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Zusammenfassung

Diese Arbeit beinhaltet eine Studie seltener Charmzerfille im Standardmodell (SM) und
jenseits davon. Im Rahmen einer effektiven Theorie berechnen wir die SM Wilsonkoef-
fizienten bis zur (teils) iibernéchsten Korrektur zur fithrenden logarithmischen Ordnung
in der Quantenchromodynamik. Die Berechnung umfasst Anschlussbedingungen und das
Laufen der Wilsonkoeffizienten in der Renormierungsgruppen-verbesserten Storungstheo-
rie. In der Literatur verwendete Ausdriicke konnten korrigiert werden. Weiterhin wird
eine Berechnung von phdnomenologisch relevanten zwei Schleifen Matrixelementen der
Strom-Strom Operatoren vorgestellt. Wir erarbeiten die Phidnomenologie im SM fiir ra-
diative und semileptonische inklusive Zerfélle, sowie fiir exklusive Zerfille D — PIl und
D — V7, einschlieflich nicht-perturbativer Effekte. Die Verzweigungsverhéltnisse sind
von Resonanzen dominiert, jedoch konnen wir verschiedene Observablen konstruieren, die
eindeutig das SM priifen, z.B. sind Asymmetrien, Winkelobservablen und Leptonflavor-
verletzende Zerfille (approximate) Nulltests des SM. Effekte von Physik jenseits des SM
werden modellunabhéngig und mit Leptoquark Modellen analysiert, wobei verschiede-
ne Einschrankungen und Korrelationen, z.B. mittels Flavor Strukturen, herausgearbeitet
werden. Zusétzlich priifen wir das SM anhand des Zerfalls A, — py, welcher an (zukiinf-
tigen) Experimenten zugénglich ist und untersuchen die radiativen Zerfélle in supersym-
metrischen Modellen.

Abstract

This thesis comprises a study of rare charm decays in the standard model (SM) and
beyond. Within an effective theory framework, we calculate the SM Wilson coefficients
to (partly) next-to-next-to leading logarithmic order in quantumchromodynamics. The
calculation includes matching conditions and the running of the Wilson coefficients in
the renormalization group-improved perturbation theory, thereby correcting expressions
used in the literature. Furthermore, a calculation of phenomenological relevant two loop
matrix elements of current-current operators is presented. We work out the phenomenol-
ogy in the SM for radiative and semileptonic inclusive decays as well as the exclusive
decays D — PIll and D — V', including non-perturbative effects. The branching ratios
are dominated by resonances, yet we can construct various observables which cleanly
probe the SM, e.g. asymmetries, angular observables and lepton flavor violating decays
are (approximate) SM null tests. Beyond the SM physics effects are analyzed model-
independently and via leptoquark models, where various constraints and correlations,
e.g. through flavor patterns, are worked out. In addition, we probe the SM by means of
the decay A. — py, which is accessible at (future) colliders, and investigate the radiative
decays in supersymmetric models.
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1. Introduction

The physics of particles is a field with an inspiring past of intriguing developments. The
purpose of elementary particle physics is to describe nature at its fundamental level,
where matter and interactions emerge. The present theory of particle physics is based on
the one hand on quantum field theory with its abstract mathematical structure and on
the other hand on the tangible concept of symmetries, condensed in the standard model
(SM).

Whereas the last decades can be assigned to the theoretical formulation and experi-
mental confirmation of the SM, nowadays weight is shifted towards the search of beyond
the standard model (BSM) physics. In particular, the observation of the Higgs boson in
2012 [7, 8], as predicted by the Higgs mechanism introduced in 1964 [9-12], completes the
SM. Further theoretical predictions have been observed subsequently by experiments, e.g.
the charm quark was predicted in 1964 [13] and discovered in 1974 [14, 15]. Nowadays,
the SM is established as the theory of particle physics due to the interplay of theory and
experiment. On the other side, experiments have confronted theory with observations
that are not grounded in the SM.

A shortcoming of the SM is the absence of neutrino masses, which are necessary for
neutrino oscillations as observed in 1998 and 2001 [16, 17]. Cosmological observations
show that ordinary matter is accompanied with dark matter [18], where the latter con-
stitutes five times the mass-energy of the universe as ordinary matter, which is even
less than dark energy constitutes. As a first guess dark matter is a BSM particle or it
may be part of a modified description of gravity. Besides, gravity is not part of the SM,
which would be desirable in view of a unified theory, in addition to a unification of the
strong and electroweak (EW) theories. Furthermore, the baryon asymmetry in the early
universe requires sizable charge parity (CP) violation, which follows from the Sakharov
conditions [19], but cannot be accounted for in the SM. Interestingly, the cosmological
observations can be related to particle physics, thus connecting the largest and smallest
scales. Nonetheless, particle experiments themselves also challenge the SM. The muon
anomalous magnetic moment is the most precisely calculated and measured observable,
see [20] for a review. The measurement is largely in agreement with the SM calculation
but exhibits a 3.6 0 discrepancy [21] at the high precision level. Recently several SM
anomalies were revealed in b physics, see [22| for a discussion and, additionally, [23] for
a measurement of the lepton flavor ratio in BY — K*0I] decays. These deviations are
indirect hints for BSM physics. Indirect searches at low energies generically require a
high degree of theoretical precision and experimental sensitivity. On the other hand,
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indirect searches allow to probe physics at scales beyond the reach of complementary
direct searches at high energies.

Physics of rare decays with charmed particles give rise to such probes. The current
situation of rare charm decays may be compared to the one of b physics several years ago,
when a broad program, including high precision calculations, developments of new meth-
ods, and experimental observations of various modes, has been waiting ahead. Nonethe-
less, the setting for rare charm physics is intrinsically exceptional: Firstly, the decays are
particularly rare, hence experimentally hardly accessible. In fact, apart from a single ra-
diative mode that was observed only in 2016 [24], solely upper limits on branching ratios
down to the ten ppb level have been obtained [25]. Various experiments have been and
still are involved in the experimental charm program, e.g. D° — DY mixing was observed
from 2007 onwards by the BaBar, Belle, CDF, and LHCb collaborations [26-29|. Fur-
thermore, charm decays hold a privileged position in lattice calculations, see, e.g., [30].
Secondly, common theoretical frameworks can only be cautiously employed for charm de-
cays. The charm mass may not be large enough for a heavy quark expansion, nor small
enough to employ chiral perturbation theory, and is slightly above the non-perturbative
scale. Nevertheless, as each coin has two sides, one may turn apparent drawbacks into a
virtue - a guideline that we will follow throughout this thesis - i.e. charm decays uniquely
probe quantum chromodynamics (QCD). Furthermore, they uniquely probe the up-type
sector, as the u quark is stable and decays of the ¢ quark are even more challenging,
see e.g. [31] for a review. Specifically, the hints at violation of lepton flavor universality
(LFU) in b decays mentioned above should also emerge in charm physics, accompanied
with a clean SM prediction, as QCD uncertainties cancel. Thus, charm decays are nec-
essarily linked to an answer of the conceptional question of flavor in the SM: Why are
the observed patterns of masses and mixing in the fermion sector the way they are and
what is the origin of three copies of fermions? In fact, the flavor sector constitutes most
of the parameters of the SM, yet their structure is an unanswered question. A minimal
extension to a fourth generation of fermions is excluded, see [32] for a review.

This thesis consists of three chapters followed by the conclusion and outlook in chap-
ter 5. The chapters cover the following topics:

e In chapter 2 we review flavor in the SM and introduce the effective theory which
is utilized throughout this thesis. It is based on an operator product expansion
(OPE), where we calculate the corresponding Wilson coefficients [33] in the SM to
(partly) next-to-next-to leading logarithmic (NNLL) order in QCD. This calcula-
tion includes a two step matching as well as the running in renormalization group
(RG)-improved perturbation theory. Along we settle the issue of different calcu-
lations existing in the literature. We further calculate effective Wilson coefficients
that encode perturbative matrix elements to (partly) next-to-next-to leading order
(NNLO). Finally, we discuss quantum electrodynamics (QED) contributions.



e Chapter 3 is dedicated to a phenomenological study of rare charm decays in the
SM. We consider inclusive radiative and semileptonic decays. Furthermore, we
analyze various observables in exclusive D — Pll and D — V'~ decays, where P
and V denote a pseudoscalar and vector meson, respectively. Non-perturbative
effects are taken into account. Of particular interest are (approximate) SM null
tests which provide a testing ground for BSM physics. Finally, we review several
other semileptonic modes.

e BSM physics effects are studied in chapter 4. We utilize a model-independent ap-
proach, leptoquark (LQ) models and supersymmetric (SUSY) models for radiative
decays. We analyze semileptonic and radiative D decays as well as the baryonic
decay A, — pvy. Correlations are worked out, including constraints on LQ models
and flavor patterns.

Details on the renormalization group equation (RGE) and constraints on LQ models are
compiled in the appendix. Additionally, to make this thesis more self-contained, the
latter comprises parameters, distributions and observables, form factors, resonant decays
and chiral Fierz identities.



2. Standard model Wilson coefficients

The main objects analyzed in this thesis are Wilson coefficients. They are part of an
effective field theory which is valid below a certain scale, e.g. the EW scale in the SM.
For an introduction to effective field theories see, e.g., [34]. The physics above that scale
is reflected in these Wilson coefficients. An example of an effective theory is Fermi’s
theory of the weak interaction. Back then the W boson was not known, indeed its
dynamical nature is negligible at low energies due to its heavy mass. Within this bottom-
up approach, the W boson enters through coefficients, the Wilson coefficients. Nowadays,
we utilize a top-down approach to calculate the Wilson coefficients in the SM, as it is
experimentally established. The same effective theory will be utilized in chapter 4 to
explore BSM physics. Within this framework, different models, including the SM, are
parametrized in a unified way, allowing for a comparison. In this chapter, which is based
on [2|, we calculate the SM Wilson coefficients. We start with a review of flavor in the
SM in the next section. If one is solely interested in phenomenological applications of
the SM Wilson coefficients, one is referred to chapter 3.

2.1. Flavor in the standard model

The SM of particle physics is a renormalizable quantum field theory with the local gauge
group SU(3)c®@SU(2)®@U(1)y. The SU(3)¢ group encodes the theory of QCD [35-38|.
The EW symmetry group SU(2), ®U(1)y — U(1)qEp is spontaneously broken to QED,
due to a non-trivial vacuum that breaks the symmetry of the Lagrangian [39, 40|, and
see e.g. [41] for Salam’s contribution. In table 2.1 the fermions of the SM and their group
representations are given. For the experimentally measured masses see appendix A.

In the SM a change of flavor is only possible via charged currents. The W/f bosons
couple to left handed quark currents Jf via

Lsu D (Wi +WET)

e
V/2sin 6,
I = Vguiytdl,,  J, = Vidpyrd, (2.1)

where e is the electromagnetic coupling and 6,, denotes the weak mixing/Weinberg angle.
Here V' is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [42, 43|, which describes the
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field SUB)e SU2), Yy T3 q

U c t 1/2 2/3

, , 3 2 1/6 / /

d L \5/ ., b . -1/2 -1/3

Ve v Ur 1/2 0
N R 1 2 ~1/2 /

e/, \n), \7), -1/2 -1
UR,CR, LR 3 1 2/3 0 2/3
dr,Sr,br 3 1 -1/3 0 -1/3
€R MR TR 1 1 -1 0 -1

Table 2.1.: The SM fermions, their group representations and charges. The weak hyper-
charge is defined as Yy, = (¢—13), where g denotes the electric charge in units
of the proton charge, and T3 is the third component of the weak isospin. The
labels L and R refer to left and right handed fields, respectively.

rotation between eigenvectors of the weak interaction and the mass eigenstates, as given
by Yukawa interactions. We write the CKM matrix as

Vud Vus Vub
V=1V Ve Vau (2.2)
Via Vis Vw

and refer to appendix A for its experimental data. The CKM matrix obeys the unitarity
condition VVT =1 and it is the only source of flavor and CP violation in the SM since
V # 1 and V € C, respectively. For the latter we neglect a possible very small strong
CP phase, due to a non-trivial topology of the QCD vacuum.

On the other hand, neutral currents via the Z boson preserve flavor. Hence, flavor
changing neutral current (FCNC) transitions are only induced at loop level in the SM, as
shown in figure 2.1. In fact, the absence of tree level FCNC transitions in the SM leads
to the postulation of the Glashow-Iliopolus-Maiani (GIM) mechanism [44].
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C W U

d,s,b

Figure 2.1.: A FCNC in the SM. The dots represent insertions of the corresponding entries
of the CKM matrix.

The FCNC transitions inducing rare charm decays involve the mass ratios mg : my :
myp : my ~ 0.00006 : 0.001 : 0.05 : 1. Utilizing the unitarity condition one can estimate
the generic ¢ — u amplitude as

Ale = u) = VigVua [ (m/miy) + VisVas f(m3/miy) + ViV f(mi /miy)

+ Vg Vas (F(mi /miy) — f(m3/miy)) (2.3)
2

with the loop function f (mg / m%v) ~ ﬁ::—; The first term is GIM suppressed, while
w

the second term is suppressed by means of the CKM hierarchy V;V,;, ~ A%, where
A ~ 0.225 [45], employing the Wolfenstein parametrization [46]. Thus, we estimate
Alec = u) ~ O(107®). Note that the involved CP violating phases are small. Hence,
charm FCNC transitions are rare in the SM as loop and GIM /CKM suppressed. Indeed,
the estimated amplitude is enhanced by QCD effects, which are calculated in the next
sections.

2.2. Effective weak Lagrangian

The formulation utilized throughout this thesis is an effective low-energy theory based
on the OPE. The effective Lagrangian at leading order (LO) in the Fermi coupling Gp
is given as [2, 47, 48|

Lot = LQODQED | {fim <py + LU, (2.4)

where the Lagrangian of QCD and QED is restricted to fermions f with masses m
below a mass scale u. The QCD ® QED Lagrangian contains the covariant derivative
Dy = (Oy + igsT* A}, + ieqAy), where T are the SU(3)c generators normalized to
Tr[T°T?) = 6°/2. Furthermore, gs is the strong coupling, Aj, and A, denote the gluon
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and electromagnetic fields, respectively, and g is the electric charge in units of the proton
charge. The effective weak Lagrangian describing ¢ — wll transitions reads

Eweak 4GF

eff  |Imy>u>my = \/g Z ‘/;Zqu (Cl(u)Pl(q) + CQ(:“’>P2(q)> ) (25)

qe{d,s,b}

10
w 4G .
L o = g D Vel (cmpf‘” + (P + Y CMPi)  (26)
qe{d;s) =

where the sum is over light down-type quark fields. The Wilson coefficients C; and the
operators P;, see eqs. (2.7-2.16) for their definitions, are discussed below.

In the effective Lagrangian approach, heavy fields with masses M > (uw, up) for the
corresponding thresholds are integrated out and absorbed in the Wilson coefficients. This
is done by equating the amputed, one-particle-irreducible off-shell Green’s functions in
the full, e.g. the SM, and the effective theory with single insertions of the operators P;. An
expansion is done at LO in the EW gauge couplings and external momenta/light quark
masses squared divided by the squared masses of the particles, which are integrated out.
Hence, masses of the light fields are consistently set to zero.

The effective weak Lagrangian, egs. (2.5, 2.6), depends on the scale. The matching at
the scale py induces solely the operators P; 2, whereas only due to a second matching,
where the b quark is integrated out, the additional operators Ps_19 emerge. This pro-
cedure can be compared to the running of couplings and masses in a mass independent
renormalization scheme, where corrections at flavor thresholds are included by hand.
The matching will be described in detail in the next sections. Furthermore, the Wilson
coefficients C; and the operators are each scale dependent, yet physical observables are
scale independent. In fact, the scale dependence of the Wilson coefficients and operator
matrix elements do not cancel to a certain order in perturbation theory. The residual
scale dependence is related to the RGE, which is employed to evaluate the Wilson co-
efficients at different scales. For an introduction to the RGE see, e.g., [49]. The RGE
allows to sum logarithms of the form (aIn[ug/p])™ for n € N and a = g%/(47), where g
denotes the coupling, to all orders in «. In particular, large logarithms are resummed,
e.g. for pg ~ my and p ~ my in eq. (2.5). The RGE and its solution is presented in
appendix B. It follows that the residual scale dependence probes higher order terms in
the perturbative expansion by varying the scale, yet a scheme dependence remains. In
QCD, the Wilson coefficients C12 in eqgs. (2.5, 2.6) are quark universal and the quark
dependence is solely given by CKM matrix. At higher order in QED this does not hold.
In the current chapter we focus on QCD effects, as its coupling «, is much larger than
the QED coupling a, at low energies. As we include expression to order o leading QED
effects may, however, become of similar size. This will be considered in section 2.7. The
Wilson coefficients are, furthermore, universal for all ¢ — wll processes. This also includes
processes induced by ¢ — w7y, ¢ — ug, and cu — qq transitions as well as for the effective
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Wilson coefficients introduced in section 2.6. However, note that additional effects can
be absorbed in Wilson coefficients, but are process dependent, e.g. weak annihilation and
spectator interaction, see section 3.3.1.

The basis of local off-shell physical SM operators of dimension less than six consists of
[2, 50-52]

P = (ar7, Tr) @y Tor) (2.7)

Py = (agyuqn) @y er) | (2.8)

Py = (urymer) Y, (@"q), (2.9)

{gmq<p}
P4 = (aL’Y;u T(ZCL) Z (quﬂl Ta(]) 3 (210)
{gmq<p}
Py = (ar Y Wuscr) ), (@"9"27*q), (2.11)
{q:mq<u}
Ps = @y vusTr) Y, (@24 T%), (2.12)
{gmq<p}

P7 = %mc fLLO'M”LQCRFH“l2 R (2.13)
S
1

Py = e ago 2T epGo (2.14)
62 _ -

Py= S (ner) (71) (215)
e ]

Py = gﬁ(ﬂL7u10L) (Iv"150) (2.16)

S

Here, qr/p = %(1 F v5)q are chiral quark fields, oH1F2 = %[’y“l,’y“?], and Fy, ., =
(Opy Apy — O Ayy) and GY o = (O A, — O A, — gsf“bcAzlAng) are the electro-
magnetic and chromomagnetic field strength tensors, respectively. The gauge-invariant
physical operators, egs. (2.7-2.16), consist of current-current operators P; 2, QCD pen-
guin operators Ps_g, magn_etic_moment operators Pr g, and semileptonic operators Py 19.
They are build from light fields only. The operator basis also includes the operators
Pl = émc upott2ep Fy, ., and Py = gismc upot*2 TGy, ., whose Wilson coeffi-
cients are suppressed by m,/m. with respect to C7g in the SM, and are neglected,
as light quark masses are neglected. Furthermore, we do not consider electromagnetic
penguin operators, which are the QED equivalents of P3_g. For completeness, also one
dimension five operator may be added to the operator basis, which violates lepton num-
ber and is thus omitted [53]. The choice of the operator basis is not unique and we will

give a more suitable one for phenomenological analyses in chapter 3. The definitions
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given by eqs. (2.7-2.16) are, however, common for higher order calculations as we discuss
next.

In the basis of eqs. (2.7-2.16) Dirac traces of 5 are absent at the LO in the Fermi
coupling and to all orders in QCD. This feature allows to consistently anticommute s
within dimensional regularization [50], see [54] for other prescriptions. However, no such
traces are present in the SM diagrams. Other choices of operator bases and the mappings
between different ones are (partly) given in [2, 52, 55]. We extend this description by
noting that the mapping onto the “traditional” operator basis, see e.g. [56], is given by
the action of the rotation matrix R [55] on the P;_g — Py mixing at LO and the mixing
[52] onto operators o/ (47T)P7ef§, see section 2.6, at next-to leading order (NLO). The
normalization of the dipole and semileptonic operators, egs. (2.13-2.16), allows to count
diagrams in orders of o equivalent to the number of loops in the SM diagrams [51], e.g.
the LO mixing of P;_g onto Py is of order al.

To regularize ultraviolet (UV) divergences, dimensionally non-physical “evanescent”
operators have to be included, which vanish algebraically in four dimension. They are
equivalently defined in [50-52, 55, 57|, while three loop evanescent operators are given
in [55]. Additionally, non-physical gauge-invariant and gauge-variant operators that van-
ish by the QCD®QED equations of motion (EOM) up to a total derivative, emerge
due to QCD renormalization. The EOM-vanishing operators are given in [52] and are
equivalently defined in [51, 55|. Matrix elements of the non-physical operators between
physical states vanish if the infrared (IR) regularization does not break symmetries and
the calculation is performed without an expansion in external momenta. Moreover, the
Becchi-Rouet—Stora—Tyutin (BRST) variation of certain operators induce non-physical
BRST-exact operators as counterterms. These are, however, not relevant up to three
loop for the operators P; [52, 55, 57].

In the following sections we will calculate the SM Wilson coefficients at (partly) NNLL
order in QCD,

oy — 0 @) ) as(m)\* @ 3
Ci(w) = G () + =L =C () + (== ) G (1) + 0 (ai(w) (2.17)

following the definitions made in eqs. (2.5-2.16). The matching at py at fixed order in
perturbation theory is at NNLO, while the matching at p is at NLO. The running of
the Wilson coefficients is calculated in the RG-improved perturbation theory at NNLL
order. It is obtained from a calculation at one loop order higher than the actual matching
calculation, which guarantees the scheme independence of physical observables at the
order the matching is performed. Finally, effective Wilson coefficients are introduced
and calculated at (partly) NNLO. The combination of different orders in different steps
is not consistent, yet as will be shown, the missing NNLO calculations are numerically
small in phenomenological applications. To regularize UV divergences we use the mass
independent dimensional regularization scheme, which does not break power counting
and the mass independent modified minimal subtraction (MS) renormalization scheme.



10 2. Standard model Wilson coefficients

2.3. Matching at p ~ my

As already mentioned in the previous section, only C o are induced at the EW scale in
the SM. This follows from a consistent implementation of the effective weak theory and is
elaborated in this section. The numerical values of the Wilson coefficients, in particular
of Cg, depend on the correct treatment of light quark fields.

At the scale p ~ myy the t quark, H boson, Z boson, and W boson are integrated
out simultaneously. This does not induce large logarithms as the involved masses are of
similar size. Indeed, a sequential integration of the ¢t quark and the bosons would break
the SU(2)r ® U(1)y gauge symmetry, introducing Wess-Zumino terms.

The NNLO QCD matching at py ~ myy is given as |2, 51, 55]

Ci(pw) = O[SE;W) <l5+6ln:l‘2’2‘/> N (W)z

w
2 1 4 2 2
X(—T|:7n2t:|+7987+72 01 B gy V;) (2.18)
miy 72 3 mé, myy
2
_ as(pw) 127 4 @ HW 2 My
CQ(HW)_1+< = > (18 Hgm g W an? T (2.19)

with

1 2 112
T[x] = —(16x + 8)v4x — 1Cly [2 sin™! M] + (161‘ + 30> Inx + 32x + <5 (2.20)
x

and the Clausen function of order two
T In[l—t¢
Clp[z] = Im[Lis[expliz]]], Lig[x] = —/ dtn[t]. (2.21)
0

With respect to [2], additional terms ~ In[u,/m;] are provided that vanish for uy =
myy but are used in this thesis to estimate the scale uncertainty. The other Wilson
coefficients Cs_19(uw ) are zero due to the CKM unitarity. Corresponding matching
diagrams involve, e.g. two loop diagrams with a ¢ quark.

The vanishing of Cs_19(uw) is treated differently in the literature. The approach
presented here is the same as in [47, 48|. Contrary [58-60]| start with non-vanishing
Wilson coefficients Cs_19(uw ). They are driven by non-vanishing light quark masses,
e.g. via [61]

—2
3 VEVigOS? () = ViVis— In

2
5~ —0.29 (2.22)
2 )

ge{dob) 9 my

thus breaking the GIM mechanism. We add that the electromagnetic Wilson coefficient
in [58-60] was adopted from [61], which is, however, only valid for b — sy transitions.
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The corresponding expressions for ¢ — wy transitions are given in [62], yet a correct
treatment implies C7(uw) = 0. The non-vanishing Wilson coefficients follow from a
fixed order calculation, which is valid on its own but not in the context of the OPE,
where the light quark fields form the operators, but do not contribute to the Wilson
coefficients. The light quark masses have to be consistently set to zero, or used as an
expansion parameter if they enter the definitions of operators, e.g. for P;. Indeed, this
prescription was used in [61], which provides the basic expressions for the results in [58—
60]. In particular, the numerical value in eq. (2.22) is driven by a large logarithm arising
from the light quark masses. Employing the RGE the fixed order calculation is improved
and these spurious logarithms are resummed, see also [2].

Nevertheless, non-vanishing Cs_1o(uw ) are possible within the OPE if the CKM uni-
tarity is broken. However, the corresponding Wilson coefficients are not enhanced by
large logarithms. Here we provide their expressions proportional to (V. Vyq + Vi Vis +

o Vup) = —AVe, extracted from [51]

2 2 2
ag(puw 680 20 68 20
Cg (M ) _ < (:u’ )> ( 2 1 :uM/ 1112 /"LV[/

n Y
243 81 81 mi, 27 m%/v>

4
72 ud
Calgay) ( Tilm V;)
W
2 2
950 , %m“wjuloﬂ“w |
213 " 27 27 mi,
2 2
8 2 w
C! M —n?
() = ( ><243 g mW+27 m%v>
2
5 35 u? ) u
C, P+ Iy —n?
6w ) = ( )(162 108" 108 Mm2, 36 m2 )
23 as(uw)\? (713 4 M%V
C i 2 A
7(uw) < > ( A 243+81n ’

36
1 S\ [ 91 %4,
Calpw) = 3) ( ) 324 27 m2,

= (-
Colin) <4sm - L m2w> (%(MW))

128 , 16 13y 128 2 Hiy

X(sm 9w+ﬁg 23" 3 "m2, sl m%,V)

Cuo) = 2 () (“Si’;W)>2 (- 570 ) (2.23)

However, we will take the CKM unitarity to be intact and consequently Cs_1o(uw) = 0.
Effects of a breaking of the CKM unitarity will be considered in section 2.7.




12 2. Standard model Wilson coefficients

é'/ +2 X
7N\ /X

Figure 2.2.: One loop diagrams contributing to the mixing of O; and Oz in QCD. The
boxes denote the insertion of the current-current operator Os. The multi-
plicative factors follow from symmetry. The second diagram is non-planar.

The next step is to evolve the Wilson coefficients, governed by the RGE. Its solution
is given in appendix B, for which the anomalous dimension matrix (ADM) is needed,
which is provided in appendix B.2.

2.4. Anomalous dimension and loop integrals in a nutshell

In this section we show how the anomalous dimension is obtained from renormalization.
We calculate the ADM for current-current operators at LO QCD. Along we compute
basic one loop integrals, including finite terms. The current section contains solely sample
calculations and serves as an introduction into some technical aspects. For the actual
calculation of the Wilson coefficients one is referred to the next sections.

In the following, we calculate the mixing of current-current operators from renormaliza-
tion, hence derive the LO ADM. For simplicity, we work with operators in the traditional
basis, that is

O1 = ((@r)avu(ar)”)(@)pr"(c1)®) s O2 = ((@r)avu(a) ) (@ )sr"(cr)?),  (2:24)

where « and 8 denote color indices. The resulting one loop diagrams are shown in

figure 2.2. The purpose is to calculate these diagrams and to express the results in terms

of tree level matrix elements of O1 and Os, giving rise to the matching between operators.
The first diagram in d dimensions yields, neglecting external quark momenta,

d —i
Al = 455 V*V /(gji)d (Ua(z.gs%u )]ji ('YVPL)QOC> ﬁ

<%(ngv“T“) (k,zk) (v Pr)c” )

AGr ke kPko e

= \/fchqu E/W 6 (@ T vy Prq®) (@p 1T Yoy" Prc?)
_AGE e, / dke k2/d

f cq Vg Js (2m)d kS

X

(G YT Pra®) (Gey Ty~ Prc®) . (2.25)
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We neglect the mass dependence from the integral in d dimension, as it does not con-
tribute to the divergence at one loop. The last line follows from the symmetry of the
integral, i.e. [ %k”k" /kS oc 7P where the proportionality constant is determined by
a contraction with the metric 7.

After a Wick-rotation the integral is evaluated to

et 1 [ dk? 1 m?
/ [ / (2m) [k?(kz —m?)  kA(k2 —m2)

(T2 — d/2luy — T2 — d/2]iR)
— F4V7T)d s IR (2.26)

with an arbitrary mass m and I'[¢] = 1/e — v+ O(¢), where v denotes the Euler constant.
The evaluation of this and a more general class of integrals will be done at the end of
the current section. In eq. (2.26) the UV and IR divergences are separated. They cancel
within dimensional regularization. In fact, the IR divergences are the same in the full
and the effective theory. We keep only the UV divergences as needed for the anomalous
dimension.

The generators T% in the fundamental representation obey the relation

1

1
()i (T = 5 <6il5ksj - N&jékz) (2.27)

which follows from building an SU (V) invariant as well as the properties (7%);;(T%)x = 0
and (T°T*); = (N? —1)/(2N)d;. In fact, eq. (2.27) is the source of the mixing of the
operators O1 and Os.

Using the identity (@y*y?v" Pru2)(tsyuYp v Prua) = d*(iy* Prus) (s, Prus) for
Dirac spinors one obtains

 AGr. ... LT[2—d/2d

1
(@ PL @ PL®) = @ P @ Puc?))

_4Gr 9z

7 Vg Vg WFH

_ - 2 Qv -
(20 L)@ ) = (o L@ ) ) (228)

where d = 4 — 2¢. In the calculation we use the anticommutation relation {~v°,v*} = 0.
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The second diagram yields

4G « dl{?d . a ' o +i(_ . vra (—
Az = Fchqu/ <ua(zng )Zﬁ(%mq ) k% (%(197 T )Z(,j)(v"PL)Cﬁ)

V2 (2m)4
4G F g2
= 2By, BT
\/i cq Q(4ﬂ_)2 [6]
1, o 1, o
X <2(u5'yMPLq )(Qa’YMPLcﬁ> - ﬁ(ua'ﬂt Prq )(qB'Y“PLcﬁ)> (2.29)

which follows from (@ y*y?y" Prus)(tsy,YpYuPrus) = d(uiy* Prug)(usy, Prus).
The sum of these amplitudes for N = 3, written in terms of the tree level matrix
elements of the operators (0;)(©) is

2% Ay +2 x Ay = 2GE ey, if[e] (01)© —3(0,) @) | (2.30)
1 2 \/5 cq uq(47r)2 1 2

The same calculation can be repeated for the operator Oy by an appropriate interchange
of the color indices.
Upon renormalization

Oi = Z;'(0))r, (2.31)

where r denotes renormalized quantities, the renormalization matrix is obtained as

asl (1 =3
Z—1+47T€(_3 1>. (2.32)

The ADM can be found from the renormalization matrix as [52]

d
Yij = 2B(e, as)Zz'de[SZ,;jl (2.33)
with
> i+1
Ble.a) =a(—e+80),  Blad=-(T) filny). (230
1=0

where ; are given by eq. (B.5) and ny denotes the number of flavors.

Finally, we obtain
_as (2 =6
y= (_6 : > ' (2.35)

This result agrees with the one given in appendix B.2 after an appropriate change of the
operator basis, as described in section 2.2.



2.4. Anomalous dimension and loop integrals in a nutshell 15

i (¢2) = g v

Figure 2.3.: The fermionic one loop correlation function. The external momentum asso-
ciated with the vertices p and v is denoted by k.

In the following, we turn to the computation of the fermionic one loop correlation
function IT*¥, shown in figure 2.3.
We obtain

d m i m
I (¢2) = H4—d/ (gﬂl)“ Tr {(k(ﬁt!)w njz(m“)gjmz)(w”)
e | (g )y (k + )]

(2m)4 (k + 2¢)% + 2(1 - 2)¢* — m?)

e

2dz(1 — 2)(?g" — q'q”) — d(I? + 2(1 — 2)¢* — m?)g" + 2dIH1Y
(12 4+ 2(1 — 2)g2 — m2)?
where [ = k + zq and employing the symmetry of the integral.

Writing, in euclidean form, I, = [ d?/(k*4+m?)™ we obtain from integration by parts
(IBP) identities [63] the linear difference equation

2

. (2.36)

(d—2n)I, + 2nm*I,., =0 (2.37)
the solution of which is, incorporating the mass dimension,
—n I'[n—d/2]
I 2yd/2=n 210 — G/2] 2.38

As a boundary condition we use Iy, that is
d/2 9] d—1
I = 27 / dr——
rd/2] Jo r2 4+ m?2
_ om/2 md—2 /1 ds 51_d/2—1(1 . s)d/2_1
Ild/2] 2 Jo
742ma=2 (1 — d/2|T[d/2]

= T/ T—d/21d/’ (2:39)
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where r = m+/1/s — 1. It follows that

I, = 7% (m?) " W (2.40)

as well as the integrals

k2 d kM kY g
A =, S L S 2.41
/ kK2 +m2)" 20 " / (k2 +m2)"  on "t (241)

Finally, one obtains
1 : €
T 2:4—d/d2d 1— 2 pvo o p v ¢ T
M (¢) = —p | 21 =2) (9" = d"0") 352 | = e €]

=—i(¢*g" — ¢"¢") < ! (1 S ln[47r]>

1272\ e 2
2

1 ! 7
— dzz(1—2)1 2.42
+27T2/0 2#(1-2) nm2—z(1—z)q2>’ (242)

where d = 4—2¢. Note that P,/ g insertions on the fermion lines do not induce additional
contributions, as the corresponding terms o 5 vanish.

2.5. Matching at pu ~ my

While evolving the Wilson coefficients C7 2 from pw to p., the intermediate scale fi
is crossed. This results in a matching of the ny = 5 quark onto the ny = 4 quark
effective theory without the b quark. To be consistent, the matching should be done
at NNLO. However, only the NLO matching is fully known and part of the NNLO
matching remains missing. Nevertheless, the effect of the latter is additionally suppressed
in phenomenological applications due to the GIM mechanism, see chapter 3. In contrast
to the matching at pyp all the SM operators P19 are induced at pp. This is illustrated
in figure 2.4, where the diagrams relevant for the matching onto P, and Py at NLO are
shown.

The LO matching reads Ci(o)\nf:4 = CZ.(O)|nf:5 for any Wilson coeflicient. The match-

ing onto P o yields Cf’l2)|nf:4 = 05,12)’”/':5 at NLO. Furthermore, we obtain from the one
loop matching

2 2
w1 o\ ~(0) 2 Hy '\ A(0)
2 2
(1) __8 o\ ~(0) 2 Fo \ (0
09 ‘nf:4 = _ﬁ <1 —1In nf;%) Cl |nf:5 - § <1 —In Tng> 02 ’nf:5’ (244)

1
CE(},B)—S,l()‘nf:4 =0. (2.45)
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Py, . Doy

Figure 2.4.: Diagrams relevant for the NLO matching of P; /5 onto Py (left) and Py (right)
at M-

These results can be checked against the matching known from kaon decays. Approxi-
mating ¢° = 0 in equation (C.3) of [64], a mapping via the inverse of equation (87) and
equations (97), (98), (A.8) of [55] yields the same Céi)ﬁ\nf:4, as C£0)|nf:5 vanishes. In
addition, we find the same C’él)|n s=4 by mapping the coefficients in [65] via the inverse
of equation (A.8) of [55] and taking into account the quark charges. Part of the NNLO
matching is obtained by the replacements C’g)\nf:g) — C§712)|nf:5 in eqs. (2.43, 2.44).

At two loop the matching onto P;» can be extracted from [66]. We obtain for C =
(Cla CQ)T

2

2 p
2 _ 2 b 1

2 12 T
+ (R‘l <A<2> + 3ln:;’2ZggO)> R> cOl, s (2.46)
b

with

2 (59 1 H 2 K
o 2 (2 im s ) o
0 %(%—l—%ln%—l—lnzu—%)
-1 3 e -4 0
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Note that all functions are linear in number of flavors at this order. One explicitly obtains

2 2 2
2 2 2. py A0 59 148 ui 2 L, pu 0
Mgt = O b= + 510 1 1y + (54 Far g gt s ) O

" <_18_271 m} ~n mb>02 =5 (245)

2 2
2 2 2. p 1 59 176 . u 4 0
)|”f:4 = )|"f=5 +3hn mb% ¢ )|”f:5 + < 51 o™ mb% a §ln mbz a )|nf:5

S,

0)
<1 lny=5- (2.49)

This result is new Wlth respect to [2]. We confirm the terms ~ C |nf =5, ~ C’ |nf —5, and

~ In*[u Z/mb] ; |nf:5 by an explicit calculation. In particular, the terms ~ C’i( )\nf:5
follow from coupling renormalization, whereas mass renormalization is a higher order

effect [67].

2.6. Effective Wilson coefficients at y ~ m,

Evaluating the Wilson coefficients down to ., as described in appendix B, concludes the
calculation of the Wilson coefficients. Their numerical values are provided in section 2.9.
One is left with matrix elements of the operators. We can calculate certain matrix el-
ements in perturbation theory, giving rise to “effective” Wilson coefficients, considered
in this section. They account for effects of light quarks, where we still approximate
my,q = 0, but use a non-zero strange quark mass. In this way the number of matrix
elements is reduced. In particular, we calculate (Pj_gg) ~ <P779710)(0), where the pertur-
bative coeflicients of the tree level matrix elements are absorbed into redefined Wilson
coefficients, the effective Wilson coefficients. Note that effective Wilson coefficients are
actually not Wilson coeflicients as they encode low energy physics. Perturbative effective
Wilson coefficients are process universal as well as independent of the operator basis,
regularization and renormalization scheme [68].

From the previous sections, the Wilson coefficient C'¢ vanishes due to the chiral struc-
ture of the operators which also holds for the effective Wilson coefficient, 010 =0, to all
orders in QCD. In addition, the LO effective Wilson coefficients are

O — g, (2.50)
O — ol (2.51)
At NLO we get

8 e 2
S Limdg) OO, G =2

eff(1))
P = 57

o (1—L(m2,¢»)) L, (2.52)
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where the label ¢ € {d, s}. Furthermore,

1 2
L(m?, ¢ :6/ dzz(1—2)1 fe
(m 7Q) 0 ZZ( Z) nmg_qu(l_z)
1+v1-x
5 2 1 In —im <l
7+ln—+x—7(2+x)\1—x\1/2 Vi
3 2 2tan~ [T_J x>1
2 2 5 e
L(m :O,q):§+lnq—+m (2.53)

where z = (2m)?/¢%, ¢* = (pc — pu)® = (p+ + p—)? with momenta p, and we use
tan~![1/vz — 1] = —4(In[(1++/1—2)/(1— /1 — z)] —in). The calculation is analogous
to the one described in the previous sections.

For the operators P3_g we have to keep in mind that they encode a sum over all light
quark fields. For Py only ¢ and u quarks contribute, giving

ﬁ 16
oG, = 18 (Z 1- L(mz,q2>]) ci?,

q=c,u

off 256
Cce (1)|P6 =5 (Z [1 — L(mfl,q2)]> céﬂ), (2.54)

q=c,u
For P55, restricting to a single light quark in the loop, we obtain

. 4
Cgff(l)‘Péq) _ <4qu(mZ,q2) n 5uf§qu(L(mg7q2) N 1)) o
64 1
ng(l)‘%(q) - <4oqu(m3,q2) + dus qui(L(mﬁ, 7) - 1)> ol (2.55)

where ¢; denotes the charge and summing all light quarks gives

. 4
Cgﬁ(l)|P3:_§ S [ -7Lme )] +3 Y Limp.q®) | ¢

q=c,u q=s,d
eff(1), 8 2 o
Gyl =3 ch:u [8 — 38L(m2,¢%)] + 15qzsjd m2,q%) | C. (2.56)

As we have made the quark charge dependence explicit, with Csﬂ(l)| P@ py ™ Qu WE
1,2» )

can check our results against the ones known from b decays. We find agreément with the
results in [56], when approximating massless u, d and s quarks.
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Summing up the contributions from each operator insertion, we find for massless u, d
quarks and ¢ € {d, s}

et — oV 4 27c< ) 4 %Cw) _ §c§°> 27@& ) @QS, ) %Cu
+L(m2,¢%) <90§°) cihﬁc” 256@2 ))
w1 ) (-5 - @d )
+L(0,¢%) (1960§) 70( M@cg) 25760( >>
(Ll )+ 50L0,07) (520l = 2 2.57)

Coming back to the discussion of the fixed order calculation around eq. (2.22) we add
that penguin diagrams are double-counted in the effective Wilson coefficients, as e.g.
done in [58-60, 69, 70].

Concerning C£% at NLO, the contribution from P3_g yields [71]

6
C(;ff(l) _ C§1) i Zylmci(o) (2.58)
i=1
and we obtain from [52] by multiplying y(") with the charge ratio q,/qq = —2
yI=00 55 R, =00 ) 26

Analogously, y® contributes to CS C(l) + Z -1 y(S)C( ) which is part of the NNLO
contribution,

6
G, = 0+ Y et

=1

2 6 (1)eff 2
EDICEEDY (W ] m2> ¥+ FD (@ /mAest. (2.0
3 (&

=1 =

Multiplying again by the charge ratio the function Fy is obtained from [72] as

2
) 8n2 (24p) 8(11-16p+8p*) 16,/pvd—p P
F; = - — 2 Y
s (p)= 27( )19 1= ) 9 (1= ) (9 o5p + p)arcsm 5
2
32 (2+p) arcsin? P E P Inp — 2 ln& — Em’. (2.61)

3 (1—p)t 2 9 (1—p) 9 m2 9
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The calculation of Fg is done in the pole mass scheme, however, the result is the same
in the MS mass to the order considered here. Furthermore,

(2 0
5" o = J (i m)Cy” (2.62)
where the function f at ¢ = 0 can be taken from [47],

1
flp) = fo— @(57679;)% + (3672 — 2887% — 1296(3 + (1944 — 3247%)In p + 1081n? p

+361n° p)p + (324 — 57672 + (1728 — 2167%) In p 4 3241n? p 4 36 1n* p)p?

i
+ (1296 — 1272 4+ 1776 In p — 20521n? p)p?) — g((m —67% +181np + 181n2 p)
X p+ (=54 — 672 + 1081n p + 181n? p)p* + (116 — 961In p)p°)

+0 ((plnp)*) . (2.63)

The constant term fy is neglected in [47] as it is GIM suppressed. We obtain this term
from [73] as

16 7% 100 8 | 2 7%
= ——qu (142t — e —7i) - Zgg(1+2m S
Jo 97¢ 1t ( el m%) t < g1 " 27m> e 1 < e m2

b (2 o) i 22 (rem e 1 L (ag- 2
W\"3 3™ Tyt Pz ) T \FH T gt
=——In—F5 + — + —mi. (2.64)
Additionally, we find
(2 1 0
5" = =2 fmi /m2) O (2.65)

due to the color structure >_, TT*TT/ (3, T°T*) = (—2)/(3) which is derived
by using Y, 15,715 = (=1/6 00,6 + 1/20,50,,). Furthermore, we obtain along the

a *tuvtpo
calculation of [74] at ¢® = 0
4784 16w 64 112
=2 2T 20Xy 4+ 2a(1) — 4b(1) — —=i
1270 8w 32 1 10 248
= O O Za(1) — (1) — 4b(m2/m2) + S
=g Tous T 5 a(1) = 5°b(1) — db(mi /me) + o i,
113360 647 256 1792
= R T 20 x4 32a(1) — 64b(1) — :
60980 327 128 20 88
6= g + 03 + o7 Xb + ?a(l) - ?b(l) + 6a(m?/m?) — 40b(m? /m?)
1520
+ 22 (2.66)

243 '
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with X, ~ —0.1684,

16/(5 1, 5 3, 1., 1 4 T2,
=—||(z—zm°— —— -7 )1 -1 —1 -+ -
a(p) 9<<2 37 3(3—1—(2 47T>n,0—|—4np+12np Ptz t3™

57 Inp 4111 p+121n p>p + 6 1" +2Inp 41n plp + 216

1 5 35101 35 , 185 35
_ — 1 _712 4 _72_71 _712 5
I R p>p * ( 8640 72" 144 Pt PP

67801 21 , 3303 63 5 \ ¢ 1, 1 1,
B il g g 2 af lnp+ -1
+(8000 20" 800 7 20np>p+”<< g7 tamPTymr)r

11 1 5, 49 . 231
+ ( — Wz—lnp+2ln2p) P+ P+ p4+p5+p6>)

2 6 9 72 200
+0 (p"In?p) , (2.67)
and
8 L 2 9 3 1 2 L. o 2
=— [-3+=m*—1 - = / = —2lnp— -1
b(p) 9(( 3+67T np)p il + 2+7r np—gp)p
25 1, 19 9 3 1376 137 9 2 5\ 4
——— — == =1 21 —— 4+ —1 21 =
+( D 97‘(‘ 13 np-+ np)p -|—< 225+30 np+ np—|—37r p

5
+ —Inp+5In®p+ -n* Inp+141n2p

11760 ' 84 3

< 131317 887 > 5+<_2807617 16597

97200 * 540

14 , 10 4 2 . 7
+ 37r2)p6 +im <—,0+ (1-2Inp)p” + <—9 + 31np> pr et gp” 9p6> )

+0(p"In%p) . (2.68)

Note that x46 in equation (6.16) of [74] implicitly depends on the number of quarks.
Due to a typing error ~ Qg, i.e. the appearance of the charge squared, we can not check
the divergent and finite rational terms of x4 given in equation (6.18) of |74| via their
equation (6.16). Finally, the effective anomalous dimensions read

(et 128 (et 992 (L)eff _ 12928 (et 40288

WS TR W Taye T =g e Toag o (209

For convenience, the P3_g — P;g mixing can be absorbed in an effective ADM. The
corresponding basis is chosen in [2].
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At NNLO we further obtain
8

CEE| — o) 4 %CP n 2651) B 70(1) B QC( ) %C( ) 5120(1)
28 o) (1) %() 256()
+ L(m c,q)<90 +27C +=cl! +5-Co
4
st (L~ )
16 1) 16 184 256 (1
L 2 4 1) 4 22240 (1)
+ (OaQ)<903 +5:C1 + G5 + 5 Cg
8
L) 02 0,60) (25l - 2ef)
+ B (% fm2) ot (2.70)
with
Oy = 167 @U=p)  16(5-2) 32 VI-p P
F7(p) = 27 (1—p)t 9 (1= ) 90 /ol p? (4+3p p)arcsm 5
64 (4— p) ) /P 1
+3(1—p)4acm 2 +9(1—p)1np (2.71)

which is obtained from [72] by multiplying with the charge ratio.

In eq. (2.70) the two loop mixing of Pj_g into Py is missing. The contributions from
Py 5, also into Py, which extends eq. (2.63) to ¢ # 0, is subject of the next section. The
effective Wilson coefficients are discussed in chapter 3 in the context of phenomenological
applications.

2.6.1. Two loop QCD matrix elements of current-current operators

This section is devoted to the calculation of the two loop QCD matrix elements of Py
into Prg. The result is valid for a more general class of heavy to light transitions with
arbitrary momentum transfer and mass of the internal quark-antiquark pair, whereas the
mass of the light external quark is neglected. This includes the transitions ¢ — u(qq)
with ¢ = d, s, which are studied in this thesis, and also b — (s,d)(qq) with ¢ = ¢, u,
where (gq) is annihilated and a photon is emitted, which may then couple to a lepton
pair. The calculation uses the recent works [75] and [76] for the master integrals (MIs)
and numerical evaluation, respectively.

Several calculations were performed for b — (s, d) transitions: In [77] and [78] b — s
and b — d transitions, respectively, were computed for small ¢>. The calculation of
b — s transitions for large ¢ was accomplished in [72]. A seminumerical approach was
employed in [79] to present results based on b — s transitions for the full ¢? range. In [80]
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Py /s Py o Py
1 2 3

A &

4 5

Py s Py s m
6

Figure 2.5.: Diagrams for heavy to light transitions at two loop QCD. The boxes denote
operator insertions of Py/5. The crosses indicate the emission of a photon,
which may then couple to a lepton pair.

b — d transitions for any ¢? range were computed, extending [78]. For ¢ — u transitions
no such calculations were performed to date.

In the following, we outline our calculation. The analytical expressions and their
numerical evaluation will be given in [4]. Also the relevance for b — (d, s) transitions
will be considered there. In this thesis we are concerned with the impact for ¢ — u
transitions.

The diagrams relevant for heavy to light transitions at two loop QCD are shown in
figure 2.5. Each of the six subsets of diagrams represents a class which is gauge invariant.
The sixth class preserves the operator structure of Py. Hence, it is commonly considered
as a correction of the matrix element of Py [77], see e.g. section 3.1.2 for inclusive decays.
Nonetheless, we have checked that in this class only the diagram with a photon from the
loop of the quark-antiquark pair is non-zero and factorizes into two one loop integrals.
It is the only diagram with IR and collinear singularities. The latter can be regulated by
a non-zero mass of the external light quark.

We calculate the diagrams in figure 2.5 with insertions of P». Insertions of P; are
then given by color factors due to additional generators in the definition of the operator:
The expressions for the first four and last two classes are multiplied with —1/6 and 4/3,
respectively.



2.6. Effective Wilson coefficients at p ~ m, 25

The matrix element for an off-shell photon v* can be decomposed as [80]

(v (g, wulpu) | Pole(pe)) = (u(pu)|[aX"cle(pe))

= () PO fulpa) g er |e(we)

—~

/_\/—\
3

* Z;)QF(7) () (u(pu)|ura™ guerle(pe))
+(52) OG- ek}, (2.72)

where X# is the sum of the amputed diagrams in figure 2.5. Here ¢* = (p. — pu)".
The scalar form factors F(*) are given as [80]

FO(g*) = Te[P}' X, (2.73)
with the projectors
Pi'u = (?C + me)(Cing" + Cioph + Cig’y“)pu . (2.74)

The factors (pc + m.) and p,, reflect the on-shell conditions for the external quarks. We
find the coeflicients

1
Co = mr—pg 2= =0
(d —2)m2 + dm.q>
Coy = C c
91 93 m2g — ¢ )
2(d — l)mc
Coy = Cog =2
92 = Co3 A
o 1
P d-2)(mE -2
Cor — O —dmed® +2miq" + (4= 2)¢°
(LR 2miq? + 2(d — 3)m2q* — 2(d — 2)¢8’
Cry = —i 2m?2 +2(d — 2)¢?
(d—2)(mg —q¢*)*’
2 2\2
O3 = O me(me — 0 (2.75)

—2m2 = 2(d — 3)ym2¢2 + 2(d — 2)¢*

Here the dimension is d = 4—2e¢. The contribution to the effective Wilson coefficients C?ﬁg
from the two loop matrix element (ull|Ps|c) are given by multiplying the renormalized
F(79) with ie/(2m.) and e, respectively. The form factor F(9) vanishes for each class by
gauge invariance, which we have checked.

For the calculation we utilize the computer programs FORM 4.0 [81] and REDUZE 2 [82].
We use the former for algebraic manipulations, e.g. the tensor algebra, and the latter
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is used for the reduction to MIs. We compute some reductions by hand to reduce the
number of integrals that are fed into REDUZE 2. It is based on the Laporta algorithm [83]
which employs IBP identities [63] and Lorentz invariance (LI) identities [84]. See, e.g.,
section 2.4 for a calculation using IBP identities. Indeed, LI identities can be written as
linear combinations of IBP identities [85]. Thus, we have calculated relations for each
diagram based on LI identities by hand and checked them against the reduction tables
built with REDUZE 2.

We find that the following diagrams in figure 2.5 vanish: In the fifth class, both
diagrams with photons attached to the external lines vanish. The diagram with a photon
emitted from the charm quark line in the first class is zero. For F(7) all diagrams with
photons attached to the external lines vanish. Furthermore, all diagrams of the fifth
class vanish for F(7). This implies that the (P;) induced dipole form factor is given by
—1/6 F(7),

As for the set of the MIs, we match a subset of the integrals calculated in [75]. A
canonical set is given in [72], where the MIs are calculated for large ¢, yet the set
of integrals is not minimal. While matching their set onto the MIs taken from [75],
we find additional relations among the former, e.g. for the integral I 93 and the one of
equation (A12) in [72]. Additionally, we do not encounter the integrals of equations (A5),
(A8), and (A14) in [72|. Note that in the latter equation the diagram and the integral
representation do not coincide.

With the MIs from [75] the calculation of the unrenormalized form factors is completed.
The prescription for the renormalization is given in, e.g., [77]. Accordingly, the operator
renormalization constants are written as

Zi]’ = (5@' + (5Z,'j ,

525 = 2 (a0 Lot} 2o (a2 4 Loy Lo 4 ogad) (2.76)
Yo Y e Y (4m)2 Y e Y eV 870 '

Extending the set of physical operators P;_ig by the evanescent operators E1q 12 defined
as

E11 = (@rYu Yo Yus Tqr) (G A2 y#3T %) — 16 Py, (2.77)
Erz = (G0 Y Vs Vs qr) (G 229"5er) — 16 P, . (2.78)

the coefficients a;; are compactly written as

4 1 8 5 2
all - -2 3 0 ) 00 0 O —gq(j 0 2 9 7 (279)
6 00 2 0000 —2¢g4 0 1 0
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and
2 44 16 88
6017 = 027 = 2qq — 27(Zua ai% = *§Qd 243%, 0552) 3 —Qq4 + 781%’ (2~80)
92 16 8 14 4 16
22 22
- = - - . 2.81
19 = 5704 — 5N dat grus 039 = 5 0d — gy 4 — 5 (2.81)

Here ny is the number of flavors and ¢, 4 are the charges of the external/up- and

131 22 can be found from the

LO ADM ~©) | given in appendix B.2, and the coefficients a12 from [57],

internal /down-type quarks, respectively. The coefficients a

1 1 1. 1 1
1 _ Z.(0) 12_ 2 (1)L Zp.¢ 22 _ 20, (0 _ 25 ~(0) 2 89
ot =577, at=a 4 gbee, aT =gy =2y, (282)
where the mixing via the evanescent operators is
) 52 82,
blicio= " 7|, élj=0 = Z : (2.83)
1 0 39d

Accordingly, the counterterm form factors de_fégg),

and the one loop renormalization of g in the definition of Py, are [77, 78]

due to the mixing of Py /5 into Pr g,

pem _ ol o) _ ( a5 a192> _ ifo (2.84)
€

€

Here 5y = 11 — fn 7. We find that the n; dependence cancels in F; 1(9), thus also for all
counterterms.
The counterterms F<(7")

i dquark’ due to the mixing of P/, into four-quark operators Pj,
are defined by [77]

as 1 11 s\ 2 [ ct(7) )
Z A7 6 <’LL”|P | >1l == (E) <FZ—>4quark<P7>tree + F—>4quark<P9>tree> ) (285)
J

where 1/ labels one loop matrix elements. We calculate them to O(e) and for insertions
of Py 2.4, Eq1,12 according to egs. (2.85) and (2.79), respectively. Therefore, we write

2\€ rl 2

9 ! 6 1 T

= _ — —_ = — l _—
l1(my) <m2> /0 dz(1 z)z( . +6—6In 21— @/m? 2 €

q

+ 6el ! 3eln? ! (2.86)
n —3eln : .
‘hTT 2(1 = 2)q?/m3 ‘T 2(1—2)q?/m3
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Here u is a mass scale. Note that fol dz(1 — 2z)z = 1/6. In the massless limit, m2 — 0,

1 2
1 5 1
/dz(l—z)zln —)——flnq——l—iz,
0 l—2(1-2)¢*)/m*> 18 6 m2 6
1 2 2 2
1 28 5w 2w 5. q T q
dz(1 — 2)z In? G LIS LS N SR M i
/0 (1 -z)zln 1—2(1—2)¢?/m? 27+Z9 9 9nm3 "3 nmg
1 q*
—In® = 2.87
+6 " m2’ (287)

where the residual mg dependence cancels to O(e) in eq. (2.86). Thus, the matrix ele-
ments are

Qs
47
3

(ull|Po|c)yy = Z<UH|P1|C>1Z,

8
(ull| Prle)yy = —§le1(m3) (Po)tree s

4 w2\ € ! 1 Qg
1| P. = ——qu -1- 1 —(P7)tree
wdilPaleju = —34 <m2> < 6/0 4 nl—zﬂ—z)#/m?) 1 Frh

8 g
- §QU (ll(mz) +1 (0)) E<P9>tree )

3 Mz € r1 1
I|E =—4(-cau) | = dz(1 = 2)z ( =6 —Gel
<u | 11’C>1l ( 9(]d> <m3> /() Z( Z)Z < 6 — 6eln 11— Z(l — z)q2/m§>

(6%
X Z;<P9>tree )

3
<ull\E12]c>1l = Z<ull‘E11’C>u . (2.88)

We have checked that expanding the matrix elements in small ¢? and in the limit mg -0
yields the results in [77] and [80], respectively.

Following [77], the renormalization of the mass mq is given by the replacement m, —
Zmymq in (ull| Py 2]c)y; of eq. (2.88). The mass renormalization constants in the MS and
the pole mass scheme are [51]

47 €
4 2 16
Zpde 14 2 (_6 —am 3) L0, (2.89)

Expanding the matrix elements at O(as/(47)) and O(€®) gives the counterterms FZ-C:,(E)

and FZC:,S? = 0. We have checked for both schemes that expanding the counterterm Fﬁgq
in small ¢? yields the results in [77].
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Finally, the renormalized form factors are given by subtracting FiCtU’Q) = (cmi(;’g) +
FT) Fict(7,9)

i—daquark e ) from the unrenormalized form factors. Note that mass and wave

function renormalization is a higher order effect [80]. We have checked that Fft(7)\€o

agrees with the results in [79]. However, we did not check FiCt(9)|Eo, as [79] computed
inclusive decays, including corrections to the matrix element of Py from the last diagram
in figure 2.5 which we excluded.

For the numerical evaluation we use the computer package lieevaluate [76]. The MIs
given in terms of harmonic polylogarithms (HPLs) are written as generalized /Goncharov
polylogarithms (GPLs) [75] that are fed into lieevaluate. Other packages for the nu-
merical evaluation of GPLs are found in [86, 87]. Details on the numerical evaluation
will be given in [4]. !

We find that subtracting the counterterm form factors from the unrenormalized form
factors, the 1/€? and 1/e divergences cancel numerically. We have checked our calculation
against the ones of |72, 77, 80| for b — (d, s) transitions, finding numerical agreement for
any ¢2 as well as different scales, mass schemes, and parameters. For ¢ — u~y transitions
[47] calculated C£(¢? = 0) from the two loop matrix element of P, see also section 2.6.
Adding the constant terms given in [1]| we have checked the calculations, finding numerical
agreement. However, we did not check the finite unrenormalized form factors in figure 4
of [79] as we did not see which scale is shown.

Note that the computation of two loop matrix elements presented here is not restricted
to SM calculations, see section 4.2.1 for an example in LQ models. Furthermore, the two
loop matching of P2 onto Prg at uyp, see section 2.5, can be calculated as described
in the current section. For the impact of the two ICE matrix elements of P/, in phe-
nomenological applications for rare charm decays we refer to chapter 3.

2.7. Electromagnetic effects

Electromagnetic effects may become important, as ae/(4m) ~ (as/(47))%. In principle,
we have to enlarge the operator basis to account for QED penguin operators. However,
as we are interested in the leading effects we concentrate on QED corrections to P 5 as
they are still the only operators present at pyp. We also take into account the mixing of
Py 10 in QED, because of a non-vanishing mixing into Pjo.

We obtain the leading QED correction to the Wilson coefficients at uy from [88] as

CRPP(uw) = 0+ O(aeas, a?) | (2.90)
7T 4.
O () = 3¢ <— ——In W) + O(vetrs, a2) (2.91)
2 Aar \ 3 3 M}

We would like to acknowledge the authors of [75] for providing additional code on their work, which
we use for checks. We thank Tobias Huber for useful discussions.



30 2. Standard model Wilson coefficients

where the LO matching is already given by eqgs. (2.18, 2.19), which are to be added. The
corresponding LO QED ADM can be obtained from [88, 89| as

7(?ED‘1,2 = < _?)/3 _5/3 ) : (2.92)

The one loop running of a. is given by

(0)

—1
2
e (1) = cve(pto) (1 + %%(Mo) In Z;’) , BY = ((nugd +nagl) 3+3¢2) , (2.93)

where g = —1 denotes the charge of the electron in units of the proton charge. Neglecting
matching effects at pp, we find that C’%ED(,UC) are equal to the QCD induced Cy 2(pc)
within one percent. 7

The QED Wilson coefficients C;‘?E)D(ub) are equal to those given in eqs. (2.44, 2.45).
The operators P 2 do not mix into Py at this order in QED and the mixing of Py 10 is
governed by

—16-28" 3

’YSQEDlg,w - < 8 e _26£0) ) . (2.94)
It follows that CgED(uC) is equal to the QCD induced Cy(p.) within three percent and
CP (1) < 0.01 Co(pe).

We conclude that QED effects are negligible with respect to the results from QCD. In
particular, one can still approximate a vanishing C1g.

Moreover, one can limit effects from a violation of the CKM unitarity, in which
case C19 would be non-zero. The corresponding Wilson coefficients are already given
in section 2.3, parametrized by AV.,. Neglecting the matching effects at j; we find
that Cio(m.) ~ 1.1AV,,. From the experimental data, see appendix A, one obtains
|AV.,| = —0.000014 + 0.000 005, hence C1y is negligible.

2.8. Non-perturbative effects

This section is devoted to an estimate of universal non-perturbative effects from the
QCD vacuum condensate. The intention is to get an impression of the size of effects not
calculated so far. Specifically, we do not use the results obtained in the current section
for later analyses, where we include non-perturbative effects within different frameworks.

We absorb QCD vacuum condensate effects of the light quark fields in the function
L(m?, ¢?) entering C§T and defined by eq. (2.53). This follows from the similar structure
of L(m?,¢?) and the fermionic one loop correlation function, see section 2.4, for which
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the OPE at high ¢? is given in [90, 91] for the QCD vacuum condensate. Matching the
contributions, we obtain the corrections to L(m?, ¢?) as

4 2 q 4 m? 7 (s G?) 4m?
7q4 + nme + 3w 7(14 + 3 + 3 4

8% (gqGq) m®
3 ¢ ¢

(2.95)

The condensates include quark and gluon fields. A term (G?) is absent as its coefficient
is zero for light quarks. The absence of dimension two operators follows from gauge-
invariance and is in agreement with lattice computations [92]. We neglect condensates of
dimension higher than six and effects of a heavy ¢ quark. The latter are GIM suppressed
and can be included from [90, 91].

The condensates in eq. (2.95) are non-normal-ordered, as required for a consistent OPE
[91]. A normal-ordering does not affect the gluon and quark-gluon condensates, but the
quark-quark condensate mixes with the unit operator. We neglect renormalization effects,
but note that the gluon condensate is renormalization scale independent and mixing is
suppressed by light quark masses. The LO mixing can be found in [91].

The condensates are [93-95]

(Qmyll|Q) (1 = 2GeV) = —(7.63 £ 0.04) x 10° GeV*,

(Q|ms5s|Q) (u = 2GeV) = —(2.26 £0.34) x 1072 GeV*,

(Qas GM G, |Q) = 7(0.037 £ 0.015) GeV*,

(Qgs g0 TGS,/ (1 = 2GeV) = —(0.434 £ 0.004)° GeV°, (2.96)

where | € {u,d} and € labels the vacuum. The approximations (myll) = —f?m2 /4 and
(5s)/(ll) = 1 [94] hold. We use the gluon condensate extracted from e*e™ annihilation
data via QCD sum rules [95], as the corresponding lattice computations inherently suffer
from large uncertainties [94], e.g. (sG®)lattice = 7(0.077 £ 0.087) GeV* [92].

Evaluating LRCP¥e we find that LRCPYe(m = 0) ~ L(m = m,) and LRCPYe(m =
ms) =~ L(m = 0). We conclude that non-perturbative effects cannot be neglected.

2.9. Summary of the standard model Wilson coefficients

We have calculated the effective SM Wilson coefficients defined in section 2.2 at partly
NNLL order in QCD. The missing pieces are the NNLO matching of P; 2 onto P3_g at ju,
see section 2.5, as well as the NNLO effective Wilson coefficients of P7, for ¢*> # 0, and
Py from P3_g, see section 2.6. We will find in chapter 3 that these pieces are numerically
small in phenomenological applications. The consistent matching at uyp, given at NNLO
in section 2.3, settles the issue of different calculations existing in the literature. The
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x(as/(4m)) Cy’ cy’ ¢y’ cy’
7= —1.0231 1.0919 —0.0036 —0.0601 0.0003
7= 0.3195 —0.0549 —0.0024 —0.0309 0.0000
7=2 0.0756 —0.0036 —0.0019 —0.0007 0.0001

x(as/(4m)t Cf o) oy’ cy” clo
1=0 0.0007 0 0 —0.0030 0
=1 0.0002 0.0035 —0.0020 —0.0063 0
7 =2 0.0003 0.0002 —0.0003 —0.0036 0

Table 2.2.: SM Wilson coefficients (as/(47))" O (. = m,), as defined section in 2.2.

running and mixing is described by the RGE, see appendix B.1 for its solution yielding
the Wilson coefficients at next-to-next-to-next-to leading logarithmic (NNNLL) order
and appendix B.2 for the ADM to NNLO and partly from four loop calculations. As a
novel aspect we have calculated the NNLO effective Wilson coefficients of P79 from P o
in section 2.6.1. This calculation will also be of use in section 4.2.1 and for b physics.

We have calculated the leading QED effects in section 2.7, finding that they can be
neglected. In section 2.8 we have made an attempt to include non-perturbative effects
from the QCD vacuum condensate within the OPE at high ¢?>. We have found that
non-perturbative effects are not negligible on general grounds.

We conclude the current chapter by giving the Wilson coefficients at p. = me in ta-
ble 2.2 for the parameters listed in appendix A. The NNLO QCD running and decoupling
at flavor thresholds is taken from [67]. The low-energy value for c. is used, which is con-
sistent with the solution of the QCD-QED RGE [89]. For the Wilson coefficients in
different operator bases and a comparison with the Wilson coefficients from b decays, see
[2]. Neglecting the matching at p;, the NNNLL Wilson coefficients of the dipole operators
are C7|NNNLL = 0.0003 and Cg|nnnLr = —0.0003. The effective Wilson coefficients will
be discussed in the next chapter.
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3. Phenomenology in the standard model

For a phenomenological analysis it is convenient to work in a different basis than the
one introduced in chapter 2 to directly compare the SM with physics beyond. In view of
chapter 4, we enlarge the basis by operators that are not present in the SM but may be
induced by BSM physics. Matrix elements of the effective weak Lagrangian at p. then
read

4GF ae

(L) =~ 75 1 2 (@) + CiQD) - (3.1)

where the operators of dimension six relevant for charm FCNC transitions are written as

7

Q? = %(EUHVPRC)F;W 5 Q,7 = %(EUMVPLC)F/W ) (3'2)
Qo = (@, Pre) (1) Qh = (@, Prc) (1) | (3.3
Q10 = (@ Pre) (IV'3sl) Q1o = (@yuPre) (In*7sl) (3.4)
Qs = (uPre) (1) Qs = (uPre) (1) (3.5)
Qp = (@Pge) (Iysl) | Qp = (aPrc) (Iysl) | (3.6)
Qr = Lar0) (o) Qrs = (@00) (imursl) . (B7)

Here P p = %(1 Fs), ot = %[y“,y”] and the remaining notation is the same as in
section 2.2. The primed operators are obtained from the unprimed ones by flipping the
chirality. Contributions from Pj_4 given by the replacement g7, — gpr in eqgs. (2.7-2.12)
are absorbed into effective Wilson coefficients as for Pj_g. Furthermore, we can introduce
a lepton flavor label for the dilepton operators, but as the SM preserves LFU we do not
write them in the current chapter. For decays involving anti-charm quarks one uses the
hermitian conjugated expressions.

For simplicity of notation, we call the (effective) Wilson coefficients C;, and do not
write the scale dependence whenever we refer to p.. The same notation was used in
chapter 2 for a different operator basis. We emphasize that in the current and the
following chapter C; will refer to the Wilson coeflicients of the operator basis given here.
The relation to the effective SM Wilson coefficients calculated in chapter 2 is

N 47 off
Crg = Z chqumCm(q)(Nc)' (3.8)
q€{d,s} sAe
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Recall that Cip = 0, C) ~ my/m. =~ 0, C’{MO = 0 as well as Cg,)ID,T,T5 = 0 from the
previous chapter. Effects from

_gsMe

Qs =

_ gsm.
e2 (UU“VTCLPRC)GZV ) Qé - 862 :

(o™ T*Pre)Ge,  (3.9)

are absorbed into C’ég. With the notation introduced above, the SM Wilson coeflicients
are known to O(ay), where Cy starts at O(a;!). One should keep in mind that weak
phases and strong phases from the CKM matrix and the matrix elements absorbed in the
effective Wilson coefficients, respectively, are both part of the Wilson coefficients. The
weak phases, however, are small due to the CKM structure, see appendix A.

The factor 1/2 in the definitions of Q775 is introduced to compensate for a dou-
ble counting in p <+ v. Note that 0,75 = %ew,pgap" which implies that Qp =
5 (o ys5c)(lowsl), and Qrs = (o ysc)(loywl), hence no primed tensor operators
are needed. The mixing of the scalar, pseuodoscalar, tensor, and pseudotensor opera-
tors, respectively, Qg,)P,T,T5 is each closed at one loop QCD. The running of their Wilson
coefficients is, due to the parity invariance of QCD, [96]

Cz‘(l) (MO) ’ ’Y(O) = diag <—8a _8, g» 2) ) (310)

Ci(w)") = <as(ﬂ0)

-9 /(280)
Qs (M) )

where [y is given by eq. (B.5). The anomalous dimension of C’g)P is the same as the one

of the of MS mass. o
For physical observables we switch to the on-shell and renormalized pole mass scheme.
Its relation to the MS mass scheme is [67]

ole S 1 2
M: 149 —6—{—4111 “2 ) (3.11)
myzs(i) dr \ 3 M

Ratios of masses are scheme independent but care has to be taken of expressions involving
q?/m?, and m, due to the definitions of Q(7/), where m, C'é/) are mass scheme independent.

The SM Wilson coefficients are shown in figures 3.1 and 3.2. We observe the following:
At ¢% = (2ms)? a discontinuity represents the s5 intermediate quark state. Furthermore,
the full calculation of chapter 2 can be approximated by the contributions from matrix
elements of Pj o to the effective Wilson coefficients of P;g. This feature reflects the
GIM mechanism which is broken by a non-zero strange quark mass entering these matrix
elements. The remaining contributions are subject to GIM suppression, which also holds
for the pieces which are missing towards a complete NNLL calculation in chapter 2. These
pieces mainly come from QCD penguin operators, for which the Wilson coefficients are
additionally suppressed in the SM. We conclude that for phenomenological purposes
the one and two loop matrix elements of P2 into P79 are numerically equivalent to a
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Figure 3.1.: SM Wilson coefficient C7. The real (blue, upper) and imaginary (purple,
lower) parts are shown. The label “21” (dashed) indicates the two loop re-
sult of the calculation from section 2.6.1, whereas “q®> = 0” (dotted) shows
C7(¢? = 0) from [47]. Indeed, “21” represents the full NNLL result as obtained
in chapter 2, see text, and for vanishing ¢? it agrees with “q? = 0"

complete NNLL calculation of C7g. Specifically, the two loop matrix elements give the
leading contribution. However, this should not be seen as a breakdown of perturbativity,
as the other contributions are more strongly GIM suppressed. Moreover, the one loop
matrix elements are suppressed by cancellations from C; and C3. The ¢gg pair in the
loop is color-singlet suppressed at one loop, whereas it forms a color-octet pair at two
loop due to the additional gluon, giving rise to additional color factors. Indeed, from
the SM Wilson coefficients in table 2.2 a breakdown of the perturbation series cannot be
concluded.

The ¢? dependence of C; shows significant deviations from its value at ¢> = 0. This
should be kept in mind, as C7(¢?> = 0) was used on the full ¢* range for ¢ — ull induced
decays in literature till today. For ¢ — wy induced decays, however, C7(¢> = 0) can be
obtained by eq. (2.62),

C7(¢* = 0) ~ —0.0011 — 0.00414 . (3.12)

In this chapter, which is based on [1] and [3], predictions for inclusive decays will be pre-
sented, see the next section. Exclusive decays, including form factors, non-perturbative
effects, and different observables, will be the topic of sections 3.2 and 3.3 for D — Pl
and D — V', respectively. Other exclusive modes will be considered in section 3.4.
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Figure 3.2.: SM Wilson coefficient Cy. The ¢? ranges are split corresponding to different
orders of Cy. The real (blue) and imaginary (purple) parts are shown. The
label “21” (dashed) indicates the two loop result of the calculation from sec-
tion 2.6.1. The label “11” (dotted) indicates the one loop matrix element of
Py 5 resulting in an effective Wilson coefficient of Py, see text. Indeed, the
sum of “21” and “11” represents the full NNLL (solid) result as obtained in
chapter 2, see text.
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mode branching ratio norm as(mz) me Mg W Lhe

DT — X,y 4.6 x 1078 +4%
DO Xuy  23x10°% 4%  TH% tBa e 1% 8%
Df - X,y  28x107% +18%

Table 3.1.: Branching ratios of D — X, decays in the SM. The normalization is given
by B(D — Xgev) and the other uncertainties apply for all modes. We vary
mwp/2 < pwp < 2myp, me/V2 < pte < v/2me, and all other parameters
according the intervals given in appendix A.

3.1. Inclusive decays

As a direct application of the SM Wilson coefficients calculated in chapter 2 and dis-
cussed above, we study inclusive ¢ — uvy and ¢ — ull decays in sections 3.1.1 and 3.1.2,
respectively.

3.1.1. Inclusive D — X,v decays

The inclusive ¢ — w7y branching ratio can be expressed as [47|

a. 6|Cr|?

————B(D — X . 13
® ViV D0 7 R0 1)

Bp—x,y =

Here X, denotes a not fully specified final hadronic state containing a u quark. The
branching ratio of ¢ — d induced D — Xgev decays is chosen as a normalization to
reduce parametric uncertainties. Also renormalization scheme and scale uncertainties
entering in the charm quark mass are reduced by this choice. The branching ratios, as
obtained for the parameters listed in appendix A, are given in table 3.1. The difference
between the modes follows from the normalization. Additionally, we give all individual
non-negligible uncertainties, of at least one percent. We vary m;/2 < u; < 2m,, only for
e we choose m./ V2 < fe < V/2m,.. This choice follows as te = me/2 would be close
to the non-perturbative region and p. = 2m. > my/2 = pp would reverse the ordering
of the ¢ and b quarks, which is inconsistent with matching of the b quark. The largest
uncertainty arises from the variation of the scale p., yielding an uncertainty of a factor
~ 1/2 to ~ 2 for the branching ratios. The branching ratios are in agreement with the
ones found in [47]. No experimental data are currently available.

The CP conjugated modes yield approximately the same branching ratios. This follows
from the GIM mechanism and the structure of the CKM matrix, which is the only source
of CP violation in the SM. Nonetheless, strong phases are sizable, see figures 3.1, 3.2.
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Note that effects from D? — D® mixing are small [97]. Considering untagged CP averaged
branching ratios doubles the numbers provided in table 3.1.

An additional observable is the photon polarization, defined as the difference between
the right-handed and left-handed quark currents. Due to a dominantly left handed
polarization the SM prediction for the photon polarization is —1.

The predictions made here can be further improved, analogue to b physics: One
can evaluate contributions from ¢ — dduy transitions, see [98], and one can calculate
Brodsky-Lepage-Mackenzie (BLM) corrections, as done for b decays [99] (and references
therein). Furthermore, one can include power corrections ~ Afn%, see [100] (and ref-
erences therein). Additionally, energy moments and power corrections to them can be
calculated as well, see e.g. [101]. See [102], for non-local operators ~ %. However,
This class of corrections will be numerically small as Cg is GIM suppressed. Also kine-
matical cuts on the photon energy spectrum yield power corrections, see [100] for a review
in b physics.

We will consider power corrections for exclusive radiative decays in section 3.3. Power
corrections, e.g. spectator interactions, and resonant effects do, in fact, dominate the
branching ratios, but were not taken into account for the inclusive predictions. A com-
parison of the inclusive branching ratio ~ O(10~%), see table 3.1, which is an upper limit
on exclusive branching ratios, with a measurement of the exclusive decay D? — p%v, i.e.
B(D® — pY) = (1.77 £ 0.30 £ 0.07) x 1075 [24], points towards large corrections.

We will address this issue for exclusive radiative decays within the SM and BSM in
section 3.3 and chapter 4, respectively. Similar observations will be made for ¢ — wll
induced decays. However, inclusive dilepton decays are instructive and will be analyzed
in the next section.

3.1.2. Inclusive D — Xl decays

We refer to appendix C.1 for the distributions and observables relevant for D — Xl
decays. They are obtained by means of a heavy quark expansion (HQE), where pertur-
bative corrections to the matrix elements as well as power corrections can be included.

The ¢? distribution of the decay DT — X ete™ is shown in figure 3.3. We plot
distributions for matrix elements to NNLO and, additionally, with non-vanishing lepton
masses as well as power corrections. One observes that the effect of a non-zero lepton
mass is small apart from the very low ¢? range, where it renders the branching ratio to be
finite. Indeed, the SM respects LFU and the lepton flavor ratio B(c — upup)/B(c — uee)
is solely broken due to kinematical effects. The decay ¢ — w77 is kinematically forbidden.
For vanishing lepton, i.e. electron, masses and in the limit ¢> — 0 on-shell photons, thus
¢ — wvy transitions, are probed.

At high ¢?, the relative power corrections diverge and the distribution becomes nega-
tive. As in b decays [103] the HQE breaks down for ¢> > m?2/2, as the soft momentum
and soft mass hadronic system is non-perturbative. Analogue to b decays [103] no resum-
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Figure 3.3.: The ¢? distribution of the branching ratio of the decay DT — X} ete™. We
plot distributions for matrix elements to NNLO (solid blue) and, additionally,
with a non-zero muon lepton mass (dashed cyan) as well as power corrections
(dotted purple).

mation into a light-cone distribution function, as for D — X,y and D — X,ly; decays,
is possible. However, the fully integrated branching ratio is dominated by the low ¢?
range, where power corrections are small. Note that for the power corrected distribution
a kinematical cut on the hadron mass should be employed, which in turn induces Afn%
corrections. Nevertheless, the high ¢? range is theoretically accessible as the inclusive
decay degenerates into only a few exclusive modes, e.g. D — wll which will be studied

in the next section. In principle, one can perform an expansion in inverse powers of
off  _ 2 2 2 : : ; :
Mpcavy = me(1 — \/qzs.), where g7, ~ mZ/2 to calculate the inclusive branching ratio

at high ¢?, see [79] for b decays. A HQE for charm decays was used to calculate the D
meson lifetime, showing that predictions within the HQE and the perturbation theory are
consistent with measurements, although, subleading corrections are sizable [104]. Analo-
gously, calculations of subleading corrections in charm mixing do not signal a breakdown
of the HQE [105]: It was found that formally leading contributions are more strongly
GIM suppressed than subleading corrections, analogously to what we have observed for
rare charm decays within the perturbation theory.

In principle, one can include additional non-perturbative effects by means of the OPE
at high ¢? via quark-hadron duality, a dispersion relation, and ete~ — hadrons data
following [103, 106, 107]. Furthermore, one can obtain the hadronic spectrum and its
moments, giving rise to non-perturbative parameters, analogue to b decays [108].
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mode branching ratio norm as(myz) pw fe

DY = Xyptp~  44x10710  £19%
DY = Xyptp~  L7x1070 9% TR% Th% TY%
Dy — Xuputp~ 1.6 x 10710 +7%

Table 3.2.: Fully integrated ranching ratios of D — X,Il decays in the SM. The results
are obtained from eq. (C.12) with NNLO matrix elements for massive leptons.
Power corrections are not taken into account, see text. The normalization is
given by B(D — Xpuv) and the other uncertainties apply for all modes. We
vary mW7b/2 < pwp < 2mwp, mc/ﬂ < pe < \/ch, and all other parameters
according to the intervals given in appendix A. We do not vary m., as they
were fixed in the calculation of the two loop matrix elements for simplicity.

The D — X, pup branching ratios are given in table 3.2. The difference between the
modes follows from the normalization, i.e. B(D — Xpuv). As in the radiative case, the
uncertainties are dominated by the scale p., which induces an uncertainty of a factor
~ 1/2 to ~ 2. We do not consider electrons as their branching ratios depend on a cut
in the ¢? distribution, see figure 3.3. Moreover, a ¢*-cut is experimentally required to
reduce jet-like X,,, which yields power corrections, as in b decays, e.g., [109]. As can
be seen from figure 3.3 the branching ratios with electrons are equal to the muonic case
apart from very low ¢?, where branching ratios with electrons increase.

Comparing with the branching ratios obtained in [1]|, where the two loop matrix ele-
ments for Py were not taken into account, one finds that the branching ratios given in
table 3.2 are only slightly increased: The enhancement of Cy is suppressed by a small
phase space, whereas the branching ratio on most of the phase-space is shifted to smaller
values due to cancellations between C7 and Cy.

In the literature the branching ratios were found to vary by two orders of magnitude
[48, 58, 59, 110]. We agree with the results obtained in [48, 110] (see [111] for updated
plots). The discrepancy with [58, 59| is driven by eq. (2.22).

Apart from a CP asymmetry which is approximately zero, also the leptonic forward-
backward asymmetry, see appendix C, vanishes. These null tests follow from the vanish-
ing of the Wilson coefficient C'g in the SM. If C'p would be non-vanishing, a zero point,
where the forward-backward asymmetry changes sign, could be induced. Such a point is
observed in b decays.

In addition to the forward-backward asymmetry, one can define the leptonic left-
right asymmetry and the leptonic longitudinal /normal polarization asymmetries, see ap-
pendix C. Also the latter observables are zero as Cig = 0. Again, zero points could
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be induced if C1¢ would be non-zero. All four zero points, including the one from the
forward-backward asymmetry, would be driven by the same Wilson coefficients, but mul-
tiplied with different phase space factors.

Furthermore, the leptonic transverse polarization asymmetries of I+ are given in ap-
pendix C. They come with a non-vanishing combination of SM Wilson coefficients but
are lepton mass suppressed, which in turn is softened by a pole for low ¢?. The difference
between the [T and [~ transverse polarization asymmetries is again a null-test which can
be broken by a non-vanishing C1g.

3.1.3. Summary of inclusive decays

In the previous sections on inclusive decays we have learnt the following: The main
uncertainty in the perturbative calculation is due the scale p. ~ mg, i.e. higher order
effects. The branching ratios calculated at NNLO are found as B(c — uy) ~ O(1078),
see section 3.1.1, and B(c — upp) ~ O(107), see section 3.1.2. The GIM mechanism
which drives the smallness of the perturbative contributions, also renders CP asymmetries
small. Additionally, due to the vanishing C1g several observables are approximate null-
tests. As already found in section 2.8 non-perturbative effects, e.g. power corrections,
should be taken care off. Indeed, comparing the measured branching ratio of D — pOy
with inclusive branching ratios calls for additional dynamics at work. While including
power corrections to the branching ratio of ¢ — wll, the breakdown of the HQE at high
q*> was evident. To address these issues we will consider exclusive decays in the next
sections.

3.2. The decay D — Pl

The exclusive decay of a pseudoscalar D meson into a pseudoscalar P meson and a lepton
pair has the simplest spin structure of rare charm decays. Furthermore, D — Pl decays
constitute the only mode for inclusive decays at sufficiently high ¢?. Experimentally,
the most stringent limits are obtained for this mode and on the theoretical side several
observables are calculable. Despite possible large uncertainties, clean SM predictions can
be obtained, which can then be confronted with experiments as well as BSM physics.
The decay D — PIll is hence the first way to be taken in probing the SM with rare charm
decays. Note that the decay D — P~ with an on-shell photon is forbidden due to the
spin of the photon.

The decay distribution is worked out in appendix C.2 and form factors, which describe
the hadronic matrix elements for exclusive decays, will be considered in the next section.
In section 3.2.2 resonance effects will be taken into account and the phenomenology in
the SM will be worked out in section 3.2.3.
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3.2.1. Form factors

The heavy-to-light transition form factors as defined in appendix C.2 read

m2. — m2 m2. — m2
(P(pp)|ur"c|D(pp)) = f+(¢*) (p’“‘ - ’:’q213q“) + fo(qQ)%Q“, (3.14)
(P(pp)|ac™c|D(pp)) = ifr(¢*)(p"q” — ¢"p"), (3.15)

where ¢* = (pp — pp)* = (p+ + p-)*, and p* = (pp + pp)*. If the pseudoscalar P is
neutrally charged, the form factors f o7 are multiplied by the isospin factor of the uu
content in P, e.g. 1/v/2 for P = 7°. In particular, f1(0) = fo(0) to avoid a singularity in
eq. (3.14) for ¢*> — 0. For vanishing lepton masses ¢“[lv,l] = 0 due to the lepton EOM,
thusﬁs absent. Moreover, fy is irrelevant in the SM as Ciq is vanishing.

The form factors are of hadronic nature and presently only calculable on the lattice.
Firstly, we reduce the number of independent form factors by use of the heavy quark
spin symmetry. The remaining single form factor is extracted from D — Plv decays by
means of isospin symmetry.

By employing the heavy quark spin symmetry within the heavy quark effective theory
(HQET) [112] form factors are related at large ¢, ¢> ~ m?2 > A?QCD, that is at low
hadronic recoil [113]. In this case the momentum of a softly interacting heavy quark
can be decomposed as pt' = mqv* + k* with |k| ~ Aqcp. Within the HQET h,, is the
heavy charm quark with velocity v, = (pp)u/mp, where ¢h, = h,. Matching the quark
currents gives uytc = uy*h, + O(as, A%fD) and uot’c = uoct hy, + O(as, AQCD) [114].

Me

Multiplying eq. (3.14) with v, and g, yields up to power corrections, respectively,

2

m2D+pD'pP+( mD—m%m%—pp'pP

<ﬂhv>:f+ _f++f0) 2 ’
mp q mp
_ m2 —m? m2, —m%m% +m% — 2pp - pp
(uc) = fr —P—L + (= fy + fo) —B5—E L It : (3.16)
mp q mp
Thus, the leading form factor relations at low recoil follow as
2
q Aqep
s (i Yio(he) e
mpH —mip Me
For the tensor form factor we multiply eq. (3.15) with v, yielding
2 _— . 2 .
vy (U™ hy) =i fr <p“mD Ph PP _ D D pp) (3.18)
mp mp
= 1(uy" hy) — i(uvthy) (3.19)
. m2 + . m2, — m2
_ Z<f+ <pu _ UuDPDPP) (< fot fo)D R
mp q

2 _ .
X <q“ — pnMD T PD PP pP>> (3.20)

mp
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up to power corrections. This implies

2 2

fr2mp = fy — (=f+ + fo) (3.21)

and combined with eq. (3.17) the second leading form factor relation at low recoil follows
as

Fr(@) = Fia >1+0(AQCD). (3.22)

Me

These relations are also valid at large hadronic recoil, i.e. low ¢2, as derived in the
HQET /large energy effective theory (LEET) [115, 116]. We point out that power cor-
rections enter as ~ %AS;ZD, which are suppressed once the two loop calculation of
the current-current matrix elements are taken into account, see section 2.6.1, and fig-
ures 3.1, 3.2. This would not be the case without the two loop calculation.

Perturbative corrections, which break the heavy quark symmetry can be included at

low and large recoil. At low recoil, they are obtained from the HQET [1, 114],

() =0+0 (292 a2} (3.23)
) =22 (1- 2 ) o (P9207) - o

The pole in the form factor relation of eq. (3.24) is of kinematical origin. In the calculation
of the corrections, the QCD EOM induce the matrix element (ﬂi%#(l + 75)hy), which
is power suppressed, hence neglected, yet it can be calculated in the chiral perturbation
theory as done in b decays [117].

At large recoil, perturbative QCD vertex corrections can be included from [118| as

fl@) =20 (142 (3432w 2 )) ), (325

mp U 3mD—2E
= (102 (22 L)) e, e

mp T 3mp—2FE  mp m2

where the energy E = (m% +m%—q?)/(2mp). Here mp ~ Aqcp will be consistently set
to zero. Note that 2E/(mp — 2E)In[2E/(mp)] — 1, as ¢> — 0, and mp =~ 0, implying
fol al = 0, Le. a; corrections vanish at large recoil, as for the low recoil relation.

To obtain the full ¢*> dependence of the form factor relations for fr we take eq. (3.22)
and interpolate the corrections from eqs. (3.24) and (3.26) for mp = 0. The form factor
fo is also provided by lattice computations [119] (preliminary {120, 121]). It turns out
that the lattice result for fy is non-zero at low recoil, as opposed to its corresponding
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HQET prediction, eq. (3.23). This can be attributed to large power corrections as the
leading order relation is vanishing. Experiments have only restricted access to fy as it is
suppressed by the lepton mass. Therefore, we take the fy from the lattice computation,
where we estimate the uncertainty from [119] as < 10%.

We are left with the single form factor fi. It can be parametrized by a conformal map
of the branch cut in the ¢? plane onto a circle, |z| < 1, via [97]

_ Vit =@ = Vi — o
Vic — @+ Vi =t

and some tg < t4 which is chosen as

to =1ty (1 - H) . (3.28)

One obtains |z| < 0.171 as the radius of convergence on the full ¢? range. The form
factor can be expanded as a series around ¢ = t,

2(¢%, to) tr = (mp £mp)?, (3.27)

1 > i
f+(d®) = P10 ;ai(t()) (2(¢*,t0))" (3.29)

where a; € R, and ¢(¢?, 1) is analytic in the complex ¢? plane, apart from a cut from #
to co. It reads [122]

[Tmg ty — ¢
d(¢*, o) = 3 (\/t+—q2+\/t+—t0)(t+_to)1/4
(\/t+ -+ iy = t,)w
X (3.30)

(Vi -2+ Vi)

and resonances below the continuum threshold at ¢, are subtracted via

P(¢®) =1. (3.31)

The parameters a; are bounded by unitarity constraints from the correlation function
[122]. For a series up to ¢ = 3 they are given by the HFAG [97| for D — 7 transitions
from experimental fits to D — wlv decays. Defining r; = a;/ag, the parameters read [97]

f+(0)|Veq| = 0.1426 £0.0019, r; =—-1.95+0.18, ro=—-0.52+1.21, (3.32)

where ag is fixed by fi(0). We use the isospin masses m; = (m;+ + my;)/2. From
lattice computations we learn that the spectator quark dependence of f; is less than two
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Figure 3.4.: Form factors for D — 7 transitions. The bands represent the parametric
uncertainties for fy, scale uncertainty for fr, and estimated uncertainties
for fy, see text. The parametric uncertainties for fr are not shown, following
the ones of f.

percent on most of the ¢? range [119]. Hence, we take the same form factors for Dy — K
transitions, while adjusting the masses. Moreover, f; is provided by lattice computations
[119] (preliminary [120]), consistent with the experimental fits, yet the preliminary lattice
calculation of [121] yields a smaller form factor at high ¢.

The form factors for D — 7 transitions are shown in figure 3.4. For a different definition
of fr, the corresponding relation, and plot, see [1].

3.2.2. Non-perturbative effects

We include resonant effects in a phenomenological approach as described in the following.
The relevant resonances for D — PR(— I*17) decays are the pseudoscalars n') as
well as the vectors p/w, and ¢. We employ a constant width, relativistic Breit-Wigner
parametrization for the amplitude

Grae aper .

l I(p_ 3.33
2\/§7I' q2 - m% + imRFR (p+)pD (p )7 ( )

where ag € RT is a constant fit parameter, and g is an unknown strong phase.
The parametrizations of eq. (3.33) ~ (p* + ¢*) and of eq. (C.42) ~ (p* — (Mm% —
m%)/q*q") are equivalent for vanishing lepton masses as g, (Iv*1) ~ m;. This holds also
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for non-zero masses as C1g is vanishing. Hence, one can include effects of the resonances
compactly in Cg p as

, 1 1 1 agpe'de
CR —a 615,) : = : + ¢ ,
9 p @? —m2+im,ly,  3¢% —mZ +imyly, g% — mi + imgly

a 626” Aoyt
CE = 7 7 3.34
P2 m2 +imy Ty * g — m%, + imuy Ty (3.34)

as the resonances decay electromagnetically, thus conserve parity. Here we relate the
decays DT — 77w and Dt — 7% p by means of isospin symmetry as in [110] to reduce
the number of parameters.

The matrix elements of pseudoscalar and vector particles are not independent but
related by the EOM. Note that generically |[CE?2 — |ag|?n/(mrLRr)S(¢> — m%) as
mgrl'r — 0, which, in particular, holds for 7](’). The corresponding contributions from
light ¢¢ pairs in the loop to the SM Wilson coefficients will consistently be omitted to
avoid a double-counting. In the notation of eq. (3.34) CKM factors are implicit. We
consider them separately wherever needed, e.g. for CP asymmetries.

As we are mainly concerned with Dt — 77V (— pu) decays we give their fit param-
eters only. Approximating B(Dt — 77 (R — pp)) ~ B(DT — 7T R)B(R — up), which
is e.g. measured for R = ¢ [21], and taking the branching ratios from measurements, see
appendix A, one obtains

a, = (0.17 £0.02) GeV?, a, = (0.0321050%) GeV?, a, = (0.247002) GeV?,
ay = (0.000601000002) GeV2,  a,y ~ 0.0007 GeV?. (3.35)
The branching ratio for 7’ is not measured and cannot be approximated by the one

from B(n' — ee) as the branching ratio of a pseudoscalar decaying into dileptons is
proportional to the lepton mass. Here it is obtained from unitarity [123] as

2
B / NB / % 1_
(0" — pp) ~ B — v7) 5 mn

(2my,)? ) ( _ _ (2 m#)2>]
144/1— 1 1 (3.36)
( m%, / m127/

yielding B(n' — pup) ~ 1077 which is in agreement with the findings in [124, 125].
Compared to [1] the fitted parameter a, is new due to a recent measurement. The
isospin relation |ay| = |a,|/3 slightly overestimates the fitted parameters. However, as
can be seen from eq. (3.35) the p and ¢ are the dominant resonances, due to their total
width and branching ratio, respectively. Hence, the approximations made here do not
affect the phenomenology away from the w and 1’ peaks. If we relax the condition of

% In?
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constant widths and parameters, e.g., replace (I'r,ar) — (Ug,ag)\/q%2/mg, the fitted
parameters obtained in eq. (3.35) stay approximately the same. Resonances with spin
higher than one are not included as their branching ratios are not measured, yet their
decays to electrons are seen [21].

We observe some discrepancies with respect to the literature: In [126] equation (16)
should be A;ay = 1.23£0.05. The work of [60] is based on the fitted parameters of [127]
(and updates thereof, e.g. [128]) multiplied by form factors, which was not done in the
fitting of [127] (and updates thereof). In [129] the pseudoscalar 7 is treated as a scalar
particle which results in a non-vanishing SM forward-backward asymmetry there, but is
not the case for pseudoscalars. Resonant decays described within a chiral theory [70] give
a similar ¢? shape, yet light penguin diagrams are double counted. Note that the decay
of a p is hardly accessible in lattice computations due to the large total width of the p.

Apart from this phenomenological approach one can employ different approaches to
include non-perturbative effects. One is to perform an OPE at high ¢? via quark-hadron
duality, a dispersion relation, and eTe~™ — hadrons data as for inclusive decays, see
[114, 130-133] for b decays. Furthermore, non-perturbative effects can be calculated, as
done in b physics, via QCD factorization [134], and the soft collinear effective theory
(SCET) [135] (and references therein) at low ¢2. At large ¢, power corrections ~ 1/m?2
due to hard spectator interactions (HSIs) and weak annihilation (WA) ~ 1/m? via QCD
penguin operators emerge within the OPE, see [131] for b physics. Analogous calculations
for rare charm decays may be done elsewhere.

3.2.3. Phenomenology

For D — PIl decays only upper limits on the branching ratios are measured, with the
most stringent one for D — 7tutu~. The ¢? distribution of the latter, as derived
in appendix C, is shown in figure 3.5. The perturbative contribution along with the
resonance distribution as obtained in the previous section, and the experimental limit
are plotted. One observes that the resonances dominate, apart from very low g2, where
perturbative contributions are of similar size. The resonant uncertainties mainly stem
from the unknown relative phases, only near the resonance the uncertainties of the fit-
ting parameters become noticeable. Towards high ¢? the SM induced branching ratio
decreases. Compared to [1] we observe a similar behavior as already noticed for the in-
clusive study when taking the two loop matrix elements into account: The enhancement
of Cy is visible at very low ¢2, whereas on most of the phase-space cancellations between
C'7 and Cy take place. The experimental limit is obtained assuming a model dependent
phase space interpolation of the low and high ¢? ranges, and neglecting resonant inter-
ferences [136]. The experimentally defined binnings are 1/¢2 € [0.250,0.525] GeV and
\/qi2 > 1.25GeV to cut on the 1 and ¢ resonances, respectively. The resonant distribu-
tion at high ¢? is driven by the uncertainties of the unknown phases of p and ¢. Once
the uncertainties of the measured resonant distribution is reduced, a fit will provide fur-
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Figure 3.5.: The ¢* distribution of the branching ratio of D* — #tu*u~. The non-
resonant 90% confidence/credibility level (CL) experimental limit, shown
as a dashed purple line, is taken from [136]. The solid blue line is the
perturbative contribution and the blue band shows its p. uncertainty, where
me/V2 < pe < V/2me. The orange band represents the resonances, where
the phases are varied independently within [—m, 7].

ther information, e.g. about the phases. Note that the resonant distribution is similar
to the one in figure 4 of [136]. In principle, one can fit the experimentally data on the
resonant distribution, which requires less uncertainties than what is presently available
to be meaningful. Finally, note that the contribution from a decay via a resonant K°
around m%{O ~ 0.25 GeV?, induced by charged currents, is barely visible as its branching
ratio ~ O(10710) [21] . A decay via a resonant 7° to muons is forbidden since no phase
space is available.

In view of the experimentally defined ranges we give the perturbative contributions
to the branching ratios for FCNC induced D) — (, n"), K)ll decays integrated on the
full, low and high ¢? ranges in table 3.3. For the full ¢? range we only deal with muons in
the final state, due to the same reasons as discussed in section 3.1.2. For D — 7/ decays
the high ¢? range is not available because no phase space is left. Reminding that the
scale p. induces the dominant uncertainty we ignore other uncertainties, but the ones
from the normalization and from the form factors, which provide additional sources of
uncertainties. We observe that p. yields still the largest uncertainty, i.e. a factor ~ 1/2 to
~ 2. Compared to [1] it is reduced due to the inclusion of the two loop matrix elements.
In principle, one can choose the decay D — Plv, see e.g. [137] for its distribution, for
the normalization to reduce parametric uncertainties. The parametric uncertainties are,
nevertheless, small. The predictions for decays into electrons are significantly below the
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experimental limits B(D? — 7% Te™) < 4.5 x 1075, B(D® — nete™) < 1.1 x 10~* and
B(Df — KTete™) < 3.7x107° [136]. For DT — 7Tete™ the BESIII collaboration
[138] (preliminary) found the improved upper limit B(DT — 7Fete™) < 0.3 x 1076,

mode B norm Lhe form factors exp. limit

Dt —»rtutu= 82x 1071 +1% 2% +5% 7.3x 1078

DO — 7Outp~ 16x1071 +1% Ti2'% +5% 1.8 x 1074

DO = putp~  40x10712 +£1% +120% % 5.3 x 1074
D = qutp~  37x1072 +1%  Ti2% % -

Dy — Ktptp~ 38x107' +2% T12'% +5% 2.1 x 1075

mode Blaow g2y ~ norm Le form factors exp. limit

Dt - atptuys 61x107" +£1% 1% % 2.0x 1078
Dt = atetem 72x107" +1% TH8% 2% -
DO — 7Outp~  1.2x107" +1%  TH7% 2% —
DY = mletem  14x107" +1% 8% % —
D = putp~  3.0x1072 +1% TH8% % -
DY = pete”  35x10712 1% T18% % —
DO = puty~  29x10712 1% T8y % -
DY = pfete”  34x10712 +1% T19% 2% -
Dy — Ktptp~ 28x 1071 +2% *i7% 2% -
Dy — Ktetem 33x10711 +2% T8y 2% -

mode Bl(high 2y DOrm i form factors exp. limit

DY —»7Hltlm 14x 1078 +1% 9% TR% 2.6 x 1078
DO — 701tl—  26x107" +1%  FI% 2% -
DO = pitl—  1.3x1071%  +1% 2% T18% -
Dy — Kt~ 20x107" +2% 9% % -
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Table 3.3.: Branching ratios of D — PIl decays for the perturbative contribution in
the SM, integrated on the ranges \/q>2 > 2my, \/q;2 € [0.250,0.525] GeV,
and \/QT2 > 1.25 GeV, where the latter two are labeled “low ¢?” and “high ¢*”,
respectively. We normalize to the total width and vary m./v/2 < pe < v/2me..,
and the form factors according to the uncertainties obtained in section 3.2.1.
The experimental limits for the non-resonant branching ratios at 90% CL are
taken from [21], and the LHCb collaboration [136] for DT — 7w tpu™ ™.

In table 3.3 we provide additional predictions for P = n") with respect to [1]. The
modes DY — 1"l are actually not independent as n and 1’ mix electromagnetically.
However, experiments show that n ~ ng and 1’ ~ 7, [21]. Here, the form factors are mul-
tiplied with 1/4/6 and 1/+/3 for the flavor octet g and the flavor singlet 7y, respectively,
to account for the isospin factors. The smallest branching ratio is predicted for the decay
D% — 5/t~ due to a reduced phase space. This, on the other hand, restricts resonant
decays. In particular a decay via an on-shell ¢ is forbidden. Only the decay D° — nn’
is measured so far, and experimental information on resonant decays via p and w are
missing. Nevertheless, it may constitute an interesting mode for future studies.

The experimental sensitivity for the LHCb is extrapolated in [139]: The branching
ratios of D¥ — 7t putu~ will be probed down to O(107%). This will allow to probe
resonances, the very low ¢ and high ¢? ranges, see figure 3.5.

The branching ratios found in the literature reveal a discrepancy analogue to one
discussed for inclusive decays in section 3.1.2. Again, we agree with the calculations
performed in [110], which updates their previous work [70]. We disagree with the latter
reference, where the sum of branching ratios of the exclusive modes is larger than the one
from the inclusive decays. We further disagree with the calculation of [60] as discussed
around eq. (2.22).

However, the SM predictions for the branching ratios are dominated by resonances,
which are accompanied with large uncertainties, including inherent modeling uncertain-
ties. In the following, we study designed observables, which reduce the SM contribution,
thus its uncertainties, to enhance the predictive power. Definitions and expressions are
given in appendix C.2.

The CP asymmetry is small in the SM given the perturbative contribution. For the
decay DT — ¢n™ no evidence for CP violation is found [140]. As the decay of a ¢ into
a lepton pair is of electromagnetic nature, we conclude that the resonant CP asymmetry
is not sizable. Nevertheless, the combination of perturbative and resonant contributions
may catalyze the CP asymmetries [126], see appendix C.2 for the relevant expressions.
The crucial observation is that resonances allow to evade the otherwise strong GIM
mechanism. In particular, this effect may be sizable on the ¢ resonance as shown in
figure 3.6. There, we included the p and ¢ resonances with unknown strong phases.
Effects due to additional resonances are negligible. Normalizing the resonant catalyzed
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Figure 3.6.: Resonance catalyzed CP asymmetry dAcp/dg? of DT — nté(— putp™)
in the SM close to the ¢ resonance. We vary the strong phases d4, €
{0,7/2,37/2, 7}, independently, shown by different colors. The vertical lines
indicate (mg £ Ty)2.

CP asymmetry to [ ") dg*(ABp+,pra/d® + dBp-p-u/dg?) yields less than
5 x 1073 for any ¢°>. The CP asymmetry remains small in the SM due to small phases
of the CKM factors.

The lepton forward-backward asymmetry, see eq. (C.54), is zero in the SM. This is also
true for resonant decays including pseudoscalar resonances. Technically, the forward-
backward asymmetry singles out odd powers of cos . Higher orders in cos § which allow
for a non-zero forward-backward asymmetry, are estimated to be subleading: Firstly,
operators of dimension larger than six are suppressed by powers of external momenta
or masses with respect to the EW scale. Secondly, electromagnetic effects, e.g. the two
photon diagram ~ pp - (py — p—) ~ u [141, 142|, are suppressed by a./(4).

Combining the forward-backward asymmetry and the CP asymmetry results in the
lepton forward-backward CP asymmetry, see eq. (C.55). It is zero in the SM as the
forward-backward asymmetry is zero itself. If the latter would not be zero, the forward-
backward CP asymmetry would still vanish in limit of CP symmetric Wilson coefficients.

The flat term is basically vanishing in the limit m; — 0. The only non-vanishing
contribution arises from the pseudoscalar resonances, see eq. (C.57). The total widths
of n) are small, thus the pseudoscalar resonances can be cut. An integration of both,
the numerator and denominator, i.e. the decay rate, over \/gT2 > 1.25 GeV yields a SM
contribution < 0.001.
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At the kinematical endpoint g2, = (mp—mp)? the branching ratio, the flat term and
the forward-backward asymmetry are predicted to be 1/2, 1 and 0, respectively [143].
This follows from the distributions given in appendix C.2 with A(m2,,m%,¢2,.) = 0.
The endpoint relations can be broken by (pseudo—)scalaererators. Note that the effects
of the narrow pseudoscalar resonances ") are negligible at high ¢2.

Finally, we comment on observables that may become interesting for future analyses.

5
The observable (I'(DT — 7 tITI™) — %% (Df — 7tlTI7)) is less sensitive to
cs DS

WA. The current experimental limit on the WA induced mode is B(Ds — ntutu™) <
4.1 x 1077 at CL=90% [21], leaving the WA reduced observable for future studies.
From table 3.3 the lepton flavor ratio is determined to be approximately one at high
¢>. The lepton flavor ratio probes Co for LFU couplings, see eq. (C.58). A possible
breaking of LFU would be basically due to the SM operators [144]. Resonant decays
preserve LFU as they couple electromagnetically, which is consistent with measurements
[21]. A non-conservation of LFU implies lepton flavor violation (LFV) [145] if the family
number is not conserved [144|. However, a test of LFU requires to increase measurements
with electrons in the final state by a few orders of magnitude, which is beyond current

experiments.

3.3. Thedecay D — Vv

The D — V form factors are deferred to appendix D. For the exclusive decay of a
pseudoscalar D meson into a vector V meson and a lepton pair only the form factors
T =T1(0) = T5(0), V(0) and A;(g?) are needed. Following appendix D we use

T = 0.7(1 + 0.20) , V(O) = 0.9(1 + 0.25) , (D — (p,w)'y)
T = 0.7(1 + 0.25) , V(O) = 0.9(1 + 0.30) , (Ds — K*v) (3.37)
and
0.6
A(CHU) 2y =7 1+0.1
) = g g 1 £019),
* 0.6
APPSO 2y - O (140.1 .
1 (q ) 1_05q2/m2D( 0 5)7 (3 38)

which are multiplied by 1/v/2 for D% — (p°,w)y decays due to isospin. The form factors
V(0) and A;(q?) only enter the resonant model, described in the following.

We include resonances as modeled in [146, 147], see appendix E. This model is a
hybrid of factorization, heavy quark effective theory and chiral theory. Relating the
intrinsic parameters to measured ones includes implicitly a breaking of SU(3) flavor
symmetry. For the predictions made we vary the parameters within their uncertainties.
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P

Figure 3.7.: The leading HSI (first and second) and WA (third) corrections to ¢ — uy
transitions. The crosses and boxes indicate the emission of a photon and
operator insertions, respectively.

In particular, the unknown strong phases give the largest uncertainties, followed by the
ones of the coefficients ay 2.

Despite its smaller number of observables, radiative decays provide a complementary
phenomenology, see section 3.3.2, to rare semileptonic decays analyzed in the previous
section. In particular, the only observed decay involving charm FCNC transitions is
DY — py, for which the branching ratio and the CP asymmetry are measured. Fur-
thermore, the predictability of the SM contribution to these observables is enhanced as
mode dependent corrections to the SM Wilson coefficients can be included, see the next
section. Additionally to rare charm decays, we consider WA modes.

3.3.1. Perturbative and non-perturbative corrections

The total width for D — Vv decays can be written as [148]

m3 TI’L2 3
r=_L(1-—Y) (JApc|* + |Apv|? 3.39
2 (1= 2) (nck + 4nvP) (3.39)

where the parity conserving (PC) and parity violating (PV) amplitudes read

VaednGrm,
Apc/py = TQW;V(A7 + A7)T. (3.40)

Here the coefficients A(7/) = C’y) + ... include the SM Wilson coefficients and the ellipses
indicate perturbative and non-perturbative corrections, as well as BSM contributions
studied in chapter 4. Note that A7 and A7 do not mix in eq. (3.39). For numeri-
cal purposes (—0.00151 — (0.00556%)cp-even + (0.00005%)cpoqad) < C7 < (—0.00088 —
(0.003277) cp-even + (0.000027)cp-oad), varying me/v2 < e < v/2m, and the CP phases
are decomposed. In the next section we consider corrections from HSIs and WA, shown

in figure 3.7. Diagrams, which are not shown, are additionally power suppressed.
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Hard spectator interactions and weak annihilation

The expressions for the HSI diagrams within QCD factorization can be adopted from b
physics [149] (and [134, 150, 151]). We follow [149] to obtain the leading corrections, at
O(al(*32)°),

S Me

as(pu N 1
ot = ) (57 Vv, (— 5Ot + Caln) ) HI? + s | (340
qe{dvs}

where the hard scale pj, ~ /Aqcpme. Here Ci 235 are taken at leading order due to
additional non-factorisable diagrams at higher orders. Furthermore, taking into account
the charge ratios,

2 1 1
(9) Am*fpfy / (@) (=
HY = Z PV [ qyp ®
1 27TmD)\D 0 v Vv (U) VL(’U),
4Am? 2
hgg) = 77277?2 (ng
m2v 1 \/(a — 4m2/m?2 + id) /v
2 2
1 Lis ) -z (3.42)
1+\/(@—4mg/mg+z'e])/@ v
327 fpfir (1, @yi(v)
Hy = — 22 PRIV [ g 2V 3.43
8 T 9TTmprp /0 Ty (343)

where v = 1 — v, and the dilogarithm Liy is given by eq. (2.21). We use mg = 0. The
(transverse) decay constants fiu) are given in appendix A. The transverse distribution
at leading twist can be expressed to first order in Gegenbauer polynomials as

dy | = 6vv (1 +ayt3(w—12)+ayt g (5(v—v)? - 1)> : (3.44)

For D5y — (p,w, K**)v decays we use the Gegenbauer moments [152] (and references
therein)

at =0, ah" =0.14+0.06,
avt =0, a5t =0.14+0.12,
aK™t = -0.04£0.03, a¥™t =0.10+0.08 (3.45)

at u = 1GeV, where the sign of af"* is fixed by K** = (u3) [153]. Here we neglect
isospin breaking in the p. The running of the Gegenbauer moments can be found in, e.g.,
[150].
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The parameter Ap is defined as

mp _ (' ®p(¢)
o _/0 ae= (3.46)

that is the first negative moment of the leading twist distribution ® of the light-cone
momentum fraction £ of the spectator quark within the D meson. In b physics, the
first negative moment of the B meson light-cone distribution amplitude is measured
as /\EQET > 0.172GeV at 90% CL [154], a positive light-cone wave function yields
)\gQET < 4/3 A [155], and by means of light-cone sum rules )\%CD < A [156, 157].
Here A = (mp — my) + O(A CD/mb) and /\I;QET > )\%CD at one loop QCD [158]. In
the heavy quark limit )\gQET )\EQET. We use Ap ~ Agep ~ O(0.1 GeV).

Taking pup = 1GeV for simplicity, varying the Gegenbauer moments, and decay con-
stants one obtains

GeV
O € 0.00051 + 0.0014i,0.00091 + 0.00207] x % )

D

GeV
CHE € 10.00030 + 0.00104, 0.00098 + 0.00204] x Ai ,
D

HSI,K*+ , . GeV
c; € [0.00032 + 0.0013i,0.00096 + 0.00227] x VSR (3.47)

D
We do not vary the form factor since it cancels in the amplitude. Chromomagnetic
contributions will be discussed more generally in section 3.3.1. Contributions due to

additional operators, which are subleading, can be adopted from [159].

The WA contribution is a power correction. Following [149, 160|, we obtain the leading
contribution, at O(« (AQCD) ), for D° — (p°,w)y, DT — pty and Dy — K*T+ decays

212, fo f Dm, 4 1
CWVAR _ _ Py g (=01 + 20
7 TmpomeAp d\gtt3e2)s

212q, [ fS)m 4 1
CWA,w: u wV Vu 2o g
7 TmDomc)\D a\gc1t3%2)

TmD+mc)\D
CWAKT 212qqfp, frrmK- VAV O 3.48
7  Tmp.mc\p M (348)
Again, C 2 is taken at leading order, ¢, = 2/3 and ¢4 = —1/3 are the up-type and

down-type quark charges, respectively, in units of the proton charge. The isospin factor
of T is canceled by the one of f‘(,d , which is the contribution from d quarks to the form
factor, and given in appendix A. We neglect WA contributions due to QCD penguin
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operators as they are additionally GIM suppressed as well as further subleading terms,
which are calculated in b physics [159, 160]. These include non-local corrections, which
are shown to be additionally power suppressed by means of QCD sum rules in b physics
[159]. The overall sign for p° follows from isospin. It is due the relative sign of the d
quarks generated via WA and the u quarks in (Q7).

Varying the decay constants and . € [m./v/2,v/2m,| one obtains

GeV
OWA € [=0.010, —0.0011] x ——
AD

GeV

OWVA € 0.0097,0.0011] x ——
AD

GeV

OWAPT € [0.029,0.038] x Ae :
D

CWAK™ ¢ [20.034, —0.047] x

GeV
Ap

(3.49)

Note that WA contributions to the neutral modes is subject to large uncertainties stem-
ming from the color suppressed combination of Wilson coefficients.

We add that one can calculate non-factorisable power corrections, which also induce
A%, by means of light-cone sum rules, as done in b physics [153]. However, a; corrections
vanish at leading twist in the limit of massless quarks in the V' meson [161]. Corrections
to AL, as well as to A7, are additionally power suppressed. Nevertheless, effects due to
¢ — wvyg transitions via a soft gluon coupling to the ()2 induced quark loop and the V'
meson can be estimated following [162] as

O s Ly (ViVaa €99 () + ViVas S92 fm?) ) 222 (3.50)
(&

This contribution is ~ @(10~%) if the expansion coefficients of f(¢*%79) in mz/m? are of
order one. Effects from (); and QCD penguin operators induced quark loops are further
color suppressed and additionally GIM suppressed, respectively. In principle, one can
calculate f(c=%9) by means of light-cone sum rules, as done in b physics in [153].

We conclude that \C;}VA’V+| > \C;}VA’VO| > |CHST > |Cq|. Hence, form factors are
irrelevant in the SM, but may become important in BSM models. The SM uncer-
tainties are driven by p. and Ap. Due to the absence of further calculations, we take

‘AIZSM /A7 sm| < 0.2 for simplicity, where weak phases follow from CKM factors, that is
Az s = A7 sn (Vg Vuds VisVus)-

Chromomagnetic effects

In the SM chromomagnetic effects are GIM suppressed ~ O(107°), which renders the

impact from <Qg)> small. However, <Qg)> effects may become relevant in BSM scenarios.
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From eq. (3.41) the <Qg)> HSI contributions follow as

Gev
sty o € — 2% % [0.031,0.042] x ¢
C{HSL | o0 € — 20 10.024, 0.040] x cy,
Gev
cOmsity e =S 10.081,0.039] x ¢ (351
<Q8 ) )\D

Independently, from light cone sum rules (LCSR) the (Qé/)> gluon spectator interaction
(GSI) contributions [152] (and [163]) are obtained as

VS ¢ 10,068 + 0.0481,0.14 + 0.101] x €,

OV ¢ 10,018 — 0.0247,0.036 — 0.0484] x C. |

VG ¢ 0,057 4 0.0404,0.12 + 0.083] x OV,

CYSEE™ ¢ _[0.017 — 0.0204,0.034 — 0.0404) x Y. (3.52)

The LCSR calculation extends the calculation by means of QCD factorization. Note that
the latter actually breaks down at subleading power for (Qé”} HSIs due to a logarithmic
singularity for a soft spectator quark [159]. Nevertheless, eqs. (3.52) and (3.51) are similar
for A\p ~ O(0.1 GeV), yet they may come with different real and imaginary parts.

Furthermore, a similar contribution, as obtained from the perturbative matrix element,
is

V| o0y = (= 0.12 — 0.178)CY" . (3.53)

We conclude that chromomagnetic effects contribute as C’7 (—=0.1— 0.12’)C§/),

which is negligible in the SM.

|<Q(/)

Weak annihilation modes

Extending section 3.3.1 we calculate the WA contributions to WA modes in this section.
They are not induced due to HSI nor by FCNC transitions, hence BSM effects are
negligible. Hence, WA modes probe the SM and the employed theoretical frameworks.
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We obtain the coefficients for the WA modes D° — (¢, K*0, K*9), DT — K**~ and
Dy — pTy as

212qu fp fomg 4 _(as)(ze) , 1 ~(as)(5c)
CDO—>¢’Y 2N QutDJo e V* Vs | =C 70
7 TmpomeAp 1 * 2 ’

oD =Ky _ 27 qufp o 2 ptad)Eo) 0( d)(5¢)
7 TmpomeAp 9 ’

* —
CDOHK*O'Y _ ‘/;dvus C,DOAK*O’)/
7 = L

chvud ’ ’
C7D+—>K*+'y _ 212qaf D f - Mpent Vusc(us)(dc)
TmD+mC)\D
212qafp, fom (ad)(s¢)
cPemety o L AdID I gy o 3.54
7 Tmp,mcAD ( )

)(@3c)

Here we indicate the operator structure, yet as QCD is flavor symmetric C'((“q2 =
GeV

C'fQ) Note that the form factor 7' is decay dependent, however, >%% ~ 1 cancels in
the amplitude. The mode D° — ¢y actually receives a contribution from the decay
D% — p%v. This will be taken care of in section 3.3.2.

Varying the decay constants and . € [m./v/2,v/2m,| one obtains

DOy 1 B GeV GeV
cl € [-0.016,~0.0013] x
o GeV GeV
CP"ET0Y ¢ 10,051, —0.0044 ~ey
7 < [ ’ ] % /\D mCT ’
DO K*0y GeV GeV
cl € [0.0028,0.00028] x ~~ 7o
CP R ¢ 10,0082, 0.0070] x GeV Gev
D ch
D=0ty 1016 -0 1 GeV GeV
cl € [-0.16,-0.13) x ~ (3.55)

3.3.2. Phenomenology

The branching ratios for ¢ — wy induced modes are given in table 3.4 for the different
approaches, two loop QCD, HSI plus WA, and the resonant model, along with experi-
mental data. For comparison, also the branching ratios from the resonant model as found
in {146, 147] are provided. Furthermore, predictions from pole diagrams and the vector
meson dominance mechanism [164], and QCD sum rules [165] are listed. An update of
[164] is given in [166], yet their predictions differ partially by an order of magnitude from
[164], thus we do not list them. Note that the sum of the two loop QCD predictions are
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branching ratio DY — pOy DY — wy
two loop QCD [0.14 — 2.0] x 1078 [0.14 — 2.0] x 1078
HSI+WA [0.11 —3.8] x 1076 [0.078 — 5.2] x 1076
resonant [0.041 — 1.17] x 107°  [0.042 — 1.12] x 107
[146, 147] (0.1 —1) x 107 (0.1 —0.9) x 107°
[164] (0.1 —0.5) x 107 0.2 x107°

[165] 3.8x 1076 —

exp. data (1.774+0.31) x 107° <24 x1074
branching ratio Dt — pty Dy — K*Tr
two loop QCD [0.75 — 1.0] x 1078 [0.32 — 5.5 x 1078
HSI+WA [1.6 — 1.9] x 1074 [1.0 — 1.4] x 1074
resonant [0.038 — 1.15] x 10~*  [0.98 — 8.77] x 107
[146, 147 (0.4 —6.3) x 107 (1.2-5.1) x 107
[164] (2—-6) x 107 (0.8 —3) x 107

[165] 4.6 x 1076 -

exp. data — —

Table 3.4.: Branching ratios of D — V'~ decays in the SM. We normalize to the to-
tal width and vary the form factors, decay constants, widths, Gegenbauer
moments, relative strong phases and p. € [me/v/2,v2m.]. The branching
ratios from HSI plus WA scale as (0.1 GeV/Ap)?. The experimental data at
CL=90% are from [24], where we add uncertainties in quadrature, and from
[21]. The branching ratios from [165] are given without uncertainties and are
obtained by taking a; = 1.3 and ag = —0.55 [167].

below, yet close to the inclusive branching ratios of table 3.1. However, corrections to the
two loop QCD calculation are dominant. The branching ratios from HSI plus WA are
smaller than/similar to the resonant branching ratios for neutral /charged ¢ — uvy modes.
The resonant branching ratios cover the ranges found in [146, 147, 164, 165]. Note that
the hierarchies of various amplitudes are dominated by CKM factors and color counting,
which is taken care of in both approaches. Nonetheless, SM predictions are slightly to
low to explain the measured D° — p%y branching ratio. Only for A\p < 0.1 GeV in the
QCD based approach the SM prediction can be sufficiently large, which indicates sizable
Afn& and/or ay corrections.

c

The predictions are compiled in figure 3.8, where the branching ratios of D — py as
a function of A\p are shown. A measurement of the DT — pT~ branching ratio would
allow to constrain Ap. The contributions from the QCD based approach to the decay
DY — pY are subject to large uncertainties due to possible cancellations.
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Figure 3.8.: Branching ratios of D — py decays as a function of A\p. The blue and orange
curves are for D — p% and Dt — pt~, respectively. The dashed lines
show the maximal predictions as obtained from the resonant model. The
solid filled curves are the non-resonant predictions, from two loop QCD and
HST plus WA. The experimental data from [24] are depicted as a cyan band.
We vary the form factors, decay constants, widths, Gegenbauer moments,
relative strong phases and p. € [me/v/2,v2m.].

The uncertainties in the QCD based approach for D® — p%y and Dt — pty decays
are anticorrelated implying large isospin violation. One obtains Bp+_, ,+- = [44,2900] x
Bpo_, 0, which is relaxed in the resonant model, giving Bp+_, ,+~ = [0.3,280] X Bpo_, ,0..
Note that isospin is already broken by the lifetimes 7(D°)/7(D%) ~ 0.4.

In addition to the branching ratio of D° — p%y its CP asymmetry is measured as [24]

Acp = 0.056 + 0.152 £ 0.006 . (3.56)

The CP asymmetry is mostly direct, analogous to the time-integrated CP asymmetry in
DY — KK~ [168], thus we neglect the small indirect contribution [3].

The CP asymmetry along with the branching ratio is shown in figure 3.9. One sees
that in the QCD based approach |Acp| <2 x 1072if B> 1072, and |Acp| < 2 x 1073, if
B > 1075, The latter case is closer to the data for the branching ratio and can be obtained
for, e.g., Ap < 0.3. Sizable CP asymmetries are only possible for small branching ratios
due to cancellations. In the resonant model one obtains Acp < 1073, which vanishes in
the SU(3) flavor limit.

The CP asymmetry for D — w7 is similar to the Agp of D® — p%y. For Dt — ptry
and D, — K**~ the CP asymmetries are < 2 x 1072 within the QCD based approach,
whereas CP asymmetries < 3 x 10~ are predicted in the resonant model.
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Figure 3.9.:

Acp(D’-p%y)x 10°

20
10
Ydoh ez 3o e s a Nt e o
of RS R A
— 10 s
H
i
—20l— : : : :
0.0 0.1 0.2 0.3 0.4 0.5

B (D’ py)x10°

The distributions of the CP asymmetry and the branching ratio for
DY — p% in the QCD based approach. We vary the form factor, de-
cay constants, widths, Gegenbauer moments, relative strong phases and
te € [me/V2,v/2m.]. Furthermore, we assume A\p € [0.1,0.6] GeV and
| AL (V2 Vaua, Vi Vaus) /A7 < 0.2, The experimental data on the CP asymme-

try and the branching ratio, respectively, do cover and are beyond the shown
range.
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Another observable is the photon polarization, defined as

_ 1477 — 1 Aqf

P =——-
T AL+ 1A

(3.57)

In the QCD based approach P, < —0.92. Within the resonant model | A% /A7| cannot be
predicted, hence no prediction for the photon polarization is given. One may get further
information once WA in the QCD based approach is matched onto the resonant model.

Weak annihilation modes

The branching ratios of the WA modes are presented in table 3.5. Predictions from
the QCD based approach and the resonant model are provided along with experimental
data. For comparison, the branching ratios from the resonant model as found in [146,
147], from pole diagrams and the vector meson dominance mechanism [164]|, and QCD
sum rules [165] are listed. They give consistent SM predictions. Again, an update of
[164] is given in [166] with sizable deviations from [164], thus not listed. One observes
that the branching ratios for the neutral WA modes in the resonant model are larger than
the ones from the QCD based approach, similar to what was observed in the previous
section for D° — p%y. On the other hand this pattern is reversed for the charged WA
modes. The measurements for DY — K*%v by Belle and BaBar differ by 2.20, yet are in
the range of the SM predictions, whereas the measurements and the SM prediction for
DY — ¢ are consistent.

Furthermore, CP asymmetries are measured as Acp(DY — ¢) = —0.094 £ 0.066 and
Acp(D° — K*9) = —0.003 & 0.020 [24], where uncertainties are added in quadrature.
The predictions for all WA modes are zero due to a single weak phase. A slight tension
thus emerges for D? — ¢y decays. However, due to a small (dd 4 ui) admixture in the

¢ [21], one can approximate A(CDF?_)M) ~ 0(0.01)Acp [3], where Acp is the D? — pOy

CP asymmetry. Furthermore, due to mm — KK scattering at the ¢ mass, a Breit-
. . oo A(D0=¢7) (D°=97) « 103 -

Wigner ansatz gives A:p ~ O(0.1)Acp. Hence, Arp < 1077 in the SM and

0 0
the measured data on D° — p’y imply AéDP —¢7) <1072, Thus, A(Cl; —é7) may contain

information from BSM physics. Similar observation were made in [148].

We conclude that despite some discrepancies in the experimental data, they are in
agreement with the calculations supporting the theoretical frameworks utilized. Further-
more, they suggest that the SM predictions are close to their upper limits. Concerning
the QCD based approach sizable corrections are needed. Further information can be
gained from measurements of the charges WA modes.
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branching ratio

D’ — ¢y

DY — K*07

D — K*y

WA [0.0074 — 1.2] x 107°  [0.011 — 1.6] x 10~*  [0.032 — 4.4] x 1077
resonant [0.24 —2.8] x 107°  [0.26 — 4.6] x 10=* [0.076 — 1.3] x 1076
[146, 147] (0.4—1.9) x 107° (6—36) x 10> (0.03—0.2) x 107°

[164] (0.1 —3.4) x 107 (7—12) x 107° 0.01 x 107

[165] — 1.8 x 1074 —

Belle (2.76 +0.21) x 107> (4.66 £ 0.30) x 1074 -

BaBar (2.81 £0.41) x 107> (3.31 +£0.34) x 1074 -
branching ratio Dt — K*ry Dy — pty

WA [0.73 —1.1] x 107° [1.8 —2.9] x 1073
resonant [0.48 —7.6] x 1076 [0.11 — 1.3] x 1073
[146, 147] (0.03 — 0.44) x 107° (20 — 80) x 1075

[164] (0.1 -0.3) x 1075 (6 —38) x107°

[165] - 4.7 x107°

Belle — —

BaBar — —

Table 3.5.: Branching ratios of WA modes in the SM. We vary the decay constants, life-
times and g € [me/v/2,v2m.]. The WA predictions from the QCD based

approach scale as (0.1 GeV/\p)2.
tained by taking a; = 1.3 and as =

The branching ratios from [165] are ob-
—0.55 [167]. The experimental data

are taken from Belle [24] and BaBar [169], where we add uncertainties in
quadrature and for the latter update the normalization [21].
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3.4. Summary of exclusive decays

The branching ratios of D — Pll and D — V'~ decays are dominated by non-perturbative
physics. For the reference mode D™ — 7+ 1~ resonant decays are orders of magnitude
above the perturbative predictions in the SM, see section 3.2.3. However, at very low q°
they are competitive and at high ¢?, above the resonances, resonant decays are an order of
magnitude below the current experimental limit. In particular, angular observables and
CP asymmetries are clean observables, i.e. (approximate) null tests of the SM, even when
including contributions from resonant decays. Similarly, for the reference mode D — pOy
non-perturbative physics are dominating the branching ratio, see section 3.3. Again, the
CP asymmetry is an approximate null test of the SM. Moreover, WA modes serve as a
test for the theoretical frameworks and, indeed, show agreement for the measured modes.
However, in the QCD based approach sizable perturbative/power corrections are needed.
For D° — pPy the experimental data on the branching ratio is slightly above the SM
predictions and the statistically driven uncertainty on the CP asymmetry is presently
not indicative. Nonetheless, future measurements may reveal a gap with respect to the
SM predictions, which will then be filled with BSM physics. This will be studied in the
next chapter. Before proceeding, we comment on several other charm FCNC transitions
in the following.

The branching ratio for the purely leptonic decay DY — I, eq. (C.61), receives no
perturbative contribution in the SM, as CYy is vanishing therein. However, a non-zero
branching ratio in the SM is given by off-shell photons at the loop level. It is found
to be ~ O(10713) [58, 170, 171], and experimentally constrained as 2.7 x 107° B(D% —
7y) < 2.3 x 1071 at CL=90%, where B(D? — ) = 8.4 x 1077 is taken from the
measurement [172]. The current experimental limits are B(D? — ete™) < 7.9 x 1078
and B(D? — utp~) < 6.2 x 1072 at CL=90% [21]. Mixing effects of the D? have to be
taken into account to compare experimental data with theoretical predictions, see e.g.
[173] for b decays, which turn out to be negligible due to the small width difference [21].
Finally, note that the diphoton contribution may be overestimated [174].

For the decay D*Y — I+~ the SM branching ratio is ~ 10~® [175] due to the small
lifetime. At the LHCDb the decay D*® — nt7~ induces an irreducible uncertainty due
to the 7 — p misidentification rate. We find the D** — 77~ total width by means of
factorization via [176]

3
2 2)2 4
G2 \/(mD*o — (2mg+)?)? —4dm_
L. _=—L ViV, )2 f2
D O—>7T+7r 327T mSD*O ‘ cd UdHa/l(’/T ™ )’ fﬂ'

x (A7) (m2,) (3.58)
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where we fix the coefficient |a; (77 7)| from

1 G2 (mby —m2 )% /(m, — (2me)?)? — dml,
BD0~>7r+7r* = T 37 3 |
DO 94T M0

X f2fg(m2y), (3.59)

VeaVadllax (7))

and the measured B(D? — 77~) ~ 1.4 x 1073 [21]. Furthermore, we approximate the
form factor ASD*_W) o~ A(()D_)p), see appendix D, yielding Bp.o_, .+, ~ 5 X 10~ for
I'peo >~ 6 x 107° GeV. We find that the backgrcﬁnd is larger than the SM prediction for
the D*® — ]~ branching ratio.

The SM contribution to the dineutrino decays D — Pvyiy, is negligible [58], if we
restrict ¢> > (m2 —m2,)(m?%, — m2)/m2 ~ 0.34GeV? to cut the resonant D — 7(—
7v)v mode [177]. This holds also for different neutrinos in the final state.

The LFV decays D — Pl and D — 1[I’ are vanishing in the SM, also including
Majorana neutrinos, and do not emerge from resonant decays. Furthermore, angular
distributions in LFV decays vanish in the SM.

Several charm FCNC transitions were studied in the literature. These contain the
decays D — V(= I17)y [48], B, — By [178] and D — 7t 7~ [148]. For the latter
a non-vanishing C7 is generated at leading order in Affl% by means of a soft and a hard
pion, see [179] for b decays.

One possible extension of the previous sections would be a study on D — VI decays.
They were studied in [58, 69, 110], including BSM physics. We do not agree with [69]
on the perturbative contribution to the SM branching ratios, see the discussion around
eq. (2.22). In [58, 110] it was found to be negligible. We estimate that they are in the
same range as for D — Pl decays. The smaller phase space in D — VI decays reduces
the high ¢ range, where the contribution to the branching ratio is small. Nevertheless,
the branching ratios are dominated by non-perturbative effects. They are approximated
in [58] by D — PV(— ll) decays, and are taken from chiral theory in [69, 110|. The
lineshapes at low ¢? are not in agreement, see also [58]. The strongest experimental
limit is obtained for D° — pOutpu=, ie. B(D® — putu~) < 2.2 x 107° at CL=90%
[21]. Compared to the decay into a pseudoscalar meson, D — VIl decays give rise
to additional observables. Kinematic endpoint relations, where non-factorisable terms
vanish, see [143| for b decays, offer additional information. A dedicated analysis may be
done elsewhere.

The decay D — VIl is a resonant mode for D — PPl decays, which were studied
in [180, 181]. Note that the phase space for D° — PPIl decays is larger than the
corresponding one for the decay into a vector meson. Experimentally the most stringent
constraints are obtained for non-resonant D° — 7t7~putp~ as B(D? — nta—putp~) <
5.5 x 10~7 at CL=90% [21]. Including resonances, the D° — 77~ u*pu~ branching
ratios ~ O(1071% — 107%) [180] and ~ 10~7 [181] were found. The latter reference
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also predicts B(D® — K~ 7 utpu™), which in agreement with the measurement of [182].
Moreover, the SM Dalitz plot is given in [181], as well as an angular analysis in the context
of BSM physics. In [180] an angular asymmetry, which is odd under time reversal, ~ 1072,
the time-dependent direct CP asymmetry ~ O(10~%), and the time-dependent indirect
CP asymmetry ~ O(107%) were found in the SM, as well as studied in the context of
BSM physics. The kinematic endpoint relations for the non-resonant mode are inherited
by and smearing the resonant vector mode relations, due to different endpoints, see e.g.
[183] for b decays.

A further possible extension of the previous sections would be a study on A, — pll
decays. The strongest experimental limit is obtained for A, — pee, i.e. B(A, — pee) <
5.5 x 107% at CL=90% [21]. The SM branching ratios due to perturbative contributions
were found to be ~ O(10714) in [184] and [185], where the latter reference also studies
BSM physics. This result should be taken with care: A reference for the SM Wilson
coefficients is not given in [184] and [185] employs the Wilson coefficients from [59], see
the clarification around eq. (2.22). Both references employ the form factors as calculated
in [184] (and references therein) by use of QCD LCSR. However, the form factors do not
agree with the QCD LCSR calculations performed by [186, 187], also noted in [186, 188].
We estimate that the perturbative contribution to the branching ratios is similar to the
one for D — PIl decays, however, non-perturbative effects are dominating. Due to the
baryons involved in A. — pll decays additional (angular) observables can be constructed.
A dedicated analysis may be done elsewhere. The radiative decay A. — pvy will be studied
in section 4.5.
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4. Probing the standard model and
physics beyond

In the previous chapters we have calculated the SM contributions to observables within an
effective theory. The same framework, in particular the definitions given at the beginning
of chapter 3, is used to study BSM effects in this chapter, based on [1] and [3]. Keep
in mind that a Wilson coefficient C' does not necessarily relate to the SM in the current
chapter as opposed to the previous ones. Wilson coefficients reflect the high energy
physics, whereas the SM is the low energy theory. At the BSM scale, which is around or
above the EW scale, the BSM theory is matched onto the SM. Mainly two approaches are
used. In the top-down approach, a UV complete BSM theory, realized at a certain scale,
is evolved down to the EW scale, matched onto the SM, and thereafter evolved to the
scale where physics are probed. As traces of concrete BSM models are presently missing,
we utilize the bottom-up approach, where classes of models are directly probed at low
energies. A UV completion can be built once the BSM direction shows up. In a general
approach, BSM effects will be studied model-independently in section 4.1 by analyzing
the Wilson coefficients. Effects from models which were considered in the literature will
be summarized in section 4.2. We will mostly be concerned with LQ models introduced
in section 4.2.1. Their effects in the decays D — Pll, D — V~ and A, — py will be
studied in sections 4.3, 4.4 and 4.5, respectively. For the latter two we also utilize SUSY
models.

4.1. Model-independent analysis

For the model-independent analysis of this section we constrain the Wilson coefficients by
experimental data and we correlate different observables. The Wilson coefficients in BSM
scenarios do not exhibit a ¢ dependence. We have seen in the previous chapter that the
perturbative SM Wilson coefficients are small with respect to the current experimental
data. In view of satisfying them by BSM physics we neglect the perturbative SM Wilson
coefficients. Still, non-perturbative corrections may be sizable and should be taken into
account.



68 4. Probing the standard model and physics beyond

For the DT — 77+~ branching ratio in the range \/¢? > 1.25 GeV resonant decays
can presently be neglected in view of the experimental data, see figure 3.5. Thus, the
Wilson coefficients are constrained as

10° x B(D* — 7t pt ) ~ 5.9|C7 2 + 2.3|C 2 + 2.4|C1) 12 4 10.7/c 2

+10.9]CY 12 4+ 2.8/CW 12 + 2.6/C1) 2

+ 7.4ARe[CECM] + 2.2Re[CECW]

+ 1.6 Re[CH (CH)*] + 3.2Re[C) (CU)y4). (4.1)
Here B(DT — ntpTu™) < 2.0 x 1078 at CL=90% [136], the primed Wilson coefficients
are additive and the lepton flavor dependence is labeled. It is possible to obtain similar
constraints for low and full ¢? ranges, see [1]. The experimental data for the full ¢> range
assume a model dependent phase space interpolation of the low and high ¢ ranges,
where the intermediate range is dominated by resonances, which are subtracted from
the data. For constraints from the low ¢ range the SM contribution, perturbative and
resonant, should be taken into account as well. For electrons the experimental limit is
B(Dt — atete™) < 1.1 x 1076 at CL=90% [21] for the full ¢ range. This limit is
above the low and high ¢ SM predictions and assuming the experimental limit to be
satisfied by BSM physics, one obtains

10° B(D* = wtete”) = 0280 2 + 0.10/CY 2+ 0.00/C17 12 + 01710
+0.17]C5 2+ 0.06|CL 2 + 0.06|CA2 2 + 0.33 Re[C3CL]
+0.0005 Re[C2CS] 4 0.0003 Re[C{) (C3))%]
+0.0004 Re[C1) (C3))*] (4.2)

where the primed Wilson coefficients are additive.
In addition, from B(D? — u*p~) < 6.2 x 107 at CL=90% [21] one obtains

108 x B(D — ,u+u_) ~ 1,0|Cé“) _ Cfg(#)|2
FLO[0R — R oy o @)

Satisfying the experimental limit, the SM contribution can be neglected. Furthermore,
B(DY — eTe™) < 7.9 x 1078 at CL=90% [21] gives

105 x B(D — ete™) ~ 1.0/ — C19)?
+1.0/C% — 9 +0.0004(CLY) — 2. (4.4)
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To summarize, similar model-independent constraints on the Wilson coefficients are
obtained from different observables. The constraints on individual BSM Wilson coeffi-
cients 6C read

bW <1, [sePY <0, (4.5)
6CHY IS4, 16O <5, 16(Ced ) s2, 160 <03, (4.6)

| S
Additional limits for electron Wilson coefficients are above 10, which we do not take
into account in view of weakly induced tree level or loop BSM contributions ~ g?/A? or
~ g?/(16m2A?), respectively, implying a too low BSM scale A below 1TeV or the EW
scale. On the other hand, the muon limits imply that A ~ O(10TeV) are probed for
tree level induced BSM contributions with order one couplings. This scale is competitive
with the one in reach of b physics, i.e. A ~ 36 TeV [189]. Charm physics allow to probe
A ~ O(100TeV) for an experimental sensitivity on asymmetries ~ 0(0.1%) that is in
the reach of LHCb [139] and where SM contributions may become relevant.

From the constraints given by eqs. (4.5, 4.6) one can obtain upper limits for the angular
observables in DT — 7t decays,

|AFB(D+_>7T H po) 506, |App(D* — ree)| S 0.8,
Fg(DT —»ntutp ) <1 Fy(Dt — wtee) <1.6. (4.7)

Here resonances are taken into account in the normalization and the numerator and
denominator in eqs. (C.54, C.57) were separately integrated over \/qi2 > 1.25GeV.
The SM contributions are negligible with respect to the limits. Furthermore, we find
Bpeo_ - <2x 107 and Bpeo_i,- < 3 x 10713 which are below the background
estimated in section 3.4.

In the following, we constrain the LFV Wilson coefficients K; = Ki(e“ 19 Recall
that the associated operators are defined as given at the beginning of chapter 3 by the
replacements /Il — (eI, fil'e) for Dirac matrices I'. One obtains, with additive primed

Wilson coefficients,

06 x B(D* — ntepuT) ~ 0.10|Ky|? 4 0.10| K 19| + 0.17| K5|> + 0.17| K p|?
+ 0.06| K 7|* + 0.06| Kp5|* + 0.04 Re[Kg K %] & 0.04Re[K 10K %]
+0.04 Re[Ko K3 + 0.04 Re[K W K 3] (4.8)
for B(DT — ntetp™) < 2.9x 1075 and B(D* — 7te put) < 3.6 x 107¢ at 90% CL
[21]. Furthermore, for B(D? — (etpu~+e ™)) < 1.3 x 1078 at 90% CL [25] one obtains
05 x B(D? — e*pT) ~ 1.1|Kg — K% £ 0.002( Ky — K§)|?
+1L1Kp — Kp +0.002(K10 — Kiof?. (4.9)
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Barring cancellations and considering again only limits less than 10 it follows that
!/ !/ !/
Kol $6, [KSp| S04, K5l S 7. (4.10)

These constraints are weaker than the ones from dielectron modes, hence sizable effects
in angular observables from LFV decays are possible.

From B(D° — p%y) = (1.77 4 0.30 £ 0.07) x 107> [24] one obtains constraints on the
coefficients as

1AV 54V <05, (4.11)

Recall that Ag) contains the SM Wilson coefficient and corrections to it, obtained in sec-
tion 3.3.1. Indeed, the SM contribution is competitive with the allowed BSM coefficients.
Corrections from BSM physics are denoted by (5A(7,). These constraints are similar to the
ones from eq. (4.1). If the branching ratio of DY — pY% is dominated by BSM physics,
Bpo_swry/Bpo_y 0, = 1 follows, the same as in the SM, see table 3.4. This ratio may be
different from one for finite non dominant BSM effects. Similar observations were made
in [190]. For the charged modes we do not give such relations as they come with larger
uncertainties. The constraints from the decay D° — p°y prohibit that branching ratios

of DT — pT~ and D, — K*"~ are dominated by BSM physics.

The experimental data on the CP asymmetry, Acp(D° — p%y) = (0.056 & 0.152 +
0.006) [24], do not give limits on the imaginary part of the coefficients smaller than
one. For sizable phases the CP asymmetry ~ 8 Im[dC~], which for 6C% is suppressed by a
smaller SM contribution, and because different chiralities do not interfere in the branching
ratio. In particular, CP asymmetries < O(0.1) are also possible for D° — wy, DT — pty
and D, — K*T~. Solely the relative signs of the CP asymmetries are correlated, allowing
sizable CP asymmetries in only some of the modes. To estimate the impact of future
data we work out projected constraints for a 16 times reduced statistical uncertainty in
the measurements of [24] keeping the central values, i.e. A(C?;OJ) = 0.056 £ 0.038, and
BEo) (DO — p04) = (1.77 £ 0.10) x 10~°, where we add uncertainties in quadrature.
The statistical uncertainties of the branching ratio and CP asymmetry scale as 1/ VN

and /1 — AZC p/ VN, respectively, for N events. A non-vanishing CP asymmetry would

be due to BSM physics. The projected constraints on the BSM coefficients are shown
in figure 4.1. The SM contributions are obtained from the QCD based approach and
from the resonant model, described in section 3.3. The projected constraints are 0.2 <

\5A(7/)| < 0.3, and |Im[5Ag/)]| 2 0(0.001) for the QCD based approach, and for the
resonant model 0.1 < |5A;/)\ < 0.4, [Im[6A7]| 2 ©(0.001), and [Im[§A%]| = O(0.0001).



4.1. Model-independent analysis 71

0.4 0.4
0.2

0.2

0.0 0.0

;,
ES
Im[6A;0]

- oA

Im[6A;"]

0A7

-0.2 =02

-0.4 -0.4

-0.4 -0.2 0.0 0.2 0.4 -0.4 =02 0.0 0.2 0.4
Re[6A7"] Re[6A;0]

Figure 4.1.: Projected constraints on the BSM coefficients (Re[0A7],Im[0A7]) (purple)
and (Re[5A4],Im[5AL]) (cyan) if ALRY = 0.056 + 0.038, and BP) (DO —
p%y) = (1.7740.10) x 107>, see text. The dashed circles show \5A(7/)| =
0.1,0.4 (left plot) and |§AY| = 0.2,0.3 (right plot). The left and right
plots are obtained for the QCD based approach and the resonant model,
respectively, which are described in section 3.3 and for which uncertainties
are including.
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In section 3.3.1 effects from the chromomagnetic operator are discussed. They do not
give limits smaller than one, yet. On the other hand, the CP asymmetry constrains the
imaginary part. From LCSR [191]

1
ACP’(Q%')) ~ —Im |:208 + 2Cé:| (4.12)

yields |Im[5C’§/)]| < O(0.1). Recall that the chromomagnetic Wilson coefficients are neg-
ligible in the SM. Note that eq. (4.12) is obtained for V¥ € {p°,w} and an analogue
expression for charged modes can be found in [191]|. Furthermore, an orthogonal con-
straint can be obtained from [191, 192]

AAcp = (Acp(KTK™) — Acp(ntn™)) ~ —2Im[Cs — C§ sin 6k i - (4.13)

The measured difference of the CP asymmetries is AAcp = —0.00134 £+ 0.00070 [97],
but dxx_rr, the strong phase difference between K™K~ and 77—, is presently not
available.

The constraints are obtained at a scale around the charm quark mass. To make contact
with a high energy scale, i.e. 1 TeV for simplicity in the following, we employ the RGE. At
one loop QCD Cy19(p ~ 1TeV) = Co10(p ~ pic), Csp(p ~ 1TeV) >~ 0.5Cs p(p ~ pe)
and Crrs(p ~ 1TeV) ~ 1.3 Crrs(p ~ ). Hence, the only correlations between these
Wilson coefficients are given within a specific BSM scenario. In particular, the running
is an order one effect. This is not the case for the magnetic Wilson coefficients, which
mix according to

16
O () = ar O (M) + 5 (ar —as) O (M), O (ne) =as (M), (4.14)

where M is a high energy scale, and

(E”?) <3:E’;fz§>ji <Z:Eﬁii§)j: ’
o (o) Gow) Gin) - ow

Including chromomagnetic effects, as described in section 3.3.1, and ignoring contribu-
tions to the SM Wilson coefficients one obtains at p.

ar =

sAY| QU =038 5CY (1 TeV) — (0.31 4 0.07i) 6C (1 TeV) . (4.16)

ey

Furthermore, including effects from the four quark operators, see section 2.6, we find [3]

5AY| (0.3 — 0.14) 6CY (1 TeV) + (0.7 + 0.14) C (1 TeV)

(P6) —

+(=3.5 - 1.9) 6C (1 TeV) + (—0.6 + 1.1d) 6C) (1 TeV) , (4.17)
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model [reference(s)] B Acp Arp
little Higgs model [59, 110] <Bsm S0O(1073) S0O(Bx1073)
minimal SUSY SM  [58, 60, 70, 127] < Beyp < O(1073) < 0(1071)
two Higgs doublet model |70, 129, 193] < Bsm  — -
unparticle [193] SBsm — -
up vector-like quark singlet [127] < Bsm - <1073
warped extra dimension [194, 195] <Bsy S0(1072) <0(Bx1072)
weak vector triplet [129] S Bsm - -
Z’ boson [129, 193, 196] SBsu - -

Table 4.1.: Models beyond the SM generating semileptonic decays. The predictions were
found for inclusive and exclusive sample modes.

where SM contributions are negligible. Note that the imaginary parts in eq. (4.17) are
CP even and that the running and mixing also hold for the Wilson coefficients K;.

The model-independent constraints obtained in the current section will be confronted
with specific models in the next sections.

4.2. Models extending the standard model

Extensions of the SM respect the SM gauge group at low energies. At high energies
further symmetries may be present along with additional interactions and particles. The
latter can be gauged if they follow from a spontaneously broken gauge symmetry.

Several models which extend the SM and generate semileptonic decays were studied
in the literature. We summarize them in table 4.1 and list predictions for observables
if available. They include a sample of exclusive and inclusive modes but can be seen as
generic here from what we have learnt in chapter 3. From these models only the minimal
SUSY SM can give branching ratios above the SM, and close to the experimental limits.
The predictions for the CP asymmetry and the forward-backward asymmetry differ from
model to model. In most cases these observables can be larger than the SM contributions.
Furthermore, the AGL is predicted to be < O(107!) in the little Higgs model and warped
extra dimension give < O(102), while in the SM ~ O(1077).

Additionally, left-right symmetric models and a vector-like quark were studied in the
context of inclusive radiative decays in [166]. While the branching ratio was found to be
below the SM, deviations from the SM are possible in the photon polarization. Moreover,
charm FCNC induced D® — Il decays were studied for BSM scenarios in [58, 60, 129,
171, 195, 197].
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Up to this point we have not ~considered LQ models, which were studied in [128, 129,
196] for the models S7, S2 and V; In the following sections we will give a comprehensive
study on LQ models.

4.2.1. Leptoquark models

As a bottom-up approach we assume the existence of renormalizable up-type quark-
lepton-boson couplings extending the SM gauge group, that is colored scalar and vector
LQs which are SU(2), singlets, doublets and triplets [198]. A recent review of LQ models
is given in [199], to which we also refer for embeddings into larger symmetry groups, see
also [200] (and references therein) for UV completions. Models involving LQs are of
recent interest as they can account for several SM anomalies, see, e.g., [144, 200-206].
Note that the measured R(D) = B(D — 7v)/B(D — (e, u)r) may not constitute an
anomaly in the SM [207] and R(D) may be correlated to leptonic decays of vectors [208|.
Furthermore, neutrino masses and mixing can be generated within LQ models [209-211].

The LQ models relevant for ¢ — ul] transitions, that is S1 23, and 17172, Va3, their
couplings, weak hypercharges Y,,, and electric charges along with the induced effective
vertices are listed in table 4.2. The latter are obtained by integrating out the LQs and
employing Fierz identities, provided in appendix F. The effective ¢ — u(l’ )1~ vertices
for the SU(2)r triplets follow from the completeness relation for the Pauli matrices,
Taf * Tur = (200408, — 0apdun). Charge conjugation of quark fields ¢ = —¢Tc 1,
¢© = Cq" yields q ++ ¢/, and an additional minus sign in the vector and tensor effective
vertices with respect to the non-conjugated fields, see, e.g., [212]. Note that a minus sign
is present in the propagator of the vector LQs, which was omitted in [1]. For non-gauge
vector LQs with momentum k, and mass M additional terms ~ k*k” /M? emerge in the
propagator. In tree diagrams, e.g. the ones for the effective vertices, these terms are
negligible. Note that the models Si o each contain two couplings denoted by the lepton
chirality.

CLrg [YU(JLQ) (9zq)] effective vertices

Qi Pty e ()
()\S1LQ€17'2LL + ASqu%gle) Sl [_g (_g)] : 2M§ : (
1

147 *
D 08)
2ME, (

arvudr) (LRV*1R)

qruay) (y™iy,)

au *

2ME, q1qr) (Ioly)
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Table 4.2.: Part of the Lagrangian defining the LQ interactions with the SM fermions.
Here qr, ¢ € {ur,cr}, lr, Uz € {er, nr} and Q, L are SU(2), doublets, see
table 2.1 for the SM fermion charges. In case of a single coupling A we do not
write the lepton chirality. The weak hypercharge is defined as Y,, = (¢ — T3),
where T3 is the third component of the weak isospin.

Additional couplings and effective vertices, involving neutrinos and down-type quarks,
are given in [213|. The effective vertices of table 4.2 agree with and extend the ones
obtained in [213-216] but differ from the ones given in [128] by a relative sign for the
tensor vertices, and by a factor 1/2 from the vector vertices of [129].

Note that Vs only couples up-type quarks and charged leptons. Down-type quark bilin-
ears obey a different structure and do not induce, e.g., pseudoscalar nor (pseudo-)tensor
effective vertices. However, the entire set of effective vertices can be generated via weakly
mixing states of equal quantum numbers in the broken EW phase due to LQ-Higgs cou-
plings [217]. These can further induce mass splitting, neutrinoless double beta decay
[218], a Majorana mass matrix [219] and stabilize the EW vacuum [220].

Spontaneous breaking of the EW symmetry induces unitary matrices which modify
the couplings to quark and lepton doublets. Thus, quark and charged lepton flavors mix.
Note that a mixing of neutrino flavors is irrelevant since they are summed in decay rates,
and due to the unitarity. We neglect mixing effects for simplicity, yet they provide the
link for a full flavor analysis.

Baryon number and lepton number are each conserved in the interactions as we neglect
possible diquark couplings so that the proton is stable at tree level. Note that for S3 a
possible quark bilinear coupling is absent due to its antisymmetry in flavor space [221].
Furthermore, one can employ unitary transformations to suppress the LO vector LQ
contributions to proton decay [222| (and references therein). However, mixed trilinear
renormalized operators [223] can induce proton decay [221]. Proton decay inducing non-
renormalizable dimension five operators in an SU(2), singlet scalar LQ model are absent
if an additional Z3 gauge symmetry is assumed [216].

We add that LQ couplings to SM gauge bosons are given in [224, 225], and for anoma-
lous couplings in [226]. A UV complete LQ model should not induce anomalies, see e.g.
[227, 228].

The LQ masses are constrained by oblique parameters [215], yielding a small range for
mass differences in an SU(2), multiplet. We take L() masses to be degenerate. Collider
experiments obtain Mg = 1.730 TeV and Mg 2 1.165TeV at 95% CL for couplings to
electrons and muons, respectively, assuming the branching ratio into a charged lepton
and a quark is 100% [229, 230| (and [231]). These bounds are relaxed for smaller branch-
ing ratios, i.e. taking into account other final states, and are obtained via direct pair
production which depends on the mass only. On the other hand, direct single production
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of scalar LQ)s depends on the mass and the couplings. The relative number of direct
single to pair produced scalar LQs is large/small for small/large couplings and masses
[232]. Measurements for vector LQs rely on assumptions of the anomalous LQ-gluon
couplings [233]. As a reference LQ mass we take M = 1TeV. Furthermore, we consider
perturbative LQ couplings, A < 1. Note that the total widths I's = 1/(16m) A3mg and
I'y = 1/(247) A2, my [198] provide complementary information on masses and couplings,
once the total widths are measured.

The tree level LQ induced Wilson coefficients read

Vi )
k9 10
Groe 7 M?Z
1(\J\*
Grae 910 2 ’

0r.0Co,10 =

5LQC§,10 =

5LQCS = 5LQCP = Gro WE ’

GFae SP M? ’

Vin (M) )

60QCs = —01qCp =

oLCr = Cron ko 2 T TR ;

1(\J\" x
5100 = Y2 M) M) 418
1QCTs = = ks 7z e ; (4.18)

where the coefficients k(') are given in table 4.3.

The Wilson coefficients Cél) are generically induced at loop level. We calculate the
corresponding contributions from LQs in RG-improved perturbation theory. Within LQ
models § LQCQS(M 1) = 0 due to light leptons in the loop, however, Wilson coefficients
C‘(})(MLQ), and, schematically, Cg)(MLQ) = AgAr/M32 are induced at tree level. Here
the scalar and vector operators are Og) = (aryulr)(Ipy*er) and Og) = (arlr)(ILcr) re-
spectively, with Cz(l)Oz(l) C L as well as analogue contributions from chirality-flipped oper-
ators. At one loop QCD C‘(/l) (te) = C‘(/l) (M) and Cél) (1) = (%)8/(25‘)) Cg)(MLQ),
where threshold effects from 5y = 11 — %nf arise. At the scale p = m, the 7 lepton is
integrated out. Since numerically m, ~ v/2m. ~ p, we include its one loop contribution

in the matrix element (QEQS), see figure 4.2.
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LQ I,J i, ko ko kb o ksp ksp  kr ks
S (el),(ul) L,R 1/4 —1/4 1/4 1/4 —1/4 —1/4 —-1/8 —1/8
Sy (ul),(dd) R,L -1/4 —-1/4 —1/4 1/4 —1/4 —1/4 —-1/8 —1/8
S3  (c),(ul) L,- 1/4 —1/4 0 0 0 0 0 0
Vi (ul),(cl) —,R 0 0 -—1/2 -1/2 0 0 0 0
Vo (c),(ul) R,- 1/2 1/2 0 0 0 0 0 0
Vo (cl),(ul) —,L 0 0 /2 —1/2 0 0 0 0
Vs (ul),(cd) L,- -1 1 0 0 0 0 0 0

Table 4.3.: Coefficients for eq. (4.18).

Figure 4.2.: One loop diagram inducing ¢ — w7y transitions within LQ models. The box
denotes an operator insertion, see text.
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The coefficients from <O$)(/)> are found to be zero to all orders in ;. The contributions

from (Og)(l)) are Non-zero,

2
0) L —gmy e
350 (1) = 52 (11 m%)
x (%(Ms))”/ﬂ <as(ut)>12/23 (asmb))”/% v (4.19)
o () s (pp) s (He) M§ 7

where ¢ is the charge of the lepton, and the LQ couplings v) are given in table 4.4. Nu-
merically, one obtains |55172A$/) (fte)] = 0.01|ARA] | (%)2 for | = 7. Note that 5LQ78/) (e)
are additionally a, suppressed.

The matrix elements (Og/l)(,)> are non-zero at two loop, where the corresponding dia-
grams can be read off from figure 2.5 with the gluons replaced by a photons. As it turns
out, we can adopt the calculation of section 2.6.1 with modifications of the perturbative
coupling. Therefore, only diagrams with a photon exchange between the external up-type
quark lines and internal LQs contribute, yielding an overall factor %ql%, where the last
factor compensates the SU(3)¢c group invariant Cr. We find for [ = 7

1TeV?
16v AY) (110)] ~ (0.00004, 0.00006, 0.00009) || ( eV> ,

14

(4.20)

where (V1,{Va, Va},V3) is distinguished due to different lepton charges. For V3 an ad-
ditional factor 2 from the completeness relation for Pauli matrices emerges. These two
loop contributions are newly obtained with respect to [3], and allow to estimate effects
from V3 3 which vanish otherwise. The couplings x) are given in table 4.4. The induced
coefficients from vector LQs are small due to the loop suppression ~ amélw).
Nevertheless, coefficients for scalar LQs with equal chirality couplings fall short. Thus,
we employ the fixed order one loop calculation [234] to obtain the matrix elements in the

full SM plus (gauge vector) LQ theory. The coefficients are

()

(/) . 1 K
dsdr = 2V2Gr Mg‘
() 1 sV

(@ik1 + qsk1) |

oAy = — — y 4.21
Ay o2y M2 (s + qvi) » (4.21)
where
1 _ 1 -1
— - - i = 1 4.22
kq o M=o Y1 5 ; (4.22)

and the couplings are given in table 4.4. Here light fermion masses are neglected to avoid
spurious large logarithms, which are resummed in the RG-improved perturbation theory.
Indeed, the logarithm in the fixed order calculation is resummed by eq. (4.19) [3].
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LQ K K v v
St A R AR OE AEPORDT AR Ry
So R OED) AR OEDARY AR
S5 /\(cl)(/\(ul))* _ _
Vi (A(eDy \(ul) _ _ _
Vo AlD(\@D)yx _ _ _
Vo Al (\(ul)y* - _
Vs (Al )\ (ud) _ _

Table 4.4.: Couplings for egs. (4.19), (4.20) and (4.21).

The numerical coefficients are given in table 4.5. Note that different contributions
cancel for V3 3, thus no A(7,) are induced in these models from the fixed order calculation.

In the subsequent analysis we combine both approaches, as otherwise we would miss
important contributions in each of them.

In appendix G we work out constraints on LQ couplings from various observables
relevant for charm FCNC transitions. The constraints are calculated at fixed order
for simplicity, hence RGE effects for the lepton Wilson coefficients given by eq. (4.18)
are neglected. Assuming perturbativity of the couplings and gauge vector LQs, the
constraints due to the experimental data, see appendix A, are collected in appendix G.1,
updating and extending the tables given in [1].

To summarize, LQ constraints are basically compatible with all considered observ-
ables. In general, products of couplings are constrained ~ O(10~3 — 10~1), thus no
definite conclusion on a single coupling can be drawn. Only bounds from kaon decays,
electric moments, semileptonic and LFV decays are stronger. Whereas the former, in
particular K™ — 77 ov decays, constrain products of quark doublets with equal chiral-
ity couplings, i.e. S1L, S2R, S3, and V> 3, the other ones constrain products of couplings
with different chiralities in S7 2 models. Note that the products of couplings relevant for
charm FCNC transitions are directly bounded only by rare charm decays, yielding similar
constraints, see section 4.1. To further accommodate constraints from other decays and
study correlations between observables we employ flavor patterns in the next section.
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LQ 0(q) A7 0(1q)A7

S1 o —0.003 MDAy 0,003 AP (AL
Sy 0.005 ADYAED 0,006 (D y Al

Ss 0 —0.002 Al (\(ub)y*
Vi 0.04 (A \(uD) 0
Va 0 0
Va 0 —0.02 (D (\(uh))*
V3 0 0

Table 4.5.: The LQ induced coefficients from the fixed order calculation for M =
1TeV. For M — 10TeV the effective coupling AN /(M = 1TeV)? —
0.9 XA /(M =10 TeV)2.

LQ (ee) (en), (ue) (ppe)
SiL <4x107% <4x1073 <4x1073
SoR, Vo <3x1072 <2x107* <4x1073
Sy <4x107% <1x107% <2x1073
V3 <4x107% <2x107* <4x1073

Table 4.6.: Limits on LQ induced ¢ — )] Wilson coefficients |Céf)10| and ‘Ke()t)m’ due to
kaon decays. Here M = 1TeV.

4.3. Probes with rare semileptonic D decays

The strongest limits on tree level induced Wilson coefficients are listed in tables 4.6

4107 and Im[CY) 1 5] S 4 x 1076,

As already mentioned we employ flavor patterns to enhance the predictivity. We define
the following classes of LQ couplings, inspired by [235], that is Frogatt-Nielsen U(1) [236]
and A4 symmetries [237], for quarks (rows) and leptons (columns), respectively: (i) a
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LQ (ee)(up), (ep)(pe)
S1 <2x1077
Sy <8x1078
Ss, Vi, Va, Vo, V3 <6x1078
SilLrs S2|lLr <2x10710

Table 4.7.: Limits on the products of two ¢ — ul)] Wilson coefficients |CZ(6)(/)CZ-(“ )(/)| and
]Ki(e“)(l) Ki(“e)(l)| due to p—e conversion and 4 — ey decays. Here M = 1TeV.
The label LR denotes products of couplings with different chiralities, i.e. for

(pseudo-)scalar and (pseudo-)tensor Wilson coefficients.

hierarchical flavor pattern, (ii) a single flavor lepton pattern, where couplings to electron
are negligible, and (iii) a skewed pattern, where A1) and A(€®) are negligible, that is

PdE  Pd Pd 0 = 0 * 0 0
/\i ~ PR P P s /\ii ~ 0 x 0 s /\ZZZ ~ 0 = 0 . (4.23)
k 1 1 0 = 0 0 = 0

The binary textures involving “*” reflect a discrete non-abelian symmetry, i.e. A4. The

patterns (i) and (ii) have been obtained for quarks coupling to lepton doublets by means
of the Ay symmetry [1]. Further justification for the (sub-)patterns employed here is
given in [213].

For the patterns (ii) and (iii) we further distinguish subclasses: (1) represents S 2,
and 17172 and a second subclass (2) with S3, and V5 3 is not affected by bounds from kaon
decays. For pattern (i) we exemplary study s ~ 1, for which table 4.7 implies that all
Wilson coefficients are similar. If  is small, the pattern (i) effectively reduces to pattern
(ii).

The electron Wilson coefficients are zero for patterns (ii) and (iii). The muon Wilson
coefficients in class (ii.1) are constrained by Dt — 77t p~ and D° — putp~ decays and
the constraints for class (ii.2) are given in table 4.6. For pattern (iii) the muon Wilson
coeflicients are zero in any case.

The LFV Wilson coefficients are zero for the pattern (ii). For the pattern (iii) either,
for g = —1/3, B(D® — p~e™) and B(D® — pte™) vanish or, for qro = 5/3, B(D® —
pte™) and B(D® — p~e™) vanish as well as analogously for D — 7Fe*uT decays. In
class (iii.1) the LFV Wilson coefficients are constrained by D¥ — nte®*yT and D° —
etu¥ decays giving < O(10) and the constraints for class (iii.2) are given in table 4.6.

Exemplary, the decay distribution for D¥ — 7 T~ at high ¢? including LQs of the
class (ii.2) is shown in figure 4.3. In agreement with the model-independent observations
the LQ induced branching ratio at high ¢? can be larger than the SM predictions and
close the experimental limit.
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Figure 4.3.: Branching ratio of D* — 7+t~ at high ¢2. The orange band shows the

resonant modes and the dashed purple line represents the 90% CL exper-
imental upper limit [136]. The solid blue curve and lighter band are the
perturbative SM prediction at p. = m. and its p. uncertainty, respectively.
Additionally, the dotted cyan curve is for LQ models of the class (ii.2), see

text.



84 4. Probing the standard model and physics beyond

BD+—>7r+u+u‘ BDOH;L‘*M— BD+—>7r+eu BDOHe,u BD+—>7r+w?
(i)  SM-like SM-like <2x10713 <7x107% <3x107%3
(ii.1) <7/2x1078 <3x107Y 0 0 <8x1078
(ii.2)  SM-like <4x1071 0 0 <4 x10712
(iii.1)  SM-like SM-like <2x107% <1x107® <2x1076
(iii.2) SM-like SM-like <8x107P <2x10716  <9x1071°

exp. <T7.3/26x107% <62x107% <3x10% <13x107% -

Table 4.8.: Integrated branching ratios on the full/high ¢? range for different cases of
LQ couplings. The experimental limits at 90% CL are taken from [21, 136,
where B(D? — eu) = B(D® — (etp~™ + e~ ut)), and from [25] for B(Dt —
ntetu™) <2.9%x107% and B(D* — e put) < 3.6 x 1079, see text for the
LFV decays in LQ models.

The integrated branching ratios for rare semileptonic D decays are provided in ta-
ble 4.8. We observe that different classes give distinguishable predictions. The pattern
(1) allows for limited effects. For each mode the induced branching ratios can be above the
SM predictions and, apart from B(D® — u*pu™), close to the experimental limits. Only
Bp+ _sptete— and Bpo_,e+.— are SM-like in any case. Note that these results are opti-
mistic in contrast to the statement of [193]. The dineutrino mode can be induced via Sy 3,
Vs, and Vi. Therefore, we sum the lepton flavors and remind the experimental cut due
to resonant D — 7(— mv)v decays, see section 3.4. Recall that Bpo_,,+,- ~ O(10713)
in the SM. Note that one may distinguish between different LQ models by the ¢>-shape
of the observables which are different for the various induced Wilson coefficients, see
appendix C and table 4.3. Furthermore, note that the lepton charge asymmetry for
D — Pe*pu¥ and DY — e* ¥ may be non-zero due to different couplings but also due
to different signs in the distributions, see egs. (C.63) and (C.69), respectively.

We have already identified the resonance catalyzed CP asymmetry as an approximate
SM null test in section 3.2.3. The DT — 77 u"u~ CP asymmetry for the pattern
(ii) is shown in figure 4.4. We observe that the CP asymmetry can be sizable for large
imaginary Wilson coefficients. Nevertheless, also small Wilson coefficients, as in the class
(ii.2), which comes with an interface to b physics, can be probed if sizable phases are
present. In particular, a non-vanishing CP asymmetry can arise around the ¢ resonance,
independent of strong phases. For the pattern (i) the CP asymmetry is < 0.003 on the
¢ resonance, and < 0.03 at high ¢?.
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Figure 4.4.: Direct CP asymmetry for D™ — 7™y~ normalized to the decay rate that
is integrated over [¢2,, = (mg — BLy)?, @2 = (mg + 50)?] (left plots)
and [¢2;, = 1.252 GeV?, ¢2 . = (mp+ — m+)?] (right plots) for the classes
(ii.1) (upper plots) and (ii.2) (lower plots), see text. From yellow (upper
curves above ¢) to red (lower curves above ¢) each bunch represents d4 =
7/2,7,0,3/2n, where a further splitting follows from ¢, € {0,7/2, 7, 3w /2}.
The vertical lines in the left plots indicate (mg & I'y)%.
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Finally, also decays involving 7 leptons at tree level can be probed via D° — 7%e¥
decays. From eq. (C.69) one obtains the branching ratio as

BDO—WieJF ~ 5 x 1079(’1'3(‘[{;‘1‘6/67) . Kgfe/ef)) - (Kgre/eT) . KEI)(Te/eT))|2
+ |1‘3(K1(37—e/e7') . KgTe/eT)) + K%—e/e’r) . K{(O’re/eﬂ-)|2) ' (424>

The strongest constraints emerge from SU(2)y relations, yielding ]Kgled”)| <4x1073

(BE* — wtiw)), [Kg 167 < 0.2 (B — eK)) and [KLT| < 7x 1073 (B(K* —
év)), which are obtained from [238]. Thus, the pattern (i) gives B(D? — 7FeF) <
7 x 1071%) which is zero for the patterns (ii) and (iii). No experimental data is currently
available.

A pattern to bypass the constraints the SU(2)r, relations and to obtain sizable branch-
ing ratios is, inspired by [235],

0 0
Ao~ | * O (4.25)
* 0

O O ¥

This pattern yields SM-like ¢ — ul™1~ induced decays, where | € {e, u}, and vanishing
¢ — ue* ¥ induced modes, whereas ¢ — uvv induced branching ratios can be sizable.

4.4. Probes with rare radiative D decays

Firstly, we extend the analysis of the previous section by considering D — V'~ decays
in LQ models, thus probing the magnetic operators. In a further step we also obtain
predictions in SUSY models. Presently it is not clear if the experimental data on the
branching ratio of D° — p%y exhibit a discrepancy with the SM due to uncertainties
of non-perturbative contributions. In view of future data we give predictions for the
branching ratios. Possible signals from BSM physics can be cleaner revealed in CP
asymmetries, where the SM contribution is negligible at the current state of precision.
In contrast to the tree level induced operators discussed in the previous sections ra-
diative decays are only induced at loop level. In particular, the 7 lepton directly con-
tributes. From the constraints listed in appendix G and the coefficients found in sec-
tion E one obtains for e, u leptons |5<171)A7|€:# < 0.002, \5<‘~/2>A'7\67H < 0.002, and
\(5<517273>A(7/)|e7u < O(107°). Effects from Va3 are negligible in any case. The constraints
for 7 leptons are generically softer, e.g. assuming smaller couplings to electrons and
muons, we obtain [dg, ,|r < O(0.001), |4y, A7|- < 0.04 and \6<‘72>A’7\T < 0.02. Here we
further assumed phases to evade the constraints from D° — D° mass difference, which
would otherwise yield \5<51L752L7SQR>A$/)]T < O(107%). Only for S1L and S3 bounds on
the 7 couplings are stronger, yielding |dg, 1 g, A%7]7 < 0O(1075). The impact from four

~
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quark operators, as given by eq. (4.17), is negligible in the RG-improved perturbation
theory due to double insertions of the operator O®), see section 4.2.1.

We conclude that in LQ models the ¢ — w7y induced branching ratios and the photon
polarization are SM-like. However, S 2, and V3 may induce CP asymmetries ~ O(0.01)
which are SM-like for S3, and Vj 2. The largest CP asymmetries ~ O(0.1) are possible
for V3.

A characteristic of LQ models is that magnetic operators are induced via a heavy and
a light particle, i.e. the LQ and a SM lepton, in the loop. In particular, a helicity flip
requires a mass insertion of participating particles, i.e. the lepton mass. Another class
of BSM models constitute two heavy particles in the loop, hence a mass suppression is
generically avoided. As an example we study SUSY models within the mass insertion
approximation (MIA) [239]. In particular, we only consider leading gluino contribution,
but note that charginos and neutralinos are negligible in, e.g., the minimal SUSY SM
[240].

The induced Wilson coefficients at the BSM scale can be obtained from [239] as

SO (M) = —— = %% (5 <B “lp,lp —P)
MIAC3 RN m% 12)Lr(rR) | B1 =552 = gh o
1 a2 5 5 5 5
SviaCV (M) = —— =~ %5 (u 2B+ 2B+ 2P+ 2P
miaCy’ (M) 8ﬂGFm§(12)LL(RR) Bt Bt ohit o),
1 a? 8 26 10
SnraCV (M) = —— = Zs (5u °B - 2B, — =P, —10P
G (M) = e Gt vaim (55~ 5 B g P 107
1 o2 184 58 50
SviaC (M) = —— = D5 (5u "B By+ —P P
miaCg (M) 8\/§Gpm2-(12)LL(RR)< 9 1+9 2+27 1+3 2),
2 QT 8 mg &
SaCY (M) = — 3(5“ 2 Ms + (8 gM),
MIA“7 ( ) 3\/§GF mg ( 12)LL(RR) 3 3 ( 12)LR(RL) me 3 1
1 asm(, ., 1
6MIAC§/)(M) = _\/iGF Tn% ((512)LL(RR) <—3M3 — 3M4>
q

mg 1
+ (012) LR(RL) ﬁg <—3M1 - 3M2> > ) (4.26)
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where
144z — 522 +4xlnx + 222 Inx 1
! 8(1— )4 ’ ilz=1=75
5—4dr — 22+ 2lnx+4xlnx 1
By = B =1)=——
1 —6x+ 1822 — 1023 — 32* + 1223 In 1
P = Pz=1)=——
7—182 + 922 + 223 + 3lnz — 922 Inzx 1
2 9(x — 1)5 ’ 2 =1) =355
M, = 4B,
Ms = —xBs,
M = —1—1—930—1—9:62—17353—1—18;1:211133—|—6;1:31nac7 Mg(le):i’
12(z — 1)° 40
“1-924+922+ 2% —6xlnz — 622Inzx 1
My = , Mylz=1)= —. 4.27
4 6(z — 1) e=D=75- @20

Here mg is the average squark mass, where the individual masses are assumed to be
approximately degenerate, and mg is the gluino mass. Furthermore, z = mf} / mg- and
M ~mgg.

The mass insertions 6, are constrained by data on the D° — DY mass difference, see
0 = 2TeV) and (m(;i) =

appendix A. We consider the two cases (m(f) = 1TeV, mg

g
2TeV, m((jm = 1TeV) to obtain via [239]

VRG] 5005, [ RG0S 007

\/ Re [(6157)22(015" | 5 0,02, (4.28)

VRG] £ 02, | R | 5 002,

\/ Re [(615) 20 (015" ) | S 0.02. (4.29)

These constraints yield ]51(\?&@0396(1\4 )| < 1072, negligible. On the oder hand, as
SMIACYY (M) ~ (%) LrRr 2 one finds [\, AV| < 0.2 and [8{p4 AY| < 0.3. We add
that \5MIAA(7/)/5MIAA§5/)] € [0.75,5.46], where the lower and upper limits are for = 2 10
and z < 0.01, respectively.

Moreover, [241] found \/‘Im(éqﬁ(ii))%R,RL < 0.0025 at 95% CL for mg = mg = 1 TeV.
This limit is based on the parameters |q/p| € [0.981,1.058] and ¢[°] € [—1.8,0.6] at 95%
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CL [242], which are presently relaxed as |¢/p| € [0.77,1.12] and ¢(°) € [—30.2,10.6]
at 95% CL [97]. Furthermore, constraints from € /e and chargino loops are model-
dependent, e.g. [243], yet not stronger than corresponding bounds from D° — D? mixing.

Thus, the constraints found for dyy AA(7,) are similar to the model-independent bounds
of section 4.1, and the limits on (5Ag) are satisfied. We conclude that generic SUSY models
may shopr in ¢ — w7y induced branching ratios and CP asymmetries, being above the
SM predictions and close to the experimental limits. Moreover, a photon polarization
P, € [-1,1] may be induced. Indeed, in a specific SUSY model the experimental data
on B(D® — py) may already constrain parameters. Furthermore, keep in mind that
additional constraints may have to be taken into account, e.g. for the minimal SUSY SM

with SUSY breaking [240].

4.5. Probes with A. — py

In this section we discuss possibilities to discover BSM physics in A, — py decays. A
calculation of the SM contribution may be done elsewhere, but it is most likely dominated
by non-perturbative physics. Nevertheless, we estimate the branching ratio on general
grounds. The expressions for the branching ratio of the decay A, — pv is the same as
for DO — p%y decays, see e.g. [244] and eq. (3.39). Thus, we write

Ba,py = r(Ae = py/D® = p%y) B(D® = py) ~ O(1077), (4.30)

where B(D? — pUv) is given by experimental data. Here infer the ratio of the two
modes for common decay mechanisms as follows: WA gives r(A. — py/D° — p°v) ~ /2
due to color counting, which is even larger for radiative D decays, see section 3.3.1.
Considering the amplitude ATHA=PY [245] suggests r(A. — py/D° — p%) ~ 1 for
resonant decays. Finally, perturbative contributions, including BSM dynamics, yield
r(Ae = py/D° — p%y) ~ V2f1 /T ~ 1. Here, the form factor f; = f1(0) = f15(0) is
defined as in [246], and it is calculated within QCD LCSR [186] [187], a covariant confined
quark model [247] and a relativistic quark model [188]. The estimate given by eq. (4.30)
is in agreement with B(A. — py) = 2.2 x 1075 found in the constituent quark model
[248]. We only utilize the branching ratio to infer experimental sensitivities. Ultimately,
the branching ratio has to be measured, e.g. at the forthcoming Belle II, where the cross
section o(ete™ — éc) ~ 1.3nb and a luminosity L ~ 5ab~! within one year [249] indicate
a number of N = [10%,10%] decays.

For the remainder of the current section we focus on an observable which, not accessible
in rare D decays, is induced by the spin of the decaying charmed particle, i.e. the A,
baryon, once the particle is produced polarized. Following [244], an angular asymmetry
can be defined in the A, rest frame by the angle between the A. spin and the proton
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momentum, that is the forward-backward asymmetry of the photon momentum relative
to the A, boost, normalized to the total width by

Py, 1—|r?
2 1+ |r|2’

7=

(4.31)

where r = A%, /A7

Here the longitudinal polarization of the A., Py, is presently not measured. Nonethe-
less, it can be parametrized in terms of the polarization of the charm quark, P., as [250—
252]

Py, 1+ A0.07 4 0.46w)
P. 1+ A ’

(4.32)

where A ~ 1.1 is extrapolated [251] from a measurement by the E791 collaboration [253],
and w; = 0.71 = 0.13 is measured by the CLEO collaboration [254], yielding Py_/P. ~
0.68 = 0.03. Furthermore, the parameters A and w; are measurable at Atlas, BaBar,
Belle, CMS and LHCDb [251]. Note that Py /P, is approximately scale independent and
it can be related to fragmentation functions [251] (and references therein). At the Z

pole, where P% ~ —0.65 [255], one obtains

P ~ —0.44 £0.02. (4.33)

Note that P < 0 by means of a left-handed polarization. In Z decays (0.0305 4 0.0045)
cc are produced via gluon splitting [21], hence this depolarization effect is negligible.
In principle, one can also include a depolarization due to Agl) decaying strongly into A,
which induces additional parameters B and @1, [256, 257|. However, no experimental data
are available, thus we neglect its contribution. The A polarization is directly measurable,
e.g. via A, — A(— pm)lv decays, where B(A, — A(— pm)ere) = 0.023 [21]| and, in
particular, at Atlas, CMS, and LHCb via pp — t(— bW (= ¢3))t(— bW~ (— 17 D))
[251] and pp — W™~ ¢ [252] production with PV~ —0.97 [255]. Note that eq. (4.33)
indicates a sizable, non-zero, polarization that, ultimately, needs to be measured.

The observable A7 can be extracted in the laboratory frame for a boost 3 = pa./En.,
where p'and E denote is the three momentum and energy, respectively, by

(a3 = 7E5 (’5‘ + gAV) : (4.34)

Here <q||>| Ei is the average longitudinal momentum of the photon in the laboratory frame

relative to the boost axis, v = 1/4/1 — |3]2, and EX = (m} —m2)/(2my,) ~ 0.95 GeV
is the photon energy in the A. rest frame. The statistical uncertainty is given by
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Figure 4.5.: Angular asymmetry of A, — py as a function of r = A’ /A7 taking Py, =
—0.44. It approaches Py, /2 as r — oo. The bands represent the statistical
uncertainties for 10 (orange curved band) and 10° decays (purple curved
band). Within the SM and LQ models A”(r < 0.2), which are represented
by the lighter horizontal bands and the dashed vertical line. For SUSY
models A7(|r| < O(1)) covers the shown range.

JAY = /1 — (A7)?2/V/N for N decays of A, — py. To estimate the latter we neglect
reconstruction efficiencies to find

N = N(ce) f(c = A¢) Bayspy ~ N(ce) x 1079, (4.35)

where f(c — Ac) ~ 0.06 [258] is the fragmentation function, which is insensitive to the
production process, and N(c¢) denotes the number of produced cé. At a future ete™
collider operating at the Z pole, i.e. an FCC-ee with N(Z) ~ 10'? within one year [259)
and B(Z — c¢) ~ 0.12 [21]. Thus, it would allow for sizable statistics to measure the
branching ratio of A, — pv, the polarization Py, as well as the angular asymmetry A7.

The above considerations suggest to measure A7, hence testing the handedness of
the ¢ — wy current and models beyond the SM. The angular asymmetry is shown in
figure 4.5, where Py, = —0.44 is assumed. From the analysis of section 3.3 we infer

r < 0.2 for SM-like scenarios, and A(7/) ~ (5C§/) for large BSM effects. We observe that
A7 is a complementary observable to search for right-handed currents and to distinguish
between different models. In particular, A” > 0 in the SM. On the other side, SUSY
models, see section 4.4, may induce significant deviations, including a flip of the sign,
which is observable already for N = 103.
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5. Conclusion and outlook

This thesis comprises a study of FCNC transitions of charm quarks. Chapters 2 and 3 are
dedicated to the calculation of Wilson coeflicients in the framework of the effective weak
Lagrangian and predictions for observables within the SM, respectively. The chapters
are summarized in sections 2.9 and 3.4. The main observations are:

e The SM Wilson coefficients are known to (partly) NNLL order, where the missing
pieces of NNLO are negligible in phenomenological applications.

e A longstanding inconsistency in the treatment of light quarks within the effective
theory, which affects the Wilson coefficients to a considerable extent is resolved.

e A novel calculation of two loop matrix elements is presented, which yields the
dominant perturbative contribution in phenomenological applications. However, a
breakdown of the perturbation theory for ¢ — w transitions cannot be deduced, as
lower order contributions are more strongly GIM suppressed. Nonetheless, sizable
perturbative corrections are indicated.

e Whereas the perturbative calculation is state-of-the-art, the branching ratios for
¢ — wy and ¢ — wull induced decays are dominated by non-perturbative effects,
which are presently not known from first principles and accompanied with sizable
uncertainties.

e On the other hand, angular observables and asymmetries that are (approximate)
null tests of the SM, including the non-perturbative uncertainties, can be con-
structed. This observation is characteristic for rare charm decays due to the struc-
ture of the Wilson coefficients and the CKM matrix, e.g. the GIM mechanism.

In view of the BSM potential, see chapter 4, the modes and observables considered are
competitive and complementary to each other as well as b physics, while being sensitive
to different types of BSM physics, see section 4.1. To mention the main issues: Basically
any sizable BSM effect is visible in the decay Dt — 7+ u ™ at high ¢%. Smaller effects
may be observed in CP asymmetries once sizable BSM phases are present. Presently,
any signal in angular observables, dineutrino and LFV modes can be assigned to BSM
physics. LQ models, see section 4.2.1, are an instructive example where sizable BSM
effects close to the experimental reach are possible. Nonetheless, the different LQ models
can be distinguished by experimental data, see sections 4.3 and 4.4. Further correlations
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with, e.g., kaon and b physics, see section 4.3, may add valuable information to reveal
the source of the present SM anomalies in b decays as well as, ultimately, to identify the
origin of flavor. SUSY models constitute a second example with similar signatures as LQ
models, see section 4.2. Nevertheless, both models are distinguishable in radiative decays,
where SUSY models can induce larger deviations from the SM, see sections 4.4 and 4.5.

To conclude this thesis, we comment on the present status and on future prospects
of rare charm decays, which uniquely probe the up-type sector. The current available
methods and techniques for calculating SM contributions seem to be exhausted. Never-
theless, a few improvements as noted in this thesis are possible. Further ones include,
e.g., the identification of additional observables and lattice calculations. SM predictions
are generically vague due to our deficiency of understanding QCD, where theoretical
ideas are welcome. Nonetheless, striking observations of BSM physics are possible and
assisted by various hadronic and BSM models. Further models, including flavor patterns
on the BSM side, may be studied. Irrespective of the potential for BSM searches, charm
physics are also important probes of QCD. We emphasize that experimental searches
in all modes and observables are desirable, as they allow to improve the theoretical un-
derstanding, to detect different types of BSM physics and, once revealed, to identify its
underlying model. Despite the experimental effort only one charm FCNC induced mode,
i.e. D° — p%y, was recently observed. Nevertheless, other modes, e.g. D* — 7tutpu~,
are planned to be measured and call for imminent detection. It is desirable to include
rare charm decays, e.g. Ac — pv, in (future) experimental programs. In this respect
theoretical studies on, e.g., D — VIl, D — PPIl and A. — pll decays will support
experimental searches.
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A. Parameters

As a rule at hand, we give parameters within 68% CL in the Bayesian/Frequentist lan-
guage. We neglect uncertainties if their numerical effect is negligible. Their distributions
are taken to be uniform. If uncertainties o; are added, we take them as uncorrelated and
add them in quadrature, i.e. 0 = /> o2. Upper limits are given at 90% CL or 95% CL

as stated, which multiplied with 0.60 or 0.51, respectively, yield limits at 68% CL.
The parameters used for the calculation of the SM Wilson coefficients, see chapter 2,

are given by [21]

my(mye) = (16073) GeV

myz = 91.19GeV ,

my = 80.4 GeV

my(my) = (4.187393) GeV

me(me) = (1.27 £0.03) GeV ,

ms(2GeV) = (0.096+399%) GeV,

as(myz) = 0.1182 £ 0.0012,

Qe = 7.29735257 x 1073,

sin? 0, (mz) = 0.2313

Gp =1.166379 x 107> GeV 2, (A1)

where m(u) denotes a MS mass. The NNLO QCD running and decoupling at flavor
thresholds is taken from [260].
The CKM matrix as obtained by the UTfit collaboration [45] via a Bayesian fit reads

Via = 0.97431 £ 0.000 15,

Vs = 0.22512 4 0.000 67,

Vip = (0.003 65 4 0.000 12) exp[i(—65.88 + 1.88)°] ,

Voq = (—0.22497 4 0.000 67) exp[i(0.0352 = 0.0010)°] ,

Vi = (0.973 44 + 0.000 15) exp[i(—0.001 877 £ 0.000 055)°] ,

Vi = 0.042 55 £ 0.000 69 . (A.2)

For a Frequentist fit, see the CKMfitter group [261].
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In the calculation of the inclusive branching ratios we use inclusive semileptonic branch-
ing ratios as a normalization, see section 3.1. The inclusive ¢ — d induced branching

ratios for massless leptons are obtained from a sum of the corresponding exclusive modes
[21],

B(D' — Xgev) = B(D" — 1etv) + B(D' — pletv) + B(DT — we'tv)

+ B(D" — netv) + B(DT — n'etv) = 0.00928 ) S00as ,
B(D® — Xgev) = B(D' — 7~ ev) + B(D® = p~etv) = 0.00468 + 0.000 16,
B(Ds — Xgev) = B(D, — K%*v) + B(Ds — K** —etv)

= 0.0057 £ 0.0010 . (A.3)

Due to missing experimental information we take for muons [21]

B(DT — Xpu™) =0.176 + 0.032,
B(D® — Xp™) = 0.067 + 0.006, (A.4)

as approximations of the corresponding ¢ — (d,s) induced semileptonic modes. The
approximation B(D — Xpu*v,) = B(D — Xpu™) is justified as the branching ratios of
the leptonic modes ~ O(10~%) [21]. Since no corresponding branching ratio for Dy is
measured we assume B(Dy; — Xputv,) ~ B(Ds — Xe™), where [21]

B(Ds — Xe™) = 0.065 4 0.004 . (A.5)

Comparing the measured muonic modes given by eq. (A.4) with B(DT — Xe™) =
0.1607 £ 0.0030, and B(D® — Xet) = 0.0649 £ 0.0011 [21] suggests that the approxi-
mation for the Dy — X v, branching ratio, eq. (A.5), yields a slightly smaller branching
ratio.
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Further used particle masses and total widths, where I' = h/7, are |21]

my+ = 2.286 GeV
mps = 2.112GeV
Mmpes = 2.0103GeV
Mo = 2.0069 GeV

mp, = 1.968 GeV , mp, = (500 £ 7) x 10795

mp+ = 1.8696 GeV o+ = (1040 £7) x 1071%5

mpo = 1.8648 GeV | Tpo = (410.1 £ 1.5) x 1071%s

my = 1.777 GeV 7 = (290.3 +£0.5) x 10~

mg = 1.0195 GeV, Ty = (4.2660 & 0.0311) x 1073 GeV,
myy = 0.9578 GeV , Ty = (1.97 £ 0.09) x 107* GeV,

m, = 0.93827208 GeV ,

M0 = 0.896 GeV , T -0 = (0.0474 £ 0.0006) GeV |

Myt = 0.892GeV , [pe-t = (0.0508 + 0.0009) GeV

me, = 0.783 GeV , Iy, = (8.4940.08) x 1073 GeV,

m, = 0.775GeV , T, = (0.1491 + 0.0008) GeV,

my = 0.5479 GeV , T, = (1.31 £0.05) x 107 % GeV,

myo = 0.4976 GeV ,

mye+ = 0.4937GeV | Tr+ = (1.2380 + 0.0020) x 1078

m,+ = 0.139570 GeV , T+ = (2.6033 & 0.0005) x 1078

myo = 0.134977 GeV, To0 = (8.52+0.18) x 107175,

m,, = 0.105658 37 GeV , 7, = (2.196 9811 + 0.0000022) x 10~°
me = 0.000510998 95 GeV . (A.6)

For resonant decays, see section 3.2.2 and appendix E, we use the branching ratios [21]

B(D*t — D™7%) =0.307 £0.005, B(D** — D) =0.016 £ 0.004,
F(D*O D°7%)/1(D*° — D%) = 1.85 +0.07,
(DT — 7ty) = (4.84 £0.31) x 1073,
(D+ —7Tp)=(84+15)x107%,
(D*
(
(

mmm

— mtn) = (3.66 £ 0.22) x 1077,
¢ — pp) = (2.87£0.19) x 1074,
7 —~7) = (2.21 £0.08) x 1072,

=

B
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B(K*? — K%) = (2.46 £ 0.21) x 1073,
B(K*" — KTy) = (9.940.9) x 107,
B(w — pp) = (9.0£3.1) x 1075,

(w — 7%) = 0.0828 + 0.0028,

(

(

(

o8

B(p — pu) = (4.55+0.28) x 1077,
P’ = 7%y) = (6.0+£0.8) x 107, B(pT = aty) = (4.5+0.5) x 1074,
n— pp) = (5.840.8) x 107°, (A7)

o)

B
and observed by the BESIII collaboration [262]
B(D' — wn™) = (2.79 £ 0.57 £ 0.16) x 107, (A.8)
The decay constants are given by the FLAG [263]

fp. = (0.24883 4 0.001 27) GeV ,

fp = (0.21215 4+ 0.001 45) GeV,

fx = (0.1556 % 0.0004) GeV ,

fr = (0.1302 % 0.0014) GeV , (A.9)

and by [152, 264| (and references therein)

fo = (0.233 £ 0.004) GeV,

fr+ = (0.204 £ 0.007) GeV, fize = (0.163 £ 0.008) GeV,

f» = (0.213 £ 0.005) GeV £ =(0.160 £ 0.011) GeV,

fp@ = (0.2097 £ 0.0003) GeV ,

fuo = (0.197 £ 0.008) GeV, fE=(0.139+0.018) GeV,

F = (0.2013 + 0.0008) GeV (A.10)

where the label d indicates the quark content. Here u = 1 GeV for the transverse decay
constants, for which the running can be taken from, e.g., [150].

In the following, we list the experimental data utilized to constrain the LQ couplings
in appendix G. We update the nuclear weak charge of Cs |21, 265, 266|

AQu(Cs) = 0.69 + 0.44, (A.11)
where AQ,, = QP — QM. We obtain the ratio of leptonic pion decays as

AR/, = (-25+23)x 1077, (A.12)
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X (rt + . + . _
where the experimental data Re/z = F(:T+:((;;€+ZHIZ+Z;N?))) = (1.2327 +£0.0023) x 1074

[21], and the SM prediction RS% = (1.2352 4 0.0001) x 10~* [267]. The anomalous
magnetic moment of the electron is found to be [268]

Aa(e) = (—0.91 £0.82) x 1072 (A.13)
and the electric dipole moment of Hg is [269]
|d(Hg)| < 7.4 x 107 ecm. (A.14)

Note that this constraint on Hg implies a slightly stronger model-dependent limit on the
neutron magnetic moment, i.e. d(n) < 1.6 x 10726 ecm [269], as compared to the direct
bound given in eq. (A.18). The parity odd triple correlation coefficient in Li beta decay
is [270]

R(Li) = (0.9 £2.2) x 1073, (A.15)
Other observables are taken from [21], reading
D(n) = (—1.24+2.0) x 107%,
R(n) = 0.004 + 0.013,
Aa(p) = (288 £80) x 10711,
d(p) = (=0.1£0.9) x 107 ecm,
Impo — mpg| = (0.9575:0;) x 10" s,
(Cpo — Tpg)/Tpo = (1.297015) x 1072,
B(D" — pty,) = (3.74£0.17) x 107%,
B(D, —>u *y,) = (5.56 £ 0.25) x 1077,
B(K —>u v,) = (63.56 £0.11) x 1072,
I(Z = p p™)/T(Z = ete™) = 1.0009 + 0.0028,
(Z = (uu + c¢)/2)/T(Z — hadrons) = 0.166 + 0.009,
(Z — c¢)/T(Z — hadrons) = 0.1721 £+ 0.0030, Z_MC/F(Z — hadrons) = 0.1723,
(
(K
(
(

S 3 A

Dy — 7Tv;) = (5.55 4+ 0.24) x 1072,
T = ety) = (1.582 4 0.007) x 1077,
B(r~ — nty,) = (10.82 £ 0.05) x 102,
B(r~— — KTv,) = (6.96 +0.10) x 1072, (A.16)

m

where

I'(Z — hadrons) = 1.74 GeV . (A.17)
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Additionally, at CL=90% [21]

d(n) < 0.30 x 107® ecm,
d(e) < 0.87 x 1072 ecm,

m

—ety,) <88x107°,
Dy — etr,) <83 x 1077,

S

s —>u ) < 8.0x 1073,

(B

T outy) <4x1073,

()]

(D*

(

(r*

(K

(W~ —eete” )<10><10*12,

(Z—>(e p” e ut)) <7.5x107% QCL = 95%,
(DY = 7tu) <1.2x 1073,
(
(
(
(
(
(

mmm

TT e y)<33x1078,

]

T ’y)<44><10_8

o]

TT e eteT)<2.7x1078,

o

T s ptpT) <21 %1078,
1~ Ti — e Ti)/Teapture (0~ Ti) < 4.3 x 10712
pAu — e Au) /Teapture (0~ Au) < 7 x 107 13 (A.18)

r
r

where [271]
Ceapture(11~ Ti) = 2.59 x 10%s71, Ceapture(11” Au) = 13.07 x 10571, (A.19)
Furthermore, we use the experimental limit obtained by the MEG collaboration [272]

B(ut —ety) <4.2x10713, (A.20)

Future searches for LF'V decays will improve the limits by a few order of magnitude.
The MEG-II experiment [273] will test B(u — e7) to O(10~14), whereas the Mu3e experi-
ment [274] will reach O(1071%) for B(u — eee). For the y — ey and 1 — eee experiments
the SM background from the transitions y — eviy [275] and u — e(ete™ )vv via internal
conversion [276], respectively, may become important. The COMET experiment [277],
the DeMee experiment [278] and the Mu2e experiment [279] will probe p — e conversion
to O(1017).
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Finally, we collect experimental data involving charm FCNC transitions at CL=90%
[21],

B(DT = nTete™) < 0.3x 1076, B(DV" = atutum) <7.3x1078,
B(D° = nl%Te™) < 4.5 x 1077, BD® = 7% ") < 1.8 x 1074,
B(D® = nete™) <1.1x 1074, B(D® — nutp™) <53 x 1074,

B(Dy — KTete™) <3.7x 1079, B(Dy— K ptp™)<21x107°,
B(D® = ete™) <7.9%x1078, BD® — p ™) <6.2x1077,

B(D" = ntetp™) <29 %1079, B(D" = rte ') < 3.6 x1079,
B(D® — (et +e put)) <86 x107°,

B(Ds — Ktetp™) <1.4x107°, B(Ds — Kte ') <9.7x107¢,
B(D® — (e~ +e put)) <1.3x 1078,

B(D® — wy) < 2.4 x 107*, (A.21)

where B(D® — (etp~ 4+ e~ u')) was obtained by the LHCb collaboration [25], B(D* —
mtete™) was found by BESIII collaboration [138] (preliminary), and the y/¢?-binned
branching ratios of the LHCb collaboration [136] read

B(D" — 7wt 1 )j0.250,0.505) < 2.0 x 107,
B(D+ — 7T+,u+[1,_)[1.250’2.000] < 2.6 X 10_8 . (A22>

Additionally, the Belle collaboration measured [24]
B(D® — p%y) = (L.77£0.30 £0.07) x 107°, Acp = 0.056 & 0.152 + 0.006. (A.23)

Recall that B(D* — 7t pu* ™) on the full ¢ range assumes a model dependent phase
space interpolation of the low and high ¢* ranges, neglecting resonant interferences, and
that the CP asymmetry is mostly direct. The LHCDb experiment will probe branching
ratios for Dt — 7tutu=, Dy — Ktutpu=, D° — ptp~ and D° — ep at the levels of
0(107%), 0(107%), O(10719) and O(107?), respectively, as well as asymmetries O(0.1%)
for DY — 7tptp~ [139]. In [193] the future sensitivity of the BESIII experiment is
estimated as O(10~7) — O(1075) for Dy — K*ete™ and D, — K Teu branching ratios.
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B. Renormalization group equation

The RGE for Wilson coefficients C' at a scale p reads

d

—C(p)=~"C B.1
hap (n) =~ C(p), (B.1)

where v is the ADM. In appendix B.1 we derive the solution of the RGE to next-to-

next-to-next-to leading order (NNNLO). The corresponding ADM to NNLO as well as

the known parts at NNNLO are provided in appendix B.2.

B.1. Solution of the renormalization group equation

The RGE, eq. (B.1), encodes the mixing and running of the Wilson coefficients. The
evolution of the latter from an initial scale g is given by

C(p) = U(p, o) C(po) , (B.2)
where the evolution matrix U is the formal solution of the RGE, eq. (B.1). It reads

g(1) 7T (g)
Uk, po) = Ty exp / dg : U(po, o) =1, (B.3)
9(po) B(g)
where T}, operates as an ordering in powers of g, from left to right, and §(g) = 3?5“ with
=— —— | 5. B.4
3=03 (15 (B.4)

In case of QCD [67]

2
Bo(ny) =11 — §nf’
38

ﬁl(nf) =102 — gn}v,
2857 5033 325
Palns) ==~ gt
149753 1078361 6508
faling) = 5 asac() - (10t + TR )y

50065 6472 9 1093 5
+ <162 +781 C(3)> nf+7729 n, (B.5)
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where ( is the Riemann zeta function, and ny denotes the number of flavors.
The ADM is expanded as

2
2

—( g
=2 (167T
i=0

i+1 ‘
) A0, (B.6)

(0.1.2) and known parts of v are given in appendix B.2.

where ~

In the current appendix we work out the solution U as an expansion in the QCD
coupling as = ¢2/(47) to O(a2). This extends the O(a?) expansion in [2, 55]. In
particular, an alternative representation with respect to [2| is provided here. Throughout
this thesis we employ the O(a?) solution. As the ADM for the mixing into the dipole
operators is available at NNNLO, from four loop calculations, we give the solution of the
evolution matrix to this order and provide the Wilson coefficients at NNNLL order in
section 2.9.

The expansion of the solution is conveniently written as

U (g, p0) = K (1)U (1, 110) K~ (110) (B.7)
with
K(p) =1+ O‘Z(:)J(” - <O‘Z(:)>2 J@ + (O‘jﬁ))g J@
K~ (po) =1 - O‘jﬁO)Jm _ (asi::ﬂ))z <J(2) _ <J(1)>2>
_ <0‘s4(7l:0)>3 JO 9y @) (J(1>>3> 7

U (1, o) = V diag Kczjs(gf)))ai] v (B.8)

where
<V—1 (,Y(o))T v) = 2By (B.9)

Thus, the RGE yields a differential equation in g5 [55],

1 (’Y(O))T’K(Qs)] = (WO))T 1L (’Y(O))T> K(gs) - (B.10)

agsK(gS) + —

s

Bo B(gs) gs  Bo
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Its solutions, at respective order in ag, read

T
g 4 (’72(;)0) , Jm] :zﬁég(V(o))Tgéo (7(1)>T7
ONd 2
Jom (7450) ,J@)] _ (4%23 4%8)( <o>)T 45510 (+ <1>)T 4;0( (z))T
b1 1
(3 () - g5 (00) )
(3) (’Y(O))T (3) 45;) 5152 ﬁo B2 Eh T
R T ]‘(650 35 6/30> (6%_660>( ')
T
o (%) a5 09)
(& )0 6y
n <6ﬂ[31§ (7(0)) Gﬁo( (1)> >J( ). (B.11)
Defining
JO = ysiy -1, G = y-1 (W))T v, (B.12)

the matrix kernels obey the relations

(1)

w_b s Gy B.1

SZJ 50 az(sw 250(1 +a; — aj) ’ ( . 3)
1 2

(2 _ & B ﬁ 5 Z 2B1a;0;5 — Gz(li) S(l) n Ble(j) - /BOGEJ-) (B.14)

i 260 2/2 2680(2+a; —a;) % " 2B82(2+a; —aj)’ '
§O) _ B 25152 P Z 2 (Bof2 — BY) aibix + 51le ﬂoGEz) g

" 36 368 350 K 263(3 + a; — a;) &

281405 — GV 2 (5052 - 51) Dy Bob1G;; @ 53@'?)

*Zzﬁouaz—a) ki ﬁ(3+az o) (B15)
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The evolution matrices U1 can already be read off from the above equations, cutting
the higher order terms. For U2?) we simplify the matrix kernels S(3) at first. Therefore,
one obtains

GZ(JI) = 251(1@'(51']' — Qﬁo(l —+a; — a])Sl(jl) , (B.16)
(2
@ _ Ltai—ar (g _ Prgmys ) _ G B.1
S = 5w+22+a2_% (Szk S T sis; ) i Ta ey B
giving
Gz(2) = 2520,1'(51']' — 250(2 +a; —a )57,(]2)
+ 21+ ai—ar) (BoSYSLY - BiSd) - (B.18)
k
Finally, we find
@ _ P s N~1ltai—a
SU 3080 4i%j Z 3+ a; — a;
x <S§,§’S,§}>S§j) gl S S 6 — S5 S 6 + %Si(].l)ajkékl)
(3)
2+a;—ag (L2 B G
STH TR (g Plg2 (5 — . B.19
+§3+ai—aj(““ ki By Y 2ﬁ0(3+ai—aj) ( )

Note that the eigenvalues given by eq. (B.9) obtained for the running pw — g and
1y — pie, for the ADM given in the next appendix, do not give rise to singularities of the
matrix kernels of eqgs. (B.13, B.17, B.19). Finally, to complement the discussion about
light quark masses in section 2.3, we add that the RGE needs to be modified for non-
vanishing light quark masses, that is within a mass-dependent renormalization scheme,
see e.g. [280].

B.2. Anomalous dimension matrix

On the following pages we provide the ADM for the operators defined in section 2.2 and
which is utilized for the solution of the RGE as derived in the previous appendix. The
ADM at NNLO QCD can partly be extracted from [51, 55, 281, 282]. The missing parts
are given in [2] in the basis for effective Wilson coefficients, thus we provide complemen-
tary information here. The ADM for the mixing of the penguin operators into the dipole
operators at NNNLO QCD can be found in [282].

In the following, ¢, = 2/3 and ¢4 = —1/3 denote the up- and down-type quark charges,
respectively, in units of the proton charge. Furthermore, § = ny ¢, + nqqq, where n;
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depend on the range of the evolution, i.e. ny =5, n, = 2 and ng = 3 for p, < p < pw,
and ny = 4, n, = 2 and ng = 2 for p. < p < . With appropriate changes of these
parameters the ADM relevant in b decays can be regained. We use the expansion of the
ADM given by eq. (B.6) and we decompose the ADM in block as

(71,2)2x2  (13=6)2xa  (17.8)2x2  (79)2x1 O2x1
Oax2  (13-6)axa (v78)ax2 (19)ax1  Oaxa

Y= O2x2 0254 (v7.8)2x2  Oa2x1 021 : (B.20)
O1x2 O1x4 Oix2 (M9)ix1 Orx1
O1x2 01x4 O1x2 O1x1 (710)1x1

where the labels represent the corresponding columns, and the dimension of the matrices
are indicated. With the decomposition into blocks the evaluation of subsets of Wilson
coefficients is readily obtained, e.g. for C12(uw ). Terms o< fij(ny) emerge due to the
factor a; in the definitions of the corresponding operators, i.e. for Pr_1g.

Specifically,

(véi))1x1 = (’Yﬁ)))lxl = —2Bi(ny). (B.21)

The other blocks are given as unified matrices for the respective columns, where we omit
the zeros in eq. (B.20). The LO ADM reads

o_ [ 3
T2 = ) (B.22)
12 0
0 ~2 0 0
0 : 0 0
0 -2 0 2
7:(’,0—)6 - 40 160 i 4 4 5 |7 (B.23)
9 "9 T3 9 %
0 -8 0 20
256 544 40 40 2
9 T T3 9 T3
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0 0

0 0

0 0

0 0

0 0

0 0

£ —269(ny) 0

2 B —28y(ny)
— 44
—34d
%go) _ —861:; Sau
— 9 qu
—807 — 152q,

—52qy

, (B.24)

(B.25)

Note that the LO ADM is independent of specific renormalization schemes as long as it
is a mass independent renormalization scheme, as used in this thesis. The NLO ADM is

given by

1
75(’>26 =

1
%

)

1412
243

_ 416
81

4468
31

13678 368

243

244480
81

77600 1264

243

160

2

+ [T s

]1 Uf

o nf

—1P+gny —26+ g (B.26)
45+ Lp - '
3 f 3
__ 1369 134 _ 35
243 243 162
1280 56 35
81 81 27
29129 52 400 3493 2
~T81 —onf 81 108  9"'f
M
79409 |, 1334 509 8 13499 5
—oa3 78T N 186 — 81U 648 27Uf
29648 _ 2200 23116 | 16 3886 |, 148
TSt oW Tst Ton or T
28808 | 164 20324 | 400 21211 |, 622
—Sa TR Tt e o

(B.27)
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167
162

76
27
368
27

680 32 427 37

(ST - 27"1‘) 81 — 54t

T8 = 6464 ’

_%Qd + %Qu
8qa — %QU

64
_ﬁQU

(B.28)

487 + (20096 320

27 ”f) Qu

8192 + 361

6040 220

+ 57y

0

(55 - i) .

136
27 4d

128
9

Fa+ (-

For each column, the NNLO ADM reads

307 |, 361

475 + 362

3

—32q +

—3207 +
608 + (22784

_19227 + 257nf+ 40 2

20
o+ gy — Pnt -

40
1298 76

199 _ 20— 28, (ny)

1456 _
9

176
— 2439u

4160
81 QU

784
243 T 8L 1f) 4

58112
81 qu

4288
243 T 81 1

+ (224

544 )

1) du

-

61 f _ 251(”}")

+ 160 nf) C3

(1344 + 160n;) (3

ny) G

O p — 224¢3

(B.29)

(B.30)

(B.31)
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-

2
=

269107 2288 1360
13122~ 729 "M T 781
S+ i+
42201380;38 + 1421%2” 608 608 -
58675561184 + 2;{222 ny -+ 472"f + (27520 + %nf) Gs
_1942915817552 + 352(1372 ny — 2144 2 7040<

162733912 _ 2535466 7 4 17920 2 4 (174208 4 12160

6561 2187

243 f 9

2425817 | 30815, 776 ¢
13122 " 4374 3
1457549 22067, 2768
8748 729 'Vf 27
18422762 | 888605, 272 2y (39824
— 2187 T 2016 Z 2+ (557 +160ny) G
70274587 |, 8860733, . 4010,.2 16592 | 2512
— 3122t 17496 729 ”f+( o7 ”f) G
130500332 _ 2949616 3088, 2 238016
— e — Paggong + Snd + (B350 + 640ny) G
13286236 _ 1826023 159548 2 24832 9440
6561 4374 'Vf T T729 My T ( + 57 ”f) G
343783 |, 392 124
~5oass 20t t 51 G
_ 37889 _ 28 248 28,
8748 243M 3
674281 _ 1352 496 496,
4374 243 M 3
2951809 _ 31175 52, 2 3154 136
52488 8748 'Mf T si'tf ( +450ny) G
14732222 27428 272 2 13984
o7 81 MW T RN T Tar
22191107 | 395783~ 1720 .2 33832 | 1360
— 3122 T @ 243 " T ( si. T 79 ”f) G
37573 100
—5a0s1 + grans + 9rGs
366919 35 110
1664 — 1627%f — 9 3
9284531 _ 2798 26, 2 1921
11664 81 M T oty (¥ +20ny) G
3227801 _ 105293 65 2 200 220
T8748 T 11664 sty — (=27 550 ny) G
16521659 , 8081, 316, 2 22420
2016 T 54 W — 27 Ny — ( +200”f) G3
32043361 | 3353393 533 2 9248 1120
—Tg7as T Tossa M T R VF T ( + f) G

ny) G

(B.32)

(B.33)

(B.34)

(B.35)
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374 2 742 64
( i ) (729 729”f) Gu
4. 13300 , 128
( —on )q ( 213 T 245”)“) qu
12, _ (119456 _ 3632
_T 243 243 Uf ) Qu
140 -~ 02990 5548 32
7(2) _ —9 4+ "o 29 NVf — 243”f> Qu
7 - 9
136 ~ 530240 46912
- 3 q-— ( 243 ”f) Gu
1136 1112344 327424 896 2
- (550 + %)+ ( 243 729 'Uf T 243M f) Tu
307448 23776 352, 2 1856 1280
81 8l T ( + ”f) (3 — 2B2(ny)
1600 ~ 159872 17108, 352, 2 640 ~ (1856 1280
_27Q+< 81 81 nf>qu—i—(9q (° + ny) qu) Cs
(B.36)
25759 |, 431
5832 T 5e3a’lf
9733 917
486 — 972
82873 _ 3361
243 243
__ 570773 _ 40091, 253 .2
3 , .
838684 |, 120074
81 T 213 NMf 14”f
_ 923522 _ 13247 6031 2
243 1458 486 'Vf
0
268807 _ 4343 461 2 28624 |, 1312 B
T8l 27 T e ( 27 T 79 nf) (3 — 2B2(ny)
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and for each component,

(2. 536 (14999 3152 72560 1120
(%9 )1:77q— (81_% f>Qd— ((55(51+21537nf>q
352 640
- (QQd - = > 3,
@, 224 (820 184 333688 2240
(9™)2 = =574 (27_81 f) ( 2187 +729”f)
128 1280
+ <—3Qd + —= 57 > 3,
(153 = - <26936 - 1;6f) i+ (15221481704 - ‘fgggnf) Gt (128q+ 22576q> G,
@ 1200 32\ _ 1535926 159620 608 ,
(g )a = (27 9" f) <_ 6561 2187 729" )q“
160 /5056 1280
+ <3Q+ <81+27n >Qu> G,
(7)5 = <46352 + 29912nf> g+ <31;Li’z$00 + 1?284@) qu + <1280q + 4096%) s
@ 47624 1312\ _ [ 48510784 3516560 15872
(9" )s = (27 o " ) <_ 6561 2187 T 729”f>
+ <—5;2q_+ (8%81% + 12287()0nf> qu> (3. (B.38)

Additionally, at NNNLO the ADM encoding the mixing of P;_g into P;g is given by
[282],

3695 _ < 9731 11045 316 2) (23465621 185708
pumy d_

136 17\ 162 T a0 T 720" 354204 59049

L 560 LY\ (100 (25508 64 106088 | 728 :
560 _ 100 25508 64 _ 728
6561 )1 97 ¢ g1 81f)% 2187 243" ) du ) 53>

(), = 309, (B5TAS B0 632 ) (43058455 G3TTM
2= gt 27 243 "W T 93" ) U 59049 19683 7

1120 5\ (200 (51282 1024 L (32082 1168 :
_ 1120 200 (51232 1024 32032 | 1168
2187 ) g ¢ 27 o7 M) dd 729 81 u | 535

(3)) (21839 8 >_ <42052856() 13527449 1952 2>
3= -

g1 27 50049 19683 ' 21877 )¢

L (48,64 N (600136 4784 :
3 9] 729 81 Qu | 535
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@ 40393 305 \ (1566264949 43414337 570520 ,
(077 = (_972+27”f> < 177147 59049 Y T 19683
L84 G\ (2710 200\ (1677680 65320 1280 ,
2187/ )T o7 27 1)1 o187 | 720 /T gy )M
X (3,
@) 765694 10672\ _ /8910264032 49924856 14944
(7 )5:_( Y "f> _( 50040 19683 T 243 "f)
12080 640 \ _ (80487616 109792 128 ,
+<_<9+9"f>q_< 729 8l "f+9”f>q“>g3’
@) 3098201 130538 592 ,\ (27503551444 979809110
(7 )6:( 243 81 _81”f> < 177147 59049
9016384 , N 1M56nS> (_ (332152 N 1136 ) _
19683 1 T 2187 ' )T 27 o7
- <16;?:;68 . 125;2296nf - 1283120 2) qu> “. (.39
and
) GUTSOLS _ L1196K03 1955 , (950774 | 10381
081 =~ Sg3mm50. ~ 472302 " 661" < 2187 | 486 " ><3’

(), - 1TOAMST 6180527 2480 , (588TT9 1679

(872 = =300~ 7s73a " T 2is7" < 729 )43’

(), _ 2407231267 163003183 27313 , 2425642 2020 20

0873 = —536196 ~ ~ raozs Wt amma U < A ”f> 6
@) 7940239169 227708063 2176469 , 505 .

O8™)1 =~ 531352 T Tssones " T inracs U T 13’

BRI 208123 920 Y
2187 729 T g )88

3. 16262270803 84893785 273358 , 148
Os7)s = 59019 1o6s3 W T 243 M T or '
84597232 1166876 5080
_< 729 8l ”f+”f>C3’

( (3)) _ 82670094587 n 3364425683n _ 31543895n2 B 3988n3
T8 )6 = 708588 472392 7 78732 1 2187/
( 37712140 542128 350 )(

— 3.

ny+ (B.40)

2187 729 ]
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C. Distributions and observables

In the following appendices several distributions and observables used throughout the
thesis are provided. Only the ones for radiative decays are given in the main text, see
sections 3.1.1, 3.3 and 4.5. For the definition of the Lagrangian, see the beginning of
chapter 3.

C.1. Inclusive D — X,ll decays

The inclusive ¢? distribution, where ¢* = (p. — pu)* = (p+ + p_)*, for ¢ — ull induced
decays, as studied in section 3.1, can be obtained to leading order in the HQE [283, 284|

as
2
dq2 7687-‘-5 m2 q2 m2 2 q2

c Cc c

2 2 my m; 2
x (|Col* + |C10l*) + (1 + 2q2> (4 <2qQC + 1) |C7|” + 12Re [C’7C§‘]>

m2

+6—5 (|Col? — !Cw\z)} ; (C.1)
mC

where (2m;)? < ¢®> < m?, and the up quark mass is neglected.

The distribution stemming from additional operators, beyond the SM ones, can be
found in [283, 284|. The ¢ — (d, s)ly; distribution for massless leptons can be recovered
for Cg = —C19o =1/2, C7 =0 and a./(47) — Vs

Corrections to the matrix elements of the operators Q7910 at NLO QCD can be
incorporated following [79] (and references therein). They can compactly be absorbed in
the Wilson coefficients as

Ci— Ci (14 Zai(q?/m?)) , RelGiC;] = RelCiCy) (1+ ) (@ /m2)) . (C2)

Here
o7(p) =~ Lialp] — St phnfl — g — 22* ~ [l — g — (1~ p) mf1 — p] + ¢
4l
3 me2’
00(p) = —=Lislp] — 2Inplnfl — o] — 2n% —In1 — o] — (1 - p)Infl — p] + 5, (C.3)
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where 019 = 09 due to parity invariance of QCD. Furthermore, for massless leptons

My 2 T 6p(2 —2p — p?) 11— 7p — 10p?
Wy A (o e 3L+ p)(1—2p) 3(1—3p?
0 =~y (20— =+ PR 200

(1) 4(1 — p)? | 4p(3 — 2p) 2(5—3p)

==, ml-s- Inp— 4
where 71010 = 799, and
T(l)(p):j 1 _9(6_7P)1np_(3—7p+4p2)1n[1—p]+ 1
o 2 3(1-3p)  3(1-p)? 9p 18(1 — p)?

x [24 (1 + 13p — 4p?) Lis[/p] + 12 (1 — 17p + 6p?) Lis[p] + 6p(6 — 7p) Inp
+24(1 — p)*InpIn[l — p] + 12 (=13 + 16p — 3p%) (In[1 — /p] — In[1 — p])
+ 39 — 277 + 252p — 267 p + 21p? + 87°p® — 180/p — 132p\/p] ,

ré}%(p) _ 5 N 1L p6=Tp)lnp 2(3-5p+2p*)In[l —p] 1

2 3(1-p)  3(1-p)? 9p 18(1 - p)?

x [48p(—5 + 2p)Lia[y/p] + 24 (—1 + 7p — 3p?) Lia[p] + 6p(—6 + 7p) In p
—24(1 = p)?’Inpnfl — p] + 24 (5 — 7p + 2p*) (In[1 — /p] — In[1 — p])
— 21 — 156p + 20m%p + 9p? — 872 p* + 120/p + 48p\/p] - (C.5)

The logarithm in o7 stems from infrared singularities. We neglect finite bremsstrahlung
corrections not related to matrix elements of Q7.9 10 ® Q7,9,10. They are estimated to be
at the percent level in b decays [285]. The NNLO QCD correction, normalized to the
tree level matrix element, can be obtained from [286], yielding

as\?2 (2
Collaz = 1C? (32) 743 (a2 /mi2) . (C.6)
Here
@), \ 1 [2 2 3 4 5
74 (p) = ~ (2.854 — 0.665p — 0.109p° — 8.572p° + 5.561p" + 0.931
w () = T T o) 3 ( p p p p P°)

2
X fi + g( — 0.063615 + 0.098146p + 0.144642p° — 0.307331p> + 0.107417p*

16
+0.020707p°) fr, + 3(3‘575 — 2.867p + 2.241p> — 12.027p> + 11.564p*

— 2.489p°) + 4( — 8.151 + 2.990p — 3.537p? + 36.561p> — 42.275p" + 23.899°

— 9.494,)6)} , (C.7)
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where f; = 3 and f;, = 1 denote the numbers of light and heavy flavors, respectively.
This approximative expression is exact within less than one percent compared to the
analytic function for any value of p.

As in the case of radiative decays we normalize the distribution with respect the
semileptonic decay width to reduce parametric uncertainties. For massless leptons, to
leading order in the HQE, and NNLO in QCD it is [287]

2.3
eaonr = gy 3 Vil (Xotom/me) + 22 g
m q€{d,s} i

+ ((j:>2Xg(mq/mc)> . (C.8)
Here
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526 152
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112 32 5 16
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64 1216 32 344 28 1564
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40 2116987 64 85 § , 1198
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24l p>p o p]fl+3[ 576 3% 216" T (37T 45 >p

156001877 11 186689 20 L (189825233
ZODIURONL 22 4, — i 1 207089499
( 2116800 18" 0463 < W) n”)p *

2520 3 7144200
52 5 181627, 16, N o (629309 419 o (4741
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27 14175 P 5 M P)P T\ 1403325 T 30T 72 9072
1, . 16 11047 223 515 , 53 , 67
“x2)1 D o) [ 22 0002 20y D0
+9”>np>p}f"+<9 >[2592 R TR R T
497 , 2089 ) 121 o\ o (752
e Y L 86Cs — 8n21n2 4 ot — 1051np — 361 o2
(1087r g 1866 —8m 24 oo np =St fpm g
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19459 71 40
—8r2In?2 —4In*2 — 144103 p — (18 + 5”2 — 246¢3 + 6072 In2 — 3#4)

44
67448 776 >7T2p5

4
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3635 833 86 469304 1376
— < + 1363 — 7r2) lnp) P + ( — 4+ — lnp> 7T2p7:| +4
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29 Dy Lo 2 o8 e P09 g
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2044 1136 124 8947 103 , 2
2 _ n92 — 1 2.3 2 a2 241900
Xp+<9 g neT g 52 12" Tap" 72006

705 . 100 1049 161 10 271
58024 1136 292 > 25, (269297 2303 ,
- e

163 p|pt + [ 2 — =22 - =01
* np}p+<225 3 7T 15 1296 216
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X(d) _ | - == e 2 Y2 21 2.2 2 “ln2 - ==
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With the above expressions the branching ratio is given as

dBp_x,u _ B(D — X(d,s)l’/) dleun
dq2 1_‘c%(d,s)lu dq2 ’

(C.12)

where B(D — X(q)lv) is taken from measurements, see appendix A.

Next, we include the leading power corrections. For massless leptons they can be
adopted from [103, 288|,

dBp_x,i 3X B(D — X(g4lv) G% 2 q? s
(51/m2 2 - 2 5 1 72 + 10 72
¢ dq 2mc Fc—>(d,s)ll/ 76871' ¢

2
x (|Cy|* +|Chol*) — 4 ( < > ) |C7|? —4<5+6q2
mC

(&) o] )

2 m2 m2 . .
(2)‘71% — %%%%)Fcﬁ(dﬁ)w is included and for a heavy charm

quark h, with velocity v

Here 61/mg Fc—)(d,s)lu =

1 (D‘nggquwhv|D> _ (m*D)2 - mp
2mp 4
g(p) =3 —8p+ 24p% — 24p° +5p* + 12p*Inp. (C.15)

Ay = , (C.14)

(=]

The normalization to the semileptonic decay width reduces uncertainties due to power
corrections. In fact, AQCD corrections and the multiplicative kinetic matrix element

A1 = (D|h,(iD)?h, ]D)/(Qmp) are canceled due to the normalization. In principle, one
can include (AQCD)3 corrections, analogue to |79]. However, these corrections give rise

to additional matrlx elements.

For the phenomenological analysis, the above expressions will be expanded consistently
to O(as/(47))?, including the expansion of the Wilson coefficients. Furthermore, as the
above expressions are given for zero lepton masses, m; = 0 will be used in eq. (C.1). To
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estimate the effect of non-vanishing lepton masses, a non-zero mass can be retained by
replacing eq. (C.4) with

1 1 1
7 (p) = 7 () ——— |
1— (27”21)
q
12 12 1+2p
ngg )(P) — 7'59 )(p) m2 m2 2my)2
(1+2p+4q—4p+2q—2l) 1-
1 1 14+ 2p
7'1(0)10(/)) - 7'1(0)10(/)) <1 5 8m? 2m?) 1 _ @m)? ’
+20 =8 p+ 25 )\ 1 -5
1 1 1
77(9)(,0) — 77(9)([))1(27711)2 : (C.16)
- &

We still neglect lepton masses in terms ~ (’)((A%%)Q).
The lepton forward-backward asymmetry, normalized to ¢ — (d, s)lv decays, can be
obtained from [283]. For massless leptons is given by

2
App = B(D — X(d’s)llj) G%azmg’ (_3) 1- qu
FC*}(d,S)ll/ 76875 mg
2
x (T(iQRe[Cg)CfO] +2Re[C7Cik0]) . (C.17)

The leading power corrections can be adopted from [103], reading

dA 3Ny [B(D — X(44)lv) GZa2m? [ ¢ 2 2\?
512 FB _ 922 ( (d,5) V) Ghagm; 4 (g4l _15( L
¢ dg? 2m?2 Loy (d,s)iv 7687>  \ m?2 m2 m2

C

2 2\ 2
* q q *
X Re[Cgc’lo} + 2 (7 + 10@ — 9 <7’ng> ) RG[C7010]>

c

>
g(m?2/m2) dAFB] 4\ mZ dArp (C.18)

XoGmifm) dg® | 7 3mE (| _ 2 )P da?

mZ

Here we neglect finite bremsstrahlung corrections not related to Q7,910 ® Q7,9,10, which
constitute less than one percent in b decays [289]. The energy asymmetry turned out to
be an equivalent observable [288|.
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The lepton left-right asymmetry, normalized to ¢ — (d, s)lv decays, can be obtained
by the replacements Cy — Cé:/R = (Cy F C19)/2, C1o — C’{“O/R = (C10 F C9)/2 and
|C7[* = |C7|?/2 in eq. (C.1). We obtain for massless leptons

B(D — X(d75)ll/) G%azmg’ q2 2
ALR = —F 76875\ m2
c—(d,s)lv c
2
v (_2 (1 + 2#) Re[CoCly] — 12Re[c7c;0]) . (C.19)

The leading power corrections are given in [103] as

A B(D — X4 9lv) GZa2m3 2\? 23
1 Ll _ 32 ( o) Graeme (o (445 (TN g (L
¢ dg? 2m?2 Losds)iv 76875 m2 m2

c

2 2\ 2
* q q *
X Re[Cgclo] +4 (5 + 6@ -7 <,rn2> ) Re[C7Clo]>

(& (&

g(m2/m?) dALR] _

Xo(m2jm?) dg? (020

Here finite bremsstrahlung corrections not related to Q7,910 ® Q7,910 vanish.
The lepton longitudinal and normal polarization asymmetries of I* are obtained from
[284]. They are given as

dpP; 4, 2 Amj
Frl +meu(g )1 - 2
2 4 2(,2
q ] q u”(q) .
1-— 1—-——— 21
x Re [8 ( m%) CrCio + < md  3mi(1 — 4ml2/q2)> 09010] (©.21)
and
dP:t 2
SN o M 202y 1[040, (C.22)

de ~

The defining angle is the one between the momentum of the charm quark and the mo-
mentum of the negatively charged lepton in the dilepton center of mass frame and

4m12

u(g?) = (m2 — ¢*)*y |1 - 7 (C.23)

We neglect electromagnetic interactions between the leptons. The distribution due to
additional operators can also be obtained from [284].
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The lepton transverse polarization asymmetries of I* are given by [284] as

dp% _ E mlmg u2( 2)
W2 am )
m(2: * * *
X (16(]2|C7|2 + Re[40709 :F 207010 - Cgcw]) . (024)

C.2. The decay D — Pl

In this appendix we derive the distribution for the decay of a pseudoscalar into a lighter
pseudoscalar and a lepton pair, i.e. for D — P, which is analyzed in section 3.2 and
chapter 4. Along we introduce form factors and observables.

In the D meson rest frame, the distribution can be written as

1 2 dgpP d3p+ d3p_ 4
(%)
- 2nw(%)s)dm, (C.25)

where we separate the amplitude A, and the factorized phase space

d*q d*pp d*py d®p_
dPS = d¢?s —q— — 0g—pr —p_)————. C.26
q°0(pp — q pp)2Eq op, 4P+ =P )2E+ 5E (C.26)
Firstly, we work out the phase space.
Keeping in mind that an integration is performed, we can write

d3p

s — Aot —mi) (C.27)
+

which is implicitly multiplied by 9(p9r). It follows that, again by means of integration,

d3py  S(cos ¢ — cos ¢*) 2E,E_ — ¢*
6(q —p+ —p-) : cos ¢ = Tt (C.28)
" 2E,4 2lgllp-| 2[pg|Ip-|
where ¢ is the angle between the momenta ¢ and p_. We obtain
d3p_
2;_ = nlp_|dE_ dcos . (C.29)

Analogously,

dBpp (B, - E}) m% —m% + ¢>
§ o q E* — D P )
(pp —q —pp) TR — T omp (C.30)
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give
— = 2m|q| dE;. (C.31)

Combining these expression we can write the phase space as

2
dg*dE_ . (C.32)
D

™

PS =
dSQm

We define [290]

u=(pp —p-)* — (pp — p+)? = —u(g?) cosb, (C.33)

where 6 is the angle between the momentum of the positively charged lepton and the D
meson in the dilepton center of mass frame. With this definition we obtain

— u(q2) <u< u(q2) ) u(q2) = \/)\(m2D, m%;,qQ)ﬁl , (C.34)

/ 2
Ma, b, c) = a® + b* + ¢* — 2ab — 2ac — 2bc, B =14/1— 4m—2l i (C.35)
q

It follows that, in the D meson rest frame,

where

1
dE_ = ——du. .
o u (C.36)

The pseudoscalar distribution is thus given as

T (AP
dg?du  512w3m3,

(C.37)

To calculate the amplitude we restrict ourselves, at first, to the SM operator basis,
see the beginning of chapter 3. We factorize the leptonic and hadronic currents in the
amplitude as

idlsy = (UPIHIE™ sm| D)

__2rac (o me | 2eiqy "
o V2 4m <C7 e [ PE L(p+)vul(p-)| (P|7"|D)

1 Co [(p )l (p)] (131D} + Cro [I(p )15l )] <P|j“|D>) R
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where the currents are defined by
(P[j*|D) = (Pluy*(1 = v5)elD),  (P|j*|D) = (Pluc" (1 + y5)c|D).  (C.39)

Note that the vector current in eq. (C.39) is conserved, which implies that its anomalous
dimension is zero. Furthermore, the hadronic axialvector current vanishes as the D meson
is parity odd.

Concerning the hadronic matrix elements we utilize the Lorentz structure and parity
invariance of QCD to parametrize them in terms of the form factors fi o7 as

2 2 2 2

(P(pp)|@r*e|D(pp)) = f1(d?) (pﬂ = q;W) Rl =P e, (CA0)
(P(pp)|ac™ (1 £75)c|D(pp)) = ifr(a®)(p"q” — ¢"p” £ ie""* pyqs) . (C.41)

Here ¢/ = (pp — pp)" = (p+ +p-)" and p" = (pp + pp)".
The amplitude follows as

GFQE[

2V/2r

—iAlsm = (c}f’y“ + cﬁ'y“%) l, (C.42)

where
v 2 .2 m? — m?
cp = (Coft + 2Crme fr) (pu - quu) + C9fquu,
m2 2 M2 m2
Cf} =Ciof+ (Pu - D(]2Pqu> + C1ofo%qu- (C.43)

We sum over the spin of the leptons to find for TH € {y#, y# 5}

(F95) ety = 3 @it (b, )+ )]

i,j=V,A
=—4 (}CVIQ - ‘CA}Q) ml2 —4 (’cV‘Q + }CA’2) (py -p_)
+ 8Re [cl‘j (cv)z + c,’j (cA)lj P, (C.44)

where (cv)p (cA*)oepgu,,pip’i = 0, hence the pseudotensor current vanishes. Writing
the scalar products as py -p_ = ¢%/2 — ml2, q-pt = ¢*/2, p* = 2m% + 2m% — ¢%, and

p-ps = (Mm% —m% £ u)/2, finally, we obtain the SM differential distribution

G%ag -1 d2F|SM
204875m3, dg?du

= ((ICol* + |C10l?) | f+I? + 4C7 ?| fr[*m?
+ 4Re [C7C§ frf+]me) (M(m}), mp, ¢%) — u?) + |C1ol?

2 4m?
x (1 PA D s ) ol (mh —mi)*) <5 (C45)
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in agreement with the result in [290]. Here the form factors are taken to be real.
Next we include all dimension six operators. The required matrix elements are related
to the ones defined by eqs. (C.40, C.41) by the EOM, yielding

m2 _m2
(P(pp)lac| D(pp)) = ——(P(pp)|ay"elDipp)) = foL—"L  (C.46)

c — My c — My

where hadronic pseudoscalar currents vanish by parity arguments. Writing

¥ = (Cs+cé)fonm, c’ = (CP+Cﬁ)fom7
chy = Cr fr(ppay — qupv) , ¢ty = Crs fr(pudy — qupy) (C.47)
the amplitude reads
—iA = GFael_(... + ¢+ cPys 4+ L A+ CTS’)/'U‘V’)/{)) l, (C.48)
o i 1

where the ellipses represent the SM amplitude (C.42). Calculating the traces, we obtain
forT'e{....,1,v5,0", 0" ~5} and I € {..., 1, =5, 0", —c""~5}

(7)) - o m i, - m o+

+4|cs\ (s - p——md) +4[c"|” by - p— +m})
+8Re c (CV)Z] ( p,) my + 8Re |:CP (c )#} (pJr —I—p’i) m
+ 8Re CS (CT):V +cF (cT5*> ] (ip” — ")
72
+ 8Re cl‘f (CT) p} ( (p+ +pZ ) - gt (pi +pg)) m
-wmpﬁgwgw (W 1) — " (0 — ")) m
(c

o i (7)) (6" (9" - = = P07 + P70
—g" (¢"Pp+ - p— — P + 000" ) + g7 (Pp” + pTpt)

—g"7 (P +pipt))
4

(C o ("), —ch (CTE’)ZU) (9" 9" — " g"")m} (C.49)
since
0= % ()™ pupat 07 = & ()™ uugorip? = ()" ()" eur (0, +17)

= ()" (") eupo (05 — %) - (C.50)
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Finally, the full differential distribution follows as

G%O‘Q -oar? 22 2 2 2 2 (m%) - m%;)2
¢ - . —4 \Mp 7 Mp)
<20487r5m3D> dq2du +(ICsl* (g m;) +|Cp[*¢*) | fol (e — ma)?
+ 8Re [C5 (Co f+ + 2C7 frme) fr] A(mB, mp, ¢*)my
2 . 2)\2
+ 4Re [C10C3) | f0|2Mml
Me — My,
+16|Cr?| fr* M(m, mp, ¢*)mi
m2. — m2
+4Re [(CsCF + CpCis) frfo] —2—L¢u
Me — My,
2 9
+4Re [C (Cof +2Crmefr) fol 2" Ly
+ 8Re [0100%5]07“]00] (m% — m%) mpu
+4(ICr* + |Crs?) | frlPg*u?, (C.51)

where the ellipsis represent the SM distribution of eq. (C.45)- Here and in the following,
for simplicity, Cym. — (Cym. + C%my,), and Co 105 — (Co10,5p + Cﬁl),lO,S,P) since
hadronic axialvector currents vanish. With appropriate changes in the definitions of fr
and 6, the distribution is agreement with the result in [96]. Lepton dependence can
be implemented by the replacements C; — C’i(l), where ¢ # 7. The CP conjugated
distribution is given by the replacements V;Vig — VegVy, and u — —u. We use my, =0
in the following.
Integrating v gives the ¢? spectrum

ar  GiLa?

2
= e (S ((|Co)? + |Crol?) 2+ 4O fFEm?2 + ARe[CrC3) fr frme
dg¢? 10247r5m§5<3(( ) /2 r o )

2m2 9 4m2
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2( 2 2 2 2 2(m%—m%)2
+ (ICsI? (¢ —4m}) + |Cp*¢) fo——5——

4 4m2
t3 (ICrP + |Crs[?) 2> Mm, mp, ¢*) ( - q2l>
+ 8Re[(Cy f+ + 2C7 frme)Cr] frA(mb, mp, ¢*)my
5 (m}) —m3)

+ 4Re[C10Cp ff ————F—my

C

4m?2
n 16|0T\2f%x<m%,m%,q2>m%) \/A(m%,m%,cﬂ) ( _ q;) , (C.52)
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in agreement with the result in [1], for appropriate changes in the definitions of fr and
0.

The differential lepton forward-backward asymmetry is defined as the asymmetry be-
tween the forward minus backward flying ™ in the dilepton center of mass frame relative
to the recoiling P, i.e.

dApg /0 d2r /W) 421
d — du———. C.53
dg? X —u(q?) udq2du 0 udq2du ( )

Here and in the following, the proportionality holds up to the normalization, which will
be specified wherever needed. We obtain for Dt — P[]

m2 — m2
|~ 4[Rel(C5Ci + CrCi) fo i) "o

C

dAFB G’%a
dg? > 204875m,

2 2
mp—mp

+ Re [C5 (Co f4 + 2C7 frme) fo] DTml

C

2
+2Re [CuaCia ol (o — s) ma| Nomb i) (1= 250) | c5

Under CP conjugation the forward-backward asymmetry changes its sign.

A combined observable is the lepton forward-backward CP asymmetry defined as

dASE

- oc ARLoPHL L gD P (C.55)
q

The “flat” term is defined as

F dg?
H OCZ/ a dq2d0089

In the approximation of vanishing lepton masses we obtain

(C.56)

cos?t f

212
m m
<(|CS|2 +(Cr| )|fo|2(DmP)q2 A(mb, mp, %)

c

G%a
204875m

3
+4(|Cr]? +Crs %) | frPd*\/ A(m%, m%, ¢2) ) +O(my) . (C.57)

Fg
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Note that the lepton flavor ratio Bp_, p+,,~ /Bp— pete~ and the flat term Fyy are related
[96]. The lepton flavor ratio restricted to the SM operator basis at high ¢? follows from
kinematics as

8 m? 2
=g [\01012 (=174 220mh, mb, %) + | fol? (m, — mp)?)
M

X A2, md, q2>]

BD—>P,u+,u*

BD—>Pe+e*

/ [ ((ICo? + |C10?) | £+ % + 4ICx | f>m? + 4Re [C-C fr £ 4] me)

m2 2
xA3/2(m%,m§),q2)]+o <q2"> : (C.58)

We use a zero electron mass and will integrate the numerator and the denominator
separately.
The resonant catalyzed CP asymmetry is [1]

dAcp _ dBD-kHPﬂl _ dBD‘*)P_ll
dq? dq? dg?

1 Gha? m? m?
— e N3 (m2,m%,¢?) (1 —4—L ) (1+2-L
T'p 38475m3, (. M- @°) q* i

x (Im[vg;vud<vcsv55>11m[cdcz1 B[V Va(5Cs + 5Ch) Tmfeal £+

+ Im[VEV,s(6Cy + 5C§)*}Im[cs]f+> , (C.59)
where
AT off(d) I+ AT eff(s) o fr
= _"9C .+ CP .= —2C .+ C, , C.60
Qs 7 me —+ 9‘/02‘/“6[ ) C Qs 7 me + 9 ‘/cz‘/"us ( )

and (6Cy + 0CY) correspond to possible BSM contributions. The SM contribution C’Sﬂ
is omitted to avoid double counting. Compared with [126] effects of the p resonance and

505/) are included. In turn [126] considers BSM effects due to Cr.
C.3. Exclusive (semi-)leptonic decays

Here we provide distributions and observables of other exclusive (semi-)leptonic decays
for section 3.4.
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The branching ratio for D® — 1~ reads [96]

2 2.5 2
Bpooysy. = CECMD0f0 [} Ami
64731 po m2,
4m2\ |Cg—CLI1? |Cp—C% 2 2
: (1‘7?> S S| |ZED R SO0 - Cfg)| ) - (C61)
Mo Me + My, Me + My, mDO

Here the only non-perturbative parameter is the decay constant fp.
For D*® — [*]~ the total width can be written as [175]

me fg*o
Cg + 2
mD*O fD*O

2

2,2
G 002, (C.62)

2
= M Hs0] p+0
967‘1’3 D fD

Cr

where the lepton and up quark masses are neglected. We use I'p.o >~ 6 x 107° GeV,
fg*o ~ fr«o and fp.o >~ 0.242 GeV [175].

The distribution for the dineutrino decay D — Pvppy, is obtained from eq. (C.45)
by the replacements m; — 0, C7 — 0 and C19 = —Cy. Note that the amplitude fac-
torizes on the full ¢? range as neutrinos do not couple strongly nor electromagnetically.
Furthermore, neutrino flavors are summed as they are not detectable in experiments.

We obtain the distribution for D — Pep analogue to the one for D — Pll, see the
previous appendix. The starting point is eq. (C.37). We neglect the electron mass and
write the scalar products as p; -p_ = ¢>/2— (mJr +m2)/2, q-p+ = ¢*/2+£(my —m_)/2,
and p-py = (m3 —mb £ u)/2 — (m2 —m?2)/2+ (m% —m2)/2. It follows that the
differential distribution is given by

Gra2 N\ dTpiprer,s 5 ) )
= ¢ — K K )\ 2 2 2 o 2
<20487T5m3 > d2du (1Kol* + [K1o?) |f+]? (A(mp,mp, ¢°) — u?)

( % m%)2 2
(me mu)
+4(|Kr* + |K1s?) | frlPq 2 u?

+ (IKs|* + | Kp[?) | fol?

mp — m% 2
+ 4Re [(Ks KT + KpKrs) fr fol q u
C
2 (M — m?a)Q
+ 2Re [:l:KgKS + Kngp] ‘f()’ my
Me — My,
+ 4Re [(Ko KT & K10K75) frf+] (mDa mp, q2)m#
ml — ml
+ 2Re [(KQKS + K]_OKP) f0f+] 7mmuu
C u

+4Re [(£K9 K} + K10K75) frfo] (mh — mp) myu
+0(m2) , (C.63)
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where K; = K i(e” 1) are the Wilson coefficients of the operators obtained from the ones
defined at the beginning of chapter 3 by the replacements [I'l — (elI'u, il'e) for Dirac
matrices I'. Here mi < ¢*> < (mp — mp)?. We obtain

we m2 —m? +2(Ey(Es — E_) F |ppl(Ips | + p-])]. (C.64)

and in the dilepton center-of-mass frame, due to momentum conservation,

2
¢ = (Vi + ol = g+ el (©65)

It follows that

1 1 2
|pP|2 = qu)‘<m%7m%’7q2) ) E%’ = @ (m%) - m%) — q2) s (C66)
and, analogously,
2 1 2 2 2 2 1 2 2 22
|p+| :4—(]2/\(m+,m,,q ) EiZTqQ(mi—m;—l—q ) . (C.67)
Combining the above equations one obtains
2 2 2 2
mi —mZ miy +mZ
w () T Nt (1- TS
2 2 2 2
mi —mZ mi +m2
u < (mp —mb) *T +/A(mYy, mp, ¢?) (1 - +q2> , (C.68)

that is u(q?) = \/A(m2,m%,¢%) + (’)(mi). Note that the hadronic matrix elements are
the same as for D — PIl decays, and no Wilson coefficient K7 analogue to the one for
the operator Q7 is present, as the photon does not couple to different lepton flavors.
Furthermore one can define angular observables, e.g. the forward-backward asymmetry
and flat term, as for D — Pl decays.

Finally, the branching ratio for D° — p*eT is obtained as [1]

2
G202mp 0f20 m2 Kg— K! m 2
B(D° —s yteF) = ZFZe Do po (4 T S H (Ko — K
( 2 6) 647’(’31—‘D0 mi)o Me :Fm%o( 9 9)

+ —— (K10 — K1)

KP—K/ m
+’ P
Me Mo

2) 7 (C.69)

where the electron and up quark masses are neglected.
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D. Form factors for D — V transitions

For D — V7 decays, see sections 3.3 and 4.4, only a few form factor at certain ¢* are
needed. Compared to transitions into a pseudoscalar meson less information on D — V'
form factors are available. To draw a consistent picture and to obtain reliable form
factors including uncertainties we consider the full set of form factors for any ¢ in the
current appendix. Moreover, they may be of use in view of a future work on D — Vi
decays.

The form factors V', A1 20, and T7 23 are defined by

(V(pv, €)|uyu(l = 5)clD(pp)) = —26uu1u2u3(6*)”1pfqugm

q
2 2 *
mp — q
i <qu Dq2 V. — (pp +pv)u) — mVAQ
. N 2my
—iqu(€* - q) 7 Ao, (D.1)

(V(pv, Ey)mgumqyl(l +95)c|D(pp)) = —12€10, 50 (5*)V1PVDZQV3T1
*

— ((pp +pv)u(€ - @) — €, (mh —mi,)) T
2
+ <qu —(pp +pv)um%q_m%/> (€"-q)T5, (D.2)
where €p123 = 1, and ¢* = (pp —pv)*. For a neutrally charged V' meson the form factors
are multiplied by the isospin factor of the u@ content in V, e.g. 1/v/2 for V € {p", w}.
For perturbative D — V'~ decays only one form factor 77(0) = 7%(0), which follows
from the EOM, is needed. Furthermore, 2my Ag(0) = ((mp + my)A1(0) — (mp —
my)A2(0)). Note that (V]uc|D) = 0 and (V|uvysc|D) = 2my /(me + my,) (€° - q) Ao.
In the following, we compile available measurements and calculations of the form fac-
tors for D) — (p,w, K*) transitions. For the transition D — p the CLEO collaboration
measured [291], adding uncertainties in quadrature,

V(0) = 0847010, A1(0) = 0567003, Az(0) =0.47 +£0.07,

Ay (0)
A1(0)

=1.48+0.16, =0.83+0.12. (D.3)



129

These values are consistent with lattice computations [292] (and references therein) yield-
ing

V(0) =1.1+40.2(0.717519), A1(0) = 0.65 4 0.07 (0.60 + 0.06),
A3(0) = 0.55 4+ 0.10 (0.617512), Ap(0) = 0.7075%3 (0.59 4 0.06) . (D.4)

Here, in parenthesis the preliminary results of [293] are given, where we have doubled
the uncertainties to account for systematic ones. Note that the form factors from lattice
computations slightly differ from each other.

For the transition D — w the BESIII collaboration measured [294]

V(0) As(0)
A1(0) A1(0)

where uncertainties are added in quadrature. A comparison with eq. (D.3) does not show
a sensitivity to the spectator quark. Within the LEET V(0) = A1(0)(mp+my)?/(m%+
m?,) [295], hence from eqgs. (D.3, D.5) a 1/mp uncertainty of ~ 35% can be inferred.

For the transition Ds — K* no measurement or lattice computation is available.
However, employing spectator invariance one can relate the form factors of Dy — K*
to D — (p,w) form factors. A measurement of the D — K* form factor at ¢> = 0
[296] yields A1(0), A1(0)/V(0) and A3(0)/V(0) consistent with SU(3) flavor symmetry.
In [296] also form factors in the helicity basis were measured, which allows for a model
independent form factor extraction, once current uncertainties are reduced.

To complement the information on the form factors from experiments and lattice com-
putations we include QCD LCSR calculations as well as model dependent calculations
in the following.

Within QCD LCSR the form factors are parametrized as [297]

F(0)

=1.24+0.11,

= 1.06 £ 0.16, (D.5)

P& = T ar @i 1 br (@b (D6)

The corresponding parameters are for D — p

V(0) = 0.80115:535 , ay = 0.7870375 by = 2.617037,

A1(0) = 0.59970035 as, = 0.441530 ba, = 0.58152%

Ay(0) = 0.37270:02¢ as, = 1.647510 ba, = 0.5615:5%

A3(0) = —0.71975:05% a4y = 1.05+£0.15, ba, = 1.77102 (D.7)
for D - w

V(0) = 0.74270 031, ay = 0.791032 by =2.5210%,

A1(0) = 0.556 0035 as, = 0451507 ba, = 0.547010

A3(0) = 0.33370 030, as, = 1.671507 ba, = 0.4415:95

A3(0) = —0.6571 0002, as, = 1.07917, ba, = 1771003 (D.8)



130 D. Form factors for D — V transitions

and for Dy — K*

V(0) = 0.771 £ 0.049, ay = 1.08 4 0.02, by = 0.137008
A1(0) = 0.58970:99 aa, = 0.56 4+ 0.02, ba, = —0.1215:05
Ay(0) = 0.31570:9% aa, =0.157922 ba, = 0.247083
A3(0) = —0.6757502T | aas = 0487018 ba, = —0.141518 (D.9)
Here the form factor Ag is obtained via Ag = ((mp + my)A; — (mp — my)Ay —
q2

o As)/(2my). For weak annihilation modes we also need

A (0)P=ED) = 057179920 4 pokey = 0651380 b poks = 0.66702L (D.10)

Al Al
A1(0)Ps=9) = 0.56910016 ¢ AP0 = 0.841006  p Ao =016 £0.01. (D.11)

Note that LCSR calculations are valid only at low ¢2. The results for A5(0) are lower
than the measurements and lattice computations.

The same parametrization, eq. (D.6), is utilized in the covariant light front quark
model (CLFQM) [298|. The parameters are for D — p

V(0) =0.881003 ay = 1.23 £0.01, by = 0.401092,

Ap(0) = 0.69 £ 0.01, as, = 1.081503 ba, = 0.45+0.03,

A1(0) = 0.6015:07 aa, = 0.46 +0.02, ba, = 0.01£0.00,

As(0) = 0.47 4 0.00, as, = 0.89 % 0.02, ba, = 0.2340.03, (D.12)
for D — w

V(0) = 0.85700 ay = 1.244+0.01, by = 0.45 + 0.04,

Ap(0) = 0.64 +0.01, as, = 1.087500 ba, = 0.50 +0.04,

A1(0) = 0.5815:09 as, = 0.4940.02, ba, = 0.027508

A3(0) = 0.49 4 0.00, as, = 0.95+0.01, ba, = 0.28 & 0.02 (D.13)

and for Dy — K*

V(0) = 0.87 £0.01, ay = 1.137507 by = 0.697008

Ap(0) = 0.614+0.01, as, = 0.90150% ba, = 0.8740.05,

A1(0) = 0.56 +0.01, as, =0.59+0.01, ba, = 0.08+0.01,

A5(0) = 0.46 +0.00, a4, = 0.90 +0.01, ba, = 0.43+0.03. (D.14)
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For weak annihilation modes the needed parameters are given as

A1(0)P=ED) = 0.72+£0.01, @ - = 0.45 £ 0.02,

b y(p-rxcs) = 0.01£0.00, (D.15)
A1(0)Ps79) = 0.69 + 0.00, @,y (0s—e) = 0.56 £0.03,

b y(ps-rs) = 0.07 £ 0.01. (D.16)

Here we add uncertainties in quadrature.
In the constituent quark model (CQM) the form factors are parametrized as [299]

_ F(0)
 1—01¢2/M%+ oyt /M4’

F(q%) (D.17)

where F'(0) = F(0)/(1 — ¢?/M?) for F € {V,Ag,T1}, else F(0) = F(0), and M = mp
for Ag, else M = mp~. Here the parameters are for D — p

V(0) = 0.90, o1 = 0.46, oy =0,

Ag(0) = 0.66, o1 =0.36, oy =0,

A1(0) =059, o1 = 0.50, oy =0,

A5(0) = 0.49 o1 =0.89, oy =0,

Ty(0) = 0.66 o1 =0.44, o2 =0,

T5(0) = 0.66 , o1 = 0.38, oy = 0.50,

T5(0) = 0.31, o1 = 1.10, oy = 0.17 (D.18)

V(0) = 0.90, o1 = 0.46, 7y =0,

Ao(0) = 0.66, o1 =0.36, gy =0,

A1(0) = 0.59, o1 = 0.50, gy =0,

As(0) = 0.49, o1 = 0.89, oo =0,

T1(0) = 0.66, o1 =0.44, o0 =0,

T5(0) = 0.66, o1 =0.38, o9 = 0.50,

T5(0) = 0.31, o1 = 1.10, oy = 0.17. (D.19)

Furthermore, [300] gives the form factors based on chiral theory. The D — (p,w) form
factors at ¢ = 0, however, differ from measurements and lattice computations. The
same observation is made for the D — 7 form factors given in [300].
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In the heavy quark limit the tensor form factors 7; are related to the vector form factor
V', and axialvector form factors A; as [297]
2 2 2
mp —my, +
7= D"y, MDY
2mp(mp + my) 2mp
A(mp, mi, %) mp —my +¢*

Ty =

Alv
2mp(mp — my)(mp + my)? 2mp(mp — my)
my (mp —mi, (mp +my)(m} —my + )
2 2mpq?

2 2 2
Ty = DI D0y,
2mp(mp + my) mpq
(mp —my)(m7, —my, + ¢%)
2mpq?

)Ao — Ay

In different models it is shown that the heavy quark relations hold on the full ¢ range

approximatively > 70% [297] (and references therein). For ¢?> = 0 the heavy quark
relations read [118|

m% + Bm%/
2mp(mp +my)

mp

T1(0) = T3(0) = V(0 T3(0) = V(0 (D.21)

mp +my

Perturbative corrections can be obtained form [118]. At high ¢, the relations to leading
order in heavy quark limit and O(a?) are [114]

Ti(¢* ~m3) =V(* ~mb), Ta(* ~mb)=Ai(* ~mb),
@
mZD'

T3(q* ~ mp) = As(q® ~ mp) (D.22)

The form factors from the CQM, the CLFQM, LCSR and the heavy quark relations,
eq. (D.20), are shown in figure D.1. We deduce that the uncertainties for the form
factors are sizable, and that further experimental data are needed. However, with the
compilation of available information we can set a range for the uncertainties, see the blue
band in the plots which is used for the form factor A; in section 3.3. In particular, with
respect to the CQM form factors, we infer the model and spectator quark sensitivity
for D — (p,w) form factors to be within the range of o(V, Agz2) ~ 20%, 0A; ~ 10%
and 0T1 23 ~ 25%. These ranges cover the form factors from measurements, lattice
computations, LCSR, and the CLFQM. The uncertainties of the tensor form factors T;
follow from the heavy quark relations. For Dy — K* form factors we infer o(V, Ag) ~
25%, oAy ~ (10 — 20)% (low ¢* to large ¢?), 0As ~ 35% and 0Ty 23 ~ 30%. Here we
assume spectator quark invariance for Ag 2, which is consistent with observations from
V and A;. The heavy quark relations differ by ~ 15% for T, < 35% (low ¢? to large
q?) for Ty and < 55% for T3 within the CQM. Similar differences are found in b physics
[301].
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Figure D.1.: The form factors for D — V transitions from the CQM (solid curves), the

CLFQM (dashed curves) and LCSR (dotted curves). For T; we addition-
ally provide predictions from the heavy quark relations (HQ), eq. (D.20).
The blue, purple, orange, cyan and yellow curves are for D — p, D — w,
Dy — K*, D — K* and Dy — ¢, respectively. The error bars depict the
measurements or lattice computation [291, 292]. We cut at the kinematical
endpoint. The blue band represents the form factor used in section 3.3.
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E. Resonant decays in D — Vv

In this appendix the amplitudes of the resonance model from [146, 147], employed in
section 3.3, are collected. The amplitudes of 146, 147| are rewritten to account for
additionally measured parameters and typing errors.

The PC and PV amplitudes are defined as [146, 147|

Apc/pv = Vae2mGrVeVuy (APC/PV + Apepy + APC/PV) ; (E.1)

where Vi V,y are the CKM elements of the weak D — V transition. With [302] the
amplitudes are rewritten as

3
7/2 2 2\4 (2 24
mp o (mD*O — (mpo +myo) m7.0 — (Mpo —mzo)” )" myo

LVO
|APC | = -

Njw

3/2( 2 2 2 2
2T em’ o (mD*O — Mo ) (Mpeo +mpo —mgo)(my,.o — M)

T D*O DO
x anVO\/ = ((D*O ~ DO;O)) £4(0).

2/3m?
| AII V0| V3m DO

N ./ae(m%O — mio)

3/2 3/2
m me)
X aofp fr '(p° — ﬂoy)# — VI(w — 707) ; el
(mp —m2,)* (m2 —m2)?

0 1 1 ViVius 2 0
‘Agév | = m@ <—fp2 + gfo% AT 3f¢> VV(0),

0
|ALV =0,
AL V0| _ 1

\/i(m%o - m%/o)

X azfp (fp (mvo)(mDO +myp) + fuAT (m VO)

1 1 ViVius 2
AIIIVO 2 T g2 us E.2
| = mpo — Myo az\=fp + 3fw Vi Vud 3f¢ ( ) (E-2)

(mpo + my)m,
3my, ’
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for V.=V € {p° w} and for V = p* they read

3
7/2 1 1
migZe (m. = (mpe +me)?) " (m = (mpe = meo)?) " m,
AR | = —

3
3/2 2 2 \2 2 2
Faemiys (2., —mdy, ) (mpes +mpe = mas)(md,, —m?)

p
I'(D** — D+

3/2
i 21/6m? my
AR = ; 2D+ ; sa1fpfa/T(pt — mty),
Vae(mpy, —m2.) (mf—m2, )2
1 1 ViVis 2
AHLp — _ 2 12
‘ ’ mD++mpa2 fp + wa V*Vdgf(j) ( )
Akt = e
’ PV’ m%Jr_m/Q)alfop?
AR 1= sy (A2 i+ my) — fud () U2 T )
PV m%+_m% P P11 P 4 w41 p 3mw )
1 1 ViVus 2
AIHp _ _r2 2 us E.3
AR = e (0 g ) 4. (E3)

Here the coefficients a; = 1.3 £0.1, ag = —0.55 £ 0.1 [167] (and [303]) are obtained
by fitting non-leptonic decays. The coefficients effectively include non-factorisable ef-
fects [304] and they yield the largest parametric uncertainties. Furthermore, we take
fv(mi) = fv(0) = fv.

For the decay Dy — K*T~ the amplitudes are

IK*+ 4m§)/*2mK*+ f
|A | 1/2 23 9 alfD fK* )\ +>\g \/*
mp (mD: — My 3V2mg
*+ 2\/>mD «
[4ps | = i ;C‘lstfK\/F(K*+ — Kty),
2
,/ae(m%s —m3..) <m§(+ — mgﬁ)
AHI,K"': _ VedVud [ p2 12 2 yvE (o
[4pc™ | mp, + mper 2\ ViV, Tot3le)+3/s (0),
* 4 2m *
Apy | = mQ—KgalstfK* :

Dy - mK*+

ot 2(mp, + Mme)M gt (Ds
Aty 2 U e fo AP (2 L)
3m¢(mDS —mKH)

X 1 VY, 1 2 *
AIIIK* _ _YedVud [ g2 | 22 Z£2) AK (). E4
| | mp, — mK*+a2 Vi Vus Tot 3f°" + 3f¢ v (0 (E.4)
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* 4
Concerning the amplitude A{;g , one cannot normalize to B(D? — D,r%) due to its
isospin breaking nature [305], which violates the approximation of [146, 147|. Further-
more, ['ps, as a normalization, is not measured. However, the combination of parameters

N + Mgy (—f£5)/(3v/2my) can be obtained in the framework of [146, 147] by

3/4
/ ~ fp fo . mQD* (m%)* - (mD +m7r0)2) /
A+ Agy | £ ™ ) 2\3/2
2v2m,  6v2my, 4y/Tacmp(mp. —my,)
)2)3/4

(m3,. — (mp — Mo
(mp+ +mp —m_o/+)

0 T(D*%/+ DO/+
« f+( ) ( - — 7) ’ (ES)
fo \ T(D*%* — DO/+70)
where the ambiguity in A and A\gy is fixed by means of [302]
VY (0 2m3,.
Ay = L0 v2mi, (E6)

fo (mp+my)(mp- +mp—my)

Compared to [146, 147] we adjust the CKM factors in the penguin amplitudes A{DHC/PV,
allowing for CP violation, and its sign to recover vanishing amplitudes in the SU(3)
flavor limit. The strong phases are not fixed within this model, yielding the largest
uncertainties.

In the following, we list the amplitudes for the WA modes. They are

3
7/2 2 s
|AI’DO_>¢W| _ _mD/*O (m%*o — (mpo + m,ro)2> (m%*o — (mpo — m,ro)2> me
PC -

3
3/2 2 2 \2 2 2
TQeM po (mD*o —Mpo (mp«o +mpo — mﬂ'o)(mD*O - m¢)

T D*O DO
x a2f¢\/ oD ).

ALD =y _ 8mipo o
[ Apg | = T30mZ, = m? O)m¢a2fo¢| vvil,
D K
0
A <o,
0
[Apy "7 =0,
ILDY—¢y, mey o, oyMpo +my 9\ Mpo + My,
‘APV | = —m@ﬂb <pr1(m¢)mp + fwAUf(m¢)W )

111,D°
[Apy” 79 =0, (E.7)
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where the parameter |Cyyrr| =~ 0.3 is determined by

3/2
|ICvyn| = 2\/6771}(*0”2 IK
3/2
@(mK*O/+ N mK0/+) / :F% + 3{;71.7 o %
% \/F(K*O/+ N KO/"'”y). (E.8)
Further amplitudes are
7/2 2 2 % 2 2 %
1,DO—K*0y m o (M0 = (Mpo +meo) m7.0 — (Mpo —mz0)®) " myeso
AR

memi’)/f (m%*o — m2D0) * (mpeo +mpo — m,To)(mf)*0 - mi*o)
1‘\( D*O , l)O,y)
X ag f g 0),
2fK \/F(D*O D07r0)f+( )

0_, 7o%0 2\/67”2 0m3/*20
|A{DLCD —K W| — D K §CL2foK\/F(K*O N KO,Y>7
2

v Qe (m2D0 - m%(()) (m%(*o - mio

I, DO — K *0
‘APC’ - ’Y| = 07

LDO K*0
|APV - 7| =0,

II,DO— K*0 M g0
Ay, 7 M = - —as fk-
Mpo — Mo
pro2 DO+ M w(, 2 Do+ M
X <pr1(mK*0)Tnp + fwAl (mK*O)T 5
II1,D0— K *0
| Apy =0 (E.9)
LILIII, DO — K*0 \ % I,II,111,D0— K*0
as well as [Apcpy | = vyl | Apcpy ~% 7). Furthermore,

3
1 4
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3
3/2 (2 2 )2 2 2
TQeM py (mD*+ —mpy ) (Mpat +mp+ — mﬂ+)(mD*+ - mK*+)

T(D* — D+y)
X alfK* \/P(D*+ N D+7T0)f+(0) )
2\/6m§)+m3/2

K sa1fofeVT(K* — K*+),

Y ae(sz+ - m%{+) (miw - m%{+ ’

/2
|ALDT 2Ky -
L _

I,Dt—K*+
‘APC - 7‘:
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‘AIII,D+—>K*+7| —0,

2 *
|AI DT K*txy ‘ Mg+

= WalfoK*
D+ K*+
‘AILD+—>K*+7‘ _ Mgt
m2D+ - m%w
mp+ —|—mp (Ds—K*) 2 mp+ + My
X * * - - A * - e 9
a1fx (fp ( My +) m, JwAy (mK +) 3m.,
‘AIII D+%K*+7| —0 (E.10)
and
3/2
dm7.m
st DxMp _ I
|A{3’g‘ T = 1/2 5 arfo. fp [N + Agv \f¢>
mp; (mD* —m2) 3v2my
3/2
) + 2\fm
|Ape 7 = p.™ za1fp, fxr/T(p+ — 7H7),

Vac(m, —m.) (m —m2,)’

[Ape” " =0

2m

ILDy—sp+
[Apy "] = ml, —m2 _me(llstfp,
Dy
I,Dy—p+ 2(mp, +mg)m, (Ds
|APV P ’Y| = Lddd fpf A _>¢)(mK*+)

3m (m%s — mp)

AL Dsﬁp+'y| —0. (E.11)
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F. Chiral Fierz identities

In this appendix we derive chiral Fierz identities, which are employed in section 4.2.1.
We follow the notation as given at the beginning of chapter 3. The formalism employed
here is based on [306], see also [307].

Defining the chiral basis as

FA € {PRa PL? WHPL’ ’}/MPRa O-w,} (Fl)

its dual basis is given by
1
'y € {Pr,Pr,v.Pr,v.PrL. g%u}- (F.2)

Here, Pr/j, = %(1 +75), 5 = iv09 23, {447 = 297, g" = diag(l, -1, -1, 1),
ot = %['y“,’y”], oMy = %eu’jo‘ﬁaaﬁ and €923 = —¢j193 = 1. The normalization is
Tr[T4T 5] = 264, where 1 < v. Following [306] we represent pairs of indices, i.e. color
indices, by closed parentheses and brackets, that is “()” and “||”.

The completeness relations read

(TA4[r?) = —iTr [TATpIBre] (1Y) [P,
(TH[rP] = —iTr 4T pIPre] (19, (F.3)

where the minus sign arises from the anticommutation of fermion fields.
The Lorentz invariant bilinears are written as

O1 = (Prl[Pr) , Oy = (Pr)[PR],

O3 = (Pgl[PL), O4 = (Pp)[PL],

Os = (PL][Pr), Og = (Pr)[Pr],

O7 = (PL][PL), Os = (Pp)[Pr],

Og = (Y Prl[huPr) O10 = (v Pr)[vuPrl,

O = (Y Pgl][.PL), O12 = (V" Pr)[vuPL]

O13 = (Y PL][vuPr), O14 = (Y Pr)[vuPrl,

O15 = (W' Pr][v.PrL) O16 = (V" Pr)[v.Pr]

O17 = (0"][ow) , O1s = (") [op] ,

O19 = (" ][ows) 5 O20 = (o) [0 75) - (F.4)
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Here we implicitly sum g, v, which is compensated by the replacement o#” — %0’”‘”.
We find the chiral Fierz identities for fermion fields, labeled by F,

F 1 1 1
F o, tos-to
O1 202 16018 16920
F 1
032—50147
1
O5£—§O12,
F 1 1 1
L 05— —Os+ —0
O7 208 16 18+16 20
F
Og9 = Onp,
f
O15 = Oss,

1
O17 Z _60, — 603 + 50187

1
—607 + 60g + 5020 ,

_F
O19 =

0, Z —%O1 - %017 - 116019’
04 —3013,
Os Z —%On,
Os £ —%O7 - %017 + %60197

1
O13 L _60, — 607 + 5017,

1
£ 601 + 607 + 019 (F.5)
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G. Constraints on leptoquark models

This appendix is a compilation of expressions used to calculate constraints on LQ models
listed in appendix G.1 and utilized in chapter 4. The parameters and experimental data
are listed in appendix A. We constrain gauge vector LQ models only, as non-gauge vector
LQs depend on the cutoff characteristic for a certain UV model, see e.g. [214]. Moreover,
we do not utilize observables which depend on anomalous couplings, e.g. corrections to
the Z — ff and the W vertex, which can be found in [224]. Note that fermion doublets
coupling to LQs are taken into account. In the current appendix we do not neglect light
fermion masses if they are needed as regulators. Due to the variety of scales involved we
chose the L(Q) mass as the reference scale and use mq(u ~ 1TeV) ~ 0.5GeV, ms(p ~
1TeV) ~ 0.05GeV, mg(p ~ 1TeV) ~ 0.002GeV and m,(u ~ 1TeV) ~ 0.001 GeV.
However, this choice does not affect ratios of the masses and our issue is to constrain the
couplings at leading order.

Utilizing the model-independent limits from section 4.1 and the Wilson coefficients
given in eq. (4.18), we obtain constraints due to ¢ — ul”] induced decays, i.e. D — PlI,
D — Pepu, DY — 1l and D° — pe. The Wilson coefficients for the radiative decay
D° — p%y are worked out in section 4.2.1. In particular, they also involve couplings to

7 leptons. The experimental D° — p%y data on do not give constraints for [A| < %

The D° — DY mass difference to second order in the weak interaction is given by [308]

”)

i/}ﬁxT[H“A“—”@»H“ACFU(Q}’DO>], (G.1)

Ampo = LRe [<D0 HACI=2)

mp
+<D°

where T indicates time ordering. Here CP violation is neglected, which is consistent with
experiments [97]. In the SM ASMm 0 /T o ~ 1.5 x 106 s™! is found via the OPE and
to one loop QCD [308|. This contribution is helicity suppressed and subject to the GIM
mechanism, however, larger contribution are possible via higher dimensional operators
or non-local contributions [309] (and references therein). We estimate the constraints on
LQ models neglecting the SM, which dominates the non-local product of Hamiltonian
densities in the second term of eq. (G.1) [308]. On the other hand, the SM contribution
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to the local Hamiltonian in the first term of eq. (G.1) is negligible [308]. For vector LQs
one obtains [61]

miRe A1) (A(Vj))*r

2774 )
7TMV2

2
AVmpo = 3D f3Bp (G.2)

which is multiplied by 3 for V3 due to additional neutrinos. The matrix elements are, for
massless quarks, which imply no helicity flip and since QCD is parity invariant,

_ 2
(D°|(ar ryucr.r) (L, ry L r)| D) = gm%f/%BD- (G.3)

For the bag parameter we use [310], adding uncertainties in quadrature,
Bpo(p =3GeV) =0.757 £ 0.028 (G.4)

which is consistent with the one obtained in [311|. Here, e.g., a non-gauge vector LQ
would yield eq. (G.2) with the replacement m; — M for a cutoff scale M. For scalar
LQs [312]

)\(cl) ()\(ul)>* )\(cl’) ()\(ul/))*
|AC|=2 1 L,R \"'L,R L,R \L,R B - .
s ~ 12872 M2 (4L, RYucr,r)(UL,RY"CL,R) ; (G.5)
which is multiplied by 2 for SoL and by 5 for S3. It follows

A¥mpo = %]\;Re [A(L“) (M) + 257 (A5) g (A

A () 8T (A0 T (R7) } B (G.6)

Note that A ‘mpo scales non-linear in the mass and couplings.
The D® — D lifetime difference follows from double AC' = 1 insertions as [308]

ATpo = ———Tm [<D0 i/d4xT [H<AC|=1>(x)H(|AC=1>(o)]‘D0>] . @)

mp

where CP violation is neglected. We neglect the SM contribution ASMT /(2T po) =~
6 x 10”7 which is small due to the GIM mechanism [308] but could be larger via higher
dimensional operators or non-local contributions [309] (and references therein). The
non-local contribution is obtained from diagrams with light fields, yielding for vector

LQs [313)]

Re [A%e) ()\%e)>* n /\%u) ()\%u)y I )\%T) (/\%T)Yr
1287 My,

AVT po = —mpm?f3Bp , (G.8)
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multiplied by 3 for V3 due to additional neutrinos. We obtain |AYT po /T po| < 6 x 1073
for |A| < %, thus no constraint. Up to combinatorial factors and additive L.Q couplings
eq. (G.8) holds also for scalar LQs [314], yielding the same conclusion.

The Lagrangian for atomic parity violation is given by [315]

G _ _ o
Lapv=—% > (Creer"v5eqvuq + Cagf"eq1u750) (G.9)
V2
q€{u,d}
from which the nuclear weak charge follows as

Qu(Z,N) = —2((2Z + N)Ciy + (2N + Z)Cha) - (G.10)

Here Z = 55 and N = 78 are the proton and neutron numbers for Cs, respectively. We
find via matching

ue)
1 V2 ‘A
0y, Cru = =0y, Cru = _§5V3clu = —01;,Clq = e M2 ,
ue) (ue) 2 (ue
V2 ‘)\ ‘)\L V2 ‘AS2R
551 Clu = _5SQCIU = SGF Mgl ; 652 Cld - 8GF M22 ’
(ue)
1 V2 ‘)‘33
1) w= =0 = —— 11
55 C1u = 505,C1a 8Cr M, (G.11)

We do not match the model V5 due to an additional dr quark coupling which is not
relevant for charm FCNC transitions.
As mentioned we do not use observables involving the Z boson to constrain vector LQ

models. Nonetheless, we consider the shift due to scalar LQs for Z decaying to fermions
f, which is [316]

Qe z |)‘ | mQZ 11 mf’ 1
5T ~1 , 12
SHZ=11 T 3 ein? 0 cos2 077 167r2 302 G Mz )ty (G.12)

with
gf = Tg(f) — qrsin® 0y, , g= T?Ee) — gesin® 0, (G.13)

where we neglect terms ~ ApAr. Here T35 and ¢ denote the third component of the weak
hypercharge and the electric charge, respectively, see tables 4.2 and 2.1 for the LQ and
SM fermion charges. The eq. (G.12) is multiplied by 3 if the conjugate f’ is a quark, i.e.
the fermion f is a lepton, due to color and by 2 if the conjugate f’ is a down-type quark
for S3. In the SM the ratios of up-type quarks and leptons are FSZhiff/FSZhif,f, =1 and
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measurements yield I'(Z — ((uu + cc)/2))/F(Z — cc) = 0.96 £0.06, see appendix A.
One obtains [6sI' 77| < 6 x 107° for || < A%, yielding no constraint.
Further, the LFV decay of a Z boson induced by scalar LQs is [317]

QeMy 1

0sBz—en = 6T, <‘F1L‘ +‘F1R| + <|F2LR| +‘F2RL‘ >> (G.14)

where

31 « [ —1 4 2. m? m
Z _ (ge) (y(ap) q q

2
(ge) (\@m\*\ [ _3 4. M _ —1
(maltd (2)') (3 -0 7 ) ) e
3 1 e * 3 m?2
FQZLR,QRL = 1672 M2 <mq)‘5‘gl), <)‘(qu§)> <—4 —In M‘é) (9L.R + 9R,L)

A () Lo

(qe) [ y(an) (&) (y(@m\* 1 -1
< p L<)\ L) 12 T MaAR.L ()\LvR) 2) g) sin 0, cos Oy, (G-15)

Here

JLR = T?EqL’qR) — gysin? 6, g= Tg(e) — Gesin? b, (G.16)

and for Sy the interchange g; <+ gr. LFV decays are zero in the SM and for |\| < TeV
we find no constraint as [6r,gBz—eu| S5 X 107 13,
The anomalous magnetic moments receive a contribution from vector LQs as [318]

3m? |\4D)? 5
Aval = 1671-2 M2 3qq + 6q s (Gl?)

times 2 for up-type quarks in the model V3. We obtain |[AVa.] < 2x 107 and

a x 1071 for —~, giving no constraints. For scalar LQs the corre-
|AVa,| < 6x10710 for [\ < AL, giving traints. F lar LQs th
sponding expression is given by [319]

3my 1 2 2N /11
s L (ql) (ql) Lo 1
A= e (ml (‘AL ‘ +’AR ’ ) <3qq 6qe>
+mgRe A (A) '] ((—3 —2In M‘;) Gg — qe> ) (G.18)

which agrees with the result in [317], when F} <> F3 therein.
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Couplings involving different chiralities are present in scalar LQ models only. Conse-
quently only scalar LQs contribute to the CP violating fermion electric dipole moments,
which is [319]

2
1 £ (ZEY My
osds = o =mmplm A (WD) (=8 -2mpf ) ap—a ) . (Ga9)

If the conjugate f’ is a quark, i.e. the fermion f is a lepton, eq. (G.19) is multiplied by

3 due to color. To compare with experiments the factor gcf m needs to be taken into

account. The SM lepton electric dipole moment is negligible, dgM <1073 ecm [320], as
small as the neutron electric dipole moment, d>™ ~ (—O(10734) e cm) [321] given by its
quark content as d,, = 4/3dq—1/3d,,. No constraint is obtained for [Im[X} (ep )(/\(C“ )*]| from
the muon electric dipole moment. For the Hg electric dipole moment the corresponding
expression reads [269] (and references therein)

489 x 1072 e cm )Im P(Lqe)@ge))*}

| = = M2 (G.20)
which is negligible in the SM. Here the matching of the nuclear onto the quark theory is
neglected.

The amplitude for LE'V radiative muon decay in vector LQ models is defined as [214]
Al =ie <W (FV + FA%)) 1, (G.21)
yielding the branching ratio
Sy By = Flu’;f (IFY]” +1PA7) (G.22)
Here
e ‘)\(qu A(q@))*) m2 5
‘F ’ ‘ = mTﬁé <Qq2+q62> ) (G.23)

times 2 for up-type quarks in the model V3. We add that F'V comes with a minus sign.
For scalar LQs the corresponding amplitude reads [317]

Aposey = Voedm e (Fyp Pp + FJp pPr) (10,0, ) (€22)” (G.24)

with the polarization €. The branching ratio is obtained as

0sBu—ey = <| LR‘ + |F RL‘) (G.25)
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where, see the comment after eq. (G.18),
3 1 ( @e)\* (1 1
F;LR,QRL = 1672 M2 (Aljllg (/\Lq,b)z> <6qq - 12%)

2
Mg \ () ( y(qe))" 3 Mg 1
— milu/)\RvL ()\L,R) <<—2 - ].HW Gq — 5(]6 . (G26)
Note that one can include effect due to the renormalization group for yu — ey decay,
w — e conversion and p — eee decay, as in [322] (and references therein). The latter two

observables are considered in the following, without renormalization group effects.
The Lagrangian for LE'V coherent p — e conversion is defined as [323]

E,u—e = (CDRmHéLUMUQML + C’DLmuéRa’““Q,uR)FMM
+ (Cyréry"' pur + CVLEL’}/M,LLL)EWMU + (Csgéppr + Cspeppur)uu . (G.27)

The conversion rate follows as [323|
2
Cconversion = 4ml5L

1 u u,n n n
L CrD + CorGUP S®) 1 g G S0 4 20y gV ) 4 Oy V™)

o+ dm iCDLD + CsprGUP W) 4 CgprGU™ M 120y, V)

2

+ CVLV(n) (G.28)

which is normalized to the capture rate, and multiplied by 1/k to allows for a comparison
with experiments. Here the nucleon form factors

GUP —51, G —43, (G.29)

and the overlap integrals of muons and electrons weighted by proton and neutron densities
for Ti and Au

Dy =0.0864, S% =00368, S%=00435, VP =0.0396, Vi =0.0468,

Daw=0.189, S® —0.0614, S =00918, V) =0.0974,

v = 0.146. (G.30)
Matching the coefficients we obtain

1 A\ (un) ()\(uE))*
0y, Cvr = 0y, Cvr = by, Cvi, = §5V3CVL =

2M?2 ’
)\ggﬂ) ()\ge)) )\2"#) ()\(L“e)>
0sCvr = T 0sCvr = YTV
)\Sgﬂ) ()\%‘E))* /\(LUN) ()\%6))*
(55053 = -, 55C5L = -, (G.31)
4M? 4M?
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and with eqs. (G.23) and (G.26) for FV*4 and F", respectively,

1
5\71/V2CDR’DL = 747”3\/@ (‘FV’ + }FAD )
1
5‘72/V3CDR,DL = _4mim ({FV’ + }FAD )
1
5SCDR,DL = mFJRLQLR’ (G'32>

times 2 for up-type quarks in the model V3. Note that the definition of the overlap integral
D contains an factor of the electromagnetic coupling. We neglect loop suppressed gluonic
interactions, for which the form factor can be related to the scalar form factors by a sum
rule [324], and model dependent uncertainties [323, 324|. In principle, one can include
incoherent 1 — e conversion as in [325|. The strongest constraints are presently obtained
from Au.

The branching ratio for LE'V leptonic muon decay induced by vector LQs as obtained
in [326] reads

3agq2 . m73|)\(qu))\(qe)|2
gm2 M M2 GIM*

v By—ece = (G.33)
times 4 for up-type quarks in the model V3. Terms ~ ¢, mff /M? suppressed box di-
agrams, and mfc / mQZ suppressed Z diagrams are neglected. For scalar LQs the corre-
sponding branching ratio is given as [327]

0sB M (1P T 2 4 2 (1Tonl + [Tonf?) (810 222 — 11
SPp—eee = 327TFM ’ 1L‘ ‘ 1R| g | 2L| | 2R’ n e
— 4R6[T1LT;R + TQLTl*R]

1

t3 (2(1ZLgul* + | Zrarl?) + 1 Zrgr* + | Zrg?)
1 1

+ 8 (’BlL‘Q + |BlR|2) + g (’BQL‘Q + ‘BZR|2)

+ *Re[TlLBTL + TlLB;L + TlRBTR + TlRBSR]

=Wl N

— Re[Tor B, + Tor Big + Tor B3 + Tor B3y

N o

+ gRe[BmZszz + BirZpgr1 + Bar.Z19r1 + BarZ R

2 * * * *
+ gRe[Q(Tu:ZLng +TrZg9r1) + T Z1.9r + T1RZR911]

2 * * * *
+ gRe[—Zl(TQRZLng + TQLZRQRI) — 2(T2LZRng + TQRZLQRZ)}) . (G34)
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Here we correct Zp g, i.e.

3 1 N[ (4 1. m2 -1
S T 2M2A(LWIL%) (A(qu%) ((9 3 M2>qq+18qe>’

3 1 () (@) L, M@ (@) (3 )
TQL’QR:167T2J\42<_</\R»L (AR»L) 6 mZAW </\Lq,R) —5Inon ] )%
() o (42 ) )

7O R R N (1) (A(qa)
’ 1672 M2 LR m?, sin Qw cos? 0y,

z
23 m2 93
X mﬂ§29Lq,Rq 1+In—5 M2 9Rq,Lg + M 82(_9) )
_ ) (A * o 1
3 1
Baror = 12 L7R) (/\(qe ) ’/\(q . iz (G.35)
Furthermore,
ILf.Rf = TS(fL’fR) — qgsin® 6, g= T?Ee) — e sin? 6, (G.36)

and for S the interchange g7, <> gr. We add that y~e™ — e~ e~ in muonic atoms may
be used to constrain LQ models [328] once the decay measured, e.g. in the COMET
Phase-I experiment [329].

From the Lagrangian for P — [v decays [330]

Lpiy = Cvro(qpy" ar) Pryvule) + Cvro(@ry"ar) (TryulL)
+ Csrr(qrar)(VLlr) + Csir(Trar) (PLlR) (G.37)

the total width follows as

b (mb — m12)2 m% 2
— —(C -C . (G.38
6amnd, my(Cvre — Cvir) + — (Cszr — Csrr) (G.38)

Fpop =
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In the SM Cyrr = —4GF/\/§qu/, where ¢ and ¢’ denote the quark content of P.
Matching the coefficients in LQ models gives

)\gg’l) )\gfqy) *
S, CyvLr = LB)

Mz
l )\ * l v
8 (57) Ah (07)
5510VLL:—§M—27 55105RR— §M—27
S1
)\(q’l) )\(qu) ¥ )\(ql) )\( v) *
1SR SoL S S.
65,CsrRR = 22<22)’ 55,Cvir = 23<23>‘ (G.39)
MSz MS3

We do not match V5 due to an additional dj, quark coupling. Note that a corrections to W
vertex via left-handed couplings due to scalar LQs can be neglected for vanishing fermion
masses [225]. Varying the decay constants one obtains no constraints from the decays
Dt — e*ue and Dy — et v, ie. S, Bp+ ety S 2% 1078 and S1,Bp, ery, S 2 x 1077
for |A| < A%, as well as no constraint due to the decay DS — p*v,. The total width
for the decay | — Pv is given as I'j_,p, = m?jg/(2m?) I'p_y, with eq. (G.38). Here only
[ = 7 is kinematically allowed. -

We do not employ constraints from D — Kly; decays to avoid correlations with form
factors, which are extracted from D — Plv; decays and used for other constraints. Ignor-
ing this, we would obtain from the distribution given in [137] the Vector LQ induced shift

10vaT skt | = THL, gy T3 AV A 1/M2 22 0.063T5, 1, [N (NS P (52, to
be multiplied by 1/4 for scalar LQS. Here we neglect lepton masses, and (pseudo-)scalar
and (pseudo-)tensor operators, for which contributions to the distribution can be found
in [137]. The measured ratio I'(D* — K%*v,)/T(DT — K%%e,) = 0.988 £0.033
[331] is satisfied for perturbative couplings.

For the ratio of leptonic pions decays, R, In = Trsen./ Lz, , the interference between
the SM and LQ models is found as

1 I=e l=e 1= 1=
SraR = R kel (cliF) - o)) - (i) - clzp)

l=e l=e = =
m72r (CéLR) — CéRR) o CéLflé) — CéRi?) :| ’ (G40)

My + My Mme my,

where the matching coefficients are given by eq. (G.39). Note that the irreducible ex-
perimental background from m — [lv;y decays due to higher dimensional operators or
bremsstrahlung cancels in the ratio.

Analogously, we obtain constraints from the decays K* — eTv, and KT — pty, as
well as the LFV decays 77 — u*v, and KT — ptve. Due to the decay 7™ — uT v,
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no constraints are obtained for vector LQs. The decays 7% — (u,e)e do not give any

constraints due to the small lifetime and mass of the pion. Further LFV quarkonium
decays [332] do not give constraints for [A| < A&, yet.

The CKM parameter V,4 can be extracted from quark beta decay normalized to muon
decay. The LQ induced shift is

ALQVvud o \/§

T ren ol (G.41)

Here the matching coefficients are given by eq. (G.39).

Further constraints can be obtained from nuclear beta decay. The defining Lagrangian
for N; = Nyev, decays is [333]

Ls = (N N;)(Cveryu, ve — Crrevu vsve) — (Npy" s Ni) (Caev, ve — Cueyp, vsve)
+ (NfNi)(Cséue — Cfgé'yy/e)

1 _
+ Q(NfU#WQNi)(CTéUMHzVe - C,TEUM1N2’75V6) : (G'42)

In the SM Cy = Cf, = GpV,q and C4 = C'j, where a pseudoscalar coupling is absent
for non-relativistic nucleons. For neutron beta decay the parity-even triple correlation
coefficient is given by [334]

Dy,

1 (_Im[cvc;; + Cy(CL)] | Im[OsCi + C5(Ch)’]

— , G.43
1+ 3|\|? |Cy |2 |Cv|? > (G43)

where A = C'4/Cy, which is negligible in the SM, and \,, = —1.27 [21]. The parity-odd
triple correlation coefficient is [335]

CS+Cg
Cv—FC{/

!
] +0.670 GpVigTm [M] (G.44)

Ry = —0.436 GpVyyl
N F dm[ CA+C'f4
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with vanishing scalar coefficients for Li beta decay, Ap; ~ A, [270] and we neglect the
beta decay asymmetry coefficient term, which is around a permille for neutrons. Both
triple correlation coefficients are time reversal violating. A matching gives

(ave) (gie) *
/ ! 1 /\V3f ()\‘53 )
Sy, Cy = 61, Cly = 81, Cp = 61, C'y = ——

4 M, ’
A(Qiye) <)\(qfe)>*
1751 Si1L
5S1CV = 55’10{/ = 651 Ca= 53101/4 = g Mgl s
)\(fh‘l/e) )\(‘Ife) *
1781 S1R
85,Cs = 65,C5 = —5,Cp = —065,Clr = —3 J\gél > ,
(grve) (gie) *
1085 (A7)
85,Cs = 05,C = 85,Cr = §5,Cp = —3 M§2 ,
A (Y
35,Cy = 85,01 = 65,04 = 65,0y = —c———=" (G.45)
8 M
One obtains [0y, Dn| < 2x 1078, |0, ,Dn| < 9x107%, [0, 5, Rn| < 2x 1077, and
651,55 Ril S 7 x 1078 for [\ < W as well as |dg, Dy | = (), yielding no constraints.
Further nuclear beta decay parameters yield at 68% CL [336, 337]
ICs]* + |C%|? Cs + Cy
1-2—F—2—-+4+2x0.21 x l4ae Im——*
CvP iy T T e ey
Cs + C-
+2 % 0.1913/T— (L4ac)’Re s+ C? — 0.9989 + 0.0064, (G.46)
C C'.
25 ooas Gev‘/ (190)Re s C? 09981700044 (G.47)

from which we obtain, respectively, —0.0075 < 0.0042 Re[A" (A(“))*(ZV)2 < 0.0053

and —0.0023 < 0.0034 Re[)\%e)()\(Lue))*](%)Q < 0.0063. Here we add uncertainties in
quadrature. Additionally, a fit gives at 90% CL [338]

Cr + Céw
Ca

!

016 < 1= 0.16, (G.49)
Ca

—0.14x 1072 < <14x1072, (G.48)

that is —0.8 < /\53‘11220‘5?12) (2¥)2 < 0.08 and —0.08 < )\g;e}%()\g;?) (1¥)2 < 0.8, respec-
tively, employing A,. Note that [338] varies Cg, Cy and fixes Cr, C7., yet primed and
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unprimed Wilson coefficients are related in LQ models, see eq. (G.45), which is consistent
with eq. (G.47).

Following [339] we deduce that no constraints for vector LQs are found from neutrino
trident production. Finally, from model dependent contact interactions [340] we find no

constraints as M/])\(ql)| = A/V4r > 4.0TeV, which is multiplied by /2 for V3, and

M/PG)| = LA 2 2.8TeV.

G.1. Tables

The constraints from the previous appendix are compiled in tables G.1, G.2 and G.3 for
the scalar Sy 2, S3 and gauge vector LQs, respectively.

No constraints are found due to the decay D° — p%y, D — DO lifetime difference,
70 — ee decay, LFV quarkonium decays, triple correlation coefficients from nuclear beta
decay nor contact interactions. Furthermore, Z — ff’ decays in case of scalar LQs
and the decays D" — eTv,, Dy — etve, DF — ptv,, and 77 — pfve, nuclear beta
decay parameters, and neutrino trident production in case of vector LQs do not give
constraints.

Additional constraints on quark doublets frorn kaon and 7 — =l decays [238] are
collected in table G.4. Furthermore, we find |/\ ( Alr) 2)*| £ 3 x 107!, which is obtained
from B(r~ — 7%7)/B(r~ — 7 v;) times mSmT/m o >~ 49. Note that the constraint
from K7 — pp decays in [235] should be multiplied by 4/10.

couplings/mass constraint observable
2G| ~ [0.00,0.09] Vs
)‘(SZGL)O‘E%E}%) ~ [—0.8,0.08] nuclear beta decay
AL (G ~ [=0.08,0.8]

I (7)) S2x10°8 d(Hg)
‘)\(Lue)( %M))*‘ <9x 102 o ity
‘)‘(SUIEL) SQR( SlR sgL)*\ < 0.04 Dt = etu,
ARy AR <1x107! Dt —s rtetes
N ML) S2x 107! D¥ — ety
‘)\gzul)%}()‘icf?l%})*’ <2x107! Dt = e pt
|>\?ZL/#R}( E[Ci/LL) )| <2 %1072 D s e
m[AE (G| <3 x 1077 d(n)
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LOSIR)
Re >‘le) 523()‘5901#1% 5o1)"]
\Im[)‘EGClML) SQR()\(S'iMI%,SQL)*”
Re [)\(CT)(A( ))*]
(— |)\(ueL|2+ |)\S R‘ )1/2
(“PGEP +2AG R
Re [(A(ue)()\(UE)) —0.009 )\(uu)(k(uu))
+0.0001 (—[ALD 1% + G4 12))]
Re[A(szieL),SgR()‘gleI)%,sgL)* —0.001 >‘(5116L)(
Im[)\(“e) ()\(ce) )]

{L,R}\"{L,R}

Re[A DD + A (AL + A
|)\(ue)( (ce )) i)\(ue)()\(;e)) ’
AEROER) + ALR O
MDD + Al ()|
|)\(Uﬂ ()\(Ce) ) —0.2 (UN)()\(Ce)

S1L,SoR\"*'S1R,SoL S1L S1L

(cp (

‘)\(WU(

A
I (Al )

Wy
(cp )) i)\(“#)()\( 1) |

A5

O

)|

~ [0.00, 0.09]
0.2,0.2]
0.07,0.04]

0.0,0.7]

2

2

[
-
-
[

2

AR AR AN
\V) o o
X = &)J
—_
3

2

[~0.01,0.00]
[0.00,0.01]

[0.1,0.2]
-
-

2

2

2

0.2, —0.1]
0.02,0.08]

~

~ [0.00000, 0.00001]
~ [0.00000, 0.00001]
~ 0.0

~ [0,0.02]
<1x1072
<1x107t
<6x1073

< 0.002

<6x 1072
<4x1073

T — T Vs

T > K v,

Dt — 7y,
D, — etv,
d(e)
Aa,

Dy — ptu,

Dy — v,

Qu (Cs)
e/p
Kt = ety
Ampo
DY — ete

DY — ptet

KT — utv,

DO — ptp~
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Re[A§y) 5, n (A% 5,07 — 0.01 MG (A5)7] ~ [~0.02,0.00] Dt =ty
(A by ()] ~ 0.0

Re[A§!7) 5, r (NSt .sa2)” = 020G (AG/)"] ~ [£0.004,-0.001]  K* - pty,
A (A7) ~ [0.02,0.05]

ML s RO 5 0)" <1x10°3 wt s ety
|)‘(qu€£ SQR(AE%@,SQR)*‘ <4x107*

M(Lceﬁz(/\(c“))*! <2x10°6

IAZD ALY <9x1077 1 — e (Au)
|A<52%<Aé“;3>*| <7x 1077

AR <4x 1077

A6, is(qui“L),sl Rl <9x 1073

|)‘E9626L SzR()‘gg,szR)*| <3x1073

A% (A(C” M <1x 1075

AR OE ) <1x1073 U = eetem
IAEZ%(A%%)*I <3x10°3

AT ) <1 %1072

M(Ce)(k(c" )| <3x1073

PYRAONSIN <6x 107

A57 5 r S 511)" <6x107°

‘A(Sc;% SQR()‘(SCQ%SQL)*\ <5x107°

|>\59(]2ZL SQR()‘E%TL),SQRW <3x107! T =17y
A <A<”)> | <3102

‘)‘(Sqil}d SlR( SlL SlR)*‘ S7x107! CE N A
|>‘f91;lL SQR( S, SQR)*| <6 x1071

|)‘(ScllL SlR()‘SlR sn)"| <8x 107!

‘)‘ES‘CQZL SQR( SQR S2L)*‘ <7x1071
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Table G.1.: Constraints on scalar SU(2) singlet and doublet LQs scaling as

TeV

17 for Ampo. Here g € {u,c} and I € {e, u}.

TeV
M and

couplings/mass constraint observable
|A(ue)| ~ [0.1,0.3] Quw (Cs)
|A(ue)| <9x 1072 Vad
A7) ~ [0.0,0.2] T =T U
IACD)] ~ [0.0,0.4] Dy — v,
Re[A(©) (A(e))¥] ~10.0,0.3] KT — et
Im[A(®e) (\(ce))#] ~ 0.0

| A(e) (\(ee)y¥| <1x107t DT = atefer
| A(ue) (\ler))x| <2x107Y Dt s atetp
A (A(ee))x| <3x107Y Dt s ateput
| ACem) () (ce)yx| <0.9 Kt — utv,

| A(r) (\(en))x| <1x1072 Dt s atutu~
A (\(em))x| <6 x 1072 DY — putpu~
Re[\@) (Alew))¥] ~[-0.2,0.00 K" —puty,
Re[A#7) (A(€7))*] ~ [-0.2,0.2] T =K v,
(IA@e)|2 — | \(un)|2)1/2 ~10.0,0.4] Re/y

| A(ue) (\ur) ) 4 p(ee) (\(en)yx| <4x107* pt — ety
[Re[Ate) (Alee)yx 4 A (N(ew)yx 4 A ()]~ [0,0.007] Am po
|IAe) (Nlem)yx o \ () (\(ce) )| <1x107! DY — pFet
IA@) (Alam)yx| <3x107! T =17y
|A(e) (\(un))*| <7x1077 p—e(Au)
IA(ce) (Alem)yx| <9x1073

| A(ue) (\(ur))x| <1x 1072 pu- —eete”
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|Aee) (Alew)yx| <6x1073
Re[)\(ue)(}\(ce))*] ~ [-1,0] Dt — ,U+Vp,
Im [\ (\(e))¥] ~ 0.0
Table G.2.: Constraints on scalar SU(2) triplet LQs scaling as L& V. and Tev for Ampo.
Here q € {u,c} and [ € {e, u}.
couplings/mass constraint observable
A (ue)‘ ~ 0.0 Qu (Cs)
ue)
A V2,V3’ ~ [0.0,0.2]
I\ ue)\ ~ [0.00,0.06] Vud
|)\(W), ~ 10.0,0.4] T ST,
AT ~[0.0,0.2] D, = v,
Re[Af (A57)7] ~[0.0,0.2] K+ > ety
| \(we) (A(ce))#| <6x 1072 DT — gtete~
| A(e) (\(em)y¥| <1x107! Dt — mtetp~
|)\(uu)()\(ce))*| <1x107! Dt — rte pt
|/\$Zu)()\%/636))*| <5x 107! KT — utu,
|\ (w) (\(em)y %) <1x 1072 DY — wtptp”
|)\(uu)()\(cu))*| <3 X 102 DY — wtp
Re[)\%ﬂ)(/\gzu))*] ~ [-0.5,—-0.1] Dt — ,quV“
Im[}\%ﬂ)(}\%ﬂ))*] ~ 0.0
Re[AUH (A7) ~[-0.08,-0.01] Kt — puty,
Tm[ AR (A ~[~1,-0.6]
RelA” 47 ~[0,08) Ao
ReDr (7)) ~[0,04
Re [)\%T)()\(CT)) ] ~ [—0.1,0.1] T = K v,
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Table G.3.:

tm AT ()]
IR\ (ASD)|

(’A%Z€”2 __|A(UN)
- A0 (y(e2))

[ A(e) (A(er))*
|A@e) (\(am))%|
A () (A ()%
(ce) 1)\
A )]
A )
IAGT (A7)
|>\(ue ( uu) *
|A ue)()\

|
|

(ce) ry(en) \«

A Gy

5

Va Va
l T)\ %
A )

(ul) (UT) *
|AV1,V2( V17‘72) ’

(ul) *
w@ug5|
|>\ )\(CT)

|2)1/2

*
Vi,Va,Va §37V5,§§) |

A AT
Tm[A{) (Ag;))*]

3

~ [0.0,0.9]
<05

~ [0.0,0.3]
<9x 1072
<1x107*
<7x1077
<1x1072
<6x1073
<7x1073
<4x107*
<2x1074
<8x107*
<6x107*
<3x10*
<9x 1072
<8x 1072
<1x107t
<4 %1072
<7x1072
<6x 1072
<3x1072
<1x107t
<6x 1072
~ 0.0

DT — 77y,
e/p

DY — ptet
pt — ety
w—e(Au)

uo = e ete

T =17y

i o

Constraints on vector LQs scaling as .
multiplied by 1/2. Here q € {u,c} and [ € {e, u}.

TeV

For V3 unlabeled constraints are
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couplings/mass constraint observable

NGO Dy <4Ax 107t (K = rtow) (Kt — wley,)

PYEVIONG S <2108 K9 - ée

|>‘s?;%)()\323) | <1x107° KY —éeu

NGOG <3x 1074 K9 = i

PYRIPVSRIN <4x 107t (K = ntow) (Kt — wo%ew,)

MGG, SN <5 %1076 K9 —eu

G (A <2x 1074 K9 = i

A ) <1x1073 K9 — e

I OS] A () <5x 1076 K9 > eu

|/\(uu)()\(2u))*’ <2x 10 K% i

A Ay <8x 1075 (K+ — ntow) /(KT — %)
ue) * (up) < —6 0 ¢z

AL, I A <3 %10 K9 - ep

|/\(uu)( cM))*’ 5 7 % 1075 K% - /_JJM

|)‘51;eL) SzR(AgbL)SQR)ﬂ <3x1072 (77 = %) /(r7 = mvy)

|>‘Sl;llé)SzR()‘(SZTL) SQR)*| <5x107% (77 =) /(1T = Ty

At 5, r 52 s,m)"] $2x1072 (r = LK) /(r = vK)

BYSRIOYSN <2x102 (7 = w0)/(r— — 1)

IAGH (G <3x1073 (1~ = 1Ou)/(r = 7 vy)

PRIPYSRN <2x1072 (1 = 7% ) /(7 = 7 wy)

A (AT <3x 1073 (7 = alu) /(7 = 7w wy)

AN <9x 1073 (r = 1K) /(1 = vK)

I\ “@( PN <Tx1073 (1 = %) /(7 = 7 vr)

IACH AT <2x107% (1~ = 10%u)/(rm = 1 vy)

Table G.4.: Constraints on LQs due to kaon and 7 — wl decays scaling as .

le{eu}and I')1" € {e,u,7}.

TeV

Here
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BSM beyond the standard model. 1
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EW electroweak. 1
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GSI gluon spectator interaction. 57
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HQE heavy quark expansion. 38

HQET heavy quark effective theory. 42
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IBP integration by parts. 15

IR infrared. 9

LCSR light cone sum rules. 57

LEET large energy effective theory. 43
LFU lepton flavor universality. 2
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LI Lorentz invariance. 25

LO leading order. 6
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MI master integral. 23

MIA mass insertion approximation. 87

NLO next-to leading order. 9

NNLL next-to-next-to leading logarithmic. 2

NNLO next-to-next-to leading order. 2

NNNLL next-to-next-to-next-to leading logarithmic. 31

NNNLO next-to-next-to-next-to leading order. 101
OPE operator product expansion. 2

PC parity conserving. 53

PV parity violating. 53

QCD quantum chromodynamics. 2

QED quantum electrodynamics. 2

RG renormalization group. 2
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SUSY supersymmetric. 3
UV ultraviolet. 9

WA weak annihilation. 47
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