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Light dark matter, rare B decays with missing energy in L, — L, model
with a scalar leptoquark
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We investigate the phenomenology of light GeV-scale fermionic dark matter in the U(1) L,-L, gauge
extension of the Standard Model. Heavy neutral fermions alongside with a S (3, 1, 1/3) scalar leptoquark
and an inert scalar doublet are added to address the flavor anomalies and light neutrino mass respectively.
The light gauge boson associated with the U(1) L,-L, gauge group mediates a dark to visible sector and

helps to obtain the correct relic density. Aided with a colored scalar, we constrain the new model parameters
by using the branching ratios of various b — sll and b — sy decay processes as well as the lepton flavor
nonuniversality observables Ry and then show the implication on the branching ratios of some rare

semileptonic B — (K*), )+ missing energy processes.
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I. INTRODUCTION

The Standard Model (SM) of particle physics is quite
successful in meeting the experimental sensitivities when it
comes to interactions at the fundamental level. It is believed
to be a low-energy gauge theory embedded in a high-scale
unified version. Despite its accomplishments, the increas-
ing sensitivities of various intensity and cosmic frontier
experiments have spotlighted its drawbacks and hints
toward its extension. Listing a few, there are the existence
of dark matter (DM) and its nature [1-6], nonzero neutrino
masses and its mixing phenomena [7], matter-antimatter
asymmetry [8—12], and so on.

Although most of the flavor observables go along with the
SM, there are a collection of recent measurements in semi-
leptonic B meson decays, involving b — sl and b — c70,
quark level transitions, that are incongruous with the SM
predictions. The most conspicuous measurements, hinting the
physics beyond the SM, are the lepton flavor universality
violating parametes: Ry with a discrepancy of 3.1¢ [13-17],
Ry with a disagreement at the level of (2.1 —-2.5)c
[18,19], Ry with 3.08¢ discrepancy [20-23], and R e
with a deviation of nearly 20 [24-26] from their SM
predictions. Although the Belle Collaboration [27,28] has
also announced their measurements on Ry in various q*
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bins, these measurements have large uncertainties. Besides
the Ry, parameters, the P5 optimized observable disagrees
with the SM at the level of 46 in the (4.3 — 8.68) GeV? ¢*-
bin [29-31] and the decay rate of B — K*up shows 3o
discrepancy [32]. The branching ratio of the B; — ¢uu
channel also disagrees with the theory at the level of 3¢ [33]
in low ¢°.

Because of the above discussed anomalies in b — sl
the rare semileptonic B decays with charged leptons in the
final state such as B — KWII, B, — ¢ll have attracted
large attention in recent times compared to the analogous
semileptonic B meson channels with neutral leptons in the
final state, i.e., B —» K®up, B, — ¢uvw. Since the neutrinos
escape undetected, the number of angular observables
associated with charged leptons are also more in contrast
to the b — svv processes. In the SM, the rare b — svv
transitions are significantly suppressed by the loop momen-
tum and off-diagonal Cabibbo Kobayashi Maskawa (CKM)
matrix elements. Even though these processes are theo-
retically very clean compared to other flavor changing
neutral current (FCNC) decays, these are yet to be
observed; there exist only upper limits in the branching
ratios of such decays [7]. The theoretical computation of
the inclusive B — X vv process is quite easy; however, the
experimental measurement of this decay is probably
unfeasible due to the requirement of reconstruction of all
X, and the missing neutrinos. However, the exclusive B —
K™ up processes are more promising to look for physics
beyond the SM.

Of particular interest among the FCNC B decays are the
semileptonic decays of the form b — s + E, where E stands
for the missing energy. Besides the production of heavy
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mesons in charge and CP correlated states, the existing B-
factories can tag the missing energy decays of B mesons “on
the other side.” In Ref. [34], the leptonic decays of heavy
B(D) mesons to a pair of scalar or fermion or vector particles
has been investigated both in a model-independent way and
in some popular models. Many new physics models [35—43]
also have been proposed to test the observed rates of B —
M + K decays. Furthermore, the sensitivity of bounds on a
weakly interacting massive particle (WIMP)-nucleon cross
section for GeV scale dark matter in direct detection
experiments is less. This brings us to study a light GeV
scale WIMP (< 2.5 GeV) in the light of missing energy in
rare B-decays.

To input our purpose, we opt for a simple but phenom-
enologically rich U (1) L,-L, gauge extension that was pro-
posed by He ef al. in [44 45], and then later explored to
explain muon g — 2, dark matter, neutrino phenomenology,
and matter-antimatter asymmetry of the Universe [46-76]. In
our previous work [77], we extended this model with three
heavy neutral fermions, a (3,1, 1/3) scalar leptoquark, and
investigated heavy fermion DM and various flavor anomalies.
In the present work, we look at a low mass regime of DM
arising as a missing energy in semileptonic decays of B
mesons to M (= K, K*, ¢). The extant of leptoquark (LQ) is
proposed in many theoretical frameworks, such as the grand
unified theories [78-81], Pati-Salam model [82-86], quark
and lepton composite model [87], and the technicolor model
[88,89]. The study of flavor anomalies as well as B anomalies
in connection with the dark matter with scalar LQ have been
investigated in the literature [17,77,90-116].

The paper is organized as follows. In Sec. II, we provide
the details of model, mixing in gauge, fermion, and scalar
sectors. Invisible widths of Higgs and Z bosons are given in
Sec. III. We discuss light dark matter relic density and its
detection prospects in Sec. IV. Comments on light neutrino
mass are given in Sec. V. Section VI contains a detailed
discussion on further constraints on new parameters from the
|

1

TABLE 1. Fields in the chosen U(1), _; model.
SU(3) x SU(2),
Field xU(l)y U, . 7
Fermions 0; = (u,d)f (3,2,1/6) 0 +
Ug (3.1,2/3) 0o+
dg (3,1,-1/3) 0+
fLEeL?ﬂL’TL (1,2, 1/2) 0,1,— +
R = €g, UR, TR (15 ) ) 0,1,-1 +
Ne’NyaNr (131 0) 0,],— -
Scalars H (1,2,1/2) 0 +
(1,2,1/2) 0 —
) 1, 1, 0) 2 +
S (3.1,1/3) -1 -
Gauge bosons Wi, (i =1,2,3) , 3, 0) 0 +
B, 1,1, 0) 0o+
v, a, 1,0) R
flavor anomalies. The study of B — (K®), ) + E is

presented in Sec. VIL. Finally concluding remarks are
provided in Sec. VIIL.

II. MODEL DESCRIPTION

We consider a variant of the L, — L, model [77], recently
explored in the context of flavor anomalies and dark matter
with three additional neutral fermions N,, N,, N, and a
S1(3,1,1/3) scalar leptoquark (SLQ). Alongside, the
model is comprised of an additional inert scalar doublet
n for generating neutrino mass at one-loop and a singlet ¢,
that spontaneously breaks the new U(1) symmetry. The full
list of field content is provided in Table L.

The relevant Lagrangian terms corresponding to gauge,
fermion, gauge-fermion interaction and scalar sectors are
given by

Lo==7 (W W+ B, B" + 1,V + 2sinyB,, V™),

(N”qubz +he) =S M, (NN, + NiN,),

> (qud;RSlNﬂ +h.c.),

A

1 — [y
ﬁf = _iMeeNeNe _%(NﬂNﬂd)z +h.e. ) )
— Z (Yll(f_L)lF]NlR + hC) -
I=ept q=d.s.b
Lo = =Guehr"uVy + 9tV eV, = gy (1 =

- g/u:N_,u‘A/ﬂy”ySN + gmﬁf/”yﬂfNT,
. g
Ly = Kzaﬂ ~Ju W I3 )n

2 H
- V(H”?, ¢2’S1)7

75)1//4‘7/4 + g/,trl/_ryﬂ(l - ys)yTV”

2
’(la ——B +gl”' > 1

+ |(laﬂ - 2g;n"’\/ﬂ)¢2|2
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where, the scalar potential is expressed as

V(H.n.¢5.8) = uy(H'H) + 25 (H H)* + 1 (n"n)
+ Auy(H'H) (n'n) + 2,(n"n)?
+ Ay, (H ) (" H)

"

A
+ 5" [(H')? +hel

+ ﬂ(z/,(ﬁb;d’z) + /14:(4[’3472)2

+u3(S,7S)) + A5(8,781)?

+ [aig (i) + Aus(S{S))](H'H)

o+ Asp($562)(S1781) + Ay (d3h2) (')
+ ﬂsn(SJSl)(’YT'I)- (2)

In the above, 45, uy; < 0, the scalar ¢, breaks U(1), ;.

spontaneously with (¢,) = v,/v/2 and SU(2), x U(1),

gets spontaneously broken by H with (H) = v/+/2. The
minimization conditions are as follows:

iy = =Agv* = Ayv3/2,
”(2/’ = —/1(/,1)% — 1H¢U2/2'

We have ;. 45 > 0 and the masses of the colored scalar
and inert components (charged and neutral) are

M%gl = 2/4%‘ + /1].15’[)2 + j.S{/,’U%,
M2 = 12 + Q0?2+ Ay v3/2,
M2 = 2+ (g + Ay £ A )02 /2 + D03 /2. (3)

In our analysis, we consider the breaking scale of new U(1)
to be above the electroweak scale. The CP-odd component
of ¢, gets absorbed by the new U(1) associated gauge
boson, which plays a major role in the subsequent phenom-
enological study. The mass of the colored scalar is taken to
be 1.2 TeV.!

A. Gauge mixing

For the mixing of the gauge bosons of U(1), and
U(l) L,-L, Symmetries, we use the transformation [118]

'"The most relevant process for the SLQ search at the LHC is
the pair production through gg(g¢q) — S;rS 1- Both ATLAS and
CMS have searched for this production process through different
LQ decay channels into second and third generation quarks and
leptons: SISl — t1ll, bbvp. As a consequence, these searches
provide suitable model-independent constraints both on mass and
branching fractions of the LQ. The best limits on the masses of
second/third generation LQs obtained for benchmark branching
ratio values set to f' = 1(0.5) are as follows: 900(560) GeV from
tiz7 and 1100(800) GeV from bbvp channels [117].

G)-(0 @)y e

Thus, the gauge kinetic terms take canonical form,

1

L=-~(W,W+B,B"+V, V). (5

N

Expanding the scalar covariant derivatives, we obtain the
mass matrix of gauge fields in the basis (W;,B,,V,) as

1g?0? —399'v°  ggg tanyv’
MEL=| —-lggv*  lg®?  —lgPtny? |, (6)

2

tgg tanyv? —gg*tanyv? 2g%, secy’v?

Two unitary matrices are required to get to the mass
eigenstate basis of gauge bosons, given as follows:

M, 0 M
UTMAU, — % 0 0 0 | wih
M2 0 M
cosf, sinf, O
U =| —sinf, cosf, 0 |. (7)
0 0 1

In the above,

1
M7y, = 77 +9%)0%
M?% = 4g, secy?v3,
1
SM? = 7.9\/(g* + g*) tan 02,

0, = tan~'[¢/g]. (8)

Further operating with U,, we obtain

M% 0O O
1
(Ule)TM2G<U1U2) = 5 O O 0 Wlth
0 O M%
cosa 0 sina
U2 - O l O ’ (9)
—sina 0 cosa

The masses of physical gauge fields and corresponding
mixing angle read as
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TABLE II. Model parameters along with their values in the present model.
Parameters Mg, [GeV] M, [GeV] My, [GeV] My, [GeV] sin 3 sin{ X ax 10*
Values 1200 500 125 500 1/2 1073 = 1072 1073 4.83-4.85
M2 = M2  cosa? — 6M? sin 2a + M2 sin a2, 2
2= Vo v fu= v2 (M_cos?p+ M., sin? ),
M2, :M%SM sin o + 6M? sin2a—|—M%—, cos a?, Uy
2
DY e _ V2 (M_sin? f + M cos® ),
a = —tan 5 5| (10) v -
- MV - MZSM :
M,, = cospsinfp(M —M_),
. 1 .
Thus, the gauge and mass eigenstates can be related by Ay = 57 (M2, 1 cos? ¢ + M2, ] sin? ),
n 1 .
; Z, Ay :2—1}%(M12L11 sin® ¢ + M3, cos?{),
Bﬂ =U,U,| A, |. (11) 1 '
- 7/ Ay = ——cos¢sin (M3 — M3, ). (13)
" H V0,

In the low-mass regime of Z’, the kinetic mixing gets
severely constrained (y ~ 1073) from electroweak precision
data [119,120], and the mixing angle o ~ 4.84 x 1074,

Bounds on the new gauge parameters (M, and g,.) are
levied by various collider experiments. Upper limits are
provided by BABAR [121] from the cross section of
olete > utu 7,72 - ytyu~) and also from CMS
[122] from the process pp — Zupu,Z — Z'up going to a
4y final state. Other bounds from Belle [123] are from the
invisible decays of Z' as missing energy in e*e™ collisions.
Stringent limits are provided from the study of neutrino
trident production from CCFR Collaboration [124,125] and
DUNE [66].

B. Scalar and Fermion mixing

The CP-even scalars (h and h,) and also the heavy
fermion states (N, and N,) mix with each other. The mixing
matrices of both scalar and fermion sectors are given by

5 22y 0? AHpVV,
Mz = Sk
/1H¢111]2 21451]2
Lfv, M
nv2 nr
My = (" . (12)
N 1
M/n' ﬁfrUZ

One can diagonalize the above mass matrices as follows:
UpMyUy = diag[M_,M_] and UIMpU; = diag[Mj, ,
M%,Z], where Upy) are 2 X 2 unitary matrix. The mixing

angles read as ¢ =7itan™! (%) and f=
ITtan™! (JW) The couplings and mass eigenvalues

are related as

In case of a scalar sector with minimal mixing
(sin¢ < 1072), the mass eigenstate H, is assumed to be
an observed Higgs boson at the LHC (My, ~ 125 GeV)
and H, is considered to be a heavier one with mass
500 GeV. In the fermion spectrum, N_ is the stable light
dark matter with mass less than 2.5 GeV and
M_ =500 GeV, with the corresponding mixing param-
eter sinff = 1/2. All the mentioned values for model
parameters are provided in Table II, which will be utilized
for the analysis in the subsequent sections.

III. INVISIBLE WIDTHS

In the present work, Higgs (H;) and Z bosons can decay
to N_N_ and the corresponding expressions for invisible
widths are given as follows:

u (fucos?B+f.sin?B)?sin>¢ AM2\3
1—‘ini/: . ] MHI . (14)
rZ =T7%+T% , ., where

mv

g*(cos a — sin atan y sin 6,,)?

Z
FUD_

967c0s%6,, z
(gur cOs 23 sec y sin a)? ( 4M3>%
%, == My(1- . (15)
NN 24 M3

Figure 1 projects the above widths as a function of
N_ mass.
IV. DARK MATTER

A. Abundance

To compute the relic density of the light DM (N_) via a
freeze-out mechanism, we use LanHEP [126] and
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r”‘ inv [GeV]

FIG. 1.
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1.5 2.0

M. [GeV]

0.5 1.0 2.5

Left: projection of invisible width of Higgs (H,) for sin¢ < 1072. Right: projection of the same for Z boson. Corresponding

experimental upper limits [131,132] are denoted by red horizontal dashed lines.

mictOMEGAs packages [127-129]. The channels with a
lepton-antilepton pair in a final state (uj, 7, v,U,, v;U;) Via
Z' and 7 portals contribute to relic density. Furthermore,
SLQ portal ¢-channel processes with dd, s5 in the final state
are also kinematically allowed. The key point is that the
s-channel processes via light Z' provide a resonance in
propagator, thereby meeting the Planck relic density value
[130] for the DM mass in the range 0.1-2.5 GeV. The same
is visible from the left panel of Fig. 2, which projects relic
density of DM with its mass. The right panel shows the 3¢
Planck allowed region in the M -M_ plane.

B. Detection prospects

Moving to a detection paradigm, a SLQ portal spin-
dependent (SD) cross section can arise from the effective
interaction

where J, = % stands for angular momentum, y, represents
the reduced mass, and the values of quark spin functions A,
are provided in [133]. Figure 3 projects the SD cross
section and it is clear that it is well below the experimental
upper limit from CDMSlite [134]. Furthermore, the WIMP-
nucleon cross section in the gauge portal (via Z, Z’) and the
scalar portal (via H;, H,) is found to be very small and
insensitive to direct detection experiments.

V. BRIEF COMMENTS ON NEUTRINO MASS

Neutrino mass can be obtained at one-loop level from the
Yukawa interaction with # in Eq. (1). Assuming (M% +
M3.)/2 = m§ is much greater than M; — M; = A, v*, the
expression for the radiatively generated neutrino mass
[135,136] is given by

2 o2
PO S— _ Hn Y M4 M2
LD~ 1 N_y"¥’N_gy,rq. (16) pYyi[ M i i oM
A3, — M) ’ Moy =30 Z My |m§=M3~ (m§—M3)> " mi |
The computed cross section is given by [133] (18)
pr  cos'p 2 2 A2 = di
oo =" i D £ YA (U 1), (1) where My, = diag(M,,. M_. M. ). For my 1 TeV. s ~
T \My, - 10~" and Y ~ 107, one can obtain neutrino mass at sub-eV
100 ; g,,,=0.?04 25 DY 2
LI S
10 o st
20} .. }:gé'w
Vgl
1¢ E . e
=15 e
5 0400 ErerszsazsdrazsarezfazraraaNerasazsasafrazsarazzazsazazsass) g.' ) '.’t."i’"
= 0} . _.sk'
0010k 1 =
-s"."
0.001 — Mz =3 GeV | 0.5 e -
— Mz 4GeV
10_1.0 112 114 116 118 210 22 24 1 2 3 4 5 6
M. [GeV] Mz [GeV]

FIG. 2. Behavior of relic density plotted against DM mass with black horizontal dotted lines denoting the 3¢ range of the Planck limit
[130]. The right panel corresponds to the parameter space consistent with the 3¢ allowed region of Planck data.
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3
L)
>
o
-
0.5 1.0 15 2.0 25
M. [GeV]
FIG. 3. Spin-dependent WIMP-proton cross section as a

function of DM mass in a SLQ portal. Dashed line represents
the bound levied by CDMSlite [134].

scale. It should be noted that as the L, — L, charges of SM
leptons and the heavy fermions are the same for each
generation while the inert doublet is charged zero, the
Yukawa matrix Y is diagonal. Hence, the neutrino mass
matrix (18) is diagonal by model construction, i.e.,
M, = diag(m;, m,, m3), thus it can automatically accom-
modate the observed neutrino mixing angles, i.e., any unitary
matrix can be used as the neutrino mixing matrix.

VI. CONSTRAINTS ON NEW PARAMETERS
FROM THE FLAVOR SECTOR

Now, we look forward to constraining the model
parameters of LQ and Z’ couplings using the branching
ratios of B = Kuu, B - K*up, B — X,y decay modes and
the recent measurements on lepton nonuniversality param-
eters, Ry

A. b —sll

The general effective Hamiltonian mediating the b —
sI*I™ transition is given by [137,138]

4G
Hetr = — F,W[Zk

+cl00))| (19)
where Gy is the Fermi constant, V,, denote the CKM

matrix elements, C;’s stand for the Wilson coefficients
evaluated at the renormalized scale ¢ = m,, [139], and the

values at next-to-leading logarithmic (Cyj, values are
calculated in the next-to-next-to-leading logarithmic order)
are listed in Table III.

Here O;’s represent dimension-six operators responsible
for leptonic/semileptonic processes, given as

e _ v
05 = 1[50, (m Py + myP) BLF.
Ao 7
S = (57" Puyb) (Trd).

Ol = 2 (574Py ) b) (). (20)
where a,, is the fine-structure constant, P; r = (1 F y5)/2
are the chiral operators, and the values of primed Wilson
coefficient are zero in the SM, but can be nonzero in the
proposed L, — L, model.

The one-loop diagrams that provide nonzero contribu-
tion to the rare b — sll processes can take place via the
exchange of Z', H; , one-loop penguin diagrams with SLQ
and N particles inside the loop as shown in Fig. 4. The
loop functions of second and third diagrams have
qui/Mgl factor suppression, hence provide minimal
contribution to b — s/l processes. Thus, only the first
diagram, mediated via s Z’' boson will contribute signifi-
cantly to the b — sl/ channels.

In the presence of a Z’ exchanging one-loop diagram, the
transition amplitude of semileptonic b — s/l decay process
is given by [77]

1 YirGe
_ —V\‘ .
2 ( M%/) ‘ho{ )(+)
X

[@(pg)r* (14 ys)u(pg))][0(p2)7,u(p1))],

M=
(21)

which in comparison with the generalized effective
Hamiltonian provides additional primed Wilson coefficient
[77]

\/i y éR g/%r

C/NP
2477"GF('¥em tbvts (q - MZ/2)

Va(r-ox+): (22)

to b — sll process. Here pg, pg, and p,, are the four
momenta of the initial B meson, final K meson, and the
charged leptons, respectively. The detailed expression for the
loop function Vy,(y_, x4 ) with y. = M3 /M5 is given in
the Appendix A [58,140]. Since there is only C4¥ in this
model, the By — up(zz) will not play any role in con-
straining the new parameters.

TABLE III. The SM Wilson coefficients computed at the scale y = 4.6 GeV [139].
C 1 C2 C3 C 4 C 5 C6 Cgff C gff C 9 ClO
—3.001 1.008 —0.0047 —0.0827 0.0003 0.0009 —0.2969 —0.1642 4.2607 —4.2453

015033-6



LIGHT DARK MATTER, RARE B DECAYS WITH MISSING ...

PHYS. REV. D 105, 015033 (2022)

FIG. 4. One-loop penguin diagrams that provide nonzero contribution to b — s/I transitions in the present model.

1. B—> KI*l~

Including the new physics contribution, the differential
branching ratio of B — Kl process in terms of g? is given
by [16]

dBr G%«“agm | Vrb V;ks |2 2 2 2 2
W:TBW /I(MgvMqu)ﬂlf+
2
ci\g
X <a,(q2)+ 1(3 )> (23)
where

MMy, M. q*)
AT TV (IF, 2+ |Fyl?
1 (|Fal> +Fy|?)

+2my(M3 — M% + ¢*)Re(FpF?%) +4miM3|F 4|,
MMy M%. q*)

a/(q*) = ¢*|Fp|* +

alq®)=- 1 BH(F Al +|Fv]?), (24)
with
2m
Fy=—"LCf+ G+ NP, Fy=C5),
B
M2 _M2 2
Fp— m,C%/I[ 5=k (f‘)(qz) - 1) - 1}, (25)
q f(g)
and

Ma,b,c) = a*+ b>+ c* = 2(ab + bc + ca),

Br=1/1—4mi/q. (26)

The detailed expression for C5% Wilson coefficients

[141-143] is presented in Appendix C. By using the
lifetime of a B meson and masses of all the particles from
[7], the B — K form factors from [144] and the predicted
branching ratio values of B — Kuu(tz) processes are

Br(B® — K% p )™ = (148 £0.12) x 107, (27)

Br(B' — K'p'u )™M = (1.6 £0.13) x 107, (28)

Br(B* — K*rte7) ™ = (152 £0.121) x 107, (29)

which in comparison with the corresponding experimental
data [7]

Br(B® — KOutu~)[BXPt = (3.39 £ 0.34) x 1077, (30)
Br(B* — K*ptu™)[BP = (441 £022) x 107, (31)

Br(B" — Ktz Bt < 2.25 x 1073, (32)

can put constraints on y,g, gy, M_, and My parameters.
As Z' does not couple to electrons, here we have
considered only the channels with ¢ and 7 in the final state.

2. B> Kt~
The dilepton invariant mass spectrum for B — K*[*[~
decays after integration over all angles; @, (angle between
[~ and B in the dilepton frame), O+ (angle between K~ and
B in the K-zt frame), and ¢ (angle between the normal of
the K=z and the dilepton planes) [145] is given by

Ji ——>, Jia=2J1,+J5, (33)

where the detailed expressions for Jifg) as a function of

transversity amplitudes are given as [146]

015033-7
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2+5)

="

AL + |Af]? + (L = R)]
2

4m .
+ q—2’ Re(ATAT + AfAF),

4m? .
Ji = |AGP +|AGP +q—21 [A,]* + 2Re(AGAF )],

s i
S5 =" IALP + AR + (L = R)),

J5 = =BlIAG]® + (L - R)]. (34)
|

with

AAS = AH(P)AT(¢7) + AR (@A () (i) =0,

. L),
(35)

in shorthand notation. The transversity amplitudes in terms
of the form factors and (new) Wilson coefficients are given
as [146]

V(Clz) 2my,

Aipr = N\2A(M}.. M3, ¢°) [((Cgff +C3%) F C?gd)m+7c7ﬂ(‘]2)],

Ajg = ~NVI(M - M2.) [<<csff oy e

A _ N
OL,R — ZMK*\/E

x (<M§ M = )My + M)A () = (M M )

(- F R

A1<q2) 2my,
— L+ 20T, (4%,
MB—MK*jL 2 2(q%)

Ay (q°) )

My + My

MM%., M3, ¢*
+2MpC, ((M§ M2 — PA)TH(g?) - M)] ’

MM, M%, ¢%)

A, =2N > Cio" Ao (%),
q
where
¥ G%az 2 2 2 2 172
N=V,Vi [ﬁq B/ A My, My, q°) . (37)

With the use of the mass and lifetime of particles from the
Particle Data Group [7] and the form factor from [147], the
predicted branching ratios of B — K*uu(zr) are

Br(B® > K*%u*p)|SM = (1.967 +0.158) x 1075,  (38)

Br(Bt — K*putu )|S™M = (1.758 £ 0.141) x 1078, (39)

which in correlation with the corresponding experimental
data [7]

Br(B® — K*utp~)|"" = (9.4 £0.5) x 107, (40)

Br(B+ — K™ utu™)|[BP < 5.9 x 1077, (41)

can constrain the y,r, g,., M_, and M parameters.

M3 — M3%.

(36)

3. Ry

Using the full Run-I and Run-II dataset, recently the
LHCb Collaboration has updated the lepton nonuniversality
Ry parameter in the ¢> € [1, 6] GeV? [15]

Br(B" — K'p'yu™)
RUHCR2I BB o) = 0.8461001240013 (47)

which is pretty much more precise than the previous result
[14]

R e

(where the first uncertainty is statistical and the second one is
systematic), giving rise to the disagreement of 3.1¢ from the
SM prediction [16,17]

RSM = 1.0003 + 0.0001. (44)

Equivalently, the recent measurements by the LHCb
experiment on Ry ratio in two bins of low-g? regions [18]
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b S
N_ (Ny)

FIG. 5.
model.

One-loop diagram of b — sy processes in the proposed

RLHCh _ {0.660f8;3713 £0.03 ¢ €[0.045,1.1] GeV?,
K 10691001 £005  ¢? €[1.1,6.0] GeV2.
(45)

have respectively 2.16 and 2.5 deviations from their
corresponding SM values [19]:

0.92+0.02 ¢* €[0.045,1.1] GeV?,
s _{ q° €| ] (46)

K 11.00£001 ¢* €1.1,6.0] GeV2.

Additionally, though the Belle Collaboration has also
announced measurements on R [27] and R+ [28] in several
other bins, their results have comparatively larger uncertain-
ties. The R () ratios can constrain all the four new parameters.

B.b — sy

The b — sy transition can occur at one-loop level as
shown in Fig. 5, where the leptoquark and N were driving
in the loop.

1. B> Xy

In the presence of NP, the branching ratio of the B — Xy
decay process induced by the b — sy transition is

0.010

%%

e8%°e

P 0.0 @
0.008 | . R R AR RS
! '?:.$a!:?
0.006 o, ]
é D’ B szi-h:'
-'.t'.“‘C
0.004 S
;‘;.:

L] L4 °
0.002 o=
o o0

S o 3

Mz [GeV]

ySM

y/NP\ 2
BB X,7) = Bi(8 — Xa) P (14 ) . @)
7

where

NP V2/3 Yor .
Nt = —mﬁ (J1(y_)cos?a + J, (x4 )sin’a),

1
(48)
with the loop functions J;(y.) [58]
1 -6y, +3y2 + 273 — 642 logy
J] ()(i) _ + + + 3 108X+ ) (49)

12(1 =y )
The predicted SM branching ratio of the B — Xy process
[148]

BI‘(B - Xs}/)|§?1:/1>1‘6 GeV — (336 + 023) x 10_4 (50)

in relation with the corresponding experimental limit [149]
Br(B = X,7)[g %1 gev = (3:32£0.16) x 10~ (51)

will impose constraint on the y,, M_ parameters.
Because of the absence of a Z'uz coupling in this model,
the lepton flavor violating processes like B — K()puz,
7 — uy, and 7 — 3u are not allowed, thus we could not
put a bound on new parameters. Using Br(B — K*)1I) and
Ry observables, we show the g,,, M, allowed parameters
space in the left panel of Fig. 6. The region consistent with
muon anomalous magnetic moment data is fully factored out
by the constraint from the neutrino trident production. The
validity of the effective field theory description in the present
model lies above the electroweak scale i.e., in the range
~(300-3000) GeV. It is indeed the favorable region of the
ratio M /2g,,, and the lower value of this ratio is found to be

' ) . °
1pRp o0 80 wa® S0l e L e 0 o
X og® ° ® ° o e
‘.:.. . “".\' ® 00° ° o0 . '.. « 9
.. : o000 :.o o" 0 0% o o: ..o P S ]
L ° 0% % 9 o e e 0 e o9 %
m 0.100f Lot (A :. :P.. e oot : ..‘r‘ ‘:-
T P o % . ° .. . ol
X .S, .
0.010
L] L]
. .
0.001} . ’
0.0 0.5 1.0 15 2.0 25
M_[GeV]

FIG. 6. Constraints on M?, — g, (left) and M_ — y  (right), obtained by using the branching ratios of b — sII, b — sy processes and
the R () parameters. Lines in the left panel denote the 3¢ consistent region of muon g — 2 [150], exclusion limit from BABAR [121], and

neutrino trident bounds from CCFR [124,125] and DUNE [66].
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TABLE IV. The allowed regions of y.g, g, M_, and My
parameters.

M_ (GeV) My (GeV)
0-2.5 1-6

Parameters Vyr Gz

0-2.0 0-0.01

Allowed range

excluded by various experimental searches, as projected in
the plot. The y g, M_ allowed region consistent with the
Br(B — K“II), Br(B — X,y), and R, observables is
presented in the right panel of Fig. 6. The allowed range
of all four new parameters consistent with flavor phenom-
enology is given in Table IV.

VII. FOOTPRINTS ON b — s +E DECAY MODES

The SM treats neutrinos as the only carrier of missing
energy in b — s transitions, i.e., the b — s+ missing energy
can be described by the b — svv decay modes in the SM.
Here we consider the lepton flavor conserving b — sy,
processes. In the SM, the general effective Hamiltonian
responsible for the b — sv;v; transition is given by [37]

—4Gy

Hetr = 7

VaVi(Ch05 + Ch0%) + He., (52)

where

QXem _
0 = 4em (SRJ/MbL><V7”(1 —7s5)V),
7T
Qem /- _
Or = f;n(SLJ’ﬂbR)(W”(I —75)v) (53)
are the dimension-six current-current operators with
N_(Ny)
\
b :’ :I s
\ I
\ 1

S1

S1

X(x) = Xo(x) + 52X (x) (54)

li - _X(xt)/Sinzng 4

being the SM Wilson coefficient. The expressions for
Xo.1(x;) loop functions can be found in Refs. [151,152]).
In the SM, the C% Wilson coefficient is absent but can be
generated in some new physics models.

In our model, all possible diagrams contributing to b —
s+ E processes are shown in Fig. 7. The first, third, fourth,
and fifth diagrams in Fig. 7 will be suppressed by the factor
myM ./ M%l. In the sixth diagram, the contributions of
muon-neutrino and tau-neutrino cancel with each other in
the leading order of NP due to their equal and opposite
L, — L, charge. Thus, only the Z’' exchanging second
diagram will contribute to b — s + E processes in addition
to the SM b — sv;0; modes.

A.B —> K+E

The total branching ratio of B — K + E decay is the sum
of the branching ratio of semileptonic B — K decay with a
SM neutrino in the final state and the branching ratio of
B — KN_N_ decay, i.e.,

Br(B — K +E) =Br(B — Kvi) +Br(B— KN_N_). (55)

The branching ratio of the B — Kv,v; decay process in the
SM is given by [37]

dBr_

Gra? -
ViV PMpaY 2 (s My D) (sp) I CL P,

dsg B 2567°

(56)

FIG. 7. One-loop penguin diagrams that provide nonzero contribution for » — s+ missing energy decay modes.

015033-10



LIGHT DARK MATTER, RARE B DECAYS WITH MISSING ...

PHYS. REV. D 105, 015033 (2022)

where My = My /My, sy = s/M3. The predicted branching ratio values of B*(®) — K*+(©)y,7, by using input values from
[7] and the corresponding experimental limits are tabulated in Table V.
The transition amplitude of the B — KN_N_ process from the Z’' exchanging one-loop penguin diagram is

1 Yip9

257T2 q2 - M%/

= C" (@) [a(pp)r (1 + r5)u(px))l[E(p2)r,u(p1))]

where

1 yzRgﬁ, cos2ffcosasecy

CNP(qQ) — 5 5
257{2 q —MZ/

Voo (x-x+). (58)

and pg(pg) is the four momenta of the B(K) meson and
D1, are the momenta of the N_ fermion.

Using (57), the branching ratio of the B - KN_N_
decay mode is given by

dBr 1
S —
dq2 277r3M?3

2
O M )P (a1<q2> IC )),

where

AME. My q°
o) = i+ (et

+2M_ (M — M + ¢*)Re(FpF}),
MMy, M%, 4°)

+4M%M§> |F 42

Cl(qz) == 4 ,B]Z\,|FA|2, (60)
with
Fy=C(q?),
My —M% ( folq?)
F :M_CNP 2 B K(O _1>_1:|,
v (4 )[ 7\
Py =1/ 1 —4M?* /g (61)

TABLE V. The predicted branching ratios of B+(®) — M+©)yp

decays in the SM, where M = K*) ¢. Their corresponding
experimental limits are also noted in this table.

Branching ratio Experimental
Decay process in the SM limit [7]
B —» K%, (4.534+0.267) x 107° <2.6x107°
Bt = Kty (4.9 £0.288) x 107 <1.6x107
B = K0y, (9.48 +0.752) x 107° <1.8x107
B - K"ty (1.03 £0.06) x 1073 <4.0x 107
By — vy, (1.240.07) x 107 <54x1073

Voo (= x ) [a(pp)r* (1 +ys)u(pk))][0(p2)ru(pr))].

(57)

[
1. B> KN_N_

Similarly, the branching ratio of B — K* + E is given by

Br(B — K* + E) = Br(B — K*vb) + Br(B = K*N_N_).
(62)

The decay rate of the B — K*vv decay mode in terms of sp
and cos @ is given as [37,153]

_dT  _3dly
dsgdcos® 4 dsy

3dr
in2@ - L 20
sin +2ds3 cos” 0,

(63)
where the longitudinal and transverse polarization decay
rates are

ar dar
“LoaMilall. Sl =3MR(ALP + AP,

64
dSB dSB ( )

with the transversity amplitudes A, | in terms of form
factor and Wilson coefficients are defined as

= V(SB)
A (sp) = 2NV2AY2(1, M4, sp)CY ——B2
J.( B) ( K B) L(1+M](*)

A|(sg) = —2N\6(1 + My )CY A (sp),

NCY ~ .
Ay(sp) = —m {(1 — M. —sp)(1 + Mg )A(sp)

N As(sp)
— A1, M2 s5) —22BL | 65
(18 50) {250 (65)

where My = My. /My and

G2 M3 _ 1/2
N: thv;ks {WSB/II/Z(I,MZ*,SB)] . (66)

The same expression can be used for B; — ¢v,0;. Now
using all the required input values from [7], the B, —
K*(¢) form factor from [147], the branching ratio of
B,y = K*(¢)vp, and their corresponding experimental
limits are presented in Table V.
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TABLE VI. Benchmark values of y,r,M_,g,,, and My
parameters used in our analysis.

Benchmark Yyr Gz M_ (GeV) My (GeV)
Benchmark-I 2.0 0.002 1.7 4
Benchmark-IT 2.0 0.008 1.8 4.8

The decay rate of the B — K*N_N_ process is given by

2+ 5%)

K="

[ALI? + |AfP? + (L > R)]

4”‘12\/ L AR L AR

2

4M .
Ji = AGI” + |AG]? + 7 (14> + 2Re(AGAGT )],

P
I3 = IALP + AR + (L = R)),

ar 3 J o J5 = =pillAgP + (L - R)]. (68)
d—q2:Z< 1—?2), J1.2:2]‘12+J?,2’ (67)
where the transversity amplitudes in terms of the form
where factors and new functions are given as
|
40
Aipr = F N,CN(q?) ZA(M%«,M%,QZ)M,
Ai(g?)
Arrp = £N,CNP ()2 (M2 — M2, ) 2! :
|L.R 2 (q )\/_( B K )MB Mg
N,CNP(g?) ( 2(¢°)
Apr=t——( (M3 =M% — ¢*)(Mp + My )A(¢?) — A(M%., M3, ¢* .
OL.R 2M /5 (M3 x —q°)(Mp x)A1(q%) (M Bq)MB-FMK*
MMZ%., M3, g*
4, =20 () [ g ), (69)
|
and of the b - sN_N_ process provides deviation from the SM

1 1/2
sz[quﬁN\/ﬂ(MihM%ﬂz)] . (70)

For numerical estimation, we took the required input
parameters like mass of particles, lifetime of B(; meson,
and CKM parameters from [7], and the B(;) — K *(¢) form
factors from [147]. We have taken two different benchmark
values of all four new parameters, which are allowed by
both the DM and flavor phenomenology, as presented in
Table VL

By using all the discussed input parameters, we show the
branching ratios of B® — K°N_N_ (top panel), B® —
K**N_N_ (middle panel), and B, = ¢N_N_ (bottom panel)
with respect to g? in Fig. 8. Here, the left panel figures are
obtained by using the benchmark-I values and the right panel
plots are for benchmark-II values. The estimated numerical
values of the branching ratios of b — sN_N_ processes for
both sets of benchmark values are tabulated in Table VII. For
benchmark-I, there is a singularity at ¢* = M2, ie.,
g*> = 16 GeV?. In order to avoid the singularity, we put
the cuts at (M, —0.002)> < ¢> < (Mz + 0.002)% GeV>.
In Table VIII, we present the branching ratios of b — sE
which are the sum of the branching ratios of b — sv,v; and
b — sN_N_ decay processes. We observe that the addition

predictions and is within the experimental limits.

VIII. CONCLUSION

In this work, we have investigated light GeV scale dark
matter and flavor anomalies in a simple U(1) LL, variant
with heavy neutral fermions and a (3,1,1/3) scalar
leptoquark. The U(1) associated gauge boson (Z’) plays
a key role and is explored in the low mass regime. The
lightest fermion is a stable dark matter and the resonance in
7' portal annihilation channels brings down the relic
density to meet Planck data. A WIMP-nucleon cross
section of spin-dependent type is obtained in a leptoquark
portal and is looked up for consistency with CDMSlite
bound. A benchmark is provided for generating light
neutrino mass radiatively with small Yukawa.

We have constrained the new parameters by using the
branching ratios of b — sll, b — sy, and the Ry observ-
ables. We have taken two different sets of benchmark
values of new parameters (which are compatible with both
the dark matter and flavor phenomenology) and have
shown the impact on rare B meson decays to missing
energy. There exist only experimental upper limits on the
branching ratios of b — s+ missing energy processes.
In the SM, the missing energy can be carried away by a pair
of neutrino, i.e.,by b — sv;1; processes. We have assumed the
missing energy part as a pair of dark matter in the proposed
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FIG. 8. The branching ratios of B® — KN_N_ (left, top), B® — K**N_N_ (left, middle), and B, — ¢N_N_ (left, bottom) with

respect to g> for benchmark-I. The corresponding plots obtained by using benchmark-II are presented in the right panel.

TABLE VIL

The predicted branching ratios of b — sN_N_ processes for two different benchmark values of new

parameters, which are compatible with both the dark matter and the flavor sectors.

Br(b — sN_N_) Values using benchmark-I Values using benchmark-II
Br(B — K'N_N_) 1.92 x 10°° 4.1 x 1077
Br(B™ - K™N_N_) 2.072 x 107° 2.6 x 1077
Br(B® - K*°N_N_) 3.23 x 107 3.3x 1077
Br(B™ - K*tN_N_) 3.51x 1076 3.61 x 1077
Br(B; —» ¢N_N_) 4.18 x 10°° 3.93 x 1077
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TABLE VIIL. The predicted branching ratios of b — sE processes for two different benchmark values of new
parameters.
Br(b — sE) Benchmark-I Benchmark-IT Experimental Limit [7]
Br(B" — K°E) 0.645 x 1073 0.457 x 107 <2.6x107
Br(BT —» KE) 0.697 x 1073 0.516 x 1073 <1.6x 107
Br(B® — K*°F) 1.271 x 1073 0.981 x 1073 <1.8x107
Br(B" — K*E) 1.381 x 107 1.066 x 1073 <4.0x 107
Br(B; — ¢F) 1.618 x 107 1.24 x 107 <54x1073

L, — L, scenario. We have shown our prediction for the APPENDIX B: LOOP FUNCTIONS

branching ratios of b — sE for two sets of benchmark values
which are within the experimental limits. The observation of
these modes at LHCb and Belle-II experiments would provide
strong hints for the existence of light fermionic dark matter.
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APPENDIX A: RELEVANT VERTICES AND
COUPLINGS

The fermion-gauge vertices and fermion-scalar vertices
along with the corresponding couplings are provided in
Tables IX and X respectively.

TABLE IX. Fermion-gauge vertices and couplings.

The b — sll loop function, used in Sec. VI is given by

Voo (r—sx+) = sin® 2 cos asec y (1 +4y/x 1 j (- x+)
= 2k(r_. x)) + 2(sin® I (1)

+ cos? BI(y_)) cos® Bcos asecy, (B1)

where

f()(l?)(%)(:%,"') Efo{l’)(3’ o ) :f(ZZJ(&' ) ’
X1 —X2

f=J.x (B2)

with

i) =2108X (B3)

Vertex

Coupling

art(cy = hr’ )z,

Ty (¢l — C:’;}/S)TZ”

vt (e = 1)z,
Tyt (e — i)z,
V_y”ySN_Z”

N./*¥°’N.,Z,

(N_y*P Ny + N y/'r’N_)Z,
(S,0°S} - S}o+s,)Z,

Ay HA,

A ZW

(S,0°S] - Sjors))A,

By uZ,

TyiZ,

EV”(I - yS)yﬂZ;l

zrt (1= )v.Z,
N_y*y’N_Z,

N.7*¥°N.,Z,

(N_-/"P’N. +N.y'r’N_)Z,
(S,0°S} - S{ors,)Z,

g9
2cos6,

g9
2cosb,,

9 e
ey, (cosa —sinasinf,, tany

(cosa —sinasin @, tan y

(cosa — sinasin 8, tan y)
yoos- (cosa — sinasin 6, tan y)

Gz COS 2P sinasec y

—0yr COS 2f3sinasec y
Gz SIN 2B sin a sec y
/ . . .

% (—cosasinf,, +sinatany) + g,, sinasecy
gsind,,
gsiné,
g

/
%cosd,

Guz COS AL SEC )
—Gyur COS A SEC ¥
Guz COS AL SEC )
—Gyur COS A SEC ¥
—0ur COS 2 cos asec y
Guz COS 2P cos asec y
—0yr Sin 2 cos asec y

—% (sinasiné,, + cosatany) — g,, cosasecy
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TABLE X. Fermion-scalar vertices and couplings.

Vertex Coupling

puH, 2 cos

7tH, 7rcos

NSN_H, —%( fucos® B+ f,sin® f) sin¢
N¢N_.H, —%(f”sin2ﬁ+ffcoszﬂ)sing“
N¢N,H, —\/ii(f”—fr) sin 23 sin
SIS]H] AHSHCOSQ’_ASQ')UZ Sil’lg
ppH, 2t sin ¢

7_,'TH2 %Sing

N°N_H, \/%(fﬂcoszﬁJrfTsinzﬂ)cosC
N¢N,H, \/Li(fﬂ sin? B + f, cos? B) cos ¢
NEN,H, 5 (fu— fr)sin2Bcos ¢
SISIHZ Apsvsing + Agyv5 cos §
dSpSIN_ +h.c. Yqr COS

dogS\N. +h.c. Ygr S0

4 11 2
Cgff = C9+h(0,q2) |:—C1 +C2+—C3 ——C4

3 2
32
3

1
+ 52C5 - C6:| —Eh(m;,, q2) |:

16 16

2
X logy
. B4
) =L 8, (B4
=3y* +4y—1+2%logy
I(y) = (B5)

8(x —1)?

APPENDIX C: EFFECTIVE WILSON
COEFFICIENTS

The effective CST and CSf Wilson coefficients including
the four-quark and gluon dipole operators, as mentioned in
Eq. (25) are given as [141]

+ [c3 SO —c6] + 5 10,(B(g?) + 4C(q%) - 3C,2B(g?)

3 9

2
mL‘
— C(q?)) - CsFY ()] + 85

where 4, = (V,,Vis)/ (Vi Vi) and the functions h(m;, ¢*) and A, B, C, Fy

1 4 80
CST = Cy == | Cy + 2 Cy +20Cs + 2~ Cg
3 3 3
E1C, =6C,)A(q?) — CyF) (g2 Cl
+E1(C) - 6C)AWD) ~ G ()], (C)
3
4 64
7C3+3C4+76c5+3c6}
4 1
5t 5c2> (14 4,)+2C; + 20c5], (C2)

(79) can be found in Refs. [142,143].
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