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At present, there are several measurements of B decays that exhibit discrepancies with the predic-
tions of the SM, and suggest the presence of new physics (NP) in b — su™ 11~ 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<*)u+,u7. 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 — s~ processes are concerned. In this single LQ model, the weak phase
of the coupling can be large, leading to some sizeable CP asymmetries in B — K™+ =, There is
a spectrum of Z’ models; the key parameter is g7*, which describes the strength of the Z’ coupling
to ptp~. If gx* 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™yt~ can indeed
distinguish among NP b — su* ™ models.

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

1. B — K*u*p~: Measurements of B — K*u 1~ have been made by the LHCb [1, 2] and Belle [3] Collaborations.
They find results that deviate from the SM predictions. The main discrepancy is in the angular observable P!
[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 uncertainties, and find that a significant discrepancy
is still present, perhaps as large as ~ 4o.

2. BY — ¢utp~: The LHCb Collaboration has measured the branching fraction and performed an angular analysis
of BY — ¢utp~ [11, 12]. They find a 3.50 disagreement with the predictions of the SM, which are based on

lattice QCD [13, 14] and QCD sum rules [15].
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3. Rk: The ratio Rx = B(B™ — KT ptpu™)/B(BT — KTeTe™) has been measured by the LHCb Collaboration
in the dilepton invariant mass-squared range 1 GeV? < ¢ < 6 GeV? [16], with the result

RIPY = 0.74570-0% (stat) + 0.036 (syst) . (1)
This differs from the SM prediction of R3M = 1+ 0.01 [17] by 2.60, and thus is a hint of lepton flavor non-

universality.

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

OéGp
Heg = ——=V; VZ CaO4 + C;O; )
o= 3 )
Og(10) = [57uPLbl[Ev" (v5) 1] (2)

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

replacing L with R, and the Wilson coefficients (WCs) ¢ include both SM and NP contributions. Global analyses
of the b — sf*{~ 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 — sutu~. Ref. [9] gave four
possible explanations: (I) C5*(NP) < 0, (II) C§*(NP) = —C1}/(NP) < 0, (III) C§*(NP) = —C¢"*(NP) < 0, (IV)
CH*(NP) = —CI#'(NP) = —C¢"*(NP) = —C}*(NP) < 0.

Numerous models have been proposed that generate the correct NP contribution to b — su® ™ 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 — su™p~, which model is the correct one? In other words, short of producing
an actual LQ or Z’ experimentally, 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
T(3S) — pr and 7 — 3 are useful processes for differentiating between LQ and Z’ models. In the present paper, we
compare the predictions of the various models for CP-violating asymmetries in B — K*utp~ and B — KuTp~.

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 — sy p~ is dominated by a
single amplitude, proportional to Vi, Vit [see Eq. (2)]. In order to generate CP-violating asymmetries, it is necessary
that the NP contribution to b — su™u~ have a sizeable weak phase. As we will see, this does not hold in all NP
models, so that CP-violating asymmetries in B — K*u*u~ and B — Ku*u~ can be a powerful tool for distinguishing
the models. (The usefulness of CP asymmetries 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*p~™ and B — Kputpu~ are
computed.

The data used in the fits include all CP-conserving observables involving b — su™u~ transitions. The processes
are B® - K*(— K*r " )utp~, BY — K* p*p~, BT — KTptp~, BY — KOup~, B — ¢pp=, B — Xoutp™,
and B? — ptp~. For the first process, a complete angular analysis of BY — K*0(— K7~ )utu~ was performed in
Refs. [56, 57]. It was shown that this decay is completely described in terms of twelve 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 ¢2 bins, so that there are a total of 106 CP-conserving observables
in the fit.

For the model-independent fits, only the b — su™p~ 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 processes
such as b — svw, 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) constraints, they
may yield significantly different results.

! Early model-independent analyses of NP in b — sy~ can be found in Refs. [18] (CP-conserving observables) and [19] (CP-violating
observables).

2 The anomalies can also be explained using a scenario in which the NP enters in the b — cés transition, but constraints from radiative
B decays and B%-B? mixing must be taken into account, see Ref. [21].



CP-violating asymmetries are obtained by comparing B and B decays. In the case of B — Kutu~, there is only
the direct partial rate asymmetry. For B® — K*°(— K7~ )u*u~, 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,7,, so that, in principle, they can be distinguished by the measurements of
b — sviv. However, the constraints from these measurements are far weaker than those from b — sy ™, so that all
three LQ models are equivalent, as far as the b — su™p~ data are concerned. We find that some CP asymmetries in
B — K™yt~ can be large in this single LQ model.

In Z' models, there are g%SEVMPLbZL and g/* py* PLuZ;, couplings, leading to a tree-level Z' contribution to
b — sutu~. In order to explain the b — su™ ™ anomalies, the product of couplings g%sgg“ must lie within a certain
(non-zero) range. If g* is small, ¢} must be large, and vice-versa. The Z' also contributes at tree level to B?-BY
mixing, proportional to (¢%°)?. Measurements of the mixing constrain the magnitude and phase of g*. If gb* is large,
the constraint on its phase is significant, so that this Z’ model cannot generate sizeable CP asymmetries. On the
other hand, if g%s is small, the constraints from BY-BY 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
measurements of CP-violating asymmetries in B — K™ ptp—.

We begin in Sec. 2 with a description of our method for fitting the data and for making predictions about CP
asymmetries. The b — su™p~ data used in the fits are given in the Appendix. We perform a model-independent
analysis in Sec. 3. In Sec. 4, we perform model-dependent fits in order to determine the general features of the L.Q
and Z' models that can explain the b — su™ ™~ anomalies. We present the predictions of the various models for the
CP asymmetries in Sec. 5. We conclude in Sec. 6.

1II. METHOD

The method works as follows. We suppose that the NP contributes to a particular set of b — syt~ 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 x? can be found. The program
MINUIT [59-61] is used to find the values of the WCs that minimize the x2. 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 — su*u~ WCs.

We are interested in NP that leads to CP-violating effects in B — K®)utpu~. As noted in the introduction, this
requires that the NP contribution to b — sy~ 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
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*utp~ and B — Kptpu~.

II.1. Fit

The 2 is a function of the WCs C}, and is constructed as follows:

XQ(CZ’) = (Oth(ci) - Oexp)TC_l (Oth(ci) - Oewp) . (3)



Here Oy, (C;) are the theoretical predictions for the various observables used as constraints. These predictions depend
upon the WCs. O, are the 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 experimental covariance matrices, respectively Cy, and Ceyp. 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 x? function. As far as experimental correlations are concerned,
these are only available (bin by bin) among the angular observables in B — K®)u* ;= [2], and among the angular
observables in BY — ¢utu~ [12].

For x? 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 x? function such that Ax? = x? — x2,,,, = L.
However, to obtain the 68.3% and 95% CL 2-parameter regions, we use Ax? equal to 2.3 and 6.0, respectively [62].

The fit includes all CP-conserving b — syt~ observables. These are

1. B® - K*u*p~: The CP-averaged differential angular distribution for B — K*°(— K*77)u*u~ can be
derived using Refs. [4, 56, 57]; it is given by [2]

1 Ar+T) 9 [3 L ,
d(T +T)/dg*> dg2dS ~ 3on Z(l—FL)sm O+ + Fr, cos” Opcx (4)

1
+ 1(1 - Fr) sin? O+ cos 20 — Fr cos® O~ cos 20y + S sin? O« sin? 0 cos 2¢

4
+ Sy sin 20k« sin 20, cos ¢ + S5 sin 20 k-« sin Oy cos ¢ + gAFB sin? O cos O,

+ S7sin 20~ sin 0y sin ¢ + Sg sin 20k« sin 20, sin ¢ + Sg sin? O« sin? O, sin 2¢] .

Here ¢° represents the invariant mass squared of the dimuon system, and Q represents the solid angle constructed
from 6;,0k~, and ¢. There are therefore nine observables in the decay: the differential branching ratio, F7,
Arp, Ss, S4, S5, S7, Sg and Sy, all measured in various g2 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]

pro % (5)

> JFL(-F)

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

3. The differential branching ratio of BT — K+ u* ™. The experimental measurements [63] are given in Table IX
in the Appendix. When integrated over ¢, this provides the numerator in Rx = B(BT — K*p*p~)/B(B* —
K*tete™). Thus, the measurement of Ry [Eq. (1)] is implicitly included here?.

4. The differential branching ratio of B — K°%u*;~. The experimental measurements [63] are given in Table X
in the Appendix.

5. BY — ¢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.

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

7. BR(BY — putp~) = (2.9 4+0.7) x 10-° [65, 66].

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



In computing the theoretical predictions for the above observables, we note the following:

e For B — K*utpu~ and BY — ¢éutpu~, we use the form factors from the combined fit to lattice and light-cone
sum rules (LCSR) calculations [67]. These calculations are applicable to the full ¢? kinematic region. In LCSR,
calculations the full error correlation matrix is used, which is useful to avoid an overestimate of the uncertainties.

eIn B —» Kutp~, we use the form factors from lattice QCD calculations [68], in which the main sources of
uncertainty are from the chiral-continuum extrapolation and the extrapolation to low ¢2. In order to cover the
entire kinematically-allowed range of ¢2, we use the model-independent z expansion given in Ref. [68].

e The decay BY — ¢u'pu~ has special characteristics, namely (i) there can be (time-dependent) indirect CP-
violating effects and (ii) the BY-BY width difference, AT, is non-negligible. These must be taken into account
in deriving the angular distribution, see Ref. [69]. In flavio [58], the width difference is taken into account,
but all observables correspond to time-integrated ones (so no indirect CP violation).

e In the calculation of the branching ratio of the inclusive decay B — X u*p~, the dominant perturbative
contributions are calculated up to NNLO precision following Refs. [70-73].

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 — svi, BY-BY mixing, etc. These additional constraints will be discussed
when we describe the model-dependent fits.

II.2. Predictions

Eq. (4) applies to B® — K*9u* = decays. Here the seven angular observables Sz, Si, S5, Arg, S7, Sg and Sy 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: Az, Ay, As, A, A7, 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 Agyy = ap e’ e
and Anp = a2€'??€"%2 | where the a; are the magnitudes, the ¢; the weak phases and the §; the strong phases. Direct
CP asymmetries involving rates are proportional to sin(¢; — ¢2)sin(d; — d2). On the other hand, CP asymmetries
involving T-odd triple products of the form pj - (p; X pi) are proportional to sin(¢; — ¢2) cos(d1 —d2). 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(Vy, V%)) and strong phases
are all rather small, and the NP strong phase is negligible [74]. From this, we deduce that (i) large CP asymmetries
are possible only if the NP weak phase is sizeable, 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 asymmetries, we proceed as follows. As noted above, we start by
assuming that the NP contributes to a particular set of b — su™u~ 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 — su™p~ 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 x2. In the case of a good fit, we then use these WCs to
predict the values of the CP-violating asymmetries A3-Ag in B® — K*%uTpu~ and Acp in B — Kutp~.

In Ref. [56], it was noted that As, A4, As and A§ are direct CP asymmetries, while A7, Ag and Ag are triple product
CP asymmetries. Furthermore, A7 is very sensitive to the phase of Cy. We therefore expect that, if NP reveals itself
through CP-violating effects in B — KTy, 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¢T¢~ 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 — sp™p~. Ref. [9]
offered four possible explanations, each having roughly equal goodness-of-fits:

(I) C5"(NP) <

(IT) C{*(NP) = —Ofg‘(NP) <0,

(IIT)CH* (NP) = —C¢"™(NP) < 0,

(V)L (NP) = —CJ(NP) = —Cif™ (NP) = ~Cli(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 — sut ™ models. We can test this hypothesis with scenarios I-IV. Finally, it will be
useful to compare the model-independent and model-dependent fits.

II1.1. Fits

The four scenarios are model-independent, so that the fit includes only the b — syt~ observables. The results are
shown in Table I. In scenarios IT 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, indicating significant improvement over the SM. Indeed, our
results agree entirely with those of Ref. [9].

Scenario [Re(WC), Im(WC)] pull

(I) CL*(NP) [(—1.1£0.2), (0.0£0.9)] |42

(IT) CL*(NP) = —C#(NP) | (A)  [(~0.8£0.3), (1.2+£0.7) ] | 4.2
(B) [(—0.8+0.3), (~1.2+0.8) ] | 4.0

(I) CL*(NP) = —Cy**(NP)[(A)  [(—1.0£0.2), (0.3+0.6) ]| 4.4
(B) [(~0.940.2), (—0.3+0.8) ]| 4.4
(IV) CE*(NP) = —C!4(NP) (0.6 £0.2), (0.14+1.2)] |4.1

= —C,""(NP) = —C/i"(NP)

TABLE I. Model-independent scenarios: best-fit values of the real and imaginary parts of the NP WCs, as well as the pull =
VXEu — X2 for the fits. For each case there are 104 degrees of freedom.

II1.2. 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 non-zero values are still allowed. Should this happen, significant CP-violating
asymmetries in B — K™t~ 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*pu~. 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 Ag asymmetry at low ¢? indicates scenario
IV, while a large A9 asymmetry at high ¢ indicates scenario III (here solutions (A) and (B) can be differentiated).
Finally, if no A7 or Ay asymmetries are observed, but a sizeable Ag asymmetry is seen at low ¢2, this would be due
to scenario I.

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™p~ anomalies. This said, one must be careful not to read too much into
the model-independent results. If NP is present in b — su™u~ 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 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 — syt~ 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*pu~ data? Second, which of these good-fit models can also generate sizeable CP-violating
asymmetries in B — K™yt =7 We separately examine LQ and Z’ models.
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FIG. 1. Allowed regions in the Re(WC)-Im(WC) plane for the four model-independent scenarios I-IV. See Table I for definitions
of Re(WC) and Im(WC) in each of the four scenarios.

IV.1. 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-0 and five spin-1 LQs, denoted A and V respectively, with couplings

LA = (Yeul LUR + Yeq €RIT20L) A _7/6 + Yea LLdrA_1 /6 + (Yeg 177201 + Yeu ERUR) A1 /3
+ Yea €5drAy 3 + Yy, 5 imaTqr - A 5 + hec.
£V = (gfq ZL'-)/,MQL + Ged éR’YudR)VfQ/3 + Geu éR’YuuRVf5/3 + gzq ZL’YMFQL . ‘7_”;/3
+ (9ea lLypdy + Geq ERVWILIVY s )6 + 900 LLVuuR Vi + hec. (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
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SU(2)y, singlets, respectively. The LQs transform as follows under SU(3). x SU(2)r, x U(1)y
Alzset(3,2,-7/6) ,  A_iye:(3,2,-1/6) . Ay (3,1,1/3),

A4/3 : (3,1,4/3) 5 All/?) (3 /3)
Ve s (3,1,-2/8) VL (3,1,-5/3) T 1 (3,8,-2/3)
v%< =5/6) . Vi (3,2,-5/3) . (8)

Note that here the hypercharge is defined as 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 example, g%s is the coupling of the v 93 LQ to a left-handed p (or v,)

and a left-handed s. Similarly, yé‘é’ is the coupling of the A_7 /s LQ to a right-handed p and a left-handed b. These
couplings are relevant for b — su*p~ (and possibly b — svi). Note that the V“5/3 and V1/6 LQs do not contribute
to b — sl 0.

A number of these LQs, and their effects on b — su™u~ and other decays, have been analyzed separately. For
example, in Ref. [75], it was pointed out that four LQs can contribute to B — D®+r=p_ They are: a scalar
isosinglet with Y = 1/3, a scalar isotriplet with Y = 1/3, a vector isosinglet with Y = —2/3, and a vector isotriplet

with Y = —2/3. These are respectively A3, &'1/3, VE, 2/3 and V" ey In Ref. [75], they are called Sy, S5, Uy and Us,
respectively, and we adopt this nomenclature below.

The S3 LQ has been studied in the context of b — su*p~ in Refs. [24-27]. U; has been examined in Refs. [22, 55].
In Ref. [28], the Us LQ was proposed as an explanation of the b — syt~ anomalies. Finally, in Refs. [29, 30] it was
claimed that the tree-level exchange of a A_; /5 LQ can account for the b — su™pu~ results.

There are therefore quite a few LQ models that contribute to b — su™p~, 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 — sp™p~ anomalies? Rather than rely on previous work, we perform
an independent analysis ourselves.

IV.1.1. 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 LQs contribute to a variety of operators. In addition to 09 10 [Eq. (2)], there may be contributions
to

Og) = [E'YMPL(R)b] [y (L= v5)vu]
0Y = (sPaybllan] + OF = [sPreuybllisn] ®)

O,(,/) contributes to b — sv, 7, while Og) and Og) are additional contributions to b — su™u~. 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 IT [23]. Although the scalar LQs do not contribute to Os p, some vector LQs do. For these we have
OB (NP) = —CEF(NP) and CHH(NP) = C4*(NP).

There are several observations one can make from this Table. First, not all of the LQs contribute to b — su™pu™:
A /3 contributes only to b — svv. Second, Uy has two couplings, g¢q and geq. If both are allowed simultaneously, scalar
operators are generated, and these can also contribute to b — sut =, This must be taken into account in the model-
dependent fits. The situation is similar for V*, sg- Finally, the S5 and Us LQs both have CH'(NP) = —C1}'(NP);
they are differentiated only by their contributions 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

X%y /doo.f. =134 | p-value = 0.01. (10)

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

For the scalar LQs, the results of the fits using only the b — su™p~ data are shown in Table III (we address the
b — svi 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,



LQ Cy*(NP)  Ciy(NP)  C¢™(NP)  C{p(NP)
CHY(NP)  C(NP)  CME(NP)  Cl*(NP)
Ays [S1] 0 0 0 0
0 0 Sy (yhe)” 0
Riys 193] | iy (wis™)™ —vls" (™) 0 0
! TILS Y\ *
0 0 %ygz (y/; ) 0
Alzss | —Sybo(yls) —dyko(yks)” 0 0
0 0 0 0
A 0 O 1 ,u,b( [,LS)* 1 [_Lb( ,u,s)*
—-1/6 2Y0a \Yeq zymbym
0 0 0 —5Y0a (Y1)"
Ay 0 0 SUL Wl k()
0 0 0 0
VE, o [O0| —gby ()" gbr(gh)™ —gha(gla)™  —glba(ghs)”
b S\ * S\ % b
295, (g5)" 2(90y) " gba 0 0
Vo [Us]| =g (ge*) gl (90°)" 0 0
0 0 —20/"(g")" 0
VE e | gkt gba(ak))T gl (ah)T —ala(gh)”
2007 (gka)™  2(gh)) gks 0 ghs (gh)*

TABLE II. Contributions of the different LQs to the Wilson coefficients of various operators.

7/(V2aG Vi Vi M} o) has been factored out. For Mg =1 TeV, K = —644.4.

LQ Coupling |[Re(coupling), Im(coupling)] x10%|pull
AL s [Ss] [y (wi*) | (A) [(L5£0.5), (-1.9£1.2)] 4.2
(B) [(1.440.5), (1.7+1.3)] |4.0

A_qs6 | yER(yhe)* [(0.1£0.7), (0.0 +1.3) ] 0.1
Ay |yl [(-0.1£0.3), (-0.1+1.3)] |04
Ags |y (yh)” [(0.2 £ 0.7), (0.0 £ 0.9) ] 0.2

The normalization K =

TABLE IIIL. Scalar LQs: best-fit values of the real and imaginary parts of the couplings, and the pull=+/x%,; — x2,;,, of the
fits, for Mrg =1 TeV.

we see that only the S3 LQ provides an acceptable fit to the data. Despite the claims of Refs. [29, 30], the A_; 5 LQ
does not explain the b — spt = anomalies.

The vector LQs are more complicated because the U; and V* 5/6
the two couplings are g¢q and geq, is particularly interesting. If 931 =0, we have C{*(NP) = —C}}'(NP), like the S5
and Uz LQs. (Recall that we found that S5 can explain the b — su™p~ anomalies.) And if g’e‘g(gé‘;)* = —gfqb(gg;)*,
we have C§*(NP) = —C}¢'(NP) = —C¢"*(NP) = —C{t#(NP), which is scenario IV of Eq. (6), and is also found to

pnb b
has g_; = Yiq

LQs each have two couplings. The U; case, where

explain the anomalies. To explore the Uy model fully, we perform three fits. Fit (1) has gi{l =0, fit (2)
and g/ = —gé‘qs (which gives 955(955)* = —gfqb(gfj)*), and fit (3) allows the gé{i to be free. For the Vf5/6 LQ, here
too we can allow all couplings to vary, but for simplicity we set gl’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 gé‘; 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 g to
fixed real values. Finally, in Ref. [9] it was found that the global fit requires Cg"(NP) < Cy*(NP), i.e., gbj /gy < 1.
We have found that g7 /gy, =~ 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*p~ anomalies can be explained with the U; LQ [fit (1)] and the Us LQ. Like the S3 LQ,
they have C{*(NP) = —C}{'(NP). Indeed, because only b — sutpu~ data were used in the fits, the fit results

10



LQ Couplings | [Re(coupling), Im(coupling)] x10* |pull
Vf2/3 [U4]:
(1) g | (A) [(~15+05), (1.9+£1.2)] |4.2
(B) [(~1.4£0.5), (~1.7+1.3)]|4.0

@) | g (g) | [(—0.014£0.02), (0.0£0.02)] |05

(3) b (A) [(-1.240.4), (1.7+1.1) ]

g [(0.07 £ 0.04), (0.02£0.08) ] |4.3
(B) [(-1.3£0.4), (-1.9+1.0) ]

[(0.06 £ 0.05), (—0.02+0.08) ] |4.3

Vo Us] gl ()] (A) [(-1.5+05), (19+1.2)] [4.2
(B) [(~1.440.5), (~1.7£1.3)]|4.0
VE s | 9t (gt)” [(0.04+0.4), (0.0+1.2) ] 0.0

TABLE IV. Vector LQs: best-fit values of the real and imaginary parts of the couplings, and the pull=y/x%,, — x2,;,, of the
fits, for Mrg =1 TeV.

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 gg;’ ~ 0, so that this is
essentially the same as the Uy LQ [fit (1)].

3. The U; LQ model [fit (2)] has been constructed to satisfy C5*(NP) = —C}4'(NP) = —C¢**(NP) = —C"(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 — utu~ puts strong constraints on such contributions. The result is that one cannot explain the anomalies
in B— K*utu=, BY = ¢utp~ and Ry, while simultaneously agreeing with the measurement of BY — putpu~.
This provides an explicit example of how the “model-independent,” results of Eq. (6) do not necessarily apply
to particular models.

4. The Vf5/6

LQ model does not provide a good fit of the b — su™u~ data.

We therefore see that, of all the scalar and vector LQ models, only S3, U; and Us can explain the b — su™pu~
anomalies. Furthermore, within the context of b — su™pu™ processes, the models are equivalent, since they all have
Cli#(NP) = —Clt!(NP).

Finally, recall that the aim of this analysis is to differentiate different b — su™ ™~ NP models through measurements
of CP-violating asymmetries in B — K™ utpu~. As noted in the introduction, such CP asymmetries can be sizeable
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.

IV.1.2. b — svv

Above, we have argued that the S5, U; and Us 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,v,.
To be specific, the S3 and U LQs have CE#(NP) = £C4"(NP) and CE#(NP) = 2C§"(NP), respectively, while the Uy
LQ has C##(NP) = 0. This means that, for S3 and Us, constraints on C##(NP) translate into additional constraints
on C§*(NP). This then raises the question: could these three LQ solutions be distinguished by the b — svi data?

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

aG
Hegp = ——— Vs Vi > CL(57uPLb) (mey* (1 = vs)ve) - (11)
ﬂﬂ Z
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The WC contains both the SM and NP contributions: C% = C$M + C%(NP); it allows for NP that is lepton flavor
non-universal. This is appropriate to the present case, as the LQs have only a nonzero C##(NP). The SM WC is

CM = —X, /5%, , (12)

where sy, = sinfy, and X; = 1.469 £ 0.017.
The latest b — sy measurements yield [77]

B(B - Kvi) <16 x 107",
B(B — K*vi) <2.7x107° . (13)

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

B(B — Kvi)|sy = (3.98£0.43+0.19) x 1079
B(B — K*vi)|sar = (9.19 & 0.86 4 0.50) x 1076 . (14)

We define

B(B — Kvp)

_ B(B — K*viv)
- BSM(B — KVD) ’

Ri~ = . (15)

R BSM(B%K*Z/T/)

Using Egs. (13) and (14), we obtain
Rk <40 , Rg+<29. (16)
From Ref. [76], Rx and R+ can be written as

1|CPM + Cpr(NP)[?
3 [CEM P

2
1
= 1+ 2Re(CLH(NP)/CFM) 4 1]CLH(NP) /CEM | (1)

Since C#*(NP) is proportional to C§*(NP), and since |C§*(NP)| = O(1) (see Table I, scenario II), the b — sutu~
data implies that |C#*(NP)| is also O(1). Can the b — svi data provide competitive constraints on |C4#*(NP)|?
Using the R+ bound of Eq. (16) (since it is stronger), and neglecting Im(C##(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 — syt~ data.
We therefore conclude that the b — sy data cannot be used to distinguish the S3, U; and Us 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, 1)1 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;v;,
which can alter the above analysis. Indeed, in Ref. [55] it is found that constraints from b — sy are important in
the comparison of the S3, U; and Us LQs.

IV.2. Z’ bosons

Perhaps the most obvious candidate for a NP contribution to b — su* ™ is the tree-level exchange of a Z’ boson
with a flavor-changing coupling sv* P,bZ I’L 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)+~ [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) = —C1}'(NP). Thus, although the
underlying details of these models are different, in all cases we can write

ALy = J“ZL ,
where JH = gt Ly*PrL + g%s Vg2V Pripgs + h.c. (19)
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Here v4; is the quark doublet of the it" generation, and L = (v, 1) When the heavy Z' is integrated out, we obtain
the following effective Lagrangian containing 4-fermion operators:

£t = St 5 I o py ) (i ) — YLV (5 Py (39 Pub)
' D - sy PLb)(py" Pru 57" Prb) (59" Pr
z 2M§, M2, 2M2,
GE)  ip (5 s
- M2 (ILL,‘Y PL[L)(I/#’)/ PLV,u)- (20)
Z/

The first 4-fermion operator is relevant for b — sy~ transitions, the second operator contributes to B%-B? mixing,
and the third operator contributes to neutrino trident production.

Note that ¢g7" must be real, since the leptonic current of Eq. (19) is self-conjugate. However, g%s can be complex,
i.e., it can contain a weak phase. This phase can potentially lead to CP-violating effects in B — Kyt~ via the
first 4-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 — su*p~, B%-BY mixing, and neutrino trident
production.

For b — sutu~ we have

fue _ mp _ il 9P gL
CH"(NP) = ~CH{(NP) = - | N ] L (21)
Turning to B%-BY mixing, the SM contribution arises due to a box diagram, and is given by
NCOPYL (529"br) (519ub1) (22)
where
N = G it Ol = e [ e - (23)

Here z; = m?/m?%, and np, = 0.551 is the QCD correction [82]. Combining the SM and NP contributions, we define

- (QL)
NCyrp = |NCM, |e= 2P 4 , (24)
2MZ,

where —f; = arg(V;pV,%). This leads to

2 R
AM = 3MB. /5.Bs. (25)

In addition, the weak phase of BY-B? mixing is given by
ps = arg(NCvrr). (26)

From the above expressions, we see that, the larger g%s is, the more Z’ models contribute to — and receive constraints
from — B%-BY mixing. The experimental measurements of the mixing parameters yield [83]

AMEP = 17.757+0.021 ps ',

05 = —0.030 £ 0.033 . (27)
These are to be compared with the SM predictions:
2
AMSM = 3B, /3. Bg. =(179+24)p
@eesSM — 93 = —0.03704 £ 0.00064 . (28)

In the above, for AMSM, we have followed the computation of Ref. [55], using f5,1/Bp, = 270 + 16 MeV [84-86],

[V, Vis| = 0.0405 £ 0.0012 [62], and 7, = 160 GeV; <p“5 SM s taken from Refs. [87, 88)].

The Z' will also contribute to the production of p*p~ pairs in neutrino-nucleus scattering, v, N — v, Nutpu~
(neutrino trident production). At leading order, this process is effectively v,y — v,u"p~, and is produced by
single-W/Z exchange in the SM. This arises from the four-fermion effective operator

ACefT:trident = I:ﬂ/yu (CV - CA75) /1'} [D’Yﬂ(l - ’75)V] ) (29)
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with an external photon coupling to u* or p~. In the SM, combining both W- and Z-exchange diagrams, we
have [89-92]

2 1 g2 1
oM _ 9 (24 92 CSM = _ - 30
v 8m, \ 2 tasw ) A 8m3, 2 (30)

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

CONP _ oNP _ _ (97")* (31)
14 A 4M%/ .
The theoretical prediction is then
OSMA4NP (CSM +CNP)2 + (C’SM + ChP)?
SMY)2 (32)
0sm vN—vNptpu— (C ) (
2 2
v2(ght)2
= 1+ +{1+4sty + —5—| | .
e | () (e
to be compared with the experimental measurement [93]:
Oexp.
— =0.824+0.28 . (33)
OsM vN—=vNptu—

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

g < 1.25 . (34)

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

gt [Re(g%),Im(g%*)]x10°  |pull
0.01|[(—2.4 £ 2.1), (—0.1£0.7) ]| 0.8
0.05 [(—3.9£1.2), (0.0£0.5) ] | 2.3
0.1] [(—4.3+10), (0.0£04)] |33
0.2 | [(—3.940.8), (0.0£0.5) | | 4.0
0.4 [[(=2.1£0.5), (0.1 +0.8) ][ 4.2
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

TABLE V. Z’ model: best-fit values of the real and imaginary parts of g%, and the pull= VXEu — X2, of the fits, for various
values of g4 and Mz =1 TeV.

Our results are summarized in Table V. We see that a good fit is obtained for ¢g7* > 0.1. (Smaller values of g7*
imply larger values for gis, which are disfavored by measurements of B%-B? mixing.)

Once again, recall that the ultimate aim of this study is to compare the predictions of different models for the
CP-violating asymmetries in B — Kyt ,u Such asymmetries can be sizeable only if the NP weak phase is large.
However, from Table V, we see that Im(g% )/Re( %) is O(1) only for g4* = 0.8, 1.0. It is intermediate for ¢/* = 0.4,
0.5, and is small for g/ i =0.1,0.2. We therefore expect that models with different values of g7 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 g4" is large. However,
note that, while thlS is a necessary condition, it is not sufficient. In a particular Z’ model, it is necessary to have a
mechanism whereby g%s 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 transformation 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 g%s cannot be generated.

Hp
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V. CP ASYMMETRIES: MODEL-DEPENDENT PREDICTIONS

In the previous section, we have identified the characteristics of NP models that can explain the b — su*pu~
anomalies. We have found that there are three LQ models — S3, Uy, Us — that can do this. All have C§*(NP) =
—CIJ'(NP) and so are equivalent, as far as b — syt p™ processes are concerned. There is a whole spectrum of Z’
models that can explain the b — su*p~ data. What is required is that the Z’ have couplings g%° E’y"PLbZl’L and
91" py* PppuZ),, and that g7" 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 — Kptu~. 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 IIT 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
IT).) With these we can calculate the predictions for the asymmetries for all models.

In Fig. 3, we present the predictions for the CP asymmetries Az-Ag in B — K*ut ;= and Acp in B — Kputpu~.
We consider the LQ model (solutions (A) and (B)) and the Z’ model with ¢g7* = 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 correlations
into account). From these figures we see that

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

e Even in the presence of NP, the asymmetries A3, A4, As, and Ag are very small and probably unmeasurable.

e In the LQ and Z’ (¢4* = 1.0) models, the asymmetries A and Acp can approach the 10% level in the high-¢?
region.

e The asymmetry Ag can reach 15% in the low-¢? region in the LQ and Z’ (¢ = 1.0) models; it is small in the
Z' (g7" =0.1,0.5) models.

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

e 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®) ut =, it may indeed be possible to distinguish
the LQ and Z' (¢g7" = 1.0) models from Z’ models with different values of gi*.

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 (¢4" = 1.0). Furthermore, we note that these predictions are also very
similar to those of the model-independent analysis (scenario II: C{*(NP) = —C1{'(NP)), shown in Fig. 2. This is to
be expected. Both the model-independent and LQ fits include only b — syt p~ data, and for gf* = 1.0, the Z’ fit is
dominated by the b — su® ™ data (the additional constraints from B%-B? mixing are negligible). On the other hand,
in a Z" model with g/ < 1.0, the constraints from BY-BY mixing are important, so that the predicted asymmetries
are smaller than with g/* = 1.0. This is another example of how model-independent and model-dependent fits can
yield different results.

VI. SUMMARY & CONCLUSIONS

There are currently a number of B-decay measurements involving b — s¢T¢~ 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 — ¢u™pu~, and Rx = B(Bt — KT ptpu~)/B(BY — KTete™). The model-independent global analysis
of Ref. [9] showed that these anomalies can be explained if there is new physics in b — sp™p~. Assuming that the
NP Wilson coefficients are real, the four possible scenarios are (I) C§*(NP) < 0, (II) C§*(NP) = —C}'(NP) < 0,
(IIT) C4*(NP) = —C¢"™*(NP) < 0, and (IV) C4*(NP) = —CI#(NP) = —Cy"*(NP) = —C{i#(NP) < 0.

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

We begin by repeating the model-independent global analysis, this time allowing for complex WCs. We confirm
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 compute the allowed ranges of the CP asymmetries in B — Kt pu~. We
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find 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 turn to a model-dependent analysis. There are two classes of NP that can contribute to b — sutpu™:
leptoquarks and Z’ bosons. We examine 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 — syt~ data, we compute its
predictions for CP-violating effects. In order to generate sizeable CP asymmetries, the NP weak phase must be large.

We consider all possible LQ models and find that three can explain the B anomalies. All have C{*(NP) = —C%{'(NP)
(scenario II), and so are equivalent as far as the b — sy~ data are concerned. The three LQs contribute differently
to b — sv,v,, and so could, in principle, be distinguished by measurements of b — svv. However, we find that the
constraints on the models from the present b — svi 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 — su™u~
data. There are two best-fit solutions (A) and (B); both have |Im(coupling)/Re(coupling)| = O(1), corresponding to
a large NP weak phase.

Many Z' models have been proposed to explain the B anomalies, but most of these also have C{"(NP) =
—C1"(NP) (scenario II). Thus, although the models are constructed differently, all have couplings g4 sYHPLbZ,,
and g/" vt PLuZ;,. g4" is necessarily real, but g5 may be complex. The potential size of CP asymmetries is related
to the size of the weak phase of g%s. The product g%sgﬁ“ is constrained by b — su™p~, while there are constraints
on (9%9)2 due to the Z' contribution to BY-B? mixing. If g7" is small, the b — sp™p~ data requires g%s to be large,
so that the BY-B? mixing constraints are stringent. In particular, the measurement of ©¢°, the weak phase of the
mixing, constrains the weak phase of g% to be small. On the other hand, if gt is large, g% is small, so the B%-B?
mixing constraints are very weak. In this case, the weak phase of g%s can be large. We therefore see that there is a

whole spectrum of Z’ models, parametrized by the size of the g/* coupling.

We compute the predictions for the CP asymmetries in B — K™t~ in the LQ model (solutions (A) and (B))
and the Z’ model with ¢/* = 0.1,0.5,1.0. We find that it may indeed be possible to distinguish the LQ and Z’
models with various values of ¢g/* from one another. The most useful CP asymmetry is A7 in B — K*%y*pu~. In
the low-¢? region, this asymmetry (i) can reach ~ 25% in the LQ and Z’ (¢#" = 1.0) models, (ii) can reach ~ 5%
in the Z’ (¢7" = 0.5) model, (iii) is very small in the Z’ (¢/" = 0.1) model. In addition, the sign of the asymmetry
distinguishes solutions (A) and (B) of the LQ model. We therefore conclude that measurements of CP violation in
B — K™yt~ are potentially very useful in identifying the NP responsible for the b — sutp~ B-decay anomalies.
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Appendix

This Appendix contains Tables of all b — syt~ experimental data used in the fits.

B® — K*9,F ™ differential branching ratio
Bin (GeV?) Measurement (x107)
[0.10,0.98] | 1.163 75978 +0.033 4+ 0.079
[1.1,2.5] | 0.37370:0% 40.011 £ 0.025
(2.5,4.0] | 0.38370032 £0.010 £ 0.026
[4.0,6.0] | 0.410%05%) 4+0.011 +0.028
[15.0,17.0] | 0.61175:93% +0.023 4+ 0.042
[17.0,19.0] | 0.38570:52% 4 0.018 + 0.026
[1.1,6.0] | 0.39275:0%% +0.010 + 0.027
[15.0,19.0] | 0.488 15927 +0.008 + 0.033

TABLE VI. Experimental measurements of the differential branching ratio of B® — K*%u*pu~ [94]. The experimental errors
are, from left to right, statistical, systematic and due to the uncertainty on the B® — J/¢K** and J/v — pp~ branching
fractions.
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B% — K*u" ™ angular observables
2 €[0.10, 0.98] GeV? ¢® €[1.1,25]GeV? q? €12.5,4.0]GeV?

(Fr) = 02637595 +£0.017 | (Fr) = 0.660 70052 £0.022 | (FL) = 0.876 15092 +0.017
(Apg) = —0.003 T9-2%8 + 0.009|(Arp) = —0.191 T35 4 0.012| (Arp) = —0.118 79982 1 0.007
(S3) (S3) = —0.077 T3987 +0.005 | (Ss) 0.035 15095 4+ 0.007
(Sa) = 0.082F0985 £0.009 | (Ss) = —0.077 3115 £0.005 | (S4) = —0.234 5137 £ 0.006
(Ss) = 0.170 3922 +0.018 | (S5) = 0.137 73599 +0.009 | (S5) = —0.022 19129 4 0.008
(S7) (S7) = —0.219 73957 £ 0.004 | (S-)
(Ss) ( (
(So) ( (

[T HVH

= 0.01575:925 +0.006 0.068 *5-129 4+ 0.005
= 0.07975975 +0.007 | (Ss) = —0.098 75195 £ 0.005 | (Ss) 0.030 73123 + 0.006
= —0.08375958 +0.004 | (So) = —0.119 75987 £0.005 | (Sg) = —0.092 73195 + 0.007
q® € [4.0, 6.0] GeV? ¢° €[15.0, 17.0] GeV? q® €[17.0, 19.0] GeV?
(Fry= 06117052 40.017 | (Fr) = 0.34975539 +0.009 | (F1) 0.354 T3-549 +0.025
(Arp) = 0.02575050 +0.004| (Apg) = 0.411 70531 £0.008|(Arp) = 0.3057903 +0.013
(S3) = 0.035 1955 +0.007 | (S3) = —0.14273:918 +0.007 | (S3) = —0.188 75574 +0.017
(S4) = —0.219 73986 +0.008 | (S4) = —0.321 7352° +0.007 | (S4) = —0.266 70553 4+ 0.010
(Ss5) = —0.146 T9:77 +0.011 | (Ss) = —0.316 73931 +0.009 | (S5) = —0.323 79953 4 0.009
(S7) (S7) (S7)
(Ss) (Ss) (Ss)
(So) (So) (So)

m

T TR

= —0.016 75280 4 0.004 = 0.061 15958 +0.005 | (S7 0.044 19:073 £ 0.013
= 0.167 75991 4+ 0.004 = 0.003%5:951 +0.003 | (Ss
= —0.032 1597} +0.004 = —0.019 19026 +0.004 | (So

0.013 15078 4 0.005
—0.094 £5-082 £ 0.004

TABLE VII. Experimental measurements of the angular observables of B® — K*0p T~ [2]. The experimental errors are, from
left to right, statistical and systematic.

Bt — K**uTp~ differential branching ratio

Bin (GeV?) Measurement (x 10°)
[0.1 —2.0] 59.2115°0 £4.0
[2.0 — 4.0] 55.917159 £3.8
[4.0 — 6.0] 2490500 £ 1.7

[15.0 — 17.0] 64.41772 £4.4

[17.0 — 22.0] 11.6%% 6+ 0.8

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

Bt — K*u"p~ differential branching ratio

Bin (GeV?) Measurement (x10°)
0.1 — 0.9] 332418+ 1.7
[1.1 — 2.0] 93.3+1.5+ 1.2
2.0 — 3.0] 2824+ 1.6+ 1.4
3.0 — 4.0] 25.4+15+1.3
4.0 — 5.0] 2214+14+1.1
[5.0 — 6.0] 23.1+1.4+1.2
[15.0 — 16.0] 16.1+1.0+0.8
[16.0 — 17.0] 16.4£1.0+0.8
[17.0 — 18.0] 206+ 1.1+ 1.0
[18.0 — 19.0] 13.7+1.0+0.7
[19.0 — 20.0] 7.440.8+0.4
20.0 — 21.0] 59407403
[21.0 — 22.0] 43+£07+£0.2
[1.1 - 6.0] 24.2 £ 0.7+ 1.2
[15.0 — 22.0] 121+ 04+ 0.6

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

B° — K°uT ™ differential branching ratio

Bin (GeV?) Measurement (x10%)
[0.1 —2.0] 12.2735 £ 0.6
[2.0 — 4.0] 18.7155 £0.9
[4.0 — 6.0] 173753 £ 0.9

[15.0 — 17.0] 14.3%35 £ 0.7

[17.0 — 22.0] 78517 +£04
[1.1 — 6.0] 18.7435 £ 0.9

[15.0 — 22.0] 9.5T1¢+05

from left to right, statistical and systematic.

B? — ¢utp~ differential branching ratio

Bin (GeV?) Measurement (x10%)
[0.1—2.0] | 5.8570 75 +0.14+0.44
[2.0 - 5.0] | 2.56%0735 4+ 0.06 +£0.19

[15.0 — 17.0]| 4.5270:37 +£0.1240.34

[17.0 —19.0]| 3.96%0%7 +0.14 4+ 0.30

TABLE XI. Experimental measurements of the differential branching ratio of B — ¢utp~ [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/¢.

BY — ¢ut i angular observables

[0.1, 2.0] GeV?

¢? €12.0,5.0]GeV?

= 0.2070055 £0.02

0.27153% £0.01
0.0415-13 £ 0.00

(FL) = 0.68751%+0.03
(S3) = —0.06T9:53 +0.01
(S4) = —0.477039 +0.01
(S7) = —0.03%5358 +0.01

¢° €[15.0,17.0]GeV? | ¢* € [17.0, 19.0] GeV?

(Fr)y = 0.23%99 4 0.02|(F.) = 0.407%12 +0.02
(S3) = —0.06T915 £0.01{(S3) = —0.071522 +0.02
(S4) = —0.03515 £ 0.01| (S4) = —0.3979:23 +0.02
(S7) = 0.12F5754+0.01|(S7) = 0.207935 +0.01

TABLE XII. Experimental measurements of the angular observables of B — ¢u™ ™ [12]. The experimental errors are, from
left to right, statistical and systematic.

B — X ptp~ differential branching ratio

Bin Measurement (x10°)
¢ € [1,6] GeV? 0.66 + 0.88
¢ > 14.2 GeV? 0.60 + 0.31

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