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We propose that three recent anomalies in B meson decays, Ry, Rk, and P;, might be explained by
only one vector leptoquark weak triplet state. The constraints on the parameter space are obtained by
considering t — bt v data, lepton flavor universality tests in the kaon sector, bounds on the lepton
flavor violating decay B — Kut, and b — cuu~ v decays. The presence of such vector leptoquark could
be exposed in precise measurements of top semitauonic decays to b quark. The model predicts enhanced

decay rate of B — Kvv, approximate equality of lepton flavor universality ratios Rg+, Rk, and suppressed
branching fraction of Bs — putu™.
© 2016 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.

1. Introduction

Although LHC has not found yet any particles not present in
the Standard Model (SM), low-energy precision experiments in B
physics pointed out a few puzzling results. Namely, we are wit-
nessing persistent indications of disagreement with the SM pre-
diction of lepton flavor universality (LFU) ratio in the 7/u and/or

T /e sector. In the case of ratio Rpw = %m [1-6], the de-
viation from the SM is at 3.50 level [7] and has attracted a lot
of attention recently [8-12]. Since the denominator of these ra-
tios are the well measured decay rates with light leptons in the
final states, £ =e, i, the most obvious interpretation of Rp re-
sults are in terms of new physics affecting semileptonic b — ct~v
processes [13].

The second group of observables, testing rare neutral current
processes with flavor structure (sh)(u* ™), also indicate anoma-
lous behaviour [14-27]. Decay B — K*ut ™~ deviates from the
SM in the by-now-famous P; angular observable at the confi-
dence level of above 30 [28-30]. If interpreted in terms of new
physics (NP), all analyses point to modifications of the leptonic
vector current, which is also subject to large uncertainties due to
nonlocal QCD effects. However, several studies have shown that
even with generous errors assigned to QCD systematic effects, the
anomaly is not washed away [31]. Furthermore, the sizable viola-

tion of LFU in the ratio Rx = % in the dilepton invariant

mass bin 1 GeV? < q2 < 6 GeV? has been established at 2.60 level.
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This ratio, being largely free of theoretical uncertainties and ex-
perimental systematics, deviates in the muon channel consistently
with the deviation in B — K*u*u~. Strikingly enough, all these
disagreements were observed in the B meson decays to the lep-
tons of the second and third generation. As pointed out in [13] the
lepton flavour universality has been tested at percent level and is,
in the case of pion and kaon, in excellent agreement with the SM
predictions. It has been already suggested that scalar leptoquark
might account for this anomalous behaviour in the recent litera-
ture [16,32-34,7,18,35].

Many models of NP [14,35,16,8,17,9,18-25,34] have been em-
ployed to explain either Rx and P; anomalies or Rp. It was sug-
gested in Ref. [9] that Rk and P; can be explained if NP couples
only to the third generation of quarks and leptons. Similarly, the
authors of [36] suggested that both Ry and Rk anomalies can
be correlated if the effective four-fermion semileptonic operators
consist of left-handed doublets. The model of [37] proposed exis-
tence of an additional weak bosonic triplet and falls in the category
of weak doublet fermions coupling to the weak triplet bosons,
which then can explain all three B meson anomalies. Among the
NP proposals a number of them suggest that one scalar leptoquark
accounts for either RS‘) or Rx anomalies. However, in the recent
paper [7] both deviations were addressed by a single scalar lepto-
quark with quantum numbers (3, 1, —1/3) in such a way that Ry
anomalies are explained at the tree level, while Rk receives con-
tributions at loop level. This scalar leptoquark unfortunately can
couple to a diquark state too and therefore it potentially leads
to proton decay. One may impose that this dangerous coupling
vanishes, but such a scenario is not easily realised within Grand
Unified Theories.
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In this paper, we extend the SM by a vector SU(2) triplet lep-
toquark, which accomplishes both of the above requirements by
generating purely left-handed currents with quarks and leptons.
Furthermore, the triplet nature of the state connects the above
mentioned anomalies with the rare decay modes of B mesons
to a final states with neutrinos, and various charged lepton fla-
vor violating decay modes. The considered state has no couplings
to diquarks and has therefore definite baryon and lepton numbers
and does not mediate proton decay. In [36] the same leptoquark
state has been considered in a more restricted scenario with cou-
plings to the third generation fermions in the weak basis.

The outline of this paper is the following: In Sec. 2 we describe
how to accommodate Rpw and Rg within the scenario where
vector triplet leptoquark mediates quark and lepton interactions.
Sec. 3 discusses current constraints on the model and further ex-
perimental signatures of this model, while in the last section we
present conclusions.

2. Signals

The vector multiplet Ué‘ that transforms under the SM gauge
group as (3,3,2/3) couples to a leptoquark current with V — A
structure:

Ly, = g;jQiy" t'US, Lj + he. 1)

Here 74, A=1,2,3 are the Pauli matrices in the SU(2); space
whereas i, j = 1,2,3 count generations of the left-handed lepton
and quark doublets, L and Q, respectively. The couplings g;; are
in general complex parameters, while for the sake of simplicity we
will restrict our attention to the case where they are real. The ab-
sence of any other term at mass dimension 4 of the operators en-
sures the conservation of baryon and lepton numbers and this al-
lows the leptoquark Us to be close to the TeV scale without desta-
bilising the proton. The interaction Lagrangian (1) is written in the
mass basis with g;; entries defined as the couplings between the

Q =2/3 component of the triplet, U;i/g), to dy; and £1j. Remain-

ing three types of vertices to eigencharge states Ugf), Ugiﬂ). and

U;Ll/ % are then obtained by rotating the g matrix, where neces-
sary, with the Cabibbo-Kobayashi-Maskawa (CKM) matrix V from
the left or with the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix U from the right:

Lu, = Uéff’) [(V‘gm')‘ uiy"PLvj — gij aiy“PLZj]
+ U (V2ve) iy Pre
+ U8, (V2guyydiy" PLvj + he. @)

If ultraviolet origin of the Ué‘ LQ is a gauge boson field of some
higher symmetry group (e.g. Grand Unified Theory), then the cou-
pling matrix g in the mass basis should be unitary. Furthermore,
in such theories the ability to choose gauge and the presence of
additional Goldstone degrees of freedom would ensure renormal-
isability, in contrast to the effective theory of Eq. (1). In this work
we limit ourselves to the tree-level constraint for which the details
of the underlying ultraviolet completion are irrelevant.

The b — st~ processes are affected by the product g;#gsﬂ

whereas the crucial parameter for b — ct v is gp;. We do not in-
sist on a particular flavor structure of the matrix g but note that
the explanation of the LFU puzzles in the neutral and charged cur-
rents involves parameters gs;, gpu, and gy, which will be our
tunable flavor parameters of the model. We assume the remaining
elements g;; are negligibly small:

0 O 0
g=10 g, 0 |,
0 Zvu &br
0 Vus&spu +Vubr8byu Vub8br
Vg=|0 Ves&u+Ver8pyu Veb8br |- (3)

0 Vis8su +Ver&u Veb&br

The rotated matrix Vg determines the couplings of the LQ to the
up-type quarks among which we also have a Ugf) coupling to cv,
required to explain Rpe.

The leptoquark Us implements a combination of Wilson coeffi-
cients in the b — st~ effective Lagrangian [18,38],

V2

Co=—Cilo=— g 4)
9= 10= Vo Vo 8 8sp M%] )

which has been shown to significantly improve the global fit of

the b — su* ™ observables with the 1o preferred region Cg e

[—0.81, —0.50] [39], see also [40]. Here v = 246 GeV is the elec-

troweak vacuum expectation value. In this case we find

85,85 €10.7,1.3]1 x 107 (My /TeV)>. (5)

Note that the effective coupling (4) also brings the LFU observable
Rk in agreement with the experimental value [39].

On the other hand, the correction to the semileptonic decays
b — ct ™V also proceeds via exchange of the U;i/?’) state. The ef-
fective semileptonic Lagrangian in the SM complemented by the
LQ correction is:

4G 8 (VEUci
LoL= - [fvcbuﬁ + w2 .
+he. (6)

The second term shifts the effective value of [Vg|? as measured in
semitauonic decays summed over all neutrino species in the final

state:
2 * (Y
V—zRe(ng( g)cr) . 7
Mg Veb

The above expression contains the interference term with the SM
amplitude while the pure LQ contribution is rendered negligible
compared to the interference term by an additional factor v/ Mﬁ.
In the same manner the semimuonic decay widths b — cu~v are
proportional to |Vc(l’f )|2 that is given by an analogous expression to
Eq. (7). From the fit to the measured ratio Ry done in Ref. [34]
we learn that at 10 we have the following constraint:

Re g5 (V8)cr — 85, (V)| = (018 £:0.04) (My/TeV)? . (8)

We are allowing for LQ modifications to take place for both ¢ =
W, T inb—cl V.

In summary, the data on b — su*u™ and Rpe points to a
region in parameter space where

} (Cy*PLb)(TyuPLvi)

(T)
Veb

C

2
~ Ve |? [1 +

Ebu8spu ~ 1073,
Veb (glzn - giﬂ) — b &sp ~ 0.18, (9)

is satisfied, if My = 1 TeV. From the first equation we learn
that, once we impose perturbativity condition (1gsu, &pu, &bzl <

~/47), that both |gsy,| and |gp,| are also bounded from below,
1gsul, 18bpl 23 % 10~*. The second equation can be simplified to

gl%r - gl%u 4.4, (10)

which indicates |gp;| = 2.



272 S. Fajfer, N. Kosnik / Physics Letters B 755 (2016) 270-274

3. Additional constraints
3.1. LFU in the kaon sector

Potentially very severe constraints are the measurements of
[Vys| in kaon muonic decays due to Us, contributions in s —
up~ v but not in s — ue~v, since first generation charged lep-
tons are not affected by the studied LQ at tree level. Effects of this
type are exposed by the lepton flavor universality ratios between
decays involving the kaon and different charged leptons:

REK _ 'K~ —e™v) K _ 't~ —K7v)
T K-> pv) T (K- > pD)’
Note that the value of |Vys| obtained from the global CKM fits re-
lies on the data on semielectronic decays (cf. experimental inputs
to Vys of the CKMfitter results [41] prepared for the EPS 2015 con-
ference) that are not subject to the leptoquark amplitudes. The SM
value of |Vys| is thus not a relevant constraint on the leptoquark
couplings. The measured value of Rzle(/u is due to the NA62 ex-
periment [42] while the SM prediction has been calculated with
negligible uncertainty [43] and is in good agreement with the ex-
perimental result:

(11)

K (exp) -5
RE/M = (2.488 £0.010) x 107>,

R = (2.477 £0.001) x 107°. (12)

In the 7/ sector, the SM prediction and the value obtained from
the measured branching fractions [44] agree as well:

K _
R = (1.101 £0.016) x 1072,

Ry = (1.1162 £ 0.00026) x 1072, (13)

From the Lagrangian (2) and couplings (3) one can derive the LQ
modification of Vs as measured in s — up~ v decay:

2 * (Vg)
(w) v gs/j,( g ulL)
Vs =Vus | 1+ Re
us US[ 2M12j ( Vus

=V [1 +af/;)]. (14)

Again, we have neglected the pure LQ terms which are propor-
tional to v4/M¢,. The presence of LQ modifies both LFU ratios RX

e/n’
R¥,, by a common factor

— R [1- 28],

K(SM)
R e/

o {=e,T. (15)

We determine 8{ = (—2.2+£2.2) x 1073 and §{* = (6.7 £7.1) x
103 using the e/p (12) and 7/ (13) LFU ratios, respectively.
Combining the two determinations of 8 results in average value
8 — (—1.44+2.1) x 1073 and allows to put constraint on the LQ
couplings:

Vub
Re (|gsu|2 + V—”gg“ﬂgbu>
us
= (—4.64+6.9) x 1072(My /TeV)?. (16)

3.2. Semitauonic top decays

The eigencharge state Ugff’) can have large effects also in
semileptonic decays of the top quarks, in particular in the decay
mode t — btTv being a purely third-generation transition. The
correction to the tau-specific CKM element Vy, reads

(t) _
8" =

v? 8 (V&)
Vi =Ve[1+55)]. Re( be ’). (17)

2M%, Vib

The correction (S[(,: ) should be smaller than the relative error on
V;p as measured in decay B(t — btTv) = 0.096 £ 0.028 by the
CDF Collaboration [45]:

2 * ()
= Re (M> <0.29. (18)
My Vib

This bound can be interpreted as
|ghe| < 2.2(My /TeV). (19)

Recent analysis of the top decays in the tt production channel
already probed V;, in semitauonic decays of the top quark with
competitive precision [46,47].

3.3. b— cu~v decay

For the rate of the semimuonic decays we are not aware, to our
best knowledge, of an experimental measurement of B — D{™ v
quoting separate lepton-specific rates for £ = e and ¢ = w. From
the data on the semileptonic decays b — c£~ v the average of in-
clusive and exclusive determinations is [Vep|exp. = (41.00£1.07) x
103, a value reported by the HFAG [48] and used by the CKM-
fitter group. On the other hand, CKMfitter performed a fit with-
out using |Veplexp. as input and the preliminary result is then
[Veblindirect = (42.99192%) x 1073 [41]. The difference between ex-
perimental and indirect determination of V., can then be assigned
to the leptoquark contribution:

[Veblexp. — Veblindirect = (—2.0%]7) x 1073

v2 &, V8cu
= ——|VplRe [ 2. 20

The ensuing constraint is

g, (Ve
Vep|Re (b“vic“> €[—0.1,-0.01] x 1073 (My /TeV)2. (21)
cb

Notice that the considered leptoquark does not affect the semi-
electronic decays, and that the entire effect originates from
semimuonic decays in our model. Although the presented bound
includes intrinsic pollution from the semielectronic events, in lack
of better constraint, we apply it as a bound on the LQ modification
of semimuonic decays. It would be indeed very useful to have ex-
perimental results on the semileptonic rates for different leptons
in the final states.

34. B— Kut decay

The observables that probe the LQ couplings with the b quark
and violate lepton flavor are, at tree level, B~ — K~ u™ 7t~ and
decays of bottomonium to 7. The branching ratio of the latter
process is constrained at the level of 10~® but taking into ac-
count large decay widths of bottomonia states, these bounds are
not competitive with the bound B(B~ — K~ ut17) <2.8 x 107>
at 90% CL [49]. We can estimate the decay width by adapting the
bound from the very same process analysed in the case of scalar
leptoquark in the representation (3, 1, 4/3) [50]:

bz 8sp| < 0.09(My /TeV)2. (22)
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Excluded by B —» Ktu

Excluded by R, and R,

Excluded by t - btv
Preferred by Rpwand B - KO pp

Fig. 1. Constraints of real parameters gs, and g,; in units My /TeV. The fitted regions are outlined in thick (10') and thick dashed (20).

3.5. Fitting the couplings

In Fig. 1 we show the effect of the constraints projected onto
gsu—8br Space; gy, is free parameter of the fit. The best fit point
with all the constraints and signals included is obtained at x2 ~ 3
and is much favoured over the SM situation. Clearly there is pref-
erence for large gp; to correct the large SM tree-level effect in
b — ct~v. On the other hand, g5, is one to two orders of mag-
nitude smaller, and is responsible, together with moderately large
8oy (0.1 S 1gpyl S 1, not shown in Fig. 1), for the correction of the
1-loop SM effect in b — st ™.

3.6. Further experimental signatures

The effect of the LQ triplet state in B — K™ T~ directly
implies an effect of similar size in B — K® vv. Using the notation
of Refs. [51,52] and extended in [33] to account for lepton flavor
violation, we employ the effective Lagrangian

= Gpa ii - _
Lo = ==V Vi€l GyuPLb) iy (1 — y5)v)). (23)
72
The effect of the Us leptoquark has been already studied in [52].
In the SM we have, for each pair of neutrinos, CEM = —-6.38 +

0.06 [51], while the vector LQ generates Cf“ = 2Cg, where Cq is
defined in Eq. (4). The branching ratio is inclusive of all neutrino
species and in this case the unitarity of the PMNS matrix U allows
us to ignore neutrino mixing and we can set &/ =1 [53]. The rel-
ative modification of the decay rates of B — K™ vy is equal for
both K and K* [52] and reads

4 4
1+ §Re(cg/ci'v') + §|cg/c§M|2. (24)

The enhancement factor from the dominant interference term can
reach up to 1.17 for Cg = —0.8.

Consequences of the vector LQ for rare charm decays can be
extracted from the couplings of the U§5/3) in Eq. (2). One can easily
derive the contribution to the ¢ — uu™pu~ effective Lagrangian.
Following notation of Ref. [54], one can easily find that there is

contribution to Céﬁf()) Wilson coefficients:

28 (Vup (Ve v

. 25
VinVie M2 (29)

() _ (uc) __
C9 - _C10 -

We find |Cy| = |c§“’/<vubv;b)| < 0.05, an order of magnitude be-
low the currently allowed bound |Cq| < 0.63 [54].

One of the most sensitive channels to test this model is the
decay t — bttv which was already used to constrain the cou-
plings. The largest coupling g, which drives this top decay is
large, |gp| ~ 2, and according to Eq. (17) it increases the decay
rate by 20%.

In addition, the Us leptoquark contributes to Rgx = I'(B —
K*utu™)/T(B— K*ete™). As already discussed in [55], in sce-
narios with left-handed currents the two LFU ratios, Rg+ and Ry,
are predicted to be approximately equal, where the only difference
between them originates from the small quadratic term of the LQ
amplitude. Future LHCb measurements of Rg+ will definitely help
in differentiation between different models. Another immediate
consequence of positive LQ contribution to the Cqg, ranging from
0.4 to 0.8 at 1o CL, is destructive interference with the negative
C%'(‘)", which results in 20-35% smaller branching fraction compared
to the SM face value for the time integrated branching fraction
Br(Bs; — utp)sm = (3.65+£0.23) x 1072 [56].

4. Conclusions

We propose that the simple extension of the SM by vector lep-
toquark that is a weak triplet can simultaneously explain all three
recent B physics anomalies. This triplet contains massive vector
states with electric charges 5/3, 2/3 and —1/3. The coupling of
the charge 2/3 state with the second and third generation of down
quarks and charged leptons introduces, via CKM and PMNS mix-
ing, coupling of the 2/3 state to the up-type quarks and neutri-
nos, charge —1/3 state to the down-type quarks and neutrinos,
and couplings of charge 5/3 state to up-type quarks and charged
leptons. Our model is constrained by a number of tree level pro-
cesses in addition to the B physics anomalies: tests of lepton fla-
vor universality in K physics, semileptonic top decays t — bt v,
b — c£~ v transition, and lepton flavor violating decay B — Kurt.
We predict also that vector leptoquark affects ¢ — uu ™t~ decays.
The most stringent constraint comes from D® — p* = decay as
noticed in [54]. However, our prediction for the appropriate Wil-
son coefficients Cg 19 turned out to be much smaller than the
ones allowed by the experimental data as discussed in [54]. We
have also predicted moderate increases of decay B — Kvv and
top decay t — btTv. Our results are normalised to the mass of
this states to be 1 TeV, which is in agreement with current direct
searches of CMS/ATLAS limits on the leptoquark of the second/third
generation [57,58]. Further efforts on both sides—theoretical and
experimental—might help to understand better impact and per-
spective of this NP candidate.
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