SAPIENZA

UNIVERSITA DI ROMA

A systematic study of phenomenological
implications of dim-6 operators

Scuola di dottorato Vito Volterra
Dottorato di ricerca in Fisica — XXX Ciclo

Candidate
Marco Fedele
ID number 1308444

Thesis Advisors
Prof. Giuseppe Degrassi
Dr. Luca Silvestrini

A thesis submitted as a partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Physics
October 2017



Contents

I ich [ Motivations

IL__The Theoretical Framework
(1 The Standard Model of Particle Physics|
(1.1 The Standard Model Lagrangian| . . . . ... .. ... ... ....

(1.1.1  Gauge Boson Masses| . . . . . . . . ... ... ... .....
[1.1.2  Neutral and Charged Currents|. . . . . . ... ... ... ..

(1.1.4  'The Cabibbo-Kobayashi-Maskawa Matrix Vogad . . . . . ..
(1.2 Equations of Motion| . . . . . . ... ... ... ... ...
(1.3 Renormalization Group Improved Perturbative Expansion| . . . . .
(1.3.1 Renormalizationl. . . . . . . . ... .. ... ... ......

[1.3.2  Renormalization Group|. . . . . . . ... ... .. ... ...

B Efective Fiald Tl g
[2.1 Effective Lagrangians as a Tool to Search for New Physics Effects| .
[2.2  Operator Product Expansion|. . . . . . . ... .. ... ... ....
2.3 Bottom-Up vs Top-Down|. . . . . . ... ... ... . ... .....

[3 The Standard Model Eftective Field Theory|
[3.1 dim-boperators| . . . . . . . ...
[3.2  dim-6 operators| . . . . . ...

16
16
17
19



2 Ties 0] —ons 35

4_The Theoretical Frameworkl 37
4.1 Weak Hamiltonian and Amplitude|. . . . . . . ... ... ... ... 37
[4.2  Helicity Amplitudes and Helicity Form Factors| . . . . . . . . .. .. 39
4.3 Kinematic Distributionl . . . . . . . . .. ..o 42
(4.4 Angular Observables| . . . . . . .. ... .. ... ... ... 44
1.5 On (Non-)Factorizable Contributions to the Hadronic Hamiltonian|. 47
[4.6  Amplitudes for Other Decay Channels|, . . . . ... ... ... ... 48

[> Review of 6 — s Anomalies and Their Interpretations| 50
5.1 Anomalies in B — K*u"p~ Angular Analysis| . . . ... ... ... 51
5.2 Anomalies in Branching Fractions: the B — Ku™u~ and the B, — |

| OuTIT cases| . ... 53
[>.3  Anomalies in Branching Fraction Ratios: the Ry and the Ry« Ob- |

I servables| . . . . . ... 55
|5.4 A Comprehensive Phenomenological Interpretation: the C’é\f ~ —1 |

| Casel . . . . 57
[>.5  An Alternative Interpretation: the Axial Solution| . . . . . . . . .. 29

6 A Systematic Analysis of the 6 — s Anomalies Employing the |

[ SMEFT Frameworkl 72
[6.1 'The Operators Involved| . . . . ... ... ... ... ... ..... 72
6.2 Previous Studied . . .. .. ... ... 75
[6.3 Constraining the Couplings by Means of a Bayesian Analysis| . . . . 77
(6.4 Future Perspectives| . . . . . . . . ... 83

MIT Ts the EFT Approach the Only Way?7| 85

[ Constraining the Trilinear Higgs Self-Coupling by Means of Pre- |

L__cision Electroweak Measurements| 88
|7_.1 As-dependent Contributions in m,, and sin?%| . . . . ... .. .. 90
[7.2  Analytic Expressions| . . . . . . . . . . . .. .. ... ... 93
7.3 Resulting Bounds on the 'Irilinear Higgs Selt-Coupling| . . . . . . . 98
7.4 On the Equivalence with a (®'®)" Theory| . . . . . ... ... ... 101

Conclusions 105

(Bibliography| 107




Introduction and Motivations

The Standard Model (SM) of particle physics has been producing reliable estimates
to a high precision level in the last few decades. Moreover, the discovery of a scalar
particle with properties consistent with the SM Higgs boson [I], 2], together with
the fact that no Beyond Standard Model (BSM) particle has been detected so far,
suggests that the New Physics (NP) scale A can be placed above the electro-weak
symmetry breaking (EWSB) scale.

Therefore, an effective field theory built solely using the SM fields, called Stan-
dard Model Effective Field Theory (SMEFT), can be used to describe the low
energy limit of BSM physics. This theory should be written adding to the renor-
malizable SM interactions further terms of higher dimensions, suppressed by suit-
able powers of the scale A and invariant under the SM gauge group. The schematic
Lagrangian is

Lsyvprr = Lsy +Ls +Le+ ... .

L5 contains only the Weinberg operator, which can be used to provide masses
to neutrinos. Assuming the conservation of baryon number, in Lg there are 59
operators, many of which have flavour indices (explicitly taking them into account,
the number of operators grows up to 2499); a complete list can be found in [3]. The
full one-loop anomalous dimension (AD) matrix needed for renormalization group
evolution (RGE) of the dimension 6 operators has been recently computed [4H7];
several entries have been found to be of order 1, therefore suggesting a relevant
mixing between some of these operators.

The SMEFT approach can be used to interpret several patterns of deviations
in SM processes: it allows for model independent analysis, which is a particularly
useful feature given our present lack of knowledge regarding the ultraviolet (UV)
completion of the SM theory. The BSM fields can in fact be integrated out of the
theory at the NP scale, in such a way that there is no evident sign of their presence
at the EWSB scale, but their effects can be mimicked by means of the couplings
of the higher dimension operators; it will therefore be possible to use experimental
informations in order to constrain the bounds of the such couplings, which can be
consequently reinterpreted as bounds on the NP scale once the SMEFT is mapped
on the desired UV completion of the theory.



In my PhD project, I have focused my attention to phenomenological implica-
tions due to the effect of dimension 6 operators. As a first step of my project, I
have partially recomputing the AD from Refs. [4H7], in order to check the correct-
ness of their results. Subsequently, I have been involved in analyses concerning
the status of the anomalies present in B physics, with a particular focus on b — s
transitions. My work on the field, aiming at discerning the shape of the potential
NP underling such processes and potentially disentangling it from effects stem-
ming from QCD effects, is reported in Refs. [8H11]. A systematic reinterpretation
of such findings in the SMEFT framework is an original contribution to this PhD
thesis, and is yet to be published. Moreover, I have spent some time working on
the study of the trilinear Higgs self-coupling. Given the large room for NP effects
to such coupling, induced by the present status of the experimental constraints, the
(SM)EFT approach is not a phenomenologically-meaningful framework to employ
in order to study potential BSM effects in this sector. Therefore, I have adopted
an alternative method to approach the matter, exploiting the study of electroweak
precision observables in order to further constrain the bound that can be put on
the Higgs trilinear self-coupling [12].

The thesis is organized as follows. Part [I] is devoted to a review of the the-
oretical framework employed in my projects: Chapter [I| is focused on the SM
theory, Chapter [2| briefly introduces the EFT approach and Chapter |3| describes
the features of the SMEFT framework. The analyses of the anomalies in b — s
transitions are reviewed in Part [T} the effective Hamiltonian employed to build
the observables of interest is described in Chapter [} subsequently, a summary
of the anomalies and their main interpretation is carried out in Chapter [} while
the results of the systematic SMEFT analysis is reported in Chapter [0 Finally,
Part [[IT]is devoted to the study of the constrains that can be imposed on the Higgs
trilinear self-coupling by means of precision electroweak measurements.



Part 1

The Theoretical Framework



Chapter 1

The Standard Model of Particle
Physics

1.1 The Standard Model Lagrangian

Our present knowledge of the strong and electroweak interactions is described by
means of the Standard Model (SM) Lagrangian Lg),;. Its fundamental degrees
of freedom are the spin one-half quarks and leptons, the spin one gauge bosons
and the spin zero Higgs boson. It is invariant under SU(3) gauge transformations
for the strong interactions and under SU(2)xU(1) gauge transformations for the
electroweak interactions; therefore, its gauge group structure is

The Standard Model contains 3 kinds of quarks

QLi = <Zi:) = (37 2, 1/6)7 UR; = (3v L, 2/3)7 dRi, = (3v L, _1/3)7 (1'2)

and, if one considers the non-interacting vg,, 3 kinds of leptons

Ly, = (’ZL) =(1,2,-1/2), g =(1,1,-1), wg =(1,1,0), (1.3)
L;
where ¢ is the flavour index, that goes from 1 to 3 and implies the existence of
a SU(3)® x U(1)* flavour symmetry (note that there are only four U(1) flavour
symmetries because the fifth one is already present as the U(1)y gauge symmetry).
While the SU(3). symmetry is unbroken, low energy phenomenology implies that
SU(2)r x U(1)y must be broken onto a U(1).,, symmetry; besides, the different
experimental values of quark and lepton masses imply that also the flavour sym-
metries need to be broken, in particular into a phenomenological U(1)g x U(1)
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symmetry; moreover, the symmetry breaking must give mass to three out of the
four gauge bosons (Z°, W#), while the fourth one (the photon) remains massless.
All this can be accomplished through the Higgs mechanism [13-15], which requires
the introduction of a four-component scalar field that forms a complex doublet of
SU(2), with hypercharge Y = 1/2:

o= (‘ZZ) (1.4)

This new field has the opposite quantum numbers of L;,, and its Lagrangian can
be written as \
Ly =Dy Do+ 10T — 2(979)", (1.5)
where D), is the covariant derivative
Y. 4
D,=0,— ZgW“? — 253”,
W and By, are respectively the gauge bosons of the SU(2) and U(1)y symmetries,
and g and ¢’ are the corresponding coupling constants. Note that both p? and \ are
positive constants so that the ground state breaks the symmetry, and performing
a gauge transformation in a way such that (p™) = 0 and ©° becomes real, the
Higgs doublet acquires the Vacuum Expectation Value (VEV)

(1.6)

<w>=%(g), with v = “72 (1.7)

In the next sections we will see how the introduction of this new field affects the
other SM fields.

1.1.1 Gauge Boson Masses

In order to compute the masses of the three massive gauge bosons, one has to
analyze how the Lagrangian in Eq. ([1.5)) changes once the Higgs VEV is introduced;
in particular, one has to study the term

7 / /

1 o g ol g 0 v? : 9
50 v) (gWMEjL—Bu) (ngiE—i-—BM) <U> _ —<gQWMWi“+g’ BMB”—Qgg’WiB”>

2 2 8
LR grym—, 21172\ 2 3 I 2
= (P + D + (Wi = gB)"). (18)
This term allow us to write the gauge boson mass eigenstates
1
Wo=—(W;FW2), (1.9)

Sl
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1

v v
My =g 3, My = \/92+9’2§- (1.11)

It is now possible to define the fourth mass eigenstate through the orthogonality
with ZS:

0 _
Z,=

whose masses are

1

Moreover, it is possible to express the covariant derivative

A) = (9W) +9B,), My =0. (1.12)

D, =8, —igW,T" —ig'Y By, (1.13)

where T" = % for SU(2) doublets and T° = 0 for SU(2) singlets, in terms of
the gauge boson mass eigenstates: inverting Eqs. ((1.9)), (1.10), (1.12)) and defining

T =T'+ 717 (1.14)

it is possible to write

-
Z(PT3 =gV )~ —2 A (T3+Y).

P +g° N e
(1.15)

Observing now that the last term must be the one which describes the electromag-
netic current, we obtain the relations

D, = a#—Z—QQ(W;T++W;T*)_

/
e= %, (1.16)
9°+9
Q=T+Y. (1.17)

Furthermore, if one defines the weak mixing angle 6y, through the relation

zZ0 cosOy  —sinfy\ (W3 q
0) = g = sinfy = 20, (118
(Az) (sin Ow coS 9W> (Bu) St Ow /g—g n g,2’ ( )
Eq. (1.15) may be written as
ig
V2

g

Z
cos Oy

(T2 —sin® 0w Q) —ieA,Q. (1.19)

Dy=0,——=(W/T"+W;T")~



1.1.2 Neutral and Charged Currents

Once the covariant derivative is written in the form of Eq. , it is possible to
obtain the fermions-bosons coupling terms and therefore the explicit form of the
neutral and charged currents. In order to do so, one has to write the Lagrangian
for chiral fermions:

Lp = LipLy + %Pl + QLilpQY + ugilpu’y + dii Dy,
= gWrHIt+ W I ) +9Z)J7 +eA, "+ K, (1.20)
where K is the kinetic terms
K =15l + vbidu, + 15idly + abidu’, + agiduly + dyiddy + daiddy,  (1.21)
and

1 . . . .
T = == (Gl + aydy), (1.22)

YoV2

_ ) _ ) 2 . . 2 . 1- . 1 - ;
T = =Bl = Tl + Syl + S — iy dy — S dy, (1.23)

3 3 3
z 1 Lo o Lo g 2 Ti i
J, = confo \ 277 vy + (— 3 + sin Qw)l]ﬂ 7 + sin® Ow "1y
W
1 2 , ‘ 1 1 - .
+ (5 — 5 sin’ 9W>H1L’}/”UZL + ( — 5t g sin’ ew) di idi,
2 00 iowio o Loog
— g sin Ow gy uR—i-gsm Owdpy'dy ). (1.24)

1.1.3 Fermion Masses

In order to let the fermions acquire masses, it is necessary to write a gauge invariant
Yukawa Lagrangian which contains the interactions among fermions and the Higgs
boson: . . ‘

Ly = —(Ya)yQredy — (Ya)Qrouy — (Y)yLiply + hec. (1.25)
where Y; are the Yukawa couplings and ¢® = ¢ ©h, with € a totally antisym-
metric matrix. Once the Higgs doublet acquires a VEV, the Lagrangian takes the
form
(V)i didh — —=(Yo)iy@ i, — —=(Y))iTL l, + hec. (1.26)

\/§ \/§ J R \/§ J'LR

so that the fermions acquire the masses

Ly =

(% (%

(ma)ij = ﬂ(Yd)ij, (mu)ij = E(

9

Yu)ija (ml)ij = (Yl)ij~ (1-27)

8-



It is now possible to write the Lagrangian in the mass eigenstate basis. In order to
do so, it is first necessary to diagonalize the mass matrix m,, of fermion v through
a bi-unitary transformation:

UJ;’meUw,R = mi = diag(ml,mg, mg); (128)

it is now possible to write the mass term in the form

brmyr = ' pmg P, (1.29)
where we have defined the mass eigenstates
P = UJLiﬁL, P = UJRQZJR. (1.30)

1.1.4 The Cabibbo-Kobayashi-Maskawa Matrix Vg
If one takes the currents from Eqs. (1.22)-({1.24)) and expresses them in terms of the

mass eigenstate basis defined by Eq. 11.30), it is straightforward to observe that
the neutral currents remain unmodified: this implies that the Standard Model
predicts the absence of tree-level Flavour Changing Neutral Currents (FCNC).

Instead, the charged current J/j takes the form

T = G UL + TLUE VL) = S + Ve ). (131)
where we have redefined the mass-less neutrino field setting
o, =U "y, (1.32)
and we have defined the Cabibbo-Kobayashi-Maskawa (CKM) matrix [16}, 17]
Vorxy = UpTUL (1.33)

This matrix will not generally be diagonal, so that the Standard Model predicts
the occurrence of Flavour Changing Charged Currents at tree-level.

We observe that CP violation in weak interactions requires the Yukawa matrices
Ye Y to be complex. In the mass eigenstate basis they take the form

Y — UL YUy, Y = UG YUy, (1.34)

For 3 quark generations the Yukawa matrices contain 9 real parameters and 9
phases each; the three U matrices, which contain 9 angles and 17 phases (the
18th phase is related to the Ug(1) symmetry), can be used to reduce the number
of undetermined quantities so that there are only 9 physical real parameters and
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1 physical phase: the 6 quarks masses, and 3 angles and 1 phase for the Vogas
matrix.
Following this observation, the standard way to parameterize the CKM ma-
trix [I8] is through the phase ¢ and the angles 612,013 and fa3:
C12C13 $12€13 s13e" "0
Verm = | —S12023 — 12523513 CraCag — S12823513¢”°  sascrz | (1.35)
512523 — 012023513€i5 —C12523 — 812023513€i(5 C23C13

where ¢;; = cos8);; and s;; = sin ;5.
An approximation of the Vg matrix has been given by Wolfenstein [19],
through a power series in the small parameter A\ = |V,,5| >~ 0.22:

1-2 A AN (p—in)
Verm = - _x AN? +O(\Y). (1.36)

AN (1 —p—in) —A)\22 1
1.2 Equations of Motion

Putting together all the pieces from the previous section (and adding the kinetic
terms for the gauge field strength tensors), it is possible to write down the SM
Lagrangian:

1 L1 L1 » 1.,\°
Lo =~ GAGM — WA — 1B, B + (D)D)~ A (1~ 0?)
+LIDLY + Ugi Pl + QipQy, + uiPuly + diiPdy,
| 0@ + (Vs Qip + (DLt + e (1.57)
Starting from this Lagrangian, it is therefore possible to extract the Equation of

Motion (EoM) for all the dynamical fields involved. In particular, for the Higgs
field one obtains

D?py — Mo + 2\ 0)pn + QY upes + dp Y QF +er Y. L =05 (1.38)

for the fermion fields, the EoM reads

i Q) :YJUR¢j+YdeR<Pj7 iDdr =Y, Q) ol
le URr = Yu QJL (ET]' ) le L) = Yj ERPj ,
iDep =Y. Lol (1.39)
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and for the gauge fields, one obtains
(D%, Gapl” = gsjs, (D" Wagl' = gajh,  D*Bap=gijs,  (140)

where [D®, F, 5] is the covariant derivative in the adjoint representation. The gauge
currents are

= > YT, (1.41)
Y=up,dr,QL
. 1~ 1— 1 . <
J5 = 5Qu ' sQr + 5 Lr T sl + 50 i D, (1.42)
. — 1 . <
Js = Z Yyipy + 5@ iDgp, (1.43)

Y=ur,dr,QrL.er,LL
where y; are the fermions U(1) hypercharges, and

pli D g = ip' (D) — i(Dgel)gp, (1.44)
pli D = it (Dsp) — i(Dsp )70 (1.45)

1.3 Renormalization Group Improved Perturba-
tive Expansion

Weak decays mediated by the exchange of the W boson may receive corrections
by QCD loops, as the ones shown in Fig. Those corrections may give rise to
terms proportional to (denoting the external momenta by p, with p? < 0)

M2

agln —Vg, (1.46)

(@) (b) (©)

Figure 1.1: 1-loop QCD corrections to W mediated weak decays. Figure taken
from Ref. [20].
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where the logarithms, for —p* < M2,, may become large and eventually overcome
the smallness of ag, invalidating the perturbative expansion. This problem can
be solved using a Renormalization Group Improved Perturbative Expansion; for a
pedagogical introduction see [20]. Let us work out the steps necessary to obtain
this feature.

1.3.1 Renormalization

In order to eliminate the divergences that may arise at loop level in Green Func-
tions, calculated for example using dimensional regularization [21] in which one
evaluates Feynman diagrams in D = 4 — 2¢ space-time dimensions, the fields and
the parameters present in the Lagrangian have to be renormalized through

Agp, = Z§/2A27 qo = Z(;/QCL Jo,s = Zggs/fy moy = me7 (147)

where the “0” indicates bare quantities, Aj is the renormalized gauge field, ¢
is the renormalized quark field, g, is the renormalized QCD coupling, u is the
renormalization scale and m is the renormalized quark mass; the Z; factors are
called renormalization constants, and are divergent quantities chosen in a way
such that the divergences disappear in the observables written in terms of the
renormalized quantities only. It should be stressed that since bare quantities are
1 independent, g; must be p dependent and, since all Z; have a perturbative
expansion in g, they must all be p dependent as well.

The value of the renormalization constants (scheme) is arbitrary, and the com-
putationally simplest renormalization scheme is the Minimal Subtraction MS [22],
in which the Z; subtract only the divergences; in this scheme, the renormalization
constants at Leading Order (LO) are

Z,=1- Z_;%CF +0(a?), (1.48)
Z,=1- Z‘—W% (%NC - gnf) +0(a?), (1.49)
Zy=1-222 (gnf _ ch> +0(a?), (1.50)

T =1— %%3@ +0(a?), (1.51)

where Cp = 4/3 is the relevant colour factor, N¢ is the number of colours and n
is the number of active quark flavours.
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1.3.2 Renormalization Group

Given the independence of the bare quantities from p, it is possible to write equa-
tions for the renormalized quantities which describe how they evolve as a function

of p.
Let us focus on the couplings, observing that it is possible to write
d d 1 0 1 0
—00=0=pu—(Z.qu) = | —pu— 1 Zagpus
Md,ugo 'udu( ggH°) (g#aug‘i‘zg/iau g+€> ggb,
so that

Pa—g = —ge— iu—Z ;
ou Z," ou?

if now one defines the quantities

Eq. takes the form
B(g(n),€) = —ge = B(9(w).

Defining now the quantity

Blon) = gf(a), with () = =222 7,143 ~7,4(g).

- Zydlny’ e
we can write iz iz d 17
7 _ G4y G4y 49 g

so that
f(9) (1 + %Zg,l + .. ) = (—gf(g9) —€g) (%%Zg,l +... )

Solving this equation order by order one obtains

dZg.

(1.52)

(1.53)

(1.54)

(1.55)

(1.56)

(1.57)

(1.58)

(1.59)

so that, taking the ¢ — 0 limit (or the D — 4 limit) and using the definition in

Eq. (1.49), one obtains the explicit form

z 3 /11 2 3
_ 2W4g1 g g
B9) =9 = ~ 16 (?NC N §NF) “Tr2

14
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Multiplying now both sides by 4& and remembering the definition in Eq. (1.54
s

one obtains

2

«
= —206p—= 1.61

dog

whose solution, calculated using as upper bound My, where ny =5, is

OZS(MV[/)

Mw
S - - s M 1—|— s M 1 W .
(1.62)
Note that this procedure allows to resum all logarithms of the form
My \»

therefore removing the large logarithms problem that may arise computing QCD
corrections to weak decays (see below). Furthermore, the calculation of 3 at Next
to Leading Order (NLO) would lead to a resummation of the logarithms

aS(MW)<a8(MW) In %) , (1.64)

and so on.
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Chapter 2

Effective Field Theories

2.1 Effective Lagrangians as a Tool to Search for
New Physics Effects

The purpose of the effective Lagrangian method is to allow the study of a the-
ory in the low energy limit, where the heavy particles can be removed from the
Lagrangian keeping correctly into account their effects at low energies.

Those Lagrangians can be obtained by writing the most general terms which
satisfy the symmetries of the theory at low energy; moreover, given the fact that
at that particular energy scale the heavy particles cannot be produced, one has to
explicitly take into account only terms containing the lightest ones. This process
is called integrating out the heavy fields, and its consequences are described by
the decoupling theorem: if the remaining low energy theory is renormalizable, then
all effects of the heavy particles integrated out appear either as a renormalization
of the coupling constants in the theory or else as terms with dimension d > 4
suppressed by appropriate powers of the heavy particles masses.

As an illustrative example, the basic effective Lagrangian for weak interactions
is the Fermi Lagrangian [23]

Gr

EFNEJ:JJF’H, (21)

where the coefficient of the dimension 6 current-current operator is

GF 92 1
=7 o — 2.2
V2 8Mj T Mg 22)

so that the Lagrangian has dimension 4. The W boson is integrated out in this
theory, since it is produced at a scale much higher than the ones involved in such
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processes. In turn, the theory develops a 4 fermion local interaction, responsible
e.g. for the neutron decay. However, the effects of this particle are encoded in the
effective coupling G, where the factor 1/M32, is produced when the W propagator
is shrunk to a point, assuming ¢* < M3, .

Therefore, the Effective Field Theory (EFT) approach allows to build low-
energy Lagrangians, where all the heavy degrees of freedom that can not be pro-
duced directly (but that can induce virtual effects) are removed from the theory,
building in turn special local operators which include in their couplings the ef-
fects of such removed fields. This can be a really powerful tool, simplifying indeed
several computations. Moreover, it can also be a useful way to probe NP: inte-
grating away potentially-unknown BSM degrees of freedom, it is possible to use
experimental information in order to constrain the bounds of the EFT couplings;
subsequently, once the EFT theory will be matched to a UV completion of the
theory, it will be possible to reinterpret such bounds as constrains on the parame-
ter of the new theory. Hence, the EF'T approach is one of the most employed tool
when one wants to inspect the possible shape of NP.

2.2 Operator Product Expansion

Weak decays of hadrons are not easily described since they include both weak
interactions, which mediate the decay, and strong interactions, which bind the
quarks into hadrons, at different energy scales: the strong interactions are char-
acterized by the typical hadronic energy scale of O(1 GeV), much lower than the
scale of weak interactions, of O(Myy,z). Therefore, we need an effective theory
for weak interactions capable of describing these decays, which can be obtained
through the so-called Operator Product Expansion [20), 24, 25].

In order to obtain this effective theory, one has first to integrate out the W
boson (as well as the ¢ quark) and write the most general Hamiltonian, which is
composed by all the possible local operators which can mediate the decay; this
effective Hamiltonian will therefore take the form of a series of local operators
Q:(p) whose contributions are weighted by the effective scale-dependent couplings

Ci(p), called Wilson Coefficients:

AGp
V2

the result of this procedure is illustrated in Fig. 2.1

The next step is to consider the full theory Hy,; and calculate the amplitude
at a given order; if now one calculates at the same order the matrix elements
< Qi(p) > of all the local operators included in H.yy, it is possible to perform the

Herr = —= Vo Vasas ) Cili)Qi(h) ; (2.3)
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matching

Afull = Aeffa (24)

and to extract the values of the Wilson Coefficients C;(u). It is worth to note that,
if a renormalization is applied to the effective Hamiltonian through the relation

< QY >=727;<Q; >, (2.5)

where Z, is the quark field renormalization, the fields of the full Hamiltonian must
be renormalized following the same scheme, in order to obtain a correct matching;
furthermore, since in the matching infrared logarithms cancel out,

M3 M3

Oéshl—vg —  agln —W;, (2.6)

the matching has to be performed at a scale uy = O(My), in order to avoid the
problem of large logarithms.

Now we can use the techniques of the Renormalization Group and evolve the
Wilson Coefficients to the scale of the hadronic decay. In order to accomplish
this process one has to note in the first place that the quantity C;(u)Q;(u) is an
observable: this means that it must be pu independent, so that

dC; dQ; dc; dIn Q;
MduQ+MduC 0 = i CHMC (2.7)
C S
C s
W _—
d u
d u
(a) (b)

Figure 2.1: The W boson has been integrated out and its propagator has been
contracted to a point. Figure taken from Ref. [20].
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moreover, remembering that the bare quantity (2.5) has to be p independent as
well, one may diagonalize the matrix Z;; and obtain the relation

dZ; dQ; dIn Q, dln Z;
du aZ=0 == = —ilg), 2.8
W it = dnn dnp = 10 (2.8)
so that
dlrf ;2 =7(9)Ci(n) = Ci(p) = Ui, po) Ci o), (2.9)

where U;(p, pto) is the function that governs the evolution of the quantity C;(u).
Note that one has to pay attention to quark thresholds, given the change of the
total flavour number at a scale pu, = O(My).

Finally, one has to calculate the hadronic matrix elements (Q;(u)) at the decay
energy scale. This task, given the non-perturbative nature of the matrix elements,
usually has to be performed on lattice QCD, which consists in discretizing the
space-time, and therefore the fields, on a lattice. This introduces a momentum
cut-off at the order %, where a is the lattice spacing, which regularizes QCD and
allows numerical computation of non-perturbative objects. The continuum values
can be obtained performing the a — 0 extrapolation, which can be done once
repeated calculations at different lattice spacings have been performed.

The main feature of the Operator Product Expansion is therefore to factor-
ize the contributions to the amplitude into a short-distance, high energy term (
C;(p) ) and a long-distance, low energy term ( (Q;(u)) ). Moreover, the prod-
uct Ci(p) (Qi(p)) is p independent, and the large logarithms are automatically
resummed through the implementation of the Renormalization Group method.

2.3 Bottom-Up vs Top-Down

As we have described at the beginning of this chapter, an EFT is built with
the purpose to write down a low-energy Lagrangian, where the heavy degrees
of freedom are removed and their effects are encoded in the couplings of local
operators. This allows to build a theory where computations are simplified, or
even feasible in the first place, and to study the indirect effects of some field at a
scale way below the one where it can be produced.

These features make the EFT approach really appealing in present days: the
LHC has yet to directly observe new particles, different from the SM ones. More-
over, it can also be possibile that the NP scale is well above a few tens of TeV,
hence beyond the grasp of a direct observation at the LHC. However, this does not
mean that these new heavy degrees of freedom can not be produced at loop-level,
hence contributing to SM-like processes in such a way that precise measurements
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could detect their effects, effectively yielding an indirect NP observation. There-
fore, following the EFT approach and studying the effects of such fields by means
of effective couplings to local operators might be a useful probe on the hunt for
NP.

With this situation in mind, it is interesting to conclude this chapter with a
description of the two possibile approaches one can make us of, when building an
EFT. The first one is the Top-Down approach: in this first scheme, the underlying,
high-energy theory is known. However, one might be interested in studying its
effects at a low scale, lower than the production scale of one (or more) of the degrees
of freedom present in the theory. Moreover, it is also possible that the underlying
theory is cumbersome, and trying to directly apply it makes some computation
heavily non-trivial. As we have already seen, this is the case of e.g. weak decays:
the underlying theory - the SM - is well known, however directly applying it in
order to compute hadron weak decays is utterly complicated. Therefore, it is
convenient to integrate out the W boson and the top quark, and build an effective
theory consisting of fuor-quark operators. Their effective couplings are functions
of the W and top masses, which can be exactly computed performing the matching
procedure described in Sec. 2.2 The Weak Effective Theory (WET) build in such
a manner allows to perform computations in a feasible way, without losing any
SM information but working in a viable environment which allows to resumming
large logarithms.

A diametrically opposed approach is the Bottom-Up one: in this second scheme,
one makes no assumptions on the underlying theory, and works in a model-
independent framework. Once the field content of the low-energy theory is de-
cided, along with its gauge symmetries, one simply has to build accordingly all the
Lorentz invariant operators. The EFT couplings will be free parameters. There-
fore, this approach could be really interesting for a generic NP search: given the
present experimental status and the lack of informations regarding an UV comple-
tion of the SM, one can decide to make no assumptions at all on this completion.
Therefore, it is possible to make predictions for a desired decay channel, compare
them with experimental data and subsequently extract the values of the EFT cou-
plings. If one (or more) of such couplings is to be found different from zero, this
will be a signature of a NP effect: only then, it will be possible to look for those UV
model capable of producing relevant operator, paying attention that such models
do not produce also operators that would spoil other, “well-behaving” measure-
ments.
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Chapter 3

The Standard Model Effective
Field Theory

As I have stated in the Introduction, the SM of particle physics has been extremely
reliable in the last decades, producing an astonishing number of accurate estimates
for a very large number of observables, confirmed by experimental data. However,
several elements (e.g. Dark Matter, neutrino mass/oscillation, baryon asymmetry,
gravity ...) point towards the fact that the SM is not the final theory of particle
physics, but it has to be included in some more general framework.

Therefore, due to the lack of an UV completion of the SM, a useful way to
study possible BSM effects consists of employing an EFT framework, following
the Bottom-Up approach. In particular, given the lack of NP signals guiding us
in the construction of such EFT, it is convenient to build this theory according to
the following prescriptions:

- its gauge group should contain the SM one, SU(3)c x SU(2) x U(1)y;
- it should be built using solely SM fields;
- it should contain all the possible Lorentz invariant terms.

The EFT built according to the above guidelines is called Standard Model Effective
Field Theory (SMEFT), and can be a remarkably useful tool to describe the low
energy limit of BSM physics. The schematic Lagrangian is

00 1 (d—4)
Lsymprr = ﬁfgdA§14) + Z Z (K) ng) Oz(d) ) (3.1)
d=5 i

where d represent the operator dimension. For each dimension, following the afore-
mentioned guidelines, it is possible to define a certain set of operators; however,
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these sets might be redundant due to possible relations between different operators.
Hence, by means of EoM, Fierz identities and integration by parts, it is possible
to define a minimal basis for the operators for each dimension. The choice for
the basis is of course irrelevant once physical observables are computed; however,
given the process of interest, certain bases can be more suitable than others.

In the following sections we discuss the first terms appearing in Eq. (3.1)),
analyzing the number and the structure of such operators.

3.1 dim-5 operators

At dimension 5, only one operator structure survives, together with its hermitian
conjugate [26]:

0, = ejkemngpjgom(l];)Tle + h.c. = (gb*lp)TC (¢'1,) + h.c., (3.2)

where C' is the charge conjugation matrix, ¢ is the Higgs field, [ is a left lepton field

and p,r are flavour indices. Since both O,, and its hermitian conjugate are sym-

. N . ng(ng+1
metric in flavour indices, the total number of operators is equal to 2 - %,

where ny is the number of flavour present in the theory. Hence, in a single-flavour
theory, only 2 independent dim-5 operators exist, while in a theory with n; = 3
there are 12 independent operators.

The operator O,,,, often referred to as “Weinberg operator”, violates the B — L
accidental symmetry (as all operators with an odd dimension [27, 28]), and is
therefore expected to be heavily suppressed. It can be introduced in theories
involving a right handed neutrino: if this new particle is heavy enough, it can be
integrated out giving rise to the Weinberg operator at low energy. After EWSB,
this operator generates a Majorana mass term for left-handed neutrinos, which is
indirectly proportional to the NP scale A. This mechanism, where a very light
left-handed neutrino is generated by means of a very heavy right-handed one, goes
by the name of seesaw mechanism [29-32].

3.2 dim-6 operators

Dimension-6 operators are suppressed by two powers of the NP scale; however,
most of the operators of this class do not violate any SM accidental symmetry
(contrary to all dim-5 ones): hence, the overall suppression of such operators is
expected to be lower. Moreover, there are plenty of NP models whose primary

effects arise at the level of dim-6 operators, making this particular EF'T a popular
choice for BSM analysis at LHC [33].
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The first dim-6 operators historically taken into account were four-fermion op-
erators, and their study can go back to the pioneering work on weak interactions
by Enrico Fermi [23]. The four-fermion operators sub-set was heavily used there-
after; but it was only in the Eighties that a first attempt to catalogue the full set of
operators was carried over by Buchmuller and Wyler [34]. However this basis, con-
sisting of 80 operators in a single-flavour theory, was missing one last operator and,
more importantly, was redundant. Finally, in 2010, a first complete non-redundant
basis was obtained by Grzadkowski, Iskrzynski, Misiak, and Rosiek [B]EL obtained
following the guidelines of reducing the number of derivatives as much as possi-
ble. As we stated above, this is just a possible choice for the basis: for instance,
for the analysis of strongly-interacting light Higgs an ad hoc sub-basis (often re-
ferred to as the SILH basis) has been identified by Giudice, Grojean, Pomarol and
Rattazzi [35], focusing on Higgs operators. Analogously, the HISZ sub-basis has
been introduced by Hagiwara, Ishihara, Szalapski and Zeppenfeld [36] to study
interactions between the Higgs and the vector bosons.

In the remainder of this thesis we will work with the Warsaw basis (and in
general only with operators not violating the B — L accidental symmetry), since
it was the first complete dimension-6 basis to be computed, and moreover (as we
will see) it is the only fully renormalized basis to date.

3.2.1 The Warsaw basis

The number of operators in this basis is quite big: in a single-flavour theory there
are 59 independent operatorsﬂ with this number growing up to 2499 in a theory
with ny = 3. This plethora of operators can be sub-divided in 8 classes, in terms
of the field content and of the number of covariant derivatives contained in each of
them. Hereafter, we will denote with ¢ a Higgs field, with D a covariant derivative,
with X a gauge field strength tensor, with ¢ a generic fermion field, with I(e) a
left (right) lepton field, with ¢ a left quark field and with u(d) an up-(down-)type
right quark field. In the reminder of this section, we will briefly review the content
of each class, showing why the basis is indeed non-redundant; in order to do so,
we will extensively make use of the following tensor relations:

Tj]kTr{m = 25jn5mk - 6jk5mn7 (33)
1 1
TSTH = 500r0xs — Z0asdin (3.4)

I'Due to the difficulty in pronouncing the names of these authors, this basis is usually referred
to as the “Warsaw basis”, in honor to the city where this work was carried out.

2The actual number of operators is 76, if one considers the Hermitian conjugate of non-
Hermitian operators as a separate operator.
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where 71 is a rescaled Pauli matrix 77 = ¢7/2 and T is a Gell-Mann matrix, and

of Fierz identities, such as

(07u0) (X7uX) = (7uX) (XW) - (3.5)

o 1:X3

This first class contains all the operators involving 3 gauge field strength
tensors (denoted by A, B and C in this section). The only non-vanishing
independent Lorentz contraction reads A,”B,”C *, and since each tensor is
antisymmetric, the other two have from being different in order to prevent
them to be symmetric resulting in a vanishing operator; moreover, this couple
cannot be related by duality, feature that would make them symmetric and
forbid the operator again. Hence, the only way to build a non-vanishing
singlet is by means of the structure constants f42¢ or //X:

Qo = FHOGRGEGE. g
Qc = [PGIGIGEr, (3
Qw = "R W W lew (3.
Quy = TRWIWIoWEn 5.
These operators have no flavour content, hence they are 4 independent of
ng, 2 CP-even and 2 C'P-odd ones.
o 2: 8
Due to hypercharge, three of the Higgs fields of each operator of this class
needs to be complex conjugated. We have then three (¢*¢) couples, each
being either a singlet or a triplet. The three-triplet case vanishes since the
three identical couples have to be saturated with an antisymmetric tensor,

while the two-triplet one can be rewritten in terms of an overall singlet by
means of Eq. (3.3); hence, the only surviving operator in this class is:

Qi = (')’ (3.10)
This operator has no flavour content, hence there is only 1 C'P-even operator.

o 3: piD?
Again, due to hypercharge, two of the Higgs fields of each operator of this

class need to be complex conjugated. We can therefore build operators con-
taining two singlets or two triplets; however, in the latter case, we can employ
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Eq. (3.3) in order to rewrite these operators as products of singlets. After re-
ducing the number of operators by means of EOM and integration by parts,
we obtain the following final sub-set of independent operators:

Quo = (¢')0(¢"), (3.11)

Qup = (p' D )" (p'D¥p) . (3.12)
These operators have no flavour content, hence they are 2 C' P-even operators.
4:X2p2
Once again, due to hypercharge, one of the Higgs fields of each operator of
this class needs to be complex conjugated. We will therefore build all the
possible operators containing either two singlets or two triplets, with an n-let
containing Higgs fields and the other containing field strength tensors. Op-
erators containing a single W,{V tensor need to be contracted with a rescaled

Pauli matrix 77, in order to obtain an operator which is an isospin singlet.
The list of operators is the following:

Qua = (¢'9)G, G, (3.13)
Qua = (¢'0)GhG" (3.14)
Quw = (eTo)W,, W (3.15)
aw = ()WL Wi, (3.16)
Qup = (¢'¢) B, B" (3.17)
Qup = (#'9) BB, (3.18)
Quwp = (SDTTI@)WJ,,BW, (3.19)
Quwp = (SOTTI@)VNVJVBW (3.20)

These operators have no flavour content, hence they are 8, 4 C'P-even and 4
C P-odd ones.

5: %3

This class of operators contains two fermionic fields, forming a scalar cur-
rent, coupled with a first Higgs field. Such currents, in order to combine
with the two remaining Higgs fields, have to be isospin doublets and colour
singlets: hence, the scalar current has the same shape of a Yukawa interac-
tion, with the remaining Higgs forming the only non-vanishing isospin singlet
available, (¢Tp). Therefore we remain with 3 operators, each one along with
its hermitian conjugate:

Qerr = (070) (lperp) | (3.21)
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Qar = (©7¢)(Gpdr) - (3.23)

Each family of operators, being non-Hermitian, is described by a ny x ny
complex matrix, with n?c CP-even operators coming from the real matrix
elements, and n? CP-odd operators coming from the imaginary ones. There-
fore, in a single-fermion theory we have 6 independent operators, 3 C'P-even
and 3 C'P-odd, while in a theory with ny = 3 there are 54 independent
operators, 27 C'P-even and 27 C'P-odd ones.

6 : 92Xy

This class of operators contains again two fermionic fields, combined this time
in a tensorial antisymmetric form due to the presence of the field strength
tensor. The Higgs field displays a Yukawa-like behavior due to hypercharge
(i.e., contracted with a totally antisymmetric matrix when coupled to right-
handed up-type quarks), while the Wlfy and G;‘V tensors need to be con-
tracted either with a rescaled Pauli matrix 7/ or with a Gell-Mann matrix
T4, in order to obtain an operator which is an isospin and colour singlet,
respectively. The final list contains 8 operators, each one along with its
hermitian conjugate:

Qew = (Zpa“”er)TIQOW,fV, (3.24)
Qe = (1,0"e) 0B, (3.25)
Que = (o™ T u,) Gy, (3.26)
Quw = (G0 u,)T' W, (3.27)
Qus = (30" "u, )P B, (3.28)
Qac = ((ijWTAdr)SOG;‘w (3.29)
Qaw = (g0 d,)T oW, (3.30)
Qi = (qpo""d,) 0B, . (3.31)

Analogously to the previous class, each family of non-Hermitian operators is
described by a ny x n; complex matrix, with n?p CP-even operators coming
from the real matrix elements, and nfc CP-odd operators coming from the
imaginary ones. Hence, in a single-fermion theory we have 16 independent
operators, 8 C'P-even and 8 C'P-odd, while in a theory with ny = 3 there
are 144 independent operators, 72 C'P-even and 72 C'P-odd ones.

7 :2%0?D
This is the last class of operators containing two fermionic fields, contracted
to form a vector current. The derivative will act on scalars only, since EOM
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will reduce the operators with a derivative applied to a fermionic field to the
ones of class 5. Therefore, the complete list of Hermitian operators is the
following:

QW) = (01D ) (17"1,) (3.32)
Q%) = (¢'i Do) Br'+"1) (3.33)
Que = (¢11 D up)(Eer) (3.34)
Qhry = (i o) @"a,) (3.35)
Qi) = (w*iﬁi@(‘pfﬁ“qw), (3.36)
Quu = (21D ) (@u,), (3.37)
Qua = (211D u0) (d0"d,) (3.38)

Moreover, there also exists another non-Hermitian operator, together with
its Hermitian conjugate:

Qrua = (3" Dy) (upy"d,) . (3.39)

The first seven families of operators, due to their Hermiticity, can be de-
scribed each by means of a matrix of the form H = S +iA, where S is a real
symmetric matrix, containing n. = ng(ns+1)/2 C' P-even operators, while A
is a real antisymmetric one, containing n, = ng(ny—1)/2 C'P-odd operators.
Considering also Qe and its Hermitian conjugate, described by a ny x ny
complex matrix, the total number of C'P-even operators is ns(9n; + 7)/2
while the total number of C'P-odd ones is ny(9ny — 7)/2. Therefore, in a
single-fermion theory we have 9 independent operators, 8 C'P-even and 1
C'P-odd, while in a theory with ny = 3 there are 81 independent operators,
51 C'P-even and 30 C'P-odd ones.

8yt
The last class of dimension 6 operators is the most numerous: it contains

four-fermion operators, each composed by two bilinears; to better describe
them, it is useful to further group them, according to their chiral content.

- (LL)(RR)
The first sub-class is composed by the product of a left-handed with a
right-handed current:

Qle = (lp’y‘ulr>(és'7#€t)y (340)

Qlu = (lpﬁyulr)(ﬂsﬁyuut)> (341)
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= (LYl ) (dsy"dy) (3.42)
Qqe = (G"a:) (e er) (3.43)
= (@) (Usy" ) (3.44)
= (@7 T"q) (@ T uy) (3.45)
= (@ q) (dsy"dy) (3.46)
Qé? = (V" Tq)(dA"Tdy) . (3.47)

All these operators are products of L and R Hermitian currents, each
one containing n, C'P-even operators and n, C'P-odd operators, as ex-
plained below Eq. (3.39)). Multiplying the two currents, there is a total
of 8 (n? +n2) = 4nj(n} + 1) C'P-even operators and of 8 - 2n.n, =
4n3(n} — 1) CP-odd operators. Hence, in a single-fermion theory we
have 8 independent C'P-even operators, while in a theory with ny = 3
there are 648 independent operators, 360 C'P-even and 288 C'P-odd
ones.

- (LL)(LL)
The second sub-class is composed by two vector currents containing
only left-handed fermions:

Qu ( )( sVMlt) ( )
(@74 ) (@7 @) , (3.49)
(@Y7' ) (@ " ar) (3.50)
(3.51)
(3.52)

L") (s )

qu (
qu (p7 'l )(Qs’YﬂT Q) -

It is interesting to notice that the operator Qz(zg) is redundant, since it

can be written in terms of Qy by applying Eq. (3.3) and then Eq. (3.5)f]
Analogously, a Q((IE) operator composed by two colour octets is redun-

dant due to Egs. (3.3))-(3.5).

The Ql(;’g) operators are products of two different Hermitian currents
so, analogously to the (LL)(RR) family, there is a total of 2+ (n?+n2) =
n}(n7 + 1) C'P-even operators and of 2 - 2n.n, = n}(nj — 1) CP-
odd operators. However, one can not apply the same procedure to
the remaining operators, where the two currents are equal and we

3Tt is worth to mention that the same procedure does not work for Q((I::}) as well, since Eq. 1D
Fierzes also the colour indices, in such a way that it is not possible to rewrite this operator in
terms of Ql(ll ) only.
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therefore have four fields whose flavour indices transform under the
same SU(ng) flavour group. These 3 operators, following group the-
ory prescriptions that can be found e.g. in Refs. [37, [38], transform
each as a 1 + adj + adj + aa + 5s, where 1 is a singlet contain-
ing 1 C'P-even operator, adj is an adjoint representation containing
(ng — 1)(ns + 2)/2 CP-even operators and ng(ny — 1)/2 C'P-odd op-
erators, aa is the T[E,z?]] representation, antisymmetric in both higher
and lower indices and containing ny(n; — 3)(n} + ny 4 2)/8 C'P-even
operators and ns(ny — 3)(ny — 1)(ny + 2)/8 C'P-odd operators, and
5s is the T{{,iﬁ representation, symmetric in both higher and lower in-
dices and containing ns(ny — 1)(ns + 1)(ny + 2)/8 C'P-even operators
and ny(ny — 1)(n + 3ny — 2)/8 CP-odd operators. Hence, in a single-
fermion theory we have 5 independent C'P-even operators, while in a
theory with ny = 3 there are 297 independent operators, 171 C'P-even
and 126 C'P-odd ones.

(RR)(RR)
The following sub-class is composed by two currents containing only
right-handed fermions:

Qee = (ep7"er)(e7"er) (3.53)
Quu = (Upyu, ) (s ur) (3.54)
Qaa = (dyy*d,)(dy"dy) , (3.55)
Qew = (épﬂyuer)(isﬂyuut)a (3.56)
Qea = (&) (dy"dy) , (3.57)
QY = (" u,)(dsy"dy) (3.58)
Q) = (@ T u,)(dy"Tdy) (3.59)

For this sub-class as well, due to eqgs. 1’1} QS;) is the only non-

redundant operator containing colour octets, due to the different field
content of the two currents.

Analogously to the previous class, the Q.,, Q.q and Ql(;’S) operators
each contain a total of (n? + n?) C'P-even operators and of 2n.n, C'P-
odd operators, while the Q),, and Q4q operators both transform as a 1
+ adj + adj + aa + §s. The operator ()., is a special case: the Fierz
identity of Eq. transform the operator into itself, implying that it
is symmetric in both e and e indices, and therefore that it transforms
as a 1 + adj + §s. Therefore, in a single-fermion theory we have 7
independent C'P-even operators, while in a theory with ny = 3 there
are 450 independent operators, 255 C'P-even and 195 C'P-odd.
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- (LR)(LR)
This sub-class is composed by either two scalar currents or two tensor
ones, with the barred fermions always being the left ones. The operator
list is the following, each one along with its hermitian conjugate:

(1)

quq

(@ur)ei(qidy) , (3.60)
Qi (]TAur)eJka d) (3.61)
Qi) = (e ejn(du) (3.62)

@ (3.63)

lequ

(3)

lequ

S w) .

Due to non-Hermiticity, each family of operators is described by two
n¢ X ny complex matrices, with a total of n;% CP-even operators and n;%
CP-odd ones. Hence, in a single-fermion theory we have 8 independent
operators, 4 C'P-even and 4 C'P-odd, while in a theory with ny = 3
there are 648 independent operators, 324 C'P-even and 324 C'P-odd
ones.

- (LR)(RL)
The final sub-class is composed by just one scalar operator, along with
its hermitian conjugate:

Qledq (l er)<CZSQt) . (364)

This last operator is again non-Hermitian, hence described by two ny x
ny complex matrices, with a total of n;% CP-even operators and n‘} CP-
odd ones. Therefore, in a single-fermion theory we have 2 independent
operators, 1 C'P-even and 1 C'P-odd, while in a theory with ny = 3
there are 162 independent operators, 81 C'P-even and 81 C'P-odd ones.

3.2.2 The Anomalous Dimension

The computation of the AD for dimension 6 operators, needed to perform the
RGE of the respective Wilson coefficients, has been slowly performed for several
decades [36, B9-52]. However, most of the early studies were focused only on
small sub-sets of the operators, often without even taking into account the mixing
between the different classes of operators described in the previous section.
Presently, the Warsaw basis is the only basis for which a complete computa-
tion of the one-loop AD has been fully performed [4 E] These results agreed

4The computation was performed in a rescaled basis for convenience, but it is straightforward
to obtain the results for the original basis by scaling back the rescaled operators.
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FX3 HS  HAD2  @2X2H? y?H®  gyXH  2H2D o
1 2 3 4 5 6 7 8
@#X3 1| g 0 0 1 0 0 0 0
J7G 21 0 A gt A A2 g gt " 0 y 0
H*D? 3| 0 0 g%\ g y? 0 y? 0
¢?X?H? 4| ¢* 0 1 g%\ 0 1> 1 0
yo?HS 5| 0 0 R @ RN At R AR o
gyP?’XH 6| ¢g* 0 0 9 1 9%y’ 1 1
VPH2D 7| 0 0 2 gt 2 e P Ay
vt 8 0 0 0 0 0 9y’ vy
FBX3 HS HAD2 @2X2H? y?H gyi?XH H2D o
1 2 3 4 ) 6 8
#XP 10 0 0 1 0 0 0
HS 21 X 0 g2\ AN Ag* A\y? 0 A2 M2 0
H'D> 3| 8 0 7 g 0 e 0
¢ X*H?* 4| ¢* 0 0 0 0 0
GO 5| 5 0 A2 gt 2 A g? PR A Ay
gyV*XH 6| ¢g* 0 0 0 0 g%, y? 1
VRH2D 7| &5 0 7 gt 0 g 2 g2 g2
" sl ¢ 0 0 0 e 2 g2 2

Table 3.1: The form of the one-loop AD matrix for the coefficients of the rescaled
dimension six operators [5H7]. The scaling factors are shown next to each operator
class. The upper table gives entries generated by direct contribution from a 1PI
one-loop diagram. The lower table gives entries which are generated after EOM are
employed to remove redundant operators, hence not directly generated by means
of 1PI diagrams. There are also 32 contributions to be added to all diagonal entries
except the first one, stemming from Higgs wave-function renormalization.
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with the small subsets computed before, supplementing such results with several
new elements. A scheme of the non-null entries of the AD matrix is shown in
Tab. where the contributions are divided in two classes: the first one comes
from the direct mixing between dim-6 operators, with AD entries stemming from
the computation of 1 particle-irreducible (1PI) diagrams; however, a second set
of contributions has to be taken in consideration when redundant operators are
removed from the basis by means of the EOM: even though these operators are
not present in the final basis, one must keep track of their effects in order to fully
compute the one-loop AD. The effect of this kind of contribution is often recovered
by taking a look at 1 particle-reducible (1PR) diagrams, in a similar fashion as
one must do when adding penguin operators to the four-quark operators of the
Lagrangian needed to study weak decays [53], [54]: penguin operators do need to
be taken into account to properly renormalize the theory, but using the EOM is
possible to re-write them in terms of four-quark operators.

As a first step in my PhD program, I recomputed several of the entries of
the AD, namely all those stemming from 1PI diagrams. This computation was
performed since a systematic cross-check of the computation from Refs. [4H7] was
lacking in the literature. All the results obtained were found in perfect agreement
with their results. In the rest of this section, I will illustrate the procedure I
followed to perform this cross-check.

The computation of the AD of a set of operators is closely connected to the ul-
traviolet (UV) divergences renormalization of such operators, due to the following
relation between the AD matrix 4 and the renormalization matrix Z:

~

55 dz

T (3.65)

Bearing this in mind, the calculation of the AD is carried out after performing the
following preliminary operations:

- the Feynman rules for the dimension 6 Lagrangian Lg are obtained using the
FeynRules package [55], after creating a suitable model file;

- all relevant one-loop diagrams are written employing the FeynArts pack-
age [56].

Once these operations are carried out, the actual computation can be performed.
The employed algorithm is the Passarino-Veltman reduction [57]: this algorithm
allows to rewrite all tensor integrals in terms of well-known scalar ones. A recent
review can be found in Appendix A of Ref. [58], while here I will cover only the
main features of the method.
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The computation of a generic one loop diagram requires calculating integrals
of the following form:

A N()
by / @) —md)((l+q)?—m3) ... ((I+qn-1)>—m&)’ (3.66)

where N is the number of external particles (with momentum p;) and ¢; = Z;Zl Dj-
The numerator N (I) is a polynomial function of the loop momentum I, and a
scalar integral is the special case where N (I) = 1. It is important to stress the
fact that power counting implies that a UV divergence appears in Iy only if N (])
contains a tensor of rank » > 2N — 4; hence, only one-point and two-point scalar
integrals are UV divergent. In the presence of UV divergences, the integrals require
regularization; a conventional scheme is dimensional regularization [2I], where the
number of dimensions of the space-time is set to D = 4 — 2¢, and the limit € — 0
is performed at the end of the computation. As a result, the integration measure

in Eq. (3.66]) is changed to

d*l o dPi
2m*  (@2emP
The Passarino-Veltman reduction scheme makes use of Lorentz invariance in order

to reduce the tensor integrals to scalar ones. Focusing for example on N = 1,2,
the one-point and two-point integrals can be written as

(3.67)

1 o1
B.. B¥. B* _ 1 D ]-a lﬂa i .
o B B me) = o | Pty =y C )

hence, it is possible to expand in terms of so-called form factors the two-point
tensor integrals:

B* = pi'B, (3.70)

B" = ¢" By + pipiBu . (3.71)

By contracting these equations with p; and ¢"”, all form factors can be expressed
in terms of the well-known scalar integrals Ay and By.

The renormalization matrix (and hence the AD matrix) can be finally obtained

by taking in consideration the coefficients of the divergent parts of the diagrams

(i.e. the coefficients of the ¢! terms of the scalar integrals); these coefficients can
be extracted employing the following relations:

Div[Ag(m)] = m?, Div[By(p1, mi,me)] =1, (3.72)

and remembering that the one-point and two-point scalar integrals are the only
scalar integrals to develop a UV divergence.
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3.3 Higher Dimension Operators

A systematic study of operators with dimension higher than 6 has been started only
recently [59, [60]. Such study is limited by the rapidly increasing growing number
of such operators [61]: for instance, there are 30 (1542) dimension 7 operators and
993 (44807) dimension 8 operators in a theory with one (three) flavours. Moreover,
given such an enormous number of operators involved, it was necessary to develop
new techniques based on Hilbert Series in order to catalogue them in a systematic
and “usable” way [62].

However, operators with higher dimension are usually considered as sub-leading
with respect to the widely employed and studied dimension six ones, given the
higher suppression induced by the NP scale. Therefore, it is common to neglect
operators with dimension higher than six in phenomenological analyses, unless
there are particular reasons to include them, usually dictated by a specific choice
of symmetries [63]. Nevertheless, one has to keep in mind that observables are
built from squared amplitudes: this means that the effects of squared dimension six
operators are of the same order of the ones stemming from the interference between
SM operators and dimension eight ones. Hence, once the future experiments will
became sensitive to quadratic dimension six operators effects, dimension eight
operators will have to be taken into account as well.
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Part 11

Anomalies 1n b — s transitions
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In the decades that have followed the original formulation of flavour mixing [16],
the flavour structure of the SM has been experimentally tested and well established.
On the one side, the tremendous progress on the experimental facilities has probed
the flavour structure of the SM to a high level of precision [64]; on the other
side, a substantial effort has been carried on by the theoretical community to
go well beyond leading order computations [65]. In this flavour “precision tests”
context, radiative and (semi)leptonic AB = 1 processes, related at the quark level
to b — s7v, sl transitions, occupy a special place in probing the SM and its possible
extensions in terms of NP models [66, [67].

Firstly, this is due to the fact that these rare B meson decays belong to the
class of FCNC processes. These processes are among the most sensitive probes of
BSM Physics, thanks to the GIM mechanism [68]: the flavour structure of the SM
allows for FCNC starting only at the loop level. Hence, there is significant room
for heavy new degrees of freedom to sizably contribute to these rare processes.

Secondly, from the experimental side, the study of rare B meson decays offers
us some of the most precise measurements amongst the |AF| = 1 processes. For
instance, the inclusive Branching Fraction of B — X,y has been measured with
a relative uncertainty of a few percent [69-71], while the study of an exclusive
mode such as B — K*0¢ allows for a detailed analysis of the angular distribution
of the four final state particles, yielding rich experimental information in terms
of angular functions of the dilepton invariant mass, with full kinematic coverage
of the latter [72] and — starting from Ref. [73] — also with available experimental
correlations among the angular observables.

Finally, the occurrence of several so-called anomalies has been arising in the last
few years within the family of AB = 1 processes. These anomalies, if confirmed,
would point to the presence of NP underling the b — s, s¢¢ transitions [74H83].
Therefore, a coherent study of this pattern of anomalies performed by means of
the SMEFT, trying to find a systematic explanation of the experimental data,
could provide an interesting insight of the shape of NP (if these anomalies would
be indeed confirmed by future experiments).
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Chapter 4

The Theoretical Framework

In this chapter we review out all the equations needed to define the observables
displaying the recent anomalies in b — sv, sf/ transitions, further analyzed in the
following chapter. We will first study the B — V/{T¢~ decays, with V being a
vector meson (e.g., a K* or a ¢), and then we will easily obtain formulae for the
B — Vv and B — P{t{~ decays, with P being a pseudoscalar meson (e.g., a K).

4.1 Weak Hamiltonian and Amplitude

The b — s, sl¢ transitions can be described by means of the AB = 1 WET Hamil-
tonian [84H86] which can be split in two parts, a hadronic one and a semileptonic
one:

AB=1 had sl+
Hiy; ' = HJ + Hefjﬂ, (4.1)
where
had 4Gp D 74
Heff = \/§ Z )\p Clpl + CQPQ + Z Cz]Dz + CSgQSg ) (42)
p=u,c i=3,...,6
sl+y 4CJF ! Y ! Yy ! !
HI = _\/5 At | C7Qry + C7Q7, + CoQov + CoQygy + CroQ104 + CoQ104

# CsQs + G40 + CrQr + G35 (43)

The operators P; are defined as
P = (57T pr)(pry*T 1) (4.4)
Py = (517,p1)(Pry"br) (4.5)
Py = (507,b1) Z J(a"q) (4.6)
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Py = (307T°1) )o@ T q) (4.7)

Ps = (80712 Vusbr) Z (" "2 y2q) (4.8)
Py = (507 Tbe) Y o @y 49T q) , (4.9)
and the operators (; are defined as
e
627,y = 167T2mbSO'MVPRF b (410)
Qug = 2 PrGH™D, (4.11)
16
Qov = m(SwPL )("0), (4.12)
Quoa = (57 Frb)(("7°0), (4.13)
aem mb
= Prb 4.14
Qs = I (sPab) ), (1.14)
Qem mb 5
= SPrb)((~°F 4.1
Qr = 2 I (Pab) (11°0). (1.15)

The primed operators ()} are obtained from the operators @); by substituting Pr —
Py, P, — Pg in the quark bilinears. T are the SU(3). generators, g, denotes
the strong coupling constant, e denotes the electromagnetic coupling constant,
Qem = €2/(47) and my is the b-quark mass in the M.S scheme at the scale m;. In
principle, Hj?}” could also contain the tensor operators

? = )~V 62 = )~V
QT = W(saw,b)(ﬁau 6), QT5 = w(saw,b)(ﬁau ’}’56), (416)
however, these operators can not be generated in the SM, so they are usually
neglected.

We can now compute the decay amplitude A of a B meson decaying into a
vector meson V (e.g. a K* or a ¢) and a lepton pair. The contribution of the
semileptonic Hamiltonian can be factorized in a sum of products of hadronic and
leptonic currents:

A = (VI | HIV |B) = Livav, + Lyaa, + Lsas + Lpap + Ly arp, + L pargy

(4.17)
where, using the relation
4
(50, Pr(1)b) (110" Pr(ryp) = ?(5%0“ " Pr1)b) (1,0 PreLypt) (4.18)
we have defined
Ly, = ((He | ey"e|0) (4.19)
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Li = (| By o) (4.20)

Ls = ((te~|ee)o) (4.21)
Lp = ({707 7°21]0) (4.22)
and
4G é? ,
ay, = \/_F oM {09 (V| 57, PLb | B) + Cy (V| 57, Prb | B)

+2?(C7qv (V|50,,Prb|B) + Ciq” (V| §JMVPLb‘B>>:| . (4.23)

A4Gr € B

Gap = \/_F TR [C’lo (V| 57, Pb|B) + Cy <V\§7MPRb\B>}, (4.24)
4GF 62 Tﬁ

as = /2 167 th { s (V]5Pgrb|B) + C% (V| SPLb|B>} (4.25)
4GF 62 ’rbe _ _ , B _

ap = 75 162 o— Cp(V|5Pgb|B) + Cp (V|sPLb|B) | . (4.26)

The contribution of the hadronic Hamiltonian does not naively factorize, but with
the insertion of two electromagnetic currents to mediate the semileptonic decay
the amplitude takes the form

at = i [ agteoe (00 i) o) [ dgtens (VTG G HIO))|B)

_ e’ M had
= ?Lva (4.27)

in such a manner that its contribution can be absorbed in (4.23)):

4GF 62 _ — _ —
ay, = W@/\t |:09 (V] 5v,PLb|B) + C§ (V| 5v,Prb|B)
7 _ _ 1672
+2% (C’7q” (V| 50,0 Prb|B) + Clq” (V| 50,,PLb|B) ) n —”a’wd} .

q2 K

(4.28)

4.2 Helicity Amplitudes and Helicity Form Fac-
tors

In this section we carry out the decomposition of the leptonic currents in spins
and helicities, using the completeness relation

Nuv = et,ue;;u - Z €M<17 )‘>E;(1’ )‘) ) (4'29)
A==%1,0
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where €,(1, A) denotes a spin-1 helicity triplet of polarisation 4-vectors for a vector

particle of four-momentum ¢* and mass 1/¢2, and €' = ¢*/+/¢>
Using the fact that all leptonic currents are conserved, except for L'}, we get
that all their contractions with €., are equal to zero; observing now that

q. Lty =2mL, (4.30)

we can write the amplitude in the following form:

== > Ly(NHv(N) = D La(r )+ LsHs + LpHp,  (4.31)
A==%1,0 A==+1,0
where
Ly(A) = e, (ALY Hy(\) = €, (\)d}y | (4.32)
La(\) = e,(N LY, Ha(\) = (N, (4.33)
,Cs()\) = Ls, HS(/\) =ag, (434)
2
Lp(\) = Lp, Hp()\) = ap + %quaffl . (4.35)

The quantities Hy, Hy, Hp and Hg are called helicity amplitudes. Working with
these amplitudes is particularly useful, since they allow us to study directly how
the non-factorizable effects coming from the hadronic Hamiltonian contribute to
the observables, as we will discuss in the following sections.

In order to define explicitly those amplitudes we first need to define the follow-
ing helicity form factors:

—impVimn(a®) = (V(N)] ¢ (A) Prryb|B) | (4.36)
mBTE(R))\(qz) e (N)g” (V| 50, Prr)b|B) , (4.37)
impSir)(¢?) = (V(A = 0)|5Pymb|B) . (4.38)

We can now write the explicit form of the helicity amplitudes:

2 A~
. ¥ 17 mi [ 21y 2 Iy 2
HV()\) = ZN{CQVL)\ + OQVR)\ + C]2 [mB (C7TL)\ + C7TR>\) 167 h,\] } ,
Ha(A\) = —iN(CioVix + C1oVry) ,

Hg = iNﬂ(CSSL + CLSR),
mw

Hp = ZN{mW (CpSy + ChSp) +

QmHmB

40

[Cro(8e = 72 5m) + Clo(Sr — 251) | |

(4.42)



where

_4G'FmB 62

N = 5 1612 A (4.43)
is a normalization factor, and
hy = ml—Qe“*()\)aZ“d (4.44)
B

contains all the non-factorizable effects coming from the hadronic Hamiltonian.
Note that parity invariance of strong interactions allow us to write down the
following relations:

VL)\ = —n(—l)LVR_)\ = ‘7)\, (445)
TL)\ = —n(—l)LTPM,)\ = T)\, (446)
Sy =-n(-1)tSp =9, (4.47)

where L is the angular momentum and 7 is the intrinsic parity of the vector meson
V'; this means that there are seven independent helicity form factors for spin > 1
and three for spin 0. It is now possible to rescale the helicity-0 form factors as

_ —2mB\/_2f/0(q2), (4.48)

Vo(q?) i
2y Qm% = 9
To(q) = WTO(C] ) (4.49)
2 +m) =
() = 2 5, (.50

where
p = 4mp|kP?, (4.51)
and k is 3-momentum of the recoiling K* in the B rest frame,

2 _ M+ (i = ¢%)° = 2mp(mie. + ¢°)

. (4.52)
4m?

Defining for the remaining helicities
Val(q®) = Ve(d?), Ti(¢*) = Ti(q%), (4.53)

it is possible to express these form factors in terms of the traditional transverse
form factors |87, [88]:

{(1 - Z—Z)Al(cf) ¥ P

1/2

Vi(g®) = Vi(g*)| (4.54)
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2\ _ 2/ 2 2 2 2\ 2
ola) = 2my p'/2(mp + my) [(ma +m ) miy =@ =) Ad(@) = pAa(q)]
(4.55)
m2 — m2 1/2
Te(q®) = "2V Ty (e") F 2T, (4.56)
B B
To(®) = — 22 1(m2 + 3m2 — A)To(¢?) — ——L—— Ty(¢?) (4.57)
2mypl/2 [0 T (mg —mi) ’
S(q*) = Aolq?) . (4.58)

4.3 Kinematic Distribution

Let us now take a further step, and consider the final state particles of the decay
(produced when the vector meson V decays into a pair of long-lived particles). In
this section we will consider, without any loss of generality, the case where the
vector meson is a K*: the full decay channel is therefore

B(p) = K*(k)[—= K(ki)m(k2)]€" ()0 (g2) , (4.59)

where K = K% or K~ and 7 = 7+ or 7° (when ¢ is the vector meson, the final state
mesons are a K1 and a K ). Let us define the angles 0y, 6, and ¢ as illustrated

in Fig. . We first define, in the B rest frame,

_ X z X 7
o= D XPr o PEXPr 5 PrFPr (4.60)
P~ X P P& X Prl Px + Pyl
We can now define ¢ in the interval [0, 27) through the relations
sing = (e; X e;) - 2, cosp =e;-ey. (4.61)

Figure 4.1: Definition of kinematic variables in the decay B° — K*O(—
K—nt)¢t¢~. Figure taken from Ref. [89).
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Hence, ¢ is the angle between the normals to the planes defined by K~ 7 and £7¢~
in the rest frame of the B meson, 6, is defined as the angle between the direction
of flight of the B and the ¢~ in the dilepton rest frame, and @y is defined as the
angle between the direction of motion of the B and the K in the di-meson rest
frame; both angles are defined in the interval [0, 7).

Making the assumption that the K* is a narrow resonance which decays, we
should make the replacement

|K*A) = Vb / A YN0, b)) |0k dxc) (4.62)

where 0 is previously defined, ¢ is the angle between the x axis and the projec-
tion of the former onto the zy plane and b = BF(K* — Km) ~ 1.

Squaring the amplitude and summing over lepton spins allow us to write the
fully differential decay rate as

4
dq2d(cos (i;;lgcos 5 = 3§7r <If sin 0 + It cos® O + (I3 sin® O + IS cos® O) cos 20,
+15 sin? ) sin® 0, cos 2¢ + 1, sin 20 sin 26, cos ¢
415 sin 20 sin 0 cos ¢ + (1§ sin® O + I§ cos® O ) cos 0,
+ 17 sin 20 sin 0y sin ¢ + Ig sin 20k sin 26, sin ¢
4 Ty sin? O sin® 0 sin 2¢> . (4.63)

The angular coefficients I; are functions of ¢, and can be expressed in terms of

the helicity amplitudes defined in Eqgs. (4.39))-(4.42)) as

15 = P{GHLE + H3P) + L3P + 2 (g - ) + 2P| (a0
s __ 62 + 2 —+12 —12 _l2 +12 —12\ __
L= Fy—g—(HVP+ [Hy [+ (V = 4) + 2 (P = [Hy ) = (V = A4)) ¢
(4.65)
c __ 52 012
I; = (’HV| +[H3%) (4.66)
I5 = Fﬁ (JH P + [Hy |*) + (V= A), (4.67)
I = _F52 Re [Hif (H7)] + (V = A), (4.68)
2
I, = Fﬁ Re [(Hy + Hy )(HY)*] + (V = A), (4.69)

Bmy
NG

I; = F{gRe [(Hy — HY)(HY] + (V> A) — Re [H¢(HY + Hy,)] } , (4.70)
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I§ = FARe [Hy (Hy)" — Hy{ (H})'], (4.71)

Ie = 4p P R (H3HY], (4.72)

\/q_z

p= Gt [ B 60 ) = D s )},
(4.73)
h = P2t (01 = ) (0] + (V — 4). (@71
Iy = F%le [HF(Hy) ]+ (V = A), (4.75)
where
P BF(K* — Kr), g f1-dmi (4.76)

3 x 2573 m3,

and p is defined in Eq. (4.51)).
It is worth to notice that it is possible to study the CP-conjugate decay

B — K*(*{~ in an analogous way, obtaining a decay rate with the same form
of Eq. (4.63]) with the following substitutions:

Lis(e) 25(c),3.4,7 — jls(c),zs(c),3,4,7, I5 65(c),89 — —js,Gs(c),8,97 (4.77)

where the angles are defined as in the B decays, with K~ — K*. All the [;’s are
equal to the I;’s, but with all the weak phases conjugated.

4.4 Angular Observables

We have now all the ingredients needed in order to define all the relevant observ-
ables. Taking into account both the I; angular coefficients and their C' P-conjugate
counterparts, it is possible to define the following quantities:

L+ I — I

A; = . 4.
—, = (4.78)

2

As a first step, we can now define the “usual” observables: the branching ratio,
its longitudinal component and the forward-backward asymmetry, which can be
defined in terms of the averaged angular coefficients as:

1dl +dl 1
5 = [(3210 - Z2c) + 2(3218 - 225)] ;

- _ -
2 dg? 4
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3210 — 220 3265

F, = — .
L ATV ATV

(4.79)
In the limit ¢ > m? the terms proportional to m2/q¢* can be dropped from
the angular coefficients in Egs. —, and moreover the helicity amplitude
Hp — 0 (since it is proportional to m;/¢? in the SM). In this limit, one therefore
obtains further relations connecting the angular coefficients, which can be exploited
in order to reduce the number of independent observables. These relations can be
written as:

E1c = _E2ca Z:15 - 3223 ) (480)

and they simplify the expressions for F, and I to

e
F, = ; and TV =%, +4%,,. (4.81)

Focusing now on angular observables, two different prescriptions have been
advocated in the past [90, O1] in order to define these observables, and both have
been used for experimental analyses [T2-74, [77, [78, 02, [03]. These two definitions
can be easily related to each other, since they are (obviously) equal from the
physical point of view.

As a first possibility, following [90] one can define

L+ I — I

S; = : A; = . 4.82
or or (4.82)

On the other hand, in an attempt to reduce the uncertainties coming from form
factors and hadronic contributions one can define a new set with suitable ratios of
angular coefficients [911, 04H96]:

23 Y6s 2
P = P = Py =— 4.83
1 2223 ) 2 8225 ) 3 4223 ) ( )
Y7 , 28

Y X5
= p=—_= _  p-_ =T p=—_ =5
V _225220 > 2 V _225220 0 2\/ _223220 s V _EQSZQC

Experimentally, these observables are measured in binned data cut in regions
of ¢2, the dilepton invariant mass. Hence, working without any loss of generality
in the basis of Refs. [91, ©4H9¢], the following convention has to be applied in
order to define the experimentally binned observables starting from the analytic
expressions:

P =

(P) = (P) =

(P3) = —




<P/> _ <E4> <Pl> _ <Z5>
! VvV <E2522c> ’ ° 2 V <22522c> 7
N (&) N (%)
S 2y/— (T2:e) = 2¢/— (Z2sTac) 5

where it should be noted that the relevant quantity is the ratio of binned angular
coefficients rather than the binned ratios, since:

o= [ Sgde. (4.85)

Furthermore, the binned Branching Fraction, F;, and Arg are defined as:

<321c - E2c>
417

3 <265>

([ = (S +48) ,  (Fp) = T

(Arp) = —

(4.86)

It is now important to stress that the theory definitions of these observables
are not the same as the ones used for the experimental measurements, due to the
difference in the definitions of the kinematic variable between the two cases; the
numerical results between the two definitions are connected by [97, [98]:

1 1
PP = —pPf PP = _pT pe = —§Pf and PP = —§P8T ., (4.87)

where the superscript Exp implies experimental definitions, while the subscript
T implies theory ones. While the sign difference is due to the change in the
definition of the kinematic variables, the factors of two come from the difference
in the definitions of the variables themselves.

Finally, it is possible to define the connection between the two different sets of
observables.

28 2 A S.
Po— A — 3 p, — _=_4rB pP.— _ 9
L T 2 31— F;' 3 1-F
plo 2 pé:L’ Pé:_L,
V(1= Fy) Fr(1—Fy) Fr(1—Fy)
28
Pl=——— (4.88)

VF,(1—Fp)

In the above relations, both the left and the right hand sides refer to the definitions
of the kinematic variables used in theory computations.
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4.5 On (Non-)Factorizable Contributions to the
Hadronic Hamiltonian

Before concluding the theoretical study of the B — V/{*{~ decays, it is mandatory
to further analyze the factorizable and non-factorizable corrections to the AB =1
Hamiltonian H4P=" in Eq. (4.1).

Concerning the semi-leptonic part of the Hamiltonian, ’HZEW in Eq. , such
contribution clearly factorizes into the product of hadronic form factors and lep-
tonic tensors to all orders in strong interactions. However, the hadronic part
described by the matrix elements of H24 in Eq. factorize only in the infinite
my, limit below the charm threshold [T00HI02]. Moreover, working in the infinite
mass limit one can exploit the heavy quark symmetry in order to reduce the num-
ber of independent form factors from seven to two soft form factors [I03HIO05].
Therefore, in this limit, the amplitudes have simpler expressions that guided the
community towards the definition of the aforementioned optimized observables,
dominated by short distance physics [89] 05 T06]. However, it is mandatory to
try to understand how important are the departures from the infinite mass limit,
with particular care to the ¢? ~ 4m? region (which is where, as we will see in the
next chapter, most of the anomalies have been found).

,_Y*
é
K

B

Figure 4.2: Non-factorizable contribution due to a soft gluon exchange in the
B® — K*v* matrix element. The circled cross represents the insertion of the four
quark local operator Qf ,. Figure taken from Ref. [99].
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Concerning factorized amplitudes, these can be described using the full set of
form factors, which have been estimated using QCD sum rules at low ¢* [87, 88|
107HI09]. Such computations, and in particular the latest results from Ref. [S§]
providing the full correlation matrix, show a reasonably accurate estimate of low
q? values, with an high compatibility with the lattice estimate at high ¢* [110]. It
is interesting to note that using full QCD form factors reintroduces some hadronic
uncertainties into optimized observables; however, such uncertainties have been
estimated in refs. [911 [94) 96| TTTH117].

On the other hand, particular care has to be taken when considering the
non-factorizable contribution present in the matrix element of the Hamiltonian
in Eq. involving a c¢ loop, as shown in Fig. [£.2l Working in the infinite
mass limit, the QCD factorization approach can be exploited in order to compute
such term, up to O(a;) corrections [101, [118]. However, if one is interested in
corrections beyond the leading power, the contribution of Qf, to the B — K*~*
amplitude has been estimated using light-cone sum rules only at ¢> ~ 1 GeV?, in
the single soft-gluon approximation [99]. While this is a seminal contribution, it
is important to stress the fact that additional soft-gluon exchanges are suppressed
by a factor 1/(¢*> — 4m?), hence worsening the approximation as ¢* increases and
eventually breaking it down at ¢* ~ 4m?2. In Ref. [99] the authors proposed also a
model to extend their results in the whole low-¢?> phenomenological region, based
on an extrapolation of their result at ¢> ~ 1 GeV? with a description of the res-
onant region based on dispersion relations. While this model is reasonable, it is
nevertheless spoiled by the large uncertainties present in the transition region from
¢* ~ 4 GeV? to m7 .

It is interesting to notice that the community is well aware of this issue, which
might reduce the reliability of the theoretical computation carried out for these
decay channel and put at stake the claim of NP [8HIT], 07, 114 117, TT9-122].
However, new efforts have been lately carried out in order to fully grasp the ef-
fects lying beyond such non-factorizable contributions, even though a conclusive
computation is still lacking [123, [124].

4.6 Amplitudes for Other Decay Channels

Starting from the computations of previous sections, it is now straightforward to
obtain analogous results for the B — Vv and B — P{*{~ decays, with P being a
pseudoscalar meson (e.g., a K).

Regarding the radiative decay, it’s easy to observe that it is described by a
simple subset of the amplitudes of the semileptonic one. The exact relation is the
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following;:

A(B = V(A)yW) = tim Ly (g2 = 0;0)

(4.89)

where the helicity can be only +1.

In a similar fashion, the amplitude for the B — P{*{~ decay can be obtained
considering only the subset of helicity-0 amplitudes. It is worth to mention that,
for a pseudoscalar, we have the following relations between the helicity and the
transverse form factors [108]:

Vo(¢?) = if+(q%), (4.90)
. 2mB

TO(QQ) = meT((f)a (4.91)
1+%s 02 2

S(¢*) = . E—: mel /5” M fo(q®) - (4.92)
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Chapter 5

Review of b — s Anomalies and
Their Interpretations

The recent years of experimental results in B physics have been characterized by
the emergence of a striking pattern of anomalies, observed in multiple independent
studies of some rare b — s transitions [125].

The first part of this chapter will be devoted to reviewing the present status
of the anomalies: I will first discuss the measurements of the angular analysis of
the B — K*utp~ decay [74, [78, R0, 82, [126], followed by an analysis of the mea-
surements of the B — ¢utu~ [77] and B — Kpu*p~ [75, B1] Branching Fractions.
Subsequently, I will describe the measurement of Ry [76] and Rg- [83], the ratios
between the muonic Branching Fraction and the electronic one in the B — K/{*(~
and the B — K*¢*{~ channels, respectively.

After this review, I will focus on the possible comprehensive interpretations
of such a striking pattern of anomalies. Many early studies showed how a rather
simple and fascinating explanation could be achieved advocating NP effects in the
muonic vectorial operator Qb [66], 08, 117, 127, [128]: the results of the fits showed
that the introduction of a BSM correction AC§ ~ —1 is enough to account for
all the anomalies, offering an appealing systematic explanation of the AB = 1
anomalies.

However, the global picture might not be as simple as that. In the final part
of this chapter I will describe the work that we have done on the subject, trying
to cast some light on what might be the real origin of these anomalies. Indeed,
we first focused on the angular analysis of the B — K*u*u~ decay alone, show-
ing how the size of the anomaly is directly connected with the treatment of the
non-factorizable hadronic contribution: the widely used estimate of such term is
based on a LCSR computation [99], which however lacks of some potentially-non-
negligible contributions, as explained in Sec. [4.5} therefore, we allowed for larger
(but in the same ballpark) effects, obtaining that this SM effect could indeed be the
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reason behind the experimental discrepancies, without however being able to rule
out the NP explanation [8-10]. On the other hand, once the Rx and Ry« ratios
are taken into account, a SM-only explanation is no longer viable; nevertheless,
allowing once again for larger hadronic effects in the B — K*u*p~ decay unveils
the possibility of a new BSM explanation, requiring NP effects in the electronic
axial operator Q$,, [11].

5.1 Anomalies in B — K*u"u~ Angular Analysis

The first element in this pattern of anomalies occurred with the measurement of
the angular analysis of the B — K*utu~ decay. The first partial angular measure-
ment was carried out in 2013 by LHCb, with an analysis based on a data sample
corresponding to an integrated luminosity of 1.0fb~? [74]E]. The data was divided
in 6 ¢ bins, where ¢? is the invariant lepton mass, with a total of 24 independent
measurements. Agreement with the SM was observed for 23 of the 24 measure-

'Due to the limited number of signal candidates, i.e. 883, it was not possible to fit the data
to the full differential distribution: consequently, the data was “folded” in order to reduce the
number of parameters in the fit, resulting with a measurement of only 4 of the 8 independent
angular observables.
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Figure 5.1: Measured values for the P! observable (black points) performed by
LHCb, based on a data sample corresponding to an integrated luminosity of
1.0fb~! [74], to be compared with SM predictions from Ref. [05] (blue bands).
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ments, with a 3.7 ¢ local discrepancy observed in the 4.30 < ¢> < 8.68 GeV?/c*
bin of the P observable compared with the SM prediction in Ref. [95], as shown
in Fig. 5.1}

The anomaly was subsequently confirmed by the 2015 analysis of the full Run
1 LHCb dataset, corresponding to an integrated luminosity of 3.0fb~! [78]. The
larger amount of signal candidates (equal to 2398 + 57 events) allowed for the first
time for a full angular analysis, with each angular observable subdivided in 7 ¢?
bins. Once again, a local discrepancy was found in the “central” bins of the P!
observable, namely 4.0 < ¢*> < 6.0 GeV?/c* and 6.0 < ¢> < 8.0 GeV?/c?, with a
global discrepancy showing a 3.4 ¢ significance compared to the SM predictions of
Ref. [116].

The following year, also the Belle collaboration performed a measurement of
the P! observable, for the first time both for the muonic and the electronic chan-
nel [79, B0]. Due to the very limited number for signal candidates (127 + 15 for
the electron channel and 185 + 17 for the muonic one), only two bins per observ-
able where measured, with a bigger relative uncertainty compared to LHCb ones.
Nevertheless, while the electron channel was found in agreement with the SM pre-
dictions in Ref. [129], the muonic one displayed a 2.6 o discrepancy in the highest
bin, namely 4.0 < ¢* < 8.0 GeV?/c', in the same direction of the one found by
LHCb.

To corroborate even more the picture of the “P. anomaly”, two new indepen-
dent measurements of this angular observable have been released at the beginning
of 2017 by ATLAS [82] and CMS [126] collaborations, showing in the former a 2.7 &
tension in the 4.0 < ¢ < 6.0 GeV?/c* bin between data and the SM prediction in
Ref. [I16], while a perfect agreement was found in the latter.

A summary of all the latest experimental measurements, compared to SM
predictions from Refs. [116], [128], can be found in Fig. E] It is worth to stress
again that these SM predictions, however, suffer from a possible under-estimation
of the hadronic contribution: in fact, their treatment of such contribution is based
on the LCSR computation of Ref. [99], which lacks some potentially non-negligible
contributions, namely the consideration of multiple soft-gluon emissions. Hence,
this observable cannot be viewed as a theoretically “clean” one. Therefore, due to
lack of a firm control of QCD power corrections in this channel, the discrepancies
obtained comparing experimental results to SM predictions on this decay channel
should be taken cum grano salis.

Zhttps://twiki.cern.ch/twiki/pub/LHCbPhysics/RareDecayConferenceMaterial /
P5p_Including ATLAS_CMS _Belle.pdf
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Figure 5.2: Latest measured values for the P} observable performed by LHCD [7§]
(black points), Belle [79,[80] (red points), ATLAS [82] (blue points) and CMS [126]
(green points), to be compared with SM predictions from Ref. [I16] (orange bands)
and Ref. [12§] (purple bands).

5.2 Anomalies in Branching Fractions: the B —
Kup*p~ and the B, — ¢u™p~ cases

The second anomaly in the context of b — s transitions is dated 2014, when
the Branching Fraction of the B — Ku*pu~ decay was first measured [75]. The
analysis was carried out on the complete LHCb Run 1 dataset, with the observable
being subdivided in 17 ¢? bins. While each measurement is in agreement with its
SM prediction from Ref. [I30], in the low-¢? region they consistently show lower
values compared to the theory computation, as shown in Fig. [5.3] Although this
measurement would not be particularly appealing to NP hunters by itself, the fact
that the (small) discrepancy between theory and data was found in the same ¢
region as the P. one induced some authors to also take this measurement into
account, as an hint of an underling NP picture affecting the b — s transitions
scenario.

This possibility was further corroborated in 2015, when the LHCb collaboration
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made available the measurements of the Branching Fraction for the B, — ¢utu~
decay, making use of the complete Run 1 dataset [77]. The observable was mea-
sured in 6 ¢* bins, and compared with the SM predictions from Ref. [130]. Once
again, data showed lower values relatively to the theory computation in the low-g?
region, with a local discrepancy of about 3¢ in the 2.0 < ¢*> < 5.0 GeV?/c* bin,
as can be seen looking at Fig.

It is worth noting that the latter mode suffers from the same “pollution” coming
from hadronic physics as the one affecting the angular analysis of the B —
K*pt ™ decay, and hence this observable might not be viewed as a totally “clean”
one; on the other hand, the theoretical computation of the hadronic part for the
former channel seems to be under control [I131], hence pointing to NP as the only
possible explanation of such an experimental behavior, in the case that future
experiments will further confirm the present trend.
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Figure 5.3: Measured values of the differential Branching Fraction of the Bt —
K*ptp~ decay (black points) performed by LHCb, based on a data sample corre-
sponding to an integrated luminosity of 3.0fb~! [75], to be compared with the SM
predictions from Ref. [130] (green/orange bands).

o4



LHCb
SM pred.

“*Data

T
|

S = N W P NN O

+

s 10 15
g [GeV?/c4]

dB(B?—¢up)/dg? [10°GeV2c4]

Figure 5.4: Measured values of the differential Branching Fraction of the B? —
¢utp~ decay (black points) performed by LHCb, based on a data sample corre-
sponding to an integrated luminosity of 3.0fb=! [77], to be compared with the SM
predictions from Refs. [88], [128] (blue bands).

5.3 Anomalies in Branching Fraction Ratios: the
Ryix and the Ry + Observables

One of the most intriguing measurements came out in 2014, when the LHCb
collaboration presented for the first time the measurement of the ratio between
the muonic Branching Fraction and the electronic one in the Bt — KT/T/(~
channel [76]:

Br(BT — Ktptu™)
Br(Bt* — Ktete™)
= 0.74570057 +0.036 ,

Ri, 4 (5.1)

where the subscript refers to the ¢? bin of the measurement, i.e. 1.0 < ¢ <
6.0 GeV?/ct. This experimental value shows a deviation of about 2.6 with re-
spect to the standard theoretical prediction: indeed, the SM value of Ry in the
bin provided by the LHCb collaboration is expected to be equal to unity beyond
the percent level of accuracy [132] 133]. Moreover, contrary to most of the ob-
servables analyzed so far, Ry is the first one to be regarded as insensitive to QCD
effects [132]: hence, it can be really viewed as a “clean” observable, and used as
a genuine probe for NP effects in b — s transitions. It was the first real smoking
gun for NP, and further confirmation of its deviation compared to the SM value
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by future experiments would definitely point towards the presence of BSM physics
in rare B decays.

The most fascinating measurement, however, came out only in 2017, when
the measurement of the ratio between the muonic Branching Fraction and the
electronic one in the B — K*utpu~ channel was first announced by the LHCb
collaboration [83]:

Br(B — K*utu™)

RK*[04045,1.1] = BT(B N K*eJre,) (5'2)
= 0.66010 510 +0.024
Ry, g 0.68570 56 4= 0.047 . (5.3)

These measurements have been performed in two separate bins, namely 0.045 <
¢®> < 1.1 GeV?/c* and 1.1 < ¢®> < 6.0 GeV?/c*, in order to isolate in the first
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Figure 5.5: Measured values of the R+« ratio between the differential branch-
ing fractions of the B — K*u*p~ and the B — K*ete™ decays (black points)
performed by LHCD, based on a data sample corresponding to an integrated lumi-
nosity of 3.0fb~! [83], to be compared with SM predictions from Refs. [133] (orange
points), [121] (blue points), [134] (green points), [135] (red points) and [117] (purple
points).

26



bin the effects coming from the proximity to the di-muon threshold. The results
confirmed the Ry pattern, showing again a discrepancy of about 2 ¢ with respect
to the expected SM predictions from Refs. [117, 121 133-135], which are in turn
all agreeing between each other and predicting a value close to unity to a very
good accuracy for the central-¢? bin and close to 0.9 for the low-¢? one (due to the
aforementioned threshold effects). Once again, this measurement can be viewed
as “clean” relatively to hadronic effects, and an explanation in terms of NP effects
is the only viable one in case of a further confirmation by future experiments.

5.4 A Comprehensive Phenomenological Inter-
pretation: the Cg ~ —1 Case

After the first few anomalies started to arise, the desire to find a comprehensive
interpretation of such a pattern drove several phenomenological and theoretical
studies towards this common goal.

From the model building point of view, the measurements of Rx and Ry were
definitely the most informative ones: they indeed hint at UV completion of the SM
displaying a very characterizing Lepton Flavour Universality violation (LFUV).
The most promising of such models capable of accounting for the experimental
deviations involve the presence of either leptoquarks and/or Z’' gauge bosons,
through diagrams such as the ones depicted in Fig.[5.6] Such models were already
analyzed after the first few anomalies came out, as can be easily observed looking
at the literature [I36H166]. However, once the Ry measurement was announced,
this field attracted many researchers with a flourishing production of papers within
just a few months [167-213].

On the phenomenological point of view, a first viable scenario was already
pointed out when the first NP fits were performed after the measurements of the
first anomalies [60], 98 117, 127, 128]: remarkably simple and straightforward,

LQ LQ

Figure 5.6: Examples of possible NP mediators responsible for the b — s anomalies:
a Z' gauge boson (left), a scalar leptoquark (center) and a vector leptoquark
(right).
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it requires just the introduction of NP effects in the vector semi-muonic current
Q4. Indeed, the results of all these studies evidenced how the introduction of a
Cgf ~ —1 was enough to account for all the anomalies, and as new measurements
came out this scenario kept being reinforced: this can be easily seen looking at
Fig. summarizing the results of most of the latest global fits performed after the
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Figure 5.7: Some results for Cgf and Cffﬁ obtained from the global fit of all
present b — s anomalies. In panel (a) are shown the results from Ref. [214]; panel
(b) reports the results from Ref. [215]; in panel (c) are displayed the results from
Ref. [216] and in panel (d) are reported the results from Ref. [217].
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announcement of the Ry« measurements, involving all the present experimental
data [214H217]. It is worth to mention that this NP solution has been found out
also by the two remaining global fits performed on that very same day: apart from
the one I carried out with my collaborators [I1] and that I am going to thoroughly
describe in the following section, it was pointed out also by the authors of Ref. [21§],
who however carried out most of their analysis in a SU(2) x U(1) basis. I will
review their work in the following chapter, devoted to SMEFT interpretation of
the anomalies.

All the aforementioned global fits investigated also less simple scenarios, where
pairs of NP WC were taken in consideration with specific connection between the
BSM couplings, guided by specific UV completions. The most promising results
(i.e. the best fitting ones) were obtained on two scenarios: the first one involves
both vectorial and axial semi-muonic currents, related according to the prescription
C’é\f = —Ci\(ﬁ, while the second one relies on both left-handed an right-handed vec-

torial semi-muonic currents, following the requirement that Cé\li = - g{i. Both
scenarios fit well the experimental data, even though goodness-of-fit tests pointed
towards the C’gfi -only scenario as the best fitting one. It is interesting to notice
that all these global fits allowed for several viable NP scenarios, induced by differ-
ent UV models; however, all of the scenarios definitely agree on the requirement
of a Cgi # 0 in order to explain the anomalies.

5.5 An Alternative Interpretation: the Axial So-
lution

After the P, anomaly was first measured and the first NP fits started to appear, my
collaborators and I decided to start investigating this matter. In particular, we no-
ticed that regarding the treatment of non-perturbative hadronic power corrections,
all the community relied on the phenomenological model of Ref. [99]. However,
as already stressed in Sec. [£.5] this model misses potentially relevant contribu-
tions stemming from the inclusion of multiple soft gluons emissions. Therefore,
we decided to perform the analysis reported in Ref. [§] and subsequently updated
in Refs. [0, [10]: the goal was to extract the size of such contributions directly
from experimental information, employing the LCSR results from Ref. [99] only in
the reliable ¢ region, i.e. ¢*> < 1GeV?, while allowing this contribution to grow
approaching the cc¢ threshold.

In order to do so, we performed a Bayesian analysis where the main focus was
put on the hadronic parameters hy appearing in Eq. (£.39), describing the non-
factorizable power corrections. Following the definition introduced in Refs. [114],
we generalized such corrections parametrizing them by means of the following
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Taylor expansion:

€ () i) o N _
(@) = 457 [ dtac (R Tk, (a0} B)
B
2 4
Ey QNN S N S—" (5.4)

1 GeV? 1GeV*

The choice of such an expansion, where we decided to keep terms up to the quartic
order, was motivated by looking at the shape of Eq. (4.39): indeed, the first two
terms of this expansion can be reinterpreted as a (NP) modification of C7; and
Cy respectivel, while the term hE\Q), introduced in order to allow for a growth
of non-perturbative power corrections approaching the c¢ threshold, cannot be
reinterpreted as a BSM effect.

It is now mandatory to stress the following point regarding NP searches in this
kind of processes: until a more accurate theoretical estimate of hy(g?) over the
full kinematic range is known, it is not possible to disentangle long-distance, SM
contributions such as hE\O’l) from possible NP ones affecting the size of C7 9. This
means that, if the result of a SM fit points to a solution with h&o’l) producing a
non-factorizable contribution compatible in size with the one extracted in Ref. [99]
by means of dispersion relations, it is not possible to determine whether the effect
is indeed a SM one, or a NP-induced one.

With this caveat in mind, we first performed a SM fit letting the complex

(0,1,2) . (0,1,2) 3 . .
parameters h, vary in the range |hy | < 2 x 107°, with no constrain on the
phase and using flat priors. We imposed for ¢> < 1 GeV? the results from Ref. [99],
given in terms of the quantities g™ which are related to the hy as follows:

NV | 16m%(mp + mys ) b () b (d?
’ 0 AEvee 0O 59)
Mo 1 16m¥m? 9 )
= 204 (mp + mg+)Ai(¢?)q? (h,(q )+ hela )) ’ (5.6)
vy 1| 64mPmEmge VE(mp +mge)
77 o M2 Ar () ho(q”)

_16mB7T (mB)\"i(_qZ;I;l;)((qzl)z2_ q — mK*) (h_(qZ) + h+(q2)) . (57)

The results for the parameters defining the non-factorizable power corrections
hy are reported in Fig. : it is interesting to notice that |h(,2)| is different from

3Rigorously speaking, hE\O’l) should be first multiplied by ¢?>-dependent form factors, if one
want to exactly perform such reinterpretation; however, as can be easily checked looking at
Ref. [88], the ¢* dependance of such form factors is so mild that they won’t spoil the identification
with the current level of precision.
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zero at more than 95.45% probability, thus disfavouring the interpretation of the
hadronic correction as NP effects to the operators (J79. In order to compare such
results for hy with the results for g™ from Ref. [99], the reader may look at
Fig.[5.9 It is easy to check that the contribution increases while approaching the
cc threshold, as it should given the growing effect of multiple soft-gluon emissions,
displaying an appreciable ¢?> dependence induced by \h(_Q |. However, the results
are still in the same ballpark as the ones from Ref. [99], hence potentially not
beyond the expected size within the SM.

It is now interesting to take a look at the observables obtained including such
hadronic contributions. In Fig. [5.10] we show the results for the angular observ-
ables in the S basis of the full fit to the LHCb measurements from Refs. [72] [7§]
reported in Tab.[5.1] The corresponding numerical results are reported in the “full
fit” column of Tab. 5.1} It’s easy to check that, with the hadronic contributions
obtained by our fit, it is possible to generate an S5 (and hence a P.) compatible
with experimental data.

Aside from the full fit, we also produced predictions for each observable on
each bin, and the relative p-value. For uncorrelated observables, such as the BR’s,
this was done simply removing the experimental information on the respective
observable. On the other hand, this procedure had to be generalized for correlated
observables in order to take both theoretical and experimental correlations into
account; since the angular observables are correlated in each bin, we proceeded
removing all the experimental information in on bin at a time from the fit in order
to obtain the predictions; the fit produced a correlation matrix for such predicted
observables, which was added to the experimental one and used to compute the
corresponding log likelihood and, consequently, the p-value.

For completeness and easy comparison, in Tab. we report also the results
and predictions for the optimized observable PZ, which is however not independent
from the other observables in Tab. and hence not directly used in the fit.

The bottom line of our first work in this field was therefore that, given both
the present hadronic uncertainties and the present experimental data, looking at
the B — K*u*p~ decay alone is not enough to determine whether NP is present
in b — s transitions. Indeed, we showed that an underestimation of hadronic
effects due to non-factorizable power corrections, which are still not under total
control in the SM, could very well be the reason behind the discrepancies between
the SM predictions of Refs. [116], 128] and the experimental measurements from
LHCb [78], Belle [79, 80] and ATLAS [82].
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Figure 5.8: Left: results of the full fit for the h) parameters, obtained employing
the results from Ref. [99] only for ¢*> ~ 1GeV?. Right: p.d.f. for the absolute
value of h®; the red (vellow) colours identify the 68% (95%) probability region.
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Figure 5.9: Results of the fit for |g; 23| defined in ref. [99] as a function of ¢?
together with the phenomenological parametrization suggested in the same paper.
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Figure 5.10: Results of the full fit and experimental results for the B — K*u*u~
angular observables, obtained employing the results from Ref. [99] only for ¢ ~
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¢? bin [GeV?] Observable measurement full fit prediction p — value
Fy, 0.264 + 0.048 0.275 + 0.035 0.257 +0.035
S —0.036 £ 0.063 0.002 =+ 0.008 0.002 =+ 0.008
Sy 0.082 =+ 0.069 0.037 £0.042 | —0.025 % 0.047
Ss 0.170 + 0.061 0.271 + 0.027 0.301 =+ 0.024 013
[0, 1, 0_98] App —0.003 £ 0.058 | —0.102 +0.006 | —0.104 + 0.006 :
Sy 0.015 +0.059 | —0.049 &+ 0.016 | —0.043 £ 0.017
Ss 0.080 =+ 0.076 0.027 +£0.048 | —0.004 % 0.046
So —0.082 £ 0.058 | —0.002 & 0.007 | —0.002 = 0.007
P! 0.387 £0.142 0.774 + 0.094 0.881 + 0.082 0.0026
Fy, 0.663 + 0.083 0.691 + 0.030 0.688 =+ 0.034
S —0.086 & 0.096 0.000 + 0.013 0.001 + 0.013
Sy —0.078£0.112 | —0.059 +0.027 | —0.070 % 0.032
Ss 0.140 =+ 0.097 0.183 + 0.046 0.208 =+ 0.057 0.63
[1_1, 2'5] App —0.197 £0.075 | —0.198 £0.019 | —0.200 = 0.022 :
Sy —0.224 4+ 0.099 | —0.081 +0.042 | —0.056 & 0.049
Ss —0.106 £ 0.116 | —0.003 +0.031 | —0.004 % 0.033
So —0.128 £ 0.096 | —0.002 & 0.013 0.002 + 0.013
P! 0.298 £ 0.212 0.410 + 0.099 0.460 £ 0.120 0.51
Fy, 0.882 + 0.104 0.739 + 0.025 0.729 + 0.028
S3 0.040 £0.094 | —0.012+0.009 | —0.014 =+ 0.010
Sy —0.242+0.136 | —0.176 +£0.020 | —0.179 £ 0.021
Ss —0.019£0.107 | —0.055+0.045 | —0.055 =% 0.052 0.80
[2_5, 4] Apg —0.122 +0.086 | —0.082 +0.023 | —0.082 + 0.025 :
Sy 0.072+£0.116 | —0.059 & 0.050 | —0.080 =+ 0.055
Sg 0.029 £0.130 | —0.012+0.023 | —0.012 £ 0.023
So —0.102£0.115 | —0.003 +0.009 | —0.003 & 0.009
P! —0.077+£0.354 | —0.130£+0.100 | —0.130 £ 0.120 0.89
Fy, 0.610 + 0.055 0.653 + 0.026 0.661 =+ 0.030
S3 0.036 £0.069 | —0.030 % 0.013 | —0.030 £ 0.015
Sy —0.218 +£0.085 | —0.241 +0.014 | —0.239 & 0.016
Ss —0.146 £ 0.078 | —0.183 +0.040 | —0.205 =+ 0.046 0.50
[4, 6] Apg 0.024 =+ 0.052 0.050 + 0.027 0.067 £ 0.032 :
Sy —0.016 +0.081 | —0.034 +0.046 | —0.037 & 0.055
Sg 0.168 £0.093 | —0.015+0.025 | —0.026 + 0.026
So —0.032+£0.071 | —0.007 +£0.012 | —0.012 =+ 0.014
P! —0.301£0.160 | —0.388 +0.087 | —0.440 £ 0.100 0.46
Fr, 0.579 + 0.048 0.569 + 0.034 0.517 £ 0.070
S3 —0.042 £ 0.060 | —0.050 4 0.026 | —0.006 = 0.054
Sy —0.298 +£0.066 | —0.264 +0.016 | —0.224 = 0.037
Ss —0.250 £ 0.061 | —0.241 4+ 0.048 | —0.164 £ 0.100 0.82
[6, 8] Arg 0.152 £ 0.041 0.146 + 0.036 0.099 + 0.077 :
Sy —0.046 +0.067 | —0.031 + 0.055 0.010 +0.110
Sg —0.084 +0.071 | —0.017 & 0.035 0.039 + 0.055
So —0.024 £ 0.060 | —0.011 + 0.027 0.018 =+ 0.047
P! —0.505+0.124 | —0.491 £+ 0.098 | —0.330 £ 0.200 0.46
[0.1,2] ; 0.58 +0.09 0.65 % 0.04 0.67 £+ 0.04 0.36
[2,4.3] BR - 10 0.29 4+ 0.05 0.33 +0.03 0.35 4+ 0.04 0.35
[4.3,8.68] 0.47 4 0.07 0.45 + 0.05 0.47 +£0.11 1.0
BRp ey - 10° 4.334+0.15 4.354+0.14 4.61 4+ 0.56 0.63

Table 5.1: Experimental results (with symmetrized errors) from Refs. [72, [7§],
results from the full fit, predictions and p-values for B — K*u*u~ BR’s and
angular observables, obtained employing the results from Ref. [99] only for ¢ ~
1 GeV2. The predictions are obtained removing the corresponding observable from
the fit. For the angular observables, experimentally correlated in each bin, the
predictions are obtained removing from the fit all angular observables in one bin
at a time. See the text for details. The results for BR(B — K*v) (including the
experimental value from refs. [219H222]) and for the optimized observable P! are
also reported. The latter is however not explicitly used in the fit as a constraint,
since it is not independent of F}, and 556




However, once the experimental results for the Branching Fractions ratios are
taken into account, the situation changes: non-factorizable correction, indepen-
dent from their size, cannot be responsible of LFUV since they are completely
washed out in ratios; moreover, as already pointed out in Sec. the hadronic
contribution in B — Kpu*pu~ is under control according to Ref. [I31], making
Ry more clean and reliable from the theoretical point of view. Therefore, barring
experimental flukes in both LHCb measurements of Ry [76] and Rg~ [83], NP has
to be the lone physical explanation underling such experimental deviations.

Nevertheless, in our following work [I1] we inspected whether a more conserva-
tive approach on the size of non-factorizable power corrections could have effects
on the sensitivity to NP and, more importantly, whether it could also unveil differ-
ent NP scenarios not viable when a more “dogmatic” approach is used. In order
to do so, we tested several NP scenarios in both approaches: a Phenomenologi-
cal Model Driven (PMD) one, which relies on the phenomenological model from
Ref. [99], and a Phenomenological and Data Driven (PDD) approach, which makes
use of the results of Ref. [99] only for ¢> < 1 GeV? and allows for larger values as
q* grows.

To address the necessity to compare different scenarios and discriminate their
validity, we used the Information Criterion [223] 224], defined as

IC = —2log L + 4o, 1, (5.8)

where log L is the log-likelihood average and alzog 1, 1s its variance. The introduction
of the second term in Eq. is really important, since it takes into account the
effective number of parameters in the model, hence allowing for a meaningful
comparison of models with different number of parameters. This quantity is built
in such a way that smaller IC' values point towards preferred models.

As a first step in our analysis, we started analyzing the most widely studied
NP scenario in both our approaches: the C’é\f = () scenario, where we also allowed
for a non-null CT, (indicated as the scenario (IT) in Ref. [11]). The NP results
for such analyses are shown in Fig. [5.11] with the left green panel displaying the
PMD approach results while the right red panel displays the PDD ones. It is easy
to observe that the PMD results are compatible with the ones obtained by the
remaining global fits from Refs. [214-217], shown in Fig. [5.7] with an evidence for
NP at more than 50. On the other hand, the PDD result shows a significantly
reduced NP evidence, roughly between 3¢ and 40, with a slightly improved IC'
value due to the effect of hadronic corrections in accommodating data.

The second scenario object of our interest already drew attention in the past:

the one involving both C§™” and Cfj”, with CJpY . = —C¢'" (indicated as the

scenario (V) in Ref. [I1]); for completeness, we also allowed for a CN? = 0. The
results are shown in Fig. [5.12] for both the PMD and the PDD approach. In both
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Figure 5.11: The fit result for the scenario involving G’ and C{i". Here and in
the following, PMD approach results are shown in the left green panel, while PDD
ones are in the right red panel. In the 1D distributions we show the 16", 50" and
84" percentile, marked with the dashed lines, while in the correlation plots (where
the correlation is also reported) we show the 1, 2 and 30 contours, in decreasing
degrees of transparency. The blue square and lines identify the SM limit. We also
report IC' values for the two approaches (see Eq. )
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Figure 5.13: The fit result for the scenario involving CN*, Ci7 and CJp%. See
caption of figure for the colour coding and further details.

the approaches we obtained values compatible with zero for both C2* (which is
mainly constrained by the inclusive B — X,y Branching Fraction, as shown in

Ref. [225]) and for Cg'f = —Cfi¥, since the anomalies in the angular observables
for B — K*utpu~ require NP effects in the muonic sector: therefore, all the
evidence of NP resides in Cg')l = —Cfi",, which is found to be different from zero

at 30, with allowed values compatible with the ones found in Refs. [214] 216].
Once again, as expected, the PDD approach softens the evidence for NP (the WC
now sits only 20 away from the null value), with a sizably lower value for the
IC. Tt is worth to mention that, while the PDD IC' value is compatible with the
ones obtained for both approaches in the previous scenario, this is not the case
for the PMD approach: this implies that, while under the PDD approach both
scenarios are equally preferred by data, this is not the case for the PMD approach,
where the “uncorrelated” scenario is preferred in comparison with the one where
the condition C3'f = —C}’, is required.

As a third scenario, we decided to test a set of NP WCs that had not yet
been taken in consideration by previous global fits, since it does not involve the
presence of C¢'F: indeed, we performed a fit for a NP scenario involving only
CYP and CJ}7 , (indicated as the scenario (IV) in Ref. [I1]). The results for
this scenario are shown in Fig. [5.13, as usually for both the PMD and the PDD
approach, and are very informative. NP effects in the dipole operator and in the
axial semi-leptonic currents cannot address at the same time both the BF ratios
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Rk i~ and the angular observable P!, without allowing for large non-factorizable
power corrections. Indeed, the fit does not perform well in the PMD scenario, as
can be easily inferred by looking at the IC' value and comparing it with the ones
obtained for the previous scenarios. Most likely this is the reason why this scenario
have not been tested by any other collaboration so far, given its bad performance.
However, the situation dramatically changes once a more conservative handling
of hadronic power correction is employed, following the prescriptions of the PDD
approach. In fact, allowing for a larger size for the non-factorizable contribution, it
is possible to rely upon them to reproduce the B — K*u*p~ angular observables
data, as was shown in our previous work [§]. Therefore, once the muonic angular
observables are taken into account, it is possible to accommodate for the BF
ratios Rx and Rg- by means of NP effects in the axial semi-electronic current.
We therefore obtained evidence for a C{}; at ~ 2¢, but most importantly an IC
value of the same order of the ones obtained for the previous scenarios, hence
showing that also this azial solution is viable, under the PDD approach.

As a final scenario, we also performed a fit with all 5 NP WCs switched on,
without imposing any relation between them: this is the scenario indicated as
(VI) in Ref. [1I], and the results of the fit are shown in Fig. [5.14, The IC
values for the two scenarios are compatible both among themselves and with the
previous well-fitting cases. It is interesting to notice that current experimental
data are informative enough to constrain, at the same time, all the NP WCs in
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both approaches. Moreover, the PDD approach employed in this scenario, thanks
to a nontrivial interplay among the NP effects encoded both in Cé\f and C{\éf; and
the hadronic contributions, produces the weakest NP evidence provided by our
global analysis — sitting between 20 and 30 level — while allowing for a very good
description of the entire data set.

The numerical values for the mean and standard deviation for the NP WCs
together with the absolute values of hy can be found in Tabs. for the PMD
and PDD approach respectively, for all the scenarios analyzed abovd] Analo-
gously, the results for the observables of main interest, i.e. the BF ratios Rg
and Ry~ and the angular observable P, are reported in Tabs. for all the
NP scenarios, along with the experimental measurements, for the PMD and PDD
approach respectively.

4Since ho enters the decay amplitude of Eq. 1} with an additional factor of \/¢? with
respect to h4 due to Eq. 1) we dropped h((f) in all our analysis in Ref. [IT].

Par (IT) (IV) (V) (VI)

CRF — —0.0114+0.013 | 0.00340.013 | 0.01540.014

Co —1.53£0.25 — —0.54£0.17 | —1.64£0.29

Coe - - 0.09 # 0.25 -1.6+1.0

hip 0.03£0.16 | —0.12 +0.22 0.5440.17 | 0.009 % 0.200

CN - ~12240.37 | —0.09+£025 | —0.9140.76
hV)-10* | 2.0+£1.2 1.841.2 1.3+ 1.0 20+ 1.3
11710 | 0.079£0.067 | 0.083£0.069 | 0.086+0.072 | 0.076 = 0.064
K104 | 0544019 | 0.5640.20 0.60 & 0.21 0.52 +0.19
h{V]-10% | 0304022 | 0.4540.26 0.32 4 0.24 0.28 4 0.22
V12104 | 0224019 | 0.2140.19 0.26 & 0.22 0.22 +0.19
hY]-10* | 0.23+£0.19 | 0.30£0.21 0.32 4 0.22 0.23 4 0.19
Ih{P]-10* | 0.053£0.045 | 0.046 £ 0.042 | 0.064 +0.053 | 0.050 = 0.044
1] - 10* | 0.046 £0.039 | 0.092+£0.050 | 0.070 +0.047 | 0.045 =+ 0.038

Table 5.2: Results from the fit for NP WCs and hadronic contributions in the

PMD approach, for the 4 NP scenarios analyzed in the text.
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Par (IT) (IV) (V) (VI)
ChNP - 0.008 +0.014 | 0.01140.014 | 0.014 4 0.014
CyP | —117+0.46 - —0434+023 | —1.4340.64
Coe - - 0.21 4 0.29 -1.24+12
Clo 0.26 +0.23 0.27 4+ 0.26 0.43 4+ 0.23 0.20 +0.25
O - —0.864+04 | —0.214+029 | —0.60=+0.99
hV)-10* | 23+14 1.741.3 1.741.3 2.6+ 1.6
1h{”]-10* | 0.081 £0.070 | 0.086+0.075 | 0.087 +£0.075 | 0.077 +0.067
K9)-10* | 05542022 | 0.60+0.23 0.59 + 0.23 0.53 +0.21
Ih$Y1-10* | 04142034 | 0.50 4 0.36 0.46 + 0.37 0.40 + 0.33
Ih7]-10* | 0424030 | 0.39+0.29 0.42 +0.30 0.41 +0.30
KM 104 | 0524038 | 0.8240.46 0.73 +0.43 0.50 =+ 0.37
IhP]-10* | 0.160 £ 0.099 | 0.139 +0.094 | 0.160 +0.100 | 0.145 = 0.095
K] -10* | 0.126 £0.098 | 0.190 +0.100 | 0.170 +0.110 | 0.124 =+ 0.094

Table 5.3: Results from the fit for WCs and hadronic contributions in the PDD
approach, for the 4 NP scenarios analyzed in the text.

Obs. Exp. value (Im) (Iv) (V) (V1)

Rk 0.753+0.090 | 0.70340.047 | 0.7814+0.055 | 0.74040.061 | 0.724 4+0.067
Rk+o0.045,.1) | 0.680+0.093 | 0.881+0.016 | 0.839+£0.024 | 0.858£0.019 | 0.843£0.030
Ri+[1.1,6] 0.707+0.102 | 0.786+0.049 | 0.713+0.065 | 0.74040.060 | 0.717 +0.067
PslP —0.301 +0.160 | —0.427 4+ 0.061 | —0.556 4+ 0.063 | —0.587 4 0.053 | —0.431 4 0.061
P —0.505 £0.124 | —0.607 = 0.061 | —0.677 +0.066 | —0.704 £0.057 | —0.61 =+ 0.06
Psiyor™s —0.26 £0.39 | —0.427 +0.061 | —0.556 + 0.063 | —0.587 +0.053 | —0.431 + 0.061
P53 —0.955 4 0.268 | —0.447 4+ 0.061 | —0.572 4 0.063 | —0.603 & 0.053 | —0.451 & 0.061
Psa%s) —0.660 4 0.220 | —0.626 4 0.061 | —0.688 4+ 0.067 | —0.71140.058 | —0.63 & 0.06
Psiesr —0.02540.318 | —0.524 4 0.059 | —0.620 4 0.063 | —0.649 & 0.053 | —0.528 & 0.059
Pseiial —0.510 £ 0.272 | —0.794 £ 0.039 | —0.536 £ 0.063 | —0.710 £0.044 | —0.42+0.23

Table 5.4: Experimental results (with symmetrized errors) and results from the fit
for key observables in the PMD approach, for the 4 NP scenarios analyzed in the

text.
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Obs. Exp. value (I1) Iv) (V) (VI)
Ripi6 0.753+0.090 | 0.7144+0.064 | 0.7754+0.057 | 0.74040.062 | 0.71940.073
Rk+o.0a5,.1) | 0.680+£0.093 | 0.873+£0.016 | 0.842+£0.024 | 0.861+£0.019 | 0.847£0.030
Ri+[1.1,6] 0.707+0.102 | 0.777+0.053 | 0.7144+0.066 | 0.75540.059 | 0.722 4+ 0.069
PslP —0.301 4+ 0.160 | —0.405 4 0.068 | —0.435 4 0.065 | —0.421 & 0.068 | —0.417 & 0.068
Pt —0.505 4 0.124 | —0.521 4+ 0.083 | —0.521 £ 0.080 | —0.508 4 0.082 | —0.545 4 0.083
Pspyorts —0.26 +0.39 | —0.405+0.068 | —0.43540.065 | —0.421 +0.068 | —0.417 4+ 0.068
P55 —0.955 4 0.268 | —0.420 & 0.068 | —0.447 & 0.066 | —0.434 & 0.068 | —0.433 & 0.068
Py s —0.660 4+ 0.220 | —0.53140.086 | —0.529 4 0.084 | —0.514 & 0.085 | —0.556 & 0.086
Psics’ —0.025+£0.318 | —0.467 +0.072 | —0.481 +0.070 | —0.467 £ 0.072 | —0.486 & 0.072
Pseiial —0.510 £ 0.272 | —0.664 £ 0.095 | —0.424 £ 0.063 | —0.570 £0.066 | —0.41 £0.22

Table 5.5: Experimental results (with symmetrized errors) and results from the fit
for key observables in the PDD approach, for the 4 NP scenarios analyzed in the

text.
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Chapter 6

A Systematic Analysis of the
b — s Anomalies Employing the
SMEFT Framework

In Chapter [5 I have reviewed the status of the anomalies affecting the b — s
transitions and the mainstream NP interpretation advocated to address such a
pattern. Moreover, I have also shown how a cautious handling of the hadronic
uncertainties might yield to a broader range of viable NP scenarios. All these
studies have been carried out in a WET framework. The goal of the final chapter
of this Part is therefore to reinterpret these results within the SMEFT framework,
trying to constrain in the most systematic way the SU(2)xU(1) WCs.

The first part of this chapter will be devoted to identifing the SMEFT operators
involved in b — s transitions, and matching them to the WET ones. Subsequently,
the global fit discussed in Sec. |5.5| will be performed again, after the change of
basis has been applied. Finally, an analysis of the results is shown, with an eye on
possible future generalizations.

6.1 The Operators Involved

The list of SMEFT operators that can affect the dynamics of b — s transitions
has already been known for a few years [136, 226]. It contains operators coming
from three of the eight classes defined in Sec. [3.2.1] and can be therefore cata-
logued accordingly. Here and in the following, the chiral fermions subscripts will
indicate their flavour content in the basis where the down-type quark mass matrix
is diagonal. It is obviously possible to choose a different basis, but given that the
observables of interest involve down-type quarks this choice minimize the number
of operators involved.
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The first sub-list of operators comes from class 6, containing the dipole opera-
tors:

Qaw = (g0 dy)T oW,
Quy = ' (dyo" ¢ )W},
Qi = (G0 dp) B, ,
Qz/iB = @T(dbauVQS)Buu

TN N N TN
> e
— N N N

1
2
3
4

The second sub-list of operators stems from class 7, and includes operators
involving a fermion current and an Higgs current:

Qiry = (i 3] uw)(qsv B) 5 (6.5)
Qi = (' ZD,AO)(QST V), (6.6)
Qua = (i D up) (A" dy) (6.7)

The final sub-list is by far the largest one, and is a sub-set of the class 8, four-
quark operators; this is the only sub-list not blind to lepton content, and therefore
these operators can be further divided in according to the lepton involved. The
electron operators are:

(1) e

= (L") (@ ") (6.8)

3) “ = (A" (@ T g (6.9)
= (@7 ) (e ee) , (6.10)

de = (lev"1e) (dsy"dy) (6.11)
= (eree)(dsydy) (6.12)
Qledq (ele)(qsdy) (6.13)
ledq = (leee) (dsqp) (6.14)

while the analogous muonic operators are:

Q"
qu

L") (@ @)

LA L) (@ T )
qs7Y qb)(elﬁ eu)

(6.15)
(6.16)
(6.17)
VL) (A dy) (6.18)
(6.19)
(6.20)
(6.21)

W) (d
euv'en) (dsy"ds)
Eulu)(@sds) ,
Zu%)( sz)

ledq

=(l
(!
= (@
de—(
= (
= (
= (

ledq
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Now that we have all the ingredients needed to address the anomalies, it is
necessary to perform the matching at the scale My, between the SMEFT and the
WET [136], 226]. For the dipole operator O, blind to lepton indices, the matching
reads

2,2
(1) _ 8TV ) A
= (cih-ch) . (6.22)
where v, is the bottom Yukawa coupling and the presence of the CKM factor \; is
induced by going from the flavour basis to the mass one in the SMEFT. For the
current-current operators, one obtains

cl = j;;t 122 (Ch + cg%’f + O = (=) (O + CR) L (623)
Cly = %% (Gl =Gl =+ i+ i), (6.24)
Cr = jf; X? (Cly+ Cly — (1 —4s3)Cra) (6.25)
0" = 45; (Ol Cly+ ). (6.26)

where ¢ can be either an electron or a muon. Finally, for the scalar and tensor
operators one gets

y 42 v?

C,g = _CP = 2)\t A2 Cfedq7 (627)
¢ ¢ 4 v?

C'sg=C"p = WY 'tedg (6.28)

ChL=C =0, (6.29)

where again ¢ can be either an electron or a muon. It is interesting to notice
that the requirement of U(1) invariance prevents on the one hand the presence
of tensorial operators (in this channel) also in the SMEFT, while imposes on the
other hand precise relations between the scalar and pseudo-scalar WET operators.
A few observations are now in order. A WET global fit taking into account all
possible NP contributions to WCs would allow for 18 different free parametersﬂ
while a SMEFT requires 21 free ones. However, as we have already said, the
inclusive radiative Branching Fraction of B — Xy severely constraints the C’7
WCs [225]: hence, it is safe to remove the operators in Eq. (6.22) - from a fit meant
to address the anomalies, reducing the number of relevant free parameters to 16

IThe tensor operators are usually neglected in these kind of analysis, since they are not even
present in the SM.
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in the WET, and to 17 in the SMEFT. Moreover, the operators in Egs. —
are lepton-blind, and therefore not able to address a set of anomalies involving
LFUYV processes. In addition, they would be heavily correlated to the hadronic
contributions Ay, since they would appear in all the analysed processes on the same
footing. For this reason, it is reasonable to exclude also these operators from the fit,
reducing the number of SMEFT free parameters to 14. Finally, looking at the way
Ql(;)’z and Ql(s)’é contribute to the matching, it is easy to infer a 100% correlation
between the two operators, with no possibility to disentangle their contribution
with a tree-level matching. It is therefore acceptable to merge the two operators
into a single one, qu, with a reduction of the total SMEFT free parameters to 12.

Summarizing, the nature of the problem we are interested in, together with the
present status of theoretical and experimental uncertainties, allows us to simplify

the matching conditions from Egs. (6.22)-(6.29)) to the following set:

Cs = ) (Cl.+Cy,) (6.30)
t
4202
¢ ¢ ¢
cty = o, (Cee — Cyy) - (6.31)
4r?o?
C'y = —5y (Cla+ Cla) (6.32)
t
y) Am2y?
' = o2, (Cfd - ng) ) (6.33)
t
4m?
¢ ¢ ¢
4 2,,2
ol =" = Z—;O’ﬁedq, (6.35)
E At

where we have absorbed the NP scale A? in the definition of the SMEFT WCs.
In conclusion, in the current-current sector we have 8 free parameters both in the
WET and in the SMEFT, while in the scalar sector we have 8 free ones for the
former and only 4 for the latter.

6.2 Previous Studies

We have now all the ingredients needed to perform a SMEFT analyses. How-
ever, it is worth to mention that two analysis have already been performed in
this framework: the first one appeared right after the announcement of the Ry.
anomaly [218], while a second one was performed a few days later [167]. Therefore
I will first describe these two works, before going into the details of our analysis
and its differences compared to these previous studies.
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Regarding the analysis from Ref. [218], it consisted in a global fit performed in
a basis analogous to the SMEFT one, except for a different normalization. How-
ever, only the eight current-current operators were taken into account. As a first
step of their analysis, they performed a fit involving only “clean” observables (i.e.
Branching Fraction ratios) and considering one coefficient at a time. Those fits
showed that viable candidates to accomodate for the anomalies where the WC
corresponding to the SMEFT (7, Cp, Cr, and Cf;. However, once the “dirty”,
angular observables where taken into account, only the scenario involving CZI pro-
duced a feasible fit. This was easily predictable, given their handling of hadronic
uncertainties along the lines of the phenomenological model of Ref. [99]: the elec-
tron WCs are not capable to account for the B — K*p*pu~ angular anomalies,
hence ruling them out as viable candidates to address the global anomalies pattern.
Analogously, once a global fit was performed with all WCs taken in consideration,
CZI was the only coefficient showing a significant evidence.

On the other hand, the analysis from Ref. [I67] was mainly focused on the
explanation of the “clean” anomalies. The starting point consisted in deriving ap-
proximate phenomenological formule for Rx and R+ as functions of differences be-
tween muonic and electronic NP WC, with all SM parameters fixed. Subsequently,
they performed a scan using one coefficient at a time and investigated which co-
efficient was capable to address the ratios anomalies simultaneously. Analogously
to Ref. [218], the only difference between muonic and electronic WCs capable to
account for the anomalies consisted in the one involving C’é‘q_e; they also performed
scans involving couple of (differences of) WCs, and once again the only way for the
anomalies to be addressed involved the presence of C’Zl_e in the couple of param-
eters scanned. Therefore, in the spirit of addressing the whole set of anomalies,
they focused on the scenario where most of the NP content came from CZ] and
obtained bounds on this coefficient using the results from the global fit performed
in Ref. [214].

In conclusion, the two studies already performed in the SMEFT framework
agree on the need for a C’ZI different from zero in order to be able to consistently
address the anomalies pattern. However, if only branching fraction ratios are
taken into account, Ref. [218] showed how solutions involving electronic coefficients
are viable as well; those solutions are no longer viable once the B — K*utu~
angular observables are included in the fit, if one sticks to the dispersion relation
of Ref. [99] in order to describe the effect of hadronic contributions in the whole
phenomenological region. Nevertheless, a more conservative approach along the
lines of the PDD approach employed in Ref. [I1] could preserve the viability of the
electronic solutions as well, once a global fit is performed. Therefore, in the next
section I will study all the SMEFT scenarios allowed by a more careful treatment
of hadronic uncertainties and capable of addressing the current experimental data.
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6.3 Constraining the Couplings by Means of a
Bayesian Analysis

We can now proceed to perform the global fits in the SMEFT basis. As I have
already said at the end of the previous section, these fits have been carried out
following the guidelines of the PDD approach employed in Ref. [11] and explained
in Sec. The main feature of this approach consists in a conservative treatment
of hadronic uncertainties, relying on the LCSR computations from Ref. [99] only
at low ¢? and allowing for larger effects approaching the cé threshold.

As a first step, I have performed global fits where only one SMEFT WC at a
time was included. Out of the twelve operators individuated at the end of Sec. [6.1]
only four were found to be capable of addressing the anomalies producing a good
fit: namely, the ones relative to CZp Cyr Cge and Cgy. This result is consistent with
what was already found in Ref. [218]. However, in that analysis those coefficients
were found viable only when angular observables were not included in the fit;
once a global fit was performed, all the electron solutions had to be discarded,
given their inability to address the “dirty” observables. On the other hand, as was
already pointed out in Ref. [11], once the PDD approach is employed this is no
longer the case: an hadronic contribution larger than, but in the same ballpark of,
the one predicted by dispersion relations applied to LCSR computations is indeed
capable of accounting for the angular anomalies, allowing electronic solutions to
be able to explain the ratio anomalies.

Let us now take a closer look to this four viable scenarios.

- CZ]

This first case has already been studied in the literature [167, 218], as I have
already reviewed in Sec. . Moreover, it corresponds to the CéYf = —Cf\éz
scenario in the WET basis, already advocated in several analysis [11, 214
217). The fit is well-behaving, producing results for the anomalous observ-
ables compatible with experimental data. The fitted value for the WC is

CHF = (0.86+£0.22) - 1073 TeV 2, 6.36
Lq

expressed in terms of mean and s.t.d extracted from the probability distri-
bution function (p.d.f.) produced by the fit. Going from the SMEFT basis
to the WET basis, this solution can be read as

Coit = —Chl = —0.54£0.14, (6.37)
in agreement with the results obtain in Refs. [11], 214-217].
In order to allow for a model comparison, the IC (defined at Eq. (5.8)) for

this model is 157. The p.d.f. for CZI, showing the 10, 20 and 3 ¢ regions,

can be found in the left panel of Fig.
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This is the first case where all the NP content stems from an electron oper-
ator. It corresponds to the C§'F = —C{}% scenario in the WET basis, and
is first studied here thanks to the features of the PDD approach. The fit is
again well-behaving, with all the anomalous observables showing compati-
bility with experimental data. The fitted value for the WC is

Cf, = —(0.99£0.31) - 107 TeV 2, (6.38)

expressed in terms of mean and s.t.d extracted from the fit-produced p.d.f..
Rotating from the SMEFT basis to the WET basis, this solution can be read
as

Col = —Cftl =0.63+0.20. (6.39)

The IC for this model is 158, perfectly compatible with the one produced for
the previous case. The p.d.f. for Cf, showing the 10, 20 and 3¢ regions,
can be found in the right panel of Fig. 6.1

Ce
_4ge
This is the second case where all NP effects are induced by means of an
electron operator, and it corresponds to the C’é\E = C’f\[)fz scenario in the
WET basis. Also this fit is well-behaving, displaying high compatibility

between the results for the anomalous observables and the experimental data.
The fitted value for the WC is

q_mu | Data)
= N N N
@ O N £
o © © cC
o O O C

& 1600
1400
1200
1000

N B O @
© © © o
o & & & o

— —2

Ce, = (2224+0.84) - 107> TeV 2, (6.40)
= O  global mode :-5 E O  global mode
E —e— mean and std. dev. E 1600 — —e— mean and std. dev.
= o C
E Ef 1400~
= o c
= & 1200
%7 1000(—
= 800[—
= 600
? 400—
2 200(—
E P R R x107 o: L I [P BRI BRI 1 [
3 -2 -1 0 1 2 3 -4 3 -2 -1 0 1 2 3 4

C_lg_mu C_lg e

Figure 6.1: Left: p.d.f. for CZ; from a single-coefficient global fit. Here and in the
following, the green zone is the 1o region, the yellow zone is the 2 ¢ region and
the red one is the 3o region. Right: p.d.f. for Cj, from a single-coefficient global

fit.
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expressed in terms of mean and s.t.d extracted from the fit-produced p.d.f..
It is interesting to notice that a second, (very) small mode can be found for
Coe = =5~ 1073: the byproduct of this second mode is the presence of a
(again very small) second mode in the results for the BELLE P} observables,
relatively to the electron channel. However, since the main Cf, mode is
the one producing the value for the electronic P; compatible with BELLE
measurements, we will focus only on this mode disregarding the other one.
Rotating from the SMEFT basis to the WET basis, this solution can be read
as

Col = Ol = —1.41£0.53. (6.41)

The IC for this model is 161, compatible with the ones previously produced.
The p.d.f. for Cf,, showing the 10, 20 and 3o regions, can be found in the

left panel of Fig. [6.2

ed
This is the last case featuring NP contributions in the electron sector, and it
is the only one involving right-handed quarks. It corresponds to the C’ é\j eP =
C’ i\(f)i scenario in the WET basis. This fit, too, is well-behaving, with results
for the anomalous observables compatible with experimental data. The fitted
WC value is
¢ =—(294+13)-103TeV 2, (6.42)

expressed in terms of mean and s.t.d extracted from the fit-produced p.d.f..
Similarly to the previous case, a second small mode is present at C¢, ~
3.5 - 1073; once again, it produces a second mode in the results for the

P(C_ge_e | Data)

T[T T[T T[T TT T [ TOT T[T [TTTT T

&o

@«
o
=]

o global mode

O global mode —e— mean and std. dev.

—e— mean and std. dev.

D
o
=]

'
=3
=]

T T[T [T T[T [T T T[T ToTT

P(C_ed_e | Data)
W a ~
(=} o o
=] o o

n
(=]
=]

-
o
=]

L SN, PR PR 3 [ - n [ I ——
6 -4 2 0 2 4 6 8 -0.005 0.000 0.005 0.010
C_ge_e C_ed_ e

|
So
o
2
o

Figure 6.2: Left: p.d.f. for Cf, from a single-coefficient global fit. Right: p.d.f.
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¢, from a single-coefficient global fit. Coloring follows the prescriptions of
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BELLE electron P! observables distant from the experimental measurement.
Therefore, we will focus again only on the main mode. Rotating from the
SMEFT basis to the WET basis, this solution can be read as

C'ar ="l = 1.85 £ 0.83. (6.43)

The IC for this model is 158, perfectly compatible with all the ones obtained
in the previous case. The p.d.f. for C¢,;, showing the 10, 20 and 3 ¢ regions,

can be found in the right panel of Fig.

In conclusion, these single-coefficient global fits pointed out different NP sce-
narios able to address the anomalies pattern. According to the IC they are all
equally-compatible, with no reason to prefer a muonic solution instead of an elec-
tronic one if one follows the conservative prescriptions of the PDD approach.

As a second step of this analysis, it is interesting to perform a global fit allowing
for NP effects in all the relevant SMEFT operators, i.e. a global fit with a total
of 12 floating WCs. Such a fit has never been carried out before in the literature,
and in particular within the PDD approach. The output of the fit, in the form
of p.d.f. for all the NP WCs and correlation plots for all pairs of WCs, can be
found in Figs. [6.3}[6.71 As a first observation, it is worth to notice that there is
enough experimental data to constrain all the 12 WCs at the same time. Given the
high non-triviality of the decays under scrutiny, this was not easily predictable a
priori. Starting from the muonic sector, the main NP evidence among the current-
current operators is found in CZI; regarding the scalar operators, they are strictly
correlated due to the anatomy of the B, — uu branching fraction, as was already
observed in Ref. [I36]. On the other hand, in the electron sector evidence for
NP can be found in Cf, and C¢;; moreover, these coefficients display a really
peculiar correlation, induced by the BELLE electron P; in a similar fashion as
what happened for the single-coefficient global fits. However, contrarily to what
happened in those scenarios, here we are not in presence of a multimodality, where
a particular mode can be preferred due to specific reasons: as it is manifest looking
at the 2D correlation plot, we are in the presence of a broad, continuous mode. It
is reasonable to assume that such a situation is due to the limited data present
in the electron channel; therefore, it will be interesting to check if the electron
sector will behave in a similar fashion as the muon one, once an amount of data
comparable with the one relative to the muonic case will be available in the future.

Concluding, it is interesting to notice that, analogously to what was observed
for the scenario (VI) of Ref. [11], a global fit performed allowing for NP effects
in all the relevant WCs displays a larger evidence of NP contributions in the
muonic sector, although the presence of NP in the electronic sector is still possible
thanks to the conservative handling of hadronic uncertainties induced by the PDD
approach.
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Figure 6.7: p.d.f. for the correlations between the muonic current-current opera-
tors (Cy,, Cl., Cyy and Cf;, from left to right) and the electronic ones (Cy,, Cy,,
Cf, and C¢,, from top to bottom).

6.4 Future Perspectives

In the final section of this chapter, I want to spend a few words describing what
could be the possible future perspectives in this research field.

A first, possible generalization would consist in the addition of the other AB =
1 anomalies, namely the ones affecting b — ¢ transitions. Indeed, Rx and R+ were
not the only anomalous branching fraction ratios measured in the last few years:
the Rp and the R}, ratios, defined as the ratio between the tauonic and the sum
of the electronic and muonic branching fraction of B — D®){v, have been found
above the SM prediction of 2.2 0 and 3.3 o, respectively [227-230]. Moreover, also
t2 recent measure of the analogously defined R/, ratio was found ~ 2 o above the
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SM predictionﬂ Given the different kind of WET operators involved in the b — ¢
transition, they have generally be addressed separately by global fits. However, the
operator Ql(s) can give raise to both neutral and charged currents, depending on
the Pauli matrix considered. Therefore, it is possible to perform a SMEFT global
fit that addresses all the present AB = 1 anomalies in a coherent framework.

A second, natural generalization for this kind of SMEFT global fits would be
the inclusion of dimension 6 loop induced effects, i.e. including the running for
the WC from the NP scale A to the matching scale of the WET, My,. However,
this analysis could not only consider flavour observables: the mixing between the
various dimension 6 operators showed in Refs. [4H7] implies the presence of sev-
eral new operators that do not contribute to b — s transitions at tree-level, while
they might give raise to tree-level contributions in other channels. Therefore, a
large quantity of high energy physics phenomena should be taken into account in
order to properly constrain all the WC involved in such an analysis. Nevertheless,
the outcome of this analysis could be highly unpredictable: on the one hand, the
inclusion of all the relevant processes might generate problems with the conver-
gence of the fit, resulting in numerically unstable results which might therefore be
unreliable on the physical point of view. On the other hand, assuming a feasible
computation, there is no guarantee that such an analysis could yield to meaning-
ful constrains on all the considered WC. A possible solution would again be the
requirement of some kind of symmetry to reduce the number of operators under
scrutiny; however, such a choice would put at stakes the Bottom-Up approach
proper of the SMEFT framework, hence potentially invalidating the validity of
such an approach for this kind of analysis.

Zhttps://indico.cern.ch/event /658856 /contributions/2686351 /attachments/1522412/2379024/
talk_ LHCb_MFontana.pdf
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Part 111

Is the EFT Approach the Only
Way?
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The Higgs boson observed at the Large Hadron Collider (LHC) [, 2] behaves
in accordance with the SM predictions, i.e., it is a scalar CP-even state whose
coupling to the other known particles has a SM-like structure and a strength
proportional to their masses [231H233]. Presently, the analysis based on the com-
bination of the 7 and 8 TeV LHC data sets [233] shows that the couplings with the
vector bosons are found to be compatible with those expected from the SM within
a ~ 10% uncertainty; on the other hand, concerning the heaviest SM fermions (the
top and the bottom quarks, and the 7 lepton) the compatibility is found with a
slightly greater uncertainty, equal to ~ 15 — 20%. The situation is going to get
better in the future, with the best present estimates [234H236] indicating that at
the end of the LHC Run 2 at /s = 13 — 14 TeV center-of-mass-energy and with
a 300 fb~! integrated luminosity, the measurement of the couplings between the
Higgs boson and the vector bosons is expected to reach a few percent precision,
while the corresponding ones for the fermions, with the exception of the u lep-
ton, can reach ~ 8 — 12% precision. Moreover, looking at the end of the High
Luminosity phase, we can expect a reduction of these numbers by a factor ~ 2.

However, similar levels of precision will not be reached regarding the study
of the Higgs self interactions, stemming from the scalar potential in the SM La-
grangian. In the SM, the Higgs potential in the unitary gauge reads

_m_?f? 3 ﬁ‘l I
V(¢1>— 9 ¢1+)\3U¢1+ 4¢17 (V'l)

where the Higgs mass (m,;) and the trilinear (A\3) and quartic (\4) interactions are
linked by the relations Af™ = ASM = X\ = m?% /(2v?), where v = (v2G,) /% is the
vacuum expectation value, and X is the coefficient of the (®T®)? interaction, with
® being the Higgs doublet field.

The experimental verification of these relations relies on the measurements of
processes featuring at least two Higgs bosons in the final state. However, due
to the smallness of the cross section for this kind of processes, constraining the
Higgs self couplings with a relative uncertainty of a few hundreds of percents is
already extremely challenging. In particular, information on A3 can be obtained
from Higgs pair production; however, the bounds on this decay channel, stemming
from 8 TeV data, allowed us to constrain Az only within O(£(15 — 20)A3M) [237-
240]. At /s = 13 TeV, the SM Higgs pair production cross section is around
35 fb in the gluon-fusion channel [241-243] and even smaller in other production
mechanisms [244], 245]: the present 13 TeV data allows to restrict the allowed
values for A3 in the range A3 < —8 MM and A3 > 15 A3M [246], and the most
updated estimates predict that, at the end of the High Luminosity Phase, it will
be possible to exclude at the LHC only values in the range A3 < —0.8 AS™ and
Az > 7.7 M$M via the bbyy signatures [247, 248] or A3 < —4 ASM and A3 > 12 \$M
including also bbr7 signatures [249]. Moreover, concerning the quartic Higgs self-
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coupling A4, the abysmal smallness of the triple Higgs production cross section
(around 0.1 fb) [242] suggests that its measurement seems beyond the reach of the
LHC [250, 251].

Given these premise, one might wonder if the EFT approach is viable to study
NP effects in the Higgs self couplings. Following the approach of Ref. [252], it is
possible to parametrize such effects at the weak scale via a single parameter kj,
i.e. the rescaling of the SM trilinear coupling A\3M, so that the ¢3 interaction in
the potential is given by

G
Vs = A0 ¢} = maA3M v e MM = 7%771?{ : (IV.2)
On the other hand, working in the SMEFT framework, the modified Higgs
potential looks like [253] 254]

C
Viy =V 4+ S(6len)’, (IV.3)

meaning that it is possible to write the following relation between the two for-

malisms:
202
Ry = 1 + WCG . (IV4)

H
However, requiring that ¢; = v/ V2 is still a global minimum of the potential
constrains £y < 3 [255]. This means that the EFT framework is, presently, not
interesting from a phenomenological point of view, given the bound that can be
imposed on k), both now and in the near future.

However, given the large room for NP effects in the Higgs self-coupling sector,
trying to constrain such interactions can be a really interesting probe for the search
of BSM effects. This is the reason why, during my PhD experience, I decided to
devote some time to the study of possible new ways to put bounds on the Higgs
trilinear self-coupling. The results of such studies, summarized in Ref. [12], are
illustrated in the following chapter.
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Chapter 7

Constraining the Trilinear Higgs
Self-Coupling by Means of
Precision Electroweak
Measurements

As I have stated in the introduction of this section, constraining the Higgs self
coupling by means of direct searches, i.e. by measuring processes featuring at
least two Higgs bosons in the final state, is a quite challenging task [244]. As

o T _) HII—I X T fb T 1000 r T T T T T T ]
7 (ppM HH -+ ev) [fb] g - HIL o(pp — HH + X) [fb]
1000 + H 1 Vs =8 TeV, My = 125 GeV
100 | 28 — HH
100 F qq’ — HHqq| ) ,
qa/gg — ttHH | 10| 19 4
10 o eqd > WHHY | ]
' qq — ZHH
qq — WHH .
q— ZHH .~
1 01}
0] L L 1 1 001 L L L 1 1 1
8 25 50 75 100 5 3 10 1 3 5
Vs [TeV] Aunn/ Ain

Figure 7.1: Left: total cross section for Higgs pair production at LHC in the main
channels as a function of the center-of-mass-energy [244]. Right: sensitivity of
the total cross section for the various production channels to the trilinear Higgs
self-coupling, at a center-of-mass-energy equal to /s = 8 GeV [244].

88



shown in the left panel of Fig. the total cross section for Higgs pair production
at LHC will not be higher than a few tens of fb in the gluon-fusion channel (and
even smaller in other production mechanisms), hence questioning the observation
itself of such decay channels. However, as can be inferred looking at the right panel
of Fig. [7.1], the size of the trilinear Higgs self-coupling heavily affects such cross
sections. Therefore, setting bounds on the observation of decay channels stemming
from double Higgs production can be translated into constrains on the trilinear
Higgs self-coupling, subsequently reinterpreted in the light of the k) formalism
introduced in Eq. [(IV.2)]

Nevertheless, given the present bounds stemming from Run 1 data, this ap-
proach allowed the community to constrain y only within O(=4(15—20)) [237-H240],
as can be seen looking e.g. at Fig. Moreover, even at the end of the High
Luminosity Phase, it will be possible to exclude at the LHC only values in the
range xy < —0.8 and ky > 7.7 via the bby~y signatures [247, 248] .

Therefore, in the latest years arose the need for a complementary strategy in
order to further constrain the trilinear self-coupling. A new idea was developed
in 2013 by M. McCullough [256]. In this approach, the focus was set to elec-
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Figure 7.2: Observed and expected 95% CL upper limits on the product of cross
section and the branching fraction o(pp — HH) x B(HH — ~~bb), performed by
the CMS collaboration [239).
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troweak corrections to precise measurements of single Higgs production and decay
processes: in fact, if the channel of interest is measured with a sufficient precision,
it can be sensitive to the effects induced by the presence of an anomalous trilinear
self-coupling, introduced by loop corrections to Higgs propagatorsﬂ. This strategy,
first applied to ZH production at an ete™ collider in Ref. [256] and later on to
Higgs production and decay modes at the LHC [252H254], was capable to obtain
constrains on k) comparable with the ones stemming from direct searches.

In this chapter I will review my contribution to the field, consisting of applying
the k) formalism to the computation of the W boson mass, my,, and the effective
sine, sin? 95;’, and obtaining bounds on the anomalous self-coupling stemming by
the loop-induced effects on such electroweak precision observables [12].

7.1 )\3-dependent Contributions in m;; and sin” 0}%’

The MS formulation of the radiative corrections [257H259] prescribes that the

theoretical predictions of m,, and sin? 0:}}) are expressed in terms of the pole mass of
the particles, the M.S Weinberg angle 6y (1) and the M S electromagnetic coupling

a(p), defined at the t-Hooft mass scale u, usually chosen to be equal to m,. In
this formulation it is possible to define the radiative parameters Ary, Ad, Yi5

through the following relations (sin®fy (m,) = §2) [260]:

G, ma(my) R ) «
e TV A - -
\/5 2m%{/§2 ( + TW) ) a<mz) 1— Ad(mz)a
2
. ms, 1
P=—5 = ) (7.1)
m%c2 1-— Ym

with ¢2 = 1 — 52. It is now possible to define m,, starting from the definition of
myz, o and G, via the following relation,

1/2

52 4 A2
m2 =02 g [1 N , (7.2)

2 mep

where A = (7a(m;)/(v/2G,,))"/?, while the effective sine is similarly related to >
via the relations

sin? 01 = ky(m%)3%,  ke(m2) =1+ 0ko(m?), (7.3)

I Tt is worth to note that this approach builds on the assumption that NP couples to the
SM via the Higgs potential in such a way that only the Higgs self-coupling is sizably affected,
while the remaining couplings to the other fields of the SM (and in particular to the top quark
and vector bosons) are either still given by the SM prescriptions or, equivalently, affected in a
negligible way in the loop effects one is considering.
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where k;(¢?) is an electroweak form facto (see Ref. [261]) and

1/2

1 4 A2
§2:§ 1— [1— _(1+ Afy) (7.4)

Our modified Higgs potential induces modifications to the radiative parameters
Ay and Y75 at the two-loop level, while Ad and Sky(m2) are going to be affected
only at three loops. Given that the present knowledge of m,, and sin® Hieﬂ? in the
SM includes the complete two-loop corrections, while the three-loops corrections
are not fully known yet, we are going to discuss only the effects induced by the
anomalous trilinear self-coupling in Ay, and Y3;5. The two-loop contribution to
these observables can be expressed as [260]

AP = w - L 7.5
TW mgv mgv + ( )
A(2) 2 A(Q) 2
Y2 =R W;W nglz) (7.6)
w zZ

where Ay (Azz) is the term proportional to the metric tensor in the W (Z)
self energy with the superscript indicating the loop order, and the dots represent
additional two-loop contributions that are not sensitive to a modification of the
scalar potential.

For the reader convenience, it is possible to translate the additional contribu-
tions induced in Af“(f,) and YJ\% to the ones one would obtain for the On-Shell
(OS) scheme [262] radiative parameters Ar and r.(m?2). The former, entering the
interdependence between m,, and m,, can be written as

2
@) _ A2 _ 12
Ar'Y = Ay SQYM_S’ (7.7)

where ¢? = m?2,/m?%, s> =1 — 2, while for the latter, relating the effective sine to

. . 1 .
s* in the OS scheme via sin® 6% = k.(m?%)s?, one can write

<y 7.8
Employing the x) formalism described at the beginning of this Part in Eq.|(IV.2)|
it is now possible to compute the NP contributions to the self energies present in

2In our M S formulation the top contribution is not decoupled. Then kis very close to 1 and
sin? 0P can be safely identified with §2 [261].
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Figure 7.3: Unitary gauge two-loop Az-and-A4-dependent diagrams in the W self-
energy. The grey blob represent the insertion of the modified diagrams in the
one-loop Higgs self energy, shown in the second row, or in the mass counterterm.
The black point represents either an anomalous A3 or A4.

Egs. - due to the anomalous self-coupling. In order to correctly iden-
tity the effects related to the ¢? interaction we followed Ref. [252] and worked
in the unitary gauge. I'll now discuss the procedure we used to compute the W
self energy, which can be also applied for the Z self energy, following the same
guidelines.

In Fig. we report the W self energy two-loop diagrams that are affected
by a modification of the Higgs self-couplings. The grey blob in diagrams )
and ) represents the insertion of the NP terms present in the one-loop Higgs
self energy, stemming from the unitary gauge diagrams in fig. |[7.3¢), or in the
correspondent one-loop Higgs mass counterterm. The analytical computation pro-
ceeded as follows: first, the amplitudes of the diagrams in fig. were generated
using the Mathematica package FEYNARTS [56]; subsequently, the obtained ten-
sorial integrals were reduced to scalar Master Integrals using both private codes
and the packages FeynCalc [263, 264] and Tarcer [265], in order to cross-check
our results. After the reduction to scalar integrals we were left with two kind
of contributions to evaluate: two-loop vacuum integrals and two-loop self-energy
diagrams with external momenta different from zero. The former integrals were
evaluated analytically using the results of Ref. [260], while the latter ones were
further reduced to the set of loop-integral basis functions introduced in Ref. [267]
and then numerically evaluated by means of the C program TSIL [268]. Our Higgs
mass counterterm was fixed expressing our results in terms of the OS Higgs mass.

Before closing this section, a few remarks may be useful to the reader:

- since the observables of interest involve only differences of self energies, (see
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Egs. (7.5)-(7.6)), the contribution given by the diagram|(7.3(l) always vanishes

in such differences;

- contributions proportional to the quartic Higgs self-couplings (on which we
did not make any assumption) arise once the diagram 2) is inserted in
diagrams [7.3p) and [7.3{). However, this contribution is exactly cancelled
by the corresponding Higgs mass counterterm diagram, in such a way that
the final result does not depend on A4. It is important to stress that this
is a general finding, not dependent on the particular scheme used to define
the Higgs mass. Using a different Higgs mass definition, like, e.g., the M S
Higgs mass mpy, an explicit Ay dependence will appear in the expression for
the W self-energy. However, an analogous dependance on A4 will appear in
my as well (when the latter is extracted from a physical quantity like the
OS mass), resulting in a global cancellation of such dependences;

- further contributions, proportional to interaction between more than 4 ¢,
fields (e.g. quintic, sextic, etc. interactions), may arise from our modified
potential. However, none of these interactions is going to contribute to the
W self energy at the two-loop leve]E|. Hence, the new contributions induced
by our BSM scalar potential at the two-loop level are indeed only functions
of R).

Analogously to what was obtained in the case of single Higgs processes [252],
the anomalous contributions can be divided into two parts for both observables:
a first one, linearly proportional to x, and given by diagrams ), ); and a
second one, quadratically dependent on k), due to the insertion of diagrams|7.3g;)
and of its corresponding Higgs mass counterterm in diagram [7.3@).

7.2 Analytic Expressions

Here I report the analytic expressions for the additional contributions induced in
Af‘(f,) and Y% by an anomalous A3. In the formulae below

Cw = r In(z) = log (g) , (7.9)

2 Y
mW

with p the 't-Hooft mass scale. We find for the x) contributions

~

2
ARE™) = ( . ) { [6—14<W (—12C2 449G, + 18) + G 2w~ Tow + 6o )

47 s? 16 (Cw — 1)

3 A quintic self interaction does give rise to a two-loop tadpole; however, tadpole contributions

cancel in Egs. (7.57.6).
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where we have defined the functions f;, f5 as

and

fi(C=m2/m?) = 1 [ — (6¢* = 11¢ — 15) ¢ + 4(2¢ — 3)¢In (m?) + (¢ — 4)¢*In (m?)

2

32

2

9 <1o<2 (¢ = )¢ (m?) )m (m2) + 3¢ (m2)
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In Eqs. (710)-(713)

6 (x) =4/ = — Tm(Lip (V) (7.14)

and, following Refs. [267, 268], we define the d-dimensional functions

1 L—
By(s,x,y) = lir% [B(s, z,y) — —} = —/ dtln[tr + (1 —t)y —t(1 —t)s], (7.15)
€E— € 0
L rtyt+z s-r-y—z Al)+Aly) +A(z)
Sals. ) = i S0, ,2) + TS L BT 6 ,
(7.16)
0
TO(Saxaya Z) = —%So(s,x,y,Z), (717)
1 1 B
Uo(s,x,y,z,u) = lim |U(s,x,y,2z,u) + — — — — M , (7.18)
e—0 2¢ 2 2€ €
Moy(s,z,y,z,u,v) = lir% [M(s,x,y, z,u,v)], (7.19)
e—
with d =4 — 2¢ and
27 1) %€ d%k
Al) = —i' 7”;) / L (7.20)
S
2 2e d
B(s.z.y) = —i 7”;) / ity (7.21)
T

)/ [ smT .
) e ey "
)/ (g_x)(kg_y)zk?f k) CEICE)

(7.24)

where we introduced the notation
ks=Fk —p, ki=ko—p, ks=Fk —ks, (7-25)

with p? = s.
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7.3 Resulting Bounds on the Trilinear Higgs Self-
Coupling

Given the results obtained in the previous section and summarized in Eqs. (7.10])-
(7.11)), it is now possible to investigate their effect on the SM predictions for my,

and sin? 9}32’ via Egs. —.

Denoting as O either my, or sin? 93;? one can write
O =0M[1+ (ky—1)Cy1 + (K3 — 1)Cs] , (7.26)

with the values of the coefficients C; and Cy reported in Tab. [7.1 The validity
of such equation is due to the fact that the computation has been carried out
at the two-loop level. This implies that, at this order, only finite contributions
stemming from an anomalous trilinear Higgs coupling will affect the precision ob-
servables (check Tab. or Egs. (7.10)-(7.11)); moreover, these contributions are
not sensitive to the NP scale A associated with the modification of the potential.
This behavior is analogous to what happens when new contributions induced by
an anomalous A3 coupling are considered in single Higgs processes at NLO [252].
In a similar fashion compared to NNLO effects in single Higgs processes, once
tree- or more-loops diagrams are included in the computation, the modified po-
tential is going to induce contributions not only proportional to the trilinear Higgs
self-interactions, but also to the quartic, quintic etc. ones; moreover, these contri-
butions will be also sensitive to the NP scale.

Before starting to analyse the bounds that can be obtained on x, a further clar-
ification regarding our approach is necessary: throughout our study, we assumed
the validity of the perturbative approach. Therefore, we assume that any high-
order contribution should be subdominant with respect to the ones we considered
in this analysis: hence, we expect that these higher-order contributions should not
contain any large amplifying factor related to the scale A, which can be in turn in-
terpreted as the requirement that A cannot be too far from the Electroweak scale.
An estimate of this scale can be obtained by looking when perturbative unitarity
is lost in processes like e.g. the annihilation of longitudinal vector bosons into n
Higgs bosons, VoV, — n¢; [269]. A preliminary study on this subject indicates
that A ~ 1 —3 TeV [270].

c, | Cy |
My 6.27 x 1070 | —1.72x 107°
sin? 0% | —1.56 x 1075 |  4.55 x 107°

Table 7.1: Values of the coefficients C and Cs.
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Moreover, following the same reasoning as the one at the end of Sec. [7.1] it is
correct to assume that at the three-loop level the precision observables will obtain
anomalous contributions up to order x3: hence, in order to not spoil the perturba-
tive approach, a restricted range of k) should also be imposed. Following Ref. [252]
we therefore considered |k)| < 20 as a range of validity of our perturbative ap-
proach. However, it is worth to notice that the subsequent study of [271], based
both on the partial-wave unitarity of the hh — hh scattering and on the loop
corrections to tree-level vertices, restricted the above range to |x)| < 6.

We are now ready to study the bounds set on k) from the analysis of precision
observables. In order to accomplish such task, we performed the following sim-
plified fit: the best value for k) has been defined as the one that minimizes the
x%(ky) function defined as

RCNEDY (Ocxp (g)QO ine) : (7.27)

where Oey, refers to the experimental measurement of the observable O, Oy, is
its theoretical value obtained from Eq. and ¢ is the total uncertainty, set
to be equal to the sum in quadrature of the experimental and theory errors. The
goodness of our fit was ascertained by also computing the p-value as a function of
K-

p-value(ky) =1 — Fx?n (xX*(ky)), (7.28)

)

where FX? >()(2(/@\)) is the cumulative distribution function for a y? distribution

with n degrees of freedom, computed at x?(ky).

This procedure is analogous to the one employed by my collaborators in their
previous study on signal strength parameter for single Higgs production [252]. In
that analysis, the most promising set of observables consisted of the signal strength
parameters in gluon fusion (ggF') and vector boson fusion (VBF): indicated as the
Py set in Ref. [252], it was shown that it was the scenario providing the most
stringent bound on k). Therefore, we decided to include these observables in
our fits as well, studying a total of three different scenarios, differentiated by the
considered set of data:

e The P, set in Ref. [252], using the experimental results presented in Tab. 8
of Ref. [233].

e The W mass and the effective sine. For the W mass we decided to use the
latest result by the ATLAS collaboration m,, = 80.370 £ 0.019 GeV [272].
This number, albeit showing a slightly larger uncertainty with respect to the
world average my, = 80.385 £ 0.015 GeV [273], was chosen because closer to
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Figure 7.4: Left: x? for two different sets of observables (electroweak precision
observables, in purple, and signal strength parameter for single Higgs production,
in red) and their combination (in black); the two horizontal dashed lines represent
Ax? =1 and Ax? = 3.84. Right: corresponding p-value, following the same colour
scheme; the horizontal line is p = 0.05.

the SM prediction my, = 80.357 £ 0.009 + 0.003, with the errors referring
to the parametric and the theoretical uncertainties [260]. Regarding the
effective sine, we use the average of the CDF [274] and DO [275] combinations
sin? 6P = 0.23185 + 0.00035 [273], to compare to the SM result sin? 6P =
0.23145 + 0.00012 4+ 0.00005, where again the errors refer to parametric and
theoretical uncertainties respectively [260], 270].

e The combination of these two sets of data.

The x? (k) for the three scenarios are reported in the left panel of Fig.|7.4] while
the p-value functions are shown in the right one. In particular, in the third scenario
(i.e. the combination of electroweak precision observables and signal strength
parameter for single Higgs production) we found the following bounds:

K5SU =05, kY =[-4.7,89], K3 = [-8.2,13.7], (7.29)
where the x§*' is the best value and k1%, k3% are respectively the 1o and 20
intervals, identified assuming a x? distribution. It is interesting to compare the
results obtained in Eq. (7.29) with the corresponding ones for the P, set of [252],
where no precision observables was included. Recalling that such results where

KT = —0.24, k) =[-5.6,11.2], Ky = [—9.4,17.0], (7.30)

it is straightforward to observe that the inclusion of the precision observables
reduces the allowed range for k), resulting in a better constrain on the Higgs
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trilinear self-coupling. Similarly, looking at the solid black line in the right panel
of Fig. we can now exclude at more than 20 models with s, in the regions
Ky < —13.3 and k), > 20.0.

These results are already comparable in size with the ones obtained by direct
search, showing the utility of this alternative approach as a further way to constrain
the Higgs trilinear self-coupling. Therefore, when more accurate measurements
will be available in the future, the combination on m,, and sin? 0‘13%? with single
Higgs processes could be very powerful in constraining the allowed region for sy,
in particular the region of positive k).

7.4 On the Equivalence with a (®'®)"” Theory

The closing section of this chapter is devoted to showing that the results presented
in Sec. and obtained in the unitary gauge, with no specific assumption on the
BSM scalar potential (and, in particular, no EFT assumption either), can be
obtained starting from the SM Lagrangian, with a scalar potential of the form

al 1 V2¢*
P _ T n _
_;@n(@ o), d = \/i(v+¢1+z¢2>‘ (7.31)

The series can be either finite or infinite, with the requirement that in the latter
case we assume it to be convergent. This is the only constraint we require from
the ¢y, coefficients: hence, an EFT scaling, i.e. c,12 ~ c2,/A?, is not required.
Eq. can be used also to describe the SM, setting N = 2 and defining ¢, =
—m? and ¢4 = A\, where —m? is the Higgs mass term in the SM Lagrangian in the
unbroken phase.

Defining ¢q, = ¢~ + %qﬁ% the n-th term in the series can be written as

worSEE OO () (@) o

with
(Z) (D Gl) " (n—k)\(k —n;)!(j —hyhl (7.33)

It is therefore possible to identify the contribution from the potential to any Higgs
self-interaction by means of the triplet {k, j, h}. For example, the minimum of the
potential can be obtained looking at the triplet {n, 1,1}, which is the one that
identifies the term of the potential linear in ¢;:

—UZan ( )n_lzo. (7.34)

¢$1=0 n=1

dVNP
d o
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Following the same reasoning, the Higgs mass is given by the two triplets {n, 1,0}
and {n,2,2}, since these are the triplets that identify the term of the potential
quadratic in ¢;. However the first triplet yields a vanishing term, since it is
proportional to the minimum condition from Eq. , so that only the second
triplet contributes to the definition

N 2\ n—2
m? = v? Z conn(n—1) (%) : (7.35)
n=1

Starting from this general potential, it is possible to write down the potential V¥
up to quartic interactions as

2 1 2 1
VT =22 [¢+¢-<¢+¢- +93) + Zfb%] + (;%H + dh) 291

m%, 2 N m?{ 3
+ (2—1}2 + 3d>\3) ¢1 [¢+¢ + §¢2} + <% + Ud)\g) ¢1

m?2 1

+ T8 o (65 +26767) + gm0} (7.36)

where the following relations are implied:

s — % néc% n(n—1)(n —2) (%2)2 | (7.37)
dhs = ; nZ]:;ch n2(n — 1)(n — 2) (%Q)H | (7.38)

One remarkable feature of Eq. is that only few couplings are modified with
respect to their SM values. In particular, concerning the unphysical scalars, the
only modified coupling is the one relative to the ¢o, ¢? interaction, with a defor-
mation that is related to the deformation of As.

We have now all the necessary ingredients to show that the result for the two-
loop W self energy obtained in Sec. [7.1], assuming an anomalous A3 and working
in the unitary gauge, is equal to the one that can be obtained using V¥ (and
analogously for the Z self-energy). In order to do so, we have to analyze the
two-loop diagrams that are modified with respect to their SM result working in
a generic R gauge. Therefore, besides computing the diagrams in Fig. in an
R¢ gauge, new diagrams will have to be taken into account. First, one should also
consider the diagrams containing unphysical scalars: such diagrams are shown in
Fig. where the grey blob represents the insertion of the relevant one-loop self
energy or the corresponding mass counterterm. Moreover, new diagrams (involving
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again unphysical scalars) will be included in the various self energies as well: such
diagrams (along with the tadpole one), affected by the modification with respect
to their SM result due to the new scalar potential V¥ are shown in Fig. [7.6]

Similarly to what was observed for diagram [7.3p,), the cactus diagrams [7.6j)
are cancelled against the corresponding Higgs counterterms once inserted in di-

agrams [7.3@), [7.3d) or [7.5p). Furthermore, both the sum of diagrams [7.3k) and

7.5)) and the sum of diagrams [7.3p), ), [7-5b), and [7.5F) are gauge invariant:
hence, going from the unitary gauge to a generic R, gauge and adding the dia-

grams [7.5) ) and [7.6z) does not add further, gauge-dependent terms to the
result. Therefore, in order to complete our equivalence proof, we have to show
that the additional contributions with respect to the SM results in the diagrams
7.5() ) and in the corresponding counterterm diagrams must vanish.
Diagram [7.5d) is automatically zero, while all the remaining diagrams display
an insertion of a self energy of an unphysical scalar, or of the correspondent coun-
terterm. According to Eq. , diagrams 1) and 1) are the only modified
contributions in the one-loop self energies of the unphysical scalars. The countert-
erm associated to the renormalization of the mass of an unphysical scalar contains
two terms: the first one is related to the mass of the corresponding vector bo-
son, while the second one is related to the renormalization of the vacuum. The
former is not affected by our modified scalar potential, while the latter, when v
is identified with the minimum of the radiatively corrected potential, is given by
the tadpole contribution [277]. Therefore, the only modified contribution in the

P g P D1 N o1 e D1 ) o1
W/ " w W w w0 wow T T T W
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" ) o) (I ' AN L
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. o ?2 @ . 9
WS W ) wow :

O+ @ P+ o+
, W ww o ’
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e) 9) h)
Figure 7.5: Two-loop diagrams in the W self-energy, involving unphysical scalars
where modified couplings (black points) from Vﬁp appear. The grey blob rep-
resents the insertion of the modified diagrams in the one-loop self energy (see
fig. , or in the mass counterterm.
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Figure 7.6: One-loop self energy and tadpole diagrams that contain modified cou-
plings with respect to the SM.

mass renormalization of the unphysical scalars is given by the tadpole diagram
1). Observing now Eq. , it is easy to notice that the modification to the
vertices[7.6f;) and[7.6fd;) are related by a factor 3/v to the one of the vertex [7.6p: ).
Remarkably, when the Feynman rule for the latter vertex is computed, a factor of
3 is generated due to combinatorics. Therefore, one obtains that diagrams [7.5d)—
mh) are equal if one inserts either a self-energy or a counterterm: hence, once the
differences of the two are taken into account, the total contribution vanishes.

This concludes our equivalence proof: a theory with a scalar potential given by
Eq. modifies the two-loop W self energy in a gauge-invariant way. Therefore,
directly computing such modification in the unitary gauge does not introduce
gauge-dependent terms: the results obtained in the two methods are equivalent,
once the identification k) = 1+ 2v?/m? d)\3 is made.
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Conclusions

The Standard Model has been providing an excellent description of all available
data in particle physics for a few decades. Yet, we have several reasons to believe
that it is only a low energy effective theory valid up to the TeV scale, with Beyond
Standard Model physics still hidden at higher scales. However, the amazing efforts
put in the LHC still have to succeed in the production of BSM particles, and hence
we have no particular clue on what the UV completion of the SM could look like.
In such a context, the SMEFT framework can be particularly useful, given its
peculiar feature to describe BSM effects in a model-independent way. The BSM
fields can in fact be integrated out of the theory in such a way that, at the EWSB
scale, their effects appear in the couplings of the SMEFT. Performing global fits of
experimental data in this framework allows to bound such couplings; subsequently,
these bounds can be reinterpreted as bounds on the NP scale and masses once the
SMEFT is mapped on the desired UV completion of the theory. Given this context,
my PhD thesis was carried out employing the SMEFT framework.

As a first step in my PhD program, I recomputed several of the entries of the
SMEFT AD from Refs. [4-7], namely all those stemming from 1PI diagrams. This
computation was performed since a systematic cross-check of such computation
was lacking in the literature, and it involved only the 1PI diagrams because a
complete check of the AD would have been lengthy, and beyond the scope of this
thesis. All the obtained results were found in perfect agreement with the ones
from Refs. [4H7].

Subsequently, I devoted most of my time to flavour Physics. The recent years of
experimental results in B physics have been indeed characterized by the emergence
of a striking pattern of anomalies, observed in multiple independent studies of
some rare b — s transitions [I125]. The main characters of such a pattern are the
angular observables of the B — K*u*p~ decay [74, 78,80, 82, 126], the Branching
Fractions of the B — ¢utp~ [(7] and B — Kptp~ [75, B1] decays, and the
Branching Fraction ratios Rx [76] and Rg~ [83]. As I have argued in Refs. [S8HI0],
the “pollution” induced by a non-perfect knowledge of the hadronic contribution
in the angular observables produces an entanglement between these contributions
and NP effects (usually advocated in the muonic vector current), in such a way
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that it is not possible to ascertain the presence of BSM physics looking at the
angular observables only. However, the emergence of LUV in Branching Fraction
ratios points toward an ineluctable requirement for NP effects in b — s transitions,
if these anomalies are indeed to stay in future measurements. Nevertheless, as
I have illustrated in Ref. [I1], a careful treatment of the hadronic contribution
could yield to a parallel, equally viable NP scenario involving BSM effects in the
electronic axial current. Moreover, I have reinterpreted all my findings in the
SMEFT framework, being able to put bounds on several NP WCs by means of a
Bayesian global fit. Hopefully, Run 2 results from LHCb will help to shed some
light on the NP shape, but most likely we will have to wait until the first results
from Belle II to clarify the experimental situation.

Last but not least, I have spent some time working on the study of the trilinear
Higgs self-coupling as well. Given the large room for NP effects in this coupling,
compatible with the present status of the experimental constraints, the SMEFT
framework is, presently, not interesting from a phenomenological point of view.
Nevertheless, trying to constrain such interactions can be a really interesting probe
for the search of BSM effects: hence, I decided to devote some time to the study
of possible new ways to put bounds on the Higgs trilinear self-coupling. The
results of such studies, summarized in Ref. [12], are obtained employing the k),
formalism [256] to electroweak precision observables, namely the W boson mass
and the effective sine. Indeed, we were able to obtain bounds on the anomalous
self-coupling stemming by the loop-induced effects on such electroweak precision
observables; such bounds turned out to be comparable with the ones obtained
from direct searches, therefore proving that this can be a complementary tool in
a combined effort to constrain the last SM coupling allowing for large NP effects.
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