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There are four models of tree-level new physics (NP) that can potentially simultaneously explain the
b — sutu~ and b — ¢t~ anomalies. They are the S;, Uz and U, leptoquarks (LQs), and a triplet of
standard-model-like vector bosons (VB’s). Under the theoretical assumption that the NP couples
predominantly to the third generation, previous analyses found that, when constraints from other processes
are taken into account, the S3, U3 and VB models cannot explain the B anomalies, but U is viable. In this
paper, we reanalyze these models, but without any assumption about their couplings. We find that, even in
this most general case, S5 and U5 are excluded. For the U model, constraints from the semileptonic lepton-
flavor-violating (LFV) processes B — K" u*7F, ¢ — ug and T — pr, which have been largely ignored
previously, are found to be very important. Because of the LFV constraints, the pattern of couplings of the
U, LQ is similar to that obtained with the above theoretical assumption. Also, the LFV constraints render
unimportant those constraints obtained using the renormalization group equations. As for the VB model, it
is excluded if the above theoretical assumption is made due to the additional constraints from B%-BY
mixing, 7 — 3u and 7 — pvb. By contrast, we find a different set of NP couplings that both explains the
b — sutu~ anomaly and is compatible with all constraints. However, it does not reproduce the measured
values of the b — ¢z~ v anomalies—it would be viable only if future measurements find that the central
values of these anomalies are reduced. Even so, this VB model is excluded by the LHC bounds on high-
mass resonant dimuon pairs. This conclusion is reached without any assumptions about the NP couplings.

DOI: 10.1103/PhysRevD.99.015007

I. INTRODUCTION

At the present time, there are a number of measurements
of B decays that are in disagreement with the predictions of
the standard model (SM). These can be separated into two
categories:

(1) b — su"u~: Discrepancies with the SM can be found

in several observables in B — K*utu~ [1-5] and
BY — ¢utu~ [6,7] decays, as well as in the obser-
vation of lepton flavor universality (LFU) violation
in Rg=B(B"—>Ktutu )/B(Bt>K'ete™) [8]
and Rg-=B(B°—> K utu)/B(B" - K e*e™) [9].
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Following the announcement of the R g result, several
papers performed a combined analysis of the various
b — s¢T¢~ observables [10-17]. The general con-
sensus was that the discrepancy with the SM is at the
level of 4 — 60 (the range reflects the fact that the
groups used different ways of treating the theoretical
hadronic uncertainties). Apart from the size of the
disagreement, what is particularly intriguing here is
that the data can all be explained if there is new
physics (NP) in b — sutu~ transitions.

b — ctv: There are also measurements of
LFU violation in R,. = B(B - D%z 1,)/
B(B — DW¢mu,) (¢ =e, p) [18-21] and R, =
B(Bf —J/yt"v,)/B(Bf —J/wutv,) [22]. Follow-
ing the measurements of R, updated studies of
the SM predictions were performed [23,24]. It
was found that, together, the deviation of the R
and Rp+ measurements from the SM predictions is at
the 40 level. The discrepancy in Ry, is 1.7¢ [25].
These suggest the presence of NP in b — ¢t v
decays.
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Much work was done examining NP models that could
explain the b — sutu~ or b — ct™ 0 anomalies. One
conclusion of these studies was that the discrepancies
can be explained by NP that couples principally to left-
handed (LH) particles; i.e., its interactions are of the form
(V—A) x (V—=A). In Ref. [20], it was pointed out that, if
the NP couples to LH particles, one can relate the neutral-
current b — sup~ and charged-current b — ¢z~ transi-
tions using the SM SU(2), symmetry. That is, it is possible
to find a NP model that can simultaneously explain the
b — suTu~ and b — ct~ 0 anomalies.

Following this observation, there was a great deal of
activity examining various aspects of simultaneous explan-
ations of both B-decay anomalies [27-62]. Many of these
papers studied specific models. It was found that, if one
insists on LH NP that contributes to both b — su™u~ and
b — ct™v at tree level, there are only four types of NP
models. There are three leptoquark (LQ) models: (i) Ss,
containing an SU(2), -triplet scalar LQ; (ii) U3, an SU(2), -
triplet vector LQ; and (iii) U, an SU(2), -singlet vector
LQ. And there is the vector boson (VB) model, which
contains SM-like LH W’ and Z’ vector bosons.

In Refs. [39,50], all four models were studied, taking into
account not only the b — syt u~ and b — ¢t~ data, but
also constraints from other processes to which the particular
NP contributes. Of the two anomalies, the NP effect in
b — ct” s larger (in absolute size, not relative to the SM),
simply because the process is tree level in the SM. Of the
four particles involved in this transition, three of them
belong to the third generation, with the fourth in the second
generation. It is then quite natural to assume that the NP
couples predominantly to the third generation, with the
couplings involving the second generation subdominant.

This is the assumption made in Refs. [39,50], though its
implementation differs in the two papers. In Ref. [39], it is
assumed that the NP couples only to the third generation in
the weak basis. The couplings to the second generation are
induced when one transforms to the mass basis. Since the
mixing angles involved in this transformation are small, the
couplings in the mass basis obey a hierarchy |c,,| < |¢23],
|c3s| < |e33], where the indices indicate the generations. In
Ref. [50],an U(2), x U(2), flavor symmetry is imposed, so
that the NP couples only to the third generation (in the mass
basis). The couplings to the second generation are generated
by symmetry-breaking terms due to spurions. Here too, the
couplings obey the above hierarchy.

We note in passing that the assumption of NP coupling
only to the third generation in the weak basis was quite
popular. It was applied in a number of papers, on a variety
of subjects—model-independent analyses, specific models,
and UV completions of the VB and U; models.

In both analyses the S5, U3 and V B models were ruled out;
only the U; model was a viable candidate for explaining all
the B-decay anomalies. But this raises the question: to what
extent do these conclusions depend on the assumption

regarding the NP couplings? While the idea of NP coupling
principally to the third generation is attractive theoretically, it
is not the only possibility. If one relaxes this assumption, so
that the couplings involving the second generation are no
longer subdominant, could we find S5, U3 or VB models that
can account for the b — su™u~ and b — ¢t~ 0 data? How
does the U; model change in this case?

This is the issue we address in this paper. We focus
separately on the LQ and V B models. In both cases, we work
solely in the mass basis. For simplicity, we assume that the
NP couplings involving the first generation leptons and
down-type quarks are negligible. (This allows us to focus on
the second and third generations, which participate in b —
sutu~ and b — c770.) Our idea is simply to establish what
sizes of NP couplings are required by the data.

We show that the S5 and U5 LQ models cannot explain
the B-decay anomalies, even if only constraints from the
anomalies and B — K™*)up are taken into account. On the
other hand, the U; model is a viable explanation. If only
these constraints are imposed, the couplings can take a
great many values. However, when one includes the
constraints from semileptonic processes that exhibit lepton
flavor violation (LFV), namely B — K"u*t¥, 7 — u¢p
and T — pur, one finds that the region of allowed couplings
is greatly reduced. It is similar (though somewhat larger) to
that found when the NP couples predominantly to the third
generation. In other words, the data actually point in this
direction; no theoretical assumptions are necessary.

When one evolves the full Lagrangian from the NP scale
down to low energies using the one-loop renormalization
group equations (RGEs), one generates new contributions
to a variety of operators. It has been argued [35,47] that the
additional constraints due to these new effects lead to an
important reduction in the allowed space of couplings. In
this paper, we point out that these RGE constraints are not
rigorous. More importantly, we show that, if the absolute
value of all couplings is taken to be < 1, so that they remain
perturbative, the LFV constraints are much more stringent
than the RGE constraints.

In the case of the VB model, the result is different. In this
model, there are also tree-level contributions to BY-BY
mixing, 7 — 3y, 7 — uvv and D°-D° mixing, and these
lead to additional severe constraints on the couplings. In
particular, the Z'u*7T coupling must be very small. But if the
NP couples principally to the third generation, this coupling
is always rather sizable, so that this VB model is ruled out.

On the other hand, in this more general case, we find a
set of couplings that both explains the b — syt~ anomaly
and is compatible with all constraints. However, it does not
reproduce the measured values of the b — ¢7~¥ anomalies.
There is an enhancement of R ), but it is smaller than what
is observed. If future measurements of R confirm the
present measurements, then the V B model will be ruled out.
Still, if it is found that the central values of R are
reduced, the VB model could be an explanation of both
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anomalies. For this reason, as far as the anomalies are
concerned, we refer to the model as semiviable.

Unfortunately, with this set of couplings, the predicted
rate for the production of high-mass resonant dimuon pairs
at the LHC is larger than the limits placed by ATLAS and
CMS. We note that this constraint can be evaded by adding
additional, invisible decays of the Z'. If this possibility is
not realized, we find that, in the end, the VB model is
excluded. However, we stress that this is not the result of
any assumption about the NP couplings. Rather, it is found
simply by taking into account all the flavor constraints and
the bound from the LHC dimuon search.

We begin in Sec. Il with a summary of the observables
necessary for this study. In Sec. IIl, we examine the
leptoquark models. We show that the S5 and U; models
are ruled out, determine the pattern of couplings necessary
for the U; model to explain the B anomalies, and tabulate
the predictions of this model for other processes. A similar
study of the VB model is carried out in Sec. IV. We show
that the model is excluded if the Z'u* 7T coupling is sizable.
We also demonstrate that, if this coupling is very small, the
model is semiviable but also leads to a disagreement with
the LHC bounds on the production of high-mass resonant
dimuon pairs. We conclude in Sec. V.

II. OBSERVABLES

The B anomalies involve the decays b — su*tp~ and
b — ¢t U, both semileptonic processes with two quarks
and two leptons (2¢g27). There are two 2¢g2¢ operators that
are invariant under the full SU(3), x SU(2), x U(1)y
gauge group. In the mass basis, they are given by

Gk B
Lnp = A+ (QiLVijL)(LkLY”LlL)
NP

G - _
+A%(QiLVyO'IQjL>(LkLyMUILlL)v (1)
NP

where ¢/ (I = 1, 2, 3) are the Pauli matrices, and Q; and L,
are left-handed quark and lepton doublets, defined as

() we(z)

Here V denotes the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. NP models that simultaneously explain the two B
anomalies are distinguished by their G; and G5 factors.

NP models that can explain the b — suytu~ and b —
ct~v anomalies must contribute to these decays. From the
above, we see that they can potentially contribute to other
2q2¢ processes. A complete analysis of any possible NP
model must therefore consider constraints from all 2¢2¢
observables.

These observables can be separated into neutral-
current (NC) and charged-current (CC) processes. The NC
observables can themselves be separated into four types:
lepton-flavor-conserving (LFC) branching ratios (BRs),
lepton-flavor-universality-violating (LFUV) ratios of
BRs, lepton-flavor-violating (LFV) decays, and invisible
decays. The full list of these observables that have been
measured is [65]

LFCBRs: Y(nS) = ¢*¢~5 Jfy »u'w™s ¢ —>pw B »utu™s BY—=dutps B— KOty
s o LIt /e /e. /
LFUV ratios: RY/(,): R’;/S/, RZZ ‘ R;_")Ku),
LFVdecays: Y(nS) — u*t%; J/w — p*tT; ©- up; B — KW u*cT,
Invisible: Y(nS) = vi; J/w = vi; ¢ —uvb; BY = ¢ui; B — KWup. (3)

In the LFC BRs, Z = 7, u, while in the LFUV ratios, /¢’ = ©/u, t/e, u/e. The CC observables come in two types: LFC BRs

and LFUYV ratios. These are

LFCBRs: B} — J/y¢tv,; B—DW¢ b, D — ¢tuy,
Dt - K%*v,, D° - KW uty,
LFUV ratios : R;//;,; R;/('j:; R’;/(f); ng/f; R’gf_)ko, Rpll)/oe_,,-((m- (4)

Inthe LFC BRs, ¢ = 7, . In the above, Rg/(ﬂns) = B(Y(nS) —» t777)/B(Y(nS) — utu~). The other LFUV ratios are defined
similarly. There are additional 2¢2# observables, such as B(B — K*z777), LFUVin B~ — ¢ 1, etc., that have not yet been
measured, but are likely to be in the near future. These will be included in our discussion of predictions (Sec. III C).

"These operators are also used in the SM effective field theory; see, e.g., Refs. [63,64].
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Ideally, analyses of NP models would include constraints
from all of these observables. However, most analyses
focus only on a subset of these observables, which we
call the “minimal constraints.” These include observables
that involve the decays b — sutu~ (B — KWutu,
B? - putu, B(S) - utu, Ryw); b—=ct™v (Rp,
R;,,); and b — svv (B — K"uw, BY — ¢ui). The effec-
tive Hamiltonians for these processes are

aG _ _
Hep(b— sptp™) ===V, Vi, (CE (SLy*br) (ay )

V2

+ CYo 5Ly by ) (fiy,r°w)),

4G _
He(b— cfiv;) :T;Vch\;(CL}’”bL)('/ﬂiLVijL)’
_ aG w ij=
He(b— sv;v;) = _\/——Z:;thVtSCLJ(SLyﬂbL)
X @y, (1=7)v)), (5)

where the Wilson coefficients include both the SM and
NP contributions: Cy = Cx(SM) + Cx(NP). These NP

contributions are given by
|

C"(NP) = —Cj(NP)
B m (G + G3)Pm
V2aGpV, Vi Mip
y 1 2(VGy)beii
ClJ(NP) = — ( 23) ,
2\/§GFVch Mgp
.. G _G bsij
cjmp) = ——F GG g
\/EGGF Vi Vi M NP

Consider now the other observables. For all 2¢27
processes, the NP contributes at tree level. This contribu-
tion can be significant if the SM contribution to the process
is suppressed. This is the case for b — sy~ (loop level in
the SM) and b — ¢t v (the SM amplitude involves the
CKM matrix element V_, ~0.04). However, if the SM
contribution is unsuppressed, then it dominates the NP
contribution. This occurs in all NC observables in which
there is neither quark nor lepton flavor violation, namely
the decays of Y(nS), J/w and ¢ to 7]~ or vu. It also
applies to CC observables governed by the transition ¢ —
slv (D} = Iy, DT = K°lty, D°— KW-Ity), for
which V. ~ 1. For all of these observables, their con-
straints on the LQ couplings are extremely weak and need
not be taken into account.

This leaves only the four LFV observables that can put important constraints on the NP models:

(i) B — K™ u*zF: For the final state y~ 7" we have

C5""(NP) = —Cii"(NP) =

V204GV, Vi

T (G] + G3)bsm'
My

For the final state 7+ the NP Wilson coefficient C;"* (NP) = —C* (NP) is found by replacing bsut — bstu. The
branching ratios for B — K*)u~z" are given in Ref. [29] and are repeated below:

BEZK = ((9.6 + 1.0)|Cg™ (NP)[2 4 (10.0 + 1.3)|Cyy" (NP)[2) x 107,

Bf_‘;f* = ((19.4 + 2.9)|C19”’"(NP)|2 + (18.1 + 2.6)|C'158”7(NP)|2) x 1072, (7)
The branching ratios for B — K*)z~u" are given by replacing bsur with bstu.
(i) 7 — pg:
ST SSUT T (Gl + G3)SSMT
Cy'™(NP) = —C"(NP) = — . 5 .
\/E(‘VGF Vi Vis Mgp
The branching ratio is
fm:
e = o (1= 21+ 257Gy + Go) ™ P + |(Gy + Gy ) ®
T 128xT,
where r. =mz/mj and f, = (238 +3) MeV [66].
(iii) Y(nS) — p*r¥: The branching ratio is
T(nS) f gf(nS)m3’I‘(nS)
By = = (24 ) (1= r)?[[(Gr + G)P P 4 (G + G3)PP P ©)

Y A8y (s My

where 7} = m2/m2 ¢, fr(s) = (700 £ 16) MeV, fr(s) = (496 +21) MeV, and fr(35) = (430+21) MeV [39].
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TABLE 1. Measured values or constraints of the 2¢2¢ observables that can significantly constrain the NP models.
Observable Measurement or constraint
Minimal

b — sutu (all)

R/ (RY )sn

RY/(RE Vs

R /(R s

YA /(R Jsan

B(B — K*up)/B(B — K®up) gy,

CH(LQ) = —C1§(LQ) = —0.68 £ 0.12 [17]
1.18 £ 0.06 [18-21]
1.36 £ 0.15 [18-21]
1.04 £ 0.05 [68]
2.51 £0.97 [22]

—13 370 Re[CH(LQ) + 323, €/ (LQ)* < 248 [69]

LFV

B(BT - Kttu™)
B(BT — Ktrtu™)
B(Y(2S) - u*rT)
B(t = p¢)

B(J/w — p*z¥)

(0.8+1.7) x 107%; < 4.5 x 107> (90% C.L.) [70]
(=04 +£1.2) x 107; < 2.8 x 10~ (90% C.L.) [70]
(024 1.5+1.3)x 107% < 3.3 x 107° (90% C.L.) [71]
< 84x10"% (90% C.L.) [72]
<2.0x107° (90% C.L.) [73]

(iv) J/w — p*rT: The branching ratio is obtained from
Eq. (9) by replacing T —J/y and (G, +G5)""*" -
[V(G,=G3)VT]«e?? | with  f),=(401£46)MeV
[67].

Above, we identified the 2¢2¢ observables that can
significantly constrain the NP models. We list these
observables, along with their present measured values or
constraints, in Table 1.

Some comments concerning the entries in the table may
be useful:

() A fit to all b— syt~ data (B — KWutu-,

BY - ¢utu~, BY - utu~, Ryg.) was done in
Ref. [17], leading to the constraint on C§*(LQ) =
—Cf(LQ) given in the table.

(ii) Similarly, the analysis of B — K*)ui decays done
in Ref. [69] leads to the constraint on CJ(LQ)
given in the table. There is also an upper limit on
B(B? — ¢uvi), but it is much weaker than that
of B(B — K"up).

(iii) The results of the measurements of LFV processes
are usually given in terms of 90% C.L. upper
limits (ULs) on the branching ratios. For certain
measurements [BT — Ktt u™, BT — Ktttu~,
Y (2S) — pu*rT] the actual central values and errors
are given, in addition to the UL. These are extremely
useful, as they can be included in a fit. For other
measurements (t — u¢, J/yw — u*7T), only the UL
is given. In order to include these measurements
in a fit, we convert the ULs to a branching ratio
of 0 £ UL/L.5.

(iv) Other analyses combine B(B — Kz u") and
B(B — Kttu~). However, in the case of LQ models,

this is not correct, as the two decays involve different
couplings.

(v) As we describe later, in this paper we assume that the
NP does not couple significantly to the first-
generation down-type quarks. However, it does
couple to first-generation up-type quarks via the
CKM matrix [Eq. (2)]. As a result, there is an
additional LFV process to which the NP contributes
at tree level: 7 — up®. Experimentally, it is found
that B(r — up) < 1.2x 1078 (90% C.L.) [72],
which is stronger than the other upper limits in
the table. This said, it can be shown that the NP
contribution to 7 — up® is |V ,,,|> ~ 0.05 times that to
7 — u¢. As a result, the constraint from 7 — up° is
much weaker than that from 7 — pu¢, and for this
reason this LFV process is not included in the table.

In LQ models, the only NP contributions are to the 2¢27

observables described above. On the other hand, in the VB
model, there are also tree-level contributions to four-quark
and four-lepton observables. The five additional observ-
ables that yield important constraints on the VB model are
BY-BY mixing, neutrino trident production, 7 — 3y, 7 —
uvv and DP-D° mixing. These will be discussed in more
detail in Sec. IVA.

III. LEPTOQUARK MODELS

There are three types of leptoquarks that contribute to
both b — su*u~ and b — ¢z~ 0. They are (i) an SU(2), -
triplet scalar LQ (S3) [(3,3,-2/3)]; (ii) an SU(2), -triplet
vector LQ (U3) [(3,3,4/3)]; and (iii) an SU(2),-singlet
vector LQ (U;) [(3,1,4/3)]. In the mass basis, their
interaction Lagrangians are given by [74]
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ALg, = hfj}(QiLUIiﬁzL;L)Sg +H.c.,
ALy, = th(QiLV”UILjL)Ugﬂ +H.c.,

AﬁUl = hgl(QiL}’”LjL)Um + H.c. (10)

Note that the S5 coupling violates fermion number, while
those of Uz and U, are fermion-number conserving. When
the heavy LQ is integrated out, we obtain the following
effective Lagrangians:

eff __ hi h/l
L, _4M2 3(Qir* Q1) (Livy,Lir)

+ (Qiry*e' Q1) (Lyry,0'Lir)).

hih,
EeUff = _ZMlzj 3(Qur*Qjr)(Liry*Lir)

—(Qur*e' Q1) (Liry,o' L)),

eff hllh/k
'CUI - M2 KQILy Q,L)(LkL}’”LZL)
LQ

+ (Qirr*e' Q1) (Liy, o' Lip))- (11)

Comparing to Eq. (1), we see that G/ is replaced by a

constant g, times the product of two LQ couplings hh*,

and similarly for G”kl Note that, for the S; model, the
quarks are coupled to the opposite leptons compared to
the Us and U; models. This is due to the fact that the S5
couplings violate fermion number, while the U5 and U,
couplings conserve it. This difference affects only lepton-
flavor-violating processes. In the above, we have sup-
pressed the LQ model labels on the couplings. The
models are distinguished by their relative weighting of
the two operators, g; and g;. These are

S3:91 =393 =~
3
Usigy =393 = 5
1
U1191:93:—5- (12)

In this paper, we take the couplings to be real. In
addition, since the b — suy*u~ and b — ct~ 0 anomalies
involve only the second and third generations, for simplic-
ity we assume that the LQ couplings to the first-generation
leptons and down-type quarks are negligible in the mass
basis.” [Even so, they couple to first-generation up-type
quarks via the CKM matrix; see Eq. (2).]

*For discussions of processes that are affected if there are also
nonzero first-generation couplings, see Refs. [75,76], for example.

In the following subsections, we confront the three
LQ models with the data. For each of the models, we aim
to answer two questions. Can the model explain the
B-decay anomalies? If so, taking into account all con-
straints from 2¢2¢ observables, what ranges of couplings
are allowed?

A. S; and U3 LQs

For both the S5 and U5 LQ models, we perform a fit to
the data using only the six minimal constraints of Table I
and setting My = 1 TeV. The theoretical parameters are
the four couplings h,,, hy3, 3, and hs3, so that the number
of degrees of freedom (d.o.f.) is 2.

In the SM, y%,=>52. We find )(Iznin’SMJrS} =15,
so the addition of the S3; LQ does indeed improve
things. On the other hand, the y2. /d.o.f.=7.5. An
acceptable fit has y2. /d.o.f.~ 1, so that, even with the
addition of the NP, the fit is still very poor. Thus, the
S; LQ model cannot explain the B-decay anomalies.
(In Ref. [49], the S; LQ was allowed to couple to both
the second and third generations, and the same result
was found.)

The analysis of the U; LQ model is similar. The fit
to the six minimal constraints yields ;(ﬁlin‘SM +u, = 20, or

;(Iznin /d.o.f. = 10. Here too the fit is very poor: the B-decay
anomalies cannot be explained in the U3 LQ model either.

For both LQs we can understand why this is so. The
constraint from the b — su ™y~ data implies (g, + g3 ) hzp hop =
0.0011£0.0002 for My = 1 TeV, while that from R
leads to 2g3h33h,3 = —0.14 £ 0.04. There are several NP
contributions to B — K*)u7, leading to different flavors of
the final-state neutrinos. However, the most important ones
are those that lead to processes that also appear in the SM.
The reason is that, due to SM-NP interference, there are linear
NP terms in the matrix element. There are two possibilities
for the neutrinos: v,v, and v,v,, whose NP contributions
involve hsyhy, and hizhys, respectively. However, from
the above constraints we have |h3ho| < |h33ho3], so
that the NP contribution to B — K®)uo is dominated by
b — sv,7,. The constraint from B — K*)up then leads to
—0.047 < (g — g3)h33hy3 < 0.026. For the S5 LQ, we have
hyzhy; = =028 £0.08 (Rpe) and  hizhy; > —0.094
(B - K®up). Similarly, the U; LQ has h33h23 =-0.14 +
0.04 (Ry) and hyz3hy; > —0.013 (B — K)uD). In both
cases, the two constraints on /hs33/,3 are incompatible,
so that the S5 and U3 LQ models cannot explain the B-decay
data.

Previous analyses [39,50] ruled out the S; and U,
models as candidates for explaining all the B-decay
anomalies. In these papers it was assumed that the NP
couples predominantly to the third generation. We have
shown that the elimination of these models is completely
general—even if the NP couplings involving the second
generation are allowed to be sizable, the S; and U; LQ
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Allowed 95% C.L. regions in h33-h,3 space (left plot) and hs,-h;, space (right plot), for M} = 1 TeV. The regions are shown

for a fit with only minimal constraints (blue) or minimal + LFV constraints (orange).

models still cannot explain the b — sytu~ and b — ct™0
anomalies.

B. U, LQ

1. Fit

For the U; LQ, we perform a fit to all the 2¢27
observables in Table I, again taking M;q =1 TeV.
There are two important details. First, for 7 — u¢ there
is only a 90% C.L. upper limit on its branching ratio of
8.4 x 1078, In order to incorporate this observable into the
fit, we take B(r — p¢g) = (0.0 +5.6) x 1078, Second,
note that the contribution to b — svv vanishes if g; =
g3 [see C/(NP) in Eq. (6)]. But this is precisely the
definition of the U; model [Eq. (12)], so there are no
constraints on the U; LQ from this process. This avoids
the problem that eliminated the S; and U; LQ models.
Similarly, the U; LQ does not contribute to J /i — pu*7F.
There are thus nine observables in the fit. As before, the
theoretical parameters are /iy, hy3, h3o and k33, so that the
d.o.f. is 5.

We find y7, om0, = 50, or x5, /d.o.f. = 1.0. This is
an acceptable fit, so we see that the U; LQ model does
provide an explanation of the B-decay anomalies.

Now, the observables depend almost exclusively on
products of the couplings:

TABLE II. U, LQ model: szin,SM +U, and the best-fit value of
hys for various values of 33, for Mg = 1 TeV.

hs; X 1211in.SM+U1 has

1.0 5.0 0.10 +0.04
0.5 5.2 0.26 £0.07
0.2 6.8 0.60 £+ 0.15
0.1 11.3 0.70 £ 0.20

b = sptu~: hyhy,
Veshsshos +Vephis,
h3yhas,
h33hs,
h33hs,

h23 h22 .

b—ctu:
BT — Kttu':
BT — Kttty :
Y(28) - p*r:
(13)

T ug:

The only term that depends on a single coupling is the h3
contribution in b — ¢z~ v. But since it is multiplied by the
small CKM matrix element V., its effect is small (unless
hs3 is quite large). And because only products of couplings
are involved, there is little information about the individual
couplings themselves.

This is illustrated in Fig. 1, where we show the allowed
95% C.L. regions in h33-h,3 space (left plot)3 and in f35-hy)
space (right plot). These regions are determined largely by
the b — ct™vand b — su™u~ data, respectively. When one
adds the LFV constraints, the allowed regions are reduced
in size, but are still sizable. The LFV constraints place
maximal values on some of the couplings: |hy| < 0.12,
|h3y| < 0.7, and hy; < 0.9. They also lead to hz3 > 0.1.

Some additional information can be learned by perform-
ing fits with fixed values of h35. In Table II, we present
X oinSM +y, and the best-fit value of /,; for various values
of hi;. We see that, as h3; decreases and /,3 increases,
)(lznin,SM +y, Increases. This indicates that the data prefer
larger values of /33 and smaller values of /.

But this all raises a question. In the fit, we have seen that
the LFV constraints put maximal values on some of the

’In order for the hij to be perturbative, we must have
h%j /4r < 1. To ensure this, we take the maximal value of the
couplings to be |h;;| = 1.
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couplings. Is this the only effect of the LFV observables?
The answer is no. Because the LFV processes of Eq. (13)
involve one of {/33, hy3} and one of {h3,, hy, }, they relate
portions of the h33-h,3 and hs-h,, regions. And, in fact,

these relations can be quite important.
To illustrate this, we note that the b — ¢z~ v data
imply h33/3=0.14+0.04=0(0.1) for My o = 1 TeV. To

A=(a,c): hyy=0(1.0), hy=0(
B=(b.c): hyy=0(0.1), hy=0(
C=(a.d): hy3=0(1.0), hy=0(
D=(b,d): hy3=0(0.1), hy=0(

We now repeat the fit, fixing the couplings hs; and
h,3 as per (a) or (b). In addition, the fit is performed
using (i) only the minimal constraints or (ii) the
minimal + LFV constraints. The allowed 95% C.L.
regions in hs3,-hy, space are shown in Fig. 2, with case
(a) on the left and case (b) on the right. If only minimal
constraints are used, there is no difference between (a)
and (b)—the allowed region is the same in both cases, and
scenarios A, B, C and D are all allowed. However, this
changes when the LFV constraints are added. For case
(a), the allowed region is greatly reduced: h3, and hy,
must both be rather small, and scenarios B and D are both
ruled out. On the other hand, the effect of the addition of
the LFV constraints is much less dramatic for case (b).
Most of the region allowed with minimal constraints is
still allowed, though scenario A is now ruled out. This

hgy =0(0.1), hyy =O(1.0)
Y= T

T
Minimal

= LFV

0.05

—-0.05

I I I I I I I
-0.4-0.3-0.2-0.1 0.0 0.1 0.2 03 04
h32

FIG. 2. Allowed 95% C.L. region in h3,-hy, space for {hs3, hys} = {0(0.1),

reproduce this, we consider two limiting cases: {/133,h,3} =
(a) {0.1,1.0} or (b) {1.0,0.1}. Also, the b — su*u~ data
lead to h3yhy = —0.0011 £0.0002 = 0(0.001). In the
same vein, we consider two limiting cases: {h3,,hy}=
(¢) {0(0.01),0(0.1)} or (d) {0(0.1), 0(0.01)}. These can
be combined to produce four rough scenarios for the four
couplings:

), hyp=0(001), hy=0(0.1),
), hp=0(0.01), hy=0(0.1),
)., hyp=0(0.1), hy=0(0.01),
), h3=0(0.1), hy=0(0.01) (14)

demonstrates the effect that the LFV constraints have on
the parameter space.

We have emphasized that previous analyses made the
theoretical assumption that the NP couples predominantly
to the third generation. This implies a large value of h35.
Now, above we noted that the data prefer larger values of
hsz. This suggests that, in fact, such a theoretical
assumption is not necessary—the data point in this direc-
tion. How does this come about? After all, the b — c77 D
constraints depend essentially on the product hs3/y;
[Eq. (13)]. So a small value of h33 can be compensated
for by a large value of h,;. However, we saw above that
such a scenario is disfavored by the LFV constraints.
Indeed, it is these LFV constraints that lead to the require-
ment of a large value of /33, in line with the theoretical
assumption.

hyy =O(1.0), hyy =0(0.1)
=

T
Minimal

= LFV

0.05

—0.05

I I I I I
-04-0.3-0.2-0.1 0.0 0.1 0.2 03 04
h32

0(1.0)} (left plot) or {hs3, hosz} = {0(1.0),0(0.1)}

(right plot), for M1y = 1 TeV. The region is shown for a fit with only minimal constraints (blue) or minimal + LFV constraints

(orange).
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2. Renormalization group equations

In Refs. [35,47], additional constraints were derived.
The starting point is the observation that the scale of NP,
A, is well above the weak scale v [e.g., A = O(TeV)]. Below
A, but above v, the physics is described by Lqy + Lnp. Here
Lyp is the effective Lagrangian obtained when the NP is
integrated out; it is invariant under the SM gauge group. In
Refs. [35,47], it was assumed that the dominant terms in Lyp
are the 2¢2¢ operators of Eq. (1), written in the weak basis,
with the NP coupling only to the third generation. Once
SU(2), x U(1)y is broken, the fermions acquire masses.
One transforms from the weak basis to the mass basis by
acting on the fermion fields with unitary transformations. In
the mass basis, the NP couplings are functions of these
transformations and the couplings in the weak basis.

Lyp 1s evolved from the NP scale A to the weak scale
using the one-loop renormalization group equations
(RGEs) in the limit of exact electroweak symmetry.
After performing a matching at the weak scale, it is further
evolved down to the scale of 1 GeV using the QED RGEs
and integrating out the heavy degrees of freedom.

This evolution has several effects. First, for the U; LQ
model, recall that the constraints from b — svv could be
evaded because g; = g;. However, this equality holds only
at the NP scale A. At lower energies, a nonzero value of
0g_ = g; — g3 is generated. This means that constraints
from B — K*)uo must be taken into account for U,.

Second, there is operator mixing during the RGE evolu-
tion. One of the effects is that the leptonic couplings of the
W= and Z° are modified. This can be understood as follows.
If one combines the SM decay Z° — gg with the NP process
qg —> ¢ iz? j» this corresponds to a (loop-level) NP contribu-
tionto Z° — £,/ ;. 1fi = j, thisis a correction to the coupling
of the Z° to charged or neutral leptons. And if i # j, this
generates a LFV decay of the Z°. There are similar effects for
the coupling of the Z° to quarks, and all this also holds for the
W=. However, since the leptonic couplings of the Z° are the
most precisely measured, the constraints from these mea-
surements are the most important.

Another effect of this operator mixing is that, at low
energies, when the W, Z, ¢, b and ¢ have all been integrated
out, one generates four-fermion LFV processes such as
T — 3u, T — pup and 7 — ux, as well as corrections to the
LFC decay v — ¢v,v,. In the case of v — 3y, this can be
understood as the combination of SM ggu™u~ and NP
qqut operators.

Two scenarios are examined in Ref. [35]: (i) g; = 0 and
lgs] <3, and (ii) g, = ¢,. It is argued that the new RGE
constraints are very important, particularly for scenario (i). In
Ref. [47], under the additional assumptions that the mass-
basis couplings obey /33 = 1, hys = hy, and hy, = h%3, it
was shown that the RGE constraints rule out scenario
(ii) entirely, mostly due to the constraints from 7 — Zvi.
(We note that the assumptions about the couplings

correspond to an extremely special case, where the trans-
formations from the weak to the mass basis are the same for
down-type quarks and charged leptons.)

We have several observations regarding the above RGE

analysis:

(1) The analysis of Refs. [35,47] is at the level of an
effective field theory (EFT). As such, the results of
this analysis are not necessarily applicable to all
models, since a given model may have additional
operators in Lyp. These extra operators may affect
the RGEs and the conclusions.

(i) As a specific example, the VB model has g; = 0,
and so one might think it is represented by scenario
(i) above. This is not true: the VB model also has
tree-level four-quark and four-lepton operators. In
particular, there is a tree-level contribution to
7 — 3p. In this case, the RGE generation of a
(loop-level) contribution to z — 3u is irrelevant.

(iii) A similar comment applies to the EFT analysis itself.
Much emphasis is placed on the RGE generation of
contributions to LFV processes such as 7 — 3u,
T — up, etc. However, all of these processes arise
due to the combination of a SM operator with the NP
operator (g;1.7,q,.)(fiy"7.). But the very existence
of this NP operator leads to tree-level LFV effects in
B — Ktu, © = u¢p, T — uz and J/w — ur. There
are stringent upper bounds on the branching ratios of
all of these processes (see Table I). The upshot is that
there is no need to consider the loop-level RGE
effects—the constraints on the NP operator coming
from these tree-level processes are stronger.

(iv) Finally, the EFT analysis also leads to NP contribu-
tions to LFC processes such as 720 — #+¢~, 70 —
vevp, and v — Zv v,. These processes are all mea-
sured quite precisely, so that, even though the NP
contributions are small (loop level), they can be
constrained by the measurements. While this con-
clusion is valid for the EFT, it does not necessarily
hold in a real model. Consider the U; LQ. It
contributes at one loop to all of these processes, so
that, once the NP is integrated out, there are new
operators in Lyp. Compared to the 2¢2¢ operators of
Eq. (1), they are indeed subdominant. However, they
are of the same order as the low-energy RGE effects,
so that there may be a partial cancellation between the
two contributions. The bottom line is that the RGE
constraints from LFC processes must be taken with a
grain of salt—they may be evaded in real models. (To
be fair, this is acknowledged explicitly in Ref. [47]).

Our conclusion is that, while the RGE analysis of
Refs. [35,47] is interesting, the results are suspect because
the tree-level LFV constraints have not been properly taken
into account. And even if they are, one has to be very
careful about taking its constraints too literally, as they may
not hold in real models.
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This said, in order to compare with previous analyses,
we apply the RGE analysis to our U; model, taking
My =1 TeV. In our general study, (i) we do not assume
that the NP couples only to the third generation in the weak
basis, and (ii) we work in the mass basis. In order to repeat
the RGE analysis, but with our setup, we use the programs
Wilson|[77]and £1lavio [78]. The RGE constraints arise
from the contributions to LFV 7 decays, Z-pole observables
and 7 - Cv, U, (€ = e, p). (Note that we have verified that
Wilson and flavio reproduce previous calculations of
the RGE constraints [47,50].)

In Fig. 3, we show the allowed 95% C.L. regions in
hs3-h,3 space (left plot) and in hs3,-h,, space (right plot),
when the RGE (green) or LFV (orange) constraints are
added to the minimal constraints." One sees from these
plots that, in general, the LFV constraints are more
stringent than the RGE constraints. For example, the
LFV constraints lead to |hy| <0.12, |hs,| <0.7, and
hy; £ 0.9, whereas the RGE constraints allow all of these
couplings to be as large as 1. Also, one has /33 > 0.1 with
the LFV constraints, while the RGE constraints allow this
coupling to be slightly smaller. The only coupling value for
which this behavior does not hold is the maximal value of
h33. The RGE constraints require 733 < 1.3, while the LFV
constraints allow much larger values. This said, such large
couplings are entering the nonperturbative regime, which is
why we previously imposed an upper limit of 1 on the

“We note that, if one compares Fig. 3 with the equivalent figure
in Ref. [50], the regions with RGE constraints do not look the
same. However, this is because different notations are used. We
vary the couplings h;; (ij = 22, 23, 32, 33), while the couplings
inRef. [50] are gy f;; (ij = 22,23, 32, 33), with 333 fixed to 1 and
the coupling constant g;; allowed to vary. If one takes into
account this change of notation, it is found that the region with
RGE constraints is very similar in the two analyses.

absolute value of all couplings. Thus, if one requires
|h;j| <1, the RGE constraints are irrelevant compared to
the LFV constraints.

3. B°-B? mixing

In Sec. III B 2 above, we saw that the U; LQ can contribute
at one loop to four-lepton operators, and there can potentially
be some constraints from the measurements of such proc-
esses. In the same vein, there can also be one-loop con-
tributions to four-quark processes. From the point of view of
constraining the U; model, the most promising four-quark
observable is BY-B? mixing. Does its measurement, charac-
terized by AM,, yield constraints on the U; LQ?

In the SM, the underlying quark-level process can be
accurately computed. However, there is a hadronic uncer-
tainty in converting this to the level of mesons. This is
described in detail in Sec. IV A, but here we summarize the

main points. The relevant hadronic parameter is f5 B B, =

(266 £ 18) MeV [79]. The central value is such that the SM
reproduces the measured value of AM ;. However, the error is
sufficiently large that there is some room for NP. As a
consequence, a small, loop-level NP contribution is allowed.
That is, there are no constraints on the U; LQ model from
BY-BY mixing.

Recently, the hadronic parameters were recalculated, and
larger values were found [80]. The implications for BY-B?
mixing were examined in Ref. [81]. It was found that the
central value of the SM prediction for AM; is now 1.8c
above its measured value. This led the authors of Ref. [81]
to observe that this poses problems for NP solutions of the
b — suTu~ anomalies. The point is that, regardless of
whether the NP is a Z’ or a LQ, the contribution to AM  has
the same sign as that of the SM. That is, the discrepancy
with measurement increases in the presence of NP.
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The problem is particularly severe for the Z', where the
contribution to BY-BY mixing is tree level, and hence large.
But it also applies to the LQ, whose contribution is
loop level.

If this new calculation is correct, it does indeed create
problems for NP solutions of the B anomalies. But it
also creates important problems for the SM. The SU(3)-
breaking ratio of hadronic matrix elements in the B? and B°
systems is well known: £ = 1.206 4+ 0.018 £ 0.006 [80]. If
the SM prediction of AM, is in disagreement with its
measured value, the same holds for AM, And this has
important consequences for fits to the CKM matrix [82].

Thus, the results of the new calculation of the hadronic
parameters may have important implications for the SM.
In light of this, we prefer to wait for a verification of the
new result before including it among the constraints on the
U, LQ model.

C. Predictions

Having established that the U; LQ model can explain
the B anomalies, the next step is to examine ways of testing
this explanation. To this end, here we present the predic-
tions of the model.

Above, we have emphasized the importance of the semi-
leptonic LFV processes B — K" u*t¥, 7= u¢p and
T — pr. To date, no such decay has been observed.
However, this may change in the future. For example,
the expected reach of Belle Il is B(BT — KTu*r¥) =
33 x 1078, B(T - ur7T) = 1.0 x 107" and B(z = u¢) =
1.5 x 107 [83]. Does the U; model predict that at least
one of these decays will be observed at Belle II?
Unfortunately, the answer is no. In Fig. 4, we show the
allowed 95% C.L. regions in hs3-hy3 space (left plot)
and in h3,-hy, space (right plot) for the case where no

1.0 T
: ®m  LFV(current)
LFV(future)

0.8] g

h23

04l %

0.2) N

0.0
0.0 0.2 0.4 0.6 0.8 1.0

LFV signal is observed, i.e., where the above reaches are
applied as upper limits. As can be seen from the figures,
although the allowed space of couplings would be reduced, it
is still sizable. That is, if the U; LQ model is the correct
explanation of the B anomalies, a LFV process may be
observed at Belle II, but there is no guarantee.

Other observables are more promising. The measure-
ment of R, corresponds to LFUV in b — ¢£~v,. The NP
effect is mainly for £ = 7z and is governed by V . 33543 +
Vcbh§3 [Eq. (13)]. One then also expects to observe LFUV
in b - u/ " v,, with the NP contribution proportional to
Vshishys + V,,h3;. Such an effect can be seen in B —
nlv, or B~ — v, decays [84]. The observables are

denoted R;/f’; and RZ_,” , respectively. Another process where
one expects significant NP effects is b — stt7~. Here the
decays are B —» K777z~ and BY — r+7~. Finally, there is
B — K®up, whose fermion-level decay is b — svb. As
discussed in Sec. IIIB2, at low energies there is a
contribution to this decay from the U; LQ, due to the
evolution of the RGEs. As noted in Sec. III B 2, one must
take this calculation with a grain of salt, since there may be
additional contributing operators at the NP scale.

The predictions for all these observables are shown in
Fig. 5 as a function of the value of R;)/f / (Rgf) sm»forMy g =
1 TeV. For all three observables, there may be a significant

enhancement compared to the SM predictions. R” and R7*
can be larger by as much as 40%, while B(B — K*)u0) may
be increased by 70% over the SM. As for B(B — K*)z"77)
and B(BY — t77), they can be enhanced by as much as three
orders of magnitude. This is consistent with the findings of
Refs. [27,44,54]. (The authors of Ref. [85] discuss using b —
stT1~ to search for NP

One key feature of Fig. 5 is that these predictions are
correlated with one another, and with the value of

0.20 T T T
: : : : m  LFV(current)
m  LFV(future)

0.05

& 0.00

—-0.05

-0.10

—0.15 ]

—-0.20 \ \ \ L I I I
-0.8-0.6 -0.4-0.2 0.0 0.2 04 0.6 0.8
h32

FIG. 4. Allowed 95% C.L. regions in h33-h,3 space (left plot) and h3,-h,, space (right plot), for M = 1 TeV. The regions are shown
for a fit with the minimal constraints + present LFV constraints (orange) or future LFV constraints (black).
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FIG. 5. Within the U; LQ model with M;q = 1 TeV, predic-
tions for observables as a function of the value of Rg/f / (R;)/f Jsm-
Observables © are R”* or RY* (blue), B(B — K®zt77) or
B(BY - t*77) (orange), and B(B — K*)up) (green). Quantities
plotted are O/Og)y; (blue and green) or [O/Ogy|/500 (orange).

R;)/f / (Rfj/f) )sm- The reason is that the NP contributions to
all four observables are either dominated by /hy3h33
(b — sttt™, b — sup) or have hy3h33 as the main compo-
nent (b — ¢~ vy, b — ut"v,). Now, R;)/f will be remeas-
ured with greater precision. If the deviation of its value
from the SM prediction is found to be large (small), the
deviations of the other observables from their SM pre-
dictions are also predicted to be large (small). This is a good
test of the U; LQ model.

IV. VECTOR BOSON MODEL

This model contains SM-like vector bosons (VB’s) that
transform as (1, 3, 0) under SU(3), x SU(2), x U(1)y.
The VB’s are denoted V = W', Z’. In the mass basis, the
Lagrangian describing the couplings of the VB’s to left-
handed fermions is

ALy = g;‘lj(QiL}'ﬂoleL)v/IA + gfj(l_‘iLyﬂgleL)V;lr (15)

Integrating out the heavy VB’s, we obtain the following
effective Lagrangian, relevant for 2¢2¢ decays:

q ¢
_9ij9u

Leff —
My

(Qirr*e' Q1) (Liry,0'Ly).  (16)
Comparing this with Eq. (1), we find

ijkl ijkl
G{" =0, Gy :—g?jgfl. (17)

As was done with the LQ models, we take the couplings
g?]?"ﬂ to be real, and assume that the VB couplings to the
first-generation leptons and down-type quarks are negli-
gible. In the quark sector, there are then three independent
couplings: ¢, gsp = gps and g,,,. Similarly, in the lepton
sector, the three independent couplings are g,,, g, = gz
and g,,. For the leptons, these couplings hold for either
component of the SU(2);, doublet. Thus, e.g., g,, =
9y,v, = 9u,- The quark sector is a bit more complicated
because the couplings to the up-type quarks involve the
CKM matrix [Eq. (2)]. For example, for the W’, this implies
e = Ves9sp + Vepgpy, Wwhile for the Z', we have
Gee = V%sgss + 2Vcsvcbgsb + Vghgbb’ etc. The goal of
our analysis is to determine the allowed ranges of the
six independent couplings.

A. Additional observables

In addition to 2¢2¢ operators, VB exchange also
produces four-quark (4¢g) and four-lepton (4£) operators
at tree level. In the mass basis, the corresponding effective
Lagrangian is

q .4
4q.4¢ 9ij9k1 , - ~
== (06! Q) (Qhry,0' Qi)

2My,

¢

9ii9k 5 =

- ) (LiLV”UILjL)(LkLYyGILlL)- (18)
2M5,

These contribute to five observables that yield important
constraints on the VB model: B%-BY mixing, neutrino
trident production, 7 — 3u, 7 — uv and D°-D° mixing.
The first three have been discussed in detail in
Refs. [39,69], and the fourth in Refs. [28,50]. The con-
sideration of D°-D® mixing is new. Below we summarize
the constraints.

1. B®-B? mixing
The SM contribution to BY-BY mixing is generated via a
box diagram, and is given by

NCWY (517"bL)(5LyubL)- (19)
The operators of Eq. (18) include
2

gs - -
2sz (SLr*bL)(5Ly,bL), (20)
v

which generates a contribution to B%-BY mixing.
Combining the SM and VB contributions, we define

2
— ng
NCy.. =NCWM, + , (21)
VIL " om?,

leading to
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2 N
AM = 3 mBXf%;l‘ Bp [INCyp]. (22)

Taking fB)_\/lASBY = (266 + 18) MeV [79], the SM
prediction is

AMSM = (17.4 £2.6) ps'. (23)

This is to be compared with the experimental measurement
[86]

AM, = (17.757 £0.021) ps~'. (24)

Treating the theoretical error as Gaussian, this can be turned
into a constraint on g, to be used in the fits:

Isb
My

= £(1.0739) x 1073 TeV~'. (25)

As noted in Sec. III B 3, there are more recent calcu-
lations of the hadronic parameters, and this is problematic
for NP solutions of the b — sy p~ anomalies, particularly
the Z' [81]. However, these new values for the hadronic
parameters also cause problems for the SM itself, and so, as
was done in the case of the U; LQ model, we will await
verification of this new result before including it among the
constraints.

2. Neutrino trident production

Neutrino trident production is the production of ™y~
pairs in neutrino-nucleus scattering, v,N — yﬂN/ﬁ,u‘. The
Z' contributes to this process. Including both the SM and
NP contributions, the theoretical prediction for the cross
section is [69]

OSM+NP 1 Vg \ 2
o T o1 2422 +—=n
OSM  |uN—uNuu~ 1+ (1 + 4SW) MV
1)2 2 2
+ <1 + 453, + M%‘ﬂ) } (26)
4

By comparing this with the experimental measurement [87]

Texp. — 0.82 4 0.28, (27)

OSM |uN—uNu*p~

one obtains the following constraint on g,, to be used
in the fits:

I _ 041,13 Tev-. (28)
My

3t-3u
The Lagrangian of Eq. (18) includes the operator

e i
- % (apr*er) ALy me) (29)

which generates the LFV decay 7 — 3u. Its decay rate is
given by

(YuuGue)* miz,
Yy (30)

16M%, 1927

B(rm »puutp ) =X

where X =~ 0.94 is a suppression factor due to the nonzero
muon mass [39].

At present, the experimental upper bound on the branch-
ing ratio for this process is [88]

Bz~ = pputu™) <21 x10% at90% C.L. (31)

This leads to

|9y Gz |
M,

<0.013 TeV~2. (32)

As we will see, when combined with the constraints from
the B anomalies and BY-BY mixing, this puts an important
bound on |g,./g,,!-

4. 7>

The Lagrangian of Eq. (18) also includes the operator

I (=9ue9ij + 294 9i) ALy L) Diryuvin),  (33)
v

which generates the decay © — pvw. The first term in the
coefficient is due to the tree-level exchange of a Z’, while
the second arises from W’ exchange. The SM also

contributes to this decay, but only for i =7 and j = p.
The decay rate is then proportional to

2
(_gﬁr + 29;4;4911)

I+
’ 2V2G M3,
!/

+ Zij=ﬂ,‘t‘

where the » i, . excludes (i, j) = (7, u).

The most stringent constraint arises from a LFUV
ratio of BRs. However, a complication arises because
there are two such ratios, B(r — pwv/u — evb) and
B(z — pvv/t — evw), and their measurements are not in

complete agreement with one another [89]:

2

: En

2V2Gp M5,

(=9ue9ij + 29,9i2)
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B(t — uwo)/B(t — pvi)gy

RY¢ = = 1.0060 =+ 0.0030,

Blu — evi) [Blu — evd)sy,
(33)

gite = BE= D) G036 + 0,002, (36)
&,B(r — evD)
where &, =0.9726 is the phase-space factor. The first
measurement disagrees with the SM by 26, while for the
second measurement, the disagreement is only at the level of
1.30. Both of these apply to the quantity in Eq. (34), and we
include both constraints in the fits.

As we will see, g, is quite small in the VB model. If it is
neglected in Eq. (34), one obtains the constraint

|Gy Gec| {0.049 +0.025 Tev=2, RY*

e o6
% 0.030 £ 0.023 TeV™=, R}

Conservatively, this gives |g,,9..|/M7 < 0.1 TeV~2.

5. D°-D° mixing

D°-D° mixing has been measured experimentally. It is
found that [90]

AMp = (0.9570:41) x 1072 ps~L. (38)

Within the SM there are two types of contributions to
D°-D° mixing. The short-distance contributions, governed
by the quark-level box diagrams, yield AMp =
O(107#) ps~! [91], too small to explain the data. The
long-distance contribution, from hadron exchange, is esti-
mated to be AMp = (1 —46) x 1073 ps~! [91]. Thus, it
can account for the measured value of AMp, though the
estimate is very uncertain.

We therefore see that AM, receives both short- and
long-distance contributions, but the latter are difficult to
compute with any precision. Thus, constraints on any NP
contributions should really focus on the short-distance
effects. In Ref. [92], all available data have been combined
to extract the fundamental quantities |M,| and |T'},|. Their
fit yields

|M 5% = (6.9 +2.4) x 1073 ps7!,
ITp,|%@ = (17.2 £2.5) x 1073 ps~!. (39)
|M ,|%%@ will be used to constrain the NP.

In the VB model, there is a contribution to D°-D° mixing
from the tree-level exchange of the Z’. We have

Hz’ _ (guc)2

off = m (Cryuur)(Erytur), (40)

where g, is the ¢;u; Z' coupling. This leads to

2

1 o | (Gue)?
M4 == 2B e
| 12| 3meD D ZM%,

(41)

To be conservative, we require only that |M,|% be less than
the experimental measurement of Eq. (39). Taking f, =
(212.15 4 1.45) MeV and Bj = 0.7540.03 [79], this
leads to

|9uc] £ 6.6 x 1074(My /1 TeV). (42)
Now,

Gue = VcbVZbgbb + (VCSVZb + VcbV;s)gsb + VcsVngss
~ (05 + 131) X 10_4gbb
+ (1.0 + 0.3i) x 102g,;, + 0.22g,,. (43)

(Note that, although g,;, g, and g, are real, g, is complex
due to the CKM matrix elements.) Applying the constraint
of Eq. (42) to each of the terms individually, we find

|9bb| <4.7(My/1 TeV),
95| < 6.3 x 1072(My /1 TeV),
|gss| <3x 10_3(Mv/1 TeV). (44)

Now, for My =1 TeV, |g,,| <1 has been imposed for
perturbativity, and |g,,| < O(1073) [Eq. (25)], so the above
bounds are irrelevant for these couplings. However, the
bound on |g,,| is important since it is the only constraint on
this coupling.

B. Fits

The VB model contributes at tree level to a large number
of observables, resulting in 15 constraints that must be
included in the fit (we do not consider the RGE constraints).
They are found in Table I (2¢2¢ observables, 11 constraints);
Eq. (25) (44, 1); and Egs. (28) and (37) (47, 3). In addition,
the condition of Eq. (32) must be taken into account. We now
perform a fit in which the six couplings are the unknown
parameters to be determined.

Before presenting the results of the fit, it is a very useful
exercise to deduce the general pattern of the values of the
couplings (throughout, My = 1 TeV is assumed):

(1) The constraint from BY-BY mixing requires |g,;,| <

0(1073) [Eq. (25)].

(2) Cy = —C) is proportional to g,g,,. The constraint
from the b — suu data leads to gy,9,, = —0.0011=+
0.0002. Since |gy| < O(1073), this then implies
that g, < O(1).

(3) The constraint from 7 — 3u [Eq. (32)] requires
|9, 9uz| < 0.013. Given that g,, < O(1), this im-
plies that [g,./g,,| < 1.
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(4) Since g,, is very small, the constraint of Eq. (37)
applies. And since g,, < O(1), this leads to |g,,| in
the range 0.01-0.1.

(5) Cy is proportional to (V.9 + Vepgpp)9e:- The
constraint from the R anomaly implies that
(VesOsp + Vergon)ger = 0.07 £ 0.02. Since |g|<S
(1072), the first term is negligible, so that the
V b 9pb 9. term dominates. (This is opposite to the
U, LQ, where the first term dominated.)

(6) C, is proportional to gy,(g,, + g;). In order to
evade the constraint from B — K™*)uo, we require
—0.014 < g3,(gu + 92z) £ 0.034.  However, be-
cause |gy,| < O(1073), this is always satisfied, so
there are no additional constraints on the couplings
from this process.

(7) Above we found |g,./g,,| < 1. For such small
values of g,,, there are no constraints from the
semileptonic LFV decays.

(8) The only constraint on g,, isin Eq. (44): |g,,|<3x 1073,

The key point is number 5 above. Recall that R;/(i:

B(B~— D% 0,)/B(B-—=DY¢0,)f=e, p. Assuming
that the NP affects mainly B~ — D™z 7., in order to
reproduce the measured values of R, we require both
gpp and g, to be large, O(1). However, from point 4, we
see that g,, is constrained to be quite a bit smaller. In light
of this, the NP contribution to the b — ¢z~v amplitude is
also small. The only way to generate an enhancement of
Ry is if the amplitudes in the denominator are sup-
pressed. Now, the NP can affect only B~ — D(*) Wby, with
a contribution proportional to V,gp;9,,. Since both g,
and g,, are O(1), this contribution can be important,
leading to a suppression only if g,,g,, < 0. On the other
hand, if such an effect were present, it would lead to a

large value of R%* /(R%/")sy. and this is not observed (see
Table I). This constraint limits the size of the NP
contribution to B~ — D™yu~p,. The bottom line is that,
while this general VB model can lead to an enhancement
of R, over its SM values, it cannot reproduce the
measured central values of R, . This will necessarily
increase the y? of the fit.

After performing the fit, we find 2, g\, v = 15. Since
the d.o.f. is 10 (15 constraints, 5 independent couplings,
since we have only a single constraint on g,,), this gives
;(Iznin /d.o.f. = 1.5, which is a marginal fit. But we under-
stand where the problem lies: the VB model cannot explain
the measured central values of R . In fact, the typical
value of R that is generated in this model is roughly 2¢
below the measured values. As such, the observables
Rf)/f / (RTD/f’)SM and Rj)/f/ (RZK)SM contribute y*> ~ 8 by
themselves t0 y2. sviiva-

Even so, we do not feel that this VB model should be
discarded. After all, it can simultaneously explain anoma-
lies in b — su™u~ and b — ¢t~ transitions. Obviously, if

future measurements of R ., confirm the present size of the
discrepancy with the SM, the VB model will be excluded.
However, if it turns out that the central values of R, are
reduced, the VB model will be as viable an explanation as
the U, LQ model. For this reason, in what follows we refer
to this VB model as semiviable.

The best-fit values of the couplings are

G =—0.9520%.  9,,=0.0£0.018, g, =-0.0391001.
Gpp=0.85707, g =(1.1109)x 1073, |g,,| <3x1073,
(45)

for My, = 1 TeV. We have several observations. First, as
was the case with the U; LQ model (Sec. IIIB 1), the
couplings are very poorly determined in the fit. This is
again because the observables depend almost exclusively
on products of the couplings, and so yield only imprecise
information about the individual couplings. Even so, these
values and errors indicate the size of the couplings, and
these agree with our rough estimates above.

Second, we note that g, is quite small. Indeed, after
performing a scan over the parameter space, we find that
|9e/ Guu) < 0.1 (95% C.L.). Now, the two previous ana-
lyses [39,50] made the assumption that the NP couples
predominantly to the third generation. The couplings
involving the second generation obey a hierarchy
|can| < |€23], |e3a| < |e33], where the indices indicate the
generations. To be specific, these analyses have
|9ue/ 9uu] > 1. But this is in clear disagreement with the
data, so that the VB model is excluded as an explanation of
the b — su"yu~ and b — ¢t~ anomalies. On the other
hand, as we have seen above, the general VB model is
semiviable. We therefore conclude that its exclusion by the
previous analyses is directly due to their theoretical
assumption about the NP couplings.

In the interest of accuracy, it must be said that this was
not the argument used by previous analyses to exclude the
VB model. For example, in Ref. [50], the breaking of the
U(2), x U(2), flavor symmetry led naturally to values of
0(0.1) for gy,. [This in turn implies a small value for g,,.
With g,, ~0.1 and g,, ~0.01, the authors found that the
constraint from 7 — 3u was satisfied [we agree; see
Eq. (32)]]. Of course, such large values of gy, are in
conflict with the constraints from BY-BY mixing [Eq. (25)].
However, the authors of Ref. [50] focused on the 2¢2¢
observables, and found that the B - K®up and RGE
constraints ruled out the VB model.

Above, we found values for the couplings of the general
VB model that render it semiviable. We would like to
understand the origin of this pattern of couplings. As we
have seen, g,. is predicted to be very small. Ideally, we
would like a small value of g,, to be the result of a
symmetry. Now, it is often asserted that, if a model violates

’

015007-15



KUMAR, LONDON, and WATANABE

PHYS. REV. D 99, 015007 (2019)

lepton flavor universality, it will also lead to lepton flavor
violation.” However, this is not necessarily true. In
Ref. [27], it is pointed out that it is possible to construct
models that violate LFU, but do not lead to sizable LFV.
This occurs when minimal flavor violation [94-98] is used
to construct the model. Perhaps this VB model is of
this type.

C. LHC constraints

ATLAS and CMS have examined pp collisions
at \/s = 13 TeV and searched for high-mass resonances
decaying into lepton pairs [99,100]. In the VB model,
it is a reasonable approximation to consider only the Z’
couplings to bb and utu~ [see Eq. (45)]. In this case, the
relevant process is bb — Z' — u*u~. Using this process,
and assuming M, = 1 TeV, the nonobservation of reso-
nances at the LHC puts the following constraint on the
couplings:

2 2
I 5y 10 (959 CL). (46)
6.09%1) + 29

Now, this constraint holds at the TeV scale. Since we want
to apply it to processes at low energies, i.e., the scale of
my,, in principle renormalization group effects should be
taken into account. Such effects have been examined in
Refs. [16,101] and have been found to be small for this
process. We therefore neglect them in what follows.

In Fig. 6 we show the allowed regions in (g, g,,,) space
from the flavor and LHC constraints. At 1o in the flavor
constraints, the regions do not overlap. However, the 2o
region does overlap, suggesting that the VB model might
be viable. In order to quantify this, we include the LHC
result in the fit by converting the 95% C.L. UL of Eq. (47)
to a bound of 0 + UL/2:

1162,
I 00 155% 107, (47)
6.09;;, + 294,

Now we find y2; ovvp=19.3. The d.of. is 11 (16 con-

straints, 5 independent couplings), so that y2. /d.o.f. =
1.8, which is a poor fit.

We are forced to conclude that, in the end, the VB model
is excluded as a possible combined explanation of the b —
sutp~ and b — c7™v anomalies. We stress that this con-
clusion is independent of any assumption about the NP
couplings. It is found simply by taking into account all the
flavor constraints and the bound from the LHC dimuon
search.

>This was the main point of Ref. [93]. To illustrate this, the
scenario of NP that couples only to the third generation in the
weak basis was used.

Mz = 1TeV

LHC bound

-3 2 |
Gpp

FIG. 6. Allowed regions in (g, g,,) space from flavor and
LHC constraints, assuming M, = 1 TeV. The 1¢ and 26 flavor
bounds are shown respectively in the dark and light orange
regions. The 95% C.L. LHC bound is shown in the red region.

There is one possible loophole. If the Z’ has additional,
invisible decays, perhaps to dark matter [102], the LHC
constraints can be evaded. In this case, the VB model would
still be permitted.

V. CONCLUSIONS

At the present time, there are a number of measurements
that are in disagreement with the predictions of the SM. The
observables all involve the quark-level transitions b —
sutu~ or b — ¢t~ 0. It was shown that, theoretically, both
anomalies could be explained within the same new-physics
model, and four possibilities were identified. There are
three leptoquark models (S3, Uz, U;) and the VB model,
containing SM-like W' and Z’ vector bosons. These four
NP models were examined in recent analyses, under the
theoretical assumption that the NP couples predominantly
to the third generation, with the couplings involving the
second generation subdominant. It was found that, when
constraints from other processes are taken into account, the
S3, U5 and VB models cannot explain the B anomalies, but
U, is viable. However, this raises the question, to what
extent do these conclusions depend on the theoretical
assumption regarding the NP couplings? In this paper,
we reanalyze the models, but without any assumption about
their couplings.

In LQ models, there are new tree-level contributions to
semileptonic processes involving two quarks and two
leptons. Now, several of the B anomalies violate lepton
flavor universality, suggesting that any NP explanations
may also lead to lepton-flavor-violating effects. And
indeed, there are several 2¢2/7LFV processes: B —
KWyu*t¥, 7 > u¢p, T — pr and J/w — pr. However,
these were not fully taken into account in previous
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analyses. We find that constraints from these processes are
extremely important.

For the LQ models, we show that, even if the LFV
constraints are not applied, S; and U; cannot explain the
B-decay anomalies. On the other hand, U, is a viable
model. The problem is that, while products of the LQ
couplings are found to lie in certain ranges of values, there
is very little information about the individual couplings
themselves. This is greatly improved when the LFV
constraints are added. We find that the region of allowed
couplings is greatly reduced, and is similar to (though
somewhat larger than) that found when the NP couples
predominantly to the third generation. That is, the exper-
imental data suggest a pattern of LQ couplings similar to
that of the theoretical assumption.

The LFV constraints have an additional effect. The scale
of NP is well above the weak scale. When the NP is
integrated out, this produces Lyp, which contains effective
four-fermion operators. It is assumed that these are domi-
nated by the 2¢g2¢ operators that contribute to b — su™pu~
or b — c¢t~p. When the full Lagrangian, Lqy + Lnp, 18
evolved to low energies using the renormalization group
equations, this produces new operators and corrections to
SM operators. It has been argued that all of these effects
lead to additional, important constraints on the NP, and
reduce the region of allowed couplings. In this paper, we
point out that these constraints are not rigorous. In real
models, Lyp may contain additional operators, both dom-
inant and subdominant, that can change the conclusions of
the RGE analysis. But even if one accepts the RGE
constraints, we show that, if one requires |/;;| < 1 (so that
the couplings remain perturbative), the LFV constraints,
which were ignored in the RGE discussion, lead to a much
larger reduction of the allowed region of NP couplings.
That is, the RGE constraints are unimportant.

The U; LQ model is therefore a viable candidate for
simultaneously explaining the b — su™u~ or b - ct™b
anomalies. If correct, observable effects in other processes
are predicted. In particular, the violation of lepton flavor
universality in B — nfv, or B~ — £v, decays may be
enhanced over the SM by as much as 40%. B(B — K")up)
may be increased by 70% over the SM. And B(B —
K®¥z+77) and B(BY - 7777) may be enhanced by as
much as three orders of magnitude. Most importantly, these
predictions are correlated with one another, and with the

value of Rgfﬂ / (R;‘J/f) sm- This is a good test of the U; model.

For the VB model, the conclusions are quite different
than for the LQ models. First, there are also tree-level
contributions to four-quark and four-lepton observables,
and these lead to important additional constraints on the
couplings (values are given assuming My = 1 TeV). In
particular, the constraint from BY-B? mixing implies that
|95 < (1072). In turn, in order to explain the b — sy u~
anomaly, g,, < O(1) is required. Finally, in order to evade
the constraint from 7 — 3u, g,, must be sufficiently small.
We find that, when all constraints are applied to the VB
model, |g,./g,,| <0.1 is required. If the NP couples
predominantly to the third generation, it is found that
the Z' couplings involving the second-generation leptons
obey |g,.| > |g,,|- This clearly rules out the VB model with
the above theoretical assumption about its couplings.
(Previous analyses also ruled out the VB model, but for
other reasons.)

Another process to which VB contributes at tree level is
7 — uvy, and the constraints are very stringent. Given that
Guu S O(1), they lead to a value for |g,| in the range
0.01-0.1. The NP contribution to B~ — D)z~ is propor-
tional to g,,9,.. Even though g,, = O(1), such a small
value of |g,.| leads to a small NP effect, and makes it
impossible to reproduce the measured central values of
Rp». There is an enhancement of R, (due to a sup-
pression of B~ — D(*),u‘liﬂ), but it is smaller than what is
observed. Thus, the VB model would be viable only if
future measurements find that the central values of R ) are
reduced.

Now, the process bb — Z' — u*u~ leads to the produc-
tion of high-mass resonant dimuon pairs in p p collisions at
/s = 13 TeV. Unfortunately, since both g, and g,, are
<O(1), this leads to a production rate larger than the limits
placed by ATLAS and CMS. The only way to evade this is
if the Z' has additional, invisible decays. If this does not
occur, the upshot is that, in the end, the VB model is
excluded as a possible combined explanation of the B
anomalies. However, this conclusion is not the result of any
assumption about the NP couplings. Rather, it is found
simply by taking into account all the flavor constraints and
the bound from the LHC dimuon search.
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