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At present, there are several hints of lepton flavor non-universality. The LHCb Collaboration has measured
Rk = B(Bt — K*utu~)/B(BT — K*tete™), and the BaBar Collaboration has measured R(D™) =
BB — D®+1=0,)/B(B— D®+¢~1y) (£ =e, ). In all cases, the experimental results differ from the
standard model predictions by 2-3c. Recently, an explanation of the Rg puzzle was proposed in which
new physics (NP) generates a neutral-current operator involving only third-generation particles. Now,

assuming the scale of NP is much larger than the weak scale, this NP operator must be made invariant
under the full SU3)¢c x SU(2); x U(1)y gauge group. In this Letter, we note that, when this is done,
a new charged-current operator can appear, and this can explain the R(D®) puzzle. A more precise
measurement of the double ratio R(D)/R(D*) can rule out this model.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

To date, the standard model (SM) has been extremely successful
in describing experimental data. There are, however, a few mea-
surements that are in disagreement with the predictions of the SM.
For example, the LHCb Collaboration recently measured the ratio of
decay rates for BT — KT¢T¢~ (¢ =e, ) in the dilepton invariant
mass-squared range 1 GeV? < g% <6 GeV? [1]. They found

BBt = KTutu)
Rk =

BB S Koo ~ 0.74575:9%9 (stat) + 0.036 (syst),
(1)

which is a 2.60 difference from the SM prediction of Rx =1 +
0(10~%) [2]. As another example, the BaBar Collaboration with
their full data sample has reported the following measurements
[3,4]:

_ B(B— DVt i)

" B(B— D+~ y)

B(B — D*tt ;)
B(B — D*t{~1y)
where ¢ =e, ;. The SM predictions are R(D) = 0.297 +0.017 and
R(D*) =0.252 4+ 0.003 [3,5], which deviate from the BaBar mea-

R(D) =0.440 £ 0.058 +0.042,

R(D*) = =0.332+£0.024 £0.018, (2)
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surements by 20 and 2.70, respectively. (The BaBar Collaboration
itself reported a 3.40 deviation from SM when the two measure-
ments of Eq. (2) are taken together.) These two measurements of
lepton flavor non-universality, respectively referred to as the Rg
and R(D™) puzzles, may be providing a hint of the new physics
(NP) believed to exist beyond the SM.

In addition, we note that the three-body decay B® — K*utpu~
by itself offers a large number of observables in the kinematic and
angular distributions of the final-state particles, and it has been ar-
gued that some of these distributions are less affected by hadronic
uncertainties [6]. Interestingly, the measurement of one of these
observables shows a deviation from the SM prediction [7]. How-
ever, the situation is not clear whether this anomaly is truly a first
sign of new physics. There are unknown hadronic uncertainties
that must be taken into account before one can draw this conclu-
sion [8-10]. We therefore do not discuss this measurement further.

To search for an explanation of Rk, in Ref. [11] Hiller and
Schmaltz perform a model-independent analysis of b — s¢t¢—.
They consider NP operators of the form (30b)(£O'¢), where ©
and O’ span all Lorentz structures. They find that the only NP
operator that can reproduce the experimental value of Ry is
Syu P b)(£y* P 0). This is consistent with the NP explanations for
the B — K™yt~ angular distributions measured by LHCb [9].

In Ref. [12], Glashow, Guadagnoli and Lane (GGL) note that lep-
ton flavor non-universality is necessarily associated with lepton
flavor violation (LFV). With this in mind, they assume that the NP
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couples preferentially to the third generation, giving rise to the op-
erator

G(b yub) @ vHT)), (3)

where G = O(l)/ANP <« GF, and the primed fields are the fermion
eigenstates in the gauge basis. The gauge eigenstates are related to
the physical mass eigenstates by unitary transformations involving
U? and U¢:

L L*

3 3
d/L3 =b = Z Ugj«;idiv /L3 =T Z L31E' (4)
i=1 i=1

With this, Eq. (3) generates an NP operator that contributes to b —
sutu~:

G [UL33 L32|U 32| (bLyMSL)(MLV ur) +h. C] (5)

Because the coefficient of this operator involves elements of the
mixing matrices, which are unknown, one cannot make a precise
evaluation of the effect of this operator on B(BT™ — KTu*tu™),
and hence on Rg. Still, GGL note that the hierarchy of the ele-
ments of Cabibbo-Kobayashi-Maskawa quark mixing matrix, along
with the apparent preference of the NP for muons over electrons,
suggests that |UL33| ~1 and |UL3] 12« |UL32|2 « 1. Furthermore,
there are limits on some ratios of magnitudes of matrix elements.
Taken together, GGL find that the observed value of Rk can be ac-
commodated with the addition of the NP operator in Eq. (5).

In any case, GGL's main point is not so much to offer Eq. (3) as
an explanation of R, but rather to stress that the NP responsible
for the lepton flavor non-universality will generally also lead to
an enhancement of the rates for lepton-flavor-violating processes
such as B — Kpue, Kut and Bs — pe, ut. In the case of Eq. (3),
it is clear how LFV arises. This operator is written in terms of the
fermion fields in the gauge basis and does not respect lepton-flavor
universality. In transforming to the mass basis, the GIM mechanism
[13] is broken, and processes with LFV are generated.

In fact, this behavior is quite general. In writing down effec-
tive Lagrangians, it is usually only required that the operators re-
spect SU3)¢c x U(1)em gauge invariance. However, it was argued
in Refs. [11,14] that if the scale of NP is much larger than the
weak scale, the operators generated when one integrates out the
NP must be invariant under the full SU3)¢ x SU2); x U(1)y gauge
group. In the same vein, the operators should be written in terms
of the fermion fields in the gauge basis - after all, above the
weak scale, the mass eigenstates do not (yet) exist. If these oper-
ators break lepton universality, lepton-flavor-violating interactions
will appear at low energy when one transforms to the mass ba-
sis. (Note, however, that in explicit models one can avoid lepton
flavor non-universality and lepton flavor violation through the im-
position of additional symmetries. One such example can be found
in Ref. [15].)

There have been a number of analyses, both model-independent
and model-dependent, examining explanations of the Rg puzzle.
(Sometimes the data from the B — K™ pu*u~ angular distribu-
tions were also included.) In all cases, the low-energy operators
were written in terms of mass eigenstates, and lepton-flavor-
violating operators were not included. However, as argued above,
such operators will appear when lepton universality is broken.
Now, the model-independent analyses [9,11,14,16] will be little
changed by the inclusion of such operators. However, considera-
tions of such lepton-flavor-violating interactions would be useful in
the context of model-dependent analyses. Leptoquarks [11,17] and
R-parity-violating SUSY [18] have been proposed as possible solu-
tions to the Rk puzzle. In both cases, it would be interesting to
examine the predictions for the lepton-flavor-violating processes.

Coming back to the GGL operator of Eq. (3), it too must be
made invariant under SU(3)¢ x SU(2); x U(1)y. There are two con-
sequences. First, the left-handed fermion fields must be replaced
by SU(2), doublets: b, — Q] and 7] — L}, where Q' = (t',b")T
and L' = (v}, t/)T. Second, there are two NP operators that are in-
variant under SU(2); and contain Eq. (3):

O\p = G1(Q]yu QDY L)),
o) =G(Qyua' QA y e 'L, (6)

where Gq and G, are both O(l)/Aﬁp (but not equal to one an-
other), and o! are the Pauli matrices (the generators of SU(2)).
Using the identity

U,-ﬁ-lel = 2818kj — ijOui» (7

where i, j are SU(2); indices, the second operator can be writ-
ten as

O = G2 [2Q1 v Q) Ty 1)) = Qv QD Xy 1) |-
(8)

The two operators correspond to different types of underlying NP.
Specifically, OI(\”, contains only neutral-current (NC) interactions,
while (’)ﬁ,p contains both neutral-current and charged-current (CC)

interactions. ONP therefore offers the potential to simultaneously
explain both the R and R(D™) puzzles, and we examine the ef-
fects of including this NP operator.

Writing (’)I(\IZIZ explicitly in terms of the up-type and down-type
fields, there are four NC operators and one CC operator:

O[(\sz) = Ottvrvr + Obbrr + O¢trr + Obbv,vr + OthU-[v (9)

with

Ottvev, = G2(Epyut)) (Vg yHvy),
Obbrr = G2 (b yub)) (T y* 1)),
Ottrr = —Galtp yut (T ¥ 1)),
Obbu,v, = —Ga(byyuby) Dy v vpp),
Otbrv, = 2G2(t; b (T yH VL) +hec. (10)

If both O,(\,lp) and (’)I(\]zp) are present then the NC interactions receive
contributions from both NP operators.

Above, we see that the NC part of OI(\”, contains Oppr7, Which
is the GGL operator of Eq. (3). In transforming to the mass basis,
the GGL piece therefore contributes to b — § transitions through
the quark-level decays b — s¢*¢~ and b — 5¢1¢~. These gen-
erate the meson-level decays B — K®u*tpu~—, B — K®p*e¥,
B— K®u*tT, By — utpu~, BO— Xsutp™, BY— putu~y, etc
(Many of these decays are discussed by GGL.) The largest ef-
fects will be an enhancement of the SM contribution to b —
§_‘L’+‘C_, and the generation of the lepton-flavor-violating decays
b— stEu¥ [19].

We begin by discussing the effect of O,(\IZP) on Rk. The amplitude
for b — 5¢;7¢; (¢4 =e, € = ) can be expressed as

d dx
bst; bse; _ K UpzsUj3
A _ ASM <1 +V S ) VLS — F ‘L/?)3Vi32|UL3l| ,
9 th" s

47 g2 M2
K = —g—g—zw (11)
Cpm 8% Afp
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Here ASM is the lepton-flavor-universal (SM) contribution, the Vij
are Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, Cq is a
Wilson coefficient, and we have written G, = g3/A%;. Neglecting

the masses of the leptons we then arrive at the following result:
14 2Re[V ] [V
14 2Re[v D] 4 Vo2
81 g_%Mév Uf32|Uf32|2
Coorpy 82 Ap A2

~1

; (12)

where A is the sine of the Cabibbo angle. We have assumed
the usual hierarchy of CKM matrix elements and ignored all CP-
violating phases. The 50 limit on R}, from LHCb then implies

2 2 ppd 2
—2x10*45ig—§M—ZWM <7x107°, (13)
Co 87 Agp A

It is clear that the LHCb measurement constrains the magnitudes
of the down-type and lepton mixing-matrix elements. However,
a further set of constraints will be obtained below.

In addition to the decays produced by the GGL operator, one
now also has the quark-level decay b — Svv that contributes to

B — K™ vi. The amplitude for b — 5v; D; can be expressed as

Ayj= Cij(BLVMSL)(DiLVM\)]‘L). (14)

The SM contributes only to terms diagonal in neutrino flavor
(i = j), while the NP operator also gives rise to off-diagonal terms
that violate lepton flavor (i # j). We have

K Ug33UCLI§2
Cii=« 8 — —e —=22 22 ¥ UY, (15)
B sM | 9ij SM 3ivY13j | >
( & N
where
V26 o
Koy = ———My  VECM. (16)

In the above, CEM is a Wilson coefficient [10]. The square of the
amplitude for the process is thus proportional to

2K k2
> IC12 =3lkayl? (1 S Relx] + —[x? ). (17)
— 3 3
ij
where x = (Uf33Uf5)) / (V, V5)-
We ignore all CP-violating phases, so that x is real. Taking
|Ud551 ~ 1, we have x ~ UY;, /2. The decay rate for B — K®vp

is given by
2 U4 (kU9 )2
r=r 1— L32 132 ) 18
M ( 32 T3 (18)
The SM decay rate can be expressed as follows:
m | |2 q2|max
B!Ksm 2442
Fom = “eand P (@7)dq”, (19)
0

where g represents the sum of four momenta of the neutrino and
the antineutrino, and Py 18 the appropriate B — K transition
form factor. (Note that we have treated the neutrinos as massless
particles.) Thus we see that the NP term simply modifies the SM
rate for B— Kvv by an overall numerical factor.

One can use the above result to get an estimate of how large
the NP couplings and mixing matrix elements can be. A precise

calculation of the SM branching ratio for B¥ — KTvb was per-
formed in Ref. [10]. It was found that

B(BT — KTvi)su = (4.20 £0.33 £0.15) x 1076. (20)

The strongest experimental bounds from the BaBar Collaboration
[20] at present only set an upper limit of 1.7 x 10~> at the 90%
confidence level. Thus there is still room for the measured decay
rate to be a factor of five larger than the SM prediction. Taking
CiM~ —6.13 [10], we have k ~ —281(g,/8)*(M,, / Anp)?. A factor
of five enhancement in the decay rate due to the NP operator OI(\JZP)
would then imply

2 2 qyd
—1.6x10*25g—§M—2W@59.3x10*3. (21)
8% Afp A2
If Ayp = 10M,, then (g2/g?)(UY;,/2?) must be O(1). In this case,
a NP coupling of the same order as that of the SM will still allow a
reasonably large value for Uf32. For example, if g/2 < g» < g, one
can have 1 2 U‘Lj32 > 22. In addition, we can now combine Egs. (13)
and (21). Since Cg is an O (1) number, this implies that an 01071
value for |U’L32| is still allowed. A more precise measurement of
both R and B* — K*vd will put stricter bounds on both the
down-type and lepton mixing-matrix elements.

Finally, the neutral-current part of (’)I(\JZP) also contributes to the
decays t — c£t¢~, t — c£T¢'~ and t — cvD. The branching ra-
tios for these decays are negligible in the SM, so any observation
would be a clear sign of NP. For decays to charged leptons, the
most promising is t — ct 7. In the mass basis, the contributing
NP operator is

6 [Ul5; Ulss 10 @y e (ELyum) +hic] (22)
which gives a partial width of

851Ul 7 U35 P (U5 m?
16A%p 4873"

(23)

Taking g» ~ g, |U}35| = \Uf33| ~1, |U}5,1 = A, and Anp =800 GeV,
this gives

Ft—ctTt7)=1x10"7 GeV. (24)

The full width of the t quark is 2 GeV, so this corresponds to
a branching ratio of 5 x 1078, This is much larger than the SM
branching ratio (0 (10~16)), but is still tiny. The branching ratio for
t — cv takes the same value, while those for all other t — c£*¢~
and t — c£T¢'~ decays are considerably smaller. Thus, while the
branching ratios for these decays can be enormously enhanced
compared to the SM, they are still probably unmeasurable. (This
point is also noted in Ref. [11].)

Another process involving t quarks that could potentially reveal
the presence of NP with LFV is pp — tt, followed by the radia-
tion of a T*u¥ pair. At the LHC with a 13 TeV center-of-mass
energy, gluon fusion dominates the production of tt pairs. We use
MadGraph 5 [21] to calculate the cross section for gg — ttt*u¥,
taking g ~ g. We find oy, ~ 0.4|U{,,|* fb. By contrast, the
SM cross section for tt pair production is o;; ~ 450 pb, so that
Ottrp /0t ~ 1078|U 4, |?, which is extremely small. With a lumi-
nosity of 100 fb~! /year at the 13 TeV LHC [22], we therefore
expect about 40 events/year for gg — tfttu¥ if |Uf32| ~1, or
about two events/year if |U‘L“732\ ~ M. Thus, even though the final-
state signal is striking, pp — ttt=uT is probably unobservable.

Turning to the charged-current interactions, these contribute to
both b and t semileptonic decays. Even with the enhancement
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from NP, the decay t — btv; will still be difficult to observe, as
it is swamped by the two-body decay t — bW. On the other hand,
the decay b — ctv; (i =7, |, e) is particularly interesting, since it
contributes to the decay B — D™*7~1; and the R(D™) puzzle
[Eq. (2)], and provides a source of lepton flavor non-universality in
such decays.

In the SM, the effective Hamiltonian for the quark-level transi-
tion b — ctvy is

AGEVyp _
Hepr = TC(cLyubn(ny“vu) +he. (25)
Now, if (’)IEH, is also present, in addition to Tv; in the final state,
the NP operator also produces T, and V.. However, as the final-
state neutrino is not observed, we have to sum over the neutrino
species. That is, the squared-amplitude for b — ¢t~ v; can be writ-
ten as

AP= D" 1A% (26)
i=t,u,e
with
4GpV
A= FVch [8” Vzbrv,:l’
V2

2 a2 d u 0 v
8 My UL33UL32UL33UL31

Vcbt vi _
g2 AIZ\”) VCb

L

(27)

As was done above, we have written G, = g5/A2, and used
Gr/v/2 = g%/8M2,. One then has

A2 =A%y [1 +2Re(VEPTVT) 4 [V P72 ] (28)
where

d ¢
gz M Uls3U]s) UL33
g AIZ\IP Veb

vEbT|2 Z VTR = (29)

(Here we have used the fact that ) ; |UL3,|2 = 1.) The addition
of the NP operator thus has the effect of modifying the SM pre-
diction for I'(b — ctV;) by an overall factor that is lepton flavor
non-universal. In fact, if the elements of the charged-lepton mix-
ing matrix obey the hierarchy suggested by GGL, namely |Uf33| ~1
and |U{;, 1 < |Ufs,l? < 1, then b — cTiy is affected by the NP,
but b — cuv; and b — cev; are basically unchanged from the SM.
We now have the simple prediction

[ R(D) ] _ [ R(D) } (30)
_R(D*)_exp R(D*) SM.

Using Eq. (2), we have

FRD) T
L R(D*)

R(D)
R(D*)

=1.33+£0.24, [ ] =1.24007. (31
SM

dexp

So this model is consistent with experiment, but a careful mea-
surement of the double ratio can rule it out. The double ratio
in the SM is also likely to have less uncertainty from hadronic
form factors. Furthermore, all angular asymmetries, such as the D*
polarization, forward-backward asymmetries, and the azimuthal
angle asymmetries including the triple products, will show no de-
viation from the SM as these asymmetries probe non-SM operator
structures.

If the ratios R(D™) are defined with respect to the B —
D™ v decay mode, we can also write

[R(D*)exp:| _ [R(D)exp] _
R(D*)sm R(D)sm

Again assuming a hierarchy in the mixing matrix, to leading order
we have

[R(D*)exp:| [R(D)exp] 148
R(D*)sm R(D)sm

Averaging [R(D*)exp/R(D*)sm| and [R(D)exp/R(D)sm ], we get

[1+2Re(vi?™) + VP72

[1 +2Re(VIH ) 4 |v{”“|2] '

(32)

2 a2
g2 A2 Vg |

822 W 132 1 0 4, (34)
Ci

Taking g/2 < g2 S g and A ~ 10My, this gives 0.8 SU}5, 2

There have been numerous analyses examining NP explana—
tions of the R(D™) measurements [5,23]. Above, in the context
of Rk, we noted that, assuming the scale of NP is much larger than
the weak scale, all NP operators must be invariant under the full
SU@3)c x SU(2). x U(1)y gauge group. This same argument applies
also to NP proposed to explain R(D®™). Such considerations were
applied to the semileptonic b — c transitions in Ref. [24], but they
could have important implication for the various NP explanations
of the R(D™) puzzle.

To sum up, the recent measurement of Rx = B(BT —
KTutu™)/B(BT — Ktete™) by the LHCb Collaboration differs
from the SM prediction of Rgx =1 by 2.60. And the BaBar Col-
laboration has measured R(D™) = B(B - D™+71;)/B(B —
D®*¢~b,) (£ =e, ), finding discrepancies with the SM of 20
(R(D)) and 2.70 (R(D*)). The Rx and R(D™) puzzles exhibit lep-
ton flavor non-universality, and therefore hint at new physics (NP).

Recently, Glashow, Guadagnoli and Lane (GGL) proposed an ex-
planation of the Ry puzzle. They assume that the NP couples
preferentially to the third generation, and generates the neutral-
current operator » LYub))(@[y*1]), where the primed fields de-
note states in the gauge basis. When one transforms to the mass
basis, one obtains operators that give rise to decays that violate
lepton universality (and lepton flavor conservation).

It is known that, assuming the scale of NP is much larger than
the weak scale, all NP operators must be made invariant under
the full SU3)¢ x SU2); x U(1)y gauge group. In this Letter, we
find that, when this is applied to the GGL operator, there are two
types of fully gauge-invariant NP operators that are possible. And
one of these contains both neutral-current and charged-current in-
teractions. While GGL has shown that the neutral-current piece of
this NP operator can explain the Rg puzzle, we demonstrate that
the charged-current piece can simultaneously explain the R(D®))
puzzle. We also show that this model makes a prediction for the
double ratio R(D)/R(D*), so that it can be ruled out with a more
precise measurement of this quantity.
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