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How large could the CP violation in neutral B-meson mixing be?
Implications for baryogenesis and upcoming searches
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CP violation in neutral B meson oscillations is an experimental observable that could be directly related to
the baryon asymmetry of the Universe through the B-mesogenesis mechanism. As this phenomenon is
highly suppressed in the Standard Model, it could also be a sensitive probe for many new physics scenarios
that modify neutral meson mixing. Motivated by these facts, and the timely B physics program at the LHC
and Belle II, we analyze how large CP violation in the mixing of neutral B, and B, meson systems could be.
We answer this question, in light of current experimental data, within three different scenarios, namely:
(i) generic heavy new physics only affecting the mass mixing M%,, (ii) vectorlike quark extensions that
introduce deviations of 3 x 3 CKM unitarity, and (iii) light new physics modifying the decay mixing I'},. We
find that enhancements of the semileptonic asymmetries, that measure the amount of CP violation in mixing,
at the level of 1073 for the B, system and 10~ for the B, system can be achieved within scenarios (i) and (ii),
while they are much more suppressed in realistic UV completions triggering scenario (iii). With respect to
cosmology, the difficulty of finding large CP asymmetries in our analysis puts the B-mesogenesis
mechanism in tension. Finally, we conclude that upcoming experimental searches for CP violation in B
meson mixing at LHCb and Belle IT are unlikely to detect a new physics signal for the most generic models.
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I. INTRODUCTION

CP violation in the Standard Model is a consequence of
the existence of three families, as predicted by Kobayashi
and Maskawa [1], and as beautifully confirmed by an array
of measurements in the quark sector, see [2]. However, CP
violation has not yet been observed in all quark flavor
transitions. In this study, we will focus on the yet to be
measured CP violation in neutral B meson mixings.

Neutral B mesons are eigenstates of the strong and
electromagnetic interactions with quark flavor content
B, =bq and B, = bg, with g =d, s. Like kaons and
D mesons, they are not mass eigenstates and they form
an ultra-degenerate oscillating system B, < Bq, with
AMp /My, ~107" and AMy /Mp ~107"2. We know
that kaon mass eigenstates (Kg and K;) are not CP
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eigenstates and that CP is violated in kaon-antikaon
oscillations at the level of 10~3. On the other hand, the
Standard Model (SM) predicts that CP is violated in B

meson oscillations at the level of 1073 [3,4]:
ALM ~ 4 % 107*  [SM prediction], (1a)

AGM ~ 42 x 107°  [SM prediction]. (1b)
Here, as it is common practice, AgL encodes the amount of
CP violation in neutral B meson mixing, with SL standing
for “semileptonic” since these are the typical modes where
it is searched for.

CP violation in neutral B meson oscillations is important
for two reasons: (1) it is highly suppressed in the Standard
Model, meaning that, if it is measured, it would constitute a
clear indication of physics beyond the Standard Model
(BSM); (2) as this type of CP violation arises in mixing,
its effects are imprinted into any B meson decay. The latter
is key because it could also be imprinted into novel
additional BSM decays of B mesons. In this context, the
B-mesogenesis mechanism [5-7] (see also [8—14]) com-
bined precisely this feature (CP violation in B meson
oscillations) with a new decay mode of B mesons into a
baryon and a dark sector antibaryon, aiming to generate
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both the observed asymmetry between matter and antimatter
as well as the dark matter abundance in the early Universe.
Notably, within this mechanism, the baryon asymmetry of
the Universe is directly proportional to the CP violation in
neutral B meson mixing. In particular, in order to generate
the observed baryon asymmetry of the Universe it is
required that, at least [7]1

Ad > +10™*  [required for Baryogenesis].  (2)
Hence, the magnitude of CP violation in neutral B meson
mixing can constitute a sensitive probe of New Physics
(NP), and also be at the origin of the observed asymmetry
between matter and antimatter in the Universe. Unfort-
unately, it turns out that the CP asymmetry in the SM is not
enough by at least an order of magnitude [compare Egs. (1)
with Eq. (2)] to generate the observed baryon asymmetry,
thus requiring the presence of new CP violating effects
affecting B meson oscillations.

There have been many studies of models of new physics
that modify B meson mixing and its CP violation—for
global analyses see [3,16-25] and for specific models see
[26-42]. However, the extent to which these new physics
models can affect the CP violation in B meson mixing has
not been recently addressed. The latest detailed analyses
date from over a decade, when the DO collaboration
reported an anomalously large CP asymmetry involving
both B, and B, decays, see [43—45]. After new measure-
ments by LHCb, Belle and BABAR, it has become clear that
global averages are compatible with the absence of CP
violation in neutral B meson mixing [46]

AGP® = (=21 £17) x 10 [world average 24],  (3a)

AY® = (=6 +£28) x 1074 [world average 24].  (3b)
In this context, we believe there are four reasons to explore
this subject again, namely: (1) with the LHC there have been
many new measurements of CP violating observables in the
B meson sector, which have implications for these types of
models; (2) these CP asymmetries will be measured with
higher precision at LHCb as well as in Belle II in the
upcoming years; (3) the models of new physics which can
affect the CP asymmetries face now many novel bounds
from the LHC as a result of the plethora of stringent
searches for new phenomena that in many cases require
Axp > 1 TeV; and (4) there exists now a cosmological link
between CP violation in neutral B meson mixing and the
baryon asymmetry of the Universe.

"It has been recently pointed out that radiative decays and
inverse decays of resonant vector mesons Bj <> B, + y will act
as to suppress the generation of the baryon asymmetry within
B-mesogenesis, and probably one would need a semileptonic
asymmetry larger than Eq. (2) [15].

Therefore, our main goal in this work is to understand
how large CP violation in neutral B meson mixing can be.
We believe this is important in order to highlight what the
relevance of future measurements of this quantity at collider
experiments is, its implications for BSM models (that is,
what sort of new physics could be at play if a nonstandard
value is measured), and finally to understand the conditions
needed BSM to generate a large enough CP asymmetry to
have successful baryogenesis through neutral B-mesogen-
esis [see Eq. (2)].

In order to achieve these goals, we consider three
different scenarios. (1) Models where the main modifica-
tion to B-meson mixing arise from contributions to mass
mixing, M{,. These are the most standard modifications, as
M1, is dominated by virtual states, and heavy particles
inaccessible to the LHC could contribute to it. (2) New
physics models with additional vectorlike quarks inducing
deviations from 3 x 3 CKM unitarity. The motivation for
this follows from the original purpose of introducing 3
quarks in the Standard Model to allow for CP violation,
and we want to understand how this type of scenario can
contribute to or change these CP asymmetries. (3) BSM
models that contribute to the decay width mixing, T,.
These scenarios necessarily need to involve rather light
states, and as we will check, these are highly constrained
by LHC searches.

Overall, our main conclusions are that upcoming mea-
surements of CP violation in B mixing will not be able to
test the most generic new physics models, and that the
B-mesogenesis mechanism is to some extent theoretically
depreciated because it is not easy to obtain large enough
semileptonic CP asymmetries BSM. A visual description of
these results is displayed in Fig. 7.

Our study is structured as follows. In Sec. II, we present
an overview of neutral B meson systems as well as the
current status of our knowledge of their mixing. In Sec. III,
we perform a global analysis of new physics models which
affect mass mixing. In Sec. IV, we present the impact on the
CP asymmetries from models including vectorlike quarks
that allow for deviations of 3 x 3 unitarity in the CKM
matrix. Section V is dedicated to BSM scenarios that can
modify decay mixing. In Sec. VI we discuss our results and
compare them with the minimal requirements needed for
successful B-mesogenesis as well as upcoming sensitivities
from LHCb and Belle 1I. Finally, in Sec. VII we draw our
conclusions. We also refer the practitioners to the
Appendixes. There we discuss in depth the effective 2 x 2
Hamiltonian for Bq—B 4 meson systems in Appendix A, we
provide a detailed discussion on how the various contribu-
tions to A, arise in the global analyses in Appendix B,
we outline the interactions and mixing pattern of scenarios
with vectorlike quark singlets in Appendix C, their contri-
butions to M7, in Appendix D, and loop functions related to
B-mesogenesis in Appendix E.
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II. NEUTRAL B MESON MIXING

A. General framework and experimental status

In this section, we introduce the fundamental concepts
related to the phenomenon of neutral B meson oscillations,
and take the opportunity to set the notation that will be used
throughout the manuscript. In addition, we compare the SM
prediction with the latest experimental results on the
mixing observables that are of interest for the subsequent
analyses. Practitioners may want to skip this section as it is
introductory, and we also refer to Appendix A where the
effective Hamiltonian is calculated in the Standard Model
with great level of detail.

The mesons B, =bq and B, =bg (q=d, s) are
eigenstates of the strong and electromagnetic interactions
with opposite flavor content. Once the weak interaction is
considered, they both mix and decay to other states.

In the Weisskopf-Wigner approximation [47,48], the
time evolution of a superposition of neutral B mesons,

lw(t)) = a(t)|B,) + b(1)|B,). (4)
is controlled by the Hamiltonian

4
WZML+_:<

M%%WZWrﬂﬂ> 5
2 9

M3, —il3,/2 M3, —il%,/2
that is,
quw(t)>=i%|w(t)>, (1)) =exp(—=iH1)|w(0)), (6)

with M? = M4" and TY =T'?". The Hamiltonian is not
diagonal in the {|B,),|B,)} basis, meaning that neutral B
mesons will oscillate, i.e., have a time-dependent varying
flavor content in terms of B, and Bq. Furthermore, CP T

invariance, which is assumed hereafter, leads to M7, = M1,
and I'!, =T7,.

The off-diagonal elements are precisely the ones respon-
sible for the B, <> Bq transitions in two possible ways:
(i) through intermediate virtual (off-shell) states encoded in
the mass mixing M i’z, or (ii) through intermediate real (on-
shell) states related to the decay width mixing I'{,. For
further details on the physical meaning of these quantities
and their relation to the underlying fundamental inter-
actions, see Appendix A.

On that respect, the mass and decay width differences
between the heavy (H) and light (L) eigenstates of the

“The time ¢ is measured in the rest frame of the Bq—Bq system.

Hamiltonian can be expressed,” up to O(|T%, /M%), as

AM, = M}, — M} ~2|M4%,|, (7)
Al"q EFZ _1"2{22|F’fz|cosd)‘l]2, (8)
where
Mq
@1, = arg <— F_qu) )
12

This relative phase is directly related to the phenomenon of
CP violation in B meson mixing, which will translate into a
deviation of I'!, /M4, from being a real quantity.

More precisely, ¢?, emerges in the computation of CP
asymmetries involving flavor-specific decays character-
ized by a final state f such that B,»f, B,»f (ie., B,
cannot decay into f and B, cannot decay into f) and
(fIT|B,) = (f|T|B,), being T the transition matrix
describing the underlying fundamental interactions con-
trolling these processes. In particular, one can consider the
semileptonic decay modes B, — X ¢Tv, and Bq — XUy,
where the charge of the final state lepton projects the flavor
content of the B meson at the time of decay (the AF = AQ
rule of charged current weak interactions).4 In those cases,
the semileptonic asymmetries are defined as

L(B,(t) = f) = T(B,(1)
L(B,(t) = f) + T(B,(1)

Notice that, in the previous equation, we have explicitly
included the time dependence of the meson states to make

clear that, although they are produced as a B, (Bq) meson at
the initial time, they may oscillate into a B, (B,) and then

q —
ASL:

-7
= 10
— (0

decay to f (f). Therefore, the semileptonic asymmetries are
actually measuring the difference between the probability of
a B, mixing into B, and a B, mixing into B, that is, CP
violation in mixing. Furthermore, it is interesting to remark
that a positive value of AZ; indicates that it is more likely
that a Bq oscillates into a B, rather than the opposite, which
is precisely the scenario where the B-mesogenesis mecha-
nism can generate the observed baryon asymmetry of the
Universe.

Taking into account the time evolution of B mesons, it is
straightforward to check that, up to O(|T'{,/M1,|?),

The eigenvalues of MY are ul, =M% —i(I'%/2) and
ud = M4 —i(T%/2), with M%. M4, T%.19 €R, and MY, > MY
by definition. Notice the flipped H < L convention in AI'y with
respect to AM,, commonly used in the literature and in agree-
ment with the Particle Data Group (PDG) notation [2].

*The b quark of the B, meson decays into a positive charged
lepton by emitting a W boson.
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sin ¢, (11)

L\ |1
A, = Im <M_" =| 379
12 12

so that a signal of CP violation in mixing, i.e., AgL #0,i1s
due to a nonvanishing imaginary part of the ratio ', /MY,.
For completeness, we point out that, up to O(|I'Y,/M%,|?),
one also has

AT r? r!
AMq = —Re (M—lq2> = Mlqz cos . (12)
q 12 12

All in all, we have related the three relevant observables
for the study of Bq—Bq meson mixing with the parameters

|M%,], |T'%,| and ¢?,. The most recent experimental mea-
surements of these quantities are [46]
AMS® = 0.5065(19) ps~! (13a)
AME® = 17.765(6) ps~', (13b)
i
T 0.001(10), (14a)
d
AT = 0.084(5) ps~', (14b)
dExp 4
ALEP — (221 £17) x 1074, (15a)
AGT® = (=6 +28) x 1074, (15b)
with a correlation coefficient for the semileptonic

asymmetries of p(A% ", A7) = —0.054. Notice that
the semileptonic asymmetrles are still compatible with
zero. The projected lo sensitivities SA¢ for the semi-

leptonic asymmetries from LHCb and Belle II according to
[7,49-51] are the following:

SAS, =10 x 107 [LHCb(23 fb~!) —2025],  (16a)
SAY, =3 x 107* [LHCb(300 fb') —2040],  (16b)
SA¢, =8 x 107* [LHCb(23 fb~') —2025],  (16¢)
SA¢, =2 x107* [LHCb(300 fb') —2040],  (16d)
SA¢, =5 x 107* [Belle TI(50 ab=') — 2035],  (16e)

where here the year has been taken according to the
expected date such luminosity will be collected. Looking
forward ahead, it is expected that FCC-ee [52] will be able

to measure these asymmetries with high precision. While
there are no dedicated final sensitivity studies, it has been
suggested that FCC-ee could reach a sensitivity ~107> for
Ag; , and hence to be capable of testing the SM prediction
(see [53]).

B. SM prediction for the mixing observables

In the SM, the transitions Eq < B, occur at a funda-
mental level via box diagrams with W boson exchange, as
depicted in Fig. 1 (see Appendix A for details). On the one
hand, M‘{'ZSM arises from the dispersive part of these
diagrams and is dominated by the virtual top quark
contribution [54,55]:

GMiy

Mq,SM _
12 12”2

(1,)2S0o(x) My £} By . (17)

with Gy the Fermi constant and My, the mass of the W
boson. In general, we will use the short-hand notation
5 = VarVay for this combination of CKM elements and

X, = m2/M?%,. The Inami-Lim function [56] is defined as

2 3x%Inx

2(1=x)]°

X 11x

So(x):m —TJFXZ— (18)

and is evaluated at x, = m?(in,)/M%,, where in,(in,) is the
top quark mass in the MS scheme [57], so that
So(x,) =2.29. Mg, is the common mass of the B, and
Bq mesons under the strong and electromagnetic inter-
actions. The factor #j5 [58] includes two-loop perturbative
QCD corrections and is chosen to be renormalization scale
and scheme independent. It accounts for the running from
the m, scale to the /m; scale. Nonperturbative QCD and
hadronization effects are encoded in the product
12 5,85, (/my,), where f B, 1s the B, meson decay constant

and Bp, the bag parameter evaluated at the m,, scale.” These

two parameters have to be determined using nonperturba-
tive methods such as lattice QCD [60,61] or QCD sum rules
[62—64]. In this sense, we should point out that, for the
purpose of our analysis, we find more transparent to follow
the lattice results from [60] in order to take a particular
value of the previous product in both B; and B, systems
together with their correlation. We note that the semi-
leptonic asymmetries are not particularly sensitive to these
parameters and, as such, choosing any other set would not
impact significantly our results and final conclusions.

An alternative choice for the product of the two-loop
perturbative QCD correction factor times the bag parameter
can be found in the literature, namely, 5B = npBp . On the
left hand side, all renormalization scale and scheme dependence
enters on the bag parameter Bg,, while, on the right-hand side, it
is translated into 7. The second possibility is used, for instance,
by the Flavor Lattice Averaging Group (FLAG) [59].
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We also refer to [65] for an updated discussion on the
various calculations of B, meson parameters from the
lattice and future prospects. Finally, additional details on
the computation of M ?‘ZSM can be found in Appendix A.

The mixing phenomenon in B, meson systems is
triggered dominantly by the mass difference between the
heavy and light eigenstates, that is, AM . The oscillations
are considerably faster for B; mesons (around 35 times
faster) than for B, mesons. This is due to the hierarchy
|V.s| > |V 4| between the CKM elements appearing in the

result for M’f’ZSM. The most recent SM prediction for the
meson mass differences reads [4]

AMSM = 0.535 4 0.021 ps~!, (19)
AMSM = 1823 £ 0.63 ps_. (20)

The connection with the rephasing invariant angles f and
p, of the unitarity triangles corresponding to the B, and B
systems is most important. They are defined as

VedVip VsV,
p=arg (—*i) Py =arg (_—* ’ 21
Vi Vth Ves Vcb ( )

and control the time-dependent CP asymmetries, S; g, =~
—1y kg SIN2P and S; ye =1, ppe sin2f; (1 is the CP
eigenvalue of the final state f), in the gold-plated modes®
B, —» J/¥YKg and B, —» J/Y® due to interference between
the decay with and without mixing. More precisely, these
CP asymmetries have a clear theoretical interpretation in
terms of the angles of the unitarity triangles only when tree-
level contributions to the decays are considered (and CP
violation in kaon mixing is neglected in B; — J/WKj).
However, gluon penguin exchange diagrams can also arise
in the SM giving a contribution of order 1° [68—77], which is
at the level of the current experimental precision [46,78,79],
and will be determinant if one considers the expected
experimental sensitivity at LHCb [49] and Belle II [50].
Therefore, this so-called “penguin pollution” must be taken
into account in order not to misidentify potential NP effects.
In this sense, we conveniently write the SM prediction
for the phases controlling the time-dependent CP asymme-
tries as

M =26+ 9y (22)

P = =2, + PSP, (23)

*The gold-plated modes [66,67] correspond to decays into CP
eigenstates common to B, and B, arising at tree-level. In those
cases, hadronic effects cancel in the ratio of the decay amplitudes
of B, - fand B, > f.

Bq
b u,c,t
Bq W= w Bq
q u,c,t
(b)
FIG. 1. SM box diagrams mediating Bq—Bq mixing.

The first angle on the right-hand side of Egs. (22) and (23)

arises from the argument of M 'f’ZSM normalized to the relative
phase between the tree-level decays B, — J/¥K or B, —
J/W® and their corresponding CP-conjugated processes
B, — J/¥K; or B, — J/W®. In particular:

2p = arg(M3™) = 2arg(Vy V). (24)

—2p, = arg(Ms™M) — 2arg(V,, V). (25)

The parametrization of the CKM matrix can be chosen in
such a way that the second term on the right-hand side

vanishes.

On the other hand, the theoretical determination of Fi’iSM

is much more challenging. It arises from the absorptive
part of box diagrams in Fig. 1 with real intermediate up and
charm quarks. The way to proceed with the computation
consists of performing a first operator product expansion
(OPE) where all degrees of freedom heavier than the b
quark are integrated out (similarly to the M‘f’ZSM case).
Then, a second OPE in inverse powers of the heavy b
quark mass, the so-called heavy quark expansion (HQE)
[80], is carried out. Therefore, this procedure yields F’f’;M
as a power series in 1/ mb,7 being m; the mass of the b
quark, where each term is the product of a perturbative
Wilson coefficient and a nonperturbative matrix element
between the B, and Bq meson states. In turn, the Wilson
coefficients may receive QCD corrections at higher orders
in the strong coupling «,. On that respect, contributions at
O(ay) [81-84] and O(a?) [85-89] have been computed for
the 1/ mz power, while only leading order terms in QCD
are known for 1/mj [90] and 1/m3 [91] powers. Regarding

"In the case of I'Y,, the HQE starts at order 1/m;.
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nonperturbative calculations, the hadronic scale fixed by
the matrix elements, A, is naively expected to be of the
order of Agcp, but its specific value must be extracted
individually for each term. As previously commented,
nonperturbative matrix elements of dimension-6 operators
are computed in the framework of lattice QCD [60,61] or
QCD sum rules [62—-64]. More recently, a novel determi-
nation of matrix elements of dimension-7 operators was
achieved in [92]. In Appendix A, details on the compu-
tation of F@SM at lowest order in the HQE and QCD can be
found. The latest update of the SM prediction for the decay
width differences of B mesons is given by [4]

ATSM = (2.7 4+0.4) x 1073 ps7!, (26)

ATSM = (9.1 +1.5) x 1072 ps~. (27)

In any case, we are mostly interested in the ratio

SM /g SM .
'™ /M5, which can be expressed as

M ()T 245,48, T +

( t )quSM

+ 0T

M SM s (
?2

where M‘l"ZSM contains the CKM-independent part of
MM, and T%M has been decomposed into different
CKM structures coming from wuu, uc and cc quarks
contributions of very similar size I'{y" ~T%" ~T'7"
[93]. Defining the coefficients

cc S
= T /M, (29)
a, = 2T = T4 /M, (30)
b zrq auc Fq cco Fq Juu Mq SM 31
= (2I; n T/ , (31)

and applying 3x3 CKM unitarity, ie. Ay +4;, +
A} g = 0, one obtains

N AW AL
Mq’SM = Cy + z a, + E bq' (32)
12 q q

The numerical values of the coefficients cg» ag and b,
from [3] are

cg = (—49.5£8.5) x 1074, (33)

a; = (11.7+£1.3) x 1074, (34)

b, = (0.24 £0.06) x 1074, (35)

= (—48.0 £8.3) x 1074, (36)

a;, = (123 +£14) x 1074, (37)

= (0.79 £ 0.12) x 107, (38)

for the B, and B, systems in accordance with the previous
comment concerning I'{y" ~ %" ~ I'1;™. At this point, it
is justified to neglect terms of O(,/M%1,?) in the
expressions for the relevant mixing observables since
09, /M%,| ~5x 107 in the SM.® There is a strong hier-
archy in the numerical values, namely |cq| > a, > b,, due
to the GIM [94] suppression affecting a, and b,, which
vanish in the limit m, — m.. Furthermore, the terms
proportional to a, and b, in Eq. (32) are CKM-suppressed,
with

Ay 1.7 x 1072 = 4.2 x 10714, =d,
Zha _ { ! q (39)

Abg —88x 1073 +1.8x1072%, ¢g=s,

Aba\ 2 -1.8x 107! = 1.5 x 1072, =d,
<i> E { . ! (40)

Abg -25x10%=32x107%, g=s.
It is then clear that the real part of the previous ratio is
dominated by the real Cq contribution, while for the
imaginary part only the term proportional to a, contributes
significantly. In particular, given that a; and a, are of the
same order, the values of the semileptonic asymmetries in

each system are determined by the fact that the imaginary
part of Ay, /4, is around 20 times larger in the B, sector

than in the B, sector, having both opposite sign. The latest
update from [4] on the SM prediction for the semileptonic
asymmetries reads

ALSM — (=51 40.5) x 1074, (41)

AGM = (0224 0.02) x 1074, (42)

All in all, the semileptonic asymmetries in the SM are
small, with room for variation at the 10% level, and
fully compatible with the current experimental results.
Comparing Egs. (15) with Egs. (41) and (42), one can
readily check that the experimental uncertainty is about 3
times larger than the corresponding SM central value in the
B, system, and 130 times larger in the B, system. This
means that there is a priori ample room to accommodate NP
effects affecting the semileptonic asymmetries, thus provid-
ing new sources of CP violation in B meson mixing.

In summary, there are two ingredients that suppress the

imaginary part of the ratio %™ /M%°™ and, in particular,

that align the phases of F?ZSM and MM (i) the top
dominated contribution in M?’;M, and (i) 3 x3 CKM

*More precisely, corrections to the mixing observables are of
O((1/8)|T1, /M1, sin ¢1,), that is, O(1078) for B, and
O(107'!) for By in the SM, thus completely negligible given
the current experimental precision.
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unitarity and GIM cancellation. Aiming to analyze how this
suppression can be evaded BSM, we explore different
frameworks in the following. In Sec. Il we consider, in
a model independent approach, scenarios in which only M?,
is modified. In Sec. IV, the inclusion of vectorlike quark
singlets is considered. Finally, modifications of I'{, are
addressed in Sec. V.

IIL. AL, WITH HEAVY NEW PHYSICS
AFFECTING M?,

In this section, we consider the possibility of heavy new
physics affecting Bq—Bq meson mixing. The effects of
short-distance contributions can be addressed in the frame-
work of effective field theory (EFT) through higher
dimension operators built out of SM light fields (below
the m,; scale). On the one hand, in the context of
perturbation theory in the weak interactions, M{, corre-
sponds to AB = 2 transitions through intermediate virtual
states. These arise at the one-loop level in the SM and they
are CKM-suppressed, so that M?, could be a sensitive
probe to elucidate heavy NP effects which might compete
with the corresponding SM contribution. On the other
hand, I'}, corresponds to two AB = 1 transitions through
an intermediate real state that is common to both B, and Bq
mesons. AB = 1 transitions arise at tree-level in the SM, so
that if NP entered also at tree-level, its effects would be in
any case suppressed with respect to the SM by powers of
(My,/A)?, being A the NP scale. Therefore, it seems
reasonable to neglect heavy NP contributions in I'}, at
first instance and circumscribe its effects to MY,.

In this context, we consider a general model-independent
modification of M (1]2’ such that it could be the benchmark to
analyze a great variety of models including, e.g., lepto-
quarks [26-28], heavy Z’s [28-30], two-Higgs-doublet
models [32,35-37], axionlike particles [38,39], supersym-
metric models [11,40], dark sector particles [41], or SU(2),
triplets of heavy gauge bosons [42], among other exten-
sions. We should point out that although previous analyses
addressing the impact of NP in B meson mixing have
been performed in the literature in a similar fashion, see
e.g. [3,17-22,24,25,34], we rather focus our attention on
the question of how large Al can be. On that respect,
modifications of these quantities triggered the attention
from the theoretical particle physics community some time
ago due to the anomalous value of the like-sign dimuon
asymmetry reported by the DO Collaboration [43-45]. In
addition, as previously commented, an specific study of the
potential size of the semileptonic asymmetries could be of
interest as they can be directly related to baryogenesis [5].
Finally, it might be convenient to revisit these analyses in
light of the latest results presented by LHCb concerning the
phases that control CP violation in the interference between
mixing and decay of B mesons [78,79].

Following previous studies [3,20], we can write down

SM SM i
M‘szM'fz Aq:M(IIZ |Aq\e¢q, (43)
e, =M, (44)

L=l + ¢, (45)

being |A,| and ¢7 the modulus and the phase of the
complex number A, that parametrizes the modification of
M1, with respect to the SM.’ Of course, the absence of NP
translates i 2) = (1,0). In the context of EFT,
A, can be understood as a modification of the Wilson
coefficient accompanying the dimension-6 operator that

contributes to M ’,]’ZSM. In this way, the mixing observables
are modified according to

SM
AM —2|Mq ||Aq|:AM2M‘Aq|v (46)

SM SM
AT, = 2[T5 | cos(ply ™ + ¢2)

= ATM cos g2 — AMSMAL™M sin g2, (47)
. 1 q SM 2.SM N
AsL = a,llm qSM sin (41, + #g)
1 SM ACGMY
= m {Aq cos ¢y + (AngM sin ¢y |- (48)

The phase controlling the time-dependent CP asymmetries
gets modified as

by =P + 5. (49)

where ¢3M is given in Egs. (22) and (23). In Eq. (49), we
are assuming that NP does not enter in tree-level decays.
Equation (48) highlights the strong dependence of A&
on ¢

With the aim of understanding how large the CP
asymmetries can be in this scenario, we perform a global
fit to constrain all the independent parameters: {
|AS|7¢$’ e9f%3dBB,,7f%:BBx’912’913’92376}’ being eij
and ¢ the three rotation angles and the complex phase of
a3 x 3 unitary CKM matrix. Without loss of generality, one
can restrict the angles to lie in the first quadrant provided
that the phase is allowed to be free. In particular, we adopt
the Chau-Keung parametrization [95] used by the PDG. The
set of relevant constraints includes the following.

Other authors [22,24,25] prefer to parametrize the deviation
of the pure NP contribution with respect to the SM, that is, the

ratio M%) /MM It is straightforward to relate both para-
metrizations as M‘{Q/M'{’ZSM =1+ M" /MM,
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(i) B meson mass differences AM,; (measured by
ALEPH, DELPHI, L3, OPAL, CDF, DO, BABAR,
Belle, and LHCb collaborations) and AM, (from
CDF, DO, and LHCb collaborations). The combi-
nation of all different measurements is summarized
in [46], and given in Eq. (13).

(i)) CP violating phases arising in the interference
between mixing and decay of B mesons. These (iii)
can be measured in different decay channels gov-
erned by the quark level transition b — ¢¢s. On the
one hand, sin¢, is obtained from the analysis of
final states such that J/¥WK,,, ¥(25)Ks, or y.1 K.
On the other hand, ¢, is extracted using final states
such as J/¥®, ¥(25)®, or D] Dy. On that respect,
LHCDb has recently published the most precise single
measurements of sing, [78] and ¢, [79] using the
decays B; » ¥(—»¢"¢")Kg(—»ntz") and By —
J/¥(—putp~)KT K™, respectively. A detailed break-
down of the different determinations of the CP
violating phases can be found in [46]. Here, we use
the average including the latest results from LHCb
[96,97], namely:

sin =P = 0.708 £ 0.011, (50) (iv)

EXp _ _0.040 + 0.016. (51)

Only the most precise measurements of sin ¢, are
considered in the previous average.

As previously commented, one should care about
the contributions coming from penguin diagrams
when implementing this constraint. The penguin
pollution in the SM is estimated to be of order 1°
(~0.017 rad), while NP penguins are much less
constrained. In this sense, we add in quadrature the
potential size of penguin topologies and the exper-
imental uncertainty in the measurement of the pre-
vious mixing-induced CP phases, and treat the result
as a total uncertainty for this constraint. This roughly

implies an increase in the uncertainty of ¢;® by a
factor of /2, with approximately no change in the

uncertainty of the observable sin¢’®. Our limited
knowledge on the penguin effects, and even more on
the NP penguin contributions (that depend on the
specific model), should be appropriately covered in
this way. One may also worry about the channel
dependence of the penguin pollution,10 since we are
actually taking an experimental average over different

)
(vi)
(vii)

"In particular, the penguin pollution encodes nonperturbative
hadronic effects involving the initial and final states of the
transition amplitude. Other factors such as the polarization of
the final state particles can also have an impact on this estimation,
as it happens for instance in the gold-plated mode B, — J/¥®. A
more extensive explanation can be found in [3].

115033-8

decay modes where the mixing-induced CP phases
have been measured. An analysis of different decay
channels besides the gold-plated ones has been
carried out, for instance, in [69,71], where the
penguin effects are expected to be of order 1° as
well. Hence, these further effects are also accom-
modated within our approach.

Lattice QCD results for the products f%dBBd and
f%?xBBy together with their correlation, are taken

from [60]
13 By, () = 0.0342(29)(7) GeV2,  (52)
13 By, () = 0.0498(30)(10) GeV2, (53)

p(£%,Bu, f3,Bp,) = 0.968, (54)

where the first number in parentheses is the “total
error” accounting for all statistical and systematic
uncertainties in the lattice simulation, and the second
number in parentheses corresponds to the “charm
sea error.” We add these two contributions in
quadrature.

CKM entries |V |, |Visls |Vupls |Vep| and the angle
y=arg(=V, Ve Vi, Vi), As we will highlight
later in next section, in the context of vectorlike
quark extensions it is crucial to further include the
|V, constraint. The experimental values reported
by the PDG [98] are

V.a| = 0.97367 + 0.00032, (55)
|V.s| = 0.22431 £ 0.00085, (56)

V| = (3.824£020) x 1073, (57)

Vol = (41.1 £1.2) x 1073, (58)
V| = 1.010 £ 0.027, (59)
y = (65.7+3.0)°. (60)

B meson decay width differences AI'; and AT’ [46],
as given in Egs. (14).

Semileptonic asymmetries Ag, and A§; [46] in
Egs. (15).

Parameters a,, b,, ¢, in Egs. (33)—(38) entering F’{Q.
It is worth mentioning that their uncertainties are
“theoretical.” We explore two extreme options:
(i) allowing them to vary freely within the range
given by the central values £ the uncertainties,
(i1) fixing them to their central values. The results
obtained with one or the other option differ at a
negligible level. A more realistic approach would
allow them to vary in a correlated manner, but since
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TABLE 1. Input parameters.

p(ALSlL’AgL”W/peng = —0.113, (6]C)
Parameter Value Units Reference
Gy 1.1663788(6) x 105 Gev-2 98] taking into account the penguin pollution, and
g 0.84 1 [58] . .
My 80.377(12) GeV [98] A§p |wjopeng = (9.4 £3.2) x 1074, (62a)
m,(m;,) 161.98(75) GeV [99]
Mg 5.27963(20) GeV [98] AS — (=0.01 +0.83) x 1074, 62b
My 5.36691(11) GeV 98] Stlw/opens = ( ) (620)

p(AgL’ A%L) |w/0 peng — —0.110, (62C)

the extreme options make essentially no difference,  if senouing effects are ignored. Both results are fully

Fhat more realistic apprpach cannot §1ther. ) ) compatible with the SM prediction at 95% CL, and, in
Other input parameters used in the analysis are given in particular, compatible with zero in the B, system. As we

Table 1. The prev.ious constrain?s are implemented in terms clearly see, the potential size of the semileptonic
of Gaussian likelihoods or equivalent ;(2 terms (except for asymmetries in light of current data is 0(10—3) for AcSiL
Fhe parameter's dg, by, cq as JPSt commented). The g.lobal)'( ’ and O(107*) for A}, which are still below the projected
is sampled via Markov chain Monte Carlo techniques in sensitivity at LHCb Run 3 (23 fb=1) and Belle I (50 ab~").
order to represent the relevant regions for the different Only LHCb Run 5 (300 fb~") data is expected to effectively
parameters and observables. constrain the allowed range for A‘S’L, as it is shown in Fig. 2.

Our results are summarized in Fig. 2, where we present . - . .
. . s Ad . The vanishing correlation coefficient between the semi-

the allowed regions in the Ag —A§; plane. In particular, . ..
leptonic asymmetries in our analyses traces back to the

results at 68% CL read absence of correlation in the measurements of the mixing-
induced CP phases that constrain the parameters ¢qA in By
and B, meson systems. Likewise, the strong correlation
between A, and ¢} also explains the increase of the

A§L|W/peng = (-9.1+3.6) x 1074, (61a)

s _ —4
ASLlw/peng = (=0.04 £ 1.21) > 107, (61b) uncertainty in Ag |y /peng With respect to Agy |y /openg DY @
Or SM i s ~
S S 0f ’
— — [ i, sM
x _of N 1 x
— —
N2 "gé./) 1 i
—4F - [
6 -_ —— w/o penguins _- 92} —— w/o penguins
1 —— w/ penguins | [ —— w/ penguins
-6 —4 -2 0 2 4 6 -3 -2 -1 0 1 2 3
5 3 5 3
g, % 10 &, x 10

FIG. 2. Allowed regions for A¢, and Aj; with heavy new physics solely affecting M?,. All contours are shown at 95% CL (2D-
Ay? = 5.99), together with the corresponding best fit point. In the left panel, the pink ellipse represents the current experimental world
averages for the semileptonic asymmetries measurements as of 2024, while the ellipses in orange project the future expected sensitivity
at LHCb Run 3 (23 fb~!) and Belle II (50 ab™"). The blue and red contours show the results of our analysis within the scenario presented
in Sec. III, corresponding to the case where SM penguin contributions have been included or neglected, respectively. The point in black
is the SM prediction, whose uncertainties are not visible in these axes. In the right panel, we provide the detail of our results along with
the projected sensitivities at LHCb Run 3 and Belle II, and, in addition, at LHCb Run 5 (300 fb~!).
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factor of \/5 as commented when analyzing the constraint
coming from the mixing-induced CP phases.

For completeness, we provide in the following the values
of the parameters |A | and ¢5 that modify the modulus and

the phase of M'{'ZSM in this scenario
|Ad|w/peng = 0981_8(%9’ ¢$ |w/peng = _00711_8855?’ (633)

|Ax|w/peng = 100:())(())2’ ¢sA |w/peng = _00041_8822?’ (63b)

and

|Ad|w/openg = 090:?(%73’ ¢$|W/Openg = —0055j88§§,
(64a)

|As‘w/openg = 0'92:()).'(%2’ ¢SA|W/0Peﬂg = _0'006j8:811§'
(64b)

On the one hand, the parameters |A,| are close to their
SM value with uncertainties of O(10%), as one could have
expected from the agreement between the measurements
and the SM prediction of the meson mass differences AM ,
and thus they do not contribute to substantially enhance the
values of the semileptonic asymmetries with respect to
the SM. On the other hand, despite the small values of ¢2,
they can enhance A3, at the 107 level. In the case of
A, | the phases ¢dA could be large enough to saturate the
experimental lower bound expected from Belle II
(50 ab™"). As a final comment, we devote Appendix B
to a detailed numerical analysis of how the modifications of
MY, actually achieve the enhancement of A and A}
through their parametric effect not only on M{, but on I'Y,
as well.

IV. A{; WITH NONUNITARY CKM MIXING

We consider in this section models where the SM quark
content is extended through the inclusion of “vectorlike”
quarks.'" These “exotic fermions” naturally arise in a
number of theoretically top-down motivated scenarios such
as Grand Unified models [100,101], extra-dimensional
models [102], or composite Higgs models [103]. From a
bottom-up perspective, models with vectorlike quarks
provide an interestingly rich phenomenology [104-112].
We will focus on the simplest cases within that large class
of models, that is, models with either one up-type or one
down-type quark singlet (to be referred in the following as
UVLQ and DVLAQ, respectively), since they already intro-
duce modifications of interest. In these models,

Heyectorlike” meaning that new left-handed and right-handed
fields are added together, with the same SU(2), assignment, and
thus they are harmless from the point of view of anomaly
cancellations.

(i) The CKM matrix is not anymore 3 X 3 unitary, but
part of larger unitary matrix: in the UVLQ case,
CKM is 4 x 3 and is embedded in a 4 x 4 unitary
matrix; in the DVLQ case, CKM is 3 x 4 and is
embedded in a 4 x 4 unitary matrix; just for illus-
tration, although we do not consider such a scenario,
with both one up-type and one down-type vectorlike
quark singlets, CKM is 4 x 4 and is embedded in a
5 X 5 unitary matrix.

(ii) As discussed in detail in Appendix C, in the UVLQ
case there are tree-level Z flavor-changing neutral
currents (FCNC) in the up quark sector but not in the
down quark sector, while in the DVLQ case, there
are tree-level Z-FCNC in the down quark sector, but
not in the up quark sector. For illustration again, with
both one up-type and one down-type vectorlike
quark singlets, tree-level Z-FCNC are present in
both the up and down quark sectors.

Focusing on B; and B, neutral meson mixings,

(i) There are new contributions to M?,. In the UVLQ
case, they correspond to additional SM-like diagrams
as in Fig. 1, including the new up-type quark 7 in the
loop; these contributions depend on its mass my and
the combinations of elements V7, V7, of the enlarged

CKM matrix. In the DVLQ case, the new contribu-
tions involve tree-level flavor changing neutral ver-
tices, as illustrated in Fig. 3; they depend on the 3 x 3
unitarity violations (Dy),, = Vi Vig + Ve Vig +
Vi Vig 70 [see Egs. (C8) and (C16)], but do not
depend on the mass of the new down-type quark.
(i) Concerning F‘l’z, there are no new contributions
in the UVLQ case, contrary to the DVLQ case,
where new contributions involving one or two Z
flavor changing vertices are present. These new

z _
B, B, B z B,
w
Z _ .
1 BO an

FIG. 3. Tree-level (upper panels) and one-loop (lower panels)
diagrams contributing to Bq—Bq mixing in DVLQ models. The
red vertex corresponds to the flavor-changing coupling Zd,vz_z'j
obtained in this type of models. The blob in gray represents all
possible flavor-changing one-loop topologies arising from the
exchange of one or two W bosons, including those where the Z
couples directly to one of the external lines. In this case, the other
topologies where the red vertex and the gray blob exchange
positions are not shown, but appropriately included in the
calculations.
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contributions in the DVLQ case are nevertheless

negligible, as discussed later.
The inclusion of vectorlike quarks provides two ingre-
dients—a non 3 x 3 unitary CKM matrix together with new
contributions to M{,~that have the potential to induce a
significant misalignment of I'{,/M?, with respect to the
SM. We scrutinize how these ingredients actually operate in
our analyses in Appendix B.

The analyses follow the same approach as those of
Sec. III, with the following changes. Since the CKM matrix
is not 3 x 3 unitary but part of a larger 4 x 4 unitary matrix
in both analyses (UVLQ and DVLQ scenarios), rather than
the 4 parameters required in Sec. III for CKM, a further 5
parameters are needed, i.e., 3 new “mixing angles” 6,4, 04,
034, and 2 new phases 4, 054 in a PDG-like parametriza-
tion, in order to describe the extended CKM matrix
(4 x 3 in the UVLQ case, 3 x 4 in the DVLQ case) and
the Z-FCNC tree-level couplings.

In the DVLQ scenario, we ignore the mass of the new
down-type quark since it does not enter the quantities of
interest I'{, and M{,. In the UVLQ case, the mass of the
new up-type quark my is, on the contrary, very relevant.
The results shown in Figs. 4 and 8 correspond to
my = 1.6 TeV. This value is chosen to avoid direct lower
bounds [113,1 14].]2 We have also checked that for values
of my in [1.6;5] TeV, the range of potential enhancement
of the asymmetries Al is unchanged. Concerning the
penguin pollution discussed in Sec. III, we only consider in
this section analyses which include it, without further
mention.

There is an important aspect of our analyses that
deserves clarification. For both the UVLQ and DVLQ
scenarios, we consider the same set of constraints discussed
in Sec. III, and used in the model independent analyses
presented there. In principle, this set could be extended to
include other relevant constraints (e.g., B, rare decays,
electroweak precision data/oblique parameters, kaon mix-
ing observables, rare kaon decays, to name a few), if we
were to perform detailed phenomenological analyses of
these scenarios. We stick to the constraints of Sec. III since
that is not our goal. As a consequence, the results obtained
in this section, in particular the ranges in A¢; and A; , come
with a qualification. It is not guaranteed that the full range
of variation of A4, and A§; would be allowed if additional
constraints were to be included. What is guaranteed,
however, is that values of A¢; and A§; outside the allowed
regions emerging from the analyses cannot be accommo-
dated in any case in these scenarios. We have explored the
size of the 3 x 3 unitarity deviations that our analyses allow

Pt is to be mentioned, however, that such direct bounds
typically assume patterns of decays, including dominance of
decays into third generation quarks, that do not necessarily hold,
and thus such bounds are not absolute and could be evaded; in
any case, we play safe setting my = 1.6 TeV.

1 - A\ -
[ s
o) 0 - .
S - o
% : SM
<7 !
qf i
I — NP3x3
ot UVLQ
i — DVLQ ]
-3 -2 -1 0 1 2 3
5 x 10°

FIG. 4. Allowed regions for AgL and Ag; within vectorlike
quark singlet extensions. All contours are shown at 95% CL
(2D-Ay? = 5.99), together with the corresponding best fit point.
The pink and green contours correspond to UVLQ and DVLQ
models, respectively. In blue, we further include the result of our
previous analysis with heavy NP affecting M?, for comparison.
All results are obtained including the penguin pollution as
discussed in Sec. III.

for, finding, in the DVLQ case |(D; )| <5 x 10~* and
|(Dr),p] < 2 x 1073, while in the UVLQ case |V3, V| <
107 and |V, V| < 5 x 1073, Since part of these ranges
can indeed be in conflict with other constraints not
included, we have also explored what are the minimal
sizes of these 3 x 3 unitarity deviations that are able to
produce the full range of variation of A‘S"L and Ag; , finding,
in the DVLQ case |(Dp)y|~2x 107 and |(Dp)g|~
5x 107*, while in the UVLQ case |V;,Vrp| ~4 x 1074
and V4 V| ~ 8 x 1074, These values appear to be suffi-
ciently safe from the point of view of other B, and B
related constraints [112] not considered here. As a bonus, it
is also clear from the values of these 3 x 3 unitarity
violations, that the new contributions to I'{, in the
DVLQ case mentioned previously are much suppressed
with respect to the usual ones, since |[(Dp),| <
Apal- 145a] ~ O(A%) and [(D1) | < |25| ~ O(A) < |25, | ~
O(2%) (with 1~0.22 in the Wolfenstein parametrization
of CKM).

As a last comment concerning the constraints, the one on
|V 5| deserves attention. When CKM is assumed to be 3 x 3
unitary (as in Sec. III), the constraints on |V | and |V |
already force |V,,| = 1 —O(2*), while the uncertainty in
the experimental determination of |V ;| is (numerically) in
the O(4?) to O(2%) ballpark. This means that the role of this
constraint when 3 x 3 unitarity is assumed is irrelevant.
That is not the case anymore when CKM is not 3 x 3 but
part of a larger unitary matrix, since it bounds the moduli of
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elements of that extended matrix beyond the third row and
column.

The main result of this section is shown in Fig. 4. As in
Fig. 2 in Sec. I1I, the allowed region of A% vs A4, is shown,
together with experimental expected sensitivities. For
comparison, the allowed region obtained in the analysis
of Sec. III, the NP 3 x 3 case, is also displayed. One can
observe that the enhancements of A and A}, in these
simple scenarios are similar to the ones achieved in Sec. III,
with values of Ag; at the 1073 level, values of A}, at the
10~* level, and small correlation at the —0.1 level. More
precisely:

(i) UVLQ case,

Ad = (-8.0+2.9) x 1074, (65)
A = (=0.08 £0.97) x 107, (66)
p(Ad A ) = —0.094. (67)

(i) DVLQ case,

Ad = (-103£29) x 1074, (68)
Ay = (=047 £0.96) x 1074, (69)
p(Ad Ay ) = —0.101. (70)

At a finer level of detail, it is to be noticed that these
regions, although similar, are both slightly smaller than in
the NP 3 x 3 case, covering the same region in Ag; but a
smaller one in A‘S’L, with, in addition, a small shift of around
~2 x 107 in the central value of Ag in the UVLQ case
with respect to the DVLQ scenario.

V. A%, WITH MODIFICATIONS TO I,

In this section we explore scenarios which could lead to
contributions to I'Y, and its phase and explore its impact on
A} . This is something that was explored before in a range
of models, in particular after the anomalously large
asymmetries reported by DO more than a decade ago,
see [43-45] for the measurements and [16,31-34] for
several references discussing phenomenology.

Trying to enhance the semileptonic asymmetries by
modifying 'Y, requires a priori light new physics. Why?
Since M1, is a transition amplitude dominated by virtual
particles, while I'Y, is a decay rate, they typically scale as
U7,/ M1, | ~ O(m2/m?,,..,)- For instance, in the Standard

Model my = m, and therefore |I',| < |M{,| and con-
sequently A, is also small. Beyond the Standard Model it

becomes a model dependent task to understand how large
'Y, can be and its impact on A{; . To address this question
we opt for two avenues. First, we review existing studies in
the literature that explore various possible common final
states for the B, and B, mesons. Second, we explicitly
calculate how large the semileptonic asymmetry can be
within the minimal realization of the B-mesogenesis
paradigm, which contains a color-triplet scalar that can
mediate B, and B, transitions and in particular modify I'{,.

A. Possible channels contributing to I'%,

It has been known for a while that there are not many
possible channels that can substantially modify T'{,. In
particular, the viable options as of 2010 were [16]:
(1) b — u;un;q decays, where u; =u or ¢, (2) b — 7zs
decays, and (3) decays into modes involving invisible
particles. Overall, they were viable because for case (1)
substantial BSM effects could hide within large hadronic
uncertainties, and cases (2) (taus) and (3) (invisibles)
involve final state modes that are hard to detect, so that
large branching fractions could still be allowed. The current
status of each of these options is different and here we
provide a summary and reinterpretation of recent works for
options (1) and (2), and study one specific example for
cases (1) and (3).

1. Modifying T'l, with b — u;ii;q decays at the EFT level

Recent global analyses of effective operators that can
modify b — u;ii;q decays include [93,115-118]. In full
generality, 20 combinations of i;bii;q operators can be
constructed with the quarks in different color and Lorentz
structures. Out of those, most of them cannot lead to
significant contributions to I', because, rather generically,
they also substantially contribute radiatively to rare proc-
esses in the Standard Model, such as b — gy and
b — qt?—see, e.g., [115] for their relationship, and
[119-121] for recent global analyses of these modes. Out

of the operators investigated in [115-117], color-rearranged
d,cc

structures of the type Q7 = (Z’[Zy#b‘z)(c_lZy”c/Lj), where a,
p are color indices, can lead to effects that saturate the
experimental limit on A, , namely, |[A% | <2 x 1073.T%, is
strongly dominated by b — ccs decays, but in this scenario

operators of the type Q7 are severely constrained by

b — sy, while color-singlet operators of the type Q5 =

(Eiyﬂbz)(ify”ci) can lead to the largest modifications
allowing for |A% | $2 x 107 as well.

2. Modifying T, with b — tzs at the EFT level

The recent global analysis of [122] studied the current
status of all possible effective operators that can signifi-
cantly contribute to I'{, via b — zzs decays (see also [19]).
Although in [122] the authors restricted themselves to real
Wilson coefficients, their results can be extended to show
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that in the presence of complex Wilson coefficients
|A%, | <1073, again a rather large number."”

3. Modifying T'1, within UV complete models

The studies mentioned before worked in terms of
effective AB = 1 operators involving light states (below
the m,, scale), whose Wilson coefficients are appropriately
constrained by all relevant observables, including, in
particular, the meson mass differences AM q that are
generated through AB = 2 transitions. On that respect, it
is crucial to check that contributions to AM,, controlled by
heavier states do not spoil the agreement between the
experimental measurement and the Standard Model pre-
diction. To understand this observation, it is illustrative to
think, for instance, in the Standard Model case: as AM3M is
top-dominated, in an effective theory such as those pro-
posed in the previous studies this contribution would be
missed. Therefore, we include in this section a review of
some UV completions capable of generating the afore-
mentioned AB = 1 operators in order to check the actual
enhancement of A¢; one is able to achieve.

Recent examples of UV models featuring AB =1
operators include Ref. [124] for operators of the type
(1), and Ref. [125] for operators of the type (2). Taking the
parameter space in [124] at face value, the authors report
that Ay, could be as large as A§, = —4 x 107 and thus
only a factor of two larger than the Standard Model
prediction in Eq. (42), and a factor of ~50 times smaller
than what appears to be allowed when considering only
AB =1 operators. Regarding the type (2), the UV com-
plete model that realizes potentially large b — zzs tran-
sitions of [125] would allow for contributions to Ag; that
are <1075, and thus again rather small and comparable to
the effects one can find by modifying the phase of M7,.

Thus, although this does not constitute an exhaustive list
of UV completions, it generically highlights that, indeed, in
UV theories that could potentially induce modifications to
I'!, itis not easy to find large values of the CP asymmetries.
The reason is rather simple: the contribution of I'Y, appears
from tree-level decays and mediators of these interactions
are generically constrained to have M = 1 TeV from LHC
searches, and this in turn leads to very suppressed con-
tributions to I'Y,.

To complete this section, in what follows, we consider
at face value the minimal scenario capable of realizing
B-mesogenesis with the aim of understanding whether it
can lead to substantially large CP asymmetries. This is

BNote that the case of b — 7zd is significantly more con-
strained than that of b — 775 because Br(B; — 77) < 2.3 x 1073
while Br(B; — 77) < 6.8 x 1073 at 90% CL [123]. Thus, there
appears to be more room for » — 7zs transitions as compared to
b — 7rd ones (although a dedicated study is not currently
available in the literature).

<
<

By

FIG. 5. Box diagram triggering Bq—Bq mixing from w-Y
mediation. The other topology is not shown, but it is considered
in the calculation.

motivated because it can contribute both to AB =2
transitions as well as to AB =1 operators of the type
(1) b — u;ii;q, and those of the type (3) involving a new
invisible particle, b — yirq.

B. I'{, within the minimal B-mesogenesis realization

The minimal realization of B-mesogenesis [5,7] involves
a color-triplet scalar Y with hypercharge —1/3, and a dark
sector antibaryon w."* The interaction Lagrangian reads

Loyz== Yua Y ligds + He.
ij

= Vya Y5y + He., (71)
k

where y represent (complex) coupling constants."”” While
Y features a coupling to two quarks, proton decay is
evaded by imposing baryon number conservation, with
B(y) = =1, B(Y) = —2/3, and by kinematics, with m,, >

m, — n,.

1. Modifying T'1, with semi-invisible b — ynyq decays

The y fermion and Y boson mediate the transition
amplitudes shown in Fig. 5. They contribute to MY, as
well as I, via b—yipg decays provided that
my,, < my/2+ my,. In this kinematical regime and consid-
ering m, = 0, direct computation leads to

f%qMBq (ylyqy;/b)zmi
256 M3

2 2 2
x< —§@> 142 (72

NP
F[fz (w) = -

and

"Not to be confused with the J/¥ hadronic resonance.
Note that there is also a version of the model with ¥ = 2/3,
but we would expect even smaller I'/, contributions in that
scenario, see [7] for the phenomenology.
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flziqMBq (ywqy:;/b)z

Mq.NP _
R Ve V2

Glxyy),  (73)

with x,,y = m}, /M3, and G(x,y) the function reported in
Appendix E, although for the relevant range of parame-
ters G ~ 1.

We know that any new physics contributions to M?, are
bounded to be at most ~10% of the SM one given
Egs. (63). From Eq. (73), this leads to a constraint on
the couplings

Vyavisl < 0.01 x My /500 GeV, (74a)
VysVis| < 0.05 x My /500 GeV, (74b)

where the bound has been normalized considering that
My > 500 GeV is the most conservative limit from direct
LHC searches on pair produced Y resonances [126-129]."°
To understand the potential relevance of F?'ZNP into the
semileptonic asymmetry we can write

SM NP
¢ _ o (T +T%
Ag = Im| —" GNP

My + My,

Fq.SM 1—‘q,NP
oIm| —o it | +Im| 2], (75)
le],ZSM + M(II.ZNP M(1],25M

where in the second term, for simplicity, we have neglected

M 'f’ZNP as it can be at most 10% of the SM. Note that here
the first term is precisely the one that we explored in a
model independent way in Sec. III. Taking into account the
constraints in Eqs. (74), we see that the new physics
contribution from the last term in Eq. (75) involving y
exchange is bounded to be

(76)

V 2
A7) <410V

My

These contributions to the semileptonic asymmetries are
smaller than the one from M;”zNP in Eq. (75), see Eq. (61).

2. Modifying T%, with b — u;it;q decays
Within the minimal realization of B-mesogenesis it is
also possible for Y to mediate a transition amplitude from
the quark-quark coupling present in Eq. (71). Working in
the vacuum insertion approximation (Bp = 1) and taking
the simplification that My /(m;, +m,) =1, we find

"®More restrictive LHC bounds on the ¥ mass may apply as it
can be produced singly and also decay into jets and missing
energy, see [7] for a detailed assessment of these bounds.

Y
B,, u,c,t
w

VVVVV\¢
w
u,c,t B, B,l u,c,t u,c,t B,
Y

u,c,t . B,

FIG. 6. Box diagrams triggering Bq—Bq mixing from u,~Y/W
mediation.

Y
}-:)’11 u,c,t
Y

2 2 02 2
Fq‘NP(w) _ quMBq Z 7 /I(mb’ i mj)
12 -
384n° m’

i,j=u,c

m;:m:;
X [(Vibeinqy;b) M%:, 1\/;% 8¢

2
+ (yiqyifby,-qy}fb)lén—ﬁ%(Sg’z] - 59§ ] (77)
where g is the SU(2), coupling constant, 4 is the Killen
function, and g’zf 5 are functions of the quark mass ratios as
given in Appendix E that numerically are of O(1).

The equivalent contribution to M?, contains terms with
all up-type quarks, and we find

I3,Mpg m;m; ,
NP q 4 * *
M () = - 3é4ﬂ2[ Z [(Vibvquiqyjb)mngllj
i,j=u,c.t Wty
N 73
= O0igyinYiaVin) 317 | (78)
Y

which agrees with the results within the same model
from [7,130], and where the functions f’ij and f;j depend
upon the quark and Y masses. They are given in
Appendix E, but numerically are O(1-10).

From Eq. (77) we can clearly see that I'{, will be
dominated by the b — ccq channel. On the other hand, if
the y;, coupling constant matrix is homogeneous, then M1,
will be top-dominated, and therefore the contribution to I'Y,
in the model will be strongly suppressed. In order to
maximize the size of I'!, and Al , we can consider a
favorable (and tuned) scenario where only the b — ccq
channel contributes both to MY, and I'Y,. By requiring that

|M%"| does not exceed more than 10% of the SM one [see
Eqgs. (63)], one finds

[Yeayip] < 0.01 x My /500 GeV, (79a)

lyesy’,| S 0.05 x My /500 GeV., (79b)
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where the bounds scale linearly with My, because the
dominant contribution comes from the second term in
Eq. (78). Proceeding as before, noting that at least My >
500 GeV from LHC searches, and taking the phase of
VipYeq to be /2 with respect to the SM one (in order to
maximize the Af; asymmetry), we can use Eq. (77) to find
that the contribution from I'}, to the CP asymmetries is

AGT ()] < 1074, (30)

This means that even in the most favorable scenario where
only b — c¢q decays appear in both I'{, and M?,, the
contributions from I'Y, to AZ; are small. This results from a
combination of the fact that the very same channel
contributes to AM,, which cannot be modified beyond
10%, and because we know that at least My > 500 GeV
from LHC constraints. We have further checked that using
b —iicq, b — cuqg or b — nug decays leads to even
smaller asymmetries than the ones quoted in Eq. (80).
We thus conclude that in the absence of fine tuning the
maximum values of the semileptonic asymmetries in the
minimal realization of the B-mesogenesis mechanism are
mainly dominated by the ~1° phase that the color-triplet
scalar could induce to M?,, and not by new contributions to
I'!,. This means that the same limits we found in Sec. I1I for
generic heavy new physics scenarios that only modify the
phase and magnitude of MY, apply, i.e., the semileptonic
asymmetries cannot be larger than those in Egs. (61). An
exception to this conclusion can be reached if there are
large contributions to '/, from a given channel, say
b — ccs, but then the contributions from this channel to
M1, are compensated by another one with opposite sign
from a different channel, say from the top. In that case,
AM , would still be in agreement with the Standard Model
prediction. While this is in principle possible, it is finely
tuned as it requires very specific phases and hierarchies of
coupling constants. In this context, we finally comment on
two additional options that have been invoked in the
literature to enlarge the CP asymmetries with light new
particles. Reference [33] considered a new hidden pseu-
doscalar that mixes with B, and Bq. In order for the CP
asymmetries to be enlarged this new state should have a
mass M ~ Mp and very specific decay modes. In addition,
Ref. [131] considered the contributions from a very light Z’
with M < Mp. Significant enhancements to the CP asym-
metries can be obtained by considering only bg couplings,
but the necessary presence of other types of interactions are
likely to strongly constrain this possibility, see [132].

VI. IMPLICATIONS FOR B-MESOGENESIS
AND FUTURE SEARCHES

Having performed global analyses to explore the mag-
nitude of the CP asymmetries in neutral B meson mixing
within heavy new physics scenarios modifying mass

mixing in Sec. III, scenarios featuring vectorlike quarks
leading to a nonunitary CKM in Sec. IV, and scenarios
modifying decay width mixing I'Y, in Sec. V, we are now in
good position to compare our findings with (1) the expected
experimental sensitivity for these quantities from LHCb
and Belle II [see Egs. (16)], and (2) with their minimum
required value for a successful B-mesogenesis.

As introduced in Sec. I, within the B-mesogenesis
framework [5-7], the amount of CP violation in neutral
B meson mixing is directly proportional to the baryon
asymmetry of the Universe. In particular, a minimal
requirement is that [7].17

Al > +107%. (81)

Importantly, at least one of the CP asymmetries needs to be
positive as we live in a Universe where structures are made
of matter. The prediction for the baryon asymmetry does
depend upon the sign and magnitude of A¢, and A, (as
each meson system oscillates at a different rate and they
are produced in different numbers in the early Universe),
but also upon the branching ratio of the new decay mode
of a B meson into a dark sector antibaryon, a visible
baryon, and any number of light mesons, that is,
Br(B — baryon + y + mesons). These two parameters
are strongly correlated, with the latter constrained by
direct searches at B-factories [133—135] and from a recast
of old searches at LEP [7], see also [136—139] for refined
theoretical predictions. While these bounds depend upon
the y mass, a rather global conservative constraint is Br <
1% for m,, ~ 1 GeV. For heavier y masses and depending
upon the particular flavor combination that dominates in
Eq. (71), the bound can actually be more restrictive,
namely Br < (0.01-1)%. The smaller this branching ratio
is, the larger in magnitude the CP asymmetries should be
to provide the observed baryon asymmetry of the
Universe.

We depict the parameter space studied in [7] in Fig. 7,
where we show the allowed region for the A% and A$;
asymmetries, and highlight in red the region of parameter
space where the mechanism could lead to the observed
baryon asymmetry of the Universe according to [7]. In
addition, we show in orange the current experimental world
averages, the expected sensitivity from LHCb and Belle II,
and most importantly our results for the scenarios where
M1, is modified by heavy new physics. We show this case
because, as we have checked in the previous sections,
scenarios with a nonunitary CKM or UV complete models
that could modify I'f, cannot lead to larger CP asymme-
tries. In light of this, Fig. 7 allows us to state two of our key
results:

7See also footnote 1.
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FIG. 7. Semileptonic asymmetries of the B; and B, systems in logarithmic scale. In orange we show the experimentally allowed
regions at 95% CL [2D-Ay? = 5.99, Eq. (15)], and in dashed orange the expected sensitivity from LHCb and Belle II assuming their
measurements are centered around the SM prediction, see Eqgs. (16). In red we highlight the region of parameter space identified in [7]
in which the baryon asymmetry of the Universe can be explained via the B-mesogenesis mechanism [5—7]. The dashed red lines
correspond to isocontours of Br(B — baryon + y + mesons). Only the region of parameter space with Br < 0.01 is shown since
larger branching fractions are conservatively excluded. Depending upon other parameters, the constraints can reach up to Br < 107,
The dashed gray line is one of the main results of our study and highlights the values of the semileptonic asymmetries that heavy new
physics models contributing to M?, can reach, see Eq. (61). We see that the overlap between the red and the gray dashed regions is
small, and this puts the B-mesogenesis mechanism in tension as for it to be successful B mesons should posses an inclusive ~O(1%)
branching ratio into a baryon, any number of light mesons, and missing energy. We finally note that semileptonic asymmetries larger
than those contained in the gray contour could be obtained in tuned scenarios where I'Y, is modified, see Sec. V for a discussion.

(1) New measurements of the semileptonic asymmetries
by LHCb and Belle II are not expected to test the
most generic new physics scenarios. All the models
we have considered feature smaller asymmetries
than their future sensitivity. This includes any
BSM scenario that modifies mass mixing M?%,,
scenarios featuring vectorlike quarks leading to a
nonunitary CKM, as well as nontuned UV complete
models which could also contribute to decay width
mixing I'Y,. The only scenarios that could lead to
large asymmetries are those which introduce sub-
stantial modifications to I'Y, but also tuned contri-
butions to M?, in order to evade the strong
constraints from AM,.

(2) The small CP asymmetries that can be obtained
BSM put the B-mesogenesis mechanism in theo-
retical tension. As shown in red, the mechanism
requires positive and rather large CP asymmetries in
order to explain the observed baryon asymmetry of
the Universe. However, only the region with Ay, ~
(1-5) x 107* and A¢, ~ AG™ can be theoretically
achieved from a generic contnbution to M1,. In the
rest of the parameter space, and in the absence of

tuning, there is no BSM scenario explored in our
study which can lead to the required CP asymme-
tries to have successful baryogenesis. We note that
while Br < 1% is a rather conservative constraint on
the new decay mode B — baryon + y + mesons, in
many regions of the parameter space the bound is
stronger and therefore the tension is even larger.

VII. SUMMARY, CONCLUSIONS, AND OUTLOOK

In this study we have explored in detail how large CP
violation in neutral B meson mixing could be beyond
the Standard Model. This is motivated by the fact that
(1) B-factories and the LHC have significantly constrained
the B; and B, mixing parameters, and (2) we know that
this type of CP violation could be at the origin of the
matter-antimatter asymmetry of the Universe through the
B-mesogenesis mechanism, but (3) the SM CP violation in
B mesons falls short by ~1 order of magnitude to explain
the observed baryon asymmetry of the Universe.

In this context, we have first considered in Sec. III a very
general scenario where heavy new physics affects meson
mass mixings M{,. We have followed a model independent
approach allowing the modulus and phase of M¢, and M3,
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to vary. Then, we have performed a global analysis of these
quantities and the CKM matrix by using relevant flavor
data, including the meson mass differences and CP
violation measurements in the interference between mixing
and decay. Our 68% CL results projected in terms of the
semileptonic asymmetries are

A |y /peng = (9.1 £3.6) x 1074, (82a)
AY g jpeng = (—0.04 £ 1.21) x 1074, (82b)
(A A peng = —0-113. (82¢)

Effectively, these results are partly driven by the ~1°
precision measurement of the phase of M¢, and M3, from
measurements of CP violation in the interference between
mixing and decay, and partly from the allowed freedom in
the CKM parameters.

In Sec. IV we have considered the case of an additional
generation of up-type and down-type vectorlike quarks that
lead to a nonunitary 3 x 3 CKM matrix. This is motivated
because one of the reasons the CP violation in B meson
mixing in the Standard Model is so small is precisely the
unitarity of the CKM matrix. Our results from an enlarged
global CKM fit show that these scenarios can lead to
similar CP asymmetries to the ones in Eq. (82), but not
larger in magnitude. The main reasons why the CP
asymmetries are not substantially larger stem from the fact
that (1) the allowed deviations of CKM 3 x 3 unitarity are
small, and (2) up-type vectorlike quarks are constrained by
direct searches to be rather heavy and thus cannot lead to
large effects on the relation between I'Y, and M7,.

Finally, in Sec. V we have considered scenarios that can
directly alter decay width mixings I'Y,. While at first sight it
appears that in an EFT where only operators that contribute
to I'}, the CP asymmetries could be large, the actual results
in UV complete models show that the resulting contribution
to the CP asymmetries from I'Y, ends up being significantly
smaller than those in Eq. (82). Our results include the first
full calculation of the CP asymmetries within the minimal
realization of B-mesogenesis in Sec. V B. The overall
difficulty in obtaining large contributions to Al from
I'!, is due to the fact that when a full UV complete model
is considered (1) the contributions to I'{, are typically
suppressed by mj /M., with respect to those for M{,,

(2) the modulus of M¢, should be within ~10% of the SM
value and its phase within 1°, and (3) the LHC sets typically
very strong constraints on My,,y, hence diminishing the
effects on I'{,.

To conclude, in Sec. VI we have put our results in context
by comparing these findings with the sensitivity of LHCb

and Belle II on the CP asymmetries quantifying CP
violation in B meson mixing. Our main results are sum-
marized in Fig. 7 and highlight that (1) we do not expect
upcoming measurements of the CP asymmetries to test any
of the many new physics models we have considered in this
study (unless significant tunings are present), and (2) we
clearly see that the B-mesogenesis mechanism is in theo-
retical tension. This is because the rather large and positive
CP asymmetries needed for the mechanism to be successful
are difficult to feature beyond the Standard Model. The only
region of parameter space that could be covered is the one
with A3 =~ (1-5) x 107* and A, ~ A%SM. This is interest-
ing because in this region of parameter space B mesons
should have a rather large branching ratio (0.2%—1%) into a
visible baryon and missing energy. While this represents a
rather strong requirement, it makes the mechanism even
more predictive and we note that its minimal realization
could actually incorporate the two ingredients: the amount
of CP violation needed (from the triplet scalar contributions
to M3,), as well as the required branching ratio for the new
decay mode.

Overall, we find that it appears challenging to signifi-
cantly enlarge the CP violation in the neutral B meson
mixing beyond the Standard Model. This has implications
both for the interpretation of future LHCb and Belle 11
measurements of the semileptonic asymmetries as well as
for the B-mesogenesis mechanism, as the latter is put in
theoretical tension. Despite the rich ongoing flavor physics
program at LHC and Belle II, we expect our results not to
be significantly altered for the next 5-10 years. The reason
is that the ranges of the CP asymmetries found in Eq. (82)
are primarily driven by the measurements of the phase of
M1, from time-dependent CP asymmetries arising from the
interference between the decays with and without oscil-
lations. The relevant phases ¢, and ¢, have been measured
with ~1° precision; this is precisely the expected size of SM
penguin pollution and hence, at first sight, contain irre-
ducible uncertainties.

The quest for beyond the Standard Model physics
continues, but our study highlights that it is likely not to
be found for the most generic models through upcoming
measurements of CP violation in B meson mixing. Very
high precision measurements of these asymmetries at a
future Tera-Z factory such as FCC-ee [52,53] or finely
tuned contributions to B meson mixing may change this
picture.
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APPENDIX A: DETAILS ON THE
COMPUTATION OF M?S™ AND 145M

The theoretical determination of M%™ and T%M is
broadly addressed in the literature. However, different
choices regarding the definition of the relevant matrix
elements and normalization factors are usually encoun-
tered. In the light of this, we consider it might be useful for
the reader to settle down which convention we have
adopted and compare with other references in order to
avoid potential confusion on that respect. Furthermore, we
take the opportunity to provide additional details on the
technical aspects and the physical meaning of the different
approximations used in the computation of the mixing
matrix elements.

As previously introduced, MY, and I'!, are the off-
diagonal elements of the 2 x 2 Ham1lton1an in Eq. (5),
which acts on the Hilbert space of the {|B,).|B,)} mesons
and controls their time evolution. The effects of the
underlying fundamental physics can be encoded into the
matrix elements of this Hamiltonian H? using the frame-
work of perturbation theory, in particular

(By[Hy|n) (n|Hw|B,) N
My, —E,

M{, = (B [Hy|B,) +> P

(A1)

= E,)(B,[Hy|n)(n|Hw|B,) +

rf, = 2;;25

(A2)

where the summation over the n states does not include the
B, and I_Bq mesons themselves, and P stands for “principal
part.” In the SM, it is clear that Hy, denotes the standard
weak interactions, which play the role of the perturbation in

the previous expansion and are responsible for the flavor-
changing transitions we are interested in. Likewise, it is
important to remark that Eqgs. (A1) and (A2) are obtained
using a noncovariant normalization of the states, that
is, (p|p') = (27)36%)(p — p'), and they are usually written
in this way in the literature [54,140]. In this work, we
are adopting a covariant (relativistic) normalization,
(P|P') = 2E5(2)*5%) (p — p'); therefore, at some point
one has to correct the previous equations with a factor
(M Bq)‘l, since we are considering the mesons to be in
their rest frame.

Let us first analyze the contributions to M ‘{QSM. It is clear
that the first order term in the perturbative expansion
represents a AB = 2 transition Bq - Bq. In the SM, the
leading contribution mediating this process arises at fourth
order in the weak coupling, O(g*), through box diagrams
with virtual (off-shell) up-type quarks and W bosons

exchange, as depicted in Fig. 1. This means that M7, SM
is sensitive to heavy virtual particles running in the loop,
and thus to potential heavy NP effects as well.

Once the one-loop integral is performed, one can insert

the resulting local H3557 into the perturbative expansion

and compute M7, M The details of the strong interactions

that bind the quarks together into the meson states will be
encoded appropriately in the relevant matrix elements of
the dimension-6 local operator involving the quark fields.
Note that the subscript “dis” in the effective Hamiltonian
states for dispersive, as M4
the box diagrams.

This first order term in the perturbative expansion of
M i”ZSM is usually referred to as short distance contribution.
The reason is because At~ (AE)™' = (M —-m,) ! <
A(_21CD (being M = My, m,), that is, the timescale of the
interaction is much smaller than the characteristic scale of
strong interactions.

On the other hand, the second order term in Eq. (Al)
represents two AB = 1 transitions involving low-mass (on-
shell) intermediate states that are common to both B, and
Bq, and thus they represent long distance contributions.
These are further suppressed by M B, ~ My and will be

arises from the real part of

neglected in the computation of M?: SM.

A simplifying assumption can be carried out when
computing the dispersive part of the box diagrams, namely,
taking the limit of massless external particles and zero
external momentum. The latter approximation is justified
because the relevant contribution to the one-loop integral
lies around the interval centered at ¢ ~ M (being M the
largest scale in the box, i.e., m; or My, for the SM case),
which is a much larger energy scale than the one associated
to the external states. Taking this into account and follow-
ing [141] with the choice n = 1, the SM amplitude in terms
of spinors can be written as
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GZM%V
2 2

x {[i14(0)y* Lv},(0)][74(0)7,, L1ty (0)]64,0,55,5,

- [_ (O)WLUZJ(O)][ﬁq(o)yﬂl‘ub(0)]5a1ﬂ1502ﬂ2}
= i 0, )Ly 0)]7, (0)7, Ly 0)]

[501ﬂ15a2ﬂ2 + 5010!25ﬂ1ﬂ2]’ (A3)

MSM —

Fo

being L = (1 —ys5)/2, and where

fO = (qu)zsﬂ(xt) + (qu)ZSO(xL‘) + 2/12qj'i7qs()(xc’xl)’

(A4)
with 45, = Vo, Vag, X = m2 /M3, and
Solx,y) = )
N T g Ty
x2 Inx
1 —2x4+—
*( ”4)(1—x>2<x—y>
2
y Iny
+(1 2y+—) } A5
( 4)(1=y)>*y-x) (A3)
So(x) = limSy(x,y). (A6)
y=x

The limit of m,, — 0 has been considered. Color indices «;,
ay, 1, and f, in Eq. (A3) correspond to the assignment, in
Fig. 1: oy to the up-left incoming b, and then S, 3>, @,
clockwise to the external ¢, b, g. Numerically, the dominant
contribution comes from virtual top quarks running in the
loop because m, > m_, and thus we only keep this term in
the following. It is easy to see that the first product of spinor
bilinears accounts for the diagram in Fig. 1, while the
second one arises from the topology in Fig. 1. They are
Fierz-related, yielding the final compact expression in
Eq. (A3). In terms of an effective AB = 2 Hamiltonian,
MM arises from the matrix element of a single dimension-
6 local operator [, (x)y"Lb,(x)][qs(x)y,Lbs(x)]. With two
pairs of identical operators, contraction of the fields with
external particle states requires some care, yielding

(Bl[qa(x)r"Lby(x)]1gs(x)y, Lby(x)]|B,)

= 2[D r" Loy [t gy, Luy)[00, 5, 0urp, T+ Oy Opyp,)- (A7)

One can finally write

GiM3y,

FoOpP3? + H.
1672 7 ° € Gy

Mot () = (A8)

with the dimension-6 local operator 09532 =

Ga(X)7*(1 = 75)bo(x)Gp(x)y, (1 = v5)bg(x).  Therefore,

one can obtain M’f’ZSM, at lowest order in perturbation
theory, as

1
2My

q

M(IIQSM - <Bq|H$VI.;e?f2|Bq>- (A9)

Note that we have inserted at this point a (2M )" factor,
so that the meson states that appear in Eq. (A9) are
covariantly normalized.

In principle, in order to compute the matrix element of
the operator 09572 between these meson states one has to
rely on the vacuum insertion approximation. This means
to separate the matrix element of our four-quark operator
into the product of two matrix elements of quark bilinears
by inserting solely the vacuum state, instead of a complete
set of states. The correction to this approximation is
expressed in terms of a bag parameter that accounts for
all other states neglected in the sum. Therefore, in the
relativistic normalization approach, one can write (see
Appendix C of [54]):

8 o s
< |0AB 2|B > _e(fh &y ‘fﬁq)M%qf%qBBq, (AIO)

where qu, &y and &, are the CP transformation phases of
the Bq meson state and the quark fields, MBq is the
common mass of the B mesons, qu is the B meson

decay constant encoding all the information about
strong interactions, and Bp_is the bag factor. The meson

decay constant and the bag parameter are determined
nonperturbatively in the framework of QCD sum rules or
lattice QCD. One usually assumes a CP transformation in
which &, = £, = 0. Furthermore, in this work we are

assuming &{p =7, ie., CP|B, ) =—|B,). With this

choices, we can finally write the result for M{: SM.

2 A2
q.SM _ GpMyy
12 127.[2

(l;,q) SO(xz)Mqu%;qBBqﬁB. (A11)

For completeness, we have included in the final result the
factor 77z which takes into account short distance (pertur-
bative) QCD corrections at two loops. In our convention,
all renormalization scale and scheme dependence is
translated into the bag parameter.

At this point, we find useful to point out that the majority
of references addressing the study of neutral meson mixing
make use of the covariant normalization of the states, such
as [83,84,142] and more recent references. However, for
the sake of clarity, we should highlight that other works
like [54,140,143,144] opt to write Eqs. (A9) and (A10)
maintaining the noncovariant normalization of the states,
such that
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SM =2 D
My = (B, Hys1By). (A12)

and

8 e
(B, |0AB 2|B ) = 6e(ffb & qu)MB{,fZBqBB[,' (A13)

Likewise, there might be different choices for the CP
transformation phase §Bq; e.g., [140] sets 53,, =0.

Let us now move to the analysis of F‘IIQSM. It accounts for
the Bq — B, transition via real (on-shell) intermediate
states, i.e., through decay modes that are common to B,

and B,,. Therefore, F'f’ZSM is sensitive to light particles with
masses below M B, ~ Mp, such as the up and charm quarks.

The theoretical determination of F‘l"ZSM is cumbersome
since it is not the matrix element of a local operator, as one
can readily check in Eq. (A2). Alternatively, one relies on
the validity of the so-called heavy quark expansion, in

which F‘I”ZSM is expressed as a power series in A/m;,, being
A a mass scale denoting nonperturbative effects, and the
strong coupling a, (see, e.g., [80] for a detailed descrip-
tion). Although this is a well-known approach where higher
order corrections have already been calculated, it might be
instructive for the reader to briefly review the details on the
computation of the lowest order contribution to F‘I”;M in the
previous expansion [144-149], that is, at O(A3/m3) and
O(a?) (LO) in QCD.

To this aim, one has to extract the absorptive (imaginary)
part of the box diagrams in Fig. 1. In that sense, a
simplifying assumption can be carried out, namely, neglect-
ing the momentum dependence in the bosonic propagators,
since they are bounded to be ¢ < m;, < My,. Furthermore,
we take the momentum of external light quarks k, X — 0."®
With these approximations, one is lead to find that the
absorptive part of the amplitude is

MSM

l— Z At

i,j=u,c

x {43 (17, (0)Rw, ()] (0) Ruy ()]
o+ (14 (0)Rup (p)][ty (0)Rv ("))
+ By (18, (0)7*Log (p)g (0)7, Ly (p)]

+ (7O Luy ()7 O, Lo (p)]) | (AL4)

where R = (1 +y5)/2, and with

"®This approximation is justified because p? = p”2 = m} >

K=K = m?.

2(mj, = 2m} = 2m + mym; + mym; + 4mims3)

Aij:ﬂ’-

3m}

X /l(mlz,,mlz,mz-),

2 (A15)

ﬂ(m%,m%,m?) ﬂ(mi,m%,m?)
= —TT N

B,
’ 3mj

J

(A16)

being A(x,y,z) = x> +y> + 7> —2xy —2xz —2yz  the
Killen function. It is important to note that the sum only
includes the contributions from up and charm quarks. In
this case, besides V — A spinor bilinears, we get additional
S + P currents that would be obtained from the dimension-6
operator [g(x)Rb(x)][g(x)Rb(x)], with the corresponding
contraction of the fields to the external particles states. The
construction of the effective Hamiltonian is analogous to the
previous one

AB=2 E i g AB=2
Habs eff( ) 6 2 lbqlbq l]OS+P

i,j=u,c

+ B;;0353%) + He,, (A17)

where 0% = [q(x)(1 + 75)b(x)][g(x)(1 + 75)b(x)].

Then, one can obtain F?’QSM from
e ! AB=2
— B=2|

The previous formula constitutes an assumption to reduce a
complicated hadron phase space problem into a manageable
one-loop integral. Again, we are using the covariant
normalization of the meson states.

The matrix element of the operator Og557 is given by
5 M f3
B |O2B=2|B ) = = oi6r—=Cq=Ss,) _—Pa" %0 (p oy
( q| S+P | > 3 ! (mb+mq)2( Bq)S
5 e
=3 TEOM [, (B )5 (A19)

where the (Bp )5 is the bag factor accounting for

the deviation from the vacuum insertion approximation.
The notation used here is intended to be easily matched
with the one used in [3], namely B§. Setting qu = 7 and

&, = &, = 0, the result for T%>™ turns out to be

Bf mj,
== 3 g, T

i,j=u,c

8 5
X {gBBqu]—f—g(BBq)ngi}, (AZO)
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with

Amy, m7, m3) [ A(my, m7, m3)
Gi' = ) 6 )
my

(A21)
2(mjy = 2mi = 2m5 + mymi 4 mym; + 4mims3)

J
6
X 1//1(m12,,m%,m§).

my,
Given in this form, one can easily compare the result with
Egs. (58) and (71) from [3] in the context of the heavy
quark expansion. At this order, A’~167°Mp f%qx

GS. =

1

(A22)

“numerical suppression factor” [80]. Currently, higher
order QCD corrections are only known for the leading
term in the A/m,; expansion, while the contribution to the
subleading powers is only known at LO in QCD. For
a recent update on the state of the art, see [150], Table 6
from [4], and references therein.

For completeness, we include here the alternative form
for Egs. (A18) and (A19) that makes use of the non-
covariant normalization of the states, i.e.,

4™ i}
% = _<Bq|Hﬁa§,§fo‘Bq>v (A23)
and
R B
(B4|0g%5%(B,) ~ce G-I My f3 (By,)s.  (A24)

APPENDIX B: ENHANCEMENTS
OF A%, IN DETAIL

The enhancement of AZ and A§; with respect to the SM
has been discussed in detail in the different sections of this
work. It is nevertheless interesting to analyze further how
that enhancement is actually achieved, considering that
different enhancing mechanisms have been invoked.
Although the physically meaningful, rephasing invariant,
quantities of interest are the semileptonic asymmetries, one
might wish to uncover if their enhancement arises from the
modifications introduced in I'Y,, M{,, or both. It may seem
that such an exercise is to some extent futile and mean-
ingless, since their moduli are rephasing invariant, but not
their arguments. In this sense the following discussion is to
be understood as addressing their room for variation within
the parametric freedom available in each scenario. Although
this is, in principle, an exercise within a given phase
convention, it might shed some additional light on the
inner workings of the main results. We proceed as follows.

From a strictly SM analysis with the same set of
constraints used in the analyses BSM, we take the best
fit point values of the CKM parameters, of the lattice

parameters f %,Bsd and [} Bp , and of the parameters'’ a
by,
reference SM values of I'!, and M?,, hereafter Ftli.ZSMo and

q’
¢, entering I'l,. With these input values, we compute

SM o SM
M. We can now consider in our analyses I'f, /"7y

and M9, /MM, with T'%, and M?, in the corresponding
scenario. This will provide information on the room that
each scenario allows for deviations with respect to a SM
reference value. For completeness, the same is also done for
a “SM itself” analysis. The most relevant results are shown
in Fig. 8. For the vectorlike quark scenarios, we only display
the DVLQ case since the corresponding results for the
UVLAQ case are not significantly different.

For clarity in the discussion to follow, let us recall first
some basic implications of 3 x 3 unitarity of the CKM
matrix. In the bd unitarity triangle relation A}, + A5, +
A4, =0 all three sides have size O(4*), while in the
corresponding bs relation A + A5 + AL =0, A ~
O(2), 2, ~O(A?) and 24 ~O(2*) (the triangle is
“squashed”). In terms of the room for variation that the
tree-level dominated experimental data (moduli in the first
two rows of CKM and the phase y) allows, the bd triangle
can allow for larger absolute deformations [in particular the
O(1) relative phase between A}, and 45, that is, /] than the
bs triangle can allow for [in particular the O(4?) relative
phase between A, - and A5, that is, f].

We have

Fq uc ; u cc uc .
sy =~ G, + 25,7 + (T =T (35,
12

Juu Juc u SM
+(F(1]2 _Fi]z )(ﬂbq)z]/F?Z ’ (Bl)

with Iy ~ T9" ~ T as commented in Sec. II; the first
term gives the leading behavior for both ¢ = d, s. Through
3 x 3 unitarity of CKM one can obviously identify the first
term as ['{y“(4},)* the point is that its phase, within the
room for variation of CKM, has O(1) room for variation in
the B,; system while only O(4?) room for variation in the B
system. In A¢, and A§; this variation is of course matched
by M{, « (4,)* as the SM regions in Fig. 8 illustrate
according to expectations.

1. B, system

Moving into the results shown in Fig. 8, let us start
with the B, system—Figs. 8(a) and 8(b). The span of

Y0On this respect, since the SM fit is insensitive to these
parameters (in the considered ranges, their profile likelihoods
obtained in such a fit are simply flat), it would be rather
meaningless to consider best fit values of a,, b,, c,, and we
choose to take the central values in Egs. (33)—(38). The following
results would be essentially unchanged had we used best fit
values.
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FIG. 8.
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Allowed regions in the arg(M%,/ M%) vs arg(T'%, /T%™) plane regarding the analyses of Secs. Il and IV: (a) B, system,

NP 3 x 3 scenario, (b) B, system, DVLQ scenario, (c) B, system, NP 3 x 3 scenario, (d) B, system, DVLQ scenario. The SM region, as
discussed in the text, is also included in gray. Dashed contours of the semileptonic asymmetries are included for reference: they are

: SM,
represented assuming [M{,/M{, | = I,/

lower ones.

the SM region (displayed in both subfigures for compar-
ison), essentially due to the uncertainties in the experi-
mental constraints, is below the +0.1 level in both
arg(l'?,/ Fd SMO) and arg(M¢,/ Md SMO) Most importantly,
that region is aligned with the diagonal arg(T'{,/ Fd sMO) =
arg(M4,/ Md SM") further illustrating the reduced range of
variation of AZ, within the SM. Beyond the SM, it is
interesting to notice that the allowed regions in the NP 3 x 3

I SMO| = 1. Notice the change of scale in the horizontal axis from the upper panels to the

case in Fig. 8(a) and in the DVLQ case in Fig. 8(b) are rather
similar: arg(M¢,/ M7, d.SM ?) basically spans the same range as
in the SM, while arg(F 4 /Fd SM") covers a much larger
range. This is somehow unexpected. What Fig. 8(a) shows
is that, in the NP 3 x 3 case, the freedom introduced by the
new parameter ¢ in M¢, does not enlarge the room for
variation of arg(M¢,) itself, but allows instead for sizable
room for variation of arg(I"%,), leading to the enhancement
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of AZ; . This is so because the allowed “deformations” of the
bd unitarity triangle aforementioned allow for increased
room in arg(I'%,/T4S™) while the freedom in ¢3 can put

“in place” arg(Mfz) to satisfy the J/¥Kg CP asymmetry
constraint, which is quite restrictive. It does appear, observ-
ing Fig. 8(b), that a similar rationale accounts for the
enhancement with respect to the SM of A, in the UVLQ
and DVLQ cases, with the role of ¢} played by the new
contributions to M¢,.

2. B, system

We now turn to the B, system. The SM allowed region
displayed in Figs. 8(c) and 8(d) is tiny, in line with the
expectations discussed before. In the cases beyond the SM,
the situation differs clearly from the B, system, and is not
similar in the NP 3 x 3 case and the VLQ scenarios. In the
NP 3 x 3 case, although there is some room for variation of

arg(IS,/T55™0) at the 1072 level, the relevant feature is the

room for variation of arg(M3,/M}3™). Contrary to the B,

system, the constraint imposed by the CP asymmetry in
J/W® is much less restrictive, and this is exploited by the
freedom introduced through ¢2 to generate variations in

arg(M3,/M55M) at the +£0.05 level. In the DVLQ case,

Fig. 8, in addition to the effect in arg(M3,/ M7’ SMO) sizable

deviations in arg(I},/I'}3™) at almost the same level are

also present. The allowed region is not a simple ellipse as in
the NP 3 x 3 case of Fig. 8(c), and this might point toward
the more involved interplay of deviations of 3 x 3 unitarity
in CKM contributing new terms to M{,, and misaligning
I}, with respect to the SM: what is apparent is that
deviations in M3,, in I'{,, or in both M{, and I'{,, are
present and can enhance Ag; .

. SM,
As a final comment, concerning |M?,/M?;™"| and

T4

|M4, /MM = 1.00 + 0.01,
04,/ T%M | = 1,00 +0.15,
|M3, /MM | = 1.000 + 0.001,

I3, /3™ = 1.00 = 0.08. (B2)

For |M%,/M%™| these results are as expected from the
values of AM,, while [[%,/T"%™| have larger-O(10%)-
room for variation: such a variation, on its own, can only
account for an O(10%) variation of A¢; and A§ with
respect to the SM values, making it clear that it is rather the
arguments of M?, and I'Y, which are of interest to explore
enhancements of the semileptonic asymmetries.

APPENDIX C: MODELS WITH VECTORLIKE
QUARK SINGLETS

We provide additional details concerning the models
that include vectorlike quark singlets in our analyses.
Starting from the SM electroweak gauge group, G =

U(2), ® U(1)y, the quark quantum numbers read

0, = (§L> ~(2,1/6),

L
prr~ (1.2/3),
np/r~ (1,-1/3), (Cl)

where uppercase and lowercase letters are used to denote
SU(2), doublets and singlets, respectively. In addition to
the SM matter content, we consider one up-type and one
down-type vectorlike singlets. In this way, we end up with a
4-dimensional flavor space that consists of 3 chiral quark
generations and 1 vectorlike generation.

The Yukawa Lagrangian in the quark sector is then

—E(}Wk = QY ng®+ 0.Y,pr®

+ figpang + prpupr + He., (C2)

being Y, and Y, 3 x 4 complex matrices in flavor space,
and u, and y, the new 1 x 4 complex Yukawa couplings
that are allowed by the gauge symmetry. The scalar doublet
® and its C-conjugate ® = io,®* remain the same as in the
SM. The diagonalization of the mass matrices is carried out
through 4 x 4 unitary transformations U sy (with f = d, u,
and X = L, R) of the quark flavor fields into their mass
eigenstates, namely

Ny

=Ugdy, ng = Ugrdg, (C3)
np
Py

=U,ur, Pr = Uyrug, (C4)
PL

with u ;X Upx = Uyx U}X = 144. It is convenient to organ-
ize the left transformations Uy, as

A A
UdL - < dL)? UuL - ( ML>’ (CS)
BdL BuL

so that Ay, and By, are 3 x 4 and 1 x 4 blocks related to
the mixing of the components of the doublets and the
singlets, respectively.
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Regarding the charged current sector, since it only
involves SU(2), doublet fields, one can readily check that
the 4 x 4 CKM mixing matrix is given by

Ve = AZLAdL’ (C6)

which is not unitary. In fact, the Hermitian combinations

UL = VLVZ, (C7)

D L= Vz VL, (Cg)
will control the appearance of FCNC at tree-level.

The scalar and gauge interactions of quarks in these
models are:

2
ﬁGi = _iﬁLVLDddRG+ —+ H.c.
v

/3

2 _
+~=d, Vi D,urG~ +H.c.,
v

Lo = —~d, DydpGO +~ i1, Dug GO + Hc.
v v
~L3,(D, - 1)D,dzG° + H.c.
v

+La,(U, = 1)DugG° + Hec., (C10)
v

1- 1
ﬁh = __dLDddRh - _IleDuuRh + H.c.
v v

1-
- _dL(DL - I)DddRh + H.C.
v

1
——iy (Uy = 1)D,ugh + H.c., (C11)
v

Ewi = —LW;IZLVL]/MCZL + H.C.,

5 (C12)

g 1 _ -
L= __{_S%VJIEM + = (g u, —dpy'dy)
CW 2

1 _
+§[L7LY”(UL = Duy —d y*(Dy, - l)dL]}Z/u (C13)

Ly = —elgyA,, (C14)

where v is the vacuum expectation value of the scalar
doublet, g is the SU(2), coupling constant, ¢y, = cos Oy is
the weak mixing angle, J%,, stands for the electromagnetic
current, and D, and D, are the diagonal mass matrices of
down-type and up-type quarks, respectively. G° and G*

denote the neutral and charged would-be Goldstone bosons,
while /4 is identified as the 125 GeV Higgs boson [151,152].
Notice the appearance of FCNC at tree-level mediated by
the Z boson and the neutral scalars % and G°, whose
intensity is directly proportional to the deviation of unitarity
of the CKM matrix, that is, (D; — 1) and (U, —1).

Let us now particularize for the case of just one up-type
or just one down-type vectorlike singlet.

1. UVLQ model: one extra up-type vectorlike singlet

The CKM matrix has dimensions 4 x 3 and satisfies

Vo=Al, Uy, U,=l4y-B, By, D=1,

(C15)

Although V; is not unitary, it is embedded in a larger 4 x 4
unitary matrix such that the unitarity relations between its
columns still hold.

2. DVLQ model: one extra down-type vectorlike singlet

The CKM matrix has dimensions 3 x 4 and satisfies:

Ve =Ul Ay, Up=ls33, Dp=l44-B),By.

(C16)

In this case, V| is part of a larger 4 x 4 unitary matrix such
that one can still apply the unitarity relations between rows.

APPENDIX D: NEW CONTRIBUTIONS TO M1,
IN VECTORLIKE QUARK MODELS

In this appendix, we summarize how M{, gets modified
due to the inclusion of vectorlike quarks to the SM matter
content. In particular, we consider separately the UVLQ
and DVLQ models with one additional up-type or down-
type vectorlike quark singlet, respectively.

On the one hand, in the UVLQ scenario the new
contributions to B,—B,-meson mixing arise from SM-like
box diagrams, depicted in Fig. 1, with an additional heavy
T quark propagating in the loop. It is important to notice
that, despite the CKM mixing matrix is no longer unitary,
the orthogonality relation 4;, + 4, + A, .t /lgq = 0 holds,
which ensures the gauge independence of the box diagrams
as in the SM. All in all, M%7V is given by

MY A O () (@)2@%) 1)
M;I’QSM_hke %q So(x,) %q So(x,)’
where
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CP (xp x7) = 280(x;, x7),

P (x7) = So(x7).  (D2)

and M9M* the SM-like result computed in Appendix A
in the limit m, — 0, although in this case one could have
different values for the CKM couplings since 3 x 3
unitarity is not imposed. In Eq. (D1), we have only kept
the terms that are numerically relevant, that is, those
involving ¢ and 7 quarks (with my > 1.6 TeV). As we
can check, the new contributions in this scenario C;* and
C5" appear linearly and quadratically in the deviation of
unitarity lgq, respectively. Note that, in this calculation the
two-loop perturbative QCD corrections, encoded in 75, are
assumed to be similar to the SM case.

On the other hand, models that include one additional
down-type vectorlike singlet have been addressed in
[107], where a detailed discussion on the relevant
contributions to AB =2 processes is presented. The
deviation of unitarity of the CKM matrix implies that
Abg + Apy + Abg = (Dr)gp- In this scenario, we have new
tree-level diagrams, shown in the upper panels of Fig. 3,
involving the flavor-changing coupling of the Z boson to
down-type quarks.20 Therefore, they generate a contribu-
tion proportional to GF(DL)f]b. Additionally, box dia-
grams are still present, and their contribution can be split
in three pieces: (i) SM-like, (ii) o Gpa(Dy),,, and
(iil) « Gpa(DL)gh. The latter consists of a radiative
correction to tree-level diagrams and thus it is neglected.
On the other hand, the second piece is linear in (Dy),
which means that, in the decoupling limit of the heavy
down quark, it goes to zero more slowly than tree-level
diagrams quadratic in (DL>§b- So, a priori, this second
piece should not be neglected, at least in the limit of small
(Dp),p- Finally, one should worry about canceling the
gauge dependence of the box contributions that are linear
in (D), To this aim, different penguin topologies
represented in the lower panels of Fig. 3 must be added.
They consist of a Z tree-level flavor-changing vertex and
another one where the change of flavor is obtained through
the exchange of W bosons at one loop. Then, summing up
all the previous contributions, both tree-level and one-loop

diagrams, M%)V is given by

MRS (e G () ((qub)wsown

MMk Ay So(x:) Ay ) Solx1)
(D3)

where

20Diagrams involving neutral scalar bosons are suppressed by
small external quark masses.

2\/§ﬂ2
Ciol) = A7), G =S (D)
and
3xInx
Y(x) = —4 , D5
() 4(x—1){x +x—1} (D3)

a well-known Inami-Lim function. Again, only those
terms that are numerically relevant appear in Eq. (D3),
where two new terms linear and quadratic in the deviation
of unitarity (D), arise.

APPENDIX E: NEW CONTRIBUTIONS TO I,
AND MY, IN THE MINIMAL B-MESOGENESIS
REALIZATION

For the interested reader, we collect in the following
appendix the results of the computation of the diagrams in
Figs. 5 and 6, together with the complete expressions of the
relevant functions used in Sec. V B.

On the one hand, the purely new physics contribution to
'Y, and MY, arising from the interactions that involve both
the dark sector antibaryon and the color-triplet scalar (see
Fig. 5) are given by

2 2
X (1—— ‘;) 1—4™ (gD
mj, mj
and
T, Mp, (3ya¥is)?
NP q g \Ywqryb
M) = e 2 Gla), (B2
with x,y = mZ /M3, and
1+x 2xInx
G = . E3
(x) (l—x)2+(1—x)3 (E3)

For the range of interest where m, <m;/2 and
My > 500 GeV, one has G(x) ~ 1.

On the other hand, the couplings of the color-triplet
scalar to up-type and down-type quarks lead to (see Fig. 6)

115033-25



MIRO, ESCUDERO, and NEBOT

PHYS. REV. D 110, 115033 (2024)

vy - 2 5 A
2 384n’ &, m?
m;ni;
<\ (VisVigYigYin) 775 vrz 89
|: " jgr 197 j M%VM%/

m; ij ij
i) o (808 58] (@
Y

and

f3,Mp
q.NP . q
M, (W)——w Z

i,j=u,ct

(VisViyiaYin) <35 91
{ O MG, M,

1
— igYiYigYin) 5 13 | (ES)
M
Y

where the functions g;j , ggj , ij ,and f ’Zj only depend on the
masses. On the one hand,

, ﬂmz,mz,mz
91212_7( b 2 (E6)
my,

4 4 44 2.2 2,2 2,2

i 2(my = 2mi = 2m} 4+ mym; + mym; + 4mim;)

g3 = m :
b

(E7)

Numerically, we find g4" = —1, ¢4 = ¢5* = —0.8, g5 =
—0.6, while g§* = 2, g5 = ¢§" = 2.16, g§° = 2.41. On the
other hand,

Xiw (Xiw —4) Inx;y
(xiW - 1>(xiY - 1)<xiW - ij)

ij('ij — 4) lnxj'Y

ijo_
{ =

+
(ij - 1)(ij - 1)(ij _xiW)
3lany
(eow = D) (xjw = D(xwy = 1)
ij 1 x% Inx;y

= -
g (xiY_l)(ij_l)
X?Y lnxj'Y

(XjY - xiY)(ij - 1)2’

(xiY - ij)(xiY - 1>2

+

(E8)

with the usual definition x;; = m}/m3, and A(x,y,z) the
Killen function again. A rough approximation for these
functions reads

fi =—6logm;/My, (E9)
[ ~=2logm,/My, (E10)
ij(i#j)z(2/3>10gxi/MY10ng/MY7 (E11)
V1. (E12)
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