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Abstract

In this thesis, next-to-next-to-leading-order corrections to the mixing and decay of bottom-
flavoured hadrons are calculated in perturbative quantum chromodynamics. For the
mixing of B mesons, the absorptive part of the off-diagonal decay matrix element, I'1, is
computed. The focus of the analysis of the decays is on the lifetime ratios for BT and
B, mesons as well as for the corresponding baryons, E% and =,. The calculations yield
matching coefficients for the |AB| = 2 and |AB| = 0 transition operators to leading power
within the Heavy Quark Expansion. Therefore, two-loop amplitudes are computed for the
transition operators while the other side of the matching involves three-loop corrections to
diagrams calculated in the |AB| = 1 effective field theory. General projectors for spinor
structures of up to eleven v matrices on two spin lines, applicable to two-point functions
with four external fermions, are constructed as part of the computation. Moreover, the
renormalisation procedure developed here, which preserves Fierz symmetry and deals with
subtleties arising from power-suppressed corrections, is applicable to a broad range of
processes.

The perturbative corrections are furthermore employed to obtain theoretical predictions of
mixing observables and lifetime ratios. For B meson mixing, the most precise calculation of
AT and ags to date for both the Bs and By systems are presented. Additionally, stringent
constraints on the apex of the Cabibbo-Kobayashi-Maskawa unitarity triangle are obtained
from the perturbative matching coefficients and measurements of ag and Al'y/ATs.
The relevance of I'15 for Beyond Standard Model physics is further emphasised through
the discussion of new physics in the chromoelectric vertex. For the lifetime ratios, the
predictions of 7(B™)/7(B4) and T(E%)/T(EZ) are updated to next-to-next-to-leading
order. The theoretical predictions agree with current measurements within the uncertainty,
confirming the Standard Model and the validity of the Heavy Quark Expansion.



Zusammenfassung

In dieser Dissertation werden Korrekturen der nachst-zu-nachst-zu-fithrenden Ordnung
in der perturbativen Quantenchromodynamik fiir die Mischung und die Zerfalle von
Hadronen, die Bottom-Quarks beinhalten, berechnet. Fiir die Mischung von B-Mesonen
wird der absorptive Teil des nicht-diagonalen Elements der Zerfallsmatrix, I'15, berech-
net. Der Fokus der Analyse der Zerfille liegt auf den Lebensdauerverhaltnissen der B -
und By-Mesonen sowie der entsprechenden Baryonen E% und =,. Die Rechnung liefert
Matching-Koeffizienten fiir die |[AB| = 2 und |AB| = 0 Ubergangsoperatoren der fiihren-
den Ordnung in der Heavy-Quark-Entwicklung. Hierfiir werden Zweischleifenamplituden
fiir die Ubergangsoperatoren berechnet, wahrend die andere Seite des Matchings Drei-
schleifenkorrekturen zu Diagrammen umfasst, die in der |[AB| = 1 Effektivfeldtheorie
ausgewertet werden. Fiir die Berechnung werden allgemeine Projektoren fiir Spinorstruk-
turen mit bis zu elf y-Matrizen auf zwei Spinlinien konstruiert, die fiir Zweipunktfunktionen
mit vier externen Fermionen anwendbar sind. Dariiber hinaus ist das hier entwickelte
Renormierungsverfahren, welches die Fierz-Symmetrie erhalt und Subtilitdten im Zusam-
menhang mit Massen-unterdriickten Korrekturen beriicksichtigt, auch fiir weitere Prozesse
anwendbar.

Die perturbativen Korrekturen werden ferner zur Ableitung theoretischer Vorhersagen fiir
Mischungsobservablen und Lebensdauerverhaltnisse verwendet. Fiir die B-Mesonmischung
werden die bislang prazisesten Berechnungen von AI" und ag sowohl fiir das Bs- als auch fir
das By-System dargelegt. Zudem lassen sich aus den perturbativen Matching-Koeffizienten
in Kombination mit Messungen von a% und AT'y/AT's strenge Einschrankungen fir die
Spitze des Cabibbo-Kobayashi-Maskawa-Unitaritatsdreiecks aufstellen. Die Relevanz von
['1o fur Physik jenseits des Standardmodells wird auBerdem anhand der Diskussion neuer
Physik im chromoelektrischen Vertex hervorgehoben. Fiir die Lebensdauerverhaltnisse
werden die Vorhersagen fiir 7(B1)/7(By) und T(E%)/T(EB) auf die nachst-zu-nachst-
zu-fiihrende Ordnung aktualisiert. Die theoretischen Vorhersagen stimmen innerhalb der
Unsicherheiten mit den aktuellen Messungen (iberein, was das Standardmodell und die
Glltigkeit der Heavy-Quark-Entwicklung bestatigt.
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1 Introduction and Motivation

In the following, a brief introduction to particle physics with a focus on B mesons is
presented together with a theoretical description of the decay and mixing processes. By
outlining the current status of experimental and theoretical determinations of the relevant
observables and their phenomenological importance, the need for high-precision calculations
is motivated. The chapter concludes with an overview of the strategy employed in this
work to reduce the theoretical uncertainty.

1.1 B mesons in the Standard Model

The Standard Model (SM) of particle physics provides the best description of nature as we
observe it at the smallest lengths and highest energy scales [1-3]. It offers an explanation
of many physical phenomena based on so-called fundamental particles, as shown in Tab. 1.1
with the quantum numbers as given in Tab. 1.2. The quarks and leptons form the basis of
all observed regular matter around us while the bosons mediate interactions between those
particles. A particular focus of this thesis is the strong interaction between quarks, which
is mediated by gluons. The theory describing the strong interaction is called quantum
chromodynamics (QCD) in reference to the colour charge under SU(3)¢ [4-6].

Quarks Leptons

Up (v) Down (d) | Electron (e) | Electron neutrino (ve)
Charm (¢) | Strange (s) | Muon (u) Muon neutrino (1)
Top (t) | Bottom (b) Tau (1) Tau neutrino ()

Vector Bosons

Photon () | Gluon (g) w+ Z0

Scalar Boson

Higgs (H)

Table 1.1: The Standard Model of elementary particles, arranged by generation.
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An interesting feature of the strong interaction is the formation of bound states. Since the
interaction displays asymptotic freedom, i.e. particles are non-interacting in the ultraviolet
(UV) limit, at low energies, quarks do not occur as free particles, and colour is not observed.
Hence, the theory shows confinement in the infrared (IR) regime, and quarks are found in
hadrons, mostly made up of either three or two quarks although there have been reports of
higher numbers in short-lived bound states [7]. Those particles consisting of three quarks
are called baryons, which include protons and neutrons, while combinations of a quark
and anti-quark are called mesons. Since quarks are in the fundamental 3 representation of

Name Label SU(3)c, SU(2), U(1)y | Spin
. ul
o= (3.2.+3) :
Quarks _ L L .
U;? (3, 1, g) 5
dh (3.1,-1) 3
. v ) )
e
Leptons _ L
ek (1,1,-1) 3
VR (1,1,0) 3
Higgs H (1,2, +%) 0
Gluons ga (8,1,0) 1
W/Z-Bosons | W=, Z0 (1,3,0) 1
Photon ol (1,1,0) 1

Table 1.2: Quantum numbers of Standard Model fields under the gauge group
SU(3)cxSU(2) xU(1)y. Note that the label i enumerates the three
generations of quarks and leptons.

SU(3)c, a quark-antiquark pair can be either in the octet or singlet representation,
33=8a1. (1.1)

The interaction potential as calculated from the scattering amplitude of a quark-antiquark
pair reveals that the potential for the singlet state is attractive whereas it is repulsive for
the octet state. Similarly, a triplet of quarks is can be decomposed as

39323=10080801, (1.2)

and again only the singlet state has an attractive potential. This is consistent with the
observation that the colourless singlet states are bound states.
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u/c/t

b > > > q

u/:c/t

Figure 1.1: Leading-order B meson mixing from a box diagram. Note that the
down-type quark g can be either d or s.

In this thesis, we consider the phenomenology of By and Bt mesons. These have the
quark content (bq), where g can stand for either d (down) or s (strange) quarks, and
(bu) respectively. All B mesons contain one b anti-quark. The bottom quark was first
discovered in 1977 at Fermilab by the E288 experiment [8], and since then flavour physics
involving bottom quarks has been a focus of many particle detectors, including CDF at
the Tevatron, BaBar, Belle | and Il, and LHCb [9-12]. The phenomenology of the neutral
B mesons is mostly characterised by the mixing between the meson and its corresponding
antiparticle, which was experimentally confirmed for the Bs system by CDF at Fermilab in
2006 [13].

The contribution of this thesis is to improve the predictions of B meson mixing and decays,
and to enable stronger conclusions to be drawn from experimental measurements of the
mixing and decay properties. For B meson mixing, the focus is on the absorptive part,
i.e. on the width difference AI" and the flavour-specific CP asymmetry ags while for the
decays the lifetime ratios are considered.

1.2 Particle-antiparticle mixing in B meson systems

In the Standard Model, B mesons oscillate between the particle and antiparticle state
because W boson exchanges allow for transitions which change the number of bottom
quarks by two. In the following, B mesons with a generic down-type quark will be discussed.
The Feynman diagram in Fig. 1.1 shows a leading-order contribution to B meson mixing.
That this type of diagram leads to a mixing between particle and antiparticle states can
be seen from the self-energy matrix ¥, which is related to the scattering matrix S in the
Wigner-Weisskopf approximation [14, 15] through

1
—i(@m)* (b= py) S = 5 (BilSIBy) (13)
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where Mp is the mass of the B meson and |B;),

B;) denotes either a B meson or B
anti-meson state with the four-momentum p;, p; [16]. Using time-dependent perturbation
theory in quantum field theory (QFT), the time evolution of the two-state system is given

by

- d ([B(t) _  (1B(2))

g (o) == (aiey) 44
where natural units h = 1 are used.

Inspecting the self-energy matrix more closely, we can observe how the states mix into each
other and how physical observables are related to the scattering matrix. The self-energy
matrix is commonly parametrised as

r
YX=M-i—-, (1.5)

2
where M is called the mass matrix and I' the decay matrix. Both matrices are taken to
be Hermitian, and their diagonal elements are identical due to charge-parity-time reversal
(CPT) invariance. Hence, this parametrisation offers a unique decomposition of the

Hermitian self-energy matrix,

T
Myp—i—L Mypy—i—22
> = - 2 | (1.6)
%
M —i212 —ih
1270 M

From a practical standpoint, the off-diagonal elements of the mass and decay matrix are
obtained from the dispersive and absorptive part of the self-energy, i.e.

Mz = (¥12 + ¥31)/2 = Disp (X12) |
P =i(¥12-%31) =-2Abs(12) . (1.7)

Since ¥ has non-zero off-diagonal elements, the time evolution in Eq. (1.4) mixes the
flavour eigenstates. In other words, diagonalising the self-energy matrix leads to the mass
eigenstates

|BLn) = p|B) £ q|B), (1.8)

which are linear combinations of the flavour eigenstates. The subscripts L, H denote the
light and heavy states with the eigenvalues

YN
ELn=Mpu-i——, (1.9)

where M|y and I'|_ are respectively the mass and decay width of the light and heavy
states. The mass and decay width differences are defined as

AM = MH_MLv AFEFL—FH. (110)
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Defining the charge-parity (CP) violating phase
r
¢Emg§”>, (1.11)

and neglecting corrections of order [I'1o/Mj5|? ~ 1072, the mass and width differences
can be written as

AM:2|M12|, AF:2’F12‘COS¢, (]..].2)
and hence their ratio is AT r
12
—— =—Re —%. 1.1
AM € My, (1.13)

Additionally, up to linear order in Im (I'1p/M;2) < 1073, the flavour-specific CP asymmetry
afs is given by

afg = Im —=. (1.14)

It is instructive to see how the observables derived above appear in measurements. The
self-energy matrix from Eq. (1.6) can be diagonalised with the eigenvectors (p, g) and

(p.—q), ie.

ML —I— 0
QlxQ= 2 . (1.15)
L H
My — i
0 H— >
where
P q
= _ 1.16
o) (116
Note that ag is defined in terms of p and q as [17]
q 2
ap = 1—‘1) , (1.17)
which leads to Eq. (1.14).
The time evolution in the flavour basis is solved as
M-t o
|B@»> L= —105»
_ =Q Q _, (1.18)
Qﬂﬂ> Ty B)
0 MH —l—
2
and the matrix can be expressed as
r q
M, - it 0 .| &0 &)
Q 2 r Qt = p , (1.19)
L H
0 My - = —g-(t) &+(1)
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where the quantities g4 (t) encode the oscillations,

- AT't AMt ATt . AMt
g+(t) = e Mt T't/2 (cosh 5 cos —isinh sin 5 ) :

- ATt AMt Al't . AMt
g(t) = e Mt T't/2 (— sinh — €S + i cosh e sin

), (1.20)

and the shorthand notation I' =I'1; and M = Mj; was used. If we start in a pure state
|B) at time t = 0, the state oscillates, and the probability of observing either a particle or
antiparticle is proportional to

It AT't
gL (t)? = 67 [cosh <2> + cos(Al\/It)} . (1.21)
Meanwhile, the flavour-specific CP asymmetry can be measured in the decays of B mesons
to final states f and their respective antiparticle states [16, 18],

dir _ I(B(t) = f)-T(B(t) — f)
3P B = )+ T(B() = F) (1.22)
where the direct CP asymmetry
dgr _ N(B—f)-T(B—f)
“PTTB S LI(B =) (1.23)

was introduced. For a derivation of the individual decay widths, see e.g. Ref. [17]. Note
that flavour-specific decays are such processes where B — f is allowed while B — f
and B — f are not. However, it is not necessary to tag the initial states to measure ag.
Defining the untagged decay width

I[f, t] = T(B(t) — f) + [(B(t) — f), (1.24)
the untagged CP asymmetry is further defined as

_ T[f, t]-T[f, t]
9fs, untagged = T[f, 8] + F[? t] :

(1.25)

This quantity can be expressed in terms of the previously defined CP asymmetries [16],

_ _dir dfs dir \2 COS(AMt)
s, untagged = acp t 2 (1_ (QCP) ) (1 - W . (1.26)

This is useful for experimental measurements because the need to tag the initial states
is eliminated, making the measurement of the CP asymmetry more tractable. In the
measurement of afs yntagged, the time dependence does not cancel, in contrast with
Eq. (1.22). The tagging of initial states can therefore be traded with the need to measure
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the time dependence of the decays. With the full time dependence, it becomes possible to
distinguish agg from acgﬁ, and detector asymmetries [19].

To illustrate the discussion above, we highlight potential measurements of ag. The
traditional way of measuring the flavour-specific CP asymmetry is to investigate semilep-
tonic decays with f = X¢Tv, and f = X i,. However, other decay channels like
By — J/YwK*n™, By — D D™, By — D~ K™ and many more can be included in the
analysis to increase the statistics. It is worth noting that the semileptonic decays have the
advantage that the direct CP asymmetry ad'r vanishes for those decays. This is not the
case for example in the decay channels By — J/¢K*n~ and By — DS D™ [20].

The B meson mixing observables are sensitive to the Cabibbo-Kobayashi-Maskawa (CKM)
matrix V, which encodes the differences in the weak interaction when it comes to coupling
different flavours of quarks [21, 22]. The CKM matrix is unitary, so there exist six unitarity
triangles, which can be written as

V>‘< Vuj + Vé‘}ch + V;;-th =0,
ViaVid + VisVis + Vi Vip = 0, (1.27)

where i,j € {u, c, t} are up-type quarks while k,/ € {d, s, b} are down-type quarks. It
will be convenient to introduce the notation

X = Vi Vi, (1.28)

where g is either d or s. When q is not specified, the superscript is not show. The
CKM coefficients from Eq. (1.28) appear in both Mjp and I'15. This can be seen from
considering the off-diagonal part of the self-energy matrix, which is obtained from box
diagrams like the one shown in Fig. 1.1 and QCD corrections to it. The CP-violating CKM
matrix elements factor out of the amplitudes

M(B = B) = ZAAM%&%Q

M(B = B) = Zﬁv i(B— B), (1.29)

where we have introduced the amplitude M in the parametrisation of the scattering matrix
from Eq. (1.3),
(BilS|B;) = i (27)* 6*)(p; = pj) M. (1.30)

Since QCD obeys CP invariance, the factorised amplitude MU in Eq. (1.29) must be
CP-invariant. This implies that

MI(B = B)y=MI(B = B)= MY, (1.31)

The CKM elements can hence be factored out from My and I'15. Note that while for M;»
all three up-type quarks can appear in the internal loop, I'15 only obtains contributions
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from u and c. This is because the imaginary part of a diagram is given by the sum of
all cuts which allow physical on-shell states [23]. Since the top quark is heavier than the
external bottom quark, there are no allowed cuts and the imaginary part of those diagrams
vanishes. Therefore, we have

Mio = X2 ME + 2X e A e MES + 20 e hy MY + A2 MES + 20y A e MES + 02 MY (1.32)
and using the unitarity triangle Eq. (1.27) to remove A,
Mip = AF(M{5 - 2M{5 + M{%)
+ 2\ Ae(M15 - Mi5 - M{5 + M{3)
2
+ Ne(M{% - 2M{S + Mf5). (1.33)
If all quarks had the same mass, all terms l\/lij2 would be identical, and the expression would
vanish. This is an example of the Glashow-Iliopoulos-Maiani (GIM) mechanism [24]. Since

the top quark is much heavier than the up and charm quarks, the leading contribution to
M5 stems from the )\% term. Meanwhile for I'15 the factorisation is

T1p = - (A2T§5 + 2XuAc TH5 + AT TTS) . (1.34)

Since the CKM elements have been factored out in Egs. (1.29), (1.32) and (1.34), we can
obtain simple expressions for the individual CKM contributions,

M, — M;B (M 4 Mi) ZA;BRe (M) |
e, = _2/\I/IB (MI - MI*) = /\jslm (M) (1.35)

1.3 Decays of B mesons

Lifetimes of B mesons are interesting to study because the Standard Model enables
predictions of differences in lifetimes, or equivalently their ratios, to a very high precision.
The inverse of the lifetime, the total decay width I' of B mesons is given by the diagonal
part I'11 of the self-energy as defined in Eq. (1.6). It is clear that this is indeed the decay
width from the exponential in Eq. (1.21), but we can also derive this from the optical
theorem.

The optical theorem in the general case can be derived from the unitarity of the scattering
matrix,

Sls=1 = i(T-T)=TIT, (1.36)

where the transfer matrix T is defined by S = 1 + iT. Evaluating i(TT = T) between
initial and final states, |a) and |b) respectively, yields

(bli(TT=T)|a) = i(2m)*6*) (pa = pp) (M*(b — a) - M(a — b)) . (1.37)
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We can use the completeness relation for multi-particle states | X) to evaluate the other
side of Eq. (1.36),

(bITITIa) = 3 [ dPx(bITHX)(X| T|a)
X

= Y m)* 6@ (py - px)(27)* 5 (ps — px) [ dPxM(a > X)M* (b X),
X

(1.38)
where the relativistically normalised integral measure is given by
d3p- 1
dPy = S (1.39)
jg< (27)3 2E;

The unitarity condition Eq. (1.36) hence yields the generalised optical theorem

M(a = b)= M*(b— a) = i 3 (27)*6® (p, - px) /dPX/\/l(a S X)M*(b — X),

X
(1.40)
which has the special case |a) = |b) = |B):
Im(/\/l(B N B)) — MgT. (1.41)

This also allows us to view Eq. (1.3) as a generalisation of the optical theorem.

Lifetime ratios are especially attractive from a theoretical standpoint because the leading
term drops out of such ratios when using the Heavy Quark Expansion (HQE), which is to
be discussed in Section 2.5. In this thesis, the lifetime ratios

AC20 N )
m(By) m(E5)

are considered, where the baryons have the quark contents ub ~ (bus) and =, ~ (bds).

(1.42)

1.4 The need for precision physics

1.4.1 Current status of B meson mixing

The Bs and B, meson systems have been studied in detail experimentally, and the current
status with regards to the mixing parameters in the Bs system is as follows:

AMS® = (17.7656 + 0.0057) ps , [25] (1.43)
AT$P = (0.0781 4 0.0035) ps [26] (1.44)
a2’ P = (-60 £+ 280) x 107, [26] (1.45)
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while for the By system, the most recent experimental measurements are:

AMS® = (0.5065 + 0.0019) ps™!, [26] (1.46)
ATS® = (0.7 £6.6) x 103 ps7!, [26] (1.47)
AP — (214 17) x 1074 [26] (1.48)

These value can be confronted with theoretical predictions that this thesis aims to update,
specifically for the Bs system:

AMEheo — (18.23 + 0.63) ps_l , [27] (1.49)
ATthe — (0,076 + 0.017) ps [28] (1.50)
a3t = (219 £ 0.14) x 107, [29] (1.51)
and for the B, system:
AM'®® = (0.535 4 0.021) ps !, [27] (1.52)
ATHe — (216 4+ 0.47) x 1073 pst, [29] (1.53)
aditheo _ (5,04 +0.33) x 1074 [29] (1.54)

From these values and referring to Fig. 1.2, we can observe that the largest theoretical
uncertainty in relative terms persists in AI', followed by as;. Moreover, there is a large
discrepancy in the central values for Al'y, and historical data from experiments showed a
greater deviation from the predicted value for AT's too, see Ref. [30]. The central values
for ags agree within the experimental uncertainty, which is, however, much larger than the
theoretical prediction. The most accurately determined quantity with the best agreement
is AM. It should be noted that AI" presents an opportunity to reduce a large theoretical
uncertainty to clear up a potential tension with the experiment. Moreover, new physics
models involving B mesons for baryogenesis and dark matter can be probed via I'1o [31].

1.4.2 Current status of B and =, lifetime ratios

The current experimental data related to the lifetimes and their ratios are

(T((B;)))exp — 1.076 £ 0.004, [26] (1.55)

T\Bd

<T(E?,)>exp — 0.936 == 0.022 [26] (1.56)
7(55) e e :
(r(8T))7® = (1.638 £ 0.004) ps, 26] (1.57)
(7(29))7" = (1477 £ 0.032) ps. [26] (1.58)
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3.5% Theoretical uncertainty 3.9% Theoretical uncertainty

AMs 2.5% Relative difference AMd I Relative difference
5%

22.4%

2.8% 67.6%

6.4% 6.5%

a a
fs 2839.7% fs 516.7%

(a) Bs system (b) By system

Figure 1.2: Relative differences between theory and experiment and theoretical
uncertainties for Bs and By observables. Note that the relative
differences are calculated with respect to the theoretical predictions.
The hatched bars extend beyond the area of the plot and are not to
scale.

The most recent theoretical predictions of the lifetime ratios in the HQE are

7(By)
(T(E%)
7(Z3)

Confronting theory with experiment, we see that the uncertainty of the B meson lifetime

theo
(T(B+)> = 1.086 £ 0.022, 32] (1.59)

theo
) = 0.929 + 0.028. [33] (1.60)

ratio is more than five times as large on the theoretical prediction, motivating a more
precise determination in this thesis.

1.4.3 Phenomenological importance of the observables

An accurate determination of AI' and agg has a different relevance for the Bs and By
systems. Considering the Bs system first, the ratio Al's/AMs is almost independent of
any CKM parameters, including |V |. This can be seen from Egs. (1.32) and (1.34) since
A3 cancels in the ratio I'15/ My, and the ratio |A}/A3]| ~ 0.02 is small. As Al's/AMs is
well-measured experimentally, a comparison of theory and experiment serves as a probe
of SM parameters [28]. On the other hand, aZ is tiny in the SM, but Beyond Standard
Model (BSM) physics can increase the CP asymmetry by two orders of magnitude [34].
Therefore, a precise parametrisation of aZ in terms of effective operators will allow for a
more precise implementation of BSM theories too.

Given the experimental status and the different CKM elements involved, the B, system
can be studied to provide constraints on the CKM unitarity triangle. In particular, we can

11
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0.6 1
0.4 1
=
0.2 Re
00 T T T T
-04 -0.2 0.4 0.6 0.8 1.0

Figure 1.3: The CKM unitarity triangle probed by By mixing. The triangle shown
represents the current global average [35]. The constraints in orange
are curves on which the apex of the CKM triangle would need to lie
for hypothetical measurements of afls and AT'y/AMj.

obtain constraints on the CKM unitarity triangle involving A /\g and )\‘tj from future
measurements of ag and AI'y. The corresponding triangle is show in Fig. 1.3. Following
the notation of Ref. [36], we introduce the parametrisation

I'12 Y -4
—==la—+b—=+c| x10” 1.61
My [ At A2 (1.61)
such that the flavour-specific CP asymmetry can be written as
A (Ad)2 _
d 4
ac. = [alm—; + bIm x 107, 1.62

and a measurement of a% can be used to constrain the apex of the CKM triangle, see
Section 4.6. An additional constraint can be constructed from the ratio AI'y/Al's, which
can be parametrised using Eq. (1.61) as

d d\2
a (A )
11 2Relt | PRl
ATs | A3 . aR AS R(Ag)2' '
S TR G

Measurements of AI'y and Al's can hence be used to yield another constraint on the
CKM triangle, which is also shown in detail in Section 4.6. Since the two constraints are
almost orthogonal to each other, the apex of the CKM triangle can be determined with
high precision from B meson mixing observables alone. This serves as an excellent test of
the Standard Model.

The inclusion of penguin operators in particular in the calculation of I'15 is important for
constraining certain types of BSM models. Such models could introduce an additional

12
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contribution to e.g. (4, see Section 2.2, but only couple b and g = d, s quarks to down-type
quarks. The new physics effects would not impact My significantly, which is dominated
by the top quark loops; however, they contribute to I'1. The largest contribution would
be expected from the interference with the SM matching coefficient C;. There would be
no leading order contribution as the one-particle reducible diagram vanishes, so the leading
effect comes from NLO diagrams like the one shown in Fig. 1.4 as the interference with
a penguin operator at LO will be smaller than the NLO diagram with a current-current
operator due to the smaller Wilson coefficient of SM penguins. To improve the accuracy
of constraints on such BSM theories, it is hence desirable to calculate the first correction
to this contribution too, i.e. to calculate current-current penguin diagrams at NNLO.

b q
Q36

q @12 b

Figure 1.4: Leading effect from a BSM contribution to a penguin operator (3¢
that only couples to down-type quarks.

A cornerstone of the B meson mixing calculations is the HQE, so it is important to
independently verify the validity of this operator product expansion. This can be done
through the comparison of experiment and theory for the lifetime ratios. The lifetime
ratios offer a clean way of probing the validity of the HQE since any BSM effects are
expected to be of the per mille level in the lifetime ratios [27, 32]. The main criticism of
the HQE, which should be addressed with precise calculations of the lifetime ratios, is the
possibility of the violation of quark-hadron duality (QHD) as proposed in Refs. [37-39].
As proving QHD in general is very difficult, additional evidence from lifetime ratios is a
valuable contribution to our understanding of QCD.

1.5 Reducing the theoretical uncertainty on B meson
observables

1.56.1 Overview of theoretical determinations of B meson mixing

Calculations of B meson observables consist of a non-perturbative and a perturbative part,
connecting the high- and low-energy regimes. While the non-perturbative calculations
are usually done using QCD sum rules or lattice QCD, perturbative calculations proceed
via an asymptotic expansion in the coupling parameter, amounting to the evaluation of

13
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increasingly complicated Feynman diagrams. Our focus lies on the perturbative part of
the calculations, which are discussed in the following. The non-perturbative counterparts
are described for example in Refs. [40-46]. For more details on the perturbative part and
how perturbative and non-perturbative results are combined to yield physical results, see
Chapter 2.

Previous calculations of B meson mixing observables have included various contributions
of the weak interaction to at most next-to-next-to-leading order (NNLO) with the most
involved calculations being limited to certain kinematic limits. The various contributions
of the weak interaction are captured through effective operators, which will be introduced
in detail in Section 2.2, most notably the current-current and penguin operators. A smaller
contribution arises from the chromomagnetic operator, which has also been considered
before. The observable I'15 is calculated in the HQE, where successive terms are suppressed
by the ratio of the fundamental QCD scale (at around 400 MeV) to the bottom quark
mass, AQcp/mp. The sub-leading contributions in the HQE have been calculated to LO
in QCD [34, 47, 48] and the leading-power terms are discussed in the following.

The current-current operator contributions to I'1o have previously been determined to
leading order (LO) and next-to-leading order (NLO) [36, 47, 49, 50]. The NNLO
contributions have been calculated for the fermionic parts, i.e. in the large flavour limit, in
Refs. [51-53] and for the non-fermionic parts in Ref. [28], both in an expansion in the
charm-to-bottom mass ratio m¢/my, up to second order.

Contributions involving penguin operators have been calculated to LO [47, 49] and to NLO
in an expansion in m¢/my, up to second order [28, 54]. The chromomagnetic operator has
been included to NLO in Ref. [49]. Its NNLO and next-to-next-to-next-to-leading (N3LO)
contributions have been considered in Ref. [54] in the expansion up to (mc/mp)?.

1.5.2 Extending the B meson mixing calculations of I'y5

Because of the larger theoretical uncertainties on AI' and ag, the focus of this thesis lies
on the accurate determination of these two observables. They are closely related to the
quantities ['15 and My, as can be seen from Egs. (1.12) and (1.14). Since My has been
accurately determined from theoretical predictions [55], I'12 is a focus topic of this thesis.
Building on previous works, this thesis completes the perturbative NNLO QCD corrections
to the leading-power term of I'{5 in the HQE, including a deep expansion in the mass ratio
me/my, for all contributions. To this extent, the following improvements are presented:

1. Penguin operator contributions are calculated at NNLO for the first time.

2. The current-current contributions at NNLO are calculated to a deeper expansion up
to (me/mp)?0.

14



1.5 Reducing the theoretical uncertainty on B meson observables

3. Contributions involving penguin operators at NLO are calculated to a deeper expan-
sion up to (m¢/mp)?0.

4. Contributions involving the chromomagnetic operator up to N3LO are calculated to
a deeper expansion up to (m¢/mp)?C.

Additionally, the question of an unambiguous choice of basis for the leading-power transition
operator in the HQE is resolved, allowing for an accurate combination of perturbative
results from this thesis with non-perturbative matrix elements, see Sections 2.4.2 and
2.4.3. It is worth noting here that the expansion depth of (m¢/mp)%0 is sufficient to
achieve a relative precision of better than 107® at NNLO.

The significance of the added expansion depth in mc/my, for previously calculated contri-
butions is underscored by the fact that the leading term of ag is proportional to (mc/mb)Q.
However, also Al is expected to benefit from the higher precision. The entirely novel
contribution involving penguin operators at NNLO contributes to both observables for dia-
grams involving one penguin and one current-current operator, providing another precision
boost. Meanwhile, the NNLO double penguin contribution has no effect on ar; because
the CKM factor )\% cancels in the ratio I'15/ My, which is therefore purely real. However,
in BSM theories, the Wilson coefficients might pick up a complex phase such that penguin
double insertions contribute to the imaginary part of I'1» and thereby as.

In order to calculate the penguin operator contributions at NNLO, novel projector methods
had to be developed. The algorithm presented in Section 3.3 is applicable to any process
with four external fermions and is particularly relevant for higher-order QCD corrections
involving effective operators and dimensional regularisation.

1.5.3 Overview of theoretical determinations of lifetime ratios

As for the calculations concerning the B meson mixing observables, the focus of this
thesis is on the high-energy perturbative QCD corrections to the lifetime ratios. For an
overview of all the components which enter the B meson lifetimes, see Ref. [32]. Recently,
all LO non-leptonic matching coefficients of the two-quark |AB| = 0 transition operator
up to dimension six were computed [56]; however, these mostly cancel in the lifetime
ratio 7(BT)/7(By) due to isospin symmetry. For this lifetime ratio, the most relevant
matching coefficients are those of the four-quark dimension-six |[AB| = 0 transition
operator, which for the non-leptonic part have been computed to LO [57] and to NLO [58,
59] for the CKM-leading contribution of the current-current operators. The penguin and
chromomagnetic operators were also considered in Ref. [59] at one-loop order. The next
step in improving the precision of the lifetime differences is hence the calculation of the
CKM-leading NNLO contributions of the current-current operators together with the
CKM-suppressed terms at NLO.
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Similar to the theoretical calculations of the mixing observables, non-perturbative matrix
elements are required to yield physical results in combination with the high-energy matching
coefficients. For the lifetime ratios, the |AB| = 0 matrix elements were recently updated
using QCD sum rules in Ref. [60].

Further motivation for an NNLO calculation of the dimension-six terms stems from
the recent calculation of the dimension-three contributions to B meson decays [61, 62].
Theoretical predictions of the decay width to NNLO are hence partially possible now,
and with the addition of the NNLO terms from the four-quark operators, a full NNLO
calculation of the total decay width draws closer.

1.5.4 Increasing the precision of lifetime ratios

In this thesis, the current-current operator contributions to the non-leptonic decay width are
calculated to NNLO in QCD and analysed in terms of their phenomenological implications
for the lifetime ratios of B mesons and =j, baryons. The calculation involves the imaginary
part of the three-loop weak annihilation (WA) and Pauli interference (Pl) diagrams, see
Section 2.5. The following novel contributions are presented:

1. The leading-CKM contributions of the current-current operators are calculated to
NNLO.

2. The CKM-suppressed contributions of the current-current operators are calculated
to NLO.

The calculation also makes use of the advanced projector methodology developed for the
mixing calculations, see Section 3.3.

The results of this high-precision calculation present a major update of the work carried
out in Ref. [58] and allow for a more robust test of the validity of quark-hadron duality
and the Heavy Quark Expansion.

1.6 Summary and overall approach

This thesis describes the methods necessary to complete high-precision calculations for B
meson observables within the framework of the weak effective Hamiltonian in the perturba-
tive regime up to NNLO. Moreover, the phenomenological implications are discussed. The
calculations proceed via two operator product expansions, where the W boson and heavier
particles are integrated out first to obtain an effective |AB| = 1 theory. Subsequently,
the HQE is employed to match onto an effective |[AB| = 2 and |AB| = 0 transition
operator for B meson mixing and decays respectively. The theoretical foundations of these
theories are discussed in Chapter 2. These transition operators allow a factorisation of the
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1.6 Summary and overall approach

high-energy and low-energy physics, where our focus is on the perturbative high-energy
regime. In Chapter 3, the calculation of amplitudes in terms of Feynman diagrams is
presented with a particular focus on the novel projector methods developed as part of
this thesis. The phenomenological implications of the results in B meson mixing and
their relevance for BSM physics are analysed in Chapter 4 and Chapter 5, while the
phenomenology of B meson and =, baryon lifetime ratios follows in Chapter 6. The thesis
concludes with a discussion of the results and an outlook on future work in Chapter 7.
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2 Operator Product Expansions and
Effective Field Theories

In this chapter, the theoretical foundations of the effective operators employed in calculating
the B meson decay and mixing amplitudes are presented. Starting from a general
introduction to effective field theories (EFTs), the weak effective Hamiltonian of the
|AB| =1 basis as well as the |[AB| = 2 and |AB| = 0 transition operators in the Heavy
Quark Expansion (HQE) are developed. The matching calculation which connects the
|AB| = 1 theory to the transition operators is discussed for both the mixing observables
and lifetime ratios. Additionally, field theoretic challenges in the evaluation of amplitudes,
e.g. the correct implementation of Fierz symmetry and the preservation of the Aqcp/my
suppression of renormalised matrix elements, are highlighted.

2.1 Fundamentals of operator product expansions and
effective field theories

2.1.1 Describing low-energy physics with effective operators

To introduce the concepts of an operator product expansion, the derivation of the weak
effective Hamiltonian is discussed in the following. The effective |[AB| = 1 Hamiltonian
is a useful tool to describe the mixing and decay processes at the typical mass scales of
B mesons. Many calculations in quantum field theory are simplified by working at the
correct scale of the problem, and EFTs offer a convenient path to achieving this. In the
case of the weak effective Hamiltonian, a Type-I EFT [63] where heavy degrees of freedom
are fully removed, the W boson and all particles heavier than it are integrated out. In
doing so, the number of scales is reduced when calculating QCD corrections to the mixing
and decay processes.

In order to construct the effective field theory, a short-distance operator product expansion
is employed, which can be illustrated by examining the W boson exchange shown in
Fig. 2.1, see also Refs. [63, 64] for further details. The weak interaction in the Standard
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b c b c

Figure 2.1: Effective current-current operator in orange as generated from the
exchange of a W boson.

Model Hamiltonian takes the form

g ) e
HO _7‘/; [W; (Uhuvabdf) + Wy (dLaWVJb”Il.))] ' (2.1)

where gy, is the electroweak coupling constant. The matrix element of the Feynman
diagram on the left of Fig. 2.1 is given by

. 2 .

18w * (= n —I8uv

M = () VesVip (cy'Pys) (b Pc) x S5 (2.2)
V2 ¢ ( ) p? - Mg,

where the chirality projector Pp/ = (1 £+ v5)/2 was introduced. The momentum and
mass of the W boson are denoted by p and My respectively. In the low-energy limit
p? < M3, the denominator of the W propagator can be expanded in a Taylor series,

1 1 p? )
— - 1+ —+... ), (2.3)
A

which allows us to write the matrix element from Eq. (2.2) as

. . 2 2
1 18w % /= n P
M= —- () Ves V2 (eyH Py s) (b Pic)+ O () : (2.4)
2 cs Veb L5) (byurL 7
Mg, \ V2 ) Myy
We observe that the W boson generates operators which are suppressed by increasing
powers of pz/Ma/. This illustrates the Appelquist—Carazzone decoupling theorem [65],
which states that heavy fields of mass M generate at low energies operators that are
1/M-suppressed, with the exception of renormalisation effects.

Using the example above, the concepts of an operator product expansion and an effective
field theory will be introduced. First, it can be observed that the non-local interaction
mediated by the W boson in Eq. (2.2) is replaced by a series expansion of local operators
in Eq. (2.4). This is an example of an operator product expansion (OPE), which reads in
generic terms as

0i(x) Oj(y) ~ Ek: CH(x=y) Okly). (2.)
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where the operators O; and O; are expressed as an asymptotic expansion in an open
neighbourhood U of y such that x € U\{y} [66-69]. While the OPE is defined in position
space, the relation above can be Fourier-transformed to momentum space, which is more
practical for loop calculations. Since the definition holds in an open neighbourhood of y,
the OPE will be valid for spacetime points x close to y, which intuitively makes sense for
the type of short-distance OPEs that we are considering. The advantage of using such
OPEs is that the high-energy and low-energy physics can be factorised into the Wilson
coefficients Céf and operator matrix elements (O, (y)) respectively. This allows us to
combine perturbative with non-perturbative results.

After integrating out the W boson, the low-energy physics are described by the electroweak
|AB| = 1 effective Hamiltonian. Continuing with the example from above, consider the

Hamiltonian 1C
Heofs = —ﬁF VesViy (64"Pys) (byuPyc) + hc., (2.6)

which generates the same matrix element as given in Eq. (2.4) when

2
Gp=—SW__
4/2M3,

The constant Gf is called the Fermi constant, and the Hamiltonian in Eq. (2.6) can be
generalised for all quarks and leptons to the effective field theory proposed by Enrico
Fermi [70, 71]. While OPEs are generally only valid inside correlation functions, EFTs

(2.7)

are standalone quantum field theories, with their own action and perturbative Feynman
rules, valid below a cutoff scale. When constructing EFTs, the most general Hamiltonian
consistent with the symmetries of the theory is written down and organised in powers of
the heavy cutoff scale, which will be presented in Section 2.2. On the other hand, the
|AB| =2 and |AB| = 0 transition operators presented in Section 2.4 and Section 2.5 are
examples for where an OPE is used inside a correlation function to evaluate an amplitude.

Amplitudes calculated using effective operators need to be renormalised to yield finite
results. In the following sections, the renormalisation procedure is discussed, including the
evanescent operators appearing in dimensional regularisation.

2.1.2 Renormalisation of the QCD Lagrangian

As the main focus of this thesis is the calculation of QCD corrections to B meson mixing
and decays, the renormalisation of the QCD Lagrangian is discussed first before moving on
to special considerations for effective field theories. The QCD Fadeev-Popov Lagrangian
is given by [72]

Caco =4 (G0) - e (0#62)7 + 0 (iD-m) v + & (-04D) <. (29)
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where c? are the Fadeev-Popov ghosts and 1) denotes a generic quark field of mass m.
The gauge choice £ = 1 corresponds to Feynman-t'Hooft gauge. The covariant derivative
acting on the fundamental representation is

while for the adjoint representation it is defined as
D¢ = 570, + g5 G2, (2.10)

where £2P¢ are the structure constants of the Lie algebra of SU(3). The field strength
tensor is given by

G2, = 0uG2 - 0,G2 + gsFP° GG . (2.11)

In order to renormalise the Lagrangian, the fields and coupling constants are expressed in
terms of bare quantities and renormalisation constants,

WO =1/Z) G20 =,/z3G2,
Ca'O:\/Z3Ca, m0:me,
g0 = 1\/Z,. g, A=z (2.12)

Here, we have introduced the renormalisation scale i and the parameter ¢, which is
used in dimensional regularisation in d = 4 — 2¢ dimensions. This parameter acts as a
regulator of divergences, which appear as poles in € and need to be renormalised. After the
renormalisation procedure, physical results are recovered by taking the limit ¢ — 0. For
the calculations carried out as part of this thesis, the constant Z3 is not required and only
mentioned here for completeness. Additionally, the field strength renormalisation of the
gauge field GE does not appear, but the constant Z3 enters through the renormalisation
of the gauge parameter &.

The renormalisation constants can be expanded as a series in the strong coupling constant
and the UV pole regulator,

5 io: 2’: (Zj)ilkz(i'k)' (2.13)

where a5 = g52/(47r). The renormalisation constants in this thesis are taken to be in the
modified minimal subtraction (MS) scheme in most cases, which removes all poles and
terms with the Euler-Mascheroni constant g as well as certain logarithms that can be
absorbed by rescaling the renormalisation scale

2 2 e’E

— c—. 2.14
Tl (2.14)
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This corresponds to subtracting only poles in
1

1
—=>-9g+In(4n), (2.15)
€ €
and we have ZU:k) — 0V k > 0 as well as Z(0.0) = 1. The QCD renormalisation constants

are known up to a2, see Refs. [73-77].

For the mass renormalisation, we find it convenient to work in the on-shell (OS) scheme
when computing the amplitudes as outlined in Chapter 3. This is because the external
bottom quark is taken to be on-shell, such that its momentum squared is equal to the
on-shell mass squared, i.e. q2 = m%. In particular, applying the equation of motion
dup = mpup, will yield additional factors of the on-shell mass. Therefore, it is practical to
also use the OS mass for internal propagators and consequently the mass renormalisation.
The OS mass m©3 is defined such that the pole in the two-point function occurs at the
physical mass m and has residue 1. If we denote all one-particle irreducible insertions into
the fermion propagator by —il\/l(p2), the full two-point function A can be written as a

geometric series

A= p- mOS Z( ) <P_ImOS> - p_mOSI_ M) (2.16)

where p is the external momentum of the particle. The renormalisation conditions are

hence

M(p?)] o_(mosy = 0. — M(p?) =0.  (217)

p2:(m05)2

The mass renormalisation constants in the OS scheme up to a2 can be found in Ref. [78].

p2=

Additionally, Ref. [79] gives contributions at as from on-shell diagrams with two mass
scales, e.g. the bottom and charm quark masses.

For phenomenological applications, different renormalisation schemes of the bottom quark
mass can be used. While the poles must cancel in any renormalisation scheme, the finite
parts may differ, and the remaining dependence on the renormalisation scale due to the
truncation of the perturbation series at a finite order in as is also specific to the chosen
scheme. Hence, certain schemes are more suitable for processes at particular scales. The
conversion between the previously discussed MS and OS schemes can be found in Ref. [79].

The third scheme that is interesting to consider in the context of bottom flavour physics
is the potential subtracted (PS) scheme, where large corrections from the heavy quark
potential are removed [80]. Large perturbative corrections to the OS mass cancel with those
in the potential, making the PS mass a well-determined quantity even when truncating
the perturbation series. The PS mass mPS is obtained by subtracting the low-energy part
of the heavy quark potential V(q) below a factorisation scale ¢ from the OS mass,

PS(1g) = mO> = dm(ur) (2.18)

23



2 Operator Product Expansions and Effective Field Theories

where the subtraction term is given by

=

N

miue) =2 [ £8 (g, (2.19)
(2m)3
|Gl <wr

The heavy quark potential in momentum space V/(q) has been computed to order O(a?)
in Ref. [80], and the three-loop corrections were obtained in Refs. [81, 82]. The conversion
to the MS mass is given in Ref. [78], and a convenient implementation of quark mass
relations as well as the running of the strong coupling constants and the quark masses
called is provided in Ref. [83] in the form of a program called RunDec. The finite charm

mass effects in the definition of the PS mass are presented in Ref. [84].

2.1.3 Renormalisation of EFTs and evanescent operators

In order to renormalise an EFT, additional renormalisation constants are necessary for the
effective operators, which need to be treated differently. The effective operators mix under
renormalisation since higher-order corrections to any operator may yield colour and spinor
structures different from the original one. Therefore, it becomes necessary to renormalise
the Wilson coefficients or equivalently the effective operators through a renormalisation
matrix,

=z (2.20)

To define the renormalisation scheme used for the operator mixing, a special class of
operators called evanescent operators needs to be introduced too.

When working with Dirac spinors in d = 4 — 2¢ dimensions, the Dirac algebra becomes
infinite-dimensional and additional spinor structures appear, which give rise to evanescent
operators [85]. This is because the four-dimensional identities that could be used to reduce
the number of v matrices in a so-called Dirac chain are not applicable to d dimensions.
For example, the Chisholm identity [86]

d=4 .
WAyl "=" gl P - ghPy" + gyl + i7" Pygs (2.21)

does not hold in d # 4 dimensions. Similarly, without a particular choice of evanescent
operators, the four-dimensional Fierz identities as derived in Appendix C are not valid
outside of four dimensions. Therefore, evanescent operators are introduced as the difference
between the spinor structures in d dimensions and their counterpart after applying four-
dimensional identities [85, 87, 88]. The tree-level matrix elements of evanescent operators
hence vanish in four dimensions, i.e. they are O(¢); however, in intermediate steps they may
be multiplied by poles in the regulator €. For a correct physical result, the renormalisation
procedure must include the evanescent operators.

When extending the renormalisation scheme to include evanescent operators, we follow
the prescription outlined in Ref. [89], which extends the MS scheme:
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2.1 Fundamentals of operator product expansions and effective field theories

= Renormalised amplitudes of physical matrix elements are UV-finite, i.e. the renor-
malisation constants only remove poles in 1/¢yy.

= Renormalised amplitudes of evanescent matrix elements vanish as ey — 0, i.e. the
renormalisation constants have poles as well as finite parts that cancel the finite
bare amplitude.

It is worth stressing here that amplitudes can still contain IR poles after the UV divergences
have been removed in the renormalisation procedure. In fact, when using the same regulator
for UV and IR divergences €|jyy = €)r = €, one cannot differentiate between the divergences,
and the evanescent operators need to be retained until the IR poles are removed in the
matching, see Section 2.6.

Returning to the renormalisation matrix which describes the operator mixing, we can write
down an explicit parametrisation of the necessary terms for the physical and evanescent
operators. Schematically, the renormalisation constants are defined via

((6bare)T, (égare)T) _ ((6~ren)Tv (6Een)7') 7

— ((Arem\T (Aren\T 2QqQ ZgE
= ((C*M7,(CE" )(ZEQ ZEE>’ (2.22)

where the sub-matrices Zpg and Zgg can be expanded in as and e,

as 1

11
(Zan)ij = 05+ 5=~ (me )>ij +0(d). (2.23)

The off-diagonal sub-matrix Zgg has a similar expansion,

as 1 (1 1)) 2
Z --:( : + O(as) . 2.24
(Ze)i = 4 ¢ (262, + 0ld) (224)
The sub-matrix Zg( is different because it introduces the finite counterterms which are
needed to fulfil the renormalisation condition for the vanishing finite part of the evanescent
operators, which is easier to see when renormalising the operators instead of the Wilson
coefficients. In either case, the matrix reads

Qs

- (1,0) 2

(ZEQ)U = <ZEQ i + O(as). (2.25)
This sub-matrix is special as its highest pole in l/ek is k = i—1, where i is the order in
as, and it contains a finite €? part as well. For the second-oder a2 terms this means that
there are both ¥ and 1/¢ terms. Since we are working in the modified MS scheme, there
are no terms with positive powers of € at any order.

Finally, it is worth considering which evanescent operators need to be included in order
to renormalise certain amplitudes. Formally there is an infinite number of evanescent
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2 Operator Product Expansions and Effective Field Theories

operators because the Dirac algebra in d dimensions is infinite-dimensional. However,
when considering a limited set of operators to a finite maximum order in o, the number
of evanescent operators to be included is also finite. To renormalise an nth generation
evanescent operator up to (9(0(2), evanescent operators E(k) up to generation k = n+i—/
need to be included in the order ¢ diagrams, where ¢ = 0 corresponds to leading order
and n = 0 are the physical operators. To illustrate this point, the required operators at
each loop order are shown for a few examples in Tab. 2.1.

Matrix element Highest at LO Highest at NLO Highest at NNLO
at order i =2 (= (= (=2

(e (n=0) E() E(1) Q

(EMyren (5 = 1) | EG) E(2) g)

(E(2)>ren (n=2) E(4) EQR) E()

(EG)yren (5 = 3) | E6) E(4) E®3)

Table 2.1: Highest generation evanescent operators required to renormalise dif-

ferent matrix elements up to a2.

2.1.4 Renormalisation group equations for Wilson coefficients

The renormalisation matrices in Eq. (2.22) can also be used to relate Wilson coefficients at
different scales through the renormalisation group equations (RGE). This is useful because
the low-energy and high-energy physics involve scales which differ significantly but need
to be connected. For example, when integrating out a heavy particle, the full theory side
will involve logarithms like In(M/p) where M is the mass of the heavy particle which is no
longer present on the effective side. On the effective theory side we get logarithms of the
form In(m/ ) where m is a low-energy scale, e.g. the mass of a light particle. It is therefore
impossible to choose a single value of 1 which suppresses both logarithms. Instead, we
use renormalisation group equations to relate quantities at different renormalisation scales,
which automatically sums up the large logarithms.

The bare Wilson coefficients must be independent of the renormalisation scale y; therefore,

dCo d /27y
- — 7)) = 2.2

which implies that the scale evolution of the renormalised Wilson coefficients is given by
the renormalisation group equation

Z) 71=CTy, (2.27)
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2.1 Fundamentals of operator product expansions and effective field theories

where the anomalous dimension matrix v was defined. With the QCD beta function

do
/B(Oés, E) = MT; , (228)
we can also write
d 1
v—%%md(m%z>z , (2.29)

which is more useful since the renormalisation matrix is usually given as a function of as.
We need the beta function up to O(a2), i.e.

Qs

Blas, €) = —2as [E + <j75r) Bo + (47r

)2 B+ O(aﬁ)] . (2.30)

Corrections to the QCD beta function are known to five-loop order [90-92], and the
relevant parts for our calculation are

11 4

o= 75Ca=5TFNr, (2.31)
34 5, 20

By = ?Cf\— 3 CATEN; = 4CE TN, (2.32)

where C4 = N and Cg = (N2 —1)/(2N,) are the quadratic Casimirs of the adjoint
and fundamental representations respectively, and Tg = 1/2 is the Dynkin index of the
fundamental representation. The number of colours is denoted by N, and the number of
active quark flavours is N¢.

The solution to Eq. (2.28) for as at the scale iy provided the coupling strength at the
scale ju7 is given by

042
astye) = as(u) = SV spin (12

a3(u1) [, 02, 2 (12 12 4 239
+ a2 l2ﬂo In (Ml) - f1In <Ml)] + O(as) .
The RGE for the Wilson coefficients in Eq. (2.27) is be solved by
C(p2) = C(p1) " Ulpa, 1), (2.34)

where U can be written as a perturbative expansion in «s. For this purpose, we expand
the anomalous dimension matrix:

=3 () (239

i=0
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2 Operator Product Expansions and Effective Field Theories

We obtain

C . ' . as(ji2)
Clua) = Clu1) " exp /;:2 duZ] = C(u1) T exp Va (;j dasﬁ(ojso)]

- as(p2) 70 Bor1 — B170
(11)" exp _/as(m) das 26pas 87 +Olas)

0, (%(Mz)) _ Bor -5
| 260 \as(m) 8733

Il
(Y

C(u1) " exp

(as(112) — as(112)) + O(c@)] .
(2.36)

We can set € = 0 here since all quantities are finite. Inserting Eq. (2.33) and expanding in
as, the final expression for the running of the Wilson coefficients is

m 11

(22) o (22) (o) (12)} o

(2.37)

Clup) = C(pa) "

This solution to the RGE running is used to connect low-energy matrix elements with the
perturbative matching coefficients obtained at a high-energy scale, see Section 2.6.

2.1.5 The choice of scheme for ~5

In dimensional regularisation, the Dirac algebra also needs to be treated accordingly in
d spacetime dimensions, and an additional challenge arises for the matrix 5. The issue
is that for d # 4, 75 is not well defined, so a particular scheme needs to be chosen to
treat the matrix in intermediate expressions. The scheme we choose is naive dimensional
regularisation (NDR), where ~5 is taken to be anti-commuting

{15} =0, (2.38)
and the Dirac algebra is extended naively to d dimensions,
{47} =28, gl =d,
Yo =d, Trg(1) = 4.

When applying the NDR scheme to loop calculations of higher orders, ambiguities appear
in traces over 5 with four or more v matrices, so the scheme may only be used where
these ambiguities do not appear [93-97].

Care must be taken to avoid such inconsistencies, and we treat this issue with two different
approaches for the mixing and decay processes. For B meson mixing, we choose a basis
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2.2 The effective |AB| = 1 Hamiltonian

which avoids 75 in the penguin operators, see Section 2.2.3. In the case of B meson
decays, there is no such issue when considering current-current operators only.

Alternative schemes to treat 75 are the 't Hooft-Veltman scheme [98], where the Dirac
matrices are split into four- and (d — 4)-dimensional parts, and dimensional reduction [99],
where only four-vectors are treated as d-dimensional while the Dirac algebra is purely
four-dimensional. However, NDR is the most easily implemented scheme in an automated
calculation of a large number of diagrams, so it is the preferred scheme for higher-order
QCD corrections considered in this thesis.

2.2 The effective |AB| = 1 Hamiltonian

The weak effective Hamiltonian at scales below the W boson mass is given by

HIDBITE = 0BT g BBIFL L R8st (2.39)
where the labels NL, SL and rare stand for the non-leptonic, semi-leptonic and rare decay
modes of the bottom quark [100]. The dominant contribution to the mixing stems from
the non-leptonic decays since they are mediated by the strong interaction, and the lifetime
differences in bottom-flavoured hadrons with different spectator quarks depend mostly
on the non-leptonic parts of the Hamiltonian too. Rare decays mediated by HlaArE':l
like B — K{T¢~ have small branching fractions below the theoretical uncertainty [32].

Therefore, only the non-leptonic part of the Hamiltonian is considered in the following.

2.2.1 The historical basis of the |AB| = 1 Hamiltonian

Below the scale of the W boson mass, the effective Hamiltonian is traditionally written as

|IAB|=1 4GF
hist —\/5 )\tZCO )\UZCO o)
i=1
(2.40)
+ Vg Veb ZC,-O,-C“+ Vo Vb ZCO“C+ZCEE +h.c.,
i=1 i=1
with g denoting either the down or strange quark. The current-current operators are
generated by diagrams like the one in Fig. 2.1 on page 20 as well as QCD corrections to
them. They are defined as

O1 = (auPLg) (7" Pubi)., 0y = (qwuPre) (e Prb).
Oiju = (C/WuPLUj) (le’y’uPLb,‘) ) Ouu = (a'yuPLu) (D’Y'UPLb) !
Of' = (anuPru) (G2"Pubi). 05" = (auPLu) (61"'Prb).
Ofc = (E],”yMPLCJ) (_jfy“PLb,-) , Oélc = (EI’Y/L'DLC> (UfY'uPLb> ' (2.41)
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2 Operator Product Expansions and Effective Field Theories

where the colour indices i, j are contracted across the two spinor products when they are
explicitly shown. Suppressed colour indices are contracted within the spinor products. The
Wilson coefficients do not depend on the external quark fields, so they are identical for all
01 and Oy operators respectively. However, they have to be treated differently for the
purpose of renormalisation since they do not mix with the operators with different CKM
factors.

The penguin operators, which are defined as

(FuPet) S (01)
(auPut) X (0.
(#4P18) X (94).

7
O == (Eli’Yu'DLbj) (J”)/ PRf) (2.42)

where the sum runs over the quark flavours f € {u, d, c, s, b}, stem from diagrams in
the full theory as shown in Fig. 2.2a and higher-order QCD corrections to them. The
electromagnetic penguin operator is

e

01 = 162

with 0" = i[y#,+”]/2 and the electromagnetic field strength tensor F,;, = 0,A, — OV A,,.
This operator stems from penguin diagrams involving photons, see for example Fig. 2.2b.
Since the strong coupling constant gs is much larger than the electric coupling constant e,
this operator will be neglected in the following calculations. Lastly, the chromomagnetic
operator is generated from diagrams like Fig. 2.2c and is given by

__ &
Og = —16; b (Go"" T?PRrb) G, (2.44)
where the field strength tensor G, is defined as
G2, = 0,G2 - 0,G2 + gsfP°GhGE (2.45)

with the structure constants f22¢ of the Lie algebra of SU(3).

The operators l:':,- are the so-called evanescent operators which are needed to renormalise
the theory in dimensional regularisation with d = 4 — 2¢ dimensions. The evanescent

30



2.2 The effective |AB| = 1 Hamiltonian

w w w

I
~

(a) QCD penguin (b) Electromagnetic penguin  (c) Chromomagnetic penguin
Figure 2.2: Leading-order diagrams in the full theory which give rise to the

effective operators Q3_g.

operators corresponding to the current-current operators are

EY = (an"19%293 PLG)) (G s Pubi) — (16 = 4e + Age?) Oy
Ez(l) = (Em“ly“zfy% PLC) ((_:7“17”27“3 PLb> - (16 —4e + A2€2) Oy,

~ 2 _ _

El( = (qm“lv”'y‘“v”“v% PLbj) (cj-mwﬂugwn% 'DLbi) (2.46)
— (256 - 224¢ + B1?) 01,

~ 2 _ _

ESY) = (qyt1y42#39044915 Py b) (€9, Y0 Yoy Yaa s PLD) (2.47)

— (256 - 224¢ + Bye?) Oy, (2.48)

which can be generalised to the other up-type flavour combinations by analogy with the
current-current operators. The constants Ay, By and By have been solved for in Ref. [61],
and the solution we choose in our calculation is

45036 5, _ 115056

2 ’ 1 115 ' 2 115

(2.49)

The logic behind the calculation of Ref. [61] is explained in the following section. The
corresponding renormalisation constants of the full basis in the MS scheme can be found
in Appendix A.

2.2.2 Fierz transformations at diagram level

In order to calculate |AB| = 0 amplitudes from two insertions of |AB| = 1 operators in
the historical basis, it is convenient to Fierz-transform one of the two operator insertions,
see Section 3.2.4. This is because we want to map onto the |AB| = 0 basis used in
Ref. [58] where each spin line connects a bottom to a light quark. The reason for this
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2 Operator Product Expansions and Effective Field Theories

is that otherwise we would encounter evanescent operators which vanish under a Fierz
transformation and subsequent application of the equations of motion, i.e. they have the
form

(bI'b) (gpL'q) — mp, (bI'q) (qI'b). (2.50)
This can be avoided by Fierz-transforming the |AB| = 1 operators at the diagram level.
For a derivation of the Fierz identites, see Appendix C.

Requiring Fierz symmetry at the diagram level determines the O(€) parts of the evanescent
operators given in Eq. (2.48) with the NNLO solution first determined in Ref. [61]. The
procedure we follow is outlined in Ref. [85] and rests on a particular symmetry of the
anomalous dimension of the current-current operators. Note that this procedures only
works when considering current-current operators up to NNLO because it does not treat
penguin operators.

In the most general scenario, what we want to achieve is to identify an operator O; with
it's counterpart that has the external spinors contracted in a different manner, (’);-E, which
we call the Fierz-transformed operator. This means we have two equivalent Hamiltonians
with identical Wilson coefficients,

H=> GO, and H =3 cfof. (2.51)
J J

Calculating a correlation function of two operator insertions and Fierz-transforming one of
the operators is the same as picking out one operator from H and one from HF .

Buras and Weisz show to NLO that this can be achieved through a particular symmetry
of the anomalous dimension [85]. Consider the current-current operators Of“ and OS5
from Eq. (2.41), which differ only in colour structure. The Fierz-transformed basis is then

05" " = (qyuPyb) (e7"PLu),
Ozcu, F_ (ai’V/LPLbj) (Ejfy“P/_u,-) : (2.52)

Note that the colour structures have flipped between the two operators, i.e. apart from
the quark flavours, the operators O and O3 Fare identical.

For the Wilson coefficients of the regular and Fierz-transformed operators to be the same,
we require the initial condition and the running of the operators to be the same. We will
show that fixing the running given by the anomalous dimension is actually sufficient to
achieve this. Hence, we demand that

(o5 F, 05" Fy = 4 (0, 05Y). (2.53)

Since the QCD corrections that contribute to the anomalous dimension are independent
of the external flavours, we know that

y(o5" ", 05" ") = (05", 0f), (2.54)
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2.2 The effective |AB| = 1 Hamiltonian

so by combining the two equations we obtain the symmetry condition for the anomalous
dimension

(01", 05") = (05", 01") . (2.55)

The anomalous dimension hence has the form
cu Acu a b

To higher orders, the constants Ay, B; and By from the definition of the evanescent
operators in Eq. (2.48) enter the 2 x 2 anomalous dimension. It is only necessary to
consider the anomalous dimension for the physical operators, and all required evanescent
operators are fixed if we consider the anomalous dimension to a sufficiently high order
in as. Note that if we go to the O/ = OfY & 05" basis, the two operators do not mix
under running if the anomalous dimension has the above symmetric form.

To complete the argument, we also need to show that this indeed fixes the initial conditions
for the Wilson coefficients too. Following the notation of Ref. [64], the Wilson coefficients
at a scale y are given by

— —

2
E(1) = Up o) | €O (ug) + “=U10) 2(0) 09 4 (aS(MO)> CO () +... |,

47 47
(2.57)
where the evolution matrix is given by
Ul pig) = 1 + as(ro) 41y, (@slio) 2J(2)+ (2.58)
L4, 10 = e e .

The matrix J() is determined by the anomalous dimension and depends on the choice of
the evanescent operators. Since the left-hand side of Eq. (2.57) does not depend on 1y,
all terms related to g must drop out from the right-hand side. This means that the initial
conditions, i.e. the 5(i)(u0), are fixed through the anomalous dimension that enters J(7).
In other words, the scale dependence in 5(i)(u0) stems from the pole structure of the
diagrams, which is also encoded in the renormalisation constants and thus the anomalous
dimension. Hence, fixing the anomalous dimension according to Eq. (2.56) guarantees
that the Wilson coefficients of the regular and Fierz-transformed operators are the same
at all scales.

2.2.3 The CMM basis of the |AB| = 1 Hamiltonian

The effective Hamiltonian obtained from the Standard Model theory below the mass of the
W boson M)y can also be written down in the Chetyrkin-Misiak-Miinz (CMM) basis [101].
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It is given by

., 4
H‘AB‘—]. GF >\t Z C Q[ /\u Z C QUU
\/—
(2.59)
+ V;qVCb Z CiQ/{:u + V(ifqvub Z CIQ;JC + Z CE,-Ei + h.c. ,
i=1 i=1 i

where the quark g is either down or strange. The current-current operators are defined as

Q= (EIW TaPLC) ( AH T PLb) @ = (E]’YMPLC> (EVNPLb) ,
Q" = (q1uT2PLu) (7" T2Pb), @ = (qyuPru) (iv"Pb),
Q' = (q9uT?Pu) (v T7Pb), @5 = (qruPru) (cV"PLb),
Qi€ = (q9uT?Pic) (" T2Pib), Q4 = (quuPic) (i'Pib),  (2.60)

where T2 denotes the generator of SU(3). Additionally, we have the penguin operators
Qs = (q7.PLb) > GEr

(a9, T2PLb) Y- f (FyT2f),

(V1 V23 PLD) Xf: (Fryt1yi2yisf),

(

GV o s TOPLD) - (F#9#24#3 T2f ) (2.61)
f'

where f € {u, d, ¢, s, b}. The electromagnetic penguin operator is identical to the historical

basis,
e
Q7 16 2 mb (qU PRb) Fluy (262)
and the same holds true for the chromomagnetic operator
__ & -
Qg = —16;2 mp, (go™" T?Pgrb) G, . (2.63)
The Wilson coefficients of the effective operators in the |AB| = 1 Hamiltonian from

Eq. (2.59) are known to NNLO in QCD [101-105]. Numerically, the Wilson coefficients of
the current-current operators at O(1) are larger than those of the penguin operators at
< (’)(10_1), which is why diagrams involving current-current operators are more significant
for phenomenological applications.

The main advantage of using the CMM basis is that for the B meson mixing processes it
avoids issues with 75 in closed loops, which cannot be uniquely determined in dimensional
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2.2 The effective |AB| = 1 Hamiltonian

regularisation. The traditional basis, as discussed in Section 2.2.1, has a 75 in the quark-
antiquark product of the penguin operators. Therefore, NLO and higher-order diagrams
like the one shown in Fig. 2.3 may involve traces over 75 and four or more v matrices,

Trg (57197 P77) . (2.64)

When using dimensional regularisation for the UV poles, the trace needs to be evaluated
in d dimensions as indicated. This is problematic because the Dirac algebra is infinite-
dimensional in d spacetime dimensions, so the definition of the trace in four spacetime
dimensions in terms of the completely antisymmetric tensor e#VP7,

Tra (7571'7"1P77) = —4ie!P7, (2.65)

cannot be extended to d dimensions. However, this problem arises only because of the
choice of basis and can be circumvented by working in the CMM basis. This is possible
because the full theory diagrams underlying e.g. Fig. 2.3 do not contain any problematic
traces. The reason why the CMM basis does not have the same issue as the traditional

000000000

o

Figure 2.3: NLO diagram which will give rise to ambiguous traces over 75 in
the traditional basis. The green operator insertions correspond to
penguin operators in the traditional basis.

basis is because the spin line with the quark anti-quark pair fI'f does not contain a
chirality projector inside I" in the CMM basis. Therefore, closed fermion loops stemming
from this part of the penguin operators lead to traces over large numbers of v matrices,
but they do not contain v5. For current-current operators, both the traditional and the
CMM basis have chirality projectors on either spin lines; however, those never lead to
closed fermion loops. Instead, on each spin line one of the quarks is contracted with an
external state while the other quark becomes an internal line.

As discussed in Section 2.1.3, a number of evanescent operators is required to renormalise
the physical operators. Since the calculations in this thesis are carried out to NNLO, two
generations of evanescent operators are included in the calculations. The first generation
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is given by [101]

1 _ _
EY = (g9919#2413 Py T2¢) (€910 PL T?D) ~ 16Q1
1 _ _
BV = (9719243 Prc) (€Vun o s PLb) — 16Q2
1 _ —
E?E ) = (qVMVMZVMVMVMS P Lb) > (f V1 V2 V3 Via Vs f)
f

-20Qs5 + 64Q3,
N _
ESY) = (aymr2qbaytan'sPLT2b) S (P s s e s TF)
f‘

~20Qg + 64Qs . (2.66)

For the current-current operators coupling to up quarks, there are additional evanescent
operators Elqlqz’(l) and Equqz’(l) defined analogously to El(l) and E2(1) but with the
charm quarks substituted with up quarks according to the flavour structure gjgo of the
current-current operator to be renormalised:

Y = (gyarey s T2p ) (#1293 T3P b) - 1604
(1 = 7

E2uu( ) — (q7“17/427“3PLu) (U%tﬂquMaPLb) -16Q5",
(1) _ (4 Vo

Elcu( )= (Q”Y“17”2’Y“3 Ta'DL“) (C”mﬂuﬂm Ta'DLb) - 16Qr7,
) _ .

EQCU( ) = (W”WMV’BPL“) (CWﬂuﬂm'DLb) - 16Q5",
(1 = T

E1UC( )= (QV”W”V% Ta'DLC) (“Wﬂuﬂm Ta'DLb) - 1601,
(1 ~ 7

By = (qv19#293 Pc) (y iy s PLD) = 16Q4° (2.67)

At O(a?), the second generation of evanescent operators is required, which reads [101]

2 _ _ 1

E) = (v .. A"5PLT2C) (9 - - vus PLT?D) — 20E( ) - 256Q;
2 _ _ 1

E) = (@ ...4#5Prc) (€hpy - s Pub) - 20E8Y ~256Q,

2 B _
EP) = (@ ... 4#7Pb) Y (Frpy - 2y ) ~ 336Qs + 1280Qs,
f

ES) = (@ 4* P TD) Y (o -7y TOF) ~336Q6 +1280Qs . (2.68)
f
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E1671€I2v(2)

As for the first generation, there are additional evanescent operators, and

2 .
Equqz’( ), for the current-current operators of different flavour structures:

(
E2) = (g ...1#P) (i s Pub) - 20E80) 256089,
Elcu'(2) = (qy"1 .. AP T?u) (EVM - YusPL Tab) - 20E:lCUY(l) - 256Q1",
EC() = (g 5P u) (Vg - s PLL) - 205" (M) — 256Q5¢
EL®) = (g1 415 P ToC) (s - . s P T2) — 20601 — 25604,
B = (g 415 PLc) (s - s PLb) - 20651 25604 (269)

The renormalisation constants for the CMM basis are given in Appendix A.

2.3 Derivation of the Heavy Quark Expansion for the
decay matrix

Before introducing the operator bases for the |[AB| = 2 and |AB| = 0 transition operators,
the derivation of the Heavy Quark Expansion (HQE) in the context of lifetimes and mixing
of B mesons is discussed. The HQE appears when the physics of heavy quarks is described
in terms of the Heavy Quark Effective Theory (HQET), which is a Type-Il EFT in the
terminology of Ref. [63]. This means that in contrast to the weak effective Hamiltonian,
the heavy degrees of freedom are static, but other particles may still collide with them
elastically.

The HQE is developed from the expansion of the momentum of the heavy quark, in our
case a bottom quark,

pl = mpvH + k', (2.70)
where v# is the velocity of the hadron [106]. This decomposition is useful because the
bottom quark moves to a good approximation with the same velocity as the hadron and
is only slightly off-shell such that k* < myv#. Scattering processes with the bottom
quark can change its momentum k* by only a small amount, which also goes to zero as

AQCD/mb — 0.

After splitting the heavy quark field in large and small component fields h and H, the
heavy small component field H can be integrated out to yield an expansion in Aqcp/m.
The component fields are defined as

h(x) = e™VXP, p(x),
H(x) = e™V"XP_ p(x) (2.71)
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where P+ = (1 £ y)/2 are the positive and negative energy projectors. These fields obey
the identities

yh=h, P.h=h, P_h=0,
yH=-H, P,H=0, P.H=H. (2.72)

The quark field can hence be decomposed into the two components via
b(x) = ™MbV X [h(x) + H(x)] . (2.73)
To show that the small component field H(x) is suppressed by Aqcp/mp, we consider
the equation of motion
0 = (i - mp)b(x) = |iPh+ (i) - 2mp)H| &M, (2.74)

where the field decomposition from Eq. (2.73) was substituted in. Applying the projector
P- to the above equation yields

i(P-v-D)h-(2m+iv-D)H =0, (2.75)

and using (v - D)h = (v - D)yh, we can solve for the small component field,

1
S T 27
W D amy DLh (2.76)

where the covariant derivative orthogonal to the heavy quark velocity
D} =D!-vitv-D (2.77)

was defined [106].
Substituting Eq. (2.76) into Eq. (2.73), the full heavy quark field can be written as

i
iv-D+2mb

= e Mbv:X ll + ’zm +0 (2)] h(x).

mb mb

b(x) = e 'MbV:X [1 + h(x)

Using this relation, any operator containing the heavy quark field can be written as an
expansion in the heavy quark mass. From this relation it is also apparent that the higher
order corrections are suppressed by Aqcp/myp, as the residual perpendicular momentum in
the hadron is O(Aqcp)-

After motivating the HQE, we expand the decay matrix of a b hadron in 1/my, as

o O - (O . (O
r:r3+r5< §>+r6< §>+~~~+167T2<F6< §>+F7< j>+...>, (2.78)
myp my my my,
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2.4 The |AB| = 2 transition operator

where the subscripts label the dimension of the transition operators contributing to the
decay matrix [27]. All low-energy physics is captured by the operator matrix elements (O;).
The terms I'; denote the high-energy contributions to the decays of the free b quark while
the terms with T'; encode the four-quark operator contributions. Therefore, the terms I';
do not contribute to the off-diagonal element of the decay matrix, and the leading term
in the HQE is contained in I'g. The factor of 1672 in Eq. (2.78) is a historical choice of
normalisation because the contributions from f,- have an additional loop as compared to
the contributions from I'; at the same order in as.

For both the diagonal and off-diagonal decay matrix elements, the focus of this thesis is
on I'g as this describes the leading contribution in the HQE to the mixing of B mesons as
well as the lifetime ratios. The current status of theoretical calculations of I'g is presented
in Section 1.5.1 and Section 1.5.3 for B meson mixing and lifetime ratios respectively. In
the following sections, the respective operator bases for mixing and decays are outlined.

2.4 The |AB| = 2 transition operator
The |AB| = 2 transition operator to leading power in the HQE is defined via

B B G2 2
T = Abs (/ /d4x THAB|_1(X)”H|AB|_1(O)> = £
. T

{HQ + FISE)S} , (2.79)
which can be used in conjunction with Eq. (1.35) to equate the amplitude of the |[AB| =1
and |AB| = 2 theories and obtain the matching coefficients H and Hs. These matching
coefficients encode the high-energy effects that are calculated in this thesis. The operator
matrix elements (Q) and (Qg) contain the low-energy physics, and the matching condition
for B meson mixing processes is discussed in more detail in Section 2.6. Here and in
the following we use the shorthand notation for operator matrix elements (O) to denote
(B|O|B), and the external down-type quark g € {d, s} is left unspecified.

Using the generalised optical theorem from Eq. (1.3) for the off-diagonal decay matrix
element, the transition operator can be used to calculate I'1p through

1 _ GZm? ~
I = M<BIT\B> = ﬁ H(Q) + Hs{Qs)| + O(Aqcp/mp) - (2.80)

2.4.1 Physical operators

Focusing on the dimension-six operators, i.e. the leading contribution to B meson mixing
in the HQE, the basis of physical operators consists of two independent operators, but a
careful treatment of higher order corrections in the HQE is required to obtain this basis.
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In a first step, all amplitudes are mapped for convenience onto three physical operators,
which we choose to be

Q= 4(q"P.b%) (4% PLb?)
=4 (q°Prb?) (q9Pgbc),
4 (q°Pgb°) (¢9Pgb?), (2.81)

where ¢, d are the colour indices of the quark fields. The evanescent operators which are
required for the purpose of renormalisation are discussed in Section 2.4.3.

At leading order in the HQE and for the specific process under consideration, the above
operators do not constitute a basis as a linear combination of them,

1 -
Ro=35Q+ Qs+ Qs, (2.82)

is part of the next order in the expansion since (B|Ry|B) = O(Aqcp/mp) [47]. Eq. (2.82)
is hence used to eliminate one of the three original operators. We choose to substitute
Qs for Ry. However, Ry also contains an evanescent part which is not power-suppressed,
meaning that (B|Ry|B)(™ requires finite renormalisation constants for its finite part to be
O(AqQcp/mp) [49]. The calculation of these constants is presented in Ref. [20], and the
renormalisation with Ry is discussed further in Section 2.4.4. Additionally, Ry needs to
be part of the matching calculation due to its evanescent contribution and can only be
discarded after the matching procedure, see Section 2.6.1.

2.4.2 Using Fierz symmetry to obtain a basis of evanescent
operators

In the following, we provide a detailed description of the steps necessary to pick a basis
of evanescent operators which enables the evaluation of renormalised matrix elements
that respect Fierz symmetry. The main motivation for setting up the |AB| = 2 transition
operator in this way is that the low-energy matrix elements, which need to be combined
with the high-energy matching coefficients obtained in this thesis, are calculated within
four-dimensional frameworks, e.g. lattice gauge theory. Therefore, they automatically obey
Fierz symmetry and Fierz identities may be used in the calculation of low-energy matrix
elements.

The property of Fierz symmetry and the definition of evanescent operators and hence the
renormalisation scheme are closely linked [85, 87]. In the following we present the conditions
we impose to preserve the Fierz symmetry of the renormalised matrix elements [20]:

1. The renormalised matrix elements of physical operators are equal to those of their

Fierz-transformed counterparts: limg_,4(0)™" = limy_,4(OF )",
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2.4 The |AB| = 2 transition operator

2. The evanescent operator definitions must be independent of the number of quark
flavours Nr.

3. The O(¢) contributions of physical operators to the evanescent operators must be
at most (’)(N?) as Nc — oo. This is because the large-N¢ limit of the renormalised
physical operator matrix elements fixes the leading term of the NNLO matrix element
to be of order N2, and the definition of evanescent operators must not affect this
term.

It can be checked that these conditions lead to a unique definition of the leading O(Ng)
term of the renormalised physical matrix elements. Also note that in enforcing condition 1,
it is convenient to work with off-shell kinematics such that no IR poles occur, but the
equality must hold for any choice of IR regulator.

The third condition we impose is more subtle, and hence it is worth explaining its origin
from the Vacuum Insertion Approximation (VIA), which also provides further motivation for
enforcing Fierz symmetry of the renormalised matrix elements. The VIA is an approximation
for the limit as No — o0, i.e. it can be used to calculate the leading term of the matrix
elements as well as the first-order correction in 1/N.

The large-N¢ limit is implemented by factorising a four-quark operator into two current
matrix elements after inserting the vacuum as we will illustrate for the operator Q.
Introducing the shorthand notation I' = (1 4 v5), the matrix element in the VIA is
A 1B VIA _cpd _d B _ _dd|E
(BIQs|B) = 2To5T5 [ (Blasbd0)(0]a5b§|B) — (Blasb§10)(0jagbg|B)| . (2.83)
Here, «, (3,7, 0 denote spinor indices while the colour indices are ¢ and d. The vacuum
insertion leads to four possible Wick contractions of the quark fields with the external

fields, and each of the terms in Eq. (2.83) corresponds to two contractions. The relative
minus sign is a result of anti-commuting the quark fields.

To compute the matrix element of the second term analytically, the spinor indices need to
be swapped on the Dirac matrices by applying a Fierz identity,

Fierz 1 1

Taglos =7 STaslys + 5 o (1 +75)]_|o™ (1 + 75)}76 , (2.84)

such that the VIA can be written as

2 1 VIA _ _ = _ _ =

(B|Qs|B) ‘= 2(B|gTb?|0)(0|gTb¢|B) — (B|GTh¢|0)(0|g?Th4|B).  (2.85)
For a derivation of generic Fierz identities as well as their application to the specific
example given in Eq. (2.84), see Appendix C. The antisymmetric terms with ¢#¥ vanish
in the case at hand because there is only one external momentum for the B meson, so we
cannot construct any antisymmetric Lorentz tensors. As B mesons are parity odd, only
terms with 5 will remain in Eq. (2.85). Note also that the mesons are colour singlets, so
1

9% (Blansblo) . (2.86)
C

(B|gysb9|0) =
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With all of the above considerations, the VIA leads to the result

(B10s(12)[B) ™ (- ~1) (Blrsblo) OlarslB)

2 FaME
= (1-— BB , (2.87)
< NC> [mp(p2) + mq(MZ)]Q

where fg denotes the decay constant of the B meson. This equation fixes the leading
1/N¢ term. Moreover, it was necessary to apply a Fierz identity in obtaining the result,
which further motivates our renormalisation conditions in that regard.

As the result in Eq. (2.87) shows the form of the VIA for the leading order matrix element, it
is also instructive to see that the matrix elements go as N[ at the nth order in perturbation
theory. In the VIA, gluons cannot connect across the two separated current insertions as
they annihilate in the vacuum. Therefore, they can only connect across the same spin line
as shown in Fig. 2.4. Diagrams where the gluons are attached to the same spin line yield

b q

q b

Figure 2.4: NNLO corrections to an operator matrix element in the VIA. The
dots represent the factorised current insertions.
additional factors in N, of the form

N2 -1

Cc

TaTa —

~ N, (2.88)

so each order in perturbation theory comes with an additional factor of N. for the leading
term of the VIA.

2.4.3 Definition of evanescent operators

The definitions of all evanescent operators required for the NNLO calculation of I'15 are
presented below following a description of the practical implementation of the conditions 1,
2 and 3 from Section 2.4.2.

Before constructing the basis, it is worth discussing the required number of operators.
It is sufficient to include only a finite number of evanescent operators to renormalise a
given set of operators to a fixed order in perturbation theory even though there is in
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2.4 The |AB| = 2 transition operator

principle an infinite number of evanescent operators. Up to order O(a2), the generations
of evanescent operators to be inserted at LO, NLO and NNLO are given in Tab. 2.1 for
evanescent operators up to third generation. This is the highest generation which needs
to be considered to carry out the matching as described in Section 2.6 since the matrix
elements of the third generation appear at LO on the |AB| = 1 side. However, only
the evanescent operators contributing to the renormalisation of the physical operators,
i.e. those up to second generation, need to be fully determined with their correct O(¢)
and O(e?) parts.

To evaluate the Fierz-transformed matrix elements, the basis for those operators is defined
first, starting with the physical operators. These are given by

Q= Q" =4(q%uP.b?) (g% PLb),

1 1
Qs :EQT_gaT'
1

~ ~ 1
Qf = 59T Q. (2.89)

where

Qr = 4(q0" Prb°) (g0 PrLY),
Qr = 4(E]CJWPRbd) (E;dJWPRbC) . (2.90)

This is a result of applying the familiar Fierz identity

(PR)a3(PR)s6 = (0" PR)as(opPr)ya + 5(PR)as(Pr)ya.  (291)

It is worth noting that @ and the corresponding evanescent operators renormalise separately
from Qg and Qg and their respective evanescent operators because the odd and even
numbers of v matrices do not mix. This also holds true for the Fierz-transformed basis.

The first generation evanescent operators with an odd number of v matrices are defined as

1 ~
EVQI=0-Q,
1 _ _ L o
ESVIQ1 = (0 o s Pub?) (a215772411PLb€) — (44 Fe + 26)Q,
1 _ _
E3( )[Q] = 4(qc7u17u27u3 PLbC) (qd'y“3'y“2'y“1 PLbd> - (4 + fe+ g62> Q. (292)
The operator El(l)[Q] appears because the colour-flipped version of @, i.e. Q, is also the
Fierz-transformed operator and not part of the regular basis. Therefore, an additional

evanescent operator is introduced as compared to the case of an even number of v matrices,
corresponding to the renormalisation of {Qg, Qs}, where the evanescent operators of the
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first generation are

EM[Qs] = 4(qu 1, PrE) (a97129"1 Prb) + (8 + 3¢ + be?) Q
- (ae + be )Qs ,
EM[Qs] = 4(a%7Pr?) (39772911 PRbE) + (8 + e + bae?) Q
— (aze + bp¢?) Qs (2.93)

These operators first appear in the NLO diagrams of the |[AB| = 2 theory, and for the
renormalisation of physical operators to O(as), the €2 terms are not required.

For the Fierz-transformed basis, the first generation evanescent operators with an odd
number of v matrices are defined similarly as

M1 = EMal,
e = EMVq],
eN1ef = EM[Q). (2.94)

Note that this choice implies that the € and €2 coefficients are identical for Q and QF, which
is permissible because the relation between the Fierz-transformed operators is relatively
simple. For the operators with an even number of ~ matrices, the Fierz-transformed
operators have slightly more complicated definitions, see Eq. (2.89), and it is not possible
to choose the same definition for the regular and Fierz-transformed basis beyond NLO. In
anticipation of this and to be completely exhaustive, we allow for more freedom in the
definitions of the first generation evanescent operators:

W1Qf] =- *(q Vi Vg0 7“27“1PRbd) (q 0w Prb )

45 (@10 PrbC) (a0 Py b7)
(8—|— §F6+5F62)©§— (aFe—i— bFez)Qg,

[QS] ( g Vuy Vo i 712 UIPRbC> (C_Ido',uVPRbd)
1

+ g(EICWﬂuzUW'DRbd> (990 PrY"27#1b°)

+ (8+ abe+ 5562) Qg— (age—i— b{ez) @g (2.95)

Note that the definition of the evanescent operators for calculations up to a finite order in
Qs, in our case up to ag, can only be fixed to the same order in ¢, i.e. to 2 here. Therefore,
even after determining the constants in front of the physical operators in Eq. (2.95), the
definitions have arbitrary 0(63) terms, and a choice of evanescent operators which differs
in those terms is equally valid. The particular choice of evanescent operators here is
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2.4 The |AB| = 2 transition operator

convenient for manual calculations on the |AB| = 2 side at NLO as the spinor structures
appearing in diagrams can be directly identified with the evanescent operators.

In order to impose condition 1 from Section 2.4.2, the amplitudes (Q)(1):ren (Qg)(1).ren
and (Qg)(1)ren and (Q)(L).ren, <QF>( ).ren and (@g_)(l)'re” are calculated in the standard
and Fierz-transformed basis respectively. The standard basis amplitudes are obtained
from tree-level and one-loop diagrams of the operators in Egs. (2.81), (2.92) and (2.93)
together with the corresponding renormalisation constants, which need to be computed
too. Similarly, the calculation in the Fierz-transformed basis proceeds with the operators
in Egs. (2.89), (2.94) and (2.95) and their renormalisation constants. For a discussion of
the setup of amplitudes for the determination of renormalisation constants see Section 3.2,
where the regularisation of IR divergences in those amplitudes is explained.

When comparing the renormalised amplitudes of a standard operator (O)™" with its
Fierz-transformed counterpart (OF>re”, the amplitudes should be expressed in a basis
of operator matrix elements, which could be either the standard or Fierz-transformed
operators. However, at this point the amplitudes are finite, and the tree-level matrix
elements of the Fierz-transformed operators can be identified with the standard operators,
dropping an evanescent difference in the process. In practice, one sets the coefficient

ren

of e.g. (Q5)(® in a renormalised amplitude like (Qg)(1):"e" equal to the coefficient of

<Q§>(O) in the renormalised amplitude (Qg_)(l)'re".
Hence, the definition of the evanescent operators of the first generation,
:a2:0, 5:~2:—8,
0, af =af =8,
=-8. (2.96)

is obtained. This agrees with the results given in the literature, see e.g. Refs. [49, 54, 87,
107].

At O(a2), the second generation of evanescent operators needs to be considered, and
the €2 terms in the first generation operators in Egs. (2.92) through (2.95) appear in the
physical amplitudes. The second generation evanescent operators with an odd number of
v matrices are

El Q) =4 G Vpua Vo Yz Yua Vs PLb ) (6d7“57“47“3v"27”1PLbC)
16 + he + ke )é

-
E2 [Q] = 4( “Va Ve Vi3 Vi Vs PLOC ) ( ’V%’VM’V%’VMVM 'DLbd)
~ (16 + he + ke*) Q. (2.97)
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Analogous to the first generation, we define the second generation evanescent operators
with an even number of v matrices as

@1[Qs] = 4(qVur T2 Vi3 s PREC) (@77#47139#2411 PRb?)
+ (128+ce+d6 )QS— (ce+de )Qs,
@[Qs] = 4(a N3 ua PrEY) (q97747139#2711 PRbe)
+ (128 + & + dae?) Qs — (cae + doc®) Qs (2.98)

On the Fierz-transformed side, the evanescent operators with an odd number of v matrices
are again chosen to be identical to those of the standard basis,

PN =ePal,
210 = EPlql, (2.99)

and for the evanescent operators with an even number of v matrices, we define

2 _
@Qf] = (q Viur Vi Vs Yua O V4324 PRb?) (90, PREC)

1 _ _
+ §(chlw2w3w40“”PRbc) (90 PRY"44""39/2411b7)
(128 +eFes 8F62> Qg ~ (CFE + dFez) Qg :

PQf]=- *( YV Vo Vs Va0 A 32 PRb) (907 PRD?)
1, _
+ 5 (W 2 i 1ua 0 PRE?) (@7 0, PRA4773912/12 b€

+(128+ & e+ df ) Q5 — (S e+ df ) Q5 . (2.100)

Equating the renormalised amplitudes in the standard and Fierz-transformed bases proceeds
in a similar fashion as for the NLO definitions. After imposing condition 1, we can further
examine the Nf¢ terms only and impose condition 2 to yield the €2 terms of the first
generation evanescent operators,

b=by=4, b=by=0,
bF = bl =4, bF =bf =0,
g=g==4. (2.101)

This is consistent with the definitions used in the literature, see for example Ref. [51].

For the ¢, d, h and k coefficients of the second generation evanescent operators, we obtain
a solution space. The coefficients of all tree-level matrix elements must agree individually
for condition 1, so we obtain a number of equations for the aforementioned constants. We
solve the equations for {c, ¢, d, c~l, h, 77} leaving the rest of the constants undetermined.
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2.4 The |AB| = 2 transition operator

Imposing condition 3, the coefficients of N, and Ng in the solutions of the evanescent
constants must vanish, so another set of equations can be obtained to further reduce the
dimensionality of the solution space. Note that in imposing condition 3 on the solutions for
{c,¢,d, E/, h, /~7} we have chosen a particular subset of the solution space. This particular
solution sub-space consistent with all physical conditions from Section 2.4.2 is given in
Ref. [20].

In practice, it is useful to pick a unique solution from the full set of allowed definitions,
which simplifies the intermediate steps. We find it convenient to choose as many of
the constants appearing in the standard operator basis as possible to be equal to zero.
Therefore, we choose the simplest version of the second generation evanescent operators
with an even number of v matrices,

QU

c==¢=d=d=d=d, =0, (2.102)

and discard the €2 terms of the second generation evanescent operators of @ and Q,

-

k =

o

(2.103)
The unique solution for the second generation which results from this choice is given by

& =-1024,

F _ ~256(534 - 344 N~ 119 N2 —366 N2 - 116 N2 + 163 N2)
15(8 =16 N2 + 2 N3 42 N4 + N2) ’

256(92 + 46 N + 164 N2 + 104 N2 + 141 N + 17 N2)

15(8— 16 N2 +2 N3 + 2 N4 + N2)

_F —128(196 — 220 N + 26 N2 — 445 N3 + 256 NZ + 226 N2)

15(8—16 N2 4+ 2 N2 + 2 N4 + N2)

_F 128(172-608 N — 138 N2 — 730 N2 + 120 N4 425 \2)

2= 15(8— 16 N2 + 2 N3 + 2 N% + NB) !
JF _ ~32(1958 - 2608 N + 6957 N2 - 3572 N3 - 2697 N4 4 1391 N2)
15(8 = 16 N2 + 2 N3 + 2 N4 + N2) '
oF — 64(92 4 46 N + 164 N2 + 104 N3 + 141 N2 4 17 N2) |
15(8 = 16 N2 + 2 N3 + 2 N4 + N2)
5F _ ~32(-964 - 1550 N + 2696 N2 -3610 N3 4 411 N2 + 1061 M2) |

15(8 — 16 N2 + 2 N3 + 2 N4 + N2)
-r 32(1132- 608 N — 2058 N2 — 490 N3 + 360 N2 + 145 N?2)

% = 15(8— 16 N2+ 2 N3 + 2 N4 + N3) !
 _ ~64(-98 - 158 Ne + 23 N2 + 30 N3)
~14-14 N -7 N2 + 6 N3 ’
h=-448. (2.104)
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The particular solution for the second generation provided here is useful because the
evanescent operators for Qg and @5 have only one non-vanishing constant, ¢y, which is
also Nc-independent. The evanescent operators for @ and Q are also simple and have no
€2 terms. The trade-off is that the Fierz-transformed basis is more complicated, but this
is not relevant as it is not used in any calculations.

An interesting feature that appears for the first time at NNLO is that the definitions of
the evanescent operators are now QCD-specific as they depend on N.. This is because
condition 1 is applied to the renormalised amplitudes which contain QCD corrections and
an explicit dependence on N..

The operator definitions introduced so far are sufficient to renormalise physical matrix
elements at NNLO, but they need to be supplemented by the definitions of all evanescent
operators that appear in the matching, see Section 2.6. The evanescent operators up to
second generation have been defined above, and we will give the corresponding definitions
of the third to fifth generation below.

For the additional generations of evanescent operators, it is sufficient to only determine
the correct vanishing e-finite part, so all O(¢) constants in front of physical operators
can be left undetermined and drop out of the matching. When working with penguin
operators, the highest generation of evanescent operators that appears at LO is the third
generation. These operators need to be renormalised to NNLO, so we will also require the
fourth and fifth generation. We define the third generation generically as

B = 4(q% e Pb?) (@997 271 PLb%) - (64 + O(0)) Q,
£ = 4(q Yy -+ g PLb) (§9947 "1 PbY) - (64 + O(e)) Q,
Q5] = 4(quy s PREC) (@910 -1 PRb7)
+ (2048 + O(€)) Qs + O(€) Qs ,
I1Qs] = 4(a 1 -+~ s PrEY) (@770 -+ 111 PRbC)
+ (2048 + O(€)) Qs + O(€) Qs , (2.105)

and the fourth generation as

EY = 4(q% - uePib?) (g7 - 7#1PLb¢) ~ (256 + 0(6)) Q.
EY = 4(q% - e PLb) (g%949 11 P b%) - (256 + 0(6)) Q.
DQs] = 4(qVuy -+ s PREC) (g8 - - #1 PrbY)
+ (32768 + O(€)) Qs + O(€)Qs
DQs] = 4(5C’Yu1 a "YugPRbd) (EldWMS . "YMPRbC)
+ (32768 + O(¢)) Qs + O(¢)Qs (2.106)
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and finally the fifth generation as

54( “Yuy Vs PLO?) (9112 - 4#1PLbC) — (1024 4 O(e)) Q.
54( Yy -+ Yupy PLOS) (g0911 - 411 P b7 ) — (1024 4 O(6)) Q.
[Qs =4(q Cwl Y3 PRE) (%710 -1 Pgid)
+ (524288 + O(e)) Qs + O(€) Qs ,
Qs = 4(au - YuroPRO?) (G99110 -+ 411 PRbC)
+ (524288 + O(€)) Qs + O(€) Qs - (2.107)

2.4.4 Renormalisation with the Ry operator

The renormalisation procedure of the |AB| = 2 theory follows for the most part the steps
described in Section 2.1.3, but the Aqcp/m) suppression of (B|Ry|B) requires a special
treatment, which will be discussed in the following. As the renormalisation procedure is
process-independent, one may choose to renormalise the amplitude with a basis of physical
operators like {Q, Qs, @5} or {Q, 525, Ro}. The power-suppression of Ry is a result of
the particular process that is being considered. To preserve it at higher loop orders, a
finite counterterm is introduced, but the UV divergences are unaffected.

It is convenient to calculate the renormalisation constants first in the basis of physical
operators {Q, Qs, C~\)5} as the operator @ does not mix with the other two. Note that
switching one of the operators for Ry does not simplify the calculation because the power-
suppression of its matrix element is an on-shell phenomenon. Therefore, it is not applicable
to the renormalisation, which encodes the off-shell properties of the transition operator.
The renormalisation matrix for general N, obtained in this way is given in Ref. [20], and
for illustration purposes we list the MS renormalisation constants of the physical operators

here:
2 21) 45815 1
zON — o 722~ 94 Zn z7&1 _ =N
Q ' Q 9+ 3N Q 516 g
14 2 337 14N, 31 2N
—_ — o —_ + _
L0y _ |73 3 2 _ 9 9 0o "9
QsQs 8 16/ QsQs | _124  8Nr 128 16Ny
3 3 9 9 9 9
547 22N 227 2Ng

QsQs | 1235 19Ny 641 83Ng |
6 27 18 27
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where N = 3, and the basis of evanescent operators defined via Eqgs. (2.101) to (2.104)
was chosen. The renormalised operators are hence given by

bare
Q=17 Qbare +7 Ebare QS 7 QS +7 Ebare (2 109)
Q QRE ' QS QRsQs éga re QsE ' '

where the mixing with the evanescent operators is shown schematically.

After obtaining the renormalisation matrix in the basis without Ry, the matrix is then
transformed through a change of basis. In the following, we will consider bases which are
extended by a vector of all relevant evanescent operators E to demonstrate the effect on
the renormalisation constants of evanescent operators too. The basis transformation can
be naively carried out by equating the renormalised operators,

Q Q naive

E)S @5
L — | (2.110)
§Q+Q5+Q5 Ro

E (0.05.05) £/ 10.05.Ro)

where the renormalised operators are related to the bare operators through O; = Z,-J-Ojbare.
In order to solve for the new renormalisation matrix, the bare operators are substituted
using Eq. (2.82), which leads to the “naive” renormalisation matrix

Znaive _ (Zlnaive’ Zznaive, Z?r)waive' ZEaive) (2_111)

for the {Q, @5, Ro, E} basis. The individual components are given by

ZqQ
(z,0)
Znaive_ 2 QsQs 21
L |5 (Zasas) i (Zasts) ) |
2 |°¢@ QRsQs /11 QsQs /o1
1
ZEQ_§ EQs
0
Z2naive _ - <ZQS(~?S>21+ (ZQ565)22
—(z, - z ) -(z - z_
( 0505)11+< osos>12 ( QSQS)21+( Qsas>22
Zeo. - Zeas
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2.4 The |AB| = 2 transition operator

0

Z ~
Z?r:aive _ ( 0505)21

Z.. =~ Z . ~
( QSQS>11+( QSQS)zl

ZEQ

erfaive _ (2.112)

1
EZQE + ZQSE + ZasE

ZEe
However, as previously mentioned, the power-suppression of the matrix element of Ry
requires finite renormalisation constants, which are not contained in Eq. (2.112). These
renormalisation constants are necessary to cancel terms proportional to <Q>(O) and ((~\)5>(0)
in the renormalised (Ry) matrix element in the physical basis {Q, Qs, Ry}. As Ry contains
a leading-power evanescent part, it needs to be renormalised with a finite piece similar to
other evanescent operators. Otherwise, it may be multiplied with IR divergences, leading
to finite contributions in dimensional regularisation [54].

The finite renormalisation constants can be constructed from considering the linear
combination of the renormalised Q, Qg and Qg matrix elements,
1 -

(Ro) = 501(Q) +a2(Qs) +(Qs), (2.113)
which we require to be suppressed by Aqcp/mp. The coefficients a; and ap are pertur-
bative quantities with the expansions

2
B as (1) Qs (2) 3
aj =1+ 0t <47r) a;” + O(ag). (2.114)
The coefficient of Qg in Eq. (2.113) was chosen to be equal to one. This eliminates a
degree of freedom stemming from a perturbative redefinition of Ry. For a discussion of
the calculation of the constants «;, in particular the regularisation of IR divergences with
a massive gluon, see Refs. [20, 28].

Equipped with the constants «;, the renormalisation matrix including the finite renormali-
sation for R is obtained by amending Eq. (2.110) as

Q Q

@5 QS
1 - = . (2.115)
§a10+04205+ Qs Ro

£ {Q.Qs.Qs} £ ) 10.35.Ro}
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This set of equations can be solved to yield the renormalisation matrix

7 = (21, 25, Z3, Z4), (2.116)
where
e
1
) (Zasas)zl
U E e (Zages) o2 (Zasas)) |
2 1707 (Zas@s )11~ M2 \Z0sQs ) o
1
ZEQ_§ EQs
0
Z - <ZQS(~?S)21+ (20555)22
- ~ Z .. ~ - Z . ~ Z .. ~
<ZQSQS>11+< QSQS>12 OQ( QSQS)21+Q2( QSQS)QQ
Zp o, ~ ZEqs
0
(Zosas)
Z3 = QsQs/21 ,
(ZQSCN\’S)HJr @2 (ZQSC~\75>21
ZEQS
ZQE
Z~
Zi=4 QsE (2.117)
EaleE -+ ZQsE —+ OQZ@SE

ZEE

The interpretation of a1 and ap as finite renormalisation constants materialises here
because they multiply the diagonal elements Zg and (ZQ565)22 and therefore lead to an

e-finite contribution.

The full renormalisation matrix is provided in computer-readable format with Ref. [20]. As
many generations of evanescent operators need to be included, the resulting matrices are
large and hence not shown here.
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2.5 The |AB| = 0 transition operator

2.5 The |AB| = 0 transition operator

In this section, the relevant |AB| = 0 transition operator for the calculation of lifetime
ratios is developed by considering the leading term in the HQE that results in a non-zero
lifetime difference. Referring to Eq. (2.78), the leading contribution to b decays in the
HQE stems from the decay of the free bottom quark, and the corrections due to the
different spectator quark flavours, e.g. up or down quarks, start with Tg. We can therefore
write the decay width I'(Hp) of any bottom-flavoured hadron with light quarks Hj, as
the sum of a leading contribution I'(b) from the decay of the free bottom quark and
corrections 0T'(Hp),

I'(Hp) = T'(b) + 0I'(Hp), (2.118)

where the corrections 6I'(Hp) are specific to the b hadron under consideration and
suppressed by at least two powers of Aqcp/mp. A lifetime ratio can thus be written as

:EZZ; ~ 1+ [6T(Hp) - 6T (Hp)| x 7(Hp), (2.119)
up to higher-order terms in Aqcp/my that were omitted in 5F(H[()/)). Here, the decay
width of the free bottom quark drops out, and the experimental value for 7(Hp) is
used, such that only the calculations of 4T'(Hp,) and 6I'(Hy) are required to predict the
lifetime ratio [32]. Due to isospin symmetry, the two-quark operator contributions I';
from Eq. (2.78) drop out in the lifetime ratio of B* and By as well as the corresponding
baryons. Therefore, the leading contribution stems from f6.

The |[AB| = 0 transition operator for the lifetimes is defined as
T =1Im <i [ dtx THIAEL () H'AB|:1(O)> , (2.120)

and it is related to the decay width via the optical theorem, see Eq. (1.41),

1
0T (Hp) = = (Hp|T |Hp) - (2.121)
2My,
For the leading-power corrections, the relevant transition operator is further decomposed
as

T =Ty + Ty + Teing (2.122)

where the subscript refers to the quark flavour in the intermediate state of the LO CKM-
leading process. The SU(3)F singlet operator Tging contains contributions which cancel in
the difference of lifetime corrections [58]. These singlet contributions stem from gluon
exchanges with the spectator quark, which is why they are flavour-independent and cancel
in the lifetime ratio, see Fig. 2.5. In the following, only 7, and 74 will be considered.

For mesons at leading order, the operator 7, corresponds to the weak annihilation (WA)
while T4 mediates Pauli interference (Pl), see Fig. 2.6. In the case of baryons, 7, leads to
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b w b
bXb
q q
q q

(a) Full theory (b) Operator in Tging

Figure 2.5: Singlet operator with the underlying penguin topology in the full
theory. These operators couple to all active quark flavours, which is
why they are singlets under SU(3)f.

} /\

d d u u

b: : :b bj i ~ b
C C

(a) Weak annihilation (b) Pauli interference

Figure 2.6: Leading-CKM one-loop diagrams of the WA and Pl topologies for
mesons. The orange dots represent current-current operator inser-
tions.

the weak scattering (WS) process while the insertion of 7, again corresponds to Pl, see
Fig. 2.7.

The non-singlet parts of the transition operator can be further written as [58]

— GI%m[%‘Vch

T il [|vud|2 (FUQ? + FEQd + 6T + 6¢T¢)
+ Vel (FEQ7 + FEQZ + 6T + G§T§’)] ,
G2 2 V 2
Ty = Fmg‘cb‘[FdQ“ + FeQY+ 69T + 6 Tg“} : (2.123)
T

Note that the WA operator for Bs mesons is identical to 7, above after swapping the
down-type quark d — s. The superscripts on the matching coefficients F9, Fg, GY9 and
Gg’ refer to the quark flavour g in the cq pair of quarks in the loop. To be explicit, the
u matching coefficients stem from the WA and WS diagrams shown in Fig. 2.6a and
Fig. 2.7a while the d matching coefficients correspond to the Pl diagrams in Fig. 2.6b and
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2.5 The |AB| = 0 transition operator

u /\
d d u u

(a) Weak scattering (b) Pauli interference

Figure 2.7: Leading-CKM one-loop diagrams of the WS and PI topologies for
baryons. The orange dots represent current-current operator inser-
tions.

Fig. 2.6b. Finally, the ¢ contributions match onto WA and WS diagrams in the |[AB| =1
calculations with two charm quarks in the internal loop. Doubly CKM-suppressed operators
have been ignored, and the relation |V,4|? + | Vus|? ~ 1 together with C9 = C5 for all
matching coefficients C was used to simplify the Pl transition operator. The equality of
the matching coefficients holds under the assumption that the down and strange quarks
have the same mass, in particular my = ms = 0.

The physical |AB| = 0 operators are defined as
Q9 = 4(bvuPLa) (a7 PLb) Q¢ =4(bPLa) (aPrb),
T9=4(by, P T%q) (gv"P.T?b),  Td=4(bP,Tq) (qPrTb). (2.124)

We also need to define the first and second generation evanescent operators to renormalise
the physical operators at NNLO. The first generation is

EMQ = 4(by"19"29/3 P q) (@3 Vg Wy PLb) = (4 - 8e + a¢?) Q7
E(l)[Qg] = 4(1_37“17“2 PLq) (E]’ymfml PRb) - (4— 8e + 35€2> Qg , (2.125)

with analogous definitions for the E[T(%)] operators, which have the generators T2 of
SU(3)c inserted. The second generation is given by

E[QY®) = 4(bryt1yt21354915 Py q) (G Vpa Vs iz Vs PLD)
- (16 + be + ce2> QY
E[QY? = 4(57’“‘17“%“37“4 PLq) (Emwugmm PRb)
— (16 + bse + c5¢*) QF, (2.126)

and similar evanescent operators for the colour octet structures. The constants a sy, b(s)
and ¢(s) appear in renormalised amplitudes at NNLO; however, they do not appear in
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physical results when the perturbative matching coefficients are combined with the low
energy matrix elements. Since the lattice calculations do not make use of Fierz identities
for the |AB| = 0 matrix elements, we are free to choose the constants as we wish. As
a check, the dependence of the physical results on the aforementioned constants must
disappear when matching the lattice results to the perturbative matching coefficients,
e.g. with the gradient flow formalism [108-110]. This is in contrast with the |[AB| = 2
transition operator, where the definitions of the evanescent operators are determined by
the requirement of Fierz symmetry.

In intermediate steps before the matching, we also encounter the third generation evanes-
cent operators, which we define as

E(3)[Qq] = 4(57“1 . '7“7PLq) (El%w Y PLb) - (64 + ee + f€2) QY,
5(3)[le = 4(1_77#1 o "Y%PLQ) (EI’Y% “ Yup PRb) - (64 + ege + f562) Qg , (2.127)

and similarly for the corresponding operators E[T(Cfs)]. The constants e(s) and f(S) drop
out of the matching coefficients and do not need to be considered in the matching to
low-energy matrix elements. The reason that only the third generation is required for the
decays whereas up to five generations appear in the mixing calculation is the inclusion
of different operators on the |AB| = 1 sides. In Section 2.6, the number of generations
necessary for the matching calculation is discussed in detail.

The renormalisation constants for the |AB| = 0 transition operator are given in Appendix B.

2.6 Matching procedure

2.6.1 Matching to the |AB| = 2 transition operator

In the following, the matching of the amplitudes calculated with the weak effective
Hamiltonian to the |[AB| = 2 transition operators is discussed. Most of the steps presented
can be easily transferred to the matching to the |AB| = 0 transition operator, and some
key differences are explained in Section 2.6.2.

The matching condition from Eq. (1.35) reads

r{,=—-Im(M") (2.128)
12 Mg ( )

and recalling that the off-diagonal decay matrix element is calculated from the absorptive
part of a bi-local matrix element in Eq. (2.80), we write

) 2 2
ri_ GFEMp

12~ Jarhg [HY(2)(Bq|Q|Bg) + HL(2)(Bq| Qs|Bq)| + O(Aqep/mp),  (2.129)

56



2.6 Matching procedure

where the factorisation of the CKM matrix elements from Eq. (1.34) was used. The
matching coefficients are determined in this thesis as an expansion in z = mg/m% up to

O(z19).

The matching coefficients can be evaluated from the bottom up, order by order in as,
i.e. calculating the matching coefficients first at LO, then NLO and so on. Here, it
is crucial to also note the order in € to which the matching coefficients are computed.
This is important because both the amplitude M evaluated with the effective |[AB| =1
Hamiltonian and the matrix elements of the |AB| = 2 transition operator have IR poles
beyond LO. Since the IR and UV divergences are regulated with the same regulator ¢, it is
important to carry out lower-order matching calculations beyond the e-finite order. This
way, the poles in € cancel, and we recover the correct finite contributions which arise from
divergences multiplying matching coefficients vanishing in the limit d — 4. The power of
€ to which the matching coefficients need to be evaluated is hence determined by the IR
poles appearing in front of those matching coefficients. It turns out that the LO and NLO
matching coefficients need to be expanded up to €2 and el respectively.

Another issue that deserves special consideration is the number of generations of evanescent
operators to be renormalised at each order on the |[AB| = 2 side for the matching. This is
determined by the loop order of the |AB| = 1 calculation at which the tree-level matrix
elements of the corresponding evanescent operators first appear, as is illustrated below.

The matching equation Eq. (2.128) can be expanded in as and €. For this purpose, we
define the expansion of the matching coefficients

Hi = ()i 4 ZﬁH(l),ij n (Oés

™

2 ..
) H@ T 1+ 003y, (2.130)

47

as well as similar expansions for F£j2, MU and the renormalised matrix elements (O) =
(B|O|B). The LO matching equation reads

2,2 .. ..
()0 = gyt [HE7P10 4 T8 O] (2.131)
where the operators P and E stand for any physical and evanescent operator respectively.
Note that for the purpose of this discussion, Ry is treated like an evanescent operator,
ie. Pe{Q, @5} This is because after carrying out the renormalisation as outlined in
Section 2.4.4, including the finite renormalisation constants from «q and as, the physical
piece of (Rp) is suppressed by Aqcp/mp, but the evanescent part is unsuppressed, see
Ref. [54].

The LO amplitude in the |[AB| = 1 effective theory is also expanded in e,

.. G2 m?
Im(Mi)(©) — 2F47rb[(a(o,o) + a0l 1 2502) 4 o)) (P)©)

+ (509 4 h0D) 1 2502) 1 0(3)) <E>(0)}, (2.132)
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2 Operator Product Expansions and Effective Field Theories

so by equating Eq. (2.131) and Eq. (2.132), the LO matching coefficients

HO — 500) 1 501 1 2502) 4 o3,
H(EO)'U = p(0.0) 4 p(01) | 2p(02) o 0(63) (2.133)

are obtained.
At NLO, the matching proceeds analogously, but IR poles appear for the first time, so it is

interesting to observe their impact on the computation of the matching coefficients. The
transition operator contribution to the decay matrix element is decomposed as

p GZm? i ij
(1) ® = e [He P10+ 1 ()
q
N H/(EO)'U<E>(1) N HI(_—'l)’U<E>(O)} , (2.134)

where the operator matrix elements are further expanded as a series in ¢,

€

(P = (C(H) +c10) ) 4 0(62)) (P)©)

€

(1D
+ (d L d(0) | eg(L) 4 (9(62)) (E)O)

(E)V) = (e10) 4 celBV) + O(e2)) (P)(©)

€

(1-1)
n (f 1 f(L0) 4 (1) 0(62)) (E)0) (2.135)

The evanescent operators are of order ¢, so the renormalised NLO matrix element has at
most a finite 0(60) part stemming from IR poles. This means, however, that there are no
poles multiplying the physical matrix elements <P>(O). The amplitude obtained from the
weak effective Hamiltonian at NLO can be similarly expanded as

B G2m2
(1) — ZETb
Im(MF) 247

€

(a(lv—l) 4 4(L0) 4 5(11) (’)(62)> (P

(2.136)

€

(1-1)
+ (b + b0 (1Y) 4 0(62)) (E)(0)
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The NLO matching coefficients are obtained by inserting Eq. (2.135) into Eq. (2.134) and
then equating with Eq. (2.136). They have the following expansion in e:

pwi _ 2 ), (C“‘” Lo Ec(l,l)) L0
P € € P

_ (e(l,O) 4 6e(1,1)) ,_,(EO),U +O(2),

H(l)’ij B b(l,—l) N b(l,O) N eb(l’l) _ (f(l,—l)

€ €

4 £(10) ef(l'l)) HO

€

(1-1) )
- (d +d(10) 4 ed(l'l)) HOT 4 o(e2). (2.137)

These matching coefficients show two key mechanisms in the matching of IR-divergent
amplitudes: the cancellation of the IR poles in the matching coefficients and the contri-
bution of O(e) terms from lower-order matching coefficients to physical results. For the
NLO matching coefficients to be finite, we require that

1D — O3 _ ey, (2.138)

Whlch serves as a cross-check for the matching calculation. Furthermore, since the pole

1) /e multiplies the LO matching coefficient H( I the term a(01) from Eq. (2.133)
contrlbutes to the physical NLO matching coefﬁaent H( )i , Which demonstrates that
lower-order matching coefficients require deeper expansions in e.

At NNLO, no new features arise, but the expressions become more involved. For the
transition operator, the expansion is

i GEm? i ij i
(1)@ = 5o T [H P @) 4 HM (P @) D)0
q
T+ HO Y@ L D) HI(:_Z)'U<E>(0)] . (2.139)

where the renormalised matrix elements are parametrised in a similar way as for the NLO
calculation:

d(2,2—2) n d(2,_1) i d(2'0)> <E>(O),

€ € €

(c(2,2—2) . (2-1) . C(2’0)> PO 4 (

€ €

(2,-1) (2,-2) (2,-1)
(E)2) = (e 1 e(2,0)) (P ¢ (f — f + f(2,0)) (£YO) (2.140)
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On the |AB| =1 side, the amplitude is written as

(2-2)  (2-1)
(a —+ a0 O(e)) (P)(0)

€

3 G2 m?
i(2) = ZE7b
Im(M7) 247

€

(2.141)

€ €

p(2-2)  p(2-1)
+ ( — + +b(20) 4 O(e)) (E)(©)

As before, Eq. (2.140) is inserted into Eq. (2.139) and equated with Eq. (2.141) to obtain
the NNLO matching coefficients, which have the expansions

2,-2) 2,-1)

( ( (1-1)
Hg),ab _ a - n a : n 3(2'0) B e(l’o)Hl(:—l)'ab— (C : n C(l’o)) H'gl),ab

€ €

_ (6(2_1) n 6(2,0)) Kb _ (6(2'2_2) i > + c(2v0)) HO2P 4 o),

62 € €

B (d(l,—l) N d(lyo)) H/()l),ab_ (f(2,2—2) N f(2,—1) N f(Q,O)) H(EO)’ab

€ €

(2,-2) (2,-1) (1,-1)
H(EQ)'ab _ b n b 4 p(20) _ (f i f(1,0)> HI(:_l),ab

€

(2,-2) (2,-1)
_ (d — + d + d(2'0)> H,,(DO)’ab + O(e). (2.142)

The cancellation of all IR poles in € provides yet another cross-check of the matching
calculation, leading to similar conditions as the one given in Eq. (2.138). We also observe
that the LO and NLO matching coefficients are multiplied by poles in ¢ such that their
O(€?) and O(€) parts respectively contribute to the finite parts of the NNLO matching
coefficients.

The matching procedure provides another powerful cross-check on our calculation as the
gauge parameter dependence must cancel in the process. The amplitudes calculated with
the weak effective Hamiltonian and the |AB| = 2 transition operator depend on the
gauge parameter ¢ of the strong interaction. The gauge parameter stems from the gluon
propagator, .
Y] WiV

A = ’5k2 <guv -1 -g)kk/; > , (2.143)
where the gauge £ = 1 corresponds to Feynman-t'"Hooft gauge. Since physical observables
must not depend on the choice of gauge, the matching coefficients must be independent
of . Working in the general R¢ gauge, one can check that the gauge parameter cancels
in the matching.
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Using the above results, we return to the issue of the number of generations of evanescent
operators to include in the matching. From Eq. (2.142), we can see that the LO and NLO
matching coefficients of evanescent operators, H,(_:O) and Hl(_cl), contribute to the matching
coefficients of physical operators. The way that the evanescent matching coefficients enter
the physical result is through the renormalised matrix elements of evanescent operators,
as is evident from Eq. (2.139). Therefore, evanescent operators whose tree-level matrix
elements appear in the LO calculation on the |AB| = 1 side, i.e. in Eq. (2.132), must
be renormalised to NNLO. The evanescent operators for which the matrix elements are

encountered at NLO for the first time, i.e. in Eq. (2.136), need to be renormalised to NLO.

In general terms, the highest generation kmax of evanescent operators for which there are
tree-level matrix elements in the amplitude calculated from the |AB| = 1 Hamiltonian
needs to be renormalised to the highest order n in as. The matrix elements of all k < kmax
generations are renormalised to the same order in as while higher generations k > kmax
are renormalised to the order " given by

m = n— (k- kmax) - (2.144)

To illustrate the above, we will consider two cases: the contribution from two current-
current and two penguin operators respectively at NNLO, which are presented in Tab. 2.2.
For the first case with two current-current operators, the matrix elements of the first
generation evanescent operators appear in the LO calculation of the |AB| = 1 side, so they
need to be renormalised to NNLO. At NLO, the tree-level matrix elements of the second
generation appear, meaning they have to be renormalised to NLO. The renormalised
amplitude of the |AB| = 2 transition operator hence includes the third, second and first
generation of evanescent operators to LO, NLO and NNLO respectively. For the case with
two penguin operator insertions, the tree-level matrix elements of the third, fourth and
fifth generation evanescent operators appear respectively at LO, NLO and NNLO in the
calculation of the |[AB| = 1 side. Therefore, they are renormalised on the |AB| = 2 side
to NNLO and NLO for evanescent operators belonging to the third and fourth generation
respectively. For the fifth generation, no renormalisation is required.

An exhaustive list of |AB| = 2 operator matrix elements that appear in calculations of "1
using the |AB| = 1 effective Hamiltonian is given in Tab. 2.3. In principle, it is sufficient
to identify the highest generation evanescent operators whose matrix elements appear
at the lowest order in as and then determine the orders to which all other generations
need to be renormalised using Eq. (2.144). With Tab. 2.3 this can be confirmed for all
considered operators.
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. Required renormalised
Highest evanescent

Operators LO diagram on |AB| =1 side _ |AB| = 2 matrix
generation at LO
elements
Vo
T Vi3
Quz % Quz (DO (ED)D, (£

~

//L4 A
UL R RI,

Q36 X Q36 <E.(3)>(0)

Table 2.2: The evanescent operators required on the |[AB| = 2 side for a NNLO

matching calculation depend on the physical operators included on
the |AB| = 1 side.

Highest generation evanescent

Order |AB| =1 operators |AB| = 2 operator matrix elements
o Q12 X Q12 <E,'(1)>(0)
Q12 x Q36 <Ei(l)>(0)
@3-6 X Q36 <E/(3)>(0)
ol Q12 X Q12 <E,'(2)>(0)
Q12 x Q36 <Ei(2)>(0)
@3-6 X Q36 <E/(4)>(0)
Qs X Q16 <Ei(l)>(0)
a2 Q2 X Q1o <Ei(3)>(0)
Q12 X Q36 <Ei(3)>(0)
@3-6 X Q36 <Ei(5)>(0)
Qs X Q16 <Ei(2)>(0)
Qg x Qg <Ei(2)>(0)
a3 Qs x Qg (EP)O)

Table 2.3: Tree-level |AB| = 2 operator matrix elements which appear in the
amplitude on the |AB| = 1 side at each order in as.
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2.6.2 Matching to the |AB| = 0 transition operator

The procedure for the B meson decays is similar to the one outlined in Section 2.6.1, so
the focus of this section is on highlighting the steps that are specific to the |[AB| =0
calculation. The key aspect of the |AB| = 0 matching is that we are only interested in the
difference of the decay widths since we are calculating the lifetime ratio, see Eq. (2.119).
As the matching procedure is the same for the meson and baryon lifetime ratios, only the
mesonic case is discussed in the following. There is, however, a difference in the treatment
of the hadronic matrix elements, which is discussed in Section 6.2.

Both 7, and Ty contribute to both 6T'(By) and dT(B™), and in evaluating the difference,
we can use the isospin symmetry relations

(Bg|Q™!|Bg) = (BT|Q“IBT),  (By|T""|By) = (BF|T*9|BF),
(BalQS*|Bg) = (BT1Q5 BT}, (BalTS"|By) = (BFT|B).  (2145)
The lifetime ratio for By and BT mesons can hence be written in a compact form with

the matching coefficients in Eq. (2.123) and the expansion of the lifetime ratio to the first
non-trivial order in the HQE from Eq. (2.119):

:((iz)) =1+ [0T(By) - oT(BT)] x 7(B")
=1+ [W%MI; (IVudlPFY + |VegPFE - F) - é] x 7(BT),
(2.146)
where the vector notation
Fa By
F9— g% , B= 512 (2.147)
Gd €

was introduced following Ref. [58]. The constants in B contain the low-energy physics
and are related to the matrix elements via

(B*](Q-q)|B*) = ;A ME By
(B*|(Q¢-Q4)|BT) = f3 Mz B,,
(BT|(TY-T%)|B") = g Mz e,
(B*|(T¢-T¢)|B") = g MZer. (2.148)

It is worth noting that the matrix elements (B+|09|B*t) for © € {Q, Qs, T, Ts} drop
out of the lifetime ratios to good approximation but yield small contributions to the total
decay rates [111, 112].
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Since both the calculation of 0T'(By) and 6I'(B™) leads to the matching coefficients
FU F€ and F9, we can simplify the calculation by ignoring redundant information. The
path we choose is to calculate 6T'(B,) and 6I'(B™) separately, and to match only onto
the |AB| = 0 matrix elements which start at LO, i.e. (By|O0% By) and (BT|OY|BT)
respectively. This means the matching of dI'(By) yields FU and F€ while we extract
Fd from 6T(By). Therefore, the calculation needs to be carried out to NNLO on both
sides of the matching in order to obtain the NNLO matching coefficients. Moreover, the
|AB| = 0 calculation is only carried out for the flavour combination where the external
states have the same light quark as the inserted |AB| = 0 operators. Due to isospin
symmetry, only one of By or B™ needs to be considered here to calculate the renormalised
matrix elements of either (By4|O9|By) or (BT|OY|B*) for the matching.

The other strategy that does not calculate any redundant diagrams focuses only on one
of the decay width corrections, either 5T(By) or T'(B™), but it is slightly more involved
overall. One can extract all matching coefficients by computing e.g. only 6I'(By). This
requires a calculation of the |AB| = 0 transition operator that includes both (By4|©9|B,)
and (By|OY|By). However, since the matrix elements of the opposite light flavour
(B4|OY|By) vanish to LO, both sides of the matching would need to be calculated to
N3LO in order to extract the NNLO matching coefficients. Therefore, we do not pursue
this path.

Care must also be taken to calculate only the SU(3)g-breaking diagrams which contribute
to the corrections 6I'(B4) and dT'(B™) since the matching coefficients are only extracted
from one of the two corrections, with the difference being implicit. The types of diagrams
which must hence be discarded on both sides of the matching are the penguin contractions
shown in Fig. 2.8, which appear at NLO and NNLO. These diagrams contribute to 6I'( By)
and 6T'(B™) and cancel in the difference.

H|ABI=1 (b) Penguin contraction from 79

(a) Penguin contraction from

Figure 2.8: Penguin contraction diagrams for the |AB| =1 and |AB| = 0 sides
of the matching calculation with B, external states. The orange dots
represent current-current operator insertions while the ruby square is
an insertion of the |AB| = 0 transition operator.
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2.6 Matching procedure

The remainder of the matching procedure for the individual matching coefficients follows
similar steps as outlined for the B meson mixing in Section 2.6.1. In particular, the
cancellation of the IR poles occurs in the same way across orders, so evanescent operators
need to be included at lower orders in as, and O(e) matching coefficients at LO and
NLO affect the NNLO matching coefficients. For the current-current contributions to the
lifetime difference, the tree-level matrix elements of only the first generation of evanescent
operators appear at LO in the Pl diagrams, so the E) operators are renormalised to
NNLO while the E(2) operators are renormalised to NLO, as summarised in Tab. 2.4.
Since one of the |AB| = 1 operators is Fierz-transformed, all but one of the v matrices of
the WA diagrams have contracted Lorentz indices, and no |AB| = 0 evanescent operators
need to be renormalised to NNLO, and the E(1) operators are renormalised only to NLO.

. Required renormalised
Highest evanescent

Decay width LO diagram on |AB| = 1 side . |AB| = 0 matrix
generation at LO
elements

d d
ST(By) ~ WA " None (ED)®)

b b

1 1 2

ST(BT) ~ PI (ED)© (EMY@), (£Chy1)

Table 2.4: The evanescent operators required on the |AB| = 0 side for a NNLO

matching calculation depend on the physical operators included on
the |AB| = 1 side.
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Highest generation evanescent

Order Decay width |AB| = 0 operator matrix elements
ag ST(By) ~ WA None
ST(BY) ~ PI (E7)O)
al 0L(Bg) ~ WA (ED)O
ST(B) ~ Pl (E)(0)
a2 0L(Bg) ~ WA (ED)O
ST(BT) ~ Pl (B

Table 2.5: Tree-level |AB| = 0 operator matrix elements which appear in the

amplitude on the |AB| = 1 side at each order in as.



3 Calculation of Amplitudes

This chapter provides a detailed description of the methods used to calculate amplitudes
for B meson mixing and decay processes based on the theories outlined in Chapter 2.
Therefore, the theoretical models are linked to the desired phenomenological output for the
key observables. Using the methods described here, amplitudes of O(108) diagrams are
computed efficiently and in such a way that the matching coefficients for the applications
in Chapters 4 and 6 are easily extracted following the matching procedure from Section 2.6.

The structure of this chapter is as follows: The overall workflow of the automated
evaluation of amplitudes is presented first, followed by a discussion of the specific setup
and kinematics employed for mixing and decay processes. Two particularly challenging
aspects of the computation, the spinor projectors and the evaluation of master integrals,
are then explained in more detail. For the projectors, an efficient algorithm applicable to
generic four-fermion scattering is developed, which has been published in Ref. [113]. The
chapter closes with a presentation of the semi-analytic evaluation of master integrals.

3.1 Overview of workflow

3.1.1 Calculation of individual diagrams

Due to the large number of diagrams, of which there are ©(10°) at NNLO for the B
mixing amplitude on the |AB| =1 side, an automated toolchain is constructed based on
well-tested and cutting-edge software packages. A graphical overview of the toolchain up
to the computation of individual diagrams in terms of scalar integrals is shown in Fig. 3.1.
At this point, the outputs are passed on to the second half of the toolchain, shown in
Fig. 3.4 which evaluates the scalar integrals and produces our final results for the bare
amplitudes.

The first half of the toolchain handles most of the process-specific steps, starting with
the generation of Feynman diagrams, see Fig. 3.1. For the diagram generation, we use
QGRAF [114], which generates a list of all allowed diagrams based on the external states
and the propagator and vertex combinations permitted by the Lagrangian of the problem.
It is possible to employ simple topology-based filters, e.g. to limit the number of certain
propagators or vertices. QGRAF can also be used to differentiate between so-called on-shell
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Diagram
topologies
Kinematics Feynman rules

~

Diagrams with
Feynman rules

¥

FORM input files

Spinor projectors

Amplitude in terms
of scalar integrals

Figure 3.1: Workflow for the generation of amplitudes in terms of scalar integrals.
The program in dark blue was developed as part of this thesis.



3.1 Overview of workflow

and off-shell topologies, where off-shell topologies are those that have a one-particle
irreducible (1PI) propagator connected via a bridge to the rest of the diagram, see Fig. 3.2.
This is useful for filtering out QCD self-energies on the legs of the diagram, which need
to be amputated; however, it is not possible to distinguish between flavour-changing
self-energies and QCD self-energies with this option. Therefore, QGRAF filters cannot be
employed in some cases, see Section 3.2.2.

Figure 3.2: Off-shell topology as identified by QGRAF.

Since most of the effective operators that we use in our calculation have four-fermion
vertices, the implementation of these vertices deserves special attention. The main
complication is that we need to determine the correct sign of the diagram. This sign is
determined by crossing symmetry, i.e. the anti-commutative property of the Grassmann-
valued fermion fields. QGRAF can account for this sign change, and the most practical way
of implementing such four-fermion vertices is by introducing a so-called o particle. These
auxiliary particles are used to split the four-fermion vertex into two separate three-particle
interactions connected by the scalar o particle, see Fig. 3.3. The propagator of the o
particle is the product of the identity matrix in colour space and metric tensors, contracting
the Lorentz indices across the two spin lines. The Wilson coefficient can be split across
the two vertices, e.g. each vertex can be chosen to have the square root of the original
coupling. For each effective operator, a distinct o-particle is introduced, with the penguin
operators having special sigma particles that couple to quark pairs gq of all active flavours.

q1 q2

q4 q3

Figure 3.3: Four-fermion vertex decomposed as two separate three-particle ver-
tices connected by an auxiliary o particle.
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The next step in the toolchain is the insertion of the Feynman rules for all propagators and
vertices in the topologies generated in the previous step. For this step we use tapir [115].
This program offers a very convenient interface from QGRAF output to FORM [116-119]
expressions, which can the be used for further manipulations. Therefore, tapir requires
Feynman rules in FORM code format as additional input. The kinematics of the problem are
also specified here, and additional filters on propagators, vertices and special topologies can
be applied. Most notably, tapir differentiates between flavour-changing and non-flavour-
changing self-energies. Thus, we use it in this step to filter out any QCD self-energies,
which are always of the non-flavour-changing type. In addition to the diagram output,
tapir also generates various topology files that can be used in later steps of the calculation.

To generate FORM code that can be readily executed in an automated and parallelised
manner, and to map the diagram files generated by tapir to the corresponding topologies,
we use EXP [120, 121]. This program has additional capabilities in performing asymptotic
expansions of diagrams in terms of sub-diagrams, but for our calculation, we mainly use
it to identify the topologies corresponding to individual diagrams. Note that this is not
completed in the previous step as tapir generates one topology for each diagram, with
some redundancies removed in a separate step. EXP is able to identify the minimal set
of topologies needed out of those provided by tapir. Moreover, the output files include
make files that can be used in the final step of manipulations on the diagram level.

The diagram evaluation is done with calc, an implementation written in FORM that
efficiently handles diagram manipulations and colour factor evaluation based on the
program color [122]. This last step simplifies the expressions obtained for each Feynman
diagram as much as possible, reducing each to a linear combination of scalar integrals
that are multiplied with the corresponding colour factor, and a rational polynomial of the
occurring quark masses and the dimensional regulator €. Additionally, the spinor structures
of the diagrams need to be identified with basis elements, which are tree-level matrix
elements of the transition operator that the matching is done with. For this purpose,
dedicated spinor projectors were developed as part of this thesis, which are described in
more detail in Section 3.3. These are also written as standalone modules in FORM and can
be readily integrated within calc, see the dark blue box in Fig. 3.1.

3.1.2 Evaluation of the full amplitude

In the second half of the toolchain, the scalar integrals are evaluated and inserted into the
amplitude, with some of the intermediate results used across different processes. As shown
in Fig. 3.4, the amplitude expressed in terms of scalar integrals together with the topology
files from tapir are the starting point for the reduction to master integrals (Mls). The
first step is the extraction of all scalar integrals, called seeds, which can be reduced to a
minimal set of integrals using integration-by-parts (IBP) [123, 124] and Lorentz invariance
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(LI) [125] identities as well as symmetries of the integrals, e.g. under momentum shifts.
The IBP identities can be derived from considering integrals of total derivatives like

(k)Y

q,+m)

where the original Feynman integrand, i.e. the product of propagators in parentheses,
vanishes on the integration surface [124]. Here, the momenta labelled p are external, k are
loop momenta and g are linear combinations of different momenta. The second type of
identities, the LI identities, require asymmetric combinations of external momenta and are
hence not relevant for the processes considered here with one external momentum. The
package Kira [126-128] offers an efficient implementation of all aforementioned identities,
generating and solving the necessary equations with Fermat [129] or FireFly [130, 131]
to reduce either a list of integrals or an entire sector.

In an intermediate step, we use the script ImproveMasters.m [132] to refine the basis
of Mls for which Kira finds linear relations with all seed integrals. A good basis of
master integrals has the feature that the dependence on any kinematic variables and
on the dimensional regulator € factorise in the denominators of the IBP relations. This
is desirable as it leads to more compact IBP relations with simpler rational coefficients,
which also facilitates the evaluation of Mls in the next step. Since we first require a list
of IBP reductions to find a good basis of masters, Kira is run three times; first, for the
sector in which we expect to find our master integrals, and then once more for the list of
seed integrals and the preferred masters as provided by ImproveMasters.m. A third and
final run of Kira is then used to find symmetry relations among the MIs across different
families. Here, the list of all previously determined masters is taken as the set of seed
integrals for the reduction.

Next, the IBP reductions are used to reduce the amplitude to a minimal basis of Mls.
This is done with a few custom FORM routines, and requires a careful treatment of the
dimensional regulator ¢ as the expressions should be Taylor-expanded in ¢, but at the
same time, poles in € may appear in IBP identities and symmetry relations. Therefore,
expansions in € are done as soon as all reductions and symmetries are inserted, and up to
the minimum order as required for the matching and taking into account potential poles
from the Mls.

The IBP tables are also required for the evaluation of the master integrals in a semi-analytic
expansion using the “expand and match” approach [133-136]. The method is described in
more detail in Section 3.4, and we note here that further input for the numerical boundary
conditions of integrals is required, for which we use AMFlow [137].

In the final step, the Mls are inserted into the amplitude and the expression is saved as a
series expansion in € and the mass ratio m¢c/my,. These expressions are then further treated
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Figure 3.4: Workflow for the reduction to master integrals and evaluation of
those integrals for the bare amplitude.



3.2 Setup and kinematics

in the renormalisation and matching procedures, see Sections 2.1.3 and 2.6 respectively.
These last computations are all carried out in Mathematica [138].

The key steps in setting up and executing the workflow outlined here are discussed in the
following sections.

3.2 Setup and kinematics

3.2.1 General considerations for four-point interactions

In the following, the setup of the amplitude calculations for the mixing and decay processes
is outlined. First, general considerations applicable to all mixing and decay amplitudes are

discussed, with the specifics of the individual processes presented in Sections 3.2.2 and
3.2.4.

For the calculations presented in this thesis, we work with five active quark flavours,
namely up, down, charm, strange and bottom quarks. The masses of the light quarks
are set to zero, i.e. my = my = ms = 0, while for the charm and bottom quarks we
work with the non-zero masses m. and my, respectively. For the calculation of matching
coefficients, we take the external quarks to be on-shell as we are interested in the physical
observables. Choosing a reference frame where the three-momentum of the light external
quark vanishes, there is only one non-zero external momentum g. The on-shell condition
for the bottom quark implies that g2 = m%.

The topologies that are filtered for in the diagram generation differ slightly across the two
sides of the matching. On the |AB| = 1 side, calculations in general may include one-
particle reducible contributions while the transition operators only require 1P| topologies
since we amputate all QCD corrections on the legs. The allowed topologies of the
amplitudes from two insertions of the |AB| = 1 Hamiltonian depend on the pairs of
operators inserted.

To determine the renormalisation constants of the |AB| = 2 and |AB| = 0 transition
operators, off-shell amplitudes may be calculated since the UV divergences are the same as
for the physical on-shell amplitudes. However, care must be taken to differentiate between
IR and UV divergences. The way we regularise IR divergences is by introducing a finite
mass for the light external quark, setting it equal to the bottom mass my. In this way, the
amplitudes are IR-finite, and by working with vanishing external momenta, all integrals
reduce to tadpoles. These can be evaluated with the MATAD package [139].
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3 Calculation of Amplitudes

3.2.2 Setup of the B meson mixing amplitudes

The B mixing amplitudes are generated following the general considerations above with
the exception that flavour-changing self-energies (FCSE) require a careful filtering of
topologies. In this thesis, the contributions to the |AB| = 2 matching coefficient from
both current-current and penguin operators are calculated to NNLO, so there is a wide
range of topologies that can appear in the amplitude generated from the |AB| =1
Hamiltonian. The most interesting class of topologies is those of FCSEs, which give
non-vanishing contributions from NLO onwards, see Fig. 3.5. It is worth noting that
these diagram classes do not appear when considering only current-current operators.
Therefore, they were first considered in Ref. [140], where the mixed contributions from
one current-current and one penguin operator were calculated. At NNLO and beyond, the
FCSE topologies appear also with only current-current operator insertions.

b q
@3-6

q
q Q1-6 b

Figure 3.5: Flavour-changing self-energy diagrams at NLO.

For this thesis, the current-current and penguin operator contributions are calculated up
to NNLO, i.e. diagrams of up to three-loops on the |AB| = 1 side are generated with
any two of the operators Q1—g. The contributions from the chromomagnetic operator Qg
are computed up to two loops, corresponding to NNLO for the mixed contributions with
R1-6 and to N3LO for the contributions proportional to C82 since this operator comes
with an additional factor of the strong coupling gs. For the |[AB| = 2 transition operator,
two-loop diagrams with a single |AB| = 2 operator insertion are computed.

3.2.3 Linear charm mass dependence in B meson mixing

The NNLO contributions to the matching coefficients are special because they give rise
to v/z = m¢/my terms, and it is instructive to show how they appear. The square root
terms stem from diagrams like the one shown in Fig. 3.6a, which can be reduced to a
linear combination of master integrals that includes the integral in Fig. 3.6b. Odd powers
in m¢/my, arise from the integral

: 11 1 1 1
| — //ddkddﬁddp— k+ p)}
/ k2(52—m3)3p2—m?:(€—p+q)2—m%(k+q)2( )
(32)
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I —
| !
p k
O o W
| ,
(a) Diagram with /z terms (b) MI with /z terms

Figure 3.6: Diagram with the relevant master integral which gives rise to \/z
terms. The dashed, single and double lines of the MI are massless,
charm and bottom propagators respectively. The filled dots denote
additional powers of the propagator while the grey dot denotes an
inverted dot, i.e. a propagator raised to the power of +2.

in the limit mc — 0 and can be obtained by carrying out an asymptotic expansion with
the method of regions [141, 142]. In the following, we explicitly show the source of the
linear m¢/my, contribution. There are two scalings of squared loop momenta to consider,
the hard (~ ¢° = m%) and the soft (~ m2) regime. The only region which contributes to
the \/z terms is

k? ~ ¢, 2 ~ mg, p? ~ mg. (3.3)

This is because the bottom propagator for soft ¢ and p has a simplified leading term,
2q - (¢ - p), which leads to a linear term in mc. The third loop momentum k needs to
be hard because the integral otherwise contains a massless tadpole and vanishes. The
leading term of the integral from Eq. (3.2) in the relevant region is

1 1 1 k2 m2
/ :///ddkddeddp +(9<C>, 3.4
hes (£2=m2)3 p2-m22q-((-p) (k + q)? my 34)

where the integral over k can be carried out, and the remaining two-loop integral is found
in Ref. [143] such that

m
s ~ 2+ O ) (35)

from which it becomes apparent that the discussed diagrams will lead to /z terms in the
matching coefficients at NNLO.

3.2.4 Setup of the B meson decay amplitudes

For the decay amplitudes, the diagram generation on the |AB| = 1 side is special because
one of the current-current operators is Fierz-transformed. This is necessary because we
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3 Calculation of Amplitudes

want to be able to match onto |[AB| = 0 operators which have exactly one bottom
quark per spin line without introducing evanescent operators on the |AB| = 0 side that
vanish under a Fierz transformation. Fierz-transforming a |AB| = 1 operator instead
is possible through the correct choice of evanescent operators in the historical basis as
shown in Section 2.2.2. The diagrams are then generated by inserting one regular and
one Fierz-transformed current-current operator, leading to topologies as shown in Fig. 3.7.
The advantage here is that there are no closed fermion lines, so no difficulties with s
arise.

{epll]

b 012 of,

o

u

b
(a) Fierz-transformed WA (b) Fier-transformed PI

Figure 3.7: Leading-order diagrams with one regular and one Fierz-transformed
current-current operator.

We calculate the leading-CKM contributions, i.e. Ij_“'d, to NNLO and the sub-leading-CKM
contributions, i.e. F€, to NLO, see Eq. (2.146). Therefore, the diagrams we compute on
the |AB| = 1 side are generated by inserting only Q1 2 at NLO and NNLO, while at LO
we also need the penguin operators. The differentiation between leading and sub-leading
contributions in terms of the CKM factors is relevant for the Weak Annihilation diagrams,
i.e. those with By external states. The leading terms have a u and a ¢ quark in the
internal loop, while the sub-leading terms have two ¢ quarks. Referring to Eq. (2.123),
the sub-leading contributions are those that give rise to the matching coefficients with the
superscript c. The suppression factor relative to the leading terms is |V,,4|%/| Vg%, which
is roughly 5%. The leading contribution is given by only the current-current operators
because the penguin operators have the CKM factor

VibVed = —VepVed = Vb Vud (3.6)

where we have used the unitarity of the CKM matrix. Therefore, all penguin contributions
are suppressed, and we choose to discard the doubly Cabibbo-suppressed second term
above. For the sub-leading CKM contribution, which we calculate to NLO from current-
current operators, penguin operators are needed to LO and as counterterm contributions
to the current-current amplitude. In these LO diagrams with one penguin and one
current-current operator as shown in Fig. 3.8a, the current-current operator should not be
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3.3 Spinor projector algorithm

Fierz-transformed to avoid closed fermion lines. This is consistent, since we are always
free to choose either sz or O1 2 when inserting a current-current operator. Moreover,
the corresponding current-current NLO diagrams in Fig. 3.8b that receive counterterm
contributions from the mixed one-loop diagrams do not involve Fierz-transformed operators
either, as is necessary to avoid issues with 5.

d C d d c c d
bm b b :012: :01,2: b
c c c

(a) LO current-current x penguin (b) NLO current-current

Figure 3.8: Penguin topologies contributing to the CKM-suppressed Fe¢ matching
coefficients.

As discussed in Section 2.6.2, the matching coefficients are only extracted for the SU(3)g-
breaking contributions; therefore, all diagrams that lead to SU(3)g singlet matrix elements
should be filtered out. This is achieved by discarding all diagrams on both sides of
the matching where two b quarks sit on the same spin line. Sample diagrams of those
contributions that are discarded are shown in Fig. 2.8 on page 64.

Similar to the B meson mixing calculation, the |AB| = 1 side involves diagrams with
two effective operator insertions and up to three loops while for the transition operator
two-loop diagrams with a single |AB| = 0 operator insertion are computed.

3.3 Spinor projector algorithm

The projection of spinor structures that appear in dimensional regularisation poses a
particular challenge, which is efficiently treated using the algorithm presented here. The
general idea is to reduce the Dirac chains in the diagrams with computationally inexpensive
manipulations before applying two tables of pre-computed identification statements, see
Fig. 3.9. The use of lookup tables reduces the need for carrying out expensive calculations
multiple times since they are only done for a minimal set of spinor structures. Moreover,
through the successive application of two tables, one for the v matrices and one for
the momentum insertions, the computation time in setting up the projectors is reduced
significantly. The individual steps of the algorithm, including the generation of the lookup
tables are explained in the following.

The implementation of the algorithm was written in FORM as this language offers an
efficient implementation of the d-dimensional trace over a product of v matrices and is
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Chirality projection
w Extract left-handed and right-handed components on each spin line by

multiplying with P; g

Chain sorting

—

Commute -y matrices with contracted Lorentz indices together
Commute the external momentum ¢ to the end of the chain
Commute loop momenta p to the end but before ¢

Lookup table for pure v matrices

w

Order all pure v matrices canonically using a pre-computed table

Lookup table for ordered chains with slashed momenta

3

Identify minimal set of spinor structures with basis elements using a
pre-computed table

Figure 3.9: Overview of the spinor projector algorithm.



3.3 Spinor projector algorithm

b
Figure 3.10: B mixing at NLO with two Q5 penguin operators inserted.

able to handle large expressions of hundreds of GB. We primarily discuss the projectors for
two spin lines with one external momentum.

For the computation of the renormalisation constants, we also have to consider diagrams
without an external momentum. The corresponding projectors do not include elements
with a slashed external momentum and are hence simpler.

In the following, the problem is first defined in terms of the spinor structures that appear
in the amplitudes. After a discussion of the mathematical tools and the construction of
projectors over special vector spaces, the details of the spinor projector algorithm, which
has been published in Ref. [113], are presented.

3.3.1 Dirac chains in amplitudes

The purpose of applying spinor projectors to a scattering amplitude between Dirac spinors
is to decompose the appearing tensor integrals in terms of linear combinations of scalar
integrals. Those linear combinations should only depend a minimal set of spinor structures
independent of the loop momenta. The spinor structures of four-fermion amplitudes
consist of two matrices in spinor space, each of which is a product of Dirac v matrices.
These products are called spin lines or equivalently Dirac chains. The Lorentz indices on
the v matrices can be contracted with other v matrices, loop momenta or the external
momentum. To illustrate this point, the most complicated spinor structure of the diagram
shown in Fig. 3.10 is given by

PrAHMIAH24H3 |y 47 ko v 1y24Y3 @ PR Yy Y Yis K3 Vo Ka Yy Vo Yius - (3.7)

Since 75 never appears in closed fermion loops, the chirality projectors can always be
commuted to the end of the spin line as has been done here. The momenta k; are the
propagator momenta of the fermion lines and therefore linear combinations of the loop
momenta and the external momentum q. In the following, v matrices which do not have
their Lorentz indices contracted with a momentum vector are called “pure” v matrices,
and their products are referred to as “pure” spin lines.
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b 29} Q6 I b Qs @56

(a) One-loop (b) Two-loop (c) Three-loop

Figure 3.11: Sample diagrams with the maximum number of eleven ~ matrices
in B mixing on the |AB| = 1 side.

Like the number of generations of evanescent operators to be considered, the number
of v matrices per spin line is also limited by the most complicated three-loop structure
that appears in the amplitude calculations. The maximum number of ~ matrices on a
single spin line after contracting repeated Lorentz indices on the same spin line is eleven,
which appears in the B meson mixing amplitudes. The most complicated diagrams on the
|AB| = 1 side with eleven -y matrices on each spin line are, by loop order:

(2)

» LO diagrams with second generation penguin evanescent operators E3’4 and a
penguin operator (5 ¢ or equivalently two first generation penguin evanescent
operators E3,4' In either case, there are ten pure v matrices and only one slashed
momentum per spin line.

(1)

= NLO diagrams with a first generation penguin evanescent operator £3°; and a
penguin operator. Here, we have two slashed momenta and nine pure v matrices
one each spin line.

= NNLO diagrams with two penguin operators Q5 g, which have three slashed momenta
and eight pure v matrices per spin line.

These topologies have all gluons connecting across the spin lines, so the number of
slashed momenta is given by the number of loops. Sample diagrams for each of the above
categories are shown in Fig. 3.11.

3.3.2 Vector spaces over v matrices
Pure ~ matrices

To be able to define an inner product and hence projectors, we need to discuss the vector
spaces we are dealing with. The construction of vector spaces is done first over spin lines
with only pure v matrices to illustrate the basic concepts. A generic element of the vector
space over pure spin lines can be written as

= = [H1Hn FMU(1)V- (3.8)

“ilte(n) !

where o(x) is a permutation of the n Lorentz indices. Note that the Clifford algebra

{47} =2g"" (3.9)
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3.3 Spinor projector algorithm

should be used to commute v matrices with repeated Lorentz indices together to reduce a
degree of redundancy from inserting an identity on either spin line using

1
1= Efy“'yﬂ. (3.10)
In setting up Eq. (3.9), we specify the NDR scheme, which is used throughout the
calculation of amplitudes. We further define the trace of the unit matrix in spinor space to
be equal to four. With these definitions, spinor structures like the one given in Eq. (3.8)
are elements of

Clp,g(C) ® Cly 4(C), (3.11)

where Cl 4 is the Clifford algebra over the spacetime RP'9. In our case we have p =1
time and g = d — 1 space dimensions. However, the Clifford algebra is not closed in d
dimensions, so we can further simplify the mathematical description of our problem by
building a vector space from the finite number of spinor structures that actually appear in
the scattering amplitudes at hand.

In practice, any diagram can be written as the sum of Dirac chains of different lengths, so
the actual spinor structure of the diagram is fully encoded by the n-tuple

‘e (aom o1, (ot g 3 Pr@ o 1@ ) e

Ek) of length k have not been ordered. That is, the

index i labels a particular permutation of the Lorentz indices on the second spin line; the

where the ~ matrices in a spin line "

first spin line can always be canonically labelled with indices ji1, ..., tg. The elements x
live in the vector space

Vo=V g vlg g v) (3.13)

which is the direct sum of the vector spaces of unordered v matrices of length k, v(k),
The diagram limits the maximum number of v matrices to be at most n, which for the
most complicated diagrams is eleven.

This description still has too many degrees of freedom since the Clifford algebra from
Eq. (3.9) can be used to order the v matrices canonically. Therefore, there exists a linear
map ¢cjiff © Vo — Vi, where we define the vector space over ordered spin lines up to
length n as

Vp, = spang ({]l QLA @7y, ... AHL.AHn ®7un“~7u1}> , (3.14)

or equivalently
Vo= VO g vlg g v (3.15)

where V(K) 2 C is the vector space of ordered v matrices of length k. Hence, Vj, is
isomorphic to C"t1. This vector space is much smaller compared to V,, where each of
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3 Calculation of Amplitudes

the sub-spaces V(K) has k! complex dimensions. The definition of the vector space in
Eq. (3.14) is only meaningful in d dimensions, where we cannot apply four-dimensional
identities like the Chisholm identities or Fierz-transform the spinor structures.

For pure v matrices, we hence need to implement the map ¢cjf in an efficient manner in
order to reduce any spinor structure in terms of the basis elements of V), as defined in
Eq. (3.14).

Adding complexity with slashed momenta

The challenge in working with actual amplitudes is that we need to treat spinor structures
that also contain slashed momenta. Assuming that all momenta have been commuted to
the left and ~ matrices with repeated Lorentz indices on the same spin line have been
contracted, we are left with spinor structures like

where o(x) is a permutation of the Lorentz indices. The number of slashed momentum
insertions r is at most equal to the number of fermion propagators.

We now proceed to construct the vector space for spinor structures of the form given in
Eq. (3.16) from the bottom up by starting from the observation that

EeCéo--.acio Vi ovl=w,,, (3.17)

since the slashed momenta live in CY. Eventually, the final result is written in terms of
physical Lorentz tensors appearing in the process, i.e. the external momentum g* and the
metric tensor g”. Therefore, we are interested in finding a map onto the vector space

szspan(c<{]l®]ly¢q®]l'ﬂ®¢q’ ¢q®¢q' (3.18)

’y/i@’yﬂn rfyul""yuk¢q®7ﬂk""}/ﬂl¢q}>'

where we have defined

¢ \/9;,2 (3.19)

Note that W is isomorphic to C**+4.

In the following, we will also make reference to the vector space
Wy = (CN @ V,, (3.20)
which has elements of the form
x = (C(O)Pl"'Pm®Pm+1"'pr’ cVp P @ PP
Zc,.(z)pl...pmrgz)®¢m+1...pr1“§2),...>. (321
i
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3.3 Spinor projector algorithm

This extends W, 4 in a similar fashion as V, in Eq. (3.13) extends V(K). The vector space
which covers all possible spinor structures, accounting for different numbers of slashed
momenta, is the direct sum

DR,n = @ Wr,n (3.22)
r<R

with up to R slashed momenta.

3.3.3 Constructing projectors with inner products

Projections in vector spaces are carried out with the help of an appropriately defined inner
product (-, -). For example, the projectors P; can be applied to an element x of a vector
space to obtain the projection onto a subspace,

P(x) = Z eiPi(x) = Z e,-)\,-j<ej, X), (3.23)
i iJj

where e; are the basis elements of that subspace. Since a projection of any basis element
should yield that same basis element,

|
P,-(ek) = Z)\U<ej, ek> = Z)\,‘jij = 6ik , (3.24)
J J

the coefficients \;; can be determined from the above equality. The matrix G is called the
Gram matrix, which is defined via

Gy = (eie)), (3.25)

such that the coefficient matrix A;; is given by its inverse. In order to construct a set of
projectors, the Gram matrix must be invertible, which is the case when the vectors ¢; form
a proper basis because in that case they are linearly independent.

The problem of defining a set of projectors can hence be reduced to defining an inner
product (-,-) : V x V — C. An inner product has the following properties:

(i) Conjugation symmetry: (x,y) = (y, x)
(i) Linearity: (ax + by, z) = a(x,z) + b(y,z)Va, b€ C
(iii) Positive-definiteness: (x, x) >0

However, one can also compromise on property (iii) if the resulting Gram matrix is
nevertheless invertible.
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3 Calculation of Amplitudes

The traditional choice of inner product

The inner product on the vector space W, , for x,y € W,  is usually defined as

(x,y) ETrMpl...me”y”l...’y“kX)Tgl...gmy’yyl...’yyky}x

AVl _7”0’(ky)} ,

(3.26)

T
Tr|: (me+1 . Prx ’y/-j/o-(l) Ce ’Yug(kx)> ﬁmy_’_l Ce gry

see for example Refs. [144, 145]. In the inner product above, the indices p; and v; with
the permutations o and ¢’ belong to x and y with the momenta p; and g;.

It can be checked that this is a proper inner product, fulfilling the three conditions above.
For Eq. (3.26), property (i) is obeyed for either complex conjugation or the interchange of
the two spin lines. Although the traditional inner product uses complex conjugation, the
more natural choice is the interchange of spin lines. The latter conjugation symmetry is
also more easily obeyed.

Showing that property (ii) is fulfilled by Eq. (3.26) is slightly more involved as the
definition needs to be extended to VNVry,, to handle spinor structures with more than one
term, e.g. x = " @ v, +v#9” ® v 7w To ensure the correct contraction of Lorentz
indices, the scalar product should be applied to all pairs of vector components in Eq. (3.21)
individually,

(«,): ((x(o),x(l), ,x,(nn)), (y(o),y(l), ce, ,(nn)>) >

S, yO) + o(xD, y ) 4+ 60 i)

(3.27)

We can thus see that the scalar map from Eq. (3.26) that is an inner product on W,  is
a special case of the scalar map ¢,

o (CH @ VK x (¢ g VK - C

; (3.28)

Xin !

(x1 ® x2, y1 @ y2) = Tr x Tr |Xyy2

which we use in the definition of the inner product on the bigger vector space VNV,,,,. With
the definition of the inner product on W, , from Eq. (3.27), we can now see that the
linearity condition (ii) is fulfilled for any linear map ¢.

It is therefore important to differentiate between the scalar map ¢ which maps elements
from (C9)" @ V(K x (C9)" @ V(K) to C and the inner product (-, -) which maps elements
from W, n x Wy = (C9)" @ V, x (C9)" & V), to C. Note that the extension to WR’,,
proceeds analogously with the inner product being defined component-wise for each
number of slashed momenta, and applying the map to all pairs of vector components as
in Eq. (3.27).
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3.3 Spinor projector algorithm

Choosing ¢ = ¢¢, the traditional inner product is also positive definite, fulfilling prop-
erty (iii). However, this requirement can be relaxed for the purpose of defining projectors
as long as the Gram matrix is invertible.

Choosing a new scalar map

For long spin lines, especially those with many pure ~ matrices, the traditional map ¢; is
not the most efficient, and we may choose a different map instead. This is because in the
traditional map the Lorentz indices on the v matrices are contracted across the two traces.
Therefore, the intermediate expressions after taking one of the traces become quite large,
and the computation cannot easily be parallelised. For example, each individual trace
product that appears in the projection of spin lines with nine v matrices requires several
days of single-core computation with FORM.

The alternative that we choose for the map ¢ is
¢p (€)@ V) x (ch)re vk - C

(3.29)
(x1 ® x2, y1 ® y2) = Tr[x1y1x0)0] .

The main advantage of ¢p is that there is only one single trace, and all Lorentz indices
of the pure v matrices are contracted within the same trace. Therefore, v matrices with
pairwise contracted Lorentz indices can be commuted together and eliminated, reducing
the length of the trace. As a trade-off, commuting the v matrices through the spin line
will generate additional terms, but each of them will have fewer v matrices, and they can
be evaluated in parallel on multiple cores. Since the map ¢, is particularly powerful for

spinor structures with many pure v matrices, it carries the subscript “p".

The properties (i) to (iii) need to be checked for this new definition of ¢p. Linearity still
holds, and with the interchange of the spin lines, conjugation symmetry is also obeyed.
However, property (iii) does not hold since the map is not positive-definite as can be
checked for x = 7* ® 7. Since we still want to use this map ¢, to construct projectors,
the Gram matrix must be checked for invertibility.

With a proper inner product, the invertibility condition for the Gram matrix is automatically
fulfilled. For example, for the vector space V), of pure ordered v matrices,

(x,x) >0V XxEVy:x#0 — VIGir>0vVveC™ >~ Vv,:v£0, (3.30)

where V is the coefficient vector of the (n + 1)-tupel of basis elements up to length n.

Conversely, if the bilinear map (-, ) is not positive-definite, the Gram matrix becomes
non-invertible in case there are eigenvectors with zero eigenvalue,

(x,x) >0 = VYV #0:GV#D0, (3.31)

W #0: GV=0 <= G non-invertible. (3.32)
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3 Calculation of Amplitudes

For the vector space V,, there are no such eigenvectors; however, for W, such eigenvectors
exist when the basis is not chosen with care.

Construction of a spinor basis

We now outline the construction of the Dirac basis and the strategy used to ensure that
the associated Gram matrix remains invertible. Since we are considering amplitudes with
one external momentum, the basis elements contain at most one slashed momentum
per spin line. For the projection of tadpole amplitudes, all basis elements with slashed
momenta are removed. The full list of basis elements is given in Appendix D.

In projecting the Dirac structures appearing in the amplitude with one external momentum,
we first determine the number n of v matrices on the shorter spin line. The projector
basis is then built to include all combinations containing up to n total v matrices, as well
as an additional slashed momentum on the longer spin line. This upper bound reflects the
most complicated Dirac structure that can arise in the amplitude. Whenever the longer
spin line contains more v matrices, index contractions must occur, effectively reducing the
number of v matrices. If both spin lines have the same length, we still add a further basis
element as the Gram matrix would otherwise become non-invertible for odd numbers of v
matrices.

A special treatment is required when both spin lines contain eleven v matrices. In this
symmetric configuration, each spin line features ten pure v matrices and one slashed
momentum. The standard approach would be to add an additional basis element with
an additional slashed momentum on one of the spin lines. However, since enlarging the
basis to twelve v matrices would entail a substantial computational overhead, we instead
employ a slightly modified basis. For this case, we retain all structures containing up to
eleven ~ matrices on each spin line, including slashed momenta, but we omit a single
asymmetric element. The element that is removed has ten  matrices on both lines and a
slashed momentum on only one of them. This adjustment ensures that the Gram matrix
remains invertible. The asymmetric basis element is not required because it is impossible
to reduce the number of v matrices by exactly one since the length of the spin lines can
only be reduced as a result of a Lorentz index contraction via y#v, = d.

3.3.4 A different view on pure v matrix chains

As alluded to earlier, the problem of mapping an unordered chain of pure v matrices onto
a linear combination of ordered basis elements hinges on the efficient implementation of
the Clifford algebra, but we can find a simpler description of the problem without making
reference to the underlying algebra. In essence, what needs to be determined are the
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3.3 Spinor projector algorithm

functions

fo : S — RIH (3.33)

o a, (3.34)

where Sy denotes the permutation group of k elements. Here, the elements o € S are
the permutations of the Lorentz indices of the spin line which is not labelled canonically,
and 3 € RKHL are the coefficients of the linear combination of ordered spinor structures.
The ordering of the coefficients is chosen such that aj is the coefficient of the longest
Dirac chain, while the a; 1 for each f is the coefficient of the identity. If the full set
of functions f; up to the maximum length of Dirac chains is known, all spinor structures

of pure v matrices can be resolved in terms of the basis that spans V), as defined in
Eq. (3.14).

The functions f, can be explicitly constructed by applying the Dirac algebra, and they
read for the first few elements:

fi:51 >R, (1)~ (1,0)
f2 . 52 N R?) (12) = (1, 0, 0)
' " (21) ~ (-1,0,2d)
(123) ~ (1,0,0,0)
o (132) — (-1,0,2d, 0) (335)
3073 ’ (231) — (1,0,4 - 4d, 0) '

The permutations (...) denote the ordering of the Lorentz indices 1i; on the spin which is
not labelled canonically, back to front. That is, the permutation which has all Lorentz
indices in the correct order directly corresponds to a basis elements of V). As an example,
consider f((21)), which is given by

Y2 @ v Yy = =YV @ Yy +2d(1 @ 1). (3.36)

From the discussion above, a clear pattern can be observed. The first coefficient, corre-
sponding to the contribution from the longest basis element of length k, is always given by
the sign of the permutation, i.e. a; = sgn(c). Furthermore, all even coefficients a,, vanish,
since any contraction on the Lorentz indices necessarily reduces the number of v matrices
on a spin line by two. Although deriving closed analytic expressions for the coefficients is
rather involved, constructing a lookup table for all permutations of Dirac chains up to
length k = 11 is straightforward and required ©(10°) single-core CPU minutes.

When computing the lookup table, the computational efforts can be reduced significantly
by recognising that for the function fi ; one only needs to commute the v matrix with
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3 Calculation of Amplitudes

b

E] / Q6 B

Figure 3.12: Sample diagram appearing in the NNLO B mixing calculation used
to illustrate the spinor projector algorithm with the most compli-
cated topologies. The Lorentz indices associated with the penguin
operators Qg are denoted by p; and v, whereas the gluon vertices
carry Lorentz indices «;.

the Lorentz index fi4y1 into position. After that, the map f, is applied to all generated
terms, and the maps can be generated from the bottom up in an efficient manner.

Using this method, the basis mapping of pure ~ matrices can be resolved and the
computational effort for projecting spinor amplitudes is significantly reduced. Consequently,
only a limited number of spinor structures needs to be projected because the pure
matrices are easily brought in order.

3.3.5 A practical algorithm for generic Dirac chains

With the general framework established in the preceding sections, we now describe the
algorithm employed to handle the v matrices appearing in our amplitude. The objective
is to express each diagram as a linear combination of operator matrix elements in the
|AB| = 2 theory. This is achieved in two stages: first, the pure v matrices are brought
into canonical order, and subsequently the projectors are applied to resolve the slashed
momentum insertions. The complete procedure is summarised below, and for illustration

we show the intermediate structures encountered in the evaluation of the diagram shown
in Fig. 3.12.

(i) Project onto the left- and right-handed spinor structures. This can be accomplished
by multiplying with the chirality projectors PR/L = (1 £ ~5)/2 and subsequently
discarding all remaining terms containing ~5. Such terms do not contribute to the
amplitude, since the chiral projectors can always be commuted through to the end
of each spin line, ensuring that no overall g factor remains. For the sample diagram
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shown in Fig. 3.12 we obtain

AL H2AH3 ) 7O o V2 k37V17V27V3®

(3.37)
e k47u17M27u3 k5’7v171/2'71/3 kmal + 3 terms.

Here, the k; are the line momenta of the propagators.

(ii) Rewrite all line momenta in terms of the loop momenta and the external momentum.
This substitution reduces the number of possible slashed ~ matrices that can appear.
For instance, in the case of the sample diagram we have

,y,ul 7#2 7#3 P3’7a1 P37042 P2,YV1 ’VUZ 7V3 ®

(3.38)
7a2P37u17/427/L3P17V17y27y35327a1 + 95 terms.

(iii) Canonically order the slashed momenta:

a)

d)

Replace any repeated momenta on the same spin line by corresponding scalar
products. This step increases the number of terms by at most an order of
magnitude; for the example considered here, the expression expands to 419
terms after this transformation.

Move all slashed momenta to the left along each spin line by commuting them
through the pure v matrices. This operation can increase the number of terms
by up to a factor of 103.

Bring all instances of the external momentum to the far left, followed by
the loop momenta. Arranging the external momentum in this position is
advantageous, as several basis elements contain a slashed external momentum
situated on the right. Applying a projector element with an external momentum
immediately leads to a scalar product g2, which shortens the trace. For the
sample diagram, this step results in a total of 318 808 terms.

Resolve all permutations of the loop momenta, e.g. with the indices in descend-
ing order.

At the end of these steps to reorder the slashed momenta, the sample diagram has

the following structure:

p3p2plv”27”37“27”17”27”3 ® P3Yon Vo Vs Yor Vv Vs + 181510 terms . (3.39)

(iv) Contract repeated Lorentz indices appearing on the same spin line by commuting
the corresponding  matrices together.

(v) Arrange all pure 7 matrices in canonical order. This is accomplished using a

precomputed lookup table that resolves the permutations of pure v matrices. The
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3 Calculation of Amplitudes

table provides all mappings of permutations involving up to ten  matrices on each
spin line into linear combinations of canonically ordered structures. The biggest
such table has a size of 1.5GB and contains all 10! permutations of up to ten
pure gamma matrices. To minimise the number of terms generated when applying
the map ¢p from Eq. (3.29) during the projection, it is advantageous to adopt a
canonical ordering in which the v matrices on the two spin lines appear in reversed
order relative to one another. In this configuration, the maximum number of required
commutations equals the length of the projector element inserted between the spin
lines. For the sample diagram, this yields

P3PoPr V23NN @ B Vs Vpa Vo3 Vpa Yoy + 40134 terms,  (3.40)

which is usually a significant reduction by a factor of five in the number of terms
compared to the previous step. Note that this step is the most expensive of the
algorithm, taking up more than 90% of the computation time.

Map the expressions containing ordered pure v matrices and isolated slashed momenta
directly onto the basis elements given in Appendix D. This is accomplished using
a pre-computed lookup table generated by applying projectors to the ordered ~
structures. Since the procedure is symmetric under the interchange of the spin lines,
it suffices to evaluate only one of the two configurations whenever the distribution of
loop momenta is asymmetric under such an exchange. The lookup table is relatively
compact with a total size of 1.3 MB and around 150 lines. For vacuum integrals,
the table is even smaller with around 50 kB.

In constructing the lookup table, different projectors, in particular different inner
products, may be employed depending on the specific spinor structure to be resolved.
For most cases, we employ the bilinear map ¢p defined in Eq. (3.29). However, for
the projection of spinor structures involving eleven + matrices and slashed momenta
on both spin lines, this map becomes inefficient as the slashed momenta effectively
represent open Lorentz indices within the trace. In these instances, we instead use
the linear map ¢¢, which performs the traces over both spin lines separately, as
defined in Eq. (3.26).1

For the representative diagram, this procedure yields

(p1 - p3)°pP3
d3-6d?2+11d-6

X Byg + 104 335 terms, (3.41)

where the dimension is d = 4 — 2¢. For the definition of Byg see Appendix D.

ITo

optimise the computation of the lookup table entry for ¢¢, the inner products are divided into

separate files, each containing up to 10° terms after the first trace has been taken. Parallelising the
second trace renders this calculation feasible, although the large intermediate file sizes of up to 2 TB
remain a practical challenge.
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3.3 Spinor projector algorithm

(vii) Map the spinor basis elements onto the corresponding operator matrix elements,

such as (@), (Qs), <E1(1)>, and so on. This step is efficiently implemented through
the use of another lookup table.

The main advantage of the above algorithm is that it avoids the three main bottlenecks
of a traditional spinor projector, namely:

» The hybrid approach of ordering the pure v matrices before applying projectors
minimises the number of spinor structures for which ¢p + need to be calculated.

= The lookup tables cover all cases of up to eleven v matrices and for the kinematics
of a two-point function without having the need to recompute new traces on the fly.

= Applying the projectors only when generating lookup tables avoids inflating the
amplitude by a few orders of magnitude in intermediate steps.

3.3.6 Future improvements to the spinor projector algorithm

To conclude the discussion of the spinor projector algorithm, two possible improvements
which have not been implemented in this thesis are highlighted as possible areas for future
research. The first concerns a modification of the implementation of ¢¢, especially with
slashed momenta in the diagram, while the second focuses on the basis mapping of pure
gamma matrices.

The map ¢¢, as defined in Eq. (3.26), is the most efficient treatment of long spinor
structures with many slashed momenta, e.g. for seven pure v matrices and four slashed
momenta on each spin line, but minor improvements of the implementation are possible.
The limiting step in the calculation is taking the first of the two traces on a single core and
generating all of the terms from multiplying out the index contractions with the second
spin line. However, this step may be parallelised as shown in Ref. [146]. We define a Dirac
chain of length n as

Cn =Y - Yup (3.42)

and the same Dirac chain with the kth and /th matrices deleted as

k,| _
o = Y1 - Yoo Yok - Vet Yorgs -+ - Vien (343)

For an even length n, we have the identity [146]

n

Tr(Cp) = S (1) % gy o, Tr(CEX), (3.44)
k=2

which can be used to split a trace into multiple terms with shorter traces. While this
does not reduce the overall complexity or the number of terms generated, it allows for the
limiting step to be parallelised.
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Another projector algorithm for pure v matrices is presented in Ref. [147], where the
matrices are treated as fermionic operators in a non-interacting field theory. This allows
for the derivation of various identities for antisymmetric products of v matrices, which
correspond to normal ordered products in the free field theory. The main idea is to identify
each ~ matrix with a fermionic operator

Vi = Vu = 3y + 3, (3.45)

where a;, and aL correspond to the annihilation and creation operators. Since these obey
the usual anti-commutation relations

{ay, ay} =0, {al.al} =0, {ap.al} = g, (3.46)

the fields ¢, fulfil the Clifford algebra, see Eq. (3.9). Crucially, the antisymmetric product
of 9 fields is equal to the normal ordered product,

As (wm , .wﬂn) = Py U (3.47)

where the antisymmetric product is defined as

As (zpm . .z/%) = ,}I (wul% e = Yy -y £ - ) . (3.48)

Therefore, a convenient basis for a single spin line in this formalism is given by the
antisymmetric products of v matrices. Finding a mapping onto the basis elements of one
spin line is hence equivalent to computing the normal ordered products. Moreover, the
trace operation on y matrices translates to taking the vacuum expectation value (0] ... |0)
of a product of # fields. These calculations are simplified by the fact that Wick's theorem
can be used in the free field theory.

The application of the field-theoretic approach to the case of two Dirac chains lies in the
determination of the coefficients Ry, in

= . 1 m Yc Yc :
m—=

using functional methods. In the equation above I" and I are Dirac chains with all Lorentz
indices contracted between them. In this sense they are products of pure v matrices. The
symbol ,y(Cm) stands for the antisymmetric product of v matrices, containing m matrices
with the set of Lorentz indices C contracted across the two spin lines. For a formula for

the calculation of Ry, see Ref. [147].

While this approach provides an efficient mechanism to order the pure v matrices, it is not
directly applicable to the most difficult problem at hand. First of all, the problem of treating
slashed momenta has not been solved in this formalism. Secondly, the antisymmetric
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ordering of the v matrices in the result, i.e. on the right-hand side of Eq. (3.49), is not
a convenient basis to work with in order to map to evanescent operators, which do not
have antisymmetric products of v matrices in their definition. An implementation of this
formalism for the processes considered here should treat the case of slashed momenta or,
equivalently, open Lorentz indices on I’ and map to a more convenient basis of v matrices.

3.4 Calculation of scalar integrals

After reducing the amplitude to a linear combination of a minimal set of scalar integrals,
the so-called master integrals (Mls), those integrals need to be evaluated in order to
extract the final results from the amplitudes. The methods employed in calculating the
Mils are described in this section. Since the one- and two-loop integrals are available in the
literature [142, 148], the focus is on the three-loop integrals. As only the imaginary part
of the three-loop amplitudes is required, all purely real Mls can be discarded, and only
610 complex integrals need to be calculated. Here, we obtain semi-analytic expansions
for the Mls, which can be used to cover the entire range of the charm to bottom mass
ratio relevant for phenomenological applications, [0.17,0.35]. The lower bound of this
interval is given by the smallest possible charm mass, i.e. (8.4 GeV), and the largest
possible bottom mass, i.e. Mp(2.1GeV). The upper bound of the interval is obtained
from the largest possible charm mass, i.e. m?s, and the smallest possible bottom mass,

i.e. mMp(8.4 GeV).

The semi-analytic “expand and match” approach [133-136] starts from a differential
equation of the master integrals in a kinematic variable, which is then solved using an
appropriate ansatz that captures the structure of the expected divergences in ¢ and the
kinematic variable. In the following, we describe the three main steps in calculating master
integrals: setting up a differential equation, solving it using an expansion ansatz and finally
matching to numerical boundary conditions.

3.4.1 Differential equations for master integrals

In a first step, the differential equation for a set of Mls is obtained by differentiating a
vector of integrals with respect to the kinematic variable. In the B mixing and decay
amplitudes, there are two scales, and an appropriate kinematic variable is x = m¢/my,.

The differential equation
d

dx
is then set up with the help of the IBP relations obtained earlier for the reduction of the

J=AJ (3.50)

seed scalar integrals in the amplitude. Considering a master integral of the form

J,-:// d9py d¥py d¥ps DI . D" = (. ), (3.51)
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where the denominators D; are functions of the loop momenta and the masses, we can
see that the derivative simply raises the index, i.e. the power, of a charm propagator.
Normalising all momenta to the bottom mass, a massive charm propagator is written as

Dc = p? - x2, (3.52)
and the derivative of J; is hence given as
d
Iji: Z 2xan,-(n1,...,nj—|—1,...,nk), (3.53)
X Dj=D,

where the sum is over all massive charm propagators. The resulting integrals on the
right-hand side are not necessarily in the set of master integrals, so the IBP relations need
to be applied to obtain the differential equation for J Itis possible, however, that the Mls
appearing in an amplitude are not sufficient to write down a closed differential equation,
i.e. that new masters appear in the reduction of the derivatives. In this case, the vector of
Mls is extended by the new masters, which are then part of the differential equation. This
procedure is iterated until a closed form of Eq. (3.50) is obtained.

The computation time for the expand and match approach depends on the form of
the matrix A, so it is important to choose a good basis of masters for J. A necessary
condition for the expansion to converge is that there are no poles in € on the diagonal
of A. Additionally, the calculation is more efficient if the denominators of the IBP
relations factorise in polynomials in x and ¢, which can be achieved with the program
ImproveMasters.m [132]. A basis that fulfils these conditions is called “good”. Overall,
the expand and match approach offers more flexibility than traditional analytic expansion
methods which require the differential equation to be transformed to e-form where
A = eB(x), see e.g. Refs. [149-151].

In order to bring the matrix A into the required form and facilitate the expansion, we use
a simple trick to remove € poles on the diagonals by hand. The strategy is to choose a
new master integral J' from the left-hand side of the IBP reduction table to replace the
old master integral J; which has a pole on the diagonal in A. It turns out that the new
MI should have a factor of € in front of the old master in the IBP relation of the form

J =k +kdh+.... (3.54)

Considering the derivative of the new MI,

d , d
—J =—(k koJs . ..
o) =g kit hh.)
= ki (A11h +Appdhb+ ... )+ k(A1 + A +...)+..., (3.55)
and inserting the definition of J' to replace J;, we obtain
d ko !
—J =[A —A :
dXJ <11—|—k1 21 + >J+ , (3.56)
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3.4 Calculation of scalar integrals

where the elements of A were inserted explicitly. The terms proportional to the master
integrals J; with i > 1 have been omitted here as they are not relevant to the discussion
of the poles on the diagonal of A. The objective is to find an integral J' such that there
is no pole multiplying that same integral on the right-hand side above, given that Aj; has
a pole in €. We therefore require

N ki I
A+ k—;A,-l = 0(9) . (3.57)
=2

Choosing an integral J' where k; starts at O(e) is hence a good candidate to remove the
pole in A1 from the diagonal. However, not all such candidates will work, so we try out
possible substitutions until we find one for which the pole disappears.

3.4.2 Solving the differential equations with “expand and match”

The expand and match algorithm from Refs. [133-136] was not implemented anew as
part of this thesis. An existing setup within our collaboration was employed for this part
of the calculation, and the theoretical foundations are summarised here for completeness.
To set up the expand and match framework, we first need to choose the correct ansatz
for the expansion and then match it to boundary conditions. It is necessary to choose
the expansion points to be at the thresholds of the integrals, i.e. at points where the
integrals have additional cuts, because the intermediate state charm quarks can be on
shell. Otherwise, expansions around regular points are only valid in a small interval up
to the next threshold. Since there are cuts through 0,1, 2,3 and 4 charm quarks, there
are threshold expansions around x € {0,1/4,1/3,1/2,1}. To cover the range of physical
charm masses, we expand around the points

xg € {0,1/10,1/4,1/3}, (3.58)

where the regular point xg = 1/10 was added for additional coverage. The generic ansatz
used in the expansion around xg is

€max K+2 Nmax

=3 3 % Giumne (x=xg)"? log™ (x - xg) . (3.59)

k=-2 m=0 N="min

The highest € pole appearing in the imaginary part of the three-loop integrals is 1/e2 as is
reflected in the expansion above. Each integral is expanded up to at least e if there are
no spurious poles in the amplitude multiplying that integral. Otherwise, emax is chosen to
match the power of the spurious pole such that after the integral is inserted, the amplitude
is correct up to and including O(eo). The power of the logarithms has an upper limit as
those terms stem from expansions of x"e/eQ. The summation over n starts at npj, < 0
as some of the integrals have poles which will cancel in the bare amplitude. The upper
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3 Calculation of Amplitudes

limit is chosen to be nmax = 100, which is sufficient to achieve a precision of 20 digits
or more at each physical value separately for all Mls, see Ref. [113]. The regular point
xg = 1/10 has no expansion terms with logarithms as there is no divergence at that point.
The expansion terms also vanish for odd values of n in the expansions around xg = 0,1/10
and 1/3, but for xg = 1/4 there are square roots stemming from cuts through an even
number of massive charm quarks [152-154].

For the boundary conditions, we use numerical evaluations of the Mls obtained at a
matching point xy; from AMFlow [137]. The matching points are chosen to be

1 1 6 29} (3.60)

M < {100'10'25'100

for the expansions around 0,1/10,1/4 and 1/3 respectively. At each point, the integrals
are evaluated to a precision of 100 digits, allowing for an accurate determination of the
undetermined coefficients ¢; x , , when matching to the expansion.
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4 Phenomenology of B Meson
Mixing

In this chapter, the results of the novel, precise determination of I'15 are presented. Using
the ratio I'12 /My, the two mixing observables AI" and ag are calculated, and the achieved
precision of the perturbative calculation is discussed in detail. Moreover, the double ratio
of the off-diagonal matrix elements across the By and Bs systems is calculated to obtain
the most accurate prediction of A"y to date. The chapter concludes with a discussion
of the constraints on new physics and the CKM unitarity triangle, in particular from ag
and AT'y/ATDs. The results for I';p /M5 are also given with the explicit dependence on
hadronic matrix elements and CKM input values to enable more precise calculations in the
future. The phenomenological outcomes presented in this chapter have been published in

Refs. [20, 155].

4.1 Included matching coefficients and comparison
with previous calculations

Before discussing the phenomenological results, the included matching coefficients are
listed and compared to previous calculations. The results presented here are obtained using
the matching coefficients for I'15 computed in this thesis together with literature results
for My, as published in Ref. [55]. The matching coefficients for My, are only known to
NLO. However, as the expansion is in as(ft) with gy ~ my as opposed to as(my), this
accuracy is sufficient. The leading-power contributions to I'1o from different |AB| =1
operators are discussed in the following. For the power-suppressed Aqcp/mp matching
coefficients of I'1p, LO literature results from Refs. [34, 47] were used. For the |[AB| =1
matching coefficients, the NLO [85, 156, 157] and NNLO [103, 105, 158] literature results
were used.

For the matching coefficients of I'1», we reproduce literature results for the current-current
operator contributions at LO and NLO, which can be found in Refs. [34, 36, 49, 159], where
Ref. [34] provides the exact z = mg/m% dependence in the {Q, Qg} basis. Furthermore,
we calculate the NNLO current-current matching coefficients in an expansion up to z19,

extending the results of Ref. [28], which were computed up to z!. Note that in Ref. [28]
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4 Phenomenology of B Meson Mixing

the terms stemming from closed charm loops at NNLO were taken from Refs. [51-53]
and converted to a different operator basis. In doing so, Ref. [28] missed a numerically
small term. To clarify the source of this error, the transformation is shown here. Going
from the basis of Ref. [51] to the basis employed by Ref. [28] and this thesis, we rewrite
the renormalised operator matrix elements using the definition of the renormalised matrix
element of the Aqcp/mp-suppressed operator Ry from Eq. (2.113):

[z o (F + P)Q) + (Fs + P)(@s) + 0 (222

“
2

O;P_g) (Q) —a2<F5 n PS) (Qs) + O (AQCD> . (a1)

Fc—
S mp

x <F + P-
The matching coefficients in the {Q, Qg} basis can hence be read off from the above
equation. The results presented in Ref. [160] do not include the cross-terms that stem
from a§ contributions of the decoupling constants «; » and ag parts of the matching

coefficients F(S) and P(S):

1
P12, missing 5 —50) (Féo) + P§°)> (Q)-al?) (Fg@ + pg°>) Qs).  (42)

If these are included in the basis transformation, the \/z = m¢c/my, terms of this thesis can
be reproduced, see Section 3.2.3 for a discussion of their origin. The terms are numerically

small, resulting in a relative contribution of less than 10~ for the central value of T'15 up
to NNLO.

The z! terms from diagrams with closed charm loops which are reconstructed from
Ref. [51] are only correct for the up-up contribution, i.e. the contribution that arises from
current-current operators which do not couple to charm quarks. This is because the charm
mass was only kept for the closed fermion loops in Ref. [51], see e.g. Fig. 3.6a on page 75.
The matching coefficients of this thesis extend these results, obtaining the correct z!
terms for all |[AB| = 1 operator contributions, and further increasing the expansion depth

to 210.

The penguin operator contributions were calculated to LO in Refs. [36, 47] with their exact
z-dependence and to NLO in Ref. [140] in an expansion up to z!. The results presented
here agree with the aforementioned literature results and advance the NLO calculation to
a deeper expansion up to z10 together with the entirely new NNLO matching coefficients
up to z10. Moreover, we find agreement with the chromomagnetic operator contributions
published in Ref. [54], which presents the matching coefficients as an expansion up to zL
The results of this thesis are calculated as a deeper expansion up to z10 for this operator

as well.

In addition to comparing with the literature, internal checks have been carried out to
ensure the robustness of the novel results. In particular, the matching coefficients with

98



4.2 Input values and renormalisation schemes

penguin operators at NNLO had not been considered in any work before and were checked
most thoroughly. For the subset of diagrams with the operator combination Q1 X Qg and
only massless charm quarks m = 0, we calculated the bare amplitude using the projector
method presented in Ref. [160] and found agreement with the results produced with the
more efficient method presented in Section 3.3. We also carried out a completely separate
calculation of the contributions from Q7 2 X Q3_g with m¢c = 0 using tensor reduction as
presented in Ref. [113], where we also found agreement.

4.2 Input values and renormalisation schemes

In order to predict physical observables from the high-energy matching coefficients calcu-
lated in this thesis, we need to combine our results with low-energy matrix elements and
other input parameters, which are given in this section. Our main focus is the determination
of AI', which can be calculated either from

AT '

with the experimental value of AM or from a direct determination
Al = 2|T'1p] cos ¢ =~ 2|T'15|. (4.4)
The dispersive part of the off-diagonal decay matrix is given by

272
GEM2,

My = F "W
2 32m2Mpg,

A\£C(BqlQIBg). (4.5)

where the matching coefficient Cg has been calculated to NLO in Ref. [55]. To leading
order, it is given by

CAxe—11x2 + x2 3xP In(xt)
CQ(:U = Mpy) = So(xt) = 4(1 _Xt)2 h 2(1 _Xt)3 ' (4.6)

where x; = m%/l\/lav and Sy is the Inami-Lim function [161]. The contributions from
virtual up and charm quarks in the full theory diagrams are neglected here since they are
suppressed by the Glashow-lliopoulos-Maiani (GIM) mechanism [24].

In Tab. 4.1, all input parameters apart from the Aqcp/mp-suppressed matrix elements and
the CKM factors are listed. For the bag parameters, we quote the values BBq = BBq(,uQ)

and ésvgq = ésygq(IMQ) at the scale up = mgs. With the value of m(mp) and the

two-loop relation for the on-shell mass, we obtain th))S = 4.758 GeV. For the PS mass,
we use the four-loop relation to the MS mass, which yields m['js = 4.480 GeV with the
factorisation scale puf = 2 GeV.
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4 Phenomenology of B Meson Mixing

as(Mz) = 0.1180 + 0.0009 [162] GF = 11663787 x 10°Gev2  [162]
My = (80.3629 +0.0133) GeV  [162] Mz = (91.1880 4 0.0020) GeV  [162]
m® = (172.440.7) GeV [162] mp(mp) =  (4.163 £0.016) GeV [163]
mc(3GeV) = (0.993 4 0.008) GeV [164] fs,/fs, = 1.2109 4 0.0039 [41]
Mg, = (5366.91+0.11) MeV [162] Mg, = (5279.41+0.07) MeV [162]
Bg, = 0.813+0.034 [40] Bg, = 0.806+0.041 [40]
Bsp, = 1.31+0.09 [40] Bsg, = 120+0.09 [40]
fo, = (0.230340.0013)GeV  [41-44] fzg, = (0.1905 = 0.0013) GeV [41-44]
& = 121640.016 [40] & = 1.263+0.020 [40, 41]

Table 4.1: Input parameters for the phenomenological analysis. The mass m?s
corresponds to m¢(m) = (162.6 4+ 0.7) GeV in the MS scheme. The
value of {5 was computed using results from the quoted references,
see Eq. (4.9).

For the low-energy matrix elements, we implement two different parametrisations, which
are explained below. When calculating observables in the Bs and B, systems separately,
we use the bag parameters as calculated on the lattice for each of the mesons. The
respective input values for the leading-power matrix elements

= 8,02 (2
(Bq|Q|Bq) = 3Mp,f5,Ba,
o 1 -
(Bq|Qs|Bq) = 5 Mg, 15, Bs &, (4.7)

are given in Tab. 4.1. In ratios of observables across the two systems, e.g. rys as discussed in
Section 4.5, treating the bag parameters as independent input variables would overestimate
the uncertainty of the observable. Therefore, we use the bag parameters for the Bs system
and relate them to those of the By system using the ratio

f3 B
2= f2sBBs (4.8)
Bd Bd
as well as the equivalent for the Es bag parameters,
f3 B
2= Bs 5B (4.9)
f3 B
Bd Sde

While ¢ has been determined in Ref. [40], the ratio £g is not commonly quoted in the
literature. We calculate £g using the ratio of decay constants st/de as given in Tab. 4.1
together with the ratio of the bag parameters és, which can be calculated from the results
of Ref. [40]. Here, we note that the bag parameters are defined differently as compared to
this thesis,

Bs = n3803) (4.10)
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4.2 Input values and renormalisation schemes

so we combine the result from Ref. [40],

50)
Bs
3 = 1.092 £ 0.034, (4.11)
50)
Bq
with the ratio of the conversion factors
S
B~ 0.99651 £ 0.00039, (4.12)
3

which was calculated using the input parameters in Tab. | of Ref. [40]. We obtain as an

intermediate result B
Bs.g,
Bs B,

which yields together with st/de the value for {5 as given in Tab. 4.1. Note that using

—1.088 + 0.034, (4.13)

this parametrisation, the decay constants drop out completely from a ratio of B, to Bs
observables.

For the AqQcp/mp-suppressed matrix elements, the lattice QCD results for the Bs system
from Refs. [40, 165] read

(Bs|Ro|Bs) = (-0.43 +0.18) f3 M3,

(Bs|Ry|Bs) = (0.07 £ 0.00) f3. M3 _,

(Bs|Ry|Bs) = (0.04 £ 0.00) 3 M3_,

(Bs|Ry|Bs) = (-0.18 + 0.07) 3. M3_,

(Bs|Ry|Bs) = (0.18 £ 0.07) f3_ M3 _,

(Bs|R3|Bs) = (0.38 +0.13) f3_ M3_,

(Bs|R3|Bs) = (0.29 4 0.10) f3 M3_. (4.14)
For the By system, we use the value

(Bg|Ro|Bg) = (-0.35 +0.19) f5 Mp_ (4.15)

from Ref. [40]. For the remaining matrix elements we neglect SU(3)g-breaking effects
beyond factorisation and write

2 2
3 M2

(B4|RilBy) = 2 52 (Bs|Rj| Bs) . (4.16)
Bs Bs
where R; € {R», R’Q, R3, /‘~_\)3} The matrix elements of R; and f~?1 are suppressed by the
ratio my/ms = 0.03, so they are set to zero. For ratios of observables across the Bs and

B, systems, we use

Br. B,

(Bg|Ri|Bg) = f3,M3,_Br, 5, Br.B, = T (4.17)
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4 Phenomenology of B Meson Mixing

where the parameter
(=10+0.1 (4.18)

encodes the SU(3)g-breaking effects. We choose to set the symmetry breaking effects at
the central value to zero and introduce a 10% uncertainty as these effects have not been
determined on the lattice yet. Using the ratio fBS/de, the decay constants drop out of
the ratio of the Aqcp/myp-suppressed corrections too.

As the last set of input parameters, we present the CKM elements used in the phenomeno-
logical analysis. We use the results from Ref. [166]:

)\d

~ = (0.0105+0.0107) + i (~0.4250 = 0.0091)

\s

1% — (~0.008 77 4 0.00043) + 7 (0.018 58  0.00038) . (4.19)
t

For a direct calculation of AT, the absolute values |AY| and |\§| are required too. These

depend on the value of | V|, which is obtained from either inclusive or exclusive decays
as [167]

|vinel| = (42.16 + 0.51) x 1073, [168], (4.20)
(V& = (39.45 +0.56) x 1073, [B— (D, D*)fv], FLAG avg.,, [30, 169-177],
(4.21)

where for the inclusive | V| the result from Ref. [178] may also be used and yields a similar
value. Alternatively, we can also use the current SM fit which excludes measurements of
Ve [166], s

(VM Tt — (41.787061) x 1073 (4.22)

Note that the value cited in Ref. [20] contains a typo and uses the value of |V, | = 0.0416
from the full fit. This has been corrected here together with the corresponding plots shown
below. Using these results, we calculate for \{:

IAFSMIY = (8561098 x 1073, IAde] = (8.081518) x 1073,

NS = (4139 £050) x 1073, [AZ®| = (38.734+0.55) x 103, (4.23)
The value for |)\§/'SM fit
as calculated by Ref. [166] from a global fit of the CKM parameters. The value for
is obtained by rescaling ]A?’SM ﬁt\ with the ratio of the two |Vp| values from Eq. (4.21)
and Eq. (4.22) since fixing the value of |V | to the result from exclusive semileptonic B
decays would yield a result with a poor p-value [20]. The CKM values in the Bs system are
determined directly from |VC'2C|/eXd] since |Vis| = (0.983 +0.001)|V,p| due to unitarity of
the CKM matrix, and the value of |V;p| = 0.9991 does not depend on the choice of | V.

| above is obtained from the 1o best-fit results for |V;y| and | Vi)
|)\?’,excl|
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4.2 Input values and renormalisation schemes

Finally, it is worth remarking on the choice of renormalisation scales and schemes that will
be referenced in the rest of the chapter. After the matching calculation as presented in
Section 2.6, the charm and bottom masses are in the OS scheme. For phenomenological
applications, we transform the squared mass ratio z to the MS scheme, which leads to
the additional scales zic and i, from the renormalisation of the MS masses m and mj,
respectively. For this purpose, we also transform the charm quark mass to the case of
five active quarks, so we obtain Z(4.2 GeV) = 0.049540. The overall factor (ml?s)2 of
I'12 in Eq. (2.80) can be calculated from different input values of the bottom mass. We
consider three different approaches, which we call schemes. For the pole scheme, the
on-shell bottom mass is substituted directly. In the MS scheme, we use the conversion
of the OS to MS scheme to express the factor in terms of the MS mass. Lastly, the
OS mass is converted to the PS mass, see Section 2.1.2, which we call the PS scheme.
The conversions of different mass schemes are implemented as expansions in as, and we
truncate the perturbation series after the conversion to the same order in a5 as the original
expression obtained in the matching calculation, i.e. to ag for the contributions from Qg
and to ag otherwise.

The results in the pole scheme, which use the mgs mass directly as an input for the
overall factor of (ml?s)Q, are shown for comparison in the following sections, but we do
not use them to calculate our final averages of the observables. This is because of the
renormalon ambiguity of order Aqcp, which appears in the definition of the pole mass
and leads to a poor convergence of the perturbative expansion in as.

Since the matching coefficients of the Aqcp/myp-suppressed matrix elements are only
known to LO, the conversion between different masses in the overall factor is of higher
orders in s, i.e. any mass scheme may be used for the bottom mass in the overall factor.
We choose this to be mES in all schemes mentioned above. The LO matching coefficients
have a strong scale dependence; therefore, the perturbative uncertainty stemming from

these matching coefficients is calculated separately.

The observables depend on a number of renormalisation scales for which there is some
freedom of choice, as is explained below. The highest scale we encounter is pq, the scale
of matching of the |[AB| = 1 Hamiltonian to the Standard Model, which we choose to be
po = 165 GeV =~ (). Next, we have the scale 7 of the matching to the |AB| =2
transition operator together with the mass renormalisation scales yic and 1. We choose
these scales to be equal to each other and vary them simultaneously between 2.1 GeV and
8.4 GeV to estimate the perturbative uncertainty around the central value of u; = 4.2 GeV.
Lastly, the lowest scale of the problem is the scale o at which the matrix elements are
defined. We chose 1o = m?s = 4.758 GeV.

When results are presented at different orders in perturbation theory, those orders refer to
the matching coefficients H and Hs only. The coefficients of the Aqcp/my-suppressed
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4 Phenomenology of B Meson Mixing

matrix elements are always inserted to LO. Moreover, Mj5 is always inserted up to NLO
to independently test the convergence of the perturbative series for I'15.

4.3 The width difference AT from AT/AM

We first present the results for the real part of I'1», i.e. for the observable AI'. The most
accurate determinations of AI' without using experimental values for AM as well as the
ratio AI'/AM are shown in Fig. 4.1 for the Bs system and in Fig. 4.2 for the By system.

0.12

0.10

Artheo, excl
0.08 > Xp

0.06 1 L

AT'g [ps_l]

0.041 (MS )theo

0.02 AMfit. e AMt

0.00 ; - -
0 5 10 15 20 25

AMs [ps_l]

Figure 4.1: Comparison of theoretical determinations for AI's and AM; with their
measurements for different values of |V| according to Eq. (4.23).
The band for AMgt corresponds to the lo-result given in Ref. [166]
where AMs was excluded from the fit. For AM;it'eXd, the band
was rescaled by |Vfg‘c'|2/| VchM fit|2 The experimental values are as
quoted in Eq. (1.43) and Eq. (1.44) except that the uncertainty on
AMs was increased by a factor of ten.

In order to identify new physics contributions, the theoretical and experimental bands
in the two plots can be compared. However, there is a sizeable difference in the |V,p|
measurements, see Eq. (4.21), which impacts our ability to make conclusive statements
about potential disagreement between Standard Model theory and experiment from the
AT or AM bands alone. The ratio AI'/AM does not have the same ambiguity since
the CKM factor A o |V,p|? cancels. This underscores the importance of AT'/AM as
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Figure 4.2: Comparison of theoretical determinations AI'y and AM, with their
measured values. The bands were determined in a similar fashion as
for Fig. 4.1 except for AFBheo’ﬁt. In this case, the value of [A?>M fit
was used. The experimental values shown are as quoted in Eq. (1.46)
and Eq. (1.47).

an observable where new physics contributions can be investigated independently of the
|Vp| controversy.

In the following sections, the results for AI' as obtained from the ratio AI'/AM are
discussed in detail, including the uncertainty sources and the size of the novel contributions
calculated in this thesis. The results for the deep expansion of only the current-current
operators at NNLO have been published in Ref. [20] while the updated observables including
penguin operators at NNLO can be found in Ref. [155].

4.3.1 Bg system

Before presenting the results for the ratio ATl's/AMs, the uncertainty analysis is explained
in brief. For the central value, the input values as given in Section 4.2 are used, and
the scales are chosen as explained in that section. We set the matching and mass scales
to uyp = pe = pp = 4.2GeV. For the other scales, we choose g = 165 GeV and
o = 4.758 GeV, which are kept fixed for the central value and the uncertainty analysis.

To determine the contributions to the total uncertainty from each of the input parameters,
they are varied within the given uncertainty, and the symmetrised results are shown below.
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Figure 4.3: Renormalisation scale dependence of Al's/AMs at LO (short dashes),
NLO (long dashes) and NNLO (solid). The Aqcp/myp-suppressed
contributions are kept fixed at the central scale.

We group the input parameter uncertainties into three groups for which the individual
contributions have been added in quadrature. The first, labelled “BES”, contains only
the uncertainty stemming from the leading-power bag parameters. The Aqcp/mp-
suppressed matrix elements have their uncertainties combined in the term “1/my", where
the correlation between the matrix elements of Ry, R’Q, R3 and R’g has been accounted for,
see Eq. (4.59) in Section 4.7. All remaining input parameter uncertainties are combined in
the “input” term.

The individual contributions to the total uncertainty from the hadronic matrix elements as
well as all other input parameters are shown in Appendix E for all observables discussed in
this chapter, i.e. AT'/AM and ag in the Bs and By systems as well as the double ratio
(Ard/AMd)/(APs/AMs)-

The perturbative uncertainty, which results from the remaining scale dependence after
truncating the perturbation series, is split into an uncertainty stemming from the leading
(“scale”) and power-suppressed (“scale, 1/mj") matching coefficients. To determine the
scale uncertainty, we simultaneously vary 1 = pe = pp between 2.1 GeV and 8.4 GeV.
The scale variation of the matching coefficients for the leading-power matrix elements is
shown in Fig. 4.3. For comparison, the full scale variation including the scale dependence
of the power-suppressed matching coefficients is presented in Fig. 4.4.
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Figure 4.4: Renormalisation scale dependence of Al's/AMs at LO (short dashes),
NLO (long dashes) and NNLO (solid) for the leading-power and
AQcp/mp-suppressed matching coefficients.

The results obtained at NNLO are

ATl's +0.49 +0.09 -3

AW = (3.981 883 scare 20 0scate, 1/m, £ 0-11 g5, £ 0.781/m, £ 0.06i0pu ) x 107 (pole),
AT's +0.19 +0.09 -3 (MS
AN = (44528 B ccate 20 30scate, 1/my £ 0-1255 £ 0781/, & 0.0input ) x 107° (MS),

ATl +0.33  40.09 -3
A= (438283 ccare 20 Rscate, 1/m, £ 0-125 £ 0.8y, £ 00850 ) x 1072 (PS).
(4.24)

We observe that the uncertainty from the Aqcp/mp-suppressed matrix elements has the
biggest impact, followed by the perturbative uncertainty of the leading-power matching
coefficients, which are the focus of this thesis. The other sources of uncertainty are
less important. For the perturbative uncertainty at leading power, we can confirm that
successive orders in as reduce the remaining scale uncertainty, as shown in Fig. 4.3
for the MS and PS schemes. The variation of the MS results decreases from 121%
at LO to 33% at NLO and then to 13% at NNLO, all computed over the interval of
2.1GeV < p1 < 8.4GeV. In the PS scheme, the variation at LO is much smaller at
34%, and it is further reduced to 25% at NLO and 16% at NNLO. At NNLO, the MS
and PS schemes lead to very similar results over the entire renormalisation scale interval
considered, which illustrates the stability of the perturbative expansion.
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At the central scale, the size of the successive orders in the perturbative series gives an
indication of the accuracy and convergence of the series. In the PS scheme, the NLO
corrections reduce the LO result by about 22%, and the NNLO corrections are smaller
than those at NLO by about 40%. This shows that successive terms in the series are
indeed decreasing in magnitude. For the MS scheme, the NLO corrections reduce the LO
result by about 10%, but the NNLO corrections are of a similar size. However, at values
of w1 larger or smaller than the central scale, the NNLO corrections are much smaller,
demonstrating the good convergence of the perturbative expansion. The central scale is
special because the NLO corrections vanish at 5 GeV in the MS scheme.

The agreement with the experimental value is very good at the central scale at NNLO.
Both the MS and PS scheme calculations are within the 1o uncertainty of the experiment
for a range of about +1GeV around the central value. Remarkably, the LO and NLO
determinations do not agree well with the experiment for most of the considered scale
range, underscoring the importance of the NNLO corrections. However, the pole scheme
calculation underestimates the true value of the observable, and the renormalisation scale
dependence is worse as well due to the renormalon uncertainty.

Since the inclusion of the penguin operators at NNLO and as a deeper expansion in z
at NLO is a novel result, the size of these corrections and their impact on the scale
uncertainty in comparison with the results from Ref. [20] is worth commenting on. A direct
comparison of the scale uncertainty as visualised in Fig. 4.5 shows that the symmetrised
uncertainty is reduced by about 8%, which is true for both the MS and PS schemes. In
the MS scheme at the central scale, the NLO penguin contributions receive corrections of
about 70% from higher terms in the z expansion, and at NNLO the new penguin operators
contributions make up about 12% of the total NNLO term. Overall, the central value
differs by about 2% between the results in Ref. [20] and the full NNLO calculation.

Before calculating AT, it is interesting to see how the dependence on the hadronic elements
is reduced when considering the ratio AI'/AM. The leading term in the ratio does not
depend on any low-energy matrix elements as AM is proportional to (Bg|Q|Bgq), which
subsequently cancels. The ratio therefore only depends on the ratios of the matrix elements
of @5 and R; to the leading term matrix element. Writing the result in the MS scheme as

Al's
AMs

=445 %107 ~ (4.27 + 1705 0" 1.531/mb) x 1073 (MS), (4.25)

it becomes apparent that the sub-leading terms cancel almost entirely. In the decomposition
above, the first term is independent of any hadronic matrix elements while QS/Q depends
on the ratio of the leading-power matrix elements. The final term contains all contributions
from AQcp/mp-suppressed matrix elements. The corrections from the sub-leading terms
are less than 4%.
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Figure 4.5: Renormalisation scale dependence of AI's/AMs in the MS scheme
for the leading-power terms with 111 = pp = pe. The NNLO current-
current result includes the penguin operator contributions at NLO
in an expansion up to z1. The full NNLO result including penguin

operators uses a more accurate expansion of the penguin contributions

up to z10,

The current state-of-the-art prediction for Al's is obtained by multiplying the theoretical
value of AI's/AMs by the experimental value for AMs, which is [25]

AMEP = (17.7656 + 0.0057) ps L . (4.26)
Hence, our results read
ATs = (7.0620 8 scare 20 30scale, 1/m, = 01955, £ 1.391/m, £ 0.101nput) x 107 ps™ (pole),
AT = (7.90i8§‘1‘scale 0 Bacate, 1/m, T 0-21 g, = 1391 /m, £ o.oginput) x 102 ps™! (MS),

— +0.59 +0.16 2 1
ATs = (777208 care 28 30scate, 1/m, £ 0-2055, £ 1.391/m, £ 009000 ) x 1072 ps™ (PS).
(4.27)

To obtain the final result for Al's, the values from the MS and PS schemes are averaged.
The uncertainties are first added in quadrature separately for the upper and lower bounds,
then symmetrised and finally averaged across the renormalisation schemes. The most
accurate prediction for Al' is hence

AT's = (0.078 4 0.015) ps L . (4.28)
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4 Phenomenology of B Meson Mixing

In comparison with the experimental value [26]
ATS® = (0.0781 4+ 0.0035) ps !, (4.29)

we observe that the theoretical uncertainty is about four times as large as that of the
measured value. However, with the perturbative corrections calculated in this thesis, the
theoretical uncertainty is dominated by the Aqcp/mp-suppressed contributions, more
specifically the corresponding hadronic matrix elements. The perturbative uncertainty of
the leading-power matching coefficients on the other hand is only slightly larger than the
experimental uncertainty.

Finally, it is worth comparing the result obtained in this work with that of Refs. [27, 179],
which calculate AT's = (0.091 £ 0.015) ps™! to NLO. Our corresponding NLO prediction
is Al's = (0.091 + 0.020) ps~!, which agrees within the given uncertainties. It is perhaps
unexpected that the central values are identical given that the penguin operators were
only considered to LO in Refs. [27, 179]; however, the authors also use different hadronic
matrix elements obtained from QCD sum rules as calculated in Refs. [45, 46]. We note
that the renormalisation scale dependence in Refs. [27, 179] is constructed to be much
smaller, and the same is true for the power-suppressed matrix elements.

4.3.2 B, system

The phenomenological analysis for the B, system proceeds in the same way as for the
Bs system discussed in the preceding section. The ratio as calculated in the three
renormalisation schemes by analogy with AI's/AMs is

Aly 049 +0.12 -3
A= (38310 83scate 20 30scale, 1/m, £ 015 £ 0.9/, £ 0.06i0pu¢ ) x 107 (pole),
Alyg 4019 +0.12 -3 (VS
N (42978 Bscate 28 30scale, 1/m, £ 01255, £ 0.791/m, £ 0.05i0pu¢ ) x 107% (MS),
ATy 4033 4012 -3
M= (422283 ie 28 Becate, 1/m, £ 01255, £ 0.9/, £ 0051000 ) x 107 (PS),

(4.30)

where the uncertainty sources are clustered in the same categories as in Eq. (4.24), and
the individual contributions are given in Appendix E. The variation of the renormalisation
scale for the leading-power matching coefficients is shown in Fig. 4.6. For comparison, the
variation of both the leading-power and Aqcp/mp-suppressed contributions is presented
in Fig. 4.7. The uncertainties are very similar to what is observed for the Bs system, see
the discussion following Eq. (4.24). Moreover, the impact of the novel contributions from
a deeper expansion in z for the penguin operators at NLO and the inclusion of the penguin
operators at NNLO leads to the same improvements as observed for the Bs system.

Besides the cancellation of the hadronic matrix elements in the ratio AI'y/AMy, we also
observe a similar cancellation among the linear and quadratic terms in )\f,//)\f! for the By
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Figure 4.6: Renormalisation scale dependence of AT'y/AM, at LO (short dashes),
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4 Phenomenology of B Meson Mixing

system, see Eq. (1.61) on page 12. We confirm the results of Ref. [36], where it was
found that the sum of the aforementioned terms leads to a correction of about 2% at
NLO. With the complete NNLO results presented here, the correction from )\f,//)\f! has a
size of about 1.9%. As the terms proportional to A; /A7 are numerically small too, leading
to corrections of about 0.2%, the ratio AI'/AM agrees within the uncertainties across
the Bs and B, systems, see Section 4.5.

Multiplying AT'y/AMy by the experimentally measured value for AMy [26],
AMS® = (05065 + 0.0019) ps™!, (4.31)

we obtain AI'y in the respective schemes,

— +0.25 +0.06 -3 1
ATy = (1945335 e 20 Bscate, 1/m, = 00655 0401, £ 0.03input) x 107 ps™ (pole),

(
— +0.10 +0.06 -3 1
ATy = (2175830 e 20 s, 1/m, = 00655, £ 0.401 m, £ 0.03input ) x 107 ps™ (MS),

Ay = (2.14+0-17 +0.06 00655 +0.40p/pm, £ 0.03input) x 1073 ps?

—0.18scale —0.10scale, 1/my, PS).

(
(4.32)
As for the Bs system, we average the results from the MS and PS schemes together with
the symmetrised uncertainties. These are obtained by first adding the upper and lower
bounds separately in quadrature and then symmetrising for each scheme. The averaged
result is

ATy = (0.00215 =+ 0.00045) ps™* . (4.33)

Since AT', is not measured to a high enough precision, the comparison with the theoretical
prediction does not allow us to draw any conclusions. To further reduce the theoretical un-
certainty from this calculation, a more accurate determination of the Aqcp/mjp-suppressed
matrix elements is necessary, similar to what is observed in the Bs system. However,
AI'y may also be computed from the double ratio discussed in Section 4.5, where the
dependence on the hadronic matrix elements largely cancels and which leads to a more
accurate prediction.

4.4 The flavour-specific CP asymmetry agg

The results of the flavour-specific CP asymmetry for Bs mesons in the three schemes as
defined in Section 4.2 are

_ -+0.00 +0.01 . -5
_ +0.10 +0.01 . -5

_ +0.03 +0.01 . -5
af = (2.30_007%Ie 1 Qbscate, 1/m, £ 0-01 5 % 0.04y £ 0.07,nput) x 107 (PS).
(4.34)
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4.4 The flavour-specific CP asymmetry as

The uncertainties are clustered in the same way as for AI'/AM, and the contributions
from each individual parameter are presented in Appendix E. For ag, the inclusion of
the penguin operators has a smaller impact on the final result when comparing with the
results from Ref. [20], where only the current-current operators are included to NNLO. In
the MS scheme, the overall result changes by about 0.5%. This is because the NNLO
penguin terms only contribute 1% to the NNLO result, mainly since the contributions
stemming from two penguin operators are proportional to A¢, so they do not affect the
imaginary part of I'1o. At NLO, the behaviour is the same, and the deeper expansion for
the penguins beyond z! changes the total NLO contribution by about 3%.

Similarly, for the By system, we obtain

d _ +0.00 +0.03 ) —4
af, =~ (51820 08ecate *00%scale, 1/m, £ 0-03 55, £ 0091/, & 01615yt ) x 107 (pole)

d_ +023  +0.03 , 4
s =~ (5'12—0.4lsca|e —0.01scale, 1/mj, + 0-03g5, £ 0.091/m, & 0'16'”p“t) <107 (MS),

d +0.07 +-0.03 + + : —4
afS = - (526_015sca|e —0.015ca|e, 1/mb 003B§S 0091/mb 0.16|nput) X ].O (PS) .
(4.35)

Also in this case, the inclusion of the penguin operators does not significantly impact the
final result, with the central value in the MS scheme shifting by 0.5% as compared to the
NNLO current-current results from Ref. [20]. This is because of the same reason as for
the Bs system: The contributions from two penguin operator insertions to I'1o /M5 are
purely real.

The scale variation of the leading-power terms is shown in Figs. 4.8 and 4.9 for the Bs
and B, systems respectively. As for AI', we add the uncertainties of the upper and lower
bounds in quadrature in the MS and PS scheme, symmetrise the total uncertainty and
then average the results across the schemes to yield

al. = (2.27+0.13) x 107°,
ad = —(5.1940.30) x 107*. (4.36)

The uncertainties of ag are comparable for Bs and By, and the relative size of them is
similar to AI'/AM apart from the parameter uncertainty. The variation of the parameters
leads to a larger uncertainty for the CP asymmetry since the leading term of ag is
proportional to m¢ and A, /A¢. The uncertainty of the two respective input parameters is
of comparable magnitude, and the total “input” uncertainty is of similar size as that of
the Aqcp/mp-suppressed matrix elements.

The CP asymmetry vanishes in the limit ms — 0, so it is interesting to see the size of the
contributions from higher-order terms in the z = mg/m% expansion. The size of those
contributions in the PS and MS schemes is only 13% for both ag. and a%. Therefore, the
results obtained in this thesis agree within the uncertainty with those of Ref. [29].

113



4 Phenomenology of B Meson Mixing

x 107>

3.00

Pole

ag, with fixed 1/my,

pi1 = pp = pic [GeV]

Figure 4.8: Renormalisation scale dependence of aZ, at LO (short dashes), NLO
(long dashes) and NNLO (solid) for the simultaneous scale variation
of p1 = pp = pe. The matching coefficients of the Aqcp/my-
suppressed matrix elements are kept fixed at the central scale.

Referring to the scale variation plots in Fig. 4.8 and Fig. 4.9, we observe that the
dependence on the renormalisation scale is reduced when higher orders in the perturbative
series are included. In the PS scheme, the size of the NNLO corrections at the central
scale is a factor of three smaller than the NLO corrections, indicating a good convergence
of the perturbative series. The ranges of the scale variation of successive orders also
overlap, which also shows that the perturbative corrections are decreasing and converging
asymptotically. We also note that the pole scheme result, which is shown for comparison,
exhibits a very flat scale dependence and is close to the curve for the PS scheme.

The comparison of the theoretical predictions with experiments is limited by the availability
of accurate measurements. For afds, however, the NNLO predictions agree with the 1o
uncertainty of the experimental value. Once more accurate measurements become available,
the theoretical results presented here will serve as a benchmark, enabling inferences about
BSM physics. In particular, any non-zero measurement of aZ_ will likely point towards new
physics effects due to its small SM value. The measurement of the CP asymmetry in the
B4 system on the other hand can be used in combination with the theoretical prediction
to constrain the apex of the CKM unitarity triangle, see Section 4.6.
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Figure 4.9: Renormalisation scale dependence of ag at LO (short dashes), NLO
(long dashes) and NNLO (solid) for the simultaneous scale variation
of 11 = pp = pc. The matching coefficients of the Aqcp/mp-
suppressed matrix elements are kept fixed at the central scale.

4.5 The double ratio (AT'y/AMy)/(AT's/AMs)

In this section, another observable is discussed, which is a ratio of four observables taken
across the Bs and B, system,

Tds =AM, * AT,

(4.37)

The advantage of calculating this quantity is that many of the uncertainties that impact
accurate predictions of AI'y cancel in the ratio. Moreover, Al's, AMs and AM, have
been measured precisely, so rjs can be combined with those measurements to yield a very
accurate prediction of Al'y.

The cancellation of uncertainties in the double ratio rys is due to the fact that the hadronic
matrix elements can be expressed in terms of their ratios in the Bs and B systems, which
are more accurately determined. For example, the leading-power matrix elements can be
expressed entirely in terms of the constants £ and {g as given in Tab. 4.1 as well as the
corresponding bag parameters Bg_ and EBS in the Bs system. For the power-suppressed
matrix elements, we used the parametrisation of Eq. (4.17) and manually fix the SU(3)f
breaking beyond factorisation to zero, i.e. we choose ( = 1. With this and the accurately
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4 Phenomenology of B Meson Mixing

determined ratio of the decay constants fg_/fg , the quantity rys has a reduced uncertainty
s d
stemming from the bag parameters, which are only needed for the Bs system.

Using this parametrisation, the results for the double ratio in the three different renormali-
sation schemes are

_ +0.003

— -+0.002
rgs = 0.96520.00% te. comb. % 0-011 g %0036, = 0.003p¢ (MS),
— -+0.003
rgs = 0.96470 083 te. comb. % 0-0125 % 00361, & 0.0031pyc (PS).  (4.38)

Note that the perturbative uncertainty for the leading-power and Aqcp/my-suppressed
terms has been combined here as both are minor sources of uncertainty. The biggest
source of uncertainty in the above observable stems from the Aqcp/mp-suppressed matrix
elements in the Bs system and the uncertainty of 10% that was assumed on the symmetry-
breaking effects in (. However, this term is actually dominated by (, and the uncertainty
from the bag parameters alone is just £0.008. With a future determination of the ratio
similar to £ and &g, we expect this uncertainty to shrink. The other dominant source of
uncertainty is from the leading-power bag parameters in the Bs system. For a detailed
breakdown of the uncertainties, see Appendix E.

In Appendix F, we also present the results for rys without making use of the parametrisation
of the matrix elements in terms of £, &g, st/de and (, using the same input values as
for the separate calculations of the observables in the Bs and By systems. This leads to
an increased uncertainty from the matrix elements by about a factor of two.

The remaining scale dependence of rs is shown in Fig. 4.10. The scale dependence from
the truncation of the perturbation series increases at higher orders, which is the opposite
of what one would expect for a converging series. However, this is because the scale
variation of AI'/AM is almost identical for the Bs and By system, see Figs. 4.3 and 4.6.
Therefore, small variations at higher orders lead to a seemingly bad convergence of the
perturbation series. However, we note that the perturbative uncertainty is small compared
to all other sources, and the NNLO predictions are very accurate.

As for the other observables, we average the results from the MS and PS schemes to

obtain the overall result
rgs = 0.965 + 0.038. (4.39)

The value of rys is close to one because the dependence on the ratio of the matrix
elements of @ and @5 cancels with the power-suppressed matrix elements, see Eq. (4.25).
Additionally, the dependence on the CKM parameters A, /At is small for Bs and By.
Referring to the parametrisation from Eq. (1.61),

19 bV A2 _
71q2 = |c9+ a9 )\7; + b9 E)\Z;Q x 1074, (4.40)
12 t t
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Figure 4.10: Renormalisation scale dependence of rys at LO (short dashes), NLO
(long dashes) and NNLO (solid) for the simultaneous scale variation
of 1 = pup = pe. The matching coefficients of the leading-power
and AQcp/mp-suppressed matrix elements are varied together.

this means that the ratio mostly depends on cd/cs, and the values for ¢? and ¢S are very
similar due to the cancellation of the sub-leading matrix elements in each constant.

Finally, rys can be combined with the experimental values for the mass differences from
Egs. (4.26) and (4.31) and AT's from Eq. (4.29) to obtain

ATy = (0.00215 4 0.000 13) ps* . (4.41)

This is the most accurate prediction of Al'y to date, where we note that the uncertainty
has been reduced by about 70% as compared to Eq. (4.33) due to the use of rgs, which
suppresses the impact of the hadronic uncertainties on the final result.

4.6 Constraints on the CKM triangle from B meson
observables

The apex of the CKM unitarity triangle can be constrained using B meson mixing
observables to identify sectors with new physics, as presented in this section. The general
strategy for new physics searches in the B meson sector using the mixing observables starts
with the most accurate observable, which is the double ratio rys. Once a deviation from
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4 Phenomenology of B Meson Mixing

the Standard Model is observed here, one can then investigate the ratios AI'y/AT's and
AM,/AMs to further narrow down the effective operators in which new physics enters.

Since the measurement of ATy is not accurate enough yet, we cannot fully implement this
approach. However, we can examine the effect that precise measurements would have on
the apex of the CKM triangle. For this purpose, both AI'y/Al's and ag are investigated
to yield constraints in the (p, 77)-plane, which can be combined with other measurements
and constraints to draw conclusions about BSM physics. This graphical representation is
hence a convenient tool to compare the constraints from B mixing observables with those
from other measurements.

The apex of the CKM unitarity triangle is precisely determined from other B meson mixing
observables, so the constraints from AI'y/Al's and a% provide a way to test the Standard
Model using exclusively B meson mixing observables. The length of one of the sides of
the unitarity triangle Ry = \/p2 + 72 is obtained from measurements of AMy/AMs while
the angle (3 at the origin is determined by acp(By(t) — J/1¥Ks) o sin(253).

Before presenting the constraints, the CKM unitarity triangle is defined in terms of the
CKM matrix elements that appear in the B meson mixing. In general, the unitarity of the
CKM matrix implies

3 Vi \/j;( =0, (4.42)
k

where i # j denote two different up-type quark flavours. There are six relations of this
type, giving rise to six unitarity triangles. The most commonly considered is the one
stemming from

Vid Vb + VeaVep + VeaVip = 0. (4.43)
which is the CKM unitarity triangle that is referred to in the following. We can also write
the equation above in terms of the constants )\d, normalising to /\2’:
AD A

14+ 24 42t 0. 4.44

The triangle constructed in this way has the vertices (0,0), (1,0) and (p,7) in the
Wolfenstein parametrisation [35, 180, 181]. This is because A9 /A9 = -5 + i7].

The parametrisation of a]Ejs that can be used to constrain the CKM triangle is discussed
first. With the definition of Eq. (4.40), we write
d ( d)2

u
d
(A9)?
o) ag is expressed in terms of the constants ad, b9 and the Wolfenstein parameters A, A,
p and 7. The ratio A9/)\Y is defined in terms of the Wolfenstein parameters as

d

A _
af, = a? Im)\—g + b9 1m x 1074, (4.45)

; 1-p—in
== 1. 4.46
TR (1-p)2 + 72 (4.46)
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MS | LO NLO NNLO PS | LO NLO NNLO

d +4.20 +0.81 +0.55 d +1.17 +0.22 +0.15
ag | 8207130 1040798 1140703  ag | 953733 11.117%% 0 11717033
d +0.037 +0.043 +0.042 d +0.011 +0.027 +0.034
bg | 0.06975:537 011275043 013475542 bd | 0.08173%%  0.12273%2%  0.1407393%
of | 697730 641730 583115 o | -81.0757 662137  -57.6733

Table 4.2: Results for a§, b§ and c§ in the MS (left) and PS (right) schemes.
The perturbative uncertainty is obtained by varying p1 = pp = pic
simultaneously between 2.1 GeV and 8.4 GeV.

Therefore, a measurement of ag can be used to produce a curve on which the apex (p, 1)
of the CKM triangle must lie.

To construct the constraints, the values of ad, b9 and c? are calculated to LO, NLO and
NNLO. We give their contributions from the leading-power and Aqcp/mp-suppressed
matrix elements separately,

a=ay+a,
=b0—|—b1,
c=¢+tc, (4.47)

where the subscripts 0 and 1 denote the leading and Aqcp/myp-suppressed contributions
respectively. The power-suppressed contributions are

d _ 0 grn+0.073

a1 = 0.622_4'020scale, 1/m,, T 0-35param .,
d _ 0 0o1-+0.011

by = 0'091—0.003sca|e, 1/my =+ 0.031param ,

d _ +1.98
Cl — 15'36—1.225ca|e, 1/mb :l: 8.03param y (448)

where the uncertainty from varying all input parameters labelled “param” has been
absorbed into the sub-leading contributions, i.e. the constants ag, bg and cg carry only a
perturbative uncertainty. For the perturbative uncertainties, the scales j1; = pe = pp are
varied simultaneously in the interval [2.1 GeV, 8.4 GeV] around the central scale 4.2 GeV.
The leading-power contributions are given in Tab. 4.2 in the MS and PS schemes with the
perturbative uncertainties at each order.

The results for ag and bg can be compared to a previous determination in Ref. [20]
using only the current-current contributions at NNLO. It is interesting to see that bg is
unchanged because the penguin operators do not contribute to the (A9)2/(A¢)? term.
Only the mixed contributions from one penguin and one current-current operator insertion

affect afi, and only at the linear )\ﬂ/)\ff order, i.e. ag.
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MS | LO NLO NNLO PS | LO NLO NNLO
+4.21 +0.82 +0.56 +1.17 +0.23 +0.16
ay | 823f1g, 10431090 11447000 &y | 9561535 1115103 11761732
+0.038 +0.043 +0.042 +0.011 +0.026 +0.034
by | 00725393 011515037 013713035 b§ | 0.0831305s 0.12575:85% 0.1431790%¢
+18.2 +14.5 +4.0 +54 +8.9 +3.5
¢ | -711t3Es  -65.410%° 596119 o | 82613¢ 676057  -58.9733

Table 4.3: Results for af, b§ and ¢j in the MS (left) and PS (right) schemes.
The perturbative uncertainty is obtained by varying p1 = pp = pic
simultaneously between 2.1 GeV and 8.4 GeV.

The second constraint on the apex of the CKM triangle is constructed from the ratio
AT y/AT's, which can be parametrised as

Ad (Ad)?
d d u
2 cd+ a9Re d+b Re ?,)

ALy _ 1 Mg, | At (\ (4.49)
ALs &2 Mg, | ] ¢ 1 a5 ReY 4 beRe 00 |
FatRege b Re

using Eq. (4.5) and Eq. (4.40) . The values of a§, b and ¢j are given in Tab. 4.3, and
the power-suppressed contributions are

061610074
aj = 061620 0255cale, 1/m, T 0-35param ,
_ 0.00070.011
bi = 0.0902 ogdscale, 1/m,, £ 0-030param .
_ 15 g +1.90
Cf == 15'28_0.93SC3|G, 1/mb + 7.90param , (450)

where the uncertainties are defined in the same way as for the B, system above. Since the
constants x° and x? agree within their perturbative uncertainties, the ratio in Eq. (4.49)
can be simplified by identifying the constants of the Bs system with those of the By
system, effectively ignoring SU(3)g-breaking corrections to the hadronic matrix elements.
The simplified ratio is hence given by

a9 (AZ’)2
ATy 1 Mg, [T A?+7d \g)? (4.51)
ATs €2 Mg, |X¢ 2 (A5 |
*RF+*RQW

In addition to the Wolfenstein parametrisation of A9/A¢ given in Eq. (4.46), we need
similar expressions for the ratio in the Bs system as well as the absolute values of )\?.
These are given by

A’;’z N(=p+ i) + X (=p(1 - p) - 7° + in(1-2p)) + O(\), (4.52)
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and
[P = 22X (P + (1-p)2) X+ 0 (A10) (4.53)
257 = A20% (1-22(1-2p)) + O (A¥) (4.54)
where the common factor A2\* = |V, |2 drops out in the ratio, eliminating a large source

of uncertainty. The ratio [AY /A§|2 can hence be expanded as

d12
At

Ad

=\ (7P + (1-0)?) x (1+X%(1-2p)) + O (A9) . (4.55)

Therefore, only the Wolfenstein parameter \ is needed for Al'y/Al's, and it is given
by [166]
A =0.22498 4+ 0.00023. (4.56)

Substituting Eqs. (4.46), (4.52) and (4.55) into Eq. (4.51) leads to the second constraint
on the apex of the CKM triangle.

In Fig. 4.11, the constraints for the apex of the CKM triangle are shown for two hypothetical
measurements of a% and Al'y. The width of the bands is given by the perturbative
uncertainty of the leading-power terms, illustrating the level of accuracy achieved by the
calculations of this thesis. Here, only the PS scheme results are shown since we find
agreement between the PS and MS schemes within the perturbative uncertainties, see
Ref. [20]. The perturbative uncertainty given by the width of the bands in Fig. 4.11 is
obtained from the simultaneous variation of the leading-power and Aqcp/mp-suppressed
terms, so it is smaller than the uncertainty that would be obtained from adding the scale
variation of xg and xlq. However, this difference is not visible in a plot of the constraints
on the unitarity triangle.

Additionally, the constraints with all uncertainties combined are shown in Fig. 4.12. It
is interesting to observe that the width of the bands does not change significantly for
AT, /ATs. This is because the terms involving a?/c? and b¥/c? are small and we have
neglected the SU(3)g-breaking effects in the hadronic matrix elements. This is a good
approximation since those effects are negligible in the ratio and at any rate precisely
determined in £ and &g for the leading-power matrix elements. Therefore, we do not
significantly underestimate the uncertainty, as verified in Section 4.7.

Having shown the constraints implied by ag and Al'y/AMy, the significance of the
observables in the context of new physics searches should be stressed again. The flavour-
specific CP asymmetry is an interesting probe of new physics since a small change in the
phase gb‘lj2 in arg(l\/lldz) will have a much bigger effect on a{,ds than on 3 as determined
from acp(By(t) — J/1Ks), see the discussion at the beginning of this section. This
is because a% in the SM is suppressed by mg/m% as the leading terms of I\/If’2 and Ff2
have the same phase. However, a new physics contribution affecting the phase leads

121



4 Phenomenology of B Meson Mixing

122

1.0 7
d,(1
20
d.(2
081 afs( )
— (Ary/Arg)M)
(ATy/ALs)?)
0.6 1
I
0.4
0.2
0.0 T f . T , ‘
-04 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
D

Figure 4.11: Constraints on the apex of the CKM triangle as obtained in the
PS scheme. The width of the bands is given by the perturbative
uncertainty of the leading-power term. The bands are plotted with
221 = 5 x 1074 2% = 21 %1073, (Ary/AT)®) = 0.020
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Figure 4.12: Constraints on the apex of the CKM triangle as obtained in the PS
scheme. The width of the bands is given by the full uncertainty on
the predictions, and the measurements are as given in Fig. 4.11.



4.7 Results independent of hadronic matrix elements and CKM inputs

to a correction of order sin qbi’z at O(mg/mg) [36, 182]. Meanwhile, the measurement
acp(By(t) — J/1vKs) o< sin(28 + (bfz) does not affect § significantly, so the constraints
from the two different CP asymmetries would be incompatible in the presence of new
physics.

Lastly, let us remark on the use of AI'y/ATI's for constraining the CKM triangle. The
ratio provides an accurate constraint because many input parameters that have large
uncertainties cancel. Most importantly, |V,p| cancels in the ratio, so there is no ambiguity
in whether the inclusive or exclusive measurement should be used. Additionally, there are
cancellations in the bag parameters and the Aqcp/my-suppressed corrections as discussed
in Ref. [36] and shown in Eq. (4.25). Moreover, the CKM-suppressed contributions in
ATs are tiny due to the size of A5, and in ATy the terms linear and quadratic in A9 in
Eq. (4.40) cancel by coincidence, see the discussion following Eq. (4.30). This makes it
possible to determine AT'y/AT's to a very high accuracy and provide better constraints
for the CKM triangle than would be possible with AT';/AMy,. Note also that the overall

factor [A9|2/|A$|2 is the same for the two ratios, so the constraints have a similar shape.

4.7 Results independent of hadronic matrix elements
and CKM inputs

Since the phenomenological predictions in this chapter are dependent on many input
parameters, which will be determined more accurately in the future, we present our
results for I'1o /M5 in a convenient format that can be used to update phenomenological
predictions without implementing the matching coefficients for I'1» first. For this purpose,
['15/ Mo is parametrised as

r{, Ad (AD)?] (B4|O|By) 4
—12 co+ ap=4 + bo = x 1077, (4.57)
MY, %: A (A1)?] (B4lQIBg)

which generalises Eq. (4.40) by removing the dependence on hadronic matrix elements
from the coefficients ap, bp and cp. As a consequence, the three sets of coefficients are
independent of the light quark flavour, i.e. they are the same for Bs and By. The sum in
Eq. (4.57) is over the operators

0 € {Q,Qs, Ro, Ry, Ry, Ry, Rs} (4.58)

where the operators Ry and R3 were removed from the ratio as they are collinear with the
set above. Their matrix elements are expressed in terms of Ry and R3 as [47]

~ 1.
Ry =-Ry, R3 = R3 + §R2 : (4.59)
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where higher orders in Aqcp/my have been discarded. Note that these relations also
receive corrections in as when they are being applied to operator matrix elements. This is
similar to the behaviour of (Ry) at higher orders, see Section 2.4.4, but we can ignore
these corrections since the power-suppressed matching coefficients are only determined to
LO. The results for the leading-power coefficients in the MS and PS schemes are given
in Tabs. 4.4 and 4.5 respectively. The coefficients of the Aqcp/mp-suppressed matrix
elements are the same across both schemes since they are only known to LO and are
presented in Tab. 4.6.

The perturbative uncertainties are obtained from the variation of 1 = up = 1 between
2.1GeV and 8.4 GeV with the central scale at 4.2GeV. The uncertainties from the
remaining input parameters,

{as(Mz), my(mp), mc(3GeV), m>, My, Mz}, (4.60)

are added in quadrature and given separate from the perturbative uncertainty. The
dominant contribution to the total uncertainty stems from the scale variation, so the
values given in Tab. 4.4, Tab. 4.5 and Tab. 4.6 can be used for state-of-the-art predictions
of AT, ag and constraints on the CKM unitarity triangle until higher-order matching
coefficients become available. We note that the constraints from AI';/AI's shown in
Fig. 4.12 were obtained from the simplified parametrisation given in Eq. (4.51); however,
the values quoted here can be used in conjunction with &, g, st/de and ( as explained
in Section 4.5 to obtain almost identical bands when ( is taken as exactly one.

Bﬁg‘ co ao bo
+4.4 +0.46 +0.038
2 —+0.88 +0.48 +0.023
Qs | 8461988 +0.99 2667038 £0.11 0.14119:9%3 + 0.011

Table 4.4: Coefficients from Eq. (4.57) in the MS scheme for the leading-power
matrix elements with the one-sided input and two-sided perturbative
uncertainty.

PS ‘CO ao bo
Q |-41.9737+05 11207398 +0.23 0.1157333% + 0.006
Qs | 844798 +10 2747030 +011 013975922 +0.012

Table 4.5: Coefficients from Eq. (4.57) in the PS scheme for the leading-power
matrix elements with the one-sided input and two-sided perturbative

uncertainty.
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4.7 Results independent of hadronic matrix elements and CKM inputs

1/myp | co ao bo

Ry |27.9723+05  -0.49379:0%8 +0.019 -0.044973508% -+ 0.0024
Ry | -55.871%5+0.9 0997015 +0.04 0.09073:512 + 0.005

Ry | 17273212 -3.0510%3 £0.11  -0.27779:033 +0.015

Ry [231731+3 -0.737%4%, 40,02 0.061575-9%%8 +0.0036
Ry 3897018 +014 4477023 +017 0.57973:3% + 0.032

Table 4.6: Coefficients from Eq. (4.57) for the Aqcp/mp-suppressed matrix ele-
ments with the two-sided perturbative and one-sided input uncertainty.
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5 BSM Effects in B Meson Mixing
from the Chromoelectric Operator

In this chapter, a specific type of BSM models is investigated in the context of B meson
mixing. The impact of an additional contribution to the effective coupling of gluons to bq
currents is modelled for a generic BSM operator contribution to the chromoelectric vertex.
For this purpose, the running of the |[AB| =1 and |AB| = 2 Hamiltonians is extended by
right-handed operators, and the mixing between the two Hamiltonians is discussed. We
find that the current experimental measurements of Al's and aﬁ’s provide the strongest
constraint on new physics in the chromoelectric vertex. The chapter concludes with a
presentation of a simple UV completion which highlights the model properties that are
relevant for avoiding the exclusion due to measurements of AM. The analysis presented
here will be published in Ref. [183].

5.1 The chromoelectric vertex and its relevance to
BSM models

Before proceeding with the discussion of the Hamiltonians, the particular type of BSM
models studied in this chapter is motivated. While I'1» is generally considered to be a
probe of light new physics, see e.g. Refs. [31, 184], it is also sensitive to heavy new coloured
particles through the effective b-g-gluon vertex shown in Fig. 5.1. In the following, the
generic case of the down-type quark g € {d, s} is discussed.

Figure 5.1: Effective b-g-gluon vertex with g denoting a down or strange quark.
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5 BSM Effects in B Meson Mixing from the Chromoelectric Operator

The vertex has four form factors, which are the two pairs
- - 2
mpVqou PR T up p*, Vg PLRT?up (PP = pp") . (5.1)
where the light quark mass has been set to zero so that no corresponding form factors
proportional to mg appear. The momentum p# is the momentum carried by the gluon

while ug and vy, are spinors of the quark fields. A full-theory contribution to the b-g-gluon
vertex can hence be constructed from the four effective operators

Qg = _1672 mp (EIUuVTaPRb) Gﬁui ch = (g TaPLb) D/ibG[l)W'
Q=- 16 = mp (qo" T2Pb) G2, QK = (g TaPrb) DPGLY . (5.2)

The operator Qce is the chromoelectric operator, alternative terms are chromo-monopole
operator or chromo-anapole moment [185]. Using the equations of motion, this operator
can be replaced with the penguin operator Q4 of the CMM basis,

Qs = (q1uT2PLb) X (F#T7f),
f

@ = (ayuT?Prb) S (F#T°F), (5.3)
f'

where the operator Qfl with the opposite chirality as obtained from the Standard Model
diagrams was introduced. The key relation with the chromoelectric operator is

Qée(R) = —ng[(ll) + unphysical operators only needed as counterterms. (5.4)

On the level of Feynman diagrams, the chromoelectric operator leads to the form factor
on the right of Eq. (5.1), and the terms in the parentheses which depend on the gluon
momentum p cancel with the gluon propagator when it is connected to a quark line.
Therefore, QCLe(R) is absorbed into Qz(l’). For a discussion of this equivalence beyond leading
order, see Ref. [186].

The chromoelectric vertex as a source of new physics is interesting because its contributions
to Mo are suppressed as compared to the effect on the Wilson coefficient CL’1 of the
corresponding |AB| = 1 operator. The new physics effects appear as an effective
chromoelectric operator after integrating out heavy new particles of mass Myp, so the
direct contribution to Myo from the diagram in Fig. 5.2 scale as m[%/l\/lf\‘lp. Interference
diagrams with one chromoelectric operator and a loop involving a W boson, as discussed
in Section 5.2, also contribute to Mj5, and are suppressed by m%/(l\/l,%Pl\/lﬁv). On the
other hand, the contribution to (4 scales as 1//\/1,%“;,, so it is enhanced compared to the
direct effects in Mjo, and I'1o can serve as a probe of heavy new physics.

In the following sections, we will show the effective |AB| = 1 and |AB| = 2 Hamiltonians
which result from generic new physics entering the chromoelectric vertex. The RGE
running will also be discussed for two different cases of scale hierarchies: Either the new
physics particles are much heavier than the scale of the W boson and top quark masses,
Mnp > pt, or the scales are comparable, Myp ~ t.
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q q
b b
Figure 5.2: Direct contribution to Myo from new physics effects due to an effective
chromoelectric vertex, which can be absorbed into a |[AB| = 2
operator.

5.2 Effective Hamiltonians with new physics in the
chromoelectric operator

5.2.1 The |AB| = 1 Hamiltonian with new physics contributions

To discuss generic heavy new physics in the b-g-gluon vertex using effective operators,
we extend the effective |AB| = 1 Hamiltonian in the CMM basis from Section 2.2.3 by
additional chirality contributions. In the Standard Model, only the operators introduced
before have non-vanishing Wilson coefficients; however, BSM models may give rise to
non-zero Wilson coefficients for the opposite-chirality operators,

Q} = (q1u T?Pre) (e T2Pgb), @ = (avuPre) (¢4 Prb).

G T°Pru) (i7" T2Pgb) @4 = (qvuPru) (17" Prb),

f
Qé = 9V Vo Vs PRb) Z (7?7/”7”27”3 f) )
f

QI

Vi Yo Vi TaPRb) Z (7?7'“17”27“3 Taf> , (5.5)
f

where f € {u,d, c, s, b}. In addition to the primed chromomagnetic operator in Eq. (5.2),
the electromagnetic penguin operator with quarks of opposite chirality is defined as

, e _
The full |AB| = 1 Hamiltonian is hence

2
HIAB|:1 =X + ﬁ -\ 28: C{Q{_ Y Z C{(Q{_ Qyul) +h (5 7)
SM+BSM = "tCMM V2 t'1 i u.1 P\ i -C.y .
1= 1=
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5 BSM Effects in B Meson Mixing from the Chromoelectric Operator

where Hcmm is as given in Eq. (2.59) on page 34. At the high-energy scale Myp, all
Wilson coefficients belonging to the operators with the SM chirality are zero, and only
the BSM coefficients appear. In Section 5.5, a model that generates C[’l, C§ and Cé is
presented, but in the following sections, we focus on models which generate a non-zero
Wilson coefficient exclusively for Qge, i.e. contribute only to C"l.

To make predictions regarding physical observables, the Wilson coefficients need to be
calculated at the scale 1y, ~ my as the hadronic matrix elements are evaluated at that
scale. Therefore, the solution of the RGE running is used to relate the Wilson coefficients
at pup to those obtained at Myp. This is done in two steps, first for the interval between
Mnp and pit, and then for the interval between p; and pp. The running from Myp down
to u¢ involves six active quark flavours. At the scale ¢, the top quark and the W boson
are integrated out, generating the SM effective |AB| = 1 operators. Finally, the Wilson
coefficients at pp are related to those at p; through the RGE running with five active
quark flavours.

For the scale evolution, Eq. (2.36) from page 28 is used to leading order, i.e.

coa=cores | En(sf3)). o

where 7 is the one-loop anomalous dimension matrix. The effective operators with
different chiralities do not mix, and the anomalous dimension is the same for the primed

and unprimed set of operators. At leading order, the anomalous dimension is given by
v =221, (5.9)
and is hence obtained from the renormalisation constants given in Appendix A.

There are two ways of treating the scale hierarchy, and we find agreement between the two
approaches within the perturbative uncertainty. The first approach considers the scales
Mnp ~ pt to be of similar magnitude, such that the top quark, W boson and all BSM
particles are integrated out at the same scale. In this scenario, only Cz/1 is non-zero at the
scale p¢. All other primed Wilson coefficients vanish at that scale. In the second approach,
the scale of new physics is assumed to be much larger than the scale of the W boson
and top quark masses, Myp > pt. In this case, the RGE evolution from Myp to ut
generates all primed Wilson coefficients at the scale i+ due to the operator mixing. The
evolution between p+ and i is the same in both scenarios; only the starting conditions at
¢ differ. Finally, the amplitude can be matched onto a local |AB| = 2 operator in order
to determine the contribution to I'15, see Section 2.6.1.

5.2.2 The |AB| = 2 Hamiltonian with new physics contributions

Since a BSM model contributing to the chromoelectric vertex also contributes to the
effective |AB| = 2 Hamiltonian, the effect on My needs to be considered when discussing
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5.2 Effective Hamiltonians with new physics in the chromoelectric operator

constraints from measurements of B meson mixing observables on the new physics effects.
The |AB| = 2 Hamiltonian is given by

G2
AB|=2 F 2 2 LR ALR LR ALR RR ARR

where the operators are defined as [187]

Q=4 (a"Pb) (GuPLb).,
QR =4 (ay"PLb) (a1.PRD).
Q5" =4 (qpP.b) (aPgb),
QFR =4 (g7 Prb) (av,Prb) . (5.11)

The effective operator Q also appears in the |[AB| = 2 transition operator in Section 2.4;
however, in the following discussion we are considering an effective Hamiltonian and
not just a transition operator. In the definitions of the operators, the colour indices are
contracted within each scalar product of spinors and hence suppressed. The operator Q
receives a non-zero Wilson coefficient from Standard Model diagrams while QlL’g stem
from the interference of new physics with SM particles. The fourth operator in the basis,
QRR, receives a Wilson coefficient from diagrams where the heavy new particles couple to
two right-handed quark pairs.

There are two effects which give rise to |AB| = 2 Wilson coefficients at the scale y; from
new physics in the chromoelectric vertex. The first contribution arises from the mixing of
the |AB| =1 and |AB| = 2 operators under RGE running, and the second contribution
results from the matching of interference diagrams containing an effective |AB| = 1
operator from new physics and heavy SM particles to the |AB| = 2 Hamiltonian. To show
this, we consider the two scenarios of scale hierarchies, Myp ~ gt and Myp > pt, similar
to the discussion of the |[AB| = 1 Hamiltonian.

In the first scenario, Myp ~ ut, the SM and BSM particles are integrated out at the
same scale. There are contributions to CgR from the diagram shown in Fig. 5.3, which
are suppressed by m%/m%. There are also contributions to ClL'g from diagrams with one
BSM and one SM loop, which are suppressed by a factor of m%/Ma/. The aforementioned
contributions should be compared to the SM Wilson coefficient Cg, which at the scale
4t is not suppressed by a mass ratio. In conclusion, the contributions from generic new
physics in the chromoelectric vertex to My are expected to be negligible when the scale
of new physics is comparable to that of the W boson and top quark masses. However, in
Section 5.5, it is shown that additional direct contributions from UV completions can give
rise to larger effects.

For the second scenario with Myp > p¢, there is a contribution to the |[AB| = 2 Wilson
coefficients from the running of the |AB| = 1 Wilson coefficient C;(Myp) that is obtained
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Ql
Q

b b

Figure 5.3: Contribution to CgR and hence Mq> when integrating out heavy SM
and BSM particles at the same scale. The shaded vertices are BSM
loops that contribute to the chromoelectric vertex.

W b q

QI

b 7 q

Figure 5.4: Diagrams which result in the mixing of the |[AB| =1 and |AB| =2
operators. The orange dot corresponds to Qé_ﬁ.

after integrating out the heavy new particles. This operator mixing contribution stems
from the interference of the primed BSM |AB| = 1 operators with heavy Standard Model
particles, see Fig. 5.4, which match onto QlL’g Note that the diagrams with CA’r give
negligible contributions as they are suppressed by m%/l\/lﬁv, so the leading BSM effects
in ClL'g come from the mixing into other |AB| = 1 operators, which then mix into
the |AB| = 2 operators. This is formally NNLO in the full theory. Out of the primed
BSM operators, only Qg and Qé need to be considered for the mixing since they have
diagrams which are enhanced by m?/m?,,. The operators Q, @, and @} lead to diagrams
suppressed by m%/l\/lav.

The mixing of the |[AB| =1 and |AB| = 2 operators is obtained from the LO anomalous
dimension. For the diagrams in Fig. 5.4, counterterms proportional to QlL’g are required
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5.2 Effective Hamiltonians with new physics in the chromoelectric operator

to render the contributions from Qg and Qj finite. The anomalous dimension matrix can
hence be written as
(0) (0)

0) _ [YaB=1  Tmix
’Y( )= | 0| (0) ; (5.12)
YaB|=2
where the sub-matrix 7r(nO|2< generates non-zero |AB| = 2 Wilson coefficients through the

running of the |[AB| = 1 Wilson coefficients.

To solve the RGE running to LO, the |AB| = 2 operators that appear in the counterterms
and receive non-zero Wilson coefficients in the running need to be rescaled. This is because
the large logarithm In(Myp/ji¢) appears in the combination o In"*Y(Myp/ut), i.e. the
diagrams in Fig. 5.4 are O(ag), but the RGE is set up in an expansion in as. Therefore,
the counterterms should appear with a factor of as, and the |AB| = 2 Hamiltonian is
redefined as [188, 189]

_ G2
H|ABI=2 5 ?67’;'2 MiyAZ (CEEQff + CG51Q5T) + hee., (5.13)
with
Qst, = _m Qtf. (5.14)
M2

The counterterm operator is rescaled with 1 since gg pare = Zg.gs/€ is substituted in the
Hamiltonian. In order to obtain renormalisation constants independent of particle masses,
the counterterm operator is further rescaled by m%//\/l%v. The Wilson coefficients C1L§
are later obtained from the solution of the RGE by rescaling the Wilson coefficients of the
counterterm operators with g_gMaV/m%.

From the poles of the diagrams in Fig. 5.4, we obtain the renormalisation constants

11) 11)

7

_ (
.o = 24, Zg e =0,
Ly _ 12 (L1) _
Zs it = 3. =4 Zg st = 24, (5.15)

and all other renormalisation constants Z; Qst, with i # 5,6 as well as ZQi:tzl- with
i€{l,...,8} vanish. ’ ’

The anomalous dimension is obtained from the renormalisation constants where special
attention needs to be paid to the sub-matrix of the counterterm operators. For all other
operators, which do not receive any rescaling, the anomalous dimension is given by

Qs d

1= 229040 () =00 (2:7) 7

47 das
— (2¢ + O (as)) (Z‘;z(l) L0 (@§)> (1+0(as) (516)
- 2%2(“) +0(a2),

7
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such that 7(0) = 2Z(11) " However, for the sub-matrix of the anomalous dimension

©

VABl=2 = ’yg)c)t Qct it is easier to directly calculate it through the scale variation
i

st d
L (g o)
a du Md,u( QFtiMI
d (om0 OGO b
Pap \g2u2e™) ~ a0
d m? m?  dQ; dZqet et
N<t> ) + 2t2,u Ea— J'IQict,bare
dp \ g2p% g2u2e” dp dp
_,kdg mg _ m; 429, bare _ dZQth'QiCt ct,bare
2m =2 2] 55+ 55 Q" =n Q;
gdu g gpst  du dp
dZ ct Nct
1 ct,bare bare m% QQ; ct,bare
(27m_%5_26) ZQJ-Ct,Q,-CtQi ~ Q. ZQu @ g2p2e —H dit Q;
dZ ct Nct
1 ct,bare Qj 'Qi ct,bare
(27m 5Jk - ;55 5Jk - 2¢ 5]/( —’)/Qj’Qk> ZQlit'QiCtQi - MTQI 1
(5.17)

where we used the fact that ZQ(ct)vi is only non-zero when |/ = Q(ct)' Therefore, the
sub-matrix is given by

1
”}/Q.cthj:t I’yQile—2’}/m §U+;56U+265U’ (518)
! s
where ym = dInm/dIn i, and the relevant one-loop anomalous dimension is

4+ %N, 6+ 2N

0 3 3
Vgg)t,Q_ct = 4 4 : (5.19)
P _6+§Nf —22+§Nf
For the original operators operators Qlug the anomalous dimension is given by
2 12
(0)
0. 0. = , 5.20
Q@ <O—m> (520)

which is in agreement with Ref. [187]. Combining the results from Egs. (5.15) and
(5.19) with the CMM renormalisation constants from Section A.2, the complete one-loop
anomalous dimension for {Qi ..... Qé, Qlct, Qgt} can be reconstructed.

The contribution to the Wilson coefficients of the operators QlL’g at the scale u¢ is obtained
from the running of the Wilson coefficients together with the matching contribution after
integrating out the heavy SM particles. For the running, Eq. (5.8) is used and the Wilson
coefficients of the counterterm operators Qlcf2 rescaled to obtain C1L§ The matching
contribution to the Wilson coefficients is obtained from the renormalised contributions
of the diagrams in Fig. 5.4, where only C} 4 give sizeable contributions since C; 4 g are
suppressed by m%/m%.
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5.3 Calculating T'j» and My, with new physics

In order to constrain new physics in the chromoelectric vertex, observables need to be
calculated from I';p and My with the effects from Cy(Myp) included. For I'1p, we use
the HQE to match the amplitude obtained from the effective |[AB| = 1 Hamiltonian
H'SAMEiEéM onto a |AB| = 2 transition operator, similar to the procedure described in
Section 2.6.1. Compared to the SM case, the operator basis needs to be extended to

{Q QfF, Q5% Q"R Qs @R} (5.21)

where the operators are as defined in Eq. (5.11) and

Qs =4 (q°Pgb?) (79Pgb°)

QR =4 (q°P.b7) (g7P,bC). (5.22)
Hence, I'1o is expressed in terms of the matching coefficients and the hadronic matrix
elements as
GEmy . LR, LR
=B IH H H
12 24r Mg, (@) + Hs(Qs) + HT™(Qr™)

+ HER(QER) + HRR(QRR) + HER(QERY + O (1\%[’) ] . (5.23)

which extends Eq. (2.80) to include all possible chirality combinations to leading-power
in AQcp/mp. Here, the shorthand notation (B4|O|Bg) = (O) was used. Note that the
contributions to the different chirality matching coefficients depend on the |[AB| = 1
Wilson coefficients through

H= > GGpj,
8

ij=1...6,
HR(z)= Y GClpjir.
ij=1...6.8
HfR(z)= Y C/Cpjrr. (5.24)
i=1,..6.8

and analogous expressions hold for I:IS. The matching coefficients H and HS are those
obtained from the Standard Model chiralities, which have been discussed in the phe-
nomenological analysis of Chapter 4. The matching coefficients HI-LR and HRR can be
obtained from the ones appearing in the Standard Model as the coefficient functions p;;
do not depend on the chirality of the external quarks. Therefore, the matching coefficients
for QR and QlLR are identical to those of @ while those of QzLR are obtained from Qg
after a basis transformation. Since the matrix elements are evaluated at a scale ;1 ~ my,
the |AB| = 1 Wilson coefficients are evolved down to that scale.
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| B, (mp) BR (mp) B (mp) B (mp) BR (mp)

2.168(93) -2.18(10) 0.436(29) 3.65(15)  1.945(76)
2.15(11)  -2.06(11) 0.400(30) 3.82(18)  2.015(92)

Bs
By

Table 5.1: Bag parameters in the SUSY operator basis obtained from lattice QCD
in Ref. [40]. The operators in Ref. [40] are transformed using Fierz
identities to obtain the operator basis defined here.

The contributions to My, follow directly from the |[AB| = 2 Hamiltonian discussed in
Section 5.2.2. The dispersive part of the off-diagonal decay matrix is given by

202 32

Myn — —F W7t
2 32r2Mpg,

Co(Q) + Q) + cR(Q5F) + R (QFF)]
— Mq + G/%MIQ/V)\% [CLR<QLR> + CLR (,U, )<QLR> + CRR<QRR>} (5 25)
12,SM 327T2M3q 1 1 2 t 2 Q . .

The matrix element (QFR) is equal to (QLL) because QCD does not affect the parity of
the particles involved. As numerical input, we use the values computed in Ref. [40] using
lattice QCD, where the bag parameters B’Bq(,u) in

(B4|0i|Bq) (1) = 73, M3, B, (1) (5.26)

are given, see Tab. 5.1

5.4 Constraints on generic new physics models

In this section, the constraints on the allowed values of C;(Myp) from the current
experimental status of B meson mixing are discussed. Generic new physics that contributes
to C;(Myp) only, with no direct contribution from the UV theory to observables, is
considered. For this purpose, we separately investigate the By and Bs systems, adding a
further constraint from the lifetime ratio at the end.

5.4.1 Constraints from the By system

The observables which we consider are AMy, arg I\/Ild2, ATy and ag. For the observables
related to the mass difference, we use the values determined in Ref. [166],

AM, = (0.5065 + 0.0019) ps (5.27)
sin23 = 0.708 £ 0.011, (5.28)
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which give a small allowed region in the complex Mfz plane. The Standard Model
contributions are taken from Ref. [166] as well, using the values where the observables
have not been included in the fit,

SM +0.082 -1
sin 285y = 0.74215:547 (5.30)
where the quoted uncertainty is the 30 interval. Comparing these values to the full fit
given in Egs. (5.27) and (5.28), the uncertainties of the full fit can be neglected. The
constraint on the new physics part of M{’z, and consequently on Czll (Myp), is obtained by

requiring that
d d d
Mis sm + Mo np = Mio, (5.31)

where the right-hand side is given by the experimental results of the full fit.

The constraint from AT 4 is obtained in a similar manner, using the experimental values [26]

ATY

x4 = —— = 0.001 +0.010, (5.32)
Ly

g, = (1.517 + 0.004) ps, (5.33)

which can be combined to obtain AI'y. For the CP asymmetry we use the measurement [26]

a = (21+17) x 1074, (5.34)

The Standard Model predictions for AI'; and ag are given in Eqgs. (4.33) and (4.36)
respectively, i.e.

ATSM = (0.00215 4+ 0.00045) ps~t, (5.35)
adSM — (519 +0.32) x 107*. (5.36)
With the condition that
d d d
o sm +Tane =112, (5.37)

we obtain another constraint for C; (Myp).

5.4.2 Constraints from the Bg system

Similar to the By system, we obtain constraints from AMs, arg Mj,, Al's and ag,. For
AMSM | the value
AMM = 18.19ps7? (5.38)

is used, where the uncertainty in the literature is quoted as either 3.5% [27] or 6.5% [46], and
the result was calculated with the value for | V4| as obtained from inclusive measurements.
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For our analysis, we allow for a relative uncertainty of 5% as well as either inclusive or
exclusive |Vp| values; therefore,

AMs
—=7 €[0.95,1.25] . 5.39
A < 095,125 (539)
From the discussion of the combined constraints in Section 5.4.4, it can be seen that the
constraints from My, are less stringent than from the other observables, so the precise
interval has no consequence for the allowed values of C;(Myp). For the SM prediction of

AT's and a2, we use the results from Eqgs. (4.28) and (4.36) respectively, which read
ATM = (0.078 + 0.015) ps

a2 oM = (2.27 £ 0.14) x 107°. (5.40)

We also require the experimental measurements of all observables. For Mj,, these are
given by [26, 35]

AMs = (17.766 + 0.006) ps (5.41)
sin2f3s = 0.037571 090027 , (5.42)

and for ATl's we use [26]
AT = (0.0781 + 0.0035) ps . (5.43)

Lastly, the flavour-specific CP asymmetry is measured to be [26]

af. = (-60 + 280) x 107°. (5.44)

5.4.3 Constraints from the lifetime ratio 7(Bs)/7(Bgy)

An additional constraint on the new physics contributions from the chromoelectric vertex
stems from the lifetime ratio 7(Bs)/7(By), which depends on the |[AB| = 1 Wilson
coefficients at the hadronic scale ;1 ~ my, see Ref. [190]. We include interference terms
of the right-handed Wilson coefficient C; with Standard Model Wilson coefficients as
well as quadratic terms proportional to |C£’1|2. The LO matching coefficients for the
mixed contributions are obtained from Ref. [190]. Additionally, the part of the matching
coefficients stemming from two insertions of the BSM operator Qzll are computed from
diagrams shown in Fig. 5.5, which is consistent with the LO matching calculation for B
meson mixing.

The constraint on Cj is obtained by setting the LO Standard Model prediction [62]

-1 =0.0132+2.9070 (5.45)
- (Bd) M 0.0072
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q q q /"_\ q
b b b 5 b
Figure 5.5: The two Feynman diagrams that need to be computed to obtain the
matching contribution from |G| to the lifetime ratio 7 (Bs) /7 (By).
As discussed in Section 2.5, the diagram on the left corresponds to

WA while the one on the right is the Pl part. The orange dot denotes
Q with ¢’ € {u,d, ¢, s}.

with additional BSM contributions equal to the experimental value [26]

7 (Bs)
7(By)

Note that only one of the two Wilson coefficients Cfl'd and C‘/l's was taken to be non-zero at
the same time when computing the constraints from 7 (Bs) /7 (By) on the corresponding
Wilson coefficient.

—1=0.0017 % 0.0034. (5.46)

5.4.4 Exclusion plots for the chromoelectric Wilson coefficients

BSM models that generate a contribution to the chromoelectric vertex only are not strongly
constrained by current measurements and may lead to a significant modification of the
decay width AT with respect to the Standard Model predictions, see Figs. 5.6 and 5.7 for
the By and Bs system respectively. The precisely measured mass difference AM does not
yield stringent constraints, and it is hence more impactful to focus on the other observables
to exclude BSM models that enter through the chromoelectric vertex. In the following,
we will use the shorthand notation Cf'/ = f'/(I\/INp). In the plots shown here, the 20
experimental uncertainties are used. The two By systems are discussed separately below.

For By mesons, we find that the strongest constraints are given by measurements of

ag, see Fig. 5.6, while AI'y can vary by a factor of about six. The bounds from AI',

limit the absolute value of Cf" for purely real or purely imaginary contributions. We
observe that the constraints from the lifetime ratio 7 (Bs) /7 (By) are of the same order
of magnitude as those from AI'y and hence do not limit the allowed region further. The
impact on AMY is of the sub-percent level, and the constraints from /\/If/2 are therefore
outside of the plot region. It is interesting to note that at the exclusion limits, the new
physics contributions are dominated by the quadratic effects in Cf". For example, the

term proportional to |Cf’/|2 in the lifetime ratio leads to the circular constraint. For the

139



5 BSM Effects in B Meson Mixing from the Chromoelectric Operator

140

| P 4
\~\ i e
' -
~ 1
[ 1 1 r'
~ 1}
RS ! ' ’f
10+ “~ f . 7
* Sel L ammmmm—a y -
[~ Sa” L RS . J
. - ~ Vs - .
. - S e [} ol - .
.. i o ’
. . - o=
. . [ . .,
A L ’
. o .
. ) ‘
o \ /
9% /
r ”" [ s \ ’
LN i 3 \ ‘ .
’ Y I \ Ay 4
50 7 n F ) ‘ 1l &
* ’ A \ ’
- . ] \ \ '
. \ \ ’
’ A L Ay \ 1
’ . [ N Vo
! M [ [ |
— ' v [ . ) [
. 2 2 v —
he) ' \ P ~. .
- [ ' - " - —
[} PR —
S < ' ] - 9 —
(0] 0 ) S L L |
=== = =
—_ YU ; e . —0.25
EE REREET. od B
' - .
=< LAY
E \ 1 < ’ N
\ [ < '
— N N ) o [
1 U ! A
\ N . =
L | o =175
\ . . ' , . = .
L \ . \ ' Bl
’ \
’ \ 1 , . [
y ‘ v ' \ =
_05— \ G v " ’ \ B =
* " v i . =
Ay
L ) “ 9 4 N
. 1 N —_
‘. L N .
r . i .
‘. N
. - e .
. N - - N
’ ~. - LI PR .
R ~o PR L - Seo
r ~< [ A
, s - ~575
107 - ' - '
— Lo ' i
B ’ .’ ' “~~
L e ] ~ ]
Pid L N
.
P R NS B M I RN
Re (C/'d>

Figure 5.6: Constraints on Cfl’d from generic new physics in the chromoelectric
vertex. The colour gradient corresponds to the value of AI'/AT'gp,
and white regions are excluded through measurements. The exper-
imental bounds are shown as dashed lines, with constraints from
M{lz in orange (outside the plot region), ATy in blue, ag in red and
7 (Bs) /7 (By) in green. The scale of new physics has been chosen
as Myp = 490 GeV. This value is not excluded from bounds shown
in Fig. 8a of Ref. [191], where the masses in axial-vector models have
been constrained.
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lifetime difference and the CP asymmetry in flavour-specific decays, the quadratic terms
are

ATBSM o Re ((Cf")z) —Re ()"~ Im ("),
M o im (1)) = 2Re (€) x Im () . (5.47)

Thus, we obtain the two cross-shaped allowed regions, one aligned with the plot axes, and
one rotated by 45°.

Overall, we observe that AMy is not a good probe for BSM models that contribute
exclusively to the chromoelectric vertex. On the other hand, Al'y can be used very
effectively to constrain the new physics contributions in Cf”, which motivates more
accurate measurements of this observable.

In the Bs system, the constraints from AI's are the strongest, with aZ only impacting a
small region of the allowed values for C;”, see Fig. 5.7. The constraints from the lifetime
ratio are less stringent than those from the mixing observables, except for AMs. The
corresponding constraints from M3, are outside of the plot region and the variation of AMs
is below the percent level in the allowed parameter space. We find that the experimental
bounds on AI's are saturated, and the new physics contributions are dominated by the
terms linear in C!l’s throughout the allowed region.

5.5 Ultraviolet completions with an effective
chromoelectric operator

It is necessary to investigate UV completions that give rise to an effective chromoelectric
operator since they will yield a direct contribution to Mo from box diagrams. Therefore,
the constraint from My on the new physics models is usually more stringent than the
constraints obtained from only considering an effective |AB| = 1 operator as shown in
Section 5.4.4. In general, the BSM contributions to M;» and I'1» scale as
My Mip ry My
mp' - My, s Mip

which means that Mj, receives an enhanced contribution while the corresponding term

, (5.48)

for I'1o is suppressed. This behaviour is demonstrated for a class of BSM models in the
following sections.

5.5.1 A generic model with heavy vector-like quarks

In this section, we introduce a class of theories which produce the desired effective
chromoelectric vertex as well as an effective |AB| = 2 operator. The model contains
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5.5 Ultraviolet completions with an effective chromoelectric operator

heavy vector-like quarks D;, j = 1,2, 3, which have the same quantum numbers as SM
down-type quarks, i.e. (3,1,-1/3) for SU(3)c x SU(2) x U(1)y. The BSM quarks couple
to a BSM Higgs field ngO, which is a singlet under all symmetry groups, as well as to
right-handed SM quarks. The complete Lagrangian is

Lsm = Dj(im— /\/Ij)Dj + 8M¢OT8M¢O - Mq%’(bo‘2 + Lpg + Lsm, (5.49)
3 — —
Lpg=-Y (yé®Djdg;+y*¢% dg ;D). (5.50)
j=1

The Yukawa coupling in Ly is flavour-blind and preserves the SU(3) flavour symmetry of
simultaneous unitary rotations of D; and dg ;. Without loss of generality, we can take
y > 0 because its phase can be absorbed into D;. In order to suppress flavour-changing
neutral current (FCNC) processes of kaons, we assume that M = My = My # Ms. For
a realistic theory, this Lagrangian would have to be extended by additional interactions
because the lightest particle of the new theory would otherwise be stable; however, this is
not relevant for our discussion.

The UV model is constructed in a way that GIM cancellations in FCNC processes appear.
In the Standard Model, the mass eigenstates dg ; are related to the flavour eigenstates
through a unitary rotation,

dr 1 dgr
dez = U SR | » (551)
dr3 br

where the matrix U is unphysical in the Standard Model. However, it appears in the
Feynman rules of the BSM Lagrangian:

= —y(bo Z D ( Undr + Uppsg + UJ‘3bR> + h.c. (5.52)

j=1

The unitarity of U gives rise to the aforementioned GIM suppression. For illustration
purposes, consider for example a one-loop FCNC b — g transition as shown in Fig. 5.8.
The corresponding amplitude for g = s will be of the form

Z li2Ufs £(M)) = Usp U3 [F(M3) - F(M)] (5.53)

where we have used the unitarity of U,
Z Uik Uf, = Oy - (5.54)
J

Similar cancellations are present in the diagrams we will consider later.

After integrating out the heavy new particles at the scale of new physics Myp, the UV model
gives rise to effective operators. One of these will give a direct contribution to I\/Ifz because
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5 BSM Effects in B Meson Mixing from the Chromoelectric Operator

Figure 5.8: Sample diagram for a FCNC process in the generic BSM model.

there is a non-zero matching coefficient CgR(MNp) for the |AB| = 2 operator QRR. The
second contribution is to the matching coefficients Cf3 of the chromoelectric operator QX,
C7 of the electromagnetic penguin operator @, and Cj of the chromomagnetic operator
Qé. One would expect the contribution to MfQ to be more strongly suppressed:

|Ms - M|?
— X

2

Mz oc — g x<, (5.55)

1 M

R 1 3
{Cce, C7, CS} X ﬁé In V X X, (556)

where the dimensionless parameter
M3 - M?

X = e (5.57)

was introduced. However, My, is proportional to y* while the |AB| = 1 operators are
proportional to y2. Hence the GIM mechanism does not offer an additional lever on the
relative size of the contributions since new physics contributions in both I'1p and My5 are
governed by the product xy2.

In the following sections, the contributions to the |AB| = 2 and |AB| = 1 Hamiltonian
are computed and their implications discussed.

5.5.2 Contributions to the |AB| = 2 Hamiltonian

The contribution to the |AB| = 2 operator QRR stems from the box diagrams shown in
Fig. 5.9. Summing the diagrams in the limit M, — My = M and employing unitarity of
the matrix U yields the total amplitude, which is most conveniently expressed in terms of
x and r,

~ A%y“r
967T2/\/l£(r—

1)5x2 {—1 —0r+9r2 4+ r3—6r(1+r)ln (r)} +0O <x3> . (5.58)
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b > > I q b —>—TFT-—=<«-7>>—4¢g
[ [
¢O+ +¢O DI'" A\Dj
. B - %0 ;
q ——————~—p q ——->-"1——b

Figure 5.9: Two types of box diagrams in the UV theory contribute to the effective
|AB| = 2 operator.

where r = M2/I\/I£ and the dimensionless parameter x defined in Eq. (5.57) were used to

make the GIM-violating terms explicit. Note that the spinor structure [b7,, Prq]®[by* Pgrq]
has been factored out here, so the contribution of the UV model to the matching coefficient

is given by
cBR = —LM (5.59)
<=M |
We can also write down the contribution to I\/lfz directly:
4 * 2
v (UnUs)” L ke 2
M, (Myp) = Byl QFR|Bg) x {x? [P +9r2-9r-1
12(Mnp) (536 M2(1—r)57r2< q1Q""|Bg) { |
¢ (5.60)

+x%Inr[-6r (1+r)]+0<x3>}.

Note that I\/If’z shows the expected “hard” quadratic GIM suppression, i.e. its leading term

scales as x2, as suggested in Eq. (5.55).

5.5.3 Contributions to the |AB| = 1 Hamiltonian

In addition to the effective |AB| = 2 operator, there are contributions to the matching
coefficients CC/E, C§ and Cé from the diagrams shown in Fig. 5.10. The diagrams need to
be expanded in the gluon momentum, which means that we naively expand in the external
quark momenta and retain the quark masses my and ms in intermediate steps.

In order to perform the calculation in an efficient manner, we first calculate the flavour-
changing self-energies separately before attaching the gluon vertex and summing up all
contributing diagrams. If we consider a general self-energy as shown in Fig. 5.11, the
amplitude will have the form

M=4q (ERRPPR+ELLPPL+ZLR Pr+XpRe 'DL) q, (5.61)

but since the UV model couples to right-handed quarks, the only non-zero component of
the self-energy is XrR.
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Figure 5.10: A vertex diagram and two types of flavour-changing self-energies in
the UV model contribute to the effective |AB| = 1 operators.

®0
—
p— : p— 7D :
q q = qu
D,

Figure 5.11: The general flavour-changing self-energy insertion for down-type
quarks g and ¢’, which has one type of one-loop diagram in the
considered UV model.

The general flavour-changing self-energy can be used to calculate the combined contri-
butions from the diagrams on the left and right in Fig. 5.10. The momentum p of the
FCSE diagrams becomes the momentum of the external quark such that p? = Mg b
and p = Pq,b’ where we have picked the convention for the outgoing gluon momentum
q = pg — pp- As only the right-handed quarks contribute, we drop the subscript RR on
the self-energy component ¥ gr and write for the sum of the two diagrams

noog Pg+ Mb + mq
(Vj,se)a =b |-gs Ta" %Z(mq)pq Pr—3%(mp) p, Pr PZ_Qgs Tav"| q
Pg =My Pp— Mg
=g b T, [(2O + (md + m3) SW) 4% P+ mgmy 5 41 Py | q
+0 (mg, mg) , (5.62)

where we have expanded the flavour-changing self-energies in the quark masses

n(m) =20 + m? 50 + 0 (m*) . (5.63)

Lastly, we calculate the middle diagram of Fig. 5.10. After naively expanding in the
external momenta pg p, the remaining integrals are one-loop tadpoles and can be readily
evaluated. To treat the spinor structures, we use an extension of the projector method
shown in Ref. [136] to two different external masses, writing the amplitude in terms of
form factors,

u —
(Vj)a —b{A’YM PR—FB’YM PL—FCU'MV PR—FDU'“V PLqV+EqN 'DR"‘Fq'u'DL qg. (5.64)
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Note that at this point the amplitude is explicitly finite in ¢ and multiplying with a gluon
propagator does not lead to any poles in q2. The g* components, i.e. coefficients E and
F, can be discarded because we attach a gluon-quark-antiquark vertex to the gluon, which
means that g will be contracted with a v# on the quark-antiquark line. This will vanish
by the equation of motion of the quark and antiquark. The coefficient B also vanishes
when we take the quark masses to zero and can hence be discarded.

For the chromoelectric operator, only the form factor A is relevant because the chromo-
electric vertex is proportional to 7,(gg" — g°n”*)Pg, and the first term contains g,
which vanishes as outlined above. Therefore, the Wilson coefficient is simply given by
the coefficient of —T,g%y* Pg. Discarding terms with higher powers of the quark masses
and absorbing the chromoelectric operator into the matching coefficient of the penguin
operator Qj, we obtain

. —V2g2y% U3y U35

C pr—
YT 2304 A GEr2MZ (r - 1)°

{—7r4+51r3—45r2—11r+12
(5.65)
+ (30r—54r2) Inr} —I—O<x2) .

This makes the linear GIM suppression from Eq. (5.56) explicit.

We can determine the Wilson coefficient for the chromomagnetic operator in a similar
fashion from the coefficient C as it is proportional to o#¥ Pr. Note that the D coefficient
would contribute to the other chromomagnetic operator that scales with mg, but it vanishes
because we take ms — 0. The matching coefficient for the chromomagnetic operator has
the same linear GIM suppression as the chromoelectric operator and reads

2 *
G=x— 2% ) 54,335 63,2103, 412
48v2GEAMS (r—1)

(5.66)
+ (42r— 18r2) In r} + O (x2) )

The matching coefficient of the electromagnetic penguin operator Q§ is identical to the
matching coefficient of the chromomagnetic operator (g since the only difference is in
the associated form factors.

5.5.4 Phenomenology of a generic model with heavy vector-like
quarks

The phenomenology of the UV completion outlined in the previous section follows similar
steps as described in previous sections for an effective theory with only a chromoelectric
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operator. The main differences are as follows: There are additional effective operators
on the |AB| = 1 side, namely Q§ and Qé, which lead to additional constraints from
experiments. Moreover, there is also a direct contribution to the QRR operator on the
|AB| = 2 side, which impacts the constraints from My».

On the |AB| = 1 side, which leads to our prediction of I'15, the main difference to the
theory used in Section 5.4.4 is that the starting point at Myp now has non-vanishing
contributions from the three Wilson coefficients C[l, C§ and Cé. This does not change the
numerical value of I'15 significantly because the corrections from Cé are in general small.
A new feature is the impact on b — s from Cé,eff' In B(B — Xsv) and B(B — K*v)
there are no interference terms between the SM contribution and the new physics effective
operators because the right-handed operators produce the photon with the opposite helicity
compared to the left-handed Standard Model ones, so there are no strong constraints
from those decays. However, in the time-dependent CP asymmetry AP (B(t) — Xs7)
the new physics operator contribution to B — K™~ interferes with the SM contribution to
B — K*v (and vice versa), if the K* is detected in K* — 79K9. However, we find that
also this constraint is less stringent than those considered in Section 5.4.4.

The calculation of the |[AB| = 2 Hamiltonian, which leads to M5, differs from that
shown in Section 5.2.2 due to the fact that our UV theory produces a non-zero matching
coefficient CgR(I\/INp) before integrating out Standard Model particles. This increases
the impact on My5 from the new physics. For the Bs mesons, the constraints from AMs
place stringent bounds on the allowed new physics contributions. This is because the
direct contribution from the box diagrams in Fig. 5.9 is sizeable, which limits the potential
BSM effects in AI's. On the other hand, there is an allowed new physics contribution to
AT 4 of up to 2%, corresponding to ]ijd] ~ 0(1073), while the possible corrections to
afi are of the sub-percent level. Compared to the Bs system, the allowed effects of the
UV model in the By system are greater because the bounds from AM, are less stringent.
In order to find UV completions with a more sizeable effects on AI'y, one needs a more

efficient suppression mechanism for My5.
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Decays

In this chapter, the NNLO results of the lifetime ratios for B mesons, 7(B™)/7(By),
and Zp, baryons, T(E%)/T(EZ) are presented. First, the calculation approach for these
particular observables and the input parameters are discussed. The main part of the chapter
then focuses on the numerical analysis of the lifetime ratios, comparing the theoretical
predictions to measurements and analysing the relative size of different contributions to
the Standard Model predictions. The results presented here will be published in Ref. [192].

6.1 Calculation strategy
In this thesis, the lifetime ratios
B* =
(B7) and M (6.1)
7(By) 7(Zp)
are considered to the first non-trivial order in the HQE. The main focus is on the B meson

ratio, for which the corrections 6I" in Eq. (2.146) are calculated. With these corrections,
the lifetime ratio for the B mesons can be written as

7(B™)

7(Byg)

=1+ [0T(By) - 6T(B™)| x 7(B)

GEmp| Vel 27 22c _ pd\ . B
[Flb%chl\/IB (IVuglPFY + | VegPFE - F )-B] x 7(BY), (6.2)

where the matching coefficients F9 are calculated in this thesis.

As outlined in Section 3.2.4, the leading-CKM matching coefficients FU and F9 are
calculated from the wuc current-current operators up to NNLO while the sub-leading
matching coefficients F€ are calculated up to NLO from the cc current-current operators.
The penguin operators are included at leading order in diagrams with one penguin and one
current-current operator. They are also sub-leading in the CKM factor. It is necessary to
include the penguin contributions in order to obtain the correct scale-separated matching
coefficients from the solution of the RGE

F(n2) = F(u1) U(pa, 1a), (6.3)
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as the right-hand side would otherwise not be independent of 111 at O(«s) due to the mixing
of penguin and current-current operators. Doubly Cabibbo-suppressed contributions are
negligible and not considered. Since we do not calculate F€ at NNLO, the approximation
we use at that order is |V 4| = 0 and | V4| = 1.

The lifetime ratio for the =j baryons is influenced by the same matching coefficients as
the B mesons; however, the decay of the s valence quark will impact the lifetime through
s — u transitions in decays like = — A7, 2 — Apree” and E% — Apm0 [58]. Hence,
we define the modified lifetimes and decay widths

f(Eb) = F(Eb) —F(Eb — AbX) =

1-B(= A X 1
(Ep — ApX) ! (6.4)

7(Zp) 7(Zp)

to remove the decays from s — u transitions with the branching fraction B(Z, — ApX).
The branching fraction of the decays involving an s — u transition is less than 1073, so
the modified lifetime is very close to the actual lifetime [162]. The observable we calculate
is

[1]

o O

)
)

(
(

Sl

[1]

o |

127

S

GEm2|Vepl? 5 2 2u 22c_ 2d\ BEp| o =(=0
=1+ |~F=b - EMp (|ValPFY + [VegPFE - F9) - B=0 | x 7(2)),

(6.5)
)T

where the bag parameters BEb = (L1, Lys, Ly, Lyg) ' are related to the hadronic matrix

elements through

(Z2)(Q@"-Q%)|2)) = f3 Mg Mz, L1,

(=3 (@%- 02)|=5) = 73 Mg M, Lys.

(2} |(Tv-T9)|2)) = 3 Mg Mz, Ly,

(2} |(T¢-T4)|2D) = f3 Mg M=, Lys . (6.6)

Similar to the calculation of the B meson mixing observables, the matching coefficients
are obtained as an expansion in the mass ratio z = mg/m% up to z!0. All undetermined
constants a, b, ... f in the definitions of the evanescent operators in Section 2.5 have
been set to zero for the numerical analysis. This is consistent with the basis chosen in
Ref. [60], which calculates the hadronic matrix elements for the B mesons. In general, the
basis definitions of the perturbative and non-perturbative calculations must be the same,
but there are more degrees of freedom for the |AB| = 0 transition operator than for the
|AB| = 2 transition operator as Fierz symmetry is not required here, see Sections 2.4.2
and 2.5.
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6.2 Power-suppression of the baryonic matrix elements

6.2 Power-suppression of the baryonic matrix elements

The hadronic matrix elements of the = baryons are not all independent to leading power
in AQcp/mp. Therefore, the perturbative relations between the linearly dependent matrix
elements or, equivalently, bag parameters need to be calculated. The reason for this linear
dependence is rooted in the spin symmetry of the heavy bottom quark. Since there are
no interactions with the spin of the bottom quark in the heavy quark limit, the matrix

(Zp|(B*"15b°) (4°7uPLa?)|Eb) = © (AQCD> (6.7)

mp

element

2Mz,

is power-suppressed [57]. The indices a, b, ¢ and d denote colour indices in the equation
above. The power-suppression is applicable to linear combinations of the operators Q, Qg,
T and Tg after using a Fierz identity on the expression in Eq. (6.7),

(572#1508) (uPrc) = 2(2Pug?) (5Peb®) - (B3PLe) (452,P10°).

(6.8)
Therefore, the matrix elements
(261208 + Q9Z,) = O (AQCD> ,
my
S - Aqcp
<:b|2TS -+ Tq‘:b> =0 <mb> , (69)

with g € {u, d, s} vanish to leading-power. However, there are perturbative corrections
to the power-suppressed matrix elements, which depend on the renormalisation scheme.
In particular, in the MS scheme, a finite renormalisation is required to ensure the power-
suppression of Eq. (6.9). Since the power suppressed matrix elements are discarded in the
calculation, two of the four operators {Q, Qs, T, Ts} can be removed from the transition
operator. Hence, the finite renormalisation constants are used to eliminate Qg and Tg up
to leading power. This can be implemented via

(@ - Q9)|E)HMS

=pM

<
n

(Z(E - E9) =)
(6.10)

up to power-suppressed terms. Here, the matrix A corresponds to the LO relation encoded
in Eq. (6.9), and part of B has been calculated in Ref. [58]. The vector on the right-hand
side contains the evanescent operators of the first and second generation for @ and T,
denoted by E, which are needed to remove IR poles of the form (E)/e. To obtain the finite
renormalisation constants in A, B and C, the renormalised matrix elements as obtained in
the MS scheme are substituted, and Eq. (6.9) is used for the tree-level matrix elements
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6 Phenomenology of B Meson Decays

of Qg and Tg to discard power-suppressed terms. Analogous relations hold for linear
combinations of evanescent operators, i.e.

(Zp|2E[Os] + E[O]|Zp) = O (AQCD> . (6.11)

mp

Since the finite renormalisation constants in A, B and C relate UV-finite quantities, any
IR divergences must cancel. The spurious IR poles we encounter are of the form

b-bg ,_ PR v b-be _ p—
5 (291(QY- QM) EPMS  and S(Z9(TU-THEIMS,  (6.12)

€ €

where b and bg were introduced in Section 2.5 to parametrise the definitions of the
evanescent operators at higher orders in €. They must be chosen such that b = bg. This
constraint stems from the use of a Fierz identity in Eq. (6.8). As mentioned before, in
our numerical analysis, we set all constants a, b, ... f equal to zero, which is a definition
compatible with the power suppression in Eq. (6.9). After cancelling the IR poles, any
tree-level matrix elements of evanescent operators in Eq. (6.10) can be discarded.

While the matrices A, B and C are useful to convert the results of the matching calculation
for the B meson lifetime ratio to the appropriate basis for the =p baryons, it is instructive
to connect them to the finite renormalisation constants. By transforming the matrix
elements from the MS scheme to the scheme where the power-suppression of Eq. (6.9)
holds, the finite renormalisation constants Zij are introduced:

<2Qg + Qq>new = <2Qg + Qq>M + Zl3<Qq>M + 214<Tq> +ev. =0 <A§ZD> '

A
<2T§’ + Ta)NW = <2T5 + Tq> +ZQ3<Q‘7> + ZQ4<T") +ev. =0 (QCD> ,

where the shorthand notation (O) = <E%\O|E%> was used and the finite renormalisation
constants multiplying evanescent matrix elements have been omitted for brevity. Setting
the right-hand side to zero and rearranging these equations for (Qg) and <Tg> leads to
Eq. (6.10), specifically

1 [z zl(i) 21%) 7(1) >(1) (1)

B—-- | 13 Tia 715 76 M7 oo (6.14)
o 2 2 A A A
(2 5(2) 3(2) 3(2) (2

C:—l 21(3) Zl() 21(5) 21(6) 21(7) 21(8) (6.15)
2|72 72 52) 5(2) >(2) >(2)

24 25

where the superscripts (1) and (2) denote the order in as, see Section 2.1.2. The operators
corresponding to the indices 5 through 8 are EM[Q], EM[T], EA[Q] and EA)[T]. The
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6.3 Input values and renormalisation scales

equations obtained from Eq. (6.10) or equivalently Eq. (6.13) are solved order by order in
as, and we obtain at leading order

-1/2 0 000 0
A= , (6.16)
0 -1/2 000 0

and
2 10 12 1 1
—3—451 7-30; - 0 8 _
g_| 3 1263 3368 10104 13472 (6.17)
142, 7.3, 1283 1243 11 '
9 31 272" 15156 20208 60624 80832

at NLO for N = 3. These constants are in agreement with Ref. [58], where the scale
i1 = mp was chosen. We also provide the explicit scale dependence in the logarithm
1 = In(u%/m%), where the mass my, is in the on-shell scheme. The last four columns are
needed to cancel IR poles and to obtain the novel NNLO renormalisation constants, which
read

1742971 557° 1685

1= s =203+ 0 (;’2) ,
Gy — _358942267 B 3677;2 ) 32;2 In(2) + 160(3) - 1461151 _ fg G+0 (:Z) :
Gy — _136798994 B 42222 2224;2 In(2) - %2((3) + g 0+ ée% +0 <nm7;> ,
Y 91035477021 N 10;35;2 ) 4052 n(2) + 23OC (3) + 42643 o g 240 (:’;) , (6.18)

for the physical operators. A cross-check with an IR regulator is required since the definition
of the third generation evanescent operator appears in the renormalisation constants. The
matrix elements are shown here for N = 3 and N =5 up to zeroth order in m¢/myp, but
all entries have been extracted up to (’)(mgo/mio) for the phenomenological analysis.

6.3 Input values and renormalisation scales

In this section, the required inputs for the numerical evaluation of the discussed lifetime
ratios are presented, and the choice of renormalisation scales is discussed. In Tab. 6.1, all
input parameters aside from the bag parameters and CKM elements are summarised. For
the CKM elements, we use the values obtained in Ref. [166] from the global fit with their
1o uncertainties,

[Vual = 0.974358~ 6060052
.0002
[Vea| = 022484550633
.0002
|Vep| = 0.041607 599920 . (6.19)
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6 Phenomenology of B Meson Decays

as(Mz) = 0.1180 + 0.0009 [162] GF = 11663787 x 10°Gev2  [162]
My = (80.3629 +0.0133) GeV  [162] Mz = (91.1880 4 0.0020) GeV  [162]

mPS = (172.440.7) GeV [162] | mp(mp) = (4.16340.016) GeV [163]
mc(3GeV) = (0.993 4 0.008) GeV [164] Mg = (5279.41+0.07) MeV [162]
fg = (0.190040.0013)GeV  [167] | 7(BT) = (1.63840.004)ps [162]

Table 6.1: Input parameters for the phenomenological analysis.

For the bag parameters of the B mesons, we use the values obtained from QCD sum rules
in Ref. [60],

By = 1.01370:3%

By = 10047038

e1 = -0.09870:3%

e = —0.03773933, (6.20)

which are given at the scale (7). For the =j baryons only an exploratory lattice QCD
calculation exists [193], which obtains

—-0.31 +£0.03 for am; =0.744+0.04

Li(mp) =
(mp) {—0.22 +0.04 for amy =0.52+0.03

(6.21)

0.23£0.02 for am; =0.74 £0.04
La(myp) =

0.17£0.02 for am; =0.52+£0.03

The scale of the bag parameters is not precisely defined in Ref. [193], so we choose the
scale-invariant bottom mass (). Since no continuum extrapolation of the baryonic
bag parameters is available, these input values are used for illustrative purposes only.

Lastly, the choice of renormalisation scales and the chosen schemes for the quark masses
need to be discussed. The renormalisation scales encountered are 1ip, the matching scale
of the |AB| = 1 Hamiltonian, 1, the matching scale of the |AB| = 0 transition operator,
(o, the scale of the hadronic matrix elements, and the mass renormalisation scales ji¢
and pp. With the exception of 1o, we choose the same scales as for the B meson mixing,
i.e. o = 165GeV and pe = pp = py. For the scale of the bag parameters, we use
pp = mp(mMp) = 4.163 GeV since the results of Ref. [60] are given at that scale. The
mass ratio z = mg/m% is evaluated in the MS scheme with five active flavours, and for
the overall factor of m[%, we calculate our results in the same three schemes as for the B
meson mixing. The pole scheme refers to the case of substituting the OS mass for my,
while in the MS and PS schemes we first convert the OS mass and then substitute the
corresponding bottom quark mass. To estimate the perturbative uncertainty, the scales
p1 = pte = pp are varied simultaneously between 2.1 GeV and 8.4 GeV, and the central
value is extracted at 4.2 GeV.
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6.4 The lifetime ratio 7(B™)/7(By)

0.14- Pole
— S
0.12{ =, — PS
— Experiment (10)

pi1 = pp = pic [GeV]

Figure 6.1: Renormalisation scale dependence of 7(B™)/7(B4) -1 at LO (short
dashes), NLO (long dashes) and NNLO (solid) for the simultaneous

scale variation of ;1 = pp = pe. The experimental value shown is
7(B™)/7(By) = 1.076 £ 0.004 from Ref. [26].

6.4 The lifetime ratio 7(B1)/7(By)

The scale variation of the lifetime ratio is shown in Fig. 6.1, and we obtain the central
values

7(BY) +0.013

T(B+) —+0.004

By 1.0722 0 0345cale T 0-017pag £ 0.001)y,, | £ 0.002input (MS),

7(BT) +0.009

By = 1.0702§'g20scate £ 0-018pag £ 0001}y, | £ 0.00Linpyt (PS) . (6.22)

Here, the uncertainties of the bag parameters given in Eq. (6.20) have been combined for the
“bag" uncertainty, and all remaining inputs apart from |V,| have been added in quadrature.
The largest source of uncertainty is in the bag parameters while the perturbative uncertainty
of the NNLO result is only sub-leading. All other input uncertainties are negligible in
comparison.

Comparing the LO, NLO and NNLO curves, we observe that the perturbative series has
a reduced scale dependence, confirming the convergence of the expansion in the strong
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6 Phenomenology of B Meson Decays

coupling. In the MS scheme for example, the variation of the LO result is around 78%
of the central value. This is reduced to 20% at NLO and 19% at NNLO, all computed
over the interval [2.1 GeV, 8.4 GeV]. For the PS scheme, the scale variation decrease from
45% at LO to 7% at NLO before increasing again to 20% at NNLO. However, the results
of the MS and PS schemes are much closer together over the entire interval at NNLO
than at NLO, and they are closer to the experimental value. Therefore, the increased
scale dependence for the PS scheme is not an indication of a bad convergence of the
perturbative series. Moreover, the MS and PS schemes show a smaller scale dependence
and better agreement with the measurement than the pole scheme, confirming that the
former schemes yield better results.

As stated in Section 6.1, the contributions to F€ are CKM-suppressed, and they only have
a minor impact on the numerical result. In the MS scheme, the contributions make up
0.005% of the central value while for the PS scheme the value is 0.06%. This is well below
the scale uncertainty, which justifies the approximation at NNLO to neglect F€, and to
only consider the singly Cabibbo-suppressed contributions. However, this suppression is
not only due to the small value of | V4| but also due to cancellations between LO and
NLO since the LO contributions to proportional to | V4| make up 0.4% and 0.5% in the
MS and PS scheme respectively. The penguin operators at LO also have a negligible
numerical impact, which is 0.03% and 0.04% for the MS and PS schemes respectively.
This confirms that the penguin operators do not need to be included beyond LO at the
current level of precision.

The central values of the MS and PS scheme results are averaged to compare to experiment.
While the pole scheme is shown for reference in Fig. 6.1, we do not include it in our final
result due to the renormalon ambiguity of order Aqcp in the pole mass. The uncertainty
of our final theory prediction is obtained by adding the upper and lower bounds separately
in quadrature, symmetrising and then averaging across the two schemes. We obtain

=1.071 +0.023, (6.23)

which agrees within the uncertainty with the experimental value [26]

(TT((’Z:DGXP — 1.076 £ 0.004. (6.24)

Since any BSM effects in the lifetime ratios are expected to be of the per mille level [27, 32],
the observed agreement between experiment and theory provides evidence for the validity
of the HQE. This is crucial because this expansion forms the basis of many calculations in
flavour physics. Discrepancies between experiment and the prediction obtained from the

HQE could stem from non-perturbative contributions in the case of quark-hadron duality
(QHD) violation [194-196]. Therefore, our results also support the validity of QHD.

156



6.4 The lifetime ratio 7(B™)/7(By)

The theoretical prediction is at this point less accurate than the measurement. Further
improvements in the accuracy require more accurate calculations of the bag parameters
as well as a deeper expansion of the perturbative series. Additionally, higher order terms
in the HQE have been neglected and might be required to match the precision of the
experiment. The contribution from dimension-seven operators, i.e. the next order in the
HQE, is calculated to be —0.007 in Ref. [32].

Our results may also be compared to previous calculations using the HQE. Ref. [32] obtains

7(B™)

7(Bq)
at NLO, using an older determination of the non-perturbative matrix elements and including

— 1.086 & 0.022 (6.25)

power-suppressed contributions from dimension-seven operators. We find agreement within
the respective uncertainties. The uncertainty given in Ref. [32] is smaller than the one
given in Eq. (6.23) since the scale variation was done in a different way and over a smaller
interval in Ref. [32].

To enable future calculations with different bag parameters, the coefficients of each bag
parameter in
7(B™)
7(Bq)
are given in the three renormalisation schemes. For the pole scheme, we obtain

—]_:FBlBl+FBzBQ+F61€1+F62€2 (626)

Fgf'e = 00184100388, e +0.0003)\, | & 0.0006inpu¢

Fg‘;'e = -0.003820- 0023, | & 0.0001)/, | & 0.0003inpu¢

FPole = —0.550110.03%3 ;e % 0.0103)y,, | = 0.0097iput

FEle = 0.10841 0008 ccate & 0.0020), | = 0.0017iput (6.27)
In the MS scheme, the results read

FYS = 0.0231439%34 . 00004, | + 0.0009npuc

FB’TS = —0.0026. 0 0078 ¢ a1 = 0-0000), | &= 0.0002iput

Fe'\l"iS = —0.5646.0 0513 scale = 0-0106), | & 0.0103;nput

FMS = 0.115788833 1 £0.0022), | £ 0.0018inpuc (6.28)
and finally for the PS scheme we have

Fp> = 0.0216170. 0957 .+ 0.0004y,,| = 0.0008input

Fgy =-0.003210:8020_ . &0.0001),,| & 0.0003inpy

FE® =-0.570010 0031 s aje & 0.0107),, & 0.0105;py¢

FPS = 0.11521090%0  + 0.0022)\,,| & 0.0018jpu¢ (6.29)
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Comparing the results across the three schemes, the pole scheme has the largest perturba-
tive uncertainty for all coefficients, which is consistent with the expected poor convergence
of the perturbative series. For each scheme, the four coefficients differ in the relative size
of the perturbative uncertainty. Interestingly, the coefficients of the larger bag parameters
B 2 also have a larger relative perturbative uncertainty, with that of By exceeding 100%.
The coefficient Fp, is small compared to Fpg, because the contribution to Fg vanishes to
LO whereas it gives a sizeable contribution to Fd. Therefore, more accurate results of
the lifetime ratio could be achieved by calculating higher orders in perturbation theory of
selected matching coefficients.

6.5 The lifetime ratio T(E%)/T(EB)

The modified lifetime ratio for the =, baryons as defined via Eq. (6.4) is given by

S

(=2 40,011
= 08725 G4k .\ £ 0017, % 0.001), | £ 0.00Lippy (pole)

~—

(1] [

S|
(1]
O o

i

(
(
(
(

?(E‘b

~— =

— -+0.005 IVIS

[1]

S
(1]
O o

S

SN— N

= 0.866.1 0 009scale £ 0.018p55 & 0.001)y/, | % 0.00Ljnput (PS), (6.30)

~—

for the bag parameters L » obtained from the lattice configuration in Eq. (6.21) with
am; = 0.74 £ 0.04. The scale variation is shown in Fig. 6.2. In the case of am; =
0.52 £+ 0.03, we calculate

= 0.9061 0 905 ccate £ 0.017p55 & 0.001)y/, | = 0.00Linpyt (pole),

= 0.902 0 000scate £ 0.017p5g & 0.001) ), | = 0.002inpyt (MS),

(Zp)
—(=0
7(Zp) +0.004
==l 0.901 70 007 scate = 0-018pag £ 0.001 )y, | £ 0.001input (PS), (6.31)

with the scale variation shown in Fig. 6.3. In both cases, the NNLO scale variation of the
PS scheme follows that of the MS scheme below ~ 5GeV and that of the pole scheme
above ~ 7GeV. The uncertainties were grouped in the same way as for the B meson
lifetime ratios, and they are similarly dominated by the bag parameters. The uncertainties
of the bag parameters given here only take into account the uncertainties of the individual
results at the two values of am; in Eq. (6.21). However, the implied uncertainty on physical
observables calculated from these bag parameters is larger since they were obtained in an
exploratory lattice QCD study which did not extrapolate to the continuum.
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=)

0.00

Experiment (10)

4 6 8 10
p1 = pip = pic [GeV]

Figure 6.2: Renormalisation scale dependence of ?(E%)/?(EE) -1 at LO (short
dashes), NLO (long dashes) and NNLO (solid) with the bag pa-
rameters at am; = 0.74 £ 0.04. The experimental value shown is
7(29)/7(Z;) = 0.963 £ 0.022 from Ref. [26].

0.00

— PS
Experiment (10)

4 6 8 10
p1 = pip = pic [GeV]

Figure 6.3: Renormalisation scale dependence of ?(E%)/?(EZ) — 1 analogous to
Fig. 6.2 at am; = 0.52 + 0.03.
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As for the B meson lifetime ratios, we observe a good convergence of the perturbative
series from the reduced scale dependence in the interval [2.1 GeV, 8.4 GeV| at higher orders
in the strong coupling. To illustrate this point, consider the results for am; = 0.52 +-0.03.
In the MS scheme, the LO scale variation is close to 50%, which is reduced to 7% at
NLO and 2% at NNLO. For the PS scheme, the behaviour is similar as for the mesonic
lifetime ratios, with the scale variation of 20% at LO decreasing to 2.4% at NLO and
2.6% at NNLO. While the NNLO result in the PS scheme does not exhibit a reduced scale
dependence over the considered interval, the agreement with the MS results is improved
as compared with the NLO results. The renormalisation scale dependence of the pole
scheme is worse, demonstrating the impact of the renormalon uncertainty.

The CKM-suppressed contributions in F€ are more significant for the = baryon lifetime
ratio than for the B meson lifetime ratio, but they are still small. In the MS and PS
schemes with am; = 0.52 &+ 0.03, these contributions make up 1% of the result for
?(E%)/?(EB) — 1. Therefore, we expect the NNLO contributions from F€ to be tiny,
justifying our approximation to set |V.4| = 0 at that order in perturbation theory. The
penguin operators specifically contribute less than 0.1%, so neglecting them at NLO is a
good approximation too.

To compare our predictions with experiment, we average the central values of the MS and
PS scheme results. Similar to the meson lifetime ratios, the uncertainties for the upper
and lower bounds are separately added in quadrature before symmetrising and averaging
across the two schemes. The final results read

7(Z%)  0.867+0.018 for amg;=0.74+0.04 (6.32)
7(Z,)  |0.902+£0.018 for amy; = 0.52+0.03 '
which can be compared to the experimental value [26]
=01\ &P
<T(:é)> — 0.936 £ 0.022. (6.33)
T(:b)

The branching fraction of the decays into A, X from Ref. [162] less than 1073, and hence
we do not need to correct for those terms in Eq. (6.4). Moreover, the corrections to
the modified lifetimes largely cancel in the lifetime ratio due to isospin symmetry. The
theoretical prediction obtained from lattice results at am; = 0.52 + 0.03 agrees with the
experimental value within the given 1o uncertainties. The results calculated with the
lattice configuration of am; = 0.74 £ 0.04 only agrees within the 20 intervals, and in both
cases the theoretical uncertainty is dominated by the uncertainties of the bag parameters.
This clearly shows that more accurate determinations of the bag parameters are required
to make conclusive statements about the agreement with the experiment.
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6.5 The lifetime ratio T(E%)/T(EB)

The results obtained here may also be compared with previous calculations of the baryon
lifetime ratio. In Ref. [33], the NLO result

7(Zp)
7(Zp)

was obtained using the non-relativistic constituent quark model, which agrees within the
1o uncertainty with our prediction with the bag parameters at am; = 0.52 + 0.03. We
are able to calculate the lifetime ratio to higher accuracy due to the reduced perturbative
uncertainty of the NNLO matching coefficients.

[1]

o-O

= 0.929 + 0.028 (6.34)

[1]

o |

The results obtained in this thesis can be combined with future determinations of the bag
parameters to yield more accurate predictions of the lifetime ratio. For this purpose, the
coefficients F; and F in

=(=0
T(Hb)
7(Z3)
are extracted for each of the three renormalisation schemes. For the pole scheme, we

obtain

-1=FL1+ FL (6.35)

I +0.007 .
FL2% = 0.0162001] scle  0-000)y,,| % 0.001input
I 0.033
F3°¢ = ~0.53470 015 pe £ 0.010]y, | % 0.009nput , (6.36)

and in the MS scheme we have

MS _ +0.002
F77 = 0.019707009scale * 0-000)y,,| + 0.001input

M .02
FY1S = 055210033 . £0.010y,,| & 0.010;nput (6.37)
Finally, the results in the PS scheme are

PS 0.005
FI> = 001813 003cca1e & 0-000y,, | = 0.00Linpyt
F5S = -0557993 |+ 0.010;y/, | = 0.010inpyt - (6.38)

Similar to the corresponding coefficients for the B meson lifetime ratios, the MS and
PS schemes lead to a reduced perturbative uncertainty as compared to the pole scheme.
Additionally, we observe that the coefficient F» is about 30 times larger than the coefficient
F1. Therefore, assuming that L1 and Ly are of the same order of magnitude, it is possible to
extract a benchmark for the bag parameter Ly from the current experimental measurement
by neglecting Fi. For this purpose, the results for F are averaged across the MS and PS
schemes,

F> =-0.554 +0.019, (6.39)

and with the experimental result from Eq. (6.33), the prediction for the bag parameter is

L, = 0.115 + 0.040. (6.40)
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The uncertainty here is dominated by the measurement of the lifetime ratio. This result
provides a benchmark for future non-perturbative calculations of the bag parameters.

Overall, we find good agreement of the Standard Model predictions for the lifetime ratios
7(BT)/7(B4) and T(E%)/T(EB) from the leading-power HQE terms with the values
obtained from experiments. Therefore, the lifetime ratios provide supporting evidence for
the validity of the HQE and do not show signs of the violation of QHD.
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7 Discussion and Conclusion

In this thesis, the NNLO perturbative QCD corrections to the matching coefficients of
the |AB| = 2 and |AB| = 0 transition operators relevant for I'1» and the lifetime ratios
of B mesons and =}, baryons were calculated. To extract these matching coefficients,
advancements in the technical tools applicable to a broader range of calculations have been
made, e.g. spinor projectors for up to eleven ~ matrices on two spin lines were developed
and subtleties regarding the preservation of Fierz symmetry and the renormalisation with
AQcp/mp-suppressed operators have been resolved.

The perturbative results were also used to discuss the phenomenology of B meson mixing
and the lifetime ratios. In particular, the most precise predictions of AT, ag, 7(B™)/7(By)
and T(E%)/T(E_b) to date are obtained from the NNLO matching coefficients. Additionally,
the results of this thesis can be used in combination with experimental measurements of
the observables a% and AI'y/AT's to yield stringent constraints for the apex of the CKM
unitarity triangle. This motivates more precise measurements of these observables, which
can then be used to test the Standard Model from B meson mixing observables alone.

Areas for future research with respect to the theoretical predictions of the observables
considered here lie mainly in the non-perturbative matrix elements and power-suppressed
matching coefficients. For the |[AB| = 2 transition operator, the leading-power matching
coefficients have been fully computed to NNLO, and the next order in perturbation theory
would involve a four-loop calculation of a two-point amplitude with the scales m¢ and
mp. These corrections are expected to be difficult to calculate in the near future. The
AQcp/mp-suppressed contributions are a larger source of uncertainty and should be
prioritised. Here, both the hadronic matrix elements as well as their matching coefficients,
which are only known to leading order, would benefit from more accurate calculations.

For the lifetime ratios, further improvements in the CKM-suppressed leading-power match-
ing coefficients are possible, but the biggest lever to reduce the theoretical uncertainty is
in the non-perturbative matrix elements. Future calculations of non-perturbative matrix
elements can be readily combined with the matching coefficients of this thesis to make
more accurate predictions of the lifetime ratios. For the baryonic matrix elements, non-
perturbative calculations can be checked against the benchmark extracted in this thesis.
Additionally, the matching coefficients obtained for the B meson lifetime ratio can be used
to calculate the corresponding lifetime ratio for D mesons. Since the power-suppressed
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7 Discussion and Conclusion

terms in the HQE of the charm mass have a more pronounced impact on the observables
than for the bottom mass, the size of the power-suppressed contributions can be estimated
by combining the matching coefficients with measurements of the D meson lifetime ratios.

Overall, the results are in good agreement with the Standard Model of particle physics.
Moreover, the Heavy Quark Expansion appears to be a good approximation and quark-
hadron duality holds. In the future, more stringent tests of the Standard Model and different
classes of BSM models will be possible through the combination of the perturbative
coefficients of this thesis, more accurate non-perturbative calculations and updated
experimental measurements.
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A Renormalisation Constants for the
|AB| =1 Theory

This appendix contains the renormalisation constants which describe the operator mixing
for the weak effective Hamiltonian up to o@. The renormalisation matrices are presented in
the CMM basis for all dimension-five and -six operators, which are used for the calculation
of the mixing observables in Chapter 4, and in the historical basis for the current-current
operators, which are used for the calculation of the lifetime ratios in Chapter 6. The
renormalisation constants are given based on the results of Refs. [101, 103, 158]. In
Ref. [103] the transformation between the renormalisation matrices in the historical and
CMM bases are discussed. The renormalisation constants for the particular choice of
evanescent operators in the historical basis follow Ref. [61].

We write the renormalisation constants as a series expansion in as and ¢,

[o¢) i Qs I 1 (i k)
z=Y 3 (5) 5209, (A1)
— = T/ €
i=0 k=—00
and for the purpose of better visualisation, the sub-matrices for the physical and evanescent
operators are defined via

7= (ZQQ ZQE) , (A.2)
ZeQ ZEE

which is used to renormalise the Wilson coefficients according to
=cz. (A.3)

To calculate physical amplitudes with the weak effective Hamiltonian, the renormalisation
constants of the evanescent operators in Zgg and Zgg are not required, and hence they
are not presented here. The matrices can be found in Refs. [103, 158].

A.1 Renormalisation constants in the historical basis

For the historical basis, we only consider the current-current operator contributions, so we
limit the physical operators to

{01, 02, 01", 05", 01, 05°, 01", 03"}, (A-4)
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A Renormalisation Constants for the |AB| =1 Theory

and for the evanescent operators only

=(1) =(1) =(1),cv =(1),cu =(1),uc =(1),uc =(1),uu =(1),uu
= = e = (A5)
=(2) =(2) =(2),cu =(2),cu =(2),uc =(2),uc =(2),uu =(2),uu '
1 'Eé | 'Eé 'Ei 'Eé 'Ei 'Eé }
need to be considered. In the following, the renormalisation matrices will be presented for
the operators

{o, 00, BV BN, £ E)) (A6)

only as the matrices are identical across the different up-type quark flavours, and there is
no mixing between them.

The O(a}) renormalisation matrix for the current-current operators and their respective
evanescent operators with the number of colours fixed to N = 3 is given by

.13 L 1 o0 o
1 1
Sy o
z(11) _ 00 -3 Ig 74 (A7)
0 0 _13 ? 2 _6
0 o 188 o9 4 9
1568 67
0 0 -288 == 3 -7
together with the finite renormalisation of the evanescent operators
0 0 0O0O0O
0 0 00O0O
16 48 0000
z(10) — A.
24 56 0 0 0 O (A8)
512 1536 0 0 0 O
-768 -1792 0 0 0 O

The corresponding renormalisation constants 7(22) and z(21) 4t O(ag) are shown on
the next page.
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#(22) _

7(21) _

6 24

o O o O

252 — 16Ny

11904 — 512/vf
4992 ~256N; 16768 —

+ 7Ng Ne 8 67
36 12 3 288
143 17 Nf 5
7218 48
229 _ 59N¢ 955 _ 5N¢ 7Ng _ 35
9 6 3 36 6
_ 13N¢ 13Nf 3 N¢ 55
-3 9 2 6 24
_1888Nf 5200 41Nr _ 2273
9 3 t32Nr gt -5
1568N; 63248 793
— 96NV g~ 9 Ni—7g
323 _ 7N¢ 7 _Ne _1
36 ~ 216 12772 36
51 _ Nf 15 Ny _35
8 T 36 72 T 108 384
353N _ 1279 _697 _ N¢ 145 _ TNg
54 24 8§ ~ 18 24 ~ 216
67Ns _ 1963 2753 _ 259N¢ 89 _ N
18 24 24 54 12736
32483 428ON 40N 9257 427/v
+ £ 1704 - =5 St + f
328ON 7/\/
80 Ny — 12748 1019644 _ 3280 6985 + N

(A.9)

(A.10)
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A Renormalisation Constants for the |AB| =1 Theory

The finite renormalisation constants for the evanescent operators at O(a2) are

0 0 00O00O
0 0 0000O
202796 _ 50488N¢ 1037132 _ 25544Nr o o o ¢
VY = 15148N; _ 39856 46028Ny | 39904 000 0 (A.11)
345 115 1035 23
4098848 _ 1561184Ny  1154912N¢ _ 1011808 (o o g
1035 1035 345 15
56192Nr _ 34695184  6995584N _ 282282736 5 o (o 0
69 345 1035 1035

A.2 Renormalisation constants in the CMM basis

The renormalisation matrix for the physical operators with the number of colours N. = 3
and the number of flavours Nf at order O(al) is given by

4 1 167
24000000 O . 0 0 o
6 00000 0 O0 O 2 0 0 5
00-2% 10000 0 0 0 0 0
006 00 0O0O0 O 0 0 0 0
0000-2%00 0 0 0 0 0
00006 000 O 0 0 0 0
1,1 4 1 167
zgé )_looo0o000-=2% o0 -3 0 0 le7 |
000 0 O0OG6 0 O 2 0 0 19
000O0O0OO0O 0 O -% 0 1 92
20 2N 80 2 5 37N, 427
0000000 O0 -5 -5 § %5 ~216 34
000 0O0OTU 0O O 138 0 10 9Ny + 2322
128 20N, 272 20 1 55N 1906
0000000 0 -5 TF-% 7 -3 3§
0000O0UO0GO 0T 0 0 0 o o 2B 1
(A.12)
where the rows and columns follow the ordering of the operators
{Q1, @2, qu, Q5Y, ch, Qﬁlc, qu, Qﬁlu, QR3, Qs, Qs, Qs, Qg} - (A.13)

The current-current operators involving up quarks do not mix with the penguin operators,
and they only mix with the physical and evanescent current-current operators of the same
CKM factor.

At order O(ozg), the renormalisation matrix for the physical operators is shown on the
next page.
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A Renormalisation Constants for the |AB| =1 Theory

The entries marked with an asterisk % are unknown and not needed for the calculations in
this thesis since they are O(a3) effects due to the mixing of the Wilson coefficient of the
chromomagnetic operator into the other physical operator Wilson coefficients.

The sub-matrix that describes the mixing of the evanescent into physical Wilson coefficients
at O(as) is

% % 0 0000 OO OOO0OOOOOOOODO

10 00000 OO OOO0OOOOOOOOODO

0 0 152 % 0O 0 00O OOODOODOOOOO OO

0O 01 000 000 O0OO0OCO0OCOOO0OO0OOOOOO

0 0 0 O % % 0 00 0OOOOOOOOOODO

0O 0001 00 00O O0OOO0OCODODO0OOOOOO
Zé)ll_’r_-l) = 0 0 0 00 O T52 % 0 0 00OO0OO0OOOOOOOTG O],

0o 0 000O1 00 O0O0OO0OCOODODOOOOO

0O 0 000OO O OO OOOCODOOOOODOOO

0O 0 000OOO OOOOOOOOOOOOOO

0O 000 0OOO O0OO0O1O0OO0OO0ODO0OO0OO0OOODOOO

0O 0 000 0 0O % TSZ 000O0O0OOOOGO OO

0O 0 000OOO OO0OOOOOOOOOOOOO
(A.16)

where the ordering of the evanescent operators is

{El(l)v 2(1), 1(1),cu, E2(1),cu, El(l),uc, E2(1)'UC, El(l),uu, E2(1),uu, E?El), Eﬁl), A

2 2 2),cu 2),cu 2),uc 2),uc 2),uu 2),uu 2 2
B EP) ERhe gPhen gl2hue g{2hue gRhue g2l g2) g2

At (’)(ag), the matrix is given by the matrices on the following page.
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A.2 Renormalisation constants in the CMM basis
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B Renormalisation Constants for the
|AB| = 0 Theory

The renormalisation constants which are needed to renormalise the Wilson coefficients
of the physical operators up to NNLO are given below for N = 3 and with the O(e)
constants in the definition of the evanescent operators kept arbitrary.

At O(as), the renormalisation matrix in the parametrisation given in Egs. (2.22) to (2.25)
reads

06 0 0
4

1,1 -2 0 0

Z4q) = 00 80 (B.1)
00 0 1

which agrees with the results found in the literature, see for example Ref. [57]. Note that
the matrix indices correspond to the ordered list

{Q. T,Qs, Ts}, (B.2)

where the superscript g was dropped as the renormalisation constants do not depend on
the external quark flavour. To O(ag), we require the additional renormalisation constants

4 2Nf-39 0 0
S22 _ |9 =% - O (B.3)
QQ 0 0 76-%3F 0
0 0 o N5
and
il . :
5b-646 | 2Ny 195+904 _ N
R L b 460 20N;  5b 131%
QQ 0 0 s e el
0 0 5bs+1274 | 4Ny 19bs+2716 _ 17N;
108 T 9 96 18
(B.4)
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The sub-matrix mixing the Wilson coefficients of the evanescent operators into the Wilson
coefficients of the physical operators has the NLO contributions

0 1 0 0 00O0OOOOTGOO
L0 _|-§ -5 0 0 00000000 (85)
Q10 0 0 -1 0000O0O0O00O '
2 5
0 0 -5 -5 000000O0O0O
where the ordering of the evanescent operators corresponds to
{ <1>[@1 EO[T], EM[Qs], EV[TS), 86)

@@l E@T), EAQs], ETS]},

and only the first generation matters for the renormalisation of the physical operators. For
the NNLO contributions, the second generation becomes relevant, and the renormalisation
constants are

20 43 _ Ny 1 5
L A - S
f f
722) _|sa=727 52~ 3 O 0, ws o O 0O (B.7)
“QE 0 0 N
0 0 2 N 17 _SNe o o 5 10
7T 727 3% 08 96
and
83 Ny | 23 7 5
N 8 g 5%75+1§39 ° ° z P o0
f f
721 _ | st t3 216 1M 0 NO ~g64 384 U 0
QE 0 0 38 10 0 -4 -3
Ny o 17 5N | 173 35 1
0 0 gt+o btz O O -g67 382
(B.8)

For the renormalisation of the evanescent operators, we will have to consider the set of
operators up to third generation,

{E <1>[01 Q7] ED[Qg], EM[T5], EA[Q], EP[T], EP[Qg], EP[TS]

B.9
Gl ER)T), EG)Qs], ECTS)}, (5

as the first generation evanescent operators need to be renormalised to NNLO and the
second generation to NLO for the matching of the |AB| = 0 transition operator. Focusing
on the corresponding rows for the first and second generation only, the relevant off-diagonal
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B Renormalisation Constants for the |AB| = 0 Theory

sub-matrix at O(as) is

10) _

64
2b _ 32

9 9
0

0
_64b _ 2560

3 3
_24b4+2e 512
—9 ~ 3

0
0

-b-16
5b _ 152
12 3

-12b—-e—- 768

29b _ be + 800

3 127 3
0

0

0 0
0 0
64 —bg -112
_2bs _ 224 _5bs _8
9 9 12 3
0 0
0 0
-512 4b5— 65—512
8bs—2es 1024 20bs—5eg + 416
9 9 12 3

(B.10)

and at O(ag) only the first generation rows need to be considered, which are given on

the next page.
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e , 64Nf 2720 bNf _5b | 5e _ 16N,
R R i 3t g3 192 0 0
2be 6 7b , be 32Nf 640 _5bNf _ 17b | 19e _ 152Nf | 2608
IE-‘QQI) - e ' BT o b ’ N bsN¢ _ b ’ N, (Bll)
20bg es 64N¢ 3424 s N¢ S 5eg 112N¢ ! )
0 0 9o te-"3 t7§ 3 -7 tm-T3 320
0 0 _2bsN¢ + 17bs + Ses _ 224N¢ + 1792 _5bsNf _ 5bg + 19es _ 8Nf _ 1424
2r t oo t18 "2 t9 3% ~otow 9 9
(2,0)
ZEQ = (Zl ZQ) , (B.12)
where
2722, 7b , 4c 32Nf 1600 8aly bN _ 427b _ cNf _ 13c _ 35e |, 5f , 248Nf _ 3214
SR It R RS + A “3ttbdadt g -y - 3 k2 m+24+ 3
16aNr _ 664a + bN¢ _ 67b 2CNf 20 77c 35e + + 490N¢ 496N¢ _ 1820 10alN¢ _ 199a + 5bN¢ _ 821b _ 5clNg Sle £ + 19f + 2 244Nf 2561
7] = 27 T 9 t 8 206~ T-R5+ 1% -7 g9 ~7I8 T7m T 88 B+t o -9 (513)
, )
0 0
0 0
and
0 0
7, — 0 0 (B 14)
2 = 32asNp | 32as | 35bs _ 20cs _ Tes + 5 fs | 224/\/; 4502 163Ny _ 154as | bslNy _ 157bs _ 5 f o5 3es | 5f 392Nf 2662 . .
9 3 18 9 72 3 3 18 43 2 192 24 3

R2asN; _ 308as | bsNp | 203bs _ 2csNy
—2r T~ tTEr

_ + S 5e5+ 5fg +784Nf 2444 _235Nf+50935 +5b5Nf_1025b5 5C5Nf 5cs
216 27 9~ 108 27 9 18 216 288 36

28Nf _ 1543
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B Renormalisation Constants for the |AB| = 0 Theory

The renormalisation constants for the mixing between the evanescent operators are needed
for the renormalisation of the first and second generation operators to O(as), and the
corresponding rows in the final sub-matrix are

o 14 0 0 0 -1 0 0 0 0 0 O

28 4 2 5

X 4+ 0 0 -2-%0 0 0 0 0 O

o o % 1 0o 0 0 -1 0 0 0 O
(1.1) o o ¥ I o o -¢2-% 0 0 0 o0
Ze " = % 33 0 0 -% -6 0 0 0 -1 0 0]

224 60 4 23 2 5

24 80 o o -2 B o0 0 -2-% 0 0

0 0 %2 144 0 0 -8 4 0 0 0 -1

o o 32 -2 o o &8 % 0o 0o -} -5

(B.15)

and at O(a?2) only the renormalisation constants for the first generation are needed, which
are presented on the next page.
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C Derivation of Fierz Identities

Fierz identities are used in four dimensions to decompose bilinear spinor covariants in
terms of independent basis elements and are therefore required to determine the linear
combination of spinors such that evanescent operators are O(e). In this appendix, a
derivation of such Fierz identities is presented, following Ref. [72]. We first derive the

general Fierz identity and then apply it to prove the example relation
1
(PR)as(PR)ys = g(0"" PR)as (0w PR)ys + (PR)aé(PR) +B - (C.1)

The general Fierz identity can be derived directly from the completeness relation of the
Dirac algebra in four dimensions. For chiral relations it is most convenient to work with a
basis of bilinears spanned by Mo ['4, where

e {PR, Pr, PR, 'DL’YM,U”V},

1
WS {'DR: PLvu PR v PL QU;W}- (C.2)

Note that the dual elements with lowered indices have lowered Lorentz indices, a different
ordering of the chirality projectors and a factor of 1/2 for the last element. This is to
preserve the normalisation of the inner product, which is defined as

1
A A iR A
(1" Tg) = ST (rirg) = o (C.3)
Equipped with the basis definitions in Eq. (C.2), we can write down a general Fierz relation

for any two basis elements as

Meré=3 cfBrecar?, (C.4)
C,D

where the tilde serves as a shorthand notation for the fact that the spinor indices on the
spin lines have been swapped. Explicitly with the spinor indices shown, this relation reads

() ()5 = 2 €5 (M) (7). 5 (C5)

The coefficients Cég can be determined by multiplying with

(FE> (PF>B7 (C.6)
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and using the definition of the inner product Eq. (C.3), which leads to
1
= T (FerTeT?) . (C.7)
Together with Eq. (C.4), this completes the general Fierz identity, which is used in this

thesis to obtain vanishing finite parts in the evanescent operators.

To prove Eq. (C.1), one can start by applying the general Fierz relation from Egs. (C.4)
and (C.7) to the first term on the right-hand side, which yields

(O-MVPR)Q(S (O-'uVPR)’)/B =6 (’DR)Q5 (PR)’Yﬂ - (O-MV)O@ (O-‘uy)’YB (C 8)
, .
L (o), (59, i

Applying the general Fierz identity to the second term in Eq. (C.1) leads to

1 L —
(PR)as (PR)y5 = 5 (PR)as (PR)ys + (7" )ag (U’“‘”>75 (C.9)

1
+5 (oF1712), (0H31) 5 € pspipa

which can be added to Eq. (C.8) with a factor of 4 to give the desired result stated in
Eq. (C.1).
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D

Basis Elements of the Spinor
Vector Spaces

When applying the projectors introduced in Section 3.3, we make use of an appropriate
subset of the basis elements listed below. As outlined earlier, three distinct cases must be
treated separately:

(i)

(iif)

The first spin line is longer while the second spin line has length n. In this case, we
select a basis comprising all elements with up to n total v matrices on each spin
line, together with the structure containing an additional slashed momentum on the
first spin line in addition to the n pure 7y matrices; that is, we include all elements
up to and including By, 1)-2-

The second spin line is longer, or both spin lines have equal length, with the first
spin line containing n total v matrices. Here, the basis includes all elements with
up to n total v matrices on each spin line, as well as the structure with an extra
slashed momentum on the second spin line in addition to the n pure ~ matrices;
that is, we include all elements up to and including By, 1)1 but omit By, 1)».

Both spin lines have length eleven and contain at least one slashed momentum.
This represents the most complex structure that must be resolved. To avoid
excessively long traces, we employ a specialised basis that includes all elements up
to and including Bys (generally By(ny1)+1. where n denotes the maximum number
of pure 7 matrices), while excluding By (B4(n+1)_1 in general). Although By)
(corresponding to By, 1)-2 in the general case) is not required for the projection
itself, it must be retained to ensure the invertibility of the Gram matrix. This
complication arises because the bilinear map ¢, introduced in Section 3.3.3 is not
positive-definite.

When dealing with tadpole integrals, for example in the calculation of renormalisation

amplitudes, the basis is simplified significantly. Only the basis elements By 1 are needed,
where k takes values from zero up to the number of v matrices on the shorter of the two
spin lines.
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The explicit definition of the basis elements is:

Blz]l@)]l, 32:¢q®]1,
By=1@¢,, Bi=¢,®¢q,
Bs = yu, @Y1, Bs = 7 fq @7

Br = ®7"1 ¢y,
By = Yy Yup © 72
Bi1 = v © 7" g

812 = 7#17#2)% & 7“27M1¢q J

B13 =Yy - - Yuz @73 .. AHL, Bia :’)/ul...’}/u3¢q®’}/u3...”yﬂl,
Bis = Yuy - - Y3 ®’y“3...7“1¢q, Big :fym...’yﬂ3¢q®7“3...7“1¢q,
B17 = Yuy - - - Yug @ YH4 AT, Big :’yﬂl...’yﬂ4¢q®fy“4...”y“1,
B1o =Yu1 - Vg ®’y“4...fy“1¢q, B>o = 7#1"'7/~L4¢q®7u4'-'7u1¢q'
821 = Yui - Yus ®’7M5--~'Y'u11 822 :7M1""7M5¢q®7'u5"‘fyul’
Bo3 =Yy - Vs ®7M5...7“1¢q, Boa :'ym...'yu5¢q®7“5...7”1¢q,
Bos = Yy - Yug @Y .. AHL, B> zvm..ﬁ%;éq@y%...v”l,
Bo7 = Y1 - Ve ®7“6...7“1¢q, Bog :Wl'-'Weféq@V%---VM%v
Boo = Yy - - - Yup @Y. AHL, Bsp zyul...ngéq@WW...vm,
B3 =Yy - Ve ®’y“7...7“1¢q, Bs» :fym...fywyé‘q@fyw...fy“lyéq
B33 = Yuy - - -Yug @ YHE .. AT, B3s :’yﬂl...’yﬂsféq@fy“g...”y“l,
B3s = Yuy - - - Yug ®’y“8...7“1¢q, Bsg = 'yﬂl...'yusga‘q@q/“g...”y“%q,
B37 =Yy - Yug @Y .. AHT, B3g = Yy - - - Yo fq ® V... A,
B39 = Yy - - Vo ®7“9...'y“1¢q, Bao zyul...yugyéq@v“g.. 7”1¢q,
Ba1 =Yg - Vg @ YO AH Ba» zvﬂl...yﬂloﬁéq@v”lo...y”l,
Baz = Yy - - Yo © YO .. .7“1¢q, Baa = Yy - - Y10y ® ~yH10 .7“1¢q,
Bas = Yy - Yy @M AP (D.1)
Here, the normalised external momentum
¢qzi (D.2)
/q2

was used.
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E Individual Uncertainty Sources of
B Meson Mixing Observables

To show the impact of all input values used in the calculation of AT'/AM, ags and rys in
Chapter 4, we give the individual contributions from each input variable in Tab. E.1 in the

MS scheme.
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Parameter ‘ AT's/AMs ATy/AMy  ag ag r'ds
as(Mz) 504 x10° 3.08x10° 185x107 422x10° 212x10™
My 240 x 1077 231x107 1.40x107 3.19x108 1.25x1077
M 230 x 1077  1.41x107° 844 x10711 193x107° 9.66 x 1078
m9S 274 x 107 264 x107° 138x107 315x10° 1.17x107
i (7p) 4.02x10° 3.92x107° 7.96x108 1.81x10° 964 x107°
Mc(3GeV) | 208 x10° 209 x10° 411x1077 9.38x10° 1.89x107™*
fs./fB, 0 0 0 0 2.23 x 1073
3 0 0 0 0 2.29 x 1074
£s 0 0 0 0 1.12 x 1072
¢ 0 0 0 0 3.50 x 1072
Bg, 7.38x10° 0 8.95x 108 0 1.24 x 1073
Bg, 0 1.97 x107° 0 243x107° 0

Bs B, 117 x10% 0 6.83x 10 0 1.00 x 1073
Bs g, 0 1.12x 10™* 0 1.58 x 10° 0

Bg, 227 x107%  250x107% 7.44x10° 189x10° 223x1073
Bg, 7.35x10° 0 241x107° 0 7.20 x 107°
B, 1.15x10™ 0 3.77x 107 0 1.13 x 1074
Bz, 749 x 107 755x107% 204 x10° 483x107 7.55x1073
Br, 1.11x10°  1.11x107° 238x 1077 553x107° 9.63 x 107
B, 263x 107 264x10° 565x1077 131x107° 229x107*
Re(AS/A§) | 5.18 x 1077 0 3.62 x 10710 0 1.12 x 1074
Im(\5/Af) | 3.20 x 10710 0 458 %107 0 6.94 x 1078
Re(Ad/x9) | 0 1.28x 107 0 2.04x 1077 2.88x1073
Im(A9/X9) | 0 1.74x 1077 0 1.09 x 107 3.91 x 107>

Table E.1: Uncertainties from individual input parameters in the MS scheme.



F Double Ratio Without Explicit
SU(3)g Breaking

We present the results obtained for the double ratio (AI'y/AMy)/(AL's/AMs) from
Section 4.5 using the same input parameters as for the calculations carried out in the Bs
and B, systems separately:

_ -+0.010
rgs = 0.96328 012cate, comb, & 0-039 55 & 0.085 & 0.003p,¢ (pole)

_ +0.008
rds = 0.96510 008scale, comb, £ 0-037 g, & 0.0761 /m, £ 0.003inpue (MS),
rgs = 0.96470:999 +0.037 gz £ 0.0761 /7y, & 0.003inpue (PS). (F.1)

—0.010scale, comb.

To be explicit, we do not make use of the more accurately determined ratios of the bag
parameters of the leading-power matrix elements or the decay constants. However, we
also do not need to introduce a parametrisation of the SU(3)g-breaking effects in the
AQcp/mp-suppressed matrix elements.
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