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Abstract

During the years several tensions were found between expegntal results and Standard
Model (SM) predictions, in particular in the avour sector. Individually, these anomalies
are not large enough to disproof SM but all together they areetling us that a theory
beyond it is required. In particular, measurements of sereptonic B decays are pointing
out a violation of the lepton avour universality (LFU) of the SM, an accidental symmetry
broken only by the Yukawa interactions. Furthermore, two dierent determinations of the
Cabibbo{Kobayashi{Maskawa (CKM) matrix elementsjV,,j and jV.,j from exclusive and
inclusive B decays are in tension between them. These issues relatedBtalecays indicate
that these processes are an interesting subject to investtg for the presence of new physics
(NP) that can explain one or all of the anomalies.

The tool for such investigations is the E ective Field Theorywhich can avoid the knowl-
edge of the exact extension of the Standard Model. In the thieswve use such an approach
to assess the role of general constraints provided by the caflation of gauge anomalies,
in the case the extension is an abeliad (1)° We also investigate the constraints provided
on the coe cients of generalized semileptonic Hamiltonian sing measured quantities such
as a set of angular distribution functions. E orts are devogd to investigate the role ofB.
in the search of new physics e ects, and how quantities as thHedronic form factors can
be treated using general properties of QCD. The studies argtended to the semileptonic
and nonleptonicB. decays to positive parity hidden charm mesons, showing thptedictions
can be obtained allowing, among other consequences, to assihe structure of a debated
state, as 1(3872). Finally, an excursion on the hadron spectroscopy ispresented by the
characterization of the Dalitz decays of positive parity msons with open charm.



Introduction

The search for understanding the fundamental laws of natureas brought us to the con-
struction of the Standard Model (SM) of particles physics. Bsed on the gauge symmetry
SUB)c SU(2). UQ)y in a quantum eld theory framework, the model describes the
of the four fundamental interactions governing the dynamg of the basic constituents of
matter.

At the start of the '900, the fundamental concepts of quantummechanics and special
relativity were developed. The e orts to unify these two sucessful theories produced, in the
second half of the 20th century, what we know as the SM, a relaistic quantum eld theory
that describes the electroweak and the strong force, togethwith a mechanism to explain
the masses of the fundamental constituents. From its birtithe model has been successfully
tested through the years by more and more precise experiment$ successfully predicted
the existence of thec quark, con rmed in 1974, and the existence of the weak chajand
neutral currents mediated by thew and Z° bosons, discovered in 1983, as well as the
existence of thet quark, conrmed in 1995. The discovery of the Higgs scalar, 2012,
has completed the detection of the particles predicted by ¢hSM. The SM has been tested
with an unprecedented precision. The most noticeable exategs the agreement of the SM
prediction for the electron magnetic dipole moment with thexperimental measurement: an
agreement of 1 part per 100 billion.

In spite of these successes, SM cannot be the ultimate theafynature. Several unsolved
guestions remain. First, a complete theory of nature shouldedcribe also gravity, which is
not incorporated in the SM. Moreover, several astronomicabservations can be explained
only if more matter than the observed one exists. This matteis called Dark Matter (DM).

If DM, as ordinary matter, has a particle explanation, it hasto be weakly interacting and
potentially massive, but no SM candidate can explain it. Andter issue is the origin for
the neutrinos masses. We know since 2004 from KamLAND collalation [1] that neutrino
avours oscillate, implying that their mass is di erent from zero. SM does not account
for massive neutrinos. Another unsolved problem is relatee tCP asymmetry. A matter-
dominated universe, as our universe, is possible if an unbhate between matter and anti-
matter is present. Therefore, SM should have the right amotmf CP violation to explain
this property. However, in the SM CP violation originates on} in the quark sector from
the complex phase of the Cabibbo-Kobayashi-Maskawa (CKM) atrix, and it is too small
to explain this feature of nature. The conclusion is that otar sources of CP violation must
exist in nature.

Another issue concerns the stability of the scalar Higgs masgaanst radiative corrections,
which grows quadratically with the cut-o without a protection mechanism at the energy
scale of the order of few TeV. Furthermore, it is desirable fdhe ultimate theory which
the SM aspired to be, to explain the number of generations arile origin of the hierarchy
among the fermion masses.

There are also experimental evidences that disagree with Sivedictions, even though at
a statistical level not enough to declare a failure of the tloey. Many of these discrepancies,
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usually referred to as anomalies, emerged in the avour sect suggesting an improvement
in precision from both experiments and theory. In the heavyavour sector, anomalies have
been detected irB decays induced by the the charged currefit! ¢ transitions, comparing
the = e; modes with the” = mode, the so-calledR(D()) anomalies. These deviations,
if con rmed, suggest the presence of new physics (NP) phenamagthat violate lepton avour
universality (LFU). LFU is an accidental symmetry of the SM Lagangian, broken only by
the fermion mass terms, where each fermion generation bebsvdentically when coupled
with the mediators of the interactions. Furthermore, tensios are found between inclusive
and exclusive determinations of th¢V,yj andjV.,j CKM matrix elements. All these anomalies
have to be analysed and in particular the uncertainties, bbtexperimental and theoretical,
have to be reduced to con rm the presence of NP phenomena at \Wwor

The above issues hint towards the possibility that SM is notte ultimate theory of nature,
but it is an e ective theory valid to some high energy scale,l@ve which NP is required for
a complete description. Following these ideas, in this thisswe examine the possibility to
analyse new processes and observables that can help to itigese possible deviations with
respect to the SM.

The thesis is structured as follows.

In Chapter 1 SM is reviewed, and the discrepancies emerging in the avowector
between experimental data and theoretical predictions amiscussed.

In Chapter 2 the main tools to approach SM anomalies from a bottom up appach
are presented. The key points of e ective eld theory (EFT) ae underlined, together with
the main two EFT used in this thesis, the heavy quark e ective heory (HQET) and the
Standard Model e ective eld theory (SMEFT).

Chapter 3 is focused on constraining SMEFT coe cients generated by the matching
procedure with an extension of the gauge group of the SM td (1) group. Helpful relations
between the coe cients can be established taking into accoti the anomaly cancellation
conditions due to the presence of theq1) new symmetry.

In Chapter 4 itis discussed how to probe NP using recent results on the adguanalysis
of B! D (D ) . NP parameters entering in the generalized e ective Hamiltaan are
constrained. Several observables are then constructed tet gnformation on the kind of NP
that could participate in the process.

In Chapter 5 the exclusive semileptoni.! J= ( .)° modes are analysed. In par-
ticular, the form factors relevant for these processes argatuated in a % expansion up to

O(1=mg) and at leading order in 5. Relations between the several form factors are then
presented, obtained using lattice QCD results as inputs.

Chapter 6 presents an application in the same framework to thB. !  .j(h;)” decay
and their radial excitations. The form factors are evaluat up to O(1=mg) and at leading
order in ¢ in terms of universal functions, allowing us to relate di eent channels. The
analysis for the 2 case permits a comparison with the measurement Bf; transition to

«1(3872), allowing for a new tool for getting information on tle nature of the still debated
X (3872) state.

In Chapter 7 the results of the previous analysis are applied to the nompionic B, decays
to (ho)M, whereM is a light pseudoscalar or vector meson. Several ratios ofabching
fractions are predicted. For the radial excitation case a dict comparison with measurement
of B, transition to (3872M can give additional hints to the nature ofX (3872).

Chapter 8 is devoted to the study of the rare charm transition irB, decays, in particular
the ¢! u transition. It is suppressed at tree level and therefore caget a signi cant
enhancement from NP contributions. However, in the examinedases of decays t® and
BY, long-distance contributions dominate over NP, with an addional hadronic suppression
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of the NP contribution observed in the latter channel.

In Chapter 9 the D!, states are examined. The Dalitz decays of these states are
analysed. Heavy quark spin symmetry allow us to organize thevolved mesons in spin
doublets and derive useful relations between observabledle show how the experimental
agreement of the presented observables is a con rmation difet classi cation of these states.

Then we conclude.



Chapter 1
The Standard Model

The Standard Model is a quantum eld theory based on the gauggroup

Gm = SUR)c SU@)L  U()y: (1.1)

It describes three of the four fundamental interactions, ekuding gravity, between the funda-
mental constituents of matter. Therefore, it combines thetsong, weak, and electromagnetic
interactions, the latter two being uni ed into the electroweak interaction, as demonstrated
by the founders of the theory: Glashow?], Weinberg B], and Salam {]. The fundamental
constituents of matter are spin% fermion elds, classi ed into three generations of quarks
and leptons. From the requirement of local invariance of ththeory under Gsy, the weak,
electromagnetic and strong interactions are mediated by ragless vector gauge bosons. The
framework is equipped with a mechanism, the Brout-Engletttiggs (BEH) mechanism }{ 9],
based on the spontaneous breaking of tf®U(2). U(1)y symmetry, that requires a scalar
eld, the Higgs eld. The mechanism allows us to give mass to & fermions except the
neutrinos (which in SM are assumed to be left-handed) and tditee gauge bosons (the/
and the Z9).

The three generations of fermions di er for their masses anfr their interaction with
the Higgs eld, the Yukawa interaction terms in the SM Lagrangan. Hence, SM presents an
accidental symmetry broken only by the Yukawa terms, meangthat the interactions with
the gauge bosons are the same for corresponding fermionsachegeneration. A violation
of this symmetry would be an evidence of physics beyond thea®tlard Model.

1.1 The Standard Model Lagrangian

It is possible to divide the SM in di erent sectors, each oneocresponding to a di erent term
in the Lagrangian density:

_ auge Higgs Yuk: .
Lsm = LT+ Law + Ly (1.2)
We now describe each one of these sectors.

1.1.1 Gauge sector

The interactions of gauge vector bosons and fermions are désed in the gauge sector. The
local symmetry Gsy, in (1.1) implies 8 gauge elds fromSU(3)c, the gluons, denoted as

1



1.1. The Standard Model Lagrangian 2

one gauge eld fromU(1)y, denoted asB . These are the mediators of the strong and the
electroweek (EW) forces.

The matter constituents are quarks and leptons in three geraions. Quarks transform
as triplets of SU(3)c, leptons do not feel strong interaction and therefore are lav singlets.
Right-handed and left-handed components of the matter elsl transform di erently under
SU(2),_, left components are doublets, right components are sintge We can organize the
fermions as

Q. B2y Uy Bilv; Dk Bl LI L2y Er (Lly: (1.3)

QL, Ur, DR stand for the left-handed quark doublet and the up and down ght-handed
components, respectively.L , Er are left-handed lepton doublet and the charged lepton
right-handed components. Neutrinoes are only left-handech ithe SM. The numbers in
brackets stand for theSU(3)c and SU(2)_ representations, respectivelyy is the U(1)y
charge.j is a generations indexj = f1;2; 3g.

Having introduced the elds in this sector, we express the Lagngian densityL 23,°° as

X

L@""‘““]’ezx3 i > }GA G" }W' w! }B B ; (1.4)
sM _ _ 4 4 ’ '

4

B are the elds strength tensors

G*" = @G" @G* gf""C G°GS; (1.5)
w' = @ew' ew' g""w wK; (1.6)
B =@B @B: (1.7)

fABC and 'JK are the structure constants o5U(3)c and SU(2), . The covariant derivative
D acts on a generic fermion eld as

D = @+igsG A +igw'T'+ig’B ¢ (1.8)

(A, ! and ¥ are the generators 08U(3)c, SU(2). and U(1)y in the fundamental repre-
sentation respectively:

A |
A . | .
0!7,f!7and oY (1.9)
where # are the Gell-Mann matrices, ' the Pauli matrices andY is the weak hypercharge
associated toU(1)y symmetry. When applied to singlets under their group they g 0. g,
g and g°are gauge couplings, they quantify the strength of the intaction between fermions
and gauge bosons, as well as the gauge boson self interastifun G* and W'.

Although G* are physical gluon elds, the gauge boson&' and B do not correspond
to the physical mediators of the weak and electromagneticrie, which instead are a combi-
nation of them. To understand the mixing, let us consider th&W interactions of leptons.
The lepton elds are collected as
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Ll = LJ : Ek = rj; (1.10)

and the interaction Lagrangian takes the form
1

, . 1 . .
Lllle\lgr = ég Lj (Wt iw?) Lj Eg Lj (Wh+iw?) Lj

1 1. .
5L (W3 +2¢°B V) 4 5L 2¢°B Y. gW¥ ' (1.11)

°Ye 'rj B grj:
The rst line describes the transitions between leptons ofigkrent charges, the charged-
current interaction mediated by charged bosons to ensureeetric charge conservation. All
the other terms are transitions between leptons of the saméarge, mediated by neutral
bosons. The physical gauge bosons mediating charged cutiiateraction are a combinations

of W! and W?2: denoting as the physical gauge bosow* and W , we obtain them by
rotating

W* _ cos sin Wt  cosW?! isinwW? (1.12)
W  sin cos iW2 = sin Wl+icosW?2 '
From the requirementW! iW?=c¢ W we getjc j= P 2, and therefore
Wl iw?
W = —pé—: (1.13)

Analogously, the neutral current are mediated by combinatits of W3 and B . We de ne
new neutral bosonZ® and A as

Z°  cos™ sinT W32 _ cosW?3 sinB (1.14)

A sin~ cos~ B sin"W 3+ cos B '
These new elds are physical gauge boson elds, in particul® corresponds to the photon.
Since neutrinos do not interact electromagnetically, thegutrino neutral currentin eq. (1.11)
is proportional only to Z° Hence,coZ° = 3 gW3+2¢°Y. B , and using eq. (.14) we
obtain

2 02 v 2
g= 949 +44g M (1.15)
70 W2V B (1.16)
Comparing eq. (.14) and Egs. (1.16) we get
. 290Y|_ ~ g
sin“= p Cos™= p : (1.17)

@ +4g2Y2 F gz+4g°2YL2'
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Therefore, the photon eld is
gB 29°YL W3
r.l

A = — 1.18
gz + 4 gOZ Y|_2 ( )
From Egs. (1.13),(1.16) and (1.18) we obtain
Wi = W + W W = W W* WS = gnZ0 20°Y A B = 2ng°YL Z°+ gA
- 2 - 2i T @49V S @+ agRYZ
(1.19)
Eg. (1.11) assumes the form
Lk = ) W' g w1 P@Eiagey z°
INT = Ep_zg(jj)VA Ep_zgiiVA 4 @+49”Ye (j jly a
2 49%2Y, (Ye + Y, 2+4092Y (Y Y
+ g pg L ( E ; L) \j \j y ZO g pg L ( E ] L) ‘j ‘j R ZO (120)
4 g2+4902Y 4 g2+492Y
Q,\QO(YE"‘ZYL) N gngo(YE 2YL) .. _
P aaqey: v A Prraqey: | Al
2 g+ragrye 2 gP+agrYy
The notation has been used:
tspvatg> fLs 5 s 9 (1.21)
with = '5 ; ]. Since the electromagnetic term must have a vector-likerstture, we
obtain the relation between the hypercharges
Ye =2Y,: (122)
The same requirement for quarks produces the relations
Yu+ YL YQ =0; (123)
Yo Y. Yo=0: (1.24)

From (1.22) we get:

1 . . 1 . 1 P
Lir = P90y AW P50 Ty W g @AEEYL (G )y A Z°
2 12 02Y2 . 2+4 02Y2
T (N IV A S BRI & (1.25)
4 g2+4gRY2 4" P+4g2Y?
5 29d N
l"—gz+4gOZYL2 J JV

To conclude the short description of the gauge sector, it isnportant to notice that no
mass terms are present in Eql(4), neither for fermions nor for the gauge bosons. A mass
term would break the invariance of the Lagrangian unde&s)y, . It is possible to introduce
a mechanism through which gauge bosons and fermions acquirass without breaking the
gauge symmetry of the theory. This is explained in the next sgon, in which the Higgs
sector is described.
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1.1.2 Higgs sector

A generic mass term for fermions in the Lagrangian has the for

Under a generic transformationJ(x) 2 Gsy the fermion eld transform as

FU((x) ; (1.27)

where

U(X) = Uc(X)UL(x) Uy (x)= e itA 2xg it L i v(¥)

1 0ilf* Ax) it ) iY vyx) +0() : (1.28)

Uc...y are elements oSU(3)c, SU(2). and U(1)y, respectively. The expansion is done for
small , and is the product of the three angles. Since the groups arsndependent, their
generators commute and the expansion is legitimate. Conserthg to be a lepton, (1.26)
transforms as

Lmass! L Omass: m LULyUR R M RURyUL L
h i
= Lmass im ¢ T L0O+(YL Ye) v(X) & (1.29)
h i

+im g TV LOO+(YL Ye) v(X) L+0O() :

Since the transformation depends on the angless, the mass term introduced in this way
explicitly breaks Gsy . Therefore, it is important to introduce a mechanism bringig mass
to fermions and gauge bosons without explicitly breaking.itThe idea is to add a new eld
with its potential, in such a way that the interaction with the other elds produce terms
looking like Eqg. (1.26).

Let be this new eld, with interaction with a fermion eld

L; = C L R C Rr y L - (130)

From the requirement of Lorentz and gauge invariance of thierm we can determine some
properties of . From Lorentz invariance it should be a spin 0 eld, a scalarSince strong

interactions do not distinguish between left and right-haded components for the term in

EqQ.(1.30) to be invariant under SU(3)c the scalar eld must be a color singlet. From

SU(2), invariance it must be a doublet. FromU(1)y invariance, applying the same reasoning
as in Eq.(1.29), we require

Y. Y Ye=0: (1.31)

Therefore, using Eq.(.22) we get
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Y = Y (1.32)

Hence, we can represent as

= 0 (1,2)y : (1.33)

The way for the terms in Eq. (1.30) to become mass terms and not only interactions
with , is through the mechanism of spontaneous symmetry breakind his occurs when
the Lagrangian governing the dynamics of a system is invanaunder a transformation,
while the ground state is not. An example is the ferromagnetis it can be described
by the Ising modeI,Pa system of lattice spins interacting beieen neighbouring sites. Its
Hamiltonian H = ij Jij Si Sj Isinvariant under spin rotation. The ground state of the
system corresponds to all spins aligned toward the same ditien, breaking the rotational
invariance. In this con guration the system acquires a spdaneous magnetization, which
disappears increasing the temperature above a critical va, where the symmetry is restored.
The magnetization has the role of an order parameter, it vasies in the symmetric phase
and it is di erent from zero in the non-symmetric one.

When talking about SSB, we have to distinguish between globahd local transforma-
tions. In the rst case we can apply the Goldstone's theorenthe second case is described by
the Higgs mechanism. The content of the Goldstone's theoresas follows. Let us consider

(6@ = 3@ (@ W) V(W (139

where the sum over the repeated indexes is implied. Let us guse the Lagrangian to be
invariant under the global transformation of a continuous gup G de ned by n generators
T . Taking U 2 G we have

U=exp( i T): (1.35)

For in nitesimal transformation the scalar eld varies as

k= 1 (T ) 8k2fl:::;Ng (1.36)

The Lagrangian in (1.34) is invariant under the transformation of the groupGiif the potential
V ( ) is also invariant under the same group transformations,

@V . @V
V = @—k kK — I@_k (T )k| | =0: (137)

Deriving again with respect to ,, we get

@V @V

m (T )kl | + @ (T )km =0: (138)
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As for the Ising model, SSB happens if the ground state, the wam, is not symmetric
under the G group. Therefore, let us suppose that the minimum of the s@alpotential is for
=v60,where =f 1;:::; ygandv = fvy;:::;vwg. Sincev is the minimum, we have

—_— =0 8k2f1;:::;Ng: (1.39)
Therefore, from Eq.(.38) we get

@V
@k@m =v

(T ), vw=0 8m2f1;:::;Ng: (1.40)
Expanding the potential V( ) around the minimum v

B 1 @V
V()= V(v)+ 2@ @n .,

we identify in the second term the mass matrix

(k Vi)(m Vm)+ O(3); (1.41)

@V
M2, = ; 1.42
km @ k@ — ( )
Therefore, Eq.(.40) becomes
MZ, Tqv=0  8m2fl:::;Ng (1.43)

Since we are breaking the initial globalG symmetry, it means that T,,v; 6 0 for k 2

symmetry associated to a subgrou@® of G. Setting n°< n the number of generators of the
residual symmetry, we have:

T,vi=0 8k2f1l::::Ng and 8 2f1;:::;n%; (1.44)
T, Vv 60 8k2f1:::;Ng and 8 2fn%+1;:::;ng: (1.45)

Hence, from (.43) and (1.45), the mass matrix hasn n°eigenvectors with zero eigenvalue.
Therefore, Goldstone's theorem tells us that when a systenmdergoes through a SSB from
a global symmetryG ! G © there are massless bosons, the Goldstone bosons, in theothie
with number equal to the number of broken generators  n°.

The Higgs mechanism applies to gauge theories, when the brolsymmetry is local. In
this scenario, in addition to the Goldstone bosons we havecter massless bosons. Through
gauge xing, we can eliminate the massless Goldstone bospalssorbed by the vector bosons
as longitudinal components. The process does not alter thember of degrees of freedom.

In the SM the Higgs Lagrangian is

LEe®=(D )(D ) V() (1.46)
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with  the Higgs scalar eld and the potentialV( ) is

vi)y= 2 Y + V5 (1.47)

The covariant derivative applied to gives

D = @+igW' T +ig°B ¥ (1.48)

For the theory to be stable the potential should have minimaand this can be achieved if
> 0. Furthermore, to have degenerate minima as required for BSwe need 2 < 0, as in
Fig.1.1

? ||

Figure 1.1: 3D (left panel) and 2D (right panel) representation of the Higgs potential in (1.47)
with > Band 2 < 0 for the case in which is a single complex eldwith ;= <[ Jand 2= =[ ]
andj j= " 1 2

For classical elds the lowest energy state corresponds tbd constant eld minimizing
the potential. Setting

ps= (1.49)

the potential becomes

2y _ 4 (1.50)

It has a minimum for

2
= (1.51)

This sets the length of the eld but not its direction that can be chosen in theSU(2),
U(1)y space. We select
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0
0= P2 1 (1.52)

The choice of a direction in theSU(2),. U(1)y space breaks th&U(2), U(1)y symmetry.
In fact, we can check that Eq.(.45) is satis ed when the 4 generators of the symmetry are
applied to o. Furthermore, if Y = 1 the combination of @ = T3+ ¥ applied to o
satis ed Eq.(1.44), hence a residual(1)q symmetry with generatorQ remains unbroken.
This process is required to give mass to only 3 generatorsQifi(2), U(1)y, W andZz°.
ImposingY = 3 we get

1
Y. = > and Y= 1 (1.53)
from Eqgs. (1.32) and (1.22). The classical ground state de ned in EqX.52) represents,
in a rst approximation, the vacuum expectation value (VEV) of the quantum eld "(x).
Therefore, we can write

Wi, = Hoj "joi = p"—é ) (1.54)

The same conclusions as for the classical eld apply also ini$ case. Hence, the VEV is not
symmetric underSU(2).  U(1)v, but it is symmetric under a residualU(1)q with generator
@. This is the symmetry group of electromagnetic interaction The " eld is a doublet of
two complex components, therefore 4 independent terms. Aft&SB, we can employ the
unitary gauge xing to get a real eld with

(x) = 15\1—z v+(r)1(x) : (1.55)

The real h(x) eld represents the excitations around the vacuum, it destbes the physical
Higgs boson. Moreover, it is useful to introduce

“X)=i, (x) = pl—é V+g(x) : (1.56)

The mass terms of the vector bosons come from the interactiamth the eld in the
covariant derivatives

b gl O L1 gWr2gB Y g WL iW: 0
“P5 @hx) T2 g Wi+iw2  gWB+2gB Y v+ h(x)
(1.57)

Therefore, we have:

2

(O (N ()= @)+ % @ W+ W2* + gW® 2gB Y °

+ cubic and quartic terms in gauge couplings andh. (1.58)
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The second term represents the masses of the vector bosomstact, after using Egs. (.19)
we obtain

1 V2gPg® (YL +Y)?
| gauge — = 2 2W+W +
2" 9 2 (@+4g2YD)

mass

AA +

Ve (M Y 4PYLY) Lo, V(P 48PV Y )

0-0 .
2 (@ +4 0PV s@ragrvy -2 199

After employing the relation (1.32) between theY, andY hypercharges, the photon remains
massless. Therefore, we get

V2 92+4gt2y2
8

UsingY = % as in Eqg. (1.53), we obtained the mass of th&V and Z° bosons as

1
L gauge — Zv292W+W VAN (1.60)

mass

2 2 2 2 @
2 _ Vg, 2 _ V(9.
My = —— mz = 7 : (1.61)
The mass of the Higgs boson comes from the potential in Ed..47) after setting 2= v 2,

V(oo =+ b 2+ heody + 10

The rst term is the minimum of the potential, the quadratic term gives us the Higgs mass
m2 =2 v 2, the last terms represent the self interactions of the Higgseld.

: (1.62)

1.1.3 Yukawa interactions and fermion masses

As shown in the previous section, the Higgs eld is introducedotspontaneously break the

SM symmetry and provide the masses of the gauge bosons. Femimore, since we need to

introduce in the Lagrangian all possible interactions thatre invariant under Gsy, terms

like the ones in Eq.(.30) have to be considered. On the other hand, we have assigneea th

guantum numbers of the Higgs eld precisely to introduce thesterms in the Lagrangian and

give mass to fermions. Such interactions with the Higgs eldra the Yukawa interactions.
We distinguish the case of leptons and quarks,

X ,
L v ELYH v P +he; (1.63)
i5j
| Yukawa — X ULy i X DLy Y j h.c.: 1.64
quarks R 'y QL R "qq QL +n.c. ( . )

] ]

since no g are considered in SM. The matrice¥, with a= f; q,; g are the Yukawa 3 3
matrices.

Except in the particular case in which all are diagonal with dgenerate eigenvalues, the
Yukawa interactions are the only terms in the SM Lagrangiantdeaking the avour symmetry.
In fact, the SM Lagrangian is invariant underU(3) transformations in the avour space of
the fermion elds in (1.3), with the exception of the Yukawa terms.
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Let us use the possibility to rede ne the fermion elds to ob&in a canonical form for the
Yukawa matrices. Considering unitary transformationdJ;,U,,Us,V; and V, 2 U(3), under
the rede nition

L' VoL QL ! V2Q|_; Er! U Egr; Ug! U,Ugr:; Dgr! U3 Dr (165)

all terms in the SM Lagrangian remain invariant, except the ¥kawa matrices that transform
as

Yo WYV Yo ! USYq Vo, Yo ! UYYq Vol (1.66)

Focusing on the lepton Yukawa matrix, we observe thaY- Y~ is Hermitian and nonegative
and transform as

A AR RNV A ANV (1.67)
U; can be chosen in such a way that the new matrix is diagonal

0 1
Y-YY= @0 y2 0A; (1.68)

Without loosing any generality we can de ne

0 1
Ye O O
Y= @0y 0A W;; (1.69)
0 Oy

wherey- 08 2fe;; g, andW;isaU(3) matrix. Using the transformation in Eq. (1.65)
only for L, the Yukawa matrix transform asY- ! Y-V;. Hence we can choosé, = WY so
that

Y= @0y 0A: (1.70)

0 1
Yy = @0y, 0A V; (1.71)

wherey,, 08q, 2fu;c;tg, andV 2 U(3). SelectingV, = VY after a suitable transforma-
tion of Q,_, we obtain the matrix

Y, = @0y, 0A : (1.72)
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For what concernsY,,, we do not have the freedom to transfornQ,_ in such a way to
diagonalize it, since we have already set it for diagonalg Y, . Therefore, we can only
write

Yo = @0y, 0A VY, (1.73)

wherey,, 0,8q; 2fd;s;lm. We can selectU; = V so that Y, is Hermitian,

0 1
ya 0 O

Yo =V @0 ys 0A VY (1.74)
0 Oy

Hence, we have utilized all the freedom in rede ning the fermn elds to diagonalize nearly

all of the Yukawa matrices, except for the one associated Wwithe down quark which takes

the canonical form in Eq. (.74). The matrix V is called the Cabibbo-Kobayashi-Maskawa
(CKM) mixing matrix. Writing the fermion elds as

L = t,l Q = d‘E{ ;. Ek="rj; Uk=ugj; Dk=dg; (1.75)
I

and using the unitary gauge for the Higgs eld, Eqgs. 1(63) and (1.61) become

X h

Ll\g‘f}ﬁ‘;‘vg = RiIMI T 1+ v +h.c.; (1.76)
]
X h . y i h

L yuava = Uri Mgl u RV Mg vrdl 1+ , thei @77)

]

where

1
mfe;u;dg 0 0 \V;
Migag=@ 0 Mgy 0 A=@ 0 vy 0 A {9—? (1.78)
0 0 mMfipg 0 O VYribg

The elds in Egq. (1.75) are the ones appearing in the Lagrangian terms describinge
interactions with the gauge bosons. These terms are diagbmathe avour index. We said
that these elds are in the interaction basis. Even the masstms in Egs. (.76) and (1.77)
for charged leptons and up quarks are diagonal in the avoundex. Hence, for these elds
the interaction representation corresponds also to the mane. Instead, for down-type
quarks, if the CKM matrix Vi; 6 ;; the interaction and the mass basis do not coincide. We
de ne

g = VYo o (1.79)

so that the mass term becomes diagonal and the new eldscorrespond to particles of well
de ned mass, in contrast to thed? elds.
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Let us explore in more details the properties of the CKM matr. For a general number
N of up and down quark avours theV matrix isa N N complex unitary matrix, having
2N 2 components. The unitary requirement imposeN ? conditions, reducing the independent
parameters toN 2. Among theseN ? independent parameters we can distinguish between real
angles and imaginary phases. If the phases are set to zere ®KM matrix reduces to a real
orthogonal matrix therefore with ™ 1) real parameters. Therefore, the number of phases of

the CKM is Y 8*D Furthermore, since only relative phases have physical nmeag, we can
rede ne the quark eldsto getrid of 2N 1 phases. Hence, the total number of independent
angles and phases 882 and N-3N*2 |n the SM with three families of quarks the CKM
matrix has three angles and one phase. It can be written as

0 1
Vud Vus Vub
Vekm = @Vcd Ves Vch : (1-80)
Via Vs Vib

A suitable parametrization in terms of the angles and the plse is

0 .
C12C13 _ S12C13 . Si3e!
Vokm = @ 1503 C12523513€ C12C3  S12523S13€ S23C13 A ; (1.81)
S12C3  C12S23S13€ Ci12C3 S12C23S13€  C3C13
where ¢; cos j; and s;j; sin j; with i;j =1;2,3. The CKM matrix elements must

be determined experimentally. They show a hierarchical parn, with the moduli of the
diagonal elements near the unityjVysj and jV.q4j close to 022, jV.y and jV;sj of O (10 ?)
and jV,pj and jVigj of O (10 3). Therefore, setting j Vusj' 0:22, we can use the so called
Wolfenstein parametrization up toO ( #) to write

0 2 o1

Vekn ' @ 1 =2 A2 A (1.82)
A3 i) A2 1

with the parametersA, and in the range [Q1]. We can rede ne the Wolfenstein param-
eters as
S12; A ? s AS( i) sizel: (1.83)

This leads to a more precise parametrization of the CKM matxiin term of these parameters
up to O ( ®):

0 1
1 5 A (i)
Vorm " @ + A0 2(+i )] 1 4 4 (1+4A? A2 A
A 3@ i) AZ+A 011 2(+0 )] 1 A

(1.84)

where = 1 - and = 1 - .
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Relations between the CKM matrix elements derive from unitdty. In the SM the CKM
matrix is the only source of avour mixing, these relations sould hold exactly and their
experimental veri cation is fundamental for testing SM. The most scrutinized relation is

Vg Vyp + VeaVep+ Via Vip = O; (1.85)

where all terms are of the same order in. It can be rewritten as

+ +1=0 +1 ]+[2 I ]+1=0; 1.86
v e F1=0) L ) 0] (1.86)

a triangle in the complex plane known as the unitarity triangé depicted in Fig1.2.

Vid Vi
Vi Ve

(0,0) (1,0

Figure 1.2: CKM unitarity triangle in the ( ; ) plane.

The sides and the angles of the triangle can be de ned as

q
R VUqub P 24+ 2- R \/td th — (1 )2+ 2.
u V V ’ t V V )
cd Vep cd Vep (1.87)
Arg Vo Vip : Arg Vea Vep ; Arg Vud Vup :
Vuqub thvtb VCchb

A phase transformation of the quark elds does not change tke quantities, the unitarity
triangle is only rotated by such rede nitions. Therefore, sles and angles are observables.

A property of all unitarity triangles is that they have the same areajJckm j=2. Jckm IS
the Jarlskog invariant and it is a measurement o€P violation. Its sign gives the direction
of the complex vectors around the triangles, and it is de netly

X
Im Vij Vi Vip Vj = Jekm ikm jhn - (1.88)

m;n

1.1.4 Summary of the interactions

The Lagrangian governing the gauge sector is in Eql.4). The rst term describes the inter-
action fermions and gauge elds, together with the fermionkinetic term. In this paragraph
we focus on this term. It is given by
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LT = B o= L) LS LS (1.89

where

LKN = i@ (1.90)

G
LSw = 5 U6 Au+De" ADl; (1.91)

LS\K/IV: QJL EW I"‘QOBYQ Q"L+g°YUU,LBUé{+g°YDDjRBD"R

W |

+ LI "+ °BY. Ll +¢°YeELBEL : (1.92)
In (1.91) we used the notation = g+ | with = fU;Dg. Eq. (1.90) is the kinetic term
of the fermions, Eqg. (.91) describes their strong interactions, Eq. 1(.92) the electroweak

interactions. This last term can be decomposed as

Lsw = Lsu + Lsu; (1.93)

whereL§§; and LYS; describe charged and neutral current interactions. After e ning the
gauge elds as in Eq. {.19) we obtain

LSE = ?833 W+ ItW (1.94)
where
X3 h i
J = wd L+ (1.95)
j=1
Jv=3 7 (1.96)

Using Eqg. (1.79) expressing in the mass basis, we obtain

" #
x X

Jo= Vik (Uddy o+ 5y a (1.97)
j=1 k=1

The neutral current interactions are mediated by theA and Z° bosons, we can split it as

LYG = Low + Léu: (1.98)
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The interaction with the photon is given by

Lsy = P LJEMA = eJMA (1.99)
gZ+4g(2YL2
wheree= % and
EM 1 )@ 0 A0
J = é (YQ + YU YL)(UJ' Uj )V + (YQ + YD + YL) dj dj v (1100)
i=1
+2Ye 7, (Yo Yo YO(wu), (Yo Yo+ Y) d'd, :(1.101)

The requirement for the electromagnetic interaction to haw a vector-like structure produces
the relations in Egs. (1.23)-(1.24), hence

x¢ h i
I = Yy (uu)y + Yo B+ Ye
j=1

y (1.102)

After SSB aU(1)q symmetry with generator@ = T2+ ¥ holds. In the case of theSU(2),
singlets, the relation isQty.p.e g = Yrupeg. Therefore, Eq. (.102) becomes

X
JEM = Qi f f; (1.103)

with f = fu;;d% 0.
The interaction with Z° is given by

q
L&w = % g?+492Y23°2°%; (1.104)
with the neutral current given by
X
= f (v & s f (1.105)
f
f=fu;d ;;’jgand
Qr _ T3.
Vi = Tf + = sinP~ and & = T (1.106)

L

The transformation from the interaction to the mass basis dgs not change the terms in the
neutral current: due to the unitarity of the CKM matrix, the t erms d? d are invariant
under the rede nition in Eq. (1.79), with a generic Dirac matrix.

From the requirement that the photon remains massless, we tain the values of the
hypercharges in Eqg. {.53). With these values we have



1.2. The many problems of the SM 17

g

~l = p— 1.107

cos COS w 7o ( )
go

sin~! sin w — pﬁ (1108)

el e=p 99 . (1.109)

w Is the Weinberg angle. All hypercharges of the other elds oaot be predicted, but are
xed to reproduce known properties of the particles and theiinteractions. Tab. 1.1 collects
their values together with the other quantum numbers.

Lj ) Lj ) Rj Uij dy UR; dg; h
Q 0 1 1| +2=3 1=3 | +2=3 1=3 0
T3 | +1=2 1= 0 | +1=2 1=2 0 0 1=2
Y 1=2 1=2 1|+1=6|+1=6| +2=3 1=3 | +1=22

Table 1.1: EW quantum numbers of fermions and Higgs.

1.2 The many problems of the SM

Despite the SM success in predicting the existence of vargparticles, including the Higgs
boson, and the features of their interactions, the SM falldsrt of being the ultimate theory
of nature.

Unresolved issues include the lack of a description for grgyithe existence of dark
matter, the origin of neutrino masses, the inability to expin the matter-dominated universe.
Additionally, the stability of the Higgs mass and the hierarclf among the fermion masses
raise further conceptual questions.

Moreover, several experimental results, particularly intte heavy avour sector, show
anomalies that suggest potential deviations from SM predions and hint at new physics
(NP) phenomena. These issues imply that the SM might be an e t#ee theory valid only
up to a certain energy scale, beyond which new physics is régd.

If NP exists beyond SM, it is crucial to determine how to detecit. Typically, any NP
model predicts the existence of new particles and/or intections, which could be identi ed
by searching for new states through direct production at cladlers. However, if the energy
required to produce such patrticles is not attainable, theiexistence can be inferred indirectly
by examining their contributions as virtual states in low-@ergy processes. This could lead to
modi cations with respect to SM predictions and to discrepacies with experimental results.

1.3 Lepton Flavour Universality (LFU)

In the SM Lagrangian, except for their mass hierarchy, the tlee generations of quarks
and leptons are copies of themselves. In particular, the ks interactions with the gauge
bosons is the same for each family. This Lepton Flavour Univedgly (LFU) is an accidental
symmetry of the SM Lagrangian: if violated, it directly suggsts the presence of NP. Exper-
imentally measuring observables that could indicate a LFU wlation is an important test of
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the SM. Phenomena seemingly to violate this property emergieluring the years [0]. A list
of such deviations is presented in Figl.3.

B(B*! K* * )[1:1,60]q -e-
B(B*! K*e'e ) [1:16:0] -
B(B*! K* ) ——
B(B?! ) [1:1;6:0] ---
B(BY! * ) —e—-
B(B°! * )+ ——
PYBC! K O * )[2:54:0] —e—
PAB®! K 0 * )[4:0,6:0] ——
Rk [0:1; 1:1] —
Rk [1:1;6:0] —e—
Rk [1:1;6:0] ———
Rk o [0:1; 1:1] ——
Rk o [1:1;6:0] ~——
Rk + [0:045 6:0] ——
Rpk [0:1; 6:0] —e—
Muong 2 (WP) — ——
Muong 2 (BMW) — -
R(D) — —
R(D ) ——
R(J= ) ——
R( $) —
B(B*! * ) —

T 1 T T 1
6 54 3 2 101 2 3 45 6
patrick.koppenburg@cern.ch 2024-06-07 Pull'in
Figure 1.3: List of avour anomalies: the rst eight relate to b! s’  measurements, while the
remaining suggest potential LFU violation.

We discuss some of these deviations in the heavy avour sect@lthough it is not covered
here, as it is unrelated to the heavy avour sector, it is woit mentioning the muong 2
anomaly [11,12], which is the most signi cant in the list.

1.4 Heavy avour anomalies

Some of the deviations that in the recent years emerged in SNbservables are related to
heavy hadron decays. In particular, we discuss the avour @amalies in tree-level semilep-
tonic decays of beauty hadrons.

1.4.1 R(D) and R(D ) anomalies

LFU allows for precise predictions of the ratios of semileptic decay rates from beauty
to charmed mesons, provided that the hadronic form factorsfdhe b! c transition are
accurately constrained. Measurements of

R D) _B8! DU : ith “=e;: 1.110
" B@B! DO )’ wi =e;; (1.110)




1.4. Heavy avour anomalies

19

are under investigations since deviation with respect to th SM expectations have been
observed. These measurements are presented in Takp.

R(D) R(D )
BaBar 0:440 0:058(stat) 0:042(sys) [3,14] | 0:332 (stat) 0:018(sys) [3, 14]
BELLE 0:375 0:064 (stat) 0:026 (sys) [5] | 0:293 0:038(stat) 0:015(sys) [5]
0:270 0:035 (stat)" 0ae (sys) [16,17]
0:307 0:037 (stat) 0:016(sys) [&] 0:283 0:018(stat) 0:014(sys) [&]
BELLE I 0:262°9,:933 (stat) " gua (Syst) [19]
LCHb 0:441 0:060 (stat) 0:066 (sys) p0] | 0:281 0:018(stat) 0:024 (sys) p0]
0:267 0:.012(stat) 0:019(sys) P1]
0:249 0:043(stat) 0:047 (sys) P2] 0:402 0:081 (stat) 0:085 (sys) P2]

Table 1.2: R(D()) measurements.

The Heavy Flavour Averaging Group provides an average of the SMaulictions 23{29] for

such observables

R(D)sw = 0:298(4),

If compared to the combined experimental results oR(D) and R(D )

R(D)Exp =0 342(26)

a discrepancy of ¥ and 25
the two observable, the resulting deviation correspond tobaut 3:31 .

R(D )su = 0:254(5)

R(D )EXP = 0287(12)

respectively is found. Considering the correlation betwee

(1.111)

(1.112)

In Fig. 1.4 the

combined measurements together with the SM prediction arggsented.

0.4

R(D*)

Morion

0.35

llell

A

d 2024

LHCb®

0.3

Belld

0.25

LHCK®

" 68% CL!contours

BaBar

X

0.2

4 HFLAV SM Prediction
R(D) = 0.298 + 0.004
R(D*) = 0.254 + 0.005

R(D) = 0.342 + 0.026,,
R(D¥) = 0.287 + 0.012,,,

0.2

0.3

Figure 1.4: Combined representation of the experimental data onR(D()) presented in Tab.1.2

together with the SM prediction in Eq. (1.111).

If con rmed, this deviation would directly hint to LFU violat ion and the necessity of a NP

explanation.
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1.4.2 Exclusive and inclusive determinations of JVun and jVey CKM
matrix elements

The matrix element jVyj enters in theb! c transition, but it cancels out in the R(D())

observables. The CKM matrix elements are fundamental parasters of the SM that have

to be determined with the highest accuracy. Their determirtaon can be done considering

inclusive or exclusive processes. Focusing ¥, and V, in both cases the individual deter-

mination from inclusive and exclusive decays produces drent results. An average of the
measurements from inclusiv®8 ! X. - decays §0] is

iVewina = (42:2  0:5) 10 > (1.113)
The exclusive determination exploit semileptoni® ! D() decays, as well as Heavy-quark
symmetry [30], producing:

Venjexa= (39:8 0:6) 10 3 (1.114)

A combined result brings to B0]:

V= (41:1 1:2) 103 (1.115)

Moving to jVij, the determination from inclusiveB ! X, - decays providesq0]
Vajina= 413 0:12%13 018 10 % (1.116)
For the exclusive determination theB ! ~ - decay is employed. The extractedV,j

sensibly depends on the hadronic form factors. Using a coméiion of lattice QCD results
together with additional input from light-cone QCD sum rules one has{0]

Vibjexa= (3:67 0:09 0:12) 10 3 (1.117)

The combined result is §0]

jVuwj=(3:82 0:20) 10 3: (1.118)

In Fig. 1.5 a summary of such results is shown. The t is obtained using asput only the
exclusivejVyp and Vg measurements, with thgV,,=V,, measurements from LHCb.

1.5 How to approach the problems

The described anomalies, in particular in the heavy avourexctor, call for further inves-
tigation, both theoretically and experimentally. It is esgntial to explore new modes and
observables where similar anomalies might arise. Here, | prasseveral analyses, aimed at
this goal. However, before describing these studies, | presa chapter 2 an overview of the
e ective theories used in my investigations.
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Figure 1.5: Comparison between the inclusive and exclusive determination giV,j and jVeyj in the

iVubi] Ven parameter space.



Chapter 2

E ective Field Theory within the
Standard Model and beyond

An inherent aspect of the scientic method is the understandig that every constructed
model is an extrapolation based on experiments involving éhphenomena of interest.

Classical mechanics e ectively explains the majority of @ryday phenomena, but it is
not suitable, for example, for describing behaviour at vergmall scales. When we gained
the ability to probe these regions, the limitations of classal mechanics became evident,
prompting the development of quantum mechanics. This doe®nhmean that classical me-
chanics must be discarded; rather, it has a range of applidhty that depends on the scale
of the system being examined. Moreover, classical mechant@an be derived from quantum
mechanics by adjusting its scale, which is governed lby Planck constant. The same holds
in the opposite direction: classical mechanics is inadedador describing the propagation of
light or physics at cosmological scales. This led to specatd general relativity, from which
the results of classical mechanics can be recovered in thaitiwhere c, the speed of light,
approaches in nity, or where the gravitational eld is weak

What becomes evident from these examples is that a theory isligaonly within its
speci c range of applicability, determined by a particularscale. While this may seem obvious,
constructing a theory at a known scale that can be systematitty improved, without knowing
the general theory at higher scales, is not a straightforwdrtask. The e ective theories are
powerful tools for extracting insights from experiments, @ding us on where to search for
new phenomena.

In the case of quantum eld theory, the e ective eld theories (EFT) will be introduced
in the next section.

2.1 E ective Field Theories

An EFT is a quantum eld theory in its own right, complete with a regularization and renor-
malization procedure necessary for producing nite matrixelements. Often, an EFT serves
as the low-energy approximation of a more fundamental thegrwhich may itself also be an
EFT, commonly referred to as the full theory. EFTs enable the deulation of experimentally
measurable quantities, but with a de ned, nite error. Formally, an EFT features a small ex-
pansion parameter, denoted by and known as the power counting parameter. Calculations
are typically performed to a certain ordemn in , resulting in an error of ordem+1. The order
of a given diagram in terms of is determined using the power counting formula of the EFT.
This is the key aspect of EFTs: the possibility to construct aystematic expansion, with a

22
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well-de ned procedure to compute higher order correctioria , making the theoretical error
as small as desired, by choosingsu ciently large. In practice this is extremely di cult due
to the hard computations needed for evaluating higher ordeliagrams, but they are possible
in principle. This di ers signi cantly from modelling appr oaches, such as the non-relativistic
quark model, which o ers a reasonably accurate descriptiaof hadron properties at roughly
the 25% level. However, the quark model is not part of a systetimexpansion, and there is
no method to progressively re ne its predictions. The EFT Lagangian computed at order
" depends on a nite number of Lagrangian parameterd,,, which generally increases with
n. Using a number of experimentally measured quantities greatthan or equal toN,,, we
can get parameters-free predictions on other observables.
A classical example of EFT is the Fermi theory describing weafrocess at the scale
<<M . To get the main features of EFT let us consider the muon decay

e ¢ (2.1)

The corresponding diagram in the SM is in Fig2.1.

vy Ve
W-
—>
- k o

Figure 2.1: Feynman diagram representation of the muon decay in the SM.

Th amplitude for this process is obtained from Eq. 1(94)

2 .

[ kK k
A= Fs L@ 9y 9ty B A 9 d 22
Sincepﬁ m My, we can expand the amplitude in powers df2=M2,. This allows

us to express the amplitude as a series, starting with the léiag-order term and including
higher-order corrections. At leading order we get

1 2 k2
Azigr Fs [ @ 91k @ 9d¥0 o (23)
This expansion simpli es the calculation by focusing on thelominant contributions at low
energies relative to the scale set by, . De ning the leading contribution in Eqg. (2.3) as
A, we could have derived this amplitude starting from a pointike interaction, Fig. 2.2
described by the Lagrangian

2

Lett = ——r
eff 8M\/2V[

1 ) Ile @ o) € (2.4)

The Fermi Lagrangian consists of a current-current interdion term and a coe cient to be
measured:
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I e~

Figure 2.2: Feynman diagram representation of the muon decay as point-like interagon.

Leem = S’%[ @ 9l @ 9 o (2.5)

This Lagrangian has the same structure as the EFT one, and wa®tained before the
discovery of theW bosons.Gg is the Fermi constant and contains information on what was
the new physics at the time. Comparing Eqgs.2(4)-(2.5), and using Eq. (1.61) we get

Gr g

1
P 8Mz ~ 2w (2.6)

The procedure that allow us to determine the couplings in the ective theory in terms of
the quantities of the full theory is called matching, as we &l see in more details in the
next section. Therefore, Fermi theory is an e ective low-argy approximation of the SM.
Furthermore, without knowledge of the full theory we can meaure G from muon decay
and predict other phenomena like muon capture or tau decays.

In this example we have shown how, even if the full theory is known, we can make
predictions and obtain information about the UV completion.In fact, from Eq. (2.5), since
the total cross-section increases linearly with the squaaé the energy, G2E?, it leads to
a violation of unitarity at high energies. This means that wecan get information about the
scale of NP by checking when unitarity is lost. After normalizig the cross-section with the
energy square of the process so that it results dimensiorsgsettingGe ~ 1:166 10 °GeV
we obtainE . 300 GeV, the order of magnitude of the VEV.

The idea is to apply the same strategy to the SM and consider dis the low-energy limit
of a more fundamental theory, introducing new operators cstructed with the SM elds
and weighted by powers of 2, with the NP scale.

2.2 Standard Model as an e ective eld theory and the
SMEFT
The EFT constructed using the SM elds and invariant under theSM gauge group is called

SMEFT. The SMEFT Lagrangian density is an extension to higherithension operators of
the SM one
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XX :
Lswerr 0= L+ = G770 070 (2.7)
n=1 k
where Ol(:””) are operators of dimension (4 #). They are obtained including all possible

structures build out of SM elds satisfying Lorentz andGsy, invariance. This framework
allows us to explore how the gauge, fermion, and scalar elds the SM behave at higher
energy scales by examining interactions among them not pretéd by the SM. The dimen-
sionless coe cientsCIE4+ ") are called Wilson coe cients, and arise from integrating outhe
heavy NP elds at higher scales. Therefore, they contain infmation on NP.

If the UV theory is known, we can match the full theory Lagrandgn L yp, describing NP
at the scale , with the SMEFT Lagrangian to obtain the Wilson coe cients at the same

scale:

Lae ! T sueer () : (2.8)

Using the Renormalization Group Equation (RGE) we can obtairthe Wilson coe cients
and the dimension-(4 +n) operators at lower scale <<

Lsverr () 1T swerr (): (2.9)

We can choose to set the scale= y, the W mass. Here, we can match the syerr ( w)
to another EFT, which is obtain integrating out the heavy SM dds at that scale from the
SMEFT Lagrangian. This EFT is called the LEFT (Low-Energy EFT) and it is an extension
of the Fermi theory with new possible interactions:

L smerr ( W)”antCh e (w): (2.10)

Since our primary focus is on studying anomalies in the heavgvour sector, the most
relevant observables arise from heavy meson decays. Therefwe need to running from the
w Scale to , the mass of theb:

He ( w)!'H™ e () (2.11)

A schematization of the procedure is presented in Fig.3. In this top-down approach, where
the NP Lagrangian is known, the EFT framework mainly simpli escomputations and helps
to derive observables to be compared to experimental data. \&h the NP is unknown, we
follow a similar procedure, but the e ective Hamiltonian at , and the observables depend on
undetermined Wilson coe cients. In this case, experimentsigde the process by constraining
these coe cients, o ering insights into the underlying fundamental theory.

The number of operators in the SMEFT lagrangian increases diically with the dimen-
sion [31]. The number of operators needed at each dimension is showrFig. 2.4.
In the following we will present the most scrutinized operatrs of the SMEFT: the dimension
5 and 6 operators. They are classi ed in3P], and here we will adopt their notation, which
can be recovered fronChapter 1 with the following substitutions:
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A
Lnp < match L smeet ()
RGE
W e Lsverr ( w) <22 o 1 ()
RGE
R s He ( b)

Figure 2.3: Matching and Running Scheme: The NP Lagrangian is matched to the SMEFT
Lagrangian at the NP scale . The renormalization group evolution of the SMEFT is t hen used
to derive the SMEFT Lagrangian at the scale my . At this point, it is matched to the LEFT
Lagrangian, and after applying the renormalization group equations of the LEFT, the e ective
Hamiltonian at the scale  is obtained.

10000000000 Py g
7557369962
27951735715

1000000000 -

00000000 - 75577476 = 175373592 |

10000000 1
4614554 =% 5474170

200441 gt 3472266

1000000 |-

261485 “257378
100000

No. of independent ops

8 9 10 1 12 13 14

Mass dimension

Figure 2.4: The growth in the number of independent operators in the SMEFT up to mass
dimension 15 is depicted. The lower solid line represents the casof a single fermion generation,
while the upper solid line corresponds to three generations. Dashelihes are included to highlight
the increase in the number of operators with even and odd mass dimersis in both scenarios.
Figure taken from [31].

Q! a; k! u Dr! d;

(2.12)
L,! Er! e o
Furthermore, a general gauge eld strength tensor will be deted asX = fG* ;W' ;B g,
its dual tensor is de ned asX’ = % X, with "g103 = +1.

Starting from the dimension-5 operator, it takes the form I(L )(* 2), where L and L
represent lepton elds and' represents the Higgs eld. From Fig. 2.4 there are only 12
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operators of dimension-5, two kinds for each combination t#pton generation pair §3]:

Q(S) - Iljk "mn 1 ] rm \IS T é\p' Q(S)OZ Iljm nknl J rm ‘|g T é\p, (2.13)

with € the charge conjugation matrix. In the unitary gauge, only tie Q(5) survives. This
operator is called Weinberg operator and generates the nenb masses and mixing, violating
the leptonic numberL.

The dimension-6 operators are reported in Tabs2.1-2.2. They are organized by their
elds content, and for each sector all the possible SM invamt combinations are presented,
associated with a unique name. The operators containing arf@on are labelled with a latin
subscripts for each fermion involved, denoting the three psible generations. Dirac, color,
and isospin indices are contracted within the brackets urds it is necessary to specify them.

The Hermitian covariant derivatives involving scalar eldsare de ned as

$
"YiD ' =i'Y D D ' and "YiD'' =i"Y A'D D A ' (2.14)

with ' YD ' =(D " )’".

All operators that do not involve fermion elds are Hermitian. Operators with two or four
fermion elds require evaluation of their Hermitian conjug#es, unless they are composed of
contractions of fermion eld pairs with the same quantum nurbers, in which case only a
transposition of the generation indices is necessary.

The operators in the Tabs.2.1-2.2 are a complete set of linearly independent dimension-
6 operators, invariant under the SM gauge group and built oubf SM elds. All other
combinations are expressed through the ones already de next by applying the equation of
motion to them. In our analyses we extended SM with operatorgp to dimension-6. Their
Wilson coe cients will enter in several observables and we Wiuse experimental data to
constrain them.

2.3 An e ective theory for heavy hadrons

As mentioned in the previous section, we focused on obsenesbbtained from the analysis of
heavy meson decays. Therefore, we are dealing with hadrowipse structure is held together
by strong interactions, described by the QCD Lagrangian tem in Eq. (1.4), associated with
the SU(3)c group. There are several e ective theories for strong intactions depending on
the energy scale and phenomenological applications. Ondaie example is chiral e ective
theory, which describes the interactions between low-emgr pions and nucleons, as well as
pion self-interactions, by exploiting theSU(2), SU(2)r symmetry of the QCD Lagrangian
in the limit my, = mgq = 0. In this thesis, we discuss another e ective theory derd from
QCD, the Heavy Quark E ective Theory (HQET). This framework is particularly useful for
studying processes involving hadrons that contain a singleeavy quark (mq QCD )-

2.3.1 The HQET Lagrangian and its symmetries

A peculiar feature of non-abelian theories like QCD is asyrygic freedom: larger the mo-
mentum transfer (small distances) in the process weaker tleeective coupling. On the other
end, at large distances the coupling constant becomes larged nonperturbative phenom-
ena, such as the con nement of quarks and gluons take place.néwing that the typical
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X3 1 6 and 1 4D2 2v 3
Qs | f*°Gh G® G° | Q () Q| r)Chet)
Qe | fA8C€GPGS | Q, | ()20(") | Qv | (¥ )aue)
Qw | ""*w!h w? wkK Qo ‘YD ! ‘YD Qo (Y )(gpd" )
Qf/v wlJK WI wo WK

X 2' 2 2y 2 2p
Qs | "6 G [Qu | (p @ 'w!' [ QP | (%D ), )
Qe | ' @G Qs | (p e)B Q¥ | (D) )
Qw yw b w! Que (Op TAur)'QB A Qe ( yi|$3 ' )(ep e)
Qe | ""WW | Qow | (@ u)'ev' | Q® | ¢¥ib )e @)
Qe | 'vB B Qs | (@ u)s © 1D e ! @)
Qs | 'V B B Qus | (@ TAAYGA | Qu | (D ")uy u)
Quws | "Y"W'B [ Qw | (@ d)"W' | Q4 | (D )dp d)
Qus | V' W'B Qe | (% d)'B Qua | i(eD ' )up, d)

Table 2.1: Dimension-six operators other than the four-fermion ones.

radius of a hadron isRn,gs  1fm, the energy scale that separates the region of large and
small couplingis oco  1=Rnaa 200 MeV. Therefore, the quarks with mass greater than
this scale are de ned as heavy quarksc(b and t quarks), the others are light quarks (,

d and s quarks). Hence, there is a separation of scales in hadrons @oising at least a
heavy quark. The typical momentum exchanged by the soft glus between the heavy and
the light components in these systems is of ordergcp, not enough to resolve the heavy
d.o.f.. In fact the Compton length of a heavy quark is q 1=mg << 1= qcp Rhad-
The light components, light quarks, antiquarks and gluonsatled the \brown muck", see
the heavy components just as a color source. The \brown muck$ blind to the avour (if
only a heavy quark is present) and spin orientation of the heg quarks. They interact only
with the quark color eld, which extends over large distance due to con nement. In the
heavy quark rest frame, only the color electric eld is sigrtant, as relativistic e ects like
color magnetism disappear whemg ! 1 . Because the heavy quark spin interacts solely
through these relativistic e ects, it decouples. The irredvance of the heavy quark mass
becomes clear: amg !'1 , the heavy quark and the hadron containing it share the same
velocity. In the hadron rest frame, the heavy quark is also aest. The wave function of the
surrounding \brown muck" is derived from the solution of QCD eld equations, with a static
color triplet source at the heavy quark location as the bouraty condition. This boundary
condition, and the corresponding solution for the light deges of freedom, are independent
of mq. Therefore, if we consider a hadron consisting of a singleavg quark Q(v;s) with
spin s and velocity v, the con guration of the light degrees of freedom do not chaye if this
quark is replaced with another heavy quarkQYv;s"% with di erent avour and spin, but
with the same velocity. Hence, foN; heavy quark avours there is aSU(2N;) spin- avour
symmetry group. We can use this symmetry to relate propertseof hadrons that di er by
the avour and the relative spin orientation of the heavy andlight d.o.f.. For instance, we
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(LL)(LL) (RR)(RR) (LL)(RR)
Qi Cp 0)Cs v) Qee (& e)e &) Qe Cp )& &)
@1 @ )& @) | Qu | (U udus uw) || Qu| Cp “Ius w)
O 1@ 'ag)Xa 'a) | Qu | (d d)ds d) || Qa | (p “0)(ds d)
QY | Cp G @) | Qu | (& e)us w) Qe | (& g)(e @)
QY | (b "G ') || Qu | (& e)ds d) @1 (@ a)us u)
QW | (up u)(ds d) @ (@ TAa)(us TAu)
QY | (up TAu)(ds TAd) | QW | (% a)ds d)
QY | (% TAg)(ds TAd)
(LR)(RL) and (LR)(LR) B -violating
Qiedq (Che)(dsd) Quuq ik (d,)TCu, (ad)TC¥
Qs | (@u)u(ckd) | Quau "« (@)TCq* (u)TCe
Qgqu (OLTAUr)"J'k(OIszAdt) Qqagq “in "km (q& )'Cqk  (gqm)'Cy
Qo | Che)i(du) || Qou (d,)"Cu, (uy)"Ce
QDL | (L &)l w)

Table 2.2: Four-fermion operators.

can correlate several form factors describing the hadromeatrix elements involved in heavy
hadron decays as done in several analyses in this thesis.

To quantitatively show these properties of heavy hadronstl@is consider a heavy quark
Q interacting with the light constituents. They exchange moranta much smaller than the
heavy quark massmg. Therefore, the heavy quark move almost at the same velocityas
the hadron. HenceQ is almost on-shell and its momentum is

Po=mqVv +k:

(2.15)

v is the four-velocity of the hadron and satisfying/?2 = 1. k is called residual momentum

and it is of order ocp. Inthe limit of mg !'1

propagator becomes

v+

Po mg Vv k 2

P. is the positive velocity projector

with P2

=P andP P =0. SinceP,

1 k
+ O(m_Q)

i
v k

P,:

the Feynman rules of QCD simplify. The

(2.16)

(2.17)

P, = P, v P,, atleading order in Emg we can
simplify the coupling of a heavy quark to gluons replacing #hinteracting vertex as follow
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igs A 1 igsLAv (2.18)

Os is the strong coupling and*? is de ned in Eq. (1.9). The Feynman rules for the propagator
Eq. (2.16) and the heavy quark-gluon vertex Eqg. {.18) are depicted in Fig. 2.5.

v+l
2

- - i )
J VK i

i > > J = igs CA Vv
ji

Figure 2.5: Feynman rules for HQET.

Strong interactions between the heavy quark and the light coponents are mediated by soft
gluons. They change the residual momenturk by an amount of order k ocp , hence
the corresponding changes in the heavy quark velocity vahias ocp=mg ! 0. This means
that, in this limit, strong interactions conserve the heavyquark velocity leaving it almost
on-shell. Due to this consideration, after using the projéars to split the Q eld into a
\upper" and \lower" component, we can introducing the largeand small components elds
h, and H,:

hy(x) = €MaV*P, Q(x); (2.19)
Hy(x) = €MaVXP  Q(x): (2.20)

With such de nitions Q is recovered

Q(x) = e "M [hy(x) + Hy(X)]: (2.21)

Furthermore the relationseh, = h, and ¥H, = H, are satised. In the heavy quark
rest frame, h, and H, correspond to the upper and lower components of the heavy qka
spinor. h, annihilates a heavy quark with velocityv, while H, creates a heavy antiquark
with velocity v. For a hadron with an heavy antiquark we change the sign of theelocity

h, (x) = e 'MaVXp, Q(x); (2.22)
H, (x) = e 'MaY*P Q(x); (2.23)

so that
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Q(x) = &MavX h,(x)+ H, (X) : (2.24)

The QCD Lagrangian density for the heavy quarkQ

Laoco = Q(IB mg)Q; (2.25)

can be rewritten as

once the rede nition of Q in terms of large and small components Eq.2(21) and the following
relationsP i = i1BP iv D are employed.>, is the perpendicular derivative de ned
asB>, = & (v D) w, satisfying the conditionsv D, = 0, therefore in the heavy quark
rest frame we getD, = (0;D).

To obtain the HQET Lagrangian we can follow two procedures:

" From the generating functional of the QCD Green functions gxessed through the
elds h, and H,, we integrate out the small components, obtaining an actiothat can
be expanded in powers ofImg, from which the HQET Lagrangian can be recovered
at leading order B4].

A

From Eqg. (2.26) derive the equations of motion (EOM) forh, and H,. Substitute
Hy in Eg. (2.26) with its solution from the EOM and expand in term of =mg. The
HQET Lagrangian is the LO of this expansion.

The di erence between the two methods is that in the rst one,gquantum e ects arise from
the integration of the small component, which are reabsorbed the normalization of the
generating functional. We will follow the classical methodFrom Eq. (2.26) the equations
of motion are

(iv D) hy+iB,H,=0; (2.27)
iB,h, (iv D+2mg)H,=0: (2.28)
Solving Eq. (2.28) for H, we get
1

i 3, hy; (2.29)

H, = — .
" (iv D+2mq i)
hence, the small componentl, is of O(1=mg) with respect to h,. Inserting this solution in
Eq. (2.26) we obtain

1
(iv D+2mg i)

Loco = hy (iv D) hy+ hyi B, i >, hy: (2.30)
From the de nition of h, in Eq. (2.19) the x-dependence of the e ective heavy quark eld
is weak. Therefore, the derivatives acting oh, produce powers ofkj<< m q, allowing for
an expansion iniD=mq:
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. 1 X iv D ",
Loco = hy (iv D) h, + o h, 1B, - 2mg i, hy: (2.31)
Keeping explicitly only the rst order term in 1=mg we get
!
Loco = hy (iv D) hy+ —— hyiB, B, h+ O — - (2.32)
QCh — Ty \ 2mQ \ ? 2?2 v sz . .
Using the identity
. . . 5 Os _
iz, i, =(iD,) +§G ; (2.33)
where the commutator
[iD ;iD 1=1i0sG (2.34)
is employed, Eq. £.35) becomes
!
. iD,)? G 1
Loco = hy (iv D) h, + h, (2m?Q) h, + h\,gs4Thv+ 0 = (2.35)
Therefore atO(1=mg) two operators emerge
iD5)? iD)?
C)kin hv (er:Q) hv = hv (Zm()g hv; (236)
G S B
Ocm. hy gSAfTQ hy= hy gsm—QC hy; (2.37)
where
.1 o 1 : . 1 .. .
i - = ' — = 5 0 i. i — ~ ik k.
S 5 0 | 5 ; B 5 G"; (2.38)
with ' the Pauli matrices and °, ' and s the Dirac matrices
10 i 0 01
0 — . i — . — .
- O 1 ’ - i O ’ 5— 1 O . (239)

S is the Spin operator andB . the chromomagnetic eld. The last equivalences in Egs.
(2.36)-(2.37) hold in the rest frame of the heavy quark. These expressiotiav for a better
identi cation of the operators. Oy, is the gauge covariant extension of the kinetic energy
coming from the o -shell residual motion of the heavy quark.The second operatoiO¢ .,
is the nonabelian analog of the Pauli term, which describesd interaction of the heavy
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quark spin with the gluon eld. From the expansion is clear tht spin interaction e ects
are suppressed byamg, as well as the quark avour. These symmetries are exact fohe
HQET Lagrangian density, de ned as the rst term in Eq. (2.35):

I—HQET = hv (|V D) hv: (240)

In fact, it can be shown that Eq. .40) is invariant under SU(2) group generated by the
spin operatorS. S' satisfy the commutation relation ofSU(2) and commute with

[S;S]=i" s  [wS]=o0: (2.41)

Therefore, under in nitesimal transformation of SU(2) the led h, transform as

ho=@+i S)hy (2.42)

with ' an in nitesimal angles. Eq. @.40) varies as follow

Lucer = hy [iv D;i  S]h,=0: (2.43)

Furthermore, due to Eq. @.41) the on-shell conditioneh, = h, is preserved:

¥(1+i S)h,=(1+i S)wh,=(1+i S)hy: (2.44)

In the HQET Lagrangian the mass of the heavy quark does not appe Extending the
Lagrangian to the case oN; heavy quarks moving at the same velocity we get

N
Lhoer = hy (iv D) hi; (2.45)
k=1

which is invariant under rotation in the avour space. By conbining this with the spin
symmetry, we have quantitatively demonstrated what was quiatively presented at the
beginning of this section, showing that the symmetry groupfoa system composed of a
heavy quark isSU(2Ns). An extension of this Lagrangian that incorporates quarks ith
di erent velocities is presented in §5].

2.3.2 Heavy hadron elds in HQET

We have seen that hadronic systems containing a single heayyark (wherem ocp)
exhibit additional symmetries that are absent in the full Q@ Lagrangian. Such a system
is best understood as a point-like color source (the heavy ayl) that propagates freely,
surrounded by a "brown muck" of strongly interacting partides B6, 37]. This brown muck
carries the necessary quantum numbers such as color, avoulmaryon number, energy, an-
gular momentum, and parity to form the observed physical sta.

The signi cant properties of the system primarily arise fron this brown muck and its
con ning interaction with the color source. Since an in nitely heavy quark does not expe-
rience recoil from the emission or absorption of soft gluorfwith energies of order ocp),
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and because its magnetic interactions diminish asfn, the quark mass (or avour) and spin
have no impact on the state of the light degrees of freedom.

This simpli es the description of transitions involving a fadron with a heavy quark of
velocity v, which decays into another hadron with a heavy quark of a dieent avour. From
the heavy quark perspective, the decay is nearly a free prase with perturbative QCD
corrections being the only factor of note, while the light austituents play no role in the
transition. For the brown muck, however, the only thing thatchanges is the recoil velocity
of the color source, requiring it to reassemble itself acalngly. This reassembly process,
driven by nonperturbative strong interactions, may resultin a multi-body nal state, but
the only in uence of the heavy quarks is through the new redovelocity.

The decay of the heavy quark through some current can be evatad in perturbation
theory. Instead, the transition of the brown muck to a boost state involves low energy
strong interactions and must be parametrized. The main pairis that the result is inde-
pendent of the mass and spin of the initial and nal heavy qu&s. Therefore, the matrix
element of a heavy quark current between hadronic states che factorized into heavy and
light matrix elements

HYOOTIH W) = [QWY; 2131V 21 D Sy (RIS m] g (viim;)i £ (2.46)
with J = Q° Q and a generic Dirac matrix. It should be noted that the velodty of
the outgoing light subsystem is the same as the nal heavy qtkg meaning that the light
matrix element depends on the change in the heavy quark veiltycv® v , but not on the
Lorentz structure of the current inducing the transition. PRossible corrections due to hard
gluon emission can modify this description. They will be négrted in this context.

Since hadronic states are linear combination of two heavy gtk spin states

jQW: 3ii QWi @47)

and 2j + 1 light spin states

Joaight (Vids D) s g g (Vi )i (2.48)

as to form eigenstates of total angular momentum, Eq.2(46) can be used to obtain relations
between hadronic decays keeping track of the suitable ClebsGordan coe cients. The
procedure in this case is quite tedious. The same results che achieved by using the
transformation properties of heavy hadrons under heavy quarspin operators, which are
well-de ned and independent of the heavy quark mass in the &ey quark limit. The key
idea is to construct heavy current matrix elements betweenhgsical states in such a way
that the invariance of h . (v%j%m2)j igne (vij;m;)i under spatial rotations of the heavy
quark is explicit. This approach naturally leads to the fornfactor relations.

The formalism will be presented here following the procederoutlined in [36]. Accord-
ingly, we will begin with the case of heavy baryons and then pceed to the case of heavy
mesons. The heavy componeni, of a heavy baryonH moving at velocity v satisfy the
on-shell condition

YU, = Up; (2.49)
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or

¥Vh =V (2.50)

in the case of heavy antiquark. The light constituent is an gect of integral spinj, repre-
sented by a totally symmetric tensor of the formA i, satisfying the following conditions
of transversality and tracelessness:

v A =0; A 30 =0: (2.51)

The heavy baryon with total spinJ = | + % with | integer spin, is represented as

B 1= Ay, (2.52)

Under Lorentz transformation it transforms as

B il e jﬁD() B i (2.53)

and under heavy quark spin rotations as

B il D(yB i (2.54)

HereD()= € S isthe spinor representation, andacts only on the spatial components
of the heavy quark spinor. Foj > 0,B i is a linear combination of an object with spin
1

j + 1 and one with spinj i

B i=B"' +BN" (2.55)
] 3 I+ 3
These states di er only in the orientation of the heavy quarkspin to the spin of the brown
muck, and therefore, they are degenerate in the heavy quaiiknit, as the chromomagnetic
interaction vanishes asn ! 1 . Using the tensor representation of the brown muck we can
parametrize the light matrix element as

ah I(i)ght (VO;] 0; mjoo)j light (V;j; mj)i b = (AO L jo) A 1t El1b::: jOi 1 : (2-56)
a and b represent the quantum numbers associated with the light sies (such as mass and
avour), the quantity 2. o is a function of the Lorentz invariantv v° This function
represents the amplitude of the transition of the light degre of freedom with given spin
guantum numbers and moving at velocityv to a state with a possible di erent spin and
velocity v° . Assumingj®> j , without loss of generality and using Eq. 4.51), can be

written as

. i O
v =0 Dw w o[ (v Vg, g
+C2(LJ ’J)(V VC)W1W1922911

+ +Cj(j°;j)(v VO)WlWl:::Wjo]; (2.57)
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with w = v® v . Due to the transversality of A° and A the factorsw w , reduce to
the less apparently symmetric formv®v . The factor ( 1) is inserted because the indices
on the space-like tensoré\® and A should be contracted with g, .. Therefore, using Eq.
(2.56) the matrix element in Eq. (2.46) can be written as

PH V)] I jH (V)i = IO4mm°[uh Ul (A0 10) A 55 @~ - (258)

oo jO 1o

The P 4mm?O term comes from the non-relativistic normalization of the adron states
[38,39]. Using Eq. 2.52) and the decomposition Eq. £.55) to have physical hadron states,
we obtain

h i
HYVYj I jH (V)i = IO4mm0Tr BOHio B ¥ g (2.59)

This is called trace formalism, and it makes evident that fauclasses of decays are now
described by the same set of form factors. As an example, let c@nsider the baryons
and . The brown muck has spin =1, and the transitions

h! ho; h ! hos h I ho; h ! hos (260)

are all described by the same two functions from Eq2(67): Cy*(v v9 and Ci''(v V9.

Let us move to heavy mesons and consider two di erent cases arbital angular mo-
mentum ~ =0 and ~ = 1. For * = 0, the representation of the heavy component is again
un satisfying Eq. (2.49), while the light components havg = % and transforms under the
Lorentz group simply as an antiquarkv- satisfying

V= Vg (2.61)

where the subscript’ denotes \light" as in light components. The hadron is represnted as

Un V-, (2.62)

a linear combination of objects with total angular momentum % = (0;1). This can be
better understood in the rest frame, in which the spin operat take the form in Eq. (2.38).
In the rest frame, the spinor basis is

01 01 01 01
1 0 0 0
u® = %8§ U@ = e oo %‘;ﬁ - V@ = %8§ ; (2.63)
0 0 0 1
Then, usingS (upv:) =(Sup) v uy (v S), we nd
h [
S uP v+ UV =o; (2.64)
h [
S3 uﬁ-) V\(l) ul(’IZ) V\(Z) = O, (265)
[
S8 ufll) V@ = uﬁl) v (2.66)

[
s® PV = PO (2.67)
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The rst combination is invariant under spin rotations and represent meson with total an-
gular momentumJ = 0, the other combinations are components of a meson with = 1.
After normalizing and using Eq. @.63) we obtain the following states of de ned spin

1 o0, @0, -2 0
19—i up’ v+ U v = 15)—é 00 ° (2.68)

1 o0 0,0 1 0 3
p—é up’ V- u’ o= 19—é 00 ° (2.69)

1 0 1+i

@, _ + 1 2 .

u,’ v = 5 0 0 ; (2.70)

1 .

@V =2 o e (2.71)
with ; = ', This leads us to the covariant identi cation of pseudoscal (P) and vector
meson {) states:

1 n 1 L
P = p_§P+ 55 V(" )= p_§P+:; (2.72)

where" is the polarization of the vector meson satisfying v = 0. Under the Lorentz group
the states transform as

P! D() PD¥); (2.73)
V(") ! D() V( ")DY(): (2.74)

Under spatial rotation of the heavy quark they transform as

P! D() P; (2.75)
V(") ! D(Y V(" ): (2.76)
As for the case of the baryon Eq. 2 55), the meson is described by a linear combination of
states di ering only by the spin orientation of the heavy quak

h [
H¥=pP+VvV=P, P +V ; (2.77)

with P = pl—él andV = pl—é " the pseudoscalar and vector meson elds.
For a meson comprises of a heavy antiquark and a light quarketpseudoscalar and vector

meson states in the Lorentz covariant structure are idented as

P= 191—z sP; V(")= pl—é&P ; (2.78)

and the doublet becomes
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h [
HW= P .+0 P (2.79)

Combining the two, we get the case of a meson comprising twoakg quarks

P= P.p5 5P V(" )= pl—§P+ up (2.80)

h i
HR=p, B ;+V P : (2.81)

For the case of orbital angular momentum = 1, the light degrees of freedom havg =
orj = 3. Inthe rstcase, j = %, the brown muck is a combination of a vectorA ) an
spinor (v-) and can be represented as

o
Q NI-

R. = %( v) Awv (2.82)
pl_g( v) 5w (2.83)

the meson is represented by linear combinatian, v of objects with total angular momentum
] % =(0;1), like the previous case. Decomposing this representatias before we get two
states

1 1 1 1
p=P.p=( v); and p=P. °Lp=( V): (2.84)
2 3 2 3
Eliminating the spurious index by contracting with pl—§ we get a scalaiS and an axial state
B(")
1 . 1 5,
s:p—éFu; BY ):p_ép+ = (2.85)
Due to heavy quark spin symmetry we can recollect these stateto the doublet

h i
S=p, B 5 +§; (2.86)

with S and B® the meson elds.
Forj = % the brown muck is represented by the spi@-Rarita—SchWinger vector-spinor

R. = ( V) A v (2.87)

Wl

The meson is described by R., and using the decomposition in Eq4.72) for the up v-
part we get a spin-1 and a spin-2 object

r

B(")= P

Wl
—~

v); and T ( ) P. : (2.88)

NG IVY
I
o
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" and are the polarization vector and tensor of the spin-1 and spib object, and are
derived by combiningA in Eq. (2.87) with either spin-0 object (P) or spin-1 object V) in
Eq. (2.72). Again due to heavy quark spin symmetry we collect these skd in the following
doublet

( r_ )
Toa=p, F +8 gs ( v) (2.89)

The matrix element in Eq. (2.46), as in Eq. (2.59), assumes the expression

h [
HYO I H((V)i = 4mmOTr MO0 M w50 (2.90)
here, M © represents a generalization of the doublets in Eqs2.{7), (2.86), and (2.89), or
their extensions to cases involving heavy antiquarks, liglquarks, or both heavy quarks, for
arbitrary half-integer j. Eq. (2.57) can be extended to the case of for the mesons

. 0.
oy =0 w o, w [ CgP(v Vi, g
o
+C0) (v VYw,w,g,, g,
(%) .
+ +C¢Vv VIYw,wirww T (2.91)

As for the case of heavy baryons, due to the classi cation in dblets, the transition between
heavy mesons, a8, (J =0) and B, (J =1),

Bh! Bhpo; By ! Bho; Bh ' By Bh ! Bho; (292)
1.1
are described by the same single form factor= C((,“)(v V9, called Isgur-Wise function
[38, 39].

So far we have treated hadrons comprising a single heavy gkatn the thesis, also the
case ofB, meson will be considered, i.e. a hadron with heavy quark andtaquark. We shall
treat such a case in the approximation of soft-gluon exchaagwhich will allow to obtain
relations among weak form factors at the zero-recoil poinfThe formalism will be adapted,
and the power counting will be that of nonrelativistic QCD, which only keeps the heavy
guark spin symmetry. We shall come to this issue in one of thelliowing chapters.

2.4 Conclusion

In these rst chapters we have described the main propertied the Standard Model, shown
several issues related to it and in particular the anomaliesmerged in heavy hadron decays
in recent years. Methods and tools to search for new physicsdato approach the study of
these anomalies were also presented, based on the concepm @ftive eld theories. In the
next chapters several analyses aimed to search for Physieybnd the Standard Model will
be presented.



Chapter 3

Searching for NP:  SMEFT and the
U(1)° extension

3.1 Introduction

In the search for physics BSM, two approaches can be followedhe rst one consists in
formulating a speci ¢ NP model and deriving predictions to beontrasted with experiment
for a validation or a discrimination of di erent scenarios. The second approach consists in
extending the SM at the electroweak (EW) scale in the most gers¢ way compatible with
the SM gauge symmetry, investigating the constraints impesl by the experiments on the
resulting generalization.

A remarkable example of the second approach is the SMEFF2[ 40{42] that we have
described in the previous chapter and widely used in the qudsr BSM physics. Here we
stress some features of SMEFT relevant for the analysis dabed in this chapter that is based
on [13]. An important point is that SM accidental symmetries are albwed to be violated
in the SMEFT Lagrangian: for example, baryon and lepton numbeviolating operators can
be included, namely odd-dimension operators violating and/or L conservation {4]. A
few assumptions concern the UV theory. It should contain onlgarticles with spinJ  1;
new vector elds could be either gauge elds (massless befoESB in the UV theory) or
massive Proca elds; new fermions can be introduced providi¢hat they are vector-like with
respect to the SM gauge group, to maintain the SM free of gaugaomalies. Even though
in the construction of the SMEFT operators the latter requirenent is taken into account, in
more general frameworks it can be relaxed, provided that tether with new fermions (not
necessarily vector-like), other contributions are addedhat maintain the SM gauge group
anomaly free {5].

One can use the construction in two ways. Choosing the UV conapion, the Wilson
coe cients of the SMEFT operators can be determined through mtching and running
procedure {6{48]. On the other hand, without assumptions on the UV completionthe
coe cients are treated as parameters. These two steps areroplementary to each other.
Having gained model independent information on the coe cies in the e ective theory, it is
possible to contrast them with the features required in a spec scenario in order to validate
or discard it.

The phenomenological evidence that neutrinos have nonvahing mass induces to con-
sider the SMEFT extension of SMEFT, which comprises three right-handesterile neutrino
elds in the sub-TeV mass range49%{56]. The inclusion does not invalidate the requirement
that the SM gauge group is free of gauge anomalies. In the axson, L® consists of three
operators, while only the Weinberg operator appears at thisrder in the absence ofg [57].

40
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The choice of thed = 6 operators is not unique, and di erent baseshave been proposed,
i.e. complete sets of independent, non redundant operatbré popular basis is the Warsaw
one B2]. In each basis the operators are collected in classes adaug to their eld content.

In this chapter, based on43], we focus on the UV completion represented by the simplest
extension of the SM gauge group comprising a new Uflgauge group, featured by the
gauge couplingg; [58{61]. Z%is the corresponding gauge eld, and the-hypercharge is
the quantum number associated to the new symmetry. Many NP metk introduce such
a mediator with speci ¢ z-hypercharge assignments. Experimental searches #? rely on
the assumptions for the hypercharges, and produce exclusiplots in the plane of thez?
production cross section versud .. 2 The NP scale can be identi ed withM o acquired
after spontaneous breaking of the new symmetry. We do not reeé specify how such SSB
occurs, we only assume that it happens at a much higher scaleh the SM Higgs vacuum
expectation value. We neglect the mixing with other neutrabauge bosons.

In the chosen extension we work out the coe cients of the SMEFT operators of di-
mension up tod = 6, aiming at the relations among thent. While the gauge structure of
the theory already imposes nontrivial relations among vasus coe cients, further relations
can be established requiring that the extended gauge group anomaly free. We obtain
results holding for a generic U(®)extension. We also consider speci ¢ cases: univergl
couplings to the three generations or only to the third genation; Z°only coupled to left- or
right-handed fermions; lepto- or hadrophobiZ® the z-hypercharge assignment of the ABCD
model [3]. In all cases, we nd that the number of independent coe ciets is reduced and
remarkable correlations can be established among them, winiare peculiar of each extension.
The experimental test of such correlations would shed lighdn the particular completion,
providing the widest information using measurements.

The plan of the chapter is as follows. After Sed.2 with the notations, in Sec.3.3 we list
the SMEFT operators generated at the EW scale when the UV theory ctains the new
gauge bosorz® The impact of the new gauge boson on the SMEFT Lagrangian defysis
considered in Secs.4, with the list of the operators obtained when thez® eld is integrated
out, the expressions of their Wilson coe cients and the relabns due to the gauge structure
of the extension. In Sec3.5 we consider the relations that the fermionz-hypercharges
must satisfy to ful | the requirement of gauge anomaly candkation in the SM gauge group
extension, and how such relations can be translated into dogous ones among the SMEFT
coe cients. We than discuss the results for the selected-hypercharge assignments. The
last section comprises the conclusions.

3.2 Notations, Z°couplings to fermions and to the Higgs
eld

The most general renormalizable UV Lagrangian terms involvg the gauge bosorZ° of a
new U(1)° group can be written as

LZ°= LZ) + LZ/ + L2 (3.1)

free int ;fermions

1Sources of redundancies are, e.g., operators obtained one from the other eftintegration by parts and
discarding a total derivative; operators that can be discarded using egations of motion; equivalent operators
upon Fierz transformations (in the case of four-fermion operators).

2See, e.g., the review: B.A. Dobrescu and S. Willocq,Z%boson searches”, in:{0].

3Mixing at tree-level vanishes in models where the SM Higgs is assurdeo be singlet under U(1)°.

4In the same framework, relations among the coe cients ofd = 6 and d = 8 operators have been worked
out in [62].
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The rsttermin ( 3.1) reads

1 1
2’ = -7070 4 éMzzozoz0 : (3.2)

L free — 4

Z0 is the gauge boson eld andz® = @Z° @2Z°is the eld strength tensor.
The second term in §.1) describes theZ° coupling to fermions. We denote by and
' the SU(2). left-handed quark and lepton doublets, respectively, witlyeneration index
i = f1,2,3g. uk; dy; L; € are right-handed singlets.
Before the electroweak SSB th&° couplings to fermions are avour conserving, hence
for a generic fermion we can write
0 X 0
LZ = LZ (3.3)

int ;fermions int

where the sum extends over all the fermions generically déed by and
L2 =gz VAR (3.4)

Z9 is the gauge boson eldg; the U(1)° gauge coupling, andz the z-hypercharge of the
fermion , i.e. the fermion quantum number related to the new symmetrgroup. In SM the
fermions are chiral, hence it is useful to write34) in terms of the left- and right-handed
fermion elds (gr):

Lz = (OV L L+ R Rk Z% (3.5)
with ) )
( L;R )U = gZ z LR I : (36)

The Z°coupling to the SM Higgs eld' is described by_.zo. We write the covariant derivative
acting on the SM Higgs eldasD = D +igz z4 Z° D contains only the SM gauge elds
and z is the Higgsz-hypercharge. Therefore, we have

$
(D')(D ")=(D "D ")+gq "YiD " Z° + FZ%2°( ") ; (3.7)
$
where' YiD ' ='Y(iD ') (iD 'Y)' and we have de ned
O = Oz Zn - (3.8)

The last term in (3.7) can be neglected in the present study since we are interetia d = 6
operators arising at the EW scale whe# °is integrated out. The last term in (3.7) produces
a d = 8 operator, its coe cient would be inversely proportionalto M Z,. Therefore, in @.1)

we only include .

LZ°=¢gy 'YiD ' Z°: (3.9)

3.3  SMEFT operators generated in the U  (1)° exten-
sion of SM

In the Warsaw basis the operators are collected in classes@aaling to their eld content.

The scalar eld is denoted by' , with ~ dened as'+ = (' ¥) (j;k are SU(2) indices).
The gauge eld strengths are indicated byX , X being their duals. Fermions are denoted by
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. Among the various terms in the SMEFT Lagrangian in Eq. {.7) up to dimension 6, we

focus onL (263, the set of operators generated at the EW scale when the SM gpois extended

including U(1)° and the gauge bosoZ °is integrated out. L(;"g consists of the terms

LR = C- 0« + CY OW + CeeOee+ Cuy Ouy + Cag Ogg + C® 0©
+ CY 0% + Ccly Of) + CeyOey+ CeqOea+ Ce O + Cyy Oy + Cig O + CqeOge+
+cllol+clioll+C.0.+CL0,+Cy04+C O +Cq O (3.10)
+C,0,+Cp Op +Co O +Cy Oy +C4 Oy +C. O
+ CYOY+Ce O +CPOP +Cy Oy +Cq Og +C O +he.:

The various operators can be classi ed in the following class de ned in B2, 52]:

"~ four-fermion operatorsO , , (denoted asO if ;= ;) with structure (LL)(LL):

e = L L
O =d d d ¢ (3.11)
0 o= L L d& & ;
" four-fermion operatorsO , , with structure (RR)(RR):
Oee jyp = ek e ek €&
Ouw o = ub Ul Uk W
Ou o = Gk dr di di
O&) ik Up  Up e df
Ocu o = €& € Us UR
Oci o = & & dk df (3.12)
0 = k k& E
Oe jip = R Ok &k €
Ou o = Rk Uy UR
Od o = & & dr & ;

SWhile in Eq. (2.7) the Wilson coe cients are dimensionless, in (3.10) it is convenient to include the mass

dimension in the de nition of the coe cients. The operator 0® is denoted by a superscript to distinguish
it from the d =5 Weinberg operator O
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" four-fermion operatorsO , , with structure (LL )(RR):
O‘e iikp = \iL \jL elg eFF)Q
Oqe ijkp = q d_ e:(? epR
U jkp Tl Uk uR
Oy ik L ‘jL dg  dR)
O o = 4 d Ut uw) (3.13)
! . .
Oéd) ijkp ql_ ql_ dll(? d%)
O iikp = \il_ ‘JL IF(Q Ig
Oq ijkp = ql_ d_ Is IF?) ’
" operatorsO.g involving the Higgs eld ' , classi ed as' *D? in the Warsaw basis:
o = 'V vy
Op = '"YD ' (D ") ; (3.14)
" operatorsO - involving the Higgs eld ' and the fermion elds, classied as ' 3:
Oe' i = ' ‘:_ 'e JR
OLI' i = 'y ql_ Iﬂ jR
Og ;= 'V q'dL (3.15)
— ' ' T ] B
O ' I] - y I R 1
" operatorsO. comprising the Higgs eld' and the fermion elds, classi ed as 2" 2D:
$ .
1 RV . N
o .= 'ViD Lo
1 y $ 1 | j
Oe = i D e €4
s . .
O.(ql) . "YiD qa d
$ .
Oy i = "YiD ' ug Uk (3.16)
1 H $ 1 | j
Oy i = YiD dR dJR
— LI "2 $ ' | J
o i = iD R R

I;j;k;p are generation indices.
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3.4 Relations among the Wilson coe cients

The coe cients of the operators in Sec.3 can be expressed in terms of the couplings in
Eq. (3.5) [64]. For four-fermion operators they read:

C- o = % (3.17)
Cla ikp ( E)Zijlvfzzoﬁ)kp (3.18)
Coayy = LELCEY (3.19)
Cus jyp = W (3.20)
co = (R (R (3.22)

ikp 2M2Z,
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Y qdy\kp
C(;-) ko - ( L)I\/I(2 L) (323)
Zo
o _ (R CR*
Cud ijkp - Mzzo (324)
_ (R (R
Ceu iikp - M—ZZO (325)
_ (R R
Ced — M—Zzo (3.26)
_ ()R
_ ()R
Cy _ M—Zzo (3.28)
_ ("R
Cy _ M—Zzo (3.29)
qyij e \kp
Cae ikp % (3.30)
ayij u\kp
o - 0D)'"CR)
Cav ijip = VER (3.31)
ayij ( dykp
C& o = Co'CRP L)M(ZZOR) (3.32)
_ (R CR)
Ce — M—Zzo (3.33)
(R (R
Cy ., = ———— " (3.34)
Y ijkp M 2,
_ (R R)
Cyq — M—Zzo (3.35)
()" (R
c b= — " (3.36)
ijkp Mzzo
_ (DR
Cq — M—zzo (3.37)
The coe cients of the operatorsO- and O are given by
95
C = (3.38)
2M 2,
2 2
Co = Mng : (3.39)
Z0
so that
Cp =4C (3.40)
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and Cp < 0. The couplings to fermions enter in the coe cients ofOs , Oy and Oy .
However, when the UV completion consists only of the nel/(1)° group, as considered in
the present study, such coe cients vanish.

The coe cients of Oﬁl), O, O'(l), O, and Oy are given by

o, - (et a1
c. = (B Fe6 (3.42)
= (ﬁ)i"’\/l% (3.43)
Cu , = (5):"\/'% (3.44)
Cu , = (g{):w# (3.45)
c = (R)L%: (3.46)

For N generations, the coe cients in Egs. §.17)-(3.37) are generally complex matrices in
a N“ dimensional space. However, the coe cients in3(17)-(3.22) correspond to Hermitian
operators, hence they are real and hawd* components. In principle, the coe cients in
Egs. (3.41)-(3.46) involve 2N 2 independent parameters. This parameter counting changes
for the UV completion obtained extending the SM gauge group thithe new U(1)°. We derive
relations among the coe cients before SSB, with unrotatedermion elds and diagonalZ®
couplings to fermions. Moreover, in this case all coe cientare real, since they are expressed
in terms of the (real) z-hypercharges and o6y which is real as from §.8).

Relations exist among the remaining coe cients. We denoteyobC a generic coe cient
among those in Egs. §.17)-(3.22), and by C , , a coe cient among those in Egs. 8.23)-
(3.37). The coe cients in Egs. (3.41)-(3.46) are generically denoted a<C.  (in all cases

=, Qq; ;e; u; d). We have:

q
C 1 2 jjkp = 2 C 11 jjjj C 2 2 kpkp (3.47)
S T (3.48)
ikp Co :
C.,,C,
— J kp .
C.s o =2 & : (3.49)

Considering Eq. ¢.6), only the componentsCi are nonvanishing among the coe cients in
(3.17)-(3.37). Moreover, the coe cients in (3.17)-(3.22) are symmetric under the exchange
i $ Kk, so they comprise only six independent components. It is c@nient to use the

notation i = ii;k = kk. As for the coe cients [C. ]ij in Egs. (3.41)-(3.46), they are

nonvanishing only fori = j. We denote them as¢ ].°

5To avoid confusion, when pedices refer to pairs of indices or to a site index we writei = 1;2;3 and
i =1;2;3, respectively.
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Summarizing, the following structures of coe cients are ralized:

C = c , ¢, C, (3.50)
0 , 1
1 c ;C' 2 c ;C' 3
= e ,C c , cC ,C , (3.51)
2
§C' 1 C §C' 2 c 3
0 1
;C'zl C'i;C'zg C'l;C'Zg
2
Hzc_% .,C,, C,,C,, C-12C-23§: (3.52)
§C'2; C'lgc'zg C'lac'za

The number of independent coe cients in the dimension-six &grangian density §.10) is
reduced to 19. They can be the 18 coecientsC .. fori = 1;2,3 and the six =
5 d; ;€ u;d, and Cp ; alternatively, they can be the 18 coe cients C . andCp . In

the next Section we describe the constraints for such coe ents obtained requiring that the
extended gauge group is free of gauge anomalies.

3.5 Constraints from gauge anomaly cancellation

The issue of gauge anomaly cancellation in presence of a newl)d6ymmetry has been
considered in many studiessp, 65{ 71]. In case of a newZ °gauge boson, six gauge anomalies

are generated. They can be expressed introducing the quaiets z™ de ned in terms of the
sums

z" (3.53)

with ; a fermion in thei generation [;5]. The [SU(3).]2 U(1)°, [SU(2), ]2 U(1)°and [U(1), ]2 U(2)°
anomaly cancellation conditions involve the linear combations of hypercharges inq.53),
and read:

Az, =228 z{V 2" =0 (3.54)
Az, =320 + 2% =0 (3.55)
1 4 1 1
= (1) 1) 1) 1) @ —n-
Ay = 6 z; 3 zZ; 3 -zy + > A zg’ =0: (3.56)

The triangular graph involving two gravitons andZ° also produces a relation linear in the
z-hypercharges:

Ace, =3[220 2z z{"1+22% 2 W =0 (3.57)
which can be simpli ed using Eq. §.54):

Acs, =220 z®0 W =0 (3.58)
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The U(1), [U(1)92 anomaly cancellation condition involves the quadratic susiin (3.53):
A, =[2Q 229 +27] 29 ZP]=0: (3.59)
The [U(1)%® anomaly cancellation condition involves the cubic sums ir(3):
Ay, =3[22 20 ZP1+122% 20 201=0: (3.60)

The previous equations provide constraints to the coe ciets in (3.10). We de ne

(n) x n
c = c . (3.61)

i
i=1

denoting for simplicity cV=c . Using Egs. §.41)-(3.46) we have

Mz 1 _
z, = & Re@y) C P (3.62)
and Eqg. (3.53) becomes
MZ, 1 "
(n) — zo (n) .
= —= ——  C': 3.63
g gz Re(gn) (3.63)

With such de nitions, the equations of the gauge anomaly caedlation conditions read:

Az ! 2C4 Cy, Cq¢ =0 (3.64)
As, ! 3Cq +C =0 (3.65)
Ai;! Cy 8C, 2Cq +3C 6C =0 (3.66)
Ags;! 2C- Ce C =0: (3.67)

They produce the relations:

\ + f
Cq = Cu + Ca (3.68)
2
i + '
C = 3C = 3% (3.69)
Ce = 2C, Cy (3.70)
C = C, 2C4: (3.72)
We also have
Ap,! C® 2c@+cP cP+cP=0 (3.72)
A ! 3[2c® c® cPl+2c® c® cPl=o0: (3.73)

Examples on how the equations representing the anomaly cafation conditions (ACE)
can be exploited are discussed below, considering modeldhwspeci ¢ z-hypercharge assign-
ments.
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3.6 Applications to models with specic z-hypercharge
assignments

The anomaly cancellation equations involve 18 parametersC : for =gq; i u; di; i; e;
andi =1;2;3. Taking into account the constraints from the 6 ACE, there a& 12 indepen-
dent parameters. With other assumptions, further constrats can be imposed, as discussed
below for selected cases.

A. Z°only coupled to the third generation, and Z° universally coupled to the
three generations

If Z°only couples to one of the generations, e.g. the third one, wavez , = z and
z , =z ,=0. The number of parameters involved in the ACE is 6, denote@
¢ ,=¢ ; ¢C ,=C ,=0: (3.74)

It follows that

n .

cW= c (3.75)

Before discussing the ACE, let us consider the scenario in isfn Z° universally couples
to the three generations:z , = z , = z , = z , as in models where the-hypercharge is a
linear combination of the SM hyperchargé’ and of B nL, with B and L the baryon and
total lepton number andn an integer number {5,72,73].” The 6 parameters involved in the
ACE are denoted again byC.

cC ,=C ,=C ,=C ; (3.76)

and the relation holds:

n .

c=3cC (3.77)

The factor 3 factorises in the ACE, hence the two cases are idieal from the viewpoint of
solving the equations and can be discussed together.

Since Eqgs. §.72)-(3.73) are automatically satis ed, they do not represent additioal
constraints, hence there are two independent coe cients. @& can express all coe cients in
terms of Cq4 and Ce :

Cq = Cyq 4Ce

C, = Cyq ';C'e

e = 3Ca Ce (3.78)
4

o - 3c-d2+ Ce .

Correlations among the four coe cients depending on the twondependent ones are obtained,
as shown in Fig.3.1 varying Cy and C .

’Replacing L with a family lepton number or a combination of Le; L ; L dierent from L does not
belong to the generation independent category2, 74].
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Figure 3.1: Z%only coupled to the third fermion generation: Correlations among nonvaniging
coe cients, varying Cq4 and Ce¢ inthe range [ 1;1].
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Figure 3.2: z%only coupled to the third generation: Correlation among nonvanishing coeients,
varying Cqq and Cee in the range [ 1;0]. The green points refer to same-sigrCqy and Cee, the
orange points to the case of opposite signs.
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In this speci ¢ scenario, information can also be obtaineddC ]§§. Indeed, Egs. §.17)-
(3.21) imply

1=2
i @ C i : (3.79)
As done forC. wedene [C ],;=C :The ACE can be used to relate the nonvanishing
z-hypercharges: o

1
Zgs = 4 Zdg; Zeg
Zu3 = } Zd3 + Ze3
2
_ 3
Z,= 7 Zn Za (3.80)
z,= > Ze, 3z,

Two di erent cases can be analyzed, depending whetheg, and z,, have same or opposite
signs:

T z9,>0; zo, > 0andzy, < 0; z,, < 0: we have

P P ' 2
qu — dd " ee
PP 2
_ dd ee
Cuu - 2
9 P p 2
Co= Cad Cee (3.81)
P C 3p C 2
—_ ee dd .
Cc = 5 ;

" 24, < 0,2, > 0, andzy, > 0, z,, < 0: we have

Caqa + P C 2
qu — dd n ee
P P P2
Cuu — dd 5 ee
9 2
C-= ¢ Caa+t  Cee (3.82)
e L ol
C — ee 5 dd

Correlations among the four coe cients are obtained varyig Cqq and Cee, as shown in
Fig. 3.2.
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B. Z%only coupled to left-handed fermions

The possibility that Z°only couples to fermions of a given chirality has been consigd, e.g.,
in [75]. If Z%only couples to left-handed fermions the nonvanishing coeients are C. for

= fq; g, hence 6 parameters. The number of constraints is reduced4®ince Egs. §.65)
and (3.66) are redundant. The linear equations{.64) and (3.67) provide the relations

C’.q =C- =0: (383)

The quadratic and cubic ACE provide further relations, hene the number of independent
coe cients is 2. Varying [C- ]3 and [Cy ]s, correlations are obtained among the remaining
coe cients. They are shown in Fig. 3.3.

Also in this case the ACE can be exploited to derive correlatis among € ], choosing
[C- 535 [Cydls5 @S independent coe cients, for same-sign or opposite-sign, and z,,. The
correlations between the remaining coe cients@-1,, and [Cqgl,, are shown in Fig.3.4.

C. Z°%only coupled to right-handed fermions

If Z°only couples to right-handed fermions, the nonvanishing eaients are C . for

= fu;; d;e: g, hence 12 parameters. The number of constraints is reducen 5 since
Eq. (3.65) is automatically satis ed. Egs. (3.64), (3.66) and (3.67) provide the relations

Co= Cg= Ce=C : (3.84)

The quadratic and cubic ACE give further relations, so that he number of independent
coe cients is 7.

D. Leptophobic Z°

If Z%only couples to quarks, the nonvanishing coe cients areC cfor = fq; u; dig,

therefore 9 parameters. The number of constraints is 5, smd&q. (3.67) is automatically
veri ed. The other linear equations provide the relations

Cq=Cy, =Cq =0; (3.85)
while the quadratic and cubic ACE read

c® 2c@+c¥ =0 (3.86)

2c® c® cP=o0: (3.87)

Consequently, there are 4 independent coe cients.

E. Hadrophobic Z°

The situation is specular to the leptophobiZ®. The expressions of the ACE are
C-=C =Ce =0
c?®+c® =0 (3.88)
2c® c® c®=o0:

The number of independent coe cients is 4.
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For such models the experimental bounds are weaker than ingmous cases, and allow a
relatively light Z° Moreover,Z°can contribute to lepton- avour violating decays and to the
lepton anomalous magnetic moments/§{ &3], an issue of great interest at present{, 85].
Models gaugingL, Ly (a;bbeing the lepton avours) belong to this class, namely model
gaugingL L [86{91].

As an example of a hadrophobic model, we can also consider #feonly coupled to right-
handed neutrinos, a scenario belonging to the classrefutrinophilic NP models p2{94]. As
for the ACE, setting all z-hypercharges to O but for right-haded neutrinos, we have that
Eq. (3.88) is satis ed only if at least one of the three right-handed natrinos is sterile under
U(1)% Choosingz , = 0, the ACE imply [C. b=0and[C ], = [C L.

F. ABCD model [ 63]

A model with a heavy gauge boso# °with avour nonuniversal quark and lepton couplings
has been considered inG§]. The assignment of thez-hypercharge to a generic fermion
i=fq;u;d; i; i; eg (i ageneration index) is

z, =y + (3.89)

y denote the generation universal SM hypercharges, are parameters generation depen-
dent, but universal within a given generation. This constration produces quark-lepton
correlations. As shown in§3], all ACE are satis ed provided

x3
i=0: (3.90)
i=1
The assignment implies the relation
1=2
% Co .
C =3 = : 3.91
2M 2, Y (3.99)

For right-handed neutrinos one hasC. = 0 sincey = 0. Nontrivial relations among the
SMEFT coe cients are predicted:

-9 = SZu -3 =2 . 3.92
Ge Zce Ge Ge ( )

3.7 Summary

The possibility of gaining information on possible extensns of the SM, in a bottom-up ap-
proach, is largely based on the SM e ective eld theory framegork. It is important to obtain
the widest information from the phenomenological analysef the coe cients of the operators
in the e ective eld theory Lagrangian. We have discussed ta set of constraints and relations
among the coe cients of thed = 6 operators if the SM extension includes a non-anomalous
U(1)% In particular, we have investigated how the anomaly candation equations, involving
the z-hypercharges, can be translated into constraints for theSMEFT Wilson coe cients.
Such constraints become more stringent if particular featas are assumed for th&° cou-
plings to fermions. We have discussed examples on how the stomints can be exploited,
and which correlations among the coe cients emerge. Cormiions among di erent coe -
cients imply relations among di erent physical processesyhich can be searched and tested
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in experiment. Such processes could also involve neutrineghich motivates our choice of
considering the SMEFT formulation. The correlations could also be included imglobal t
analyses using the data already available, or that will be #ected in the near future. This
provides us with a way for accessing the long-sighted ext&mns of the Standard Model.
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Figure 3.3: Z%only coupled to left-handed fermions: Correlation among nonvanishing @e cients,
varying [C- ]z and [Cyq ]3 in the range [ 1;1].
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Figure 3.4: z° coupled only to left-handed fermions: Correlations among coe cients varying
[C-]33 and [qu]§§ in the range [ 1;0]. The color code is the same as in Fig3.2.



Chapter 4

Searching for NP: B! D ~ - angular
analysis

4.1 Introduction and framework

In the previous chapter we have shownSMEFT approach to search for hints of new physics.
We now move to lower scales, themass scale, for which we employ the LEFT e ective eld
theory previously introduced. At this scale we can probe gigls of physics beyond the SM,
through the anomalies emerged in the avour secto}, 96]. In particular, in addition to
processes suppressed at tree-level in SM, which are hightypstive to virtual contribution
of heavy quanta {7], we have mentioned charged current processes that are underutiny
BB! DO )
B(B! DO )
BaBar Collaboration 98] and subsequent analyse$4{ 16,18,99{101] (see [0,95] for averages
and review). The possibility of relating such anomalies tohe tensions for the di erent
determinations ofjV., makes the investigation of such processes even more intiig[102].

The angular coe cient functions in the fully di erential B(p) ! DO(p% YD ) (k1) (K2)
decay distribution are suitable observables to look for the ects of new physics (NP)
[103{107]. The Belle Collaboration has recently reported the measement of the complete
mg+mg o

2mgMp
with g = p p°[108]. This chapter is based on the work in109], where the role of NP
in this process is considered using theoretical expressdhat can be applied also to other
modes [10,111]. We make use of the Standard Model E ective Field Theory (SMET) as a
model-independent framework to analyze NP contributions tbeauty hadron decaysi2,40].
In the SMEFT framework semileptonic decays can be describeg generalized Hamiltonian
that extends the SM one with new operators. AD(1= 2?), where Lambda is the new physics
scale, these are dimension-six operators. Among these, thaoslevant for the present study
are four fermion operators.

after the emergence of the anomalies in the ratid®(D()) =

(C=e; )in

set of such functions in four bins of the hadronic recoil panaeter w =

To describe the mode8 ! V-, with V a meson comprising an up-type quarkl, we
consider the generalized e ective Hamiltonian
b U GF n A ~
He = = P35V I+ y) U Q1 sb d s
+rU I+ b ° (1 s+ 5 Ub (L o) (4.1)
0
+ , Usb "1 5 -+ ;U @1 b > @ 5 +he;

59
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Gr is the Fermi constant andVy, an element of the Cabibbo-Kobayashi-Maskawa (CKM)
mixing matrix. Osy =4(U. h) = - isthe SM operator. The Hamiltonian Eq. ¢.1)
also comprises the operatoDr = 4(cg k) = - ,thescalarOs=(ch (1 &) -,
pseudoscalarOp = (csb) (1 ) - andtensorOr = (¢ (1 )b~ (1 5) -
operators. The Wilson coe cients ,.q.sp.r are complex and lepton- avour dependent, in
general. Eq. ¢.1) reduces to the SM for ; = 0. The Hamiltonian Eq. (4.1) has been
considered in connection with the anomaliesiB ! D() vsB! D()" . decays, obtain-
ing information on the various operators and bounding the pameter space of the Wilson
coe cients [102,103,105,114{118]. Exclusive B semileptonic modes induced by thé! u
transition and inclusive b baryon modes have been studied analogouslyl{(, 119]. The
scalar operator does not contribute iV is a vector meson, a® in the present case.

Figure 4.1. Kinematicsof B! D (D )

We choose the kinematics indicated in Figd.1:  is the angle between theD meson
and the direction opposite to theB in the D rest frame; - the angle between the charged
lepton and the B in the virtual W rest frame and the angle between the decay planes
identi ed by the directions of the lepton pair on one hand andhe (D; ) pair on the other
in the B rest frame. Using such variables the fully di erential decayvidth reads:
m2 2 N

4 I RN
d(B! V(P:Py) ): Cipvj 1 q2 l1s sin? v+ |1CCO§ v

dg¢dcos d d cos v

+ lps SiP y + I cO$ \ cos2 + I3 sin? ysin® cos?2
+ l4s8iNn2ysin2 cos + lssin2y sin cos (4.2)
+ lgs SIP y + lge COS y cOS + I7sin2y sin sin

0
+ lgsin2y sin2 sin + lgsin® ysin® sin2

1The operator Oy is included in the set of dimension 6 operators with left-handed netrinos. In the
Standard Model E ective Field Theory the only dimension-6 operator with right-handed quark current is
nonlinear in the Higgs eld [40,112,113].
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3GZjVup’B(V ! P1P)
128(2 )*m3

the B meson rest-frame. The angular coe cient functions; in (4.2) depend on the couplings

virp:T» ON G2 (or w) and on the hadronic form factors:

with C= and p, the three-momentum of theV meson (hereD ) in

MR RPN 4 PINPT 4 2Re[R(L+ TR

+2Re[p(l+ NP +2Re[+(1+ INTT +2Re[g ]1NTFT (4.3)

+ 2Re[ P T]IiINT;PT +2Re[ P R]|i|NT;PR

=1+ vj2ISM +j Rj2

fori=1;:::6,

l7=2Im[ L+ V]I +2Im[ p(1+ VI +2Im[ @+ I (4.4)
4.4

+2|m[ R T]I|7NT;RT +2|m[ b T]l;NT;PT +2|m[ 5 R]l;NT:PR;

and fori =8; 9
li=2Im[ gL+ VITTT (4.5)

In SM such functions are expressed in terms of helicity ampldes:

H, = L (merm )M M QAP (M3 md DAL
2my(mg + my)
L et mA@) T (mEmE: @V() “s)
mg + My
Ho= (MR E) )

q2

with the form factors de ned in the appendixA.1. For NP operators the amplitudes are also
introduced:

1N q 0
HN® = 197? F(To(ef) ToA>)+ mg mf (m3;m;c?) (To(cf) + To(cP))

o

n 2. m2 - 2 Z 2
(M&;imy;d) o pye2 Mt M P oy am o) -

HYP =4
- my (Mg + my)? my

4.7)
The form factors T; are also de ned in appendixA.1. The expressions of all coe cient
functions |; are in the appendixA.2.

4.2 Constraints on NP couplings from Belle measure-
ment

The comparison of the Belle measurement(s] to the theoretical expressions in the previous
section allows us to constrain the couplings in the generaéid Hamiltonian (@.1). Before
presenting the analysis, we point out that i) the coe cient functions de ned in the previous
section are related to the coe cient functions in [08], denoted asJ;, through jl;j = jJ;=F]j,

with F = I 1.

10775 i) the angle - in [108] corresponds to - ! in our notation, therefore
B
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Figure 4.2: NP couplings ,; g; p; 7 Obtained from the Belle measurement of the angular
coe cient functions of B! D (D ) . The light region corresponds to requiring that the
theoretical results agree with the experimental data at 2.5 . The dark region corresponds to the
values obtained minimizing the reduced 2.

we havel; = Jj=F fori =4; 6s; 6¢; 8, and |; = J;=F for all the other coe cients; iii) the
Belle gollaboration provides the angular coe cient furlgstbns in four bins  w® of w, de ning
J@= " wJdiwdwandJ = J=N, whereN = & = 2 302+6J% Ji 2% . The
factor N corresponds, modulo a constant, to the integrated width.
To get information on the e ective couplings we proceed aslfows. From Fig. 1 of [L0&] we

obtain the values of the coe cientsJ; in the four bins w® =[1; 1:15], w® =[1:15; 1:25],

w® =[1:25 1:35], w® =[1:35 1:5] (for such an information the Collaboration has not
provided in [108] the table of numerical results and the error covariance miax). Next, we
consider the products ﬁ‘f")ﬁj;p = J ( w)2 Using the results in appendixA.2 and xing
the parameterN = 0:146 to reproduce the measured branching ratio quoted in(], we
calculate the expressions of the integrals of the coe cierfunctions in each bin ofw, (J2)1"..
The w dependence of the hadronic form factors is needed to perfothe integrals: we use
the CLN parametrization [120] with the parameters obtained in [21]. The details on the
reconstruction of the form factors and on the choice of the pameters can be found in1[03].

We require that (J&)I 2 [(F)SP Kk 2; (J)® + k 2], with k a number of standard

deviations to be xed; 2 is the error of the Belle result for eachf® multiplied by the
corresponding bin width. We have a total of 48 constraints,e. the integrals over 4 bins
for 12 angular coe cients. Since the data refer to the muon @mnel, we determine the
set (; g p; 1) (setl) that can simultaneously satisfy all constraints, vthin the inital
rangesj ;j 05 fori = V; R; P;T. We nd that the smallest value of k for which all
constraints g{e fullled is k = 2:52. For this set of parameters we compute the function

red = Ndlof (dHh (ISP = 32, with Ngor =40, i =1s;::9 anda=1;::4. The

I;a

values of this function lie in the range [B; 2:6] and we select those points that satisfy?2,,

1:875 (set 2). This choice is sensible since the probability tod 2, > 1:875 in the case of 40
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degrees of freedom is:07%. For comparison, the SM case (iey = r= p= 7t =0and
Ngot = 48) corresponds to 2, = 2. The results are in Fig.4.2: the light region corresponds
to the parameters in set 1, while the dark region to the paraners in set 2. The agreement
with data can be appreciated from Fig.4.3 which includes the Belle points together with
the angular coe cient functions obtained using the deterrmed couplings. The remarkable
result is that, while the SM point with all new couplings equhkto zero is allowed, it does
not belong to the region of minimum 2, and there is the possibility of values di erent from
zero in ;. This observation will be strengthened when the table of mearements and the
error covariance matrix will be available.

Other observables are sensitive to the e ects of the new op¢ors in (4.1). In particular,

an interesting observable is the ratio

Jas(w)
Rows(W) = 70— (4.8)
) Fis(w)
Figure 4.3: Angular coe cient functions in Eq. ( 4.2) forB! D (D ) . The shaded regions

correspond to the results obtained using the determined couplings, the points are the Belle
measurements [08].

Indeed, as obtained using the expressions in appendix2, the angular coe cient func-
tions | 1. 25, hencej\ls; 2s, do not depend on p. For vanishing 1 their ratio would be inde-
pendent of the form factors and insensitive toy; r. Therefore, the ratio @.8) might signal
that the coe cient of the tensor operator is non zero. This isdisplayed in Fig. 4.4 which
shows that for non-vanishing 1 the ratio can have a zero fom, in the range [144; 1.5] in
the muon channel.
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Figure 4.4: Ratio Ryys in Eq. (4.8) for ; =0 (dashed line) and varying ; in the range displayed
in Fig. 4.2 (shaded region).

Figure 4.5: j ;j as a function of the position of the zero of the ratio S5 (blue curve) and J5
(magenta curve) for ,, =  =0.

The structure of the angular coe cients provides insights a the possibility that 1 is
the only non vanishing new coupling. In particular, fory, = r = 0 one nds that both
J5 and J might have a zero. This is depicted in Fig4.5. This gure shows that if
j 1] < 0:25 5 should have a zero whilefs. should not, and viceversa. They cannot have
a zero simultaneously. Although the Belle data are not pre@senough to draw de nite
conclusions, they seem to exclude the presence of a zerdsnand are compatible with the
presence of a zero afy in the last bin of w. Other angular coe cient functions provide us
with further information. If the only non-vanishing NP coupling is T, Js would display a
zero at a value given by the relation

P PHIP (@Rel 1] 4m Ho(@) =0 4.9)

The position wy of the zero ofJ'},c would x Re[ t]. This is shown in Fig. 4.6, where the
continuous curve corresponds to the relation 4(9), while the gray band is the range oiv
where the zero offi. should be found according to the Belle measurement. This cesponds
to small values of Re[;], consistent with the results forfs and J.
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Figure 4.6: Re[ ;] as a function of the position of the zero offs; for , = 5 = , =0, obtained
from Eq. (4.9).

4.3 Results

The measurement of the full set of angular coe cient functios inB ! D (D ) con-
strains the set of NP coe cients in the generalized low energidamiltonian. In particular,
the possibility that some NP coe cients are di erent from zero emerges as a rst evidence
on the basis of the information available in [08]. It will be possible to corroborate this
indication using the experimental table of measurements gether with the covariance error
matrix.



Chapter 5

Bc! J=( ¢ - and the avour
anomalies

5.1 Relevance of B decays

In Ch. 1 we have described a number of discrepancies observed in tbenparison between
theoretical predictions and experiments in the avour sedir, the so called avour anomalies.
Some of them appear in charged current processes, for exagnipie ratio R(D()) discussed
in Sec. 1.4.1. Related deviations should be found iBs, B. and b-baryon decay modes,
both exclusive and inclusive 102, 119]. All these processes are a ected by hadronic uncer-
tainties in di erent ways, therefore it is necessary to angkze each mode separately. Indeed,
the hadronic uncertainty impacting the description of seval weak processes represents a
signi cant limitation for the predictions of the SM. This th eoretical error must be reduced
or at least controlled, especially considering the ongoirand planned high-precision mea-
surements. Additionally, error assessment is a crucial pm@inary step before interpreting
deviations of experimental results from SM expectations. tAa time when the search for
phenomena beyond the Standard Model (BSM) through direct pduction of new particles
at colliders has not produced compelling evidence, the facshifts to precision analysis of
virtual e ects distorting SM predictions and improved measrements of fundamental param-
eters.

This chapter is based on122] which is devoted to the study of exclusive semileptonic
b! ¢ decays of theB. meson, in particularB, ! J=" -andB.! . - which are
under experimental scrutiny [23]. The BSM e ects on this process can be analyzed using
the low-energy Hamiltonian generalizing the Standard Modeine including the full set of
dimension-6 operators, that has been introduced in the priewus chapter and already used
for other modes [02, 103,105, 114{ 118, 121]. The hadronic uncertainty is introduced by the
matrix elements of the various operators in the e ective Hanltonian, parametrized in terms
of form factors. This particular processes involve mesonaah one comprising of two heavy
qguarks, strengthening the interest irB., a meson with quarkonium structure and only weak
decays.

The form factors for theB. ! J= matrix elements of SM operators have been com-
puted in the full kinematical range of dilepton invariant mas ¢ by lattice nonrelativis-
tic QCD, by the HPQCD Collaboration [125]. Other QCD-based computations are based
on QCD sum rules in the lowg? range [126,127]. In the same kinematical range, using
standard NRQCD methods thehl= jc ihB. matrix elements are expressed in the form
h= jc QB ' 5.(0) ;= (0)T;i, where 5 _(0); ;= (0) are the meson wave functions at
the origin, while T; are the hard-scattering kernels, that can be computed pentoatively and

66
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describes spectator interaction corrections and vertex ections to factorization [128{ 132].
Perturbative QCD calculations use an analogous principlé {3{ 136]. Light-Cone sum rules
have been applied for alk? [137]. Di erent theoretical uncertainties a ect the several ap
proaches discussed. One of the advantages of model indegghdomputations using e ective
eld theory (EFT) is the possibility to systematically quantify and improve the uncertainty.
This is not an easy task for the determinations based on quarkodels. In fact, beyond
the variation of the input parameters, the uncertainty attached to the model can hardly be
quanti ed [ 138, 139].

The semileptonicB. form factors can be expressed through universal functionsspeci ¢
kinematical regions, based on the heavy quark spin symmetgpplicable to large heavy
quark masses140]. This approach has inspired numerous phenomenological dies of B,
decays [11, 141, 142]. These relations to the universal functions were initial provided
at the leading order in the heavy quark mass expansion. Heregvextend the analysis
to the next-to-leading order, establishing relations amapnthe form factors and a set of
universal functions derived from heavy quark spin symmetrgnd the power counting rules
of nonrelativistic QCD (NRQCD). This systematic expansion erves two purposes: it allows
for testing form factors obtained by di erent methods, prowding a quantitative assessment
of their theoretical uncertainty, and it o ers insights into form factors that have yet to be
computed, which are crucial for analyses based on the gerieed low-energy Hamiltonian.
For this, available lattice QCD results can be used as inputada.

We will use the power counting of NRQCD, the e ective QCD theoy relevant for mesons
consisting of two heavy quarksii3, 144]. A classi cation of NRQCD operators can be found
in [145]. Using this e ective theory and the potential-NRQCD (pNRQCD) e ective theory
formulated at a lower scale, key QCD parameters such as thegdagy and charm quark masses
and the coupling constant s have been precisely determined 46]. Precise determinations
of the B, mass [17,118] and lifetime have also been achieved/9, 150]. Here, we concentrate
on semileptonic form factors based on a systematic expansio

The chapter is organized as follows. In Section2, we introduce theb! ¢’ generalized
low-energy Hamiltonian in terms oD = 6 operators. In Section5.3, we outline the formalism
of the NRQCD expansion. In Sectiorb.4, we de ne the universal functions. Finally, in
Section5.5, we present a set of numerical results.

5.2 Generalized b! c semileptonic e ective Hamilto-
nian and B.! J=; . form factors

The low-energy Hamiltonian comprising the full set oD = 6 semileptonicb! c operators
with left-handed neutrinos is recovered from Eq.4(1), selectingU = c as the up-type quark:

h
He ¢ = %Vcb 1+ ) @ b @ s+ gc 1+ 5 @ 5 -
+ s(ch @ 5+ p(csk) @ 5+ r(c @1 9 T @ s

(5.1)

The B, and J=; . matrix elements of the operators in Eq. {.1) require hadronic form
factors, for which di erent parametrizations can be used. fieB.! . matrix elements of
the vectorQ° Q, scalarQQ, tensorQ® QandQ® 5Q currents can be written in terms
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of form factorsf; as

2 2 2 2

. . . . mZ m . mZ m
P (p)iQ° QiBc(p)i = f7<' P(q) p + p° %q + fo F’(qz)%q ;
P (p)iQQIB(P)i = & P(f) ;
. . . 2f B P(ep)
0 — T 0 0 .
PEIQ° QB = 1 e P (5-2)
| o 2B ()
0 — T 0 .
PEIQ°  QBumi = s PP
whereP = ., q= p pis the momentum transfer to the lepton pair, and the conditio
f2<' P(0) = f2' P(0) holds. We use °*% = +1 and the relation 5= & CfS P
2 2
is related to fg<' P: £2°' P(f) = Hff“ P(¢?) with quark massesmg and mgo.
QO
The B.! J= matrix elements can be parametrized as
. . . 2VEBe! V(P).
0. 0 — 0 .
V(P IQT QBe(p = S PP
WEDIQ QB = (me v m) oV AR V()
() ME. MY, Bt v
e+ my PP g4 A @)
2m |
(D= a AT V(D)
of
v (p% )iQ° sQjBc(p)i = Zm—v( DA V() (5.3)
' > ¢ Mg + Mgo 0 ' )
V(P2 )IQ° QBRI = T8 V(@) PP

(Mg, + my)?

FTNE) p AT @)
V(S IQ  sQIBR = IT V(@) a0 0 P 1)
AT V()P p)+iTZe Y (ef)(p° P°);

with V = J= and the J= polarization vector. The following condition holds:

Mg, + My
2my

Mee  Mv pset v (). (5.4)

AS Y (0) = S

AZ Y (0)

The results forV and A, computed in [125] will be exploited in our numerical analysis.
In our study it is convenient to use a di erent basis of form fators de ned in Appendix
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B.1. For B! . the relations between the two basis are:
méc m3 2 1
fo(d?) fi(of) = sp—= (Mg, + mp)h (W) (Mg, mp)h, (W)
2 2" Mg, Mp
1
fi(f) = P (M. + Mp)hs (W) (Mg, Mp)h (W)
Mg .Mp
Mg, + M
fr(@) = po—xhrw) ; (5.5)
B.Mp
p p°
wherev = p- Vo= o andw = v V% henceq® = mj_+ m3 2mg.mpw. For B;! J=
B¢ P
the relations are:
m m
V() = Spe——hv(W)
\Y

w+1
AL(qf) = P mg My m—-l-thAl(W)

C

mBC my

Az(qz) = s Ty

m
(W) + (- ha, (W)

Ao(qz):m Mg, (W+1)ha, (W) (mg, myw)ha,(w) (mg,w my)ha,(w)

C

mv)2

To(qF) = —ﬁ— hr, (W) (5.6)

Tu(P) = pﬁ hr, (W) + i, (W)

m
o) = pr—e (W) hr(w)

with o = méc + m\2, 2mg_myw. The form factorsh; can be related to a set of universal
functions in a kinematical range close tav = 1. For hadrons comprising a single heavy
quark, this has been done in1p1{153]. The modi cations for the heavy quarkonium are
discussed in the next sections.

5.3 Expansion of the heavy quark eld and the QCD
Lagrangian

To construct the heavy quark expansion, the heavy quark QCDeld Q(x) with mass mq is
written factorizing a fast oscillation mass term:

Q(x)= e 'Me¥™ (x)=e M ,(x)+ (X) (5.7)

: 1 : "
with =P (xX)andP = Tv- + Is the positive energy component of the eld (we use

the notation adopted in [149]). v is identi ed with the heavy meson (quarkonium) 4-velocity
with v? = 1. The equation of motion allows us to relate to .

1
)= 2mg +iv D

iB, +(x) (5.8)
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whereD, = D (v D)v . In the rest framev = (1;0;0;0) we havev D = D, and
D» =(0;Dj).
Using (5.7) and (5.8) Q(x) can be expressed in terms of. (x),

Q(x)= e 'MeVx 1+ >, .(X); (5.9)

=
2ng+iv D
a nonlocal expression which can be expanded:

B, , (v D)iB, ,
2mQ 2mQ 2mQ

Q(x)= e 'Mevx 1+ + (X): (5.10)
The power counting of the various operators is set within NRQEQ: D, v, D> v
and . w2, where v= j¥ 1 is the relative heavy quark 3-velocity in the hadron
rest frame [L44]. Therefore, the second term in Eq.510) is O(v ¥*?), the third one is
O(v* ¥*2). From now on, the powerv¥? for each quark eld will be omitted in the power
counting of the operators.

The QCD Lagrangian expressed in terms of.

. . 1
Loco = +(X) iv D+ibB,

——IiB A1
S reava LA C (5.11)

can be expanded:

(ib-)*, 9  , B (v D)

L = iv D+ i)+ :::
QCD +(X) v 2mq amq * " 2mg 2mg (i) +(X)
= Lo+ Lo+ 0 (5.12)
In this expressionG, sG>, =(g vv)@ vv)G .IntherestframeG, = Gj
for =i =1;23and = j = 1;2 3, while the other components vanish. The power

countilng of the chromoelectric eld componentE&; = G and of the chromomagnetic ones
B; = > ik G* is ¥ and v, respectively [43].

The rst and second term in Eq. (5.12) are O(¥?) and provide the leading order La-
grangian

_ , (iD2)?
Lo = 4 (X) iv D+ 2mQ + (X) (513)
giving the equation of motion for . (x)
H 2
v D+ (';jQ) L()=0: (5.14)

The third and fourth term in Eq. (5.12) are O(¥*) and give the NLO Lagrangian

Li=Lii+ Lo
where
_ g G,
Liz= +(X) amg +(X)
i=>, iv D) .
Lio= .22 LV D)y . (5.15)

2mQ 2mQ
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Using the equation of motion together withi>,;iv D]=ig v G and>,3, = D3
39 G», L1 can be expressed in the form

1 (iD,)* g (iD»)?
Lip = a0 + + + . = G
1;2 am? (X) 2me (X) (X) > ? 2mo (X)
!
+igv +(X)iD,G  +(X)+ gv +(X)iD, G (%X (5.16)
= LB LB LB L
L(lz)2 is of higher order in thev-expansion.L; can be arranged in the form
Ly=LY+ L5 (5.17)
with
LA =Ly + LYW= 1 + (XA +(X) (5.18)
1 1;2 4mQ
1
LP = L2+ L= 25 +(0B +(0); (5.19)
Q

where in (5.18) we have factorized the leadingdmg power. To deal with the antiquark, the
QCD eld Q(x) is written as

1
amg W D 07 X O
(5.20)

with X containing the negative energy component. The QCD Lagraragi written in terms
of X

Q(x) = @MeVXX(x) = @MeVX X, (x)+ X (x) = €&mevx 1+

: : 1 :
L =X D+iB, — B, X 5.21
QCD (x) v I ?ZmQ v DI ? (x) ( )
is expanded as
. (iD,)?
Loco =X (x) iv D+ —+ 0 X (X): (5.22)
2mQ

The above expressions de ne the e ective theory in which to evk out the meson form
factors.

5.4 Meson form factors in the e ective theory

To obtain the meson form factors in the e ective theory, we gxand the weak current involv-
ing two heavy quarksQ® Q, with a generic Dirac matrix:

i >0, 1

2Mqo  4mZ,

Q) Q)= °(x) 1 (iB%)(IV° DY+ :::
|
i,

1 |
2mg " amz
mg  4mg

1+ v D)iB, +:::  4(x) (5.23)
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whereD =D  (v° D)v°. Keeping terms up toO(1=mg), the current can be written as

Js; Jo; Ja, Jo, Ji;
1,0 + 0;1 + 2,(; 0,22 + 11 : (524)
2mg  2Mgo 4mg  4mae  4mgMgqo

Q) Q(x)= Jo+

with J; terms

- 0%
Jio= 1 1B, +

Joa= ¢ iB% +

Jog= 9 iv!D !in? " (5.25)
Joo= 2iB% w° D .

Jii= 2 iB% !iB? o

Considering the power counting irvi~Eq. (5.24) comprises terms up taO(¥?). The 0(1:m3Q)
terms involving three derivatives have not been included i(5.24), even though they can be
of the same order inv-of some terms appearing in the (nonlocal) corrections disssed in the
following: we assume that they provide numerically supprsed e ects.

We have neglected the perturbative s corrections. Considering such corrections the
short distance expansion of the current in%24) would contain more operators and a set of
matching coe cients would appear:

X Bi(;w B(;w)
QX)) Q)= Ci(;w)(Jo)i + ( )(J 0)j + —(Jo;l),- + 0 (5.26)
i j Mc
The various structures in Eq. §.24) can be identi ed with the rst terms in each of the

sums in (.26). The coe cients C; and Bj(0 are perturbatively expanded in . Only the
coe cients of the operators in (5.24) contribute at leading order in g, the others start at
O( ). At leading order in the inverse HQ mass expansion and &( ) one nds for the
various currents:

QQ= {1+ =2Cs .+
QsQ= 1+ 2Cp 5 4+
Q Q= 2 1+-2c, +-=2Cyv +2Cy,V° L+ (5.27)
Q° Q= 2 1+ 32Ca, + 2Cp,v + 2Cp,V0 5 4+
Q® Q= 2 1+-=2Cy + = Cr,i(v v )+ =Cri(V° VO o) L+
The coe cients C; have been computed in1pH4{ 156], the results for BJ-(Q for the vector and

axial vector currents are in [57]. In Sec. 5.5 we comment on the accuracy of usings(24)
instead of (.26).
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The B. and J=; . matrix elements of the various terms in the expansiorb(24) can be
expressed using the trace formalisni{]. In this formalism, the lowest-lying S-wavebcand
cc bound states are described by 4 4 matrices [40]

1+ 1
HOW) = =~ Y[B, B s (5.28)
2 2
1+ ° 1 6v°
HCC(VO) — [ c 5] (5.29)
2 2
satisfying the relationseH (v) = H(v) = H(v)vandH(V)¥°= H(V) = ¥H (9. B, ; B,
and . ¢ annihilate vector and pseudoscalabc and cc mesons of velocityv and v° re-

spectively. They are normalized topm with M one of the mesons in the spin doublet.
The trace formalism has been used to write the e ective Lagngians governing strong and
radiative heavy quarkonium transitions in the soft-exchage approximation [ 58{ 160].

The x-dependence of the matrix element! o(x) = MM YVv9j 9(x) +(X)jM (V)i can be
obtained exploiting the dependence in the e ective theoryl|1, 162]:

iM (X)i = e VXM (0)i (5.30)

where, for aQQ® meson,
= mm Mg Mo (5.31)

Eq. (5.31) means that for the heavy quarkonium under scrutiny the hegvquark binding is
generated by nonperturbative e ects.B. andJ=; . are not considered as purely Coulombic
states. The small binding energy scalecan display a residual heavy quark mass dependence.
From (5.30) and (5.31) we have

M o(x) = e ' XM (0) (5.32)

with = v ~%% For B! J= ( .), the binding energies™© are given by ™= mg,
m, mcand %= my- (,, 2m.
Using the trace formalism, we de ne

M Q9 2 (iv ! D) .jM (V)i Kk (WTr HYVY H(v) (5.33)

M9 2 iv® D) LM (V)i S(wW)Tr HQVY H(v) (5.34)

with w = v v% The same formalism allows us to parametrize the matrix elents of the
various terms in (6.24). The matrix element of Jy is written as

AV V9 IgiM (V)i = ( W)Tr HYVY H(v) (5.35)

and involves the form factor ( w) obtained in [140]. The 1=mq.qo terms involve the functions
and

M9 2 iDL M(v)i
MYV 2 iD ) M (V)i

Tr (V;VOH(Y  H(v) (5.36)
Tr (V;VOHQY  H(v) ; (5.37)

which are expressed in general as

(Vi) = cw)(v+Vv) + (w)(v VI 3(W) (5.38)
(Vi) = cw)(v+v) + W V) s(w) (5.39)
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Exploiting the relation
i@( Y +)= 2D ) .+ S(!iD ) . (5.40)
and using 6.32), the functions in (5.38)-(5.39) can be connected to in (5.35):
~ "Ww=( - HA+w+( + )T w+( 3 3) (5.41)
((w = +  HA+WH( o+ )w D+( 5 3): (542

i satisfy the equations

fA+w)+ (1 W+ 3= g (5.43)
JA+wW+ @ w+ o3= 2 (5.44)
3= 3 (5.45)
obtained using Egs. §.14) and (5.32), with solutions
_ 3(W) (w) = k(W) + R (w)
W= arwtaarw Yt 2w (5:46)
_ 3(W) (w) - k(W) + R (w)
W= arw 20w T w) (5.47)
_ (w0 k(w) R (w)
W=sw 1 W 7 2w 1) (5.48)
o (w - - k (W) R (w)
(w) = sw 1) Qv + o 1K) , (5.49)

The functions and  are niteat w=1if (w)and 2 (w)are related by the condition
cw)  gw)y= T T (w): (5.50)

Solving Egs. 6.41)-(5.44) after an expansion of the universal functions close o = 1 we
nd that Eq. ( 5.50) holds forw = 1. There is an interesting analogy to the case of heavy-
light mesons, where ¢ (w) = % (w) and (1) is proportional to the heavy quark kinetic
energy [52]. If the relation holds for all values ofw, the heavy-light case is recovered for

= ~% The condition (5.50) allows us to obtain:

3(W)

w1, k(W)

W=y T O arw T wet (-51)
_ 3(W) Ow 1) g(w)
W= Gan T (Waarw t wel (6:52)
(W) = %'* (5.53)
(w) = (W) . (5.54)

2
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The matrix elements of the operators with £#mqg.qo in (5.24) are expressed in terms of ;:
A MWDAMWI = e THI) B £ e (W)
FTOHEY WHO) 0 (W) (W)
HYOWVY  H(V)  s(w) (5.55)
MMM = 2 T HWY K 0 ) (W)
+Tr HQOO)w H(v) 11(\/\\2 + 1+1w( k(W)  (w)Y
HYOWY)  H(V)  s(w) (5.56)
To consider the Emj terms we de ne
M9 °( iD ) (IiD ) sjM(V)i= Tr (V;VOHQYY  H(v) : (5.57)

The function

(v; V9 is written in terms of its symmetric S and antisymmetric * parts

=205+ 2] (5.58)
which can be parametrized as
5= 2wg + SW)(vH V) (v V) + Sw(v V) (v V)
2w (vEV) H(vEV) o+ Sw) (v V) + (v V)
oew) (vHV) (v V) (v (v V) (5.59)
A= Twivv® v+ Fw) (v V) v V)
oswio + Fw) (v V) (v+ V) (5.60)
The hadronic matrix element ofJ;.; in (5.24) can be expressed in terms of . For J,,¢ and
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Jo:2 integration by parts is also needed. We obtain:

(
MIAVIjIooiM (V)i = (T w™ . Tr HOY H(v) +Tr HYOY «H(v)

+ T HYWY Hv)  Tr HQVY »H(v)
)
sTr HOVY  H(v) kTr HO9 H(v)

(I+w) 7 @ w3 2wg+ © (7 35+

wTr HOO H(v) +Tr HQY «H(v)

@L+w)( g+ H+T w5+ )+ 3

Tr HOWY H(v) +Tr HQOY  H(v)

(
MM AV9jJoiM (V)i = (w79 4 Tr HQVY H(v) +Tr HQOOw H(v)

+ T HYY Hv)  Tr HOO% H(v)
)
sTr - HOY  H(v) OTr HYVY H(v)

1+w) 5 (1 w) $+2w g+ 7 2

NI

wTr HOW) H(v) +Tr HOY% H(v)

@+w(z 2 @ w(s )+ 3

Tr HOWY Hv) +Tr HYQY  H()

A
2

A
2

(5.61)

>

(5.62)
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vV qv9jI14jM (V)i = %( TS wlr HYW) H(v)  Tr HQOe H(v)
T HYOWY) ¥H(v) +Tr HQO H (v)
253 D W HW HE)

wTr HOO% H(v) +Tr HQ) «H(v) +Tr HYQOe H(v)

2B he Be ) TOHIIE W) HE)
+Tr HOWO(2 w)  H(V) (5.63)
1

S+ 2 5 D) T HW)(¥ wH(v)
+Tr HWY (¥ wH(v)

8T HWY) H(v) +Tr HYQY H (V)
+Tr HYQY  H(v) +Tr HNVY  H()

Using Egs. 6.14), (5.33) and (5.34) two relations follow:

2mg « = A~ Kw 1)

%3 SH(@ w5+ 5 2 rAw (5 D (564
me g =T w1

%3 TH@A O wW)( I+ $H+2 DH+2w D F+ D) (5.65)

In addition to the corrections obtained by the expansion offte weak currents, we must
consider the corrections to the states. Using Eqs5.(8),(5.19), they can be written as
z
M AVji d*X T [Jo(0)L 1(X)]iM (V)i

ﬁ 1(WTr HQVY H(v)

1
mTr > (WHYQY P,

Mz+ M,

H(v) (5.66)

NI =

and, considering the term analogous tb; for the antiquark in Eq.(5.22),
Z

M AIji - d*X T [IoO)LI(X)]M (v)i (W) Tr HYV) H(v)

1
2m32

—oTr > (WHNY > P2 H(v) (5.67)
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We deal with such corrections parametrizing the functions;, ; as
i+ S(v v o)+ SV Vo ) (5.68)
i+ S(v v o)+ SV VO ): (5.69)

Using ¥H (v) = H(v) and HY{v9)¥® = HYV9) one sees that § and § do not contribute to
the matrix elements. HenceM , and M 4 are given by:

M s = ﬁ A(w) chy Tr HYWY H (V)
h [
1 Sw) Tr HYQV) H(v) +Tr  HYY P.¥° H(v) (5.70)
4mQ
M, = e Sw)dy Tr HWVY H(v)
h i
£t Bw) Tr HQWW) H(v) +Tr  HYQYY wP? H(v) ; (5.71)
4on

with M = P;V and d(F,Q =3, df,o = 1.
The above relations can be used to write the various form fams in terms of universal
functions. The resulting expressions are collected in Appéix B.2.

5.5 Numerical results

We present a numerical analysis based on the relations in App.2. Since the number of
universal functions increases including the various termge shall limit the study neglecting
O(1=m?) terms (with m generically my; m;). This already produces interesting relations.
For example, the combinations

(W (W,

Fiw) = () (5.7
Faw) = K W) 5 (W~ W) (5.73)
Kw) =3 Aw+2(w 1) S(w) (5.74)
Kw) =3 2w) 2w 1) Ew) (5.75)

allow us to simplify the expressions for the form factors antb establish relations among
them. For the B! . form factors we nd:

(W) = ( W)+ K (W) + oK ()

W)= e Fiw)

N = (W) Fiw)e K (W) K () (5.76)
N = (W) oo W W) K W) K (W)
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For B! J= form factors we obtain:

5 (W) + 2(Fy(w) + Fo(w))

hew) = (w)+ ﬁb[ 4F 2 (w) + K ()]

amg

M) = (W) TR ) YR )+ Faw) ¢ LK W) g Aw)
M) = o 5 (FW) + 3Fa(u) + 5 E)
M) = (W) R+ g KW) g WRLW) - (W 2)Fa(w)

e AwW+2 5w
) = (W K W)  AW) 577)
n 4my, 4m, * '
(W) = SSFa(w)+ S (Fa(w) + Fa(w)
M) = o W) (Fa(w) + 3Fa(w)

he(w) = ( w)+ 4—;b[ AF () + K (w)] AFA(w)+ K (W) 2 3(w)

am.
The lattice results for V (¢?) and A1.20(?) [125] are translated into hy (w) and ha,,,(w) in
Fig. 5.1. Keeping the leading term in the heavy quark mass expansiosads tohy = ha, =
ha, = and ha, =0, relations badly violated by the results obtained by latice QCD, as
shown in Fig.5.1. Therefore, subleading terms must be considered. In thissgect, the same
lattice QCD results can be used to predict other form factorsexploiting Eqgs. (6.76) and
(5.77). A number of universal functions can be determined. In paicular, we nd:

<) @) )
+ Mg (hay (W) + a,W)) (M + mo)hy (w) (5.78)
W)= eSS AW 2mi, W)
+ (M + M) (ha, (W) + hay (W) +(my  mhy(w)  (5.79)
2(W) = Me(ha,(W)  hag (W) + hy (W) (5.80)

Such functions are displayed in Fig.5.2. In the gure the relations are applied to the full
kinematical range, a useful extrapolation for comparing W other calculations. This allows
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Figure 5.1: B! J= form factors hy; ha,; ha, and ha, obtained using the lattice QCD results
for V; A1; Ao, Ao.

Figure 5.2: Functions in Egs. (5.78), (5.79) and (5.80) extrapolated to the full kinematical range.

us to derive other form factors near the zero recoil point. F8B.! J= the relations hold:
1
hr, (w) = > 1+ w)ha,(w) (w 1hy(w) (5.81)

1+w

hTz(W) = 2(mb+3mc)

(Mmp  3me)ha, (W) +2mc(ha, (W) + ha,(w))

(My  me)hy (W) (5.82)
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Figure 5.3: TensorB.! J= form factors obtained applying Egs. (.81), (5.82), (5.83) and (5.84)
in the full kinematical range and using lattice QCD results for V and A1.2.0.

hr,(W) = ha (W) hy(w) (5.83)
he (W) = ﬁ (1 + w) (Mpha, (W) + 2mchy (w))
+( mp+ (W 2)me) ha, (W) (Wmp+ (2w 1)me) has(w) - (5.84)

These functions are depicted in Fig5.3 extrapolated to the full kinematical range. For
B.! ¢ h (w)and two form factor di erences can be derived:

h (w) = %(1+ W) 3ha, (W) ha,(W) ha,(w) 2hy(w) (5.85)
mp+ Mg

() N W)= S W) 3a, () e (W) hag (W) 2y () (5.86)
mp+ M¢

W) RsW) = TR ) () ha(n) ) © (587)

Their extrapolations are displayed in Fig5.4. The value of the universal functions atv = 1
is not predicted, however from Eqgs.481) and (5.76) the relations ht,(w = 1) = ha,(w = 1)
and hs(w = 1) = h,(w = 1) are obtained, respectively. It is interesting to obser that
if we consider the limitm, ! 1 keeping the Em, terms, some results remain una ected.
This is the case of Egs.{.81) and (5.83), and of the relationshr,(w = 1) = ha,(w = 1) and

hs(w =1) = h.(w =1). Inthe . case, the relations §.85)-(5.87) are rescaled replacing
mb mC |
1.

Mp+3mg
The relations among the various form factors are modi ed usg the expansion §{.27).
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Figure 5.4:B.! . form factors in Egs. (5.85), (5.86) and (5.87) extended to the full kinematical
range, obtained using lattice QCD results forV and A1.2..

In particular, the right-hand sides of Egs. §.81)-(5.87) acquire the extra terms:

hnw= S-S 2 +(w 1)Cr Cp+Cy W+DCy (W

1+w m, me 2m,
h - 2 Cp,+Cr, +—2 __°¢c, C ————— Cu,+C
Tz(W) 2 To T3 mb+3mc V1 A1 (mb+3m0) Ao A3z ( W)
hr,w)= —=Cr,+Cy, Ca, Ca, (W)
2m mp, (2w 1)m,
h = =2cC — = _(1+w)C C
(W) P mer3my TS Tmyramy) ot
m, (w 2)mg wmy+ (2w 1)m,
+ Ca, + C
mp+3me (Mp+3mg) rs (W)

1+w 5 mp mg

h (W) = > — (mb+3m ) ZCV1 2CA1 + CAz + CA3 + CV2 CV3 ( W)
c

_ 1 2[mp(w + 2) + me(w + 4)]

h T+ (W) = E— 2CT1 2CT2 + 2(:1'3 Mo+ 3, C:V1
mb+ mc
(1 + W) CV2 + CV3 + m(l + W) 2CA1 C,/_\2 CA3 ( W)

_ s my+ Mg .

hTs(W) = — CTl CT2 + CT3 Cs + m ZCVl +2CA1 CA2 CA3 ( W) .

To assess the size of the new contributions we choase= 1 and (1) " 1 [141]. Setting
=P memp and () = 0:27, we nd h (1) 0:065, h+,(1) ' 0:02, h+,(1)
010 %, hp(1)" 0:025, h (1)' 004, ht+(1)" 001, hys(1)' 0:09. Such results
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compared to the values of the form factors atv = 1 in Figs. 5.3, 5.4 show that the impact
of the matching coe cients is small.

The di erence of our approach with other calculations basedn NRQCD must be noticed.
We have used the heavy quark expansion and the NRQCD power cting to relate the
various form factors close to the zero recoil point and expled lattice QCD to determine,
e.g., the tensor form factors. A systematic control of the eswr can be achieved by the
expansion. Then the results are extrapolated to smaif. Di erent analyses are carried out
at ' 0, where a perturbative approach to the form factor calculadn can be attempted,
and extrapolated to higher values off after a normalization to the lattice QCD results [32].
Numerically, the results match for the form factorsT; and T, in the basis {.3), while Ty is
a ected by a larger uncertainty.

A nal remark is in order about the extrapolation from the kinematical range close to
the zero-recoil pointw 1 to the full kinematical range. There are methods to constma
the extrapolation, starting from the form factors evaluatd in few points and using unitarity
constraints and the dispersion matrix [20,163{169]. The application of such methods to the
form factors discussed here is deferred to a dedicated arsady Their availability strengthens
the signi cance of our study, allowing us to foresee the cami of the hadronic uncertainties
not only near the zero-recoil point but in the full kinemati@l range.

5.6 Final remarks

Using the heavy quark expansion, the heavy quark spin symmegtand NRQCD power count-
ing we have expressed the form factors parametrizing the miatelementshl= ( ()jc iQB.i
in terms of universal functions near the zero-recoil pointThis can be done for the various
operators in the generalized low-energy Hamiltonian Eqg5.(), establishing relations among
form factors in a kinematical range around the zero-recoilgnt. Lattice QCD results for
the matrix element of the Standard Model operator betweeB. and J= allow us to predict
the pseudoscalar and tensor form factord8,! . form factors are also related to the pre-
vious ones, obtainingh and the di erences between the remaining form factors. We tia
also presented the results of the extrapolation to the fullikematical range. The relations
worked out in our study can be checked if further informatiorirom lattice QCD is available.
The eort is to e ciently control the hadronic uncertaintie s a ecting the predictions for
semileptonicB.! J=; . decays in the Standard Model and beyond.



Chapter 6
Be!  o3(hg) - decays

6.1 B.! (ho)" - andthe X (3872)puzzle

We have already seen that semileptonic decays of heavy haakpin particular those induced
by the b! ¢ - transition at the quark level, are especially interesting.They can be used
to precisely measure fundamental parameters of the StandiaModel (SM), in this case the
elementjV.y of the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix. Theanalyses of
processes involving di erent hadrons, modes and nal stase(exclusive/inclusive) should
provide compatible results: such a compatibility has not ken achieved, yet, considering the
debatedjV., determinations from inclusive and exclusiv&8 decays [0] which fuel discus-
sions on possible explanations of the tension within the SM7)] or beyond [102]. Other
processes, e.gB. to charmonium, give access to such a fundamental parametehieh has
tight correlations with avour observables [ 71].

As mentioned in the previous chapter another important intezst relies on the possibility
of testing fundamental features of the Standard Model, narmheLepton Flavour Universality
(LFU). Related LFU violating e ects should be observed in procgses involving di erent
hadrons: the rst measurements are available foB. ! J=" - [172] considered in the
previous chapter, otherB. modes can be considered for such investigations.

In addition to the above motivations concerning the structee of the theory of electroweak
interaction and of its extensions, there is interest relateto strong interaction e ects. For
decays involving hadrons comprising a single heavy qua€x a double expansion in QCD
in powers of Emg and of ¢ provides a powerful method to classify the hadronic matrix
elements, both in the exclusive and inclusive transitionsThis is the basis for an e cient
control of the theoretical uncertainty in the above mentioed measurements. For mesons
comprising two heavy quarks such aB., we can refer to the study in Ch.5, where relations
can be established among the form factors, with a reductiorf the hadronic uncertainties
a ecting the description of the semileptonic channels. It3 worth considering such an analysis
also for the form factors governing théB transitions to the P-wave charmonia involving a
spin 4-plet in the nal states, for which little information is available at present This
chapter is devoted to such a study presented in{3].

Furthermore, semileptonic decays provide us with a probe dhe structure of the hadrons
involved in the transitions. This is important, for example if one considers the meson
«1(3872) (usually denoted asX (3872)). After the observation by the Belle Collaboration
[174] and the con rmation and measurements by other collaboratins [ 75{ 183], such a me-
son, whose quantum numbers ar@”© = 1** [184,185], is under intense scrutiny due to fea-

The peculiar role of B¢, a weakly decaying meson comprising only heavy quarks, has been estly
discussed in [11,142].

84
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tures hinting a non conventional charmonium structure. PuzZling properties are the closeness
of the mass ofX (3872) to the D °D? threshold and the large decay rate td= J= )
compared toJ= (J= ! ) [186], which can be explained invoking a multiquark structure
of X (3872), compact or molecular (see the discussions in Refsi7], 188] and in references
therein). On the other hand, the large (X (3872)! (29))=( X(3872)! J= ) ra-
tio [189] and data on the production in interactions [190] support the identi cation of

«1(3872) with the state (2P) sitting on the D °DP° threshold [191,192]. Experimental
tests have been proposed to help decipher the structure ofethmeson [93], in the vast
literature on the subject.

SemileptonicB. decays to 1(3872) can provide us with information on the nature of this
state. Inspired by our analysis in Ch.5, the study of B transitions to the 2P charmonia
can be carried out. In a selected kinematical range thB. and the P-wave charmonium
matrix elements can be expressed as an expansion in the hegugrk relative three-velocity
in the heavy hadrons, together with an expansion in the invee heavy quark mass. In this
range theB, to the P-wave charmonia form factors (for lowest lying or radl excitations) are
related. The violation or con rmation of such relations inB. !  1(3872) with respect
to the decays to the other P charmonia would support the interpretation ofX (3872) as an
exotic or a conventional state’

Here we focus on thd3. to the P-wave charmonia form factors, and compute their ex-
pressions in terms of universal functions at NLO. We classityre universal functions and
work out a set of relations useful both to test calculationsdsed on nonperturbative methods
and in phenomenological analyses. In Set2 we parametrize theB.! 10 andB.! h
matrix elements of the quark currents appearing in a generatd low-energy Hamiltonian
governing theb! ¢ - transition, providing the de nition of the set of form factors consid-
ered in our study. For the sake of completeness, in Appendix1 we also report another
parameterization often employed in the literature, with staightforward relations between
the two. We give the decay distributions of the fouB. ! «:1:2(e)” - modes, which can
also be used foB. decays to the 2 charmonium resonances. In Se6.3 we apply again the
heavy quark expansion and introduce the (q.1.2; he) Spin 4-plet and the trace formalism to
express the relevant hadronic matrix elements. In Se¢4 we write the form factors in terms
of universal functions, with the resulting formulae collged in Appendix C.2. In Sec.6.5 we
present relations among several form factors for single mesdand for pairs of modes, other
relations being collected in Appendix_.3. Applications to phenomenology are discussed in
Sec.6.6, for the lowest lying 1P charmonia and for the 2 excitations in connection with
the (1(3872) issue. Then we conclude.

The semileptonicB. decays to the charmonium states, including the positive pay .12
and h,, are governed by the low energy Hamiltonian introduced in(1).

Following the previous analysis we parametrize thB, ! (i =0;1;2) and B, ! hc
matrix elements of the quark currents in Eq. §.1) in terms of form factors as written in
Appendix C.1 [196{199]. We denote byp and p° the four momenta of the initial and nal
meson, ( ) the polarization vector (tensor) of the spin 1 (spin 2) chanonium,gq=p p°
the lepton pair momentum. For theP-wave channel an opposite prescription with respect to

2The comparison betweenB. semileptonic and nonleptonic B, ! X (3872) (a;) decays, xing the
X (3872) polarization, has been proposed as a way to investigate the structuref this meson [194]. Semilep-
tonic B decays toX (3872) have been considered inlp5].
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the previous analysis is used for the”?%. Therefore, ®2%= 1 hence 5= 1"
In our analysis it is more convenient to use a parametrizatioof the matrix elements in
terms of the four-velocities ofB. and of the charmonium stateC = .12, he: V= p=mg,

and v°= p%=mc, with w= v V% They are de ned as follows.

Bc! c0-

h oMic  shB(v)i = Pmoms, g (W)(v+Vv) +g WV V9

h wo(vIic shiB(v)i = P M Ms, go (W) (6.1)
h o(dic  BB(Wi = P e, gr(w) v O
Bc ! cl
h
h a(v®)ic bB(Wi = i P M Ms, g (w)
[
(VG + g WV V) ]
h (v )ic  shiBWi = P M me, ga(w) v

h w(v® )ichBe(v)i = i P m s, M. &s(W) (V) 6.2)

h (v )ic bB(v)i = Pmoms. gnw) (v+v)  (v+\9

Fonw) (v V) (v V)
+gn(w)( V(v Vv VO)I
B! .
h o(V® )ic bBc(V)i = P M ma.iky(w) R

h o(® )ic shB(V)i = P s, kay(W) vV 4+ Vv Kay(WV + K, (W)VP

h (v )ic shiBo(v)i = P M Mg ke(W) v v (6.3)
h oM ic  shBWi = iPM ms, knw)( vv  vv)+
+ kr,(wW)( v \° vVO)+ kp(w) vv(vv® vy

B.! he
h

the(v® )i GBc(v)i = P M Ma, fu, (W)
i
F( V) fu,WV+ VY + Fywv VO

the(v® )ic  shiBe(v)i = iP M, ms, fa(w) v P
the(v® )ichBe(v)i = P M ma. (- V)fs(w) (6.4)
h
Me(V® dic  BB(v)i = i PMnme, fr,w) (v+v)  (v+\9

+

fo) v V) (v W9
|

0

+

frawW)( v) vv° vv
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The decay distributions governed by the Hamiltonian{.1) can be written in the form:

d(B,! ¢c)_ " L,d M dR o d* . .dT
aw = Jl+VJWv TRy, I YT e

d SMR d SMX
#2Re[a(l+ g +2Re[x(@+ ) o

SMT d RT
+2Re[ (1 + V)]d—w +2Re[RT]d_w (6.5)

d XR d XT O
+2Re[XR]Wv +2Re[XT]Wv X

with X = P in case of ; ,andX = Sin case of ; h.. In Eq. (6.5) we de ne

G2jVerj?mg, r°p ——— th2 2
= i 11 ———— 6.6
48 3 W 1+r2 2rw (6.6)
with r = mc=mg, (C = pc1c2;Ne) and - = m-=mg_. For the four decay modes the

expressions of the functions inG(5) in terms of the form factors in .1)-(6.4) are as follows.

"~ C= co-
d SM d R d SMR
dwv _ dw _ dw
2 h 2 m? 2 i
=[g: W] (w+1) (W 1)1+r)°+ 1+12 orw Cw+1)(1+ r9) 2r(w+2)
h 2 i
Flg WPW 1) wW+1)@L r)?+ “r':“—‘ZrW ew DA+rd)+2rw  2)
2rfy?
20. (W)g (W)(w? 1)1 r?) 1+ T3 T o (6.7)
d? 3 , )
aw - E[gp(W)] (1+r° 2rw) (6.8)
S—WT =8[gr(W)]* 1+r2 2rw+2m? (w? 1) (6.9)
d SswP d PR 3 h i
aw = aw égP(W)m‘ (w D@+r)g w) (w+1)1 r)g.(w)
(6.10)
d SMT d RT h [

v T ogm - srwmwt 1) (I+ng.w) (L g w) : (611)
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C = Cl:

d SM d R
dw  dw
2h 2 2 mZ
= 2 1
(oW B 1) 2 D+ g

h
o, W]*(W?  L(w+1) 1+r)*(w 1)+ i

1+7r2

h 2
Ho, (WP (W Dw 1) 1 r)*(w+1)+

+Hga(W)?(W? 1) 2(L+r?  2rw)+ f?
h e

Lo (W) g (W) (W D) 204w 1)

2rw

0, (W) (W) (W2 1) 20 (W N+

2rw

2rfv?

20, (W) Qvy (W) (W (L %) 1+ o

d 4T o wWEWE 1) 2@+

dw dw
d S — 3 2 2 2
aw - SOsWI"(L+ 1" 2rw)(w” 1)
d T _ 8 2rh?
dw 1+r2 2rw
n h

3(w

1+r2 2rw

r)2 + W2

1

LZW QW+ 1)1+ rd)  2r(w+?2)

ew 1A+ r3)+2rw  2)

3+r?

3+r2+4w+2r(w  2)

2rw) + fn?

aw + 2r(w + 2)

[gr,(W)]* (W +1) (Bw+1)(1+ r?) 2r(w’+ w+4)

h
+ lg.WPP(w 1) Gw 1)1 +r?)

+ oW (w? 12+ r? 2rw)

2r(w?>  w+

+ 20, (W) gr, (W) (W?  1)(5r® 2w 3)

297, (W) gra(w) (w?  1)(w+1)(1+ r?

297, (W) gr, (W) (W 1)(w  1)(1+r?

(W) +(w+ 1) r)gv,(w)

2rw)
0
2rw)

i
4)

(w 1A+ r)gv:(w)

(6.13)

(6.14)

(6.15)

(6.16)

(6.12)
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d SMT
dw .
n h [

6rh gr(w)(w+1) (2 3r+w)gu(w)+(w? 1) (1+r)g,(w) (1 r)g(w)
gr.(W)(w 1)h( 2 3r+wgnWw)+(w? 1) (1+r)gy,(w) (1 r)9\_/3(W)I
+gry (W)(w? 1)h(W r) Gv (W) + (w? 1) (1+_r)9v2(W) (1 If)gvg(W)l (6.17)
+2(w? 1)9A(W)h(1+ Non(w) @1 Ir)QTZ(W)IO

d RT d SmT h i

G T 2AmW Doaw) @+ ngnw) @ Do) o (6.18)

C = CZ:

ds™ dFR_w 1" ) th? )
dw dw 5 [WWI'3 2+ 70—, W

h 2 [

M+
+ 2 + 5r2 + Yy +5r2 + 2
[Ka,(W)]* 2(3+5rc 10w +2w?) 1572 orw ( 3+5r° 10w +8w")

h 2 [
+ [ka,(W)]?2(w? 1) 2r®(w® 1)+ \ 3 6rw + r’(4w? 1)

@A +r? 2rw)

1+r2 2rw
h mZ |

2 2 2 ) 2 2

+ [kAs(W)] 2(w 1) 2(w 1)+ m 1+3r 6rw +4w-)

h 2

+4(W? 1) Ka, (W) Kn,(W) 2r(w 1)+ _m 2 2rw) (6.19)
2

1+r2 2rw

2rh? lo

Ka, (W) Kag(W) — 2r(w? 1)+ 2r(w2+2)  3w(l+ r?)

d SMR d SM

T +[ky(W)]2 2(1+r2 2rw)+ Mm? (w? 1) (6.20)

d P
dw
d

[ke (W)2(W2  12(1+r2 2rw) (6.21)

n h
2rh2 5

i
' 577 20 W D [kr,(W)]* (3+2w?)(1 2rw)+ r?(8w* 3)

8
= _ 1+
d 3

+ [kr,(W)]*( 1+5r* 10w +6W?) + [Kr,(W)]*2(w?  1)*(1+r?  2rw)

2kr, (W) kr, (W) 6r 5w(l+ r?)+4rw? (6.22)
0}
Aw? 1)L+ r? 2rw)ke, (W) Wk, (W) + k(W)
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d SMP d PR
dw dw h [
ke (W) M- (W2 1) ka, (W) + (1 wW)ka, (W) + (W 1)k, (W)

(6.23)
d SMT _
ay o i
kr,(W) (3 5rw +2w?) ka, (W) +(wW? 1) 2rwka,(W) + 2wka, (W) + 3rky (W)
h [
+kr, (W) 5W 1) Ka, (W) + (W2 1) 2rka, (W) +2 Ka, (W) + 3ky (W) (6.24)
h [o]
k(W) (W2 1) (W Fkay (W) + (WP 1) rka (W) + Kay(W)
d RT d SMT h [
el +12M (W2 1)%ky (W) rke, (W) + kp,(w) (6.25)
" C=he

Looking at the matrix elements for ¢ and h; in (6.2) and (6.4), the distributions for
h. are obtained from those of ., replacing

ooy ! fufys Gi! fR ! & onon ! frfy;
Osov, ! fsfvii ovon ! fufr: dagr ! fafr; (6.26)
with i;j =1;2;3.

The above expressions also hold f8r, decays to the 2 (and higher) charmonium resonances.
They are the subject of our analysis together with the form faors in Eqs. (.1)-(6.4).

6.3 Form factors in the e ective theory

As discussed in[22], we aim at expressing the form factors in the e ective thegrof QCD
resulting by an expansion in the inverse heavy quark mass. @iefore, all the formalism
introduced in Sech.3-5.4, where a consistent expansion in term of the heavy quark maessd
the relative heavy quark 3-velocity in the hadron rest framéorm the heavy quark eld and
the current still hold.

The only di erence is in the application of the trace formakm for expressing the hadronic
matrix elements of the operators in Eq.%.24). In fact, we have seen that for states comprising
a heavy quark and a heavy antiquark, spin symmetry is expeat¢o hold in the preasymptotic
mass range which includes beauty and charm, outside the QC@ombic regime [40,159].
Hence, the two states B; B.) are organized in a negative parity spin doublet as before,
while the four states ( «.1.2; hc) are described by a positive parity spin 4-plet. They are
described by 4 4 matrices, for the spin doublet we use Eq5(28), for the spin 4-plet [L5&]

1 1
M O(Vg =P, (V(b c2 + p_é cl; VO + p_§ cO( VO)+ hc s P (VO) (6-27)
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with the condition
VMO =0: (6.28)
p___

The normalization is™ my, with M a meson in the spin multiplet. Radial excitations belong
to multiplets analogous to 6.28) and (6.27). The trace formalism has been used to obtain
the e ective Lagrangians governing strong and radiative lay quarkonium transitions in
the soft-exchange approximation1ps{ 160]. We apply it to express the various form factors
in terms of (universal) functions independent of the partiglar decay mode.

6.4 Form factors in terms of universal functions

Applying the trace formalism, the matrix elements of the leaihg order term of the expansion
of the quark current (5.24) are written as

M V9jJoiM (V)i = (w)v Tr M° H (6.29)

involving the single universal function (w).
At 1=mq the relevant matrix elements are parametrized as

' [——
MO ¢ iD LiMvi= T OM° H ; (6.30a)
M9 °( iD) LMMi= T OM° H : (6.30b)
The general expression of the functions® is
@= @g + @yy s Qyyse @y 4 @ 4 @ o, @ .
(6.31)

The terms proportional to v° vanish due to (.28). i(Q)(w) (i =1;:::7) are the universal
functions at this order. Upon integration by parts, relatiors can be worked out. Using

|
i@(? )= 2iD L+ 2 iDL (6.32)
we obtain:
~ ~0

v Vo vVTTMY O H =Tr OM° H T OM° H : (6.33)

For the QQ°mesons in the initial and nal state the parameters; ~“are given by Eq. §.31)
and analogously for~® The relations follow:

Ow)  Pm)=0 i=1;4,56,7; (6.34a)
Pw)  Pw=~; (6.34b)
Pw)  Pwy= O(w: (6.34c)

The same procedure allows us to parametrize the matrix elents relevant for the 1:mé
terms in (5.24):

+ O
I
=
~
ke

hv qv9)] iD iD M (V)i

M9 %iD iD M (V)i

H (6.35a)

I

=
~
e

H (6.35b)
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@ have the general expression

@ - @g y4 g ys @g v @g Wy Qg 0y ©@g
s Qg 4 @ 4 @y gy @yy 0 @y 0y
+ Pv v+ Pvv o+ @v vy vy @Pvv o (6.36)
NI MR BV VR T
+ Dioov+ Qiov+e Qi v i V0

The terms proportional to v vanish. The matrix element with two derivatives, one acting
on ., the other one on ¢, can be parametrized integrating by parts either Eq.q35a),

I [—
M9 °( iD) iD LjMMWi= v T OM° H T ©®M° H:
(6.37)
or Eq. (6.35h),
I T a —
M9 °( iD) iD LjMMi= ~v T OM° H T O M° H:
(6.38)
This gives
® ©@ = ~yv 00 Oy ~y 0 O (6.39)

To express the form factors in the e ective theory we have alsto take into account the

corrections from the expansion of the states. They can be panetrized as
Z

M Yji d*% T [3o(0); L1(x)]jM (v)i =

1 i (B 70 1 (b) 750
e I M° P H Tr MC H.: 6.40
4mb| 2 2 iz * } omZ |11 ) (6.40)
50 K (b)
ya
M YV9ji d**x T[Jo(0); LI(X)]jM (V)i =
L g ow® pon Lo OW° H o (641)
4m, | 2 2 z ¥ ) 2m2 |1 {7 1’
5© K (¢)

whereL4;L? are given in 6.17) with mg ! my; mc, respectively. The functions (2 have
the general expression

2= Ry B (6.42)
P = Do v ogv)t F@ v g v+ R g )
+ Qv vv Vv)+ @v(v v)+ @Dy e v9) (6.43)
+ 2 v vy Jic v v R v V)

(Q);
oIV
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Since the terms proportional tov or v do not contribute to G(?, and those proportional
to v° or v° do not contribute to G, we have: (¥ = X =0(for Q=¢c;h, &= =
(© — ®_ O_ O _
2 —_O an_d 2A = 26T 2H =0. _ _
With this set of relations, the form factors in Egs. (.1)-(6.4) are expressed in terms of
universal functions up toO(lzmé). The formulae are collected in AppendixC.2.

6.5 Relations among form factors

At the leading order all form factors inB ! c0:1:2; Nc matrix elements are expressed near
zero recoil in terms of the single function (), see AppendixC.2. Increasing the order of
the expansion, relations among the form factors can be wotkeut exploiting the results in
Appendix C.3.

The expansion in the relative quark velocityw-nvolves a large number of universal func-
tions, which renders di cult the derivations of the relations among form factors. It is
interesting to consider the various orders indmg. In particular, at O(1=mg) there are
relations among form factors in the same decay mode, in pawsdecay modes and in more
than two modes, near the zero-recoil point.

1) Relations among the form factors in the same channel
Forthe B!  (i=0,1,2) and B.! h, form factors we have:

" B! o
0 Or(W)= e 29 (W)+ () (6.44)

" B! o
0w = 5 guW) 1+ WG W) (6.45)
W) = g 9+ 404 W) + J0W)+ = Ge(W)+ 0r, (W) (6.40)

with the condition

2 040 +40,() + &)+ g, (1) =0 (6.47)

et
ra (W) = Wiy (W) + Ky () + Wi, () + i (W) (6.48)
W)= ko) kn () kn,(W) wha (W) k(W) (6.49)
ey (W) = Ky (W) + Ky (W) (6.50)

" Be! he
fr,0) = 2y W)+ (L+ WfaW) (6.51)
) = s P ¥ 4T+ Sfa) g fs) fr () (652)

with the condition

%fvl(l)+4fv2(1) fs(1) fr(l) =0: (6.53)
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i) Relations among form factors of pairs of decay channels
We have:

" B.! andB:!
(w+1)g.(w) (w 1)g (W)+ go(w)=

w+1h 0
Py 20, (W) +(w+1)gw,(W) (W 1) gy, (W)+ ga(Ww)  gs(w)+20r, (W) :

(6.54)
" Be! hcandB.!

p_n (0]
W)W DIa(W) 2nW)= 2 guW)+ (WD) gu() W 1)ga(w) ds(w)
(6.55)

(W) +2(W+DfuwW) (W 1) 2ywW) Faw) 2 fsw)+ Fr(w) =

n (0]

P2 gnwW) (W Dgn(w)+2gnw) (6.56)

6.6 Phenomenology

We now discuss some consequences of the relations found m pinevious Sections. We use
mg, = 627447 028 0:17 MeV, g, =0:510 0:009 ps,m ap) =3414:71 0:30 MeV,
m .,ap) = 3510:67 0:05MeV,m _,qp) =3556:17 0:07 MeV andmy, p) = 3525:38 0:11
MeV [186]. We rstfocus on the LO relations, then on NLO, mainly considring the Standard
Model. The form factors are expressed in terms of universanictions in a selected kinematic
range, close to the zero recoil pointv = 1. In the numerical analyses we extrapolate
the relations to the full kinematic range in the various chanels. The range is not wide
(Wmax  1:16  1:09 forB.! 0, Bc! < and light leptons or , wpnax  1:11  1:05 for
2P charmonia). This allows to get information on the results irthe full kinematical range.
In general, the extrapolation can be constrained by makingse of dispersive matrices, which
allow to reconstruct the form factors knowing their valuesn few kinematical points [69]:
the application of such methods is beyond the purposes of tpeesent study.

The LO relations obtained from the formulae in appendixC.2 connect all form factors
of B, transitions to the P wave charmonium 4-plet to the single function (), which is
di erent for the B! 1P andtheB.! 2P modes. In ratios of decay distributions, for the
same value ofw the form factor dependence cancels out. The ratios are deeid in Fig. 6.1
both for 1P and the 2P channels, in the range ofv common to all modes. For the B mesons
we use the masses (2P) = 3860 MeV and m _,(2P) = 3930 MeV [186], even though
another JP¢ = 0** state is also reported by the Particle Data Group, «(3915) [186].
The results in the gure can be understood considering the noection among the decay
distributions, holding at this order if the  mass di erences are neglected:

d . d . d .
ZM(BC I )t WV(BC boa ) WV(BC ' o +)=0: (6.57)

Notice that this relation holds in the SM and also including tle full set of NP operators in
the generalized Hamiltonian §.1) regardless of the Wilson coe cients ;.
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Figure 6.1: Ratios of decay distributions % (continuous blue line) and %

(dashed red line) in the Standard Model, in the case = (left) and ~ = (right) for the 1 P (top
row) and 2P nal charmonia (bottom row), with the meson masses quoted in the text. The LO
relations among form factors are extrapolated to the full kinematical range.

A simple parametrization of the function (w) involves the intercept, slope and curvature
at the zero recoll point,

(W)= o+ a(w 1)+ »(w 1)*: (6.58)

The three parameters o; i1; » can be constrained, namely 2 [0:05;1], 12 [ 1;1] and
» 2 [ 1;1], requiring that the measurementB(B, ! o )=(2:4 32 10 °[186]is
reproduced at 1 by naive factorization. Correlations between ratios of breching fractions
are found varying 1= o and ,= g in the selected regions. We choose the same ranges also
for 2P excitations in the nal state. For the B, transitions to the 1P charmonium a negative
( B! c2: ) and ( B! cli )
(BC! cl ) (Bc! c0 )
"= (), asin Fig. 6.2. There are positive correlations also between the Lepton Raur
Universality ratios R(C) = ( B! C )=(B.! C :)which compare the decay rates to
and to light leptons, see Fig6.3. At the same LO, the results forB. decays to the P
charmonium are shown in Figs6.1, 6.4 and 6.5, the behaviour expected for 1(3872) if it
corresponds to (2P).

The above results are independent of the function , a bene tof the expansion of the
form factors dominated by the leading order. Including the NO terms the phenomenology
Is more involved: nevertheless, the expansion allows us terform systematic analyses and
improvements. An important feature is that the obtained reléions connect the form factors
to the matrix elements of operators in the e ective theory: hey should be veri ed in explicit
calculations, and represent a testing ground for the varisucomputations based on QCD
methods. This is the case of the relations among the form facs in the same channel, such
as (6.44) for JP€ =0* | and (6.46), (6.49) for the JP¢ = 1** ;2" modes.

(positive) correlation is found between the ratios for
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Figure 6.2: Correlations between the ratios of branching fractionsgggzi 2 ; and gggz: L ; for
"=  (leftyand T = (right). The LO expression of the form factors is considered, with (w)

parametrized as in Eq. (.58).

At O(1=mg), once the relations in AppendixC.3 are taken into account, the number
of independent structures is 13 in terms of universal funams. For «; <; he the decay

distributions in SM are related for%g—w , with ~in ( 6.6). The expressions only involve
wl 1

® and @ . de ned in Appendix C.2:

c1;1 c1:l
. 1d . ) zh ® P
Im TSl @ ) =18M(n+ 97 () (6.59)
. 1d . h 2 2ih (b © B
Im I w )=1220 e O ¢ 9 (6.60)
im L9 . " 2y ) © 1
Im ZS(Betl he )=6 20 nPem? (b ) P2 9,0) (6.61)

Such relations also hold for the decays into theP2resonances, and can be used to compare
the mode involving 1(3872) to other modes in the P 4-plet. Admittedly, this is a di cult
measurement.

As for the NP extension in Eq. (.1) with the pseudoscalar and tensor operators included,
the form factors parametrizing the scalar and tensor matridelements give contributions
related to the SM ones as in Eq.q44), a useful connection for phenomenological analyses.

Other improvements are possible if reliable results are alable even for a single form

Figure 6.3: Correlations between Lepton Flavour Universality ratios R( ¢o:2) and R(h¢) with
R( ¢1) in the SM. The LO expression of the form factors is considered, with (w) parametrized in

Eqg. (6.58).
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Figure 6.4: Correlation between ratios of branching fractions of B decays to 22 charmonia and
T = (left), T = (right), with the LO expression of the form factors and ( w) parametrized in
Eq. (6.58).

Figure 6.5: Correlations between Lepton Flavour Universality ratios R( ¢o.2(2P)) with R( ¢1(2P))
in the SM. The LO expression of the form factors is considered, with (w) parametrized in
Eq. (6.58).

factor. As shown in [22] using input from lattice NRQCD, details on a form factor can
be employed to get information on universal functions, precting other form factors and
establishing connections among observables.

6.7 Concluding remarks

We have derived the expressions of the form factors of the septonic B. decays to the
P-wave charmonium 4-plet as an expansion in the relative velity of the heavy quarks in
the charmonium and of Emg. The expressions involve universal functions, independeuf
the specic channel, and allow to connect di erent modes. Téy are a testing ground for
explicit calculations of the form factors and can be used inwglying LFU ratios and the
e ects of SM extensions. They are useful in analyzing the séaptonic B, decays to the P
charmonia: the comparison of measurements Bf transitions to 1(3872) with other states
in the 2P charmonium 4-plet is a tool to gain new information on the natre of X (3872).



Chapter 7

Bc!  cj(he) M : predictions from
model independent relations

7.1 Nonleptonic B decays

As we already seen the decays of tlgs, meson, a hadron with the quarkonium structure and
only weak transitions, represent a unique opportunity to aalyse the properties of strong and
weak interactions. The semileptonic decays are induced byth beauty and charm quark
transitions, and give access to th&.y,, Vb, and Vs, Veg €lements of the Cabibbo-Kobayashi-
Maskawa (CKM) mixing matrix. Several studies have been deted to them, namely to
the processes with excited stated 73, 198{201]. In this chapter we discuss the work done
in [202]. The b! c transitions, considered in the present analysis, involy&/j for which,
as discussed previously, a tension between determinaticinem inclusive and exclusiveB
decays is under scrutiny 10, 102].

For nonleptonic B. decays the theoretical description is more dicult than for the
semileptonic modes, since it deals with the hadronic matriglements of four-quark oper-
ators. The factorization approach represents a simple way tireat such operators in the
decay amplitudes. Forb! cqup and neglecting the annihilation topology, the matrix ele-
ments of the four-quark operators is factorized in the produ of two terms, one describing
the W production of the light meson and parametrized by the decayoastant, the other one
the B, to charmonium current matrix element! Invoking the heavy quark spin symmetry,
it has been observed in the previous chapters that relationsmr be established among the
B, to charmonium form factors, namely the twoB. ! S-wave ( .;J= ) modes, the four
B.! P-wave charmonium [.; ;) modes, etc., in a region of the phase space close to zero
recoil [140, 141]. Such relations have been worked out through an expansiontime relative
three-velocity of the heavy quarks irB; and in 1=mq, including NLO terms [122,173]. They
can reduce the hadronic uncertainties and establish modadependent connections among
di erent processes.

Here we focus on nonleptoni8. decays to P and 2P charmonium plus a light meson
M: B.! (hg)M. They are of interest for several reasons. For example, thaaysis of
new physics contributions in processes likB; ! K*K ¥ must considerB; ! o *
as an intermediate state J05]. Moreover, the B, nonleptonic transitions probe the struc-
ture of states as 1(3872) (previously denoted a¥X (3872)), whose multiquark/conventional
guarkonium nature is under investigation [87, 188,191, 192, 206{209]. The nonleptonic B,
processes provide additional information with respect tche semileptonic ones2[10,211]. Of
particular interest is to exploit the model independent redtions among theB. ! P-wave

LExamples of such calculations are inJ03, 204].

98
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charmonium form factors computed in Ch6 [173].

The plan of the chapter is as follows. In Se€.2, using the e ective Hamiltonian inducing
theb! coqu transition with o, light quarks, we evaluate the decay widths dB. to P-wave
charmonium and a light pseudoscalar/vector meson. In Set€.3 we use the LO relations
for the form factors in [173] to predict several ratios of branching fractions. In Sed.4 we

B(BS! B2 ")

comment on a recent measurement of the ra :g(Bf | J_S 9
c - -

of factorization in the B} ! B2 * mode. Then we conclude.

[212], suggesting a violation

7.2 Nonleptonic decays in the factorization approach

The e ective Hamiltonian governing the nonleptonicB. decays to charmonium and a light
meson is given by {13, 214]

Her = S%vcbvuq (Ca( )Qu( )+ Cal )Qal ) +hc: (7.1)
where

Qi=u (1 sgb (@ s)c
Q=u (1 50b (1 5)C ! (7.2)

; are color indices, andg identi es the down type quark of the nal light meson.
represents the scale dependence of the Wilson coe cients whiencode the short-distance
physics from energy greater than . It is cancelled in the amplitude by the dependence
of the operators matrix elements. In our computation oB decays we are setting = m,.
Strong interaction e ects are taken into account considenig the Wilson coe cient C,( ) 6 0.
Using the Fierz color rearrangement relation

=) W)+ (73)

c

with C = % and N, = 3, the Q, operator can be expressed as

1

Q=U (@ 9ab (1 Jotsu(l) (@ 9ab(M) (@ 9o

The e ective Hamiltonian is rewritten as
G
Herr = B%Vcbvuq (Co( )Qo( )+ Cs( )Qs( ) ; (7.5)

in terms of the operators

Q=u (1 +gb (1 s)c
Qs = U (Ta) (1 5)gb(Ta) (1 s)c: (7.6)
Qo and Qg are color-singlet operator, but the last is obtained from t@ product of two color-

octet operators contributing to the decay. The Wilson coe cents in (7.5) are related to the
ones in (/.1):

1 1
Co=Ci+ —Cr=a; ; Cs= —C,: 7.7
0 1 ch 1 8= o2 (7.7)
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We consider the processés! ! cc(P) Mp(v), wherecc(P) is one of the P-wave charmo-
nium, and P,V a light pseudoscalar or a vector meson. The decay width

(BI! clP)Mp) = gl LJAGBI ! colP) Mp )i (7.8)
Bec

q
with jg§ = ﬁ (mg,;m&; m3 ) the three-momentum of one of the nal mesons in the

B. rest-frame and (x;y;z) = x>+ y?+ z> 2xy 2xz 2yz the Kalen function, involves
the matrix element

A(B;r I CC(P) Mp(\/)) = I’CC(P) Mp(\/)j Heff JB:I . (79)

In naive factorization the contribution of the color-octetoperator is discarded and the matrix
element is factorized as

N G . e : .
AB: ! cc(P)Mp(y)) = p%Vcquqal( yhee(P)jb (1 s)cjBgihMpyju (1 5)qjoi:

(7.10)
The parametrization is used for the current-particle matet elements,
tMp(dju (1 5)gjoi = ifpq (7.11)
My (g; v)ju (1 5)0j0i = myfy  ; (7.12)

and for the matrix elements in terms of form factors we followhe parametrization in Ap-
pendix C. The light meson selects the form factors contributing to tb decay width: f, and
AL at ¢ = m2 for a light pseudoscalar, all the others at? = m2 for a light vector meson.
For the transitions to a pseudoscalar light meson we have,ing factorization:

(BI ! oMp)=  fo(md) *F2[Vei3Vugi? M3, m?_ 2 3(m3_;m?_;m3)
(7.13)
+ 2:9.0, 2\, :2 3 . .
(B! AMp) = AS(M3) “f2jVe®jVugi® 2(m3, ; mi;m3) (7.14)
[Ao?(M32)]° f 2 Ve % Vugi® 2(M2 ;m2_:m32)
(B! oMp)= ol e : (7.15)
c ¢ 6m3 m?
where
al(mb)ZGIZZ
= L TR, (7.16)
32 mi

In case of a light vector meson we have:
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(BS ! wMy)=  f.o(md) “F2jVey?Vigi® 2(m3 ;m? ;md) (7.17)

f2jVeri4Vugi? 2(m3_;m3;m3)

AAM2) % (mg. + ma)?
4m%\(ch+ mA)2 1( V) ( Be A)

(B! AMy) =

2
(Mg, maimg) +12mamy + AZ(m{) © *(mg ;mz;mj) (7.18)

. . 2
+2AT(MYAZ (M) (Mg,;mz;my) (me, + ma)® mg. mz  my
+8 VAME) “mim? (m ;m3;md)

. e . 3
f\%JVchZJquJZ E(méc; mzcz; m\z/)
24rn%cm4c2(ch + m (:2)2

(BI ! oMy)= A2(m3) “(mg, + m )"

2 2 o2 2 12 2\ 2 2012 s 2 .2
(mg;m*_;my)+10m*° my + A,*?(my) (Mg, m° ;my)

c2’?

2 2 2 6 4 2 2
2'A‘lcz(mV)’AZCZ(mV)(ch +m c2) ch 3ch m c2 + mV

2 2 2 2 2 2 4 2 2 4
me, my  m°_+my +mg 3m°_+2m°_ mg +3my
2y 2 .2 2 2 2 o2y .
+6 V 2(my) m°_my (mg;m°_;my) ; (7.19)

The Wilson coe cient a;( ) is evaluated at the scalemy,. a;( ) is a combination of the
coe cients C;( ) and C,( ), whose two-loop computation is described ir2[5]. The naive
factorization approach does not take into account nonfactzable e ects, e.g. the nal-state
interaction, the gluon exchanges between quarks of nal mass, which are expected to be
sizable if both the nal hadrons are heavy and the phase-spads small. On the basis of
the Bjorken's colour transparency argument16], if the mesons do not have enough en-
ergy to escape from the colour eld of each other, nonfactaable interactions emerge. It
Is possible to partially encode such e ects replacing the e@ient a;( ) (ax( ) for colour
suppressed processes), by the e ective coe cierf" ( ) (a5 ( )), treated as a phenomeno-
logical parameter P13,217]. Since we are considering processes involving one lightaln
meson, we neglect the nonfactorizable terms and uag(my) = 1:025. A recent use of fac-
torization for nonleptonic decays o8B and D mesons can be found in2[8]. Factorization
and nonfactorizable contributions in nonleptonicB meson decays, and their e ects in the
heavy-quark limit, are reviewed in $19]. For B, decays such terms have been considered in
the PQCD approach (in p01,220,221] and in the references quoted therein) and in the QCD
factorization [200, 222, 223].

7.3 Observables

The hadronic form factors ofB. to the P{wave charmonium 4-plet .;;h. can be expressed
near the zero-recoil point in terms of universal functiongerforming an expansion in QCD
in the relative velocity of the heavy quarks and in #mq [173]. At the leading order in the
expansion a single universal function () parametrizes all such form factors. The following
results are based on the extrapolation of the universal forfactor from the zero-recoil point
to the ¢f value corresponding to mass of the nal light meson. Even tlugh the next to
leading order (NLO) in the expansion is presented in the anais [ 73], the number of
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universal functions parametrizing these contributions des not allow us to construct useful
observables. Therefore, the NLO is ignored and the analysssgerformed considering a single
universal function.

The relations for the form factors relevant for the transiton to a light pseudoscalar meson
are:

wry - (Me, M )2 F)(Ms,+ M ,)° ) :
fo®(ar) = F3me. m ) (me.m )2 ( 7); (7.20)
Ao (cf) = 0; (7.21)
ey — < (mee mp)(me, + Mp)? o) :
A = e e () (7.22)
Ao () = | Pt (P (7.23)

The relations for the form factors relevant for the decays ta light vector meson are:

2
fo = {Meet ?‘;f()mB :12)(;32 M o) (cp) (7.24)

2
Vo= (et ?‘ Czlsz r?:)(r;ié TMa) () (7.25)

B t(m?,  ¢)? 2mg (m?, + ¢f)

A@) = R ey (D (7.26)
c1 — (méc mzcl qz)(ch +m cl) .
A () = Pamm Y (@); (7.27)
c2 mBC c2
(cP) = W( ?); (7.28)
o ((Me,+m )2 ) |
AL = T e B () (7.29)
A () = I Pt () (7.30)
Vhe() = 0; (7.31)
Ale(cf) = 0; (7.32)
Ae(p) = | Moe(Mee + M) o (7.33)

2(mg,Mh,)%>2

Remarkably, at LO some form factors vanish: a consequencekx. (7.21) is that the B,
transition to ; and a light pseudoscalar is suppressed.

We use the relations 7.20)-(7.33) and the parameters in Table7.1. The decay constants
f andfx are obtained fromB( ! )=(25:19 0:3) 102andB( ! K )=
(1:20 0:07) 10 2[186]. For the mass of the not yet discoveret.(2P) there are predictions
from di erent models, a few results are presented in Table.1. We usemyp) = 3:902 GeV
obtained in [224], since in such a model the masses of the;(2P) triplet agree with mea-
surements.
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Gr = 1:16637(1) 10 5GeV 2 | jVy = 0:041879700

Mg, = 6:274GeV jVugj =0:97435 0:00016
. =0:510 0:009ps jVusj = 0:22500 0:00067
Mgy = 5:367 GeV jVesj =0:97349 0:00016

m;= = 3:097 GeV

g 3:.897 GeV p25]

3:902 GeV p24]
3 3:934 GeV p26]
" 3:956 GeV p27]

Mhp.aP) = 3:525 GeV Mh 2pP) =

m ,ap) = 3:415GeV m ,ep) = 3:860 GeV
m ,ap) =3:511GeV m ep) =3:872GeV
m ,ap) = 3:556 GeV m ,ep) = 3:930GeV
m = 139:57 MeV f =130:2MeV

mk = 493:677 MeV fk =155:7 MeV

m =770MeV f =209 MeV

mkx = 892 MeV fk =205MeV

Table 7.1: Input parameters [186].

7.3.1 T and K* modes
Using Eqs. (7.20)-(7.23) in Egs. (7.13)-(7.15) we have for theB. transition to *:

5 : :
(Mg, + m )? 2(m3 ;m? ;m?)

— 2y 2.
(B! o ")= 3 (m%) (7.34)
+ +y — (ch +m cz)2 %(mZC;mZC ’m2) 2\ 2,
(Bl o *)=2 T : ( m?) 2; (7.35)
. . (M, Mn)*(Me + Mp)?  M?)? 2(m ;m7 :m?)
( BC | hc )= B h B hm3 B¢ he ( mz) 2
he
(7.36)
with = PVelMa® \where s given in Eq. (7.16). From the measurement8(B; !

16mBC
o T)=(2:4%3) 10 5 and from Eq. (7.34) the value ( m?) = 0:24393 is obtained,
allowing us to predict the branching fractions to ,(1P) and h¢(1P):

B(Bf !  *)=3:65%37 10 °%; B(Bf ! h. *)=5:83%3 10° (7.37)

For the 2P excitations there are no measurements that can be exploitéd determine the
universal form factor. However, since this quantity canceis the ratios of di erent channels
involving charmonia belonging to the same 4-plet, the prections in Table 7.2 can be derived.
The modes with (1P) and (2P) are suppressed: the observation of such a sup-
pression for 1(3872) would be in favour of the identi cation of X (3872) as an ordinary
charmonium state.
For the branching ratios with K* in the nal state the predictions are also in Table7.2.
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B(Bc! o ") B(Bc! he ') B(B:! he *)
B(Bg! c2 +) B(Bg! c0 +) B(Bg! c2 +)
1P 0:658 2429 1597
2P 0:583 2746 1601
B(BS! oK™) B(BS! hcK™) B(BS! hcK™)
B(Bc! 2K*) B(Be¢! coK*) B(B! 2K*)
1P 0:663 2482 1645
2P 0:586 2845 1668
Table 7.2: Ratios of branching fractions of B. decays in charmonium state and a * and aK *
meson.
7.3.2 T and K * modes

Exploiting Eqgs. (7.17)-(7.19) and Egs. (7.24)-(7.33) we obtain the results in Table7.3 for
the * modes, and in Table7.4 for the K * modes.
The conclusion is that the production of the state ; is suppressed, and of the stath,
Is enhanced compared to the other charmonia. The e ect of chging the h(2P) mass is
shown in Figs.7.1 and 7.2.
A comment on the mass of (2P) is in order. We use the mass of ,o(3860) even
though another state, X (3915) with JP¢ = 0** has been observed and there are hints on
its charmonium nature p28]. Our choice respects the hyper ne splitting hierarchy, wich

would be violated if X (3915) is identi ed with

cO(ZP)-

7.4 Comment on a recent LHCb measurement

The LHCD collaboration has measured the ratio of the branchgnfractions of nonleptonic

By ! B *andB; !

J=
B(B: !

BY *)

R_

T B(B! J= %)

* decays P12]:

=91 10 (stat)

8 (syst)

3(B); (7.38)

where the last uncertainty is due to the knowledge of the brahing fractions of the inter-

mediate state decays. Using naive factorization for the twangplitudes we get

2
(Bs! B2 )= Zﬂjz fo(m?) “F24Ves?iVua? M3, m3y  2(md_;mdg;m?);
(BS! J= )= Ao(m?) *f3Ve?Vuaj® 2(m3 ;m3 ;m?); (7.39)
BBS! c1*) BB:! ) BMB! w0 t)
B(Bg! c0 +) B(B(J:r! c2 +) B(Bg! c2 +)
1P 0:206 0122 0590
2P 0:315 0159 0503
B(Bc! he *) B(Bc! he *) B(Bc! he *)
B(B(J:r! c0 +) B(B(J.‘r! cl +) B(B(J:r! c2 +)
1P 2:226 10790 1312
2P 2:449 17770 1232

Table 7.3: Ratios of branching fractions of B decays in charmonium state and a * meson.
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B(Ba! 1K *) B(Bs! K *) B(Bs! oK *)
B(Bc! coK *) B(B&! 2K *) BBe! 2K *)
1P 0:276 Q157 0570
2P 0:422 0203 0481
B(B:o! hcK ) B(B:! hcK ) B(B:! hcK )
B(Bc! oK *) B(Be! aK *) BB¢! 2K *)
1P 2:159 17834 1231
2P 2:350 5568 1131

Table 7.4: Ratios of branching fractions of B decays in charmonium state andK * meson.

wheref, and Ay enter in the parametrization ofB.! BgsandB.! J= matrix elements,
respectively. The ratio is:

2
ay(me)? [fo(m)]* Vel M3, M3y 2(m ;m3gim?)

a1 (Mp)2 [Ao(M?2)]% Va2 2(m2 ;m2_ ;m?2)

(7.40)

Using the parameters in Table7.1 and setting a;(m¢) = 1:089, the ratio (7.40) depends only
on the form factors, which are determined, e.g., by lattice @D computations, QCD sum
rules, quark models, approaches based on nonrelativistic€CQ (NRQCD).

The result fo(m?) = 0:625 0:010 from lattice QCD p29], allow us to obtain B(B} !
BY *)=0:0348 0:0013. Forthel= transition, di erent determinations of Ay(m?) produce
the results in Table7.5.

All methods fail to reproduce Eq. {.38), the smallest result corresponding to NRQCD. In
the improved relativistic quark model P31] the obtained R is also similar to the one in
Table 7.5. On the other hand, for theJ= modes the ratio

Figure 7.1: Ratios of branching fractions B(BY ! h¢(2P) *)=B(Bf ! (2P) *) (rst row,
left panel) and B(BS ! h¢(2P) *)=B(B: ! 2(2P) ™) (rst row, right panel) versus mp_cp).
The plots in the second row refer toK * in the nal state. The red stars correspond to the h¢(2P)
mass evaluated in £24] and used in the present study, the violet diamonds, the black triargles and
the green squares tamy, (;py computed in [225], [226] and [227], respectively.
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Figure 7.2: Ratios of branching fractions B(BY ! h¢(2P) *)=B(Bf ! (2P) *) (rst
row, left panel), B(BS ! he(2P) *)=B(BZ !  «1(2P) ) (rst row, middle) and B(B{ !
he(2P) *)=B(BZ ! 2(2P) *) (rstrow, right panel). The plots in the second row referto K *
in the nal state. The meaning of the symbols is the same as in Figi.1.

lattice QCD [125] relativistic quark model [141] NRQCD (NLO) [230]

Ao(m?) 0:478 0031 0449 0947
R 462525530 48315 10871
BB ! J= *) (76 1.0) 1074 69 104 297 104

Table 7.5: B! J= form factor Ag(m?) from di erent models, and corresponding values ofR
andB(Bf ! J= *).

_ BB ! J= 7)
T B(Br! J= *)

R - =0:0469 0.0028 0:0046 (7.41)

is measured J32]. Using the form factors in [25] we obtain R;= = 0:0493. Therefore,
the discrepancy between the values in Table5 and the measurement in 7.38) should be
attributed to the B channel.

The ratio analogous to Eq. {.38) with a kaon in the nal state, using lattice QCD form
factors, gives

B(BY ! BXX*)=(2:62 0:09) 103 (7.42)
B(BY ! J=K *)=0:05(7)% 103 (7.43)

and
B(B; ! BIX™)

R, =
“TBMB! J=K *)

= 45:820%32> (7.44)
CombiningB(B ! J=K *)andB(B; ! J= ™) we have

BB} ! J=K *)
B(B: ! J= ¥)

R = =0:0761%014¢ (7.45)
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in agreement with the measuremenR )" =0:079 0:.007 0:003 P33].

The conclusion is that factorization works quite well for te J= channel. Deviations
emerge in theB?2 channel, for which the argument of colour transparency faildue to the
small momentum of pion and kaon in the nal state.

7.5 Summary

Applying naive factorization we have analyzed nonleptoniB. decays to theP-wave lowest-
lying and rst radial excitations of charmonium, plus *, K*, * andK *. Using the LO
relations among theB.!  ;(h.) form factors [173], several ratios of branching fraction are
predicted. The ; channel, both for the P and 2P state, is always suppressed: this should
be observed if 1(3872) is an ordinary charmonium. On the other handh. production is
enhanced compared to the other states in the multiplet. Theesults are model-independent,
as they are obtained by an expansion of the form factor expsesns. This suppression has
been recently con rmed by LHCDb collaboration in §34], for which no signicant B! ¢ *
signal is observed.

An analysis of the recent LHCb measurement in Eq7(38) shows that the B, branching
fractions involving J= are reproduced, while foB.! Bs * the nonfactorizable contribu-
tions are sizeable, as it could be expected on the basis of ttwdor transparency argument.



Chapter 8

Rare charm transition in B¢ decays

8.1 Introduction

The hadron decays induced by the avour changing neutral ceent ¢! u transitions play
an important role in the search for new physics (NP) phenomenap, 236]. In the Stan-
dard Model (SM) the relevant weak Hamiltonian involves smaWilson coe cients resulting
from the e cient GIM cancellation [ 97]: the corresponding hadronic amplitudes are highly
suppressed foc ! u ,c! u* andc! u [237{242]. Therefore, such processes
are suitable for looking at enhancements from non-SM cortbations [243{246], or can be
used as null tests of SMZ17,248]. Moreover, within a particular set of SM extension, the
331 models, correlations can be established between the u transitions with the s! d
and b! s;dones, originating an intriguing phenomenologyl {2, 249]. Such considerations
have prompted a broad physics program devoted to the analgsofc! u-induced decays
of charmed hadrons, in particular of the rare radiative degs of D and Ds mesons, and of
the ¢ baryon 250{253]. Among the various observables, the CP asymmetry D ! V
plays an important role 54, 255].

The theoretical di culty to face, in general, is that some deay amplitudes can receive
long-distance (LD) contributions from purely hadronic preesses, namely ic ! u ™"
transitions of D5y mesons §56{258] and inD ! V [259]. The LD amplitudes need to be
precisely determined to access the short-distance part ngimeasurements. A possibility to
deal with this di culty is to consider processes in which thel.D contribution is reduced due to
kinematics, namely inD s decays to the axial-vectoK ; mesonDs! K; ¥ andDs! Kj .
In such processes the multibody state produced b¢; decays can be exploited2(0].

The B, meson is another system where the ! u transitions can be scrutinized, in
particular the c! u transitions of interest here.B. is a quarkonium-like meson with only
weak decays, and the nonperturbative bound-state e ects ithe decay amplitudes must
be treated in di erent way with respect to hadrons comprisig a single heavy quarkD )
and .. Studies devoted toB; ! B * concluded that in this channel the hadronic LD
contributions do not have the overwhelming size as f@, Dgand  [261{263]. We reconsider
the issue extending the analysis to the8! ! B modes, withBY the lightest axial-vector
beauty meson. We nd that for B, decays to spin-1 positive-parityB, excitations the LD
contributions are comparable with the one iB * case, but a hadronic suppression happening
in the SD amplitude reduce the appealing of this channel foearching NP, hence the latter
modes are more sensitive to the short-distance dynamics.

The plan of this chapter is as follows. In se®.2 we include the e ective weak Hamil-
tonian. In sec.8.3 and 8.4 we compute the short-distance and long-distance amplituddor

Be! B? . Insec.8.5 we discuss the modB.! B, . Results on the decay widths and on

108
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the photon polarization asymmetry are in sec3.6. Then we conclude.

8.2 c! u eective weak Hamiltonian
To describe thec! u transition we consider the e ective weak Hamiltonian 39]
" #

X X6 X
VoVug GO + G0+ C0i+ (GO + COY) (8.1)
g=d;s i=3 i=7

Hetr =4

ik

expressed in terms of current-current operator@(l?%, QCD penguins operatorss... and

electromagnetic and gluon dipole operator@%:

o = (u TaCL))EOL T%q) ; o =(u. q)(a XcL) :
Oz=(u. c) a 9; Os=(u. T?q) (@ T2 ;
g;mg<m ¢ g;Mq<m ¢
(a) X (a) X
0¥ = (u c) (g @; Og’ =(u T?c) (g T?Q) ;
g;Mg<m ¢ g;mqg<m ¢
_ em i o_ €M i
O7_WUL rF ; O7‘WUR cF
_ GOMmc ) _ OsM¢ )
Og = 162U|_ TaCRGa ; 08_ 162UR TaCLGa :

e and gs are the electromagnetic and strong couplingsl? the SU(3) generators in the
fundamental representationF and G? the photon and gluon eld strengths,g.r = P..r q

with P_.r left and right projectors. The Wilson coe cients are evaluaed at a scale of the
order of the charm mass. At the leading order in s the Wilson coe cients are in the

ranges P39{2411]

c9 2 128 083]; c 2 [1:14 1.06];
c% 2047 10° i1:33 10°%021 10° 061 10 9]: (8.2)

The ranges correspond to the variation of the scale. between mczpi and P 2m.. The
e ective coe cient C$ including two-loop QCD matrix elements of the operator©s....., IS
in the range p39]

CS 2 [ 0:00151 i0:00556;+ i0:00005cky ; 0:00088 i0:00327s+ i0:00003ckm I; (8.3)

where the subscripts indicate the contributions to the imagary part from the strong phases
and the phases of the CKM matrix. C? turns out to be small, C? m,=m,, therefore the
operator O9 can be neglected in SM. Eq.83) shows the GIM suppression in the Standard
Model (SM) for the dipole O+, C; 10 3, however this coe cient can be signi cantly
enhanced in a beyond SM (BSM) scenario. General bounds candstablished $60]:

jCri;icY . 05: (8.4)

To analyze the radiative B, decays to beauty mesons it is necessary to include in the
Hamiltonian (8.1) also the operatorsO{> involving the b quark, without integrating it out,
to describe the weak annihilation (WA) and the color suppressl amplitudes:

oP=(u bh)bh o ; OP=(u h)h o ; (8.5)



8.3. B.! BY short-distance amplitude 110

7 O1.2
C u ’ O .
Bei _B"*;B+BC+ B,":B "

b < b b b

Figure 8.1: Electromagnetic dipole (left) and weak annihilation amplitudes (right) for B !
BY(B ) . The crosses in the WA diagram correspond to the photon emission.

with  and color indices.
The amplitude of the transition B(p) ! A(p% ) (q; ), where Ais a T state is given by

AB(P) ! AP%) (o )= Aec P dg ap +iApy" pgq (8.6)

8.3 B.! BY short-distance amplitude

The SD amplitude comes from theO§° and Og., operators Fig. 8.1. The weak annihilation
(WA) topology is doubly Cabibbo-suppressed, therefore it cabe ignored in the evaluation
of the SD. In the heavy quark limit the mesons comprising a gjte heavy quark can be
classi ed in doublets according to the spin-parity of the fht degrees of freedom (light
guark and gluons). For the orbital angular momentunL = 1 there are two doublets, one
with sP = 1=2" comprising a scalar and an axial-vector meson, and one witi = 3=2"
comprising an axial-vector meson and a meson with spin two. &\dlenote asB? the spin-1
state belonging to the doubles® = 1=2", and asB; the spin-1 state belonging to the doublet
sP = 3=2", the scalar and the tensor mesons being denoted By and B, respectively. The

B! B§° decay width

(Bo! B )= Sl jASD + A2, (8.7)
Be

e 1 . .
with jg = mZ m? the photon three-momentum in theB. rest-frame, involves
2m Be By

Bc
the SD ASP and the LD AP amplitudes.
Using the following hadronic matrix element parametrizatio

BOP? )ju  cjBup)i = 9 b pp TO@

+p p TP+ P P TOP); (@88

with q=p p° and the photon and B§° polarization vectors, and considering that

u  sc matrix element is obtained using 5= 3" , with "0123 = 1 the parity

conserved and parity violated SD amplitude is given by
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ARR = igprme HCST + T + TEO) | 8.9)
A = igomme EE eI+ TEO) | 8.10)

To determine the form factorsT; we use an approach based on the heavy quark spin symmetry
[122, 140, 141,173]. In the heavy quark limit also the states B.;B.) can be organized in a
spin doublet of negative parity which, as well asBjy; B?) and (B1; B,), is described by 4 4
matrices:

H(v) = P+ (V)[B, Bc s]P (v); (8.11)
S(v)=P.(v) BY 5 By ; (8.12)
( r_ )

T (V)= P. (V) B, Bi1 g 5 0 % ( Vo) (8.13)
1 6v

v and v are the mesons four-velocities ang = . The four-momenta can be written

asp= mg,vand p’= mg,v°= mg,v+ k, with k a small momentum withv k = O (1=my).
From here on we will focus only on the decay to the® = 1=2" doublet. For a generic
Dirac matrix , the matrix elements of quark currents and negtive and positive parity
doublets, invariant under rotations of the heavy quark spig, can be obtained using the trace
formalism [6]:

B(v;k)ju cjBe(v)i = Tr S %v;ak) H ; (8.14)
The form factor °encoding the nonperturbative dynamics is written aslf0, 141]
O(v;apgk) =  9(v;apk) + kay 9 (v;apk): (8.15)

The dimensionful parametera, represents the length scale involved in the process, we uke t
same value for both matrix elements. Notice that, since.  m,, the bquark remain almost

una ected in the B, transition, and the velocity of the nal meson is nearly unchnged. Using

EqQ. (8.14) we obtain for B

r
ch On

BYvik )ju sCiBe(V)i = i 2 kv; (8.16)
mB?
r__

B(v;k; )ju cjBc(v)i = 2—3 V 23 gmgo+ § k +mgo v ; (8.17)
B
" m

B(v;k; )ju cjBe(v)i = i mBC 9 k k +2a smge v(kv kv);
BO

(8.18)

The form factors J, can be obtained using a determination of some matrix element
In [264] using a covariant light-front approach the form factors fothe B, ! (Bsj;Bqj)
decays in SM have been determined. Invoking the isospin symairy we can use the form
factors for the positive-parity db states to evaluate the one for thaib P-wave states. Using
the matrix elements
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PA(PS )iu  sCiBe(p)i = i— " P +pP)agA (8.19)
ch Mpa
PP )ju ciBop)i = 2ma qzqq Vo & (Ms, mMa)Vi P qzqq
p 0 m% ma .
+ P v + TBe TAL 8.20
a2 F p+p g (8.20)

with A one of the axial-vector mesons, the heavy quark spin symmgetproduces relations

allowing to determine the tensor form factors. Using the twoidrent parametrization for

the matrix elements we can obtain the nite mass form factorin term of anda, 9

P mgmgo
AP = — =2 (mg, Mgg) 3 (8.21)
V() = (Mee_Msp) o (8.22)
Vi) = 0; (8.23)
(mg, mgo)
VAP = See—1(2a Smgg(ms, meo)+ ms, 9); (8.24)
2 m3 mgo
(Mg, + mBg’)zme_f
To(df) = 2i — S (8.25)
Be
Mgo
D) = TS (8.26)
Bc
.
. Mg, .
A= 0 ek (8.27)
B

8.4 B.! B long-distance amplitude

Long-distance contributions correspond to processes imwing intermediate hadrons. There
are two kind of terms. The rst one comes from the weak annitdtion (WA) amplitude

in Fig. 8.2 with the photon radiated by any quark. The second type of conbutions are
pole terms induced by §.5) with intermediate neutral vector mesons, as in Fig8.3. For
B:.! BY theintermediate °,! and mesons are far from the kinematical range, therefore
their contribution is suppressed respect to the case f@&.! B, as discussed in se&.5.
Let us focusing on theB°

A. WA with intermediate hadrons
The weak annihilation in Fig. 8.2 involves two terms. In the rst one the B, has weak
transition to B, Bo and B , which are coupled toB? and photon:

ABC! B(l) - ABc! Bres i 5 ABres! B:(L) : (828)

pz mBres
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Gr =1:16637 10 °GeV 2  [186] | jVo Vupi =1:5 104 [180]
- 1 s
=+ [186]
B, =(0:510 0:009) 10 *?s[i186] | a; = 1:09
Mg, = 627447 0:27MeV  [186] | fg, =434 15MeV  ]67]
mg, =6331 7MeV [266] | fs, =429 19MeV  P63]
mg =5279:34 0:12MeV [186] | fg =193 6MeV [267]
mg =532471 021MeV  [186] | fg =182 8MeV [265,267]

Mg, = 5749 MeV [264] | f5, = 134 MeV
mgo = 5731 MeV 264] | fgo = 122 MeV
o= 0:190GeV!? o = 1:665GeV !
0:=1:439GeV? o = 7:600GeV ?!
iT2(0)j= 4:688 iT2(0)j= 5:132
m =77526 0.23MeV [86] [f =216 5MeV 213]
m, =782:66 0:13MeV [L86] | f, =195 3MeV [213]
m =1019:461 0:.016MeV [186] | f =237 4MeV [213]
= 147:4 0:8MeV [136] | jVigVuaj = 0:219098  [36]
, =8:68 0:13MeV [186] | a2 = 0:084
= 4:249 0:013MeV [186]

Table 8.1: Parameters in the numerical estimates.

Bes is One of the o -shell statesB, B, and B , the momentum p-is such that p? = m%c.
ABct Bres can be computed from the Hamiltonian §.5) using factorization:

ABe! Bree = S%Vcqubaerresju (1 5)bj0ingib (1 5)cjBd (8.29)

wherea; = C; + % This involves the decay constants parametrizing the mattielements

Mib (1  s)ciBo(p)i = ifs,p (8.30)
B(Eju (1 ) bj0i = ifsp (8.31)
Bo(ju (1 s)bj0i = ifg,p (8.32)
B (p; )ju (1 s)bj0i = mg fg (8.33)

with  the B polarization vector. The numerical values of the constantare in Table 8.1.
The matrix elements of two mesons and the photon can be writteén terms of the e ective

couplingsg.za:

AB B = mBYPY ) (q;)iBMi=eall )P d ( MO 9 (834)
AB' B = BYp% ) (g; )iB (p; )i = ieg" q (8.35)
AB BY = 1BIp% ) (q; )jBo(p)i = iegs" °q: (8.36)

We use forg the results computed by light-cone QCD sum rules (LCSR) in HQE [268],
with the numerical values in Table8.1. Using Eg. 8.28), the LD contributions are given by
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+ + . + O+
BJ By B B
:ﬁ.— — —»— —
B*

B¢ B* B *
:ﬁ.———»——

Figure 8.2: LD contributionto B.! B andB . The box represent the insertion of a weak
operator.

2

A(B.! B! B°)—Ip— VaViarfe.fs— e —eg( )P d ( o 9l

ma, Mg
(8.37)
AB.! B! BY)=0; (8.38)
mg
A(Bc! Bo! BY)= P— wVwdafe fey————eq" pq: (8.39)
Mg, Mz,
m2
Apc(B) = Ip— wVundafs fe B 5 e, (8.40)
mg, Mg
ARV (B) = 0; (8.41)
Apz(B ) =0; (8.42)
AR (B ) =0; (8.43)
A% (Bo) = 0; (8.44)
m2
ApRY (Bo) = |19— coVu balchfBoz—Bczegg: (8.45)
ch mBO

For the contribution in the right diagram in Fig. 8.2 the radiative emission from theB.
to the B, is followed by the annihilation to B. The photon emission amplitude can be
parametrized as

AP Be = 1B (p; ) (d; )iBc(p)i = iegs" pq (8.46)

with g, obtained from the prediction (B.,! B, )=33eV [269]:
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24mi (B.! Bc)

2= 5 (8.47)
méc mg,
For the transition to B? the amplitude reads
ABc! BI = p— WVwarlOjb (1 5)cjB.ihBYu (1 5)bjoi; (8.48)
where
jb (1  s5)cjB.(p; )i = mp fg, (8.49)
BYP% )ju (1 s)bj0i = mgofge (8.50)
The amplitude for the whole process became
0 G mBlI'T'lBC " .
ABc! B! By= p— wVwafe,fe, ———5—eq pa: (851)
mg, Mg
Therefore,
Apc =0: (852)
Mg, Mg,
Apy = Ip— ooVubdifs, fa, %3943 (8.53)
mg, Mg

B. Pole contribution

Even though the pole contributions should be suppressed kewe examine their impact on
the BY channel, in order to have a complete description of the LD ctibutions a ecting
this decay.

The amplitude of the proces8.! B! B? , whereV is one of the resonances, is

_ B! BOV i \VA .
A = ABe! B? 7 VA : (8.54)
where
ABe! BV = i%aszvua mufy o BB iU (I o)GBuPi;  (8.55)
AV! = ieQD mva v - (856)

D is referring to the type of down quark in the process. FdD = d we haveQy = 9% and for

D = s we haveQs = Q. To evaluate the full amplitude (§.54), it is important to consider
that from gauge invariance the longitudinal helicity ampliude must be discardedq70]. This
condition is translated into constraints on the form factorvJ0) = 0.
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8.5 The case of B! B

The 1" states are chosen to minimize the LD contributions. A more stightforward choice to
test NP in the radiative decay ofB through the rare transitionc! u , would have been the
procesB.! B . The SD amplitude is given in Eqgs. §.9)-(8.10), after switching the parity
conserving with parity violating expression and with suitale substitutions,mgo ! mg and
appropriate tensor form factors parametrizing the new maix element. The LD contributions
for this channel are depicted in Fig.8.2, for the WA contributions, and in Fig. 8.3 for the
pole one.

u

B*.;B *

Figure 8.3: Long-distance pole contribution to B and B cases.

Their evaluation follow the same steps as for the LD case ofdB ¢ channel with the previous
changing described for the SD contributions except for thel WA contribution with the
B* resonance that is evaluated following2[1]. All the matrix elements are parametrization
as in [L11], with the form factors for the B! Bg transition constructed using lattice QCD
results and heavy quark spin symmetry. Isospin symmetry islso used. The numerical
parameters are in Tables.1.

In Fig. 8.6 we compare the e ect of the LD contributions to the SD one inte B and
BY modes.

8.6 Results

8.6.1 Decay rate

Summarizing the results for the LD amplitudes we get the falving branching fractions

B(B.! BY), =6:0 107 (8.57)
B(B.! B )p =16 10°% (8.58)

Fig. 8.4 show as comparison between the LD contributions and the SD @nFig. 8.5 shows
a comparison between the LD contributions to the branchingatio and the total one.

The LD contributions dominate in the small region oijC?ff J, which corresponds to the SM
prediction for the Wilson coe cient. For the B case the SD are one order of magnitude
larger than the LD contribution, while they are of the same ater in the B? case. If some

NP e ect increases the SMCS" | it would be better observed in the 1 channel.
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Figure 8.4: SD vs LD contributions to the branching fraction as a function 0ij7eff j with C9=0.

The right panels are a zoom of the left panels in a smaller region q'fC?'ff j. The results for BY are
in the rst row, for B in the second row.

8.6.2 Photon polarization asymmetry

In the ¢! u transition a suitable observable is the photon polarizatio asymmetry. In
the LD contribution we do not expect any asymmetry in the phodn polarization, while the
operatorsO§Q produce left (right)-handed photon. The asymmetry can be coputed making
the photon polarization vector explicit in the amplitudes:
AR = AL AP = AP (8.59)
The asymmetry is de ned as
_ A + AP AR + AR
jALD + A~§Dj2+jA*LD + A~ij2'

(8.60)

The results obtained forBY and B are in Figs. 8.7.

8.7 Conclusions

Motivated by previous analyses on the rare transitiog! u inthe B, decays toB , nding
this channel as promising for searching of NP, we focus on tB§ channel as it should be
less polluted by LD contributions and therefore more suitdb for hint towards NP.

From a model independent analysis based on heavy quark spymsnetry we found the
relation in Eq. (8.26) between the tensor form factors entering in the SD amplitudéor
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the B? channel. Their combination in the amplitude produces a suppssion of the SD
contribution to the process. Therefore, while it is true tha LD contributions a ect more
the B channel Egs. §.57)-(8.58), this hadronic suppression in theB? case make it less
appealing for searching for NP.
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Figure 8.5: LD contributions to the branching fraction compared to the total branchi ng fraction
as a function of RefS" | (rst top panel) and Im[ CS'" ] (rst second panel) setting Im[CS" ] =0

(rst row) and Re[ C?ﬁ ] = O (second row). Right column is a zoom of the left one in a smaller

region of Rep?ff ] and Im[C7eff ]. The results for B? are presented in the rst two row and the one

for B in last two.
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Figure 8.6: Comparison between the ratio of the branching fractions of the SD and LD cotribu-
tions to the channel with B and B as nal states.
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Figure 8.7: Photon polarization asymmetry in B, ! BY (left plots) varying Re[C?ff] (rst

row), Im[CE™ | (second row), Ref9] (third row), Im[ CY (fourth row). In each plot all the other

parameters are set to zero except the one for which the dependence shown. The right plots are
for the B case.



Chapter 9

An excursion on spectroscopy: Dg J)
Dalitz decays

9.1 Dalitz decays

This chapter is focused on the work inZ71], where the idea of getting information on the
structure of heavy hadrons involved in a given process, egjfiing the doublet organization
due to the heavy quark symmetry, is applied to theDéJ) Dalitz decays. The Dalitz decays

of the positive parity mesons with open charm and strangertesDéJ) I D{Y with
J =0;1,2and " = e; , are of interest since they can shed new light on the nature of
the DéJ) states. D,(2317) andD{,(2460) show puzzling features, already emerged at their
rst observation by BaBar and CLEO Collaborations P72, 273]. In particular, their mass
is below theDK and D K thresholds pP74]. Together with D¢;(2536) andD,(2573), they
are the lightest positive parity mesons with charm and strageness{0]. The classi cation

. : . 1
of the four states into two heavy quark spin doublets, witls® = > and s = g , Where

sP represents the spin-parity of the light degrees of freedom the mesons and is the
relative orbital angular momentum between the heavy quarkral the light degrees of freedom,
implies relations among various observables|speci callyamong mass parameters and decay
widths [275, 276].

Relations can also be established among di erent Dalitz med, thanks to the hadronic
parameters common to the various decay amplitudes. Suchatbns can be experimentally
veri ed, and this provides us with a new way to probe the natue of the states, discrim-
inating ordinary quark-antiquark mesons from hadrons withlarge molecular/multiquark
components: In that respect, the ng) Dalitz modes complement the information from the
electric dipole radiative decaysZ68]. We have to say that, at present, the description of
the full spectrum of mesons with a single charm/beauty quark terms of heavy quark spin
doublets naturally emerges from dataZ[/7].

The Dalitz amplitudes involve terms with the virtual photon coupled to the charm quark
and to the light s quark. For such terms we use the e ective QCD theory based orné
heavy quark expansion and on the hidden gauge symmetry, tolger with the vector meson
dominance (VMD) [278] for the contribution related to the light (anti-)quark. Th e features
of the e ective theory are described in Se@.2. In Sec.9.3 we collect the expressions of the
decay amplitudes, which involve two form factors parametzing the matrix elements of the

1 A molecular structure of D,,(2317) is advocated in S. Prelovsek's talk given at Hadron 2023, Genoa,
June 5-9, 2023.
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charm vector current with positive and negative parity mesas organized in spin doublets.
The e ective strong couplings of the charmed mesons with(1020) mesons also appear in the
amplitudes. The expressions of double and single decay distitions are given in Sec9.4,
with some functions collected in the Appendix. In Sed.5 we discuss examples of decay
distributions useful for a comparison with measurement. Tén we conclude.

9.2 Dynamics of mesons with a single heavy quark

In the heavy quark limit mg ' 1, mesons comprising a single heavy quark can be classi ed
in doublets of s, the spin-parity of the light degrees of freedom (light qudr and gluons).
Indeed, in that limit the spin of the heavy quark decouples &ém the strong dynamics, and
the QCD Lagrangian displays the heavy quark symmetry, the wariance under heavy quark
spin transformations and heavy quark avour transformatios?

The four positive parity mesons corresponding to the P-wavstates in the constituent

+

. . 1*
quark model can be collected in two doublets witls? = > (JP =0*;1%) and s° = g

1
(JP =1*;2%). The pseudoscalar and vector mesons belong to te® = > doublet. In the

. 1 : .
case of charm, the mesons in thef = > doublet are O4;D,), a = u;d;s being a light

avour index, the two positive parity doublets comprise D,y; DY) and (Dai;D,,). Each
doublet is described by a 4 4 matrix:

1+w¢ 1
Ha = [Pa Pa 5] (SFJ =) (9.1)
2 2
1+w 1*
Sa= —— P 5 Py (s =2) (9.2)
2 2
1 ( ' 3 1 ) 3+
+ v
T, = > Poa Pia 55 g 3 ( V) (s = > ): (9.3)

In (9.1)-(9.3) the elds PJ(a) are normalized including a factor” mgoy and have dimension

3=2. v is the heavy meson four-velocity, which is conserved in strg interaction processes.
The low-energy Lagrangian describing the strong interactns of the heavy mesons and

the light pseudoscalar and vector mesons can be constructadthe basis of the heavy quark

symmetry, the chiral symmetry and the principle of hidden gage invariance $30{285]. The

octet of light pseudoscalar mesons is introduced de ning= e’ and = 2. The matrix
M comprises the;K and ® elds (the normalization corresponds tof =132 MeV):
0a 10 q 1 (@8 1
1 + 1 + +
2 6 q_ q_ K
M = 3%+ £ ® CIK0 ; (9.4)
K KO z2®

The elds and transform under the chiral groupSU(3). SU(3)r as
I L RY
x)! LUYx)= UX)RY; (9.5)

2 For reviews see 7, 279].
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with L(R) belonging toSU(3). (ry, and U(x) to the unbroken subgroupSU(3)y . Vector and
axial-vector currents can be constructed in terms of,

V:%y@+@y (9.6)

A ='é ‘@ @’ 9.7)
with transformation properties

A | UA Y (9.8)

VI uUvuUW+u@u : (9.9)

The interactions of the heavy mesons with the light vector ne®ns can be constructed using
the principle of hidden gauge symmetry2R4,285]. The elds  are introduced,

= ignA (9.10)
2
in terms of the Hermitian elds of vector mesons
0q_ q_ 1
104 1 (8 + K +
A i i g 10 g 1 (8 0
= 5%+ 3 qK_ : (9.11)
K K © % ®)

The value gy = 5:8 is chosen to satisfy the KSRF relations2g6, 287]. The mesons! and
correspond to the mixing between the avour octet ® in (9.11) and the avour singlet
component @

=sin v @ cosy @

I =cos v @ +sin y ® : (9.12)
. uu + dd . 1
Flavour eigenstates 4 = —pé— and ¢ = ss are obtained for y = arctan p—é and the
. . . . 1 .
observed! and areidentied with ! = jand = .. Replacmgp—:_3 ® =gjin ,, ®1
2 L . e
¢ and p—g ® = cosy @1 ¢ (which is exact in the largeN. limit [ 284]) we have:
0q_ q_ 1
1 1
N o= 1 1 : 9.13
10+ LIk O (9.13)
K K ©

The interactions of the positive and negative parity heavy wark doublets with the light
vector mesons, of interest for our analysis, are describey the e ective Lagrangian terms
[285, 288]

L3

g Tr HS (V ) +h:c (9.14)

L3 gzslTr HS F +hc (9.15)
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Figure 9.1: ng) 1 p{re amplitude: photon coupled to the charm quark (left) and vector
meson dominance contribution for the photon coupled to the lights (right).

(with H = °HY 9) and

T — kT 1 P

L}=ih" STr HT D F +hc: (9.16)
The eld strength F  and the covariant derivativeD are de ned as

F =@ @ +[ ; ]
D =@+V : (9.17)

07, and h' are dimensionless low-energy constants, a low-energy $eaetto =1 GeV.
We compute theDgJ) Dalitz amplitudes using this formalism.

9.3 DgJ) Dalitz amplitudes

The low-energy theory has been applied to the heavy vector s magnetic dipole transi-
tionsD,! D, [289,290]. Here we focus on the electric dipole transitions of posigwarity
heavy mesons, which contribute to the Dalitz amplitudes. Té ng) I D{r* amplitude
reads:

AL ! DP) (P () = DL (p; )jid *miD L) (p° %iiqiz( ie)u(py)  V(p2);

(9.18)

whereq= p;+ p, = p° pis the dilepton momentum. °is the polarization vector ofDécl) or

the polarization tensor ofD,, is the polarization vector ofD,. The relevant term of the
electromagnetic current is
JeM=e(e.C c+es 9 ; (9.19)

with e, and e; the charm and strange quark electric charge (in units af). The amplitude
comprises two contributions depicted in Fig9.1, with the photon coupled to the charm
quark and to the light antiquark s.

For the photon coupled to the charm quark, thec c current (with a generic Dirac
matrix) matrix elements of the S;H and T;H doublets can be computed in the e ective
theory using the trace formalism J6]. They involve the 1-,(w) (for S! H) and 3-(w)
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(for T! H) universal functions p91]:

M (v)jc GS(Wi

1=2(W) TITH (V) S(V))]

H(V)jc gT(VYi = so(WTIH(N) v T (V9] ; (9.20)
m2 + m2 q2
. L. D) Dé ) () ()
with w the product of meson four-velocitiesy = vVOv = —= . TheDg/ ! Ds
2mD£J)ng )

matrix elements of the charm vector current read:

(Mo, Vi )ic GDy(mo Vi = W) Mo Mo, (w 1) +( Vv (9.21)

Dy(mp.vic GDAMogv® 9i = 1owW)P Mozmo, w 1)° (° v (9.22)
Dy (Mp,V; )ic GD%(Mpov% 9i = 1o(wW)P Mg, Mo, i oy 00
(9.23)

p—
3=2(W)" mp,, Mp,

H:)s(mDs,V)jC CjDsl(mDslvo; Cb'
p% w2 D%+(%v) 3v (w 2° (9.24)

p

(Mo, v: e ADa(mo., V% i = so(w) P P moimg;
(w 1) ° v + O V0 o+ (% vve 2 ° vl
(9.25)
(Mo, v)ic GD(Mo V8 9i = so(W)iP Mo Mo, © vy (9.26)
D (Mo, v; )ic GDo(Mo V8 9 = sp(w) P mp s,
n( V) ov + Ovy v (v +v°)0:(9.27)

hDsjc ¢Dg,l vanishes.

The term with the photon coupled tos involves a long-distance contribution that can be
computed using the vector meson dominanced2, 293]. The matrix elements of the strange
qguark vector current are written, neglecting the width, as

DO PIs siDy (P = DM (6 )P (P)i g—ptlis s (@)1 (9:28)

with
Mjs sj (q; )i=m f : (9.29)
The decay constantf , set by the measurement of ( ! * ), is quoted in Table 9.1.

The strong matrix elements of positive and negative paritylmrmed states with (1020)

D{)(p) (g; )DL (P = A

can be obtained from the low-energy Lagrangian$.(4), (9.15) and (9.16) [285,288]. Hence,
the elements in 0.28) are written as

(9.30)

. . . (pl) i
D (pjs sDL(P)i = AP 2 M | g + % ; (9.31)
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()p()
with the following amplitudes AP Ps

n s
Igy  Mp, g
APsPs = 2 mDS0 Mo, O +2(mMp + mp )= ( V)V°
gzs 0}
mp (W+1) g/ +2(mp,, mp )= ; (9.32)
n s
APPs = BYPmpems,  gP 2(mpg, + mo) P (° V)V
g o
(wW+1) o +2(mpy, mp)= ° (9.33)
n s
AD3Ds = %DW gf+2g—2 mpo Mp_(1+2w) Ov
S S 0]
+ gf+2% Mpo, + Mp, 00 4%mDS( V) v v {9.34)
igghrp__ "
ADSlDS = %p Mp,, Mp, mDs(mDsl + mDs)(W2 1) °
h [ 0
+ mj_ +mi (W+2) mp.mp,(1+3w) (% v)VO ; (9.35)
A\DS:LDs = :_)) sz mDSlmDs mDs (mDSl mDS)(W+ 1) ° VO
+ (Mp, +Rw+3)mp_)( ° V) v VO
0
(Mp,, (@w  1)mp )(w+1) Ov (9.36)
P Sgvh
ADs2Ds = g‘; TpmmDs(mDsz+ Mp.) vve Oy (9.37)
P = n
i 2gvh _
APs2Ds = —g;/ Tmesszs (mDsz+ mp_)Mp_( V% ° v
(m3_ +mg  2wmp ,mp)° v VO
0
+ mp, ° vV [(mp_,+ mp,) 2mp_( VOVO] (9.38)

9.4 Decay distributions

The previous amplitudes allow us to compute the various degdaistributions. We de ne the
functions appearing in the distributions,
S

2 4m?2
2 - —. . i
o(o) = 12q6 7 1 7

f gum

f(of) = @ m (9.39)
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with jg = the modulus of theD{’ three-momentum in the decaying

particle rest-frame.

9.41 D)1 D¢ distributions

For ng I Ds*" the double dierential distribution in ¢ and cos, being the angle
between the charged lepton momentum and thBs momentum, is written as
d? d? d? d?

de? dcos - dcf dcos ¥ de? dcos ¥ de? dcos im: (9.40)

Cc S

The subscriptsc and s refer to the photon coupled to the charm and strange quark, thlast
term is the interference. Each term in {.40) has the form

d2

M ) = Ax () + Bx (¢f) cos’ (9.41)

with X = fc;s;intg. The ¢? distribution is obtained integrating over cos,

d . d ,d 4
df ~ df , df , df

For the various processes, the expressions of the functighis(o?) and By (cf) in (9.41) are in
the Appendix. The distributions in the lepton pair invariant mass squared are listed below.

(9.42)

O N4 N
DY ! D,

d 2Amos,  mo,)* P
a@ = AL S
4 a@ AP

S ICPANC VS Fmp)? o A2mP+ P

[(Moo, + mp,)? +2¢7](2m? + ¢f) (9.43)

( .
h i S AS ~2
(@) (Mps. Mp,)? +2¢ + HET 0 )
RS K
2(m o, Mp)?+ of (9.44)
d g(qz)f (P 1=2(PA)]P =
ﬁ . Y E 3, Mo, 2 (mDO mD oF)(2m? + of)
( < )
3 q
g Mpo, Mp, +2q° +2=2— 3mpy Mo, (9.45)
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Da! Ds*°
2 2 2 -
(%2 = (P z=2()]? i?;rzgjfring) [2(Mp,, + Mp, )2+ Fl(2m? + of) (9.46)
& = DD o T 2mEimd (Mo, + Mo, + 262 + )
d¢ | 4324m3_mp, s’ Ds
(9.47)
d - 2 hr 202 L2 . 2 _
a@ o) F(S) s2(0) 5P o~y (m2_;m2 _; ?)2m? + ¢f)(mp,, + Mp,) :
(9.48)
D,! Ds*
2 2 . 2 .
g_qz = O] el gg:ngm;%qz) REm’ + ) (9.49)
& = DD oD 2mE_imd (Mo, + mo,)A2mE + ) (9.50)
def 4180m3_mp, w2’ Ds o
d — 2 2 2 th2 2(m2 - m2 - 2 .
@ o(a) T s=2(0) —, P ams_m, (m3_;m3_; ) 2m? + ¢f)(mp_, + Mp,):

(9.51)

9.42 D)1 D+ distributions

For ng) I Dt we consider the double distributions ing? and in the angle between
the momentum of the charged lepton and the momentum @. The functions Ax (¢f) and
Bx (cf) are in the Appendix, the distributions in the invariant masssquared of the lepton
pair are given below.

Dy,! D *°

S
This process is kinematically allowed only for = e. The terms in the ¢ distribution
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(9.42) read:
4 ) o) 2 M0 Mo T )2 r2 @@+ ) (0.52)
d@ . 9q’) 1=2 gm%so mo. Dy D, s :
( .
d 2) f 2 h |
@ - H( Mo, + Mo )? @ “2m?+ @) (6)? (Mo, mp,)? +2¢7
)
|
+ M(mDso mDS)+ 4(g )2 2(mD mDS)2+ q2 (953)
LI G LG IEE1CH) L e S,
d¢ .. 9mg_mp, Dso’ D5 A
( )
o mp, mp 2 2% Mo, 3mp, (9.54)
D! D™
A[(Mpo 2 PP
TERECIREC R = 1D;n)DS T fmos, + mo, )2 + 271(2m? + )
d 2) f 2
P = i r(nq:,) (mog, + mp,)* o “(2m? + ¢f)
s DY,
( h
(a)? (Mpo,  Mp, )? +2q + 126/ 67 G (ngl mp,)
)
h i
N 4(9;5)22q2 2(Mpy, mDS)2+ N (9.55)
2 2
((Ziquz . g(q;);n(](j) 1_2(Q)2p2 (mDO rnD ;) (2m? + qz)(mDo + Mmp_)
( Sl . )
g (Mpo, mo,5)+2M : (9.56)
Da! D.*
2 2 . 2 .
G5 = 9P sl f;‘;mgm:n% ?2) (Mo, + Mo, )2 +5E@ME+ @) (957)
d _ 2\ 272 h% o 2 22 2 . 2., 2
d@ .- IO AD) g o 15(Mos * Mo, )+ 0] H(mp,, i mp,; )M + o)
(9.58)
p_
hy
((jj_qz = 9()f (&) s=2(cF) 2813115 q2m2 (Mo, + Mp,) 2(M3,;mp s qf)(2m? + o)
int Ds1' Dy

(9.59)
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D,! Dy +
d _ 2 2 2(szsZ;rn%S;qz) 2 2 2
dg 7 AP AT g Lo, + Mo+ TN+ ) (960
9 APt [7(mo, + Mo )2+ 5] Hm_;m? s AEm? + @)
d 4540mg mp - o7 e Dy’ Mg
(9.61)
p_ 2

() (F) 3=2(cF)

245m% sz (mDsz + mDs) Z(szsz; mZDS,qz)(Zm? + qz)
s2 s

(9.62)

9.5 Numerics

The expressions of the decay distributions involve the urevsal form factors ;-,(w) and
3=>(W), and the low-energy couplings inq.14), (9.15) and (9.16). Numerical results can be
given using determinations of such quantities available ithe literature.

For the form factors -, and 3-,, the parametrization

iw)= @I (w 1)7 (9.63)

allows us to encode the uncertainties in the value at the zerecoil point w = 1 and in
the slope. We use the values in Tabl@.1, obtained from data on semileptonid decays to
positive parity charmed mesons2p4], which for -, agree with the computation in p95].
The value of gf in Table 9.1 is an estimate obtained usingD ! K semileptonic form
factors p85]. The value ofgs comes from a light-cone QCD sum rule computation of the
decay amplitude of the positive parity mesons to real phot@{268], together with VMD. The
value of ht is obtained from the strong decay widths of the excited chammd mesonsZgs].

The relative phases of the two amplitudes describing the ptam coupled toc and s depend
on the relative phases of the functions; and the strong couplings. Since such phases are
not xed, we consider the extreme cases: case A where the puat of the functions ; and
the strong couplings is positive (a relative phase betweeyf and g5 is ignored), and case
B where the product is negative. In the experimental analysethe hadronic quantities are
parameters to be determined from data.

Table 9.2 contains the decay widths corresponding to the maximal inteerence cases. We
also display the branching fractions foDs; and D,, for which the full widths are measured.
The e ect of the interference is large inDY ! Ds * andD,! Ds * , for the other
modes the interference contribution is small. Such e ectsan be better observed in the decay
distributions. The dilepton invariant mass distributions for the modesD2, ! Ds * and
DY ! Dy * s depicted in Fig. 9.2 for the maximal interferences. The interference
term is sizable in the former mode. The amplitude correspoimg to the photon coupled to
the light quark gives the largest contribution. The distritutions for Dg; ! D{’ * and
D, ! D{’ *  are shown in gs. 9.3 and 9.4, with a sizable interference term visible in
D,! Ds * .

The angular distributions are displayed in Fig9.5 in the cases of extremal interferences.
From the plots one ndsthattheD,,! Ds © mode is a ected by the largest uncertainty.

Since the amplitudes of di erent modes involve the same haalnic parameters, the decay
rates and other observables are correlated, as shown in Fidi for the decay widths. Varying
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(Mz)=1=1279 [30] | mp, =196835 0:.07MeV  [30]
m = 105:66 MeV [30] | mp, =2112:2 0.4 MeV [30]
mp  =2317.8 0:5MeV [30]
ogv =5:8 [285] | mpo, =24595 0:6 MeV [30]
=1 GeV [ 285] | mp,, =2535:11 0:06 MeV [30]
m =1019:461 0:016 MeV B0l | ( D) =0:92 0:05MeV [30]
=4:249 0:.013MeV B0l | mp_, =2569:1 0:8MeV [30]
B(! * )=(2:85 019) 104 [30]| (Dg)=16:9 0:7MeV [30]
f =208 7 MeV [30] | 1=2(1)=0:70 0:21 [294]
jopj =0:10 R85] | ~,= 02 14 [294]
jo5j =0:29 0.03 R68] | 3(1)=0:70 0:07 294]
jhrj=0:23 0:09 Rs8g] | 4,=1:6 02 [294]
Table 9.1: Input parameters in the numerical analysis.
Width 10% (GeV) | Width  10° (GeV) | BR 1C° BR 1P
(case A) (case B) (case A) (case B)
D! Ds* 47 038 81 13
DY! D¢ * 21 03 27 04
Dg! Ds * 29 06 28 06 34 64 | 307 63
Dg! Dg 0:18 0:04 0:19 0:04 195 04 | 21 04
Dy,! Ds * 0:05 0:06 0:22 0:13 0:03 0:04|0:13 0:08
D,! D¢ * 096 0:19 0:87 0:17 06 01 05 01

Table 9.2: Decay widths of Dalitz modes for the two cases of mmal interference. Branching
fractions are displayed only foDg; and D, for which the full widths are measured.

the parameters of the ranges in Tablé.1, a positive correlation is found between DY, !
Ds * )and (DY%! D, * ) for both cases of interference, as well as for the widths of
+

. 3 . . . .
processes witls? = > particles. The experimental con rmation of such a behaviauvould

further support the classi cation of DgJ) in heavy quark spin doublets.

9.6 Outcome

We have presented an analysis of the Dalitz decays of the pos& parity ng) charmed
mesons,DgJ) I D{* ,with J =0;1;2and" = e; . The study is based on the classi ca-
tion of the heavy mesons in spin doublets. The amplitudes aexpressed in terms of universal
form factors and of e ective strong couplings, and can be cgted using information from
di erent processes. We have discussed how correlations dam established among di erent
observables: their experimental con rmation would furthesupport our classi cation scheme
for the ng) charmed mesons.
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Figure 9.2: Distribution l:;qz for the modesD? ! Ds * (top)and DY, ! Dy *  (bottom
panels) for the two signs of the interference between the amplituds with the photon coupled to
the charm and s quark (case A: left panels, case B: right panels). The distributions ér the photon

coupled to quarks and the interference term are separately shownpgether with their sum.

Figure 9.3: Distribution 13(12 for Dgg! Ds ¥  (top) and Dg1! Dg *  (bottom panels).

Notations as in Fig. 9.2.
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. C 1d
Figure 9.4: Distribution ~d@ forDi,! Ds © (top)and Dy, ! D¢ *  (bottom panels).
Notations as in Fig. 9.2.
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. o 1
Figure 9.5: Angular distribution ~Jcos for the processes (from top to bottom)D% ! Ds *

Dgl l DS + y Dsl I DS + 5 Dsl | DS + y DSZ I DS + 5 DSZ l DS + . Left pane|S
correspond to case A, right panels to case B for the maximal interference
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Figure 9.6: Correlations between decay widths for di erent Dalitz decays. The dark and light
regions correspond to the maximal interference cases A and B, respéatly.



Conclusions

In this thesis, starting from the idea that the SM is not the utimate theory of nature,
given its several unresolved issues and recent observaticguch as avour anomalies, we
have explored new methods to test the SM and identify possibkignals of NP that could
complement and extend the current framework.

Building on the notion that the SM is a low-energy e ective tleory, this thesis introduces
new observables and studies various processes where newsigBycould potentially emerge.
Additionally, we aim to enhance our understanding and potemdlly reduce uncertainties in
the nonperturbative aspects of processes where discrepgaacwith theoretical predictions
have been observed. The framework used in these analyses abss implications for probing
the structure of states whose nature remains debated, thusdadening the scope of our work
to include applications in hadron spectroscopy.

The main results described in this thesis can be summarized follows:

1. Correlations among SMEFT Wilson coe cients in the context of a U(1)° extension
of the SM are derived rst from the structure of the UV theory gaige group and then
further constrained by the requirement of gauge anomaly ceellation in the BSM
theory. These correlations between Wilson coe cients leadotobservable correlations
in experimental data, providing a testable framework for mbing new physics.

2. Using the EFT approach, the SM Hamiltonian at the scale of thé quark mass is
extended to account for possible NP contributions in the degption of the B !
D (D ) decay. By utilizing angular coe cient function measuremets from the
BELLE collaboration, we constrain the NP couplings and idenfy observables that
signal the presence of new physics. Speci cally, these ritsisuggest the involvement
of a tensor operator at the scale under consideration, in@tng potential deviations
from the Standard Model predictions.

3. Relations between the several form factors parametrigthe hadronic matrix elements
of the exclusive semileptonid. ! J= ( o) modes are analysed. The eort is to
e ciently control the hadronic uncertainties a ecting the predictions for semileptonic
B.! J= ( .)decays in the Standard Model and beyond. These relationstaimed up
to O(1=mg) and at leading order in s were used to determined unknown form factors
from known ones obtained from lattice QCD.

4. The previous formalism has been applied to the positive pty charmonium system,
speci cally the ; and h, states. New relations between the form factors are derived
up to O(1=mg). Given the ongoing debate about the nature of the 1(3872), which
could be either an exotic state or the conventional .;(2P), several observables are
constructed under the assumption that it is the latter. Dewvations from the expected
behaviour of these observables can be tested in current andure experiments, pro-
viding valuable insights into the true nature of this system

137
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5. The nonleptonicB. decays to .;(h;)M, whereM is a light pseudoscalar or vector
meson provide a further probe to the nature of the ;;(3872). In the QCD factorization
framework, the amplitudes of these processes depends on deeays constants of the
light mesons and the form factor parametrizing the matrix @ments betweerB. !

«1(he). Therefore, employing the previous analysis at LO in the=ing expansion, we
can predict several ratios of branching fractions. The hiarchy emerged between the
several charmonium channels, and in particular the suppr&sn of the ., state, can be
used as a probe of the nature of(3872) in the hypothesis of ordinary meson state.

6. To conclude the study onB. decays, we examined the rare charm transitioa! u ,
a loop-induced process that is highly suppressed in the Stard Model (SM). This
suppression means that if new physics (NP) processes proaggthis transition at tree
level exist, they could have magnitudes comparable to SM dabutions, making them
potentially observable in experiments.

By comparing the two decay channelsB, ! BY and B.! B , we aimed to
determine which is better suited for detecting NP. The analys reveals a hadronic
suppression in theB, ! B channel, which reduces its sensitivity and e ectiveness
for NP searches compared to thB8.,! B  channel.

7. The spectroscopy analysis of the.;(3872) opens the door to studying heavy meson
states using Heavy Quark spin symmetry and the classi catioaf mesons into doublets
that naturally arise from this symmetry. Following this appoach, we examine theDgJ)
states. The Dalitz decays of these states provide a valualdpportunity to investigate
the nature of two debated states, theD, and D,.

Assuming that these are ordinary meson states, we have dedvebservables and cor-
relations between their decay widths that can be tested in exent and future experi-
ments. Notably, the LHCb collaboration is actively working orsuch tests, which could
provide critical insights into the nature of these states.

All these analyses can be tested in current and future experimts. Furthermore, this the-
sis emphasizes the necessity to continue our investigatsoto achieve a deeper understanding
of nature, with avour physics playing a central role in thisquest.



Appendix A

A.1 Hadronic matrix elements

The B! V matrix elements are parametrized as:

W (p% )iU bB(p)i = mi pp’;

WV (p% iU shiB(p)i =

(mg + my) %q A(f)

2 2
m(B " qn)N (p+p) 7 W )

(7 a Al

W U SHBM = (AN
with the condition

Au(0) = TR (0) T AL (0):

and

WV (p% )jU  bB(p)i =

q
To(qz)m p p°

+T(F)  p +TA>PD) P
W (% iU sbB(p)i =

iTo(c) a

(mg + my)?

0

PP’ pp°)

+iTo(F)(p p )+ iTaP)(p° p°):

A.2 Angular coe cient functions
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Table A.1: Angular coe cient functions in the 4d B !

SM.

V (P1P2)

- decay distribution for the

| SM

3(HZ + H?)(m?+3¢P)

l 1c Am?HZ + 2HE(m? + ¢P)
| 25 s(HZ+ H?)(m? @)
l o 2HZ(m? )
3 2H,H (m? @)
Iy Ho(H. + H Y(m? o)
Is 2H((H. + H )m? 2Ho(H. H )P
| 6s 2H? H»)
l'6c 8H{Hm?2
l7 0
lg 0
lo 0
Table A.2: Angular coe cient functions for B ! V(P1P2)" -: NP term with the R operator,

and interference SM-NP with R operator.

NP;R
Ii

INT ;R
Ii

3(HZ + H?)(m? + 3¢7)
Am?HZ + 2H2(m? + ¢?)
s(HZ + HA))(m? )
2HE(m? )
2H.H (m? &)
Ho(H:+ + H )(m?  ¢f)
2H(H+ + H )m? +2Hy(H.
2H2 H*)¥
8HHom?
0
0
0

H g

H H.(m?+30)
2(2HZM? + H3(m? + 7))
H H.(m? )
2HE M f)
(H2 + HZ)(m?
Ho(H+ + H )(m?
2H(H, + H )m?

0

8HoHm?
2H. H )Hm?
Ho(H. H )(m?
(HZ  H2)(m?

)
)

o)
o)
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Table A.3: Angular coe cient functions for B ! V(P1Pz)" -: NP term with the P operator,
and interference SM-NP with P operator.

i | iNP;P |iINT P

I 1s O 0

2 M 2_m-o?

e 4Ht (mp+my)? 4Ht Mp+my

| 2s 0 0

I 2c 0 0

I3 0 0

l4 0 0

. a2
E 0 He(He + H )i
l 65 0 0
. a2
l 6c 0 4HtHomr:+‘r‘nU
.2

l; 0 Hi(H: H )mr:+?nu

Ig 0

lo 0
Table A.4: Angular coe cient functions for B ! V(P1P2)" -: NP term with the T operator

and interference SM-NP with T operator.

NPT
i

INT ;T
I i

2[(HY")? + (HP)2)Em? + ¢f)
H(HIP)(m? + )

2HY")? + (HYP)M? of)
(HPAE m?)
8HNPHNP (2 m?)

SHIP(HY + HYP)( )
HIP(HIP HYP)m?

8[(HX")?  (HY")?m?

o O o o

AHNPH, + HNPH )m\IO P

H[\‘PHom\p P

0
0
0
0

HHIP(H, H )+ 8HIP(H,+ Ho) + 8H (H,  Holm "

AHNPH, HNPH )mxp@
H[\'PHtm\p P

IHNP(He + H ) 8HNP(Hy + Ho) + 8HNP (H, Ho)lm-"
0
0

¢

¢
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Table A.5: Angular coe cient functions for B! V(P1P2)" -: P-R, R-T and P-T interferences.

i [ INT ;PR |.|NT RT I‘INT PT
I 1 I
NP NP P 2
|1 0 4HNPH, + H HN)m ¢ 0
P —
l1c AH2m. HoHMm." ¢ 0
25 0 0 0
l2¢ 0 0 0
I3 0 0 0
4 0 0 0
p— -
s (He+ HOHmM S HHN(H, H ) 8HIP(H + Ho) 8HINOP(Ht Holm' @f  2H,(H)P + 1) 82
| 6s 0 4 HNPH, + H H}P)m 0
p — 213=2
l'ec 4H0th’\‘7mbizmU HiHMm HeHP n(q(l-gmu
p — 213=2
Iz Hi(He HOm S LHN(H, +H ) 8HN(H + Ho)+8HN(H, Holm @  2H(HN HNP)LE=
g 0 0
lg 0 0




Appendix B

B.1 Form factors basis

The basis of form factorsh; is de ned below.

B:.!

P (v)jQ° QjBc(V)i
HP (V)] QQjB (V)i
P (vV)iQ°  QiBc(V)i

p p°

with P= v=
Mg, Mp

B! J=

V0= — andw=v \°

WV (Ve )Q QiBe(v)i = i my s, hy (W)

WV )QY  sQiB(v)i = P My ma. ha,(w)(1+ w)

(V5 )iQ° sQjBc(v)i

V(e Q0 QB(wi= P
+ hr,(W)( v)v VO
with V = J= , the J= polarization vector andv®= —

P my Mg, hp (W) (

h; for B!

P e s, hs(W)(L + W)

i P W ms hr (w) (v O

o Jd=

P e me, he(w)(v+ V) +h (W)(v V9

(B.1.1)

v vO)

ha,(W)( V)V ha(w)( V)V

(B.1.2)

Mvis,  hnw) (v+v) +hw) (v V9

B.2 Form factors in terms of universal functions

The expressions of the form factork; in terms of universal functions are given in the fol-

lowing.
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B2.1 B.! .

h.(w) = ( w)+ % 32w +2(w 1) F(w) + 32w) 2w 1) 3(w)
b

am,
Smtmc 2+w) Sw) W2 1) Sw)  Sw+ Aw) (B.2.1)

+6(w 1) Fw+ F2(w) +(w 7) 5(w)

h (W): mib_'_ mic K(W) 5 ( W)~+ 3(W)

+ i (... W...(b K(W) ( W)~

o)+ W S+ S0P 1) W

2m2 2
s Ws 1A 1A
Faew) S 5 Ewr g Am) 5 Aw)
o
+ 22 swr Y2 ) D Aw)
* z—ilz (rw -9 < > (974 5w (B.2.2)
JAEwW? 2w Zw? 1) SW)
LW W 5 s g w5 Aw)
#

2W 1 w

2 AW+ S Aw)

5 (W)
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= (w e L)
f o AW D SM) s 35w 2w 1) Fw
o Cw) ST )

b W2 S+ 0P 1) SW)

Faew)  fw) 5 Ewr g A 5 W)
#
# 2L sy M2 rw) S sw)
gz (w9 L ) w) ®.23)
JAEwW? 2w Zw? 1) SW)
Frw W 5 s g AW S Aw)

#

. 2w2 1 s w22 9(w)+§: pw)
2
¥ thmC WZZ r(w) + W4 Sw)  S(w+ T(w)
#
SO V() ROV B 0
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1 1 w 1 k(w (w)"+

hs(w) = ( w) m—b"'m—c Wl 5 a(W)
o AW D SM) o 35w 2w 1) Fw
h ~ [
1 1
+ 2m2 (- W~%x+1 k(W) 2(W) + oa(w) + (W)
h ~ [
gz (W O e w aw
h
* g DD Sw (w1 S 4 52T S
[
w S+ fwr2i 2 aw) o dw) 24m)  (B24)
h
gt D) S (w1 5w 45w 250 S
[
cow 3w+ AWz 2 Aw) S Aw)+2 AW

1 h

8mpym,

2+w) F(w) (w 7) g(w) 6w 1) Fw)+ (W)

|
f(w? 1) Zw) Sw)+ T(w)
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B.22 B! J=
I#
hy (W) = (W) + 4_;% 3w 2w 1w 4 s+ <Y
L w2 W (e
dm, 2 K
!
cam —owe S e § s
Parw g Aw 3w 2 Aw gw sw + Y2 Aw)
#
2 2
¢ 21 s o s+ MDD s (8.25)
) _
e 0w 2w s G S
#
2 2
rarw g im o swrow sw ow sw+ Yt sy BT s
f g W W (W 1) 2w S+ Aw)

+2(1 w) 2 fw)+2 Fw)+ 2+ 5 +B  w) F(w)
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I#
@)= (W s Awraw DS 4 s+ < (W
! #
e deea <L ) aw
! !
camn ~owe S e § s
Parw g Aw 3w 5 AW gw sw + Y2 Aw)
#
P 20 L s ot s WD s
! !
mz W (W) 5 (W7, w) (B.2.6)
(W) 7 AW+ 2 S+ Zw 2w
#
2 2
arw g Aw 3 Am+ ow sm) + T sw B s

1

21 w) 25w+ 2w+ FwW)+2 Sw) 1+ w) F(w)



B.2. Form factors in terms of universal functions 149

1

e AW D SM) g AW

" ! #

) _

" g OF D S (w17 S22 A
fw 1) 4z Lsw) aw fwr A o Aw) 2 W)

" #
fae W () (WY W ®.27)
* g D S (w D2 5w

s W o s s A 2 A

+(w 1) 2 }(w) Zm s(W) +2w g(w)+ 3 Wil 2 W+1 A
f g W W (W D) 2w S+ Aw)

*(w 1) 43w 25w 43w 25w (W 3) 5w

M= oo T KW (W )+ 5 W
+$ﬁ w0 cw) (W) W)
Cam @Ew Sw D) o)
FoSwr S 2w Sw) AW+ AW+ Aw) (B.2.8)
P I sw) @+ w) SwW)+ (w1 S(W)

dmymg

+3 W) +3 (W) (L+w) TW+3 2w+ Fw)+3 F(w)



B.2. Form factors in terms of universal functions 150

o= (w) o S E ) s w2 1) S
1 K -
e @ 0w o w2 S
! #
cam T ow S )+ aw
' _ #
oz Tew W w2t ) w)
h
b (W) S (W 1) SW) 22w 1) SW)+aAw 2) Aw)
b .
|
3AWHA+ W) AW 2w EWr W) 2 Aw) 8.29)
h
Fas D) SW(w 17 3) 2w Sw) 2w 1) $w)

¢ i

Sw)+2 f(w)+(w 1) 2w gw)+ H(w)

h

2+w) $(w) 2 Zw) 23w 2Qw+1) W)+ F(w)

|
+@+w? Fw) Sw)+ fw) (wo 1) F(w)

+

8mym,

hr, = ( w)+ ﬁ) 35w +2(w 1) S(w) = A (w)
+ ng 1(w) + 2_r112 1(w)
h
* SmtmC woTw) W D[ Sw) S(w)+ T (w)] (B.2.10)

[
+(w DI ZW+2 W) +4 F(w)+2 Fw)+(w  3) F(w)

o= = SO ) e W) (W)
*mltzf* thK(w)z(wr+ 3(W)i+2;§(~w (W
+ 871%h(w+1)2 SwWH(w D) SW) A w4 5w 2w S+ fw) 2 F(w)]
ra@w D Swraw 2 Aw 3w (B.2.11)
+ 8m2h (W+D)? Sw) (W 1) SW)+@+ w2 Sw) 2w §w)  Fw)]

‘ i
+2wW S(W)+2 F(w)+ 4(w)
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Table B.1: MassMp, (in GeV) of the bcresonancesP; included in the Blaschke factors B.3.3).

JP =i 1 1* 0
1 6.336 6.745 6.275
2 6.926 6.75 6.872
3 7.02 715 7.25
4

7.28 7.15
— 1 B 2 ~
hr,(w) = 2me 2 (W) + T+ w 3(W) k(w)  (w)
e W W) (W sw)
£oAm) Am) SW) W) ,
F(w 1) SW) SW) L W) SwW) 2w Sw) (B.2.12)
oo SW) W) 3 S+ 2w+ Swe Sw)

@+ w) W+ Z(w) S(w)

B.3 Fit of the form factors hT

and hp

The form factorshy, and hp depicted in Fig.5.3 are tted using the parametrization adopted
by the HPQCD Collaboration [229]. The variable z(c?; to) is de ned:

P p__
[ 2 [ §

z(cf;to) = P %,L p% (B.3.1)

+ + 0

with t, = (mg + mp )2andto =t =(mg, my= )2 The form factorsh;(¢?) are tted
using a truncated expansion in powers of:

hi(cf) = anz" (B.3.2)

where the Blaschke factor$ (t) account for the resonances in thé-channel:

Y
P(@)=  z(d;M5): (B.3.3)

Pi

hr, involves poles withJ® = 1%, hy,, with 3P =1 , hp with J® =0 , with masses in Table
B.1. The values ofa, resulting from the t are collected in Table B.2.
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Table B.2: Parametersa, in Eq. (B.3.2)

Ao a =) az
hr, | 0:058 0:002 0:476 0001 1228 0:131 3419 3977
hr, 0:021 0:003 Q09 0:.014 0030 0:665 0473 0:670
hr, 0:047 0:014 Q675 0:165 0:701 1:693 Q894 7:468
hp 0:142 0:008 0:944 0:.053 Q157 1:629 1:495 1:131




Appendix C

C.1 Another parametrization of the B¢ ! co12 and
B.! h; matrix elements

For the sake of completeness we report another parametrigat of the B ! co:1:2 and
B.! h; matrix elements in terms of form factors, often used in thetkrature:

, : : m3.  m2 m2  m2
SElic B = FO(@ o0 + 1) PP o

2f2() .

hS(pdjc  bB(p)i = m p p°; (C.1.1)
. . i o 2f3
hS(pdic  sbBc(p)i = ImBT—fq:T)]S(p P pp’);
h
AP ic bB(p)i = i 2mAAé<q2)7qq + (Mg, + M)A () qzqq
2 2 i
Aé‘(qz)—chJrqu p +p° —mB°q2 i
i . VY (o O I _
PA(P% )jc  sbiBc(p)i = m °p ;
M ic BB = T8 s F PP (€12)
+ i THA)(p p)+ iTH(A)(P p°);
P )i sbiBu(pi = TA(P) d PP+ TAP" p  +TAP

(Mg, + Ma)?
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: . . 2VT(P)
0. — n 0 .
AT e BB(Pl = PPa;
h q q
T (p% )ic  shiBc(p)i = 2mTAg(q2)Tq +(mg, + m7)AL(cf) 7 q
T q o M3 mi | iq
AN PP 7
h
Q. H : HE— T 2 q 0 T 2\ 1
et ie BBMI = W@ P T@ e (©13)
| q
+ T ()" p° -
ERY : o h T (2 q 0 0
hT (p5 )ic sHB(p)i = Ty (g )W—mT)z(p p pp)
i
i
+ T ()P p)+ T ()P P) o

In Egs. (C.1.1), (C.1.2) and (C.1.3) we denoteS = , A= ,h,andT = . The
conditions
f5(0) = £2(0)

B T Mam)

m m m
Ao (0) = AT =220 (C.1.4)

2m/_\(T) 2mA(T)

remove the singularity atg? = 0.

C.2 Form factors in terms of universal functions at
O(1=mg)

In this Appendix we collect the relations between the form fdors in Egs. (6.1)-(6.4) and
_(Q);mix —

those expressed in the e ective theory aO(lzmé). We de ne ) = and

M)
(rimix - M (for i = 0;1;2), with 9™ given below.
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C21 B.!

We de ne:
®=@2+w) P+w? 1) 3w P+ P w P (c211
©@=30 w2 1P w P 3 9+6 9 (C.2.1.2)

b _ b b b b b b b
®=(w+2)[ P+w P Pr+w? L P+ B+w KB

b b b b b b b b
3w DL g+ Brw R+ Frw i+ PIt(w N @rw 2l

©= 3w P+ P Prow F+2 [+’ Dw P+ 5 3]
+(w Dw § oaw @ 3P+ G+ D3 31 (C.2.1.4)

@mx=(w+1)(w 2) P +(wri)(w+2) & 3w+ P2 F1+9 (¥

w 2B Plrw Hw+1)2 P w2 B P+3 Q)

w+1)2 D+ w+i)w 7) 2 (C.2.1.5)
o= (W2 Q42w 1) P+a H+3 Ple2w 2) (C.2.1.6)

Sa= (w2 Q2w 1) R+a K 0 6 2 (C.2.1.7)
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Using these de nitions we obtain the expressions of the fornadtors in terms of universal
functions:

1 1
9= Pz v ® 4 @ 4 P 2z 2@, (C.2.1.8)
w+l 1 () ©
= —p—_ + —p—_ . + ,
g 3 2 3 b 2, c0 c 2, c0
2 N () (b) © O
+ p_:—3 g[(W‘”-) a3 slt S[(W+1) in 3 sl
1 .
oPgeo(wH(T R ) ™ (C.2.1.9)
_ leq 1 Wn+ 1 b w 1 (b) (©)
gP_ Pé Pé b (C)O ((?O + 2I§ b 2; c0+ c 2(;200
h i
2w 1
2B gy @3 @1+ qwen Q3 Q)

w+1 w 1 - - i
+p— 2O 4 20 P be (W) O ~0 @y (Q@mx (C.2.1.10)

§ c0 c c0
w+1 1 1 b
or= Pt Pz e U oL P Bt oo
h

2 i
Py dlw+D) ® 3 O+ qw+1) 9 3 9

1 1 mi
p§ 204 20 4 EpT_3 be (WH)(~ © =0 @) (@smix . (C.2.1.11)
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C22 B.! «

We de ne:

Oaz P w1 P2 P, (C.2.2.1)
Oe= Prwsn P 39 O (C2.2.2)
@, =P w 1P, (C.2.2.3)
Do=(w+1) P 49, (C.2.2.4)
Qu= & w+ Prw DL Prw iy P1+2 P+2w @ (C.225)
o= P+(wrnl P+ Qw8 3

+w 39 P 30 3wk 3P+ D+rw R (C.2.2.6)
Oazw P+ 0P w pw @+ § 8 (C.2.2.7)
D= w+Diw P+ 7 [lrwl F+4 T

+4 G+ B+ B 40, (C.2.2.8)
@ =+l P+ 2 231 302 w+2) PP w1 g,

(C.2.2.9)

Q" =w P+(w+3) ¥ 4P Prw 1

w 1B P+ P+ 1 w 3 P+rw 9 (C.2.2.10)
P a=@+w D+ P2 O (C.2.2.11)
D= @ 22 20 1y 9 3 (C.2.2.12)
© = Wi O, (C.2.2.13)

(0 — () (© (0 .
2 a2=3 at 2] - (C.2.2.14)
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With these de nitions, we express the form factors in terms afiniversal functions:
[

2 h
o= s B 2 w0 O d2 G w1 9
w 1N (B (B © © |
+ —293 2 2 1 (WH1) 57 o] W+D[2 57 0 27l
p_ h
2w 1) jlw+1) R 2 @I+ Aw+l) R 2 &2]
W+1h2 ) (b 215 (0 (© !
—97 bl2 o1 (wo 1) L+ g2 Vgt (w 1) Y]

h
w1 _
Pmovewrl) 2 Oprw 1) Op T2 9, w1 9]
. i
+2 O w1y 2N (C.2.2.15)
i

h
w 1 1
Q.= SPg P52 Dar(w D Qp d2 0w ) Gl

h i
1 b b
5 o2 P WD P 2w Pon w1 ]

jl\)

1 i
s w1 ® 2 P+ qw 1 9 29

1 hz (b) (b) 212 © © 1
+ Zpé b[2 c11 (W 1) C1;2]+ c[2 +(W 1) 12]

h

1
+ Pone (W 3 ® (w12 O Pw+1) 9. w12 9]

. i
+2 O (w1 QT (C.2.2.16)
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w+1 1 n (b) (b) (© (© !
ng = _Zp? Ep_é b[2 c1:l + (W + 1) C1;2] 0[2 c1:1 (W + 1) C1;2]
h i
—p—2 b[2 (2?) a1 (W+1) (21;3) ael  c(WHD)[2 (26) c1;1 ((?:) i2]
1 h (b) (b) ( |
eps Bl Q2 Bl Awey) § 2 @
1 h (b) (b) © © |
Ep_z g[z cl;l (W + 1) C1;2] + §[2 01;1 + (W + 1) 01;2]

1 -
Zp_é b c (W+ 1) TZ (bc)l;l +(W 1) (?1;2] (12 (Cc)l;l (W 1) (Cc)1;2]
#
1 N (b) (b) !
G = P p; o2 Po+w 1) Q51 29, w1 9,
1 h (b) (b) !
C C
¥ Ep__ b[2 2 el (W+ 1) 2; c1;2] C(W+ 1)[2 (2;)c1;1 (;)cl 2]
o_ i
+2 Jw+1) B2 1+ Jw+1 O 2
1 h (b) (c) (0) |
g (wo1) o+ g2 o+ (w 1) 9]

P3
1 h (b) (b) ~q5 (©) © |
Ep_— b c (W + 1) -[2 c1:1 + (W 1) C1;2] (1:2 c1:1 (W 1) C1;2]

2 -
| .
+@2 QO (w+1) Q%) (C.2.2.18)
p_ b 1 b)
9= 20 (c)1;1+ c (Cc)l;l p—§ b (2;)c1;1 c(w+1) (Zf)clil
P P
Pzygez@aPzio, 1o,

1 -
t Pz e (WH(T ® + 0@y Qmx (C.2.2.19)
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h [
1
or = B3 o2 Dar(w 1) Qalr 2 D w1 Gl
h [

1
p_é 52 (?1;1 (w 1) (?1;2] o2 (Cc)l;l+(W 1) (?1;2] ; (C.2.2.20)
h [
w+1 1
o, = P+ 5 o2 Baa WD) Bl owrDR2 P 2l

h i
p_
+2 FJw+1) Q2 B1+ qw+1 R 2 9]
h

1 -

tpeewrl) 2 Qurw 1) 9l T2 9n w1 Q]
. i
+2 AP wrn Q3 (C.2.2.21)
_ 1 1 (b) © 1 (b) ©
Ors = p—é p—é b a2 ¢ Ccl;z —9_2 5 b 2az 2? c1:2
p- 1

+ 2 g (lt/2+ (2: (1(2 + p— g (?1;2-'_ g (cc)1;2

1 N (b (B © (Q):mix |
+ Ep_i be 4 Tt (w 1) Vol Tw 1) 9, a2 (C.2.2.22)

C.2.3 BC ' c2

We de ne:

®= Orwr) P 3P O, (C.2.3.1)
© =(w+1) ¥ O, (C.2.3.2)
Do=(w+1) P+ (€233)
Oo= P+(wsnl P+ Brw B Hlrw P

g+ WHwW R I g+ Qrw o (C.2.3.4)
(032;1: w+Dw P+ 9 e w 94+ 94 O (C.2.3.5)
Oo=(w+Dlw ¢+ 7 B[lvw F+ F+ 3 (C.2.36)

Q= 9w Pra wl Prarw §

3% @+ @l+w 3 K (C2.3.7)
Q"= P+ w P+ w Pra+w

3@+ @4 Dra+w (C.2.3.8)
.= R 2R 2w R P 3 (C.2.3.9)
(;)Cz;lz (22 (2<2|+ (23); (C.2.3.10)
©.2= 2 2w 1R B+ 9 (C.2.3.11)
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With these de nitions the form factors are expressed in termef universal functions:

_ b (© G (© 2 B, 2 (9
kv =+ p (C)Z‘" ¢ ool T 5 ob 2T o 2 2 bt oA
1 h i
2 ® 2 (?2;1 topow 1) T ® 4 ~0 (?2;1 + “32);;“* : (C.2.3.12)

ka, =(W+1)  (w 1) , @+ @

C2 Co»

w+1 (b) (© 2 (b 2 (9
2 ® 2 (© w+1l ~ (B . ~0 (© (Q):mix
+(W 1) b (C)z C ¢l 2 bc (W 1) (C)z + cpil + cpil )
(C.2.3.13)
2
Ko = c © 4 © c © © c (© ©)
Az W+ 1 cpil €2 2w 1) 2, ¢yl 2, cp:2 W+ 1 eyl €2
h i
bc ~ (b ~0 (0 (© (Q);mix (Q);mix
w1 w 1) 27 O+~ + o)+ N+ 5T (C23.14)
b c © © booah (B © © |
_ c C c C c
Kas = + b (c)2 + w+1 Wi 2 t5 b2 ¢y + w 1 W2 2 cyi2
(b) (© h b : © © |
2 2 (C 2 C C
2 b 1ot ¢ 1a b ((:)2 W-:l . c2;1+ cp:2
h i
bc ~ (b ~ ()] ()] (Q);mix (Q);mix |
fow p W D DT R Tw T e rw T 02
(C.2.3.15)
_ b © 1 o © 2 B, 2 (©
ke= + (C)Z toe 2t 5 b2, T e 2 2 5 At ¢ oA
1 o
204 20 42w 1)~ O4~00 4 @mx . (C.2.3.16)
c2 c2: 2 c2 c2s c2s
1
—_ b b b
k= +[ 5 @ o @+ Slo St e woal 2Ab R+ 2
(0) 1 h (©) (Q);mi |
C ~ ~ C mix
[ g (bc)z + g 02;1] E bc (W l) (bc)z + 70 cz:l * cpil ’ (C2317)
1
- b b) b)
kr, = [o @ ¢ Qad+gle £+ ¢ Doul 2AF R+ 20
. h i
+[2 0+ 20 Shew 1) T @4 ©. 0+ O (C.2.3.18)
2
_ c (0 © c © © S EC) ©
krs = W+1[ il T 0222]+ 2(w 1)[ 2 ¢yl 2; 02;2] W—+1[ cpil c2;2]
h i

(w 1) 27 @+ =4 ©@ 4+ © ) + Qixy @F . (c2319)

b c
2w 1)
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C24 B.! he
We de ne:
Po=w Pz )P w P+ P w3 P, (C.2.4.1)
W= Perw+y P 39 P (C.2.4.2)
D= 0@ ) Pew pe P P 20 (C.2.4.3)
W,o=(w+1) P 39 29, (C.2.4.4)
Do=wl P+rw @ Plewz P+ Prw 8
w DB §+3 F+3w @+ Drw +3 H+w fl
+H(w 3)[ H+w s (C.2.4.5)

B _ (b b b b b b b b
o= Pr(w+l P+ Prw R Qlrw P 3P
(b) (b) (b) (b .
W jg 3t 3tW o5,
c) _ C C C 2
GrwPe P W oDw P 8 9
s(w Dw G+w 2+ 9+3 §+3 5 01 aw §
(o _ (o) () () (0 (c) (o) C
heo = (WH+D[w g7+ 5 i3] 3w o 2w 35 2 47 3 (18)

= (wr(w+2) P (wrDiw 2 [P +2 P13 P

3w g+ (w Dw+1D)? W DB+ F3 )]

w 7w+1) P +(w 3w+1)

= (w+2) P(w+1) P20 3 Pew? 1) §

w B P+2 9+3 P17 w 7 P+(w 5

b b b b b .
1 =2w S+ (wHD2(w 1) P+2 P+3 J;
(b) — (b (b (b) (b (b .
ohe2= 28 2 ¢ 2w 1) 5 a3 2

(c) (©)
2:he;l T 2 2C

© - (©
2;h¢;2 2A

w+lR2w 1) 2+2 9 3 91;

2w 1) 32 3 5+3 3

0 )
8 3 13

(C.2.4.6)

(© .
2 24

(C.2.4.7)

(c) (o) .
3 n+2 33

(C.2.4.8)

(w+2) ¥

(C.2.4.9)

(C.2.4.10)
(C.2.4.11)
(C.2.4.12)
(C.2.4.13)

(C.2.4.14)
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With these de nitions we obtain:

h i
_ b) b
fuy= (W+1) , P w 1) P, + ¢ Pi+(w 1) [,
w 1 (b) (b) © ©
+ 2 b 2;he;l + (W + 1) 2;he;2 *t e 2;he;l (W + 1) 2:he;2

b)
2w 1) § @+ % |
|
wl) § R w2 Porw 1),
h

w 1 b b -
s be WD) T Py w1 )+ T (w 1) )
. i
+ I (w1) (™ (C.2.4.15)
1 (b) (b) © © |
sz = + E b hc;l (W 1) hc;z + C hc;1+(W 1) hc;2
1h () (b) © © |
C C
4 ° 2het P (W 1) 2no o anen W 1) 5hn
h i
2 5 () (b) 2 5 (© ©
2 1A B + 2 1A 1B
h i
1 w ) O 2 O w10,
2 b he;l c
h
1 - b b -
+ e T W3 R wo1P R, (w2 (w12
) i
b @iy @i (C.2.4.16)
1 (b) () © ©
fv, = 5 b ohel (w+1) he2 T c hc;1+(W+1) he:2
1 () () © @
+Z‘r b 2;hc;1+(W+1) 2h¢;2 toc 2;he;1 (w+1) 2ihc;2
2 (0, 2 ©
b * ¢ 1B
i
b b
+ g £1c);1 (W+1) E}C);Z + (%, f}i);1+(W+1) ﬁ?;Z

h
b b ~
bc (W+1) .( E]c);l (W 1) E\c);2)+ O( Elcc):l-'-(w 1) (C)Z)
o e (@ (©2417)

Nk NI
>
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h i
_ b b
fa= gc);l (w 1) E1c)§2 toc 51?;1 +(w 1) ﬁi);Z
1h (b (b) (o) (o) | (b (c)
C C 2 2 (¢
5 b oher T(WH1) o + ¢ g (WH1) o5, +2 § g+ ¢
h i
b b
g 519);1 (W 1) E]C);z + g E}i);l + (W 1) 5109);2
1 h (B ©) ©) ©
~ C C
+ 5be w+1) T g (w 1) 7o)+ 1 her T (W 1) 7))
. i
O e O c2419
fo= L1 + (b © 1 o (©
S — (W ) b he1 C heil E b 2:hci1 C 2hel
h i
2 (b) (b) 2 (¢ () 2 (b 2 (0
2 pw+1) g, g t ¢ (w+l) 32 1B b hel ¢ hed
1 h (B © (Q);mi |
~ ~ C ;MmIX
tSbe (w+1) L TRy bt : (C.2.4.19)
h (b) (b) (0 (c) !
—_ C C
fro="»b ha (W 1) pls ¢ nat(w 1) 7
h i
b b .
g '('1(:);1 (W 1) |(']C);2 g ﬁ?;l + (W l) f]i);z ' (C2420)
1h (b) (b) (0 (c) | (b ()
_ c c 2 2 (¢
fr, = 2 b zhet TWHL) Zn2 ¢ ana W+H1) 34, +2 gt ¢ s
1 N (b B\, ~g (© ©
5be w+1) T iy (W 1) )+ 1 her P (W 1) p0)
. i
+ M w1y (M (C.2.4.21)
_ (B © 1 © 2 B, 2 (©
fr, = b he2t ¢ he2 5 b 202 © Zhe2 +2[ 5 a7t ¢ oA
(b () 1 h (b) (b) (0 (Q);mi !
2 2 (¢ ~ ~0 (c ‘mix
T b h2¥ ¢ he2  Hbo 2 her WD) e (W DT ks
(C.2.4.22)

C.3 A set of relations among universal functions

In this Appendix we use the de nitions in Eqgs. (.31), (6.36) and (6.43), together with
the constraints (6.34), (6.39), to relate the various structures entering in the expressns
(C.2.1.1)-(C.2.1.7), (C.2.2.1)-(C.2.2.14), (C.2.3.1)-(C.2.3.11) and (C.2.4.1)-(C.2.4.14). The
results allow us to obtain the relations among form factorsiiSec.6.1.
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b — (b) (b)
(C)O - 3 C111+(W 1) 01;2
o = O
c2 c1;2
b _ b) b)
her = hat(w 1) 9 (C.3.0.1)

(b)
h¢;2

(b)
1,2
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© © © w1l ©

he;1 — (Cc)o +2 1;1 (W 1) c1;2 3 3 c2:1 2 c2:2

© _ 1 1, © ©

he2 = 5 a2t 59 o1 2 o2 (C.3.0.2)

(b _ b b
2, c0 3 (2;)c1;1 (W+ 1) (2;)c1;2
b _ (D
2, c2 2; c1;2
b _ (b b
2he;l T 2;)c1;1 (w+1) (2;)c1;2 (C.3.0.3)
L _ (b
2he;2 T 2 a2
© - 1 (@ © © w+l (9 ©
2hil = 3 2 o t(w+1) 2 57 0 2 a0 3 3 5 ,nt2 20
o - 1 © 1, © ¢
2he2 = 5 2 a2t 2 3 2 ut?2 (2;)cz;2 (C.3.0.4)
b — b) b
(c)o_ 3 (c)1;1+(W 1) (c)l;Z
( — (b
2 c1;2
b _ b b
= Qw1 @ (C.3.0.5)
by _ (b
he;2 © c1;2
9 _ 1 © @ W 1,0 ©
he;l ™ é (Cc)o +2 c1il + (W 1) c1;2 + 3 3 c2:1 +2 c2;2
(o _ 1 (©) 1 (©) (c)
he;2 — é c1;2 é 3 cz;1+2 c2;2 (C'3'0'6)
@mix _ 1 (Qymi (Q);mix @mix  W+1 o Q)mix (Q):mix
he;l - § (?(3 m 2 c1;1 + (W + 1) c1;2 3 3 c2;1 2 c2;2
(Q);mix _ 1 (Q);mix 1 3 (Q);mix 2 (Q);mix
he;2 - 5 c1;2 é c2;1 c2;2 . (C'3'0'7)



Appendix D

D.1 Functions in the angular distribution Eq. (9.41)

For the various Dalitz processes, the expressions of the @tions Ax (cf) and By (¢f) in the
angular distribution in Eq. (9.41) are given below.

0 R
DY ! D,

o o 2 [(mog, o)
Ac(q ) - g(q ) 1:2(q2) 18m%21 mDs

¢ [(Mpo, + Mp, )2+ ¢ +4m?] (D.1.1)

2 [(Mpy, mp)?  J
18mg, mp,

Bo(q) =  9(qF) 1=2(c) [(Mpo, + Mp,)?  Fl(F 4m?)

(D.1.2)

[((mpo, + mp,)? &
144m3, mp,

As(P) = 9() (o)

s 2 2. 2 21, 80705 2 2
o [(mpo, mp,)°+ g +4mT]+ Mpo, Mp, (of +2m?)+
4(93)? 2 2 2
+ —2— o' + ¢ (mps, mMp,)*+4m?(mps  Mp,) (D.1.3)

[(Mpg, + mp,)* P
144mg, mp,

4 Sy 2
g ° (gi) o (D.1.4)

Bo(q) = 9(f) F ()

[(mpo, mp,)> I(F  4m?)
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167
o;M3_;f)
_ ) 2 Dsl Ds
Aint (&F) = g(c) f (o) 1—2(CI) T S, mo,
gf[m%gl mZDS+q2+4m?]+&[qszgl+2m?(mDo mp, )]
(D.1.5)
Bn(@ = oD (@) o) — ALY (@ 4m?)
int 1=2 18 2 DD mDS
g [m3o,  mp, 1+ 2% qm] (D.1.6)
Dsl! Ds‘+\
AL = o) 0ol * sl D) gy sy )2e Framd (©.07)
g)=9 3=2(] 432m3 1mg Ds1 Ds q L
BU@D) = o) o) P00 D) (2 42y 4o+ mo)? ] (DL8)
cd g 3=2 432m5|351 m%s Ds1 D L.

2 2 2 -2 -
A = o) () g;;r;;;ffgf’q2[4q4+<q2+4m?><maﬂ+ mo.)? (D.1.9)

h? 2(m3_;mj ;o)
Bs(qf) = 9(c?) f () —Z 864mS_ mo. 0 (¢

4m?)[(mo,, + Mp,)>  4¢] (D.1.10)

h ;
A (F) = d(@) f(F) 3=2() _T2 21(6 DZSl Dsm(f) ¢ Bg 4m?)(mp,, + mp,)
- (D.1.11)
2 2
B () = o) T (@) ama(®) T 20wt M5, D) 2z

2 Pz (@ 4md)(mp, + mo,) (D.1.12)
Ds1 ' 'Ds
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Dy,! Dg*°

2 2 .2 -

(m3_im3,; o)
5 3

240mp_ mgp_

2(m2 - m2 -
(mD521mDs’q2)

5 3
240mp _ mp,

AdP) = o) s=a(cP) 2 o (cf + 4 m?) (D.1.13)

Bo(cP) = 9(cF) sa(c)) * P (F  4m?) (D.1.14)

ha 2(mp_;m3,; )
2\ — 2\ £ 2 T s2 s 2 2 2
As(ef) = o) F2(d) = 280m5_mp, ¢ (q +4 m?) (mp, + mp,) (D.1.15)

h *(mg_;mp,; )
4 480mf552mDs

Bs(af) = 9(cf) f () ¢ (F 4m?)(mp_ + mp,)? (D.1.16)

2(m2 M2 -
hy (T\D521mos1q2)

At (A) = g(PA) F(P) 30(P) — s
at (0F) = 9(P) () s=2(q) 120" 2m5_m3,

o (¢ +4 m?) (mp_, + mp,)(D.1.17)

2 2 2 -
he 2m3_imd i)

Bin () = 9(P) F () 3-2(P) — s
nt (0F) = 9(F) f () 3=2(q) 120" 2m5_m3,

?(f  4m?) (mp_, + mp,)(D.1.18)
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The process is kinematically allowed only for = e. The functions in (9.41) are given by:
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