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The recent measurement of Rx+ is yet another hint of new physics (NP), and supports the idea
that it is present in b — su™p~ decays. We perform a combined model-independent and model-
dependent analysis in order to deduce properties of this NP. Like others, we find that the NP must
obey one of two scenarios: (I) C§*(NP) < 0 or (II) C§*(NP) = —C}'(NP) < 0. A third scenario,
(IIT) CH*(NP) = —C¢** (NP), is rejected largely because it predicts Rk = 1, in disagreement with
experiment. The simplest NP models involve the tree-level exchange of a leptoquark (LQ) or a Z’
boson. We show that scenario (II) can arise in LQ or Z' models, but scenario (I) is only possible
with a Z'. Fits to Z’ models must take into account the additional constraints from BY-B? mixing
and neutrino trident production. Although the LQs must be heavy, O(TeV), we find that the Z’
can be light, e.g., Mz = 10 GeV or 200 MeV.

I. INTRODUCTION

The LHCb Collaboration recently announced that it had measured the ratio Ry = B(B® — K*%u* =) /B(B° —
K*%¢te™) in two different ranges of the dilepton invariant mass-squared ¢2 [1]. The result was

Rt _ 0.66070 515 (stat) 4 0.024 (syst) , 0.045 < ¢ < 1.1 GeV?, )
K 7] 0.685006a (stat) & 0.047 (syst) , 1.1 < ¢ < 6.0 GeV? .

In the SM calculation of Rg~« [2], the effect of the mass difference between muons and electrons is non-negligible
only at very small ¢2. As a consequence, the SM predicts R%}ﬁ[ ~ 0.93 at low ¢? [3], but R%\i{ ~ 1 elsewhere. The
measurements then differ from the SM prediction by 2.2-2.40 (low ¢?) or 2.4-2.50 (medium ¢?), and are thus hints
of lepton flavor non-universality. These results are similar to that of the LHCb measurement of Ry = B(BT —

Ktutp™)/B(Bt — Ktete™) [4]:
REPY = 0.74570:99 (stat) + 0.036 (syst) , 1< ¢> < 6.0 GeV? 2)

* akalok@iitj.ac.in
 bbhattach@ltu.edu

¥ datta@phy.olemiss.edu

§ dinesh@phy.iitb.ac.in

9 jka@tifr.res.in
** london@lps.umontreal.ca



which differs from the SM prediction of R3M = 1 4+ 0.01 [5] by 2.60.

If new physics (NP) is indeed present, it can be in b — su™p~ and/or b — sete™ transitions. In the case of Ry,
the measurement of B(B* — KTeTe™) was found to be consistent with the prediction of the SM, suggesting that
the NP is more likely to be in b — su™u~. However, for Rg~, based on the information given in Ref. [1], a similar
conclusion cannot be drawn. In any case, it must be stressed that there are important theoretical uncertainties in the
SM predictions for B(B — K®)¢+(=) (¢ = e, u) [6], so it is difficult to identify experimentally whether b — su*u~ or
b — seTe™ has been affected by NP. On the other hand, the theoretical uncertainties essentially cancel in both Ry«
and Ry, making them very clean probes of NP.

There are several other measurements of B decays that are in disagreement with the predictions of the SM, and
these involve only b — su™p™ transitions:

1. B— K*p*p~: The LHCb [7, 8] and Belle [9] Collaborations have made measurements of B — K*putpu~. They
find results that deviate from the SM predictions, particularly in the angular observable Pf [10]. Recently, the
ATLAS [11] and CMS [12] Collaborations presented the results of their measurements of the B — K*u™pu~
angular distribution.

2. BY — ¢utp~: LHCb has measured the branching fraction and performed an angular analysis of BY — ¢u*pu~
[13, 14]. They find a 3.50 disagreement with the predictions of the SM, which are based on lattice QCD [15, 16]
and QCD sum rules [17].

We therefore see that the decay b — sut ™ is involved in a number of measurements that are in disagreement with
the SM. This raises the question: assuming that NP is indeed present in b — su™ ™, what do the above measurements
tell us about it?

Following the announcement of the R, result, a number of papers appeared that addressed this question [18-27].
The general consensus is that there is a significant disagreement with the SM, possibly as large as ~ 60, even taking
into account the theoretical hadronic uncertainties [28-30]. These papers generally use a model-independent analysis:
b — syt~ transitions are defined via the effective Hamiltonian®

Heyg = ——Vu V% (CaOq + C(;O;) ,
\/§7T o a:z9:,10
Og(10) = [57u PrLbl [ (v5) 1] (3)

where the V;; are elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The primed operators are obtained
by replacing L with R. If present in b — su™p~, NP will contribute to one or more of these operators. The
Wilson coefficients (WCs) c!” therefore include both SM and NP contributions. The explanation of Ref. [18] for this
discrepancy is that the NP in b — syt~ satisfies one of three scenarios:

() C4"(NP) <0,
(I)  CH*(NP) = —Cl'(NP) <0,
(II) CH*(NP) = —C¢"™(NP) <0 . (4)

In the past, numerous models have been proposed that generate the correct NP contribution to b — su™u™ at tree
level. A few of them use scenario (I) above, though most use scenario (II). These models can be separated into two
categories?: those containing leptoquarks (LQs) [35-43], and those with a Z’ boson [35, 44-70].

We therefore see that there is a wide range of information regarding the NP in b — sy, and it is not clear
how it is all related. In Ref. [71], it was argued that one has to use model-independent results carefully, because
they may not apply to all models. To be specific, a particular model may have additional theoretical or experimental
constraints. When these are taken into account, the results of the model-independent and model-dependent fits may
be significantly different. With this in mind, the purpose of this paper is to combine the model-independent and
model-dependent analyses, including all the latest measurements, to arrive at a simple and coherent description of
the NP that can explain the data through its contributions to b — spu™t ™.

We will show the following:

e Model independent: the NP in b — su™p~ follows scenario (I) or (IT) of Eq. (4).

1 In Refs. [31, 32], it was shown that, when all constraints are taken into account, S, P and T operators do not significantly affect
B — K*utu~ (and, by extension, B — ¢utp~) decays. For this reason only V and A operators are included in Eq. (3). In Ref. [33],
T operators for both b — suTp~ and b — sete™ are considered as a possible explanation of the R+ anomaly at low g2.

2 New physics from four-quark operators can also generate corrections to Cg [34], but they do not lead to lepton universality violation
and so we not consider them here.



e Model dependent: the simplest NP models are those that involve the tree-level exchange of a LQ or a Z’.
Scenario (II) can arise in LQ or Z’ models, but scenario (I) is only possible with a Z'.

e Scenario (II1) of Eq. (4) can explain the b — sutp~ data, but it predicts Rx = 1, in disagreement with
measurement. Furthermore, since it requires an axial-vector coupling of the Z’, it can only arise in contrived
Z' models. For these reasons, we exclude it as a possible explanation.

e In Z’' models (i.e., in scenario (I)), there are additional constraints from B?-B? mixing and neutrino trident
production [72]. A good fit is found only when the fuZ’ coupling is reasonably (but not too) large. It may have
an observable effect in a future experiment on neutrino trident production.

e The LQ must be heavy [O(TeV)], but the Z’ can be heavy or light. For example, we find that the B-decay
anomalies can be explained in Z’ models with Mz = 10 GeV or 200 MeV.

We begin in Sec. 2 with a description of our method for fitting the data, including all the latest measurements. The
b — sutp~ data used in the fits are given in the Appendix. In Sec. 3 we perform our model-independent analysis.
We turn to the model-dependent analysis in Sec. 4, separately examining the LQ and Z’ models, and making the
connection with the model-independent results. We conclude in Sec. 5.

II. FIT

In the following sections, we perform model-independent and model-dependent analyses of the data. In both cases,
we assume that the NP affects the WCs C; according to one of three scenarios, given in Eq. (4). For each scenario, all
observables are written as functions of the WCs, which contain both SM and NP contributions and are taken to be
real®. Given values of the WCs, we use flavio [3] to calculate the observables Oy,(C;). Using these, we can compute
the y2:

X*(Ci) = (On(Ci) = Ocap)” € (O (Ci) = Ocap) ()

where Oz, are the experimental measurements of the observables. All available theoretical and experimental correla-
tions are included in our fit. The total covariance matrix C is the sum of the individual theoretical and experimental
covariance matrices, respectively Cy;, and Cezp. To obtain Cip, we randomly generate all input parameters and then
calculate the observables for these sets of inputs [3]. 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 [3]. Experimental correlations are are only available (bin by bin) among the
angular observables in B — K+~ [8], and among the angular observables in BY — ¢u®u~ [14].

The program MINUIT [74-76] is then used to find the values of the WCs that minimize the x2. In this way one can
determine the pull of each scenario, which shows to what extent that scenario provides a better fit to the data than
the SM alone.

There are a number of observables that depend only on b — su™u~ transitions. These can clearly be used to
constrain NP in b — su™p~. On the other hand, Rx+ and Ry also involve b — seTe™ transitions. These can be
used to constrain NP in b — syt~ only if one makes the additional assumption that there is no NP in b — sete™.
We therefore perform two types of fit. In fit (A), we include only CP-conserving b — su™p~ observables, while in fit
(B) we add Rg and Rg~.

The CP-conserving b — su™p~ observables are

1. B - K*%u* = The differential branching ratio and the angular observables (see Ref. [73] for definitions) are
measured in various ¢ bins. The experimental measurements are given in Tables VI and VII in the Appendix.

2. Bt - K**ptu~, BY — Ktutu—, B® = K% Tpu~: The experimental measurements of the differential
branching ratios of these three decays are given respectively in Tables VIII, IX and X in the Appendix.

3. B — ¢utp~: The differential branching ratio and the angular observables are measured in various ¢ bins.
The experimental measurements are given in Tables XI and XII in the Appendix.

4. B — X, uTp~: The experimental measurements of the differential branching ratio of this decay are given in
Table XIII in the Appendix.

3 The case of complex WCs, which can lead to CP-violating effects, is considered in Ref. [73].



5. BR(B? — ptp~) = (2.9+£0.7) x 107° [77, 78].

A comment about the angular observables in B — K*°u*pu~ is in order. Both LHCb and ATLAS provide
measurements of the C P-averaged angular observables S; as well as the “optimized” observables P;, whereas CMS
has performed measurements only of the P; observables. In our fits, we have used the measurements of the P;. Note
that, in Ref. [79], it was shown that the best-fit regions and pulls do not change significantly if one uses the S; instead
of P; as constraints. Also, we discard the measurements in ¢ bins above 6 GeV? and below the .J/v resonance, as
the theoretical calculations based on QCD factorization are not reliable in this region [80]. In addition, we discard
measurements in bins above the 1(2S) resonance that are less than 4 GeV? wide, as in this region the theoretical
predictions are valid only for ¢?-integrated observables [81]. LHCb and and ATLAS provide measurements in different
choices of ¢® bins. Here we have made sure to use the data without over-counting.

As noted above, fit (A) includes only the above CP-conserving b — su™p~ observables. However, fit (B) includes
R+ and Rg. To perform fit (B), we followed the same strategy as in the recent global analysis of Ref. [18], namely
we simultaneously included both B(B® — K®)°;+ ;=) and Rg;) in the fit. Since these observables are expected to be
correlated, one might worry about overcounting. However, we found very similar results when B(B° — K (*)Ouﬂf)
for the low-¢? bins were removed from the fit.

Fits (A) and (B) are used in both the model-independent and model-dependent analyses. However, a particular
model may receive further constraints from its contributions to other observables, such as b — svv, B%-B? mixing
and neutrino trident production. These additional constraints will be taken into account in the model-dependent fits.

III. MODEL-INDEPENDENT ANALYSIS
III.1. Fit (A)

We begin by applying fit (A), which involves only the CP-conserving b — syt u~ observables, to the three scenarios.
The results are shown in Table I. All scenarios can explain the data, with pulls of roughly 5.

Scenario WC pull

(I) C£*(NP) —1.20 +0.20| 5.0

(IT) C&#(NP) = —C¥*(NP) |—0.62 +0.14| 4.6
(IIT) C4*(NP) = —Cy#*(NP)|—1.10 £ 0.18 5.2

TABLE 1. Model-independent scenarios: best-fit values of the WCs (taken to be real), as well as the pull = \/x%,, — XZp4np

for fit (A) (only CP-conserving b — syt u~ observables). For each case there are 112 degrees of freedom.

II1.2. Fit (B)

We now examine how the three scenarios fare when confronted with the Rx+ and Rx data. One way to take
into account the constraints from R« and Rk is to incorporate them into the fit [fit (B)]. The results for the three
scenarios are shown in Table II. In comparing fits (A) and (B), we note the following:

e The addition of Ri+ and Ry to the fit has led to a substantial quantitative increase in the disagreement with
the SM. In fit (A) the average pull is 4.9, while in (B) it is 5.8.

e The increase in the pull is 0.9, 1.3 and 0.4 for scenarios (I), (IT) and (III), respectively. In fit (A), scenario (IIT)
has the largest pull, while in (B) it is the smallest. Still, with a pull of 5.6, scenario (III) appears to be a viable
candidate for explaining the b — su* ™ anomalies.

II1.3. Predictions of R+ and Rk

Another way to include considerations of R+ and Ry is simply to take the preferred WCs from Table I and predict
the allowed values of Ri~ and Rk in the three scenarios. The results are shown in Fig. 1.



Scenario WC pull

(I) CL#(NP) —1.25 +0.19{ 5.9

(IT) C£*(NP) = —C!*(NP) |—0.68 +0.12] 5.9
(IIT) C4*(NP) = —Cy#*(NP)|—1.11 £ 0.17| 5.6

TABLE II. Model-independent scenarios: best-fit values of the WCs (taken to be real), as well as the pull = /X%, — XZponp
for fit (B) (CP-conserving b — sutu~ observables + Ry~ and Ry). For each case there are 115 degrees of freedom.
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FIG. 1. Comparison of the experimental measurements of Rx and Rg+ with the predictions of the three scenarios.

The first thing one sees is that none of the three scenarios predict a value for Rg- in the low-¢? bin that is in
agreement (within 1o) with the experimental measurement [Eq. (1)]. In the SM, in this ¢? region, the decay b — s+ ¢~
is dominated by the photon contribution, parametrized by the WC C5 [2]. Since the photon coupling is lepton flavor
universal, it is only threshold effects, with m, # m., that lead to R$M ~0.93 [3]. It is difficult to find NP that can
compete with the photon contribution and significantly change Ry~ from its SM prediction. On the other hand, the
discrepancy between the measurement and the predictions is only at the level of approximately 1.50, which is not
worrisome.

The predictions for the remaining measurements agree with the experimental values, with one glaring exception.
Scenario (IIT) predicts Rx = 1, as in the SM. This is in disagreement with the measurement [Eq. (2)].

As was shown in Sec. II1.2, when Ri+ and Rg are included in the fit [fit (B)], the overall result with scenario (III)
is good (a pull of 5.6). This scenario can therefore be considered a possible explanation for the B-decay anomalies.
(Indeed, this is the conclusion of Ref. [18].) However, in our opinion, this is not sufficient. As we saw above, scenario
(ITI) predicts a value for Rk that is in striking disagreement with the measurement. Furthermore, Rk is a clean
observable, i.e., it has very little theoretical uncertainty, so theoretical error cannot be a reason for the disagreement.
The only reason fit (B) gives a good fit is that the Rx measurement is only one of many, so its effect is diminished.
However, we feel that this is misleading: given its clear failure to explain the measured value of R, scenario (III)
should be considered as strongly disfavored, compared to scenarios (I) and (II).

Ry and Ry have been measured in the region of ¢> < 6 GeV2. It is likely that these observables will also be
measured in the region 15 < ¢? < 22 GeV?. Below we present the predictions of the three scenarios for Rx+ and Ry
in this high-¢® bin:

Rg- = 0.76+£0.03 (I) , 0.71+0.06 (II) , 0.68 = 0.04 (III) ,
Rig = 0.76+0.03 (I) , 0.7240.05 (I1) ¢, 1.0 (I1I) . (6)

IV. MODEL-DEPENDENT ANALYSIS

The simplest NP models one can construct that explain the B anomalies involve the tree-level exchange of a new
particle. This particle can be either a leptoquark or a Z’ boson. Below we examine the properties of such NP models
required for them to account for the b — su™ ™~ decays.



IV.1. Leptoquarks

LQ models were studied in detail in Ref. [73]. It was found that, of the ten LQ models that couple to SM particles
through dimension < 4 operators, only three can explain the b — su™u~ data. They are: a scalar isotriplet with
Y = 1/3, a vector isosinglet with Y = —2/3, and a vector isotriplet with Y = —2/3. These are denoted S3, U; and
Us, respectively [82]. As far as the b — su™ ™~ processes are concerned, the models all have C{*(NP) = —C/'(NP),
and so are equivalent. That is, all LQ models fall within scenario (II) of Eq. (4).

The S3, Uy and Us LQ models all contribute differently to b — sv,, decays, so that, in principle, they can be
distinguished. However, it was shown in Ref. [73] that the present constraints from B — K )y are far weaker than
those from b — syt~ processes, so that the current b — sy data cannot be used to distinguish the three LQ
models. (This said, this conclusion can be evaded if the LQs couple to other leptons, see Ref. [71] for an example.)

The bottom line is that there is effectively only a single LQ model that can explain the B-decay anomalies, and
it is of type scenario (II). In order to determine the value of the WC required to reproduce the b — sutpu~ data, a
fit to this data is required, including all other processes to which this type of NP contributes. In this case, the only
additional process is b — sv,7,,, which does not furnish any additional constraints. The allowed value of the WC is
therefore the same as that found in the model-independent fit, in Table I or II.

This b — su™u~ WC is generated by the tree-level exchange of a LQ. Thus,

bu bu

C4" (NP) o gMgQ : (7)

where gi” and g;" are the couplings of the LQ (taken to be real), and Myq its mass. Direct searches constrain
Mg > 640 GeV [83].

IV.2. Z’ bosons

In the previous subsection, we saw that LQ models are all of type scenario (IT). This implies that scenarios (I) and
(IIT) can only occur within Z’ models. Is this possible? The four-fermion b — su™p~ operators required within the
four scenarios are as follows:

(0 [BvuPrbllayul ,
(1) [svu Pl Pry
(ITT)  [5yuysb] [y ] - (8)

Scenarios (I) and (II) are clearly allowed. They require the Z’ to couple vectorially to spby, and fip or fippr. It is
quite natural for gauge bosons to couple vectorially, so it is easy to construct models which lead to scenario (I) or (II).
On the other hand, scenario (III) requires that the Z’ couple axial-vectorially to §b. This is much less natural. It is
possible to arrange this, but it requires a rather contrived model (e.g., see Ref. [18]). Furthermore, we have already
seen that scenario (III) is strongly disfavored by the Ry measurement. In light of all this, we therefore exclude
scenario (III) as a realistic explanation of the B-decay anomalies.

The conclusion is that, when model-independent and model-dependent considerations are combined, only scenarios
(I) and (II) are possible as explanations of the B-decay anomalies. Furthermore, while scenario (II) can be realized
with a LQ or Z’ model, scenario (I) can only be due to Z’ exchange.

Since the Z’ couples to two left-handed quarks, it must transform as a singlet or triplet of SU(2)r. The triplet
option has been considered in Refs. [35, 44-48]. (In this case, there is also a W’ that can contribute to B — D®)*7~ 5,
[84], another decay whose measurement exhibits a discrepancy with the SM [85-87].) Alternatively, if the Z’ is a
singlet of SU(2)r, it must be the gauge boson associated with an extra U(1)’. Numerous models of this type have
been proposed, see Refs. [49-70].

The vast majority of Z’ models that have been proposed assume a heavy Z’, My = O(TeV). This option is
examined in Sec. IV.2.1. However, we also note that the Z’ can be light. The cases of Mz = 10 GeV or 200 MeV
are considered in Sec. IV.2.2.

IV.2.1. Heavy Z’

In order to determine the properties of Z’ models that explain the b — su*u~ data, one cannot simply perform
fits (A) or (B) — important constraints from other observables must be taken into account. Since the Z’ model is of



the type scenario (I) or (II), we can write
ALy =JMZ,,
where Jt = g Ly Pr L + g iy" Prit + g5 gay" Prabgs + h.c. (9)

Here 1)4; is the quark doublet of the it" generation, and L = (Y, w)T. We have

scenario (I) : gi' =g",
scenario (II) : ¢ =0. (10)

When the heavy Z’ is integrated out, we obtain the following effective Lagrangian containing 4-fermion operators:

1 gbs ~ ~ (gbs)Q B ~
Lt = g, 0> — 2L (5 Prb) (v (¢M Py + g Pr)p) — 2L m P, b)Y (5y" PLb
7 IERG o) M%/(SV L) (i (97" Pr + g% Pr)1) N, (57" PLb) (5" PLb)
i
gt _
— 37z (" (9L Pr + g Pr)p) (70" Prvy) (11)
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.

) Bg-Bg mixing:

The formalism leading to the constraint on g%s from BY-BY mixing is given in Ref. [73]. We do not repeat it here.
The one thing to keep in mind is that Ref. [73] considered a complex g%s, while here it is taken to be real.

e Neutrino trident production:

The production of 4 p~ pairs in neutrino-nucleus scattering, v, N — v, Ny~ (neutrino trident production), is
a powerful probe of new-physics models [72]. The heavy Z’ contribution to this process is also given in Ref. [73].
However, there only scenario (II) (¢%" = 0) is considered. Allowing for a nonzero g%, one obtains the following: the
theoretical prediction for the cross section is

2 2
OSM+NP _ 1 1+ o2t (g — g) 414482 V2 (9" + o) 19
= 3 V2 3 Sw + 3 - (12)
osMm vN—vNptp— 1+ (1 + 4SW) MZ/ MZ,
This is to be compared with the experimental measurement [88]:
Texp. = 0.82+0.28 . (13)
OsM vN—ovNptu—

Using Eq. (10), this comparison provides an upper limit on (gf“)Q/M%. For Mz =1 TeV and v = 246 GeV, we
obtain the following 1o upper bound on the coupling:

(I) : lgh*] < 0.99 ,
(In:  lgr"| <1.38. (14)
ob— sutp:
The couplings ¢%* and g1’ are all involved in b — sptp™:
4 (NP) = — [ : ] 97 (91" + gi")
V2GraVy Vi M,
CNH(NP) — |: m } g%s(gf# — gﬁﬂ) ) (15)
10 V2GraV Vi, M3,

We see that any analysis of Z’ models must include the constraints from B%-B? mixing and neutrino trident production.
And this applies to scenario (I), which, though supposedly model-independent, is related to Z’ models.

The results of fits (A) and (B) are given in Tables III and IV, respectively. These illustrate quite clearly the
connection between the model-independent and model-dependent approaches. From the model-independent point of
view, in order to explain the experimental data, the NP WC must take a certain value (given in Tables I and II).
However, from the model-dependent point of view, this WC is proportional to the product ¢%*¢/* [Eq. (15), using
Eq. (10)], and these individual couplings have additional constraints from other processes. g¢7" is constrained by

neutrino trident production [Eq. (14)]. Now, if g/** is small, gis must be large in order to reproduce the required WC.



However, a large g%s is in conflict with the constraint from B%-BY mixing, resulting in a poorer fit (i.e., a smaller
pull). On the other hand, if gi* is large (but still consistent with Eq. (14)), ¢4 can be small, so that the B%-BY
mixing constraint is less important. In this case, a good fit (i.e., a large pull) is possible. Indeed, for large enough
g7", one simply reproduces the model-independent result. For both fits (A) and (B), we find that this is the case for
g7" > 0.4. The conclusion is that, if the NP is a Z’, the coupling ¢g/* has to be reasonably big. Its effect may be

observable in a future experiment on neutrino trident production.

Mz =1 TeV Mz =1TeV
g1z (1): g x10° |pull gt 1 Z' (10): g% x10%|pull
0.01 —-26+19 1.0 0.01 —-24+19 1.0
0.05 —-42+1.1 2.8 0.05 —4.0+1.1 2.8
0.1 —4.6£0.9 4.0 0.1 —3.6 0.8 3.6
0.2 —-3.8+£0.7 4.8 0.2 —-3.8+0.8 4.3
0.4 —-22+04 5.0 0.4 —23+£05 4.6
0.5 —-1.8+£0.3 5.0 0.5 -19+04 4.6

TABLE III. Z’ model (scenario (I) : left, scenario (II) : right): best-fit value of ¢}°, and the pull=4/x%,, — X&n4np for fit (A)

(only CP-conserving b — syt~ observables), for various values of g/*.

MZ/:lTeV MZ/:1T6V
gt | Z' (1): g x10%|pull gt | Z" (1): g% x10°|pull
001 -30+1.6 |14 0.01] -30+16 |14
0.05| —48+1.0 |28 0.05| —48+1.0 |28
01| -52+0.8 |45 0.1 —52+0.8 |45
02| —42+06 |57 02| —44+40.7 |56
04| -24+04 |59 04| —25+404 |59
05| —-1.9+03 |59 05| —21404 |59

TABLE IV. Z’ model (scenario (I) : left, scenario (II) : right): best-fit value of g%, and the pull:\/m for fit (B)
(CP-conserving b — syt~ observables + Ri+ and Ry), for various values of g/*.

IV.2.2. Light Z’

An interesting possibility to consider is a light Z’. If the Z’ mass is between mp and 2m,,, then, if it is narrow,
one can observe this state as a resonance in the dimuon invariant mass. Since no such state has been observed, we
consider the mass ranges mz > mp and myz < 2m,. A Z’ in the first mass range may have implications for dark
matter phenomenology [67], while a Z’ in the second mass range could explain the muon g — 2 measurement and have
implications for nonstandard neutrino interactions [68]. For the first mass range we consider Mz = 10 GeV and refer
to this as the GeV Z’ model, while in the second range we consider Mz = 200 MeV and call it the MeV Z’ model*

For the MeV Z’ model, we assume there is a flavor-changing 567’ vertex whose form is taken to be

F(¢*)sy"PLbZ), . (16)

The form factor F(q?) is expanded for the momentum transfer ¢> < m% as

2
o s 4
F(¢?) = df +9}i6m72+-~-a (17)

B

where mp is the B-meson mass. For the GeV Z’ model there is no form factor, and the 507’ vertex is taken to be
fixed at ab® for all ¢2.

4 After the R}, measurement was announced, a GeV Z’ model was considered in Ref. [26] and an MeV Z’ model in Ref. [27].



In the MeV Z’ model, assuming the Z’ couples to neutrinos, the leading-order term alf is constrained by B — Kvv

to be smaller than 10~?. To explain the b — syt~ anomalies, we then require the Z’ to have a large coupling to
muons, which is inconsistent with data [68]. We therefore neglect a}* and keep only g5%. (If the Z’ does not couple to
neutrinos then this constraint does not apply.) In the GeV Z’ model alf is present, so here we neglect g%s.

The matrix elements for the various processes are then

F(q? _ _
My =~ M)Z (57 PLb) (i (g P, + g Pr)p)

F(¢*)? _ 5 mj

Mp iz = *m(W”PLb)(W”PLb) - ngZb/ )
m
g — L L L L —
Miridgent = — m(lﬂ#(ylﬂ Pp + g Pr)pw) (07" PLvy) (18)
Z/

where we have used Ref. [89] for BY-B? mixing. In M,_, sutp— there is an additional contribution from the longitudinal
Z' for the axial leptonic current that is ~ m,m,/m%,. For the GeV Z’ model this term can be neglected. However,
for the MeV Z’ model this term is sizeable, and so for this case we only consider scenario I with a vectorial leptonic
current. As usual, we assume the Z’ does not couple to electrons, so that B(B* — KT ete™) is described by the SM,
while B(BT — KT pu*p™) is modified by NP.

e B%-B? mixing:

The measurement of B%-B? mixing gives a constraint on the product of couplings and the form factor. For the

MeV Z’ model, as the form factor at ¢> ~ m% is not known, we fit g% only from the b — su®p~ data, while for the

GeV Z' model, where the form factor is unity, the mixing is used to obtain a constraint on a%*.

e Neutrino trident production:

The coupling g"* is constrained by neutrino trident production. For the MeV Z’ model, Eq. 12 is no longer valid
— instead we use the constraints from Ref. [72]. In this reference only scenario (I) (¢%" = ¢7") is considered. There
are other constraints that the MeV Z’ model must satisfy; these are discussed in Ref. [90]. All these constraints are
consistent with the constraint obtained from neutrino trident production.

ob—sutu:

For b — sutpu~ we have

ClH(NP) = { . } (af” + 91’ (¢"/m.)) (91" + 9")
’ V2GraVi Vi - M2, !

C’##(NP) — |: ™ ] (a%s + g%S(QQ/mQBS)) (glzu - Q%H) (19)
v V2G raVy Vi, ¢ — M2, :

Interestingly, here the WCs are ¢2-dependent.

Using these WCs, we perform a fit to the data. We scan the parameter space of g5 and g, for values that are
consistent with all experimental measurements. For the MeV Z’ model, the form factor is not known in the high-g>
region, and so one can fit only to the low-¢? bins. However, we have checked that the fit does not change much if we
use the above form factor for all ¢? bins. For both the MeV and GeV Z’ we find that, in fact, it is possible to explain
the B-decay anomalies with pulls that are almost as good as in the case of a heavy Z'.

For the MeV Z’ model, the best fit has a pull of 4.4, and is found for the product of couplings g%sgg” ~ 21 x107°.
Taking g5* ~ 1072 from the neutrino trident constraint, one obtains g4 ~ 2.1 x 107, which is consistent with
constraints from B — Kvv [68]. The results for the GeV Z’ model are shown in Table V for fit (A). The best fit has
a pull of 4.2 (scenario (I)) or 4.5 (scenario (II)).

As noted in the discussion about Fig. 1, the value of R~ in the low-¢? bin (0.045 < ¢ <11 GeVz) is dominated by
the SM photon contribution. Heavy NP cannot significantly affect this, and so cannot much improve the discrepancy
between the measurement and the SM prediction of Ry« in this bin. On the other hand, since the WCs are ¢*-
dependent in light-Z’ models, in principal they could have a large effect on this value of Rg~. Unfortunately, for
Mz =10 GeV and 200 MeV, we find that the prediction for Rg- in the low-¢? bin is little changed from that of the
SM. However, this might not hold in a different version of a light Z’ model (for example, see Ref. [27]).

V. CONCLUSIONS

Following the announcement of the measurement of Ry~ [1], a flurry of papers appeared [18-27] discussing how to
explain the result and what it implies for new physics. Most papers adopted a model-independent approach, while



My =10 GeV Mz =10 GeV
gt x10%|Z' (1): g% x108|pull gt x102|Z' (I): g5 x10%|pull
0.05 —36.3£10.2 |2.6 0.05 -354+11.0 |28
0.1 —37.6+£85 |36 0.1 —38.7+£9.0 |34
0.3 -2024+4.6 |4.1 0.3 —27.04+6.2 |43
0.6 -10.34+2.3 4.2 0.6 —14.443.6 |45
0.9 —69+1.6 |42 0.9 —9.6+23 |45
1.2 —52+1.2 |42 1.2 72418 |45

TABLE V. GeV Z’ model (scenario (I) : left, scenario (II) : right): best-fit value of g%°, and the pull=4/x%,, — Xéargnp in fit
(A), for various values of g4".

a few focused on particular models. The main purpose of the present paper is to show that additional information
about the NP is available if one combines the model-independent and model-dependent analyses.

To be specific, the general preference was for NP in b — su™p~ transitions (although some papers considered the
possibility of NP in both b — sutu~ and b — seTe™). Several model-independent studies pointed out that the
b — sutp~ anomalies can be explained if (I) C{*(NP) < 0 or (II) C§*(NP) = —CI§'(NP) < 0. We agree with
this observation. Now, the simplest NP models involve the tree-level exchange of a leptoquark (LQ) or a Z’ boson.
A number of different LQ models have previously been proposed, but we point out that, as far as the b — sutu~
processes are concerned, all viable models have C{*(NP) = —C1{'(NP), and so are equivalent. That is, there is
effectively a single LQ model, and it falls within scenario (II).

The key point is that, although scenario (II) can arise in LQ or Z’ models, scenario (I) is only possible with
a Z'. Thus, analyses that favor NP in C§” only are essentially favoring models in which b — su*p~ arises due
to Z' exchange. We have performed a model-dependent analysis of Z’ models, taking into account the additional
constraints from B%-BY mixing and neutrino trident production. If the Z’ is heavy, Mz = O(TeV), the jiuZ’ coupling
is reasonably large, and could have an observable effect in a future experiment on neutrino trident production. We
also find that a good fit to the data is found if the Z’ is light, Mz = 10 GeV or 200 MeV.

Finally, a third scenario, (III) C§*(NP) = —C¢"*(NP) has also been proposed as an explanation for the b — su*u~
data. We note that this scenario predicts Rx = 1, in disagreement with the experiment. In addition, this scenario can
only arise in rather contrived models. For these reasons, we exclude scenario (III) as an explanation of the B-decay
anomalies.

Acknowledgments: This work was financially supported by by the U. S. Department of Energy under contract
DE-SC0007983 (BB), by the National Science Foundation under Grant No. PHY-1414345 (AD), and by NSERC
of Canada (DL). AD thanks Xerxes Tata for helpful conversations. JK wishes to thank Bibhuprasad Mahakud for
discussions and technical help regarding the global fits.

Appendix

This Appendix contains Tables of all b — syt~ experimental data used in the fits.
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B® — K*9,* i~ differential branching ratio
Bin (GeVQ)‘ Measurement (x107)
LHCb 2016 [91]

[1.1,2.5] | 0.32670037 £0.010 £ 0.022

[2.5,4.0] | 0.334F7034 +0.009 & 0.023

[4.0,6.0] | 0.354F0037 £0.009 £ 0.024

[15.0,19.0] | 0.436 10015 £0.007 £ 0.030
CDF [92]

[0.0,2.0] 0.912 £ 1.73 + 0.49

[2.0,4.3] 0.461 + 1.19 + 0.27
CMS 2013 [93]

[1.0,2.0] 0.487015 £ 0.04

[2.0,4.3] 0.38 + 0.07 + 0.03
CMS 2015 [94]

[1.0,2.0] 0.46 + 0.07 4 0.03

[2.0,4.3] 0.33 + 0.05 + 0.02

TABLE VI. Experimental measurements of the differential branching ratio of B® — K*%u*p~.
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B% — K*9,u* 1~ angular observables

ATLAS 2017 [11]

¢? €10.04, 2.0] GeV? ¢® €[2.0, 4.0] GeV? ¢? €[4.0,6.0]GeV?
(Fr) = 0.44 +0.0840.07 (Fr) = 0.6440.114+0.05 | (Fr)= 0.42+0.13+0.12
(S3) = — 0.02 £0.09+0.02 | (S3) =— 0.15+0.10+0.07 | (S3) = 0.00+0.12+0.07
(S4) = 019 £025+0.10 | (S4)=— 04740.1940.10 | (Ss) = 0.4040.2140.09
(S5) = 0.33 £0.134£0.06 | (S5)=— 0.16+0.154+0.05 | (S5) = 0.1340.18 +0.07
(S7)=— 0.09 £0.10+£0.02 | (S;)= 0.154+0.144+0.09 | (S7)= 0.03+0.13+0.07
(Sg) = — 0.11 £0.19+0.07 | (Ss) = 0.4140.1640.15 | (Ss) = — 0.09 & 0.16 & 0.04
CMS 2017 [12]
q® €[1.0, 2.0] GeV? q* € (2.0, 4.3]GeV? q® € [4.3, 6.0] GeV?
(P1)y = 01215454+ 0.06 (P)=— 0.697058 +0.09 (P1) = 0.53%02340.18
(P = 0101532 40.12 (Py=— 05703 +0.15 | (P =— 0.96%52240.16
CMS 2015 [94]
¢® €[1.0,2.0] GeV? q* € (2.0, 4.3]GeV? q® € [4.3, 6.0] GeV?
(Fr)y = 0.6475294+0.07 (Fr) = 0.8040.08 +0.06 (Fr) = 0.627035 £0.07
(Apg) = — 02775074007 | (App) =— 0121012 40.05 |(Arg) = — 0.01+0.1540.03
LHCb 2015 [8]
¢® €[1.1,25]GeV? q® €[2.5,4.0]GeV? q® €[4.0,6.0]GeV?

(Fr) = 0.660709%2 40.022 | (FrL)= 087670052 +0.017 | (Fr) = 0.611730%2 4+0.017
(Apg) = —0.191 79958 £ 0.012 [(Arg) = —0.118 73952 4+ 0.007| (Arp) = 0.025 19921 +0.004
(S3) = —0.077 39T +0.005 | (S3) = 0.03575998 £0.007 | (S3) = 0.035795% 4+ 0.007

(S4) = —0.077 411 +£0.005 | (Ss) = —0.234 75127 £ 0.006 | (S4)

(S5) = 0.137 0599 £0.009 | (S5) = —0.022 0705 £0.008 | (S5) = —0.146 T5577 +0.011
(S7) = —0.219 70993 £0.004 | (S7) = 0.068 10135 £0.005 | (S7) = —0.016 1525} +0.004
( (Ss) (Ss)
( (S9) (S9)

Ss) = —0.098 75195 +0.005 S 0.030 79-129 + 0.006 = 0.167 7599 +0.004
So) = —0.119 73987 4+ 0.005 So) = —0.092 75152 + 0.007 = —0.0327597% +0.004

¢* €[15.0, 19.0] GeV?

(Fry = 0.344 70525 +£0.008
(App) = — 0.355 73927 +0.009
(S3) = —0.163 T0:052 +0.009
(S4) = —0.284 19038 4 0,007
(S5) = —0.325 70055 £ 0.009
(S7) = 0.048 70043 +£0.006
(Ss) = 0.028 75992 4 0.003
(So) = —0.053 T0-0% £ 0.002
CDF
q? €[0.0,2.0]GeV? q® €[2.0,4.3]GeV?

Fr)y= 0267515 4+0.04 Fr)= 0.7275124+0.09
0.13 0.17
(App) = 00775294011 | (Arp)=— 0.11753240.16

TABLE VII. Experimental measurements of the angular observables of B® — K*%u* .
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TABLE XI. Experimental measurements of the differential branching ratio of B — ¢u*p~ [14]. 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/¢¢.

Bt — K*TuTp~ differential branching ratio
LHCb 2014 [95]
Bin (GeV?) Measurement(x10%)
[0.1 —2.0] 59.27 1370 £ 4.0
[2.0 — 4.0] 55.97119 £ 3.8
[4.0 — 6.0] 2490500 £ 1.7
[15.0 — 19.0] 39.5730 428
CDF [92]
[0.0 — 2.0] 75.0 £ +46.8+£8.8
[2.0 — 4.0] 49.4+35.8+6.3

TABLE VIII. Experimental measurements of the differential branching ratio of B* — K**putpu~.

Bt — KTu*u~ differential branching ratio
LHCDb 2014 [95]

Bin (GeV?) Measurement (x10%)
[1.1 —2.0] 233+15+1.2
[2.0 — 3.0] 282+16+14
[3.0 — 4.0] 254+15+1.3
[4.0 — 5.0] 221+14+11
[5.0 — 6.0] 23.1+14+1.2

[15.0 — 22.0] 121+04+0.6

CDF [92]
(0.0 —2.0] 18.0£53+£1.2
[2.0 — 4.3] 31.6+54+138

TABLE IX. Experimental measurements of the differential branching ratio of B — K putu™ .

B® — K%~ differential branching ratio
LHCb 2014 [95]
Bin (GeV?) Measurement (x10%)
[0.1 —2.0] 12.2725 £ 0.6
[2.0 — 4.0] 18.7155 £0.9
[4.0 — 6.0] 17.3752 £ 0.9
[15.0 — 22.0] 9.571%4+05
CDF [92]
(0.0 — 2.0] 24.5+15.9 +2.1
[2.0 — 4.3] 25.5+17.0+ 3.5

TABLE X. Experimental measurements of the differential branching ratio of B® — K%u%p~.

B? — ¢utu~ differential branching ratio

Bin (GeV?) Measurement (x10%)
[1.0-6.0] | 2.58%0%%4+0.08+0.19

[15.0 —19.0]| 4.04%03% +0.13 4+ 0.30
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BY — ¢ut i~ angular observables

¢® €[0.1,2.0]GeV? ¢? €12.0,5.0]GeV?
(Fr) = 0.20%598 +0.02|(Fr) = 0.687315 4 0.03
(S3) = —0.057513 +0.01 | (S3) = —0.0679-2% +0.01
(S4) = 0.277928 £0.01|(Ss) = —0.47753° +0.01
(S7) = 0.047013 4+0.00{(S7) = —0.0375:3% +0.01
¢* €[15.0, 19.0] GeV?
= 0297557 4+0.02

TABLE XII. Experimental measurements of the angular observables of B — ¢u™pu~ [14]. The experimental errors are, from
left to right, statistical and systematic.

B — X.ptp~ differential branching ratio
Bin Measurement (x10°)

q* € [1,6] GeV? 0.66 & 0.88

q° > 14.2 GeV? 0.60 + 0.31

TABLE XIII. Experimental measurements of the differential branching ratio of B — Xsu™p™ [96].
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