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Anomalies in semileptonic B decays could indicate new physics beyond the standard model (SM). There
is an older puzzle in nonleptonic B — zK decays. The new particles, leptoquarks and diquarks, required to
solve the semileptonic and the nonleptonic puzzles can also generate neutrino masses and mixing at loop
level. We show that a consistent framework to explain the B anomalies and the neutrino masses is possible
and we make predictions for certain rare nonleptonic B decays.
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I. INTRODUCTION

Searching for beyond the SM (BSM) physics has
been the primary focus of the high energy community.
Rare B decays have been widely studied to look for BSM
effects. Because these decays get small SM contributions,
new physics (NP) can compete with the SM and produce
deviations from SM predictions. Over the last few years
measurements in certain B decays have shown deviations
from the SM. These deviations are observed in two
groups—in charged current (CC) processes mediated by
the b — c¢7~ D tansitions and in the neutral current (NC) pro-
cesses mediated by b — st~ transition with £ =y, e
We will focus here on the NC anomalies although it is
possible that the CC and the NC anomalies are related [1]
but we will not explore that possibility here.

Let us start with the b — s£7#~ decays which are fertile
grounds to look for new physics effects [2,3]. In b —
sutu~ transitions there are discrepancies with the SM in a
number of observables in B — K*uyu~ [4-8] and B? —
¢utu 19,101

There are also measurements that are different from the
SM expectations that involve ratios of 5 — su™u~ and b —
seTe™ transitions. These measured quantities are tests of
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lepton universality violation (LUV) and are defined as
Ry =B(Bt - Ktutu)/B(Bt - KTete™) [11,12] and
Rg- =B(B® - K*u*u=)/B(B° - K*Oe+e ) [13,14].

While the discrepancies in b — su™u~ can be under-
stood with lepton universal new physics [15], hints of LUV
in Rx and R} require NP that couple differently to the
lepton generations. A well-studied scenario is to assume NP
coupling dominantly to the muons though NP coupling to
electrons is not ruled out [16,17]. The b — su™pu~ tran-
sitions are defined via an effective Hamiltonian with vector
and axial vector operators:

aGF
H. = VinVise (C,0, + C,0,),
\/E a;O
Og(10) = [S7,PLD][ay" (vs)ul. (1)

where the V;; are elements of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix and the primed operators are
obtained by replacing L with R. It is assumed Wilson
coefficients (WCs) include both the SM and NP contribu-
tions: Cy = Cy gy + Cxnp- One now fits to the data to
extract Cy np. There are several scenarios that give a good
fit to the data and results of recent fits can be found in
Ref. [17-22]. One popular scenario is Cf\p = —Cf \p
which can arise from the tree-level exchange of leptoquarks
(LQ) or a Z’' which may be heavy [23-26] or light [16,27—
31]. Here we will focus on the LQ solution and there are
three types of LQ that can generate this scenario. These are
the SU(2),-triplet scalar (S3), the SU(2),-singlet vector
(U,), and the SU(2), -triplet vector (Us). We will focus on
the S5 which along with diquarks can be used to generate
neutrino masses at loop level [32,33]. To generate the
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neutrino masses, one can fix the S5 couplings by a fit to the
b — s¢*¢~ data and then the diquark couplings are con-
strained from the neutrino parameters. In this paper we
point out that the diquark couplings can be fixed from
nonleptonic B decays and now one can check whether the
correct neutrino masses and mixings are reproduced. We

would like to mention that joint explanation of RS? and RE?
was first pointed out in [1] and later a connection between

R? or R(D*> and neutrino masses was discussed in [34-36].
Here, we are anticipating a common framework with
leptoquarks and diquarks that can explain the semileptonic
and nonleptonic B measurements along with the neutrino
masses and mixing.

The observations that we will use for the nonleptonic
decays are the set of B — zK decays. These are penguin
dominated nonleptonic b decays and have been studied
extensively. The decays in the set include BT — ztK°
(designated as +0), BY — 7°K* (0+), B® - 77K+ (—+),
and B° — 7°K° (00). Their amplitudes are not indepen-
dent, but obey a quadrilateral isospin relation:

\/EAOO LA = \/EAOJr —|—A+0. (2)

Using these decays, nine observables have been measured:
the four branching ratios, the four direct CP asymmetries
Acp, and the mixing-induced indirect CP asymmetry Scp
in B® — 79K°. Shortly after these measurements were first
made (in the early 2000s), it was noted that there was an
inconsistency among them. This was referred to as the
“B — 7K puzzle” [37-40].

Recently the fits were updated [41-43]. In Ref. [41] it
was observed that the key input to understanding the data
was the ratio of the color-suppressed tree amplitude (C”) to
the color-allowed (7”) amplitude. Theoretically, this ratio is
predicted to be 0.15 < |C'/T'| £0.5 [44] with a default
value of around 0.2. It was found that for a large
|C'/T'| = 0.5, the SM can explain the data satisfactorily.
However, with a small, |C'/T’| = 0.2, the fit to the data has
a p value of 4%, which is poor. Hence, if |C'/T’| is small,
the SM cannot explain the B — nK puzzle—NP is needed.
The precise statement of the situation is then, the mea-
surements of B — zK decays allow for NP and so in this
paper we will assume there is NP in these decays. There are
two types of NP mediators that one can consider for the
B — 7K decays. One is a Z' boson that has a flavor-
changing coupling to 55 and also couples to #u and/or dd.
The second option is a diquark that has db and ds couplings
or ub and us couplings. We will focus on the diquark
explanation as the diquarks can contribute to neutrino
masses.

The paper is organized in the following manner. In
Sec. II we describe the setup with leptoquarks and diquarks
that leads to neutrino masses and mixing at the loop level.
In that section we also discuss the low energy constraints

for the leptoquark Yukawa couplings including the b —
s¢T¢~ data. In Sec. Il we explore the B — zK decays
mediated by the exchange of diquarks and we consider the
constraints on the diquark Yukawa couplings from the B —
K decays and meson oscillations. In Sec. IV we consider
the collider constraints on the diquark and leptoquarks
coupling and masses and we give a scan of all their
couplings that satisfy all the constraints and generate the
correct neutrino masses and couplings. For a few bench-
mark cases we present explicit expressions for the diquark
and the leptoquark Yukawa couplings and predict the
branching ratios for the rare decays B — ¢z and
B — ¢¢. Finally in Sec. V we present our conclusions.

II. COLORED ZEE BABU MODEL

We briefly summarize the main features of the colored
Zee Babu model [32,45] that are central to our idea.
The model includes a scalar leptoquark S;; (with lepton
number 1) of mass m; and a scalar diquark S, of mass mg
transforming as' (3,3,-1/3) and® (6,1,-2/3) respec-
tively under SM gauge group SU(3), x SU(2) x U(1)y
with Q = T; + Y. The baryon number of S5, is taken to be
1/3 whereas S, is assigned 2/3. With this assignment of
baryon number, the baryon conservation is automatic and
thus the proton decay is forbidden. The lepton number is
softly broken through a trilinear term thereby generating
Majorana neutrino mass.

With the particle content discussed above, the interaction
Lagrangian is given as

Lin = —Y]L{ic,018% — YidGd S
+ uSs Shi S + He., (3)

where a, f = r, b, g are SU(3), indices, i, j = 1, 2, 3 are
generation indices, the diquark coupling matrix, Y iij, is a
symmetric complex matrix whereas the leptoquark coupling
matrix, Y jj , is a general complex matrix. The leptoquark
couples to leptons and quarks as \/iy[LujL - \/ieiLdjL—l—
vipdj, + ejpuj;. Note that, in Eq. (3), we can also have
additional scalar interaction terms (not relevant to our
analysis), such as

W@ DTr(SS, S3,) + 4, Tr(DFS3,. 5%, @)

where @ is a Higgs doublet. These terms give rise to splitting
in the mass of §3; particles, comprising three states of
different electric charges —4/3, —1/3, and 2/3, and thus

'"The choice (3,1,—1/3) is also possible as it couples
neutrinos to down-type quarks but will not explain the Rx and
R} anomaly as this scalar couples up-type quarks to charged
leptons.

Note that if we had chosen the diquark to be (3,1,-2/3), ¥,
and, hence, the neutrino mass matrix would be antisymmetric.
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FIG. 1. The two loop neutrino mass generated by (3,3, —-1/3)
leptoquark and (6, 1,—-2/3) diquark.

contribute to the oblique corrections [46]. To avoid that, we
assume 4; , = 0 such that all S5; particles/states have same
mass, my. Along with this, there are quartic and quadratic
terms of these scalars. We assume that their coefficients are
adjusted such that only the Higgs doublet gets the vev and
the potential is bounded from below.

The above Lagrangian can generate majorana neutrino
mass at two loop as depicted in the Fig. 1. The resultant
neutrino matrix is given as [32,47]

My = 24y FEm Y iy (4)

where I is a loop integral, which in the limit of large
leptoquark and diquark masses simplifies to

11/ mi
1M~ — 1 <—S> , (5)
(4m)mi \mj

with

0= [ax [ ot y) ©

and my; is 3 x 3 diagonal mass matrix for down-type
quarks. Note that we have chosen diagonal bases of the
mass matrix for down-type quarks and charged leptons.
Hence, to obtain the correct masses of neutrino, we need to
diagonalize the mass matrix, M, by the Pontecorvo-Maki-
Nakagawa-Sakata matrix U/ as

m, =UMU. (7)
The standard parametrization is adopted such that

1 0 0 C13 0 S|3€_i6
U= 0 Co3 8§23 0 1 0

0 —s23 3 —5136"‘S 0 13

C1o S12 0 1 0 0

x| =s; cp O 0 elo/? 0 (3)
0 0 1 0 0

ei(13|/2

where ¢;; and s;; represent cos 0;; and sin 0;;, respectively.
In the case of Majorana neutrinos, a,; and a3, are the extra

CP phases that cannot be determined by the oscillation
experiments. However, these phases could be sensitive to
the upcoming neutrinoless double beta decay searches.

It should be noted that the mass dimension one param-
eter, p, is constrained by demanding the perturbativity of
the theory. The trilinear term in the Eq. (3) generates one-
loop corrections to leptoquark and diquark masses. These
corrections (Am?) are, in general, proportional to %;.
Requiring corrections to be smaller than the corresponding
masses implies y < 4zmg; [47]. As various collider
searches, discussed in Sec. V, do not allow the scalar
masses to be smaller than 1 TeV, we take p from 0.1 to
1 TeV and this choice commensurates with the above
constraints.

Having discussed the details of the model, next we list all
the possible constraints, coming from various experiments
on leptoquark and diquark coupling matrices.

III. LEPTOQUARKS

A. Lepton flavor violation at tree level

Collider searches of leptoquarks indicate that they are
heavy. So we can study their low energy effects by writing
4-Fermi operators of two lepton-two quarks. Using Fierz
rearrangement, we get

Yik Jnx ~
! (Ly*PrL;)(qxr,Prg,) +H.c.

2
2my

as an effective operator where / and ¢ denote leptons and
quarks. These are organized in terms of the four-Fermi
effective interactions with normalized dimensionless Wilson
coefficients as

vy ~4Gp —
Heff = Z % Oijkn == Zcz]kn Oijkn .
ikn 2my V2 ijkn

In Ref. [48], constraints on such operators have been
extensively studied. Keeping in mind that Y}’ should be
able to explain a small neutrino mass, following are the
most crucial operators related to our work:

€] (e_iy”PLej)(c_iyﬂPLd): The p-e conversion in nuclei

sets a bound on the Wilson coefficient of this
operator, i.e.,

11y21x
YI Yl

m < 8.5x% 10_7. (9)
FItL

c :‘

?2) (ﬁy"PLe)((_iy”PLs): The bound from the decay
K° — ety sets a bound on C!?1?

Y112 Y[Zl*
W2Gpm3

1212 ‘ <3.0x107.  (10)
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3) (v—,»y”PLuj)(d_kyﬂPLd,): The constraint on the K
meson decay to pion and neutrinos (vv;) sets
another bound:

Yy
4\/§GFm%

Apart from this, we have also taken care of all the relevant
Wilson coefficients mentioned in Ref. [48].

cii2 :' <94x10°.  (11)

B. Lepton flavor violation radiative decay

The lepton flavor violation radiative decays /; — [;y are
induced at one loop by the exchange of a leptoquark S5,
with the branching ratio [46]

Bay; 1

BR(¢;, - ¢jy) ~ -
/ 2562G% m}

(v (12)

where a—4ﬂ, X =1, and y, = 1/5. In the case of a 7
lepton, there are two leptonic modes and hadronic modes
can be approximated by a single partonic mode (with three
colors). Hence there is a factor of 5 difference in x and the
7-lepton branching ratio. The current experimental bounds
[49,50] are

(1) BR(u = ey) <4.2x 10713,

(2) BR(7 = uy) < 4.4 x 1078,

(3) BR(z = ey) <3.3x 1078,

C. b — s *¥¢~ anomalies

As discussed in the Introduction one can perform fits to
the b — s£¢~ data and scenarios in terms of Wilson’s
coefficients that give a good description of the data. In the
above set up, the exchange of the S3; leptoquark at tree
level contributes to the decay b — s£7#~, and in particular
generates the scenario Cffyp = —Cjfjnp- The effective
Hamiltonian describing the decay is parametrized as

_4Gr a
Hetr = F Vi szc

where O;(u) are effective operators with Wilson
coefficients C;(u) renormalized at the scale u. For the

u)+He., (13)

model under consideration, only the operators (’)gi =
(57"Pb)(Zy'¢;) and  Of = (Sy"PLb)(Zy'yst;) are
induced. Using Fierz identity, we obtain the following
Wilson coefficients:

2 Yi3 Yi2*
Chi=—Cl = - ‘[”2(1)(1). (14)
4(XGFmL V,me*

Assuming new physics only in the muon sector, a model
independent analysis on the above operators [17] from the
Ry, Ry, P§ and other observables suggests that

C¥(NP) = —0.53 =+ 0.08.

IV. DIQUARK

A. Nonleptonic decays and the B — 7K puzzle

In the Standard Model the amplitudes for hadronic B
decays of the type b — qff are generated by the following
effective Hamiltonian:

G 10
F

_ V.. V* 10‘1:|
\/E ; lb tqz

+H.c., (15)

Hiy = Vi Vi, (101 +c,05;)

where the superscript ¢ indicates the internal quark, and f
can be a u or ¢ quark. g can be either a d or an s quark
depending on whether the decay is a AS =0 or AS = —1
process. The operators Of are defined as

0% =Guv,Lfsfsr"Lbo. 0%, =Gy, Lffy"Lb.
0%5=qr,Lbg'v"L(R)q,  Ofs= a1, Lbsq4r"L(R)q,,

3_ _
O0%9=5r,Lbe,q'v"R(L)G,
3_ i}
Of 10 =5 4arulbpey yr* R(L) g (16)

where R(L) =1 +ys, and ¢’ is summed over u, d, s, c,
and b. O, and O, are the tree-level and QCD corrected
operators, respectively. O;_¢ are the strong gluon induced
penguin operators, and operators O;_;, are due to y and Z
exchange (electroweak penguins) and “box” diagrams at

loop level. The Wilson coefficients clf are defined at the
scale u ~ m; and have been evaluated to next-to-leading
order in QCD. The ¢! are the regularization scheme
independent values and can be found in Ref. [44].

The diquarks discussed in Sec. II in the context of
neutrino mass generation can contribute to the B — zK
decays and we can write down the new physics operators
that will be generated by a 6 or 3 diquark [51]. In the
general case we get the effective Hamiltonian for b quark

decays b — aidjdk as
Hip = Xdaa,kh(l + VS)baaﬁ,jV”(l + VS)dﬂ,n (17)

where the superscript d in X? equals 6 or 3 corresponding
to the color sextet or the antitriplet diquark. The greek
subscripts represent color and the latin subscripts the flavor.
We have

d y*d
YI3Y

4dmg

X4 = , (18)

where the Yukawa Y are symmetric for the sextet diquark
and antisymmetric for the antitriplet diquark and we have
assumed the same masses for the diquarks.
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For b decays of the type b — 5ss the diquark contribu-
tion is tiny as the effective Hamiltonian is proportional to
Y4, which vanishes for the 3 diquark and is highly
suppressed from K and B mixing for the sextet diquark.
Similarly the b — ddd transition is proportional to Y¢,,
which is also small.

For b — sdd (b — dsd and b — dds) transitions we
have the following Hamiltonian:

HI%P = ng(lyﬂ(l + 7/5)[)(16_1/),]//4(] + YS)d/)’
+Xg‘§a7/ﬂ(1 +y5)bﬂaﬂy#(1 +y5)d(u (19)

with
X4 = — Ytli3 YTg
4m?
Yd Y*d
Xcé — _ 13421 , (20)
4m§
and
X3 = -X3.,
X6 = Xx§. (21)

We can rewrite the effective Hamiltonian after a color
Fierz transformation as

7_lﬁPF = Xiaﬂ}/”(l + ys)bagayﬂ(l + }/S)dﬂ
+ Xeday, (1 + 7) sy (1 = y)d,.  (22)
The only other unsuppressed transition is b — s5d

(b - 5sd and b — sds) which has the effective
Hamiltonian,

Hep = X957, (1 +7°)badsr* (1 + %) sp
+ XESar, (1 +77)bpdgr* (1 +7)s0, (23)

with
X4 — _M
4m§
Yd Y*d
X‘(ij — _ 23721 (24)
4m?

In this case at the meson level we can have the decays
B — ¢x and the annihilation decays B — ¢¢. These
decays are highly suppressed in the SM and the observance
of these decays could signal the presence of diquarks.

TABLE I. Branching ratios, direct CP asymmetries Acp, and
mixing-induced CP asymmetry Scp (if applicable) for the four
B — 7K decay modes. The data are taken from Ref. [52].

Mode BR[10_6] ACP SCP

Bt - ztK® 237940.75 —0.017 £0.016

Bt - 2%kt 12944+ 0.52 0.040 £ 0.021

BY > z=K* 19.57+0.53 —0.082 + 0.006

BY - 79K0 9.93 +0.49 —0.01 £0.10 0.57 £ 0.17

B. Naive B — zK puzzle

We begin by reviewing the B — zK puzzle. As in
Ref. [4]1] we can analyze the B — zK decays in terms
of topological amplitudes. Including only the leading
diagrams the B — zK amplitudes become

AT0 = _P;c’
V2AY = —T'e' + P, — Ppy,.
A™F = -Te" + P
V249 = —P), — Piy,. (25)

Here, T’ is the color-allowed tree amplitude, P, is the
gluonic penguin amplitude, and Py, is the color-allowed
electroweak penguin amplitude. Furthermore in the SU(3)
limit the 7" and Py, are proportional to each other and so
have the same strong phases. Now consider the direct CP
asymmetries of BY — 7°K* and B® — z~K*. Such CP
asymmetries are generated by the interference of two
amplitudes with nonzero relative weak and strong phases.
In both A%+ and A=F, T'— P/, interference leads to a direct
CP asymmetry. On the other hand, in A°", P}, and 7" have
the same strong phase, Py « T”, while Pgy, and P}, have
the same weak phase (= 0), so that P, does not contribute
to the direct CP asymmetry. This means that we
expect Acp(BT — 71°K+) = Acp(BY — 27 K™).

The latest B — 7K measurements are shown in Table I.
Not only are Acp(BT — 7°K*) and Acp(B® — 77 K*) not
equal, they are of opposite sign! Experimentally, we have
(AAcp)eyp = (12.2 £2.2)%. This differs from O by 5.56.

This is the naive B — zK puzzle.

C. Model-independent new physics formalism

In the general approach of Refs. [53,54], the NP
operators that contribute to the B — zK amplitudes take
the form O ~ 5T:bq1";q (¢ = u, d), where I'; ; represents
Lorentz structures, and color indices are suppressed. The
NP contributions to B — zK are encoded in the matrix
elements (7K|Ogy!|B). In general, each matrix element has
its own NP weak and strong phases.

Note that the strong phases are basically generated by
QCD rescattering from diagrams with the same CKM
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matrix elements. One can argue that the strong phase of
T’ is expected to be very small since it is due to self-
rescattering. For the same reason, all NP strong phases are
also small, and can be neglected. In this case, many NP
matrix elements can be combined into a single NP
amplitude, with a single weak phase:

> (zK|OF|B) = Atei®. (26)

Here the strong phase is zero. There are two classes of such
NP amplitudes, differing only in their color structure:
5alibaqpljqp and 5,0ibpqeliq, (¢ =u, d). They are
denoted A"7¢'® and A'C9¢® respectively [54]. Here,
@, and ®F are the NP weak phases. In general, A" #
A€4 and @ # @)C. Note that, despite the
suppressed” index C, the matrix elements A'C7¢/®¢ are
not necessarily smaller than A7

There are therefore four NP matrix elements that
contribute to B — zK decays. However, only three combi-
nations appear in the amplitudes: A<M ¢'® = — A4/ ®i -
A, ACue®C | and A'Ce®s [54]. The B — zK
amplitudes can now be written in terms of the SM
diagrams and these NP matrix elements. Here we neglect
the small SM diagram P),.. but include the color-suppressed
amplitudes:

“color-

A0 =_p) — %P;E,CW + A/C,deicb’dc’

V2A% = P}, —T'el" — Ppy, — Cle’ — %P{ECW
+ A/,comb ei<I>’ _ A/C.u eicbif’
AT* = Pl = Tlelr =2 PIS, = A€ot
V2A® = —P — Py, — Cle’ — %chw + A'eomb i
+ A (27)

We can express the various matrix elements as

ACAe®i = \/2(2OKO | Hepp | BY) = ('t KO Hpp| BY),
ACue® — (20K [ HYpp| BT) = (n~ Kt |Hpp| BY).
A/,combeidy — \/§<7IOK+|[HKIP + HdNP]|B+>

= V2{n"K°|[Hip + Hp]|B°). (28)
In our model H¥p and Hipr are absent while H{p and
HﬁIPF are defined in Eqgs. (19) and (22). In the factorization
assumption and using Egs. (19) and (22) we get the
following results for the nonzero amplitudes:

X6+ X3

A,C delq);,( _ |:X6_X3+ :| <7T+|aﬂ7//4(1 +}’5>bﬂ|B+>

X (KO5ar* (14 7)dq|0),
X6—x3
]
X (K*[3p7,(1+7°)by| BT)
X (70| dgr* (1+7°)da|0).

c

Aldei d—\/E{X6+X3+

(29)

In Ref. [55], a different set of NP operators is defined:

Pl xp ey = A ei® — Ad i
/ ~d/C
P&Pe@ A/C u ,i®IC + A/C.deld)d ,
P;:CW el = A/C,ue@ﬁf _ A/C.deicbf. (30)
In this case we have
/ iDL 1d id
Pry npe' ey = —Ae™,
. 2 .
VN 1C,d i®dC __ /C
Pype™r = _-A e ¢ = _(2/3)PEW,NP
/C
P%CWNPB b = _A/Cd @ (31)
We consider two models, the first with
X6 =Xx3. (32)

This leads to Py np/Phwnp =3 With both amplitudes

having the same weak phase,

, Yo, . Y0
Py npe' v = —2 2412 —di3_diz \/—<K+|Sﬁ7ﬂ( +vy )b/3|B+>
4mS
X (0f5ar* (1 + 7°)dq|K?),

Plpe'® =2 AC4eF = —(2/3)P;
P/WNPe@;EW — _A/Cd zcbd _ Pgqupe@Ew/& (33)
The second model has

X =0. (34)

This leads to P{§y xp/Prwnp = 1. again with both ampli-
tudes having the same weak phase.

A y? fit for the new physics within this scenario is
performed to determine the parameters of the model.
The procedure for determining such a fit is as follows.
We define the function
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TABLE II.  y2. /d.o.f. and best-fit values of unknown param-
eters for the Diquark model where the fit 1 has X° = X°.

Constraints: B — 7K data, measurements of f and vy,
|C//T/| = 4 PECW,NP/PEW.NH =03.
NP fit (1): y?/d.o.f. = 3.75/4, p value = 0.44

Parameter

Best-fit value

y (67.5 +3.4)°
B (21.80 4 0.68)°
@ (37.0 £ 12.6)°
|| 19.1£2.8
P, | 487412
Phw e 8.6+£25
PiSy e 27+ 1.1

Sp (4.0 £ 1.1)°
S (—60.0 + 115.6)°

) i( Son,) )

where O, and AQ,,, are the experimentally determined
quantities with their associated uncertainties, respectively,
as listed in Table 1. Oy, are determined from the model and
are thus functions of the unknown parameters. The goal
from here is to find the values of the parameters that
minimize y?. There are many programs available to
accomplish this, one of the most widely used is MINUIT
[56], which is used here. The goodness of the fit is
determined by the value of y? at the minimum and the
number of degrees of freedom (d.o.f.) in the fit. The d.o.f.
are the number of constraints included in the fit minus the
number of parameters that are fitted. In this case the number
of constraints is 13: the B — 7K data, the independent
measurements of f§ and y, and the constraints on |C’'/T’| and
| PiSw xp/ Piw np|- The number of parameters is nine and we
have that the number of d.o.f. are four. A “good” fit is one
where ;(fnin ~ d.o.f., but a better measure is the p value
which gives the probability that the model tested
adequately describes the observations.

The results of the fit for this case are shown in Tables II
and III. Here the p value is 44% for X® = X3, and 43% for
X3 =0, which is not bad (and is far better than that of
the SM).

The SM T’ diagram involves the tree-level decay
b — uW**(— us = K¥). The NP Pf, p diagram looks
very similar and is expressed relative to the 7’ diagram.
Within factorization, the SM and NP diagrams involve
Ak = FB877(0)fx and Ak, = F5~X(0)f,, respectively,
where F5~%7(0) are form factors and f,x are decay
constants. The hadronic factors are similar in size:
|Akz/Azk| = 0.9 0.1 [44]. Taking central values for
X% = X3, we have [41]

[Y4"3img|(Tev™")
o

0.01 :
0.01 0.1

[Y4'2img|(Tev™)

FIG. 2. The correlation between L n" i and l}r; | within 1o range.
The shaded area corresponds to mass range mg € [5:20] TeV.

' = Arg[YSBYZ?z]

Pew.p - 245,/ X°] = 8.6
T/ AﬂK<GF/\/§)|Vub* VMS| 19.1
Y6, . Y*0
TA3TAI2) (344 1.2) x 1073 TeV~2, (36)
2mS

For X3 = 0 we obtain

YdlSYdIZ

2

=(26+1.8)x1072 TeV2.  (37)
2my

Both models give similar fits and in Fig. 2 we show the
allowed regions of the diquark couplings within a 16 range
for the first model.

D. Neutral meson mixing

Diquarks, in spite of being charged, through their
coupling to the same generation quarks can mediate the
mixing between neutral mesons at tree level. Following the
convention in [57], the mixing can be depicted as the six
dimension operator:

Y*ij Ykl _

Omix = Lk er'y jywl vy, /.

N

The 90% C.L. bounds on the corresponding Wilson
coefficients [57] is then given as

o Y*11Y22
K -K |——4 | <29x10°8,
4\/§Gpm§
L y*11y33
B;-B; |—4 -4 <70x107,
4\/§GFm§
o Y*22y33
B:-B, |—L 4 | <33x107.
4\/§Gpm§
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V. NUMERICAL ANALYSIS AND DISCUSSION

Before we present the results, we discuss the bounds on
the scalar masses obtained from collider experiments. The
collider experiments provide direct limits on the leptoquark
mass when they decay to leptons and quarks in the final
state. There are many studies in the literature where
different signatures have been discussed [32,58,59]. The
leptoquarks can be pair produced from gg and ¢g as initial
state or singly produced at hadron colliders via g + g —
S3; + lepton. Recent studies at ATLAS [60] and CMS [61]
with 13 TeV data puts a bound on the scalar leptoquark
mass, m; > 1, 1.2 (ATLAS), 0.9 (CMS) TeV when decay
to ue, cu, and tr with 100% branching fraction, respec-
tively, at 95% C.L. The previous results [62,63] at 8 TeV
from the search of single leptoquark production are of order
0.65 TeV for final state cu. Taking a cue from these studies,
we take m; > 1.5 TeV in our analysis.

Similar to the leptoquarks, diquarks can be looked at the
LHC through dijets in the final state. The recent studies at
CMS on dijets’ final states rules out scalar diquarks of mass
smaller than 6 TeV. However, these limits are derived for
E¢ diquark which couples with an up-type quark and a

down-type quark [64]. These limits are very sensitive to the
assumptions of decay branching fractions as well as the
flavor dependent coupling strengths. Also, the diquark in
the present work couples only to down-type quarks. This
leads to a decrease in the flux factor and hence the cross
section and thereby the bounds on mg would be lower.
Hence, we take mg € [5:20] TeV in our analysis.

With this mass range of scalars, we randomly generate a
sample of diquark couplings satisfying the constraints
discussed in Sec. III. For mg € [5:20] TeV, the B — 7K
fit requires Y;z‘” to be greater than 0.1. Thus, we generate
these couplings randomly in the range [0.1: 1]. We fix Yff of
the order 1072 and Y3’ is randomly generated in the range
[107*:1072]. The small value of Y3? is required to generate a
small neutrino mass because the Y ?13 coupling is always
multiplied to the square of a bottom quark mass when mass

matrix, in Eq. (4), is solved. For the remaining Y ;j, 1.€.,

Y112 we scan in the range [107%: 1]. Except for Y23, other
diquark couplings are assumed complex. It should be noted
that the signs of the couplings are randomly assigned with
equal probabilities being positive or negative in the whole
calculation.

v

Gl

my(TeV)

I3

my(TeV)

FIG. 3. Parameter space scan in Y 7 -my plane.
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As for the leptoquark case, Y lzi couplings (real) are
generated randomly in the range [1073: 1]. With the obtained
sets of couplings, we calculate the strength of remaining
leptoquark couplings, for randomly generated LQ mass,
from Eq. (4) to get the correct neutrino masses. The
symmetric neutrino mass matrix in Eq. (4) represents six
independent equations as six independent parameters (given
in Table IV) that are obtained from the neutrino oscillation
experiments. Throughout the analysis, we have kept
Majorana phases to be 0, and have employed the 2¢ ranges
for the neutrino mixing parameters for normal hierarchy from
Refs. [65,66]. Finally, those sets of LQ couplings are selected
that satisfy all of the constraints in Sec. III. The results for the
LQ couplings are given in Fig. 3.

The pattern in the lower limit of the Yl22’23 coupling is
mainly decided by b — s£ ¢~ anomalies whereas the DQ

couplings, Y (112/ 13 do not contribute significantly to neutrino
mass calculations and thereby leptoquark parameter space as

Y:,z/ 13 comes with the product of down and strange/bottom
quark masses in Eq. (4), and the down quark mass is
very small.

We compare our results for leptoquark coupling with the
results given in [33,67] and find them consistent. A few
benchmark points (BP) are given in the Appendix B. For
these BP, we present branching ratios for the rare decays in
Table V following the calculations in Ref. [51]. The
branching ratios are rather small and it will be difficult to
observe these decays in ongoing experiments. Our analysis
shows that the B anomalies and the neutrino masses can all
be accommodated in a consistent framework.

VI. CONCLUSION

In conclusion we have discussed a unified framework to
provide solutions to three problems. They are the anomalies
in b — syt~ measurements, nonleptonic B — 7K decays,
and the issue of generating neutrino masses and mixing.
Our framework contained a scalar triplet leptoquark, a
scalar color sextext diquark, and also, possibly, a color
antitriplet diquark. We considered several low energy as
well as collider bounds on the leptoquark, diquark cou-
plings, and masses. For the leptoquarks these low energy
observables included the b — s#"¢~ measurements. The
solutions to the B — 7K puzzle provided constraints on
products of the diquark Yukawa couplings. We then
checked that the correct neutrino masses and mixings were
reproduced with the allowed couplings of the leptoquarks
and diquarks. We also predicted the branching ratios for a
few rare B decays whose observations could signal the
existence of diquarks. However, we found the branching
ratios of these decays to be unobservably small.
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APPENDIX A: SOME USEFUL EXPRESSIONS

In this Appendix, we give some useful expressions and
calculations that could be useful while reading the paper

—l//TC_l ,

(A1)

H = Y!d,Prd;sS?,

HY = YJ'd,Pg(~dL,C") S
= —Yldj*djﬂPL(]/ Cd* )S*aﬁ

1104

(A2)
Integrating out diquark

He = =Y PdiPrbsS? @ Y5 Pr(—dLC1) S
Y13Y12*
= L dSPrbyssPL(°Cd;)
mg
Y13 125

- m 2d dc}/”PL( OCda)sﬁ}/ﬂPRb/i

_ Y(113Ycli2*

2m3

Y13 12*

= = Sy A P )

Y13Y

= 2m: Spv P Rb/}[da}' Pryid,)"

Y13 12*

2m 2

557, Prbg|—dLC'y* P (' Cdy)]

557, Prbsd,y" Prd,. (A3)

TABLE IIl. 42, /d.o.f. and best-fit values of unknown param-

eters for the Diquark model where the fit 2 has X3 =0.
Constraints: B — zK data, measurements of f and y, and

|Pf3CW.NP/szW,NP| =1

NP fit (2): y?/d.o.f. = 3.82/4, p value = 0.43

Parameter Best-fit value
4 (74.7 £5.2)°
Y3 (21.80 £ 0.68)°
(o} (18.7 £33.9)°
|T'| 19.7+7.1
|P;.] 455+3.9
PEwNp 6.7+3.9
PECW,NP 6.5+3.7
Sp!, (—4.0 £2.0)°
S¢r (—48.9 +23.5)°

055015-9



DATTA, WAITE, and SACHDEVA PHYS. REV. D 100, 055015 (2019)

TABLE IV. Neutrino data with 26 deviation for normal TABLE V. Branching ratios obtained with the couplings that
hierarchy [65,66]. can produce required neutrino mass and also satisfy the con-
straints coming from the B — 7K puzzle.

5m? 7.07 —7.73 x 1075 eV?

sin? 0,5 0.265-0.334 BP  BR(B* - ¢75) BR(B" = ¢z°) BR(B® = ¢¢)
|Az12| 2.454 — 2.606 x 1073 eV? A 1.45 x 10-10 7.2 % 10~1! 1.45 x 10~12
sin Oy 0.0199-0.0231 B 6.5 x 10714 32 x 10714 6.5 x 10716
sin? 0, 0.395-0.470 C 1.19 x 1012 595 x 10~13 1.19 x 1014
S5/n 1.00-1.90

Because S is symmetric/antisymmetric there is an additional factor of 2. In other words S'? can contract with §'? and S?!.

APPENDIX B: BENCHMARK POINTS

Here we give the benchmark points satisfying the B anomalies observations and explaining the neutrino mass.
(i) BP A:

my; =3.5TeV, mg=5TeV
140 x 1074 +i3.24x 107 5.02x 1073 4+i8.9x 1073 3.7x 1073 +i3.26x 1072
Y;=|137x1073+i2.83x107* 1.81x 107! 2.44 %1072 . (B1)
503x 1074 +i3.12x 1073 1.4x107' +i3.31x 1072 1.1 x10724i4.5x 1072

1.68 x 10~* 46x107" +i1.22x 107" 4.64 x 107! +i1.3 x 1072
Yy= | 46x107" +i1.22 x 107! 2 x 107! 0.01
4.64 x 107" 4+i1.3 x 1072 0.01 —1.42x 107 +i2.5x 10~
(M,),, =453 %1073 eV (B2)
(ii) BP B:
m;,=75TeV, mg=6TeV
1.03x 1074 +i7.8x 1073 82x1073+il.2x1072 1.87x1072+il.11x 1072
Y;=| 1.32x1073+i32x107* 2.15x 107! 9.5x 1072 : (B3)
7.56x 1074 +i1.91x 1073 1.23x 107" +i1.25x 107" 3.2x 1072 +i1.51 x 1072
1.38 x 10™* 6.28 x 1072 +i3.6 x 107" 5.1 x 107" +i2.12 x 1072
Yy= ] 628x1072+4i3.6 x 107! 1.8 x 107! 0.01
51 x 107" 4+i2.12 x 1072 0.01 -14x1073 +i3x 107
(M,),, =1.55x 1073 eV (B4)
(iii) BP C:
my; =5.0TeV, mg=7.5TeV
51x10734+i2.63x107*  4.6x1072+i52x1072  33x1073+il.1x 1072
Y;=|726x107*+i1.55x 1073 2.42x 107! 43x1072 : (B5)
1.57x 1073 +i1.64x 1073 1.24x 107" +i1.06 x 10~" 1.32x1072+i1.0x 1072
1.2x 107 3.04 x 107" +i73x 107" 5.1 x 107" +i1.79 x 107!
Yy= | 3.04x107" +i7.3 x 107! 7.2 x 107! 0.01
5.1 x 107" +i1.79 x 107! 0.01 —1.43 x 1072 =i5.11 x 1073
(M,),, = 1.01 x 107 eV (B6)
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