YIYllis + 27 ' Cigy + 74 Clay + Czyry” (B.28)
stpr pr pt tr pt tr

CHd = [Ya¥, 1o (Cris + Cup) — 2[YalpsCl)[Ydlir + 3[YaY ]ptCHd + 30Hd[Yde]

st

— [YaY, ]ptCHud CHud[Y Yo + 2(N Cai +NCuai +Caq +Caa )[Yde lts

prst stpr ptsr srpt
+ 20 ed [Yveyve ]ts - 20 ld [YjYVe]ts - QNCC('iC)l [YuYuT]ts - 2NcC qd [YdT}/d - YuTYu]ts
stpr stpr stpr stpr
+ 27y )CHd +44 CHd + CHdVd (B.29)

pt tr
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Gl = —~[VaYlyr (Crre + Cirp) = 2V Cg Vs + 3V, o + 3Crma [V i
pr

st

+ Yo Y10 Ctua + CH%d[YdYJ] —2(N. Cou, + NeCyu + Crun + C I [YaYalles
rt P

ptsr srpt

+ 20 eu [YVeYveT]ts —2C 1, [ije]ts + QNCC ud [Yd}/d ]ts - 2NCC qu [}/;lTYd - YuTYu]ts

stpr prst stpr

pt tr

CHud - [Yu}/dT]pr (ZCHD - C(HD) - Q[YuY;lT]ptCHd + 2CHU[YquT]t7‘

pr
+4(Clh + craC'y )YaYa'les + 20YaY ] Criua + QCHud[YdY Jir
ptsr ptsr
+ 29 Crrua + 7 Crrua + Crruay (B.31)
pr pt tr Pt tr
: 1 3
Chil = =5 YVl (Cro + Crrp) — V) CrreVelir + 5 VY (Cit +3C37))
pr S tr tr
3
CY) +3CN YV +2C 10 VoY + (=2C 0w —2C 4 —=Cy —C
+5(Cigt 430 ) VYol +2C 1 V¥ e+ (<20 =200 =C oy =Cu )
[YJYg}ts —2N,C4) [VilYa — V1Yo ]is — 2N.C 1 [YaYallis + 2N.C 1q [YaYallis
prst prst prst
+ QV(Y)CSZ) + 'Y(lY CJ(LIll) + CHﬂl (B-32)
pr pt tr pt tr
: 1 1 1
Cil = =S [YYoCro + S [YIYl] (3CH! + C3)) + = (3CH) + 02”2) VY]
pr 2 2 tr tr 2 pt
—(Cu +Cu )W Vel = 2NC) Y ]Ya + VIVl + 20 08 )
ptsr srpt prst pr pt t'r
+ B4 (B.33)
pt tr
CHe = [Y.Y ] (Cro + Cuip) — 2[Yelps O3 [V + 3[Y.Y] ]ptCHe + SCHe[YY Jer

st

—2C 1 [Ye Y]ts+2(0ee +Cee +Cee +Cee>[YeYe Jos = 2N.C e [V Y.

stpr stpr
+ 2Ncc edt[YdYVd ] — 2N, C ‘15 [}/;lTYd - Y, Y ]ts + 2")/}[ CHe + ’}/e CH@ + CHe'}/e
prs stpr tr
"(B.31)
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Class v* (LL)(LL) :

. 1 L
Cu =—=[VIV,.CH
L = Y Oy =5

- [YeTYe]STCB)

pt

‘f"}/l)cll ‘f")/ )Cu +Cu’y

pv sv prot

. 1
o
p?gt 2

1

+ <[YJ]pv [Yu]wr C

4 N,

W%Ammc@)

prow

8

+[}/;l]wr [Yu]vt Cégu)qd>

svpw

1 8

16 ([}/d]wt [Yu]v'r Céu)qd
8)*

Yl [VlTow Co

1

- 7[YJ:|S’U [Yu]wt Cf(}ilL

2 prow

1 1)«

ywwwm%ﬁ

pv 'Urst sv prvt

1

VY., —

YV, = YY)+
st

o+ Y]

stvw prow

— 5 ([l Vd € + ¥

srow ptow

1 1
T Q ([YdT]pv [Yd]wt C(?d + [YdT]sv [Yd]wr 0(8) ) 4+ —

sSrow

svpw

- *[YJ]pv [Yu]wr C%L

1
— 5 Vil Ve gy —

1

§[YJYu - YV, tC(l)

1
nwd%>
[Yalwt Cq +4Nc

1
8

ptvw 16N,
mewmq@+w]

rotw

16V,

il 0 Oy ) + 5 (V01

pUsw

1

1[chl]wt [Yu]vr C(l)

quqd
prow pUSwW
1 1) 1 1)=
SmmuJ%W 2 b Y] Coug
svpw tvrw
y +CU A+ A
pvst ’U7" prsv ot

93

([YdT]pv D/d]wr C
Vil wr CG
<[Yd]wt [Yu]vr
¥,f]e C
1 (1)

— 5 Yl Yl €

2 stvw stow

1 1
VIVl + VIVl Gl + SVl
pr pr
1 1
5 D/eT]SU Dfe]mﬁ C le — 35 [Y;T]pv Dfe]wr C le
sr 2 prow 2 stvw
N (B.35)
pust yp prsv. ot

(8)
qd
stvw

(B.36)



)

ﬁ;.ﬂWY+me@—HWY+ﬁm&@
_ ; ([Yj]pv Vol CG + [Vl [Yadur C;?w) - ; ([Yj]pv Yalue €
Y oo [Yalwr O;L) -1 61Nc <[Yd]wt [Yolor Off)g + [Yalur [Yalot Cff)g>
—mhfmmummc®*

W+Mmmuwﬂ

quqd
rotw tvrw
1 1
(8) (8) 8)x
« 1 1
Hﬁhﬂ%ﬂﬁ@+gmmmm%m+gy1[Jcﬁw
rotw pvsw rotw
1 1
( *
+ 5 ¥alur Y Ol + 5T [Vl Ol + 9500 +9570G +C
svpw torw pv vrst sv prot pust vr
)
+ Opggv p (B.37)

1
= —[YIYelr Chag + [VYa = YIYa) il + 7 Vi [Yelor Cliy
prst st pr

1

lequ
puvsw
+ 7 dlew )0 Clag, = Yl [Yalur C 1

- [YdT]sv [}/d]wt C id
rotw prow prow
1

- [Yj]pv [ G]WT quvew + Z ([YdT]sw [}/;]vr C;l)f)(ziv%t + [Yj]pv [Yd]wt C?edq)
(3)

-3 ([Y;’]vr [Ya]w C'lequ [YT]pv [Y Jsw C;egw,) + 71 )C q t ’7(11 )C(l) + C(llg ”y(ly)
pvsw rotw pv vrst prvt pvst v

CY = —[VIY.].CH) —
prst

1
vy, + YTYd]sthl?l) I [YaJwt [Yelor ng;u

pvsw
1 1)*
—gmmwm%§ZAMmmmam+Mmmm

pvwt :l;e)iqs )
+%mmw1d@+wmw1 )

st

(3)* 3
Clequ + f)/l C’(lq + /7(11 )0(13 + C(?(; fy(lY)
pvsw rotw pv vrst prot pust VT
+ 0% A0
p?l"sv/yl?t (B.39)
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(RR)(RR):

C ee  — [YY ]prCHe [YY ]stCHe [ T]wr [Ye]pv C le — D/eT]wt Dfe]svc le

prst vwst vwpr

e C ee e ee ee Ve ee ) .
T ﬁypv vrst T ")/SU Cprvt + vastﬁy + C ’7 (B 40)

prsv

C““ - _[YuYJ]pTCHU - [YuYJ]stCHU - [Yj]wr [Yu]pv C(‘IJL - [Yj]wt [YU]sv C(lllzt

prst pr vwst vwpr
1 1 1
+ Y v YT wr O( Yu SU Y]L w C(SL S YT wr Yu SU (821
v ol [Vr O+ 5 Vil (YD O — 50D [¥ideo O3k
1
— 5w Yl Clu 494 Can, 907 C, + Comn o + Con ) (BAY)

O dd — [Y:in ]prOHd + D/de ]stCHd [YdT]wr [Yd]pv 0(11121 - [}/;lT]wt [Yvd]sv C(}])d

prst vwst vwpr

1 1 1
+ oy Yoo (Y41 Yalow e C = 5 [¥llur [Yiloo O

2 N vwst 2 N vwpr vwpt
1
-5 YdT]wt [Yalpo C(?d + ”Yd Cdd + ’)/d )C dd +C ad ’Yd + C ad vy (¥) (B.42)

2 VWST pv vrst sV prot pust oy prsv ot

G, = 2 gy = 2V uClpe + (Vi Wil Ol + 1V 1V O )

prst lequ lequ
vrwt vpws

—ﬂmmmmwmu—m(mmnwum; W%AYMG%Q

vwst vrwt vpws

-2 [Yu]sv [Yj]wtc qge + ’y(eY)C eu -+ ’y(uY)C ew + C eu ’Ye —|— C eu ’Yu Y) (B43)
vwpr pv vrst Ssv prout pvust

prsv

C ed — 2[YY ]prCHd + 2[Yd}/;l]stCHe - 2[Yve]pv [Y;T]wr C ldt - 2[}/(1]511 [Yg]wt Cvg;;r

prst

+ Dfe]pv [Yd ]wt C’ledq [Y; ]vr [Yd]sw ledq + 7(61/)0 ed T 'Y(dY)C ed T+ C ed ’Y(EY)
vrSsw vptw pv vrst sv prot puvst vr
+C e (B.44)

prsv ot
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. 2 2
) = 2V, V1 Cria + 2[YaY 1 Crru + —[YaY, JarClga +

Y.Y,] ] Ck
prst st pr NC N[ d]t Hud

Nc quqd quqgd

+1(mmmm%&+me1cm)[mmw1d”

vrwt vpws vrwt
Hont A, Ne—1 (8) Hont )
o [Yd ]“’t [Y ] Cquqd + 2 N2 [Yd]sv [Yu]pw Cquqd + [Yd]vt [Yu]wr Cquqd
VPpWS vrwt VWS
= 2Vl VT o = 2l [V Tun Ol 4947 Clig 4937 Clig + a7
vwst pv urs sv prv pust VT
+ oW A (B.45)
prsv vt
) =AY Cotga + AN, LY+ 2 Wi e it + V0D O er i)
prst vrwt vpws
8 8 1
= 2¥olyu [¥]ur € = 20¥alw 1 Oy — < Yalsw [Yadiw Cluge
vwst vwpr c vrwt
8)* 8 8)x
+[Yj]vt ¥l O;Jqd) - (m]m Vil c;Jqd e 0 €33
vpws vrwt vpws
” vrst sV prot puvst VT prsv vt
(LL)(RR) :

C le — [Y:a]srée [Yt]ptge - [Y Y]prCHe + Q[Y YT]stCHl D/J]pv [ e]wr C ee

prst pr vtsw
= ¥y Vo Cge, = 20T Velur C e+ Ty Vel €t = Ve [¥el €
~ 0 Y © =AYVt Vel C w4 V]t [Vl € e +977C 1
powr prow pvsw pv urs
+ ’Y(CY)C le + O le '7(ZY) + O le fy(GY) (B47)
sv prot pvst prsv vt

. 1 *
C gy = Wl Cig = ARl — 5 (VD Wl ity + V0D 1V O )

lequ lequ
prst pr 2 pvwt rows

200 e €4 6 (1o Wil O + [V 1V O )

lequ
prow pywt rOWs

_[Y;] [ ]pUCeu +7l)0lu +'7u C(lu ‘I‘Olu'}/l +Clu 'Yu) (B48)
vrst sv prot puvst yr prsv vt
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: 1
€14 =~V Vil Cota + 2V J1aCl3) = 5 ([¥elor Vbt Chrcty + ¥ Vil ;;dq)
S pr

prst pvsw rutw

—2[Yalso [YdT]wt 0(1521 — [Ye]ur [YeT]pUC ed +7l Je . -I—Vd il 1 +C 7; "

prow pU sv prot pust
+C W(dY)
prsv ot
(B.49)
. 1
Cae, = YViYs = Y[¥ilyn ot + 20YuClly = 5 (¥l [V Crc
S pr vtwr
1
Vot Yalur Cledg | = 2[Velso Y10t €Y% = 5 ( Valur [Yelso Clon,
vswp vwpr 2 vtpw
1)*
Yot YVl Cltg ) = Yhor (¥ € e
3 3)*
~6 (m]m, ¥ O + VL ¥ O, | = Dl [V i,
vitpw vsrw
+79)C e +7eC e +Cae o)+ C ge 7 (B.50)
pv vrst Sv pru puvst vr prs
: 1 1 .
Clas, = 5 Wl + 5 W€+ VLY = YVl Coty = 20V ] Clyy
TS c c S pr
1 1 1
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Appendix C

The Gauge Coupling contributions
to one loop RGE

The parameters n;_; are defined . Some equations use £, defined by

4 8
£B = 5Yn (CHD + CHD) + - 2le§{11) + 2qucC§{1; + YeCHe + yuNcCHu + YchCHd
3 3 tt tt tt tt tt
(C.1)

The other parameters are cao = 2, cpo = 3/4, cas = N, cpz = (N2 — 1)/(2N,) with
Ne.=3,bp1=—1/6—20n,/9, bpo =43/6 — 4n,/3 and by 3 = 11 — 4n,/3.

The gauge contributions to the one-loop renormalization group equations of the 59
dimension-six operator coefficients are listed by operator class in the following eight
subsections [6].

Class X2 :
Ce = (12c43 — 3by3) 93Cc Cz = (12ca3 — 3bo3) 930
CW - (12014’2 — 3b072) ggCW Cﬁ/ - (1201472 — 3[)072) gSCVT/ (CQ)
Class HS :
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Cy = (—22793 — ng) Cir + A [?QSCHD + (693 + 24g7y;7) CHD}

- i (4yigf + 93)2 Cup + 12X (SQSCHW +491y;Cup + 29192YhCHWB)

— (126793y7 + 993) Cruw — (4841yh + 126793v1 ) Cris — (2493 92¥ + 69193yn) Crws
+ ek (g + Nty ) (€3

Class H*D? :

. 16 20
s — — (493 + gfy,z) Cho + 2 02y2Crp + 262 (CS? + NCC%)
tt tt

3 3
4
+ ggfyh (Ncyucg# + NeyaCrig + ¥eCrre + 2N,y Cj) + 2ylc§}2) (C.4)
tt tt

: 80 9 10
Cup = ggfinfm + (293 - 39%) Cup

16
+ ?9%)01 (NCYqutIgL + NcydCftItd + yeclt{te + 2NchCg; + 2yz021)>
tt tt

(C.5)
Class X2H? :
: o au2.2 _9 2 2
Che = ( 6y} 971 292 2b0,393)CHG (C.6)
* 2 2 9 2 2
Crp = (2yh91 T 9% 260»191)CHB + 6919291 Crw B (C.7)
: 5
CHW = —159301/[/ + <_6yig% - 593 - 2b0,29§)CHW + 29192thHWB (08)
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) 9
Cuws = 69195ynCw + <—2ygLQ% + 593 —bo1g; — bo,zgg) Cuwp +49192y,Chp

+ 49192ynCrw (C.9)
C~—(—6“—92—2b ) Cha (C.10)
HG — Ynoi 292 0,393 HG .
2 9 2 2
Cup = (09t - 595 200197 )y + 6919290C gy (C.11)
. )
CHVT/ = —159:2”01;, + (—6yigf — 593 — 250,293)01117(/ + 29192YhCHV~VB (C.12)

. 9
CHWB = 6919%)%0@ + (—QY%LQ% + 593 - bO,lg% - bo,zgg) CHVT/B + 49192}’hCH§

+ 4919290 C'yy i (C.13)

Class 2 H? :

Corr = V] [1309301{5 + (—‘;’gg - Gg%yi) (JHD}
3(3y} + 3y2 — 4yye)g; + 24793] CeH + 3[Y. ], (39§(CHW +iChir)
+ 4(y; + 2v1ye) i (Cup + iCu5) + 20192y (Cw s + zCHWB))
= 3(31yeCep + g2Cery ) VoY us = 3IYIY)ru (201 (91 +ye) Ces — 92Co )
—6 (491Yhye + 491YhYl + 9291}’h) C

— 3 (49} g2ynye + 497 g2yny1 + 393) Cew + (305 + 12g3y1yn ) V) Cipe

4
+ 120y Cil Vs + 1268y iy Vs + 56300 (cgzwccﬁz) (C.14)
tt
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: 10 3

rs

27
- {3(3y§ + 3ys — Aygyu)gi + —g5 + 6cF,3g§] Cutr

1
+3[Y{ s (863¢r3(Cha +iCpyg) + 393 (Caw +iCyp)
+ 4(Yir + 2ygyu) 91 (Crp 4+ iCh5) — 2yq0192(Crws + iCHﬁ/B)>
— 12Y]Yalrg2Cupy — 692Ca [YaY,]ux — 3(4g3¢7aCug + g2Cury
+ (3yu + Yd)glcurl?) V.Yl =3[V Yol (4CF,3930111)§ — 92Cuw + 2(y, + YU)QIC%§>
— 6 493y + 4913yo — G30nyn) Cup + 3 (47 92y0Yu + 47 02y0Y, — 393) Curw
~ (305 — 1207yqyn ) V1 Crru + 3¢5 (Y Clya + 12gfyuyh0%3 [Vl Tes

4
2y + el (O + M)
rt

(C.15)

. 10
C'dH = [YdT]rs |:Sg§CHD + (

rs

3
292 + 691Yh) CHD}

_ [3(3y§ + 3y; — dygya)gi + 27
+ 31Y] s (8¢r303(Cric +iCy5) + 362 (Crw +iC i)

+4(yh + 2¥e¥a)9: (Cup +iChy i) + 2¥49192(Crw s + iCHvT/B)) —12[Y] Yulrg2Cayy
— 69201%[/ [V, Y] i — 3(40F73930(i§ + gngTv;/ + (3ya + Yu)glcdr?) VY, is

— 3[Y Vil (4CF,393C%G — 92Cdtw +2(yy +Ya) glC%B)

g5 + 6CF,3Q§] Can

— 6 (4giyiya + 491Yiva + 9301y1) Cap — 3 (4T 02ynya + 497 92y1yy + 393) Caw
+ (393 + 1207yayn ) Y11 Crta + 363 Y )t Crtua + 1267yaynClag [V e
S S Tt

4
+ 129%YthCS;[m]ts + ggg [YdT]TS (C%) + NCCS;>
rt tt

(C.16)

Class Y’ X H:
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Cow = |(Bera — bo2) g5 + (—3y2 + 8yeys = 3y7) 97| Cav + 910231 — ye)Cer
— Y/ 1s(92(Cw + iCyi) + 0101 + ve) (Coiw +iCz ) (C.17)

065 = {_3CF,29% + (3)/5 + dy.y; + 3y; — bO,l) g%]CeB + 4depag192(3yr — Ye)cegfslf

rs

. 3 ,
- [YeT]rs (291()/1 +¥e)(Cup +1iC5) + §QQ(CHWB + ZCHVT/B>) (C.18)

Cuc = {(1OCF,3 —4deas —bos) g5 — 3crags + (—3}’3 + 8YuYq — 3y§) gﬂ Cuc
+ 8¢r29293Cuw + 49193(Yu + Yq)Cun — 41Vl 1,593(Cra + iCye)
+3g3casVln (Ca +iC) (C.19)

C’urlg/ = [26F7gg§ + (3cr2 — bo2) g5 + (—3yi + 8YuyYq — 3y2> gf]C’%f + QCF,ggQgngfg

+ 9192(3yq — yu)C%}’ — [V (92(CHW +iCy) — 91(¥g + Yu) (Cws + Z.CHIX/B)>
(C.20)

Cup = (2cr395 — Berags + (3Y2 + 4yuyq + 32 — bo1) 93] Cun + 4crag19s (Yu + vo) Cug

rs

+ 4CF,29192(3Yq - Yu)CuW - [YJ]TS (291 (yq + yu)(CHB + ZCHg)

3 ,
- 592(CHWB + ’lCHﬁ/B)) (C.21)

Cac = [(1OCF,3 —dcas — bos) g3 — 3cmags + (—3)’3 + 8yayq — 3y2) gﬂ Cac
+ 8¢520205Caw + 49193(Ya + ¥4)Can — A[Y,]],595(Crc +iC5)
+3g3caslY]rs (Ca+iCy) (C.22)

Caw = {2CF739§ + (3cra — bo2) g5 + (_3)/?1 + 8yayq — 3)/(2,) g%]CdW + 2¢p,39293Cac

+9192(3yq — ¥a)Cap — Vi Trs (92(Crrw +iCyi) + 91(¥g +¥a) (Cows + iCyp))
(C.23)
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C(ff = [26F73g§ - 3CF7zg§ + (3)/02[ + 4ydyq + 3y§ - b071> gﬂ C%E + 4cF,3g1g3 (yd + yq) C(ig

+ 4er29192(3yg — ya)Caw — [V]1s (291 (g +Ya)(Cup +iCh )

3
+ 592(CHWB + zC’HWB)) (C.24)

Class ¥?H?D

. 1 4 4 4 8
CY) = Z€pg26,sy1 + glth’m + =g} cydth s + glyeth e + —g1yiC u
HL ™ 9 3 3 3 3 rsww
4 4 8 8
+ gg%yhylcm,%s + 591YhYle££w + §Q1Yh}’lcw£rs + gglNcyhqu'( l)q
4
3 _ 1 (3) 2 (3) L,
Chi = 295CH00.s + QQCHI Ops + 293 Ne CHq5rs + gQCHl + 920 i +59C u
rs 6 3 3 3 3 TWWS 3 wsrw
2
+ 392N C — Gggcm (C.26)

L1 4 4 4 4
Che = 5€8910rsYe + 2013 Cric + ZGINYa¥nC' ea + 201¥eynC ce + 201YeynC ee

2 3 3 rSww 3 ws
4 4 4 8
+ 30YeWnC e+ 201¥emnC e+ 2giNeynyuC en + 2g1ymnC e
8
+ 50t NeynyoC ge (C.27)

8 4 L4
gg%}’h)'lc(ll)q + gngCYthC( q)d + gg%YeYhCrs‘ﬁw

. 4
C( 75391 5Tsyq +

1
391 thégsg +

8 4 4 8
- 391NCYthC(1q)q - gg%YthC(ggﬂ F ggfyhqu(lq)q + 391NCYhqu1(mim
4
+491YthC(qq +491YthC(qq + glNcthuC . (C.28)

3

2
L Yoy 920(3)5rs+ gQNCquer g20(3)—i— gQO( +Lgcm

q 6 3 3 3 3 wwrs 3 92 rwws

2 2
+ 920 qq T+ gzNC q — 5 SC - *920 qq + QQNC qq _6g2OHq
3 wsrw 3 TsSww 3 T”w’ws 3 wSsrw 3 wwrs
(C 29)

CH
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: 1 4 4 8 8
Crru = 565910,yu + 3913 Crmu + 50tyeynC v+ 201ymiC 1w+ 0t Neyny,Clip
4 o 4 4 4
+ ggf]\fcydth(u)d + gg%Ncy}LYUC’T;ﬁw + gg%YhYUCrgﬁ) o+ ggfyhyquggw
4

. 1 4 4 4 4
Cra = =£5970rsYa + =91Y7Cra + =91 NeYaynC' aa + =g1yaynC aa + =91¥aynC ad

2 3 3 3 3 wsrw
4 4 8 8
+gotNoranC g+ 50lvenC s + gobinC g+ gaiNonyaC g
4
Crud = =391 (Yu — Ya)’Chud (C.32)
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Class 9% :

(LL)(LL) :
2
C i = gy Cl) o, — BOG 5y + 920(3)5 20(3)5%
prst 3 st 6 3 3

2 4 4 4
+ *Q%Yhchgz)(sst *9201{1 Ost + 91)’ C ll 5st+ 91YIO ll 5pr + 91}’10 u t‘spr

3 HiOst — 92 HIOt T 3 3 3
4, , 2, 2 2
+ 7g1yl O 1 5St + 7glyl C ll 5 st + glyl C ll 5p'r + glyl O 1 (5st
3 wwpr 3 3 3 wrpw
2 ., 1 1
+ gglylc u Opr — 920 i Ost — 920 u t6pr - QQC i Ost — 920 i Opr
witsw pwwr Sww wrpw wtsw

1 1 1 1 4
+-g5C u Oy + ggc 0 Ops + QQC i Opt + 920 1l 5rs+391NchqC() st

3 swwr pwwt wrsw wtpw prow

4 1 1 p
+ 2 2Nyy O 6y — gggjvcc(?’;q Ot — 503 GBN.CE) 5, + ; Zg2N,C%) 6,

3 stww pruow stww srww
2 2 2 2,
+ 392N C lq 57"5 + 391 cylyuC lu 6st + 391 cylyuC lu ) pr + gglNCYdle ld 6st
ptww prww prww

9 ) )
+ 391NcyUlYIC 1d Opr + 391yeyzC le Ost + BglyeyzC e Opr + 695 C I
ptsr

-3 (92 191) C ll (C.33)
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2 4
gﬂ’thOHq(sst + 391)11ch( 13; (5177"

. 9
Cl = fglyhquL bor + 3

prst 3

wwst
4 4 4
+ ggfyzqu( l)q st + gglNcqu a dst + 591 C g4 Opr + 391 cY§C(1q)qt5pr
wwpr stww wws
4
+ gngcyZO(lq)qp st + 391y C 5st + 391 2C(qq 5pr + 391 qC 58
+ 391y C q Opr + 930 gq Opt + 6930 qq Ors + C dq 5pt + 930 a4 Ors
w sw swwr pww wrsw wtpw
3N e "?W‘S“ 3N 3C§ww Opr = 3N 3Cw?$ Ost = 3N 3qu3w6’“

+ 2gly C 5st + 2913’20( 5pr + 291)’ C 5st + 291}’ C o Opr + 930 a 5pt

+ 930 dq Ors + 930 a Opt + 930 a4 Ors C Q?Urdst - ﬁggc dq Opr

- 93
pwwt wtpw N c swwt

2 2
C qq (5st - ﬁ 20 qq 5pr + glNcyqyuC qu 5st + 391Ncyqyu0 qu 5pr

93
N wrpw c wtsw 3 prww stww

+ glNcydqu D G+ glNcydqu() 5pr+ C qu 5pt+ C( Ors

3 prww 3 stww STWW 1 2 ptww

2 2 ~(8) (8)
C w Ogt — CYu Opy C 1) C’ 4 Ors
6N JsC qu Ost 6N 6N, B3¢ u O T 15 12 Lo Ot T 75 12 .
1 ] 2
T 6N 930;%1”5515 5 N 3C§tww5 + 391yeyq0 e, st T 391Ye¥qC g Gpr
6
+39 qu +99 qu +99 qu - ﬁ (93 — 2N, q91) C(;; (C.34)
ptsr ptsr prst prst
c® = 20 6o + 920(3)55t + 92(]( S + gQ(ﬂ Sst
prst 6 3 wwst wwpr
1
6 20 qq 5pr+ 20 44 5pr+ 20 a 5st+ 20 W09 Ogt + = 6 20(1(1)11 Ors
swwt wtsw pwwt

+ 930 ¢ 5pt + 930 a4 Ops + 930 a Opt + SQQNC q Ost + 392NC dq Opr

wipw stww
1 1

BN.CDy 6o+ Zg2N.CY)y b — Lc®), 5, — 1200, Spr — — 20 Sst
3 wwst 3 wwpr 6 pwwr 6 swwt wrpw

- = ZC( Opr + 930 aq Ors + 930 g9 Opt + 2930 qq 5rs+ C q Opt

6 92 wtsw pwwt swwr ’u)tpu) 2 93 wrsw
g2C% 0+ —g2C%, 6 G2C®) 5o+ g2 6y
T pi’ww %t ot % o 1298
— 342C"%) - 30( —6g2C" %) +12y2g2C") +3g2C" +3g2CY% (C.35)
pt 57‘ prst prst prst ptsr prst
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. 4
1
0(13 —giynyiC H;5pr +

4 8 8
3 91YthCHz dst + 391)/1ch i Ost + 391}’1ch i Ost
prst

3 wwpr

8 8
SNy g+ glylc S

3 pruw wwst

4
91}’1ch [ 5st+

4
+ 91}’1ch u (5st+3

3

8 8 4 4
+ gngcyzqu aa Opr + gngcyzqu qq tépr + ggfyzch‘(lq)q Opr + gglyzqu(lq)q Opr

A 4
3 3
- 4gfyzyq055)gv pr + 4gfyzyq0ig%w5pr + gngcyzyuC an Opr + SQchydyzC( -

stww

4 4 4 4
+ fgfyele' ae 5pr + —ngcyqyuC’ lw Ogt + —ngcydqu 1d Ost + —gfyequ le Ot
3 3 prww 3 pruw 3 pruw

+12y1y,62CY) + 9420 (C.36)
prst prst
. 2
¢ = 3 20 5pr + ggcm bt + 503N O 5+ 920< 8o + g2c< S
p'r’st prww wwst swwt
2, 2, L 53 2
QC qq Opr + QQNC a4 Opr + =95 Ne % aq Opr — 595C"d4q Opr — 20 Opr
3 wtsw 3 stww 3 wwst 3 swwt 3 wtsw
204 06 2C 1 8 +3g2CY) —6 (g2 — 2niy,93) C) C.37
+ 392 ) n Ost + 92 lé st T 993 92 Y1Yq91 lq (C.37)
wwr wrpw prst prst
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ee
prst

(RR)(RR) :

1 1
—91YeynCrebp + gg%}/eyhOHteésr

3 3

9
+ ggfyeyzC te Opr +

1 1
= *gfyethHte% + ggfyethHeést T
S pr

2
591 yele le 537’

3 wwpt

9
ZaiyeyiC e Oy +

3

9
S@yeyiCore Oy +
3 wwpr

2 2 2

+ 391Nc)’eyq0 qe 0 pr gg%Ncyequu}qe Ot + 3g1 cYquC g 6pt
2, 1, 1,

+ ggl Ncyechw‘gpt(ssr + 591 NcYeYuCStelgw(spr + 591 NcYeYuCpfgw(sst
1, 1, 1,

+ §91 Ncyeyucsfﬁ)‘w(gpt + ggl Ncyeyucpfﬁw(ssr + ggl Ncydyecs;f}lwépT
1 1 1

+ gg%NcydyeC ed 5515 + gg%NcdeeC ed 5]715 + gg%NcydyeC ed 6sr

pruow Srww ptww

1 1 1,, 1
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