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ABSTRACT: In a recent paper we studied the effect of new-physics operators with different
Lorentz structures on the semileptonic Ay — A.77, decay. This decay is of interest in light
of the R(D(*)) puzzle in the semileptonic B — D)7, decays. In this work we add tensor
operators to extend our previous results and consider both model-independent new physics
(NP) and specific classes of models proposed to address the R(D™)) puzzle. We show that
a measurement of R(A.) = B[Ay, — A.77]/B[Ay — Acliy] can strongly constrain the NP
parameters of models discussed for the R(D™)) puzzle. We use form factors from lattice
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form factors here.
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1 Introduction

A major part of particle physics research is focused on searching for physics beyond the
standard model (SM). In the flavor sector a key property of the SM gauge interactions is
that they are lepton flavor universal. Evidence for violation of this property would be a
clear sign of new physics (NP) beyond the SM. In the search for NP, the second and third
generation quarks and leptons are quite special because they are comparatively heavier and
are expected to be relatively more sensitive to NP. As an example, in certain versions of the
two Higgs doublet models (2HDM) the couplings of the new Higgs bosons are proportional
to the masses and so NP effects are more pronounced for the heavier generations. Moreover,
the constraints on new physics, especially involving the third generation leptons and quarks,
are somewhat weaker allowing for larger new physics effects.

The charged-current decays B — D™/~ 7, have been measured by the BaBar [1],
Belle [2, 3] and LHCb [4] Collaborations. It is found that the values of the ratios R(D®*)) =



B(B — D®r~1,)/B(B — DY"){~ 1), where £ = e, ui, considerably exceed their SM pre-
dictions.

This ratio of branching fractions has certain advantages over the absolute branching
fraction measurement of B — D® 7y decays, as this is relatively less sensitive to form
factor variations and several systematic uncertainties, such as those on the experimental
efficiency, as well as the dependence on the value of |V|, cancel in the ratio.

There are lattice QCD predictions for the ratio R(D)gy in the Standard Model [5-7]
that are in good agreement with one another,

R(D)sy = 0.299 +£0.011  [FNAL/MILC], (1.1)
R(D)sy = 0.300 +0.008  [HPQCD]. (1.2)

These values are also in good agreement with the phenomenological prediction [8]

R(D)sy = 0.305 + 0.012, (1.3)

which is based on form factors extracted from experimental data for the B — D/v differ-
ential decay rates using heavy-quark effective theory. See also ref. [9] for a recent analysis
of B — D form factors using light-cone sum rules.

A calculation of R(D*)gy is not yet available from lattice QCD. The phenomenological
prediction using form factors extracted from B — D*{ experimental data is [10]

R(D*)sp = 0.252 4 0.003. (1.4)

The averages of R(D) and R(D*) measurements, evaluated by the Heavy-Flavor Av-
eraging Group, are [11]

R(D)exp = 0.397 4 0.040 4 0.028, (1.5)
R(D*)exp = 0.316 = 0.016 = 0.010, (1.6)

where the first uncertainty is statistical and the second is systematic. R(D*) and R(D)
exceed the SM predictions by 3.30 and 1.90, respectively. The combined analysis of R(D*)
and R(D), taking into account measurement correlations, finds that the deviation is 4o
from the SM prediction [11, 12].

Since lattice QCD results are not yet available for the B — D* form factors at nonzero
recoil and for the B — D tensor form factor, we use the phenomenological form factors
from ref. [8] for both channels in our analysis. For B — D, we have compared the phe-
nomenological results for fy and f; to the results obtained from a joint BGL z-expansion
fit [13] to the FNAL/MILC lattice QCD results [6] and Babar [14] and Belle experimental
data [15], and we found that the differences between both sets of form factors are below 5%
across the entire kinematic range. The constraints on the new-physics couplings from the
experimental measurement of R(D) obtained with both sets of form factors are practically
identical.



We also construct the ratios of the experimental results (1.5) and (1.6) to the phe-
nomenological SM predictions (1.3) and (1.4):

. R(D)

Ratio S\ Jexp
= =130+0.1 1.

R% D) 30 £ 0.17, (1.7)

i ( *)
Ratio exp

0= = 1.25 £ 0.08. 1.
R% guﬁm 5+0.08 (1.8)

There have been numerous analyses examining NP explanations of the R(D(*)) mea-
surements [8, 16-31]. The new physics involves new charged-current interactions. In
the neutral-current sector, data from b — sfT/¢~ decays also hint at lepton flavor non-
universality — the so called Rx puzzle: the LHCb Collaboration has found a 2.6 devia-
tion from the SM prediction for the ratio Rx = B(BT — Ktutu™)/B(BT — Ktete™)
in the dilepton invariant mass-squared range 1GeV? < ¢ < 6 GeV? [32]. There are also
other, not necessarily lepton-flavor non-universal anomalies in b — s/T¢~ decays, most
significantly in the B® — K*9u% ;= angular observable P! [33, 34]. Global fits of the ex-
perimental data prefer a negative shift in one of the b — su™p~ Wilson coefficients, Cyg [35].
Common explanations of the b — ¢7~ 7, and b — syt~ anomalies have been proposed in
refs. [31, 36-40].

The underlying quark level transition b — ¢~ 7, in the R(D™)) puzzle can be probed
in both B and A, decays. Recently, the decay A, — A.70, was discussed in the standard
model and with new physics in refs. [41-47]. Ay, — A 70, decays could be useful to confirm
possible new physics in the R(D(*)) puzzle and to point to the correct model of new physics.

In ref. [43] the following quantities were calculated within the SM and with various
new physics operators:

B[Ab — ACTDT]
R(A) = 57— 1.9
( C) B[Ab — Acgﬁg] ( )
and
dF[Ab—>ACTI77—]
2y _ dq?
Ba.(q7) = PSR (1.10)
dq?
where ¢ represents p or e. In this paper we work with the ratio Rﬁj‘“o, defined as
SM+NP
RRatlo _ R(AC) (111)
R(AC)SM
We also consider the forward-backward asymmetry
1, 2 2 0 /42 2
(d°T"/dg*d cosO;) dcos b, — [~ (d*T'/dg*d cos0;) dcos b,
Arg(¢°) = Jo /o : (1.12)

dl/dg?

where 6. is the angle between the momenta of the 7 lepton and A, baryon in the dilepton
rest frame.



This paper improves upon the earlier work [43] in several ways:
e We add tensor interactions in the effective Lagrangian.

e Instead of a quark model, we use form factors from lattice QCD to calculate all
Ay — A7, observable. The vector and axial vector form factors are taken from
ref. [48], and we extend the analysis of ref. [48] to obtain lattice QCD results for the
tensor form factors as well.

e In addition to R(A.) and By, (q?), we also calculate the forward-backward asymme-
try (1.12) in the SM and with new physics.

e We include new constraints from the B, lifetime [47, 49, 50| in our analysis.

e In addition to analyzing the effects of individual new physics-couplings, we study
specific models that introduce multiple new-physics couplings simultaneously. We
consider a 2-Higgs doublet model, models with new vector bosons, and several lepto-
quark models.

The paper is organized in the following manner: in section 2 we introduce the effective
Lagrangian to parametrize the NP operators and give the expressions for the decay distri-
bution in terms of helicity amplitudes. In section 3, we present the new lattice QCD results
for the tensor form factors. The model-independent phenomenological analysis of individ-
ual new-physics couplings is discussed in section 4, while explicit models are considered in
section 5. We conclude in section 6.

2 Formalism

2.1 Effective Hamiltonian

In the presence of NP, the effective Hamiltonian for the quark-level transition b — ¢~ 0,
can be written in the form [51, 52]

GrVa (. _ _ _
Her = f}i b{ [Cvu(l = 75)b + 9171 = 75)b + grevu(l + 75)6} Y (1 = 5)vr

+ [ggéb + gp675b]%(1 —Y5)vr + |greot” (1 — 75)b} Touw (1 —y5)vr + h.c}, (2.1)

where G is the Fermi constant, V,; is the Cabibbo-Kobayashi-Maskawa (CKM) matrix
element, and we use o, = i[y,,7,]/2. We consider that the above Hamiltonian is written
at the my energy scale.

If the effective interaction is written at the cut-ff scale A then running down to the
my scale will generate new operators and new contributions, which have been discussed in
refs. [53, 54]. These new contributions can strongly constrain models but to really calculate
their true impacts we have to consider specific models where there might be cancellations
between various terms.

The SM effective Hamiltonian corresponds to g;, = gr = g5 = gp = gr = 0. In
eq. (2.1), we have assumed the neutrinos to be always left chiral. In general, with NP



the neutrino associated with the 7 lepton does not have to carry the same flavor. In the
model-independent analysis of individual couplings (section 4) we will not consider this
possibility. Specific models will be discussed in section 5.

2.2 Decay process

The process under consideration is

Ap(pa,) = 77 (pr) + Pr(Po,) + Ac(pA.)-

The differential decay rate for this process can be represented as [23]

dr _ GE|Va|? - m?\ V@i Q- ZZ MO P2 (2.2)
dq?d cos 0, 204873 q> m3 Al :
b >\Ac >\7'
where
q = PA, — PAc; (2.3)
Qx = (ma, £ma.)? — ¢, (2.4)
and the helicity amplitude Mi; is written as
Ar S A 1A (T)A A
ML, = HA/i,AT:O + Z 77/\H§\/AC,)\L)\ + Z??A??NHAAC,QS,LM,. (2.5)
A AN

Here, (A, \) indicate the helicity of the virtual vector boson (see appendix A), Ay, and
A- are the helicities of the A, baryon and 7 lepton, respectively, and ny = 1 for A =t and
ny = —1 for A =0, £1.

The scalar-type, vector /axial-vector-type, and tensor-type hadronic helicity amplitudes
are defined as

SP S P
HY| a0 = HY, =0+ H), x=o0
HY 5o = gs (M| eb|Ay),
HY, aoo = gp (Ac| Esb |Ay) (2.6)
VA Vv A
Hyoon = Hayox = Hy,

HY, \ = (14 g1+ gr) €"(N) (Ac| &b [As),

H{ = (14 g1 - gr) €*(N) (Al 9,95 |y, (2.7)
and
T
Hifl)iib = gr €N (N) (Ac| Ciopwb |Ap)
HI% = gr @m0 (V) (A 6,15 [ As) (2.8)



The leptonic amplitudes are defined as

LM = (tv7| T(1 = 75)v7 0)
LiT = E'u()‘) <T’7'r| 717#(1 - '75)1/7 |0> ;

Li,r)\’ = _ieu()‘)gj()‘/) <7—177" 7_—(7;”/(1 - 75)7/7— ‘0> . (2.9)

Above, e are the polarization vectors of the virtual vector boson (see appendix A). The
explicit expressions for the hadronic and leptonic helicity amplitudes are presented in the
following.

2.2.1 Hadronic helicity amplitudes

In this paper, we use the helicity-based definition of the Ay — A, form factors, which was
introduced in [55]. The matrix elements of the vector and axial vector currents can be
written in terms of six helicity form factors F.y, F\, Fy, G4+, G, and Gy as follows:

n
(Ael 27D ]As) = T, [Fo<q2><mAb - ma )%z

ma, + ma, q"
-|-F+(q2)bQ7+ (Plf\b +pxc - (m?\b - m?\c)q2>
FL(@) (= 2 200 2.10
+F(¢°) (- Y (2.10)

n
(o] 1950 [As) = —in, 5 [Go<q2><mAb )G

ma, — MA, q"
+Gy(¢?)— (pib +ph, — (m¥, — mﬁc)2>
Q- q
+G1(q7) (" + 3] Py, — 0 D, | | UA,- (2.11)

The matrix elements of the scalar and pseudoscalar currents can be obtained from the
vector and axial vector matrix elements using the equations of motion:

_ Qu _
Acleb|Ay) = ——— (A ey'b |A
(Aclcb|As) mb—mc< | ev"b | As)

= Fo(¢*)—>—— up,up,, (2.12)

- Qu ~
A A) = —— (A K A
(Ac| evsb|Ayp) mb+mc< c| ey s | Ay)

mp, +ma

= Go(¢”) —— SUAY5UN, - (2.13)
(&



In our numerical analysis, we use my = 4.18(4) GeV, m, = 1.27(3) GeV [56]. The matrix
elements of the tensor currents can be written in terms of four form factors hy, h, hy, h,

nov v oM
PAPA, — PA P,

Q4
mp, +ma 1 1
+hy(g? (b 7"y’ — ¢’y —2<+> P ph, — Pa,Ph >
(q7) 7 ( ) 2 o; (PA, PR, — PAPA,)
9

() (w - o (ma R =P ")

(Ac| cictb|Ap) = T, [2h+(q2)

—ma, Py, — PR, ") + P, PR — pr‘L))

_@L(q?)w(( 2

20 m3, —mx, — )"k, —7'Ph,)
—(m}, —mX, + ) (V"'Pr. —7'Ph.) + 2(ma, —ma,) (PR, PR, — pﬁbpic))} up,. (2.14)

The matrix elements of the current ¢ioc#”~5b can be obtained from the above equation by
using the identity

oY s — _%ewaﬁaaﬁ. (2.15)

In the following, only the non-vanishing helicity amplitudes are given. The scalar and
pseudo-scalar helicity amplitudes associated with the new physics scalar and pseudo-scalar

interactions are

SP_ VQ+ VQ-
Hyjpo = Fogsm(mm, —ma,.) — Gogp T (ma, +ma,),  (2.16)

sp_ VQ+ VQ-
HZ 0 = Fogsm(mm, —ma,) + Gogp T (ma, +ma.).  (2.17)

The parity-related amplitudes are
S S
H>\Acy>\NP = H_AAU_)\NP’

HfACJ\NP = _Hf)\ACﬁANP' (2‘18)

For the vector and axial-vector helicity amplitudes, we find

Q-

ﬁ

H1V/124,0 = F+(1+gL +gR) m(mAb +mAc)
G (4 g1 - gr) Y (ma, — ), (2.19)

&

HYjy 1 = —F1(1+ 90+ 9r)V2Q— + GL(1+ g1 — gr)/2Q+, (2.20)
n

Hyj}, = Fo(1+ gL+ gr)

(mAb - mAc )

5%

—Go(1+9L — 9r) (ma, +ma,), (2.21)

&
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HYﬁZ,O = F+(1+9L+9R) \/q7 (mAb +mA )
V&
+G4+(1+ 9L — 9r) \/q»;r (ma, —ma,), (2.22)
HY{}2,71 = —-F (1+g.+9r)vV2Q- -G (1+gr—9r)V2Q+, (2.23)
HY{)y, = Fo(1+ 91+ gR) \/\/Czj;r(msz —ma.)
+Go(1+ 9L — gr) \/Q—2 (ma, +ma,). (2.24)
q
We also have the relations
H)“/Acy)\w = H‘_/)\Acy_Aw’
H{, s, = —HA o (2.25)
The tensor helicity amplitudes are

HOHS = —ar [ —hi Q-+ hy \/@] (2.26)
H(fl)/i/f =gr [h+\/Qi+ﬁ+\/@}, (2.27)
g1 _ V2 " O+ h /o] 595
+1/2,t41 — _gTﬁ I L(m/\b +ma, )V Q- + L(mAb —ma,) Q+_7 (2.28)
g g V2 VO —h Voi|. (229
—1/24-1 — —gT\/? i L(ma, +ma )/ Q- — hi(ma, —ma,) Q+_, (2.29)
gD-1/2 V2 -h \/7 7 \/— 9,30
+1/2,0,4+1 — _gT\/qﬁ ] J-(m/\b =+ mAc) Q-+ J_(mAb - mAC) Q+_, ( . )
FOH2 V2 h ; -
-1/2,0,—1 — gT\/qﬁ[ L(ma, +ma )V Q- — hi(ma, —ma,)y Q+}a (2.31)

T ~
H-(i-l)/erl-i{f 1T 9T [th\/ Q- +hyv Q+} ; (2.32)
H(_ji)/g 1ﬁ = —gr [h+ V@- — ﬁ+ \ Q+}- (2.33)

The other non-vanishing helicity amplitudes of tensor type are related to the above by

Hy, 3= —Hy v (2.34)



2.2.2 Leptonic helicity amplitudes

2
v:’/l—%. (2.35)

The scalar and pseudoscalar leptonic helicity amplitudes are

L2 = 2\/q?v, (2.36)
L7Y2 =, (2.37)

In the following, we define

the vector and axial-vector amplitudes are

LE/Q = 4+v2m, v sin(6,), (2.38)
L% = —2mv cos (6,), (2.39)
LY = 2mpv, (2.40)
L7 = /220 (1 cos(65)), (2.41)
Ly'? = 24/¢2v sin (6,), (2.42)
L7'? =, (2.43)

and the tensor amplitudes are
Lfili/lz = —/2¢%v sin(6,), (2.44)
LI}’/; = Fv/2¢%v sin(0;), (2.45)
L% = LH2) = —2/¢%0 cos(d,), (2.46)
Lot = FV2m.v (1 £ cos(6,)), (2.47)
LV = —V2mev (1 £ cos(6,)), (2.48)
L% = L3 = 2m.v sin(6,). (2.49)

Here we have the relation

Ly = =Ly, (2.50)

The angle 6, is defined as the angle between the momenta of the 7 lepton and A. baryon
in the dilepton rest frame.
2.3 Differential decay rate and forward-backward asymmetry

From the twofold decay distribution (2.2), we obtain the following expression for the dif-
ferential decay rate by integrating over cos 0 :

dP(Ab — ACTET) _ G%"‘/Cb‘Q q2 \ Q+Q— 1_ m772' ’ AVA + @AVA + §ASP
dq? 38473 m3, q? ! 2¢2 2 273
2m2 3m 6m
+2 <1 + 2T>A4T + ;AE)VA—SP + —;AgA—T , (2.51)
q V4q Vq




where

A4 = |H 1/2 oal” + |H1/2 ol” + |Hv1/2 ol + |H_1/2 P

AyA = ‘H1/21‘2+‘H1/20|2+|H 1/20‘2““[{ 1/2, 1’2+3’Hl/2t‘2+3‘H 1/2t‘2

Agp |H 1/2 fol? + |HS1/2 ol
=+ P O 1O P ) 4
[ HE 1/21/2 + H(_1/21/02‘2
AYA=SP = Re (Hf/gfo H1/2t +HS1/20 20ty Z1)2.0):
AV = RelHY 0 (Hyjp 5y Hyjoyo)) + RelHY 3 (B oo} + Hyjo 1))+

VA (T)—-1/2 (T)—-1/2 V Ax (T)1/2 (T)1/2
Re[H—1/§,0(H_1/2, L HI 040 )]+ Re[H—1/2,—1(H—1/2,—1,0 + H—1/2,t,—1)]'
(2.52)
Here, and A;/A are the (axial-)vector non-spin-flip and spin-flip terms respectively,

Agp and A4T are the pure (pseudo-)scalar and tensor terms respectively; and A}r)/A_S P and
Ag A=T are interference terms. The scalar-tensor interference term is proportional to cos 6,

VA
Al

and vanishes after integration over cos 0.
For the forward-backward asymmetry (1.12) we have

dr\ ' GAV2 25 0- m2\ 2 2m? 4m?

2y FVeb + VA VA |

AFB(q ) = <dq2> 5127:3 m?\ (1 - q27—> |:Bl 2732 TB3 +
b

%;;»;BXA—SP + Zf;;%BVA—T + 436913—T}7 (2.53)
where
= [HYj3 1P = [HY ) I,
= RQ[HY/;;HUQ o™t HV{% tH—1/2 e
|H1/2 011/2 + HSQ);VQF |H 1/12/2 1,0 + H( 1)/12/1:2 |2’
BVA 5F Re[Hf/gfoHlv/é,o + HSl/Q oH 1/2, 0]
BYATT = RelHY (Y % |+ HY 00+ RelH 5 (UG 4+ ) )
+Re[HY (s (HU Y+ HO U = RelHY s (HY)2, o+ HYSE ),
B = RelH{fo(Hyjp 3+ Hyja o)) + RelH o (HO)S 0+ HU D). (2.54)

There is no contribution from pure (pseudo-)scalar operators to the forward-backward
asymmetry, but all possible interference terms are present.

,10,



3 Ay — A, tensor form factors from lattice QCD

This work uses Ay — A, form factors computed in lattice QCD. The vector and axial vector
form factors defined in egs. (2.10) and (2.11) are taken from ref. [48]. For the purposes of
the present work, one of us (SM) extended the analysis of ref. [48] to include the tensor
form factors defined in eq. (2.14). The tensor form factors were extracted from the lattice
QCD correlation functions using ratios defined as in ref. [57]. The lattice parameters are
identical to those in ref. [48], except that for the tensor form factors the “residual matching
factors” pruv and the O(a)-improvement coefficients were set to their tree-level values, with
appropriately increased estimates for the resulting systematic uncertainties as detailed fur-
ther below. Following ref. [48], two separate fits were performed to the lattice QCD data
using BCL z-expansions [58] augmented with additional terms to describe the dependence
on the lattice spacing and quark masses. The “nominal fit” is used to evaluate the central
values and statistical uncertainties of the form factors (and of any observables depending
on the form factors), while the “higher-order fit” is used in conjunction with the nominal fit
to evaluate the combined systematic uncertainty associated with the continuum extrapo-
lation, chiral extrapolation, z expansion, renormalization, scale setting, b-quark parameter
tuning, finite volume, and missing isospin symmetry breaking/QED. The procedure for
evaluating the systematic uncertainties is given in eqgs. (82)-(84) of ref. [48]. The renor-
malization uncertainty in the tensor form factors is dominated by the use of the tree-level
values, pruww = 1, for the residual matching factors in the mostly nonperturbative renor-
malization procedure. We estimate the systematic uncertainty in prw to be 2 times the
maximum value of |pys — 1|, [pas — 1|, which is equal to 0.0404 [48]. Note that the tensor
form factors are scale-dependent, and our results and estimates of systematic uncertain-
ties should be interpreted as corresponding to 1 = my in the MS scheme. To account for
the renormalization uncertainty in the higher-order fit, we introduced nuisance parameters
multiplying the form factors, with Gaussian priors equal to 1 + 0.0404.
In the physical limit (zero lattice spacing and physical quark masses), the nominal fit
function for a form factor f reduces to the form
9 1
f(q ) 1_ q2/(m£016)2

while the higher-order fit function is given by
1

1—q2/(m! )

[a{; + a{ zf(qQ)], (3.1)

fro(d®)

~[0d o + o 2 (@) + ad o [ ()] (3.2)

The values of the pole masses are given in table 1, and the kinematic variables zf are
defined as

f 2 f
\/t —q —\/t — 1o
AP = Y= S (3.3)
Vi -+ Je — 1o
to = (ma, —ma,)?,

f 2
pole) .

ti:(m

— 11 —



f Jr mgole (GeV)
hy,hi | 17 6.332
he, hy | 1F 6.768

Table 1. Values of the pole masses for the tensor form factors.

Nominal fit Higher-order fit

al* | 0.9752 +0.0303 0.9668 = 0.0567
alt | —5.5000 4+ 1.2361 | —4.5258 & 1.7538
alt 2.2006 & 10.724
al~ | 0.7054 +0.0137 0.7052 =+ 0.0362
alt | —4.3578 £0.5114 | —4.1050 + 0.8391
aht 3.0100 + 7.8351
P | 0.6728 4 0.0088 0.6763 + 0.0328
| —44322 403882 | —4.3634 = 0.7509
ol 9.2730 + 8.0769
d't | —4.4928+0.3584 | —4.5543 % 0.7370
ah+ 3.0851 + 7.9037

Table 2. Results for the z-expansion parameters describing the A, — A, tensor form factors in the
physical limit (in the MS scheme at the renormalization scale u = m;). Files containing the values
and covariances of the parameters of all ten A, — A, form factors are provided as supplemental
material.

o

As in ref. [48], in the fits to the lattice data we evaluated the pole masses as amy, . =

am%it) + aA', where am%it) are the lattice QCD results for the pseudoscalar B, mass on

each individual data set, and the splittings AT are fixed to their physical values AP+ =
56 MeV and A+"L = 492 MeV. The form factor results are very insensitive to the choices
of Af (as expected for poles far above ¢2,,.). When varying A/ by £10%, the z-expansion
parameters returned from the fit are found to change in such a way that the changes in
the form factors themselves are below 0.2% in the entire semileptonic region.

Plots of the lattice QCD data for the tensor form factors, along with the nominal fit
functions in the physical limit, are shown in figure 1. The same fit functions are plotted
in the entire kinematic range in figure 2, where also the total (statistical plus system-
atic) uncertainties are shown. The form factor hy has larger uncertainties than the other
form factors because of larger excited-state contributions in the lattice QCD correlation
functions.

The values of the nominal and higher-order fit parameters for the tensor form factors
are given in table 2. Because of the kinematic constraint

R (@) = D (@) (3.6)
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Figure 3. Constraints on the individual new-physics couplings from the measurements of RRatio,
RRato and 75,. We require that the couplings reproduce the measurements of R¥at° and RRatio
in egs. (1.7) and (1.8) within 30, and satisfy B(B. — 7~ 7,) < 30%.

which is consistent with the present measurements (1.7) and (1.8). Note that in the gz-only
scenario the forward-backward asymmetry (1.12) is unmodified, App = APY.

There is also a measurement of the 7 polarization by Belle [59] with the result P, =
—0.44+ 0.471'8:%(7). The uncertainties of this measurement are presently too large to provide
a significant additional constraint and we therefore do not include P, in our analysis.

It was recently pointed out [47, 49, 50] that the measured lifetime of the B. meson,
78, = 0.507(9) ps [56], provides an upper bound on the B. — 7~ 7, decay rate, which yields
a strong constraint on the gp coupling. According to SM calculations using an operator
product expansion [60], only about 5% (for the central value) of the total width of the B,,
I'p. = 1/7B,, can be attributed to purely tauonic and semi-tauonic modes. This can be
relaxed as the parameters in the calculations are varied. In our analysis, we use an upper
limit of B(B., — 77 7,) < 30% to put constraints on the new-physics couplings. We use
fB. = 0.434(15) GeV from lattice QCD [61].

In figure 3, we present the constraints on the new-physics couplings coming from the
measurements of R%atio, R%itio, and 7p,. We see that 7p_ puts a strong constraint on gp,
and weak constraints on gr and gr. The tensor coupling gr is strongly constrained by
R%itio, and only weakly constrained by R%atio.

— 15 —
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gs only gp only gr, only gr only gr only

—-0.4 0.3 —2.2 —0.044 0.4
R(A.) | 0.290 £0.009 | 0.342 +0.010 | 0.479 £0.014 | 0.344 + 0.011 | 0.475 £ 0.037
R%ftio 0.872 £ 0.007 | 1.026 £ 0.001 1.44 1.033 £0.003 | 1.426 £ 0.100

—1.5-0.3¢ 0.4 —0.44 0.15—0.3¢ 0.08 — 0.67¢ 0.2 -0.2¢
R(A.) | 0.384 £0.013 | 0.346 +0.011 | 0.470 £0.014 | 0.465 4+ 0.014 | 0.404 + 0.021
Rﬁi‘tio 1.154 £ 0.008 | 1.040 £ 0.002 1.412 1.397 £0.005 | 1.213 £ 0.050

Table 3. The values of R(A.) and R{* for two example choices (real-valued and complex-
valued) of the new-physics couplings. The standard-model value of R(A.) is 0.33340.010 [48]. The
uncertainties given are due to the form factor uncertainties.

Coupling | R(A¢)max R/P\{fﬁfax coupling value | R(A¢)min Rﬁfﬁ%n coupling value
gs only 0.405 1.217 0.363 0.314 0.942 —1.14
gp only 0.354 1.062 0.658 0.337 1.014 0.168
gr, only 0.495 1.486 | 0.094 + 0.538: 0.340 1.022 | —0.070 + 0.3957
gr only 0.525 1.576 | 0.085 4+ 0.7932 0.336 1.009 —0.012
gr only 0.526 1.581 0.428 0.338 1.015 —0.005

Table 4. The maximum and minimum values of R(A.) and R/F\{f“o allowed by the mesonic con-
straints for each new-physics coupling, and the coupling values at which these extrema are reached.

Example values of the ratios R(A.) and R%ﬁ“io = R(A.)/R(A.)™ for representative
allowed values of the NP couplings are given in table 3. The standard-model prediction
for R(A.) is 0.333 £ 0.010 [48]. We find that large deviations from this value are possible
with the present mesonic constraints. In table 4, we present the maximum and minimum
allowed values of Rﬁftio = R(A.)/R(A:)™ in the presence of each individual new-physics
coupling, and the corresponding values of the coupling at which these occur.

Figure 4 shows the effect of representative values of the individual NP couplings on the
Ay — A.7o, differential decay rate (evaluated assuming |Vg,| = 0.041) as well as By, (q?)
[defined in eq. (1.10)] and Apg(g?). In all cases, except for the strongly constrained pure gp
coupling, substantial deviations from the SM predictions are allowed. We notice that App
is typically above the SM prediction in the presence of gr or gr, while it is typically below
the SM prediction in the presence of gg. Hence, it is possible to use Apg to distinguish
between the different couplings.

4.2 Impact of a future R(A.) measurement

In this subsection we present the effect of possible future measurements of R(A.) on the
NP couplings constraints. We consider two cases, one in which the measured value is near
the SM prediction and one with measured value far from SM. For the first case we take
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Figure 4. The effect of individual new-physics couplings on the Ay, — A. 70, differential decay
rate (left), the ratio of the A, — A .70, and A, — A D, differential decay rates (middle), and the
Ay — A 70, forward-backward asymmetry (right). Each plot shows the observable in the Standard
Model and for two representative values of the new-physics coupling (one real-valued choice and
one complex-valued choice). The bands indicate the 1o uncertainties originating from the A, — A,

form factors.
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Figure 5. Constraints on individual new-physics couplings from a possible R(A.) measurement
(shown in blue), assuming that R{*® = 1+3 x 0.05 where the 1o uncertainty is 0.05. Also shown
are the mesonic constraints as in figure 3.

Rﬁjtio =1+ 3 x 0.05, and for the second case Rﬁj‘tio = 1.3+ 3 x 0.05 (the same central
values as R%atio). Note that we take the 1o uncertainty as 0.05. Figures 5 and 6 show
the allowed regions of the parameter space for the first and second case, respectively. We
observe the following when adding the R/P\{jtio constraints to the mesonic constraints:

e For R(A.) near the SM (figure 5), the allowed regions for (gr, gr, gr) are reduced
significantly, the allowed region for gg shrinks only slightly, and the allowed region
for gp remains the same (as it is dominantly constrained by 7p.).

e For R(A.) far from the SM (figure 6), most of the previously allowed region for gg
becomes excluded by R(A.). Even more importantly, the gp-only scenario becomes
ruled out. In this case, R(A.) also provides strong constraints on (gz, gr, gr), but
these constraints still overlap with the mesonic constraints.
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Figure 6. Constraints on individual new-physics couplings from a possible R(A.) measurement
(shown in blue), assuming that Rﬁjﬁo = 1.3+£3x0.05 where the 1o uncertainty is 0.05. Also shown
are the mesonic constraints as in figure 3.

5 Explicit models

In this section we will discuss explicit models that can generate the couplings in the effective
Hamiltonian (2.1). We will consider three categories: two-Higgs-doublet models which
generate (gs, gp), SU(2) models which generate gy, and leptoquark models which generate
(9s, 9P, 91, g7). We do not consider models that generate gr, as in the standard-model-
effective-theory picture it is difficult to have a gr coupling that leads to lepton universality
violation effects [62].

5.1 Two-Higgs-doublet models

The simplest scalar extensions of the SM are the two-Higgs-doublet models (2HDM). The
2HDM of type II is disfavored by experiment [1]. We will consider the Aligned Two-Higgs-
Doublet Model (A2HDM) from ref. [21]. The Lagrangian of the model is

V2

+
Lo =

HY {u[¢qVMyPr — & M VPLld + §UMPrl} + hec., (5.1)
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where u, d, and [ denote all three generations of up-type quarks, down-type quarks, and
charged leptons, M, and M, are the quark mass matrices, and V is the CKM matrix.
Above, & (f = u,d, 1) are the proportionality parameters in the so-called “Higgs basis”,
in which only one scalar doublet acquires a nonzero vacuum expectation value. The cases
Ca=& =-1/& = —tan B and &, = &5 = & = cot 3 correspond to the Type-II and Type-I
models, respectively. The general effective couplings in eq. (2.1) read

l l !
glutal — gudal | gaudal

wqal wqal wqal
g% qal _ gt}J2 qal g% gal, (5.2)
where
quqal x Mg, MY quqal x Mgy MY
9gr, = &u§ IR = —&a§ . (5-3)
Méi ’ Mf{i

The scenario in which the £, 4; parameters are universal for all three generations is ruled
out [21]. We therefore assume that eq. (5.3) only gives the couplings for processes involving
the b quark, while the couplings for the first two generations are considered independently.
In this model we find significant deviation from the standard model contribution to the
decay Ay — A.70,, but for a more complete analysis RGE evolution should be considered.
The RGE evolution of the couplings of the A2HDM has been discussed in ref. [63]. The
alignment condition, which guarantees the absence of tree-level FCNC processes, is pre-
served by the RGE only in the case of the standard type-I, II, X, and Y models which are
discussed in [64]. However, our framework requires non-universal flavor dependent cou-
plings and the RGE evolution has not been worked out and is not included in the analysis.
Keeping in mind that RGE effects could change the phenomenology of the model, the
discussion of the full numerical analysis of the model is not included in this work.

5.2 SU(2) and Leptoquark models

The analysis of the R(D®™)) and Ry anomalies could favor the left-handed operator gr. In
ref. [31], it was pointed out that, assuming that the scale of NP is much higher than the
weak scale, the gz, operator should be invariant under the full SU(3)¢c x SU(2)r, x U(1)y
gauge group. There are two possibilities:
G~ -
O = S (QpQp) (L' LY)
Go
Ap
Go

=2 [%Q’iw%j)(fiv%ﬁ) —(QuuQLLIALL)| (5.4)
NP

0" = Qo' Q) (Lo LY)

where G and Gy are both O(1), and the o are the Pauli matrices. Here Q' = (¢/,¢')T
and L' = (v.,7)T. The key point is that ONF contains both neutral-current (NC) and
charged-current (CC) interactions. The NC and CC pieces can be used to respectively
explain the Ry and R(D™) puzzles. In the following, we briefly review the literature on
models of this type.

— 20 —



Spin SU(?))C SU(Q)L U(l)y:Q_T3
Si| 0 3 1 1/3
S;| 0 3 3 1/3
Ry| © 3 2 7/6
Vo | 1 3* 2 5/6
U |1 3 1 2/3
Us| 1 3 3 2/3

Table 5. Quantum numbers of scalar and vector leptoquarks.

In ref. [36], UV completions that can give rise to (911\{5 leq. (5.4)], were discussed. One
among the four possibilities for the underlying NP model is a vector boson (VB) that
transforms as (1,3,0) under SU(3)c x SU(2)r x U(1)y, as in the SM.

Concrete VB models were discussed in refs. [37, 38] and the simplest VB model was
considered in ref. [39]. We refer to the VBs as V. = W', Z'. In the gauge basis, the
Lagrangian describing the couplings of the VBs to left-handed third-generation fermions is

., —
ALy = g3 (QL3 Yol Q;::a) Vi + gk (LL3 Vol L;L3> v/ (5.5)

where o/ (I = 1,2,3) are the Pauli matrices. Once the heavy VB is integrated out, one
obtains the following effective Lagrangian, relevant for b — s¢*¢~, b — ¢~ and b — svv
decays:

IR I [ ,

" _ _

Ly = - qmg (QL37”UI Q,L3) (LL?,%UIL//;?,) . (5.6)
%

One can study the phenomenology of the model with an ansatz for the mixing matrices.

The assumption of refs. [36, 39] is that the transformations D and L involve only the
second and third generations. The key observation in ref. [39] is the Z’ interaction also
contributes to Bs; mixing and the model becomes highly constrained. If fact only a few
percent deviation from the SM is allowed in the R(D®)) observables. For this reason, we
do not present a detailed numerical analysis of the SU(2) models for the A, — A .77, decay.

We next move to leptoquark models. In ref. [65], several leptoquark models are consid-
ered that generate scalar, vector, and tensor operators. The SU(3) x SU(2) x U(1) quantum
numbers of these models are summarized in table 5. We can group the leptoquarks as vec-
tor or scalar leptoquarks. These leptoquarks can in turn be SU(2) singlets, doublets, or

triplets.
The Lagrangians for the various leptoquarks are
L L
L o . o . P .
£y® = (Y, Qunld, + hilp dyully) UL + 1, Quo, UL
+ (g;JL 15y, + g5 Qf—f’mﬁ%) Vvl +h.e. (5.8)

£Le = (gij Vioy LA + g, ﬂ%ifiz) S1 + gy, Q7020 L7 S

+ (h;jL L) + hiJ, QiLiageg) Ry +hec., (5.9)
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where h% and ¢g” are dimensionless couplings, Si, S3, and Ry are the scalar leptoquark
bosons, U', U}, and V3" are the vector leptoquark bosons, and the index 4 (j) indicates
the generation of quarks (leptons).

The leptoquark Lagrangian generates the following couplings in eq. (2.1):

V2
gs(pp) = GV (Cs, (1) + Csy (1)) (5.10)
V2
gp(p) = GV (Cs, (1p) — Cs, (111)) (5.11)
V2
9L = G b (5.12)
C
V2
9r = 4GFVbC‘l’2’ (5.13)
V2
= C , 5.14
gr (1) GV 7 (kp) (5.14)
where the Wilson coefficients in the leptoquark models are given by
Csm = 2V2GpVy, (5.15)
3 [kl 23« Kl 23 2 1, k3% 21 1 k3«
g7r g gar g hs h h35 h
ol — Vi 12.91L  93L93L L'y N3plisp 516
b= 2 Vis oMZ  2MZ | M2 ME | (5.16)
k=1 L 1 3 1 3
Cy, =0, (5.17)
3 i kl 23 21 7, k3%
2057 g 2h R R
Ch, =) Vig |- —2L32R AL , (5.18)
' k=1 L MV2 MU1
3 [kl 23« 20 7 k3
1 _ 91L91R haphsr
CSz _EV]C?) - 2M§ - QMIQ% ] > (5'19)
k=1 1 2
3 kl 23« 20 7 k3%
91iL91R hahor
ck-=N "y - 5.20
=2 Vis 8M2 8M3 ] (5-20)
k=1 1 2

These Wilson coefficients are defined at the energy scale p = My, where X represents a
leptoquark. Above, V.3 denotes the relevant CKM matrix element, where the 3 corresponds
to the bottom quark. In the following, we neglect the CKM-suppressed contributions from
k =1 and k = 2 in the sums. Because the neutrino is not observed, we have [ = 1,2, 3.
Note that there is a Standard-Model contribution for [ = 3 but not for [ = 1,2; hence, the
constraints for different [ will be different.

The renormalization-group running of the scalar and tensor Wilson coefficients from
1= My to u = pup, where pp is the mass scale of the bottom quark, is given by

Cs,atm) = | 2] - )] 7 Gsama). (5:21)
o[ P o, o
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where ag(u) is the QCD coupling at scale p. Because the anomalous dimensions of the vec-
tor and axial-vector currents are zero, the Wilson coefficients for V; 2 are scale-independent.
The different leptoquarks produce different effective operators as summarized below:

e The S; leptoquark with nonzero (gir,gip) generates C’{)l, CgQ, and C’lr, with the
relation Céz = —4017.

e The Ry leptoquark with (hor,, hip) generates C{SQ and C%— with the relation Cfg2 = 405-.

e The V5 leptoquark generates C«l91 and is tightly constrained, so we do not consider
this model.

e The U; leptoquark with nonzero (gor,, g5) generates C’fSl and C']ljl.

e The S3 and Us leptoquarks with nonzero values of (gsz,,9%;) and (hsr, hi;) gener-
ate C]l,l.

The leptoquark couplings can also be constrained using b — svv decays. As pointed out
in ref. [39], the exclusive decays B — Kvi and B — K*v provide more stringent bounds
than the inclusive mode B — X vv. The U; and Ry leptoquarks do not contribute to
b — svw, while the left-handed couplings of S1, S3, and Uz do. (The Va leptoquark
also contributes to b — svr, but we do not consider this model.) The BaBar and Belle
Collaborations give the following 90% C.L. upper limits [66, 67]:

BBt - Ktvp) < 1.7x107°,

B(BT — K*Tvp) < 4.0x 1077,

B(BY - K*%p) < 5.5x107° . (5.23)
In ref. [68], these are compared with the SM predictions

BM = B(B — Kvi)sy = (3.98 +0.43 +0.19) x 107°,
BM = B(B — K*vi)sm = (9.19 4 0.86 + 0.50) x 1076 . (5.24)

Taking into account the theoretical uncertainties [68], the 90% C.L. upper bounds on
the NP contributions are

B?{MJrNP BE{MJrNP

Following ref. [8], the b — sv;; process can be described by the effective Hamiltonian

4GF . SM i\ ~ij i§ ij
Her = -7 VaVis | (0 €™ + €Y ) OF + Ci{O] (5.26)

where the left-handed and right-handed operators are defined as

OZLJ :(EL’)/HbL)(ﬂjL'y,LLVzL) s (5 27)
Op =(rY"bR) (VL VuviL) -
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The SM Wilson coefficient C’ISSM)

which yield

receives contributions from box and Z-penguin diagrams,

oM _ @

= ——— X(m?/M?2
L 27T Sin2 GW (mt/ W) I

(5.28)

where the loop function X (z;) can be found e.g. in ref. [69]. The leptoquarks that we
consider produce contributions to C'/ which, to leading order, are equal to [8]

P2 i 2jx i 1 3%
g__ 1 Hr9ir | 9irdsr _ 2hiphsp (5.202)
L QﬁGFV{th; 2M§i/3 2M§§/3 M(Z—l/s
We obtain common coefficients for b — ¢, and b — sv, ) processes,
i ! * l * l *_
o - 1 9ir9tt " 9ar951 B 2h3h3} (5.300)
2\/§GFV;5bVF; 2M§11/3 2M§;/3 Més—l/:s
Hence, for [ = 3 we obtain
B o opf -
BT BE | s | |
while for [ = 1,2 we have
SM+NP SM+NP 3|2
B%SM - BIgSM - ngM) (5:32)
K K+ 3C;

When considering nonzero values only for one coupling at a time (I = 1,2,3), the
experimental measurements of R%atio, RPD{%HO, 78,, and B(B — K (*)VD) yield the constraints

shown in figures 7, 8, and 9. The cases with ggiggi*

in the S35 model, g{’ZLg%%* in the 5;
model, and hgihg%" in the Us model are ruled out for ¢ = 1, 2.

Allowing all relevant couplings in each model to be nonzero simultaneously, we obtain
the coupling regions sampled by the random points in figures 10 and 11. The corresponding
allowed regions in the R%Catio — R%atio and Rﬁ?ﬁo — R%‘itio planes are shown in figure 12.
Since the S5 and Us leptoquarks produce only the vector coupling gz, all ratios get rescaled
by the common factor of |14 g |?. The S35 and Us models are tighly constrained and only
small effects are allowed. The other leptoquark models can produce substantial effects in
RK”?“O, with varying degrees of correlation between the mesonic and baryonic observables.

The values of R(A.) and R%jtio for two typical allowed combinations of the couplings
in each model are given in table 6. In figure 13, we present plots of the observables

(dU'/dq®, Ba,, Apg) for the same values of the couplings.

6 Conclusions

The baryonic decay A, — A7, has the potential to shed new light on the R(D®™)
puzzle. Here, we studied the phenomenology of Ay — A.77; in the presence of new-

physics couplings with all relevant Dirac structures. In contrast to the mesonic decays,
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Figure 7. Constraints on the S; and Ry leptoquark models when considering one coupling at a time.
Here, i = 1,2 denotes the electron and muon neutrinos. We require that the couplings reproduce the
measurements of R and RRaY° in eqs. (1.7) and (1.8) within 30, satisfy B(B. — 7~ ;) < 30%,
and are consistent with the upper bounds on B(B — K™ vp) at 90% C.L. The allowed regions of
the parameter space when combining all constraints are highlighted with a black mesh.
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Figure 8. Constraints on the U; leptoquark model when considering one coupling at a time. Here,
i = 1,2 denotes the electron and muon neutrinos. We require that the couplings reproduce the
measurements of R%2%° and RRaU° in eqs. (1.7) and (1.8) within 30 and satisfy B(B. — 77 #7;) <
30%. The allowed regions of the parameter space when combining all constraints are highlighted
with a black mesh.

the Ay, — A, form factors have not yet been determined from experimental data, and it
is even more important to use form factors from lattice QCD. Here, we presented new
lattice QCD results for the Ay, — A, tensor form factors, extending the analysis of ref. [48].
The parameters and covariance matrices of the complete set of Ay, — A, form factors are
provided as supplemental material.

— 26 —

TET(LTOCZ) 80dHHD



BB K®up

0 REe 10 REe T,

Only S; present Only S; present
& &
S S5
o~ payd)
g g
E E
-0.4 -0.2 0.0 0.2 0.4 0.6 -0.4 -0.2 0.0 0.2 0.4
Re[g3} 9371 Re[g3] 6371
Only U; present Only U; present
o 2 [T T T T T T T T T T T T T T T T T T T T T T T o 2 [T T T T T T T T T T T T T T T T T T ]
0.1r 0.1 3
& &
{s 0.0 S5 0.0F N
= t s L i
E E
=011 -0.1 |
—0.2 S S S S SR W —0.2 T T S R T S S S
-0.2 -0.1 0.0 0.1 0.2 0.3 -0.2 -0.1 0.0 0.1 0.2
Re[h3} 371 Re[h3] b}

Figure 9. Constraints on the S3 and Ujs leptoquark models when considering one coupling at
a time. Here, i = 1,2 denotes the electron and muon neutrinos. We require that the couplings
reproduce the measurements of R4 and RR24° in eqs. (1.7) and (1.8) within 3o, satisfy B(B. —
770,) < 30%, and are consistent with the upper bounds on B(B — K®uvp) at 90% C.L. The
allowed regions of the parameter space when combining all constraints are highlighted with a black
mesh.

In the first part of our phenomenological analysis, we considered individual new-physics
couplings in the effective Hamiltonian in a model-independent way. After constraining these
couplings using the R(D(*)) measurements and the B, lifetime, we calculated the effects
of the NP couplings in A, — A.77, decays, focusing on the observables R(A.), Bx,(¢?),
and App(q?). Measurements of these observables can help in distinguishing among the
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Figure 10. Allowed regions for the couplings of the Ry, S5, and Us leptoquark models in the
case that all relevant couplings in each model are included simultaneously. We require that the
couplings reproduce the measurements of REA and RR2HO in eqs. (1.7) and (1.8) within 30,
satisfy B(B, — 7 7;) < 30%, and are consistent with the upper bounds on B(B — K®uvp) at
90% C.L (the latter is only relevant for the left-handed couplings in the S3 and Uz models).

different NP operators. For instance, the forward-backward asymmetry Apg(¢?) tends to
be mostly above the SM value in the presence of right-handed (ggr) or tensor (g7) couplings,
but is lower than the SM value for most allowed values of the scalar (gg) coupling. To
illustrate the impact of a future R(A.) measurement, we presented the constraints on all
couplings resulting from two possible ranges of R(A.). The baryonic decay can tightly
constrain all of the couplings g1, gr, 9s, gp, and gr. For example, we have shown that if
R%ﬁxtio _

becomes ruled out by the combined constraints from R(A.) and 7p,.

R(A.)/R(A.)SM is observed to have a value around 1.3, the scenario with only gp

In the second part of our phenomenological analysis, we considered explicit models in
which multiple NP operators are present. For the two-Higgs-doublet model we found sig-
nificant contribution to Ay, — A.77,. However, the full numerical analysis was not included
in this work as we did not consider RGE evolution which could impact the phenomenology
of the model. Models with SU(2) gauge symmetry generally cannot produce large effects
in b — c7U; transitions without violating bounds from other observables such as By mix-
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Figure 11. Allowed regions for the couplings of the S; and U; leptoquark models in the case that
all relevant couplings in each model are included simultaneously. We require that the couplings

reproduce the measurements of R and R

Ratio
D*

in egs. (1.7) and (1.8) within 30, satisfy B(B. —

77 0,) < 30%, and are consistent with the upper bounds on B(B — K*)vw) at 90% C.L (the latter

is only relevant for the left-handed couplings in the S; model).

ing, and we therefore did not present their effects on Ay, — A.77,. On the other hand,
we have demonstrated that some of the leptoquark models can produce large effects in
the Ay — A 70, observables, in particular through scalar and tensor couplings. We have
presented correlation plots of R%atio and R%itio versus R%ftio, which may be helpful in
discriminating among the various models.
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Model | Case Couplings R(A,) Rijatio
g3 g?% = 0.332 + 0.4034,
g = 0417 — 0.3114
s | 1 |9 10343 £0.011 | 1.032 4 0.004
933 g3 = 0.015 — 0.0374,
g3 g3 = —0.079 — 0.002i
g3 2% = 0.064 — 0.142i,
3P = —1.05 + 0.638i
s | 2 |99k OO 549 4 0.020 | 1.648 +0.025
971917 = 0.116 — 0.043¢,
g% %% = 0.018 4 0.104¢
h33h3% = 0.373 — 0.118i
R 1 2Lk "1 0.445 £ 0.016 | 1.337 £0.016
? hZi p33r = —0.846 — 0.191i
h33 3% = 0.753 — 0.199i
Ry 2 2L en 1 0.485 £ 0.018 | 1.455 +0.025
h3t 3% = 0.897 — 0.031i
h33 h3% = —0.115 — 0.0214,
h3t h3% = 0.049 + 0.159i
U 1 LR "1 0.605 £0.019 | 1.818 & 0.008
! h23 B33 — _1.468 + 0.2714,
h3L R33* = 1.116 + 0.744i
h33 b33 = —0.059 + 0.2364,
h3t h3% = 0.234 + 0.105i
Uy 2 s i 1 0.553 +0.018 | 1.663 + 0.005
h33 b33 = —2.002 + 0.8544,
h3 b33 = —0.135 + 0.940i
33 23x _ 2
sy | 1 | srgsi = —O0SS 0032 5004 0010 1.027
933 33 = —0.049 — 0.038i
Ss 2 e -1 0.345+£0.011 1.037
951,957 = —0.01 —0.019¢
U. || Maehey = —0.032 0010, |0 o 1.047
’ hZ: b33 = 0.003 + 0.002i ' ' '
h23 h3% = —0.014 — 0.006i
Us 2 ey . 0.340 £0.010 1.022
h3t 33 = 0.017 — 0.0074

Table 6. The values of the R(A.) and Rﬁjﬁo ratios for two representative cases of the couplings of
the different leptoquark models. Above, the index i = 1, 2 denotes the electron and muon neutrinos.
The Standard-model value of the ratio is R(A.) = 0.333 & 0.010 [48]. The uncertainties given are
due to the Ay — A, form factor uncertainties.
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Figure 13. The effects of the different leptoquark models on the A, — A. 77, differential decay
rate (left), the ratio of the A, — A.77, and A, — A lp, differential decay rates (middle), and the
Ay — Ao, forward-backward asymmetry (right), for two representative choices of the couplings.
The red and blue curves correspond to the couplings from Cases 1 and 2 in table 6, respectively, while
the green curves correspond to the Standard Model. Because the S35 and Uj leptoquarks produce
only the vector coupling gy, the forward-backward asymmetry remains equal to the Standard Model
in those cases. The bands indicate the 1o uncertainties originating from the A, — A, form factors.

— 32 —



Acknowledgments

We thank Shanmuka Shivashankara for early work on this project. This work was fi-
nancially supported by the National Science Foundation under Grant Nos. PHY-1414345
(AD and AR) and PHY-1520996 (SM). SM is also supported by the RHIC Physics Fellow
Program of the RIKEN BNL Research Center. AD acknowledges the hospitality of the De-
partment of Physics and Astronomy, University of Hawaii, where part of the work was done.
The lattice QCD calculations were carried out using high-performance computing resources
provided by XSEDE (supported by National Science Foundation Grant No. OCI-1053575)
and NERSC (supported by U.S. Department of Energy Grant No. DE-AC02-05CH11231).

A Helicity spinors and polarization vectors

In this appendix, we give explicit expressions for the spinors and polarization vectors used
to calculate the helicity amplitudes for the decay Ay, — Ac7D;.

A.1 Ay rest frame

To calculate the hadronic helicity amplitudes, we work in the A rest frame and take the
three-momentum of the A. along the +z direction and the three-momentum of the virtual
vector boson along the —z direction. The baryon spinors are then given by [70]

_ I TIPA.
u2(:l:%’pAc) = EAc + mAc <X':'lt7 HXL) 9

En, +ma,

ur(£1,pa,) = /2ma, <X0i> : (A.1)

1 0
where x4 = (()) and y_ = <1> are the usual Pauli two-spinors. The polarization

vectors of the virtual vector boson are [70]

1

€M*(t) = ﬁ (QOa0707_|q|) 5
e (1) = \}i (0: 41, —,0) ,
#(0) = —— (lql; 0,0, —qo) | (A2)

Vi

where ¢" = (go; 0,0, —|q|) is the four-momentum of the virtual vector boson in the A; rest
frame. We have

1 2 2 2
© = oma, (my, —ma, +a°), (A.3)
1
lal = |pa.| = 5 V@+Q—, (A.4)
ma,
where
Q+ = (mAb + mAc)2 — q2. (A.5)
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A.2 Dilepton rest frame

In the calculation of the lepton helicity amplitudes, we work in the rest frame of the virtual
vector boson boson, which is equal to the rest frame of the 7o, dilepton system. We define
the angle 6, as the angle between the three-momenta of the 7 and the A. in this frame.

The lepton spinors for p, pointing in the 4z direction and pp, pointing in the —z
direction are

_ T Flp-|
ufr(iéapﬂ') =VE;+m; <XL7 TXL) )

Er+m;,
Vi, (3,05,) = V By ( e ) - (A.6)
—X+
We then rotate about the y axis by the angle 6, so that after the rotation, the three-
momentum of the A, points in the +z direction. The two-spinors transform as

/ —10,0 2
X+ = 2/

cos(# /2 —sin(60;/2)
- (sm 0:/2) cos(6-/2) )Xj“ (A7)

and

" + [ cos(0:/2) sin(6;/2)
Xt = Xk ( sin(6,/2) cos(97/2)> ’ (A.8)

and the full lepton spinors after the rotation are

Ur (+3,p7) =V E;+m, <cos(eT /2),sin(6,/2), E:|+anLT cos(6;/2), E:’f;LT sin(6 /2)) :

Ur (_%71)7') = \/m (— sin(6,/2), cos(0;/2), ﬁ sin(6,/2), ﬂ COS(HT/2)> ;

E-+m; E.+m,
cos(6-/2)
sin (6,
v (5p0) = VB | C(fswf j;) | (A.9)
—sin(6-/2)

The polarization vectors of the virtual vector boson in this frame are

e"*(t) = (1;0,0,0) ,

(1) = \}5 (0:41,—,0) |
e"*(0) = (0;0,0,—1) . (A.10)

The three-momentum and energy of the 7 lepton in this frame can be written as

p-| = V@2 v?/2,

Er = |p| —|—m72_/\/ 2 (A.11)
where
m2
1-— ? (A.12)
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