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Over the last two decades the B — K decays have received a lot of attention. They are particu-
larly interesting since the main contribution to these decays comes from QCD penguin topologies.
Furthermore, electroweak penguin amplitudes give a contribution comparable to the tree topolo-
gies. In the past, a discrepancy was found in the correlation between the CP asymmetries of
Bg — m9Ks. We give an up-to-date picture of this situation and consider new constraints, finding
that the effect has become larger. An attractive explanation is offered by a modified electroweak
penguin sector. We employ an isospin relation between the amplitudes of the B — 7K decays to
determine the relevant parameters, making only minimal use of the SU (3) flavour symmetry. An-
other essential constraint is provided by the mixing-induced CP asymmetry of Bg — n'Ks. The
application of our strategy at the next generation of B-physics experiments may establish New

Physics and reveal new sources of CP violation in the electroweak penguin sector.
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1. Introduction

The B — K decays have received a lot of attention over the last twenty years ([1, 2] and
references therein). They are useful for studying electroweak (EW) penguin topologies, which
enter in these decays at a level comparable to the tree amplitudes; the CKM matrix element V,,;
suppresses the latter. Consequently, QCD penguin topologies give the leading contribution.

The Bg — n’Ks channel is of particular interest because it has a mixing-induced CP asym-
metry. In the past, its correlation with the direct CP asymmetry has revealed a discrepancy, and a
modified EW penguin sector was considered as an explanation [2]. We will analyze this correla-
tion using current data and considering new constraints. Moreover, we provide a new strategy to
determine the contribution of the EW penguin amplitudes [3].

2. The B — nK Decays

The four B — K channels may receive contributions from tree, QCD penguin and EW pen-
guin topologies. The first two enter the amplitudes through the hadronic parameters

ree® = (T+C)/P, reé® =(T-B,)/P. @2.1)
Here YA”(CAw ) are colour-allowed (colour-suppressed) tree contributions, P’ o< P,., and P; denotes the
difference between QCD penguins with internal ¢ and u,c quarks. Using the SU(3) flavour sym-
metry, these parameters can be determined from B — w7 data, where EW penguin contributions
are tiny [1, 2]. Including non-factorizable SU (3)-breaking corrections of 20%, we obtain [3]

ree™ = (0.174:0.06)e 439" rei® = (0.094£0.03)e/280+214) 2.2)

In a study of By — h™h™~ decays, with h € {m,K}, we found no sign of anomalously large non-
factorizable SU (3)-breaking effects [4], supporting the assumptions made here.

The EW penguin topologies enter in colour-allowed and colour-suppressed form. The Bg —
n~K* and B* — K" channels receive only contributions from the latter, which are expected
to be small. However, the Bg — 7°K° and BT — n°K™* decays receive contributions from both.
These effects can be calculated with help of the SU(3) flavour symmetry, and enter through [5, 1]:

o Pew + PS sM —3 Co+C
ig jio — _ (TEW T TEw | SM 0TI ) R = (0.68+0.05)R 2.3
ge'?e'® = ( FiC ) 27LZRb<C1+C2)q (0. 05)R,. (2.3)

Here, ¢ and w are CP-violating and CP-conserving phases, respectively. It is a model-independent
feature that the latter parameter is small, and it vanishes in the SU(3) limit [6]. Furthermore,
f’,g& are the colour-allowed (colour-suppressed) EW penguin topologies, the C; are short-distance
coefficients, A = |V,5| = 0.22 is the Wolfenstein parameter, and R}, is the usual side of the unitarity
triangle (UT). The parameter R, = 1.0 0.3 allows for SU(3)-breaking corrections. A precision of
5% is achievable in the future thanks to expected progress in lattice QCD calculations [2].
Experimentally, we have acces to branching ratios %/ and direct CP asymmetries Aép for all
four B — @K channels. Moreover, in the case of the 32 — 1Ky mode, we have also a mixing-
induced CP asymmetry Sép. The direct CP asymmetries are all proportional to 7, sin §(.). Conse-
quently, they take values at the 10% level due to the smallness of these parameters, which are given
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in Eq. (2.2). Furthermore, they enter the following sum rule [7, 3]:

+x0 0t 0 g0
at KO B" K n0K+2<@nK TB nOKOZ%”K

gt
ASR = ACP W _ACP W be +AgPK _ACP W = 0+ ﬁ(r(zc)), (24)

which is satisfied experimentally at the 16 level [8]. The 7°K? final state is difficult to measure for
LHCDb, so that we have a large uncertainty of Ag(l))KO. However, using Eq. (2.4) we can predict [3]:
AZK" = -0.1440.03. (2.5)
The mixing-induced CP asymmetry is defined through the time-dependent rate asymmetry:

[(BY(t) — n°Ks) — (B
[(BY(t) — n°Ks) + (B

(t) — n°Ks)

(t) — mOKs) - Ag;Ks cos(AMgt) + Sg‘}’)Ks sin(AMt). (2.6)

0
d
0
d

Here, AM, is the mass difference between the two B; mass eigenstates. In can be expressed in
terms of the direct CP asymmetry, as well as ¢oo = arg(AgoAj),), the angle between the decay
amplitude Agy = A(32 — w9K?) and its CP-conjugate Ao [2]:

ST = sin(0, — doo) /1 — (ABFS)2, 27

where also the CP-violating Bg—Eg mixing phase ¢; = (43.2 +1.8)° enters. Using the hadronic
parameters in Eq. (2.1), we find [3]

tan @oo = 2(rcos & — r.cos &) siny + 2r. (cos & —2dc/3) gsin ¢ + ﬁ(r%c)), (2.8)

where the small colour-suppressed EW penguin amplitudes enter through dc = ac cos(Ac + d).

3. The CP Asymmetries of B) — 'K
The B — nK decay amplitudes are related by isospin, yielding the following relation [1, 2]:
V2A(BY — 7°K%) +A(B) — © K") = V24(B" — n°K ") +A(BT — nTK°) =343, (3.1)
The parameter 345, = 3|A;5|e'%/2 is given by
343, = —(T + C)e" + (Pew + Ply) = —(T +C) (€7 — ge?e'®) (3.2)

which is an isospin / = 3/2 amplitude. The phase y = (70 +7)° is the usual UT angle. The
normalization |7 4 C| can be determined from the SU (3) relation [9]

1T +C| = Rric|Vis/Vaa| V2|IA(BT — n7 7%, (3.3)

where the V,,; are elements of the CKM matrix. Within factorization, we have Rric = fx/fr =
1.1928 +-0.0026 [8]. We will allow for non-factorizable effects of up to 100% of the leading con-
tribution in factorization, yielding Rryc = 1.2+£0.2 [2, 10]. Progress in lattice QCD calculations
will allow for an improvement of the precision with one order of magnitude [2].
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Figure 1: The left panel shows the correlation between the CP asymmetries of Bg — n%Ks as derived from

the amplitude triangles whereas the right panel gives the angle ¢ as a function of Ag(]),KS.

The expression in Eq. (2.7) describes a correlation between the CP asymmetries of Bg — 1K,
In order to utilize this relation, we require the angle @go. It may be determined from Eq. (2.8) using
the values of the parameters in Eqs. (2.2) and (2.3). However, the cleanest way is to use the isospin
relation in Egs. (3.1) and (3.2) [2]. Particularly, they describe amplitude triangles in the complex
plane, and the angle ¢go can be extracted from the triangles corresponding to the neutral decays.
Here, no topologies have to be neglected, and the SU(3) flavour symmetry enters only through
Rrc in Eq. (3.3) and R, in Eq. (2.3). There is a fourfold ambiguity in the determination of @,
which can be resolved using data for the neutral B — 7K decays [2, 3].

Finally, we find the correlation in the left panel of Fig. 1 [3]. Compared to previous work [2],
the uncertainty of the contour has been reduced, in particular due to more precise measurements
of 7. The narrow band shows a future scenario where we have assumed perfect measurements as
well as more precise determinations of R, and Ry ¢ [2]. We’ve added a cross denoting the current
experimental situation [8], and the red band corresponds to the prediction for AZ;KS from the sum
rule, given in Eq. (2.5). We note that there is a discrepancy between the contour from the amplitude
triangles and the data point at the 2.50 level.

The angle ¢, = arg(A+ A% ) between the decay amplitude Ay = A(B) — 77K ™) and its CP-
conjugate A can also be determined from the amplitude triangles. On the other hand, this parame-
ter can be calculated using the hadronic parameters in Eq. (2.2). In particular, we obtain a simple ex-
pression for ¢ = 0°, as we have in the SM, given by ¢ |,_=2rcosdsiny+ O(r*) = (8.7+£3.5)°.
This yields a new constraint [3], shown in the right panel of Fig. 1, where we have also added the
future scenario. Again we note a discrepancy, which shows that the correlation from the amplitude
triangles itself is in tension with the SM. The situation in Fig. 1 could be resolved if B7K goes
down by about 2.50 while Sg(}],KS goes up by about 1o. Alternatively, this may be a sign of NP. In
that case, a modified EW penguin sector offers an attractive scenario.

4. Extraction of the Electroweak Penguin Parameters

As discussed in Ref. [3], the isospin relation in Egs. (3.1) and (3.2) can also be applied to
put a constraint on the EW penguin parameters g and ¢. The method can be implemented for
the charged and neutral decays separately. We have to determine the relative orientation of the
triangles. In case of the neutral decays, we can use Sg(;Ks to determine ¢pp. As we have currently

a large uncertainty of Sg(}),KS [8], we will consider the charged decays. Here we may calculate
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Figure 2: Contours in the ¢—g plane from the amplitude triangles for charged B — K data. The left and

0
middle panels correspond to current data, where in the middle panel also the contour from SgPKS was added.

0
The right panel shows future scenarios for measurements of SEPKS as discussed in the text.

the angle ¢, = Arg[AoA% ] = O(1°) between the decay amplitude A(B™ — 7*K°) and its CP
conjugate. We then obtain the contours in the left panel of Fig. 2, where we also show the SM point
corresponding to Eq. (2.3). No topologies are neglected to implement this method, and it requires
only SU(3) input to calculate |7 4 C| in Eq. (3.3).

Further insights can be obtained from ratio R, = 2(#™ ' /2™ k") = 1.0940.06. Expressing
it in terms of the hadronic parameters we find R. = 1 — 2r.cos & (cosy —gcos o)+ &'(r?) [1, 3],
yielding another contour in the ¢—g plane. It is shown as the red contour in the left panel of Fig. 2,
and agrees remarkably well with the blue and green curves from the amplitude triangles.

In order to pin down the values of the EW penguin parameters, we require another contour.
To that end, measurements of Sg(;,KS may be used to determine ¢gg. Using Eq. (2.8), we may then
put another constraint on ¢ and ¢. Here we use also the values of the hadronic parameters given
in Eq. (2.2). The expression is favourable from the theoretical side since the strong phases enter
always with a cosine, giving only small variations with respect to these parameters. Moreover,
using data we can also include the small colour-suppressed EW penguin effects, entering Eq. (2.8)
through dc, as is discussed in detail in Ref. [3]. For current data, we then obtain the purple contour
in the middle panel of Fig. 2. We show also the contours from the amplitude triangles in agreement
with the R, constraint, zooming in on the region around the SM point.

Additionally, we consider three scenarios for future measurements of SZ;KS. These contours
are shown in the right panel of Fig. 2. For the contours from the amplitude triangles we assume a
more precisie determination of Ry, ¢ as for the future scenario in Fig. 1, along with perfect experi-
mental measurments. For the CP asymmetries of Bg — n°Ks, we have assumed an uncertainty of
10.04, which can be reached at the end of Belle II [11]. Moreover, we allow for non-factorizable
SU (3)-breaking effects of 20% for the hadronic parameters. The experimental and theoretical error
bands are shown separately in Fig. 2 by the solid and dashed lines, respectively, illustrating that the
experimental precision can be matched by theory.

5. Conclusions

Over the years the B — wK data have shown puzzling patterns. We have presented a state-
of-the-art analysis of the correlation between the CP asymmetries of Bg — n’Ks, and found that
a previous tension with the data has become stronger. In addition, we have considered a new
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constraint that shows that the correlation itself is not in agreement with the SM. To explain this
pattern, either the data for Bg — 7Kg have to move to agree with the SM, or NP contributions
are at work. Should it be the latter, a modified EW penguin sector is an interesting candidate.
A new method to determine the EW penguin parameters with unprecedented precision at future
experiments has been presented, which will finally clarify this intriguing situation.
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