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1 Introduction

The general two Higgs doublet model (g2HDM) is one of the simplest NP models where one
augments the Standard Model (SM) with another scalar SU(2) doublet [1] (see ref. [2] for
a review of 2HDMSs). In contrast to the typical Type II 2HDM, which adopts an ad hoc Zs
symmetry on Yukawa interactions to enforce the natural flavor conservation condition [3],
no such discrete symmetry is imposed in g2HDM [4]. Consequently, in g2HDM there
exists extra Yukawa couplings which are generic in size and complex in nature, with flavor-
changing neutral Higgs (FCNH) couplings controlled by fermion mass-mixing hierarchies
that are built-in by Nature herself. Of particular interest are extra Yukawa couplings
related to the top quark, py and pg., where they can provide new sources for charge-parity
violation (CPV), which together with O(1) Higgs quartic couplings [5], can satisfy the
Sakharov conditions [6] and give rise to electroweak baryogenesis (EWBG), i.e. account for
the baryon asymmetry of the Universe (BAU), as illustrated in refs. [7, 8].

An appealing aspect of EWBG in g2HDM is its testability at ongoing and upcoming
collider and flavor experiments. For example, the couplings p; and pi. at O(\;) strength
with Ay 2 1 the SM top quark Yukawa coupling, can propel exquisite collider signatures



such as [9] cg — tH/tA — ttc (same-sign top plus c-jet) and ttt (triple-top), where H/A are
CP-even/odd exotic neutral scalar bosons in g2HDM. Another important probe is charged
Higgs (H") associated production: cg — bH* — btb [10]. Besides py. and py at O(1), this
process is further enhanced at the amplitude level — in contrast to Type II 2HDM — by
a CKM ratio Vj;,/ Ve ~ 24, making it a unique probe of g2HDM. A review on prospects at
LHC and the High-Luminosity LHC (HL-LHC) can be found in ref. [11].

Another most promising probe of py in the context of EWBG is the electric dipole
moment (EDM) of the electron. An upper limit of |d.| < 1.1 x 1072 ecm is set [12, 13] by
ACME, which is the best limit on any EDM. The coupling py contributes to electron EDM
via two-loop (Barr-Zee) diagrams [14]. A hierarchy — similar to the one present in the SM
— between g2HDM couplings of top and electron |pec/pit| o< Ae/A¢ helps one evade [8] the
ACME bound. Such direct correlations link EWBG realized at the very early Universe, to
electron EDM being measured currently in the laboratories.

Similarly, quark flavor observables provide important probes of p;; couplings. In the
literature, B physics observables in particular have been discussed frequently to constrain
g2HDM couplings. For example, precise measurements of neutral By (¢ = s, d) mixings [15]
put stringent constraints on p;; [16]; in particular, the off-diagonal down-type couplings get
severely constrained [17]. The inclusive radiative decay B — X7y is known to be one of the
most sensitive probes of H'. The measured value of its branching ratio B(B — Xyy) =
(3.32 4 0.15) x 10~* [15] agrees well with its SM prediction [18]. For Type II 2HDM, the
decay already sets the limit my+ > 580 GeV at 95% C.L. [19]. In contrast, b — s easily
accommodates lower values of HT in g2HDM, but seriously constrains the parameter space
for pet and the down coupling py, [16].

Another often discussed process in the literature is the rare By — p™p~ decay. It
is helicity-suppressed in the SM and therefore provides one of the most sensitive probes
of scalar interactions. LHCb reported B(Bs — ppu~) = (3.097045019) x 107° [20, 21],
based on full dataset collected during Run 1 and Run 2 with integrated luminosity of
9 fb~! in total. On the other hand, CMS has just reported their full Run 2 analysis
based on 2016-2018 data, corresponding to an integrated luminosity of 140 fb~!, giving
B(Bs — ptp~) = (3.837038 019 70-12) x 1079 [22], with central value about 1.2¢ higher
than LHCb result. These measurements agree with SM expectation [23, 24] and would
put strong constraints on up-type p;; couplings [25-27]. A previous combined analysis of
ATLAS [28], CMS [29] and LHCD [30] based on 2011-2016 data found B(Bs — it )ave =
(2.6975:37) x 1079 [31], which is on the lower side of SM value, but now the trend has
changed. In our numerical analysis, we will take the LHCD result as reference value, but
also discuss briefly the implication of the CMS update.

Interestingly enough, b — s¢T¢~ data also exhibit significant tensions with SM in
related B — K¢, K*{¢ observables. Similarly, data related to charged current b — cfv
also show deviations from SM. We refer to ref. [32] for a recent summary about the B
anomalies (see ref. [33] for an experimental critique). The g2HDM is capable of addressing
several of these B anomalies, where again the top couplings pst, pic, and pe: play important
roles. The b — sl processes have been discussed in refs. [26, 34, 35] while b — clv
are discussed in refs. [25, 36, 37]. We caution that none of the deviations are confirmed
individually. Future data may yet decide the fate of the B anomalies.



Despite the intense scrutiny of g2HDM interactions as briefly outlined above, data still
allows for sizable top-related p;; [11]. We note, however, that a more robust probe of flavor
structure of any NP model is through investigating correlations between NP contributions
of different flavor sectors. This is particularly salient in case of g2HDM, where top-related
pij couplings that contribute to flavor changing neutral coupling (FCNC) B processes
would also affect other flavor sectors, most notably the kaon sector, which offers several
observables that are very sensitive to NP contributions. We therefore analyze g2HDM
contributions to various kaon processes and investigate the prospects.

The study of kaon physics has been instrumental historically in shaping our current un-
derstanding of SM (see refs. [38, 39] for a review of kaon physics in SM). The e parameter
of neutral kaon mixing is very precisely measured, and along with mass differences AMp,
(¢ = s,d) are among the most sensitive flavor probes of NP. The direct CPV parameter
¢’/e from K — 7w decay is also a very sensitive probe of CP violating NP [40]. Back in
2015, RBC and UKQCD presented [41] their first lattice QCD result for K — 77 matrix
elements and found &’/e to be 2-30 below the experimental world average [42—44]. This
result received much attention and prompted several NP analyses, such as in g2HDM [45—
47]. However, the 2020 RBC-UKQCD [48] update of Ay (isospin I = 0) matrix element for
K — 7w gave ¢’ /e that is consistent with experiment. The theory uncertainties are still
quite large, and significant NP contributions at < O(10~3) may still be accommodated [49].

On the other hand, rare K* — 7w and K7 — 7°vi decays are theoretically clean
processes, with branching ratios very precisely determined in SM. Dominated by Z penguin
and box diagrams in SM, they are highly suppressed, making them very sensitive probes
of NP scale — even for scales beyond LHC reach. In contrast, rare decays Ky g — ptpu~
have been less enthusiastically pursued in the literature, as they receive both short-distance
(SD) and long-distance (LD) contributions; the LD contributions are dominated by two
on-shell photons [50-53] and are quite significant. However, there has been important
theoretical progress [52, 54] recently towards a reliable extraction of SD parameters using
data, making these processes, in particular Kg — u™pu~, good probes of NP.

This paper is organized as follows. In the next section we introduce the Yukawa
interactions in g2HDM and discuss the NP parameters relevant for our study. In section 3,
we discuss each of the aforementioned kaon observables in the context of g2HDM. Then, in
section 4 we discuss constraints from B physics and present our results for kaon observables.
We summarize our conclusions in section 5.

2 Relevant interactions in the model

As mentioned in the Introduction, g2HDM does not possess any discrete symmetry. Thus,
the scalar doublets ®; and ®2 are indistinguishable, and both couple to up-type as well
as down-type SM fermions. Here, for convenience, we choose to work in the so-called
Higgs basis, in which only one doublet receives vacuum expectation value (vev): (®1) # 0,
(®o) = 0. After spontaneous symmetry breaking, the receiver of vev is identified with the
SM Higgs doublet and participates in generating particle masses. The other doublet gives
rise to new interactions with fermions and interactions between the two Higgs doublets. In



the physical basis, the Yukawa Lagrangian of the model is given as [55, 56],

1 = ,
75 2 H[Wdyss + dhe+ (e, = plisn) H = isn(@Qpo Al RS,
f=u,d

— [(vpd),jR — (p“TV)ijL} diH" = ip; RGHT + hec, (2.1)

L=

where we identify h(125) with the discovered scalar at LHC, and H, A and H* are exotic
scalars which we assume to be heavier than h. The couplings \; = v/2m;/v denote the
SM Yukawa coupling, with m; the fermion mass and v = 246 GeV the vev; p;; are generic
NP couplings, introduced already as extra Yukawa couplings; R, L = (1 £ 5)/2 are chiral
projections, and V is the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The angle ¢, =
cosy (sy = sin+y) describes the mixing between h and H. The limit ¢, — 0, the so-called
alignment limit, provides an additional mechanism [56] for suppressing FCNC involving
the h boson, which implies that the discovered h boson approaches the SM Higgs boson.

As stated already, p;; are generic in size and contain complex phases. However, the
current data puts significant constraints on their strength. For example, neutral meson
mixing data severely constrains off-diagonal entries of down type pgj couplings [17], in-
dicating that p? matrix is almost diagonal in Nature. Further, data from proton-proton
colliders such as the LHC already hint that u and d-quark related couplings have to be
small. Interestingly, and as stressed already, the top-related couplings of g2HDM can be
significantly larger [11]. On the other hand, lepton related p;; are less constrained. But
given the assumption that py ~ O(N) and ¢, ~ O(0.1), data from flavor violating pro-
cesses such as h — 7y, 7 — vy, p — ey and p — e conversion in nuclei suggest [27]
prrs Prn S O(Ar) and per S O(Ae) (€ = e, p, 7), which are indeed very small.

We will therefore focus on the NP effects of only top- and charm-related couplings py,
Pte, and pey, which mediate FCNC involving kaon at one loop. A more detailed discussion
of experimental constraints on these couplings is postponed to section 4.

3 Kaon observables in g2HDM

3.1 Neutral kaon mixing

The original measure of CPV in K — nm, the e parameter, is rooted in the complex
phase of neutral kaon mixing. Defining! M7, = (K°|H.g(AS = 2)|K°), one has

ReelPe
EK = ———
\/i(AMK)exp

where the phase ¢, = (43.51 £ 0.05)° [57], and correction factor % = 0.94 £ 0.02 [58]

accounts for long distance effects. Note that 5§<M’Np are real quantities.

(Im M +Im M7y7) = €% (" + e), (3.1)

Experimentally, ex has been determined with great accuracy [57],

lex| = (2.228 +0.011) x 1073, (3.2)

'A different normalization for external states so that 2mx My = (K°|Hea(AS = 2)|K°) is also widely
used in the literature (see, for example, ref. [38]).
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Figure 1. Sample |AS| = 2 transitions induced by H~ in g2HDM.

On the other hand, its prediction in SM is very sensitive to |V| (the leading SD effect
is proportional to its 4th power) and therefore the precise determination depends on Vg
extracted from inclusive or exclusive b — cfv decays. Detailed analyses of E%M can be
found in refs. [59-61]. The recent update in ref. [61] finds e3M = (2.16 £ 0.18) x 1073, We
impose the following [62] constraint on NP contributions to e,

e =k %1073, where —0.2 <k <0.2, (3.3)
On the other hand, AMp is determined from the matrix element M5 as,
AMpg = 2Re Myy = 2[Re M + Re M) (3.4)

While (AMg)exp = (5.293 £ 0.009) x 1073 [57] is precisely measured, the SM effect is
dominated by the real part of the box diagrams involving charm quark and W exchange.
The determination of AM[S{M suffers significant uncertainties from QCD corrections to the
SD part, and from the poorly known LD part [40], so we assign a 40% uncertainty.

In g2HDM, the NP contribution to kaon mixing arise from diagrams in figure 1, which
generate the effective interaction [17],

Hex = [Cru + Cwr)(dy"Ls)(dy"Ls) + h.c., (3.5)
where C 7 is generated by Ht—H ™~ box diagrams,
(Vk*lpkjpfjvm)(V&sz‘/ﬁivﬂ)

C — F 2 2 2 2 3.6
HH 1287T2m§{+ 1(m3 /M, MG /M), (3.6)

and Cy g is generated by W+—H ™~ box diagrams,

g° m]mk(V]*lpf]VQ) (Vi1 Pk Via)
Cwu =

1287%m¥,m?,, Fo(miy [migres mis/miem3/mipr), — (3.7)

where g is the weak coupling, and Fi(z,y), Fa(z,y, z) are given in appendix A.
3.2 Kaon direct CPV

The &'/e parameter is one of the important kaon observables which probes direct CPV
in K — 7w decays. It is convenient to discuss K — 7w decays in terms of the isospin
amplitudes A; = ((27)i|Heg(p)|K) with ¢ = 1,2, and p ~ 1GeV describes the physical
scale. Then the formula for &'/¢ can be written as [63, 64],

Re (5’) _ wy Im Ag Im As
€ V2ek]

1 — Q) —
Re Ao ( ¢ ) Re AQ ’
2For brevity of notation, we will use €’/¢ to denote Re (¢'/¢).

(3.8)




Figure 2. H7 induced contributions to ¢’/e in g2HDM. Another variant of the second diagram
where Z,~ propagators couple to H~ is not shown.

where wy = a(ReAg/ReAy) = (4.53 £ 0.02) x 1072 ~ 1/22, a = 1.017, and Qeg =
(17.049.1) x 1072 [65] accounts for isospin breaking corrections. With lattice calculations
of amplitudes Az [66] and A [48] from RBC-UKQCD, one finds in SM,

('/e)sm x 10" = (21.74+2.6 £ 6.2+ 5.0) = (21.7£8.4) (RBC-UKQCD 2020), (3.9)

where we add uncertainties in quadrature. On the other hand, chiral perturbation theory
calculation gives [65],

(e'/e)sm = (14 £5) x 1074, (xPT 2019). (3.10)
The current world average for £’/ from NA48 and KTeV gives [42-44],
(¢'/€)exp = (16.6 £ 2.3) x 1074, (3.11)

which is consistent with the theoretical predictions in egs. (3.9) and (3.10).
The main contribution to ¢’/e in g2HDM comes from the first two diagrams in figure 2,
which generate the following effective interactions,

~Her = Y Chpaldy"Ls)(@yAq) + Y C¥paldarLss)(dsyuAua)
A=L,R A=L,R
q=u,d

+ C%; p(dLs)(dRd) + h.c., (3.12)

where we have suppressed color indices for color-singlet operators.

The expressions of coefficients CY,; 4 related to s — duu are as follows:

m? Viipijpgi Vie
CVrp=— [QEGﬂ(Zi) — 46 Ga(z) + g7 (=3 + 4siy) m%: Gz(zi) 29677277”%7 (3.13)
2 VA piipr: Vi
meir+ 1Pij Py V2
Cyrr=— [QEGﬂ(zi) - 4€2G712<2i) + 492312/V m%/ GZ(Zi)] ;67727%”, (3.14)
~ ~ ViipijPrei Viz
Vo =CVir= 937;27r2mj%1+ G (zi), (3.15)



while those related to s — ddd are given by,

Vi1pijPr;Vie
Cirr = — | 292G (2i) + 26*Gra(2i) + 9% (3 — 25% ) — 2 “Gz(z) 9627]2’ (3.16)
myy M+
m % p’L /0 Vk2
Cirr = —|92G(2) + 26*Gia(zi) — 29 82 i GZ Vi ]2 & (3.17)
967 mH+
Cérr = —2C¥ g (3.18)

Here g5, €, g arise from g-, 7- and Z-penguin diagrams, respectively, and repeated indices
are summed over. The loop functions G41412,z(x) are listed in appendix A.

The last diagram in figure 2 give rise to the chromo-magnetic dipole interaction:

Hest = —Cygmi(doy,, T*R 5)GS, + hc., (3.19)
where coefficient Cg, is
VipiiPri V2 2, 9
ng = QSWFUI (mZ /mH+) 3 (320)

where the loop function Fj,, (x) is given in appendix A. But we note that the dipole operator
contribution in our case is very small compared to those from eq. (3.12) and can be ignored.
The NP contribution to (¢'/)np can be calculated from the following formula [49]:3

(e'/e)np =D Pi(pew)Im|[C} (pew) — C7* (uew)] x (1 TeV)?, (3.21)

i

where upw =~ 160 GeV corresponds to the electroweak scale, and the P; factors capture
information of hadronic matrix elements ((7w7);|O;K). The numerical values of P;, evalu-
ated using matrix elements provided by RBC-UKQCD [48, 66], are given in ref. [49]. Since
the Wilson coefficients C’i(,) in eq. (3.21) are defined at the electroweak scale, but those
in egs. (3.12) and (3.19) are at NP scale unp, one needs to evolve Ci(/)(uNp) down to the
electroweak scale using renormalization group equations (RGE) before using the NP for-
mula given in eq. (3.21). Note also that though operators with ¢ = s,¢,b in eq. (3.12) do
not arise at the K — 7wm factorization scale, they can contribute through RGE above this
scale [67]. But as their contribution turns out to be very small compared to the ones with
q = u,d [49], we ignore these operators for simplicity.

As already stated, the latest SM prediction for £’/¢ agrees well with the experimental
value. But the uncertainties in both values, especially theory, are quite large at present,

which allows the following range of values from NP contributions [49],

—4x 1074 < (€' /e)np S 10 x 1074 (3.22)

*Note that Heg in ref. [49] has the form Y, Ci/(1TeV)?(5T:d)(q"iq), while we have Y, Ci(dl'is)(q"iq).
Therefore, eq. (3.21) contains complex-conjugate Wilson coefficients rescaled by (1 TeV)2 compared to the
similar expression given in ref. [49].



3.3 Kt - wntvw and K; — 7w

The branching ratio of K+ — 77w in the SM is given as [71],

. [vt)\f(ﬂft)]f . <R6)EUC] P4 Re [w)\f(&)])Q} .

B(I{Jr — 7T+Vﬂ) = /i.:,_(l + 5EM) {(
(3.23)

Here A = |Vis|, vi = V;iV;q are CKM factors, g = —0.003 accounts for radiative cor-
rections to the decay, and the factor x4 = (5.173 £ 0.025)(1/0.025)% x 107! [71] contains
information about FCNC hadronic matrix elements obtained from semileptonic decays of
kaons [72]. The loop function X (z;) = 1.462 4 0.017 [73], where x; = m?/m3,, contains
pure SD from top quark while P. = (0.405 + 0.024)(0.225/\)* [74-78] includes both SD
and LD contributions from charm quark.

For the SM branching ratio of K+ — 77 v, we obtain,

B(K* — ntup)gy = (9.07 +£0.82) x 10711, (3.24)

which is consistent with the commonly cited value of ref. [71], whereas a more recent anal-
ysis [73] finds a lower but more precise value of (7.740.6) x 107! in SM. The uncertainties
in SM are dominated by the CKM parameters V., and phase angle ~ [71].

On the experimental side, NA62 has reported [79],

B(K' = 17 0i) ey = (10.6739 £0.9) x 10711, (3.25)

where the first error is statistical and the second systematic. The measurement is based on
data collected during the 2016-2018 runs and improves the previous measurement by £949
at Brookhaven [80]. Eq. (3.25) agrees within 1o of eq. (3.24), but the large statistical error
still allows significant NP contribution. NA62 will continue collecting data in the next few
years, and aims at measuring the branching ratio to 10% precision by 2024 [81].

In g2HDM, the Z-penguin diagrams with H* in the loop as shown in figure 3, generate
a purely left-handed effective interaction as in SM,

4GFp

Heg = N o (57, Ld) (7ay" Lip) + h.c., (3.26)
where a, b denote neutrino flavors. The Wilson coefficient C’Zf ist
0,
i1 =~ 1522 (VI0")2 (0" V)i Gz (m fmi ). (3.27)

where the loop function Gz is given in appendix A.
The g2HDM modification to SM branching ratio is effected by the simple replacement,

27’['812/[/ a.b
X(x) = Xeg = X () + Wcﬁ’ (3.28)
t

where sy is the Weinberg angle and « the fine structure constant.

*Our result for C%? in eq. (3.27) differs from ref. [47] by a factor of 2; checking with the authors, they
agree with our formula. Our result agrees with the corresponding expression of ref. [82], but these authors
took the limit of diagonal p*, which differs from our case.



Figure 3. H~ induced Z-penguin contributions to s — dvv in g2HDM.

For the CP-violating decay K — 7vi, the SM result is [71],

Im [0, X ()] ) 2 |

B(KL%WOVD):HL( 5

(3.29)
where k7, = (2.2314£0.013)(1/0.025)% x 10719, with remaining parameters defined already.

Eq. (3.29) is completely dominated by SD top contribution with charm contribution neg-
ligible, leading to a more accurate prediction of branching ratio. Within SM, we obtain

B(Kp, — mvp)gy = (3.24 +0.36) x 10711, (3.30)

consistent with commonly cited result of ref. [71], where theory uncertainties are again

dominated by CKM parameters, with |V,;| contributing the most [71]. The analysis in

ref. [73] obtains a slightly lower central value B(K — 7v)gym = (2.59 & 0.29) x 10~ 1.
The KOTO experiment at J-PARC sets a 90% C.L. bound [83] of

B(Kp, — mU0)exp < 4.9 x 1077, (3.31)

which is based on data collected during 2016-2018, where three candidate events were
observed in the signal region. KOTO subsequently uncovered contamination from K+ and
scattered K, decays, giving a total number of 1.22 £ 0.26 background events [83]. Having
identified the potential source of the three observed events, it led to a weaker bound than
the single event sensitivity. A previous analysis based on a smaller data set collected in
2015 gave a slightly better bound of B(K[ — mvi)eyp < 3.0 x 107 [84], in good part
because no signal events were observed.

The future prospect for the measurement of K;, — 7% is rather good. KOTO will
resume data collection and expects to measure the decay at SM sensitivity in the next few
years [85]. A proposed experiment KLEVER [86] at CERN plans to measure the decay at
~ 20% precision. There is also the proposal for KOTO Step-2 [87, 88|, aiming at single
event sensitive of O(1071?) to measure the decay rate.

The g2HDM modification of the SM branching ratio, eq. (3.29), is achieved by replacing
X (z;) according to eq. (3.28), just as for KT — 7 vw.



34 Krpgs— u+u_
With effective hamiltonian for K — =~ defined as,

Hep = —Ca(579" Prd)(pyuysp) +hec., (3.32)
the branching ratio for K, — up~ is given by [69],

f%(meiﬁu GFmW A
4

B(Kp = p p™) =71 2 Lyy

Re(Cy) —

: (3.33)

where the first term corresponds to the SD contribution and the second represents LD con-
tributions, with 77, the K7, lifetime [57], fx the decay constant [70], and 3,, = |/1 — 4m?2 /m3.
Within SM, C5M = —(GZm?, /72)(vY; + v.Ye), where Y; = 0.950 & 0.049 and Y, =
(2.95 £ 0.46) x 10~* denote contributions from top and charm quarks, respectively [68],
while the LD contributions have been studied in refs. [50-53].

The numerical value of A%

can be found in ref. [69], but the sign of A% _ is not

Ly Ly
known, which can be constructive (—) or destructive (4) with the SD contribution. The

corresponding predictions in the SM are [50-52, 68§],

L (8.11 % 0.49 +0.13) x 1072, (for — sign)
B(Kp — p'p )sm = o _ (3.34)
(6.85 4 0.80 £ 0.06) x 107", (for + sign)

where the first uncertainty is from LD contribution, while the second contains parametric
uncertainties from e.g. CKM elements. A precise measurement of Ky ¢ — putpu™ interfer-
ence can help [52] determine the sign of A%

Ly
Based on refs. [89-91], the world average for B(Ky — ptp™) is [57],
B(Kp — pt i )exp = (6.84 £0.11) x 107 (PDG 2020), (3.35)

which is measured to 1.6% precision and seem to favor destructive interference from LD
effect. The g2HDM contributions to K;, — u™pu~ are dominated by the same diagrams as
in figure 3, but with Zvv vertex replaced by Zuu. The y-penguin diagrams are absent due
to a Ward identify for on-shell leptons The corresponding contribution to C'4 is,

NP __
CA 8\/§ 2 z2pl]pkjvk1GZ(‘rZ) (336)

The K — eTe™ decay is suppressed by m?/ mi compared with dimuons.
The Kg — ptu~ rate depends on the imaginary part of SD contributions, hence a
sensitive probe of NP with complex phases. The branching ratio is [52],

2 2
- meKm,uﬁﬂ
4

By GFmW

B(Ks — p'p) = 5 By

(Im(Cx))* +

] , (3.37)

with C4 as defined in eq. (3.32), and B 5 arises [52] from LD effects, which only add in
quadrature to SD. The rate is suppressed by the Kg lifetime, 7g, down to [50-52, 68],

B(Ks — ptpu )sm = (4.990p +0.195p) x 10712 = (5.2 + 1.5) x 1072, (3.38)

The current upper limit by LHCb [92] at 90% C.L. is B(Kg — uTp~) < 2.1 x 1071, which
improves their previous bound [93] by a factor of four. LHCb Upgrade IT will improve the
limit to below O(107!1), and should approach SM sensitivity [94].
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Observable Measurement
AMgp, (17.741 £ 0.020) ps~! [57]
AMgp, (0.5065 £ 0.0019) ps~! [57]
Spks (0.699 & 0. 017) [15]

Sy (0.050 & 0.019) [15]
B(B — X4v) (3.32 £ 0.15) x 10~ [15]
B(Bs — ptp”) | (3.0950:35%037) > 1077 [21]

Table 1. Experimental data of various B meson observables.

4 Results

For our numerical study, relevant parameters are the complex extra Yukawa couplings py,
Ptes Pet, and the charged Higgs mass my+. We use the software package Flavio [95]; all
Wilson coefficients are adapted to flavio basis [96], then QCD-evolved from high scale to
the relevant process scale using the package Wilson [97]. For extra Higgs boson masses in
g2HDM, sub-TeV values are favored for strongly first order electroweak phase transitions
in the early Universe [5, 7, 8]. But as we will see later, rare kaon decays offer excellent
probes of heavier H™. Therefore, we give results for my+ = 400 and 1000 GeV, and refer
to the former as light H™ scenario, while the latter is called the heavy H™ scenario.

4.1 Effect of B sector and kaon CPV constraints

We first consider constraints from B sector. We list the B meson observables considered
and the corresponding measurements in table 1. The g2HDM formulas for B — Xgv
and Bs — pu"p~ decay branching ratios can be found in many works (see, for example,
refs. [25, 26, 35]). The discussion of neutral By (¢ = s, d) mass difference AMp, and mixing-
induced CP asymmetries Syx, and Sy as probes of B,-mixing phases from By — ¥ Kg
and Bs; — 1@, respectively, is relegated to appendix B.

In figure 4, we illustrate 20 constraints from B observables in the pq—ps plane, where
the relatively weak bound from Sy4 is not shown. To contrast with B sector, we show
also the region (red) allowed by ex using eq. (3.3) (recall e¥F = k x 1073). For light
mpy+ = 400 GeV, the B sector rules out significant portions of parameter space, but still
allows large values of py and pg, especially along the axes, i.e. in regions where one of the
couplings is vanishing. But as seen from figure 4, e provides the most severe constraint.
Combined with the B sector, it essentially rules out a sizable p., but py can still be quite
large since e has weaker sensitivity to ps compared with pe;. However, for heavy mpg+ =
1000 GeV, the B sector bounds weaken while the region allowed by ex broadens. But now
ex truly becomes the leading constraint in the whole parameter space. From figure 4, one
also notes that contributions from py and pey to ex (also to AMp, and Syrg) tend to
cancel each other, as reflected in the narrow red bands for large p.; in heavy HT case.

In figure 4, p.+ and py are taken as real. But the essence of Yukawa couplings are their
complexity. Allowing complex phases, the cancellation region hence allowed parameter
space changes. To explore g2HDM effects in the kaon sector, we perform a parameter scan
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Figure 4. B sector and ex constraints in p.—py plane for mg+ = 400 and 1000 GeV. Colored
lines indicate 20 range of experimental data, outside of which are ruled out. The filled red band
corresponds to the region allowed by eXF.
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Figure 5. Scatter plot showing range of values accessible in g2HDM for ¥ and (¢//e)np from
parameter scan using eq. (4.1). The yellow points are obtained with no experimental constraint
imposed, while blue points are obtained after imposing B sector constraints of table 1.

that takes the phases of ¢;; = arg p;; into account. Specifically, we scan over:

‘ptt‘7 |Ptc’ € [Oa 1]7 (z)tt: ¢tc € [_ﬂ-aﬂ-]; ‘Pct| € [0503]7 ¢ct € [—71’,71']. (41)

Each parameter is varied uniformly to generate a sample size of a quarter million random
points. The smaller range of |p.| is chosen from hindsight, that combined flavor constraints
on p will rule out values larger than ~ 0.2, as will be shown later. Fixing to narrower
range also means we can obtain a denser population of allowed points.

In figure 5, we show the scatter plot obtained in the X' vs (¢'/e)xp plane. We
purposely show parameter ranges that are far larger than allowed by data to illustrate the
complementarity of the kaon sector as sensitive probes of p;; couplings. The blue (yellow)
points are allowed (disallowed) by B physics data. For light H' (left), B sector basically
rules out negative values of k, but is less efficient in constraining positive x values. For

(¢’ /e)np, we notice an almost opposite situation: there is more population of scatter points
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corresponding to large and negative (¢//)nxp values, while relatively few points for positive
(¢//e)np. For heavy H' case (right), the spread of the allowed points has shrunk because
heavy H™T suppresses NP contribution to x and &’/e, but now negative x values are also
possible, because of relative inefficiency of B sector in constraining p.;. We will expound
on the significance of sizeable p. later when we discuss s — dvv processes.

We note that constraints from B sector alone already restrict &’/e values to the range
—5x107* < (¢'/e)np < 2 x 107 for light HY, and —1 x 107% < (¢//e)np < 5 x 1072
for heavy H™, consistent with current data (eq. (3.22)). The maximum positive (¢'/e)np
is ~ 3 x 107* in heavy H™ case after one imposes the |k| < 0.2 constraint from ¢ data
(eq. (3.3)). On the other hand, for light H™ case, we note that although positive (¢//e)np of
order @(10~%) can be reached, larger negative contributions are far more preferred, regard-
less of e constraint. Figures 4 and 5 underline the point that e provides complementary
— much better in many cases — constraints on p;;, and therefore must be included in any
phenomenological study of g2HDM. In the following parameter scans, we impose the )
constraint from egs. (3.3) along with B physics constraints of table 1.

4.2 The normalized ratios ’T\’,,‘f’o, T\’,ﬁ’s

Turning to rare kaon decays, we define four SM-normalized ratios:

R+ — B(K*T — ntuvw) RO _ B(Kp — mvi) RLS) _ B(Kpsy = pp)
v B(K+ — 7['+I/17)SM7 v B(KL — 7['01/17)51\/[’ # B(KL(S) — ,U,,LL)SM’

(4.2)

which all become unity in SM-limit. We note that the g2HDM contribution to all rare kaon
decays (as well as B, — utu~, By — Xs7) considered originate from penguin diagrams
involving H* and a top or charm quark.? Therefore, the underlying flavor structure of
NP contributions to these observables are similar if not highly correlated. We first give
results for kaon decays as functions of x and (¢’/e)xp. We subsequently highlight various
correlations between these observables.

We give scan values of R} (upper) and RY (lower) vs k, i.e. eff’, in figure 6. For light
H7 (left), we find B(K*+ — ntvi) can be enhanced to 10-20% above SM. For K — mVvi,
somewhat opposite effect is noticed: the R remains either close to SM value or is slightly
suppressed; the largest suppression reaching about 10%. For heavy H™ case (right), the
results may appear a bit counterintuitive, as we see rather large effect for K+ — 7t vw,
which can be enhanced to the upper limit of NA62 (actually reaching up to R} < 4), while
K1 — n%1 can be suppressed by 20% compared to SM value.

We also illustrate in figure 6 the correlation of rare K decays with (¢'/e)xp. Large
positive (¢//e)xp (red) correlates with larger effects in branching ratios, and negative values
(blue) with smaller effects. Note also that for heavy H™T, one can still have large effects
in R0 despite k ~ 0, especially for charged mode. This highlights the importance of
K™ — ntvi decay as a sensitive probe of heavy H™T.

5We tacitly drop the u-quark contribution from discussion. Flavor hierarchies suggest |ptul, |put| should
be much less than charm counterparts, but we know rather little by direct measurement [98].
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Figure 6. Ratios R, (upper) and RY (lower) as function of x, and correlation with NP in &’/e.

4.3 K — wvv sensitivity to heavy charged Higgs

Before proceeding further, let us understand why the heavy H™ case shows surprisingly
large effects compared with light . The g2HDM contribution to s — dvv is the second
term of eq. (3.28). Expanding the g2HDM part explicitly in terms of p;; and CKM elements
according to eq. (3.27), focusing on the dominant top loop diagram we obtain (dropping
factor of —dqp/1672)

C}ij Zj(vﬂpjt) Zk(ﬂZthd)
=
vt VisVid

% Ved &
= (Ptt + vV Pct) (Ptt Vdpct> Gz(mf/miﬁ), (4'3)
ts

Gz(mi/mi)

where the two CKM factors associated with pg, VE/V/E ~ —23.5 — 0.464, and V.q/Vig ~
—22.8 — 9.4, respectively, are quite sizable. Thus, the s — dvv process has rather special
sensitivity to p.:. Revisiting figure 4, we recall that the combined constraints from B sector
plus ex restrict pe to very small values for light H'. But for heavy H* case, B sector
constraints weaken considerably, then g allows p.; to become appreciable.

We show in figure 7 the scatter in the |p.|-|pu| plane, in correlation with R;. For
light H', |pe| is highly constrained below ~ 0.06, resulting in marginal enhancement of
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Figure 7. Scatter plot in |pet|—|pst|, correlated with R after imposing flavor constraints.

R,}. But for heavy H', much larger p. up to ~ 0.2 is allowed, and the aforementioned
CKM factors then boost R} up to the NA62 limit. In fact, flavor constraints (B sector
together with £x) do not rule out higher values (illustrated in blue) of R;}, but cut off
only by the NA62 bound itself. This further illustrate the significant role of K+ — 7T v
in probing heavy H™, which was already alluded to in the previous subsection. Note also
that enhancing R requires a significant value for py, but still less than unity. The dark
points that saturate the NA62 bound in figure 7(right) are for |p.| reaching ~ 0.2, which
one would not have anticipated based on the behavior seen in figure 7(left) for lighter mz+.

The contrasting behavior of the CP-violating counterpart K; — 7'vi can be under-
stood by noting that the purely p. term, which enjoys the largest CKM enhancement
v /vs| =~ 580, belongs to the CP-conserving part of NP, so K — 7vi is not sensitive to
this term. But pu-pe interference terms can have CP-violating phase. After expanding
eq. (4.3) in terms of p;; and CKM elements, then putting back in eq. (3.28), one obtains,

v X = (—5.0 + 2.2i) — (96.4 + 0.064) | pet|* — (0.15 — 0.067) | pye|>
+ (41 — 0.08i)pttpzt + (36 — 1.52')[)2}[)015, (44)

where the first term is the SM contribution. We first note that the |p.|? and |py|? terms
are close to real, but pj,pc: is complex. The imaginary part of pj,pc: largely cancel between
the two interference terms (and further suppressed by |p.| < 0.2). For the real part, the
—0.08:¢ coefficient to pj;pe is small, but carries the same sign as the —1.5¢ coefficient to
pitpr, Which explains the destructive interference with SM effect, as seen in figure 6.

Note that compared with p., there is no similar sensitivity to pg. In fact, flavor
constraints on py. are the poorest among the three top p;; couplings considered. This is
due to two reasons: first, ps. is associated with the charm loop rather than top, hence the
loop function is small; second, there is no CKM enhancement, i.e. Cz’Lb Jvr o | prel*.

We have commented that the well-measured K;, — ppu~ seems to prefer LD Aj.,
effect to be destructive against SD in eq. (3.35). But K, g — pu~ interference can probe
the sign of Ar.~ [52]. If constructive SD-LD interference turns out to be favored by data
in the future, we see from eq. (3.34) that the SM value is considerably higher than the
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experimental result of eq. (3.35). But K — p*u~ behaves similarly to KT — nfvw,
since one just replaces Zvv by Zuu in the diagrams, hence g2HDM effect always enhance
the branching ratio (see figure 6) hence can never match eq. (3.35). Thus, g2HDM in the
parameter space we consider cannot offer a solution to the potential new emergent tension.
For Kg — ptp~, we find variation in RE is never more than 2%, which we doubt LHCb
can distinguish. Thus, neither K, — pu™pu~ nor Kg — u™pu~ are interesting in g2HDM.

CKM enhancement factors analogous to eq. (4.3) was first touched upon in the dis-
cussion of b — sy transitions [16], where only one CKM factor of pe gets 1/A\2-enhanced
(A = |Vis|), the other being A?-suppressed. Among the three (b — s,d and s — d) type
of penguins involving H"-top quark in the loop, the s — d penguin is unique in receiving
double 1/A%-enhancement for both p.; factors. Analogous subtle CKM enhancement effects
have been discussed for the tree level [99] B — (v process, now between b and (v bilinears.
It was stressed that, if Belle II found the ratio B(B — uv)/B(B — 7v) would deviate from
the SM value of 0.0045, it would not only rule out SM, but type II 2HDM as well [100],
while proving py, # 0 in g2HDM. Another application of such CKM enhancement, rooted
in the charged Higgs Yukawa interaction in eq. 2.1, is the tree level cg — bH™ production
process [10] mentioned in the Introduction, which is surprisingly efficient compared with
intuition derived from type II 2HDM.

4.4 Correlations in K — wvv decays, and with B, — uu

We now discuss the correlations between rare K decays, and implications for g2HDM.

In figure 8, we show the correlation of K+ — ntvi and K — 7n%vi by plotting R} vs
RY as functions of x (upper row) and (¢'/¢)xp (lower row). As already noted from figure 6,
while opposite in behavior, the g2HDM effects are far more pronounced in K+ — 7Fvi
compared with K7 — 7%vi, for both m g+ = 400 and 1000 GeV. Needless to say, the decays
conform with the Grossman-Nir bound, B(K; — 7vv) < 4.3B(K+ — ntvw) [101]. The
future 10% measurement of B(K*™ — nTvr) by NA62, expected by 2024, could start to
limit the amount of suppression possible for K decay. The fact that large negative values

Tvv and suppression

(blue points) of k correlates with higher enhancement of K+ — 7
of K1 — 7% was already obvious from figure 6, but it becomes visually more distinct
in figure 8 (upper row), where blue points lie on the lower end of the scatter plot. The
opposite correlation is seen for (¢//e)np, where large positive values (red points) lie on
the lower end of the scatter plot, while negative contributions (blue points) are closer to
SM value. The upshot is that, with improved results from NA62 expected soon, we find
KT — 77vi would play the leading role in probing g2HDM in the coming future. The
K L — T 0
the future, but the task would be challenging as it may require upgrades beyond KOTO
Step-2 [87, 88] and KLEVER [86]. Similarly, measurement of ¢’ /¢ at sensitivity of 107% is

needed to probe g2HDM effects, which at present looks unlikley. Once again, this makes

vy mode can play the crucial role of confirming the unique g2HDM effects in

KT — 7w the leading kaon observable to watch out for.

Finally, it is of considerable interest to discuss the correlation between K+ — 7t
and B, — ptp~. In figure 9, we plot B(Bs — ptp™) vs Ry, together with x (upper
row) and (¢'/e)xp (lower row). For light HT, B(Bs; — ptp™) mostly stays within 20
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Figure 8. Correlations between K+ — ntvi, K — 7%vi, and k (upper) and (¢’/¢)nxp (lower).

range of the SM value of (3.66 & 0.14) x 10~? [24], where dashed line indicates the central
value, while R;} changes by less than ~ 20%; large suppression of By — pu coupled with
enhancement of K+ — 77 v is ruled out by current flavor data. But for heavy H™, the
anti-correlation of g2HDM effects in B(Bs — p*p~) and R} is clearly visible. This is of
interest because the central value of LHCb [20, 21] at B(Bs — ptp™) at 3.09 x 1079 is
somewhat lower than SM, but the new full Run 2 result reported by CMS is fully consistent
with SM.® While the earlier impression that By — pupu is slightly below SM seems to have
gone away, some insight may be gained from kaon decay. The right plot of figure 9 shows
that B(Bs — pu™p~) can be suppressed in g2HDM for heavy H™. The correlation with
higher values of R; then means the upcoming NA62 measurement could provide early
tests of the size of g2HDM effects in Bs; — pp. This correlation is notable for both x and
(¢ /e)np in opposite way, more prominent for negative values of %, but positive values for
(€' /e)np-

Similar correlation is also observed for case of By — upu, as can be seen from figure 10.
The decay is not measured yet; the latest limit from LHCb [20, 21] based on Full Run 1 and
Run 2 data reads B(Bg — up) < 2.6 x 10710 at 95% C.L, while the recent analysis from
CMS collaboration giving a more precise limit B(By — pu) < 1.9 x 10710 at 95% C.L. [22].

5The even smaller central value of B(Bs — ,u*;f)a\,e ~ 2.69 x 107 from combined [31] ATLAS, CMS
and LHCD analysis based on data collected during 2011-2016 probably should no longer be considered.

17 -



mH+:4OOGeV
— T

. = 1000 GeV
2.00— ] 2.00 ~———r A @0.20
: A ] ; ; 1 Bo.15
L75F o . L.75F i 1 [40.10
f T : : ! 1 {3005
(@1.50_— <! 1 &1s0fF ! 3 13000
f < : : | 1 [3-0.05
1.25F - | ] 1.25F ; 1 4010
[ e Z : ~0.15
10%' ) A .,",“.'I ) _- 108-— L - : o , __ _020
5 3.0 35 10 5 3.0 3.5 10
B(Bs—pp)  x10° B(Bs — pp)  >10°
+ = / + = —4
00—t S A0 G 2,00z = 1000 CeV - x10
; ! ] i : : 1 B3
175F 2] 1.75F EE
: 5 ] : 5! 1 H .
[ T T z
+ I ol + = w1 ] ~
> 1.50F X ] (2:1-00‘ ¥ 1THa=
i al Q 1 H L
1.25F | ] 125 115
. ] ; : 1 B4
L PP BRI 12 £, ¢ AT L P P 2210 ,
LG5 3.0 35 Lo 1095 3.0 35 10
B(By = ) >0 B(Bs — pp)  *10°

Figure 9. Correlations between K+ — 7Tvi, By — uu~, and s (upper) and (¢//¢)np (lower).

For the corresponding SM prediction, we find B(By — pu)sm = (1.14 £0.12) x 10710, the
central value of which is shown as black dashed line in figure 10.

5 Discussion and summary

We return to discuss briefly the implications of the new CMS result [22] of B(Bs — ). Our
results for light H™ remains unaffected, as this scenario was already tightly constrained by
B sector observables and ex. However, for heavy H™T, there are important changes. After
imposing 20 range of CMS value in our parameter scan, the most significant consequences
are for e and KT — 7w, For the former, we find k < 0 gets mostly ruled out,
and limited now to [—0.05,0.2]. For the latter, we find R, can be enhanced only up to
50%, although we do find a few points reaching 80%. For Kj — 7%vu, it can at best be
suppressed by 15% compared to SM. No appreciable change for (¢'/¢)np is observed, and
all correlations discussed remain intact.

In this paper, we have studied NP effects of top-related extra Yukawa couplings,
in particular highlighting the remarkable sensitivity of rare kaon decays in probing the
FCNH coupling p.t. In principle, if one allows for flavor violation in the down sector,
significant NP effects are expected in K™ — w7v. This has already been pointed out
previously, for example in refs. [102, 103] in context of supersymmetric (SUSY) models

at large tan 8. In g2HDM, H™* interaction terms concerning p¢ are given in eq. (2.1),
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Figure 10. Correlations between K™ — ntvi, By — puu~, and k£ (upper) and (¢'/e)np (lower).

and by the same top-H ™' loop diagrams as we presented, they will contribute to kaon
observables. For example, for Kt — nTvw, the p? couplings generate the effective oper-
ator (5v,Rd)(vyuvsv), with corresponding WC obtained from eq. (3.27) by substituting
(V") (p“TV)i1 — —(p% V1)2;(V p?);1. Then flavor violating down couplings pp (g = s, d)
will give leading contribution to the s — dvv amplitude, since the concerned effect is pro-
portional to |Viy|? and hence not CKM-suppressed. However, these couplings induce B,
mixing at tree-level via H, A exchange, and therefore are constrained to be very small.
Taking my = ma = 1TeV and ¢, — 0, we find that B, mixing data (see table 1) gives
the following 95% C.L. bounds: —1.7 < ppspsp/10% < 3.8, —0.2 < ppapap/10° < 1.4. If one
assumes py, are of similar strength as pg, then these bounds suggest that down-type flavor
violating couplings are extremely tiny, at O(1073). For lighter values of my, ma, these
bounds become only more stringent. With py, coupling strengths as above, we find NP
effects in K — 7w from down-type flavor violation to be completely negligible (< 1%).

Before offering our summary, we comment on FCNH ¢ — ch decay, where CMS recently
set the most stringent limit [104] of B(t — ch) < 0.094% at 95% C.L., based on 137 fb™!
data at 13TeV. This would put a constraint on the combination of |cy pr|, where py. =

\/ 3+ p2/v/2. We find |cy pre| < 0.059, which can be evaded by having ¢, small enough.
One may think the ACME bound on electron EDM, |d|, as the most challenging. But
as alluded to in the Introduction, a hierarchy between g2HDM diagonal Yukawa couplings
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of top and electron |pec/pi| o< Ae/A¢, which echoes the one seen already in SM Yukawa
couplings helps one to handily evade [8] the ACME bound, by a couple orders of magnitude,
which should be watched.

In summary, we explore g2HDM contributions of extra top Yukawa couplings p;; to
several kaon processes, including kaon mixing, &’/e, and rare K™ — 7w, K — 7vi,
and K7, s — pp decays. We first point out that ex provides significant constraint on p;;
couplings that are complementary to the B sector, giving the leading constraint on the off-
diagonal p. coupling. We consider two disparate masses of HT: 400 GeV and 1000 GeV.
We find g2HDM contribution to (¢//e)xp as large as ~ (1-3) x 10~* are achievable while
satisfying B sector and ek constraints, with light HT preferring negative values reaching
down to ~ —5 x 1074, For rare K — mvv decays, we find opposing effects in charged vs
neutral modes. For light HT case, we find K — 7nTvi can be enhanced by up to ~ 20%,
while K;, — 7% can receive suppression up to ~ 10%. However, for my+ = 1000 GeV,
the B physics and ex constraints on p;; become weaker, and sizable enhancements of kaon
decays become possible. We find that K™ — 7tvi can easily saturate the current NA62
bound, while K7, — 7vi can be suppressed by up to 20% over the SM. For K; — upu,
large theory errors make it ineffective as a probe for H effects, while Kg — p+u~ remains
SM-like in g2HDM. Exploring the correlation of K+ — 7tvi with By — p*pu~, we find
for heavy my+ = 1000GeV, enhanced K+ — 7wy in g2HDM implies suppression of
By — pp. Precise measurements of B(K+ — 7t vi) and B(Bs — pt ™) should be able to
distinguish the parameter space corresponding to sub-TeV vs TeV scale H™.
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A Loop Functions

The loop functions related to |AF| = 2 processes are [26],

R@) = iyt —b;l;(gab— R —GZ;;)(gaa— b’ (A1)

R0 = —15( 5t TN he 9t e Dy 4
The loop functions related to |AF| = 1 processes s — df f (f = q,¢,v) are [25, 47],

Gn(a) = — 16 — 45a + 36@:’)26@?2; 6(2 — 3a) log o (A3)

Gy12(a) = — 2tk 18;62(1__11;;1 +6a’loga + %le(a), (A.4)

Gz(a) = a(12—(1a_+a1)02g @), (A.5)
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and function related to s — dg is [25],

2+ 3a — 6a% + a® + 6aloga

Fy(a) = 1201 — )t (A.6)
B Neutral B meson mixings and mixing-induced CPV
The AB = 2 effective Hamiltonian relevant for our purpose is given by,
Heg(AB = 2) = (C\Y), + CY0,) (by*PLq)(by" Prq) + Hee., (B.1)

where ¢ = s,d corresponds to Bg- and Bg-mixing, respectively. The coefficients C;?l)q and

CI(/IZ)H are same as given in egs. (3.6) and (3.7) after obvious change of flavor indices.

The matrix element for B,~B, mixing is defined as M{y = (B,|Hez(AB = 2)|B,),
where My is a complex quantity: Mo = \Mu\em’% Then absolute value of My deter-
mines the neutral B, mass difference as,

AMp, = 2|M{,| = 2|M{,(SM) + M{,(NP)], (B.2)
while phases ¢, are convention dependent quantities and defined following ref. [105] as,

bs = Bs + d3"  ba=Ba+ by, (B.3)

with 8, and 3 given by CKM elements, Vi, = —|Vis|le™™ and Vig = [Vigle ™, and quNP is
due to contribution from NP effective Hamiltonian in eq. (B.1). The SM predictions [106]
for mass differences are AMp, = (18.4'_“1]:;) ps—! and AMp, = (0.533f8:8§§) ps~!, and the
corresponding experimental values are given in table 1.

The mixing phases ¢, are inferred from the measurement of mixing-induced CP asym-
metries Sy ks and Sys which appear as coefficients in the time-dependent asymmetries of
B; — YvKg and By — ¥,

AGES = Syreg sin(AMgt),  ALS = Sy sin(AM,t). (B.4)
where in presence of NP phase gquP the CP asymmetries Sy and Sy, are given by [105],
Syxs =sin(2B + 2607,  Syp = sin(2|8s] — 2657). (B.5)
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