PHYSICAL REVIEW D 96, 015034 (2017)

New physics in b — su* pu~: Distinguishing models
through CP-violating effects
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At present, there are several measurements of B decays that exhibit discrepancies with the predictions of
the SM, and suggest the presence of new physics (NP) in b — su "~ transitions. Many NP models have
been proposed as explanations. These involve the tree-level exchange of a leptoquark (LQ) or a flavor-
changing Z’ boson. In this paper we examine whether it is possible to distinguish the various models via
CP-violating effects in B — K*)y* i~ Using fits to the data, we find the following results. Of all possible
LQ models, only three can explain the data, and these are all equivalent as far as b — su* u~ processes are
concerned. In this single LQ model, the weak phase of the coupling can be large, leading to some sizable
CP asymmetries in B — Kyt~ There is a spectrum of Z’ models; the key parameter is ¢/, which
describes the strength of the Z’ coupling to p*pu~. If ¢ is small (large), the constraints from B? — BY
mixing are stringent (weak), leading to a small (large) value of the NP weak phase, and corresponding
small (large) CP asymmetries. We therefore find that the measurement of CP-violating asymmetries in

B — K®u*y~ can indeed distinguish among NP b — sutu~ models.
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I. INTRODUCTION

At present, there are several measurements of B decays
involving b — s£*¢~ that suggest the presence of physics
beyond the standard model (SM). These include the
following.

(1) B — K*utu~: Measurements of B — K*utu~ have

angular observable Pj [4]. Its significance depends
on the assumptions made regarding the theoretical
hadronic uncertainties [5—7]. The latest fits to the
data [8-10] take into account the hadronic uncer-
tainties, and find that a significant discrepancy is still
present, perhaps as large as ~4o.
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RGP = 0.745109%9 (stat) + 0.036 (syst). (1)

This differs from the SM prediction of RM =
1 +0.01 [17] by 2.60, and thus is a hint of lepton
flavor nonuniversality.

While any suggestions of new physics (NP) are interest-
ing, what is particularly intriguing about the above set of
measurements is that they can all be explained if there is NP
in b — sutp~." To be specific, b — syt u~ transitions are
defined via the effective Hamiltonian

aGF

Heg = —Evtbvfs Z (C.0, + C,0y),
a=9.10
09(10) = [SYyPLb] [y (vs)uls (2)

where the V;; are elements of the Cabibbo-Kobayashi-
Maskawa matrix. The primed operators are obtained by

replacing L with R, and the Wilson coefficients (WCs) Cg)
include both SM and NP contributions. Global analyses of
the b — s "¢~ anomalies have been performed [8-10,20].
It was found that there is a significant disagreement with
the SM, possibly as large as 40, and it can be explained if
there is NP in b — su™p~. The authors of Ref. [9] gave four
possible explanations: (I) C¢*(NP) <0, (I) Cg*(NP) =
—~CHf(NP) <0, (IIl) C4(NP) =—Cy*(NP) <0, (IV)
Cy'(NP) = —C/#(NP) = —CJ*(NP) = —C¢'(NP) < 0.

Numerous models have been proposed that generate the
correct NP contribution to b — syt~ at tree level.> Most
of them use solution (II) above, though a few use
solution (I). These models can be separated into two
categories: those containing leptoquarks (LQs) [22-30],
and those with a Z’ boson [22,31-54]. But this raises an
obvious question: assuming that there is indeed NP in
b — suTu~, which model is the correct one? In other
words, short of producing an actual LQ or Z’' experimen-
tally, is there any way of distinguishing the models?

A first step was taken in Ref. [55], where it was shown
that the CP-conserving, lepton-flavor-violating decays
Y (3S) — ur and 7 — 3u are useful processes for differ-
entiating between LQ and Z’ models. In the present paper,
we compare the predictions of the various models for CP-
violating asymmetries in B - K*u"u~ and B — Ku*tyu~.

CP-violating effects require the interference of two
amplitudes with a relative weak (CP-odd) phase. [For
certain CP-violating effects, a relative strong (CP-even)
phase is also required.] In the SM, b — su* u~ is dominated

lEarly model-independent analyses of NP in » — su*u~ can
be found in Refs. [18] (CP-conserving observables) and [19]
(CP-violating observables).

The anomalies can also be explained using a scenario in
which the NP enters in the b — c¢s transition, but constraints
from radiative B decays and BY — B? mixing must be taken into
account; see Ref. [21].
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by a single amplitude, proportional to V,, V7, [see Eq. (2)].
In order to generate CP-violating asymmetries, it is
necessary that the NP contribution to » — su™u~ have a
sizable weak phase. As we will see, this does not hold in all
NP models, so that CP-violating asymmetries in B —
K*utu~ and B — Ku*u~ can be a powerful tool for
distinguishing the models. (The usefulness of CP asym-
metries in B — K*u"u~ for identifying NP was also
discussed in Ref. [56].)

We perform both model-independent and model-
dependent analyses. In the model-independent case, we
assume that the NP contributes to a particular set of WCs
(and we consider several different sets). But if a particular
model is used, one can work out which WCs are affected. In
either case, a fit to the data is performed to establish
(i) whether a good fit is obtained, and (ii) what are the best-
fit values and allowed ranges of the real and imaginary
pieces of the WCs. In the case of a good fit, the predictions
for CP-violating asymmetries in B - K*u*u~ and B —
Ky u~ are computed.

The data used in the fits include all CP-conserving
observables involving b — su*u~ transitions. The proc-
esses are B — K*O(— Ktz )utu~, BT - K* utyu-,
BT = Ktuty~, B> Ky, B>y, B=> Xy,
and BY — u*yu~. For the first process, a complete angular
analysis of B’ - K**(-=K*z")u*u~ was performed in
Refs. [56,57]. It was shown that this decay is completely
described in terms of 12 angular functions. By averaging
over the angular distributions of B and B decays, one
obtains CP-conserving observables. There are nine of
these. Most of the observables are measured in different
g* bins, so that there are a total of 106 CP-conserving
observables in the fit.

For the model-independent fits, only the b — su™u~ data
is used. However, for the model-dependent analyses,
additional data may be taken into account. That is, in a
specific model, there may be contributions to other proc-
esses such as b — svv, BY — BY mixing, etc. The choice of
additional data is made on a model-by-model basis.
Because the model-independent and model-dependent fits
can involve different experimental (and theoretical) con-
straints, they may yield significantly different results.

CP-violating asymmetries are obtained by comparing B
and B decays. In the case of B — Ku*tyu~, there is only the
direct partial rate asymmetry. For B — K*0(— K+ 77 )u*tyu~,
one compares the B and B angular distributions. This leads
to seven CP asymmetries. There are therefore a total of
eight CP-violating effects that can potentially be used to
distinguish among the NP b — su*u~ models.

For the LQs, we will show that there are three models
that can explain the b — syt~ data. The LQs of these
models contribute differently to b — sv,v,, so that, in
principle, they can be distinguished by the measurements of
b — svv. However, the constraints from these measure-
ments are far weaker than those from b — su™u~, so that
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all three LQ models are equivalent, as far as the b — su™u~
data are concerned. We find that some CP asymmetries in
B — K¥yu*u~ can be large in this single LQ model.

In Z' models, there are ¢7*5y*P bZ, and ¢;"iy*PruZ,
couplings, leading to a tree-level Z' contribution to
b — sutu~. In order to explain the b — su*p~ anomalies,
the product of couplings g?*¢y* must lie within a certain
(nonzero) range. If ¢/ is small, ¢%° must be large, and vice
versa. The Z' also contributes at tree level to BY — BY
mixing, proportional to (g%*)?. Measurements of the mixing
constrain the magnitude and phase of ¢2. If ¢%° is large, the
constraint on its phase is significant, so that this Z’ model
cannot generate sizable CP asymmetries. On the other
hand, if ¢b* is small, the constraints from BY — B? mixing
are not stringent, and large CP-violating effects are
possible.

The upshot is that it may be possible to differentiate Z" and
LQ models, as well as different Z' models, through mea-
surements of CP-violating asymmetries in B — K™ty

We begin in Sec. II with a description of our method for
fitting the data and for making predictions about CP
asymmetries. The b — sy~ data used in the fits are
given in the Appendix. We perform a model-independent
analysis in Sec. IIl. In Sec. IV, we perform model-
dependent fits in order to determine the general features
of the LQ and Z' models that can explain the b — su™*u~
anomalies. We present the predictions of the various
models for the CP asymmetries in Sec. V. We conclude
in Sec. VL

II. METHOD

The method works as follows. We suppose that the NP
contributes to a particular set of b — sy~ WCs. This can
be done in a “model-independent” way, in the sense that no
particular underlying NP model is assumed, or it can be
done in the context of a specific NP model. In either case,
all observables are written as functions of the WCs, which
contain both SM and NP contributions. Given values of the
WCs, we use FLAVIO [58] to calculate the observables. By
comparing the computed values of the observables with the
data, the ° can be found. The program MINUIT [59-61] is
used to find the values of the WCs that minimize the y2. It is
then possible to determine whether or not the chosen set of
WCs provides a good fit to the data. This is repeated for
different sets of b — syt~ WCs.

We are interested in NP that leads to CP-violating effects
in B— K®utuy~. As noted in the Introduction, this
requires that the NP contribution to b — su™u~ have a
weak phase. With this in mind, we allow the NP WCs to be
complex (other fits generally take the NP contributions to
the WCs to be real), and determine the best-fit values of
both the real and imaginary parts of the WCs.

In the case where a particular NP model is assumed, the
main theoretical parameters are the couplings of the NP
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particles to the SM fermions. At low energies, these
generate four-fermion operators. The first step is therefore
to determine which operators are generated in the NP
model. This in turn establishes which observables are
affected by the NP. The fit yields preferred values of the
WCs, and these can be converted into preferred values for
the real and imaginary parts of the couplings.

We note that caution is needed as regards the results of
the model-independent fits. In such fits it is assumed that
the NP contributes to a particular set of WCs. One might
think that the results will apply to all NP models that
contribute to the same WCs. However, this is not true. The
point is that a particular model may have additional
theoretical or experimental constraints. When these are
taken into account, the result of the fit might be quite
different. That is, the “model-independent” fits do not
necessarily apply to all models. Indeed, in the following
sections we will see several examples of this.

Finally, for those sets of WCs that provide good fits to
the data, we compute the predictions for the CP-violating
asymmetries in B — K*u"y~ and B — Ku™ ™.

A. Fit

The y? is a function of the WCs C;, and is constructed as
follows:

ZQ(Ci) = (Oﬂ](cl> - Oexp)TC_l(Oth(Ci> - Oexp)' (3)

Here Oy, (C;) are the theoretical predictions for the various
observables used as constraints. These predictions depend
upon the WCs. Oy, are the corresponding experimental
measurements.

We include all available theoretical and experimental
correlations in our fit. The total covariance matrix C is
obtained by adding the individual theoretical and exper-
imental covariance matrices, respectively Cy, and Cey,,. The
theoretical covariance matrix is obtained by randomly
generating all input parameters and then calculating the
observables for these sets of inputs [58]. The uncertainty is
then defined by the standard deviation of the resulting
spread in the observable values. In this way the correlations
are generated among the various observables that share
some common parameters [58]. Note that we have assumed
Cy, to be independent of the WCs. This implies that we take
the SM covariance matrix to construct the y> function. As
far as experimental correlations are concerned, these are
only available (bin by bin) among the angular observables
in B — K"yt~ [2], and among the angular observables
in B — gutyu~ [12].

For y> minimization, we use the MINUIT library [59-61].
The errors on the individual parameters are defined as the
change in the values of the parameters that modifies the
value of the y* function such that Ay? = y? — 2. = 1.
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However, to obtain the 68.3% and 95% C.L. two-parameter
regions, we use Ay? equal to 2.3 and 6.0, respectively [62].

The fit includes all CP-conserving b — su™u~ observ-
ables. These are as follows.

1 ar+r) 9 [3

dT+1)/dg* dg2al 327 |4
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(1) B > K*%u*u~: The CP-averaged differential
angular distribution for B® - K*%(— K™z 7 )utpu~
can be derived using Refs. [4,56,57]; it is given
by [2]

= — (1 — FL)sinzﬁK* + FLcoszeK*

1
+3 (1 = Fp)sin0x- cos 20, — F; cos*Ox- cos 20, + S3sin®Ox-sin’0, cos 2¢

4
+ S4 sin 20y~ sin 26, cos ¢ + S5 sin 20~ sin 8, cos ¢ + gAFBsinZQK* cos O,

+ S78in 20k sin O, sin ¢ + Sg sin 20 sin 20, sin ¢ + Sosin’Oy-sin’0, sin2¢|.  (4)

Here ¢* represents the invariant mass squared of the

dimuon system, and Q represents the solid angle con-
structed from 0, O, and ¢. There are therefore nine
observables in the decay: the differential branching ratio,
Fi,App, S3, S4, S5, S7, Sg and Sy, all measured in various
g*> bins. The experimental measurements are given in
Tables VI and VII in the Appendix.

In the Introduction it was mentioned that the main
discrepancy with the SM is in the angular observable
P%. This is defined as [4]

Py= s )

VFL(I-Fp)

(2) The differential branching ratio of BT — K*Tutu~:
The experimental measurements [63] are given in
Table VIII in the Appendix.

(3) The differential branching ratio of B* — KT utu~:
The experimental measurements [63] are given in
Table IX in the Appendix. When integrated
over ¢ this provides the numerator in Rg=
BB - Ktutu™)/B(BT - K"ete™). Thus, the
measurement of Rx [Eq. (1)] is implicitly included
here.?

(4) The differential branching ratio of B® — Ku*pu~:
The experimental measurements [63] are given in
Table X in the Appendix.

(5) B? — ¢utpu~: The experimental measurements of
the differential branching ratio and the angular
observables [12] are given respectively in Tables XI
and XII in the Appendix.

3Previous studies (Ref. [55] and references therein) have
indicated that the Ry anomaly can be accommodated side by
side with several other anomalies in b — sy u~ if new physics
only affects transitions involving muons. Following this lead, in
this paper we therefore study models that modify the b — syt u~
transition while leaving the b — se™e™ decays unchanged.

l

(6) The differential branching ratio of B — X utu™:
The experimental measurements [64] are given in
Table XIII in the Appendix.

(7) BR(B? - utpu™) = (29 +£0.7) x 107 [65,66].

In computing the theoretical predictions for the above

observables, we note the following.

(1) For B - K*utpu~ and B? — ¢utyu~, we use the
form factors from the combined fit to lattice and
light-cone sum rules (LCSR) calculations [15].
These calculations are applicable to the full g?
kinematic region. In LCSR calculations the full
error correlation matrix is used, which is useful to
avoid an overestimate of the uncertainties.

(2) In B — Ku*u~, we use the form factors from lattice
QCD calculations [67], in which the main sources of
uncertainty are from the chiral-continuum extrapo-
lation and the extrapolation to low ¢°. In order to
cover the entire kinematically allowed range of g2,
we use the model-independent z expansion given
in Ref. [67].

(3) The decay BY — ¢u*u~ has special characteristics,
namely (i) there can be (time-dependent) indirect
CP-violating effects, and (i) the BY — BY width
difference, ATy, is non-negligible. These must be
taken into account in deriving the angular distribu-
tion, see Ref. [68]. In FLAVIO [58], the width
difference is taken into account, but all observables
correspond to time-integrated ones (so no indirect
CP violation).

(4) In the calculation of the branching ratio of the
inclusive decay B — Xu*u~, the dominant
perturbative contributions are calculated up to
next-to-next-to-leading-order precision following
Refs. [69-72].

The above observables are used in all fits. However, a
particular model may receive further constraints from its
contributions to other observables, such as b — sur,
BY — BY mixing, etc. These additional constraints will be
discussed when we describe the model-dependent fits.
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B. Predictions

Equation (4) applies to B® — K*0u*u~ decays. Here the
seven angular observables S3, Sy, S5, Apg, S7, Sg and Sg are
obtained by averaging the angular distributions of B and B
decays. However, one can also consider the difference
between B and B decays. This leads to seven angular
asymmetries: Aj, Ay, As, Af, A;, Ag and Ag [56,57]. For
B — Kutu~, there is only the partial rate asymmetry Acp.

In general, there are two categories of CP asymmetries.
Suppose the two interfering amplitudes are Agy =
aje?e® and Anp = a,e®2e’®, where the a; are the
magnitudes, the ¢; are the weak phases and the o; are
the strong phases. Direct CP asymmetries involving
rates are proportional to sin(¢; — ¢,) sin(6; — 5,). On
the other hand, CP asymmetries involving 7-odd triple
products of the form p; - (p; x py) are proportional to
sin(¢p; — ¢,) cos(6; — 8,). Both types of CP asymmetry
are nonzero only if the interfering amplitudes have different
weak phases, but the direct CP asymmetry requires in
addition a nonzero strong-phase difference. In the SM, the
weak phase [= arg(V,,V7,)] and strong phases are all rather
small, and the NP strong phase is negligible [73]. From this,
we deduce that (i) large CP asymmetries are possible only
if the NP weak phase is sizable, and (ii) triple product CP
asymmetries are most promising for seeing NP since they
do not require large strong phases.

In order to compute the predictions for the CP asym-
metries, we proceed as follows. As noted above, we start by
assuming that the NP contributes to a particular set of
b — sutuy~ WCs. We then perform fits to determine
whether this set of WCs is consistent with all experimental
data. In the case of a model-independent fit, the data
involve only b — sy u~ observables; a model-dependent
fit may involve additional observables. We determine the
values of the real and imaginary parts of the WCs that
minimize the y2. In the case of a good fit, we then use these
WCs to predict the values of the CP-violating asymmetries
A3 —A9 in BU — K*0ﬂ+ﬂ_ and ACP in B— K//l+,u—.

In Ref. [56], it was noted that A3, A4, A5 and Aj are direct
CP asymmetries, while A7, Ag and Ag are triple product CP
asymmetries. Furthermore, A5 is very sensitive to the phase

TABLE L
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of C;. We therefore expect that, if NP reveals itself through
CP-violating effects in B — K™yt~ it will most likely
be in A;—Ag, with A; being particularly promising.

III. MODEL-INDEPENDENT RESULTS

In Refs. [8,9], global analyses of the b — s£+¢~
anomalies were performed. It was found that there is a
significant disagreement with the SM, possibly as large as
40, and that it can be explained if there is NP in
b — sutu~. The authors of Ref. [9] offered four possible
explanations, each having roughly equal goodness of fits:

(I) C¥#(NP) < 0,
(I1) C§*(NP) = —CH(NP) < 0,
(II) C4*(NP) = —Cy*(NP) < 0,
(IV) C§(NP) = ~C{}(NP) = —C5"(NP)
= —CJ{'(NP) < 0. (6)

In this section we apply our method to these four scenarios.
There are several reasons for doing this. First, we want to
confirm independently that, if the NP contributes to these
sets of WCs, a good fit to the data is obtained. Note also
that the above solutions were found assuming the WCs to
be real. Since we allow for complex WCs, there may
potentially be differences. Second, the main idea of the
paper is that CP-violating observables can be used to
distinguish the various NP b — su™u~ models. We can test
this hypothesis with scenarios I-IV. Finally, it will be
useful to compare the model-independent and model-
dependent fits.

A. Fits

The four scenarios are model-independent, so that the fit
includes only the b — su™u~ observables. The results are
shown in Table I. In scenarios II and III, there are two best-
fit solutions, labeled (A) and (B). In both cases, the two
solutions have similar best-fit values for Re(WC), but
opposite signs for the best-fit values of Im(WC). In all
cases, we obtain good fits to the data. The pulls are all > 4,

Model-independent scenarios: Best-fit values of the real and imaginary parts of the NP WCs, as well as

the pull = /x4y — x2;, for the fits. For each case there are 104 degrees of freedom.

Scenario [Re(WC), Im(WCQO)] pull
() CH'(NP) [(-1.1£0.2), (0.0 £0.9)] 4.2
(ID) C§¥(NP) = —Cf (NP) (A) [(-0.8£0.3), (1.2+0.7)] 4.2

(B) [(-0.8 £0.3), (—1.2 £0.8)] 4.0
() C¢*(NP) = —Cg"‘(NP) (A) [(-1.0£0.2), (0.3+£0.6)] 4.4

(B) [(-0.9£0.2), (0.3 £0.8)] 4.4
(IV) C{(NP) = —C"(NP) [(-0.6 +0.2), (0.1 £ 1.2)] 4.1

— —CJ"(NP) — ~Clf(NP)
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indicating significant improvement over the SM. Indeed,
our results agree entirely with those of Ref. [9].

B. CP asymmetries: Predictions

For each of the four scenarios, the allowed values of
Re(WC) and Im(WC) are shown in Fig. 1. In all cases,
Im(WC) is consistent with 0, but large nonzero values are
still allowed. Should this happen, significant CP-violating
asymmetries in B — K®)utu~ can be generated. To
illustrate this, for each of the four scenarios, we compute
the predicted values of the CP asymmetries A7, Ag and Ag
in B - K*u*u~. The results are shown in Fig. 2. From
these plots, one sees that, in principle, one can distinguish
all scenarios. If a large A; asymmetry is observed, this
indicates scenario II, and one can differentiate solutions (A)
and (B). A large Ay asymmetry at low ¢ indicates
scenario IV, while a large A, asymmetry at high g?

Scenario |
3 ; ; ;
68.3% C.L. +
95.4% C.L. +
2 L 4
: +##++:+ **
o | i
= i E.
T Ot
- N
a4 +* et ++ i
2 F 4
-3 I I I I I I
2 -15 1 05 0 05 1 15 2
Re(WC)
Scenario Il
3 ; ; ;
68.3% C.L. +
95.4%C.L. ~+
2 L .
L 1
o e 10
; 0 *.% b A
F T tor
£ R
T !
2+ i
-3 I I I I I I
2 -15 1 05 0 05 1 15 2

Re(WC)

FIG. 1.
Re(WC) and Im(WC) in each of the four scenarios.
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indicates scenario III [here solutions (A) and (B) can be
differentiated]. Finally, if no A; or Ay asymmetries are
observed, but a sizable Ag asymmetry is seen at low g2, this
would be due to scenario 1.

This then confirms the hypothesis that CP-violating
observables can potentially be used to distinguish the various
NP models proposed to explain the b — su™*u~ anomalies.
This said, one must be careful not to read too much into the
model-independent results. If NP is present in b — syt~
decays, it is due to a specific model. And this model may
have other constraints, either theoretical or experimental,
that may significantly change the predictions. That is, since
the model-independent fits have the fewest constraints, the
CP-violating effects shown in Fig. 2 are the largest possible.
In a particular model, there may be additional constraints,
which will reduce the predicted sizes of the CP asymmetries.
For this reason, while a model-independent analysis is useful
to get a general idea of what is possible, real predictions

Scenario |l
3 \ T \
68.3% C.L. ~
95.4%C.L. +
2 | : + o+ +, |
+ +H++*+
+ ++ +{x
* +
1F +j+ +++ E
+ +
= 0 e,
£ L +,
Rl *+*+ A i
¢*+ +++*
+ %+++,‘
2F 1, ]
-3 ! ! ! ! ! !
2 -15 -1 05 0 05 1 15 2
Re(WC)
Scenario IV
3 \ T \
68.3% C.L. +
95.4%C.L. +
2t ,
1 L *t *{:‘iﬁh m
= 0 ¥ +
E F
+ +
-1+ 4 +++++++§¢ i
2t i
-3 ! ! ! ! ! !
2 -15 -1 -05 0 05 1 15 2

Re(WC)

Allowed regions in the Re(WC)-Im(WC) plane for the four model-independent scenarios [-IV. See Table I for definitions of
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FIG. 2. Predictions of the CP asymmetries A;, Ag and Ag at the
20 level for the four model-independent scenarios I-IV.

require a model-dependent analysis. We turn to this in the
following sections.

IV. MODEL-DEPENDENT FITS

Many models have been proposed to explain the
b — suTu~ anomalies, of both the LQ [22-30] and Z’
[22,31-54] variety. Rather than considering each model
individually, in this section we perform general analyses of
the two types of models. The aim is to answer two
questions. First, what are the properties of models required
in order to provide good fits to the b — su*u~ data?

PHYSICAL REVIEW D 96, 015034 (2017)

Second, which of these good-fit models can also generate
sizable CP-violating asymmetries in B — K™ utu=? We
separately examine LQ and Z' models.

A. Leptoquarks

The list of all possible LQ models that couple to SM
particles through dimension < 4 operators can be found in
Ref. [23]. There are five spin-O0 and five spin-1 LQs,
denoted A and V respectively, with couplings

La= Vel LUR+YeqerIT2q1) D776+ Yeal 1dRA_1 /6
+ (Vg L iT2qr + Yeuliur) A1 3 +YeaidrDas
+y}q22irzqu ~53/3 +H.c.,
‘CV = (gfquYyQL +gedéRy/4dR)Vliz/3 +geué[\’y}4 MRV/iS/3
9ol 17,741V 13 (9eal LYudR+ Geg@rYuqE) V" s 6
+ 90l L7,ug VY g HH.c. (7)
In the fermion currents and in the subscripts of the
couplings, ¢ and  represent left-handed quark and lepton
SU(2), doublets, respectively, while u, d and e represent
right-handed up-type quark, down-type quark and charged

lepton SU(2), singlets, respectively. The LQs transform as
follows under SU(3), x SU(2), x U(1)y:

A 761(3,2,=7/6). Ay 6:(3.2,-1/6), A1 33 (3, 1,1/3),
A4/3 (3.1.4/3).41/5:(3.3.1/3),
22t (B 1=2/3). V2 (B.1,=5/3), V%, 12(3.3,-2/3),
6:(3.2,=5/6),V/5:(3.2,=5/3). (8)

Note that here the hypercharge is definedas Y = Q,,, — I3

In Eq. (7), the LQs can couple to fermions of any
generation. To specify which particular fermions are
involved, we add superscripts to the couplings. For exam-

ple, g’” * is the coupling of the v 53 LQ to a left-handed p

(orv,) and a left-handed s. Similarly, y’ég is the coupling of
the A_7 /5 LQ to aright-handed y and a left-handed b. These
couplings are relevant for b — sutu~ (and possibly
b — svp). Note that the V¥ /3 and v /6 LQs do not
contribute to b — s,

A number of these LQs, and their effects on b — syt~
and other decays, have been analyzed separately. For
example, in Ref. [75], it was pointed out that four LQs
can contribute to B — D")*z~p,. They are a scalar iso-
singlet with ¥ = 1/3, a scalar isotriplet with ¥ = 1/3, a
vector isosinglet with ¥ = —2/3, and a vector isotriplet
with ¥ = —2/3. These are respectively A, s, &/1/3, V’iz/3
and ‘7'1‘2/3. In Ref. [75], they were called Sy, S3, U; and Us,
respectively, and we adopt this nomenclature below.
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The S; LQ has been studied in the context of b — s u~
in Refs. [24-27]. U, has been examined in Refs. [22,55]. In
Ref. [28], the U; LQ was proposed as an explanation of the
b — suTu~ anomalies. Finally, in Refs. [29,30] it was
claimed that the tree-level exchange of a A_; s LQ can
account for the b — su™p~ results.

There are therefore quite a few LQ models that contrib-
ute to b — su ™, several of which have been proposed as
explanations of the B-decay anomalies. We would like to
have a definitive answer to the following question: which of
the LQs in Eq. (7) can actually explain the b — su*u~
anomalies? Rather than rely on previous work, we perform
an independent analysis ourselves.

1. LQ fits

The difference between model-independent and model-
dependent fits is that, within a particular model, there may
be contributions to new observables and/or new operators,
and this must be taken into account in the fit. In the case of
LQ models, the L.Qs contribute to a variety of operators. In

addition to Og.)lo [Eq. (2)], there may be contributions to

o)) = 57, PLy bl (1 = vs)vl,
0y = Pruybllan),  OY = [5Prwybllarsul. (9)

7> while 0F and 0} are
additional contributions to b — suTu~. Based on the
couplings in Eq. (7), it is straightforward to work out
which Wilson coefficients are affected by each LQ. These
are shown in Table II [23]. Although the scalar LQs do not

contribute to Og,)l”’ some vector LQs do. For these we have

CH'(NP) = —C%¥(NP) and C}"(NP) = C*(NP).

There are several observations one can make from this
table. First, not all of the LQs contribute to b — su™pu™:
A3 contributes only to b — svv. Second, U; has two
couplings, gz, and g,,. If both are allowed simultaneously,
scalar operators are generated, and these can also contribute
to b — suTu~. This must be taken into account in the
model-dependent fits. The situation is similar for V¥, /6"

Finally, the S; and U; LQs both have Cg(NP)=
—Cf (NP); they are differentiated only by their contribu-
tions to C,/*(NP).

At this stage, we can perform model-dependent fits to
determine which of the LQ models can explain the data.
First of all, the SM alone does not provide a good fit. We
find, for 106 degrees of freedom, that

oﬁ’) contributes to b — sv,v

Jan/d.of. = 1.34, p-value = 0.01.  (10)

We therefore confirm that the b — su™u~ anomalies
suggest the presence of NP.

PHYSICAL REVIEW D 96, 015034 (2017)

TABLE 1II. Contributions of the different LQs to the Wilson
coefficients of various operators. The normalization K =
7/ (V2aGpV,, V;‘SM%Q) has been factored out. For M, =1TeV,
K = —-644 4.

Cy'(NP)  CIj(NP)  C&*(NP)  C!(NP)
LQ C¢'(NP)  C¥(NP)  C/(NP)  C!"(NP)
Ay [S1] 0 0 0 0
b Y\ %
0 0 ALARS) 0
N b S\ % b S\ %
AII/S[S3} y/;q (y?q) _y/;q (y?q) 0 0
0 0 AN 0
b S\ b S\ %
Az _%y;elq (Veq _%ylgq(y/elq) 0 0
0 0 0 0
b 1S \ b %
A/ 0 O —DR0hT 5O
0 0 2
Ay 0 0 S0k St
0 0 0 0
Vﬂ [U ] _gﬂb g;u % gub 9}43 % _gub S\ % _gyb (dzs %
-2/3L71 fq( fq) fq( fq) od(Ged) ed(9eq)
2000(de)" 2(d0y) e 0 0
s b SN % b S\
VT2/3[U3] _gz,f/’lq (gz,fl’lq) g:/fq (g?q) O O
0 0 gy 0
H bys $ 0 by s 5 by« by«
Vie  daldhhy  dagh) g o)
205u(geq)”  2(dra)*Geq 0 Fra(9ra)*

For the scalar LQs, the results of the fits using only the
b — suTu~ data are shown in Table III (we address the
b — svv data below). For the S3 LQ, there are two best-fit
solutions, labeled (A) and (B). [The two solutions have the
same best-fit values for Re(coupling), but opposite signs for
the best-fit values of Im(coupling).] From this table, we see
that only the S; LQ provides an acceptable fit to the data.
Despite the claims of Refs. [29,30], the A_; s LQ does not
explain the b — sy p~ anomalies.

The vector LQs are more complicated because the U,
and V* 5/6 LQs each have two couplings. The U, case,

where the two couplings are g, and g,,4, is particularly
interesting. If g/, = 0, we have C4(NP) = —C/(NP), like

TABLE II.  Scalar LQs: Best-fit values of the real and imagi-

nary parts of the couplings, and the pull = / )(%M - )(rznin of the
fits, for M5 = 1 TeV.

[Re(coupling), Im(coupling)] x10° pull
(A) [(1.5+0.5), (-1.9 £ 1.2)] 42
(B) [(1.4 £0.5), (1.7 £ 1.3)] 4.0

LQ Coupling

- 5 -
INVA R0V

Age () [(0.1 +0.7), (0.0 +1.3)] 0.1
Ayg by [(=0.1£03), (-0.1£13)] 04
Dy YO H) [(0.2£0.7), (0.0 +£0.9)] 0.2
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the S5 and U; LQs. (Recall that we found that S; can
explain the b — suty~ anomalies.) And if ¢)(g")" =
—g/0 ()", we have C4*(NP) = —C} (NP) =—C4* (NP) =
—C’l”o” (NP), which is scenario IV of Eq. (6), and is also
found to explain the anomalies. To explore the U; model
fully, we perform three fits. Fit (1) has ¢/, = 0, fit (2) has
¢ =g and o=~y [which gives ¢5(4)" =
—gf;];(g’;;)*], and fit (3) allows the g/, to be free. For the
Vs /6 LQ, here too we can allow all couplings to vary, but

for simplicity we set g;, = 0. However, we have checked
that, even if we vary all the couplings, this model does not
provide a good fit.

Regarding fit (3), a few comments are useful. Although
we allow all couplings to vary, the constraints apply only to
products of couplings. This allows some freedom: the
magnitude of gy, does not affect the best-fit values of the

WCs, so we simply set it to 1. Also, in order to avoid
problems with correlations in the fits, we set g}, and ¢, to
fixed real values. Finally, in Ref. [9] it was found that the
global fit requires C'(NP) < Cg"(NP), i.e., ¢,/ gy, < 1.
We have found that g;;/g), = 0.02 leads to a fit with a pull
of around 4.
The results of the fits are shown in Table IV. There are
several notable features.
(1) We see that the b — su™u~ anomalies can be
explained with the U; LQ [fit (1)] and the U,
LQ. Like the S3; LQ, they have Cg(NP)=
—C§(NP). Indeed, because only b — su*pu~ data
were used in the fits, the fit results are identical for
all three LQ models.
(2) A good fit is also found with the U; LQ [fit (3)].
However, the best-fit solution has g'zs = (), so that
this is essentially the same as the U; LQ [fit (1)].
(3) The U; LQ model [fit (2)] has been constructed
to satisfy Cy"(NP) = —C/j(NP) = —C4*(NP) =
—C7§'(NP). Despite this, the model does not provide
a good fit of the b — su™ u~ data. The reason is that,
in this model, there are also important contributions
to the scalar operators of Eq. (9). However, the
measurement of BY — u*yu~ puts strong constraints
on such contributions. The result is that one cannot
explain the anomalies in B — K'utu~, B —
¢utu~ and R, while simultaneously agreeing with
the measurement of B — u*u~. This provides an
explicit example of how the “model-independent”
results of Eq. (6) do not necessarily apply to
particular models.
(4) The V* 5/6 LQ model does not provide a good fit of
the b — syt~ data.
We therefore see that, of all the scalar and vector LQ
models, only S3, U; and Uj; can explain the b — su*u~
anomalies. Furthermore, within the context of b — su™pu~

PHYSICAL REVIEW D 96, 015034 (2017)

processes, the models are equivalent, since they all
have Ci¥'(NP) = —C}f(NP).

Finally, recall that the aim of this analysis is to differ-
entiate different b — syt~ NP models through measure-
ments of CP-violating asymmetries in B — K putpu~. As
noted in the Introduction, such CP asymmetries can be
sizable only if there is a significant NP weak phase. For the
LQ model, we see from Table IV that the real and
imaginary parts of the coupling are of similar sizes. The
NP weak phase is therefore not small, so that large CP
asymmetries can be expected.

2. b - sy

Above, we have argued that the S;, U; and U; LQ
models are equivalent. However, from Table II, note that
the three LQs contribute differently to C,*(NP), the WC
associated with O,, the operator responsible for b — sv,,.
To be specific, the S3 and Uz LQs have CJ¥(NP) =
1C§(NP) and CJ*(NP) = 2C5"(NP), respectively, while
the U; LQ has C/*(NP) = 0. This means that, for S3 and
U;, constraints on C;”(NP) translate into additional
constraints on Cg"(NP). This then raises the question:
could these three LQ solutions be distinguished by the
b — svv data?

The effective Hamiltonian relevant for b — svv is [76]

aGp
V2r

He = — VisVis Y CL(57,PLb) (B (1 = 75)ve).
7

(11)

The WC contains both the SM and NP contributions:
Ci = C3M + CZ?(NP); it allows for NP that is lepton
flavor nonuniversal. This is appropriate to the present case,
as the LQs have only a nonzero C}(NP). The SM WC is

TABLE IV. Vector LQs: Best-fit values of the real and

imaginary parts of the couplings, and the pull = \/y2y; — 1%,
of the fits, for Mo, = 1 TeV.

LQ Couplings [Re(coupling), Im(coupling)] x10* pull
V’iz /3 [U 1 ] .

(A) [(-1.54£05), (1.9+£12)] 42

M Faldly)*
(B) [(-14£05), (-1.7+1.3)] 4.0
@) dl(gs)  [=001£002). (00£0.02)] 05
3) 7 (A) [(=12£04), (1.7 £ 1.1)]
¢ [(0.07 +0.04), (0.024+0.08)] 4.3

B) [(-1.3+0.4), (=1.9+ 1.0)]
[(0.06 + 0.05), (—0.02 £ 0.08)] 4.3

(A) [(-15£05), (1.9+£12)] 42
B) [(-1.4+0.5), (-1.7+£13)] 40
[(0.0 +0.4), (0.0 +1.2)] 0.0

7 b S\ %
VT2/3[U3] g:/fq (g/;q)

Vs gy (den)”
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CM = =X, /53, (12)

where sy, = sinfy, and X, = 1.469 4+ 0.017.
The latest b — svv measurements yield [77]

B(B - Kui) < 1.6 x 1075,
B(B — K*vb) < 2.7 x 1073, (13)

In Ref. [76], the SM predictions for these decays were
computed:

B(B — Kub)|gy = (3.98 £ 0.43 £ 0.19) x 1075,
B(B = K*ub)|gy = (9.19 £ 0.86 = 0.50) x 1076, (14)

We define
B(B— Kvp) B(B— K*vp)
RKE—_, ) G S —— (15)
Bsy(B— Kvp) Bsm(B— K*uvp)
Using Eqgs. (13) and (14), we obtain
Ry < 4.0, Ry <2.9. (16)

From Ref. [76], R and Rg- can be written as

2 1CH+ C (NP
373 Iop

Rg=Rx=
2 i My Ly SM|2
zl—l—gRe(Cu (NP)/C} )—|—§|C,, (NP)/CPY*. (17)

Since C/*(NP) is proportional to Cg(NP), and since
|C"(NP)| = O(1) (see Table 1, scenario 1), the b —
supu~ data implies that |C}*(NP)| is also O(1). Can the
b — svv data provide competitive constraints on
|C/#(NP)|? Using the Ry« bound of Eq. (16) (since it is
stronger), and neglecting Im(Cy*(NP)) in Eq. (17), we
obtain

~10.1 < Re(C*(NP)) < 22.8. (18)

The above limit is significantly weaker than the result
|C*(NP)| = O(1) coming from the fit to the b — sp™p~
data. We therefore conclude that the b — svv data cannot
be used to distinguish the S5, U; and Uz LQs.

Note that this conclusion may not hold if the LQs also
couple to other leptons. For example, in Ref. [55] it was
assumed that the LQs couple to (v,, 77), in the gauge basis,
and that couplings to (v,,, 4~ ), are generated only when one
transforms to the mass basis. In this case, the LQs
contribute not only to b — sv,v,, but also to b — sv,i,,
which can alter the above analysis. Indeed, in Ref. [55] it
was found that constraints from b — svv are important in
the comparison of the S5, U; and Uz LQs.

PHYSICAL REVIEW D 96, 015034 (2017)
B. Z' bosons

Perhaps the most obvious candidate for a NP contribu-
tion to b — su" "~ is the tree-level exchange of a Z’ boson
with a flavor-changing coupling 5y#P;bZ,. Given that it
couples to two left-handed doublets, the Z’ must transform
as a singlet or triplet of SU(2),. The triplet option has
been examined in Refs. [22,31-35]. (In this case, there is
also a W' that can contribute to B — D(*)+T‘D, [78],
another decay whose measurement exhibits a discrepancy
with the SM [79-81].) If the Z' is a singlet of SU(2),, it
must be the gauge boson associated with an extra U(1)'.
Numerous models of this type have been proposed; see
Refs. [36-54].

The vast majority of these Z' models use scenario II of
Eq. (6): C§(NP) = —C/§(NP). Thus, although the under-
lying details of these models are different, in all cases we
can write

AEZ/ - J”Z’:[,
where J¥ = ¢/ Ly* Py L+ g7 or* PLw s +He.  (19)

Here y,; is the quark doublet of the ith generation, and
L = (v,,u)". When the heavy Z' is integrated out, we
obtain the following effective Lagrangian containing four-
fermion operators:

s I
M2 H M2
z! VA
(97°)* . .
— 5 (Sy"PLD) (57" PLb)
2M2,
g9 _
YD b ) @, ). (20)
Zl

LY =~ (57" PLb)(fiy" Prpr)

The first four-fermion operator is relevant for b — su*u~
transitions, the second operator contributes to B? — BY
mixing, and the third operator contributes to neutrino
trident production.

Note that ¢4 must be real, since the leptonic current of
Eq. (19) is self-conjugate. However, g can be complex,
i.e., it can contain a weak phase. This phase can potentially
lead to CP-violating effects in B — K)u* i~ via the first
four-fermion operators of Eq. (20). The question is: how
large can this NP weak phase be? This is the question that is
addressed in this subsection by considering constraints
from b — suTp~, B — B? mixing, and neutrino trident
production.

For b — su™u~ we have

(1)

bs HH
. T 9’
CS”(NP)z—C’fG(NP)z—[ } Lo

V2GraVy,Vi,] M3
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Turning to BY — BY mixing, the SM contribution arises
due to a box diagram, and is given by

NCYY (5.7"bL)(SLyube), (22)
where
G2m?
= ﬁ (Vi Vis)?
9 6 6x2Inx
CVrL = np.xi |1 - - R (23
viL = Bt + 1— X, (1 _ x[)z (1 _ xt)3 ( )

Here x, = m7/mj, and ng_= 0.551 is the QCD correction
[82]. Combining the SM and NP contributions, we
define

_ SM | ,—2if (97°)
NCyp = [NCyp, e + ZM%, ) (24)
where —f3, = arg(V,,V3;). This leads to
2
AM, = _mBl\fBl‘BBS NCVLL|- (25)

3

In addition, the weak phase of BY—B? mixing is
given by

Py = arg(NCVLL)- (26)
From the above expressions, we see that, the larger gzs is,
the more Z' models contribute to—and receive constraints

from—BY — B? mixing. The experimental measurements of
the mixing parameters yield [83]

AMS® = 17.757 +0.021 ps~',
@5 = —0.030 + 0.033. (27)

These are to be compared with the SM predictions:

2 R
AMM = 375, f3.Bs INCY, | = (179 £2.4) ps",

M = _28 = —0.03704 & 0.00064. (28)

In the above, for AMSM, we have followed the computation

of Ref. [55], using fp \/Bs =270+ 16 MeV [84-86],

IV, V4| = 0.0405 £ 0.0012 [62], and i, = 160 GeV;

S&SM is taken from Refs. [87,88].

The Z' will also contribute to the production of p*pu~
pairs in neutrino-nucleus scattering, v,N — v,Nu"u~
(neutrino trident production). At leading order, this process

PHYSICAL REVIEW D 96, 015034 (2017)

is effectively v,y — v,u"pu~, and is produced by single-
W/Z exchange in the SM. This arises from the four-
fermion effective operator

'Ceff: trident — [ﬁ}/ﬂ(CV - CA75>ﬂ] {Dyﬂ(l - 75)1/]? (29)

with an external photon coupling to u™ or y~. In the SM,
combining both W- and Z-exchange diagrams, we have
[89-92]

2 (1 2 1
cM=- (Z42,), M=-L - (30
v 8m3, <2 + SW) A 8m3, 2 (30)

On the other hand, the Z’ boson contributes to Eq. (29) with
the pure V — A form:

"2
o —ow - ) 31)
4M2,

The theoretical prediction is then

(O O+ (G + O
(G + (G

NG -1|-4s%[,)2 Kl * UQ%)ZY

+ <1 + 452, + ”2%?)31 . (32)

OSM+NP

OSM  [uUN—uNutp-

to be compared with the experimental measurement [93]:

e — 0.82 + 0.28. (33)

OSM | yN—uNu =

The net effect is that this will provide an upper limit on
(¢/")?/M2,. For My =1TeV and v =246 GeV, we
obtain the following 1o bound on the coupling:

lgi] < 1.25. (34)

We now perform a fit within the context of this Z' model.
The fit includes the measurements of the b — su™u~
observables, B — BY mixing (magnitude and phase), and
the cross section for neutrino trident production. There are
107 degrees of freedom.

Our results are summarized in Table V. We see that a
good fit is obtained for ¢/ > 0.1. (Smaller values of ¢}*
imply larger values for g%, which are disfavored by
measurements of B — BY mixing.)

Once again, recall that the ultimate aim of this study is
to compare the predictions of different models for the
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CP-violating asymmetries in B — K*)u*u~. Such asym-
metries can be sizable only if the NP weak phase is large.
However, from Table 1V, we see that Im(¢g?*)/Re(g%*) is
O(l) only for ¢/* =0.8, 1.0. It is 1ntermed1ate for
¢ = 0.4, 0.5, and is small for ¢¢* = 0.1, 0.2. We therefore
expect that models with different values of ¢ will predict
different values of the CP asymmetries, potentially
allowing them to be differentiated.

From the above, we see that a large NP weak phase can
only be produced in Z' models if ¢/* is large. However,
note that, while this is a necessary condition, it is not
sufficient. In a particular Z’ model, it is necessary to have
a mechanism whereby ¢?* can have a weak phase. This is
not the case for all models. As an example, in some
models, the Z' couples only to bb in the gauge basis. Its
coupling constant is therefore real. The flavor-changing
coupling to sb is only generated when transforming to
the mass basis. However, in Refs. [22,55], this trans-
formation involves only the second and third generations.
In other words, it is essentially a 2 x 2 rotation, which
is real. In these models a weak phase in ¢gb* cannot be
generated.

V. CP ASYMMETRIES: MODEL-DEPENDENT
PREDICTIONS

In the previous section, we have identified the character-
istics of NP models that can explain the b — syt u~
anomalies. We have found that there are three LQ mod-
els—S;, U;, Us—that can do this. All have Cg*(NP) =
—Co(NP) and so are equivalent, as far as b — syt pu~
processes are concerned. There is a whole spectrum of Z’
models that can explain the b — su™u~ data. What is
required is that the Z’ have couplings ¢7*5y*P,bZ, and
g py* PruZ,, and that ¢/ be > 0.1.

The purpose of this paper is to investigate whether these
models can be distinguished by measurements of CP-
violating asymmetries in B — K*utu~ and B - Ku*pu~.
To this end, the next step is then to compute the predictions
of all models for the allowed ranges of the various
asymmetries. For the LQ and Z’ models, the best-fit values
and errors of the real and imaginary parts of the NP
couplings are given in Tables III and V, respectively. [For
the LQ model, the allowed region in the Re(WC)-Im(WC)
plane is shown in the upper right plot of Fig. 1
(scenario II).] With these we can calculate the predictions
for the asymmetries for all models.

In Fig. 3, we present the predictions for the CP
asymmetries A;—Aq in B’ = K*Outu~ and Acp in
B — Kutyu~. We consider the LQ model [solutions (A)
and (B)] and the Z’' model with ¢/ = 0.1, 0.5, 1.0. The
ranges of the asymmetries are obtained by allowing the real
and imaginary parts of the couplings to vary by +2¢ (taking
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TABLE V. Z' model: Best-fit values of the real and imaginary

parts of ¢, and the pull = \/x%,; — x2:, of the fits, for various
values of ¢/ and M =1 TeV.

g [Re(g%), Im(gb*)] x 10° pull
0.01 (=24 £2.1), (=0.1 £0.7)] 0.8
0.05 [(=3.9 4 1.2), (0.0+0.5)] 23
0.1 [(—4.3 £ 1.0), (0.0 = 0.4)] 3.3
0.2 [(-3.9+£0.8), (0.0£0.5)] 4.0
0.4 [(=2.1 +0.5), (=0.1 +0.8)] 42
0.5 [(~1.8 £ 0.5), (=0.1 £ 0.9)] 4.0
0.8 [(~1.1+0.3), (0.1 = 1.5)] 4.0
1.0 [(~0.8 £0.3), (=0.4 % 3.1)] 4.0

correlations into account). From these figures we see the
following.

(1) The predictions of the Z’' model with ¢/ = 1.0 are
very similar to those of the LQ model in which
solutions (A) and (B) are added.

(2) Even in the presence of NP, the asymmetries
Aj, Ay, As, and Ay are very small and probably
unmeasurable.

(3) In the LQ and Z' (¢} = 1.0) models, the asymme-
tries A and Acp can approach the 10% level in the
high-¢? region.

(4) The asymmetry Ag can reach 15% in the low-g*
region in the LQ and Z' (¢/* = 1.0) models; it is
small in the Z' (¢/" = 0.1, 0 5) models.

(5) The most useful asymmetry is A; in the low-g?
region. In the LQ and Z' (¢f" =1.0) models,
it can reach ~25%; in the Z' (¢;" = 0.5) model, it
can reach ~5%; and it is very small in the Z’
(¢;" = 0.1) model.

(6) If a large nonzero CP asymmetry is measured,
its sign distinguishes solutions (A) and (B) of the
LQ model.

From this we see that, using CP-violating asymmetries in
B — K™yt u~, it may indeed be possible to distinguish the
LQ and Z' (¢/" =1.0) models from Z' models with
different values of ¢;".

Finally, it was pointed out above that the predictions of
the LQ model in which solutions (A) and (B) are added are
very similar to those of the Z' model (¢} = 1.0).
Furthermore, we note that these predictions are also
very similar to those of the model-independent analysis
[scenario II: C¢"(NP) = —C/j(NP)], shown in Fig. 2.
This is to be expected. Both the model-independent
and LQ fits include only b — su*p~ data, and for

## = 1.0, the Z' fit is dominated by the b — sy u~ data
(the additional constraints from BY-BY mixing are negli-
gible). On the other hand, in a Z’ model with ¢/ < 1.0, the
constraints from BY-BY mixing are important, so that the
predicted asymmetries are smaller than with ¢/ = 1.0.
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FIG. 3. Predictions of the LQ model [solutions (A) and (B)] and the Z’ model with ¢;* = 0.1, 0.5, 1.0 for the CP asymmetries A3-Ag
in B® - K*%u*yu~ and Acp in B — Kutu~. In the models, the real and imaginary parts of the couplings are allowed to vary by £26.
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This is another example of how model-independent and
model-dependent fits can yield different results.

VI. SUMMARY AND CONCLUSIONS

There are currently a number of B-decay measurements
involving b — s£7¢~ that exhibit discrepancies
with the predictions of the SM. These include the
angular analysis of B — K*u"u~, the branching fraction
and angular analysis of BY — ¢gutu~, and Ry =
B(BT - Ktutu~)/B(B* - K*ete™). The model-
independent global analysis of Ref. [9] showed that
these anomalies can be explained if there is new
physics in b — suTp~. Assuming that the NP Wilson
coefficients are real, the four possible scenarios are
D C§(NP) <0, (II) C§(NP) =—-C/5(NP) <0, (III)
CH'(NP) = —CJ*(NP) <0, and (IV) Cy(NP) =
—CH8(NP) = —Cy*(NP) = —C(NP) < 0.

Many models have been proposed as explanations of the
B-decay anomalies. The purpose of this paper was to
investigate whether one can distinguish among these
models using measurements of CP-violating asymmetries
in B— K*utu~ and B —» Ku*pu~. (In the SM, all CP-
violating effects are expected to be tiny.)

We began by repeating the model-independent global
analysis, this time allowing for complex WCs. We con-
firmed that the four scenarios I-IV do indeed provide good
fits to the data. Then, using the best-fit values and errors of
the real and imaginary parts of the WCs, we computed the
allowed ranges of the CP asymmetries in B — K™ty
We found that several asymmetries can be large, greater
than 10%. More importantly, by combining the results of
different CP asymmetries, it is potentially possible to
differentiate scenarios I-IV.

We then turned to a model-dependent analysis. There are
two classes of NP that can contribute to b — sutpu™:
leptoquarks and Z’ bosons. We examined these two types
of NP in order to determine the characteristics of models
that can explain the B-decay anomalies. Note that a specific
model may have additional theoretical or experimental
constraints, which must be taken into account in the model-
dependent fits. This can lead to results that are quite
different from the model-independent fits. Given a model
that accounts for the b — sy~ data, we computed its
predictions for CP-violating effects. In order to generate
sizable CP asymmetries, the NP weak phase must be large.

We considered all possible LQ models and found that
three can explain the B anomalies. All have Cg"(NP) =
—C'f (NP) (scenario II), and so are equivalent as far as the
b — suTu~ data are concerned. The three LQs contribute
differently to b — sv,7,, and so could, in principle, be
distinguished by measurements of b — svv. However, we
found that the constraints on the models from the present
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b — svb data are far weaker than those from b — su™ ™,
so that the three models remain indistinguishable. That is,
there is effectively only one LQ model that can explain the
b — suTu~ data. There are two best-fit solutions (A) and
(B); both have |Im(coupling)/Re(coupling)| = O(1), cor-
responding to a large NP weak phase.

Many Z' models have been proposed to explain the B
anomalies, but most of these also have Cg'(NP)=
—C6(NP) (scenario II). Thus, although the models are
constructed differently, all have couplings gfsiy"PLbZ;l
and ¢ iy PLuZ),. ¢;" is necessarily real, but g?* may be
complex. The potential size of CP asymmetries is related to
the size of the weak phase of g?*. The product g©*g/" is
constrained by b — sutu~, while there are constraints on
(g%*)? due to the Z’ contribution to B — BY mixing. If ¢* is
small, the b — su*u~ data requires g%° to be large, so that
the BY-BY mixing constraints are stringent. In particular, the
measurement of @S, the weak phase of the mixing,
constrains the weak phase of g to be small. On the other
hand, if ¢/* is large, ¢?° is small, so the B%-B? mixing
constraints are very weak. In this case, the weak phase of
g% can be large. We therefore see that there is a whole
spectrum of Z' models, parametrized by the size of the ¢}*
coupling.

We computed the predictions for the CP asymmetries in
B — K®) up~ in the LQ model [solutions (A) and (B)] and
the Z' model with ¢/ = 0.1, 0.5, 1.0. We found that it may
indeed be possible to distinguish the LQ and Z' models
with various values of ¢/ from one another. The most
useful CP asymmetry is A5 in B® — K*u* . In the low-
g region, this asymmetry (i) can reach ~25% in the LQ
and Z' (¢¢" =1.0) models, (ii) can reach ~5% in the
Z' (¢ =0.5) model, and (iii) is very small in the
Z' (¢i" = 0.1) model. In addition, the sign of the asym-
metry distinguishes solutions (A) and (B) of the LQ model.
We therefore conclude that measurements of CP violation
in B — K" pyu*u~ are potentially very useful in identifying
the NP responsible for the b — su™u~ B-decay anomalies.
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APPENDIX: b — su*u~ EXPERIMENTAL DATA

This appendix contains tables of all b — su™u~ experimental data used in the fits.

TABLE VI. Experimental measurements of the differential branching ratio of B® — K*Ou

Ty~ [74]. The

experimental errors are, from left to right, statistical, systematic and due to the uncertainty on the B® —
J/wK*® and J/w — p*u~ branching fractions.

Bin (GeV?)

Measurement (x107)

B® — K*0u*u~ differential branching ratio

[0.10, 0.98]
[1.1, 2.5]
[2.5, 4.0]
[4.0, 6.0]
[15.0, 17.0]
[17.0, 19.0]
[1.1, 6.0]
[15.0, 19.0]

116373076 + 0.033 £ 0.079
0.3737903¢ £ 0.011 £ 0.025
0.38370:933 +0.010 £ 0.026
0.4107505) £0.011 £ 0.028
0.6117003 +0.023 & 0.042
0.3857 0022 +0.018 + 0.026
0.3920929 + 0.010 £ 0.027
0.48810921 +0.008 + 0.033

TABLE VIL. Experimental measurements of the angular observables of B® — K*0u*u~ [2]. The experimental errors are, from left to

right, statistical and systematic.

[0.10,0.98] GeV?

q* €[1.1,2.5] GeV?

2 € [2.5,4.0] GeV?

q- €
B® — K*0u* i~ angular observables
)

(Fp) = 0263109 +0.017
(Apg) = —0.003709%8 4 0.009
(S3) = —0.0367 9983 4 0.005
(S4) = 0.08210 055 £ 0.009
(Ss5) = 0.170709% +£0.018
(S7) = 0.015730% £ 0.006
(Sg) = 0.0791057¢ 1 0.007
(So) = —0.0830:938 + 0.004

(F) = 0.6607055 +0.022
(App) = —0.191700%8 1 0.012
(S3) = —0.07710957 £ 0.005
(S4) = =0.077:11} £ 0.005
(Ss) = 0.1370554 +0.009
(S7) = —0.21970404 + 0.004
(Sg) = —0.09815/% + 0.005
(Sg) = —0.1190%7 + 0.005

(FL) = 0876705 £0.017

(Apg) = —0.1181 0982 4 0.007

) =

)
(S3) = 0.03570908 +0.007
(S4) = —0.23410127 + 0.006
(Ss) = —0.0220119 £ 0.008
(S;) = 0.06801% + 0.005
(Sg) = 0.030731%) £ 0.006
(Sg) = —0.0920:19% 1+ 0.007

q* € [4.0,6.0] GeV?

¢* € [15.0,17.0] GeV?

¢* € [17.0.19.0] GeV?

(Fp) = 0611003 +£0.017
(Apg) = 0.02570%81 +0.004
(S3) = 0.0357096 + 0.007
(S4) = —0.2190:98¢ + 0,008
(Ss) = —0.1467 0977 + 0.011
(S7) = =0.01670:%8} 4 0.004
(Sg) = 0.167105% £ 0.004
(Sg) = —0.03234(71 £ 0.004

(Fp) = 03497055 +0.009

)=

(Apg) = 041170931 +0.008
(S3) = —0.14210 933 £+ 0.007
(S4) = —0.32170955 1+ 0.007
(Ss5) = —0.31670921 +0.009
(S7) = 0.061799%8 £ 0.005
(Sg) = 0.003709¢! 4+ 0.003
(So) = —0.0197093¢ £ 0.004

(Fp) = 03547008 +0.025

(Apg) = 0.305709:2 +0.013

)=

)=
(S3) = —0.1881 0573 +0.017
(S4) = —0.2667093 +0.010
(Ss) = —0.32370983 +0.009
(S;) = 0.0440973 1 0.013
(Sg) = 0.01310978 £ 0.005
(So) = —0.0941 0983 £ 0.004
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TABLE VIII. Experimental measurements of the differential
branching ratio of B¥ — K**u*u~ [63]. The experimental errors
are, from left to right, statistical and systematic.

Bin (GeV?) Measurement(x 10°)

BT — K**u"yu~ differential branching ratio

[0.1-2.0] 59.21 145 £4.0
[2.0-4.0] 5591174 £3.8
(4.0-6.0] 24950 £ 1.7
[15.0-17.0] 6447122 £ 4.4
[17.0-22.0] 11.6%1+£0.8

TABLE IX. Experimental measurements of the differential
branching ratio of B* — K*u*u~ [63]. The experimental errors
are, from left to right, statistical and systematic.

Bin (GeV?) Measurement (x10%)
Bt — K*putyu~ differential branching ratio

[0.1-0.98] 3324+ 1.8+1.7
[1.1-2.0] 233+ 15+1.2
[2.0-3.0] 282+1.6+14
[3.0-4.0] 254+ 15+1.3
[4.0-5.0] 221+14+1.1
[5.0-6.0] 231 +14+12
[15.0-16.0] 16.1 +£1.0£0.8
[16.0-17.0] 164+1.0£0.8
[17.0-18.0] 206+ 1.1+1.0
[18.0-19.0] 13.74+1.0+0.7
[19.0-20.0] 7.4+08+04
[20.0-21.0] 59+£07+£03
[21.0-22.0] 434+0.7+02
[1.1-6.0] 2424+07+£1.2
[15.0-22.0] 121+ 04 £0.6

TABLE X. Experimental measurements of the differential
branching ratio of B® — K°u*u~ [63]. The experimental errors
are, from left to right, statistical and systematic.

Bin (GeV?) Measurement (x10°)

B® — K%y~ differential branching ratio

[0.1-2.0] 122139 £ 0.6
[2.0-4.0] 187135 £0.9
[4.0-6.0] 17.3733 £0.9
[15.0-17.0] 14.3753 £ 0.7
[17.0-22.0] 7847 +£04
[1.1-6.0] 18.7735 £0.9
[15.0-22.0] 9.5518+£0.5
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TABLE XI. Experimental measurements of the differential
branching ratio of BY — ¢u*u~ [12]. The experimental errors
are, from left to right, statistical, systematic and due to the
uncertainty on the branching ratio of the normalization mode

BY = J/ye.

Bin (GeV?)

Measurement (x10%)

BY — ¢utyu~ differential branching ratio

[0.1-2.0] 5.8510 0 £0.14 £0.44
[2.0-5.0] 2.56:033 £0.06 £0.19
[15.0-17.0] 4.52%037 +£0.12 £ 0.34
[17.0-19.0] 3.96102] £0.14 £0.30
TABLE XII. Experimental measurements of the angular ob-

servables of BY — ¢uTu~ [12]. The experimental errors are, from
left to right, statistical and systematic.

¢* €10.1,2.0] GeV? ¢* €2.0,5.0] GeV?

BY — ¢utu~ angular observables

(F) = 0207098 4+ 0.02 (Fp) = 0.687% £ 0.03

(S3) = —=0.05213 £0.01 (83) = —0.06723 £ 0.01

(S4) = 0277928 £ 0.01 (S4) = —0.477939 £ 0.01
($7)

(S7) = 0.04112 £0.00 S;) = —0.031328 + 0.01
¢* €[15.0,17.0] GeV? ¢* € [17.0,19.0] GeV?
(Fp) = 02358 +£0.02 (FL) = 0407012 +0.02
(S3) = —0.06115 +0.01 (S3) = —0.072023 +0.02
(S4) = —0.03*013 + 0.01 (S4) = —0.397923 +0.02
(S7) = 0.1223$ £ 0.01 (S7) = 0.2070%9 + 0.01

TABLE XIII. Experimental measurements of the differential
branching ratio of B — X u*u~ [64].

Bin Measurement (x10°)

B — X u"yu~ differential branching ratio
q* € [1,6] GeV?
q* > 14.2 GeV?

0.66 +0.88
0.60 £ 0.31
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