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The LHCb Collaboration reported anomalies in B — K*u"u~, By — ¢u"p~, and R(K) =B —
Ku"y=/B - Ke"e™. Furthermore, BABAR, BELLE, and LHCb Collaborations found hints for the
violation of lepton-flavor universality violation in R(D*)) = B — D" zv/B — D). In this Letter we
reexamine these decays and their correlations to B — K*)up using gauge invariant dim-6 operators. For the
numerical analysis we focus on scenarios in which new physics couples, in the interaction eigenbasis, to
third generation quarks and lepton only. We conclude that such a setup can explain the b — sy~ data
simultaneously with R(D(*)) for small mixing angles in the lepton sector (of the order of z/16) and very
small mixing angles in the quark sector (smaller than V). In these regions of parameter space, B — K*)zu
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and B, — 7u can be order 1076, Possible UV completions are briefly discussed.
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Introduction.—Thus far, the LHC Collaboration has
completed the standard model (SM) of particle physics
by discovering the last missing piece, the Higgs particle
[1-3]. Furthermore, no significant direct evidence for
physics beyond the SM has been found; i.e., no new parti-
cles were discovered. However, the LHCb Collaboration
observed indirect “hints” for new physics (NP) in
B— K'u 'y ,B;—>¢utu~,and R(K)=Br(B— Ku*u~)/
Br(B — Kete™). Furthermore, the BABAR Collaboration
and also very recently the BELLE and LHCb Colla-
borations reported lepton-flavor universality violation in
B — D™y, These observations can be used as a guideline
in the exploration of possible physics beyond the SM.

In more detail, the current experimental situation is as
follows: LHCb reported deviations from the SM predictions
[4] in B — K*utu~ [5,6] (mainly in an angular observable
called P5 [7]) with a significance of 26-3¢ depending on
the assumptions of hadronic uncertainties [8—11]. Also in
the decay B, — ¢putu~ [12], LHCb uncovered differences
compared to the SM prediction based on lattice QCD [13,14]
and light-cone sum rules [15] of 3.1¢ [9,16]. Furthermore,
LHCb [18] found indications for the violation of lepton-
flavor universality, namely, R(K) = 0.745%0979 4-0.036,
in the range 1< ¢*><6GeV2. This measurement is in
tension with the theoretically clean SM prediction
Ry (K) = 1.0003 +0.0001 [19] by 2.66. Combining
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these anomalies with all other observables for b — sy u~
transitions, it is found that a scenario with NP in C¢"
(corresponding to the operator sy” P bjiy,u) but not in Cg°
is preferred compared to the SM by 4.36 [20].

Hints for lepton-flavor universality violating NP also
comes from the BABAR Collaboration who performed an
analysis of the semileptonic B decays B — D™zv [21].
Recently, these decays have also been reanalyzed by BELLE
[22], and LHCb measured B — D*zv [23]. Combining these
measurements one finds [24] R(D)gxp = 0.388 +0.047,
R(D*)gxp = 0.321 £0.021. Comparing these measure-
ments to the SM predictions [25] Rgy(D)=0.297+0.017,
Rgm(D*) = 0.252 +0.003, we see that there is a discrep-
ancy of 1.8¢ for R(D) and 3.36 for R(D*), and the
combination corresponds approximately to a 3.8¢ deviation
from the SM (compared to 3.4¢ taking into account the
BABAR results only [21]).

Numerous models have been proposed in order to
explain the anomalies in b — su™u~ transitions (see, for
example, Refs. [26-36] for Z’' models and Refs. [37-39] for
models with leptoquarks) and the deviations from the SM
predictions in tauonic B decays [40—49].

Alternatively, a model independent approach using
higher dimensional operators has been employed, as in the
model independent fits [7,9,50]. In this context, it has been
argued that as R(K) violates lepton-flavor universality,
lepton flavor could also be violated in B decays [51], which
might be linked to neutrino oscillations [52,53]. While
Ref. [51] considered the effect of operators at the B meson
scale which are invariant under electromagnetic gauge
interactions only, operators invariant under the full SM
gauge group [54,55] have also been considered in
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Refs. [56-62]. Here, it has been claimed than a simultaneous
explanation of R(K), R(D), and R(D*) using gauge invariant
operators with left-handed fermions is possible [58,61]. For
this purpose, it was assumed that in the interaction eigenbasis
only couplings to the third generation exist [51,58] (or are
enhanced by m2 /m?, compared to the second one [61]), while
all other couplings are generated by the misalignment
between the mass and the interaction basis (or are suppressed
by small lepton-mass ratios [61]).

In this Letter we reconsider the possibility of explaining
B — D"y and the b — syt~ data with higher dimen-
sional gauge invariant operators, taking into account the
constraints from B — K*)up and using the results of the
global fit to b — sup transitions. We extend the analysis
of Ref. [61] and consider the possibility of lepton-flavor
violation (LFV) while compared to Ref. [51] we include the
correlations due to SU(2), gauge invariance and give
quantitative predictions for B — K zu and B, — u.

Flavor observables: b — sy™ ™ transitions.—b — st;t;
transitions are defined via the effective Hamiltonian

te; 4G . ity O tit; IEL
Heff - \/f thVts Z (Cu O + C/ 0/ )
a=9,10
it _ .
Os10) = 25  [5y4P,b] [Ziru ()¢, (1)

where the primed operators are obtained by exchanging
L<R.

Concerning B —» K*utu~, By, > ¢u"pu~, and B —
Kutu=/B — Kete™, as already noted in Refs. [26,66],
Cy' < 0 and Cg* = 0 are preferred by the data. However,
also the possibility Ct" = —Cf < 0 gives a good fit to
data. Using the global fit of Refs. [9,20] we see that at (10)
20 level

—0.18(—0.35) > C# = —C"* > (-0.71) — 0.91. (2)

Interestingly, the values of Cg", C|fj favored by R(K) and
B — K*u"u~ lie approximately in the same range [67].
Furthermore, a good fit to the current data does not require
Cg‘” ; hence, in the following we neglect operators with
right-handed quark currents for simplicity.

|

B—-K (*)yD.—Following Ref. [59] we write the relevant
effective Hamiltonian as

viv; 4G
H' = =5 VuVi(CLOI + CROR). (3)
ij a " = 5
OLR ~in 5y PL,RbH’/ih(l —-Y )Vj]’ (4)
and C?M~—1.47/s2. In the limit of vanishing right-

handed sb current, the branching ratios normalized by
the SM predictions read

R
R, =3 ICIP/ICMP. (5)
ij=1

The current experimental limits are RY < 4.3 [68] and
RY. < 4.4 [69].

B — D™ty —The effective Hamiltonian for semilep-
tonic b — ¢ transitions is

4G
V2

with C#™ =6, (for massless neutrinos) taking into
account only left-handed vector currents. In this case the
ratios of branching ratios are

EXP Z ICi5,/ Z |2, (7)

Heff VCbCLlj [C}/ PLb] [ZiyﬂPLl/j]’ (6)

with 7 = e, .

Lepton-flavor violating B decays.—Here we give for-
mulas for the branching ratios of LFV B decays following
the analysis of Ref. [70]. We take into accouqt only
contributions from the operators 0( 7" and 0lO while
neglecting contributions from operators w1th scalar currents
not relevant for our analysis. For B, — £7¢'~ (with £ # £')
we use the results of Ref. [71], neglecting the mass of the
lighter lepton. The branching ratios for B — K*)z%,¥,
B — K¥)y*e¥ are computed using form factors obtained
from lattice QCD in Ref. [72] (see also Refs. [14,73]). The
final results read

Br[B — KW+ =107 (ag10 0| C57 + C§7 P + by | CTF + CFF P+ cieo | C57 = CF7 + di o |CTF = C ),
2 2 2 2\ 2
_ TBmeMBJ.fB\_ max[mbﬂs m{/] 7 7 7 !

BilB, — ¢4 07 = PTG TR @GV Vi (1 =T I ) (6 - P g - ) (®)
TABLE 1. Numerical values of the coefficients appearing in the branching ratio for B — K*)¢*¢U-) in Eq. (8).
a4 Aagee' bier Aager bg-ce Cx et di-¢o
TH, TE 9.6 +1.0 100£1.3 3.0+0.8 2.7+0.7 164 £2.1 154+£1.9
ue 154 £3.1 15.7£3.1 56£19 56£19 29.1+49 29.1+49
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The numerical values of the coefficients ag¢) pr, b pprs
)z¢ and d g, are given in Table 1. The formula for the
branchmg ratio of B, —» ¢*¢'~ is symmetric with respect to
the exchange of C (e ~C 53” while in the case of B —
K¢+ ¢~ this symmetry is broken by lepton-mass effects.
There is a small difference between the theoretical pre-
diction for the charged mode B* — K*)*#+#~ and the
neutral one B® — K%/+¢'~ due to the different B-meson
lifetime 7, which we neglected, fixing the numerical value
of 75 to the one of the neutral meson. Note that the results
above are given for #~¢'" final states and not for the sum
£ECF = ¢~ + £+~ to which the experimental con-
straints apply [74]. The only channel with zu final states for
which an experimental upper limit exists is

Br[BY = K't u¥],, <4.8x107°. 9)

Gauge invariant operators.—As we have previously
seen, a scenario with left-handed currents only gives a
good fit to data, cf. Eq. (2). In such a scenario SU(2),
relations are necessarily present. These relations are auto-
matically taken into account once gauge invariant operators
are considered. Therefore, let us focus on 4-fermion
operators with left-handed quarks and leptons. There are
two such 4-fermion operators in the effective Lagrangian,

1
Laim-s =733 > OxCr. (10)

where A is the scale of NP, which can contribute to
b — s£¢ transitions at tree level [54,55]:

oV = (Ly'L)(0r,0). Q% = (Ly'ziL)(Qy,7'Q).

(11)

where L is the lepton doublet and Q the quark doublet, and
the flavor indices are not explicitly shown here. Writing
these operators in terms of their SU(2), components (i.e.,
up-quarks, down-quarks, charged leptons, and neutrinos),
we find for the terms relevant for the processes discussed in
the last section (before electro-weak (EW) symmetry
breaking)

(1)
Ct ikl
L> Aj (fﬁ’”PLf deﬂPLdl + Uiyt PLdeknyLdl)

3)

ijkl 1n > _ _ -
+ /;12 (2 7' Prvjitgy, Prd; — 0;y* Prv;dyy,Prd,
=+ 2i7ﬂPij‘_lk7yPLdl)v (12)
where C 511]3) are the dimensionless coefficients of the

operators of Eq. (11). After EW symmetry breaking the
following redefinitions of the fields are performed in order
to render the mass matrices diagonal:

dL —)DTdL, fL —’LTKL,

up = U'uy, v—Lv. (13)

We define for future convenience

3)w(1.3)5(1.3) *
’1<13)Xij Y LULJ/

(14)

(1.3)
Dk/ Dl/lC/J/k/Z/,

where A(13) are overall constants. Using constraints from
the measured Cabibbo-Kobayashi-Maskawa (CKM)
matrix, i.e., V = U'D, we finally obtain

cj =~
b 503
B V2A2GraV Vi (A(I)XU 23) + 4% EJ (23))’
F th "V ts
ij T S(1)5(1 ~(3) 53
Ci = V2N GraV , Vi AOXGTE - 20X YR,
1 ts
| e x0 5
Ci’?j = _7\/§A2GF chb zk:(v%YkS ) (15)

for the Wilson coefficients relevant for b — su*u~, B —
K®up and, B —> D<*)w, respectively. Note that in the limit
C() = €O the contribution to B — K™*)up vanishes.

Numerical analysis.—Since we have Cy' = —Cj, we
find for the LFV B decays

Br[B - Kt*uT]/Br[B - K*ttuT| ~ 1, (16)
Br[B, —» tuT]/Br[B - K*t*uF| ~0.5.  (17)

Therefore, in the following, we will just present the nume-
rical evaluation of Br[B — K*r*u¥] while Br[B; — t=uT]
and Br[B — K7zuT] can be obtained by the appropriate
rescaling.

We also note that B — Kvv imposes an upper limit on
the absolute value of C§" = —C7f and Cg' = —C; valid for
C® and C(V separately. Neglecting the small NP contri-
bution to C/* and assuming no NP in the electron channel,
we find:

lgSM <V43x3/2~2.5, (18)

|‘L"L'

CSM_\/3X43X3/2 2+1~x52. (19)
This leads to the following upper limits valid in any model
generating only C©®) or C():

Br[B — Ktu] < 8.3 x 1076, (20)

However, this limit can be evaded for C®) = C(1). In
Ref. [61] it was proposed that the mlmmal flavour violation
(MFV)-like relation Y 22/ Yy3 = m2/ m could explain
R(D™) and b — sutu~ data s1multaneously. From
Eq. (18) we see that this ansatz is only possible for C©3) =
C) but not if C® or C) are separately different
from zero.
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Therefore, we will focus in the following on scenarios
with third generation couplings in the EW basis only, which
correspond to a general rank-1 matrix in the mass eigenbasis,
as suggested in Refs. [51,58]. In other words, we have

13 S5
Cz('jkl) =209X,; Yy,

000
000]. (21)
001

X=L'XL, Y=D'YD, X=Y=

Taking into account only rotations among the second and
third generation, one finds

0 0 0
X=10 sin(a, ) —sin(ay,) cos(ay,) |,
0 —sin(a,,) cos(a,,) cos?(a,,)
0 0 0
Y=10 sin(ayp) —sin(ay,) cos(ayy)
0 —sin(ay,)cos(ay,) cos?(ayp)

Note that a rotation sin(a,,) > V., would require fine-
tuning with the up sector in order to obtain the correct
CKM matrix.

Q,(/,lq) operator.—In this case we have neutral currents
only. As a consequence, there is obviously no effect in
R(D™), but b — su* ™ is directly correlated to B — K*)v
depending on the angle .. Note that a change in ay, can
be compensated by a change in A(!) and therefore does not
affect the correlations among B — K My and b — sutu~
transitions. In Fig. 1 the regions favored by b — su™u~
(blue) and allowed by B — Kuvv (yellow) are shown
together with contour lines for B — K*zu in units of 1076,
Note that B — Kvi rules out branching ratios for B — K*tu
above approximately 1 x 107® and that the constraint
from B — Kvp, being inclusive in the neutrino flavors,
is independent of a,,.

Q(;q) operator.—Here we have also charged currents that
are related to the neutral current processes via CKM
rotations. In Fig. 2 the regions allowed by B — Kuvv
(yellow) and giving a good fit to data for b — su*u~
(blue) and (at the 20 level) for B — D*zv (red) are shown
for different values of 1®). Note that b — su*u~ data can
be explained simultaneously with R(D™)) for negative
O(1) values of A without violating the bounds from
B — Kvp. Again, in the regions compatible with all
experimental constraints, the branching ratios of LFV B
decays to 7y final states can only be up to ~107°.

Q(flq) and Qg]) with A1) = 23) —_In this case the phe-
nomenology is then rather similar to the case of C®) only.
The major differences are that, as already mentioned, the
bounds from B — Kvv are evaded and the relative con-
tribution to b — suu compared to R(D™)) is a factor of

agp=arcsin [Vqp]

2
%’*Tu B-Ktu
3r 2\
3|
i
t;i i
%*/ <
-~
M
il
)
oo N N N
-1.0 -05 0.0 05 1.0
A
FIG. 1 (color online). Allowed regions in the A() — @, plane

from b — sytu~ data (blue) and B — Kvo (yellow) for
ay, = arcsin[V,,] and A = 1 TeV. Note that here changing o,
only has the effect of an overall scaling of A(). The contour lines
denote Br[B — K*zy] in units of 107°.

2 larger. Again, R(D(*)) rules out very large branching
ratios for lepton flavour violating B decays in the regions
compatible with b — su™u~. Note that the MFV-like ansatz
[61] with additional flavour rotations phenomenologically
only slightly differs from the ansatz with third generation
couplings.

UV completions.—Let us briefly discuss UV completions
which can give the desired coupling structure. As discussed

previously, the 4-Fermi operator Q(;q) is relevant both for

R(K) and R(D™). If foq) is mediated by a single field, then
there are only four possibilities: (i) vector boson (VB)
with the SM charges (SU(3).,SU(2),,U(1)y)=(1,3,0),
(ii) scalar leptoquark (SLQ) with (3, 3, —1/3), (iii) vector
leptoquark (VLQ) with (3, 1,2/3), and (iv) vector leptoquark
with (3,3, 2/3). The vector boson (1, 3, 0) induces only QY.
On the other hand, the leptoquark fields result in particular
combinations of Q;lq) and qu) [61]. With the assumption of

the third generation coupling, the relative size of the effective
couplings A('3) and the signs are determined as

VB(1,3,0) : 43) both positive and negative, (22)

SLQ(3.3,-1/3):210 =320, 210 >0, (23)

VLQ(3.1,2/3):41) = 2103, B <0, (24)

VLQ(3,3,2/3): 41 = —=340), A3 >0. (25)
The coefficient C¢ is proportional to A1) +A0) and a
negative value is favored by R(K). Therefore, the scalar
leptoquark is rejected as a candidate. To explain R(D™))
simultaneously, A0 itself must also be negative. This
condition excludes the triplet vector leptoquark. If the
experimental results are explained by the operator Q}%)
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B2 _ FIG. 2 (color online). Allowed
regions in the @, — ay;, plane from
B — Kuvi (yellow), R(D*) (red),
and b — syt~ (blue) for A =
1 TeV and A®) = —0.5 (left-hand
panel), A3) = —1 (middle panel)
and A®) = —2 (right-hand panel).
Note that oy, = /64 roughly cor-
responds to the angle needed to
generate V., and that if 1) is
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under the assumption of third generation coupling only, the
possible mediators are the triplet vector boson or the singlet
vector leptoquark. According to the analysis of the previous
section, a good fit to flavor data requires a mediator mass of
O(1) TeV. This opens interesting prospects for the LHC,
especially in the case of leptoquarks that can be produced in
proton-proton collisions via color interactions and would
decay to one lepton (z or more interestingly x) and one jet
(possibly a b jet).

Conclusions.—In this Letter we considered the effect of
gauge invariant dim-6 operators with left-handed fermions
on b—sutu~, B> K®up, B— D®z, B— K¥zy,
and B, — zu. For operators with left-handed quarks
and leptons, we find the correlations Br[B — KtuT|~
Br[B — K*t*u¥] ~ 2Br[B, — t=uT|. We showed that the
anomalies in b — sup data can be explained simultaneously
with R(D*). For this we considered scenarios in which third
generation couplings in the EW basis are present only:
A £0,28) £0, and 1) = A() £ 0. Taking into account
A0 20 only, b —» su"u~ data can be explained without
violating bounds from B — K (*)yp. However, in the allowed
regions of parameter space, Br[B — K (*)T,u] canonly beupto
1 x 107°. In the case of A3) #0, b — syt~ data can be
explained simultaneously with R(D*). In these regions
Br[B — K"z can again be only up to 107°. Finally, we
considered A3) = A(1) # 0. Such a scenario can be realized
with a leptoquark in the singlet representation of SU(2),
(making a MFV-like ansatz for the lepton couplings possible)
and constraints from B — K*)1© are avoided. Again, LFV B
decays turn out to be of the same order as in the other scenarios.
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positive, R(D*) and b — sutu~
cannot be explained simultane-
ously.

Note added.—Recently, an article presenting a dynamical
model with additional vector bosons and third generation
couplings appeared in which Q(;q) is generated [75].
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